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SUMMARY

The integration of renewable energy sources and heating electrification strategies in
households is an unavoidable component of the energy transition. Unfortunately, the
pace at which such integration occurs has proven challenging for the distribution sys-
tem operators. On the one hand, system operators design low-voltage networks for low,
unidirectional power flows at the connection points with the consumers, with expected
lifetimes of several decades. On the other, the decreasing prices, together with the eco-
nomic and environmental incentives to install (mainly) rooftop PV systems and heat
pumps, create highly stochastic, bidirectional and potentially high-power power flows
at the connection points of the former consumers, transforming them into prosumers.
This thesis studies the misalignment between the interests of system operators and pro-
sumers, proposing realistic alternatives that are achievable in the short term. This the-
sis hypothesizes that the aggregation of residential multi-carrier energy storage systems
would be capable of bridging the interests between prosumers and distribution system
operators. To validate the hypothesis, this thesis is comprised of five research topics.

Distribution system operators commonly address the grid congestion through in-
frastructure reinforcements, which is slow and expensive. Chapter 2 studies how en-
ergy storage systems with different carriers can provide a collaborative solution involv-
ing prosumers as ancillary services providers at the distribution level. Specifically for
the European urban context, this chapter analyzed renewable energy sources, batter-
ies, supercapacitors, hydrogen fuel cells, thermal energy storage, and electric vehicles
through a thorough review of successful implementations. The correlations found be-
tween individual energy storage technologies and ancillary services provided insight into
the flexibility opportunities each technology can provide to the grid. It was concluded
that multi-carrier systems would provide the most robust yet flexible solution.

Based on the previous premise, Chapter 3 evaluated four multi-carrier energy system
configurations for a Dutch household. The chapter also provides analytical models for
every component (including the thermal losses from the thermal storage to the ground)
and the space heating and electrical demands. The results suggest that using a heat
pump combined with a photovoltaic system and a battery provides the best trade-off
for the prosumer. The photovoltaic-thermal system alone could not supply the thermal
demand required for comfortable space heating nor reach temperatures high enough to
charge the thermal storage. Combining the thermal storage with the heat pump allows a
certain degree of flexibility for the heat pump activation at the cost of COPs between 0.8
and 1.38 when used to charge the thermal storage, thus increasing energy consumption
and equivalent emissions considerably.

Chapter 4 then elaborates on different energy management strategies to control the
multi-carrier systems as proposed above. Two adaptable energy management system
strategies were proposed for any system architecture with a reduced number of con-
straints. The first strategy uses genetic algorithms with a discrete-continuous approach

Xix
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for the power setpoints, maximizing thermal comfort and minimizing energy cost and
CO; equivalent emissions. The EMS employs random forests for short-term predictions
of the PV generation and electric and thermal demand. The results demonstrate that the
strategy can solve the power allocation problem in the order of 1 s, including forecast-
ing 60 minutes. This strategy, however, is too computationally demanding for complex
distribution systems with multiple houses. Therefore, the second strategy uses a policy-
based heuristic method to control the multi-carrier system, minimizing energy costs and
maximizing thermal comfort. Also, this strategy allows the EMS to follow, or not, an ex-
ternal power setpoint from an aggregator, resulting in control decisions in the order of
30 ms. In addition, an ageing-aware EMS was briefly introduced, demonstrating the im-
portance of ageing the BESS during operation.

Chapter 5 investigates, from a cost perspective, what conditions can make it attrac-
tive for individual prosumers to participate in a low-voltage ancillary service market,
specifically power curtailment and peak shaving. For the former, it was shown that there
are conditions where curtailing power does not significantly reduce the system’s revenue
but greatly reduces the peak power injected into the grid. However, it was also shown
that curtailing might affect the power electronic components of the solar converter, po-
tentially reducing its expected lifetime compared to a normal operation without curtail-
ment. Similarly, an estimation of the degradation of the batteries for the cases with and
without providing peak shaving was done using a semi-empirical ageing model, con-
cluding that doing peak shaving to ensure a fixed power exchange with the grid will dras-
tically reduce the life of the battery. Therefore, following an external setpoint to reduce
occasional peaks would extend the battery’s life. The results suggest that power curtail-
ment and peak shaving can be attractive for prosumers, thus creating opportunities for
ancillary services business models at the residential scale.

Chapter 6 incorporated households with single- and multi-carrier energy storage in
a low-voltage distribution network to quantify the benefit of aggregation for the pro-
sumers and system operators. The aggregator is generally assumed to have full observ-
ability and controllability of the assets, which is unrealistic in many cases. For this rea-
son, this chapter considered separate controllers for the prosumers and the aggregator.
Using a real 301-node low-voltage residential distribution network in the Netherlands,
it was demonstrated that aggregated multi-carrier energy storage can ensure the volt-
age conditions established in EN50160 for penetrations of PV systems coupled with heat
pumps up to 80 %. In contrast, aggregated single-carrier storage can reach 60 % and
centralized storage only 40 %. Despite generating an economic benefit while support-
ing the grid, the high investment costs for both single- and multi-carrier storage result in
unattractive conditions for prosumers compared to a case with only PV and heat pumps,
requiring compensations for around half of the energy purchase costs for the single-
carrier storage and higher than the total energy costs for the multi-carrier.

In summary, it was proved that, from a technical perspective, aggregated residential
multi-carrier energy systems are a robust yet flexible solution for the voltage problems
caused by the energy transition in residential low-voltage distribution networks. How-
ever, the current state of thermal storage makes the technology too expensive to be eco-
nomically attractive.



SAMENVATTING

De integratie van hernieuwbare energiebronnen en elektrificatiestrategieén voor ver-
warming in huishoudens is een onvermijdelijk onderdeel van de energietransitie. He-
laas blijkt het tempo waarin deze integratie plaatsvindt een uitdaging te zijn voor de
netbeheerders. Enerzijds, ontwerpen netbeheerders laagspanningsnetwerken voor lage,
unidirectionele krachtstroom bij de aansluitpunten met de consumenten, met verwachte
levensduren van enkele decennia. Anderzijds zorgen de dalende prijzen, samen met de
economische en milieustimuli om (voornamelijk) PV-systemen op daken en warmte-
pompen te installeren, voor zeer stochastische, bidirectionele en potentieel hoogvermo-
gen krachtstroom bij de aansluitpunten van de voormalige consumenten, waardoor ze
prosumenten worden. Deze scriptie bestudeert de verschillen tussen de belangen van
netbeheerders en prosumenten en stelt realistische alternatieven voor die op korte ter-
mijn haalbaar zijn. Deze scriptie stelt de hypothese dat de aggregatie van residentiéle
multi-carrier energieopslagsystemen in staat zou zijn om de belangen van prosumenten
en netbeheerders te overbruggen. Om de hypothese te valideren, bestaat deze scriptie
uit vijf onderzoeksonderwerpen.

Netbeheerders pakken netcongestie doorgaans aan door infrastructuurversterkin-
gen, wat traag en duur is. Hoofdstuk 2 bestudeert hoe energieopslagsystemen met ver-
schillende carriers een gezamenlijke oplossing kunnen bieden waarbij prosumenten als
aanbieders van ondersteunende diensten op distributieniveau worden betrokken. Spe-
cifiek voor de Europese stedelijke context analyseerde dit hoofdstuk hernieuwbare ener-
giebronnen, batterijen, supercondensatoren, brandstofcellen, thermische energieopslag
en elektrische voertuigen door middel van een grondige review van succesvolle imple-
mentaties. De correlaties die werden gevonden tussen individuele energieopslagtech-
nologieén en ondersteunende diensten gaven inzicht in de flexibiliteitsmogelijkheden
die elke technologie aan het net kan bieden. Er werd geconcludeerd dat multi-carrier
systemen de meest robuuste, maar flexibele oplossing zouden bieden.

Op basis van de vorige premisse evalueerde Hoofdstuk 3 vier configuraties van multi-
carrier energiesystemen voor een Nederlands huishouden. Het hoofdstuk biedt ook ana-
lytische modellen voor elk onderdeel (inclusief de thermische verliezen van de thermi-
sche opslag naar de grond) en de ruimteverwarming en elektrische vraag. De resultaten
suggereren dat het gebruik van een warmtepomp in combinatie met een fotovoltaisch
systeem en een batterij de beste afweging biedt voor de prosument. Het fotovoltaisch-
thermische systeem alleen kon niet voldoen aan de thermische vraag die nodig is voor
comfortabele ruimteverwarming, noch temperaturen bereiken die hoog genoeg zijn om
de thermische opslag op te laden. Het combineren van de thermische opslag met de
warmtepomp biedt een zekere mate van flexibiliteit voor de activering van de warmte-
pomp, maar tegen de kosten van COP’s tussen 0,8 en 1,38 wanneer deze wordt gebruikt
om de thermische opslag op te laden, waardoor het energieverbruik en de equivalente
emissies aanzienlijk toenemen.
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Hoofdstuk 4 werkt vervolgens verschillende energiebeheerstrategieén uit om de voor-
gestelde multi-carrier systemen te controleren. Twee aanpasbare energiebeheersyste-
men werden voorgesteld voor elke systeemarchitectuur met een beperkt aantal beper-
kingen. De eerste strategie maakt gebruik van genetische algoritmen met een discrete-
continue benadering voor de vermogenssetpoints, waarbij thermisch comfort wordt ge-
maximaliseerd en energiekosten en COz-equivalente emissies worden geminimaliseerd.
Het EMS maakt gebruik van random forests voor kortetermijnvoorspellingen van de PV-
opwekking en de elektrische en thermische vraag. De resultaten tonen aan dat de stra-
tegie het vermogensallocatieprobleem kan oplossen in de orde van 1 s, inclusief voor-
spellingen van 60 minuten. Deze strategie is echter te computationeel veeleisend voor
complexe distributiesystemen met meerdere huizen. Daarom maakt de tweede strate-
gie gebruik van een op beleid gebaseerde heuristische methode om het multi-carrier
systeem te controleren, waarbij energiekosten worden geminimaliseerd en thermisch
comfort wordt gemaximaliseerd. Bovendien stelt deze strategie het EMS in staat om al
dan niet een extern vermogenssetpoint van een aggregator te volgen, wat resulteert in
controlebeslissingen in de orde van 30 ms. Daarnaast werd kort een verouderingsbe-
wuste EMS geintroduceerd, waarbij het belang van veroudering van de BESS tijdens de
werking werd aangetoond.

Hoofdstuk 5 onderzoekt vanuit kostenperspectief onder welke voorwaarden het aan-
trekkelijk kan zijn voor individuele prosumenten om deel te nemen aan een laagspan-
ningsmarkt voor ondersteunende diensten, specifiek vermogensinperking en piekafvlak-
king. Voor het eerste werd aangetoond dat er omstandigheden zijn waarin het beper-
ken van vermogen de inkomsten van het systeem niet significant vermindert, maar de
piekvermogen die in het net wordt geinjecteerd aanzienlijk vermindert. Er werd ech-
ter ook aangetoond dat inperking invloed kan hebben op de vermogenselektronica van
de zonne-omvormer, waardoor de verwachte levensduur ervan mogelijk wordt verkort
in vergelijking met normaal gebruik zonder inperking. Evenzo, werd een schatting ge-
maakt van de degradatie van de batterijen voor de gevallen met en zonder piekafvlak-
king, waarbij gebruik werd gemaakt van een semi-empirisch verouderingsmodel, en ge-
concludeerd dat het uitvoeren van piekafvlakking om een vast vermogen uit te wisselen
met het net de levensduur van de batterij drastisch zal verkorten. Daarom zou het vol-
gen van een extern setpoint om incidentele pieken te verminderen de levensduur van de
batterij verlengen. De resultaten suggereren dat vermogensinperking en piekafvlakking
aantrekkelijk kunnen zijn voor prosumenten, waardoor kansen ontstaan voor bedrijfs-
modellen voor ondersteunende diensten op residentiéle schaal.

Hoofdstuk 6 integreerde huishoudens met enkel- en multi-carrier energieopslag in
een laagspanningsdistributienetwerk om het voordeel van aggregatie voor de prosumen-
ten en netbeheerders te kwantificeren. De aggregator wordt over het algemeen ervan
verondersteld volledige observatie- en controleerbaarheid van de activa te hebben, wat
in veel gevallen onrealistisch is. Om deze reden beschouwde dit hoofdstuk afzonderlijke
controllers voor de prosumenten en de aggregator. Met behulp van een echt 301-node
laagspanningsresidentieel distributienetwerk in Nederland werd aangetoond dat geag-
gregeerde multi-carrier energieopslag de spanningscondities kan waarborgen die zijn
vastgesteld in EN50160 voor penetraties van PV-systemen in combinatie met warmte-
pompen tot 80 %. Daarentegen kan geaggregeerde enkel-carrier opslag 60 % bereiken
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en gecentraliseerde opslag slechts 40 %. Ondanks het genereren van een economisch
voordeel terwijl het net wordt ondersteund, resulteren de hoge investeringskosten voor
zowel enkel- als multi-carrier opslag in onaantrekkelijke voorwaarden voor prosumen-
ten in vergelijking met een geval met alleen PV en warmtepompen, waarbij compensa-
ties nodig zijn voor ongeveer de helft van de energiekosten voor de enkel-carrier opslag
en hoger dan de totale energiekosten voor de multi-carrier.

Samenvattend werd aangetoond dat, vanuit technisch perspectief, geaggregeerde
residentiéle multi-carrier energiesystemen een robuuste, maar flexibele oplossing, zijn
voor de spanningsproblemen veroorzaakt door de energietransitie in residentiéle laag-
spanningsdistributienetwerken. De huidige staat van thermische opslag maakt de tech-
nologie echter te duur om economisch aantrekkelijk te zijn.






PREFACE

The existing energy matrix has a severe case of addiction to fossil fuels. As such, one can-
not bluntly remove them because of the implications it would have, both for the energy
infrastructure and us who depend on it, but also due to the influence of the suppliers of
the drug. Instead, as in any rehabilitation treatment, small steps must be made carefully
as part of a detoxification. This thesis aims to study and propose short-term, realistic
solutions for the traditional end of the energy chain -residential heating— and the impli-
cations it entails in the electric network. Yet, it shall be noted that these efforts, albeit
valuable, will not make a significant change in the impact fossil fuels have on the world.
However, they at least transfer back the responsibility to those who should have it, in-
stead of delegating it to the consumers who do not have any other real option.

Joel Jesus Alpizar Castillo
Delft, February 2025






INTRODUCTION

"Dedication is a talent on its own"

Alphonse Elric, Fullmetal Alchemist: Brotherhood, Episode 7, by Hiromu Arakawa.



2 1. INTRODUCTION

1.1. BACKGROUND AND MOTIVATION

Traditionally, medium- and high-voltage networks have been the centre of attention of
system operators, as high-power systems are normally connected to such systems. Such
connections require detailed planning, and system operators usually demand some de-
gree of flexibility from asset owners, either consumers or generators. In such a scheme,
residential low-voltage distribution networks were considered to be less risky, as they
only consume energy, and their loads were relatively low power, as the most energy-
intensive activities (transportation and heating) relied on fossil fuels. Therefore, unlike
the larger consumers who can participate in the ancillary service markets, residential
prosumers were only expected to consume energy using low-power loads which do not
cause major challenges in the low-voltage distribution infrastructure. Nevertheless, the
energy transition dramatically shifted the paradigm for residential consumers.

In the energy transition scheme, residential prosumers are encouraged to install dis-
tributed generators based on renewable energy sources (RES), typically PV systems, as
most of the energy generated at the beginning of the energy supply chain comes from
fossil fuels [1]. In addition, many existing households are replacing their gas boilers with
heat pumps (HP), which are also becoming the norm for new buildings [2]. Similarly, the
electrification of transportation has reached a point where the purchase of electric ve-
hicles (EVs) now competes with internal combustion, and the number houses installing
chargers soared [3]. This way, distribution system operators (DSOs) have seen a dras-
tic change in the power exchange behaviour from residential consumers in a short time,
challenging their traditional reinforcement-based system management strategies.

The responses from DSOs can be categorized into regulatory and policy, and tech-
nical. The first includes administrative actions requested by the DSO to the regulatory
authorities to minimize the effect of the energy transition in the electrical network. For
example, in Germany and the United Kingdom, there is a limit to how much power a
residential system can inject into the grid, based on its nominal power [4], [5]. Also,
some authors have demonstrated that flat energy and variable demand tariffs are less
risky while still being attractive for prosumers [6]. The second category includes tech-
nical actions so that the cyber-physical distribution system can manage the new power
flow conditions. Among those actions are grid reinforcement and restructuration and
more robust power flow control mechanisms [7]. Those categories, despite fundamen-
tally different, share one common bottleneck, both require long realization times; the
former due to regulatory, social acceptance and institutional barriers, and the second
due to required technological development, engineering design and commissioning [8]
and, more recently, a shortage in workforce [9]. This way, effective solutions require us-
ing available technologies and the current regulatory frameworks as much as possible.

This thesis aims to comprehensively study residential prosumers’ effect on the low-
voltage distribution networks caused by the energy transition. Following the current —
and envisioning future— technology trends, multi-carrier energy systems, comprised of
electric and thermal components, are evaluated as both the cause and solution for the
congestion on the distribution network. Thereby, this work intends to propose realistic,
collaborative-based solutions for the current and near-future challenges faced by distri-
bution system operators at the low-voltage residential distribution level. Such solutions
are based on techno-economic analyses and could be deployed in the short term.
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1.2. THE FLEXINET PROJECT: KEY CHALLENGES AND RESEARCH
GAPS

This dissertation has been carried out as part of the FLEXINet project. A research project
funded by a Top Sector Energy subsidy from the Ministry of Economic Affairs and Cli-
mate, carried out by the Netherlands Enterprise Agency (RVO). The aim of this project is
to demonstrate the potential benefits of energy storage in different carriers and how such
a combination can accelerate the energy transition. In addition, this thesis also included
electric and thermal power generation devices, i.e., a PV, a photovoltaic-thermal system
(PVT) and a heat pump. The project was comprised of a consortium of eight companies,
three research institutions and two living labs, who worked together to design, integrate,
install and test a multi-carrier energy system at the facilities of The Green Village at the
Delft University of Technology’s campus.

The FLEXINet project aims for an end-to-end analysis of residential multi-carrier en-
ergy storage to provide flexibility to the low-voltage distribution network. As such, a
number of challenges arise, including hardware development, communications inter-
operability, local system modelling and control, aggregated system modelling and con-
trol, energy market analysis and social acceptance, to mention some. This thesis focuses
on the research gaps related to local system modelling and control, aggregated system
modelling and control and energy market analysis. The remaining challenges will be
addressed by other researchers within the project.

1.2.1. LOCAL SYSTEM MODELLING AND CONTROL

Industry and academia have focus mostly on the coupling of electric systems, such as PV
and BESS, as pivotal point towards the energy transition. However, thermal systems are
as critical, given the amount of energy required for space heating alone, yet, little atten-
tion has been given to study them working together with the electrical system. Among
the reasons, studies suggest the difference in time constants (very fast electric systems
against slow thermal systems), software incompatibility, model and simulation com-
plexity, and few case scenarios available given the early technology readiness of some
technologies (e.g., PVT and thermal storage). More punctually, the research gaps found,
which are addressed in this thesis, are:

e the inclusion of PVT and TESS as part of the main thermal network of a residential
building and not as support devices,

* the effects of locating a thermal energy storage system underground outside the
house due to space constraints,

 the quantification of equivalent CO, emissions associated with heating electrifi-
cation in residential buildings through heat pumps, and

* thelack of plug-and-play frameworks for modelling and control of residential multi-
carrier energy systems with low computational cost.

To address those research gaps, this thesis provides a detailed analytical framework to
model the components that comprise a residential multi-carrier system, both individu-
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ally and coupled with one or more. Similarly, different control strategies are proposed
and compared, so that future researchers could use them, based on their needs.

1.2.2. AGGREGATED SYSTEM MODELLING AND CONTROL

The energy transition impulses the electrification of fossil fuel-dependent systems, such
as transportation and heating. In countries such as the Netherlands, with mild to low
temperatures, heating is a crucial factor to consider in every household, while the charg-
ing of electric vehicles can be done either at the household level or through the pub-
lic charging infrastructure. Still, both increase considerably the energy consumed per
household and the peak demand causing congestion in the grid. Typically, DSOs face
congestion by the network infrastructure. Nevertheless, this approach has been proven
ineffective due to the time, cost and logistics it requires. Using energy storage has been
proposed as an alternative, but most of the literature has focused on centralized single-
carrier systems, resulting in the following research gaps:

* many works focus on optimal sizing and placing of energy storage systems instead
of using available resources; however, most DSOs cannot own energy storage as-
sets due to regulation limitations,

* most of the business models proposed suggest a single owner of all storage as-
sets in the network, instead of considering storage assets owned by individual pro-
sumers who could collaborate with the DSO,

* most of the aggregation strategies found focus on medium and high voltage net-
works; nevertheless, low-voltage networks are particularly critical for the energy
transition, as they do not have ancillary services providers to support the DSO,
and the demand increase caused by the heating electrification and electric mobil-
ity can potentially cause major voltage challenges,

* the control techniques for single-carrier systems focus on mid- to large-scale as-
sets in medium voltage distribution networks, leaving aside multi-carrier systems
and low-voltage residential distribution networks,

* dependency on test networks with a small number of connections (either DRES
and BESS assets, or loads) for case scenarios, instead of using data from existing
distribution networks,

* the aggregators are assumed to have full observability and controllability over the
assets, potentially causing privacy challenges for residential prosumers who would
own assets connected to the network, and would require complex communication
infrastructure, and

* the control is usually either consumer-centred or DSO-centred, instead of balanc-
ing between their interests.

The previous research gaps are addressed in this thesis by proposing different aggrega-
tion control strategies for single- and multi-carrier residential systems. Those strategies
will be compared so that the advantages and disadvantages of both the control strategy
and the system architecture (single- or multi-carrier) are clearly defined.
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1.2.3. ENERGY MARKET ANALYSIS

Although a solution is technically feasible, it does not necessarily mean it can be imple-
mented. For that reason, an understanding of the current state-of-the-art on ancillary
services would provide insight into how to support the DSOs. Then, based on this, it
would be possible to propose participation mechanisms for residential prosumers that
require little to no change in the current policy framework in the Netherlands. Thus, the
research gaps found are

* the lack of studies on ancillary services at the low-voltage networks from multi-
ple energy storage systems, considering other carriers than electric (e.g., thermal
storage),

* the quantification of the effects of deploying energy storage systems in distribution
networks,

e the available energy storage systems are considered as assets of the DSO or TSO
while most frameworks forbid them from owning energy storage assets,

* unclear correlation between different energy storage systems capabilities and the
needs of the DSOs,

¢ the lack of studies on real distribution systems,

* the quantification of the degradation effects on residential battery energy storage
systems and power electronic converters while providing ancillary services,

* a study on the technical and economic feasibility of implementing ancillary ser-
vices at the low-voltage distribution networks in the short term,

The analysis done to fill those research gaps consisted of a thorough literature review
on ancillary services implementation, so a correlation of the opportunities each com-
ponent of the multi-carrier energy system has towards providing ancillary services be-
comes clear. Then, based on that information, the ancillary services with fewer policy
bottlenecks will be selected and simulated to determine their technical and financial
feasibility.

1.3. RESEARCH OBJECTIVE
To address the challenges and research gaps pointed out in Section 1.2, the main objec-
tive of this thesis is as follows.

"To demonstrate whether aggregated multi-carrier energy systems, composed of single-
carrier energy devices coupled together, can provide additional flexibility to the residential
low-voltage network, when considering the optimal energy flows, through the quantifica-
tion of the economic impact when installing the system in a household building."

The following research questions were raised to achieve the aforementioned objective,
and specific objectives were proposed to fill the research gaps identified.
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QL.

Q2

Q3

What is the behaviour of a thermal energy storage system when coupled together
with a battery energy storage system, a heat pump and a photo-voltaic thermal sys-
tem as a multi-carrier energy system to supply electric and thermal load require-
ments at the household level?

¢ Identify the behaviour changes of a thermal energy storage system when cou-
pled together with a battery energy storage system, a heat pump and a photo-
voltaic thermal system, as a multi-carrier energy storage system to supply
electrical and thermal loads simultaneously at the household level Chap-
ters 2 and 3.

What are the advantages multi-carrier energy systems have over single-carrier en-
ergy systems when aggregated, considering the cost/benefit of providing simultane-
ous ancillary services to the electrical network?

* Determine the individual and combined contributions of single-carrier en-
ergy storage devices within a multi-carrier energy storage system towards
providing flexibility to the network Chapter 2.

* Compare the effect aggregated distributed generators with thermal and bat-
tery energy storage systems coupled as a multi-carrier energy storage system
have on the electrical network against non-coordinated distributed gener-
ators without storage systems and non-coordinated distributed generators
with single-carrier battery energy storage systems Chapter 6.

How to determine the optimal combination of ancillary services a multi-carrier en-
ergy system comprised of a PV, a BESS, a HP and a TESS can provide, which satisfies
the local demand at the household level while minimizing the adverse effects on the
grid and the environment when aggregated at the community level, and maximiz-
ing the advantage for the prosumer?

* Propose an optimization strategy for the energy flow in the multi-carrier en-
ergy system that maximizes the profit at the household level Chapter 4, while
minimizes the impact on the energy network at the aggregated level, consid-
ering the CO3 ¢q emissions during the operation of the system Chapter 6.

* Propose a business model that evaluates the economic feasibility of imple-
menting a multi-carrier energy system at the household level to provide volt-
age support to the low-voltage distribution network through peak-shaving
and power curtailment Chapter 5.

1.4. CONTRIBUTIONS

Having answered the previous research questions, the contributions of this dissertation
are listed as follows:

A comparative analysis of the correlation between ESSs in different energy carriers
with the ancillary services they can provide to identify, based on the literature, the
potential benefits of using multi-carrier energy systems (Chapter 2).
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* A comparative analysis of different combinations of a PVT, a HP, a TESS, and a
BESS coupled as a multi-carrier energy system for household applications, based
on electrical consumption from the grid, thermal power generation for space heat-
ing, and equivalent CO3 ¢q emissions (Chapter 3).

* A multi-objective genetic algorithm energy management system for short-term
predictions in a residential multi-carrier energy system that accounts for energy
costs, equivalent CO3 ¢q emissions and thermal comfort (Chapter 4).

* An estimation of the technical and economic conditions that would make it attrac-
tive for prosumers, given six case scenarios, to participate as flexibility providers
through peak-shaving and power curtailment in low-voltage residential networks
(Chapter 5).

° A quantitative comparison of the economic benefit for the prosumer and voltage-
control capabilities for the DSO, of a centralized BESS and aggregated single- and
multi-carrier residential storage systems while providing voltage support in a low-
voltage distribution network (Chapter 6).

Aside from the previous contributions, numerous open-access models were devel-
oped in Python and made available throughout this thesis. Such models are listed below.

* A modular library to simulate a house with a multi-carrier energy system com-
prised of a combination of space heating and electric elements (Chapter 3) [10].

* An analytical model for an underground water tank thermal energy storage system
considering the soil’s temperature gradient (Chapter 3) [10].

* A modular genetic algorithm energy management system for short-term multi-
objective predictive control of a residential multi-carrier energy system (Chap-
ter4) [11].

* A modular heuristic energy management system for residential multi-carrier en-
ergy system considering thermal comfort, energy cost and a power setpoint from
an aggregator (Chapter 4) [12].

* A model to estimate the degradation of the switches that comprise a converter
during power curtailment (Chapter 5) [13].

* Avoltage-based model to estimate the voltage throughout a low-voltage distribu-
tion network, considering prosumers with an independant energy management
system (EMS) that can or not follow a setpoint from an aggregator (Chapter 6)
[12].

1.5. THESIS OUTLINE

This thesis is comprised of five chapters dedicated to answer the research questions pro-
posed in Section 1.3. Figure 1.1 provides schematic with the main topic per chapter, and
their correlation. First, Chapter 2 provides an overview on the main ancillary services
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available to support the electric system operators and their relationship between single-
and multi-carrier systems. Chapter 3 establishes the mathematical background to model
the individual components of a residential multi-carrier energy system and their inter-
action. Chapter 4 then compares different home energy management systems, includ-
ing a novel short-term predictive control based on genetic algorithms. Chapter 5 elab-
orates on the techno-economic analysis required to establish the market mechanisms
that would allow a feasible participation of residential prosumers to support the low-
voltage distribution network. Chapter 6 provides an aggregation strategy to coordinate
multiple residential multi-carrier energy systems and support the low-voltage distribu-
tion network through voltage control services. Finally, Chapter 7 summarizes the con-
clusions of this thesis and proposes new research lines based on this work.

L=
N § st amp,
Chapter 6: N — Z
Aggregated EMS strategies N q]

Chapter 2: Chapter 5: A
MCES and ancillary services Business opportunities for MCES \
I Chapter 4:
% % Local EMS strategies
B B &
% &

Figure 1.1: Outline of this thesis and correlation of chapters (adapted from [14]).
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MULTI-CARRIER ENERGY AND
ANCILLARY SERVICES: A REVIEW
ON THE CHALLENGES,
OPPORTUNITIES AND CASE
STUDIES IN DISTRIBUTION
SYSTEMS

"You should enjoy the little detours. To the fullest. Because that’s where you'll find the
things more important than what you want"

Ging Freecss, Hunter x Hunter (2011), Episode 148, by Yoshihiro Togashi.

This Chapter is based on:
e J. Alpizar-Castillo, L. Ramirez-Elizondo, and P. Bauer, “Assessing the Role of Energy Storage in Multiple

Energy Carriers toward Providing Ancillary Services: A Review,” Energies, vol. 16, no. 1, p. 379, Dec.
2022.
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2.1. INTRODUCTION

As the global trend in energy is to displace fossil fuels as the primary source of electricity,
transport, and heat production, alternatives such as renewable energy sources (RESs),
electric vehicles (EVs), and heat pumps (HPs) are playing a significant role in the en-
ergy transition. Following the Renewable Energy Directive (2018/2001/EU), the power
generation in the European Union has to achieve 32 % from RESs by 2030 [1] (or eventu-
ally 40 % if the proposal in [2] is approved), under the Regulations on the Internal Market
for Electricity (2019/943/EU) [3]. However, a massive deployment of renewable energy
sources distributed generators (DGs) without the integral participation of the stakehold-
ers in the energy supply chain (see Figure 2.1) can cause a series of problems in the grid.
Those problems are described in Section 2.2.

Policy makers

A

Utilities companies

A

[ 1J Prosumers
Generation Transmission Distribution
- > - — .
companies companies companies —[

Consumers

|

Technology suppliers

Figure 2.1: Energy market supply chain and stakeholders.

With the scheme presented in Figure 2.1, when installing RESs, the users are not only
mere consumers but become prosumers actively participating in the energy exchange
with the grid. This transition causes unprecedented alterations in the energy flux, as the
effects of the DG are nonlinear concerning the penetration level [4], [5]. Owing to the
improvements in batteries’ efficiency and reductions in price [6], electric vehicle sales
are increasing and battery energy storage systems (BESSs) are more commonly installed
together with RESs. The effects of energy storage systems (ESSs) on the grid still need
to be investigated [7]; however, an appropriate deployment, combined with RES and EV
in distribution networks, can improve the grid’s performance, as well reduce the adverse
effects of DGs on them [6]-[9].

Numerous projects studies been conducted to combine different assets such as RESs,
BESSs, and EVs in various configurations, creating microgrids [10]. It is considered a
smart grid when those microgrids react to the needs of the electrical network. A business
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case is needed to evaluate the feasibility of microgrids, as the conditions are different
among countries or even cities within the same country. In [11], key performance indi-
cators were proposed to validate the feasibility of deploying a smart grid in Greece under
the context of the One Network for Europe (OneNet) project. Although the smart grids
studied by [10] presented encouraging results, extrapolating them to different scales is
not straightforward. Scalability, replicability, and interoperability are the main chal-
lenges to generalizing the results from a local experiment [12]. Therefore, researchers
are working toward understanding the behaviour of smart grids under different condi-
tions to forecast their scaled outcomes [12].

Complementary to the electrical energy exchange, systems can participate in heat
exchange and regulation [13]. This kind of multi-carrier energy system (MCES) involves
a transversal approach, considering the production and storage of electricity and heat,
allowing the bidirectional energy flow, and is open to including different technologies
associated with each system component. As expected, the energy management systems
(EMSs) face challenges regarding the control strategies, as they need to consider com-
munication infrastructure [6], [9], energy management algorithms [6], [9], weather con-
ditions forecast [9], and demand response predictions [14], to mention some.

Despite the challenges mentioned above, there is consensus in the literature that
adding thermal energy storage systems (TESSs) provides a more integral approach to
smart grids and cities. In this scenario, the prosumers collaborate with the distribu-
tion system operators (DSOs) through ancillary services to keep the grid operating in the
most favorable conditions [15]-[20]. Therefore, the motivation of the present study was
to investigate, through an exhaustive review, the ancillary services that a multi-carrier
energy storage systems (MCESSs) can provide to reduce the effect of DGs on the distri-
bution grids. A selection of relevant reviews is presented in Table 2.1. As can be seen, pre-
vious reviews did not describe a correlation between MCES and ancillary services, and a
comprehensive study on the implementation of MCESSs as ancillary services providers
has not been reported in the literature; therefore, this Chapter:

 determines the correlation between ESSs in different energy carriers with the an-
cillary services they can provide, and

¢ identifies potential benefits of using multi-carrier energy systems.

This Chapter is organized as follows: the main problem is analyzed in Section 2.2.
Section 2.2.1 lists the main strategies to displace fossil fuels as the primary energy source;
Section 2.2.2 details the main effects those strategies are having on the grid. The emerg-
ing solutions to address those effects are mentioned in Section 2.2.3. Section 2.3 explores
the ancillary services prosumers can provide to the grid. As sources of integral solutions,
multi-carrier energy storage systems are detailed in Section 2.4. The results are discussed
in Section 2.5, and Section 2.6 presents the main conclusions.
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Table 2.1: Findings and research gaps of recent review papers.

Main topic

Major findings

Research gaps

Ref.

Challenges as-
sociated  with
smart grid im-
plementations.

Identification of the main chal-
lenges to transforming the existing
power network into a smart grid.
ESS can balance the supply and de-
mand mismatch through ancillary
services.

Aggregation of
multiple ESS in
the low-voltage
network.

The effect of com-

(21]

Capacity siz-
ing methods,
power converter
topologies to in-
terface multiple
ESS, architec-
tures, control,
and EMS to cou-
ple two or more
ESS.

When multiple ESS are coupled, the
trend is to couple a high-power stor-
age system to meet transient power
behaviour and a high-energy stor-
age system to supply energy in the
long term. The most common com-
bination of ESS is BESS with super-
capacitors (SC).

Time delays between control layers
affect the overall operation and sta-
bility.

bined ESS.
Aggregation of
multiple  micro-
grids.

Consider ancillary
services.
Inclusion of ther-
mal energy sys-
tems.
Multi-objective
sizing methods
for several ESS
coupled.

(22]

How EV charg-
ers can provide
ancillary ser-
vices to system
operators.

Classification of the ancillary ser-
vices available.

Identification of the ancillary ser-
vices EV can provide to the DSO and
TSO theoretically and which are on a
commercial stage.

Identification of the actors involved.

Ancillary services
from other ESS
than EV.

Smart charging
infrastructure

to diversify the
commercial stage
ancillary services
available.

(23]

The techno-
economic and
regulatory status
of energy storage
and power qual-
ity services at
the distribution
level.

Including RES causes reluctance by
the DSO, as it changes their business
models, generally seen as profit loss
instead of new business opportuni-
ties.

BESS distributed in the grid will play
a significant role in the implemen-
tation of RES, but their deployment
has to consider the BESS total life cy-
cle.

BESS can address grid challenges
through ancillary services as long as
such services are appropriately rec-
ognized and rewarded by the DSO.

Quantification of
the effects of de-
ploying ESS.

The impact of
combined ESS.
Aggregation of
multiple ESS in
the low-voltage
network.

[24]
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Analysis of po- Voltage control, congestion man- Considers the ESS [25]
tential ancillary agement, and peak shaving are the as assets of the
services for most suitable ancillary services at DSO or TSO.
transmission the distribution level. Primary fre- Aggregation of
level and dis- quency control, reactive power con- multiple ESS.
tribution level trol, and peak shaving are more ef- Network equiva-
networks. fective for the transmission level. lent models.

Centralized and distributed ESS are

reliable alternatives for ensuring

grid stability.
Coordination Identification of aggregation strate- Considers the mi- [26]
strategies of giesto provide ancillary servicesand crogrids as assets
multiple mi- market participation. of the DSO or TSO.
crogrids in the Aggregated microgrids have the po- Inclusion of ther-
distribution tential to facilitate the inclusion of mal energy sys-
network. RES into the grid. tems.

Standardization for interconnection

and interoperability to participate in

the energy market.

Standardization in cyber-security.
Planning and Identification of recent planning Correlation of the [27]
deployment of and allocation strategies for DG and ESS and the needs
DG and ESS, ESS. of the system oper-
including their Identification of uncertainty model- ators.
barriers and ing methods for DG and ESS plan- Considers the mi-
technologies ning. crogrids as assets
available for im- of the DSO or TSO.
plementation. Inclusion of ther-

mal energy sys-
tems.

Grid failure studies
on the distribution
level.
Multi-objective
sizing methods for
ESS.

2.2. PROBLEM DESCRIPTION
The CO; level in the atmosphere, among other greenhouse gases, has dramatically in-
creased since the Industrial Revolution. Despite being hard to define, a point of no re-
turn is an already discussed threat [28]. In response, authorities worldwide have pro-
posed strategies and policies toward the transition to RES, electric mobility, and, more
recently, the electrification of heating systems to displace fossil fuels as the primary en-
ergy source, for instance, the Paris Agreement and Sustainable Development Goals 7




2. MULTI-CARRIER ENERGY AND ANCILLARY SERVICES: A REVIEW ON THE CHALLENGES,
16 OPPORTUNITIES AND CASE STUDIES IN DISTRIBUTION SYSTEMS

and 13 at the international level; most countries have set their own environmental goals
[29]. Despite those efforts, by 2020, only 11.4 % of global energy consumption was pro-
duced by renewable energies (6.4 % hydro, 2.2 % wind, and 1.1 % solar) [30], [31] (Individ-
ual metrics by country can also be found.). Unavoidably, some obstacles have appeared
in the process, especially in urban areas due to reduced space, as shown in Figure 2.2,
necessitating new solutions. multi-carrier energy storage systems were investigated as
possible sources of flexibility by supporting grid operators in urban areas through ancil-
lary services.

High GHG emissions Affordable EV

Integral
$ solutions for
flexibility

RES energy share grows

Figure 2.2: Causes and effects of the transition to RESs, resulting in the need for integral solutions.

2.2.1. TRADITIONAL SOLUTIONS TO DISPLACE FOSSIL FUELS

From the energy perspective, several strategies have been considered to mitigate the an-
thropogenic contribution to the greenhouse effect in the atmosphere. In 2018, the dis-
tribution of the global total energy consumption by final use was 51 % thermal, 32 %
transport, and 17 % power, whereas renewable energy supplied only 10.9 % (5.2 % ther-
mal, 1.1 % transport, and 4.6 % power) [29]. Specific measures are considered per sector,
highlighting RESs in power generation, electric mobility in transport, and heating elec-
trification in heat production. This section presents the status and goals of the solutions
implemented to displace fossil fuels as the primary energy source per sector.

RENEWABLE ENERGY SOURCES

In the last two decades, the share of renewable energy sources has consistently increased
yearly. Wind and solar installed power have increased notably when analyzing each
source individually during the last decade. However, their contribution is still not com-
parable with other RES, such as hydropower or biomass. Nonetheless, this increas-
ing trend might not be enough to accomplish Sustainable Development Goal 7 [32].
Cost-wise, PV and wind systems’ deployment capital and operational expenses have de-
creased due to technological improvements, manufacturing processes, and incentives
from tax authorities in multiple countries [33].
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Both centralized plants and distributed generation have caused many challenges as
RESs gained ground in the energy mix, which can be addressed with different energy
storage strategies [34]-[36], but more studies are required. A significant challenge is that
both PV and wind depend on mid- and long-term weather predictions, the variability in
which is enhanced due to global warming. Furthermore, the datasets used to estimate
the generation potential from renewable sources use historical measurements and dif-
ferent numerical models, which do not necessarily converge when compared [37]. This
mismatch causes a proportional behaviour between the increase in weather-dependent
RESs and their deployment and integration complexity on the existing network.

ELECTRIC MOBILITY

In 2020, the transport sector consumed around 60 % of the global oil demand [32]. How-
ever, electric vehicle (EV) sales are consistently rising as a measure to change the primary
energy source for the sector from fossil fuels to electricity [38]. Three critical mitigation
responses were proposed in [39] to reduce the transport CO eq emissions: avoid and
reduce the need for motorized travel, shift to more environmentally friendly transport
modes, and improve the efficiency of transport modes, where electric mobility plays a
key role. Regarding the last point, smart charging devices for EVs are constantly being
developed by research groups worldwide, with approaches such as charging profiles [40],
wireless charging [41], increasing the process efficiency [42], or decreasing the charging
time [43], for instance, in the attempt to reduce the effects on the grid. The requirements
for electrical mobility exceed the vehicles and their charging stations: urban planning
must be considered and electric systems reinforced, as the demand will increase to meet
the power requirements [44], [45].

HEATING ELECTRIFICATION

Given that more than half of the total final energy consumption is dedicated to heat-
related processes, being only 10.2 % from renewable sources [29], heating electrification
is expected to play a significant role in the energy transition. Multiple authors agree
on the potential of heat pumps (HPs) [46]-[48]; other technologies, such as heat pipes,
are other promising alternatives to fossil fuel-based heating systems [49]. Three major
techno-economical obstacles were analyzed in [50]. First, electricity is more expensive
than fossil fuels, resulting in a less profitable solution unless distribution companies im-
plement new utility tariffs or business models. Second, the nature of the local energy
mix, i.e., If the primary energy source of the mix is already fossil-fuel-based, increasing
the power demand will likely result in more greenhouse gas emissions, requiring more
high-level solutions. Third, heat pumps consume more energy under very low temper-
atures due to the larger compression ratios, low heat production, and frosting, resulting
in less attractiveness compared with conventional heating systems. Hence, integral so-
lutions involving new products, optimization, and energy management and exchange
systems are required.

2.2.2. UNDESIRED EFFECTS OF DISTRIBUTED GENERATION ON THE GRID
Grid managers need to be able to control the production and flow of energy among the
transmission and distribution networks to ensure their stability. When energy sources
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are transitioned from controllable fossil fuel plants to RESs, numerous nonlinear phe-
nomena manifest on the grid, as they were not designed for RESs or DGs. This section
briefly presents the counterproductive effects DGs (mainly PV) cause on the network.
Table 2.2 presents a list of reported challenges.

GRID CONGESTION

A fundamental disadvantage of PV and wind power as energy sources compared with
fossil fuels is their inherent dependency on weather conditions (e.g., solar irradiance,
temperature, and wind speed), causing stochastic behaviour of the instantaneous out-
put power. Due to their non-controllable nature, the bigger the share of PV or wind in the
energy mix, the less inertia the network will have, as inertia comes from the kinetic en-
ergy of rotating generators [51]. Sudden variations in local weather conditions can cause
disturbances in energy production, increasing the probabilities of power swings due to
the weakened frequency response and reducing the reliability of the power supply qual-
ity. At the same time, the seasonal variability in the PV systems is significant (especially
in higher latitudes): a property that can intensify the mismatch between the demand
profile and the PV generation curve, even under clear-sky conditions.

OVERVOLTAGE

The traditional electrical grid infrastructure was designed to have a central power injec-
tion point, which the grid operator can regulate. However, distributed generation can
lead to excessive power flowing through the low-voltage lines, causing reverse flow, thus
increasing the system voltage [52], [53]. Unbalances between the lines can also cause
overvoltage [52], [54]. In [55], it was found that low-power (6 kW) single-phase PV invert-
ers could cause voltage variations of up to 2 % in low-voltage networks (higher values
are unlikely, yet not impossible). In [56] was concluded that overvoltage is the domi-
nant effect when defining the PV penetration limit on low-voltage systems. DSOs rely
on thermal generators to address overvoltage; however, as thermal generators will dep-
recate due to environmental goals; DSOs need to find alternatives to compensate for the
power imbalances [57].

UNDERUSED CAPACITY DUE TO POWER CURTAILMENT

Increasing the RES share in the energy mix is intended to reduce CO2,¢q emissions; how-
ever, [58] evidenced that it is a misconception that maximizing RESs without consid-
ering their effect on the whole energy system always lowers CO, ¢q emissions. PV and
wind power plants usually need to be overdimensioned to counteract the weather vari-
ability [59]; thus, power needs to be curtailed, resulting in lost energy and frequency
shifts. Multiple research groups have studied this effect and proposed strategies to ex-
ploit the curtailed power, including coordinated power compensation algorithms [60],
battery storage [61], EV charge coordination [62], and introducing electric heaters and
thermal energy storage [63]. Nevertheless, the energy is either lost or traded with neigh-
bouring countries in most cases, requiring transmission network improvements [64].

UNCERTAINTY IN LONG-TERM EFFECTS ON GRID STABILITY

The stability of the grid is one of the biggest concerns for grid managers. They require
information on how the demand changes over time and how they can control the pro-
duction in real time to address sudden power fluctuations and avoid causing problems
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for the prosumers, consumers, and the network. With environmental targets, such as the
Paris Agreement or Sustainable Development Goal 7, renewable energy distributed gen-
eration incorporates stochastic energy production and distribution behaviours. Addi-
tionally, the electrification of heating and the consistent growth in EV penetration make
the production vs. demand comparison forecasts more complex. According to [29], be-
tween 2017 and 2018, there was a 63 % increase in the global number of electric passen-
ger cars; moreover, the usage of RESs in heating, ventilation, and air conditioning (HVAC)
supplied around 10 % of the energy; yet, there has been slow progress in policy support.

UTILITY RATE VARIATION

Distributed energy resources also consistently affect the profile of electricity prices [5].
As explained by [65], the current trend is transitioning from dependent customers to
more independent prosumers. To cover the energy purchase reduction and premature
grid reinforcements, the rates will increase, encouraging consumers to transition and
urging new utility business models compatible with the distributed generation scheme.
At the same time, current regulations are required to establish the framework for those
new business models. These regulations are designed to minimize the risk instead of
creating synergies between the parts of the energy supply chain [66], [67]. The current
policies are mostly net metering and feed-in tariffs, which successfully stimulate decen-
tralized generation but might cause mid- and long-term problems, as they need to con-
sider the effects of DGs on the grid [68]. For that reason, new policies should focus on
establishing energy-sharing guidelines and allow full participation of disadvantaged and
vulnerable communities [69].

2.2.3. EMERGING SOLUTIONS

Multiple strategies have been proposed to overcome the energy transition challenges
produced by RESs and DGs in electrical networks, as shown in Table 2.2. This Chap-
ter focuses on how energy storage systems from different carriers can provide flexibility
through ancillary services in urban areas, as discussed in Sections 2.3 and 2.4. Although
the focus is on the technical perspective, regulatory solutions are also required to mod-
ernize policy frameworks.

From the technical perspective, the solutions found in the literature can be classi-
fied into two different yet mutually dependent groups. The first is energy modeling and
control strategies for energy management systems (EMSs). These strategies aim to max-
imize the usage of the network’s infrastructure while minimizing losses and adverse ef-
fects. A comparison of different optimization strategies used in microgrids worldwide is
presented in [70], classifying the methods as deterministic, metaheuristic, artificial in-
telligence, or others, providing insights into their best applications. The second strategy
involves developing or upgrading existing devices to execute the energy management al-
gorithms, such as ESSs, converters, and other novel devices, which is equally important.
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Table 2.2: Reported unexpected outcomes on the grid due unplanned DG deployment.

Phenomenon

Detail

Proposed solution

Ref.

Loss of inertia
and frequency
shifts

The effect of different levels of
PV and wind in Jordan’s na-
tional grid is analyzed, resulting
in a penetration of over 40 %
that would compromise the fre-
quency stability of the system
due to a reduction in its inertia.

As a neighbouring
country, the intercon-
nection with Egypt can
support the system.

[71]

Voltage limit

violations

Circuits operate at, or near, their
limits to connect any further DG
in South-West England.

High-voltage network

reinforcement.

[72]

Voltage limit

violations

Overvoltages surpass the 110 %
limit in the rural low-voltage
grid in Portugal, given the low
load required near the injection
point, forcing an intermittent
connection of the inverter to the
grid.

(73]

Voltage limit

violations

Voltage fluctuation due to grid
congestion produced by gener-
ator start-ups to supply the de-
mand planned to be met by wind
farms in Germany.

Export of excess power
to neighbouring coun-
tries.

[74]

Power curtail-
ment and grid
congestion

Increment in installed PV and
wind systems in Italy caused grid
congestion and power curtail-
ment.

Development of a smart
grid and use of dynamic
line rating to reduce the
power curtailment lev-
elsfrom1 %to2 %.

[74]

Power curtail-
ment and grid
congestion

The German regulations give DG
priority access to the grid in-
frastructure, which, added to the
single price zone electric market,
created severe grid congestion,
resulting in 4.7 TWh curtailed
due to feed-in management in
2015.

Development and
implementation of a
congestion = manage-
ment strategy on the
distribution level to
provide flexibility as
an alternative to power
curtailment.

[75]

Power curtail-
ment

Power curtailment in China of
17.1 % in the wind and 10 % in
solar during 2016.

Enhance consumption
near the injection point,
implement  subsidies
and feed-in tariffs,
and ultra-high-voltage
transmission.

[76]
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Uncertainty Islanded systems, such as Crete The interconnection of [77]
on long-term and Cyprus, would be more Greece (Attica Crete),
effects affected by the massive de- Cyprus and Israel allows
ployment of RES due to their high penetration of
stochasticity. RES while providing a
secure match between
demand and supply,
reducing the need of
fossil fuel-based plants.
Uncertainty By 2011, The Netherlands im- [78]
on long-term plemented several policies to
effects ensure the network infrastruc-
ture could support the incom-
ing power plants to supply the
increasing demand, creating un-
certainty for the transmission
system operators regarding the
grid’s costs and the market’s be-
haviour.
Utilities rates A study about the reaction of the Implement strategies [79]

variation

electrical utility market related
to the massification of DG in
Brazil demonstrated that utility
companies need a solid frame-
work to regulate the DG, as their

and models to under-
stand the effect of DG
at the micro and mini
level, to implement
more efficient utilities.

advantages still need to be fully
understood.

A progressive regulatory framework is also required for a successful transition. Such
frameworks include policies designed for more dynamic energy flow and consider all
the parts in the value chain, avoiding governance barriers to adequate RES project de-
ployment [69], [80]. In this context, multiple strategies have constantly been proposed,
including new utility models more suitable for the new generation scheme [81] and in-
centives that encourage prosumers to participate in energy exchange [68]. From the pol-
icymakers’ perspective, [57] mentioned the most relevant codes for electricity markets in
Europe, referred to as the Target Model, which includes: the EU Directives 2009/72/EC,
2019/944, and 2019/943, and the EU Commission Regulations 2017/2195, 2017/1485,
2015/1222, and 2016/1719. Additionally, technical standards are continuously being de-
veloped and adjusted worldwide, aiming to establish the operating parameters to be
used in the regulations intended to minimize adverse effects on the network, such as
UL 1741 [82], IEEE 519 [83], IEC 61727 [84], and EN 50160 [85]. From boh the policy and
technical perspectives, the responsibility of stability control is assigned to the transmis-
sion system operators.

Despite previous efforts to establish working frameworks, they tended to be monodis-
ciplinary. For example, the Smart Grids Architecture Model framework, developed by the
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European Telecommunications Standards Institute, the European Committee for Elec-
trotechnical Standardization, and the European Committee for Standardization, exclu-
sively addresses the technical components, ignoring the social aspects [86]. What is
more, the energy market has barriers related to uncertainty about the performance of
the RESs, the effect of DGs and ESSs on electrical networks, privacy policies, and the
lack of incentives for prosumers, among others [57], [87], [88]. Consequently, numerous
smart grid projects prematurely fail [89]. Some authors, such as [11], [90], mentioned
that the new business models should compensate storage system owners based on the
imbalances they can cover, either individually or aggregated, as well as the eventually
accelerated aging caused by supporting the grid. For instance, the results in [90] showed
areturn on investment between 9.5 and 19.1 years when BESSs are deployed to provide
frequency balancing in the Italian wholesale market, which might not be attractive to
investors, as the expected life of a BESS is between 5 and 15 years.

2.3. ANCILLARY SERVICES

As early as 2008, [91] recommended a proactive DG transition, allowing grid operators to
take advantage of the systems to increase the network’s performance. However, as pointed
out in [92], and following what is presented in Table 2.2, most of the challenges are cur-
rently solved by reinforcing the infrastructure to handle the new power sources or ex-
porting the energy to neighbouring countries (which usually requires infrastructure im-
provement). Instead, actively including the DG system assets in energy exchange, espe-
cially as BESSs and EVs are more commonly included within DG systems, can also be
a solution. Multiple authors [92]-[96] recommended more flexible electric systems ori-
ented toward cooperative energy exchange business models, exploiting the DG systems
as ancillary services providers. This section details the primary ancillary services of dis-
tributed systems with electric energy storage systems that can be provided to the grid
(Note that the inclusion of BESSs with RESs in DGs is not dependent on all of the studied
ancillary services, meaning that some of them do not require BESSs, RESs, or both). It is
assumed that higher power and energy costs imply a higher operational cost. Therefore,
grid operators desire that some consumers purchase power in a cheaper, lower-demand
timeframe so the power demand is more evenly distributed throughout the day.

A summary of successful implementations and proofs of concept is shown in Ta-
ble 2.3. The results demonstrate an increase in the power quality of the grid due to re-
ductions in the rate of the change in frequency and voltage fluctuations, thus, in power
losses. Nonetheless, new utility models are required to increase the profitability of ESS
implementation. Likewise, some ancillary services can provide support when thermal
systems are implemented. For instance, using TESS to reduce the heat load at the com-
munity level (peak shaving) or controlling the head demand either controlled by an in-
telligent thermostat or through the direct control of heat pumps (demand response),
reducing the fluctuation in temperature in both cases.
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Table 2.3: Representative cases of reported outcomes of ancillary services through DG systems.
Ancillary Detail Results Ref.
service
Reactive Simulation using the IEEE Controlled power converters [97]
power 9-bus system, considering enhanced the network per-
control synchronous generators and formance, reducing the rate
a cluster of coherent grid- of change of frequency.
following DG under different
control strategies.
Reactive Simulation of a Newecastle, Reduction of curtailment [98]
power Australia, rural network using losses and overvoltages.
control a 33-node network with 11
loads on a medium voltage,
with collected data of PV gen-
eration, loads, and network
voltage from trial sites.
Energy Multiple scenarios were stud- BESS is not economically vi- [99]
arbitrage ied in the Belfast City Hos- able for arbitrage alone, but
pital, Northern Ireland, using it is if income from other an-
different BESS and PV com- cillary services is included.
binations and dimensions to Revenue increases with the
provide grid services and en- increase of the BESS power.
ergy arbitrage.
Peak shav- A peak shaving strategy with The peaks were reduced to [100]
ing different BESS sizes was im- less than 5 %of their initial
plemented on a test house, magnitude and duration and
representative of a typical avoided between 70 % and
house in Northern Ireland, 90 % of the energy exports.
without considering the The system is hardly viable
heating consumption in the with flat tariffs, but incentive
measurements. tariffs would result in profit.
Peak shav- The economic feasibility of The system was able toshave [101]
ing a water tank thermal energy up to 39 % of the thermal

storage system connected to
district heating and a heat re-
covery system in Trondheim,
Norway, was tested after im-
plementing a thermal peak
shaving strategy.

load and increasing waste
heat self-utilization 27 %, re-
sultingin 9 % savings on the
annual heating costs.
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Frequency
balancing

A combination of BESS and
supercapacitor is proposed to
provide enhanced frequency
response in the UK market,
considering the minimum re-
quired capacity for each ESS
and proposing a power man-
agement strategy based on al-
locating the power so that the
state-of-charge (SoC) of the
BESS remains near a reference
value.

Incorporating the super-
capacitor reduced about20
% the usage of the BESS,
and the power manage-
ment strategy reduced the
variation in the SoC of the
BESS.

[102]

Frequency
balancing

Simulation using the IEEE 33-
bus system and historical data
from the Australian Energy
Market Operator, considering
BESS provides frequency con-
trol services with a per-use-
share rental strategy.

The strategy was proven as
economically viable and reli-
able.

[103]

Voltage
control

A 21-node system within a
3.09 km line was simulated,
including households, an of-
fice building, a school, and a
store, studying the effect of
BESS, EV, and home energy
storage systems.

An adequate combination of
EV, BESS, and home energy
storage systems consistently
reduced the voltage fluctua-
tion at the end of the line.

[104]

Voltage
control

The North Cyprus power sys-
tem (132 kV on transmission
and 66 kV sub-transmission,
49 busbars, 60 transmission
lines, a Y-connected capaci-
tive filter, 432 MW of power
plants, and 2.27 MW of DQ) is
studied to analyze if DG can
improve the voltage profile in
the network.

If the DG locations are cho-
sen correctly, the system can
operate within safe limits
with a penetration level of
50 %, achieving a 36.5 % re-
duction in active power loss.

[105]
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Congestion A congestion management al- The algorithm successfully [106]
manage- gorithm was tested in the predicts the load pattern,
ment H2020 InterFlex demonstra- allowing a decision-making
tor in The Netherlands (26 EV. model to monetize the re-
charging points of 22 kW, a quired flexibility.
250 kW/315 kWh BESS, and a
260 kWp PV system that sup-
plies 350 apartments through
two 630 kVA transformers),
based on the loss of life of a
transformer and the DSO’s fi-
nancial risk of a blackout due
to overloading.
Demandre- Three villages in Portugal Reduction in the household [107]
sponse clustered the consumers with  energy bill.
similar consumption patterns
and implemented a demand
response strategy.
Demandre- A home energy management A reduction of53.2 % onthe [108]
sponse system was combined with a daily costs is achieved un-
smart thermostat to control der Turkey’s time-of-use and
household  power-shiftable feed-in tariff rates.
loads, including BESS and EV,
under Turkey’s time-of-use
and feed-in tariff rates.
Demandre- A TESS was implemented to The fluctuation in the out- [109]
sponse reduce the required cycles of let water temperature was re-
an air source heat pump. duced, while the unit de-
creased the number of on-off
operations.
Direct load A home energy management Reduction in the household [110]

manage-
ment

system (HEMS) was imple-
mented in a single-family vil-
las category in Riyadh, Saudi
Arabia, aiming to achieve a
net zero energy home.

energy consumption by 37
% when compared against
the energy use index in
ASHRAE 100-2015, modify-
ing the luminance level and
the HVAC load.

2.3.1. REACTIVE POWER CONTROL

Section 2.2.2 mentioned that the uncontrolled injection of active power in the grid causes
voltage increases, leading to undesired overvoltage. The DSO is responsible for ensuring
voltage stability. Currently, network operators use thermal generators to compensate for
power fluctuations; however, due to environmental goals, such plants will be decom-
missioned in the short and mid term, requiring for new sources of reactive power con-
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trol [57]. Reactive power handling can balance this effect. Modern inverters can inde-
pendently control active and reactive power under the inverter-allowed apparent power,
increasing the RES hosting capacity of the local network [111], [112]. Reactive power
control can more than merely compensate for the effect of RES active power injection
on the grid. DSOs may use the reactive power supply from distributed generators to en-
sure voltage quality of the network at lower voltages than thermal generators, typically
used at high voltage levels [112]. Nevertheless, the IEEE Standard 1547, widely used for
manufactures and used as reference for grid codes such as ENTSO-E RfG [113], does not
allow any inverter interconnected with the grid to adjust its voltage using reactive power
compensation [114]. Therefore, DG cannot provide reactive power compensation, thus,
forcing the DSO to invest in alternatives instead of considering collaborative solutions.

2.3.2. ENERGY ARBITRAGE

The power demand on the grid is not constant over time; yet, it usually has a periodic
pattern during the day, with expected peaks that depend on the circuit needs [115].
For that reason, DSOs usually have dynamic tariffs, where power and energy are more
expensive during high-demand or peak hours [116]. From a financial approach, con-
suming energy when it is cheaper would result in a cost reduction opportunity. How-
ever, consumption mostly depends on activities; thus, moving the consumption periods
outside the peak hours is only sometimes an option. Given that, BESSs can provide a
profitable solution. The energy can be purchased when it is cheaper and used when it
is more expensive without affecting daily activities, as demonstrated by [117]. From the
grid perspective, it also reduces the grid’s congestion because the demand increases in
low-consumption periods and decreases during high-consumption periods, decreasing
the demand gap during the day.

2.3.3. PEAK SHAVING

Similar to the energy arbitrage modus operandi, peak shaving can reduce the building’s
power peaks consumed from the grid during high-demand intervals. Under this scheme,
however, the intention is to reduce the costs related to power instead of energy (which
would eventually occur, depending on the utility model) [118]. From the grid perspec-
tive, the effects are similar. However, as the intention is to flatten the power consumed
from the grid, it reduces its variability. Peak shaving allows a smoother energy exchange,
preventing reverse current flow and voltage rise [118]. Multiple approaches have been
applied in the literature to achieve this effect, considering the power source and imple-
mentation scale. A summary of the state-of-the-art methods can be found in [119].

2.3.4. FREQUENCY BALANCING

Traditionally, electric systems were designed for bulk-power plants with synchronous
generators. On the other hand, RESs, more specifically variable renewable generation
(e.g., wind or PV), are primarily inverter-based nonsynchronous energy sources. For that
reason, increasing their share in the energy mix can lead to a more significant rate of
change in the frequency and frequency deviations [120]. Nevertheless, modern inverters
have frequency management functions that, when combined with a BESS, contribute to
the network to reduce frequency deviations even further than conventional generation,
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due to their faster power response [121], building the concept of virtual inertia [122].

2.3.5. VOLTAGE CONTROL

Erratic voltage behaviour caused by an unevenly distributed high penetration of RESs
on the grid is a significant challenge. Grid administrators have developed and imple-
mented different control strategies to mitigate this effect to fulfill interconnection and
power quality standards [123], such as IEEE 1547 [114] or ANSI C84.1 [124], respectively.
However, the inclusion of BESSs can mitigate the volatility in the power flow, as demon-
strated by [125]. The energy produced by power peaks can be stored, consumed, or in-
jected back into the grid. Hence, DGs with BESSs can provide stability to the grid regard-
ing voltage variations if coordinated.

2.3.6. CONGESTION MANAGEMENT

When multiple distributed energy sources are included in the network, uncertainty in
the energy flow is included in the system, creating congestion at the transmission level
[126]. BESSs can manage the congestion in transmission lines to inject, store, or con-
sume energy based on local or global network requirements, conducting the power flow
[25], [126]. Thus, if RESs and BESSs are coordinated in a smart grid, energy can be man-
aged following local demand, reducing the congestion in the power lines at higher levels.

2.3.7. DEMAND RESPONSE MANAGEMENT

If the utility tariffs are known beforehand, the end-users can adapt their consumption
as a response according to changes in the power and energy costs; this behaviour is de-
fined as demand response management [127]. In this context, demand response algo-
rithms commonly choose the heating and air conditioning loads. HVAC systems and
heat pumps are often controllable loads that can be manipulated due to the rooms’
thermal inertia and flexible temperature setpoints. As long as comfort is not compro-
mised, especially in high-latitude countries, they represent a significant share of urban
energy consumption [128], [129]. Furthermore, demand management can be beneficial
not only for the consumers from the economic perspective but for DSOs from a techni-
cal perspective; the power demand during peak hours decreases, and the load behaviour
supports the grid in maintaining the frequency after power swings [127], [130].

2.3.8. DIRECT LOAD MANAGEMENT

As shown in [127], some authors considered direct load management as a category of de-
mand response management. The difference is that direct load management algorithms
modify the load in real time to meet the smart grid requirements, optimizing the energy
consumed by specific loads as much as possible, and not only responding as pricing
changes in energy. Consequently, the loads to be managed should be flexible enough,
and some studies recommend HVAC, heat pumps, and EV as preferred considering their
impact on the instantaneous power consumption [131], [132]. Likewise, the Internet of
things and smart meters were also considered as part of the solution [133].
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2.4. MULTI-CARRIER ENERGY STORAGE SYSTEMS

In Section 2.3, electric ancillary services were studied; however, heating systems can
provide similar services under specific energy system architectures. Multi-carrier en-
ergy systems are multiple-input, multiple-output systems that combine different energy
types, such as thermal and electrical, as shown in Figure 2.3. An optimized MCES ob-
tains better performance than when each system works individually. Considering the
complexity of the MCES, only the storage elements were analyzed, as the contribution
focuses on the ancillary services that multi-carrier energy storage systems can provide as
part of an MCES. Therefore, Section 2.4.1 mentions the main strategies to model MCESs.
In Section 2.4.2, multiple ESSs are proposed as possible elements of a multi-carrier en-
ergy storage system. Section 2.4.3 provides an overview of the state of the art of com-
bined storage systems as part of MCESs.
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Figure 2.3: Schematic of the energy flow of a multi-carrier energy storage system

2.4.1. MATHEMATICAL MODELING OF MULTI-CARRIER ENERGY SYSTEMS

Describing the behaviour of multi-carrier energy systems depends on the correlation
between each energy system considered in the designed topology and its components.
For instance, a simplified schematic is presented in Figure 2.3, where the energy flows
among the chosen devices are indicated. MCESs can provide suitable frameworks to
combine electrical and thermal ancillary services if adequately implemented. Addi-
tional elements can be added to achieve the desired topology, e.g., wind systems, bio-
fuel systems, cooling systems, supercapacitors, or hydrogen fuel cells. Because of the
complexity, multiple modelling approaches have been proposed in the literature to over-
come the challenge of simulating complex MCESs, including graph-based [134], port-
Hamiltonian [135], probabilistic [136], stochastic [137], and information gap decision
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theory [138]. Chapter 3 elaborates on the mathematical description of the individual
components of a residential MCES and their interaction. Then, Chapter 4 compares dif-
ferent EMS strategies to control de power flow within the MCES.

2.4.2. ELEMENTS IN MULTI-CARRIER ENERGY STORAGE SYSTEMS
Considering the different requirements, a synergic combination of various ESSs would
provide a more extensive range of possible ancillary services, as each ESS has individ-
ual applications. ESSs provide crucial support to the transmission system operators
(TSOs) and distribution system operators during blackouts. This section considers elec-
tric, thermal, and chemical storage devices and electric vehicles (note that electric vehi-
cles can behave as both a storage device and a controllable electrical load, according to
the EMS algorithm).

Mechanical energy storage systems, particularly pumped storage hydropower (PSH),
are promising solutions. As a mature technology, PSH has the highest installed capacity
worldwide. Its most common applications are short- and long-term energy manage-
ment, back-up, and black start [24]. Nevertheless, it is geographically limited and re-
quires extensive environmental studies and permits, making it challenging to locally im-
plement PSH in urban areas [139]. As the focus is on the European urban environments,
such methods are excluded from the review; however, the advantages of mechanical en-
ergy storage are described in [24], [139].

Multiple key performance indicators are available to compare different ESS tech-
nologies. To compare technologies independent of the application, the most common
indicators are: the cost per unit of energy, the number of cycles (life), power range, en-
ergy density, and efficiency. For specific applications, one can use the levelized cost of
storage (LCOS), as it depends on the number of cycles per year, the depth of discharge,
and the discharge duration. Figure 2.4 shows a comparison summary of the studied el-
ements, where the performance ranges for the main attributes are presented. Figure 2.5
depicts the energy availability, response times, and power ranges for the ESSs consid-
ered within the scope of this work. Although PSH was not extensively covered in this
work, it was included in Figure 2.5 as a comparison point for the other ESSs, given its
relevance and suitability to provide ancillary services when incorporated into the grid.
For both figures, the literature survey was performed using general searching terms. The
references were selected based on citation metrics (number of citations of the paper and
rank of the journal), date of publication, and consistency with other publications).

BATTERY ENERGY STORAGE SYSTEMS

Battery energy systems store energy based on an electrochemical process. Multiple tech-
nologies have been developed to enhance their performance, increasing energy density
and decreasing costs, including lead-acid, nickel-metal hydrate, and lithium-based [147].
Traditionally, lead-acid batteries were used as a backup in electrical systems. However,
in the last decade, the prices of lithium-based batteries have dramatically decreased,
which, added to their superior performance, has allowed more complex and reliable
uses for the batteries [148]. A comprehensive review on the integration of BESSs into
distribution systems was conducted by [6], including a comparison of the three main
technologies of Li-ion BESSs. Table 2.4 presents a comparison of the best and worst per-
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Figure 2.4: Comparison of the reported performance of the main attributes of different energy storage systems.
The colored area represents the range between the best- and worst-case scenario reported in the literature per
attribute. Note that the increases in the graphs are on a logarithmic scale in all attributes but the efficiency.
(a) Reported performance of Li-ion batteries [127], [140], [141]. (b) Reported performance of supercapacitors
[127], [140], [141]. (c) Reported performance of hydrogen fuel cells [127], [140], [141]. (d) Reported perfor-
mance of thermal energy storage [141]-[145]. The power on this graph represents the heat transfer rate.

formance found for different metrics per technology

The energy storage market includes other technologies, such as flow batteries (high-
lighting chemistries based on vanadium [149], but also zinc, iron, copper, and halides
[150]), and salt batteries (e.g., sodium-sulfur [151], sodium-nickel-chloride [152], and
sea-salt [153]). However, some of those batteries are still in early stages or develop-
ment (e.g., flow batteries not based on vanadium and the sea-salt battery). On the other
hand, some mature technologies are incompatible with the urban requirements despite
having advantages over the lithium-based BESSs that can be used in other contexts.
For instance, vanadium-based flow battery cost per energy unit is about one-third of
that of lithium technologies [154], but its energy density is almost one order of mag-
nitude lower [155], making it unsuitable for applications where high energy densities
are required. Molten-salts batteries, such as sodium-sulfur and sodium-nickel-chloride,
have energy densities similar to those of lithium-based technologies but operate at tem-
peratures above 100 °C and up to 400 °C, which raises hazards and risk concerns [156].
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Figure 2.5: Comparison of the reported available power and energy, starting from the reaction time, of different
energy storage systems [139], [140], [146].

Although some advances in such technologies working at room temperature have been

achieved, there are challenges associated with lifetime and capacity fading [157].

Table 2.4: Performance ranges for lithium iron phosphate (LFP), lithium nickel manganese cobalt (NMC), and
lithium nickel aluminium cobalt (NCA) BESSs [6], [158].

LFP NMC NCA
Energy density (Wh/kg) 75-190 120-200 140-240
Power density (W/kg) 200-1600 600-2400 600-700
Cell efficiency ( %) 88-90 94-95 94-95
Cost (USD/Wh) 300-600 300-600 300-600
Lifetime (cycles) 5000-10,000 500-4000 500-3000

SUPERCAPACITORS

Capacitors are well-known devices that store energy through electric fields, reacting as a
low-pass filter with short reaction times. Despite having low energy density, supercapac-
itors have high power density, short charge/discharge cycles, and long life [159], [160].
Given those characteristics, supercapacitors are suitable for high-power, low-energy peaks,
providing availability during voltage dips or short interruptions [140].

THERMAL ENERGY STORAGE SYSTEMS
In Section 2.2, it was mentioned that a significant share of energy in the mix is dedi-
cated to producing heat, primarily from fossil fuels. Modern alternatives are under con-
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stant development to produce heat from electricity (building the concept of power-to-
heat) or based on the thermal properties of different materials [161]. On the other hand,
heat sources have long transient responses, leading to slow reaction times and energy
loss. To overcome this challenge, authors [162], [163] have mentioned the need for ther-
mal energy storage to optimize the cycles of the heat energy source. Hence, [163] high-
lighted the importance of thermal energy storage when flexibility is considered. In [142],
thermal energy storage systems were categorized as: active, when the system stores en-
ergy through a fluid that can flow between reservoirs; passive, when the energy storage
medium is solid.

HYDROGEN FUEL CELLS

A hydrogen fuel cell (HFC) is a device that transforms the chemical energy from the
reduction-oxidation reaction of a constant inflow of hydrogen and oxygen into electri-
cal energy. This process occurs in an electrolyte, according to which the fuel cell can
be categorized as alkaline, proton exchange membrane, phosphoric acid, molten car-
bonate, or solid oxide [164]. HFCs are combined with electrolyzers to produce and store
hydrogen. However, the expected lifetime of an HFC is around 5 to 15 years [141], and its
roundtrip efficiency is around 20-35 %, both of which are lower than those of other
ESS technologies [165]. The reason is that the overall efficiency includes the fuel cell
efficiency (40-60 %) [166] and the electrolyzer efficiency (40-60 %) [167]. Efficiencies
near 45 % were reported but under specific conditions [168]. Additionally, the EMS re-
quires robust control strategies to coordinate the HFC and electrolyzer [169], especially
if the goal is to minimize the grid’s impact or provide ancillary services. At the same
time, the heat produced by the fuel cell can be transferred to a thermal load or storage,
but further research is still required [170], [171].

ELECTRIC VEHICLES

In Section 2.2.1, electric mobility was mentioned as a suitable alternative for fossil fuels
in transport. In this context, multiple approaches regarding the relationship between
the electrical grid and electric vehicles have been proposed to minimize the effect of
the increasing power demand to supply the energy required to charge the batteries in
the EV. The EV chargers’ power depends on the charging level (power for levels 3 and 4
depends on the chargers’ characteristics, but can easily surpass 100 kW [172], [173]): be-
tween 3.7 kW (16 A per phase) for level 1 to 22 kW (32 A per phase) for level 2 [174]. When
connected to the charger, the energy between the grid and the EV can flow from the grid
to the EV (G2V) or from the EV to the grid (V2G) [175], following the EMS instructions.
However, estimating the optimal power to whether charge or discharge the battery is a
difficult task if the goal is to simultaneously minimize the charging time and the effect
of the charger on the grid, as not enough data are currently available to make informed
decisions in real time [176]-[178]. Another critical point to consider is the batteries’ life
cycle as an inherent consequence of the electrification of transport based on batteries.
The potential of a second life for those batteries can be considered for stationary uses,
as studied in [179].
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2.4.3. CURRENT STATUS ON COMBINED ENERGY STORAGE SYSTEMS

In Section 2.4.2, energy storage systems were presented, and numerous combinations
can be obtained to face different challenges, as reported in Table 2.5. This section an-
alyzes the results of combining two or more of the previous systems, indicating the ad-
vantages and individual contributions to the overall result.

The combination of BESSs and supercapacitors connected to a PV installation was
studied by [180]-[182], where their compatibility was demonstrated regarding reaction
times, power, and energy supply. The supercapacitor smooths the short, high-power
peaks in this arrangement, whereas the battery supplies power during longer intervals.
This effect has multiple advantages in electrical systems that can be obtained through
different topologies. An individual converter for the supercapacitor and the BESS pro-
duced better results, as the voltage in the DC line does not directly affect each storage
device’s voltages [181], [182].

Supercapacitors were also studied with hydrogen fuel cells (including electrolyzers),
commonly using the supercapacitor as an auxiliary source to compensate transient events
[183]-[185], using different topologies, according to the application. For instance, [184]
utilized supercapacitors as a secondary power source in a fuel cell system to protect it
against sudden variations in current, increasing the life of the fuel cell. A hybrid con-
verter for electric vehicles, using a proton exchange membrane fuel cell and superca-
pacitor, was proposed by [185]. Fuel cells and supercapacitors were also combined with
wind energy [186] and PV [187] to supply fast variations in the load power that the fuel
cell cannot.

To minimize the curtailments of RESs, [188] developed a deep learning algorithm to
optimally size and operate an alkaline water electrolyzer and a BESS. The results showed
a decrease of 97 % in the curtailed power, with a return on investment shorter than
five years. In [189], multiple microgrids (with an HFC, electrolyzer, BESS, and PV) were
studied while working in parallel in a low-voltage AC system, using a constant reference
inverse droop control method to solve the problem of the impedance differences. Their
results showed an improvement in the power distribution and the response speed when
the load suddenly changed.

Electric vehicles actively participate in energy exchange; therefore, the chargers’ op-
eration must be optimized to avoid significant effects on the grid. Including a BESS pro-
vides a solution, creating a demand response scheme, which controls the chargers’ high
load, as proposed in [190] and demonstrated in [191], where a 138 % reduction in trans-
former overloading was achieved owing to an appropriate BESS size. Likewise, including
an EV in a system can decrease the required size of the BESS to provide services to the
grid [192], even when an HFC is also included as part of a hybrid energy storage system
[193].

Thermal energy storage systems can also work alongside other energy storage sys-
tems. As demonstrated [194], an electric, thermal, and gas coupling was tested using the
IEEE 18-bus distribution system, resulting in an energy-sharing scenario that allowed
saving energy by sharing with other participants. In [195], BESS and TESS were simu-
lated together to simplify the management of micro-grids and enhance the BESS life-
time, increasing the BESS lifetime by 74 % compared with that of a model that did not
consider its aging. A more complex MCES was studied [196], where a combined heat and
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power microgrid was controlled through a mixed-integer linear programming-based en-
ergy management model on an MPC framework. The microgrid included a natural gas
fuel cell, a boiler, a TESS, wind turbines, PV generators, and a BESS. The results showed
an economic improvement regarding the system behaviour when supplying electric and
thermal loads; however, the thermal system was fossil-fuel-based.

Most of the literature is related to the behaviour of electrical systems coupled to-
gether, with few implementations of TESS in comparison. The most common couple at
the multi-carrier level (electric and thermal systems) is through heat pumps. Based on
the tolerance levels of the habitants of the studied buildings, heat pumps can provide
flexibility to the network through ancillary services such as demand response and direct
load control [197]-[199], without relying on thermal energy storage. Moreover, the TESs
are primarily implemented at the community level [200]-[202]. Therefore, research on
how multiple electrical and thermal storage devices couple would provide valuable in-
sights into the energy transition, particularly at a lower level than communal systems.

2.5. ROLE OF MULTI-CARRIER ENERGY SYSTEMS TO PROVIDE

ANCILLARY SERVICES

Investments in RESs are growing worldwide to meet sustainability targets. Addition-
ally, RES’s versatility in the power range, increasing efficiency and reliability, and sub-
stantial cost reduction encourage those investments. Despite this, grid operators are
not prepared for their large-scale effects. Large deployments result in adverse phenom-
ena on the electrical network, creating uncertainties in voltage, frequency, and stability,
as explained in Section 2.2.2 and summarized in Table 2.2. To address these challenges,
the typical solutions require significant upgrades of the electrical systems’ infrastructure,
highlighting network reinforcements or energy trade, increasing costs, and reducing the
revenue in the mid and long terms. Instead, cooperative schemes with the prosumers,
who actively participate in the energy exchange, may add value if considered.

Simultaneously, the energy regulations were not initially designed to consider dis-
tributed generation, but the emerging policies encourage the usage of RESs. This mis-
alignment results in governance barriers to the adequate deployment of RES projects,
regardless of the power scale, because RES penetration is growing faster than the regu-
latory framework is developing. Especially at the distribution level, DG intensifies the
technical challenges, given the stochasticity of the energy flow, and the energy market
is affected. The price is updated almost in real time, urging new, progressive, and more
flexible business models in the supply chain. Furthermore, strategies promote the elec-
trification of heating and transport, increasing the power demand but decreasing the
predictability of its behaviour. The result is an even more complex power flow in an al-
ready congested network.

Energy storage can become the core of the energy transition if prosumers and DSOs
collaborate through ancillary services. Numerous successful implementations of ancil-
lary services can be found in the literature. Table 2.3 provides a representative list. After
analyzing those cases, it was found that including ESSs within the distributed genera-
tors reduces the voltage and frequency effects caused on the grid by the RESs, therefore
enhancing the outcome of DG, as the ESSs provide the inertia RES undersupply to the
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grid (voltage control and frequency balancing). Furthermore, when ESSs are included
in the DG systems, it is possible to provide support if an EMS controls the power flow
according to the network requirements. There are three ways the DG system can sup-
port the grid: it can control its power factor to control the reactive power consumed or
injected (reactive power control), reduce the power demanded from the grid at a par-
ticular moment (peak shaving, congestion management, demand response, and direct
load management), as well as bidirectionally regulate the energy exchange with the grid
(energy arbitrage). Depending on their nature, different energy storage devices can pro-
vide different services to the grid. However, combining their advantages into a more ro-
bust system is possible when working together in a multi-carrier energy storage system.
Nonetheless, increasing the number of ESSs in MCESSs involves more complex require-
ments for modeling and simulation, especially if multiple energy carriers are considered.

Atthe multi-carrier level, the state-of-the-art literature highlights MCESSs as a promis-
ing alternative for prosumers to become ancillary services providers [203]. Although more
studies on the behaviour of electrical and thermal storage systems interaction are still
required to fully understand their joint operation, the results shown in Table 2.5 sup-
port the hypothesis that the coupling between them would allow better control of the
system’s overall behaviour. Considering that heating systems are required, it is safe to
assume that the system is affected by seasonal variations. The time frames with a more
significant need for heat coincide with the months with less PV availability. Therefore,
under those conditions, options such as TESS and HFC can support the electrical system
to provide heat without considerably increasing the power demand during cold seasons
(it is considered an electrical source of heat, such as a heat pump.). According to the
EMS, when the generation surpasses the consumption, energy can be stored in a BESS
if required in the short term or used to produce thermal energy and hydrogen for long-
term storage [169]. At the same time, if the surplus power produced by the DG is locally
consumed through an electrolyzer, through a heat pump, or stored in a BESS, there will
be less congestion on the network, as the energy injected into the grid can be coordi-
nated according with the grid requirements.

It is compelling to analyze how MCESS can provide ancillary services and, therefore,
flexibility to the grid. In this regard, Table 2.5 presents a summary of recent studies
of how multi-carrier energy storage systems can contribute to diminishing the impact
of DGs on electrical networks. The results suggest that energy arbitrage can be com-
bined with demand response management or direct load control. The charge of BESSs
or TESSs can be scheduled to purchase the energy during cheaper timeframes as an en-
ergy arbitrage strategy. At the same time, the power used to charge the ESSs during those
timeframes can vary, in response to the congestion with demand response and direct
load control strategies, to reduce their contribution to the grid congestion. Peak shav-
ing can also be used with energy arbitrage or congestion management. Unlike demand
response control or direct load control, peak shaving uses ESSs to smooth the peak with-
out translating it to another moment. Thus, if the energy is purchased during a cheap
timeframe and adequately scheduled for peak shaving, the amount of energy might not
change, but its costs will be reduced as will power demand costs.
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Table 2.5: Examples of reported implementations of ancillary services through multi-carrier energy storage

systems.

System archi-
tecture

Detail

Results

Ref.

PV + BESS +
TESS

Three load-shifting strate-
gies were proposed to
control an islanded multi-
carrier microgrid in Abu
Dhabi, UAE, including
demand response man-
agement.

The coordination of charge
and discharge of the differ-
ent ESS, combined with the
PV regulation, allowed the im-
plementation of a demand
response management, whid
cooling loads shifted thanks
to the TESS and curtailed, if
needed, to supply the power
demand within the network.

[204]

PV + BESS +
TESS + EV +
CHP

A multi-carrier energy sys-
tem was tested with heat
and electrical load data
from a hospital in Oki-
nawa, Japan, to minimize
the annual costs while in-
creasing the system’s re-
silience.

The system  successfully
reduced the costs while pro-
viding a more resilient system
against grid blackouts, regard-
less of the seasonal variability,
and with an acceptable life cy-
cle performance, also showing
compatibility with demand
response management.

[205]

PV + wind +
concentrating
solar power +
BESS + TESS

The optimal capacities
of BESS and TESS for a
multi-carrier energy sys-
tem in North China were
determined, considering
curtailment and operative
constraints.

The obtained capacities of
BESS and TESS showed an-
nual profits of $4.95 million,
considering a generation
price of 0.094 $/kWh, with an
annual curtailment rate lower
than 5 %.

[206]

PV + BESS +
TESS

A study of BESS and TESS
as sources of flexibility
was performed in Victoria,
Australia, considering cost
minimization and electric
self-sufficiency. The in-
fluence of electricity price
signals was also taken into
account.

The multi-carrier energy
system showed optimal re-
sults when the objective was
cost reduction. Most of the
revenue came from the PV
+ BESS coupling, given the
thermal load considered,
as it allowed energy arbi-
trage and demand response
management. On the other
hand, self-sufficiency does
not show economic benefits
or flexibility options.

[207]
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PV + wind + To size the optimal BESS Once the microgrid is is- [208]
diesel genera- and TESS, data from a landed, the BESS supports the
tion + BESS + greenhouse with a micro- frequency shifts. Moreover,

TESS grid in Iran was used to the combination of BESS
simulate an islanded con- and TESS resulted in a re-
dition in case of discon- duction of 19 % of the costs
nection from the grid. than when only the BESS is

implemented.

BESS + TESS An artificial neural net- The numerical results showed [209]

+ CHP + workfed with data from a a reduction of 1252 % in

chiller + boiler shopping mall in Bangkok, the total operating cost com-

+ spinning Thailand, was used to cre- pared to a similar EMS with-

reserve ate a load forecast strat- outBESS and spinning reserve
egy that reduces the op- whenimplementing the direct
erative costs when imple- load management strategy.
mented in a multi-carrier
energy system.

PV + BESS A residential area with The results show a 15 % re- [210]

+ solar heat centralized PV and solar duction in the total energy

exchanger + heat exchangers was sim- costs bought from the utilities
boiler ulated using electrical, thanks to the PV generation
cooling and thermal load and energy arbitrage, without
data to study the effect compromisingthe demand.
of combining electrical
and thermal storage to
minimize the energy pur-
chase costs. Constraints
included energy balance,
electricity price, capacity,
and charge and discharge
power of the BESS.

Photovoltaic- A centralized The results showed reductions [211]

thermal + photovoltaic-thermal in annual costs between 10.5

TESS system combined with % and 31.9 %, and in CO3eq

a community-level TESS
was simulated for an
energy network in The
Netherlands to determine
the optimal size of the
TESS to reduce cost and
COz.eq emissions when
considering thermal,
cooling, and electrical
loads.

emissions between 14.9 %
and 47.8 %, depending on
the demand analyzed: heat-
ing, heating, and cooling, or
heating cooling and electrical.




Table 2.6: Role of the elements in a multi-carrier energy system when providing ancillary services.

Energy storage systems

Challenge RES BESS Supercapacitors HFC' TESS EV HP
Voltage limit Reactive Congestion
compliance ~ power con- management
trol, voltage
control
Power cur- Energy arbi- Energy arbi- Energy arbi- Energy arbi-
tailment trage trage trage trage
Loss of iner- Frequency Frequency Frequency
tia balancing balancing, balancing,
congestion congestion
management management
Rates varia- Energy arbi- Peakshaving Energy arbi- Demand Energy ar- Demand
tion trage, demand trage, demand response bitrage, response
response response manage- demand manage-
management, management, ment, peak response ment, direct
peak shaving direct load shaving manage- load control
control, peak ment, direct
shaving load control,
peak shaving
Grid conges- Congestion Peak shaving  Congestion Demand Demand Demand
tion management, management, response response response
demand demand manage- manage- manage-
response response ment, peak ment, direct ment, direct
management, management, shaving load control, load control
peak shaving direct  load peak shaving
control, peak
shaving
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The main components of an MCESS are described in Table 2.6 with the ancillary ser-
vices described in Section 2.3. The categorization is based on the successful implemen-
tations reported in the literature, considering the power and energy requirements and
the energy management required to provide each ancillary service.

As expected, the ancillary services with common operation goals share the required
subsystem on the MCES. Reactive power control, frequency balancing, and voltage con-
trol take advantage of the inverter’s adjustable power factor and power output, allowing
it to provide power during a shortage or inject reactive power in case of unbalances be-
tween phases [51], explaining why the RESs are required. Energy storage devices such
as BESSs or HFCs can also achieve these functions, but it is less likely that their capacity
would be big enough to create an impact. On the other hand, peak shaving and energy
arbitrage are intended to regulate the power and energy purchased from the grid, respec-
tively, requiring the store of energy. Thus, BESSs play a significant role, as their energy
density—price ratio and reaction time makes them more affordable than HFCs, and as
the energy is stored, it does not depend on weather conditions, as it does in RESs. Super-
capacitors can also considerably contribute to peak shaving due to their power density.
However, their lower energy density makes them unsuitable for operation beyond min-
utes. EVs can also provide support. Nevertheless, transportation is the primary goal of
the energy stored in their batteries; therefore, a robust EMS strategy is required to en-
sure they will be reasonably charged when the user unplugs them from their charging
stations without creating disturbances in the system.

From the thermal perspective, TESS is indispensable in assisting the heating system.
TESSs can be used to reduce the energy purchased at a particular moment to generate
heat (peak shaving) or to displace the purchase to more convenient timeframes (demand
response management), independent of the heat source (e.g., boiler or heat pump). Due
to the growing interest in electrifying heat production, energy conversion devices, such
as heat pumps, must be considered part of the ancillary services. Such devices also must
be included at the individual level, as most energy networks do not allow sharing of heat
between buildings [211]. HFCs can also generate heat, but this is a side effect of the
process needing improvement to be fully deployed. Furthermore, the implementation
costs are a restriction for now.

Controlling the loads can also be beneficial for the grid, whether the control is based
on the current state of the grid (direct load control) or trends (demand response man-
agement). The EMS orchestrates the power distribution and flows from the grid, loads,
and ESSs. It is crucial to considering that the energy stored can be obtained from the
grid. This consumption needs to be appropriately addressed, as the grid considers it a
load. Charging EVs is also a task that should be coordinated, as mentioned before, due
to the high power the charger can demand, making it a critical load to manage by the
EMS if there is any EV connected to the system at a particular moment.

When considering the interaction of EVs and the grid, both G2V and V2G scenarios
can provide flexibility. G2V can occur either at a constant rate or following a profile de-
termined by the grid state in a smart grid behaving as a demand response [175]. More-
over, EV batteries can also be used as BESSs regarding ancillary services, as previously
discussed, assuming the EMS is robust enough. For that reason, EVs can be a solution
to reduce the size of BESSs in the scenario of reactive activity of the BESS (only works
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when there is energy consumption), as it is likely that the EV is at home at the same
time the energy is consumed in a household. On the other hand, a more complex sizing
methodology must be followed under more proactive activity.

Most of the literature reflects the main barriers described by [86]. Because there is
uncertainty in both the amount of energy and power an MCESS can provide to the net-
work and how the energy network will behave, new regulations are moving slowly. At the
same time, this causes a reaction in the market, as the lack of regulations stops the DSO
and TSO from proposing new business models to include DGs in the energy market as
ancillary services providers, so it is attractive for prosumers to participate. In this re-
gard, more research is needed to understand how the combined reaction of distributed
MCESSs will affect the energy exchange between the DSO and the prosumers, as pro-
posed by several authors [12], [57], [90], and the aging of the BESS [88]. In this way,
innovative business models can be proposed to accelerate a collaborative energy transi-
tion.

Accurate models to predict DG power production are crucial for their adequate in-
clusion on the distribution grid to provide ancillary services. Multiple challenges must
be faced to obtain a reliable estimation of the RES potential [212] and to optimally allo-
cate the power when including storage [213], [214]. Different approaches can be consid-
ered to forecast the meteorological resources used by RESs. For instance, [215] classified
the forecasting models as meteorological, statistical, Al-based, and hybrid (combination
of multiple models). The first two were traditionally used before more robust Al-based
models were computationally possible. It was found that individual Al models had accu-
racies of around 10 %, whereas hybrid models achieved accuracies near 5 % of error in
exchange for more computational resources and more extensive datasets. When consid-
ering storage also, the computational cost substantially increases for both the sizing of
the components [216] and control of the energy flow [213], [214], especially if the system
considers more than one type of storage [217], [218].

It is noteworthy that accurate models to predict DG power production are crucial
for their adequate inclusion in the distribution grid to provide ancillary services. Mul-
tiple challenges must be faced to obtain a reliable estimation of the RES potential and
to allocate the power when including storage optimally. Different approaches can be
considered to forecast the meteorological resources used by RESs.

2.6. CONCLUSIONS

This Chapter investigated how energy storage systems can minimize the adverse phe-
nomena caused by DGs on the grid. Energy storage systems from different carriers were
analyzed, identifying the ancillary services they can provide. The documented outcomes
suggest that when ESSs provide ancillary services, the result is a more flexible and coop-
erative network. Finally, the state-of-the-art multi-carrier energy storage systems were
presented as a more robust solution to combine multiple ancillary services, maximizing
their advantages.

It was highlighted that an increase in noninertial, weather-dependent RESs (such
as PV and wind) alone would not be enough to keep track of the upcoming demand
trend, especially as EVs and heating electrification become more common in house-
holds. However, adding multi-carrier storage systems to the network (centralized, lo-
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cal, or distributed) is a promising solution to increase the flexibility the system requires
to counteract their variability. Numerous cases of implementation of ancillary services
using energy storage systems were mentioned and analyzed. It was found that HFCs
and BESSs can provide more ancillary services among the ESSs studied. Implementa-
tion costs and efficiency limit the first, whereas the second is limited to electric carriers.
From the thermal perspective, TESSs and HPs can be combined to optimally produce
and store thermal energy. In this sense, as the heat pump acts as an energy conversion
device, it couples the thermal and electrical systems, thus expanding the opportunities
to provide ancillary services. Chapter 3 elaborates on the interaction between the com-
ponents of a multi-carrier energy system at the household level.

Hence, flexibility is the core of successful DG deployments. A cooperative scheme
where prosumers offer ancillary services to the DSOs may contribute to controlling the
effects of DGs on the grid and achieving a more robust and resilient network. This
scheme creates a win-win scenario for DSOs and prosumers, incentivizing the prosumers
to support the grid in exchange for rates that allow them to recover their investments.
Chapter 5 elaborates on the requirements from a prosumer perspective that would make
it attractive to participate in such collaborative schemes. The literature proves that im-
plementing ancillary services with a single carrier can reduce costs. Furthermore, com-
bining different carriers also allows more efficient energy usage, as it can conveniently
be converted from one carrier to another.

Distribution system operators can use distributed generation and storage to address
stability challenges. Distributed systems owners would find such collaboration attrac-
tive if ancillary services were included in the regulatory framework and new tariffs were
proposed for them to use their assets to support the grid. Among those services are
reactive power control, frequency balancing, voltage control, and congestion manage-
ment, as their effect is at the distribution lines level. On the other hand, energy arbi-
trage, peak shaving, demand response management, and directload control focus on the
amount and manner in which the user consumes power and energy. Their implemen-
tation can lead to economic advantages. However, it requires robust control algorithms
for the EMS, especially when the number of elements increases, creating opportunities
for further work to determine if the same system can provide multiple ancillary services
or if there are mutually exclusive combinations. For this reason, Chapter 4 investigates
how different EMS strategies can be used by the prosumers to maximize their revenue,
while minimizing their impact on the grid. Then, Chapter 6 determines the impact of
aggregating multiple residential multi-carrier energy systems in a low-voltage network
to minimize the impacts of RES penetration and heating electrification.
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3.1. INTRODUCTION

Heat generation in residential buildings consumed 13 % of the total energy consump-
tion in the Netherlands in 2018 [1]. In response, the government has promoted the
transition to fossil fuel-free alternatives, as 96 % of Dutch households still use gas for
heating [2]. Two main approaches are considered to diminish the usage of boilers: the
deployment of fifth-generation district heating networks and directly replacing the gas
boilers with other equipment that does not consume gas. The former was studied in
[3], proposing an optimal sizing for the components in a case study in the north of the
Netherlands. The latter approach includes multiple alternatives, such as heat pumps
(HP), photovoltaic-thermal (PVT), infrared panels, and, more recently, thermal energy
storage systems (TESS). This Chapter focused on studying the second approach, con-
sidering only alternatives that use a hydraulic network for space heating, specifically
photovoltaic-thermal systems, heat pumps, and thermal energy storage systems.

Photovoltaic-thermal modules combine the advantages of solar collectors and pho-
tovoltaic systems; they can generate electric and thermal power simultaneously. Al-
though the initial intention of coupling a heating exchange mechanism was to improve
the PV cell efficiency, during the last decade, the frequency of studies related to PVT sys-
tems has grown considerably, given their opportunities to provide heat to other systems
[4]. There are many classifications for PVT modules, but the working principle is essen-
tially the same for them. A fluid (gas or liquid) circulates through a heat exchanger in the
PVT module, extracting the heat from direct radiation, ambient temperature, or both [5].
Then, the fluid circulates through another heat exchanger to release the heat absorbed
from the module. The review presented by [5] shows the evolution of electrical and ther-
mal efficiencies from 2009 to 2019, showing ranges of electrical efficiencies from 6.4 %
to 28 % and thermal efficiencies ranging from 27 % to 79 %, resulting in total efficiencies
between 45 % and 91 %. Nevertheless, most of the literature uses simplified models to
estimate the energy balance without considering the transport phenomena within the
module in detail [6], [7].

Thermal energy storage has been explored to increase the efficiency and reliability
of thermal networks [8]. More specifically, [9] studied the actors related to deploying
such systems in the Dutch context, including different configurations. Some authors like
[10] and [11] have coupled thermal energy storage systems to heat pumps to minimize
their electrical consumption. This kind of thermal energy storage application is called
pumped thermal energy storage or Carnot batteries [12]. On the other hand, authors
such as [13] and [14] studied how coupling a PVT system with a HP through a water tank
can increase the system’s overall performance. In their work, the water tank is referred
to as thermal energy storage; however, due to its capacity, it mainly works as a buffer for
short-term demand peaks, but it cannot sustain the supply for periods longer than a few
hours. For the purposes of this dissertation, this tank is considered as an intrinsic com-
ponent of the PVT system, as detailed in Section 3.2.3. Phase-changing materials have
also been used to improve the efficiency of PVT modules [15]. Units of such materials
added to the PVT modules are also referred to as thermal energy storage [16] or thermal
energy storage units [17]. When adding any type of thermal energy storage, most of the
literature (excluding the phase-change materials attached directly to the PVT) locates
the storage device indoors [18]. To avoid confusion with the terminology, this work con-
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siders thermal energy storage only the systems that can provide thermal power directly
to the thermal network to supply the demand.

Heat pumps are the leading technology in residential heating electrification. They
rely on a fluid with boiling points lower than typical outdoor temperatures. After boil-
ing, the gas is compressed to increase its temperature. The hot gas then provides heat
through a heat exchanger, to finally be depressurized, causing it to condense and restart
the cycle. Thanks to this operation principle, they tend to be three to four times more
efficient than fossil fuel boilers [19]. Still, many heat pump technologies have been re-
ported in the literature. Some use ground heat exchangers, like coils, U pipes, and bore-
holes, which were compared in [20]. Air source technologies use evaporators in contact
with the environment, which require less infrastructure costs than the ground heat ex-
changers but at the cost of more variable temperatures, reducing the COP of the device
in cold climates [21]. For this reason, research is also required on working fluids [22] and
alternatives to increase the temperature at the evaporator, for example, coupling a PVT
system, as mentioned before.

However, literature [23] suggests that deploying heat pumps in low-voltage distribu-
tion networks can cause challenges in maintaining a stable and reliable network due to
their high power consumption. Simultaneously, it might worsen the instability condi-
tions caused by distributed renewable energy sources (DRES), like photovoltaic (PV), as,
on the one hand, high penetration of DRES in the low-voltage networks leads to over-
voltages, as the surplus of power not consumed by the users is sent back to the grid. On
the other hand, the power peaks of the HP alone are higher than the typical residential
load, which might cause undervoltages. This combination, if not addressed promptly,
can lead to severe congestion in the network.

One possible solution is to minimize the power exchange directly at the household
level, including electrical or thermal energy storage systems. A combination of two or
more different forms of energy is called a multi-carrier or multi-energy system. For
instance, a PV and a battery energy storage system (BESS) would be a single carrier,
whereas changing the PV to a PVT adds a thermal subsystem, resulting in a multi-carrier
system. Recent works have demonstrated multi-carrier systems’ opportunities to pro-
vide flexibility [24], [25]. However, due to the novelty of these systems, there is no stan-
dard terminology. Some literature refers to multi-carrier systems as hybrid [7]. However,
the word "hybrid" has been used for multiple connotations, even within the context of
energy engineering. For example, [26] refers to one or more generators (e.g., PV, hydro or
diesel) coupled with a storage system as a hybrid system, [27] refers to a PVT system as
a hybrid photovoltaic system combined with heat exchangers, and [28] calls hybrid en-
ergy storage to the couple of two different energy storage systems (in this case, BESS and
hydrogen). In this dissertation, the term multi-carrier energy systems (MCES) is used to
avoid confusion with the terminology.

This Chapter determines the contributions of a heat pump, a PVT system and an un-
derground thermal storage, as part of a multi-carrier energy system, to meet the space
heating and electric demands of a household in the Netherlands. The thermal losses of
the TESS to the ground were modelled, and four device combinations, comprised of de-
vices with different sizes were compared in terms of energy consumption from the grid,
thermal comfort and equivalent CO;¢q emissions. To elaborate on the current state-
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of-the-art of different asset configurations, a comprehensive search using Scopus was
performed. Previous works in multi-carrier energy systems were searched using com-
binations of the terms: "photovoltaic thermal," "heat pump," "thermal energy storage,"
and "battery energy storage," as well as their respective acronyms, i.e., PVT, HP, TES, and
BESS. Different ways of writing the terms using wildcards were also included, and the
search was narrowed to only results available in English. After the first search, it became
apparent that numerous publications use PVT for desalination, phase change materials
to enhance the output of PVT systems, and combined BESS with HP in electric vehi-
cles (including buses and ships); thus, those terms were excluded in the second query.
Works dedicated exclusively to sizing the components instead of analyzing their interac-
tions were also excluded. Then, the results were classified depending on the application.
Table 3.1 summarises the number of publications found per application and some ex-
amples per application.

The literature review suggested that research has focused on residential applications.
Of the 95 papers found, 64 correspond to residential, whereas for industrial and utility
applications, we found 13 and 18, respectively. Most of the work regarding residential ap-
plications includes heat pumps as part of the overall system architecture, demonstrating
their role in the energy transition and the challenges related to their limitations in con-
ditions with lower temperatures. It was found that PVT systems and TESS are frequently
used as support devices for the heat pump. In the case of TESS, they are usually water
tanks with volumes below 1 m3, thus can be located inside the house. However, TESS
require higher volumes to provide sustained thermal power for space heating. To avoid
occupying valuable space indoors, the TESS can be located underground outside the
house, but this alternative still has to be studied regarding thermal losses to the soil. In
addition, it is often assumed that the heat pumps would drastically reduce the equiv-
alent emissions of the heating system compared to systems with gas boilers. However,
emission contributions from increased use of the energy network still have to be inves-
tigated. This way, three main research gaps arise: the inclusion of PVT and TESS as part
of the main thermal network and not as support devices, the effects of locating TESS un-
derground outside the house, and the real equivalent emissions associated with heating
electrification in residential buildings through heat pumps. Based on the research gaps
found, this Chapter:

1. determines the thermal contributions of including photo-voltaic thermal and un-
derground thermal energy storage systems into a residential space heating net-
work,

2. proposes an analytical model for an underground water tank thermal energy stor-
age system considering the soil’s temperature gradient, and

3. evaluates the suitability of a MCES comprised of different combinations of a PVT, a
HP, a TESS, and a BESS for household applications, based on electrical consump-
tion from the grid, thermal power generation for space heating, and equivalent
CO, emissions.



Table 3.1: Previous research in residential multi-carrier energy systems containing PVT, HP, TESS, BESS, or their combination.

Combination Publications Examples

Year

Contribution

PVT, HP 17 [29]
(30]
PVT, TESS 1 [31]
HP, TESS 19 [32]
(33]
PVT, HP 4 [34]
TESS

2020

2020

2022

2017

2022

2023

Four PVT modules, a 150 L tank, and a HP were coupled, resulting in an
average heating power of 4.7 kW and a COP of 6.16, under the environ-
mental conditions of Northern China.

A simulation of a PVT coupled to the regenerator of the HP with TRN-
SYS suggested higher performance than a HP alone and electric output
4.2 % higher than a PV. However, the additional costs of the PVT do not
compensate for the benefits.

Using a sorption TESS, it was possible to achieve energy efficiencies up to
38 % in Hangzhou, China, 33 % in Helsinki, Finland, and 35 % in Copen-
hagen, Denmark.

A design and operational optimization for a HP paired with a TESS in the
UK demonstrated that the equipment and operational costs of the HP
system alone are higher than traditional heating systems, but integrat-
ing a TESS and using time-of-use tariffs reduce the operational costs to a
competitive range.

Using the National Grid’s Future Energy Scenarios of the United King-
dom, the benefit of installing TESS alongside HP at the residential level
has system values between £1.1-2.3 bn/year in 2050, with annual long-
term benefits per customer between £200-300. Also, TESS can consider-
ably reduce the peak loading of heating electrification by as much as 2.3
GW at 50 % TESS uptake.

A residential building was modelled using Simulink demonstrated that
reducing the temperature required at the could source of the HP in-
creases the fraction of thermal energy produced by the PVT stored in the
TESS 6 %/°C, and increasing the capacity of the TESS increases the frac-
tion of load covered by the PVT by up to 30 %.
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PVT, BESS

HP, BESS
TESS, BESS

11

2

[36]

[37]

(38]

(39]

(40]

2022

2021

2018

2021

2015

2023

Several technologies were simulated using TRNSYS to determine their in-
tegration with a building with seven floors and 51 apartments in Helsinki,
Finland. The results suggest that the physical boundaries of the buildings
might limit the amount of renewables needed to generate the power to
supply the demand in Nordic countries, requiring the usage of extended
or virtual boundaries of the building.

A TESS coupled with a HP was evaluated when combined either with PVT
or solar collectors, simulating in TRNSYS a case study in Busan, Korea.
The solar collectors were able to provide 27 % of the annual cooling, heat-
ing, and domestic hot water demand, whereas the PVT covered 9 %. The
PVT produced 19.1 % less electrical power than a PV due to continuous
low temperatures.

A system was optimally sized and simulated for conditions in Athens,
Greece, London, United Kingdom, and Zaragoza, Spain. The results cov-
ered up to 65 % of the electric demand and 60, 30, and 45 % of the thermal
demand, respectively, displacing 3.87, 1.65, and 1.54 tons of COzeq. The
payback times were 15.6 years in Athens and 11.6 in Zaragoza.

PV and PVT systems were modelled and tested in Ghana. A techno-
economic analysis over 25 suggests that the PVT performs better than the
PV despite having higher initial costs, as the levelized cost of exergy is 0.33
US$/kWh for the PVT and 0.45 US$/kWh for the PV when installed with
BESS.

A system was simulated for Khuznin, Iran, suggesting that covering
the thermal and electrical demands would require an over-dimensioned
BESS.

A power management system with reinforcement learning, a BESS and
TESS were controlled for peak shaving, achieving a 42.2 % reduction in
the BESS capacity.
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PVT, HP
BESS

PVT, TESS,
BESS

HP, TESS,
BESS

PVT, HP
TESS, BESS

8

[41]

(42]

[43]

[44]

[45]

[46]

2015

2019

2015

2022

2022

2021

A demand response program was simulated for a residential energy hub,
including load shifting and curtailing, and flexible storage usage, leading
to cost savings of up to 40 %.

A residential building was simulated using Matlab/Simulink in Central
Europe. HP performance increases when coupled with the PVT system.
An experimental setup was deployed in Spain and tested from December
2012 to April 2013. The HP had a maximum COP of 6, with an average
of 3.2. The overall system saved between 574 to 836 kg of CO ¢q, depend-
ing on the type of boiler used as reference.

Detached houses in southern Finland were simulated to evaluate the ad-
vantages of multi-carrier energy storage. The possibility of selling surplus
energy stored in BESS improves the profitability to a renewable fraction
0f 20 % for 2019 and 50 % for 2021. However, hydrogen and TESS resulted
in less profitable scenarios than using the grid unless sustained high mar-
ket prices or subsidies are present.

Different control algorithms for multi-carrier systems were evaluated,
highlighting the performance of the self-consumption maximization pri-
oritizing the TESS over the BESS.

A multi-objective approach for peak-shaving and flexibility capacity was
proposed, minimizing user costs and equipment degradation, tested
with 2000 cases of buildings, resulting in an energy bill increase of less
than 0.5 %, a peak demand reduction of 11 %, and increased flexibility
capacity of 16.5 %.
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3.2. SYSTEM DESCRIPTION

The thermal network of the proposed multi-carrier energy system considers a water tank
thermal energy storage system, a PVT, and a heat pump to meet the thermal demand for
space heating. Sections 3.2.1 to 3.2.5 present a discrete analytical model for each com-
ponent, allowing us to couple them into a thermal network model. A similar approach
is done for the thermal carrier of the system. It was considered a PVT and a battery en-
ergy storage system that, supported by the grid, can meet the base electric demand plus
the heat pump consumption, which are described from section 3.2.6 to 3.2.9. Most of
these models are validated in the literature; thus, Section 3.3.1 is dedicated to validat-
ing the thermal demand, the PVT and the underground TESS, using data available of
measurements for those systems. Note that the models in this Chapter can be extrapo-
lated to other case scenarios provided adequate constant values. Finally, four different
combinations of the components are studied to determine their suitability for combined
residential electric and thermal loads. The electric, thermal and equivalent emission
performances were used as KPIs to determine the best combination.

3.2.1. THERMAL DEMAND

For this dissertation, the thermal demand is considered only for space heating. Domes-
tic hot water is another category of residential thermal loads. The work in [47] demon-
strated that domestic hot water accounts for up to 2135 kWh/year in medium-sized Eu-
ropean residences. However, the interaction with the overall system is different. Nor-
mally, domestic hot water requires high thermal power during short periods [18] and
has a separate thermal network [48]. As this thesis focuses on the space heating thermal
network, the thermal demand of domestic hot water will not be studied. An approach
similar to [49] was used to model a house. The house comprises four rooms with specific
thermal masses and losses to the environment through walls, double-glass windows and
the roof, as shown in Figure 3.1. Each room’s internal energy change can be calculated
with

" d(mcT);

U m
ay _ it (3.1)
dt 2 = dr

Since no mass exchange is considered between the exterior and interior of the house,

one can rewrite (3.1) as
AT 2

m

Zm, ci=). Qj, (3.2)
j=1

thus, if an uniform indoor temperature is considered, then

ATm

_Z mici = Qpvr + Qress + Qup — Qp, (3.3)

where QD includes the heat losses to the environment (thermal demand), QpVT the heat
supplied by the PVT, Qress the heat supplied by the thermal energy storage and Owp the
heat supplied by the heat pump. m; and c; are the thermal mass of the air in the room,
the walls, the roof and windows, and their specific heats, respectively. ATi, is the change
in the room temperature during the timestep At. Thus, the temperature in the room can
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Figure 3.1: Convective and conductive thermal losses through the roof, walls, and windows considered per
house room.

be approximated using a discrete timestep k as:
At [Qpyr (K) + QrEss (k) + Qup (k) = Qp (b)]

n
Y mjc;
i=1

Tin (k+1) = Tipn (k) + (3.4)

The heat transfer between rooms, to the ground, and radiative heat transfer are ne-
glected. Although radiative heat through the windows can provide some heat to the in-
side of the house, this heat would be more significant during the Summer, when heating
is less likely to be needed. In this work, we do not consider cooling mechanisms.

Each room’s overall heat transfer coefficient depends on the conductive and con-
vective losses coefficients, as shown in Figure 3.1. Note that the conductive losses are
divided into two identical sections with half of the distance, as we modelled the thermal
mass in between. This coefficient can be calculated as

-1
U=(Z—+ —f) : (3.5)
=1 hi j=1 kj
where h; are the convection heat transfer coefficients, k; the materials’ conductivity and
L; the thickness of the convective materials. This way, the heat losses of the house to the

environment through the walls, roof and windows can be calculated as:

n
Qu(k)= ) Ui AjAT (k), 3.6)
i=1
where U; and A; are the total convection heat transfer coefficient and the surface area,
respectively, and AT is the temperature difference between the outside and the inside of
the house.
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On the other hand, the losses through ventilation and infiltration can be calculated
following the method presented in [50]. In both cases, the equation is governed by the air
mass exchange inside and outside the house. The ventilation losses Q, can be calculated
as:

Qv (k) = capaqvAT (k), 3.7)

where ¢, and p, are the specific heat capacity and density of the air, AT (k) is the tem-
perature difference between the outside and inside of the house (in degree Fahrenheit).
To estimate the required ventilation airflow g, (in cubic feet per minute), [50] suggest
using

Gy =0.03Acf+7.5(Npr +1), (3.8)

where A is the building conditioned area (in feet squared) and Ny, is the number of
bedrooms in the house. Similarly, the infiltration losses can be estimated with

Qi (k) = capaqiAT (k) . (3.9)

The infiltration airflow g; can be estimated using

G (k) = Aes Ay CIAT ()| + Cti? (B), (3.10)

where Ag; is the building’s exposed area (in feet squared), A, is the unit leakage area (in
inches squared per feet squared), C; is the stacking coefficient, C,, is the wind coefficient
and u is the wind speed (in miles per hour).

In addition, buildings can have internal sources of heat. In residential buildings, the
occupants of the building and appliances like stoves, ovens and incandescent lighting
could contribute to increasing the temperature. In this case, the building considered is a
two-person house with highly efficient appliances, induction cooking and LED lighting;
thus, internal heat gains can be neglected in this case [50]. This way, the total thermal
demand of the house is

Qp=0Qr+Qy+Q; 3.11)

3.2.2. THERMAL ENERGY STORAGE SYSTEM

The thermal energy storage system was considered to be an underground, perfectly mixed
water tank. To model the tank, an analysis similar as in Section 3.2.1 was performed, i.e.,
no mass exchange was considered between the TESS and the heating system of the house
or with the ground; thus, (3.1) can be rewritten as:

| | . ' n AT
Qv (0 + Qi () = Quress (k) = QP (k) = ). mici ==

i=1

, (3.12)

where Q'IT,\F;%S and QEI%SS are the heat supplied by the solar collectors and heat pump to

charge the TESS, respectively. Qress the heat supplied by the thermal energy storage to
the thermal demand, QSD is the thermal loss to the soil around the TESS, m; and c; are
the thermal mass fluid in the TESS and the walls and their specific heats, respectively,
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and ATrgss is the change in the TESS temperature during the timestep At. Thus, one
can use

At| Qv (k) + QfpS (k) = Qress (k) — Q5P ()

Trgss (k+1) = Trgss (k) + -~ , (3.13)
X mjc;
i=1
to approximate the temperature of the TESS.
The charge Q%Ess or discharge power Qrgss are
Qfgss (k) = Npss (k) eAT, (3.14)
and
Qress (k) = npss (K) GAT, (3.15)

where n1gss is the charge or discharge efficiency as corresponds, i1 is the mass flow
through the heat exchangers of the TESS, c; is the fluid specific heat capacity, and AT
is the temperature difference between the inlet and outlet of the heat exchanger. In this
case, it was considered a TESS with separate charge and discharge coils; therefore, the
TESS can be charged and discharged simultaneously. During the charge, the outlet tem-
perature was assumed to be the same as the fluid in the tank. During the discharge, an
output temperature equal to the supply temperature of the thermal network was consid-
ered.
The thermal energy stored in the tank can be expressed as

QrEss (k) = CressSoCrgss (k) , (3.16)

and its capacity Ctgss as
Cress = psVer (T — 7™, 3.17)

where py is the fluid density, V is the tank volume, and 7™ and 7™ are the maximum
and minimum temperatures allowed in the tank. As there are no changes in the fluid’s
mass or composition, the state-of-charge of the TESS depends only on its temperature,
ie.,

_ Crgss(k) AT (k) _ T(k)—T™"

SOCTESS CTESS - A Tmax - Tmax _ Tmin .

(3.18)

where T (k) is the current temperature of the fluid.

The self-discharge of the tank, QSP, is produced by the heat transferred to the soil
around the tank. Figure 3.2a shows a diagram of the losses considered for the tank. Soil’s
temperature was assumed constant at any specific depth y. This way, convective heat
transfers from the water to the tank’s walls and conductive heat from the walls to the soil.
To determine the soil’s temperature, the soil was modelled as a semi-infinite solid with
one-dimensional depth coordinates y, considering rotational symmetry, as proposed by
[51] and [52]. The heat diffusion in the soil follows the equation

T (y,t) 10Ts(y1)
5 Ca o (3.19)
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Figure 3.2: Thermal model used for the TESS. (a) Conductive thermal losses through the walls. (b) Discrete
represesentation.

Using the finite difference method to discretize the equation, the space-dependant side
of (3.19) can be rewritten using central differencing as

0Ty (y,t)  Ts(y—Ayk)—2Ts(y, k) + Ts (y + Ay, k)
oy Ay?

. (3.20)

Similarly, using forward differencing, the time-dependant side of (3.19) can be rewritten
as
0T (y,t)  Ts(y k+1)-Ts(y, k)

= . 3.21
ot At ( )

This way, and gathering the time At between timesteps, the grid size sqared Ay?, and the
thermal diffusivity of the soil a as
_aAt

=, 3.22
r Ay? (3.22)

(3.19) can be reorganized as
Ts(y,k+1)=r [T (y - Ay, k) —2Ts (3, k) + Ts (y + Ay, k)| + T (1, k) (3.23)

The boundary conditions for (3.23) are the temperatures at the surface and at a point
underground, at a depth d, with a known and constant temperature. The first boundary
condition can be obtained by considering Fourier’s Conductivity Law, Newton’s Law of
Cooling, and Stefan-Boltzmann’s Law of Radiation, resulting in

0Ts(y,t
—kwn% =h|Tay ()= Ts(y=0,1)] —€AR () + aoG (1), (3.24)
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where Tymb is the ambient temperature, T (y = 0, ¢) is the temperature at the surface, ¢
is the soil’s thermal emissivity, ay is the soil’s diffusivity, G is the solar radiation and

AR() =0 [T} (1= A0 = TS (0] (3.25)

is the thermal radiation. There are many empirical expressions that can be used to esti-
mate the sky temperature. The recalibrated Brunt model
( 17.63 Tamp, (£) ) 0.5
RH
Ty (£) = 0.62+0.056 | 6.11 (ﬁ) \243.04 + Tymp (1) (3.26)

was selected as a widely used expression to estimate the sky temperature [53], where RH
is the relative humidity.
The total heat transfer coefficient & can be written as

h(t)=h" () +h" (1), (3.27)
where
. . Y ,
JeOnY (1) = 57+3 SOV;,;,;(I) Uw € [0,5[m/s (3.28)
6.47+ vy;"° (1) Vuvywe[510[m/s

corresponds to the coefficient of convective heat transfer, depending on the wind speed
Vw, and
W (0 =0 T2 (6= A0+ TS ()] [T5 (6 = AD + Ty (0] (3.29)

corresponds to the coefficient of radiant heat transfer [54].
Discretizing the Fourier term in (3.30) as

- soilT = ~ Ksoil d ’ (3.30)

aTs(y, 1) . Ts(y=d,t)-Ts(y=0,1)

allows to obtain the discrete expression for the temperature at the surface at any timestep

ksoit Ts (¥ = d, k) + dh Tymp (k) — deAR (k) + da o G (k)

Ts(y=0,k)= 3.31

) (y ) dh+ ksoil ( )

or in terms of the effective temperature T,

ksoil Ts (y =d, k) +dhT, (k)
Ts(y=0,k) = , 3.32
) (y ) dh+ ksoil ( )
where
eAR (k) aoG(k)

T, (k) = Tamp (k) — + (3.33)

h h
The second boundary condition for (3.23) is the annual mean effective temperature,
T.. This temperature is found at a point underground, where the effects at the surface
and the geothermal heating are neglectable. This point was considered at a depth of 6 m
[51].
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Given the above, one can use

SD
Q = QIOP QSIdes + Qbottom (3.34)

to estimate the heat lost by the TESS to the ground. Considering a constant temperature
for the top and bottom walls of the tank, T (y = yo, k) and Ts (y = yy, k), respectively, and
a discrete gradient of temperature in the soil, T ( Vi k) where y; € {yo+ LtEgss, Yo+ LTEss +
AY, ...y — Ltgss}, as shown in Figure 3.2b, (3.6) allows to estimate the components of
(3.34) as

Qi = Utkss Atop | Tress (k) — Ts (v = y0, k)] , (3.35)
Qlies = Z Uress Aay [ Tress (k) = Ts (yi, k)] (3.36)

and
Q5D om = Urtkss Abottom | Triss (k) — T (y = v, k)] . (3.37)

3.2.3. PHOTOVOLTAIC-THERMAL SYSTEM

A similar approach to [54] was used to approach to model the PVT module. However,
a different grouping strategy was used for the constants in the equations, and consid-
ered the tank and the modules connected in series as part of a hydraulic system. The
model considers a layered PVT module, as shown in Figure 3.3a, and includes reflective,
radiative, convective, and conductive losses, as shown in Figure 3.3b. Note that the PV
layer comprises glass, two layers of ethylene vinyl acetate (EVA), the Si cell, and a tedlar
layer. The governing equations of the model, as a function of the surface temperatures
of the glass cover, the Si cell, the thermal absorber, and the fluid, Tglass) Trv, Ta and T,
respectively, are

Tglass (k+1)=Cy (k) Tglass (k) + Co (k) Tpv (k) — D1 (k)
Tpy (k +1) = Cg (k) Tglass (k) + Cy (k) Tpy (k) + Cs (k) Ta (k) — D2 (k)

) (3.38)
Ta (k+1) = Cg (k) Tpv (k) + C7 (k) Ta (k) + Cg (k) Tz (k) — D3 (k)
Ti (k+1) = Cy (k) Ta (k) + Cyo (k) Tg (k) — Dy (k)
where
AglassAt [ MglassCglass
C (k)= —=% — Y (k) — R, (k) = hgap (k) — H k|, (339
1 (k) MglassClass | AglassAl glass (k) glass (k) = hgap (k) glass—PV( ) ( )
A lassA
Cy (k) = —2 hgap (k) + H.y oo ()|, (3.40)
2 Mglass Celass [ gap glass-PV ]
PVAt
Cs (k) = [hgap () + Pl v ()] (3.41)
ApyAt [ mpycpy d
Cy (k)= every | Apvar hgap (k) — h;lass_PV(k) hevts (k)] , (3.42)

ApyAt
Cs (k) = ———hSMd (k) (3.43)
mpy Cpy
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Figure 3.3: Representation of the thermal model for the PVT. (a) Schematic of the PVT layers. (b) Heat transfer
and loss distribution.

AaAt

Cs (k) = R (k) 3.44
6( ) MaCa PV-a (k) ( )
At
Cr (k) = % _ pgond () Ay — g g (k) AT — REM (k) 4, (3.45)
Mmaca L At
t
Cy (k) = Bt () ATOSS, (3.46)
ata
Cross t
Co (k)= ———hat(k), (3.47)
mgCg
c B At [ mgce surf .
10 (0) = —— | ST — (k) A3 - 27y (3.48)
mecr L At
Aglass AT
_ glass conv r
Diky = [ Tty (K) + s (6) Ty () + €giass G ()], (3.49)
ApyAt
D3 (K) = ———apyTylassG (k) [1 = npy ()], (3.50)
mpyCpv
A At
D3 (k) = =2—h&° (k) Tomp (k) , (3.51)
ata
and
At in
Dy (k) = 2—mef (k). (3.52)
mg

The nomenclature for parameters of the equations (3.39)-(3.52) is as follows: h;’fr}d
and h;_ j represent the conductive and radiative thermal coefficients from the i —th to the
j—thlayer, respectively, h; and h{°" represent the total thermal coefficient and the con-
vective thermal coefficient (released to the environment) for the i—th layer. A;, m;, ¢;,
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L;, a; and 7; are the area, mass, specific heat, thickness, absorbance and transmittance

of the i—th layer. A{™% is the tube’s cross area (in contact with the thermal absorber),

and Af“rf is the tube’s lower surface area (in contact with the isolation layer). G is the
solar radiation and 7npy is the PV cell efficiency:.

: conv . o r . o

In this case hglasS can be calculated using (3.28), hglaSS using (3.29), and hgap us-

ing (3.5) for the convective heat transfer through the glass and the first layer of EVA, and

Nugap kgap

hCOnV (k) —

glass-PV ’ (3.53)

Lgap

for the convective term, where Nug,, and kgap are the Nusselt number and thermal con-
ductivity of the air. The radiative heat transfer coefficient between the glass and the PV
layer can be calculated with

1
Rsopy ) = —————0 [ T2, (k= 1)+ T3, (k- 1)] [ Tigtass (k= 1) + Tpy (1= A)] .

Eglass  EPV
(3.54)
The conductive heat transfer coefficient through the layers of the PV (glass, EVA, Si cell
and tedlar) to the thermal absorber, hlc)‘\’/f‘a, can be calculated using the conductive com-
ponent of (3.5) [55]. The heat transfer coefficient between the fluid and the thermal

absorber depends on the flow and can be calculated as

k
2L VRe=0
Dt
Nat (k) = 4.36D—f V0<Re<2300 (3.55)

0.023—Re®3Pr4  VRe = 2300
Dy

where Dy is the hydraulic diameter of the tube, and Re and Pr are the Reynolds and
Prandtl numbers, respectively. For the fluid temperature in the tubes, it was considered
that )

" (k) + TP (k)

) (3.56)

Tz (k) =

is the relation between the inlet and outlet temperatures, Tfin and Tf"“t. Last, as the PV
efficiency depends on the PV temperature, it can be calculated using

v (k) = 5 [1= Bev (Tov (K) = Trep)] (3.57)

where n%c is the PV efficiency under standard test conditions, and Tt is the reference
temperature for the standard test conditions.

Finally, the thermal power generated by the module can be expressed as
Qpvt, mod (k) = N Ninger [ TP (k) — T (k)] = 2nr Nriger [Ty (k) - T ()], (3.58)

where 77 is the efficiency of the heat exchanger and N is the number of tubes in the PVT.
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The PVT module generally uses fluids and mass flows different than the tank and the
thermal network; thus, the heat transferred from the PVT system to the thermal network
uses a water tank as the coupling device. In this case, the inlet temperature of the PVT
module is the tank temperature. To estimate the temperature in the tank Tpyt, one can
adapt (3.13) for the PVT system, resulting in

At [QpyT mod (k) = Qpyr (k) — QLESS (k
Tovr (k4 1) = Tovr () + [QpvT, mod (k) — Qpvr (k) — Qpyp ( )]’ (3.59
Mtank Ctank

TESS

where Qpyr is the thermal power from the PVT system to the thermal network, and QPVT

is the thermal power from the PVT system to the TESS.

3.2.4. HEAT PUuMP

As the PVT depends on the weather conditions, a heat pump was included to ensure at
least one heat source when weather conditions are unfavourable and the TESS is un-
available. To model the behaviour of the heat pump, we used

COP (k) = 7.90471 ¢~ 0-024[ Tret (k) ~ Tamp (k)] (3.60)

as proposed by [56], where Ty is the temperature of the working fluid at the inlet of the
heat pump, and the constants were obtained after a linear regression from 10 different
models of residential heat pumps.

The relation between the electric power consumption and the thermal power deliv-
ered by the HP is
Qnp (k)
COP(k)’
where the thermal power delivered by the HP is a function of the mass flow rate ri1f, the
fluid specific heat cr, the required supply temperature Tgp the return temperature T,
and the heat exchanger efficiency nyp given by

Pyp (k) = (3.61)

Qup (k) = napMyCy [Tsup — Tret (k)] . (3.62)

3.2.5. THERMAL NETWORK

The thermal network shown in Figure 3.4 was used to coupled the thermal demand with
the PVT, the TESS, and the HP. From the thermal balance for the coupled system given
in (3.3), one can approximate the return temperature at the different points of the net-
work as

T = Ty (k-1 - KD (3.63)
mgcy

Ttk = Ty (k—1) + VLR Qo (k= 1) (3.64)
mygcy

Ty (k) = Ty (k—1) + Qpvr (k) + QTE.SS (k)—Qp (k-1 , (3.65)
mgcy

Ty k) = Ty (k1) + Qpyr (k) + Qress (k) + Qup (k) - Qp (k- 1) ’ (3.66)

mgcy
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Figure 3.4: Thermal network diagram.

Given that (3.15), (3.58) and (3.62) depends on the inlet and outlet temperatures of
the heat exchangers of the TESS and the HP, respectively. This way, using (3.63)-(3.65),
they can be rewritten as

Qress (k) = U%Ess ey [Tsup -1 (k)] ) (3.67)
Qup (k) =nuprpes [Toup — T3 (k)] - (3.68)
Qpvr = 2npyr Nringer [Tz (k) — Ty (K)] (3.69)

The energy management system uses the cascade control shown in Figure 3.5. First,
it evaluates the indoor temperature; if it is above the setpoint, no heating is needed. Sup-
pose the indoor temperature is below the setpoint. In that case, the control evaluates the
temperatures T, T»> and T3, as the supply temperature to the domestic heating system,
T4, should be at least 50 °C. This way, the PVT, TESS, or HP would add heat to the working
fluid as needed.

3.2.6. ELECTRIC DEMAND

A synthetic load profile was created based on the power of different appliances and their
probabilities of being used at the current timestep. Thus, the total electrical power de-
manded was calculated as

1

n
Prk)= ) Pi(k)P; ({w; (k) € Q; ()} 3.70)
=

where P; is the power for each appliance considered, and [°; and Q; (#) are the probability
of that appliance to be used and the event space at the instant k, respectively, based on
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Figure 3.5: Control strategy used by the EMS in the thermal carrier.

typical power consumptions [57]. Note that the heat pump’s power is excluded from the
electrical demand of the house in (3.70), as it does not have a probabilistic behaviour.
Instead, it reacts to the thermal demand, following the EMS instructions.

3.2.7. PHOTOVOLTAIC-THERMAL SYSTEM
Section 3.2.3 detailed the thermal model for the PVT modules used in this thesis. This
model provides the temperature of the PV cell as a function of the ambient temperature,
wind speed, and irradiance at any particular moment. Given the cell temperature, one
can use

ey (k) = nstc (1 - B1Tpv (k) — Trefl) (3.71)

to estimate the PV efficiency of the PVT, based on the environmental conditions, where
nstc and Ties are the reference efficiency and temperature at standard test conditions.
Therefore, the electrical power produced by a PVT module, with a total cell area Apy, is

Ppy (k) = npy (k) ApyG (k) . (3.72)

3.2.8. BATTERY ENERGY STORAGE SYSTEM

The BESS comprised Li-Ion batteries. Consistently with most of the literature, they mod-
elled using an energy-balance approach. This way, the energy stored in the BESS at a
particular moment depends on its previous state and the amount of power extracted or
provided between sampling times [58], i.e.,

Pgess ()
nc,d (k)

where Epgss is the future amount of energy stored in the battery, Cggss is the capacity
of the battery, SoC is the state-of-charge of the battery, %9 is the charge or discharge
efficiency as correspond, Pggss is the charge or discharge power as corresponds, At is
the sampling time and ES’]E)SS is the self-discharge of the battery between time samples.

Epgss (k) = Cpgss (k—1) SoC (k—1) + At—ESPe (k) , (3.73)
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3.2.9. ELECTRIC NETWORK

A power electronics converter is the coupling point for the electric components, as shown
in Figure 3.6. For the EMS, the hierarchical self-consumption strategy proposed in [58]
was used, governed by the power balance equation

PG — Py, — Pyp + Ppyt + Pggss =0, (3.74)

where Pg and Py, are the power purchased from the grid and the power consumed by
the loads in the house. The control diagram is shown in Figure 3.7. As can be seen,
the algorithm will prioritize the PV generation, then the BESS, and, at last, the purchase
from the grid. The charging and discharging powers of the BESS are constrained to the
battery’s inverter capacity

3.3. RESULTS AND DISCUSSION

This Section presents the results of four different system architectures. First, the indi-
vidual behaviour of the thermal components is demonstrated and compared the results
with reference values for systems with similar characteristics. Then, the thermal compo-
nents are classified as controllable and non-controllable to create the different case sce-
narios. This way, the heat pump and the thermal energy storage system are controllable,
and the PVT is non-controllable, as it depends on the instantaneous meteorological con-
ditions. However, it should be noted that the TESS cannot meet the thermal energy de-
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Table 3.2: Parameters used to simulate the BESS.

Parameter Symbol Value Units
Capacity Eggss 3.36 kWh
Power PBESS 1.28 kw
Charge/Discharge efficiency e, d 0.943 -
Minimum SoC SoCin 0.2 -
Maximum SoC S0Cmax 0.9 -

mand as a whole and should be coupled with an external energy source. This is because
water is its working fluid, which can store around 50 kWh/m? for the given temperature
range, and the yearly space heating thermal demand is approximately 8207 kWh. For this
reason, the only component robust enough to meet the thermal demand independently
is the heat pump. Given the above, this Section evaluates the following four scenarios:

* Scenario I: only heat pump.

* Scenario II: heat pump coupled with a thermal energy storage system (with two
different charging protocols).

e Scenario III: a PVT system coupled with a thermal energy storage system (with two
different charging protocols).

e Scenario IV: a PVT system coupled with a thermal energy storage system (with two
different charging protocols) and a heat pump.

All the cases were evaluated using up to 10 PVT modules, TESS volumes up to 10 m? and
a BESS. Tables 3.3, 3.5, 3.6 and 3.2 show the parameters used to model the system.

3.3.1. INDIVIDUAL BEHAVIOUR OF THE THERMAL COMPONENTS

This work proposed analytical models for every component of the multi-carrier energy
system. Previously validated models were used for the heat pump, the battery storage
system, and the electric demand. In addition, modified models from previous research
were used for the soil thermodynamics and the PVT. Finally, models for the space heating
thermal demand and the underground thermal energy storage system were proposed.
This Section is dedicated to validating the simulation results with data available on sim-
ilar systems installed in the Netherlands.

THERMAL DEMAND

For this case, a 120 m? house built between 1990 and 2000, with an energy label C (using
the Dutch energy efficiency standard) was simulated during 2021. The house is occu-
pied by two adults and has highly efficient appliances and LED lighting. The parame-
ters used are shown in Tables 3.3 and 3.4, and the weather data was retrieved from the
Royal Netherlands Meteorological Institute database [59]. The free response of the in-
door temperature (without any heating) is shown in Figure 3.8a. Then, a setpoint for
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the comfortable temperature inside the house was defined. The heat balance in the
system should ensure the indoor temperature is equal to or higher than the temper-
ature profile throughout the year. This temperature ranges from 20 °C between 6:00
and 22:00, and 17 °C for the remaining time. The thermal losses to the environment
are shown in Figure 3.8b when the indoor temperature matches the setpoint tempera-
ture, which adds 8 207 kWh per year. The values of energy consumption reported by
[60] and [49] were used as a reference, as they provide data for different types of houses
in the Netherlands (including age and area). The simulation results suggest an average
specific heat demand of 68.4 kWh/(m?-year), which is between the reported range of 45
to 86 kWh/(m?-year).

Table 3.3: Parameters used to simulate the house [61].

Value .

Parameter Symbol Roof Walls Windows Windows Units

(glass fiber)  (concrete) (glass) (cavity)
Density 0 2440 2400 2500 1.025  kg/m3
Area A 120.3 111.6 8 8 m?
Thickness L 0.2 0.25 0.004 0.014 m
Specific heat c 835 750 840 1005.4 ]/ (kg-K)
Conductivity k 0.04 0.14 0.8 0.0257 W/ (kg-K)
Air specific heat Ca 1012 J/(kg-K)
Air density Oa 1.293 kg/m3
No. of bedrooms Ny 1 -
Exposed area Aes 119.6 m?
Unit leak area Ay 0.01 in?/ft*
Stack coefficient Cs 0.015 cfm?/(in*°F)
Wind coefficient Cuw 0.0012 cfm?/(in*mph?)
Time step At 900 S

THERMAL ENERGY STORAGE SYSTEM
A 4m® underground water tank TESS, located 0.2 m below the surface, was modelled us-
ing the parameters shown in Table 3.5, and the weather data from the Royal Netherlands

Table 3.4: Convective heat transfer coefficients used to simulate the house [61].

Interface Value [W/(m?-K)]
Indoor air - wall 0.9
Wall - atmosphere 0.9
Indoor air - window (glass) 25
Window (glass) atmosphere 32
Indoor air - roof 12

Roof - atmosphere 38
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Figure 3.8: Results of the thermal model of the house. (a) Indoor temperature behaviour without thermal
sources (b) Thermal losses when the indoor temperature follows the setpoint temperature.
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Table 3.5: Parameters used to simulate the TESS and its losses to the soil.

Parameter Symbol Value Units
TESS
Density (water) of 1000 kg/m3
Volume (water) Vy 4 m?
Specific heat (water) cr 4200 ]/ (kg-K)
Maximum temperature Tmax 95 °C
Minimum temperature Tmin 50 °C
Charge/Discharge efficiency U 0.8 -
Area (top, bottom) Atop, bottom 11.02 m?
Discrete differential side area Apy 0.134 m?2
Area (sides) Asides 21.44 m?
Thickness (styrofoam) LtEss 0.314 m
Specific heat (styrofoam) Cstyro 1.34 I/ (kg-K)
Conductivity (styrofoam) Kstyro 0.033 W/ (kg-K)
Depth of the TESS top wall Yo 0.2 m
Depth of the TESS bottom wall Yf 1.8 m
Soil
Thermal diffusivity as 3.877x10~7 -
Absorbtivity ap 0.25 -
Emissivity & 0.25 -
Conductivity ks 1.19 W/ (kg-K)
Density Ps 2029.80 kg/m?
Specific heat Cs 1512.22 J/kg-K)
Depth of the reference temperature d 6 m
Grid size Ay 0.01 m
Time step At 60 s

Meteorological Institute database [59]. The thermal behaviour of the soil is presented
in Figure 3.9, showing more variability in shallow depths, which is consistent with [62],
[63] and [52]. To demonstrate the TESS’s response, a three-step test cycle was used. The
TESS starts charged at 90 °C (SoC of 100 %) and is left to discharge to 50 °C (SoC of 0 %)
due to self-discharge. Then, it is charged back to 90 °C using a constant charging tem-
perature of 95 °C. Finally, it is discharged to 50 °C using a network temperature of 40 °C.
The behaviour of the temperature is shown in Figure 3.10a. As expected, the isolation
of the TESS walls kept the thermal power loss between 250 W and 140 W, proportional
to the TESS temperature, causing a slow self-discharge during the first step of the test
cycle (see Figure 3.10b). During the second step, 250 kWh are used to charge the TESS,
whereas 150 kWh can be retrieved from the TESS in the third due to the roundtrip effi-
ciency of the heat exchanger (see Figure 3.10c). Simultaneously, the charging and dis-
charging steps had thermal losses of 13.14 and 6.72 kWh, respectively.
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PHOTOVOLTAIC-THERMAL SYSTEM

To evaluate the PVT model, a system comprised of 10 modules in series was simulated
for 2022; the parameters used are shown in Table 3.6. The HP is activated when the PVT
cannot provide heat to meet the thermal demand. From the year, a representative period
from summer and winter were selected to demonstrate the system’s behaviour under
different weather conditions. Figure 3.11 presents the temperature in the different layers
of the PVT (glass, Tylass, PV cell, Tpy, absorber, Ty), of the fluid in the return of thermal
network, Tpet, of the fluid in the PVT tubes T; and in the PVT tank, TpyT, as a function of
the global irradiance, G, and the ambient temperature, Tamp.-

During summer, less thermal power is demanded due to higher temperatures. This
is reflected in Figure 3.11a, as the PVT is not used during June 30 and July 1, despite the
tank temperature being above the supply temperature, whereas from June 27 to 29, there
are moments where thermal power is demanded, increasing the temperature in the net-
work and reducing the temperature in the tank. In contrast, winter weather conditions
do not allow the PVT to warm the tank above the supply temperature (see Figure 3.11b);
thus, the PVT cannot provide thermal power to the network, and the HP is activated.
Still, both cases have similar temperature behaviours, increasing sharply when irradi-
ance is available and decreasing slowly in its absence. Likewise, the temperature in the
glass remains the coldest among the PVT layers, as it is exposed to the ambient, and the
temperature in the PV cell and the absorber is near the same as they are in direct contact.
Such results are consistent with [54].

3.3.2. SCENARIO I: BOILER VS. HP

A traditional natural gas boiler was used as the reference to evaluate the behaviour of
the traditional, gas-based heating system. The power required to keep the house above
the setpoint temperature is depicted in Figure 3.8b, and consists of 8207 kWh per year.
To estimate the amount of CO3 ¢q the boiler produces to supply the space heating ther-
mal demand, a 20 kW gas boiler with an efficiency of 92 % was considered, resulting in
consuming in total 601 kg (718 m?®) of natural gas, corresponding to 1497 kg of CO2,eq;
given the Dutch emission factor of 2.085 kg CO2,eq/ m3. On the other hand, the alterna-
tive for this scenario is a fully electric heat pump as the thermal energy source. Using
the model described in Section 3.2.4, the results showed a total electrical consumption
of 5255 kWh, of which the heat pump consumed 2886 kWh. The COP of the heat pump
ranged from 2.18 in colder days to 3.92 in warmer days throughout the year. Considering
the Dutch emission factor of 0.523 kg CO2,eq per kWh of energy, the heat pump operation
produces 1509 kg of CO2 eq.

3.3.3. SCENARIO II: HP AND TESS

Two charging protocols for coupling the heat pump with a thermal energy storage sys-
tem were considered. The first protocol, called from now on fully-charged, keeps the SoC
of the TESS as close to 100 % as possible (90 °C), as shown in Figure 3.12a. This protocol
minimizes the heat required from the heat pump, given that it depends on the difference
between the temperature in the TESS and its maximum temperature (set as the charg-
ing temperature), as shown in (3.62). The second protocol, called cycling, leaves the
TESS to discharge to 50 °C, then charges to the maximum SoC, as shown in Figure 3.12b,
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Table 3.6: Parameters used to simulate the PVT module.

Parameter Symbol Value Units Parameter Symbol Value Units

Glass area Aglass 1.48 m? Glass thermal con- kglass 1.8 W/(m-K)
ductivity

PV area Apy 1.46 m? Air thermal conduc- ka 0.024 W/(m-K)
tivity

Absorber Aa 1.48 m? PV glass thermal kpy 1.8 W/(m-K)

area conductivity

Tube area A¢ 1.48 m? PV EVA thermal con- keva 0.35 W/(m-K)
ductivity

Glass density  Pglass 2200  kg/m® PV tedlar thermal kpy 02  W/m-K
conductivity

PV density PPV 2330 kg/m3 Fluid thermal con- ke 0.6071 W/(m-K)
ductivity

Absorber Pa 2699 kg/m3 Insulation thermal Kins 0.035 W/(m-K)

density conductivity

Tube density ot 1050 kg/m® Glass specific heat Cglass 670 J/(kg-K)

Glass thick- Lglass 0.004 m PV specific heat cpy 900 J/(kg-K)

ness

Air gap thick- Lair 0.02 m Absorber  specific Ca 800 J/(kg-K)

ness heat

PV glass  Lpygass 0.003 m Fluid specific heat cf 3800 J/(kg-K)

thickness

PV EVA thick- Lgya 0.0005 m Glass diffusivity Qglass 0.1 -

ness

PV tedlar Lieq 0.0001 m PV diffusivity apy 0.9 -

thickness

Absorber L, 0.001 m Glass emmisivity Eglass 0.9 -

thickness

Insulation Lins 0.04 m PV emmisivity Epy 0.96 -

thickness

Mass flow rig 0.029  kg/s Glass transmitance Tglass 0.1 -

Tank mass Miank 200 kg Heat exchanger effi- nr 0.8 -
ciency

Time step At 1 s PV cell reference ef- nev 0.184 -
ficiency
PV temperature co- Brv 0.3 %1°C

efficient
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improving the COP since it depends on the difference between the TESS and ambient
temperatures, as shown in (3.60).

To evaluate the performance of each charging protocol, TESS sizes from 0 to 10 m3
were considered and compared using three indicators: the amount of energy lost to the
soil due to self-discharge of the TESS, the ratio of thermal energy extracted from the TESS
to the thermal energy stored, and the ratio of thermal energy extracted from the TESS
to the required electrical energy used to generate the thermal energy stored in the TESS.
The first ratio is defined as thermal performance and the second as electric performance;
for both cases, the energy associated with the initial state of charge is excluded. The self-
discharge results presented in Figure 3.13a show an increasing trend in the accumulated
energy lost to the soil with the volume of the TESS. This is related to the contact area
of the tank with the soil since (3.35)-(3.37) establish a direct relationship between the
thermal losses and the area of the TESS. Moreover, the fully-charged protocol keeps the
TESS at a higher temperature, increasing the heat flux to the surrounding soil.

The thermal and electric performances for all considered TESS volumes are shown
in Figure 3.13b. The results suggest a higher thermal performance for the fully-charged
TESS protocol. The thermodynamics of the heat transfer can explain this, as the higher
the temperature in the TESS, the easier the energy flows towards the thermal network.
Nevertheless, keeping the TESS in a higher SoC requires a more frequent use of the HP,
summed to a lower COP due to the higher difference between the temperature required
to heat the TESS and the ambient temperature. On the other hand, the cycling proto-
col leaves the TESS temperature to reach temperatures closer to the supply temperature
required by the thermal network, leading to a slower response. However, the reduced
frequency at which the HP is used and better COPs for most of the charging time result
in better electric performance. Still, the COP for both protocols was very low, averag-
ing 0.88 to 0.95 in the fully-charged protocol and 1.29 to 1.38 for the cycling protocol.
In both cases, the smaller the capacity of the TESS, the higher the COP. Such low COPs
lead to energy consumption several times the consumption of the HP in Section 3.3.2, as
shown in Figure 3.13c. Similarly, the overall equivalent emissions also increase consid-
erably, as shown in Figure 3.13d.

3.3.4. SCENARIO III: PVT AND TESS

Solar-dependent technologies, such as PV or PVT, are usually unsuitable as stand-alone
energy sources. Adding BESS or TESS, respectively, would allow the energy to be stored
when there is no demand for the supply. Therefore, the suitability of a PVT system com-
bined with a TESS was evaluated as an alternative to gas boilers, considering TESS sizes
from 0 to 10 m3, combined with PVT systems varying from 0 to 10 modules. The indi-
cators used for this scenario are: the number of days when the indoor temperature was
below 16 °C at any moment, called "cold days", the energy lost to the soil due to self-
discharge of the TESS, the thermal performance, and the ratio of thermal energy used
from the PVT to the electrical energy produced.

In this case, the results suggest that the combination is unsuitable due to the num-
ber of cold days shown in Figure 3.14a. One can notice that the number of cold days
increases with the size of the TESS. This is because the thermal power from the PVT sys-
tem used to charge the TESS reduces the temperature in the PVT tank. Therefore, when
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thermal power is required to heat the house, the temperature the PVT system can pro-
vide is lower than in the case without TESS. Likewise, the bigger the capacity of the TESS,
the higher the heat absorption rate from the PVT, as it requires more thermal energy to
increase the temperature. Additionally, as shown in Section 3.3.3, increasing the volume
of the TESS increases the self-discharge rate. Thus, the overall system becomes less effi-
cient.

The phenomenon is demonstrated by correlating the results in Figures 3.14b and 3.14c,
where it is shown that the thermal energy sent from the PVT to the thermal network de-
creases. In contrast, the energy sent to the TESS increases when the capacity of the TESS
is increased. Simultaneously, increasing the SoC of the TESS increases the energy lost
due to self-discharge, as shown in Figure 3.14d. Figure 3.14e shows the thermal energy
supplied by the TESS, which is consistently lower than the thermal energy it received
from the PVT. Note that increasing the temperature of the TESS sometimes requires less
temperature than heating the house. As shown in Figure 3.15, the temperature in the
TESS reaches values below the supply temperature required to heat the house, allow-
ing it to charge with lower temperatures from the PVT, increasing the amount of usable
thermal energy from the PVT. Nonetheless, the performance of the system is poor.

As shown in Figure 3.16a, the TESS can only provide energy to the thermal network
with small capacities and many PVT modules. The negative results account for the en-
ergy delivered from the initial state-of-charge (55 %). Also, the PVT’s thermal produc-
tion is consistently below its electrical production. As shown in Figure 3.16b, although
it is generally mentioned that the thermal output of the PVT outperforms the electric
counterpart, it depends on the required output temperature. The high temperatures
demanded by the TESS diminish the thermal output of the PVT. The PVT can deliver
thermal energy to the TESS only when it reaches very low temperatures, which happens
with higher capacities and few PVT modules and with small capacities and many PVT
modules as shown in Figure 3.15. However, the electrical output grows linearly with the
number of modules, but this relationship is not valid for the thermal output. For this
reason, the thermal performance is better with small capacities and many modules, and
the thermal-to-electric output ratio is not optimal in that region.

From the electrical perspective, it is possible to achieve a net-zero building when
the number of PVT modules is increased. For this case scenario, the base energy con-
sumption is 2375 kWh/year, which can be achieved with 7 PVT modules, as shown in
Figures 3.17a and Figure 3.17b. However, the temporal mismatch between production
and consumption prevents the energy from being consumed immediately, urging energy
storage to avoid sending energy back to the grid. In contrast with the previous scenarios,
this one can benefit from a battery energy storage system. As shown in Figure 3.17c, the
BESS can store up to one-third of the yearly energy consumption but saturates after the
seventh PVT module. This is because, at that point, the energy generation is greater than
the consumption, and the energy sent back to the grid increases proportionally to the
generation, as shown in Figure 3.17d. At this point, congestion issues might emerge.

3.3.5. SCENARIO IV: PVT, TESS, AND HP

This section evaluates the combination of all the components; however, only two of
the five possible modes of operation are considered: the two charging protocols with
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the heat pump alone, without considering the PVT to charge the TESS. This decision is
based on the results of the previous sections. In Section 3.3.3, it was demonstrated that
charging the TESS only with the HP has a trade-off between thermal and electrical per-
formance based on the charging protocol. However, it was possible to meet the thermal
demand. Section 3.3.4, on the other hand, demonstrated that using the PVT to charge the
TESS is not possible due to the low temperatures the PVT can achieve. For this reason,
the three combinations that would use the PVT to charge the TESS, i.e., using only the
PVT, and using both the PVT and the HP with its two charging protocols were excluded.
Thus, the indicators are the same as Section 3.3.4.

First, the role of the PVT as a thermal energy source was evaluated. For both charg-
ing protocols, the contribution of the PVT is approximately the same, as shown in Fig-
ures 3.18a and 3.18b. In this scenario, the energy sent from the PVT to the thermal net-
work is one order of magnitude less than in Scenario 3. The thermal network tempera-
ture difference for both cases can explain this. As the indoor temperature in Scenario 3
is consistently lower than in Scenario 4, the temperature in the network would also be
lower, allowing the PVT to provide thermal power in lower temperatures. However, this
does not prevent the indoor temperature from reaching values below the setpoint, unlike
in Scenario 4, where the TESS and the HP can ensure an indoor temperature above the
setpoint, requiring higher temperatures from the PVT to be able to contribute. Neverthe-
less, the PVT cannot reach such temperatures consistently, thus reducing the amount of
thermal energy it provides to the network.

Given the small contribution of the PVT to the thermal network, this scenario be-
comes similar to Scenario 2 in terms of thermal power flow. Figures 3.18c and 3.18d
demonstrate that increasing the number of PVT modules does not affect the amount of
thermal energy the HP provides to the TESS for any given capacity. In addition, those re-
sults and the self-discharge losses presented in Figures 3.18e and 3.18f are approximately
the same as in Scenario 2, regardless of the charging protocol. Albeit the COPs for the
fully-charged protocol improve slightly, ranging between 0.88 and 0.95, the yearly aver-
age only increased to 0.89. Similarly, the COP in the cycling protocol ranged between 1.28
and 1.38. Therefore, both scenarios present comparable thermal performances to Sce-
nario 2, as shown in Figure 3.19.

The electric behaviour, on the other hand, differs from the previous scenarios. In
this scenario, the PVT generation is not enough to achieve a net-zero condition (see Fig-
ures 3.20a, 3.20b, 3.20c and 3.20d). This also translates into less energy stored in the
BESS than Scenario 3. Figures 3.20e and 3.20f demonstrate that the increased frequency
of use of the HP allows more energy to be consumed directly from the PVT instead of be-
ing stored in the BESS. Also, the convergence in the energy stored in the BESS shown in
Scenario 3 no longer occurs due to the increased load. However, given the stochasticity
of both the PVT generation and the HP activation, added to the limited capacity of the
BESS inverter, energy is still sent back to the grid, as shown in Figures 3.20g and 3.20h.

When comparing the two protocols in this scenario, one can notice that keeping the
TESS with a high SoC reduces the energy stored in the BESS and sent back to the grid.
In contrast, the net energy consumption is around 30 % more than with the cycling pro-
tocol. This behaviour was also present in Scenario 2. However, in Scenario 2, no energy
was sent back to the grid due to the absence of PVT. This creates a dual challenge for grid
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operators. On the one hand, the stress in the network increases as the energy consump-
tion increases between four to six times with the fully-charged protocol and three to five
times with the cycling protocol. On the other hand, overvoltages can occur as energy is
being sent back to the grid.

3.3.6. SCENARIOS COMPARISON

After analyzing each scenario, this section compares the advantages and disadvantages
between scenarios. Three comparison points were considered: thermal performance,
electrical performance, and equivalent emissions. The reference point is the base case
with only the gas boiler defined in Section 3.3.2, which always meets the thermal de-
mand, produces 1497 kg of CO2 ¢q, and has a net consumption of 2375 kWh from the
grid. Table 3.7 summarises the previous sections’ results.

From the perspective of the space heating thermal demand, all scenarios except Sce-
nario 3 ensure an indoor temperature above the setpoint temperature. The results sug-
gest that, given the priority of the TESS over the heat pump in Scenarios 2 and 4, the
contributions of the HP to the thermal demand are almost negligible. The HP is only
used to keep the TESS charged when using the fully-charged protocol. In the cycling
protocol, the HP provides thermal power to the network if the TESS gets discharged and
thermal power is still needed. Then, the HP remains active to charge back the TESS.
Nevertheless, using the HP to provide thermal power through the TESS reduces the sys-
tem’s thermal performance. When comparing Scenario 1 with Scenarios 2 and 4, the
difference between the amount of energy generated vs. the thermal demand is notice-
able. Figures 3.16a, 3.19a and 3.19c show that the thermal performance is between 40
and 70 % in the presence of TESS, whereas is 100 % in Scenario 1.

Low thermal performance also leads to poor electric performance. In Scenario 1,
the COP of the HP oscillates between 2.18 to 3.92. In contrast, Scenarios 2 and 4 have
maximum COPs below 1 (fully-charged protocol) and 1.4 (cycling protocol). This con-
siderably increases the yearly electric energy consumption, even in Scenario 4 with the
PVT, increasing the chances of undervoltages in the distribution network. Moreover, en-
ergy is returned to the grid despite using a BESS. This is undesired in most cases, as it
can lead to overvoltages and congestion in the distribution network. Therefore, Sce-
narios 2 and 4 represent a significant challenge for grid operators. Similarly, Scenario 3
achieves net-zero consumption, even reaching net-positive conditions. Nevertheless,
the stochasticity of the PVT generation causes a bidirectional energy exchange with the
grid, potentially causing congestion and more severe overvoltages than previous scenar-
ios due to the lower energy consumption and the same energy generation.

In Section 3.3.2 it was mentioned that, given the Dutch emission factors, an improve-
ment in COz ¢q from the base case with the boiler can be achieved with a net electric con-
sumption increase below 2900 kWh/year, i.e., the total net energy consumption should
be 5250 kWh/year or less. Using only the heat pump, as in Scenario 1, it is possible to
meet this criteria. Scenario 3 consistently reduced the net consumption from the grid
at the expense of thermal comfort. In this scenario, the net energy consumption can
reach even negative values, turning the house into a net-positive building when there
are more than seven PVT modules, but the heat production cannot meet the thermal
demand, making this scenario unfeasible. On the other hand, Scenario 4 can meet this



3.3. RESULTS AND DISCUSSION 103

18000 14000
.- 16000 &, o 120005
E 14000 & £ g
e = £ 10000 ‘:
g 12000 § g g
= s = &
2 10000 £ g 8000 2
ot 2 = g
5 8 5 8
2 8000 2 2 6000 3
=1 =) = =
Z 6000 2 Z g
5 4000 3
4000 Z~ 2
2000 2000
2 4 6 38 10 2 4 6 8 10
TESS volume, [m?] TESS volume, [m?]
(a) (b)
10 10000 = 10 -
& 7000
o S - S
= 5 = o)
Fi 8 8000 & E 6000 24,
= 5 E} &
=1
2 5 E 5000
g Z g Rt
= 6000 2 s z
g > g
Z 5 Z 4000 3
E 4000 5 H 5
° ko) o 2
5 = 3 3000 F
El & E &
2 3 Z 2000 2
2000 E]
1= o
= 1000 &=
0.0 2.5 5.0 7.5 10.0 0.0 2.5 5.0 7.5 10.0
TESS volume, [m?] TESS volume, [m?]
(d)
= 10 z
3 X,
800 & 800 ﬂ
= I~ T 8 ol
=8 T = B
K o 5 o
2 600 & 2 600 &
S 6 a g 6 @
= o E o
= 2 = E
2 el 2 k]
= 4 400 g = 4 400 3
5 ] o) e
2 Z 2 z
El = =l
] & Z &
z 2 200 2 Z 2 200 2
5 5
2 o
2 g
2 0 3
0o = o H
0 2 4 6 8 10
TESS volume, [11\3] TESS volume, [m3]
(e) )
10 = 1600 £
1400 Ai i
6 _ 1400 g6
T8 1200 T 8 :
2 1000 2 E 2
g6 S g © 1000 3
g 800 % g %
Z B Z 800 &
o o4 ° o4 <
° 600 3 2 3
2 2 B 600 3
E & :, g
Z 2 400 g z 400 2
5 5
o o
200 E g
, L—;) 200 E
0o = f
0 2 4 6 8 10
TESS volume, [m?] TESS volume, [m3]
® (h)
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requirement only in the case without TESS. In fact, the only difference between this case
and Scenario 2 is the PVT. In Scenario 2, the absence of PVT considerably increases the
equivalent emissions compared with only the HP or the gas boiler in Scenario 1, rang-
ing from 3087 kgco,,, more in the case with the smaller TESS, up to 4960 kgco, ., for
the cycling protocol. The equivalent emissions increase for the fully-charged protocol
is worse, ranging from 4654 to 7467 kgco,.,- Scenario 4 has a lower equivalent emis-
sions impact than Scenario 2, as the PVT can compensate for up to 1870 kgco, ., when
using 10 modules, but it is insufficient to justify the usage of the usage of the TESS from
an emissions perspective. It was also demonstrated that the PVT does not provide any
significant advantage on the thermal side. For this reason, a PV system would add the
same value towards reducing the equivalent emissions, with a lower cost, as it would
not require the hydraulic components. Then, adding thermal storage increased several
times the electrical consumption, thus, the CO3 eq.

Assuming the same weight for the three criteria, Scenario 1 shows the best perfor-
mance overall. This scenario can meet the thermal demand with the lower electric and
net grid consumption; therefore, its CO» ¢q is just below Scenario 3. Scenarios 2 and 4
have almost the same thermal performance; however, Scenario 4 has better electric be-
haviour from the user perspective due to the solar energy from the PVT, reducing its
CO2,eq. Still, from the grid perspective, Scenario 4 represents the most significant chal-
lenge among the four scenarios due to the notable increase in consumption and stochas-
tic bidirectional energy flow. Scenario 3 outperforms the other scenarios in terms of net
grid consumption, butit cannot meet the thermal demand, which makes it an unsuitable
architecture. Notably, all scenarios can provide ancillary services if the multi-carrier sys-
tem is sized according to a specific ancillary service, such as voltage control or conges-
tion management, and an adequate EMS strategy is implemented, as will be detailed in
Chapters 4, 5 and 6. If so, Scenarios 2 or 4 might become more attractive than Scenario 1,
thanks to the combination of the HP and the TESS. For instance, variable energy prices
would make it more profitable to use the heat pump when heating demand is not neces-
sarily needed, thus requiring thermal energy storage, resulting in a cost-driven demand
response. Similarly, using the heat pump to charge the TESS in high-power injection
periods despite no heating being needed could potentially support the grid in reducing
overvoltages without affecting the thermal comfort of the occupants of the house.

3.4. CONCLUSIONS

This Chapter described analytical models for a multi-carrier energy system to replace
gas boilers for space heating in residential houses in the Netherlands. An underground
water tank thermal energy storage system was used for the analysis, providing an analyt-
ical model to estimate its self-discharge to the surrounding soil. Then, four architecture
scenarios were evaluated to determine their electrical consumption from the grid, ther-
mal power generation for space heating and CO, ¢q emissions. It was demonstrated that
using a heat pump generates approximately the same equivalent emissions as the gas
boiler in households (around 1500 kg of CO3,¢q); however, a more renewable network
would improve the heat pump result. Coupling a PVT to the heat pump did not provide
any value from the thermal perspective; thus, a PV system could be used instead if the
target is a net-zero building at the cost of more stochasticity added to the grid.



Table 3.7: Summary of the results for the different scenarios.

Scenario

Architecture

TESS charge

Conclusions

Scenario I

Scenario II

Scenario II1

Scenario IV

HP

HP and TESS

PVT
TESS

and

PVI, TESS

and HP

Fully-
charged

Cycling

Fully-
charged

Cycling

The CO2,eq produced by the HP is 1509 kg, vs 1497 kg when using the boiler, given
the Dutch emission factor. The HP consumes 2886 kWh/year, with COPs ranging
from 2.18 to 3.92.

The TESS loses between 684 and 4378 kWh/year to the soil and receives 11 139
to 15 159 kWh from the HP, depending on the volume (ascending), with COPs vary-
ing from 0.88 t0 0.95. CO2¢q increases between 4654 to 7467 kgcog,eq-

Loses between 533 and 3405 kWh/year to the soil and receives 11 766 to 15 905 kWh
from the HP, depending on the volume (ascending), with COPs varying from 1.29
to0 1.38. COy,¢q increases between 3087 to 4960 kgcoz,eq-

The PVT cannot charge the TESS for any combination of volumes and number of
modules considered. More modules with smaller TESS capacities can keep the
tank near 40 °C. However, more than seven modules would create a net-positive
building, which could potentially cause instabilities in the low-voltage network.
The PVT contribution to meet the thermal demand is below 3.25 % of the total
thermal energy needed; thus, the behaviour of the HP is almost identical to Sce-
nario II. The consumption of the HP prevents a net-zero building; nevertheless,
up to 1587 kWh/year, depending on the number of modules, are sent back to the
grid due to the storage and inverter capacities of the BESS. COz ¢q increases be-
tween 2784 to 7467 kgco, o -

The PVT contribution to meet the thermal demand is below 3.25 % of the total
thermal energy needed; thus, the behavior of the HP is almost identical to Sce-
nario II. The consumption of the HP prevents a net-zero building; nevertheless,
up to 1708 kWh/year, depending on the number of modules, are sent back to the
grid due to the storage and inverter capacities of the BESS. COz ¢q increases be-
tween 1217 to 4960 kgco, .-
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It also proved that water tank TESS and PVT systems are incompatible due to the
low temperature the latter can generate. When coupled with a heat pump, the electrical
consumption, thus, the COy,¢q, increased from three to six times than when using the
heat pump alone. This is because the temperature difference between the fluid stored
in the TESS (50 — 95 °C) and the ambient (-5 — 30 °C) reduces the COP to values near 1,
regardless of the charging cycle. It was noted, however, that using the cycling protocol
reduces the frequency of activation of the heat pump to charge the tank. This way, the
TESS can provide enough thermal power for space heating independently, but the overall
performance of the HP coupled with the TESS depends on the charging and discharging
strategy. Such strategies could provide flexibility in a scenario where the TESS does not
depend solely on the HP to charge, as adding the HP consistently increases the energy
consumption and adds power peaks to the base demand. Combining with PVT systems
can reduce the net energy consumption from the grid, but it could contribute to voltage
stability issues for grid operators, given the amount of electrical power injected into the
grid.

The previous conclusions set the base for the multi-carrier energy system to be used
in further chapters. Given that the PVT and the TESS are incompatible systems, the PVT
will be replaced, as recommended, by a PV system. Similarly, a deeper study on how
the EMS affects the system’s behaviour is done in Chapter 4, considering, aside from
the thermal comfort, the energy price and the setpoints given by the DSOs. Similarly,
it sets the base for the customer segments used in Chapter 5 to investigate prosumers’
requirements to participate in the most feasible ancillary services, as recommended in
Chapter 2.
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Snek, One-Punch Man, volume 63, by One and Yosuke Murata.
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4.1. INTRODUCTION

The inclusion of distributed renewable energy sources and electric vehicles in the energy
mix has accelerated the energy transition in the last decade. More recently, heating elec-
trification has gained momentum, albeit still heavily dependent on fossil fuels. There-
fore, current research proposes the creation of multi-carrier energy systems (MCES) to
combine heat and electrical generation, consumption and storage [1]. Recent studies
have demonstrated that such combinations help minimize the impact of distributed re-
newable energy systems (DRES) in the distribution networks if an adequate control strat-
egy is implemented [2]. However, controlling such complex systems has proven chal-
lenging for energy management system (EMS) designers, as their combined models are
generally non-linear, non-convex, and heavily constrained, resulting in high computa-
tion costs and convergence difficulties [3].

Different energy management system strategies have been proposed in the litera-
ture in an attempt to overcome those challenges. Rule-based controls (RB), also known
as heuristics, have been commonly used in implementations despite requiring numer-
ous correlations and operation cases since they usually do not show convergence chal-
lenges [4]. Nevertheless, they cannot guarantee optimality and rarely use predictions.
Thus, more complex optimization strategies have been proposed to handle uncertainty,
consider multiple objectives simultaneously, or ensure optimality. For instance, [5] pro-
posed a real-time home energy management system controller using mixed-integer lin-
ear programming for a multi-objective problem, achieving cost minimization. An op-
timization for controlling a multi-carrier system for demand response applications was
solved using mixed-integer linear programming by [6] to minimize the operative costs,
highlighting the importance of energy storage to provide flexibility to the grid. Day-
ahead and real-time participation of an aggregated MCES were studied in [7], using an
event-triggered-based distributed algorithm, but the internal energy flow control be-
tween the assets was not considered. In [8], the EMS minimized the ageing of the battery
energy storage system (BESS) and total energy cost in a residential MCES, reducing the
grid costs up to 45 % when compared with controllers that do not consider the degra-
dation of the batteries. A distributed energy management system using sub-gradient
averaging consensus was proposed in [9] for real-time control of coupled energy hubs,
achieving optimality despite challenges in the convergence rate.

A review in [10] evaluated different artificial intelligence techniques used for power
allocation optimization and parameter prediction, concluding that more research is still
required to couple such applications given their complexity and computational cost.
The work in [11] used the non-dominated sorting genetic algorithm II to control in real-
time the power flow of a multi-carrier energy system in Italy comprised of a renewable
energy source system, an EV charger, a water electrolyzer and a fuel cell. The objective
functions included the total energy cost and the deviation of a setpoint the distribu-
tion system operator (DSO) requested to assist in grid balancing. Dynamic fuzzy logic
was used by [12] to optimize renewable energy utilization and minimize electric and gas
purchases from the grid, achieving a reduction of up to 80 % in the electric grid. A com-
parison of gate recurrent unit temporal convolutional network and deep Q-network was
done by [13] as energy management strategies for a multi-carrier system, resulting in an
economical cost reduction of 14.5 % when using the former.
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Figure 4.1: Decision sequence for the electric power dispatch of the rule-based control.

The literature agrees that computational cost is one of the main challenges to imple-
menting successful energy management systems, especially for multi-carrier energy sys-
tems. In addition, [14] reviewed the available simulation and optimization tools, high-
lighting that coupling the different carriers remains challenging and that many available
tools require a license, urging for modular, open-source alternatives. For this reason,
an accessible EMS strategy that balances the computational cost and the accuracy is re-
quired. Thus, the contributions of this Chapter are:

* proposing a modular genetic algorithm (GA) EMS strategy for short-term control
of the power flow between the assets of a household multi-carrier energy system,
intrinsically adaptable to different system architectures, forecasting methods and
time horizons, and

* analyzing an ageing-aware strategy operation that exploits the trade-off between
battery operation and its degradation in the context of energy systems with multi-
ple carriers

4.2, RULE-BASED CONTROL

Many controllers available use sets or conditional rules for their operation. This strat-
egy has individual controls for the electric and thermal carriers, following the control
schemes shown in Figures 3.7 for the electric carrier, and 3.5 for the thermal. For the
former, the control is defined to limit the power purchased from the grid to a maximum
value PZ" ; loads above such value would be shaved using the energy from the PV sys-
tem first and then from the BESS. The decision sequence is shown in Figure 4.1.

For the thermal carrier, following the recommendations from Chapter 3, the PVT
system was replaced by a solar thermal collector, which can reach temperatures high
enough to charge the TESS. This way, the control will prioritize the solar collectors, then
the thermal storage system, and at last, the heat pump, as shown in Figure 4.2.
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Figure 4.2: Decision sequence for the thermal power dispatch of the rule-based control.

4.3. GENETIC ALGORITHM REAL-TIME CONTROL

Literature offers many methods to solve the local power allocation, considering different
optimization objectives. Generally, the optimization problem requires minimising a cost
function while electric power balances. However, few works have included satisfying the
thermal power balance to ensure thermal comfort. Therefore, this Section proposes a
novel approach using genetic algorithms to solve the multi-objective problem for real-
time control. Based on the thermo-electrical models provided in Chapter 3, the thermal
energy balance is given by

Qp=0Qr+Qy+Q; (4.1)

as a function of the thermal power loss through walls, windows and roof due to the ther-
mal difference between indoor and outdoor temperatures, Ti, and Toy: respectively,

n
QL (k) =" Ui A [Tin (k) — Tout (K)1, 4.2)
i=1
the ventilation losses
Qv (k) = capaqu [ Tin (k) = Tout (K], 4.3)
and infiltration losses
Qi (k) = capaqi [Tin (k) = Tou (K], (4.4)

allowing one to estimate the indoor temperature, as

At [Qsc (k) + Qress (k) + Qup (k) — Qp (k)]

n
Y mic;
i=1

(4.5)

Tin (k+1) = Tin (k) +

The power purchased from the grid ensures the electric power balance as

PG = Pp,+ Pyp — Ppy — Pggss, (4.6)
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where, Ppy, Ppgss, Pr, and Pyp are the powers from the PV, the BESS, the load and the
heat pump, respectively. A negative Pggss means the BESS is charging.

For the chromosome structure shown in Figure 4.3, each gene controls a different
device within the MCES (called setpoint genes), and the last one represents the cost asso-
ciated with those control values (called suitability gene). Unlike traditional implementa-
tions of GA, this work proposes a discrete-continuous approach, where some genes are
binary and others continuous within the same chromosome, reducing the maximum
possible combinations and computational cost. For the thermal carrier, the genes are
binary, as the technologies for solar collectors, thermal storage and heat pumps work at
an on/off pace. Curtailment in the PV system was considered, so the corresponding set-
point gene goes from 0 to 1 of the available power at the timestep. Finally, the power de-
livered or consumed by the BESS is constrained by its SoC. To avoid adding constraints
to the cost function, a function of the capacity (Cggss), the inverter maximum power
(P ), and the current SoC of the battery is proposed to determine the maximum and

BESS
minimum power the battery can exchange ngrsr;. Such values are

—perm PyEss -V Pegss (k) = Pyicg
— min
Pgpss (k) = SoCggss (k) — SOCBESS ek 4.7)
BESS A V' Pgess (k) < Pggeg

and

SoCggss (k) — SOC&%@

_ pmax
prem = G D@ AR e
— PR ¥V Pggss (k) < —Pgics

This way, the gene that controls the BESS can only have values within a range that will
not violate the SoC constraint, reducing the complexity of the optimization problem. On
the other hand, the SoC constraint for the TESS has to remain as a formal constraint,
where the thermal power from the TESS has to be 0 W if the temperature in the TESS is
below the minimum allowed temperature (50 °C), and it cannot charge if its temperature
is above the maximum allowed temperature (95 °C).

The optimization proposed aims to minimize a weighted multi-objective function
that considers the economic cost of using each device per timestep and the thermal
comfort the residents in the house will have due to such control actions. This function
can be written as

min (C (k)) = min (67Cr (k), 0gCk (k), 6co,Cco, (k) , (4.9)

where Cr, Cp and Cco, are the cost functions for the thermal comfort, the economic
energy costs and the CO; equivalent emissions, and 8t, 6 and fco, are their balance
weights. The only constraint for the problem is

TP < Trss (k) < T (4.10)

The cost for thermal comfort depends on the relation of the indoor temperature and
the setpoint temperature at a certain instant k. If the indoor temperature T;, is above
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Figure 4.3: Individual chromosome proposed for the genetic algorithm.

the setpoint temperature T;.;, heating will be penalized. In contrast, heating will be
rewarded if the indoor temperature is below the setpoint, using a comfort factor § [15].
This way, the function is defined as

Cr (k) =ﬁ|Tset_ Tin| (4.11)

For the energy cost, the function depends on the operational cost of energy for each
device of the MCES i considered (4;), as well as the cost of the energy purchased from
the grid Ag under a feed-in scheme. Thus, the function is defined as:

Cg (k) =

n n
ZP,-/M+ZQ,-/1,-)AL (4.12)
i=1 i=1

Similarly, the total CO, emissions are calculated as

Cco, (k) = (Z pP; CI,-)At. (4.13)
i=1

where CI is the CO, intensity per kWh.

The genetic algorithm used to solve the optimization problem is shown in Figure 4.4.
Considering the number of genes in the chromosome and their possible values, the max-
imum number of combinations is 2080. Note that the pool of possible gene combina-
tions is relatively small; this is possible because three of the five genes are binary, and
we considered steps of 0.1 for the PV curtailment and the BESS power setpoint genes.
A population of 200 individuals was considered for each generation, with an elitist ap-
proach to generating new individuals. The crossing included the 5 % of individuals with
the lowest cost and a random sample of 15 % of the remaining individuals. The new
population was selected randomly from the previous one, plus the new individuals. No
mutation was considered. To determine the individual that best solves the optimization
problem, we established a permanence of 5 consecutive generations.
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Figure 4.4: Genetic algorithm proposed to minimize the cost function for the real-time controller.

4.3.1. SENSITIVITY ANALYSIS
An appropriate population size is required to balance the time the algorithm requires to
solve the cost function and how close to the theoretical optimal such solution would be.
Larger populations would provide a more diverse set of possible solutions, albeit having
a higher computational cost. Nevertheless, it is expected that, at some point, increasing
the population’s size does not significantly improve the result.

Figure 4.5 shows the normalized cost during one year as a function of the size of the
population and the shoulder identification curve given by

K(eo,x)= | S0ma e e 5y, (4.14)
¢ (X)max

where c (X) is the cost associated with an X-size population, and max (K) is the shoulder
point. The results suggest that increasing the population beyond 75 will not substantially
improve the algorithm’s performance.
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Figure 4.5: Overall cost vs. population size.

For the weights in (4.9), the energy and carbon intensity cost weights were deter-
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mined considering a case where all the components were working at full capacity; this
way, the weighting factor 8 normalizes the results. A boundary for the setpoint tem-
perature of £1 °C was considered before thermal discomfort, following the standard
ASHRAE 55 [16]. Then, a simulation was done for 2022 to evaluate the costs individu-
ally and determine the maximum value per cost during the year to normalize the results.
The process was iterated until no weight adjustment was needed to obtain normalized
results. The values obtained are: 0 = 0.06, 8t = 1, and 8co, = 0.4. Five consecutive
generations were considered.

The diversity (proportion of unique individuals in a population) was also analyzed
as a function of the population size. Given that the algorithm does not filter individuals
with the same genes, the possibility of having identical individuals arises when increas-
ing the population size. To this extent, Figure 4.6 shows the diversity associated with
different population sizes. The results confirm that increasing the population size re-
duces the proportion of unique individuals. Note that the absolute number of unique
individuals does increase.
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52 -
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Figure 4.6: Diversity vs. population size.

4.3.2. RESULTS ANALYSIS

To evaluate the performance of the proposed approach, the rule-based control described
in Section 4.2 was used as a reference. The rule-based algorithm prioritizes supplying the
demand with the PV generation in the electric carrier. If it is not enough, it will use the
BESS and, as the last resource, it will buy energy from the grid. If there is a surplus of PV,
the EMS will prioritize charging the battery to sell the energy to the grid when possible.
The BESS inverter limitations are considered during charge and discharge. Similarly,
for the thermal carrier, if the indoor temperature is below the setpoint, the EMS will
prioritize the power from the solar collectors, then the TESS and at last the HP. When
not used to heat the house, the excess of power from the solar collectors will charge the
TESS. Table 4.1 shows the parameters used for the simulation. The values considered for
the thermal losses of the house are described in Chapter 3, and the load conditions used
are based on typical power consumptions of household appliances [17]. The costs and
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intensity factors were taken from [18], [19].

Table 4.1: Parameters considered for the simulation

Symbol Value Units Parameter
Electric sub-system

ng,ak 4 kw PV system peak power
PEESS 1.28 kw BESS inverter maximum power
CBESS 3.36 kWh BESS capacity
nCB’gSS . 0.943 - BESS charge and discharge efficiency
SoCgrss 20 % BESS minimum SoC
SoCEEsS 90 % BESS maximum SoC
Pyp 2.7 kw HP electrical power
Thermal sub-system
Asc 6 m? SC area
1sc 0.45 - SC efficiency
VIESs 4 m? TESS volume
QSP 0.1 kw TESS self discharge power
QTESss 210 kWh TESS capacity
Tﬁsisns 50 °C TESS minimum temperature
T{%;SXS 95 °C TESS maximum temperature
NTEss 0.8 - TESS heat exchanger efficiency
Optimization
y¥e 0.483 €/kWh Grid energy cost
ABESS 0.13 €/kWh BESS energy cost
0k 0.06 €1 Energy costs weight
B 6 - Temperature comfort factor
Or 1 °c! Temperature comfort weight
T 20 °C Setpoint temperature (06:00-20:00)
T;:tght 17 °C Setpoint temperature (20:00-06:0011)
Clg 0.325 kgco,/kWh  Grid energy carbon intensity
co, 0.4 kgco, ! Carbon intensity weight

An evaluation of how each control algorithm allocated the power among the devices
of the MCES to supply the thermal and electrical demand was performed. Figure 4.7
shows the results for the GA EMS. The main difference between the algorithms is the
usage of the solar collectors and the TESS, as shown in Figure 4.8. The GA EMS priori-
tized supplying the thermal demand directly from the SC to minimize the usage of the
TESS. In contrast, the RB control preferred charging the TESS with the SC and splitting
the thermal demand almost evenly between the TESS and the HP. As a result, the HP is
used 18 % less with the GA, reducing the overall load supplied from the PV and the grid.
Similarly, given the cost associated with the degradation of the BESS, the GA reduced its
usage and curtailed the power of the PV, reducing the energy stored in the BESS, but also
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n Figure 4.7: Thermal power allocation during (a) winter and (b) summer using the real-time GA controller.

the energy sent back to the grid. Overall, the GA purchased 3 % less energy from the grid,
reducing the CO; ¢q associated with the system’s operation.
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Figure 4.8: Energy consumption comparison per component of the MCESS while simulating the GA and RB
control strategies for one year.

The thermal comfort is evaluated based on the difference between the indoor and
setpoint temperatures (Tip (k) — Tget (k). Figure 4.9 shows that the deviation distribution
has two peaks, one centred near 0 °C, and the other near 3 °C. This can be explained
because, during the day (06:00-20:00), the temperature inside the house is set at 20 °C,
so both controllers keep it near that value. When the setpoint changes to 17 °C at night,
there is a positive difference of 3 °C, which decays in time as the house loses heat to
the environment. The GA keeps the indoor temperature slightly below the setpoint be-
cause it accounts for thermal comfort; therefore, it does not necessarily need to reach
the setpoint exactly to be considered comfortable. On the other hand, the RB usually
overshoots the temperature above the setpoint as it is set to always keep the tempera-
ture above
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Figure 4.9: Distribution of the temperature deviation with respect to the setpoint (Tiy (k) — Tset (k)) while sim-
ulating the GA and RB control strategies for one year.

A 16 GB RAM laptop with an Intel i7-1185G7 processor was used to run the full year
ten times. On average, the GA takes 16.83 s to complete each day, whereas the RB model
takes 0.0348 s. Albeit the RB control is considerably faster, the GA allows more complex
decisions, which can be easily escalated in cases where operation costs should be con-
sidered or where the assets do have a direct CO2,¢q emission, as will be demonstrated
in Section 4.4. The results showed that the GA reduced the energy costs compared to a
rule-based model while supplying the electric and thermal demands and ensuring ther-
mal comfort. The proposed GA is also suitable for real-time controllers as each timestep
requires 0.175 s on average, demonstrating that it does not have dimensionality issues.
Section 4.4 includes a prediction horizon so the EMS can take the future state of the
model to make better decisions.

4.4, GENETIC ALGORITHM SHORT-TIME PREDICTIVE CONTROL

Section 4.3 presented a real-time control EMS strategy to consider simultaneously en-
ergy cost, thermal comfort and equivalent CO, emissions. This Section generalizes the
expression to determine the power setpoint for each controllable element within a pre-
diction horizon k. This way, a gene determines the setpoint value 4 for each device at
a particular instant in the future i with respect to the current time step (k + i|k). Those
genes are grouped per timestep; this way, there is a chromosome section that includes
the setpoint genes of all the devices for each instant (k + i| k) between (k|k) and (k + h|k),
as shown in Figure 4.10. Similarly to the real-time implementation, the last gene of the
chromosome (suitability gene) contains the overall performance of that control profile,
which is used to build the Pareto front. To overcome possible dimensionality issues, the
same discrete-continuous approach used for the real-time control was used for the set-
points during the horizon, as, in reality, some devices work on an on/off basis. Such
devices are the solar collectors, the TESS and the HP. In the case of the solar collectors,
the power is sent by default to the house; if they are not activated and there is power
available, it will be used to charge the TESS. On the other hand, the BESS is intrinsically
continuous, and power curtailment was considered; therefore, the PV is also continu-
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ous, ranging from 0 to 1, where 1 is the maximum available PV power at the particular
timestep. For the BESS, equations (4.15) and (4.16) are also considered to avoid unfeasi-
ble solutions to set the gene boundaries. Those functions are adapted for the prediction
horizon as

Y PpEss = Pprc

. Pmax
perm 1) = BESS BESS
P (k+z|k)—{ , (4.15)
BESS ChEssASOCIEX (k+ilk) V Ppgg < PIaX
and
CppssASoCIR (k+ilk) V P — pmax
PRESS (k+ilk) = { BESS 0Cpgss (k+ 1K) BESS > BESS (4.16)
~Pgss V' Ppss = —Pggsg
with )
SoCggss (k + i|k) — SoCTun
ASoCRE (k + ilk) = o BESS 4.17)
and
. SoCggss (k + i|k) — SoCRax
ASoCHIn (k +ilk) = BESS (4.18)

At

This way, the only remaining constraint for the optimization problem is the TESS SoC.
The thermal power from the TESS has to be 0 W if the temperature in the TESS is below
the minimum allowed temperature (50 °C), and it cannot charge if its temperature is
above the maximum allowed temperature (95 °C).

The optimization problem to solve is also (4.9). However, the costs have to be ad-
justed to include the prediction horizon h, thus the operational cost (OPEX) is

h n n
Cet) =Y | Y Pitk) A; (k) +)_ Qi (k) A; (k) |At, (4.19)
k=0\i=1 i=1
the thermal comfort cost is
h
Cr(k)=B Y |Tset (k) — Tin (K) |, (4.20)

k=0
and the equivalent CO» emissions cost is

h

n
Cco, (k)= (Z P; (k) CI,-)At. (4.21)
k=0\i=1

during the prediction horizon k. The best solution per objective will not necessarily be
the best overall solution, i.e., the solutions are non-dominated. The Euclidean distance
of the individual Pareto efficient solutions to the origin was used to select the best pos-
sible solution. This allows one to obtain an overall cost per chromosome profile. The
cost associated with the individual setpoint profile is then stored in the suitability gene,
which is compared after the mating to determine the most suitable individual in the
population, as shown in Figure 4.10. The optimization is done every timestep and only
the solution for k is used for the power allocation.
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Figure 4.10: Genetic algorithm proposed to minimize the cost function for the short-term predictive controller

4.4.1. RESULTS ANALYSIS

The random forest regression approach was used as a proven short-term forecasting
method [20]. This way, leveraging two years of historical data, the electric load demand,
temperature (used to estimate the thermal demand), and irradiance (used to estimate
the PV and solar collector production) were estimated. The model specifically includes
time lag, hour of the day, and month as features to effectively capture both immedi-
ate temporal dynamics and broader seasonal patterns. The dataset was partitioned into
training and testing subsets, allocating 99 % for training to develop the model robustly
and reserving 1 % for testing. The model is configured with 100 decision trees and a fixed
random state of 42 to ensure consistent and repeatable outcomes. A representative sam-
ple of the estimated values using a prediction of 60 min is presented in Figure 4.11a and
their respective error in Figure 4.11b. These results highlight the model’s precision.

Two parameters were changed to evaluate the performance of the EMS: the season
and the prediction horizon. For the former, a representative week was chosen for winter
and summer. For the latter, a population size that ensures thermal comfort was deter-
mined, as shown in Tables 4.2 and 4.3, using the results from Section 4.3.2 as reference.
The optimization used the dynamic prices shown in Figure 4.12 and a carbon intensity
0f0.325 gCOy,¢q/kWh. During winter (see Figure 4.13), the EMS prioritizes the TESS over
the HP as the latter would increase the electric load and energy cost (on 01/02). How-
ever, when the TESS SoC is lower, i.e., its temperature decreases, the thermal power it
can deliver is reduced, and the EMS activates the HP to avoid uncomfortable tempera-
tures (between 02/02 and 03/02). Finally, the HP becomes the dominant energy source
once the TESS is discharged (between 04/02 and 07/02). The solar collectors provide
some thermal power, but this is too small. During summer (see Figure 4.14), the sys-
tem again prefers the TESS to supply thermal power in the few cases where the indoor
temperature falls below the setpoint temperature (between 19/07 and 22/07). Once the
outdoor temperature is higher than the setpoint temperature, the TESS and the HP are
not active, as the outdoor temperature would increase the indoor temperature, and no
cooling technologies are considered (after 23/07).

From Figure 4.13 and Table 4.2, one can notice that the EMS performs more effi-
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Figure 4.11: (a) Estimated and measured values and (b) error of the forecasted values using a prediction hori-
zon of 60 min.
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Figure 4.12: Energy price from the grid during (a) winter and (b) summer.

Table 4.2: Parameters used for the short-term predictive GA optimization in winter.

Horizon [min]

Population Generations

Timestep run time [s]

0 25 5 0.3-0.55
30 50 5 0.3-0.65
60 100 5 0.44 - 0.85
90 200 5 0.7-1.2
120 400 5 0.7 -1.65

ciently in winter. Even for the longer prediction horizon, a small population can solve
the power balance problem without increasing the indoor temperature. Similarly, hav-
ing longer prediction horizons allows the EMS to keep the temperature closer to the set-
point when it reaches 20 °C. At night, when it lowers to 17 °C, the temperature drops
naturally, and no thermal power is extracted from any source. Notice that the strategy
can overcome the curse of dimensionality during winter, as achieving a control setpoint
takes, on average, less than 1 s, as shown in Figure 4.15b, albeit the cardinality of possible
solutions when using a prediction horizon of 60 min is in the order of 10'3.

On the other hand, temperature control during summer is more challenging for the
EMS in longer prediction horizons, as shown in Figure 4.14 and Table 4.3. Despite in-
creasing the population one order of magnitude compared to the respective case in win-
ter, the EMS during summer still executes heating instructions when the indoor temper-
ature is above the setpoint (see Figures. 4.14b and 4.14c). This can be explained due to
the absence of cooling mechanisms. During winter, the EMS can successfully prioritize
the available thermal power sources, as explained before. In summer, however, as the
outdoor temperature is already above the setpoint, any thermal action would increase
the indoor temperature, decreasing thermal comfort and requiring all the setpoint genes
to be zero for the thermal generation devices. For this reason, a more diverse gene pool is
required to achieve the suboptimal solutions, increasing the time of simulation needed,
as shown in Figure 4.15 (the model was run on a laptop with a processor Intel i7-1185G7,
and 16 GB of RAM). To overcome this challenge, one can take several action points aside
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Table 4.3: Parameters used for the short-term predictive GA optimization in summer.

Horizon [min] Population Generations Timestep run time [s]

0 25 5 0.3-0.7
30 200 5 04-1
60 750 5 1.3-2.2
90 1500 5 4-12
120 2000 5 5-9

from increasing the population or the number of generations. For example, the heating
devices can be turned off at the gene level when the outdoor temperature reaches a spe-
cific value or a hard constraint can be included as a condition to reach a solution during
the evolutionary process.

The optimization performance per objective is shown in Tables 4.4 and 4.5 for winter
and summer, respectively. For both seasons, one can notice that the real-time control
(h = 0 min) has the best performance. This can be associated with the forecast, as the
real-time control case does not depend on the prediction value and, therefore, does not
have to account for the uncertainty. In contrast, the cases with longer horizons tend
to have the lowest performances. Nevertheless, it is interesting to notice that, although
the performance decreases when increasing the horizon, the change is relatively small
between consecutive cases (less than 1 % for winter and 5 % for summer).

The results suggest that the forecast method and the energy management system
perform satisfactorily. Thanks to its design, the EMS is easily adaptable to any MCES
architecture, as the devices are added as genes. Energy storage systems’ physical con-
straints are set at the gene level using the approach demonstrated for BESS, based on
their allowed power, capacity, and SoC, minimizing unfeasibilities. Also, considering
the devices that work on an on/off pace, such as the heat pump or the solar collec-
tors, as binary at the gene level demonstrates that the discrete-continuous approach for
the power setpoints reduces the dimensionality issues. The random forest regression
produced short-term estimations of the electric load, the temperature, and the irradi-
ance with error distributions centred near 0 %, allowing us to estimate the thermal de-
mand and PV output. With those estimations, the energy management system created
a power setpoint profile for each device of the multi-carrier energy system, minimizing
the economic cost, COzeq and ensuring thermal comfort. The low computational cost
of the EMS proposed was also demonstrated for short-term prediction horizons. Dur-
ing winter, the EMS can solve the power allocation problem, including the prediction, in
around 1 s on average for prediction horizons equal to or shorter than 120 min. In sum-
mer, the decisions might take up to 10 s per timestep, which is still acceptable, as the
system works on a 15-minute timestep. Further research should be done to improve the
performance of the algorithm during the summer and study longer prediction horizons.
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4.5. HEURISTIC CONTROL

Sections 4.3 and 4.4 proposed two EMS strategies using genetic algorithms to optimize
the power dispatch. Individually, their performances were acceptable in terms of com-
putational cost. However, to perform more complex analysis in distribution systems
with hundreds of nodes and systems as required for Chapter 6, their accumulated com-
putational cost might lead to simulation bottlenecks. Also, the CO; equivalent emissions
were found to be proportional to the grid purchase, therefore the objectives were redun-
dant [21]. In addition, to aggregate the assets, the EMS must be capable of including an
external setpoint.

This Section describes a heuristic method that can integrate thermal comfort, rep-
resented as the deviation from a setpoint temperature, energy purchase costs under a
day-ahead pricing scheme, and the deviation from a power exchange setpoint defined
by an aggregator as objectives. These policies are recalculated for each time step k. The
thermal comfort policy 67 defines whether the HP and the TESS should be available to

heat the house or not, thus 67 = [Gﬂp, 6%}3551' with

0, V Twt=T,
Bipp = o 4.22)
1, V Tset>Tin
and
0, ¥V T<Ti
Brpss = o (4.23)
1, Vv Tset > Tin

CsA_[SA sA 1 HP SoC SoC
The energy purchase cost policy 6* = [67,, 8ess O1ip — TEss Oip—TESS! O pip - TESS” 6TESS]

suggests which heating device should be used at any given point k, based on the energy
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Table 4.4: Optimization results in winter.

Horizon Grid purchase Gridcost Emissions Thermal

[min] [kWh] [€] [gCO2eq] comfort [-]
0 67.28 13.80 21.87 3976
30 71.69 14.45 23.30 3891
60 72.81 14.62 23.66 3911
90 73.06 14.72 23.74 3926
120 73.35 14.84 23.84 3943

Table 4.5: Optimization results in summer.

Horizon Grid purchase Gridcost Emissions Thermal

[min] [kWh] [€] [gCO2eq] comfort [-]
0 44.17 4.52 14.36 4584
30 46.38 4.71 15.08 4691
60 49.00 5.07 15.93 4650
90 49.23 5.18 16.00 4657
120 50.15 4.92 16.30 5679

price A reported in the day-ahead list. To define the prices as high or low and thus in-
crease or decrease the power exchanged with the grid, the distribution quartiles of the
DA prices were calculated for every day. The low prices are those included in the first
quartile, i.e., below Aqos. Therefore, the policy for the activation of the heat pump to
heat the house is

1, VvV A=A
8y = { Q20 (4.24)

0, V A>2qss
the policy for the discharge of the TESS is

Bl =1 O T AShes (4.25)
1, V A>Aqss

and the policy for charging the TESS is

1, V A=A

(4.26)
0, ¥V A>2Aqs

A —
5HPHTESS - {

Also, as the HP cannot heat the house and charge the TESS simultaneously, thus

1, V 6up=0
sHP { Hp 4.27)

HP—TESS — 0, V 6yp=1
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Then, to account for the SoC constraints of the TESS,

5SOC

_ TESS
HP—TESS — (4.28)

0, V Trgsg= THmax

{ 1, V TTEss<Tmax
TESS

was considered for the charge, and

1, VvV 1M <
550C _ { TESS TESS (4.29)

TESS — i
0, V Trl%lgls > TTESS

for the discharge.

Finally, the power from the PV and BESS depends on the grid exchange setpoint P*.
To minimise the degradation of the BESS and curtailment on the PV, the policy 6F =
[PgESS, ng] prioritizes using as much power from the PV as possible. However, unlike
the TESS, where its primary controller regulates the flow so that the output temperature
reaches the supply temperature (which is a fixed value), the policy for the BESS defines
its power -delivered or consumed- which is limited by its current state-of-charge and the
available PV power. The power boundaries for the BESS follow (4.15) and (4.16). Then,

the setpoint boundaries for the BESS, based on the available PV power, are

—set

Pggss = Pr + Pup + Pap—tEss — Ppy, — P* (4.30)
and
Piiss = Pr+ Pup + Prp—tpss — P, (4.31)

Thus, the policies for the PV and BESS are, respectively,

set set perm set pperm
Pisss ¥ (Phgss = Pppss) A (BBESS < Ppess
perm set perm —set perm
Pllugs = Prpss: ¥ (Phss = Phpss) A (P BESS = Pygsgg 4.32)
—perm set —perm :
BESs: Vv Pgrss = PREss
PR else
and
av set perm set pperm
Ppy» V' |PgEss = Ppess ) A | PBEss = PBEss
perm _ pset set perm —set perm
pd —) Press ~Pprss: Y (Prss = Lpgss | A | PBESS = Pgss (4.33)
13% 0 vy pset > ﬁperm :
’ LBESs = £ BESS
P;{’,, else

prioritizing meeting the thermal load for two reasons: first, thermal comfort is deemed
more important than charging the TESS. Second, and perhaps less obvious, the HP’s
coefficient of performance is higher when heating the house than when charging the
TESS due to the required supply temperatures, as demonstrated in Chapter 3. Therefore,
prioritizing the thermal load will also reduce the purchase from the grid.

The general policy 7 for each timestep k is then comprised of the individual policies
per device j and objective i, resulting in

ar=167,6", 6" (4.34)



4.5. HEURISTIC CONTROL 135

Table 4.6: Parameters used for the heuristic EMS

Symbol Value Units Parameter
Pg\e,ak 6.615 kW PV system peak power

Er, 2491 kWh Base yearly consumption
Eggss 10 kWh  BESS capacity
PEESS 10 kw  BESS power

thus, for each device, the control policy is given by

;= [1 o7, (4.35)

6i€nk

4.5.1. RESULTS ANALYSIS

The results from Chapter 3, and Sections 4.3 and 4.4 provided insight into the role of
the different components of the MCES. This way, it was determined that neither photo-
voltaic thermal systems nor solar collectors are suitable for charging the TESS. Thus, the
heat pump was used, following the policy (4.34). In addition, the sizes of the PV and
BESS were adjusted. The PV system was sized to reach a near-zero building, excluding
the heat pump load. Also, the BESS capacity and power were increased. Table 4.6 shows
the new parameters used for this house, with respect to Table 4.1.

The system was simulated for the same week in winter and summer. Figure 4.16
shows the results when the aggregator does not provide a setpoint, and Figure 4.17 when
there is a setpoint (more details on how this sepoint was calculated can be found in
Chapter 6). For the case without external grid power setpoints, it can be seen that the
EMS ensures the indoor temperature, activating the HP during the daily low-price peri-
ods either for direct heating or to charge the TESS, which is later used to heat the house
during high-price periods. During summer, the outside temperature surpasses the in-
door temperature, creating a reverse thermal loss, heating the house. The heat pump
then charges the TESS during low price periods up to near 100 % SoC, compensating
for the TESS thermal losses to the soil. The BESS follows a similar pattern, charging in
low-price periods and discharging during the high-priced. Adding an external setpoint
drastically changes the power dispatch, as shown in Figure 4.17. First, the usage of the
HP decreases considerably, both during winter and summer, relying on the TESS. Dur-
ing winter, the TESS reaches temperatures where it can no longer heat the house, and
the HP is used only when the minimum allowed temperature of 16 °C is reached. During
this period (7 of February), the EMS is incapable of following the setpoint, as the indoor
temperature is too low and the TESS completely discharged. Similarly, the BESS has very
short cycles, as it is required too often to charge over 50 % most of the time. During sum-
mer, the setpoint is consistently met; however, the power limit reduces the times when
the HP can be used to charge the TESS. Therefore, it reaches an SoC of around 75 %.
Considering the four simulations (both seasons with and without external setpoint), the
algorithm took between 0.03 s and 0.06 s to run, which is one order of magnitude less
than the real-time GA EMS presented in Section 4.3, and up to two orders of magnitude
less than the short-term predictive GA EMS presented in Section 4.4.
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Electricity — m—
Heat —

Figure 4.18: Schematic diagram of the proposed multi-carrier energy system.

4.6. AGEING-AWARE CONTROL

Despite this thesis does not intend to provide an in-depth analysis of the degradation of
the batteries during their operation, recent literature advises its consideration to estab-
lish realistic business models [8], as will be detailed in Chapter 5. This Section provides
an overview of how to implement an ageing-aware control EMS and its possible benefits
and challenges without the intention of being an exhaustive analysis. A schematic of sys-
tem the system to be analyzed is presented in Figure 4.18. The system is composed of a
PV, a BESS, an electric vehicle (EV), a power electronics interface (PEI), a HP, a solar ther-
mal system (ST), a TESS, a grid connection and loads. The modelling is done following
the universal modeling framework by Powell [22]-[24].

The EMS plans a day-ahead operation, considering perfect information where the
sizing of the components is known. Hence, the costs of the system are only its opera-
tion costs. These are the net grid cost Cgiq and the battery degradation cost Cioss. Lastly,
to account for the user’s mobility requirement, a fictitious penalty psocpep is incorpo-
rated to quantify possible deviations from the desired SoC of the EV at departure. The
optimization problem is then reduced to

Ilr)ljn Cerid + PsocDep + Closs

a,t

st Sae1= Sy (Sa, Pyt Wis1104,0) (4.36)
P, =X"(Sa)eP YaeA
Sar€S VaeA

with

a = {PV, grid, ngy, BESS,HP, ST, TESS} . (4.37)
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The components of the objective are

T

Cerid = Wegrid ; (Abuypgrid + Asellpg_rid) At, (4.38)
PSoCDep = wsocllesocll3, (4.39)
and
T
Closs = Wloss Closs Z Z llossAt, ¥V saca, (4.40)

0 sa

where S, ; is the state vector, P;, , is the optimal decision for timestep #, W;, is an exoge-
nous process that introduces new information after making a decision. The mappings
Sé‘ft(.), and X7 (.) are the transition function and optimal policy, respectively. The first is
a set of equations describing the states and parameter evolution, and the second is the
algorithm that finds the optimal setpoints. The vector 8, ; contains all the parameters
of each asset a and changes over time ¢. The subindex a € A corresponds to the assets
shown in Figure 4.18, which are PV modules, a grid connection, electric vehicles, a sta-
tionary battery, a heat pump, a solar thermal system and a thermal storage. Additionally,
sa = {BESS, ngy} c a denotes the electric storage assets and ngy = 1...Ngy is the number
of EV. The time window is T = 24 h, and the timestep At = 15 min. The three components
of the objective function are the grid cost Cgyiq, the cost of lost energy capacity Cioss, and
a penalty for not charging the EV to the desired setpoint psocpep. Cioss i €xplained in
Section 4.6.3.
The following definitions of the elements are considered. The state vector is

th th T
Sﬂ,t = [PPV! Pgridv’ynEv)PHP)PST)Pﬁ)ad)PI()ad][ .

where P, is the power of the assets and vy, is the EV availability. The policy or decision
variables are

P} ; = [Pngy» Paess, Press, Pipl | -
The superscripts e and th refer to electricity or thermal carriers. They are used when
the subscript is the same. Both the policy and state vectors have upper and lower limits
denoted as ﬁ; v Pap Sar and S a.¢- All bidirectional variables, either policies or states,
are modelled with the constraints

Si+S;=8:n S;<0,S] =0, (4.41)

and

S7.S7 =0. (4.42)

Uncertainty is tackled through a DLA X7 (.) in a deterministic setup where at each timestep
t we take the median of a forecast W;,; = 0. In our case, our policy mapping is our op-
timization algorithm. The order of the subscript is "name, device, time index", and the
capital C denotes total cost in €, lowercase ¢ denotes unit cost, and w indicates tun-
ning/scaling weight. The inputs of the operation are the solar power Ppy, the prices

Abuyrsell, the electric demand P{_ ,, and the thermal demand Pltg‘a g4
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To define transition function S%(.), all assets need to be modelled. The thermal as-
sets are incorporated with the following linear models:

P{, = nupPfp, (4.43)
Pst =ns1Ppv, (4.44)
and
SoC =SoC At P
TESS,t+1 = TESS, t Qress.3600 TITESSL TESS, t »
(4.45)

where 711 denotes a conversion factor or efficiency, Qrgss is the capacity in kWh. Then,
the thermal balance is

Pst + Pglp + Prpss = Plt(?ad . (4.46)
The electric power balance, on the other hand, is
Ngv . .
Ppy+Pess+ Y Vnpy-Prgy + Perid = Pjaq + Phip - (4.47)
ngv=1

where v, is the EV availability, explained in Section 4.6.4.

The following sections elaborate on the models used to describe the performance
and degradation of the electric storage denoted by sa. The performance model S%_t(.)
describes the evolution of the states S, ;, and the degradation model g, ;(.) describes
the dynamics of the parameters 6, ; that parameterize the performance model. These

performance and ageing sub-models are part of the main transition function 52/,[;(-)-

4.6.1. BUCKET MODEL

The bucket model (BM) is a basic model of the operation of a battery that assumes that
its output voltage v, is linear with the state of charge SoC, assuming no voltage drop [25].
Hence the only equations of this model are

At
SoC =80Csqt— ————Ncisat, 4.48
sa,t+1 sa,t Qm,t?)GOOnC sa,t ( )
P
sap= —— (4.49)
Usa,tNs,saNp,sa
and
OCViqr = aocv,sa + bOCV,saSOCsa,t; (4.50)
Vtsa,t = OCVsqt, (4.51)

where iy, ; is the current passing through the cell, OCVy, ; is the open circuit voltage,
aocv,sa and bocy s, are the voltage model parameters, 7. is the Coulombic efficiency
and Qqq, ¢ is the cell capacity in Ah. Each battery pack is assumed to be organized as a se-
ries cell module where Ny, 5, are the series and parallel cells and branches, respectively.
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Figure 4.19: First order Equivalent Circuit Model.

4.6.2. EQUIVALENT CIRCUIT MODEL
To improve the accuracy of the model, a first-order equivalent circuit model (ECM) can

be incorporated, as in Figure 4.19. The performance sub-model SM _(.) is then modified

sa,t
with:
At

. _ _R C .
IRy,sa,t+1 = € “LsavLsaip oqp+

At
l1-¢e R1,5aC1,5a ) isa,t (452)

Vsa,r = OCVsq 1 — iRl,sa,tRl,sa —Isa,rRosa, (4.53)

where ip, sq,; is the pole current, R; s, and Cj 5, are the pole elements and Ry s, is the
series resistance as defined in Figure 4.19. Egs. 4.48, 4.49 and 4.50 are maintained. The
ECM incorporates the series voltage drop (Ro,s,) that limits power output and the first-
order diffusion dynamics (R, s, and Cj s4) [25]. This sub-model further differentiates
electric and thermal ESS technologies.

4.6.3. EMPIRICAL DEGRADATION MODEL

The degradation model follows the work from Wang et al. [26], which summarizes all ag-
ing mechanisms into calendar (ica) and cyclic (icycle) aging currents. The chosen empir-
ical degradation model (g,4,/(.)) only describes the capacity fade, neglecting the power
fade, following

. C1.C3 : X

feyele,sa,0 = —— € (1= S0Csa,lisal, (4.54)
4
. _24lg
lcal,sa,t = C5€ RT VI, (4.55)
iloss,sa,t = icycle,sa,t + ical,su,t; (4.56)
and
At .

Qsa,t+1 = Qsa,r — m Uoss,sa,t» (4.57)

where c;.5 are empirical parameters coming from curve fitting [26] shown in Table 4.7,
R is the gas constant and T is the temperature.
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Table 4.7: Parameters for the empirical degradation model [26]

Parameter Value Units
c1 0.0008 -
c 0.39 Al
C3 1.035 -
Cy4 50 -
Cs 1.721x107*  A/s%5

4.6.4. ELECTRIC VEHICLES

From the point of view of a residential building, the EVs are a BESS with availability con-
straints and certain requirements regarding their SoC at departure time fgep. For the
availability y, the probability distributions of departure (fgep) and arrival (far) times can

be described as random variables with Gaussian distributions #gep/arr ~ A (Udeprarr aﬁep Jarr)-
The availability ygy will then be

0 tE€[tgep; t
Yev = [ dep. arr] ) (4.58)
1 otherwise

The power balance of an EV is

Ptot,nEv,t = YnEv,tPnEv,t + (1 - YnEv,t)Pdrive,nEv» (459)

where Piot gy, ¢ 1S the total power of the EV, Py, ; is the charger power, and Pyyive, gy is the
power consumed while driving assuming no public charging. The total power Pyot, ngy, ¢
is then used in (4.49) and later for calculating the ageing of the EV batteries. The average
driving power is also sampled from a Gaussian distribution Pgyive, ngy ~ <A (Udrive aériv o)
Additionally, the EV is required to be delivered with a minimum SoC as

SOCEV(tdep) = SOCdep . (4.60)

This is implemented as a penalty in the cost function (soft constraint) since an equality
constraint might be too strict and cause non-convergence. This extra cost is defined by
taking the squared L2 norm of the deviation €s,c, from (4.39), and defined as

€SoC = SOCEV(tdep) - SOCdep ) (4.61)

4.6.5. RESULTS ANALYSIS

To assess the performance of incorporating ageing into the MCES operation, the pro-
posed controller is benchmarked against a controller without a degradation sub-model.
The first controller will be called CEmpDeg and contains a first-order ECM with an em-
pirical ageing model. The second controller, called BNoDeg, has a bucket model without
an ageing model, following (4.54) - (4.57). The two controllers are compared for typical
Dutch summer and winter days in 2022 and were simulated in Julia, using the Knitro
solver. Even though their objective functions and constraints/models are different, the
final informed results are calculated with the full objective function presented in (4.36).
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Figure 4.20: EPEX day-ahead auction prices for summer and winter. The bold lines show the mean hourly
prices.

Table 4.8: Objective function weights.

Weight Summer Winter
CEmpDeg BNoDeg CEmpDeg BNoDeg
Werid 1000 1000 1000 500
WEVs 1000 1000 1000 1000
Wioss 600 0 600 0

This means that for the BNoDeg controller, the created power setpoints are used to cal-
culate Cjygs.

The system is composed of a 5 kWp PV, a 20 kWh BESS with LFP cells, two 12.5 kW EV
charging points, a 4 kW (electric) heat pump, a 2.7 kW (thermal) solar thermal collector,
a 200 kWh TESS, a 6 kWp electrical load, a 1 kWp thermal demand, and a 10 kW LV grid
connection. The output of the PV is taken from [27]-[29], the market prices A are taken
from the EPEX day-ahead auction, shown in Figure 4.20, considering Apyy = 0.95Asen
[30]. The power demand was modelled taking the standard consumption patterns [31],
and the heat demand was modelled as shown in Chapter 3. The g, ;(.) model is param-
eterized for LIB cells with NMC cathodes and graphite anodes, and its parameters are
presented in Table 4.7. The sampling time is Af = 15 min, and the total number of EVs is
Ngy = 2.

In this case study, the weights w used for the objective function C(S;, P;) are pre-
sented in Table 4.8. The w is chosen for regularization purposes and tunning prefer-
ences. Hence the user has direct control over how the controller behaves by changing
the ratio between wgriq and wess. Additionally, the reader has to remember that the
submodels used for the performance S (.) and the ageing g;,(.) are different between
the controllers.
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The optimization algorithm results in the optimal scheduling of the power dispatch
P;. The optimal day-ahead strategy of the CEmpDeg controller is shown in Figure 4.21
for the typical summer day. The dashboard presents the electric power and thermal bal-
ances, the SoC of the storage devices, and the evolution of the capacities Qs,. Figure 4.21
presents the P; for the electric and thermal carriers. Given the signal prices and the high
solar generation for this typical summer day, the highest electric load is the EV charging
requirement at the beginning of the day. For the thermal carrier, the controller chooses
to charge the TESS taking advantage of low prices of the first half of the day. The heat
pump follows the thermal load and ramps down when solar heat generation occurs. The
excess heat from the heat pipes charges the TESS. In this sense, for the chosen sizing the
TESS is not used for daily variations. Further evidence is needed to quantify the impact
of BESS modelling in its weekly and/or seasonal operation.
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Figure 4.21: Results for the CEmpDeg EMS for a typical summer day of 2022, showing (a) electric balance, (b)
electric storage, (c) relative lost capacity, (d) thermal balance, (e) thermal storage and (f) total cell capacity.

As for the battery ageing, Figure 4.21 shows that the total degradation Qg 54 is less
than 0.3 % per cell. In this work, it is assumed that all cells are identical and hence their
aging parameters are the same, thus their only difference would come from their uti-
lization. Unfortunately, for the given 24 h period and set of initial parameters, calendar
ageing is 2 orders of magnitude higher than cyclic ageing, in accordance to [26]. Since
cyclic ageing represents the operation of the batteries, there’s no significant difference
between Qgg.

The key difference between controllers is how they use electric storage, (see Fig-
ure 4.22). In the CEmpDeg controller, the sa are used more aggressively (understanding
this as higher peak power values) during the summer to achieve higher earnings. On the
other hand, for winter, the P;, captures marginal prices. The results show how the EVs
are not available during ¢ € [fgep, farr]; nevertheless, they are used for bidirectional power
when connected. The long-duration thermal storage stays mostly idle during the day,
only changing 10-15 % in both seasons. The algorithm also successfully distinguishes
between the fast dynamics of electrical storage and the slow dynamics of the TESS. Us-
ing the fast dynamics of the LIBs to balance out hourly and daily variations. This also
impacts the operation of the TESS presented in Figures 4.22c and 4.22d. In the CEm-
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Figure 4.22: Electrical storage behaviour for a typical (a) summer and (b) winter day. Thermal storage be-
haviour for a typical (c) summer and (d) winter day.

pDeg, the SoC deviation of the thermal buffer is slightly less when compared to BNoDeg.

Finally, for the typical days analyzed, Figure 4.23 presents the cumulative grid cost
Cgriq curves. The results confirmed that enhancing the models used for the batteries
allows a more aggressive strategy that pays off with 22 % and 48 % cost reductions for
summer and winter, respectively. Additionally, calendar ageing dominates by almost 2
orders of magnitude over cyclic ageing, thus the difference in Q)yss between CEmpDeg
and BNoDeg is negligible (less than 0.3 mAh/day per cell). This is why the change in
objective function and constraints enables better grid costs Cgiq. Since the total capacity
fade is going to remain the same for both algorithms, the ageing submodel enhances the
decisions taken by the CEmpDeg. Of course, this is a direct consequence of the period
being simulated. For longer simulation times, this would not necessarily hold, and the
trade-off between degradation and grid operation should be controlled by tunning w.
Further research is needed to clarify this point.

4.,7. CONCLUSIONS

This Chapter presented five different EMS strategies that can be used for residential
multi-carrier energy storage systems. Depending on the objective, some strategies might
be more suitable than others. It was demonstrated that the genetic algoritm EMS is suit-
able to integrate multiple objectives for real-time and short-time control. Also, adding
or removing devices or objectives does not fundamentally changes the logic of the al-
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Figure 4.23: Cumulative grid cost Cgyig for typical summer and winter days.

gorithm, making it the most flexible. However, prediction horizons over 2 h might cause
suboptimality below what a rule-based control can achieve. This way, the heuristic method
is preferred for cases where the computational cost is a barrier since the heuristic method
takes between 1 and 2 order of magnitude less time, for instance, when many households
are simulated together withing a distribution network, as will be described in Chapter 6.
Additionally, a Section 4.6 was dedicated to study the importance of considering the age-
ing of the BESS into the EMS. It was demonstrated that there is a cost benefit of op to

48 %.
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5.1. INTRODUCTION

Energy transition has entailed changes in the energy mix and the transmission and dis-
tribution infrastructure. The intention is a generalized transition from fossil fuels to
emission-free alternatives for generation, transportation and heating. From an infras-
tructure point of view, traditional energy systems are unidirectional; the power is gener-
ated in centralized power plants to be delivered to consumers through transmission and
distribution networks. However, distributed renewable energy sources introduce bidi-
rectional energy flows in distribution systems. In this new scheme, prosumers consume
power from the grid when their generators do not meet the local demand and inject
power into the grid when the generation surpasses the demand. Since the distribution
networks were not initially designed for distributed power injections, those power injec-
tions increase the voltage at the connection point, which can cause overvoltages beyond
the voltage quality standards, such as EN 50160 in the European Union [1].

To overcome this challenge, DSOs throughout the world have implemented differ-
ent strategies. In some cases, the network infrastructure has been reinforced, requir-
ing complex and expensive project planning and deployment. Nevertheless, this solu-
tion was insufficient due to the speed and cost at which the number of installations in-
creased and the rate at which the grid is being reinforced [2]. Likewise, storage systems
like BESS [3] and flywheels [4] have been used to compensate for power fluctuations, but
the cost and complexity are still challenging. Alternatively, some local governments have
entitled DSOs to request prosumers to curtail their power generation to cap the energy
injected into the grid. The main argument is that those DRES systems should operate
for self-consumption, not grid injection. In the Netherlands, curtailment is an essential
assumption in the grid transformation plans for 2050 [5]. In the United Kingdom, the
engineering recommendation EREC G100, by the Energy Networks Association (ENA),
allows DSOs to limit their customer’s energy import and export [2]. Similarly, Germany’s
Renewable Energy Sources Act EEG2012 sets the maximum feed-in power into the grid
to 70 % of the installed DRES system capacity [6]. When prosumers do not have energy
storage systems (EESs) available, they might need to curtail power to comply with those
regulations.

This Chapter studies the market conditions that would make it attractive for resi-
dential prosumers to participate in the ancillary service market in the Netherlands. The
scope for the analysis is: Dutch prosumers with a PV system and a HP, as will be detailed
in Section 5.5. EV charging is excluded because, in the Netherlands, most EV owners use
public infrastructure instead of charging at their own house [7]. Moreover, the existing
energy tariff schemes for residential prosumers were considered, aiming to recreate a
more realistic analysis, as many works in the literature consider the wholesale energy
market price for similar estimations, but the participation of individual residential pro-
sumers would not fit the wholesale bid market in terms of capacity or reliability.

First, relevant ancillary services at the residential low-voltage distribution networks
were qualitatively compared, based on Chapter 2, to select the most suitable ones for
short-term implementation by residential prosumers. Then, an analysis of current market-
ready inverters and energy management systems for multi-carrier energy systems (based
on Section 5.2.1) determined the technical feasibility of implementing those ancillary
services in the short term, providing insight into the feasibility of including ancillary ser-



5.2. ROLE OF RESIDENTIAL PROSUMERS IN THE DUTCH LOW-VOLTAGE NETWORK 153

vices in the energy market. A description of the degradation and voltage behaviour of
the components selected for the multi-carrier energy system is provided, as Chapter 3 is
limited to energy-based modelling. The information is then summarized using the busi-
ness model canvas, creating a framework for decision-makers to determine the value of
ancillary services in residential low-voltage distribution networks. Finally, the impact
of supporting the grid by power curtailment and peak-shaving on the levelized cost of
energy and storage for individual prosumers in a residential case scenario in the Nether-
lands was investigated. Three representative case studies were selected for each ancil-
lary service, considering the degradation of the batteries when working in peak-shaving
mode, and on the power electronics of the solar converter when curtailing power.

This way, for the case studies of a Dutch low-voltage residential network presented
in Section 5.5, this Chapter:

1. defines the requirements for a business model to provide value to Dutch DSOs and
residential prosumers through peak-shaving and power curtailment,

2. quantifies the effect of peak-shaving and power curtailment for a case study of a
Dutch low-voltage residential network,

3. provides insight into the power exchange conditions that would make it feasible
for residential prosumers to provide voltage support to the low-voltage distribu-
tion network,

4. quantifies the PV energy lost due to power curtailment and its effect on the lev-
elized cost of energy (LCoE), and the BESS degradation due to peak-shaving and
its effect on the expected end-of-life (EoL) and levelized cost of storage (LCoS),

5. estimates the changes in the expected lifetime of the switch of a boost converter
when operating in a voltage-controlled curtailment mode,

6. analyses the impacts on the levelized cost of energy caused by the accelerated
degradation of a boost converter due to power curtailment, and

7. proposes limits for power curtailment and peak-shaving that minimize the impact
on the levelized costs.

5.2. ROLE OF RESIDENTIAL PROSUMERS IN THE DUTCH Low-
VOLTAGE NETWORK

Heat and transport electrification incorporate sudden high-power demands in the dis-
tribution network. Heat electrification at the residential level is mainly done by heat
pumps. A characterization of the power consumption of HP in the Netherlands is pro-
vided in [8]. Their results suggest that a HP can consume between 18 and 35 kWh daily to
provide space heating and domestic hot water, with powers eventually surpassing 3 kW.
In contrast, during summer, the energy consumption for space cooling and domestic hot
water decreases to around 10 kWh, but the power remains near 2.7 kW. Transport elec-
trification at the residential level mainly comprises electric vehicles. The average battery
capacity for EVs is around 35 kWh in Europe, but some vehicles can reach up to 90 kWh
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[9]. The power of the residential EV chargers is usually 11 kW; however, faster chargers’
power is 22 kW [10]. Nevertheless, unlike the HPs, EVs can be charged using public in-
frastructure, but the usage and availability of public charging points largely depend on
the country or region. For example, in the US, 80 % of EVs are charged at home [11],
while only 46 % had private chargers at home in the Netherlands [7].

Literature provides numerous studies on the effect of the energy transition on elec-
tric networks, as detailed in Chapter 2. For example, [12] simulated Dutch residential
apartment buildings with PV systems and HPs as loads in a CIGRE distribution network,
demonstrating that, during summer, the power injection due to the PV can increase the
voltage near 1.5 p.u., while, during winter, the voltage can drop below 0.9 p.u. Similarly,
[10] studied the combined effect of HPs and EV chargers in German low-voltage distri-
bution networks for different penetration levels using PowerFactory, concluding that the
German infrastructure might not be prepared to supply the extra demand required for
residential heating and private transport electrification.

Those scenarios are a reality already in many power systems worldwide, creating
technical and, therefore, economic challenges, as infrastructure costs would constitute
the most significant part of energy expenditures in the future [13]. At the European
Union level, the gross domestic product (GDP) share for the energy transition is near 1 %
annually from 2015 to 2050 [14]. In the Netherlands, the distribution system operator
Stedin has to reinforce numerous distribution stations and thousands of transformers,
requiring approximately €1.8 billion in additional equity in the coming years [15]. In
addition, the tariffs for congestion management fees could increase to compensate for
the introduction of renewables and the additional demand caused by heating and trans-
port electrification, urging complementary solutions to face the challenges of the energy
transition.

5.2.1. EVALUATION OF ANCILLARY SERVICES IN LOW-VOLTAGE DISTRIBU-
TION NETWORKS

System operators have to propose and realize solutions to ensure power delivery, despite
a constantly changing network due to the energy transition. Typically, those solutions
involve reinforcing the grid, which is limited by the heavy financial burdens placed on
governments by energy infrastructure deployments [16], the accuracy of former network
planning models [16] and a shortage in the available qualified workforce could postpone
such projects [17]. Given the challenges the energy transition causes to system operators
in terms of infrastructure reinforcement, some authors have recommended different ap-
proaches. Reducing energy consumption (degrowth) was proposed by [18]. Based on
two case studies in Spain and Greece, it was concluded that the strategy would not lead
to considerable reductions in energy consumption. Creating new energy markets would
have more realistic results [19], requiring still the inclusion of energy storage, handling
of the variability in the final energy costs caused by the stochastic behaviour of DRES
and evaluating the impact of high-voltage lines [16].

Ancillary services provide a collaboration framework between the system operators,
generators, consumers and prosumers to ensure the operation of transmission or dis-
tribution systems [20]. Most current ancillary services in the Netherlands are at the
high-voltage level [21]. However, if one considers the nature of the need for such ser-
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vices, it becomes apparent that the challenges, once limited to transmission networks,
are repeating in the distribution networks. Classifying the ancillary services in conges-
tion management, voltage control, and frequency regulation or balancing reserves [22]
allows a correlation between the objective of each group to the different challenges cre-
ated by the energy transition. Including EV chargers and heat pumps in the distribution
grid can considerably increase the power demand, depending on the penetration levels,
thus creating congestion and leading to undervoltages, especially during winter. On the
contrary, distributed renewable energy sources inject more power into the grid than can
be consumed locally during summer, increasing the voltage and urging voltage regula-
tion mechanisms in DRES-rich networks. Frequency regulation, nonetheless, is unlikely
in distribution networks, as it would require a significant load or generation change in
a short time, and individually, the prosumers cannot cause such power swings. These
reasons lead recent literature to suggest that ancillary services are also attractive at the
distribution level.

A detailed correlation between the specific ancillary services and different assets
considered for the energy transition, such as DRES, battery energy storage systems (BESS),
EVs and HPs, was provided in Chapter 2. For the residential level, the ancillary ser- a
vices suggested are congestion management, voltage control, demand response, direct
load control, peak-shaving, and power curtailment. A four-step approach to provide
flexibility to DSOs through congestion management is studied in [23]. The proposed
method includes acquiring voltage and current measurements on the transformer, feed-
ers, and connection points with the prosumers to calculate the active and reactive pow-
ers throughout the network. This data is then used to forecast the aggregated demand
on the transformer, allowing an informed decision-making process and finishing with an
interface for DSOs so they can request external stakeholders for flexibility. Other works
suggest using the free capacity of microgrids [24] or multi-carrier energy hubs [25] within
the network or using energy storage [26] or EVs [27] to dispatch power when needed.
These approaches have in common a complex prediction-based control and the need
for external assets, either storage systems or full microgrids, which are unlikely to be
found in residential low-voltage distribution networks.

Voltage control using reactive power compensation in inverters is not allowed by the
IEEE Standard 1547-2018 [28]. Instead, the technical standard indicates that the DSO are
responsible for ensuring the voltage remains within the limits. In this sense, deploying
such a service would require a technical framework. Demand response and direct load
control aim to switch the load to meet the network requirements. Demand response is
typically scheduled based on the predicted needs of the grid, whereas direct load control
is performed in real-time based on the current needs of the grid [29]. The participation
of small consumers and dispatchable DRES was proposed in [30] for low-voltage dis-
tribution networks, showing an improvement in the grid voltage and congestion. Still,
demand response and direct load control would require robust communication with the
DSO.

Peak-shaving is a well-known service in the literature that aims to reduce demand us-
ing local storage systems directly. Literature provides many examples of its deployment
at the residential level. For instance, [31] used a PV-BESS system to reduce the demand
peaks by up to 98 %, decreasing the yearly consumption by 15 % and the PV exports to the
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grid by 75 %. In [32], a 5 kW PV system was coupled with an 8 kWh BESS to provide peak-
shaving to residential loads, reducing the demand by 47 %. Similar results were obtained
by [33] and [34], demonstrating the solution’s maturity. Similarly, power curtailment is
commonly used in generation plants, and, recently, some local governments such as the
United Kingdom (ENA EREC G100) [2] and Germany (EEG2012 70%) [6], have provided
DSOs to enforce it at the low-voltage distribution network, which means the ancillary
service is already part of the energy market. Peak-shaving and power curtailment have
in common that they can follow either fixed or dynamic setpoints defined by the DSO
at the connection point; the prosumer can manage the internal energy flow locally, thus
reducing data privacy vulnerabilities and the complexity of the communication infras-
tructure required.

Based on the previous analysis, this Chapter focuses on peak-shaving and power cur-
tailment, as they have already been implemented in some energy markets. Many in-
verters already have power limitation functionalities, enabling peak-shaving. For power
curtailment, the datasheets of five of the biggest residential inverter brands were exam-
ined to determine their function capacities and limitations. It was investigated whether
power curtailment was possible, the curtailment range, and the type of curtailment con-
trol. Static control is a fixed power injection limit, after which the inverter would cur-
tail the generation. Dynamic control allows communication with the DSO to define the
maximum allowed power the grid can receive at any moment. Table 5.1 shows that all
surveyed brands can perform power curtailment in the whole generation range, from 0
to 100 %. However, dynamic control was not that common. Only SolarEdge inverters al-
low communications with the DSO to change the injection limit. The remaining brands
require the user to define a fixed threshold. One interesting exception is Enphase, which,
albeit not having communication functionalities, allows the user to set a setpoint profile
for the curtailment, allowing a more flexible approach than a single value.

Table 5.1: Power curtailment capabilities in inverter brands.

Brand Power curtailment Range Control Ref
Enphase Enabled 0-100  Static (profile)  [35]
Growatt Enabled 0-100 Static [36]
SMA Enabled 0-100 Static [37]
SolarEdge Enabled 0-100  Static/Dynamic [38]
Victron Enabled 0-100 Static [39]

5.3. ADDITIONAL TECHNICAL AND FINANCIAL MATHEMATICAL

DESCRIPTIONS

It was indicated that BESS and PV systems would degrade differently when providing
peak-shaving and power curtailment, respectively, than when the ancillary services are
not provided. Thus, it is necessary to elaborate on their degradation models. Models
available in the literature were used to quantify the degradation of the BESS and the PV
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converter, as developing degradation models for the components is outside the scope
of this thesis. For the latter, a switching control strategy is presented that would allow a
boost converter to curtail the power. In addition, a model for the PV module is presented
to describe the voltage and current as functions of the irradiance, as the model presented
in Chapter 3 only accounts for the power output MPPT conditions, which is insufficient
to estimate the degradation in the converter. It is assumed that the HP and the ther-
mal energy storage system’s operation is as designed and no additional degradation will
occur when providing ancillary services.

5.3.1. BATTERY DEGRADATION MODEL

Energy storage plays a major role in providing flexibility to the distribution networks.
The review presented in Chapter 2 evaluated different energy storage systems based on
their suitability to provide one or more ancillary services to support grids with high RES
penetration. From an energy perspective, BESSs were chosen as the most versatile tech-
nology thanks to its fast response, energy and power densities, and decreasing prices.
However, it was also recommended to study the degradation changes when providing
ancillary services, as they might affect their profitability. Similar to generation technolo-
gies, the profitability of energy storage systems can also be evaluated using a levelized
cost. The levelized cost of storage (LCoS) is the ratio of cost vs. energy supplied; there-
fore, for a business opportunity using a BESS to be attractive, the earnings should be
above the LCoS. In [40], the reduction of income due to degradation for different appli-
cations was studied. A detailed review of the costs related to PV and BESS is provided in
[41] and used to calculate the LCoS for different yearly cycling conditions. The economic
opportunities for second-life electric vehicles BESS in the day-ahead dispatch market in
California were studied in [42], concluding that frequent cycling patterns to provide an-
cillary services accelerate the BESS degradation.

Battery degradation can be split into calendar and cyclic ageing modes. Calendar
ageing is always present and is mainly driven by the formation of the solid electrolyte
interphase (SEI) layer due to unwanted side reactions [43]. Calendar ageing can be ac-
celerated by keeping the BESS idle with high SoC values and high ambient temperature
[43]-[45]. Cyclic ageing is caused by increased SEI formation due to particle cracking [46]
as well as lithium plating [47]. There are three common categories of battery degrada-
tion models. Physics-based models mathematically describe the electrochemical mech-
anisms [48], requiring high computational power. Empirical models fit functions using
large experimental datasets (e.g., using equivalent circuits or machine learning meth-
ods) [49]. In between, semi-empirical models fit a known equation over measured degra-
dation data to obtain a model [50]. This Chapter focuses on the latter. In [51], the authors
derive a semi-empirical model for LFP/Gr cells, using the Arrhenius equation to model
cyclic ageing and considering temperature, C-rate, and energy throughput. Calendar
ageing is not included, and the influence of the depth-of-discharge (DoD) is neglected
because LFP has a low dependency on DoD [52]. In [53], the authors derive a similar
model for NMC-LMO/Gr cells, including calendar and cyclic ageing. In this model, tem-
perature, SoC, DoD, C-rate, and energy throughput are included, but the influence of
SoC on cyclic ageing is overlooked (this is the model used in this thesis). In [45], the in-
fluence of middle SoC was added to the cyclic model, but the influence of temperature
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Table 5.2: Parameters for the empirical degradation model [53]

Parameter | ¢ [-] c[AT] -] cll cs[A/s?]
Value 0.0008 0.39 1.035 50 1.721x 1074

was omitted.

As mentioned, the literature presents multiple methods to estimate BESS degrada-
tion depending on the available data. In this Section, a control-oriented semi-empirical
model is used [53], [54]. The model aggregates the degradation mechanisms (e.g., SEI
layer growth, particle cracking, and active material loss) into the calendar ageing

icalzcs.e_zgile.\/f, (5.1)
and cyclic ageing
feyele = 616’463 el (1800 1], (5.2)
resulting in the total current loss
floss = icycle + ical, (5.3)

with the charge Q behaviour being

At
Qi+1=Q¢— m-lloss’ (5.4)

where c; are empirical parameters coming from curve fitting (see Table 5.2), R is the gas
constant and T is the temperature.

5.3.2. POWER CURTAILMENT SWITCHING CONTROL

To investigate the cost implications of power curtailment, a PV array connected to a
boost converter to supply power to a DC bus within a PV inverter was studied, as shown
in Figure 5.1. In typical operation conditions, the switching pattern in the converter
would ensure maximum power transfer; however, the power available could surpass
the load, and the excess has to be injected into the grid, which could cause overvolt-
ages. For that reason, given a signal, the converter would change from maximum power
point tracker (MPPT) to curtailment mode. Changing the operation point has two ef-
fects. On the PV side, decreasing the power requires decreasing either the current or the
voltage; nevertheless, they are mutually dependent; thus, changing the power output
would change the voltage for the PV module, i.e., at the converter’s input. On the con-
verter side, a change in power is made by changing the duty cycle of the switch, therefore
changing the time the switch and diode operate, as well as their currents. Although some
components on the AC side, such as the DC link capacitor, are also affected by operating
outside MPPT conditions, this Chapter focuses on the boost converter.

PV MODEL
Photo-voltaic modules are well-studied in the literature. The model proposed by [55]
was used for this thesis, as it considers the effects of temperature and irradiance for the
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Figure 5.1: Diagram of the considered system (PV array, inverter and house loads).

current calculations. The model describes the current as a function of the voltage Vpy,
the irradiance G, and the temperature T given by

q(Vpy + IpyRy)

Ipy (Vpy,G, T) = I (G, T) — Ipexp nkeT 1, (5.5)
with
IL(G,T) =11, (G)[1+ Ko (T - T1)],
I, (@)= — f“ :
re
o= Fenhen
2= Ty
T\, —-qVg ( 1 1 )]
Io=Iy, |—|" exp| —2 [= = =],
0 O(Tl) ( Th ) P nk T T 5.6)
o Iscy,
O = qVocr, ’
-1
exp( nkT )
dv; 1
Rg=-—— N _
dIy,. Xy

q qVOCTl )
Xy =1
v O(Tl)(nle)exp( nkT)

where Iscy, and Vocy, are the short circuit current and open circuit voltage at the refer-
ence temperature T (in this case 25 °C), respectively. The remaining constants are the
elementary charge g, the ideality factor n, the Boltzmann’s constant kg, the voltage tem-
perature coefficient §, the reference irradiance Gir (in this case 1000 W/ m?), and the
band gap V. The manufacturer’s datasheet provides these parameters.
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Figure 5.2: Behaviour of the a) inductor voltage V7, b) inductor current iy, c) switch current Ig and d) diode
current Ip in continuous conduction mode.

Bo0OST CONVERTER
The degradation of any power electronics component depends on its utilization. For
this reason, expressions for the currents on the critical components of the converter are
needed. This Section focuses on the effects on the switch when power curtailment puts
voltage constraintment at the DC link and assumes continuous conduction mode on a
boost converter. The switching causes a voltage change in the inductor to reverse its
polarity. When the switch conducts, the current flows through it. Otherwise, the current
flows through the diode to the load (see Figure 5.2).

The switch duty cycle D determines the power obtained from the PV array and trans-
ferred to the load. As the bus has a constant voltage V},,s and a current i,, the analysis
should focus on the current level. For the inductor, the average current i is

_ Ve D
iL=M, (5.7)
Vpv
limited by
- Al Vouslo . VpvD
imax= Ip+—= ——Z+4
max = LT Vov | 2fiL
(5.8)

o= ] _A_iL_ Vbusio_VPVD
min L 2 VPV 2st

Similarly, for the switch, the average current is
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lT — D(imax+ imin) — VbusioD
s 2 Vov

(5.9

while the RMS current is

. fon [ (imax — Imin) ¢ . 2
ISRMS = fs[ [— + lmin] dat
0 fon

SWITCHING CONTROL

The operation of the converter will be governed by permitted power injection into the
grid due to the imbalance between the load and the PV generation. In this thesis, the
maximum permitted power to be injected in the grid at any time will be called curtail-
ment threshold P“r‘iig (the convention considered for Pg;q is positive when power is de-
manded from the grid). If no curtailment is needed, the duty cycle will ensure maximum
power point (MPP) conditions. However, when the power imbalance surpasses the cur-
tailment threshold, the control will reduce the power extracted from the PV system by
changing the duty cycle. At any moment, the time the switch is activated o, is given by

(5.10)

(Vbusio)2 " l ( VPVD)ZI
Vov 3l 2fL

Vbus - Vpv (P grid)
f s Vbus

where V5 is the voltage at the DC bus, Vpy is the voltage from the PV array and f; is the
switching frequency.

One can either increase or decrease the maximum power point voltage to reduce the
power extracted from a PV module, as shown in the characteristic I-V and P-V curves
in Figure 5.3. On the one hand, increasing the voltage would allow a wider curtailment
range as the duty cycle is improved, given the inverse proportionality between Vpy and
D, with a fixed V5. However, controlling the power in that range might be more com-
plex due to the steep power decline when increasing the voltage above the MPP point
[56]. On the other hand, reducing the power by reducing the voltage allows smoother
control but reduces the curtailment range as the duty cycle increases. Nevertheless, the
curtailment is unlikely to reach 100 %. Normally, the load demands power from the PV
system, and the DSO sets the curtailment threshold at the grid connection point. Thus,
this Section considers the left side of the maximum power point to control the curtail-
ment.

fon (Pgria) = , (5.11)

5.3.3. CONVERTER POWER LOSSES MODEL

Although many modern solar inverters can curtail power, the effect of operation out-
side the maximum power point to follow curtail orders still has to be investigated. If
the power electronics converter (PEC) continuously operates outside its nominal condi-
tions, i.e., MPP, its reliability might be affected, leading to a different lifetime [57]. Some
authors have studied the reliability of solar converters under non-standard conditions
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Figure 5.3: I-V and P-V curves for the PV module considered in standard test conditions.

to assess their effect on converter degradation. For example, [58] studied the reliability
changes in solar inverters for sun-tracking PV systems, demonstrating that given the in-
creased power the inverter has to handle, the total failure rate also increases. The impact
of reactive power injection was studied in [59] and [60], evaluating the economic impact
of the converter’s lifetime reduction. All studies used the mission profile method. This
way, there is a risk that enforced curtailment would affect the financial forecast not only
on the energy lost but also would accelerate the inverter degradation, ultimately requir-
ing an early replacement.

For this work, we used the mission profile method, as it allows a more straightforward
evaluation of different power profiles associated with different power curtailment levels
[61]. This Section focuses on the switch degradation. Following the method proposed
by [62]; first, the average and RMS currents in the switch must be determined, as (5.9)
and (5.10) respectively. For this Section, the switches are considered to be IGBTs. Their
conduction and switching losses per switching cycle are, respectively,

P, (1) = Vslil + Rerigys (5.12)
and
Eg |V
P, = M (5.13)
Vnom

where V and Vo are the instantaneous voltage and nominal voltage for test condi-
tions, respectively, and Rcg is the collector-emitter resistance. The turn-on energy loss
is given by
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Table 5.3: Parameters used in Bayerer’s lifetime model.

Symbol Parameter Value Unit
IGBT model: STGB5H60DF

A IGBT technology factor 9.34x10™ -
B - -4.416 -
B2 - 1285 -
B3 - -0.463 -
Ba - -0.716 -
Bs - -0.761 -
Bs - -0.5 -
I Current per bond foot 10 A
14 Voltage class 6 -

d Bond wire diameter 450 um

Es=ar+brli| + crijyg (5.14)

where ar, br, and cr are dynamic characteristic parameters that can be obtained from
the datasheet. This way, the total power losses are

Prs=P.+P;. (5.15)

The junction temperature can be calculated as a function of the total power losses
and the ambient temperature Ty, using

Ts =PTZj—c+ Tamb - (5.16)
The thermal impedance between the junction and the case, Z;_., can be calculated by

the Foster method as

n

-t
Zj—c = Z (IILIEORL [1 —exp(T—)

i=1 [

) (5.17)

1

Where R; and 7; are the equivalent thermal resistances provided by the manufacturer.
Following the recommendations in [63], the Bayerer method was used to estimate
the end of life of the switches. The thermal cycles to failure are given by

B2
1\110214AT]'B1 exp(m l’fg 154 ‘/ﬁ5 dﬂﬁ, (518)
J

where AT is the j— th thermal cycle, T]I.nin is the minimum junction temperature (in
kelvin) at the j — th thermal cycle, t,, is the on-time, I, is the current per band wire, V'
is the voltage, d is the diameter of the bonding wire, and A and S; are constants given by
the method, shown in Table 5.3.

A method for cycle counting is required to determine the combinations of AT; and
T]r.nln for each cycle to failure N f Rainflow counting is often used in this context [64],
allowing the user to estimate the accumulated damage D caused per cycle to failure as
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] (5.19)
g Nf ]

where n; is the total number of thermal cycles with the conditions in (5.18).

5.3.4. LEVELIZED COST ESTIMATIONS

Most users’ main incentive for acquiring a PV system is to reduce energy costs [65].
Such savings are often determined by comparing the PV system’s levelized cost of en-
ergy against the price of the energy purchased from the grid. The lower the PV system
LCoE, the bigger the revenue. This way, the LCoE is a function of the total cost and energy
generation of the system during a period of r, given by

OPEX;
(1+7r)!

CAPEX + Z

LCoE =

(5.20)
Z E;
i=1

where the CAPEX is the capital expense of the project, i.e., the up-front cost of the sys-
tem, the OPEX are the project’s operational expenditures, and r is the discount rate.
Given their size, residential PV systems rarely have operational costs beyond compo-
nent replacement, mostly due to external factors (e.g., weather or manufacturing de-
fects). Therefore, the inverter replacements are considered as operational costs due to
the shortening in the converter’s life caused by the curtailment (it was assumed that the
inverters could not be repaired if the converter failed). Also, a linear PV generation de-
crease of 20 % in 25 years was used to estimate the yearly energy production E; in (5.20).

Similarly, energy storage devices have a levelized cost metric, based on the amount
of energy stored that is then delivered, called levelized cost of storage, given by

PEX
CAPEX + z O ’]
LCoS = (1+n)f (5.21)
3 pout
12

i=1
In this case, the storage system becomes profitable if the energy cost exceeds the storage
cost. Nevertheless, unlike PV systems, the system’s lifetime n depends on its usage, as
explained in Section 5.3.1. For this reason, estimating the LCoS accuracy before the in-
vestment relies on the power profile, the degradation model used and the capacity loss
considered as the end-of-life of the battery, which is normally 80 %. Therefore, the LCoS
highly depends on the application, as shown in Section 5.5.

5.4. BUSINESS MODEL CANVAS

This Chapter focuses on two groups of residential prosumers: those with a PV system
and those with a PV system and a HP. It was assumed that EVs would be connected to
public charging points controlled by the DSO; thus, they are excluded. The models pre-
sented in Chapter 3 were used to create a representative yearly power imbalance profile
between the PV generation and the house power demand, both with and without the
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Figure 5.4: Power demanded from the grid with (a) no PV or HP, (b) a 2 kW PV; (c) a 4 kW PV and a 6 kW HP, and
(d) a4 kW PV a 6 kW HP and a 200 kWh TESS.

heat pump. To simulate the demand behaviour of a house, a synthetic load profile was
created based on the probability function 3.70. Then, irradiance data from the Royal
Netherlands Meteorological Institute (KNMI) was used to create a power profile for the
PV generation for the case studies presented in Section 5.5. This way, the power ex-
changed with the grid, called from now on power imbalance, was determined by combin-
ing the PV generation and load profiles. Figure 5.4 shows a histogram of the power im-
balance, which better represents the frequency at which different powers are demanded
or returned to the grid throughout the year. Figure 5.4a shows the power distribution
for the base load, Figure 5.4b for a prosumer with a 2 kW PV system, Figure 5.4c for a
prosumer with a 4 kW PV and 6 kW HP, and Figure 5.4d for a prosumer with a 4 kW PV, a
6 kW HP and a 200 kWh TESS. Power consumed from the grid is represented as a positive
power imbalance, whereas negative power imbalances are power injected back into the
grid.

Figure 5.4 illustrate why DRES and HP create challenges for DSOs and their peak-
shaving and power curtailment opportunities. The base case shows that, typically, the
grid expects powers below 0.5 kW from households, separated into groups spread based
on the power used by different high-power appliances (e.g., the microwave, kettle, or in-
duction kitchen) which, in very infrequent cases, they can reach 4 kW when several of
such appliances are used simultaneously. Adding a PV system reduces the probability of
high power being demanded as the maximum power is below 3 kW. However, the effect
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is visible mainly in the lower power range, as the probability of powers between 0 and
0.5 kW is reduced drastically. However, a considerable amount of power is injected into
the grid, in ranges between 1.8 kW with lower probabilities and near 0 kW with higher
probabilities. Adding the heat pump would require a bigger PV system to compensate
for the increased energy consumption, leading to a higher maximum injected power and
keeping the probability behaviour of the case with only the PV. Small groups created by
high-power appliances still characterize the demand, which has increased to maximum
powers near 6 kW. Adding a TESS requires a higher energy consumption, as the HP needs
to charge the TESS. This higher use frequency of the HP, summed to the higher temper-
atures required, reduced its COP, increasing the electrical power consumed by the heat
pump, as explained in Section 3.3.6.

The low probability of high power injection into the grid would suggest that power
curtailment below a specific threshold would not considerably affect the prosumers’ rev-
enue due to feed-in. Nonetheless, fixing a curtailment threshold to limit the power injec-
tion into the grid would greatly benefit DSOs. Such a limit would allow more controlled
power injections into the grid, providing more certainty for design scenarios. Similarly,
the discrete demand groups are a promising scenario for peak-shaving, as the higher the
power, the lower the occurrence probability. Thus, the BESS can be sized based on de-
mand limits to avoid affecting the grid. Note that the base case has most of the demand
below 2 kW, and the probability of powers above that threshold is almost neglectable in
the case without HP, making it less attractive. On the other hand, the cases with HP have
low-probability demand groups above 2 kW, which are more promising for peak-shaving.
Still, peak-shaving would be a more complex business case, as it requires prosumers to
purchase BESSs, increasing their costs and urging a more generous compensation to at
least reach the balance point.

Establishing the power imbalance behaviours would provide insight into the busi-
ness opportunities for the four scenarios. Consequently, analyzing the actors involved
allows one to create a business model that provides value for prosumers and the DSOs
by enabling peak-shaving and power curtailment. Following the approach proposed in
[66] to simplify the canvas analysis, it was divided into three sections: value proposition,
value creation and delivery and value capture. The first includes the value proposition,
customer relationships and segments; the second includes resources, activities, partners
and channels; and the last includes the cost structure and revenue streams. The resulting
business model canvas is shown in Figure 5.5.

VALUE PROPOSITION

The general value proposition of the business model is to reduce LV distribution infras-
tructure reinforcement costs for DSOs due to the energy transition by enabling peak-
shaving and power curtailment participation at the residential level. Naturally, to create
a business, the prosumers should also benefit from it. Therefore, determining the cost
associated with premature infrastructure reinforcement would allow DSOs to set a max-
imum budget to compensate the prosumers who provide those ancillary services. Once
DSOs set the boundaries for power exchange (maximum allowed injection for power cur-
tailment and maximum power demand for peak-shaving), they will be communicated to
the prosumers. Thus, customer relationships are from DSOs to the prosumers through
the utility providers. The setpoints prosumers must follow to support the grid can be
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static, i.e., fixed limits for power exchange, or dynamic, based on the network status or
predicted status at any particular point. Each ancillary service would have its own cus-
tomer segment, as both have different hardware requirements. On the one hand, the
power curtailment segment includes prosumers with solar systems, whose inverters can
receive and execute power curtailment setpoints, which most commercially available so-
lar inverters can do. On the other hand, the peak-shaving segment requires prosumers
with short power peaks in their consumption profile. Heat pumps are characterized by
having such behaviour [8]; thus, prosumers with HP meet this requirement, as normal
residential loads are not as frequent nor have such high power demand. However, peak-
shaving would require prosumers to acquire a BESS with an energy management system
capable of receiving peak-shaving signals to charge and discharge the batteries accord-
ingly, as they would unlikely have one already.

VALUE CREATION AND DELIVERY

The resources required to implement an ancillary service can be categorized into tech-
nical and regulatory. Technical requirements include the technology and infrastruc-
ture (including software and hardware, e.g., communication protocols and cybersecu-
rity). Regulatory requirements refer to the legal and policy frameworks. For this rea-
son, DSOs need partners throughout the energy supply chain, with different activities.
The DSOs should determine the maximum they would pay for the ancillary services,
based on the network modifications (reinforcement and operation) required by the en-
ergy transition. The estimations should be presented to policymakers and regulatory
authorities, enabling the legal framework to be updated based on the market’s results
and changes. Utility companies should facilitate communication between the DSO and
the prosumers, which would also require a part of the compensation. Finally, prosumers
should evaluate whether providing ancillary services to the DSO would be more prof-
itable than the current tariffs, risking less cooperative schemes in the future.Based on its
surveys, [66] recommends newsletters and websites as the most accepted communica-
tion channels for energy business models.

VALUE CAPTURE

The value proposition is based on a collaborative approach; thus, the cost structure is
divided among the different partners. From a CAPEX perspective, it relies on the pro-
sumers, as they require a specific system to participate in the ancillary service market
(PV alone for power curtailment and PV+BESS for peak-shaving). On the other hand,
DSOs and energy utility companies would require lower initial investments, as the busi-
ness model’s value is precisely the reduction or absence of infrastructure reinforcement.
Their investment would rely on the communication infrastructure, which could be pur-
chased or subcontracted, in which case, part of those costs are transferred to the OPEX.
From the OPEX perspective, the prosumers do not have any additional costs as they
currently do, aside from penalties for not complying with the ancillary service contract.
DSOs and utility companies, however, do have operational expenses, as they are to com-
pensate the prosumers for the usage of their assets to support the grid. In this sense,
there would be profit if the compensation costs were below the projected grid infrastruc-
ture costs. For the DSO, the revenue would come from the difference between the infras-
tructure reinforcement costs and the compensation for providing ancillary services to
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the prosumers and utility companies. For prosumers, peak-shaving and power curtail-
ment would have different revenue structures. The former requires them to purchase a
BESS and use it to keep their demanded power below a threshold set by the DSO; thus,
they should be compensated for the purchase and availability of the storage unit. Power
curtailment is more straightforward, as the compensation should equal or exceed the
earnings lost due to energy curtailment under a feed-in tariff. DSOs would profit as in-
termediaries between the DSOs and prosumer

5.4.1. BUSINESS MODEL CANVAS ANALYSIS

Power curtailment presents the most straightforward implementation; the technology
is available, and minimum infrastructure is required for static conditions. This enables
different compensation schemes, such as a fixed amount to ensure the limit, based on
the curtailed energy, or both. If a feed-in tariff is considered, there would be no cost
difference for either the prosumer or the DSO to pay the curtailed energy the same price
as if the energy had been injected into the grid. The difference would be from a resilience
perspective, as the energy is no longer injected, thus avoiding the challenges associated
with DRES penetration. Using fixed amounts would be attractive for prosumers only if
the compensation is equal to or exceeds the revenue not received due to curtailment,
and it might be challenging for DSOs to define a value that would fit all prosumers.

Peak-shaving has a more complex scenario. First, the prosumer must purchase a
BESS to support the grid. In markets such as the Dutch, where there are no noticeable
changes between hourly residential tariffs and small prosumers cannot participate in
the day-ahead or intraday markets [21], the revenue comes from the reduced purchased
energy. Therefore, the compensation for providing peak-shaving should be atleast equal
to the cost associated with the degradation of the battery, as energy arbitrage at this scale
is unlikely to be profitable enough to cover the purchase of the BESS.

Dynamic tariffs would be a more flexible approach for both ancillary services, giving
DSOs more control over the power flows. However, its deployment is more challenging.
The DSOs would need full observability over the system, information on the location
of the customer within the network, and the capability of sending them information in
real-time. Likewise, the customers should follow the DSO setpoints, requiring a more
complex and robust communication infrastructure and regulatory framework. Either
way, dialogue is required among all the actors to understand the opportunities and risks
involved in peak-shaving and power curtailment markets. Most of the framework ex-
ists as it applies to other actors in the energy supply chain. Thus, the fastest solution
would be to estimate fixed power thresholds for each ancillary service and compensate
prosumers who meet these targets, provided they were not met before. In the case of
power curtailment, the easiest compensation would be based on the amount of energy
curtailed. The fastest implementation route for peak-shaving would be a fixed amount
for storage availability. Then, the main challenge for DSOs would be to set the peak-
shaving and power curtailment thresholds that allow them to minimize the infrastruc-
ture reinforcement. Once this framework is established, the operation includes a regular
evaluation of the distribution network to assess the effectiveness of the used setpoints.



Key partners

» Policymakers

* Prosumers

= Utility companies

» Technology and
infrastructure
developers

Key activities

Estimate infrastructure
reinforcement costs
and compensation for
erid support

Key resources

Technical:
Technology and
infrastructure

Regulatory:
Legal and policy

framework

Value proposition

Reduce low-voltage
infrastructure
reinforcements by
prosumer participation

Customer
relationships

DSOs compensate
prosumers who meet
power limits

Channels

= Newsletters
= Websites
* Social media

Customer
segments

Curtailment:
prosumers with PV

Peak-shaving:
prosumers with PV,
heat pump

Cost structure

Prosumers:

MCES system purchase (CAPEX)

DSOs and utility companies:

Communication infrastructure (CAPEX, OPEX) and
compensations (OPEX)

Prosumers:
Compensation above the feed-in tariff

Revenue streams

DSOs and utility companies:

Difference between network reinforcement and
compensations

Figure 5.5: Business model canvass

SVANVD THAOJA SSANISNY "F°S

691



5. REQUIREMENTS FOR PROSUMERS TO PARTICIPATE IN THE ANCILLARY SERVICE
170 MARKET: A CASE STUDY OF A DUTCH LOW-VOLTAGE RESIDENTIAL NETWORK

5.5. CASE STUDY ANALYSIS

The two prosumer segments considered for this Chapter are those with only a PV in-
stalled and those with a PV and an HP installed. This is because, on the one hand, the
current market conditions do not incentivize the usage of electric or thermal energy stor-
age. On the other hand, policymakers have incentivized the deployment of PV and HP,
which have been widely adopted. However, it was demonstrated in Chapter 2 that en-
ergy storage systems are key in the energy transition, providing flexibility in the distri-
bution networks through ancillary services. As the aim of this work is to provide insight
into short-term solutions, the analysis in Section 5.2.1 determined that peak-shaving
and power curtailment present a higher potential for fast implementation than other
ancillary services, which can be implemented in mid- or long term.

Peak-shaving and power curtailment have similar working principles from a power
perspective. Both aim to reduce the power exchanged between the prosumer and the
grid; peak shaving reduces the demand, whereas power curtailment reduces the injec-
tion. One could notice that a prosumer with only a PV system can already provide power
curtailment. However, peak-shaving requires an energy storage system. In this case, a
lithium-ion battery was selected. Chapter 2 also mentioned that the combination of a
PV and a BESS is preferred for residential tariffs, as participating in the wholesale market
is not possible, and normally, the profits earned by energy arbitrage using only a BESS at
the residential level are not enough to justify the purchase given the low price and high
purchase price for small residential BESS [67]. This Chapter considers three case stud-
ies for each ancillary service, as shown in Table 5.4. A BESS system is not considered for
power curtailment for two reasons. One, the market segment is prosumers with installed
PV systems, which are already causing challenges to the distribution system operators.
Two, the peaks produced in households without high power loads, such as HPs or EVs,
deem it unlikely to have demand peaks high or frequently enough to be shaved.

Table 5.4: Components considered for each case study.

Case PV BESS HP TESS
Peak-shaving
Base load 2kW 10 kWh/2.56 kW - -
Base load and HP 4kW 20kWh/5.12kW 6 kW -
Baseload, HP and TESS 4kW 20kWh/5.12kW 6kW 200 kWh
Power curtailment

Base load 2kw - - -
Base load and HP 4 kW - 6 kW -
Base load, HP and TESS 4 kW - 6 kW 200 kWh

5.5.1. PEAK-SHAVING RESULTS WITH THE BASE LOAD

In this case, the EMS will dispatch energy from the BESS when the power demanded
from the grid is above the peak-shaving threshold, considering only the house loads.
Figure 5.6 shows the amount of energy stored in the BESS before its SOH (set at 80 %),
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Figure 5.6: Accumulated energy in the BESS before EoL.

suggesting that lower thresholds reduce the amount of energy stored during the life of
the BESS. This can be explained by comparing the distribution of BESS power at a par-
ticular SoC. Figure 5.7 provides the distribution of the starting SoC of the BESS for every
dispatch point. As can be seen, the power range the BESS dispatches is reduced by in-
creasing the peak-shaving threshold, keeping the SoC of the BESS close to its maximum
allowed (90 % in this case). The correlation with Figure 5.4b is clear, as the discharge
points (positive BESS power) seem to centre near 0, 1.5 and 2.5 kW in the power im-
balance. As the peak-shaving threshold increases, the points near 0 kW in the power
imbalance stop showing, and the points near 1.5 kW and 2.5 kW in the power imbalance
displace towards BESS powers closer to 0 kW. For example, in Figure 5.7a, there are two
clear clusters of BESS power, 0 kW and 1.5 kW, coincident with Figure 5.4b, as the peak-
shaving threshold is 0. In Figure 5.7b, there is still, albeit minor, a cluster in 0 kW, but the
cluster that was near 1.5 kW in Figure 5.7a is now near 1 kW, as the peak-shaving thresh-
old is now 0.5 kW; thus, the relative power between the threshold and the imbalance
cluster is now 1 kW instead of 1.5 kW. The cluster near 2.5 kW in the power imbalance
became more visible in higher peak-shaving thresholds because the frequency of these
powers is around two orders of magnitude lower than the peak centred at 0 kW and one
order of magnitude lower than the peak centred at 1.5 kW. Therefore, when the peak-
shaving threshold increases, the BESS no longer covers lower power imbalance points,
thus increasing the relative frequency of the higher imbalance powers. Also, the BESS
might not have enough energy always to comply with low peak-shaving thresholds, as
shown in Figure 5.8.

Figure 5.6 shows a decrease in energy accumulated in the BESS before its EoL. This

behaviour is because the frequency of powers above the threshold decreases the higher
the threshold (see Figure 5.4b), which, added to a smaller difference between the power
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Figure 5.8: Power demanded from the grid above the peak-shaving threshold.

imbalance peaks and the threshold, keeps the BESS in higher SoCs, as shown in Fig-
ure 5.7. This way, the main degradation mechanism of the BESS is due to calendar age-
ing instead of cycling, thus degrading the BESS without using it. In lower thresholds, the
BESS has to deliver more power; thus, the DoD is higher, and the BESS degrades faster,
reducing its lifetime as shown in Figure 5.9. This is reflected in the levelized cost of stor-
age presented in Figure 5.10. Considering an investment of €6 500, the LCoS increases ex-
ponentially, from 9.25 €/kWh to 693.65 €/kWh. The zoom in the figure provides the LCoS
for peak-shaving thresholds below 1.5 kW. The LCoS slowly increases from 9.25 €/kWh
at the zero-consumption scenario to 10.12 €/kWh at a threshold of 1 kW, increasing ex-
ponentially afterwards. In this case, as most of the power consumption is below 1 kW,
setting the threshold above this number would result in an underused battery, increasing
the levelized cost of storage as less energy is provided by the battery.

Similarly, Figure 5.7 also provides insight into the role of the BESS sizing, both in ca-
pacity and power, with respect the the peak-shaving threshold. In this case, the 10 kWh/
2.56 kW seems undersized for peak-shaving thresholds near 0 kW, where the extensive
usage of the BESS, both in number of cycles and DoD, would accelerate its ageing, sug-
gesting that higher capacity would allow a less deep cycling. Similarly, the inverter ca-
pacity seems insufficient to cover the highest, albeit less frequent, peaks. The opposite
effect is shown in more permissive thresholds, where the BESS seem oversized. Other
case scenarios would probably show different results regarding the expected end-of-life
of the battery and its LCoS; but similar to the analysis on the power curtailment case,
the behaviour is expected to be similar. This would allow designers to determine the in-
flexion points for different cases and propose thresholds based on the prosumer’s load




5. REQUIREMENTS FOR PROSUMERS TO PARTICIPATE IN THE ANCILLARY SERVICE

174 MARKET: A CASE STUDY OF A DUTCH LOW-VOLTAGE RESIDENTIAL NETWORK
10 4
8 4
w
b
&
E
]
)
o
= 44
c
E
i)
2 4
0 T T T T T
0.0 0.5 1.0 L5 2.0 2.5 3.0
Peak-shaving threshold, PJ1Y, [kW]

Figure 5.9: BESS expected end of life as a function of the peak shaving threshold.

—, 700 1
E ;? 16
E 600 i i, 15
é | § 14
W I K]
lﬁ‘ 500 ; Q "
8 ‘ ;E" 12
T 015,
@] |2,
5 3
% 3001 3,
s 3
@ / 000 025 050 075 100 125 150
2 200 A f Peak-shaving threshold, P72, [kW)
- { |
] | /
= | /
Y 100 1T/
a | /
— f
1
z 1= ‘ |
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Peak-shaving threshold, PgI, [kW]

Figure 5.10: LCoS as a function of the peak shaving threshold.



5.5. CASE STUDY ANALYSIS 175

700

600

500 4

400 -

300 4

200 4

100 1

0 2 4 6

Peak-shaving threshold, PJI2F, [kW]

Accumulated energy stored before EoL, EE%., [kWh]

oo 4

10

Figure 5.11: Accumulated energy in the BESS before EoL using the HP.

profile characteristics.

5.5.2. PEAK-SHAVING RESULTS WITH A HEAT PUMP

Adding a heat pump to the base load did not drastically change the imbalance distribu-
tion compared to the base load with a PV system. Comparing Figures 5.4b and 5.4c show
the demand clusters near 1.5 kW and 2.5 kW remain after adding the heat pump to the
base load. Additionally, the new cluster near 4 kW is associated with the HP power. This
similitude is also reflected in the behaviour of the energy before the EoL of the battery
as a function of the peak-shaving threshold (Figure 5.11) and the distribution of BESS
power and its state-of-charge (Figure 5.12).

On the other hand, the compliance with the peak-shaving threshold differs from
the case scenario presented in Section 5.5.1. Adding the heat pump includes sudden
high-power peaks that might exceed the battery’s capacity in terms of power or energy;
therefore, ensuring a grid exchange below the peak-shaving threshold becomes more
challenging, as shown in Figure 5.13. Likewise, the end-of-life of the BESS and its LCoS
increase dramatically after the compliance power that can be ensured for this case sce-
nario, around 3 kW, as shown in Figures 5.14 and 5.15.

5.5.3. PEAK-SHAVING RESULTS WITH A HEAT PUMP AND THERMAL STOR-
AGE

This case considers, in addition to the heat pump added in Section 5.5.2, an under-

ground water tank thermal energy storage system. As demonstrated in Chapter 3, adding

a TESS increases the usage of the heat pump, reducing also its average COP. However, it

also allows the prosumer to provide thermal power when energy prices are high without
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Figure 5.12: Distribution of the starting SoC and power for the BESS for different peak-shaving thresholds,
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Figure 5.15: LCoS as a function of the peak shaving threshold using the HP.

using the heat pump, or using the heat pump when prices are negative without heating
the house if it is not required. Figure 5.16 shows that the accumulated energy before
the end-of-life of the battery remains somewhat constant over 650 kWh until the peak-
shaving threshold reaches 6 kW.

Similar to the cases in Sections 5.5.1 and 5.5.2, the drop in energy stored before the
EoL is explained by the load distribution shown in Figure 5.4d, where the majority of the
demand has low power, except for demands near 6 kW. The demand near that power
represents the heat pump charging the TESS at its maximum power. After that point, the
demand is so infrequent that the BESS activity is neglectable. Figure 5.17 confirms this
statement, as the clusters around 1.5 kW, 4.5 kW and 6 kW are dominant, with very low
activities above 6 kW. This lower activity is also shown in Figure 5.18, where 6 kW is the
compliance limit; after that point, the BESS can ensure the peak-shaving threshold. The
reduced use of the battery increases dramatically its expected end-of-life and levelized
cost of storage (see Figures 5.19 and 5.20). As the BESS is less cycled, the calendar ageing
mechanism becomes dominant over the cyclic.

5.5.4. POWER CURTAILMENT RESULTS WITH THE BASE LOAD

The curtailment algorithm was evaluated for thresholds between 2 kW and 0 kW based
on the power imbalance presented in Figure 5.4b. Figure 5.21 shows the accumulated
energy of the system by the source during 25 years, considering a linear degradation in
the PV modules. As expected, due to the lower frequency in higher power injections,
the curtailed energy decreases notably after a threshold of around 1 kW. At this point,
the revenue loss due to the curtailed generation increases the system’s levelized energy
cost, as shown in Figure 5.22, making the investment less profitable for the prosumer.
Note that for thresholds higher than 1 kW, the revenue loss due to the curtailed energy
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Figure 5.16: Accumulated energy in the BESS before EoL using the HP and the TESS.

did not significantly impact the overall LCoE. Considering an investment of €4000 and
no operational costs for the PV system, the LCOE of the system increases exponentially
from 0.0722 €/kWh when no curtailment is applied to 0.222 €/kWh when the EMS does
not inject any power into the grid, considering a discount rate of 8 % and an inflation
rate of 2 %. Given the above, PV system owners could support the network operators
by curtailing the power to some degree without affecting considerably their return on
investment.

For this case scenario, a PV system was sized to achieve a net-zero energy building;
however, the results provide insight into how other case scenarios would behave. On
the one hand, residential PV systems with yearly accumulated generation below the ac-
cumulated energy consumption still would likely inject power into the grid due to the
irregular residential power profile and its mismatch with the PV power generation. On
the other hand, oversized PV systems aimed to profit out of the feed-in tariff would be
especially less profitable under power curtailment conditions, although one could ar-
gue that residential PV systems should not be oversized, as they are designed for self-
consumption. The curtailment threshold where the LCoE starts increasing would also
change based on the ratio of accumulated PV generation vs. accumulated energy con-
sumption and the load pattern. Nevertheless, the general exponential behaviour will
remain in residential case scenarios.

It was mentioned that operating the PV converter using a different operation mode
might affect its lifetime. From (5.11), one can notice that the lower voltages resulting
from different curtailment thresholds will decrease the duty cycle despite increasing
the maximum current. This is reflected in lower currents flowing through the switch.
Note that such lower currents will occur only when the converter is not operating in
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Figure 5.20: LCoS as a function of the peak shaving threshold using the HP and the TESS.
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Figure 5.22: LCoE of the PV system based on the curtailment threshold.

MPPT mode but in curtailment. Thus, a sudden curtailment requirement will produce
a deeper thermal cycle AT, since the junction temperature is proportional to the cur-
rent, as per (5.12) - (5.16). For the simulation, the distribution of the power imbalance
distribution without curtailment shown in Figure 5.4b, and the parameters are shown in
Table 5.5 were used.

The previous effect is demonstrated in Figure 5.23, the current and mission profile
for two days are shown, one in winter and one in summer. Curtailing in summer is more
frequent; higher irradiance requires the converter to reduce more power output as the
curtailment threshold moves towards a zero-injection scenario, reducing the voltage and
increasing the AT. When this effect is studied for the full range of curtailment thresholds
in the case scenario, it becomes apparent that curtailment thresholds closer to 0 will
have more and deeper thermal cycles, as shown in Figure 5.23. This directly affects the
component’s lifetime, as shown in Figure 5.24.

Similarly, the converter’s lifetime depends on its components. By assuming a direct
proportionality between the converter and switch lifetime, the replacement year was
estimated by normalising the replacement year to the case without curtailment shown
in Section 5.5.4. Figure 5.24 suggests that actively curtailing the power will lead to early
replacements for the current curtailment operation mode. This would drastically affect
the forecasted revenue of the system, as inverters can account for up to a third of the total
cost of a residential PV system. Note that this assumption is, in fact, optimistic, as the
reliability of other components is not considered in this work, namely the diode and the
capacitor, which would likely have similar thermal responses to the power curtailment.
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Table 5.5: Parameters used in the simulation.

Symbol Parameter Value Unit
PV module
Voc Open circuit voltage 53.4 \4
Isc Short circuit current 9.60 A
VMpp MPP voltage 44.1 \Y
Ivipp MPP current 9.08 A
B Voltage temperature coefficient -0.29 %/°C
Vg Band gap 1.79x10719 J
n Ideality factor 14 -
Boost converter
Vbus Bus voltage 400 \Y
fs Switching frequency 20 kHz
L Inductance 1.45 mH
IGBT model: STGB5H60DF
Vr Terminal collector-emitter voltage 1.198 \%
Rcg Collector-emitter resistance 00856 Q
ar - 0.0195 W-s
br - 0.011 V-s
cr - 0.0005 Q
Vhom Testing nominal voltage 600 A%
Ry Junction-case thermal resistance 1.7 °C/W
Rcn-ai  Case-ambient thermal resistance 8 °C/W
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Figure 5.23: Representative behaviour of the average current and junction temperature during a) summer and
b) winter for different curtailment thresholds.



5. REQUIREMENTS FOR PROSUMERS TO PARTICIPATE IN THE ANCILLARY SERVICE
186 MARKET: A CASE STUDY OF A DUTCH LOW-VOLTAGE RESIDENTIAL NETWORK

0.9 1

0.8

0.7 1

0.6

Lifetime, L, [-]

0.5 1

0.4

0.3 1

0.2 1

200 -175 -150 -125 -1.00 —075 -0.50 -025 0.00

Curtailment threshold, Pg:ﬁg kW]

Figure 5.24: Normalized expected lifetime of the switch per curtailment threshold.

One can now analyse the changes in the LCoE, considering the estimated replace-
ment dates for the different curtailment thresholds. The LCoE was estimated for each
curtailment threshold using (5.20), with a period of 25 years, a discount rate of 8 %, and
an initial investment of €4 000. For the inverter, it was considered a replacement cost
of €1 250 (equipment and labour) and an expected base lifetime of 15 years [68]. Two
cases for the LCoE are shown in Figure 5.25: one without considering the early replace-
ment due to accelerated degradation caused by the power curtailment (taken as the base
case) and one considering the replacement costs, demonstrating a clear increment in the
LCoE when the replacement costs are considered. In this case scenario, the homogenous
behaviour of curtailment thresholds above 1.15 kW is explained by the load distribution
shown in Figure 5.4b. As can be seen, the power injected back to the grid has lower
occurrences above 1.15 kW; therefore, the system’s behaviour is expected to remain con-
stant in that range, being the LCoE that considers the replacements equal to the base
case. The demand increases for values closer to zero-injection; thus, the system has to
curtail power more frequently the closer the threshold is to 0 kW. This directly impacts
the switches, as the current and junction temperature increase, leading to an exponen-
tial increment in the LCoE to over 135 % of the base case, increasing from 0.244 €/kWh
to 0.573 €/kWh. For these ranges, turning off the inverter completely could be an option,
but a control strategy considering the degradation of the device would be required.

5.5.5. POWER CURTAILMENT RESULTS WITH A HEAT PUMP

For this case, the PV system’s power, investment and replacement costs were doubled to
4 kW, €8000 and €2500, respectively, to compensate for the additional energy consump-
tion of the HP. The modules were arranged in two strings in parallel with five modules
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Figure 5.25: LCoE for different curtailment thresholds.

each. To avoid this extra current affecting the converter designed for the case scenario
presented in Section 5.5.4, the case-ambient thermal resistance was adjusted to 2 °C/W.
For the selected curtailment control method, the current through the switch increases
when the power curtailment threshold is moved towards zero-injection, especially in
summer, as shown in Figure 5.26.

The increased current through the switch in lower curtailment thresholds directly
impacts its relative lifetime to the case without curtailment, as shown in Figure 5.27.
The reduced lifetime increases the levelized cost of energy. Figure 5.28 provides the be-
haviour of the LCoE when the replacements are considered and not for the different cur-
tailment thresholds. In this case, curtailing above 2.25 kW does not cause any difference
between considering or not the replacements, after which the difference increases expo-
nentially up to a difference of 170 % in the zero-injection condition, from 0.301 €/kWh
to 0.514 €/kWh.

5.5.6. POWER CURTAILMENT RESULTS WITH A HEAT PUMP AND A TESS

Coupling the heat pump with the thermal energy storage system increases the total en-
ergy consumption, reducing the power injection into the grid, as shown in Figure 5.4d.
Although the overall curtailed energy is reduced in comparison with Section 5.5.5, the
thermal behaviour in the switch follows the same increasing trend when the limit gets
closer to zero-injection, as shown in Figure 5.29. Nevertheless, reducing the power in-
jected into the grid reduces the need for curtailment to meet the permitted grid injec-
tion limit, extending its relative expected life, as shown in Figure 5.30. Similarly, as
the energy to be curtailed is reduced, the levelized cost of energy at the zero-injection
condition does not increase as dramatically as in other cases. However, the propor-
tion between the cases considering and not considering the replacement of the com-




188

5. REQUIREMENTS FOR PROSUMERS TO PARTICIPATE IN THE ANCILLARY SERVICE
MARKET: A CASE STUDY OF A DUTCH LOW-VOLTAGE RESIDENTIAL NETWORK

Tj.[°C]

(@)

Tj.1°C]

(b)

Is, [A]

20

— “4.0kW — -3.0kW — 2.0kW — -1.0OKW — 0.0kW

150 4

100

50 1

4130 4135 4140 4145 4150
Time, [hour]

2.0

L5 A

1.0 A

0.0 - T T T T
— 4.0kW — -3.0kW — -2.0kW — -1.0OKW — 0.0kW

7.5 A

5.0
2.5
0.0
2.5
5.0

360 365 370 375 380
Time, [hour]

Figure 5.26: Representative behaviour of the average current and junction temperature during a) summer and
b) winter for different curtailment thresholds, using the HP.
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ponents is around 170 % in the zero-injection condition, varying from 0.1965 €/kWh
to 0.336 €/kWh, as shown in Figure 5.31. Interestingly, the power curtailment thresh-
old where the LCoE considering and not considering the replacement of the inverters
remains around 2.25 kW, as the case with only the HP.

5.6. DISCUSSION

5.6.1. PEAK-SHAVING ANALYSIS

Three case scenarios were used to evaluate the residential prosumer’s requirements to
support the grid using peak-shaving. It was noted that the three cases had similar de-
mand ranges with high occurrence frequencies, namely around 1.5 kW and 2.5 kW. Nev-
ertheless, the cases with the heat pump had one additional cluster of around 4 kW, and
the case with thermal storage had one very frequent demand cluster of around 6 kW. The
common clusters (1.5 kW and 2.5 kW) are inherent from the base load and show that the
PV system alone cannot ensure a decrease in the peak power demand from the grid due
to amismatch between generation and demand despite having a near net-zero building.
The increased frequency in the base clusters, plus the new cluster near 4 kW, is associ-
ated with the heat pump working. This effect is more clear in the case with the TESS.
Since the HP electric power is limited to 6 kW, this cluster represents the HP working at
maximum capacity to charge the TESS due to its high temperature and low COB as ex-
plained in Section 3.3.6. Identifying these clusters provides insight into how frequently
high power peaks will be demanded from the grid, and the amount of energy required to
reduce them below acceptable limits set by the DSO.

To realize peak-shaving as an alternative, two conditions should be met. On the one
hand, the prosumers should, at least, recover their investment during the lifetime of
the BESS. On the other hand, the DSO should be certain that the BESS will ensure the
limit requested. From the prosumer perspective, Figures 5.6, 5.11 and 5.16 show that the
slope at which the accumulated energy in the BESS before its end-of-life as a function
of the peak-shaving threshold decreases depends on the distribution of the power de-
manded from the grid, as shown in Figure 5.4. For the base case and the case with only
the heat pump, the accumulated energy before EoL decreases from 0 kW towards the
highest power demanded because the demand has highest probabilities at lower pow-
ers and linearly decreases when the demand increases. However, the case with the TESS
has a high occurrence cluster at 6 kW, and fairly constant occurrence frequencies be-
low that power until reaching near 0 kW. This way, the accumulated energy before EoL
remains somewhat constant until reaching 6 kW. Afterwards, the behaviour follows the
trend present in the other two cases.

The inflexion point and slope of the accumulated energy before EoL are also present
in the expected life and levelized cost of storage of the BESS. For the three cases, the end-
of-life as a function of the peak-shaving threshold shows an opposite behaviour of the
accumulated energy before EoL, which is expected (see Figures 5.9, 5.14 and 5.19). The
increased activity of the BESS in lower peak-shaving thresholds accelerates the ageing
of the battery, whereas higher peak-shaving thresholds require less frequent and deeper
cycles as shown in Figures 5.7, 5.12 and 5.17, making the calendar ageing dominant,
therefore extending the life of the battery. Similarly, the levelized cost of storage shows
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Figure 5.29: Representative behaviour of the average current and junction temperature during a) summer and
b) winter for different curtailment thresholds, using the HP and the TESS.
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lower values with higher amounts of energy accumulated before EoL. Interestingly, for
the three cases, the LCoS has an inflexion point towards an exponential growth at the
peak-shaving thresholds that cause EoL close to 2 years, or accumulated energy before
EoL of around 90 % of the maximum value.

From the DSO perspective, non-compliance with the defined peak-shaving thresh-
old was used as an indicator. Figures 5.8, 5.13 and 5.18 demonstrate that high the peak-
shaving thresholds entail lower non-compliance frequency. In this case, no correlation
was found among the three case studies; therefore, generalizing the compliance with
the limit set by the DSO would require a deeper probabilistic analysis. In addition, the
BESS can be sized for this application. Nevertheless, the BESS used for the cases with
HP and TESS is already 20 kWh, which competes with the BESS of an EV. Assuming the
prosumers own an EV and that the higher demand peaks would be when the inhabitants
are in the house, a new case scenario can be built to evaluate the feasibility of using an
EVinstead of a BESS, as the capacity of the battery would be higher and the investment is
not dedicated exclusively to the ancillary service, which might result in a more attractive
case.

5.6.2. POWER CURTAILMENT ANALYSIS

The mismatch between generation and consumption results in power injection into the
grid. Considering a feed-in tariff, the prosumers still perceive revenue for the injection;
however, this injection is problematic for the DSO. It was discussed that it is to be ex-
pected that commercially available inverters can perform power curtailment, at least
using a static threshold. Nevertheless, curtailing power reduces the revenue for the pro-
sumer. In addition increasing the current to regulate the output power resulted in an
increased temperature in the converter’s switch, as shown in Figures 5.23, 5.26 and 5.29.
Therefore, the power curtailment algorithm might decrease the expected lifetime, as
shown in Figures 5.24, 5.27 and 5.30.

Reducing the lifetime of the converter entails early replacements, reducing the sys-
tem LCoE. For the three case scenarios, the LCoE was around 0.0722 €/kWh before cur-
tailment. However, after a specific curtailment threshold, the LCoE increases exponen-
tially. Additionally, the LCoE is affected by the replacements. Figures 5.25, 5.28 and 5.31
show how neglecting the effect of curtailment in the life of the converter could cause de-
viations of up to 60 % in the LCoE. Still, the LCoE for considering and not considering
the replacements differs at the curtailment threshold where the LCoE of the case con-
sidering the replacement starts its exponential growth. It was determined that, for the
base case, the case with the HP and the case with the HP and the TESS, this divergence
point was 1.15 kW, 2.25 kW and 2.25 kW, respectively, and the proportion of solar energy
curtailed to not be injected back into the grid was 5.06 %, 6.41 % and 5.95 %, and the pro-
portions of solar energy curtailed with respect to the total generation are 3.51 %, 4.90 %
and 3.74 %, respectively. This way, it could be considered that, for similar case scenarios,
the LCoE will increase considerably if more than 4 % of the total generation is curtailed,
corresponding to around 6 % of the total energy injected into the grid.
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5.7. CONCLUSIONS

This Chapter determined, based on the literature review provided in Chapter 2, what
ancillary services can be implemented the fastest in the Dutch context, selecting peak-
shaving and power curtailment. Then, models were presented to evaluate the degrada-
tion of the BESS and the solar converter when operating to provide such ancillary ser-
vices. With this information, an actor analysis was performed to create a business model
canvas to create value for prosumers and the DSOs based on providing such ancillary
services. Two customer segments (with PV, and PV and HP), and three case scenarios
(their base load, their base load with a HP and their base load with a TESS) were con-
sidered. It was determined that prosumers with PV systems could provide power cur-
tailment without affecting their revenue if their compensation is similar to the energy
tariff, as the residential market uses a feed-in scheme. Peak-shaving is only worth the
investment in a BESS when the demand peaks are high and frequent enough so that,
when many households in a low-voltage residential network have such load, the voltage
in the lines reduces below voltage quality standards, so that the DSOs would be inter-
ested in reducing the demand. Such conditions are not typical in Dutch residential con-
sumptions (excluding HPs or EVs). The DSO should estimate the power demand limit for
peak-shaving, and the reinforcement costs associated with those power ranges to pro-
pose compensation to the prosumers. A static setpoint is preferred over a dynamic one
for a fastimplementation. Albeit less flexible, existing technologies would allow immedi-
ate adoption since market-ready inverters and EMSs allow curtailment already, and the
regulatory frameworks would require minimum changes. Nevertheless, a dynamic set-
point would be more beneficial for DSOs as they could adjust their requirements based
on the network state and the location of the prosumer.

In addition, this Chapter investigated, from a cost perspective, what conditions can
make it attractive for individual prosumers to participate in a low-voltage ancillary ser-
vice market, specifically for three case scenarios for peak-shaving and power curtail-
ment. The market segment considered for peak-shaving included prosumers with PV
and HP. Using a semi-empirical ageing model, degradation of the batteries was esti-
mated for three case scenarios. The LCoS tend to increase when increasing the peak-
shaving threshold, having a minimum value of 9 €/kWh for the base load case and a max-
imum value of 20 €/kWh for the case with HP, HP and TESS. The LCoS remains somewhat
constant until a threshold that causes an EoL for the battery of 2 years. After that point,
the LCoS increases exponentially when allowing higher power demands because the im-
balance power has low frequencies in the high-demand region, leading to lower energy
stored in the BESS and higher calendar degradation. However, from an owner’s perspec-
tive, supporting the grid can be done at any threshold if the prosumer is compensated
above the LCoS. Lower permitted power exchange limits, near zero-consumption, re-
quire more frequent battery usage, resulting in a faster degradation. Also, the three case
scenarios often fail to meet the injection limit, urging higher PV and BESS capacities,
ultimately leading to an oversized system, a different approach for the EMS, or using an
EV instead of a BESS, due to its larger battery. Note that this analysis is done for a static
peak-shaving threshold. In a dynamic threshold, DSOs would evaluate the network sta-
tus and determine the acceptable power for each node to avoid congestion at a certain
time. Chapter 6 studies the dynamics of integrating residential multi-carrier energy sys-
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tems into the low-voltage distribution network.

Power curtailment ensured a predefined power exchange with the grid. There was
no significant LCoE change in the case studies when less than 4 % of the total generation
is curtailed. However, curtailing above that point, towards a zero-injection scenario, in-
creased the LCoE exponentially from 0.0722 €/kWh up to 0.222 €/kWh for the base case,
0.514 €/kWh for the case with the HP, and 0.336 €/kWh for the case with the TESS. The
Chapter also analyzed the degradation and cost effects enforced power curtailment has
on the converter of a PV system in a residential case scenario. Considering a boost con-
verter, it investigated the change in the lifetime of an IGBT switch as the component
most likely to fail, thus urging a replacement of the inverter. From a degradation per-
spective, curtailment thresholds closer to 0 kW decreased the voltage on the converter’s
input. Lower input voltages required lower duty cycles and sudden changes to lower
currents. Those sudden current changes resulted in more frequent and deep thermal
cycles, increasing the probability of an early failure and reducing the expected compo-
nent lifetime by up to 80 % in the zero-injection scenario. Then, assuming a correlation
between the lifetime of the switch and the converter’s (thus, the inverter), the levelized
cost of energy due to curtailment will increase, suggested by the increased probability of
early failure in the switch. However, enforcing curtailment without compensation can
lead to unprofitable scenarios, as the prosumers would reduce the energy their system
produces while accelerating the degradation of the components, with no gain.
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6.1. INTRODUCTION

Policymakers have encouraged the inclusion of distributed renewable energy sources
(DRES) at the household level as part of the energy transition toward decarbonization.
The effects of DRES on the distribution networks have been investigated and documented,
including stability issues, grid congestion, and power plants underused due to power
curtailment [1]. For example, in New England [2], the circuits operate near their lim-
its. Germany [3] and China [4] have been obliged to curtail renewable generation plants
to address the congestion on the grid. Therefore, distribution system operators actively
work to find alternatives to ensure stability on the network.

More recently, strategies to electrify transportation and heat have also been pro-
posed. However, the technologies required to deploy such strategies also affect the grid,
adding highly stochastic power demands to an already weather-dependent network, as
mentioned in Chapter 2. To mention some, [5] and [6] demonstrated that including
electric vehicle (EV) chargers in the low voltage (LV) grid, without an aggregated en-
ergy management strategy, can cause severe voltage drops, failing to comply the techni-
cal standard EN50160. On the other hand, the effect of heating electrification in the LV
networks has not been deeply studied. Instead, most research focuses on providing an-
cillary services with heat pumps (HP), such as demand response and direct load control.
For example, [7] concluded that demand response algorithms could avoid voltage drops
caused by the high power loads caused by combining HP and EV. Similarly, [8] found
that the impact of heat pumps on a low-voltage network is related to their distribution,
causing voltage imbalances beyond the allowed limit.

Including energy storage systems on the grid could reduce the adverse effects men-
tioned above [9], [10]. The techno-economic study done by [11] demonstrated that in-
stalling BESS in the LV network can ensure voltage limits above 0.9 pu while representing
only 77 % of the costs of upgrading the lines in the network to satisfy the voltage limit.
The effect of coordinating strategically located BESS was studied by [12], demonstrating
that the power and energy share between the BESS can address voltage issues in real-
time while minimizing the size of the batteries and inverters. However, including BESS
at the household level does not necessarily imply reducing the adverse effects on the
grid as well [13]. Energy management systems (EMS) are configured to reduce the cost
for the equipment owner since there are no direct benefits for providing ancillary ser-
vices at this scale in many energy markets yet. Additionally, the EMS does not share data
with neighbouring EMS; thus, multiple EMS in the same distribution network work in a
non-coordinated fashion.

In addition, there is plenty of literature available about models used to maximize
profit when participating in the energy market. As detailed in Chapter 2, this profit
is either from energy arbitrage, or providing ancillary services (although some authors
classify energy arbitrage as an ancillary service, as prices are set to incentivize certain
consumption patterns to indirectly support the grid, they are classified separately in this
work [14]). Participating in the existing ancillary services markets requires the prosumer
to follow a set of rules, as detailed in [15], and is limited to medium and high voltage net-
works, with large-scale assets. However, there are no major market constraints to profit
based on energy arbitrage, once the interconnection limit is defined, and it can be done
at any voltage level. Particularly at residential low-voltage networks, most DSOs cannot
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enforce power limitations on prosumers, either passively by setting a cap below the con-
tracted power, or actively by sending signals in real-time for prosumers to adjust their
power. For this reason, algorithms used to profit using residential assets (e.g., EVs or
HPs) focus on this mechanism, considering day-ahead pricing [16].

A model predictive control strategy was used by [17] to control a residential PV-BESS
(battery energy storage system) system, reducing energy costs up to 30 % compared
to a mean nonlinear model predictive control. The same system architecture was ap-
proached using the long short-term memory algorithm by [18] to predict generation and
consumption patterns, achieving good accuracy. More complex system architectures,
forming multi-carrier systems, have also been studied. For example, in [16], a system in-
cluding PV, solar collectors, BESS, EV, thermal energy storage (TESS) and heat pumps
was optimized to minimize the cost of energy purchase and the ageing of the BESS,
achieving a reduction of 20 % to 45 % when compared to state-of-the-art solutions, but
highlighting the high computational cost. Similarly, the work in [19] used max-min game
theory to control the power flow of a system comprised of a PV, a BESS, 30 EV chargers
and a hydrogen fuel cell-electrolyzer installed in a five-floor office building to minimize
the degradation of the BESS and the hydrogen system. The results surpassed EMSs using
mixed-integer linear programming and heuristic methods in reducing the degradation
between 12.64 % and 75.61 % for the BESS and 23.16 % and 82.81 % for the fuel cell,
respectively.

The previous mechanisms can be done without causing major problems in the distri-
bution grid if the number of participants is low enough. Nonetheless, in higher penetra-
tion levels (i.e., higher number of prosumers in the grid), they pose a risk to the network
[20], [21]; thus, aggregation control is required [22]. Aggregation can be either set to sup-
port the local network where the assets are connected or the upstream network through
the substation. For instance, [23] proved that aggregating assets in lower voltage net-
works can create load profiles at the substation, so that the aggregator can participate
in the ancillary services market on behalf of all the individual members using the IEEE
33-node test network. This is particularly attractive for medium- and high-voltage op-
erators, as the power and voltage problems at the substation can be addressed. Still,
keeping the limits at the substation does not guarantee that power or voltage limitations
in the conductors and nodes downstream are fulfilled.

To address this challenge, the literature offers some strategies used to coordinate the
prosumers. Nonetheless, most studies have focused on proposing technical solutions,
neglecting the existing regulatory framework. Mixed integer linear programming and
heuristic methods are compared by [24] in the IEEE 13-node and 123-node networks to
control BESS to minimize the effect of DRES in distribution networks. Using the mixed
integer linear programming reduced the degradation of the BESS by 34 %. A two-stage
distributionally robust optimization model is used by [25] to minimize the cost of en-
ergy storage investment and distribution network operation under extreme conditions
for a PV-BESS system. The method was tested using the IEEE 33-node network and
PV and loads from a distribution network in China, resulting in better PV accommo-
dation capacity and resilience of the distribution network while minimizing costs, when
compared to stochastic optimization and robust optimisation approaches. In [26], the
same test network was used, used to minimize voltage variations when combining PV
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and BESS, improving the maximum node offset by 4.4 %. The method proposed by [27]
identifies and evaluates flexibility perimeters in radial distribution networks. Two case
studies using the IEEE 123-node network with different voltage load areas demonstrating
that increasing the number of areas decreases the flexibility volume required for voltage
control.

A weighted multi-objective optimization to minimize power loss and voltage devi-
ations in the lines, energy cost and PV energy curtailed was done in [28]. Their results
suggest that adjusting the optimization weights can maintain the voltage within limits
in a 15-node medium voltage distribution network in Yangzhou, China, with controlled
PV, BESS and EVs. Likewise, [29] used a convex approximation of the exact nonlinear
programming model to minimize the energy costs and power losses in the lines for a
representative urban case using the IEEE 33-node network, and a rural case using a 27-
node network. The results showed an improvement of around 1.5 % compared to con-
tinuous genetic algorithm, particle swarm optimization and parallel vortex search algo-
rithm, but computation time was reduced up to one order of magnitude. As a response
to the complexity of building the network model, a model-free controller was proposed
in [30] to keep voltage variations in the 1+0.05 pu range using PV and synchronous gen-
erator assets. The test in a medium voltage 21-node distribution network demonstrated
correction times in the order of seconds.

Given the above, understanding how the EMS affects the energy exchange between
the electric network and prosumers with multi-carrier energy systems is relevant for dis-
tribution system operators (DSOs). This way, it would be possible to quantify the effect
of the deployments of electrical alternatives for heat and mobility at the residential level
to prevent worsening the congestion in the grid; therefore, this Chapter:

1. proposes two control strategies for aggregated BESS that reaches consensus when
voltage is regulated within the limits; thus, the algorithm is terminated as soon as
voltage is regulated and not when all batteries agree on the same amount of power
contribution to the system, and

2. asses the flexibility potential of a multi-carrier system, comprised of a PV, HP, BESS
and TESS systems, in residential buildings, compared to a centralized PV-BESS
system, for a low-voltage distribution network in the Netherlands,

3. analyzes the trade-off between economic cost and flexibility of a residential multi-
carrier energy system for three different aggregation schemes, considering sepa-
rated control for the prosumer and aggregator, and

4. compares the benefits for voltage support of residential aggregated single- and
multi-carrier energy systems with a centralized battery storage system coupled
with a PV.

6.2. SINGLE-CARRIER AGGREGATION

The mismatch between local generation and consumption leads to overvoltage when
the supply is greater than the demand [31], [32]. This issue was studied in [33], demon-
strating that uncontrolled distributed renewable energy sources (DRES) throughout low-
voltage distribution networks compromise the voltage stability, especially further from
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the connection with the substation. In those nodes, the power injection from the DRES
into the grid increases the voltage, ultimately leading to reverse current flows. Chap-
ter 2 demonstrated that battery energy storage systems (BESSs) are accepted by the lit-
erature as a solution to reduce the power injected into the grid, thus compensating for
the power imbalance. Although the geographical proximity of the nodes would produce
similar DRES generation profiles, the number of nodes in a residential network and the
different load behaviours of users would require coordinated control for the BESSs to
minimize the DRES affection on the grid.

The usage of energy storage to compensate for the effects of the energy transition has
been widely studied in the literature from different perspectives. On the one hand, many
researchers have focused on the optimal sizing and location of assets. For instance, [34]
used Hy-norm and Kron reduction to simplify a modified version of the IEEE 39-bus
system into 13-bus for optimal size and allocation of BESS for transient frequency sup-
port through virtual inertia using Matlab/Simulink, resulting in a 77.1 % reduction in the
pressure on the generators. However, the inclusion of DRES includes disturbances and
uncertainties which represent a challenge for the method. An optimal planning method
was proposed by [35] to consider economic and reliability objectives, tested in the IEEE
34-node network. The results showed an enhanced capacity of absorb distributed PV
generation; however, it was mentioned the existing market conditions create a challenge
for enterprise investments in such kind of projects. Similarly, [36] examined the poten-
tial of BESS to mitigate transmission network congestion to increase the deployment of
DRES projects in South Wales using the flow decomposition technique to determine the
optimal sizes and locations. Using DIgSILENT PowerFactory 2024 to model the trans-
mission network for 2024 and 2030, the results suggest that cost of deploying BESS sized
and located using the method proposed is 38% to 63% of the cost of line reinforcement.
Nevertheless, the cost-benefit analysis uses a simplified model focused on representa-
tive peak days, thus, a more complex market analysis is required.

Similar conclusions were obtained by [37] and [38]. The former studied the optimal
placement of shared BSSS in urban energy communities considering economic, techni-
cal and environmental performances, resulting in an increase of self-sufficiency rates by
up to 17.44% and reducing peak loads by up to 37.19% using a real case scenario of 191
buildings in Seoul, South Korea, but it lacked economic viability and negative net present
values. The latter investigated the usage of small-scale BESS in energy intensive cities to
maximize electricity self-sufficiency rate, while minimizing the grid import from the net-
work and maximizing the net present value, achieving good results for the first two ob-
jectives, but failing to create an attractive business case. Despite the optimistic results of
the previous works in technical terms, the actual implementation of this strategies face
anumber of roadblocks aside from the load and DRES generation uncertainty, including
the need for a framework to allow DSOs own storage assets, attractive markets for aggre-
gators investment and participation, and connection and physical space availability in
the selected nodes.

On the other hand, other works focus on the optimal usage of available BESS units
distributed throughout the network as response of the challenges optimal sizing and al-
location face. A centralized control for multiple BESSs was implemented in [39], which
required information on the voltage unbalance and state-of-charge (SOC) of the batter-
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ies at every node. The control was tested in a radial distribution feeder with different
starting SOC and phase conditions. Despite showing some success, the method showed
some unfeasible solutions and slow response. Furthermore, its implementation requires
a robust communication channel to control and monitor each storage device, making
more complex network expansion projects. Although some works as [40] have shown
good results in off-grid conditions, other works as [12] and [41] had similar challenges as
[39] in grid-tied mode, confirming the unsuitability of centralized controllers for DRES-
rich distribution networks.

In [42], adroop-based active power curtailment technique is implemented to prevent
overvoltage in radial LV feeders. Real-time controllers were used for zonal control in [43],
using multi-agents to communicate between zones. Fuzzy logic controllers are proposed
in [44] to control the voltage at every bus. The work in [45] evaluated an adaptive con-
trol strategy for a PV-rich network, simulated in a real Australian medium-voltage feeder
using smart meter data from the low-voltage network. A model predictive control ap-
proach using adaptive virtual impedance is detailed in [46]. However, recent literature
has focused on using decentralized control to electric vehicles (EVs) charging stations
[47]-[49]. In this context, decentralized control provides a robust approach to ensure the
EV charge while minimizing the impact on the grid under high uncertainty conditions
and without requiring complex communication infrastructure.

Distributed control is considered more efficient when it comes to the coordination
of multiple static storage units. In distributed control, each storage unit of the system is
considered an agent, and these agents communicate together. In [50], a method is im-
plemented for secondary frequency response in a real distribution network. The work in
[51] used distributed control to provide frequency regulation in low-inertial power sys-
tems with high penetration of DRES. In [52], a non-linear state of charge balancing strat-
egy is proposed for voltage regulation. The consensus algorithm is used in [53] as part
of a hierarchical framework to manage DRES for frequency control and in [54] to control
the frequency and voltage at the point of common coupling of multiple BESSs. Similarly,
[55] proposed an algorithm to balance the SOC using distributed estimators for the av-
erage desired power and units’ SOC. In [56], distributed control was used to synchronize
flexibility providers within a network using BESSs. One common point found in most of
the literature was that the control algorithms aimed to agree on the power value the bat-
teries supply; thus, all batteries should contribute the same. This way, voltage regulation
was achieved; however, batteries are not operating efficiently as they absorb or produce
more power than needed [51], [52].

Based on the literature review, it was found that many works focus on optimal siz-
ing and placing of energy storage systems instead of using available resources; however,
most DSOs cannot own energy strage assets due to regulation limitations. Also, most
of the business models proposed suggest a single owner of all storage assets in the net-
work, instead of considering storage assets owned by individual prosumers who could
collaborate with the DSO. Likewise, most of the aggregation strategies found focus on
medium and high voltage networks, nevertheless, low-voltage networks are particularly
critical for the energy transition, as they do not have ancillary services providers to sup-
port the DSO, and the demand increase caused by the heating electrification and electric
mobility can potentially cause major voltage challenges. Finally, the existing aggregation
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Figure 6.1: 18-node CIGRE LV test distribution network.

strategies require full observability of all the assets, which in real implementations would
require complex communication infrastructure.

This section proposes two distributed control strategies using the consensus algo-
rithm for BESS in a low-voltage distribution network to provide voltage regulation ser-
vices without requiring all the storage units in the system to collaborate equally. The first
strategy, detailed in Section 6.2.2 uses a leader-follower approach for the agents’ power
dispatch. The second, presented in Section 6.2.4, is a leaderless strategy where the agents
are only required to communicate with their immediate neighbours. The methods were
tested in overvoltage and undervoltage conditions, different initial SOC conditions, and
when not all the agents were available to participate.

The CIGRE LV Test Distribution Network was used as a test environment for the al-
gorithms. It consists of eighteen buses as shown in Figure 6.1, where six PV units and
six BESS are integrated. The location of BESS was chosen to be near the PV unit and
loads and is presented in Table 6.1. The communication graph of the network is shown
in Figure 6.2.

Table 6.1: Sizes considered for the PV and BESS per node.

Node Ppy[kW] Pggss [kW] Eggss [kWh]

1 11 5.5 38
11 9 4 30
15 12 6 40
16 11 5.5 38
17 9.5 4.5 32

18 12 6 40
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Figure 6.2: Communication graph of the BESS placed in the 18-node CIGRE LV network, following (6.2).

6.2.1. CONSENSUS ALGORITHM

In this Section, the BESSs coordination in a distributed manner can be analyzed as a
multi-agent system (MAS). From a MAS perspective, BESSs are agents which can ex-
change information with their neighbours. This information exchange can be done ei-
ther in a unidirectional or bidirectional way. Furthermore, the links in which the agents
communicate can be represented in a graph. A graph comprises a set of vertices that rep-
resent the agents and a set of edges that represent the communication links in a MAS.
A graph can be written in the form of G = (V, E), where V indicates a set of vertices and
E denotes a set of edges [57]. Furthermore, [57] describes that for a multi-agent system
consisting of n agents, the corresponding graph will be in the form of G = (V, E), where
V=123,..,nand E<CV x V. An edge represented as (i, j) € E means that agent j has a
relationship with agent i (i.e., both agents have access to each other’s information [57]).
Besides, it also means that agent i is a neighbour of agent j.

To describe the number of neighbours that each agent has in a graph, a degree matrix
D(G) is used. A degree matrix is represented as a diagonal matrix with a size of V x V
where V is the number of vertices in a graph (the agents). The degree matrix of a graph
follows a general form below:

dy 0 0
pG=|0 % 0 = 6.1)

: 0o . 0

0 e 0 dy

The values assigned to elements dj;, where j=i, are the number of neighbours that agent i
has. Besides the degree matrix, another important component in a graph is its adjacency
matrix. The adjacency matrix of a graph, denoted in A(G) = [ajj] describes which agents
are neighbours. Similar to a degree matrix, an adjacency matrix also has a size of V' x V.
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In general, the following rules apply to the elements of the adjacency matrix (aj):

1, ifagentiand jare connected andi#j

aij = aj = . (6.2)
0, Otherwise

The rule means that if agent i and agent j are neighbours, a value of 1 is assigned to
element row i, column j as well as row j, column i in the matrix. The last important
component of a graph is its Laplacian matrix. The general form of a Laplacian matrix is
given by

L(G)=DG)-AG). (6.3)

A consensus algorithm aims to reach a state consensus among the agents. When
consensus is reached, the state difference between neighbouring agents is zero. In the
context of power sharing of multiple BESSs, the consensus is reached when all BESSs
have the same utilization factor (i.e., the ratio between the injected or discharged power
to a BESS’ rated power). This means the power burden will be shared proportionately
among the BESSs according to their rated power. To reach a consensus, each agent ap-
plies

xi(0 =) a[x(0) - xi(0)] (6.4)
jEN;

which guarantees convergence to a collective decision through the interaction of nearby
agents [58]. The equation implies that at t — oo, the value of xj(#) = x* = ¢ where x*
denotes a final value and ¢ denotes a constant. Moreover, if the communication network
is a balanced graph (the vertices have a similar number of edges), average consensus will
be reached where the final value is the average of all initial states at time instance ¢ as
written in

e XiXi
n

(6.5)

Since this work focuses on the calculation performed by each agent in every iteration,
the discrete form of (6.4) is used, which is given by

xi(k+1) = xi(k) +e€ Z aijlx; (k) — xi (k)] (6.6)
JEN;

In (6.6), k indicates the k' iteration, the parameter € indicates the consensus step size,
and ay; is the element of the adjacency matrix, which indicates the communication link
between agent i and agent j. If there is a connection between agent i and agent j, then
aij = 1. Otherwise, aj is zero.

By applying the consensus algorithm in (6.4) to a graph, the global dynamics of the sys-
tem is given by

X=-Lx (6.7)
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Examples of global dynamics when using consensus algorithm explained in the form of
(6.7) have been discussed in prior works such as [59] and [60]; thus, they are omitted in
this work.

6.2.2. LEADER-FOLLOWER AGGREGATION

The control strategy developed for coordinating multiple BESSs combines local and dis-
tributed control. The distributed control is based on the consensus algorithm, as it
reaches an agreement on a certain decision by the agents towards a goal. In this case,
the goal is to keep the voltage in the nodes within a desired range. The lines that con-
nect the buses are used as communication links that share the information between the
neighbouring agents, (i.e. the BESS), to achieve a consensus when the voltage magni-
tude of one or more buses is violated. Each of these buses and BESS has an initial state,
and a utilization factor is allocated to each BESS. The utilization factor determines how
much power each BESS contributes to the voltage regulation. The consensus algorithm
updates the utilization factors until the voltage magnitude does not surpass the limit
points, ensuring that all BESS contribute the necessary amount of power for achieving
voltage regulation.

To initialize the consensus algorithm, a leader utilization factor is defined (Ujeader),
which is updated until the voltage regulation of the system is achieved. This utilization
factor is considered as a leader because it performs as a reference for the utilization fac-
tors of the other followers batteries (Uj) [12]. To achieve the voltage regulation of the
LV distribution network by using the consensus algorithm, the leader utilization factor
(Uleader) represent the battery connected to the leader bus. It can be the bus with the
highest voltage if the higher voltage limit is violated, or the bus with the lowest voltage
if the lower limit is violated. The leader utilization factor is updated until the voltage is
regulated within limits, and the other utilization factors follow that value. Their value is
determined by communication with the neighbouring agents.

The consensus algorithm uses voltage limits so that if the voltage exceeds the upper
limit, the battery charges and if the voltage falls below the lower limit, the battery dis-
charges. More specifically, if the voltage of the leader bus exceeds the upper limit (case
1: overvoltage), the utilization factor increases, whereas if the voltage of the leader bus
falls below the lower voltage limit (case 2: undervoltage), the utilization factor decreases.
In all other cases, when the voltage of the buses does not exceed any limits, the utiliza-
tion factors are zero, and the batteries do not contribute to the system. This way the
leader utilization factor is

Uleader (£ — £5) + Goy [V (£) — 1.05] Va(t) >1.05
Uleader (?) = 0 0.95< Vy() <1.05 , (6.8)
Uleader (f — &) + Gun [V (£) — 0.95] Vu (1) <0.95

where, f; is the sampling time, V, is the node voltage in p.u., and Gy, Gy, are gains that
control the speed of overvoltage and undervoltage regulation.
The battery connected to the leader bus will be the first to be informed about any
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changes in the utilization factor. The other batteries will be informed about changes in
their utilization factor according to

n
Ui(n=) CiUi(t—ty), (6.9)
j=1

with

Ajj (= 15)

Gy ()= —Z},:l A (-1

(6.10)
where A is the adjacency matrix.

Following the proposed control scheme, all batteries contribute to the grid, despite
their limitations and capabilities. Thus, the available capacity of each BESS is not af-
fecting the power contribution from them. In Figure 6.3 the flowchart of the proposed
control is presented. Each BESS’s power contributes from its utilization factor multiplied
by its nominal power (Ppom,i). This way, each BESS provides the necessary power based
on

Preti = Pnom,i % Ui (6.11)

6.2.3. RESULTS ANALYSIS

To demonstrate the algorithm’s functionality, its performance was evaluated using two
starting SOC conditions. First, the same SOC was considered for all the BESSs have
the same SOC. Then, different SOCs were considered for the BESSs. Both cases were
compared against the base case without control, as shown in Figure 6.4. The voltage in
buses 15, 17, and 18 exceeds the upper limit of 1.05 p.u. between 15:00 and 19:00, caus-
ing problems with network stability. Furthermore, between 21:00 and 23:00, the voltage
on buses 15 and 18 exceeds the lower limit of 0.95 p.u. These limit violations occur since
during the period between 15:00 and 19:00, when PV unit production is higher than de-
mand, a large amount of power is inserted into the grid, causing an overvoltage, and
during the period between 21:00 and 23:00, when PV unit production is low and demand
is high, an undervoltage problem occurs. Thus, by integrating the BESS and implement-
ing the developed control, these limit violations should be mitigated.

The voltage of the buses after implementing the proposed control strategy with all
the BESSs having the same starting SOC can be seen in Figure 6.5, so the voltage magni-
tudes of the buses that had exceeded the limits are now restored into values within the
limits. Figure 6.6 depicts the utilization factors used during the coordination control.
They determine how much power each BESS should absorb or provide to the network to
achieve voltage restoration within limits. When overvoltage occurs, the utilization factor
of each BESS becomes positive; the higher the voltage violation on a bus, the higher the
utilization factor of the BESS connected to that bus, and as a result, a more significant
amount of power must be absorbed from the batteries. When undervoltage occurs, the
utilization factors are negative, and the batteries must provide power to the network.

The SOC of the batteries is shown in Figure 6.7. When the utilization factors are equal
to zero, the batteries do not contribute to the network, and the SOC remains constant;
when the utilization factors are positive, the batteries charge and the SOC increases until
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Figure 6.3: Leader-follower coordination strategy algorithm.

voltage restoration is achieved. When there is undervoltage, and the utilization factors
are negative, the batteries discharge to keep the voltage within limits, and the SOC be-
gins to decrease. In this case, since the undervoltage is for a very short period (30 min)
and the amount of power needed from the battery is smaller than during the overvolt-
age problem, the decrease of the SOC is very small compared to the increase during the
overvoltage.

In real-case scenarios, not all the BESS would have the same SOC. In some cases, one
or more might not even be available. For this reason, it was also investigated the opera-
tion of the control strategy when one BESS is unavailable. In this case, the SOC of BESS 4
is set at 65 %; however, at 18:00, the SOC of the battery has reached the limit of 80 % (see
Figure 6.8). The developed coordination control distributes the power required from
BESS 4 equally to the neighbouring batteries, ensuring voltage stability. Even though
one of the batteries is not available for use, the voltage magnitude of the buses is kept
within the limits, as can be observed in Figure 6.9. A small peak is observed when the
battery is disconnected, but the control strategy manages to regulate the voltage and
mitigate this transient voltage change.

When BESS 4 is unavailable, the utilization factors of its neighbouring batteries (BESS 2,
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Figure 6.5: Voltage magnitude of buses using leader-follower coordination strategy.

BESS 3 and BESS 5) increase compared to the original values, as shown in Figure 6.10a.
More specifically, the utilization factor of BESS 4 is 0.12, and it needs to be divided
into three neighbouring BESS. As a result, the neighbouring batteries cover the required
power that BESS 4 cannot store. At the highest point, BESS 2 increased from 0.13 t0 0.17,
BESS 3 increased from 0.16 to 0.2, and BESS 5 increased from 0.08 to 0.12. Figure 6.10b
shows the power contribution of BESS 4 under normal operation when no limit of SOC
is violated compared to this case where the limit of SOC is violated. When the SOC
reaches 80 %, the battery is disconnected until it becomes available again.

To compare the results of the decentralized control strategy with the proposed leader-
follower control strategy, the same mismatch profile is used; thus, the voltage magnitude
of the buses with no control implemented is the same as in Figure 6.4. Under decen-
tralized control, each battery is controlled locally, so the amount of power required is
determined by the voltage magnitude on the bus to which the battery is connected. Fig-
ure 6.11 depicts the voltage after decentralized control is implemented. Although the
voltage is regulated within acceptable limits, multiple fluctuations can be observed, af-
fecting power quality. It can be noticed that the voltage fluctuations are higher when
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Figure 6.7: SOC of BESS using leader-follower coordination strategy.

the overvoltage is higher. This can also be explained as the droop control often has poor
transient performance. In the case of the coordination control strategy, the voltage be-
haviour did not include frequent sudden changes around the limit point.

Furthermore, not all batteries help with voltage regulation. In this study, only BESS 3
(Bus 15) and BESS 6 (Bus 18) contribute, while the rest are not operating as the voltage
on their buses does not surpass any limit. Thus, only the battery connected to a bus that
exceeds the limits contributes, necessitating a larger capacity than the coordinated con-
trol strategy. This is depicted in Figure 6.12. It can be noticed that the power provided by
BESS 3 is always higher with decentralized control. Moreover, all the frequent changes in
the voltage magnitude can be observed in the power contribution of the battery. The fre-
quent changes in the voltage affect the power contribution due to the poor performance
of the droop control. These frequent changes in the battery’s power output reduce its
lifetime, making the decentralized control strategy less appropriate [61].

Finally, if one of the batteries used in voltage regulation reaches a SOC limit or is
unavailable due to maintenance, the other batteries cannot provide the necessary power,
and the voltage cannot be restored to acceptable levels. This is depicted in Figure 6.13,
where BESS 3 is unavailable around 18:00. The voltage is not regulated and exceeds the
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1.1

—V.R1 —VR.38
1.08 V.R.11 VR.7

VR.15  V.R.4
1081 VvR16 VR0 T
1.04|—VRA17  V.R.18

-
=3
[

Voltage (p.u.)
H
]

L=
o
@®

0.96

0.9
0.92 -

0.9

0 3 5 8 10 13 15 18 20 23
Time (hours)

Figure 6.9: Voltage magnitude of buses using leader-follower coordination strategy - varying initial SOC.

limit. When the coordination control strategy was used, this was avoided.

6.2.4. LEADERLESS AGGREGATION

The second method uses the consensus algorithm without assigning a leader to coordi-
nate the batteries spread out in the network. This method applies three steps to maintain
voltage in the network: local utilization factor calculation, consensus utilization factor
calculation, and final utilization factor calculation.

In the first step, local utilization factors Uj are calculated for every bus, based on their
voltage V; as
0, (r=0)
Ui(t) =  Ui(£ = 1) + Uaqq,i(2) ) (6.12)
0.5U;i(t-1), Viow < Vi(1) < Vhigh
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Figure 6.11: Voltage magnitude of buses using decentralized control.

where Vhigh and Vioy are the upper and lower reset limits, respectively. Note that the
utilization factor is halved every calculation step if the measured bus voltage is within
a predefined reset limit, resulting in virtually zero utilization factor at steady state. Fur-
thermore, (6.12) can be expanded as

Goy [Vi(£) —1.05], Vi(#) >1.05
Uadq,i(1) =40, 0.95 < V;(¢) < 1.05, (6.13)
Gun [Vi(£) —0.95], Vi(£) <0.95

which represents the added or subtracted utilization factor at each timestep. The equa-
tion implies no addition or subtraction to the utilization factor if the measured bus volt-
age is within 0.95 and 1.05 p.u. Once the local utilization factor is calculated for every
bus, the control step moves on to sharing the utilization factors among the batteries us-
ing the consensus algorithm.
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Figure 6.12: Power contribution of BESS 3 with coordinated control (blue) vs decentralized control strategy
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The local utilization factors shared among the batteries are called the consensus uti-
lization factor. This shared utilization factor is denoted by Ucons,i(#) and is calculated
with

Ucons,i(?) = Ui(t)"‘ez aij[Uj (1) — Ui(1)]. (6.14)
JEN;

The estimated consensus utilization factor, Ucops,i(?), at every time step t is the local
utilization factor, Uj(¢), added by the sum of differences between the utilization factor at
busiand at its neighbour bus, je N;, where N; is a set of busses that are adjacent to bus .
The term aj; represents the communication link between buses i and j. If buses i and j
are linked, then a; = 1, otherwise a;; = 0. The parameter € represents the consensus step
size, which determines how fast the consensus utilization factor is calculated for every
iteration. Under a steady state, the consensus utilization factor for all buses will have the
same value. Once the consensus utilization factor is found, a final modification to the
utilization factor is performed to control battery SOC.

The BESSs spread across the LV network may not always have the correct amount of
charge to absorb or release energy to perform voltage support. Some causes are the vary-
ing initial SOCs, unpredictable weather in different buses, and load variations. These
variations affect voltage support readiness among the batteries. An SOC controller that
follows (6.15) is implemented to keep the BESSs within a set SOC limit.

Pf:;i , SOC;i(r) < SOC]im'C and 0 < Pn,i < Ppos
Ui =4 52, SOG() > SOCjim,p and Pneg < P <0 (6.15)

Ucons,i, otherwise

By doing so, the BESSs will always be ready to support the network in preventing
undervoltage and overvoltage conditions. The SOC controller in (6.15) works locally and
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Figure 6.13: Voltage magnitude of buses using decentralized control when BESS 4 becomes unavailable.
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Figure 6.14: Calculation of the utilization factors in the leaderless approach. The positive utilization factor
represents charging, while the negative one represents discharging.

takes on the SOC of a BESS, SOC;i(1), as well as the net power between PV and load at
bus i (Pp,i = Ppv — PLoad) as its input.

If a BESS has an SOC that is less than a specified charge limit, SOCjj, ¢, and the
net power is between zero and a positive limit, Ppos, the BESS is charged by the net
power Py ;. A similar rule is applied if the BESS has an SOC that exceeds the charge limit,
SOCiim,p, and the net power is between zero and a negative limit, Pneg. However, the bat-
tery is discharged in this case to compensate for the power deficit in the bus. When none
of these conditions are met, the BESS will keep its consensus utilization factor from the
consensus controller as its reference. The main goal of (6.15) is to keep the BESSs SOC
between SOCjimp and SOCiim,c as much as possible, where 0 < SOCjjm,p < SOCijim,c.
The final utilization factor, Ug;(?) , is multiplied by the BESS rated power to become its
reference power according to

Preti(t) = Pnom,i x Uti(2). (6.16)
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6.2.5. RESULTS ANALYSIS

To evaluate the behaviour of the second coordination method, voltage profiles of the
buses, utilization factors, and SOC profiles of the batteries can be observed. Generally,
this second coordination method can also prevent bus voltage from exceeding the lim-
its while keeping battery SOC close to uniform throughout the simulation process. The
voltage magnitudes can be kept within the limits, as seen in Figure 6.15. A slight vio-
lation can be observed for both overvoltage and undervoltage mitigation; however, the
deviation is relatively small at 0.01 p.u. with respect to the predefined limit.

Similar to the leader-follower algorithm, the utilization factors also increase to a pos-
itive value when there is overvoltage and decrease to a negative value during undervolt-
age, as seen in Figure 6.16. The utilization factors of all batteries are the same during
overvoltage (16:00 to 20:00) or undervoltage periods (22:00 to 23:00); thus, the batteries
contribute proportionally to their rated power. Meanwhile, around 21:00, for example,
the non-zero utilization factors represent the charging or discharging of batteries out-
side the over/undervoltage period to balance their SOC. This SOC balancing action is an
additional rule on top of the consensus algorithm to ensure uniform voltage mitigation
readiness for all batteries.

The utilization factors are also reflected in the battery powers as they are similar in
profiles. One highlight is that the power profiles for all batteries are different when the
utilization factors are uniform. In contrast, the power profiles are uniform when the bat-
teries have different utilization factors. This behaviour is due to the variation in the bat-
teries’ nominal power. As indicated earlier in (6.11), the reference charging/discharging
power is determined by the utilization factor and nominal power; therefore, uniform uti-
lization factors do not guarantee similar reference powers.
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Figure 6.16: Utilization factors of BESS using leaderless coordination method. A positive utilization factor
represents charging while a negative utilization factor represents discharging.

6.2.6. DISCUSSION

This section highlights the key difference between the leader-follower and leaderless
control strategies discussed in this work. Three aspects are highlighted, namely, voltage,
utilization factors, and SOC of the batteries. Bus voltages in both the leader-follower and
leaderless strategies are kept within the predefined limit, albeit with small differences
in the voltage of the non-critical buses. Using the leaderless method, the voltage of the
non-critical buses is kept at levels that are further away from the predefined limit com-
pared to the leader-follower method, as shown in Figures 6.9 and 6.15. This is due to
the shared utilization factor. As the leaderless method aims to distribute the required
contribution to ensure the limit, instead of depending on the leader, it minimizes the
under and over-usage of the individual agents. Therefore, the overall SOC of the differ-
ent agents in the network is more uniform and can react to sudden load or availability
changes. The leader-follower method can charge or discharge one single agent at the
point that it becomes unavailable under extreme conditions. If that happens, the com-
pensation required is distributed among the neighbouring agents.

In addition, the utilization factor in the leader-follower method is immediately reset
after the overgeneration or overdemand has receded. Meanwhile, the utilization fac-
tor stays in the leaderless method until a reset signal is given. The delayed reset pre-
vents voltage fluctuations following an immediate power reset. Besides the resetting be-
haviour, the utilization factor in the leader-follower method is not uniform during volt-
age control action (see Figure 6.6), implying that the batteries do not contribute based
on their rated capacity (Ui = Prefi/ Pnom,i)- On the other hand, the leaderless method
drives the utilization factor to a uniform during voltage control, indicating each battery
contributing in proportion to its rated power. If their rated powers are the same, then the
power each battery contributes is also the same.

Regarding battery SOC, the leaderless method offers more uniform SOC values across
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Figure 6.17: Power profiles of BESS using leaderless coordination method. The profile mimics the utilization
factors profile shown in Figure 6.16.

all batteries than the leader-follower method. As explained in Section 6.2.4, the proposed
leaderless method has an additional SOC control, which ensures uniform voltage mitiga-
tion readiness for all batteries. Moreover, the leaderless approach does not require every
node to have full observability of the system but only on its neighbouring nodes, reduc-
ing communication congestion and data privacy boundaries. Those features provide a
more robust voltage control.

Implementing these strategies, however, might be challenging from a data privacy
perspective. For the leader-follower, an aggregator must measure the status of all de-
vices and provide the leader signal to the agents. The leaderless, despite not requiring
direct communication among all agents at a given time, it still requires sharing the SoC
with an aggregator, which might be undesired for some users. Similarly, given the nature
of the control strategy, i.e., the consensus algorithm, including other storage elements
would be challenging. As there should be consensus on the utilization factor per energy
storage asset per node, either a correlation or a priority must be determined between
them. Thus, the methods might not be as suitable for multi-carrier systems as they are
for single-carrier.

6.3. MULTI-CARRIER AGGREGATION

Section 6.2 provided two powerful strategies to aggregate BESS in distribution networks,
however, there are some gaps found that still need to be addressed. On the one hand, ag-
gregators are assumed to have full observability and control over the assets, potentially
causing privacy challenges for residential prosumers who would own assets connected
to the network. On the other hand, the control is still either consumer-centred or DSO-
centred, instead of relating one to another. In addition, most works on the literature
depend on test networks with a small number of connections (either DRES and BESS
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Figure 6.18: SOC profile of BESS using leaderless coordination method.
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Figure 6.19: Causality sequence considered for the analysis.

assets, or loads) for case scenarios, instead of using data from existing distribution net-
works. To fill those research gaps, this Section considered independent controllers for
the DSO and the prosumers, to understand the changes in energy cost for prosumers
and voltages in the low-voltage network. These changes were obtained through an anal-
ysis on the grid exchange behaviour caused by the change in internal power dispatch at
the household level was done for different single- and multi-carrier system architectures,
demonstrated using a 301-node, 114-houses low-voltage distribution network from the
Netherlands. The analysis done in this Section follows the flow presented in Figure 6.19.

6.3.1. DISTRIBUTION NETWORKS

A model of a low-voltage distribution network is required to evaluate the aggregation
strategy. In this case, a voltage-based model was used, since residential loads are un-
likely to cause major frequency shifts. The network’s topology is then represented as an
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Figure 6.20: Flow diagram used to estimate the nodes’ voltage and current.

admittance matrix A, the voltages at every node as a vector V,;, and the impedances and
currents between two interconnected nodes are Z and I, respectively. This power-flow
problem is solved using an iterative method, following

Vink+1)=AV,(k)-Z (k) I(k)+BVy(k), (6.17)

where Vj is the voltage inputs at the substations and B is a matrix indicating to which
nodes they are connected. Note that during the iteration process, it is assumed that
the values for the impedances, currents and feeder voltage are constants, as the itera-
tive process is done every time step k. The current estimation has a similar approach,
following

Ik+D)=A"T(k)+ 1, k), (6.18)

where I, is a vector with the current at every node. The current, however, is also a func-
tion of the voltage, as

Sn (k)
Vi (k)

I, (k) = (6.19)

where S, is the apparent power at every node [24]. Figure 6.20 shows the method used
to solve the network’s power-flow.
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6.3.2. MULTI-CARRIER ENERGY SYSTEM

Some buildings in the network were coupled with one or more devices to create different
scenarios, as described in Section 6.3.5. This gradual inclusion of devices provides infor-
mation on the individual effect at the network level. The more complex system couples
all the considered devices into a multi-carrier energy system (MCES) comprised of a PV,
a battery energy storage system, a heat pump and an underground thermal energy stor-
age system. The models for each device are detailed in Chapter 3, and a summary of the
models is provided in Table 6.2. For the Li-ion battery, we followed the semi-empirical
degradation model proposed in [62] to account for calendar and cycling ageing, as rec-
ommended in Section 4.6. The thermal energy storage is an underground, well-mixed
water tank with separated charge and discharge coils. The heat loss to the environment
of both the TESS and the house was modelled following the methods proposed in [63].
The distribution of the thermal power in the house is done using a water system that can
use the TESS and the HP individually or simultaneously. The HP is used to charge the
tank.

The PV systems used per house are sized to reach as close as possible to a net-zero
energy building, using 400 W modules, with an area Apy of 2 m?, efficiency at standard
test conditions nstc of 18.4 %, temperature coefficient 8 of -0.3 %/°C. The BESS charge
and discharge efficiencies are set at 94.3 %, with a maximum permitted power of +10 kW
and a capacity of 10 kWh. The TESS is assumed to be filled with 4 m3 of water, and
the heat exchangers have an efficiency n1ess and ngp of 80 % with a mass flow of rif
of 0.22 m*/s through the heating circuit. The supply temperature of the network Tgyp
is 50 °C. The details of the thermal losses can be found in Chapter 3.

6.3.3. LocAL EMS CONTROL

Chapter 4 provided an in-depth analysis of EMS strategies for multi-carrier energy sys-
tems. Since the goal of this chapter is to study the flexibility oportunities for residential
multi-carrier systems, the computational cost becomes relevant. For that reason, the
heuristic EMS strategy proposed in Section 4.5 is used. The general policy 7y for each
timestep k is then comprised of the individual policies per device j and objective i, re-
sulting in

a=167T,6%6"1. (6.20)



Table 6.2: Equations used to model the components of the MCES.

Parameter Symbol Equation
PV generation Ppy (k) ApvG (k) nstc (1= B[ Tpy (k—1) — Tref]) (6.21)
Epgss (k—1) +n§pes Peess (k— 1) At —ESP (k—1)  V Ppgss (k—1) <0
BESS energy Eggss (k) = (6.22)
P, k-1
EBESS(k—1)+%)At—ESD(k—1) V Pgpss (k—1) >0
BESS
TESS power Qress (k) =ntesstitycs [ Toup — Tress (k—1)] (6.23)
) ) (k-1 .
AT | 7pss QRS (k=1) - —QTESZ + Q% (k-1
TESS temperature ~ Trgss (k) = Trpss (k—1) + — TESS (6.24)
HP COP COP(k)  =7.90471e 0024 Tret(k=1)~ Tamp (k—1)] (6.25)
HP thermal power  Qup (k) =nupritgcr [ Toup — Tret (kK — 1)) (6.26)
. n
Thermal demand Qp (k) =X Ui Ai +capaqu+capaqi| [Tin (k= 1) = Tout (k= 1)] (6.27)
i=1
At[Q k=1)+Qup(k—1)-Qp (k-1
Indoor temperature  Ti, (k) =T (k—-1)+ [QTESS ( ) SHP ( )~ Q( )] (6.28)
Y mic;
i=1
) k=1 +Qup(k—-1)-0Qp (k-1
Return temperature  Tiec (k) =Tt (k=1)+ Qress ( )+ Qe ( )~ Qn( ) (6.29)
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Figure 6.21: Control scheme representing the interactions between the aggregator, the low-voltage distribution
network, the consumers and the prosumers (the yellow lines represent communication flow, the blue lines
electric power flow, and the red lines thermal power flow).

6.3.4. AGGREGATION CONTROL

It is expected that increasing the number of assets in the grid leads to congestion, in
particular, if they use the same EMS, which follows the energy price. For this reason,
an aggregator was implemented, so that the effect on the network is minimized. Un-
like most aggregators in the literature that are assumed to have full observability over
the assets at each node, the proposed aggregator only has information up the meter, i.e.,
can only measure the current and power a particular node exchanges with the grid, and
the voltage at every node in the network. This way, the aggregator would provide a set-
point power to each prosumer, and the local EMS would handle the power allocation to
fulfil such a setpoint (see Figure 6.21). Consumers (i.e., households without flexibility
assets) are excluded from the setpoint assignment. These conditions, of course, create
challenges for the control strategy in terms of asset controllability, but in the view of the
authors, provide a more realistic approach in terms of short-term implementation and
data privacy management.

Since the aggregator has no visibility on what are the states of the assets behind the
meter, it is assumed that the power exchanged with the grid at any point kis the optimal
value found by the local EMS. Based on this assumption, it is proposed to find the power
setpoints P* for every prosumer while minimizing the change between the measured
power and the actual setpoint. This way, the optimization problem is formulated as

. 2
min P! - P;
nin ¥, (P}~ Pi) (6.30)

1
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Figure 6.22: Distribution of the yearly consumption per household in the network.

S.t. P?ZP,',ViENC, (6.31a)
P? =0,YieNg. (6.31b)
Vinin = Vi < Vmax, VIEN, (6.31¢c)

where, i is the node number, the set NV contains all the nodes in the network, N, is the
subset with the nodes where a consumer is connected to the grid, and N; the subset
with the distribution nodes where no loads are connected. The capacity of the conduc-
tors was not included in the constraints as it was not observed to cause problems. Note
that, as shown in Section 6.3.1, the process to calculate V; is iterative, which might inter-
fere with the optimization process. For that reason, it is proposed to use an approxima-
tion for the worst voltage in the grid (worst defined as the node whose voltage is further
from 1 p.u. either towards consumption or injection) as a function of the average ex-
changed power with the grid per node V (Pgyi4), as detailed in Section 6.3.6. This way
(6.31c) is replaced for

Vinin < V(ﬁGrid) < Vmax, Vi€ N. (6.32)

6.3.5. SCENARIOS DESCRIPTION
This Section aims to demonstrate the effect of different energy transition scenarios on a
low-voltage residential network. The network used is a 301-node network with 114 houses
(with known yearly consumptions), provided by the Dutch DSO Stedin. The yearly con-
sumption of the 114 houses ranged from 500 kWh to 15000 kWh, with an average close
to 3000 kWh. The distribution of energy consumption is shown in Figure 6.22. As heating
consumption was not provided, the houses were classified according to their consump-
tion as a 55 m? apartment, a 120 m? apartment and a 240 m? house for consumptions
between 0-1000 kWh, 1000-4000 kWh and above 4000 kWh, respectively.

For each scenario, four penetration percentages were evaluated (20 %, 40 %, 60 %
and 80 %) during a week during winter and during summer. Five different random sets
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Table 6.3: Scenario description.

Scenario Architecture EMS objective
0: Base case -
1: RES inclusion PV -
2: Heat electrification PV + HP Thermal comfort
3: Single-carrier non-aggregated storage PV + HP + BESS Thermal comfort + minimize costs
4: Single-carrier aggregated storage PV + HP + BESS Thermal comfort + grid support
5: Multi-carrier non-aggregated storage PV + HP + BESS + TESS ~ Thermal comfort + minimize costs
6: Multi-carrier aggregated storage PV + HP + BESS + TESS  Thermal comfort + grid support
7: Multi-carrier semi-aggregated storage PV + HP + BESS + TESS  Thermal comfort + minimize costs + grid support
8: Centralized Storage' PV + BESS Grid support

IThe centralized storage is considered to compensate for scenarios 1 and 2.

of nodes to locate the systems in the network were considered for each penetration level
to better represent a real case where the DSOs cannot control where new prosumers
would install their systems. These sets were maintained for all the scenarios so that they
could be compared.

Seven energy transition scenarios are evaluated. A base caseis defined as a reference,
considering only the existing electric loads and gas heating. Then, the RES inclusion
was considered in the form of PV systems sized for near-net-zero houses. Heating elec-
trification through heat pumps is added to eliminate the dependency on gas boilers in
the selected nodes. Battery storage systems were added to create a single-carrier non-
aggregated storage system, as these batteries are not communicating with each other,
and a single-carrier aggregated storage system where an aggregator sends setpoints to
the prosumers, who would follow them if possible. A multi-carrier non-aggregated stor-
age scenario was then created by adding thermal energy storage to the previous scenario.
With this architecture, two more scenarios were constructed, a multi-carrier aggregated
storage system, where an aggregator directs the power to be exchanged with the grid at
any point, and a multi-carrier semi-aggregated storage system, where the aggregator sug-
gests a power setpoint, but the local EMS can decide to follow it or not, based on its own
strategy. Table 6.3 summarises the scenarios and the variables considered for each.

Different metrics were used to compare scenarios 1 to 7 from the grid perspective
and from the household perspective. For the former, the voltage outside the 1 +0.05 p.u.
(Vo.gs and V1 g5) and 1+0.1 p.u. (Vp 99 and V1) ranges per node was the selected metric.
At the household level, for each selected house it was compared the change in the energy
exchange (AEg1 for consumption and AEg“t for injection). Similarly, the change in the
cost of electricity (ACE), total energy including electricity and gas (ACg, ¢), the PV energy
curtailed (A Epy), the total energy consumed by the heat pump (AEpp), the energy stored
(AE{;}ESS) and degradation (ACggss) of the battery, the thermal energy used by the heat
pump to charge the TESS (AE;{\ESS) and the thermal energy used by the TESS to heat the
house (AQrgss). As each penetration level has multiple cases, the range between the
minimum and maximum value among those cases per metric was provided.

Scenario 8 will be analyzed only from the DSO perspective. This is because it is in-
tended to compensate for the prosumer’s behaviour without interacting with them for
scenarios 1 and 2. This way, we only consider the voltage outside the 1 + 0.05 p.u. (Vp.95
and V) 95) and 1 £0.1 p.u. (V99 and Vj 1¢) ranges per node. However, the location and
sizing of the BESS (energy and power) and PV must be determined. To define the node
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where the centralised system will be connected, the network will be analysed for each
case per penetration to determine the most critical node, defined as the node with higher
accumulated voltage deviations outside the permitted range, calculated by

T
Z Vmin _Ki (k)| +

k=0

Zy;= YV, (k) < Vipin, Vi (k) > Vinax,i € N.  (6.33)

T f—
Z Vi (k) = Vmax
k=1

Once the node is defined, a BESS and PV system was placed on that node to evaluate
whether a centralized system can ensure voltage compliance with EN50160.

6.3.6. VOLTAGE ESTIMATION RESULTS

The iterative nature of the power flow solution method, using the node voltages in the
network as constraints, might lead to high computational costs or, ultimately, unfeasibil-
ities. For that reason, the unaggregated scenarios were evaluated to find an alternative
to estimate the network behaviour. Each scenario was simulated for a 100 % penetration
level and then plotted the minimum and maximum voltages in the network against the
average grid power per node Pgyiq. As shown in as shown in Figures 6.23a, 6.23c, 6.23¢
and 6.23g, two polynomial correlation became evident for all scenarios. On the one
hand, for the positive average grid powers (consumption), the worst voltage in the net-
work is the minimum (shown in red), whereas the best voltage is the maximum (shown
in blue). On the other hand, when the average grid power is negative (injection), the
correlation is reversed; i.e., the worst voltage is the maximum, and the best is the mini-
mum. This behaviour is consistent with previous studies in power systems where small
incremental changes in power in the network resulted in quasi-lineal voltage behaviour
[64].

Interestingly, the best and worst voltage points, despite reversing at Pgiq = 0, com-
plement each other. Using a second-order polynomial regression, the worst voltage
curve V was estimated as a function of the average grid power with very high accuracy
(black line). The experiment was then repeated for 20 different combinations of node
samplings and penetration levels per scenario (see Figure 6.25 for details on the sam-
pling distribution) during summer and winter without extrapolating the average grid
power ranges per case, as shown in Figures 6.23b, 6.23d, 6.23f and 6.23h. As can be seen,
there is a strong correlation between the average grid power and the worst voltage in
the network, which is then confirmed plotting the yearly curves per scenario together in
Figure 6.24. The resulting approximation of the worst voltage on the grid that is used for
(6.32) is

V(Pgrid) = —0.00083106?2@1(1 —0.03378 Pgiq + 0.9997 (6.34)

6.3.7. RESULTS ANALYSIS

The analysis was carried out for a representative week during winter and summer, as
the technical standard EN50160 requires that the voltage remain within +0.1 p.u. dur-
ing 95 % of the week. Knowing that the location of the node where the system should
be placed leads to different results on the network, five random samples per penetra-
tion percentage were created, uniformly distributed throughout the network, as shown
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(a, ¢, e, g), and results for all scenarios and penetration levels during winter, summer and yearly (100 % pene-
tration) (b, d, f, h) for scenarios 1, 2, 3 and 5 respectively.
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Figure 6.25: Distribution of nodes selected per case, per penetration percentage.

in Figure 6.25. The network was simulated, including the corresponding system archi-
tecture per scenario in the selected nodes. A summary of the results is shown in Ta-

bles 6.4 and 6.

5.




Table 6.4: Result ranges per season for different penetration levels (20 % - 40 %).

0% 20% 0%
1 2 3 1 5 6 7 1 2 3 1 5 6 7

Voos [%] 3.263 3.263 3.56-3.66 3.53-3.66 3.31-3.59 5.46-8.90 3.20-3.46 3.94-8.07 3.26 6.75-7.99 6.70-7.95 3.24-357 24.07-25.26 3.14-341 22.64-24.17
Vios [%] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Voo [%] 0.020 0.020 0.107-0.130  0.100-0.127  0.001978-0.1360  0.235-0.298  0.00346-0.0870  0.213-0.290 0.020 0.338-0367  0.331-0.360  0.0593-0.1276 2.98-4.47 0.0400-0.0727  1.145-2.42
Vi1 [%] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

. ACE %] Ref | -(5.48-6.84) 19.09-281 15.80-281.1 30.44-459.6 34.62-831 34.78-675.01  4523-1026 | -(5.35-6.71) 19.09-323 15.80-322.9 39.52-855.5 34.62-955 29.31-1041 45.23-1147

2 ACpgl®l | Ref | -(548-684)  -(6017-7856) -(6127-7856) -(53.51-71.04)  -45.09-6541) -(5528-73.84) -(33.81-59.03) | -(535-6.71)  -(60.17-78.85) -(61.27-78.85) -(40.33-76.73)  -(44.92:65.67) -(42.36-73.80) -(33.51-59.58)

£ AR %l Ref | -(4.01-4.94)  59.84-665.1 25.7-665.1 80.57-1624 151.3-3295 76.05-1660 158.97-3676 | -(4.08-4.96)  59.84-745.9 25.7-745.9 44.65-1807 151.3-3696 33.43-2685 158.81-4123
AESM (%] - Ref -(5.53-13.8)  (-133)-105.2 683-61468 784.5-40768  598.8-55767  831.0-69643 Ref -(539-185)  (-185)-77.5 321-54609 784.5-40768  338.1-45882  820.9-69643
AEpy [%] - Ref 0 0 -(53.30-75.90) 0 -(60.39-74.21)  -(61.57-75.74) Ref 0 0 -(62.10-77.45) 0 -(62.56-77.35)  -(61.89-75.74)
AEpp [%] - - Ref 0 -(4.19-21.06) 102.3-313.2  (-49.06)-101.14  102.3-313.2 - Ref 0 -(250-21.08)  102.3-313.2  (-51.71)-151.44  102.3-313.2
AERG (%] | - - - Ref (-1.674)-102.9 (-5.52)-0 10.99-96.43 61.86-89.74 - - Ref 30.18-125.4 (-5.52)-0 (-7.08)-167.34  61.34-89.97
ACggss [%] | - - - Ref -(0.312-1.773) 0-0.240 -(0.610-1.691)  -(0.981-1.442) - - Ref (-2.05)-0.0814 0-0.240 -(-2.83)-0.1769  -(0.973-1.454)
AEGESS (%] - - - - - Ref -(21.05-97.37) 0 - - - - Ref -(34.87-97.37) 0
AQress [%] | - - - - - Ref (-68.22)-8.33 0 - - - - Ref (-68.22)-24.30 0
Vo.95 [%] 3258 | 3.11-3.17 3.17-3.24 3.17-3.24 3.10-3.36 3.89-5.21 3.10-3.41 3.36-4.22 2.85-2.94 3.05-3.14 3.05-3.14 2.94-3.16 10.50-11.28 3.06-3.34 8.66-9.52
Vios [%] 0 0 0 0 0 0 0 0 0-0.55 0-0.44 0-0.44 0-0.235 0-0.0712 0 0
Voo [%] 0.020 0.0044 0.10-0.12 0.10-0.12 0.00692-0.050  0.295-0.392  0.00593-0.0731  0.1978-0.220 0.0044 0.21-0.23 021-0.23  0.00742-0.0494  1.165-1.929  0.0249-0.131  0.673-0.918
Vizo [%] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

y ACp (%l Ref | -(165.0-242.9) -(49.0-180.8)  -(49.0-180.8)  -(51.25-182.8)  (-149.7)-394.6  (-267.4)-814.0  (-51.14)-636.2 | -(164.8-242.9) -(49.0-180.8)  -(49.0-180.8)  (-251.8)-18.86 (-148.9)-473.6  (-33.69)-1151  (-71.77)-762.3

E ACpgl%l | Ref | -(165.0-242.9) -(93.21-136.5) -(93.21-136.6)  -(88.73-111.0)  -(34.09-125.7)  (-132.5)-13.86  -(1.906-71.75) | -(164.8-242.9 -(93.21-137.2) -(93.21-137.3) -(58.19-118.52) -(34.09-125.7)  (-70.94)-42.02  -(1.590-81.83)

E AED % Ref | -(30.57-39.64) (-31.0)-107.3  (-31.1)-107.3 3.03-943.67 32.81-1971 20.71-1988 56.14-2188 | -(30.57-39.81)  (-31.0)-107.3  (-31.1)-107.3  (-17.73)-981.8  32.81-1971  (-13.43)-1861  25.78-2187

S AEQ (%) - Ref -(332-9.03)  -(3.32-9.03)  (-40.34)-359.3  (-1551)-277.2  (-67.85)-284.6  (-55.66)-325.9 Ref -(330-9.52)  -(3.30-9.52)  (-44.00)-406.5 (-14.83)-291.9  (-79.95)-340.5  (-55.20)-345.9
AEpy [%] - Ref 0 0 -(40.63-80.01) 0 -(8.95-56.62)  -(44.11-50.65) Ref 0 0 -(30.24-52.98) 0 -(9.00-64.39)  -(44.14-50.69)
AEyp [%] - - Ref 0 (-1.631)-1 477.0-941.1 288.9-272.1 477.0-941.1 - Ref 0 (-2.47)-0 477.0-941.1 131.3-737.3 477.0-941.1
AER (%] | - - - Ref 37.47-62.12 (-1.631)-0 42.73-102.9 32.08-55.89 - - Ref 37.98-63.52 (-1.631)-0 29.69-97.04 31.76-51.23
ACggss [%] | - - - Ref -(0.545-1.020) 0-0.0611 -(0.661-1.770)  -(0.461-0.900) - - Ref -(0.558-1.008) 0-0.0611 -(0.431-1.621)  -(0.453-0.789)
AEJESS [9%] - - - - - Ref -(5.21-48.60) 0 - - - - Ref 0
AQress [%] | - - - - - Ref (-1.612)-6.45 0 - - - - Ref 0
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Table 6.5: Result ranges per season for different penetration levels (60 % - 80 %).

60% 80%
0% 1 2 3 1 5 6 7 1 2 3 1 5 6 7
Vo.gs [%] 3.263 3.26 12.84-13.53  12.81-13.50 3.94-4.74 27.26-28.18 3.47-3.85 26.58-27.37 3.26 14.44-1447  14.38-1441 5.05-5.62 27.26-28.33 418-430 26.87-27.15
Vi.o5 [%] 0 0 0 0 0-0.0465 0-0.0934 0-0.0618 0-0.207 0 0 0 0.229-0426  0.890-1212  0.309-0.586 1.580-2.34
Voo (%] 0.020 0.020 1.14-1.83 1.13-1.86  0.1622-0.1834  14.89-1573  0.0524-0.0999  11.62-12.57 0.020 4.45-4.88 4.44-4.88 0.269-0302  2232-22.72  0.1305-0.1869  21.52-22.01
V0 [%] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
. ACy %] Ref | -(5.40-6.84) 10.76-323 5.18-322 55.57-835.2 21.22-954.9 29.35-614 33.27-1183 | -(5.35-6.84)  10.76-307.76 5.18-308 39.26-805.4  2122-910.2  30.02-788.9 45.23-1169
2 ACpgl%l | Ref | -(540-684)  -(5268-78.85) -(55.06-78.56) -(40.01-74.64) -(44.64-6567) -(55.28-73.84) -(3243-6251) | -(5.35-6.84)  -(52.68-78.66) -(55.06-78.66) -(40.81-77.98) -(44.60-65.96) -(44.52-73.10) -(33.03-62.37)
£ AEQ %] Ref | -(3.92-487)  41.52-745.9 35.52-746 70.61-1591 99.71-3696 33.99-1460 107.6-4102 | -(3.92-4.96)  41.52-737.1 35.52-737 43.85-1686 99.71-3653 34.09-1978 107.6-4079
AEQM (%] - Ref -(5.40-18.50)  (-18.5)-77.51  297.0-31107  458.96-40768  (-39.26)-34987  326.3-69643 Ref -(4.98-19.96)  (-20.0)-105.2  (-34.95)-53026  458.96-40768  (-38.37)-43960  326.3-53454
AEpy [%] - Ref 0 0 -(61.86-77.58) 0 -(60.42-81.35)  -(61.89-75.74) Ref 0 0 -(53.22-77.72) 0 -(54.16-77.47)  -(59.9-75.74)
AEqp (%] - - Ref 0 -(236-21.08)  102.28-313.22  (-52.06)-99.39  102.3-313.2 - Ref 0 -(2.32-24.07)  102.28-313.22  (-5442)-59.96  102.3-313.2
AEges %] | - - - Ref (-4.05)-149.1 (-5.52)-0 (-7.45)-1732  61.76-90.50 - - Ref (-20.12)-145.7 (-9.58)-0 (-10.37)-164.0  61.76-89.98
ACggss [%] | - - - Ref (-2.42)-0.1226 0-0.240 (-2.98)-0.1828  -(0.983-1.453) - - Ref (-2.40)-0.419 0-0.264 (-2.83)-0.233  -(0.989-1.454)
AESESS (%] - - - - - Ref -(48.72-97.90) 0 - - - - Ref -(61.23-97.90) 0
AQress [%] | - - - - - Ref (-69.07)-34.58 0 - - - - Ref (-69.07)-31.78 0
Vo.gs [%] 3.258 | 2.83-2.84 3.37-3.53 3.33-3.53 2.73-2.92 13.39-13.74 3.60-3.89 12.62-12.74 2.82-2.83 4.04-4.12 4.04-412 2.68-2.95 15.22-15.57 429-4.42 14.22-14.39
Vio5 [%] 0 2.40-3.18 2.03-2.69 1.170-2.39 0.466-1.406  0.0168-0.555  0.0420-1.191 5.40-6.16 4.79-5.54 4.79-5.54 5.03-5.75 3.971-455  1.412-1.645
Voo [%] 0.020 0.0044 0.31-0.33 0.0178-0.0534 533-5.88  0.0623-0.1315  3.31-3.80 0.0044 0.42-0.47 0.42-0.47  0.0588-0.0751  8.80-9.06 0.1696-0.265
V0 [%] 0 0 0 0 0 0 0 0.023-0.314 0.01-0.26 0.01-0.26 0-0.0895 0-0.0351 0
5 ACp (%] Ref | -(158.6-257.5) -(49.02-204.3) -(49.02-204.3) -(719.0)-158.7 (-176.7)-473.6 (-219.6)-949.5 (-39.88)-706.6 | -(158.6-257.5) -(49.02-204.3) -(49.02-204.3) (-723.7)-180.7 (-176.7)-473.6 (-342.0)-514.9 (-72.30)-766.4
E ACpgl%l | Ref | -(158.6-257.5) -(93.21-158.5) -(93.21-160.5) -(38.89-180.8) -(34.09-149.4)  (-115.6)-8.92  -(1.906-71.75) | -(158.6-257.5) -(93.21-158.5) -(93.21-160.5) -(37.23-181.6) -(34.09-149.4) -(154.6-0.475) -(1.619-82.17)
E AER (% Ref | -(30.6-39.8)  (-34.8)-107.3  (-36.63)-107.3 (-20.04)-973.87  6.83-2049  (-1277)-1543  61.66-2277 | -(30.6-39.6)  (-34.8)-107.3 (-36.63)-1073  3.14-1011 6.83-1971 9.40-1809 25.71-2188
S AEQ™ (%] - Ref -(3.00-9.52)  -(3.00-952)  (-51.20)-446.2 (-15.80)-291.9 (-89.01)-323.1  (-56.82)-344.4 Ref -3.00-9.57)  -(3.00-957)  (-47.30)-462.0 (-1551)-289.8  (-86.1)-373.4  (-56.51)-344.4
AEpy [%] - Ref 0 0 -(28.23-55.12) 0 -(8.31-82.67)  -(43.64-50.69) Ref 0 0 -(26.06-57.84) 0 -(8.31-79.61)  -(44.24-50.69)
AEqp (%] - - Ref 0 (-5.43)-0 477.0-9411  1280-7167  477.0-941.1 - Ref 0 (-5.64)-0.1621  477.0-941.1  151.89-638.0  477.0-941.1
AEpes %] | - - - Ref 35.57-67.53 (-1.631)-0 24.43-111.3  32.09-53.49 - - Ref 35.12-67.00 (-1.631)-0 3595-115.2  31.80-52.73
ACgess [%] | - - - Ref -(0.511-1.095) 0-0.611 -(0.363-1.882)  -(0.456-0.831) - - Ref -(0.500-1.082) 0-0.611 -(0.545-1.941)  -(0.455-0.843)
AESESS (%] - - - - - Ref -(15.38-70.94) 0 - - - - Ref -(20.47-69.36) 0
AQess [%] | - - - - - Ref 0-6.45 0 - - - - Ref (-1.613)-9.68 0
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Starting with the voltage results shown in Tables 6.4 and 6.5, on the one hand, it can
be noted that the inclusion of PV systems does not result in overvoltages beyond the reg-
ulation. Considering that the PV systems for scenario 1 and onwards were sized for a
near-net-zero building using the base case as referece, the penetration required to sur-
pass the 1.05 p.u. limit defined in the EN50160 standard is around 80 % during summer.
The low production during winter makes the power injection effect in the grid barely no-
ticeable. On the other hand, it can be noticed that the inclusion of heat pumps does have
anegative impact on the grid. Penetration around 40 % causes non-compliance with the
0.95 p.u. limit. Figure 6.26 shows how the energy consumed from the grid changes for
a typical week in winter and summer for scenarios 1, 2 and 5. Adding the PV alone re-
duces the overall consumption as expected; however, the inclusion of heat pumps in
scenario 2 and then thermal storage in scenario 5 resulted in energy consumption up
to two orders of magnitude greater than the base case, as the heating comes only from
electricity. There is also a decay in the change in energy consumption proportional to
the yearly consumption, but the PV can only compensate for prosumers with consump-
tions above 2 MWh/year during summer in scenarios 2 and 3. The reasons are discussed
in Section 6.3.8.

From a cost perspective, however, the PV and the heat pump are complimentary,
which can be seen in the reduction of energy export Eg“t into the grid in scenario 2
when compared with scenario 1. Despite the consumption of the heat pump increas-
ing considerably the energy consumption from the grid E‘é‘ (see Figure 6.26), therefore
the electricity cost Cg, especially during winter, thanks to the dynamic pricing and so-
lar generation, the overall energy cost Cg, ¢ (electricity plus gas) decreases for all houses,
as shown in Figure 6.27. Particularly during winter, Figures 6.27c and 6.27e show that
for the different types of houses (studio, apartment and detached), the change in energy
cost has different slopes when adding the heat pump in scenarios 2 and 5, opposite to
the smooth slope observed in the change in electricity cost. During summer, the distinc-
tion between house types is less abrupt for the change in energy cost and has the same
pattern as the change in electricity cost, as can be observed in Figures 6.27d and 6.27f.

Adding a battery did not make a significant change in almost any metric, as shown
in Tables 6.4 and 6.5. Comparing scenarios 2 and 3 shows a small decrease in the pur-
chase of energy from the grid and a relatively higher increase in energy export during
winter. This is explained by the nominal difference between the import and export of
energy during winter. Due to the low irradiance during winter, the export to the grid
is very low, so a small increase in the consumption from the BESS during the low-price
timeframes, to then inject it into the grid during the high-price timeframes creates a
significant relative change in the energy exports of several orders of magnitude, particu-
larly in scenario 5 (see Figure 6.28¢). This phenomenon is not as predominant in sum-
mer, as the generation exceeds the consumption during most cases, so the role of the
BESS is neglectable for scenarios 2 and 3 (see Figures 6.28a and 6.28c). For scenario 5,
the more frequent activity of the BESS resulted in higher energy injections, as shown in
Figure 6.28f.

Unlike the other components, the effects of the TESS are more notorious throughout
the metrics shown in Tables 6.4 and 6.5. The increased energy consumption by the heat
pumps to charge the TESS is reflected in the spike of both the change in energy con-
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sumption (see Figures 6.26e and 6.26f) and voltages below 0.95 p.u. from scenarios 1-3
to 5, causing non-compliances even in penetrations below 20 %. Nevertheless, the flex-
ibility in the sources of thermal energy resulted in an increased energy export directly
from the PV during the high-price timeframes, reducing the usage of the BESS (lower
Eliariass and therefore its degradation ACggsg) in scenario 5. The effect of adding a thermal
storage system on energy costs is also not an improvement when compared with sce-
narios 2 and 3. Despite outperforming scenario 1 during winter, scenario 5 is the least
economically attractive during summer (see Figure 6.27).

The role of the aggregator had significant changes in the metrics. From the network
perspective, when the prosumers follow the setpoint provided by the aggregator always
(scenarios 4 and 6), the voltage in the network remains within the +0.05 p.u. during 95 %
of the time for penetrations up to 80 % in scenario 6, and 60 % in scenario 4, and very
rarely below 0.9 p.u. (maximum 0.302 % of the time in scenario 4 and maximum 0.1869 %
of the time in scenario 6). This is accomplished by drastic changes in the internal power
dispatch from the EMS. Comparing scenarios 3 and 4 shows a noticeable decrease in the
usage of the heat pump. Similarly, the amount of energy consumed decreased consider-
ably when comparing scenarios 6 and 5. To minimize the injection of energy, the BESS
was used more often —thus degraded—, mostly from energy purchased from the grid as
the PV curtailment increased, and less energy was used to charge the TESS E/55%, reduc-
ing its availability for thermal power dispatch Qrgss.

For most of the households, this reduction in consumption was translated into a
reduction of costs, particularly in winter, by the mere fact that less energy was pur-
chased. Nonetheless, this reduction also led to lower indoor temperatures, as shown in
Figure 6.29, particularly during winter. When the setpoint was not enforced in scenario 7
(semi-aggregated), small differences are noticed with scenario 5 (no aggregation), most
notably on the usage of the BESS, charged from the grid, and the curtailment of PV gen-
eration. Interestingly, Figure 6.29 also shows that scenarios 2 and 3 tend to have lower
temperatures than the others without an aggregator. This is due to the operation strat-
egy for the heat pump; it is not used in high-price timeframes that might coincide with
higher setpoint temperatures, and in low-price timeframes (during the night), the set-
point is lower. This way, the TESS provides flexibility to the heat generation so that the
indoor temperature remains higher without considerably changing the energy cost.

Provided that there is a benefit in the MCES for both the prosumer and the DSO, the
minimum compensation each prosumer would require to make it profitable to support
the DSO (scenario 6) was estimated, using scenario 2 (PV+HP) as a reference. This is
based on Chapter 3 recommendation. To define the capital expenses of the MCES per
house, it was used 1.15 €/W for the PV (sized per house) with a minimum value of €2500,
€6500 for the heat pump, €10000 for the BESS and €25000 for the underground TESS
and run scenarios 2 and 6 for one year considering a 100 % penetration to estimate their
revenue. The revenue considers the profit earned by the normal operation of the system
under the existing market conditions for each scenario compared to the base scenario.

For the support scenarios to be attractive to prosumers, they should be, at least, as
profitable as the case without supporting the grid. In this case, scenario 2 was selected
as the reference, based on a fully-electrified heating condition. Figure 6.30 shows the
minimum requirements for scenarios 4 and 6 to have the same return on investment
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Figure 6.26: Distribution of the change in energy consumed from the grid per household for scenarios 1,2 and
5 during a week in winter (a),(c),(e) and summer (b),(d),(f), respectively.



6.3. MULTI-CARRIER AGGREGATION

241

Change in electricity cost [%]

(a)

Change in electricity cost [%]

(e)

Change in electricity cost [%]

—625{e80 3g8 o o
650

—6.75 e

12345
Node yearly consumption [MWh]

678 9101112131415

d b b

D= 4 i

tn > 120 >
Change in energy cost [%]

I
o
n
S

—6.75

|
n
n

S
° —60 3
H
200 . %
I —65 &
Py =
150 " & B
[ N
100 - " E
s0l 0 N o -750
3 i d
(] Pele o
°
0 —80
12345678 9101112131415
Node yearly consumption [MWh]
1000
i' —45
800 14 o 9
502
g
600 5
o 5535
q00{ 9 . =
@
b o0 §
200 { Py g
\I
r Wee o o |05

12345
Node yearly consumption [MWh]

6 7 8 9101112131415

(b)

Change in electricity cost [%]

Change in electricity cost [%]

)

Change in electricity cost [%]

-160

|
—
@
S

-200

-220

—240

260

300

200

100

-100

-200

. L
2 . 160
. —
0 ° 2
oo ’0.0 1 + 77180:‘
e 88, 3", d 2
0“ NENK] b 2
%e i,s g t-200 &
. .0‘0 s? =
. =
°® il g
%% t—2208
)
o % e E"
PR 2405
° F =260
1234567 89101112131415
Node yearly consumption [MWh]
-100
S
1105
3
120 &
5
. -130 8
=
- 3
. —140 3
=
=
-150©
.
® t-160
12345678 9101112131415
Node yearly consumption [MWh]
—40

e
'
/
Vo,

Ba
Wa,y o o

.

|
=
=

&
S

—100

I
=
Change in energy cost [%]

—140

12345678 9101112131415

Node yearly consumption [MWh]

Figure 6.27: Distribution of the change in energy cost from the grid per household for scenarios 1,2 and 5
during a week in winter (a),(c),(e) and summer (b),(d),(f), respectively.
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Figure 6.28: Distribution of the change in energy injected to the grid per household for scenarios 2, 3 and 5
during a week in winter (a),(c),(e) and summer (b),(d),(f), respectively.
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Figure 6.29: Indoor temperature distribution in the houses during (a) winter, and (b) summer for each scenario.

(ROI) as scenario 2. Scenarios 4 and 6 had similar changes in energy cost (see Tables 6.4
and 6.5), however, the capital expenses for scenario 4 are considerably lower due to the
high cost of the TESS. Figure 6.30a shows that the average energy cost is higher than the
monthly compensation required for scenario 4 to have the same ROI as scenario 2, and
Figure 6.30b shows, per household, the difference between the cost and the required
compensation. Figure 6.30c compares the compensation required per household for
scenario 6, so that the ROI is the same as scenario 2. The results indicate that the com-
pensation and costs behave fairly similar, and the compensation is mostly greater until
consumption is around 7 MWh/year, where the energy cost is higher than the compen-
sation required. Then, Figure 6.30d shows the difference per household.

Following (6.33), the accummulated voltage incompliance per node was calculated
for each case, grouped per penetration level, during winter and summer. Figure 6.31
shows the results. For scenario 1, the penetration do not greately affect the incompli-
ance during winter because there is little generation, and the incompliances are due to
the base congestion in the grid (see Figure 6.31a). During summer, however, increasing
the penetration does increase the incompliance due to energy injection, as indicated in
Table 6.5 (see Figure 6.31b). The summer incompliance for scenario 2 is fairly similar
to scenario 1, as the higher temperatures require lower usage of the heat pumps (see
Figure 6.31d), but during winter, the incompliances increase considerably, and propor-
tionally to the penetration, due to the energy used by the heat pumps, as mentioned in
Tables 6.4 and 6.5 (see Figure 6.31c). For three of the four cases (winter and summer
in scenario 1, and summer in scenario 2), the most critical node was 270. For winter in
scenario 2, the most critical node was 238, but node 270 still remained critical. For this
reason, node 270 was chosen to place the centralized system.

Initially, a 1 MWh/1MW BESS system coupled with a 200 kW PV system is consid-
ered. However, it was insufficient for penetrations above 60 %. Thus, the capacity of
the BESS was increased to 2 MWh for the 60 % penetration and to 10 MWh for the 80 %
penetration. No improvements were observed above those values. Similarly, increasing
the PV system did not show any major benefit as, during winter, the generation is al-
most neglectable in comparison with the demanded power, and during summer, most
of the generation above that threshold was curtailed to avoid overvoltages. Table 6.6
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Figure 6.30: Investment comparison of scenario 2 with scenarios 4 and 6, considering (a), (c) the required
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Table 6.6: BESS and PV system sizes per penetration level of PV+HP for case 8.

Penetration BESS PV
20 % 1MWh, 1 MW 200 kW
40 % 1MWh, 1 MW 200 kW
60 % 2MWh, 1 MW 200 kW
80 % 10 MWh, 1 MW 200 kW

Table 6.7: Result ranges per season for different penetration levels of PV+HP for case 8.

S

Penetration [%] Winter
Vo.95 [%] Vi.05 [%] Vo.90 [%] Vi [%] Vo.95 [%] V.05 [%] Vo.90 [%] Vi1 [%]
20 0.1898-1.150 0 0-0.0717 0 0.200-0.236 0 0 0
40 4.18-5.28 0 0.240-0.267 0 0.259-0.402  0.00005-0.438 0 0
60 8.87-9.25 0.0005 0.621-1.156 0 0.475-0.617 1.981-2.59 0-0.0252 0
80 10.96-11.18  0.007-0.01 1.902-2.08 0 6.87-6.92 4.71-5.45 0.293-0.311  0.0089-0.257

lists the sizes considered per penetration level for the assets, and Table 6.7 summarizes
the voltage results per penetration level per season. During summer, the network does
not require external assistance to comply with the voltage limits (see Table 6.5. Still,
the BESS is capable of improving the network behaviour for penetrations up to 60 %.
At 80 %, the BESS can compensate for the overvoltages by consuming power from the
grid, at the cost of increasing the undervoltages. In winter, however, the central system
cannot ensure compliance with EN50160. Despite the worse node being compensated,
other nodes remained with little or no change before and after including the centralized
storage, as shown in Figre 6.32, and the BESS have to consume almost all the energy used
to compensate the grid from the grid itself, as the PV generation is almost neglectable in
comparison with the energy required to compensate for the grid.

6.3.8. DISCUSSION
After presenting the results in Section 6.3.7, the following correlations became notorious,
leading to consequences both for the prosumer and the DSO. In both cases, changing the
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Figure 6.32: Accumulated voltage incompliance per node for scenarios 8 during (a) winter and (b) summer.
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system architecture would result in different power dispatches. Removing the gas boiler
naturally would transfer all the thermal load to the electrical network through the heat
pumps, however, adding storage devices might shift or shave the consumption peaks. In
this work, every house was assumed to have the same EMS strategy. Even though each
house has different electric and thermal load conditions, the day-ahead prices for all
are the same. Particularly for scenarios 2-5 and 7, which are very heavily dependent
on prices to minimize the cost for the prosumer, an unconscious synchronization of
peaks is to be expected. The effect is consistent with the results in [20], where the lo-
cal EMSs react to the changes in energy price simultaneously, consuming or injecting
energy accordingly. As a result, the prosumers would use controllable high-power appli-
ances, such as the BESS or the HP, during low-price periods, creating congestion. This
phenomenon increases with the penetration, as shown in Tables 6.4 and 6.5, where the
voltages for scenarios 2, 3, 5 and 7 consistently drop in the absence of an aggregated
control.

The same logic can be applied in reverse order if an aggregator has observability over
the network’s voltages and powers. In that case, the aggregator can define a power set-
point to minimize those violations. As shown in scenario 6, when the setpoint defined
by the aggregator is enforced, there is a clear drop in undervoltages, consistent with [33].
Nevertheless, the prosumers require flexible loads and energy sources to be able to meet
the setpoint. In this sense, both the BESS and the TESS play a key role. On the one hand,
the BESS can store or dispatch electric power, either to supply the local demand or to
directly support the grid. Similarly, the thermal storage could provide thermal power
in a restrictive event when the heat pump would contribute to high congestion. Both
effects are shown in our simulations, but cannot be generalized. Instead, the results sug-
gest that this would depend on the load conditions. From an electrical point of view,
in some cases, the load would match with the PV generation, and the electrical storage
is less critical, leading to different patterns of energy supplied by the BESS, as shown in
Tables 6.4 and 6.5. For the thermal storage, smaller spaces, characterized by lower elec-
tric and thermal demand, benefit from the thermal storage, as the thermal demand can
be met with the TESS, whereas bigger houses have larger thermal demands and would
require a larger TESS to reduce their dependency on the heat pump.

From a cost perspective, the more devices comprise the system, the higher the rev-
enue is required to justify the system acquisition. The change in cost presented in Sec-
tion 6.3.7 demonstrated that, in fact, more complex systems do not guarantee lower rela-
tive costs compared to the base scenario. During summer, only a PV system (scenario 1)
results in the most profitable since the higher temperatures require lower usage of the
thermal elements (i.e., heat pump and TESS). During winter, combining the PV with a
heat pump is the most profitable architecture, as it eliminates the dependence on gas for
heating. Adding storage elements like BESS or TESS did not demonstrate any economic
benefit for either of the three aggregation scenarios given the current market mechanism
(day-ahead pricing considering feed-in tariff and no compensation for supporting the
grid) and would require higher investments, making them unattractive for prosumers,
despite their benefits for the DSO. However, previous works suggest that new markets
could make such investments attractive [65], [66], as mentioned in Chapter 5. In this
sense, Figure 6.30 shows that given compensation, the ROI of scenarios 4 and 6 can be
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Table 6.8: Maximum penetration ranges per scenario without violating voltage limits.

Scenario Winter [%] Summer [%]
1: RES inclusion >80 >80
2: Heat electrification 20-40 >80
3: Single-carrier non-aggregated storage 20-40 >80
4: Single-carrier aggregated storage 60-80 >80 %
5: Multi-carrier non-aggregated storage 0-20 0-20
6: Multi-carrier aggregated storage >80 >80
7: Multi-carrier semi-aggregated storage 0-20 20-40
8: Centralized Storage' 20-40 60-80

reduced to the ROI of scenario 2. Scenario 4 might be an interesting business case, as
the compensation prosumers require is below the overall energy cost (see Figure 6.30a).
However, scenario 6 might not be attractive to DSOs, as the compensation would go
beyond the energy costs for low- to mid-consumption prosumers (see Figure 6.30c). In-
stead, additional schemes can be considered. For example, providing not a total but a
partial compensation to the prosumer below the energy cost or involving governmental
institutions to provide subsidies in this kind of investment under the condition of col-
laboration with the DSO.

DSOs are required to ensure voltage conditions on the grid, as stated in EN50160.
Each scenario requries different levels of involvement from the DSOs to ensure the volt-
age conditions, based on the penetration percentage, as shown in Table 6.8. On the one
hand, it is not expected that the penetration increases linearly with time, but instead
saturates at some point, from where the increase in the penetration is slower. That be-
ing said, knowing that the approach allows a later deployment of reinforcement reduces
the time pressure to commission the project; the higher the penetration, the more time
the DSO would have to come up with the best approach, including execution time. On
the other hand, the fact that the grid can withhold larger penetrations, without changes,
would also imply that the reinforcement required is smaller (to ensure minimum com-
pliance), gaining more value from the same system, either before or after reinforce-
ment. As can be seen, the aggregated scenarios (4 and 6) result in more reliable systems,
whereas the cases without aggregation require reinforcements on the grid more urgently.

jou

Using a centralized PV+BESS system (scenario 8) could not outperform single- nor
multi-carrier aggregated storage. The results of the centralized system to compensate for
the inclusion of PV and heat pumps in households shown in Table 6.7 demonstrate a sin-
gle unit can support the network in low penetrations. owever, penetrations above 60 %
during winter and 80 % during summer show incompliance with EN50160. The reason
is the distribution of power throughout the radial grid. If there are loads in branches
whose nodes are far from both the substation and the centralized system, their volt-
age drops will not be compensated effectively, as they would in a distributed case, such
as scenarios 4 and 6. In addition, the storage capacity required for a centralized sys-
tem largely exceeds the sum of the household storage units. For instance, for a pen-
etration of 40 %, a system of 1 MWh is required for the centralized system, compared
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to 28 systems of 10 kWh used in scenarios 4 and 6 (280 kWh in total). Yet, the grid
shows better behaviour with the aggregated storage during winter, as shown in Table 6.4,
where the voltage is below 0.95 p.u. during up to 3.57 % of the time with the aggregated
single-carrier storage and 3.46 % with the aggregated multi-carrier storage, compared to
the 5.28 % with the central system. For higher penetrations, the central system cannot
satisfy EN50160, regardless of the capacity of the battery, as some nodes saw almost no
change before (see Figure 6.31) and after (see Figure 6.32) including the central BESS.

Also, it is worth mentioning the physical capacity of the distribution system. Nor-
mally, the cabling towards the end of the distribution systems is thiner than close to the
substation. This is due to the traditional, uni-directional, power flow considered for the
design of those systems in the past. Thus, placing a centralized system in nodes far from
the substation might require reinforcement regardless, as the cables cannot transport
the current needed to compensate the voltage drop, making the centralized solution un-
suitable.

6.4. CONCLUSIONS

Section 6.2 presented two approaches to coordinate distributed BESS in low-voltage dis-
tribution networks for voltage control using the consensus algorithm. Both strategies
were tested using the 18-node CIGRE network. The leader-follower and the leaderless
methods maintained the voltage within the set limits of +£0.05 p.u. However, the leader-
follower approach was less robust than the leaderless when one of the storage agents
became unavailable. Conversely, the leaderless approach does not require full observ-
ability of the network and instead relies on distributing the utilization factor for all the
assets, which leads to an even usage of the agents, making it more robust to unavail-
ability conditions. Despite promising, this strategy faced two main challenges: the data
distribution and the adaptability to include other storage elements.

Given that limitation, Section 6.3 provided a different approach, using only meter in-
formation to estimate the state of the network and suggest setpoints to the prosumers.
Two aggregated and four non-aggregated scenarios were analysed, considering both single-
and multi-carrier energy storage systems, evaluated in a real low-voltage distribution
network in the Netherlands. Considering different penetration levels and random sam-
plings, insight was provided from both the prosumer and the DSO perspectives. On the
one hand, it was demonstrated that a more complex system architecture does not guar-
antee higher revenue for prosumers in the existing residential energy market. Adding
BESS or TESS resulted in energy cost savings between 45-66 % and 34-149 % in winter
and summer, respectively, compared with a base case without any addition. Neverthe-
less, a PV+HP system results in savings between 55-79 % and 93-161 % during winter and
summer, respectively. When considering the prosumer yearly consumption, lower con-
sumption prosumers have worse ROIs and require compensations beyond their actual
energy cost to make a profit from a multi-carrier energy storage system.

On the other hand, including PV systems sized for near-net-zero buildings did not
violate the minimum voltage regulations of the standard EN50160 for penetrations be-
low 80 %. Nevertheless, including heat pumps causes the voltage to be below 0.95 p.u.
up to 8 % of the week in winter for penetrations above 40 %. Adding a BESS did not
show any major benefit for the prosumer or the DSO. Including the TESS, despite being
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convenient for the prosumer to keep higher indoor temperatures without major energy
cost changes, does increase energy purchase considerably, up to three times the case
with only the heat pump, leading to voltage non-compliances for penetrations as low
as 20 %. Multi-carrier aggregation provided a significant benefit for the DSO, but only in
the cases where the prosumer must always follow the setpoint. In such conditions, the
network was able to accommodate over 80 % penetration with voltages below 0.95 p.u.
only 4.3 % the time. Single-carrier aggregation (only batteries) provided satisfactory volt-
age behaviours (voltage below 0.95 p.u. during 5.62 % of the time in winter) at the cost
of lower indoor temperatures and higher curtailments on the prosumer side. Finally, a
centralized battery storage system could compensate only for low penetration levels, but
due to the nature of a radial network, only outperforming the aggregated units for pen-
etrations below 20 %, where the overall violations to EN50160 were almost zero. Above
that penetration level, both aggregated storage architectures (single- and multi-carrier)
resulted in a more stable voltage, with less than half of the total amount of storage ca-
pacity. In addition, the current limitations of the cabling around the node where the
centralized system is required might be a bottleneck, as the cabling might not withstand
the current, urging a grid reinforcement to accommodate the centralized system within
the distribution network, thus resulting in a less attractive solution.
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This thesis investigated the possibilities for residential prosumers to support the low-
voltage distribution grid through multi-carrier energy storage systems. Through an ex-
tensive literature review on ancillary servies provided at other voltage levels, the most
suitable for the residential distribution systems were identified (Chapter 2). Then, an-
alytical models for the components (Chapter 3) and EMS strategies (Chapter 4) were
provided to test the technical feasibility of such strategies. A business study was done
to then evaluate the market conditions to make an economically attractive scenario for
prosumers to participate (Chapter 5). Finally, a test for different aggregation conditions
and system architectures quantified their impact on a real low-voltage distribution net-
work in the Netherlads (Chapter 6). this Section summarizes the conclusions per chap-
ter, associating them to the research questions proposed in Chapter 1.

7.1. CONCLUDING REMARKS

The main conclusions that answer the proposed research questions are as follows.

Q1. Which is the behaviour of different energy storage devices when coupled together, as
a multi-carrier energy storage system, to supply electric and thermal load require-
ments at the household level?

The electric and thermal loads respond at different timescales. Space heating has
considerable thermal inertia that avoids sudden temperature changes, whereas
electric loads require immediate power. Chapter 3 demonstrated the combined
behaviour of electric and thermal systems. Higher thermal storage capacities re-
duce the dependency on electrical heat generation devices, such as heat pumps,
at moments that might be inconvenient due to grid limits or unfavourable prices.
when the heat pump is activated during such conditions, the electric storage can
compensate partially for the electric power request, depending on the energy avail-
able and the power capacity of the inverter. It was noted that large sizes of TESS
tend to saturate in the amount of thermal energy they can receive, as it responds
to the thermal demand, similar to their electric counterparts. If the TESS is over-
dimensioned, the thermal energy it stores throughout the year reaches a maxi-
mum, compensating for the thermal demand and the thermal losses of the TESS.
Likewise, the energy stored in the BESS also saturates, as there is no need for extra
energy. However, if the TESS is sized according to the thermal demand, the energy
stored in the battery varies based on the size of the external energy source; in the
case of Chapter 3, the size of the PVT system.

From the analysis done in Chapter 4 it became apparent that different optimiza-
tion strategies would result in different behaviours in the coupled system. For in-
stance, minimizing the cost would activate the heat pump during low-price peri-
ods either to charge the thermal storage or to provide thermal power while also
using the BESS to purchase energy when it is cheaper to be used later when it is
more expensive, reducing the correlation, but instead synchronizing the energy
storage systems. This way, it can be concluded that there is a correlation between
the usage of storage systems, which depends on the EMS objective.
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Q2 What are the advantages multi-carrier energy storage systems have over single-carrier
energy storage systems when aggregated, considering the cost/benefit of providing si-
multaneous ancillary services to the electrical network?

The electrification of heat has created challenges for both prosumers and distribu-
tion system operators. On the one hand, prosumers must replace their gas-based
heaters with alternative sources, such as heat pumps, PVT systems or solar collec-
tors. On the other hand, the increased electric power demand required to generate
thermal power increases the risks in the already congested networks. Prosumers
can use renewable energy sources, normally PV systems, coupled with batteries to
compensate for the additional consumption. Nevertheless, the energy and power
capacities of the batteries cannot always compensate for the additional demand or
generation. The extensive literature review in Chapter 2 provided case scenarios
where it was demonstrated that including thermal storage reduces the congestion
since they can provide thermal power in congestion periods and be charged in the
availability of DRES generation or less congested timeframes.

The value of aggregated energy storage was proved in Chapter 6. Normally, aggre-
gation strategies require observability and controllability of the storage assets by
the aggergator. However, it was proved that, even when the the aggregator does
not directly controls the assets, it is possible to coordinate the prosumers’ EMS
together with the aggregator to provide support. Single-carrier energy storage re-
quires less complex aggregation strategies to support the grid, and are also more
profitable for prosumers, but are less robust. Adding thermal storage to create a
multi-carrier energy storage system resulted in the most robust solution for volt-
age strability in low-voltage distribution networks thanks to the multiple sources
of thermal and electric power to meet the local demand in case the grid is con-
tested. Nevertheless, such systems are more expensive and do not provide a more
profitable scenario than single-carrier energy storage systems, thus, multi-carrier
systems are deemed less attractive for business cases and new ancillary services
markets at the residential level.

Chapter 6 also demonstrated that single-carrier centralized storage is not capa-
ble of ensuring voltage stability in radial distribution networks with relatively high
penetration of heat pumps during winter. This was attributed to the nature of the
power flow. Placing the centralized storage can correct the voltage in the nearby
nodes; nevertheless, nodes in other branches, or far from the centralized systems,
have little to no influence by the centralized storage, urging for aggregated solu-
tions.

Q3 How to determine the optimal combination of ancillary services a multi-carrier en-
ergy storage system can provide, which satisfies the local demand at the household
level while minimizing the adverse effects on the grid and the environment when ag-
gregated at the community level, and maximizing the advantage for the prosumer?

The main challenges the distribution system operators face in low-voltage resi-
dential distribution networks are voltage-related. The aggregation of multi-carrier
energy storage distributed in the network can compensate for the voltage devia-
tions in the absence of balancing reserves using active power control, as the stan-
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dard IEEE 1547 does not allow reactive power compensation for voltage support.
In this sense, there are two conditions: overvoltages and undervoltages. Chapter 2
evaluated different ancillary services to address such challenges. Overvoltages are
caused by the injection of power into the grid. Such injection can be minimized by
either consuming the power locally, storing it or curtailing it.

Consumption and storage are not always options, as they depend on the loads, ei-
ther base loads or additional ones, such as a heat pump and the state of charge of
the electric energy storage systems available, such as stationary batteries or elec-
tric vehicles. This way, Chapter 5 provided insight into how much power the sys-
tem can curtail without affecting the profit for the prosumer, including the degra-
dation of the switches of the solar converter that curtails the generation. It was
demonstrated that the ageing of the BESS and the potential early failure of the
power electronics pose the major challenge to create a realistic business model.
Still, considering simplified degradation models, it was possible

Because of the low-power nature of the assets per prosumer, the individual effect
is unlikely to cause significant differences in the overall network. Nevertheless,
the accumulated effect of systems negatively contributing to the network can lead
to severe voltage deviations. For this reason, a local energy management system
should consider the local impact the system has on the grid, while maximizing
its performance. Chapter 4 compared three different EMS strategies: rule-based,
genetic algorithm and heuristic. For real-time, the genetic algorithm resulted op-
timal in terms of adaptability for different system architectures, cost and thermal
comfort. However, including short-term predictions increases the complexity of
the solution space, resulting in less optimal control decisions and high compu-
tational cost. The heuristic method provided a good balance between adaptabil-
ity, performance and computational cost, which was later used to simulate a low-
voltage distribution network. Despite CO>¢q were considered as objective, it was
demonstrated that, as the only emmiting source is the grid, minimizing the grid
purchase minimises the equivalent emmissions in households.

In Chapter 6, different aggregation strategies were proposed to compensate for the
voltage fluctuations. The results showed that it is relatively simple to ensure volt-
age stability if no additional objectives are considered. However, combining other
objectives like thermal comfort of energy price require more complex strategies.
For single-carrier energy storage systems, such as BESS, it is possible to reduce
cost while following a power setpoint, at the cost of the thermal comfort. How-
ever, when thermal energy is added, thermal comfort can be guaranteed without a
significant change in energy cost. Notably, if all EMS use the same price signal, the
assets would congest the network during low-price period, resulting in dynamic
pricing being a counteproductive mechanism for voltage control.

7.2. FUTURE WORK

This thesis provided a holistic study of residential multi-carrier energy systems as flexi-
bility providers, in the form of voltage control, in low-voltage distribution networks. The
results and conclusions obtained can be complemented by future research in the topics
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listed below.

* This work focused on residential buildings comprised of individual houses, or few
apartments. With the growth trends and needs, many cities will have, instead,
larger skyrise buildings with many apartments, without much space for PV (given
the limited roof area) or thermal storage (due to its low energy density). Those
cases should be investigated in more detail, using the models proposed in this
work, but considering a different business case.

e It was concluded that using BESS is, given the current residential energy mar-
ket conditions, the most suitable energy storage device. However, its energy and
power capacity have to be overdimentioned to support the grid. Including con-
trolled EV charging infrastructure in the LV residential distribution networks could
result in a double-win scenario. On the one hand, transportation electrification
is holistically included within the residential energy system. On the other hand,
including EVs could eventually reduce the need for stationary BESS. The current
residential energy market is, arguably, unattractive for prosumers to support the
grid using energy storage devices. In fact, it was demonstrated that the dynamic
pricing scheme is counterproductive to keep the grid stable, as the EMSs would
uninentionally synchronize to purchase energy during low-price periods. There-
fore, the existing energy markets should be reevaluated for the energy transition,
as the traditional approaches are no longer suitable.

* Any business case that implies using energy system to support the grid requries a
comprehensive knowledge on the degradation of the asset during this type of op-
eration. Therefore, studies in the degradation of the components when providing
ancillary services, for instance, capacity degradation on the BESS, or early failure
in the power electronics.







EPILOGUE

Conservation of energy and mass is the basis of classical mechanics. Yet, it requires a
fundamental assumption, the system must be closed. If one sees the universe as a closed
system, then the law is always true (given the current understanding of the universe, of
course). But what happens when a system with a more reasonable scale, let’s say, the
low-voltage distribution networks? Until not too long ago, one could assume them as
closed systems. The energy flowed from the generation plants through the high-voltage
transmission and medium-voltage distribution lines to the substation that fed the cir-
cuit. The energy that flowed through the substation matched the loads and distribu-
tion losses without any external interference, the infrastructure withheld the power, and
there was balance.

Now with the energy transition, the scenery changes. External energy flows from the
once unidirectional houses into the grid, disturbing the status quo of the distribution
system operators. What is more, heat generation arrives as a new load in the energy
balance, altering the now not-so-closed distribution system. Nevertheless, the natural
order requires balance, and the question that arises is how? The electric network in-
frastructure, the container that ensured the validity of the closed system assumption,
can no longer support the new dynamics of the system and requires external influence.
This influence can, of course, come from the system operator, in the form of reinforce-
ment. Is this the optimal usage of resources tho? This thesis proved that, in fact, a so-
lution to the problem can emerge from the problem itself, the sources of change, in a
more efficient manner in terms of resources and energy. If the new-born prosumers
have (multi-carrier) storage with an aggregated dynamic, a technical win-win condition
emerges during the steady-state: their monthly bills are reduced, and the grid requires
less, if any, reinforcement. The transient, despite potentially fast, is, as foreseeable, more
convoluted. The prosumers require an external influence to add energy storage. Again,
it is a matter of balance, in this case, no longer technical but economic. Possible? Abso-
lutely. Probable? To be determined in further work.

Does this conservation also apply to "human-created forms" of matter and energy?
The Phillips machine proved that money, if seen as mass, is conserved and redistributed
within a closed system (the economy), but external energy is required to ensure the ma-
chine works. Where does this energy come from? The obvious answer is us. Less obvious
is the energy flow in the background. Much has, is, and will be said about the sources of
energy humans require to keep moving. From a larger point of view, many could argue
that the conservation of energy applies: people gain energy by eating and sleeping, and
release energy while doing tasks. Even from there, one can wonder, is there a balance?

Interestingly, this can be claimed untrue from different perspectives that are com-
plimentary by convention. In some eyes, if the output remains within the system, the
energy is transformed; otherwise, it is considered energy loss to the (not close anymore)
environment. In other eyes, the energy dedicated to oneself is kept in the system, while
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the remainder is lost to the environment. A Venn diagram could explain how the energy
flows from one reservoir to the other, but even so, is there really a balance? Is one’s in-
put energy always enough to ensure the output energy required to execute one’s tasks?
Many times, like this thesis itself as an example, the answer decides to ignore the first
law of thermodynamics, while following the second. The question remains, where does
this "dark" energy come from? Is it, aside from eating and sleeping (if applicable), from
others? From the environment itself? Do we have an internal source of energy that, for
the sake of keeping the natural order of things, uses an imaginary fuel to generate the
shortage of energy required to ensure equilibrium? The answer could very well be ei-
ther all of the above or neither. The result is, therefore, an observable but not necessarily
controllable system whose resilience can be evaluated through a stability analysis be-
fore or after failure, in the hope that the information is enough for an observer to create
a Sankey diagram to (dis)prove the conservation of energy.
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A. PROPOSITIONS

Propositions

accompanying the dissertation

RESIDENTIAL MULTI-CARRIER ENERGY STORAGE
SYSTEMS AS POTENTIAL FLEXIBILITY PROVIDERS IN

10.

LOW-VOLTAGE NETWORKS
A NEW PLAYER HAS JOINED THE GAME
by

Joel Jesus ALPIZAR CASTILLO

. It is a misconception that maximizing heat electrification and the installed RES

capacity alone will minimize the GHG emissions; carelessly doing so will lead to
disorganized decisions and actions that might, ultimately, be counterproductive
(this thesis, Chapter 2).

. Curtailing the PV generation can reduce the lifetime of a solar inverter (this thesis,

Chapter 5).

. The exising scheme of dynamic-pricing tariffs in non-controlled residential mar-

kets are detrimental for the existing electric infrastructure (this thesis, Chapter 6).

. Any system, regardless of its nature or aim, requires a certain degree of flexibility.

. Science is a baroque representation of nature, whereas engineering is minimalis-

tic.

. Written words are condemned to be forgotten if nobody talks about them.

. Compensation must always go beyond the economic cost of a task, thus consider-

ing emotional, social or physical costs, for instance.

. Rich countries depend more on the poor ones than the latter are aware of and

more than the first would admit.

. Defining an intention as good or bad is not a deterministic process, yet, there are

many irrational assumptions widely accepted to assume it.

Academic research has become a pyramid-scheme content-creation business. Au-
thors (content creators) have to pay to publish, editors and reviewers (content
moderators) provide their experience and time for free, and researchers (content
consumers) have to pay to access the research results.

These propositions are regarded as opposable and defendable, and have been approved as

such by the promotor Prof. dr. ir. P Bauer and copromotor Dr. ir. L. M. Ramirez Elizondo.
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Table B.1: Abbreviations used in this manuscript.

AC Alaternate Current

BESS Battery Energy Storage System

BM Bucket Model

CHP Combined Heat and Power

CO2,eq Carbo Dioxide (equivalent)

cop Coefficient Of Performance

DC Direct Current

DG Distributed Generator/Generation
DoD Depth-of-Discharge

EoL End-of-Life

GA Genetic Algorithm

DRES Distributed Renewable Energy System
DSO Distribution System Operator
ECM Equivalent Circuit Model

EMS Energy Management System

ESS Energy Storage System

EV Electric Vehicle

EVA Ethylene Vinyl Acetate

G2v Grid-to-Vehicle

GDP Gross Domestic Product

HEMS Home Energy Management Systems
HFC Hydrogen Fuel Cell

HP Heat Pump

HV High-Voltage

HVAC Heating, Ventilation, and Air Conditioning
LCoE Levelized Cost of Energy

LCoS Levelized Cost of Storage

LFP Lithium iron phosphate

Li-ion Lithium-ion

LMO Lithium-ion Manganese Oxide

LV Low-Voltage

MCES Multi-Carrier Energy System
MCESS Multi-Carrier Energy Storage System
MPC Model Predictive Control

MPP Maximum Power Point

MPPT Maximum Power Point Tracking
MV Medium-Voltage

NCA Lithium Nickel Aluminium Cobalt
NMC Lithium Mickel Manganese Cobalt
ocv Open Circuit Voltage

OPEX Operational Expenditures

PEC Power Electronics Converter

PSH Pumped Storage Hydro

PV Photo-Voltaic (system)
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PVT
RB
RES
RMS
ROI
SEI
SC
SoC
ST
STC
TES
TESS
TSO
V2G

Photo-Voltaic Thermal (system)
Rule Based

Renewable Energy System

Root Mean Square

Return on Investment

Solid Electrolyte Interphase
Solar Collector

State-of-Charge

Solar Thermal

Standard Test Conditions
Thermal Energy Storage
Thermal Energy Storage System
Transmission System Operator
Vehicle-to-Grid







VARIABLES AND CONSTANTS

Table C.1: Variables and constants used in this thesis.

Symbol Variable Units Definition

a Thermal diffussivity - -

ap Soil thermal absorbtivity - Table 3.5

Oglass (PVT) glass thermal diffussivity - Table 3.6

apy (PVT) Si layer thermal diffussivity - Table 3.6

as Soil thermal diffussivity - Table 3.5

B Comfort factor - Table 4.1

Brv PV temperature coefficient - Table 3.6

B1 (Bayerer) factor - Table 5.3

B (Bayerer) factor - Table 5.3

Bs (Bayerer) factor - Table 5.3

Ba (Bayerer) factor - Table 5.3

Bs (Bayerer) factor - Table 5.3

Be (Bayerer) factor - Table 5.3

¥ ngy EV availability - (4.58)

AR Thermal radiation W/m? (3.25)

AT Thermal cycle °C -

0 Control power policy - -

st Energy purchase policy - -

o 1}—Llp Heat pump energy purchase policy - (4.24)

o %ESS TESS discharge energy purchase - (4.25)
policy

6I%IP~TESS TESS charge energy purchase pol- - (4.26)
icy

SHE  ics Simultaneous heating constraint - (4.27)

O TESS TESS SoC charge constraint - (4.28)

275



276 C. VARIABLES AND CONSTANTS

5395 TESS SoC discharge constraint - (4.29)

of Electric power policy - -

ot Thermal comfort policy - -

6§IP Heat pump thermal comfort policy - (4.22)

6TESS TESS thermal comfort policy - (4.23)

€ (Concensus algorithm) step size - -

£ Emmissivity - -

Eglass PVT glass layer emmissivity - Table 3.6

Epv PVT Si layer emmissivity - Table 3.6

& Soil emmissivity - Table 3.5

£50C Deviation of the EV SoC upon de- - (4.61)
parture time

i Efficiency - -

Me¢ (BESS) Coulombic efficiency - -

nLESS TESS charging efficiency - Table 3.5

ngss TESS discharging efficiency - Table 3.5

Moy PV STC efficiency - -

npv PV efficiency - (3.57)

1sc Solar collector efficiency - (4.1)

nr Heat exchanger efficiency - Table 3.6

04, Asset parameter vector - -

Oco, CO; cost balance weight - Table 4.1

Ox Energy cost balance weight - Table 4.1

Ot Thermal cost balance weight - Table 4.1

Abuy Grid energy purchase cost €/kWh -

A (Electrical) (thermal) power cost €/kW -

ABESS BESS power cost €/kW Table 4.1

Ag Grid power cost €/kwW -

Asell Grid energy sell cost €/kWh -

T General control policy - (4.34)

0 Density kg/m3 -

Pa (PVT) Absorber density kg/m3 Table 3.6

Pa Air density kg/m3 Table 3.3

pr Water density kg/m3 Table 3.5

Pglass (PVT) Glass density kg/m3 Table 3.6

Os Soil density kg/m3 Table 3.5

2 (Distribution network) accumu- V (6.33)
lated node voltage deviation

T Transmittance - -

Tglass (PVT) glass transmittance - Table 3.6

A Area m? -

A Adjacency matrix - -

A Admitance matrix - -

A (Bayerer) technology factor - Table 5.3
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Aay

Aa
Abottom
Aes
Aglass
Apy
Asides
A(;ross
Atop
Asc

Ay

ai, j
aocv,sa
ar

B

bocv,sa
br

C
CgEss
Cco,
Ce
Cgrid
Ci,j
Closs
Cl,sa
Cs
Cr
CrEss
Cuw
CI
Clg

C1
C2
C3

Cy

TESS side (discrete differential)
area

(PVT) absorber area

TESS bottom area

Exposed (household) area

(PVT) glass area

(PVT) PV (Si layer) area

TESS sides area

(PVT) tube’s cross area

TESS top area

Solar collector area

(Household) unit leak area
(Adjacency matrix) element
Voltage model parameter

(Switch) dynamic characteristic
parameter

(Distribution system) substation
matrix

Voltage model parameter

(Switch) dynamic characteristic
parameter

Storage capacity

BESS capacity

CO; cost

Energy cost

Net grid cost

Concensus matrix

Battery degradation cost

(ECM) pole capacitive element
(Household) stack coefficient
Thermal cost

TESS capacity

(Household) wind coefficient
Carbon intensity

(Grid) carbon intensity

Specific heat capacity

BESS empirical degradation pa-
rameter

BESS empirical degradation pa-
rameter

BESS empirical degradation pa-
rameter

BESS empirical degradation pa-
rameter

BN

in?/ft*

=

=<

J/A

cfm?/(in*°F)
kWh
cfm?/(in*mph?)
kgc()2 /kWh
kgcoz /kWh
J/(kg®C)

A—l

Table 3.6
Table 3.5
Table 3.3
Table 3.6
Table 3.6
Table 3.5
Table 3.6
Table 3.5
Table 4.1
Table 3.3
(6.2)

Table 4.1
Table 4.1
Table 4.1
(4.38)
(6.10)
(4.40)

Table 3.3
Table 4.1
(3.17)

Table 3.3

Table 4.1
:l“able 4.7
Table 4.7
Table 4.7

Table 4.7
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Cs BESS empirical degradation pa- A/s%® Table 4.7
rameter

Ca (PVT) absorber specific heat ca- J/(kg°C) Table 3.6
pacity

Ca Air specific heat capacity ]/ (kg°C) Table 3.3

Class (PVT) glass heat capacity ]/ (kg°C) -

cr (TESS) fluid specific heat capacity  J/(kg°C) Table 3.5

cr (PVT) fluid specific heat capacity J/kg°C) Table 3.6

cpy (PVT) PV (Si layer) heat capacity ]/ (kg°C) -

Cs Soil specific heat capacity ]/ (kg°C) Table 3.5

Cstyro Styrofoam specific heat capacity ]/ (kg°C) Table 3.5

cr (Switch) dynamic characteristic J/A? -
parameter

CAPEX Capital expenses € -

COP HP coefficient of performance - (3.60)

D Accumulated damage - (5.19)

D Degree matrix - (6.1)

D Duty cycle - -

Dy Hydraulic diameter m -

d (Bayerer) bond wire diameter pm Table 5.3

a Depth for the reference tempera- m Table 3.5
ture

di,j (Degree matrix) element - -

E Electric energy kWh -

Eout Electric energy delivered kWh -

E; (Converter) turn-on energy loss kWh (5.14)

Eggss BESS energy kWh (3.73)

Egy EV energy kWh -

f Frequency Hz -

fs (Converter) switching frequency Hz -

G Solar irradiance KW/m? -

Gov (Concensus algorithm) overvoltage - -
control gain

Gref Reference solar irradiance KW/m? -

Gun (Concensus algorithm) undervolt- - -
age control gain

h Heat transfer coefficient W/ (m?°C) (3.27)

heon Conduction heat transfer coeffi- W/(m?°C) (3.5)
cient

heonv Convection heat transfer coeffi- W/(m?2°C) (3.28)
cient

hg’a‘;‘s’ Ambient-glass (PVT) convection W/ (m2°C) -
heat transfer coefficient

h;{’a’;‘s’_w Glass-(PVT) PV (Si layer) convec- W/ (m?°C) (3.53)

tion heat transfer coefficient
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hr
hl’

glass

T
h glass-PV

ha—f

Iy
oy,
ILT1
In

Ipy
Isc
Iscy,

Iscy,
1
i

o

ical,sa, t
icycle,sa,t
139

iL

iloss

Imax
Imin

iRl ,sa,t
IRMS
is

is

IS RMS
isa,t
Ko

k

Radiative heat transfer coefficient
Ambient-glass (PVT) radiative heat
transfer coefficient

Glass-(PVT) PV (Si layer) radiative
heat transfer coefficient
Fluid-thermal absorber heat trans-
fer coefficient

(Bayerer) current per bond
Current between nodes in a distri-
bution network

(PV module) diode saturation cur-
rent

(PV module) diode saturation cur-
rent at reference temperature

(PV module) photo-induced cur-
rent at reference temperature
(Distribution network) node cur-
rent

PV module current

(PV module) short-circuit current
(PV module) short-circuit current
at reference temperature

(PV module) short-circuit current
at reference temperature

Current

Average current

(Converter) bus current

Calendar aging current

Cyclic aging current

(Converter) inductor current
(Boost converter) average inductor
current

Loss current

(Converter) maximum inductor
current

(Converter) minimum inductor
current

Pole current

RMS current

(Converter) switch current
(Converter) average switch current
(Converter) RMS switch current
Current passing through a cell

(PV) temperature coefficient
Thermal conductivity

W/ (m?2°C)
W/ (m?2°C)

W/ (m?3°C)
W/ (m?2°C)

A
A

> >

> > >

> >

>

==

°C
W/(m-°C)

(3.29)

(3.54)

(3.55)

Table 5.3
(6.18)

(5.6)

(5.9)
(5.10)
(4.49)
(5.6)




280

C. VARIABLES AND CONSTANTS

ka

kg
kgva
ke
kins
kpy
ks
kstyro
L

L

L

La
Lair
Lgva
Lglass
Lins
Lpy, glass
Lgss

Lted
LCoE

LCoS
m

My
Mglass
mpv
Mitank
MTESS
m

g
N

Nc

Air conductivity

Boltzmann’s constant

(PVT) EVA layer conductivity
(PVT) fluid conductivity

(PVT) insulation table conductivity
(PVT) Si layer conductivity

Soil conductivity

(TESS) styrofoam conductivity
(Converter) inductance

Laplacian matrix

(Layer) thickness

(PVT) Absorber thickness

(PVT) Air gap thickness

(PVT) PV EVA thickness

(PVT) Glass thickness

(PVT) Insulation thickness

(PVT) PV glass thickness

TESS wall thickness

(PVT) PV tedlar thickness
Levelized cost of energy

Levelized cost of storage

Mass

(PVT) absorber mass

(PVT) glass mass

(PVT) PV (Si layer) mass

(PVT) tank mass

TESS mass

Mass flow

Thermla network mass flow
Number of tubes in a PVT module
(Distribution network) nodes with
a consumer connected
(Distribution network) nodes with-
out a consumer connected
Number of bedrooms

Number of EVs

(Bayerer) thermal cycles to failure
Number cells in parallel within the
BESS

Number cells in series within the
BESS

(PV) ideality factor

Number of states

Number of thermal cycles per cy-
cling condition

W/ (m-°C)
J/K

W/(m-°C)
W/(m-°C)
W/(m-°C)
W/(m-°C)
W/(m-°C)
W/(m-°C)

o

BEBBEBEEEBEES

kg/s
kg/s

Table 3.6
Table 3.6
Table 3.6
Table 3.6
Table 3.6
Table 3.5
Table 3.5

(6.3)
Table 3.6
Table 3.6
Table 3.6
Table 3.6
Table 3.6
Table 3.6
Table 3.5
Table 3.6
(5.20)
(5.21)

Table 3.6

Table 3.6

Table 3.3

(5.18)
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P drive, ngy
Pgy

Pg

If grid

P, grid

Cell open circuit voltage

Operating expenses

Electric power

Optimal power decision

Optimal power decision upper
limit

Optimal power decision lower limit
Electric power setpoint from the
DSO

BESS power

BESS power policy

BESS converter power limit
Maximum power the BESS can ex-
change based on its SoC

Minimum power the BESS can ex-
change based on its SoC

BESS maximum power constraint
BESS minimum power constraint
PEC power

(Switch) conduction power losses
EV power used for driving

EV power

Grid power

Grid power

(Distribution network) average
grid power

Purchased grid power

Sold grid power

HP (electric) power

HP electric power

HP thermal power

HP (electric) power used to charge
the TESS

(Distribution network) node power
(Distribution network) setpoint
node power

(Electric) load power

Electric load power

Thermal load power

EV charge power

PV power

Node net power exchange with the
grid

BESS agent nominal power

kw
kw

kw

kw
kw

kw
kw
kw
kw

kw

kw
kw
kw
kw

kw
kw
kw
kw

kw
kw
kw
kw
kw
kw

kw
kw

kw
kw
kw
kw
kw
kw

kw

(4.50)

(4.32)
(4.15)
(4.15)
(4.16)

(4.30)
(4.31)

(5.12)

(3.74)
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ng PV power policy kw (4.33)
Py PV available power kw -
Pgsak PV peak power kw
Ppyr PVT (electric) power kw -

Pres (Concensus algorithm) BESS agent kW (6.11)
reference power

Py (Switch) switching power losses kw (5.12)

Pgy Solar collector thermal power kw (4.44)

Pr (Switch) total power losses kw (5.15)

Prgss TESS thermal power kw -

Prot,ngy,t Total EV power kw (5.15)

Pr Prandtl number - -

PSoCDep Penalty SoC deviations upon EV - (4.39)
departure

Q Thermal energy kwWh -

Qsa,r Cell capacity Ah .

QTESS TESS energy kwWh (3.16)

q Elementary charge C -

q Air flow ft3/min -

qi Infiltration air flow ft3/min (3.10)

qv Ventilation air flow ft3/min (3.8)

Q Thermal power kw -

Qs Boiler power kw -

QD Total thermal demand kw (3.11)

Qup HP (thermal) power kw (3.62)

0; Infiltration losses Kkw (3.9)

oL (Thermal) load power kw (3.6)

Opvr PVT (thermal) power kw -

Q'pVTY mod PVT module (thermal) power kw (3.58)

Qsc Solar collector (thermal) power kw -

QsP TESS self discharge KW (3.34)

le(?ttom TESS self discharge through the kw (3.37)
bottom wall

Q% TESS self discharge through the kW (3.36)
side walls

Q'tscg TESS self discharge through thetop kW (3.35)
wall

OrEss TESS power Kkw (3.15)

Q”T“ESS TESS charging power kw (3.14)

v Ventilation losses kw 3.7

Ro sa (ECM) series resistive element Q -

Ri sa (ECM) pole resistive element Q -

Rce (Converter) collector-emmiter se- Q -
ries resistance

R (PV) series resistance Q (5.6)
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Re

RH
Sat
Sa,t

=a,t
M

a,t

Sn

SoC
SOCsa't
S0CgEss
SoCl‘;}EaSXS

min
S0Chgss

So Cdep

SOCEV
SoCrgss

Tma.x
Tmin

Tamb
Ta

Discount rate

Reynolds number

Relative humidity

State vector

State vector upper limit

State vector lower limit

Transition function

(Distribution  network) node
aparent power

State-of-charge

State-of-charge state

BESS state-of-charge

BESS maximum allowed SoC

BESS minimum allowed SoC
Requested departure EV state-of-
charge

EV state-of-charge

TESS state-of-charge

Temperature

(TESS) maximum temperature
(TESS) minimum temperature
Ambient temperature

(PVT) thermal absorber tempera-
ture

Effective temperature

(PVT) fluid temperature

(PVT) inlet fluid temperature

Glass temperature

Indoor temperature

Minimum temperature during a
thermal cycle

PV (Si layer) temperature
Reference temperature

(Switch) junction temperature

Soil temperature

Setpoint temperature

Setpoint temperature during day
hours

Setpoint temperature during night
hours

Sky temperature

TESS temperature

Time

(Converter) switch conduction
time

%

%
%
%
%

%
%
°C
°C
°C
°C
°C

°C
°C
°C
°C
°C
°C

°C
°C
°C
°C
°C
°C

°C

°C
°C

(4.48)

Table 4.1
Table 4.1

(3.33)
(3.38)

(3.38)
(3.4)
(3.38)

(5.16)
(3.23)

(3.26)
(3.13)
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U Total heat transfer coefficient W/(m?°C) (3.5)

U Utilization factor - -

Uadg,i (Leaderless) change in utilization - (6.13)
factor

Ucons,i (Leaderless) shared utilization fac- - (6.14)
tor

Uy, (Leaderless) BESS control utiliza- - (6.15)
tion factor

U; (Leader-follower) utilization factor - (6.9)

U; (Leaderless) utilization factor - (6.12)

Uleader Leader utilization factor - (6.8)

Utgss TESS total heat transfer coefficient W/ (m?°C) -

Uy Wind speed m/s -

|74 Volume m3 -

1% Voltage \Y% -

14 Voltage class \% Table 5.3

1% (Distribution network) estimated p.u. (6.34)
worst performing node voltage

Vo Voltage at the substation p-u. -

Vy (TESS) water volume m?3 Table 3.5

Vous (Converter) bus voltage A% -

Vg Band gap A% -

Vhigh (Distribution network) maximum p.u. -
allowed node voltage

Viow (Distribution network) minimum p.u. -
allowed node voltage

Vi Node voltage voltage p-u. (6.17)

Vinax (Distribution network) maximum p.u. -
allowed node voltage

Viin (Distribution network) minimum p.u. -
allowed node voltage

Vhom (Converter) nominal voltage A\ -

Voc (PV module) open circuit voltage A\ -

VOCT1 (PV module) open circuit voltage at 'V -
reference temperature

Vv PV module voltage A% -

Vs (Converter) instantaneous voltage  V -

VrESs TESS volume m? Table 4.1

1% Volumetric flow m3/s -

Usat Voltage on the cell \% (4.53)

Wei1 Exogenous process that introduces - -
new information after making a de-
cision

Werid Grid cost weight - Table 4.8

WsoC SoC deviation cost weight - Table 4.8
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Battery degradation cost weight
Optimal policy

State

Final state

Derivative of a state

Soil depth

Depth of the TESS top wall

Depth of the TESS bottom wall
(Distribution network) impedance
(Switch) junction-case thermal
impedance

Table 4.8
(6.6)
(6.5)
(6.4)
Table 3.5
Table 3.5

(5.17)
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