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ABSTRACT

The electricity sector is undergoing a continuous transformation, driven by the rapid growth
of renewable energy sources and the pursuit of smarter, more energy-efficient electricity supply
systems. Europe's ambitious goal of achieving climate neutrality by 2050 necessitates a
redefinition of electricity supply rules and a reshaping of market participants' roles. New
decentralized power technologies are fundamentally altering the dynamics of the electricity
supply sector, both already now and in the future. New types of electricity users are emerging,
increasingly conscious not only of electricity consumption, but also of its production. In recent
years, the number of EU residents who utilize electricity not only for household needs but also
for heat pumps (for heating and hot water supply) or electric vehicle charging has risen
significantly. Moreover, these users are increasingly engaging in self-generation, energy
storage, demand response, and other energy services. Simultaneously, large electricity
producers must adapt to the new reality of rapid demand fluctuations and price changes in
energy markets.

Therefore, this thesis focuses on examining modelling and methodology tools for evaluating
decentralized power supply system solutions. The findings are intended for use in developing
of innovative products and services for customers of decentralized power supply systems,
empowering them to assess and enhance energy resilience, promote sustainability, and diversify
energy sources while reducing reliance on centralized grids. This assessment of how to operate,
plan, and derive economic benefits from new decentralized power supply solutions can be
instrumental in establishing robust business cases. Thus, the models and methods presented
provide a comprehensive analysis of emerging technologies and their role in the energy
transition. Furthermore, the research findings can guide policymakers in developing effective
market regulations and determining the need for additional incentives to accelerate energy
transition even faster.



ANOTACIJA

Elektribas nozare piedzivo nepartrauktu parveidi, ko veicina strauja atjaunojamo energijas
avotu izaugsme un centieni péc gudrakam, energoefektivakam elektroenergijas apgades
sisttmam. Eiropas ambiciozais mérkis sasniegt klimatneitralitati lidz 2050. gadam prasa
parskatit elektroenergijas apgades noteikumus un parveidot tirgus dalibnieku lomu. Jaunas
decentralizétas elektroapgades tehnologijas butiski maina elektroenergijas apgades nozares
dinamiku gan jau tagad, gan nakotng. Paradas jauni elektroenergijas lietotaji, kuri arvien vairak
apzinas ne tikai elektroenergijas patérinu, bet ari tas razoSanu. PE€dgjos gados ir ievérojami
picaudzis ES iedzivotaju skaits, kas elektroenergiju izmanto ne tikai sadzives vajadzibam, bet
arT siltumstikniem (apkurei un karsta tidens apgadei) vai elektrotransportlidzeklu uzladésanai.
Turklat S§ie lietotdji arvien vairak nodarbojas ar pasrazoSanu, energijas uzglabasanu,
pieprasijuma slodzes izmainam un izmanto citus ar energiju saistitus pakalpojumus. Vienlaikus
lielajiem elektroenergijas razotdjiem ir japiclagojas jaunajai realitatei, kurd ir straujas
pieprasijuma svarstibas un cenu izmainas energijas tirgos.

Tapec §1 disertacija ir vérsta uz model&Sanas un metodologisko riku izpéti decentraliz&to
elektroapgades piegades sistému risinagjumu novert€Sanai. legiitie rezultati ir paredzeti
izmantoSanai, lai izstradatu inovativus produktus un pakalpojumus decentralizéto
elektroapgades sistemu klientiem, dodot viniem iesp&ju novertét un uzlabot energijas noturibu,
veicinat ilgtsp&jbu un dazadot energijas avotus, vienlaikus samazinot palauSanos uz
centralizétajiem elektrotikliem. Sis novértéjums par to, ka darboties, ka planot un ka gt
ekonomiskos labumus no jauniem decentralizétiem elektroapgades piegades risinajumiem, var
biit butisks, lai izveidotu stabilus biznesa gadijumus. Tadgjadi piedavatie modeli un metodes
sniedz visaptvero$u analizi par jaunam tehnologijam un to lomu energijas parejas procesa.
Turklat petijuma rezultati var palidzét politikas veidotajiem izstradat efektivus tirgus
noteikumus un noteikt nepiecieSamibu péc papildu stimulé$anas pasakumiem, lai paatrinatu
energijas pareju vel straujak.
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INTRODUCTION

Topicality of the research

Climate change poses a serious risk to our planet, with widespread effects observed
globally. In response, nations and regions have set ambitious climate neutrality objectives.
Internationally, agreements like the Paris Agreement strive to limit global warming to below 2
degrees Celsius, with efforts to pursue even more stringent targets. The European Union (EU)
has committed to achieving climate neutrality by 2050, aiming for zero net greenhouse gas
emissions. Latvia, among other EU countries, has joined in this endeavour, recognizing the
pressing need for collaborative action. These commitments reflect a collective resolve to
address climate change, foster energy innovations, and progress towards a sustainable future
[1].

Understanding why we are innovating and why it is necessary to transform the energy
system is very important for success. The answer to the question “Why do we need to
innovate?” can help to define what success would look like, what kind of innovations we are
aiming for, and ultimately, how best to organize and implement innovations to help transform
the energy system. It is important to note that innovation and energy system transformation can
mean many different things (see Table 1.1.).

Table 1.1. Innovations for Transforming the Energy System [2]

L AN A X 5\ o o
Generation Transmission & distribution Consumption

Hybrid energy systems. Real-time monitoring and Electrification of end-use
Flexible generation. control. sectors.
Conversion of electricity Grid automation. Electric vehicles, smart
into different substances, Advanced analytics. charging and vehicle-to-grid
incl. hydrogen, (P2X). Al-based control centres. (V2G).
Energy storage. Smart asset management Empowered consumers.
Virtual power plants. Simulation tools for hybrid Energy communities.
Digital twins. AC/DC systems. Peer-to-peer electricity
Power-to-heat. Transparency and market trading.
Microgrids. platforms. Demand response and

flexibility.

Aggregators.

However, for the most part, innovations are almost always aimed at objectives: new
activities that would provide real profits for one or more stakeholders, mitigate environmental
impact, or enhance energy security. The nature of these new activities and how they are
implemented is where many ideas come from, including from stakeholders who use the energy
system in their daily lives.
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The need for innovation can generally be broken down into a smaller set of reasons. Here
are just a few of them:
Competitive pressure from more innovative companies.
Trends that are transforming an industry and changing the positions of market players.
Direct changes in the demand for products or services.
Economic recession (for example, which many companies began with the pandemic).
Changes in customer needs (for example, in connection with new technologies).
Stagnating or shrinking core markets.

NNk LD -

Exploring new market opportunities.
8. Opportunities created by new technologies, such as in the context of digitalization and
artificial intelligence.

There are various measures and innovations to accelerate the transition from fossil fuels to
environmentally neutral technologies. New modelling techniques, simulation tools and
innovative approaches are needed to find a sustainable, technically and economically efficient
mix of solutions and their parameters for a safe and sustainable energy transformation.
Therefore, in the Doctoral Thesis, the author focuses on innovative methodologies and
mathematical models to address several key aspects in this field, together with an experimental
approach:

1. The development of an evaluation framework for off-grid (which is not connected to
the electricity grid) and microgrid systems. This includes optimizing equipment parameters,
considering the impact of various operating modes, and creating mathematical models to
enhance the effectiveness of these systems.

2. A systematic assessment of current legislation and the economic viability of diverse
decentralized power supply solutions. This aims to provide valuable insights into the regulatory
landscape and financial feasibility associated with various, decentralized energy systems.

3. The formulation of an evaluation and optimization model specifically tailored for large-
capacity electricity storage systems.

4. The design of an algorithm for technical and economic justification, along with
increased flexibility using an electrode boiler. This is intended for active participation in
balancing markets, contributing to both technical efficiency and economic viability.

The developments were used to simulate the technologies in the conditions of Latvia and
its energy system.

Hypothesis, objective and tasks of the Thesis
Hypothesis

Prioritizing the efficient planning and operation of decentralized power supply solutions
can lead to a more flexible, sustainable, and balanced energy landscape. Decentralized power
supply solutions can to effectively address challenges related to intermittent generation,
enhance system flexibility, lower energy prices, and improve overall energy infrastructure
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efficiency. Thus, it is important to find an efficient combination of solutions and to determine
the optimal parameters of this system, which can be done with innovative simulation tools.

Objective

The aim of the Doctoral Thesis is to propose new modelling methods, simulation tools and
innovative approaches for the selection and evaluation of decentralized power supply solutions
and their performance optimization (improvement) under changing operating conditions.

Tasks

To achieve the aim of the Thesis, the following tasks have been set:

1. Conduct an in-depth exploration of off-grid and microgrid systems, emphasizing the
development of an evaluation framework that incorporates consumer habits, with a focus on
optimizing equipment parameters, assessing the impact of different operating modes, and
formulating mathematical models to increase the overall effectiveness of these systems.

2. Undertake a systematic assessment of existing legislation and evaluate the economic
viability of diverse decentralized power supply solutions. Provide insights into the regulatory
landscape and financial feasibility across different scenarios.

3. Assess energy security of supply in an environment where decentralized power supply
solutions are introduced and the need for flexibility arises.

4. Develop an evaluation and optimization model tailored specifically for large-capacity
electricity storage systems used to provide system services (frequency regulation). This task
involves synthesizing methodologies to enhance the efficiency and performance of these
storage systems following the synchronisation of the Baltic power system with the Central
European Synchronous Area (CESA).

5. Design an algorithm for technical and economic justification with a primary emphasis
on flexibility enhancement through the integration of an electrode boiler. This algorithm aims
to facilitate active participation in balancing markets, thereby contributing to both technical
efficiency and economic viability.

Scientific novelty

Detailed mathematical descriptions and specialized algorithms were developed to evaluate
the technical and economic aspects of various technologies, aiming to enhance their
performance under different conditions. The goal was to make them better in different situations
and speed up the switch to cleaner energy, thereby accelerating the energy transition. Offering
to quickly and accurately determine the optimal composition of systems or other parameters,
including comparison with existing commercial modeling tools. These approaches have been
tailored to these main technologies: off-grid and microgrid systems, photovoltaics, electricity
energy storage systems, and electric boiler, resulting in the development of four distinct
methodologies designed for each specific technology.
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The mathematical descriptions of those technologies, the algorithms used for evaluation of
technical and economic aspects, and the legislative system have all been scrutinized within the
context of Latvia and its energy system.

Practical significance of the research

The algorithms developed through research are designed to allow adaptation by other
developers. These algorithms have tangible, real-world applications planning off-grid and
microgrid systems, selecting equipment composition and parameters, and improving their
performance.

These algorithms have found practical applications, notably in the technical and economic
evaluation of projects undertaken by “Latvenergo AS”. Among these projects are the
installation of an off-grid system, battery energy storage system (BESS) at Riga hydroelectric
power plant, and an electric boiler at the Riga thermal power stations. The experimental oft-
grid system has been successfully installed and is presently in operation in theBauska region.
Demonstration and further development of the system is ongoing.

Moreover, the developed algorithms were instrumental in creating the feasibility study for
both the BESS and electric boiler projects. These studies are set to be submitted for European
Union co-financing in the near future. At present, a procurement procedure is underway to
select a suitable candidate to serve as the BESS contractor, who will be responsible for the
development of the technical design and construction of the BESS system.

The results of the Doctoral Thesis can be used by “Latvenergo AS” to evaluate different
options for the improvement of those technologies. Moreover, the obtained results can be used
as input data by the policy makers, developers, and researchers of Riga Technical University.

During the preparation of the Thesis, the author participated in the development of the
lecture materials for students of Riga Technical University. The results of the research have
been used in the following lectures:

1. Microgrids, their basic elements, control systems and modelling (EES708, Electrical
stations and substations, for masters level students).

2. Research and Development, Innovation in Energy (EES731, Introduction to the
specialization and research in the field, for bachelor's level students).

3. Electric vehicle charging infrastructure, smart solutions (EES731, Introduction to the
speciality and industry research, for bachelor's level students).

Publications and conferences

The results of the research have been presented in scientific journals in Latvia and abroad.
Articles in scientific journals.

1. Gicevskis K. and Linkevics O., “The Role of Decentralized Electrode Boiler in
Ancillary Services and District Heating: a Feasibility Assessment”, Latvian Journal of Physics
and Technical Sciences, vol. 60, no. 5, 2023, pp. 32-42, https://doi.org/10.2478/1pts-2023-0029.
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2. Gicevskis K., Linkevics O., and Karlsons K., “Transitioning to decentralized renewable
energy in Latvia: a comprehensive payback analysis”, Latvian Journal of Physics and Technical
Sciences, vol. 60, no. 6, 2023, pp. 19-34, https://doi.org/10.2478/Ipts-2023-0034.

3. Groza E., Kiene S., Linkevics O., and Gicevskis K., “Modelling of Battery Energy
Storage System Providing FCR in Baltic Power System after Synchronization with the
Continental Synchronous Area”, Energies, 2022, vol. 15(11), doi:10.3390/en15113977.

4. Groza E., Gicevskis K., Linkevics O. and Kiene S., “Mathematical Model for
Household Oft-Grid Simulation (Off-Grid System Sizing)”, Latvian Journal of Physics and
Technical Sciences, 2022, vol. 59 (4), pp. 3—18, doi: 10.2478/1pts-2022-0029.

5. Linkevics O., Vesperis E., Gicevskis K., Osadcuks V., Pecka A. and Galins A.,
“Analysis of Experimental Data from Household Off-Grid System in Latvia”, Latvian Journal
of Physics and Technical Sciences, vol. 60, no. 3, pp. 3—17, https://doi.org/10.2478/Ipts-2023-
0014.

The research results presented in the doctoral thesis were discussed at two international
scientific conferences, where topical energy sector problems were also discussed.

1. Gicevskis K., Linkevics O., Groza E. and Kiene S., “Multiple Scenario and Criteria
Approach for Optimal Solution and Sizing of Household Off-grid System”, in 2020 IEEE 8th
Workshop on Advances in Information, Electronic and Electrical Engineering (AIEEE), 2021,
pp. 1-7, doi: 10.1109/AIEEE51419.2021.9435627.

2. Gicevskis K., Groza E., Karpovica 1., Smiltans E., “The Energy Trilemma Index as a
tool to support national security of energy system towards climate neutrality”, in the 80th
International Scientific Conference of the University of Latvia, Latvia, Riga, 18 March 2022,
pp. 5-5,  https://dspace.lu.lv/dspace/bitstream/handle/7/61077/book-of-abstracts 18-03-
2022.pdf?sequence=1.

The research results have been published as in an article in a book and in articles in other
journals.

1. Groza E., Gicevskis K., Smiltans E., Karpovica 1., Valdmanis G., “Latvia’s Energy
Supply and Security”, Towards Climate Neutrality: Economic Impacts, Opportunities and
Risks: reviewed monograph. Riga, University of Latvia Press, 2023, pp. 135-150,
doi:10.22364/tcn.23.

2. Groza E., Smiltans E., Gicevskis K., Karpovica 1., “Pasaules energétikas trilemmas
indekss: globala pieredze lokalu risinajumu mekl&jumos”, Energija un pasaule, 2022, vol. 1,
no. 132, pp- 58-63, URL: http://www.energijaunpasaule.lv/wp-
content/uploads/2022/02/EP_132 2-3lpp_ SATURS.pdf.

3. Gicevskis K., Linkevics O., Groza E., “Jauni elektroenergijas tirgus dalibnieki un
tehnologijas—regulativie izaicinajumi”, Jurista vards, 2022, vol. 1247, no. 33, pp. 30-35.
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Author's personal contribution

During the development of the Doctoral Thesis, the author participated in several
cooperation projects, working together with “Latvenergo AS”, Riga Technical University,
Latvian University of Biosciences and Technologies, and other researchers. The overall concept
of the Doctoral Thesis was developed by the author in close cooperation with Professor
Dr. sc. ing. Olegs Linkevics, under the leadership of Professor Dr. habil. sc. ing. Antans Saulus
Sauhats. The author contributed to all stages of the work, especially data processing, evaluations
and calculations, working on case studies and analysing their results.

Volume and structure of the Thesis

The Thesis is written in English. It is composed of an introduction, five main chapters,
conclusions, and bibliography with 97 references. The Thesis contains 69 figures, and 23 tables
and consists of 121 pages.

The Introduction provides information regarding the topicality of the research, formulating
the hypothesis, objective, and tasks of the Thesis. It also presents the scientific novelty and
practical significance of the research, along with a listing of the author's scientific work.

Chapter 1 introduces the methodology for simulating off-grid systems and determining the
optimal mix and sizing of household off-grid systems using various scenarios. It considers three
different off-grid technological alternatives, three dispatch strategies, restrictions on some
component operations, and sensitivity analysis. The chapter concludes with the advantages and
disadvantages of the employed method and proposes improvements for future research.

Chapter 2 delves into a comprehensive overview of various methods and indicators that
could be considered in the evaluation process of off-grid equipment. It introduces a novel multi-
objective simulation tool that serves as an assessment tool for determining off-grid and
microgrid equipment sizing. The developed model is validated against the calculations
performed in Chapter 1 using Homer Pro software and real-world off-grid system data
presented in Chapter 3.

Chapter 3 presents an experimental standalone electrical off-grid solution in Latvia.
Operational data from a real autonomous off-grid system was collected for the analysis of
system performance and control strategy. This information holds high relevance for planning
and sizing cost-effective renewable off-grid systems. For example, simulations may deviate
from real system operation in certain aspects. The findings from the first three chapters also
indicated that off-grid and microgrid systems encounter similar challenges as large energy
systems. Therefore, in the following chapters, decentralized technologies with an impact on the
overall energy system are discussed.

Chapter 4 introduces a broader perspective on decentralized energy resources and
emerging participants in the energy field. It examines trends in the electricity markets, the
regulatory framework, and their impact on potential savings from innovative solutions in
various scenarios within the context of Latvia. The chapter puts forward recommendations for
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legislative changes and findings that could serve as additional motivation for investing in
energy transition.

Chapter 5 outlines methodologies for secure energy transition, the development of an
algorithm to assess the technical feasibility of providing a frequency containment reserve (FCR)
with a battery energy storage system (BESS). It also includes the development of a
methodology and calculations for the provision of a manual frequency restoration reserve (also
called mFRR) using an electrode boiler.

Conclusions of the Thesis provide a summary of the main findings.
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1. METHODOLOGY FOR DETERMINING
THE PARAMETERS OF THE HOUSEHOLD OFF-GRID
ELECTRICITY SUPPLY SYSTEM

1.1. Motivation and background

Electrification may be cost-effective way to fight against climate change and reach the EU
decarbonisation targets [3]. Among other things, electrification can be counted not only as
connecting electricity users to the grid but also to off-grid systems. Although there is no
common definition of an off-grid system in the world, the following definition will be used in
the Thesis:

e an off-grid system is a collection of interconnected electricity consumers, controllable
loads, decentralized energy sources and energy storage disconnected from the low-
voltage grid. The cluster shall operate as an independent, controllable power supply
system and shall be capable of operating in an independent, island mode.

Where such a cluster is connected to a low-voltage grid and can operate in synchrony with

the distribution system operator's network, such a system is also called a microgrid (see Fig. 1.1)

Off-grid system
AC feader

EEY.

AC load AC load

'4.0

PV modules

diesel generator battery

Microgrid system

I AC feader

o= e A b
% aclosd  AClosd

PV modules battery

wind turbine

Fig. 1.1. Off-grid and microgrid power supply systems.

For users and electricity service providers, an off-grid or microgrid system can offer several
benefits, such as reduced energy consumption (and thus costs), reduced environmental impact,
improved reliability of electricity, reduced losses in distribution networks, reduced probability
of overloading, improved voltage quality, etc. [4]. Off-grid or microgrid power supply solutions
could have a positive impact on rural development in Latvia, e.g. in rural areas with long
distribution lines or in areas without existing electricity supply (see Fig. 1.2).
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Fig. 1.2. Potentlal 1ocat10ns for off grid or microgrid power supply solutions to customers
in Latvia [5].

In many parts of the world, off-grid and microgrid technologies are seen as the future of
electricity distribution networks. Across the residential sector outside urban areas, off-grid
electricity systems are starting to become more recognized. However, planning of such systems
from an economic and technical point of view still rise series of questions and issues. Often
they are either oversized or undersized to fulfil the energy demand [6], [7].

1.1.1. Simulation using software tool

HOMER (abbr. for Hybrid Optimization of Multiple Energy Resources) Pro software! is an
economic optimization tool for the simulation and optimization of off-grid and grid connected
hybrid energy systems. The software can be used for decision making on choosing the optimal
mix of resources, system configuration, or analysing capital and operating costs for energy
system planning. The Homer Pro operation process could be described in three simple steps: 1)
setting up the project, 2) analysis, and 3) results (see Fig. 1.3).

! https://homerenergy.com/products/pro/index.html
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\ A cost per kKWh, NPC, other

Fig. 1.3. Homer Pro process diagram.

2. Analysis

The objective function of HOMER Pro is used for minimization of the total Net Present
Cost (NPC also known as the cost of the system over its lifetime). The NPC includes capital
costs, replacement costs, operation and maintenance (O&M) costs, fuel costs, emissions
penalties, and the costs of buying power from the grid (the last two will not apply to the case
study in this paper). The NPC is the main economic output and a value by which HOMER Pro
ranks all system configurations in the optimization results. To calculate the total net present
cost (EUR), the software uses the following equation.

Cann, tot
CNpC:—am’ (11)
CRF (i, Nyyoi) ’

where Cann,tot 18 the total annualized cost (EUR), i is the annual real discount rate (%), Nproj
is the project lifetime (years), and CRF (i, N) is a function returning the capital recovery factor,
which is calculated with the equation:

) . 1+»N
CRF (. N)= 7 (12)

where i is the real discount rate and N is the number of years. The i is calculated using the
following equation:

i
=T (1.3)

where i’ is the nominal discount rate (the rate at which you could borrow money) and f'is
the expected inflation rate. For example, if the nominal discount rate is 8 % and the expected
inflation rate is 3.5 %, the annual real discount rate is 4.35 %. By defining the real discount rate
in this way, inflation is factored out of the economic analysis [8].

The software can satisfy specific constraints like generator operation restrictions, capacity
shortage level, fuel costs, etc. and at the same time determining an optimal sizing of system
components and providing detailed information on system with a lowest total net present cost.
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Compared with other software computing techniques such as RETScreen, PVSOL, Hybrid 2,
TRANSYS, SAMS, RAPSYS and MATLAB, HOMER Pro have benefits such as the wider
options when setting up the project, realistic and continuously updated library of components,
possible combinations over varying restrictions as well as various dispatch strategies [9].
Within Homer Pro software it is also possible to directly download nature resource data from
NASA (abbr. for National Aeronautics and Space Administration) databases on specific
location user choose. In default situation, such data are obtained:

1. Solar radiation monthly averages over 22-year period (July 1983—June 2005).

2. Air temperature monthly averages over 30-year period (January 1984—-December 2013).

3. Wind speed monthly averages over 10-year period (July 1983—June 1993) are obtained.

However, on the other hand, sometimes some scenarios might be needed to be re-calculated
individually for the specific situation, because HOMER Pro can only handle single-object
optimization and thus the flexibility is limited [9].

While setting up the project, the software user must choose a dispatch strategy to determine
how generation can provide the load. A dispatch strategy can be defined as a set of rules that
pertain to energy flows among off-grid components. The software provides various dispatch
strategies, like cycle charging, load following, and combined dispatch. Each dispatch strategy
has its own operating principles.

1. Load following (LF) — when a generator is needed, it produces only enough power to
meet the demand. It tries not to charge the battery with a backup diesel generator unless it
reaches the minimum power of the generator. Load following tends to be more optimal in off-
grid systems with a lot of renewable power that sometimes exceeds the load.

2. Cycle charging (CC) — whenever a backup generator is required, it operates at full
capacity, and surplus power charges the battery bank. It stops charging the battery at the setpoint
of the battery state of charge. Cycle charging tends to be more optimal in off-grid systems with
little or no renewable power.

3. Combined charging dispatch strategy (CS) — intelligently switches between the load
following and cycle charging strategies. That way, it can improve performance over the cycle
charging and load following dispatch strategies by making more efficient use of the backup
generator [8].

After all, users have possibility to write even their own dispatch algorithms for HOMER
Pro using MATLAB. Determination of optimal dispatch strategy depends on many factors,
including the size of backup generator and battery system, the price of diesel fuel, the
operational and maintenance cost of a generator, the amount of renewable power in the system,
and the availability of the renewable resources. The right choice of dispatch strategy is an
important factor. Selection of nonoptimal dispatch strategy can result in unnecessarily high
operating costs from using more diesel fuel or surplus battery capacity. One of the roles of
dispatch strategy is to avoid situations where energy that was charged in the battery by the
diesel generator is eventually wasted, because the same charging could have been accomplished
by the renewable sources before the energy is needed [10].

HOMER Pro ensures that overall power generation meets (or exceeds) the total system
electricity demand. Nevertheless, it is possible to have excess electricity at certain time-steps,
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due to a small demand or high renewable energy generation. This electricity is considered as
curtailed or dumped by HOMER Pro software.

1.2. Methodology

In this case, we consider a household electricity consumer who has no access to the electric
grid and faces high connection costs. Fig. 1.4 shows a block scheme of the case study.

S
1. Type Off-grid
|
1.alternative: 2.alternative: 3.alternative:
2. Off-grid alternatives wind, solar, solar, diesel, wind, diesel,
diesel, BESS BESS BESS
. Load Cycle Combined
3. Dispatch strategy [ following ] charging [ strategy ]
\ ~ - <z
. With 1000
4. Diesel generator work No hour per year
restrictions restrictions restriction
5.1. Sensitivity analysis: 1 EUR/L 1.2 EUR/L 1.4 EUR/L
fuel price
5.2. Sensitivity analysis: 0% 2% 59
capacity shortage

Fig. 1.4. Block scheme for the case study.

Various off-grid alternatives are compared to determine the most optimal solution for the
selected household. Great attention is paid to ensure the following criteria: the highest use of
RES, the smallest excess electricity, and the lowest cost of the system. Depending on the energy
sources, three off-grid alternatives are assumed. The first alternative includes a wind turbine,
solar panels, a backup diesel generator and battery energy storage system (BESS; lithium ion
type). The second alternative has solar panels, a backup diesel generator and BESS. The third
alternative comprises a wind turbine, backup diesel generator and BESS. By considering the
location of the household, the relevant default nature resource data are obtained. All off-grid
equipment components and costs of all alternatives through three different dispatch strategies
with and without certain restrictions of backup diesel generator operation were analysed. The
restriction of the generator operation time is set to 1000 h per year (to extend the generator’s
lifetime, to ensure environment and comfort factors). In addition, diesel generator fuel
consumption and initial required investments for the alternatives are analysed with the
sensitivity analysis, where fuel price changes and different capacity shortage levels have been
tested.

Using input data described in the Fig. 1.4 and in the following sections, all off-grid
alternatives with respective scenarios (totalling 162 simulations) were analysed.
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1.2.1. Site location and household load

The location of the off-grid is in Latvia, near the capital city of Riga. Modelling input data
of solar radiation, temperature, and wind resources for the selected location is obtained from
Homer Pro software databases. For the proposed location, the maximum solar radiation is 5.5
(kWh/m2/day) in June, while the minimum solar radiation is 0.42 (kWh/m?/day) in December,
and the annual average solar radiation is 2.87 (kWh/m?/day). Regarding temperature, the
maximum temperature is 17.61 °C in July, while the minimum temperature is —5.56 °C in
February, and the annual average temperature is 5.79 °C. While the maximum wind speed at a
50 m reference height is 7.68 m/s in January, the minimum wind speed is 5.4 m/s in July, and
the annual average wind speed is 6.54 m/s. The wind speed for the location of the household is
obtained at the reference height of 50 m, while the defined hub height for the household’s wind
turbine is 10 m. For extrapolating the wind speed at the hub height, the wind speed logarithmic
profile in Homer Pro was used. For this case study, real household hourly load data are
collected, integrated into the software, and used in simulations. The households’ average daily
electricity demand is 30.27 kWh, which reaches 11 049 MWh on an annual basis. The
household consists of 2 persons. A heat pump, which is used for heat and hot water supply, and
an electric vehicle for transport needs can be considered as the biggest consumers of electricity
in this household. This type of household matches with aims for electrification, which has a
critical role to play in achieving European Union decarbonisation policy targets.

1.2.2. Off-grid power supply system parameters

For the case study, basic project economic characteristic assumptions are: 10 years project
lifetime, 8 % discount rate, and 2 % expected inflation rate. Equipment capital expenditures
(CAPEX), including installation, operation, and maintenance costs (OPEX), together with other
technical aspects were obtained from a market research and discussions with experts (see Table
1.2).

Table 1.2. Input Data of Off-grid Components

CAPEX, incl. | OPEX
Equipment installation (EUR/year) | Service life | Other specific conditions
Solar panels 1250 EUR/KW | 10 25 years Derating factor — 10 %
Wind turbine | 3500 EUR/KW | 70 20 years Wind turbine height—10 m
Minimum load ratio — 25 %, diesel
generator work restriction — 2172 litres of
diesel fuel (which is around 1000 hours
Backup diesel 0.03 (EUR/ | 15 thousand | when nominal generator output capacity is
generator 600 EUR/kW op.hr) hours 6.6 kW)
Minimum state of charge (SoC) — 20 %,
540 EUR/KkW at start SoC — 100 %, electricity
BESS and EUR/ kWh | 10 15 years throughput (kWh) — 3000
Efficiency of inverter (DC-AC) — 95 %,
efficiency of rectifier (AC-DC) — 85 %,
Converter 750 EUR/KkW 0 15 years rectifier capacity — 75 %
Controller 1300 EUR/KW | 0 25 years The setpoint state of charge — 80 %.
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1.2.3. Dispatch strategies

According to the block scheme of the case study, three different dispatch strategies,
described previously, are used-cycle charging (CC), load following (LF), combined charging
dispatch strategy (CS). All strategies to each of the off-grid alternative to see how it will address
the technical and economic aspects are applied. To better understand how dispatch work, Fig.
1.5 shows simulations of 1st of January for all three mentioned strategies. In LF strategy
generator mostly follows electric load and is practically not used for BESS charging. In CC
strategy generator covers peak demand at full load with surplus used to charge BESS. In CS
strategy the combination of both approaches is used. Solar and wind generation is practically
unavailable on a given day.

Load following on 1 January
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Fig. 1.5. Three dispatch strategies in action on 1st of January.

Fig. 1.6 shows simulations of 1st of June for all three mentioned strategies. Solar and wind
generation has higher availability in comparison to simulations of 1st of January. In LF strategy
renewable generation is used at most, with surplus used for charging. In CC strategy generator
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is operated at full capacity to secure higher charging of BESS. In CS strategy-combination of
both.

The first alternative (wind, solar, diesel generator and BESS) is used to show electricity
flows operated by each of dispatch strategy. Fig. 1.5 and Fig. 1.6 shows that with each dispatch
strategy at different hours the load is served from different sources. Consequently, at the end,
dispatch strategies have their impact to the renewable energy source (RES) fraction delivered
to the load. All off-grid alternatives with and without generator operation restrictions are used
to show possible RES fraction.
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Fig. 1.6. Three dispatch strategies in action on 1% of June.

Fig. 1.7 has a box and whisker chart. This chart type distributes simulated data into three
quartiles, to examine how data are dispersed between all results. The bottom of the box
represents the first quartile, meaning that 25 % of simulated results fall below this level. While
the top of the box represents the third quartile, meaning that 75 % of simulated results fall below
this level. Line through the box is median also called as the second quartile, and it marks the
mid-point of the data, where one-half (50 %) of the data lies below, and another-half (50 %)
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lies above. The element-x in boxes highlights the mean value. The boxes have also lines
extending vertically called “whiskers”. The top whisker indicates the maximum value, while
the bottom whisker indicates the minimum value in the data set. Any point outside those lines
or whiskers is considered an outlier. The outlier is an unusual data present in the data set.
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Fig. 1.7. The fraction of RES delivered to the load according to dispatch strategies.

For all off-grid alternatives, Fig. 1.7 shows that using LF strategy the RES fractions reach
the greatest values, while. In CC-lowest RES fractions. Fig. 1.7 also shows that the fuel
restriction may increase RES fractions, however, the choice of dispatch strategy has a greater
impact. In more detail the dispatch strategies have been discussed in following sections where
their impact on off-grid equipment components is assessed.

1.3. Results from simulations conducted for three alternative scenarios
The first alternative

System equipment dimensions (in kW and kWh) or the possible sizing parameters of off-
grid equipment components are determined considering all dispatch strategies, the scenarios
with and without diesel generator restriction, and considering different fuel prices and
permissible capacity shortages levels. Results are shown in a box and whisker chart in the Fig.
1.8.
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kwh for BESS)
o

Fig. 1.8. System equipment dimensions for the first alternative.
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Calculations show that the required capacity of solar panels can vary within 0.9-5.2 kW
range. Wind turbine capacity is within 2—4 kW range (counting outliers). Diesel generator —
11 kW, while BESS storage capacity maximum and minimum values are in 10-27 kWh range,
but power capacity corresponds to converter capacity which is within 2.8-5.8 kW range. The
capacity of the diesel generator is constant (11 kW) because system must ensure safety and to
cover the maximum daily load (which is around 9 kW).

The second alternative

System equipment dimensions for the second alternative (solar, diesel, BESS) is shown in
abox and whisker chart in the Fig. 1.9. Required capacity for solar panels is within 6.3—11.8 kW
range. There is no wind turbine in this alternative, so its capacity is 0 kW. Diesel generator —
11 kW, while BESS storage capacity is in range 25-32 kWh.
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Fig. 1.9. System equipment dimensions for the second alternative.

The BESS power capacity corresponds to max-min values of converter capacity, which is
within 4.0-5.8 kW range.

The third alternative

System equipment dimensions for the third alternative (wind, diesel, BESS) are shown in a
box and whisker chart in the Fig. 1.10.
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Fig. 1.10. System equipment dimensions for the third alternative.
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There are no solar panels in the third alternative, so the capacity is 0 kW. Wind turbine
capacity is within 3—5 kW range (if we count outliers). Diesel generator — 11 kW, while BESS
storage capacity is within whiskers 9-25 kWh range, but power capacity corresponds to
converter capacity, which is within 3.0-7.4 kW range.

Comparison of all off-grid alternatives

Table 1.3 shows the average equipment values for each of alternative. The biggest
differences can be observed regarding the BESS storage capacity. The second alternative would
require the biggest storage capacity, while the smallest would be required for the third
alternative. First alternative would need less solar panels and wind turbine capacities comparing
with second and third alternative.

Table 1.3. Average Equipment Size for All Alternatives

System equipment Alternative 1 | Alternative 2 Alternative 3
Solar panels (kW) 4.0 9.4 0

Wind (kW) 3.0 0 4.0

Diesel generator (kW) 11.0 11.0 11.0

BESS energy capacity (kWh) 22.0 28.3 17.8
Converter (kW) 4.7 5.0 5.0

In this case study, during the 10-year lifetime, NPC costs include capital costs, O&M costs,
and diesel fuel costs. Fig. 1.11 shows the NPC results depending on three different dispatch
strategies with and without diesel generator operating restrictions.

The NPC for the first alternative is within the 44 863—52 066 EUR range. The first
alternative with a combined charging dispatch strategy (CS), and with diesel generator
operating restrictions has proven to be the most cost-effective (lowest NPC value) than all other
scenarios. Fig. 1.11 also shows that the impact of dispatch strategy can be more important than
fuel restrictions. At the same time, it cannot be denied that those scenarios with generator
restrictions do have an impact on the NPC values. There is an effect, and it can be seen in the
NPC values which, in some cases, are extended both ways. If correctly applied generator
restrictions can reduce NPC.
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Fig. 1.11. NPC results depending on different dispatch strategies.
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The NPC for the third alternative is within the 46 968—56 947 EUR range, while the second
alternative is within the 49 783-62 506 EUR range. From the NPC perspective, it can be
observed that cycle charging (CC) and combined charging dispatch strategy (CS) could be more
suitable for the second and third alternatives, because they are both relatively better than the
load following dispatch strategy.

Performing sensitivity analysis, Fig. 1.12 shows how fuel price impacts fuel consumption
of backup diesel generator. With a price increase from 1 EUR/L to 1.4 EUR/L, the mean value
of fuel consumption for the first alternative is reduced from 1806 litres to 1386 litres per year.
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Fig. 1.12. Generator fuel consumption depending on fuel price.

One-year consumption for all off-grid alternatives is compared. Firstly, the sensitivity
analysis shows that as soon as the price of fuel increases, the consumption of fuel tends to
decrease. Secondly, the choice of dispatch strategy, generator restriction and capacity shortage
level can affect required fuel on a relatively large scale, even within a single off-grid alternative
level. In some cases, it can be more than thousands of litres per year. By comparing the initial
off-grid investment costs according to capacity shortage levels in the Fig. 1.13, it is possible to
assess the capacity shortage impact.
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Fig. 1.13. Initial off-grid investment costs depending on capacity shortage.

A higher capacity shortage (5 %) will most likely mean that fewer initial investments might
be required to develop an off-grid system. At the same time, Fig. 1.13 shows that there is
practically no difference between a no capacity shortage (0 %) and a relatively small capacity
shortage level (2 %).

31



In addition to all analyses before, so called “excess electricity” is analysed. Excess
electricity occurs when surplus power in off-grid is produced (either by the diesel generator or
by renewable sources) and the batteries are unable to take all electricity. Excess electricity as
the percentage (%) from a total generation for 6 simulations of three off-grid alternatives and
three different dispatch strategies with and without diesel generator operating restrictions is
shown in Fig. 1.14.
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Fig. 1.14. Excess electricity in the all off-grid alternatives.

On average, the smallest “excess electricity” resulted in the third alternative — 17.68 %
(which is around 2670 kWh per year). The next, with 20.9 % (or 3235 kWh), is the first
alternative, while the greatest “excess electricity” resulted in the second alternative — 28.41 %
(or 5108 kWh). Here it is concluded that if the off-grid consists of PV panels, then it is crucial
to correctly size their capacity and match it with adequate storage capacity.
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2. NEW MATHEMATICAL MODEL FOR OFF-GRID
SIMULATION

2.1. Motivation and background

In recent years, microgrid systems either when operated in an off-grid or a grid-connected
mode have been recognized as one of the most suitable, cost-effective, and sustainable solutions
for commercial, industrial, and residential electrification applications [11], [12]. Decreasing
costs of renewable energy technologies, fluctuating fossil fuel prices, environmental concerns
and security of electricity supply are the main reasons for looking towards the development of
emerging microgrid systems [13].

However, research on such systems still must be examined. For instance, microgrids have
challenges regarding determination of proper equipment sizing, the voltage and frequency
disturbance problems in unpredictable weather conditions, difficulties with monitoring and
managing local power generation and loads, along with constrains related to designing
protection devices to cope with bi-directional power flows and so on [11]. Within this paper,
our focus is on autonomous household scale microgrid equipment sizing problems.

The microgrid equipment sizing is understood as quantification of the power capacities for
renewable generators (solar, wind, etc.), as well as for backup power generator and
determination of the power (kW) and energy (kWh) capacities of a battery energy storage
system (BESS). The proper sizing of the microgrid may reduce the risk of oversize system
equipment, which could lead to higher initial capital costs. On the other hand, it may reduce the
risk of undersize equipment, which can lead to the poor power supply reliability [ 14]. Moreover,
environmental and social aspects are no less important. Therefore, it is necessary to consider
how to minimize emissions, how to promote socially acceptable system development, which
includes issues with land use, visual impact, acoustic noise, etc.

According to literature review, several types of methods and different indicators might be
considered in the evaluation process of such microgrid equipment. The sizing methods can be
classified as classical methods, software tools, hybrid methods and most recently also artificial
intelligence methods as shown in Table 2.1. In the most common cases, four types of indicators
are identified which further describe the performance of microgrid: economic indicators
(LCOE, LCC, ACS, NPV etc.), reliability indicators (LPSP, LOLP, EENS, etc.), environmental
indicators (CE, LCA, EE), and social indicators (HDO, JC, SA, etc.) [15], [16].

In addition to the review mentioned above, some articles have summarised the latest trends
of algorithm and indicators, and future overall challenges of microgrid sizing methodologies.
For example, ant colony (ACO), firefly algorithm (FA), particle swarm optimization (PSO) and
genetic algorithm (GA) and their performance were comprehensively analysed by [17] regard-
ing how to select an appropriate algorithm to solve non-linear problems in the context of
storage-based off-grid systems under different alternatives. The results reveal that FA performs
better, with the least relative error. Other paper [12] evaluated sizing of an autonomous
microgrid considering droop control. Results indicated that a competitive total cost could be
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obtained if the droop parameters were calculated considering the microgrid sizing results. Elec-
tric system cascade extended analysis was developed in [18]. In it, the LPSP, LCC and the
LCOE together with tri-objective optimization functions were implemented and validated with
system advisor model software. Thus, it suggests that this analysis might help choose the
suitable RES capacities for any site worldwide. In [19], a model for a remote community off-
grid PV/diesel system using dynamic modelling and artificial neural network (ANN) techniques
was developed. Within a comparative analysis, it is concluded that utilising dynamic and
predictive modelling techniques would enable the model to be expandable, and simple to use
while still maintaining its accuracy. Using an iterative approach based on a recursive algorithm,
improvements were made to a techno-economic optimal sizing technique of a hybrid off-grid
microgrid system in [16]. However, a new mutation adaptive differential evolution (MADE)
based on a multi-objective optimization algorithm is presented in [20] to optimise the
configuration of the off-grid stand-alone photovoltaic systems. It is also worth mentioning the
publication [14] which showed how important it was to choose the right dispatch strategy for
off-grid system regarding equipment sizing, and at the end how it affected the net present costs
(NPC) over the project lifetime.

Table 2.1. Microgrid equipment sizing methods and indicators [15], [16]

Type of sizing methods Type of indicators
Classical: Economic:
—  probabilistic — levelized cost of energy (LCOE)
— analytical — life cycle cost (LCC)
—  numerical — annualized cost of system (ACS)
— iterative —  total net present value (NPV)
Software tools: Reliability:
—  Homer Pro — loss of power supply probability (LPSP)
— RETScreen, — loss of load probability (LOLP)
- PVSOL —  expected energy not supplied (EENS)
— Hybrid 2 — deficiency of power supply probability
—  Transys (DPSP)

— loss of load expected (LOLE),
— loss of energy expected (LOEE)

Hybrid methods: Environmental:
— combined dynamic programming and — carbon emission (CE)
region—elimination technique algorithm — embodied energy (EE)
(DP—RET) — carbon footprint of energy (CFOE)
—  hybrid Simulated Annealing—Tabu Search - life cycle assessment (LCA)
—  hybrid Big Bang—Big Crunch algorithm
(HBB—BC)

—  hybrid GA—mixed integer linear
programming (GA—MILP)

Artificial intelligence: Social:
—  genetic algorithm (GA) —  human development index (HDI)
— particle swarm optimization (PSO) — job creation (JC)
— simulated annealing (SA) — portfolio risk (PR)
— ant colony optimization (ACO) — social acceptance (SA)
— _ artificial bee colony (ABC) — social cost of carbon (SCC)

In general, according to the literature review, it can be noticed that there are still difficulties
in the field of equipment capacity optimization:
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1. Improvements in load forecasting and adoption to methods are necessary.

2. Calculation time step of power output is critical for the optimization of the results; thus,
it should be reduced considerably as much as possible (less than 1 hour is preferable).

3. Improved sizing methods equipment could be installed in the research area to obtain
real-time data and verify simulation results.

4. New evaluation indicators may be used to provide more effective and overall
assessment as the microgrids are emerging solutions for sustainability policy goals.

5. Arttificial intelligence sizing methods have advantages in accuracy and computation
speed compared to traditional methods, while, on the other hand, those significantly increase
optimization complexity.

6. As good practice equipment sizing is validated and improved also with more than one
optimization tool.

It can also be concluded that existing articles mainly focus on microgrid operation state;
therefore, future research might have more efforts on the planning, construction state, and
microgrid servicing.

The main aim of this chapter is to introduce a new multi-objective simulation tool to
evaluate the performance of several off-grid cases under different dispatch approaches, which
would further increase knowledge of such systems and the flexibility of already existing
simulation tools. The developed tool is used to justify a composition and improve the capability
of an off-grid system equipment for the real pilot project, which is discussed in the next chapter.
Also, the motivation for developing a new multi-objective simulation tool is to create a tool that
can be used to test equipment parameters for very specific cases and to visualise system
performance for specific days. It can also be used to validate the results of existing software
tools.

2.2. Methodology
2.2.1. Model for the household off-grid simulation

The simulation model described in this section was developed for the real case evaluation.
Before exploring the experimental off-grid system (see next chapter), the information for sizing
the system was rather insufficient. The model determined necessary generation and storage
equipment capacities, helped assess the payback of the off-grid project, and allowed visualising
operating conditions.

The model has been applied to an off-grid system composed of solar PV, wind turbine,
battery energy storage system (BESS) and backup power generator. The model presented in
this chapter is designed as a set of algorithms, that determine the operation of the off-grid
solution according to the load and supply power balances indicated in Table 2.2 and Fig. 2.1.
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Table 2.2. Abbreviations for terminology

Parameter Abbr. Parameter Abbr. Parameter Abbr.
Load (kW) P; Max amount of | Epmax Power of PV | Pepv
energy of the modules (kW)
battery (kWh)
Generation  power | Pg Min amount of | Epmin Power of wind | Pew
(kW) energy of the generators (kW)
battery (kWh)
Other generation | P, State of charge of | SOC Power of backup | P,
capacities (kW) the battery (%) generator (kW)
Rated power of the | Psr Max state of | SOCmax | Minimal power of | Prmin
battery (kW) charge for the backup generator
battery (%)
Rated capacity of the | Epr Min state of | SOCmin | Levelized costs of | LCOE
battery (kWh) charge for the electricity,
battery (%) EUR/kWh

The model has been developed to provide the highest (close to 100 %) electricity
availability, considering that the electricity generation sources (PV, wind, etc.) connected to the
off-grid are stochastic. Thus, energy storage and a backup generator are needed.

For simplicity, the time interval for modelling of off-grid system is assumed to be one hour;
thus, the load and at the same time the required generation capacity are defined as P; in the time
interval z. Total power generated (kW) at the time interval ¢ (excluding backup generator) Pg(?)
in Eq. (2.1) is defined as the sum of power capacity of solar modules, wind turbine and
potentially other generation sources such as fuel cell, small-scale CHP unit, etc.

Pgwy = Pgpviy + Powwy + -+ + Puo)- @1

As the off-grid system requires a battery energy storage system, it is necessary to determine
its state of charge status at the time interval :

SOCw = SOCq_1y + =

b(t)
o, 2.2)

where SOCy-) is the state of charge of the BESS in the previous time interval, Ep, is the
rated energy capacity of the BESS, E¢) is the amount of energy BESS charged or discharged
in the time interval. In addition, the model calculates the maximum possible charge and
discharge capacities (kW) of the BESS (4), which at the same time gives us the amount of
energy per cycle. During the first cycle SOCy=SOCrax:
Epmax = (SOC(C) - SOCmL’n) X Epy, (2.3)
Pymax = Epmax, for time interval t = 1h 2.4)
If there is a surplus or shortage of electricity (kW) at the time interval ¢ in the off-grid
system, equation (2.5) is used:
Py = Pywy = Puey (2.5)
In next equations (2.6 and 2.7), the model assesses whether to start-up the backup generator
and at what power:
if Ppmax(y < Z Pey (2.6)
Pr(t) = Ppr — Pbmax(t) -2 P(t)- 2.7)
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If the BESS and other sources can cover the load, the backup generator will not be scheduled
for operation. If not, the power output of the backup generator during the time interval ¢ is
determined within the range Pmin—P. The calculation is adjusted so that the backup generator
operates closer to the nominal (rated) output and charges the battery at maximum possible
power during the time interval ¢.

The actual power rating (kW) of the BESS and its nature (charging / discharging) in the
model is determined by equation (3.8):

Poiey = Pty + Pregy (2.8)

The actual charged or discharged energy rating (kWh) of the BESS Eb(i) at the time interval
is determined by equations (3.9-3.11):

lbe(t) >0, then kb(t) =0,9, (29)
ifPy sy < 0, then k) = 1/0,9, (2.10)
Epey = Poy X kp(y X 1h, 2.11)

where ky is the efficiency of the BESS. The simulation cycle ends with equation (2.12) to

initialize calculations for the next time interval #:
t=t+1 (2.12)

Fig. 2.1 shows a block scheme within the sequence of operations of the described off-grid
system. The annual costs and levelized cost of electricity (LCOE) of the off-grid system are
determined in a separate algorithm. Before using the algorithm, configuration of the model is
necessary to set up the required dispatching strategy and input data.

The overall model optimization focuses on four aspects: off-grid system highest availability,
lowest surplus generation, lowest operation hours of the backup generator, lowest LCOE.
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1. Start of the cycle
SOC) = SOCax; t=0
v
2. Identification of load
Py
v
3. Total power generated, excluding backup generator
Pew = Pepvy + Pewy + ... TPy
v
4. BESS state of charge at time interval t
SOCy = SOC-1) + Epwy/Ebpr
v

5. Determination of maximum battery charge / discharge capacity
Pbmax(t) = Ebmax(t) = (SOC(t) - SOCmin) X Epy

v

6. Surplus or shortage of electricity in the off-grid system
P = Pew — Pry

v

7. Whether to start-up the backup generator
if Pomax@ < Py

v v
7.1. Backup generator power 7.2. Backup generator is not required
Pr(t) = Ppr — Ppmax ‘P(t) Pr(t) =0
v v

8. Determination of actual BESS power and its nature (charging / discharging)

Py = Pa + Pry

v v
8.1. BESS charging 8.2. BESS discharging
if Poay > 0, then kpw = 0,9 if Poay < 0, then kpa = 1/0,9
v v

9. Determination of actual BESS energy
Epy = Poy < ko *1h

v

10. Initializing calculations for the next time interval
t=t+]

Fig. 2.1. Operational principles of the model of off-grid system.

2.2.2. The annual costs of off-grid system

The objective function in the calculations is minimization of the levelized cost of electricity
(LCOE), which in this case is determined based on the method of the annual cost of system
(ACS) [21]. ACS covers annual capital cost (4CC), annual operation and maintenance costs
(AOM), annual replacement costs (4RC), annual fuel costs of backup generator (4FC) and

annual emission cost (AEC). ACS (in EUR) is estimated as follows:
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ACS = ACC + AOM + ARC + AFC + AEC, (2.13)
Annual capital cost (in EUR) of each unit which does not need replacement during project
lifetime, such as PV system, wind turbine, backup generator and inverter, is calculated as

follows:
ACC = Ceqp " CRF(i, ), (2.14)
in which
ity
CRF = W7 (2.15)

where Ceqp is the capital cost of each component in EUR, but y is the project lifetime in
years. CRF is capital recovery factor, a ratio to calculate the present value of a series of equal
annual cash flows, and i is the annual real interest rate.

The annual operation and maintenance cost as a function of capital cost, reliability of

components (1) and their lifetime (y) can be determined using the following equation:

AOM = Cqp 1;—’1 (2.16)

ARC is the annual cost value (in EUR) for replacing units during the project lifetime. In this
study, a unit that needs replacement is only battery banks. Other units do not require
replacement because their lifetime is the same as project lifetime. Economically, annual
replacement cost is calculated as follows:

ARC = Crep * SFF (I, Yrep), (2.17)

where Ciep is the replacement cost of battery banks in EUR, but is the lifetime of battery
banks in years. In this case, the replacement cost of battery banks is like its capital cost. SFF is
the sinking fund factor, a ratio to calculate the future value of a series of equal annual cash

flows. This factor is calculated as follows:
i
SFF = (1+iy-1

(2.18)

AFC of backup generator unit is estimated based on optimum dispatch of backup generator
system. The fuel consumption (in liters) based on load characteristic of the backup diesel
generator is calculated for each time interval 7 using the following equation:

F(t) = 0.246 - P.(t) + 0.08415 - B,, (2.19)

where is the rated power of backup generator in kW, P, is the actual power generated at

time interval ¢ in kWh. The fuel cost (in EUR) is calculated for a year by multiplying hourly

fuel consumption by fuel costs:

AFC = C; - XP25°F (D), (2.20.)

where Cr is the fuel cost per litre (EUR/I). To reach the maximum efficiency of operation

the unit should be operated within rated power and specified maximum value. AEC is the annual

emission cost (in EUR) to capture CO» emission generated from backup generator system. The
AEC can be expressed as follows:

AEC = ¥P78°E; - E.; - P,(£)/1000, (2.21)
where Eris the CO emission factor, kg / kWh, E.ris the CO> emission cost in EUR/t. By

calculating the ACS it is possible to determine levelized cost of electricity (LCOE), which
shows how much each kWh of electricity costs in the particular microgrid (EUR/kWh).
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ACS
Eaec

LCOE = (2.22)

where is the annual energy consumption of a microgrid (kWh). Other parameters used in
the calculations are shown in Table 2.3.

Table 2.3. The Economic Data Considered for Calculations

Parameter Data Parameter Data Parameter Data
Project lifetime 20 Reliability of PV 0.98 | Costof Wind | 3500
(years) panel (coef.) turbine

(EUR/KW)
Real interest rate | 4 Reliability of wind 0.8 Cost of battery | 540
(%) turbine (coef.) bank

(EUR/kWh)
PV panel lifetime | 25 Reliability of inverter | 0.98 | Cost of battery | 540
(years) (coef.) bank

(EUR/KW)
Wind turbine 20 Reliability of battery | 0.98 | Cost of inverter | 1300
lifetime (years) (coef.) (EURKW)
Inverter lifetime | 20 Reliability of backup | 0.9 Fuel cost (Cf) | 1.2
(years) generator (coef.) (EUR/D)
Battery lifetime 10 Cost of backup 380 | Emission 0.34
(years) generator (EUR/KW) function

(kg/kWh)
Backup generator | 15 000 | Cost of PV panel 1250 | Emission cost | 30
lifetime (hours) (EUR/kW) factor

(EUR/ton)

The parameters shown in Table 2.3 can be changed as needed for other microgrids.

2.3. Case study

For the case study, real household hourly load data are collected, integrated in the model,
and used in simulations. Household average daily electricity demand is 30.27 kWh, which
reaches 11 049 kWh on an annual basis. The household consists of 2 persons. A heat pump,
which is used for heat and hot water supply, and an electric vehicle for transports needs can be
considered the biggest consumers of electricity in this household. This type of household
matches with aims for electrification, which has a critical role to play for achieving the
European Union decarbonization policy targets.

Fig. 2.2 shows the typical daily load curve (for a 24-hour period) of this household, with a
heat pump and electric vehicle charging. The largest amount of electricity is consumed at
nighttime while an electrical vehicle is charging. For this case, it is highly important to choose
the appropriate generation and storage solutions. When the readings were taken, the household
was connected to the distribution system operator grid; thus, the energy availability was not an
issue and always corresponded with the demand. Nonetheless, the connection allows the
household not to consider load shifting.
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Fig. 2.2. Load curve in relative values for three seasons.

22 23 24

As shown in Table 2.4, five equipment sizing alternatives were evaluated. The first three
sizing alternatives are taken from the previous chapter on microgrid sizing with Homer
software. The capacity of the backup generator is at least 11 kW, considering that the system
must cover the maximum daily load (which is around 9 kW), thus ensuring higher security of

supply [14]. Two additional sizing options were developed to find the most sustainable and
economically efficient solution.

Table 2.4. Average Equipment Size for All Alternatives

S}fstem l.alternative | 2.alternative | 3.alternative | 4.alternative | 5.alternative

equipment
BESS (kW) 4.7 5 5 8.2 8.2
BESS (kWh) 22 28.3 17.8 30 16
Solar panels
(kW) 4 9.4 0 6.2 3
Wind (kW) 3 0 4 2 2
Backup
generator 11 11 11 13 13
(kW)

In this case study, the results are displayed for the following alternatives: three dispatch
strategies, different sizing options, power sources PV, wind, BESS, and the backup generator.
The dispatch strategy is combined, and there is no capacity shortage.

24.

Results

Table 2.5 shows the results for all five equipment sizing alternatives considering three
different dispatch strategies.
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Table 2.5. Results of Simulations

Alternative st 2nd 3rd 4th Sth
Combined charging dispatch strategy (CCDS)
Backup gen. operating hours 1277 | 1234 = 1448 778 953
Excess renewable energy, kWh 1290 3990 71 2083 1029
Excess vs total renew. generation, % 18%  40% 2% 26% 20%
LCOE, EUR/kWh 0.71 0.73 0.73 0.79 0.70
Load following strategy (LFS)
Backup gen. hours 2249 2276 2804 1923 @ 2333
Excess renewable energy, kWh 1073 3646 46 1870 676
Excess vs total renew. generation, % 13%  33% 1%  21%  10%
LCOE, EUR/kWh 0.81 0.83 0.87 0091 0.85
Cycle charging strategy (CCS)
Backup gen. hours 1406 = 1355 1561 949 1248
Excess renewable energy, kWh 2273 5336 293 2999 1408
Excess vs total renew. generation, % 32%  52%  T% 37%  26%
LCOE, EUR/kWh 0.78 080 0.80 0.87 0.83

Like Homer Pro software, while setting up the project, a simulation tool can be used to
configure dispatch strategies and determine the operating principles of how generation can
provide the load.

1. The combined charging dispatch strategy (CCDS) — intelligently switches between load
following and cycle charging strategies. That way, it can improve performance over the cycle
charging and load following dispatch strategies by making more efficient use of the backup
generator. It is equivalent to the Combined Charging (CS) dispatching strategy in the previous
chapter.

2. Load following strategy (LFS) — when a generator is needed, it produces only enough
power to meet the demand. It tries not to charge the battery with a backup diesel generator
unless it reaches the minimum power of the generator. Load following tends to be more optimal
in off-grid systems with a lot of renewable power that sometimes exceeds the load. It is
equivalent to the Load Following (LF) strategy in the previous chapter.

3. Cycle charging strategy (CCS) — whenever a backup generator is required, it operates
at full capacity, and surplus power charges the battery bank. It stops charging the battery at the
setpoint of the battery state of charge. Cycle charging tends to be more optimal in off-grid
systems with little or no renewable power. Equivalent to the Cycle Charging (CC) strategy in
the previous chapter.

To better understand how different dispatch strategies impact the operation of generating
sources and BESS charging/discharging, the visualization of off-grid operation in summer and
winter day for two equipment sizing alternatives and three dispatch strategies is provided in
Table 2.6 and Table 2.7. The graphs show the power source and amount of generation, energy
storage capacity, load and its nature, battery power and its nature, backup generators power.
The dates were chosen to represent the extreme situations where there was a surplus or
deficiency of renewable generation. During the observation period, there was low wind output

42



on the 7th of July and low PV output on the 13th of November. By considering the 2nd and the
Sth alternative, it is clearly visible that the microgrid benefits of diversified generation sources
allow minimizing the backup generators’ workload and maximizing the share of renewables.
Dispatch strategies pose the most impact on LCOE.

Table 2.6. Off-grid Operation Visualization: 2nd alternative and Dispatch Strategies
2nd alternative: BESS power 5 kW, capacity 28.3 kWh, solar power 9.4 kW, wind power 0 kW, diesel gen. 11 kW
Date 13th November
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Table 2.7. Off-grid Operation Visualization: 5th alternative and Dispatch Strategies

5th alternative: BESS power 8.2kW, capacity 16kWh, solar power 3 kW, wind power 2kW, diesel gen. 13 kW
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In addition to the analysis before, the next three figures compare results between the new
simulation tool and Homer Pro software.

Firstly, backup generator operating hours are analysed. As it is necessary to avoid the use
of electricity produced by the backup generator when renewable energy can be used instead, it
is necessary to pay attention to the operating hours of the backup generator. As shown in Fig.
2.3, in all alternatives and dispatching strategies, the new tool displays more backup generator
hours than Homer Pro software. The largest difference is observed in the load following strategy
(LFS). Nevertheless, both tools show that the generator hours will be the smallest for the 1st
alternative in combined charging dispatch strategy (CCDS).

M | alternative M 2.alternative M 3.alternative
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Fig. 2.3. Backup generator operating hours.

Secondly, “excess electricity” is analysed. Excess electricity occurs when surplus power in
off-grid is produced (either by the backup generator or by renewable sources) and the battery
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or load is unable to take all the electricity. Excess electricity as a percentage (%) of the total
generation of three off-grid alternatives and three different dispatch strategies is shown in Fig.
2.4.
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Excess electricity % from total
generation

Fig. 2.4. Excess electricity in all off-grid alternatives.

On average, for both tools the smallest “excess electricity” was shown by the third
alternative —10.03 %, followed by the first alternative (21.13 %) and the second alternative
(31.7 %). Despite excess electricity (%) differences between the tools (especially for an
alternative that includes wind), the overall trend is the same and it shows, that if the off-grid
system consists of PV panels then it is crucial to correctly size its capacity and match it with
adequate storage capacity.

Finally, in Fig. 2.5 we compare three alternatives regarding the levelized cost of electricity
as the average cost per kWh of useful electrical energy produced by the system. The LCOE was
not covered in previous chapter, but the gained results are being utilized this time.
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Fig. 2.5. Levelized cost of energy for all off-grid alternatives.

As shown in Fig. 2.5, for the new tool, average costs are between 0.72 EUR/kWh and
0.84 EUR/kWh, while in the case of Homer Pro software, they range from 0.64 EUR/kWh to
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0.67 EUR/kWh. The results differ due to the emission cost implemented in the new tool and
differences in the models themselves. In general, both simulation tools show similar trends,
which confirms and validates their accuracy.
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3. ANALYSIS OF THE REAL OFF-GRID SYSTEM PROJECT
IN LATVIA

3.1. Motivation and background

In scientific literature, self-sustaining microgrid systems that are built for different
consumers are analysed. For example, [22] examines the technical feasibility (including system
dimensioning) for a single-family house off-grid energy system in Finland’s northern climate
with short-term battery and seasonal hydrogen storage. While in [23] comparative analysis
between an off-grid hybrid power supply for different consumption levels (1825, 3650 and
5475 kWh) and a newly built grid connection for domestic consumers was performed in
different regions of Estonia. In another paper [24], the configuration of off-grid systems in
Estonia, which includes photovoltaics, wind turbines, a diesel generator, and batteries, is
studied.

The validity of the results presented in literature, however, degrade the further to the south,
to Latvia, for example, due to increased PV power generation, or less windy days which depend
on specific climatic conditions. Moreover, according to the location, in scientific literature there
is little information about real autonomous off-grid systems implemented in life, their technical
characteristics, data acquisition and monitoring, as well as data analysis of such electrical
systems in general.

In this chapter, an autonomous off-grid system is assumed to be a set of interconnected
controllable and uncontrollable rural household loads, decentralized energy sources, and energy
storage that is not connected to the power grid. This means the cluster of equipment, which
operates in the independent environment, island mode. Overall, there are several benefits for
such an autonomous off-grid system:

1. Useful development of project is possible in places where there are relatively high
investments needed for the grid connection to the distribution networks [25].

2. Due to reduced costs of new renewable energy technologies and fluctuating fossil fuel
prices, a simplified off-grid system for household electricity supply in remote regions may
be an efficient and cost-effective electrification way to the fight against climate change and
to reach the European Union (EU) decarbonization targets [14], [26], [27].

3. To protect against electricity supply quality problems and overall reliability due to increased
variable generation or decreasing conventional generation in the grid [28].

Considering the mentioned benefits, such an experimental system was implemented for
rural household located 30 km away from Jelgava city in Latvia. The autonomous off-grid
system is capable to operate with 16-25 amps (A) within single phase connection at a voltage
of 230 volts (V) and frequency of 50 hertz (Hz).

By installing electricity generation devices, batteries, and system control equipment, the
analysis is planned for the off-grid performance and possibilities to increase the availability of
such electricity supply in Latvia and expand the use of local renewable and zero-emission
energy resources. It will be useful to find out the possible costs of an optimized solution,

48



commercialization possibilities, their contributing factors, problems, as well as the efficiency
of the use of the overall and individual elements of the off-grid solution.

Initially, a special mathematical model was created to select energy sources, to size
equipment and to further test the operation of this off-grid system in the Latvian climatic
conditions. Thus, in this chapter not only focus is on evaluation of this real autonomous off-
grid system performance, but also to discuss aspects related to software computing techniques
and mathematical models versus a real operational off-grid system.

As it is stated in [29], to ensure optimal design and that such renewable systems are
affordable, careful planning preferably with high-resolution data on electricity generation and
consumption is necessary. As it is one of research gaps identified in literature, and not delivered
in a clear way, the objective of the chapter is to further increase knowledge of such system
performance, planning and dimensioning in climatic conditions like it is in Latvia.

3.2. Materials and methods

3.2.1. Setup of the off-grid system

An electric off-grid system (see Fig. 3.1), which was installed in the summer of 2022, is
adapted for the individual household located near Jelgava city in Latvia. The electric off-grid
system consists of:

1. Micro wind turbines and solar panels.
2. Diesel generator.
3. Battery electric storage system; all of it is set up in or around a standard sea container

(3.0m x 2.5m, 2.5 m high) with other necessary equipment (sensors, cables, etc.) for the
operation of the off-grid system.

The off-grid system is modular and can be moved relatively easily. It is designed for
installation with minimal compliance requirements.
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Fig. 3.1. Experimental autonomous off-grid system.

The basis of the off-grid system is a set of equipment manufactured by OutBack Power for
microgrid implementation. The system includes a Radian GS7048E inverter/charger, system
control equipment, panel MATE3, battery monitoring equipment FlexNetDC and solar panel
(3.6 kW) charging controller FlexMax80. Separate charge controllers are used to transfer the
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electricity produced by micro wind turbines (2 x 1.1 kW) to the off-grid network, which are
connected with the help of power relays depending on the battery charge level. In case of
unavailability of renewable resources, a backup diesel generator is provided with automatic
startup according to the battery charge level. A LiFePO4 battery with a nominal voltage of
52.8 V(3.3 V per cell) is used to store electricity, with a total capacity of 160 Ah (7 kWh). The
electricity supply of the electricity consumer (the household participating in the experiment) is
mainly from a battery.

The container, which hosts batteries, inverters, and other electronic devices sensitive to
temperature, was insulated and equipped with devices for maintaining the necessary
microclimate: a heater, conditioner, and ventilation. The conceptual diagram of the off-grid
system is given in Fig. 3.2.
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Fig. 3.2. Conceptual diagram of the installed off-grid system.

After the implementation of the off-grid system, it is expected that the quality of the
electricity supplied to the household will meet the requirements of Latvian distribution system
operator network connection according to LVS EN 50160 standard. For research in the future,
it is planned to upgrade the experimental system also with a fuel cell system. Before installing
the new off-grid system, the household owner was surveyed about their electricity consumption
and existing electrical appliances, as well as any potential changes after the implementation of
the off-grid system in order to create the necessary system configuration. It should be noted that
before the experiment, the household was not directly connected to the electricity grid (it was
provided by a cable from the neighbour), but “Sadales tikls AS” requested around EUR 25
thousand to connect this customer. Consequently, the client did not have accurate data on the
demand and could not fully use the electrical equipment.
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Household load data were collected using a power network analyser, and the average load
projection for the entire year was created and used as an input in the Homer Pro software to
evaluate the optimal energy source mix and sizing of the off-grid system. The equipment survey
results are summarised in Table 3.1.

Table 3.1. The Current and Planned Electricity Equipment in Household

Consumer Approximate | Number Duration of use per
electrical of units day, h
power, W
Before off-grid system implementation

LED bulbs 5 10 4 (depending on the
season)

Refrigerator 200 1 2 (compressor activation
depending on
temperature)

Kettle 2000 1 0.5

Water Pump 400 1 0.5

Phone charger 7 2 4

Portable computer 100 1 3

TV 200 1 5

Electric tools 300-1000 3 0.5

After off-grid system implementation

LED bulbs 5 15 4

Refrigerator 200 1 2 (compressor activation
depending on
temperature)

Kettle 2000 1 0.5

Water Pump 400 1 0.5

Water Pump 7 2 8

Portable computer 100 1 4

Washing machine 200-1500 1 2

Dishwasher 300 1 2.5

vV 200 1 6

Vacuum cleaner 1500 1 0.1

Fan 200 1 5

Conditioner 1000 1 5

Electric tools 300-1000 3 0.5

As it can be seen in Table 3.1, before the creation of the off-grid system, household
electricity was mainly used for lighting, powering computers, and other household equipment.
The average daily electricity demand for the household was 4 kWh, totalling 1460 MWh per
year before the construction of the off-grid system. The consumer relied on a diesel-powered
generator, connection with a capacity of up to 1 kW from the neighbour and a couple of solar
panels; however, there were periods when the household had limited access to electricity.

After the construction of the off-grid system, the household owner was able to increase their
power consumption, for example, by using an air conditioner as desired. Electricity
consumption was forecast to be 12 kWh per day, considering the use of an air conditioner during
the summer season. This would result in a total annual consumption of 4380 MWh, which
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would be provided by the created off-grid system. After building an off-grid system, the
household owner decided to also install a heat pump for heating the building.

Off-grid system control principle

The operational modes and quantitative setting values are selected in such a way as to
control the charging of the battery pack and ensure the supply of electricity to the load. The
main parameter, according to which the control takes place, is the charge level of the batteries.

Fig. 3.3 shows the off-grid system control principle, which is summarised based on the
above configuration. Figure 3.3 illustrates the operating voltage ranges for the power source
and power converter: red indicates the voltage at which battery damage occurs, yellow-charged
represents the battery voltage, grey-when the device is working; and dashed grey indicates
switch-on or special charging mode.
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Fig. 3.3. Principle of power flow control based on a battery voltage level.

The principle of power flow control in the off-grid system is based on voltage levels of the
battery. Battery is charged from three sources using a two-phase charging method. During the
first stage, constant current bulk charge is up to 0.5 C-rate or limited by resource availability,
terminated at 58.4 V; and constant voltage absorption charge is terminated at return amps
0.03 C-rate. PV charger and AC charger using diesel generator are managed by a central system
controller and obey rules descripted before. Wind turbine controller is a discrete device and,
therefore, needs to be connected to DC bus if necessary, using power relay. If the voltage of the
battery reduces below 52.0 V and solar energy is available, bulk constant current charging is
started. In case solar energy is not available and voltage drops down to 57.6 V, wind turbines
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start to generate by connecting wind chargers to DC bus. If both wind and solar sources are
insufficient or unavailable and voltage is below 52.8 V, a diesel generator shall take over the
control and charge battery in that way avoiding power supply interruption. The operation of the
diesel generator is set at 50 V.

When multiple sources are running simultaneously, priority is given to the source with the
highest resource availability, i.e., for a charge controller that has a higher voltage and a
proportionally larger amount of energy available from the renewable source. For example, if it
is sunny with moderate wind, then due to higher installed capacity of the solar panels, charging
will take place from them, the wind charge controllers will give a minimum current. In darker
and windier weather, the situation will be the opposite. If the backup diesel generator is running,
it will be able to charge battery at all times.

Data collection

The accumulation of the off-grid operation data is organized both in a local database in a
minicomputer installed in a container (Rapsberry PI), and remotely as a backup copy. The main
monitoring data sources are listed below (see Fig. 3.2).

1. OutBack power MATE3 control panel-collects data from devices connected to OutBack
Hub-FlexMax80, FlexNetDC and Radian GS7048E. It is connected to a minicomputer via
an Ethernet network.

2. The battery management system (BMS) has its own output data flow through the serial port
to the minicomputer.

3. Power network analyser EM21-Modbus RTU device is connected to a minicomputer via
RS485 network.

4. Minicomputer-collects information from connected sensors and analogue and digital inputs
and outputs.

3.3. Results and discussion

The data analysis of the off-grid system was performed according to the previous sections.
It was made using Python language in Jupyter Notebook, which is a web-based interactive
computing platform. The graph codes were written in Python using libraries like pandas,
numpy, matplotlib, and seaborn. A 31-day dataset from an off-grid system was collected
between 18 October and 21 November 2022, with a minute-by-minute sampling frequency. The
analysed dataset includes 37 input signals and high granularity data with a total of 48 301 data
points.

The obtained dataset reflects only one time of the year. To create a more accurate analysis,
it is desirable to use historical data to estimate the change taking into account the change of all
seasons.

Various statistical methods are used in the research-time series analysis, cumulative
columns, and histograms.

Off-grid system operating data are important and necessary to detect failures or faults of the
system, especially in the initial stage of such off-grid system implementation. The results
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provide an insight for further studies and an indication of the importance of data availability
and resolution.

3.3.1. Evaluation of off-grid performance

Fig. 3.4 to Fig. 3.6 present daily and hourly production data curves of the off-grid system
electricity between October 2022 and November 2022. They cover cumulative generation of
electricity from solar, wind, and diesel generator.
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Fig. 3.4. Electricity from solar power: (a) daily cross-section; (b) cumulative hourly profile.
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Fig. 3.4 shows that solar power is generated on a relatively large scale and with a distinct

tendency to take place from 6 a.m. to 3 p.m. Solar kilowatt hours (kWh) are calculated using
data obtained from FlexnetDC.
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Fig. 3.5. Electricity from wind: (a) daily cross-section; (b) cumulative hourly profile.

Fig. 3.5 shows that wind power is generated on a relatively small scale and with no distinct

tendency during the days. Also, wind kilowatt hours (kWh) are calculated using data obtained
from FlexnetDC.
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Fig. 3.6. Electricity from diesel generator: (a) daily cross-section; (b) cumulative hourly
profile.

Fig. 3.6 shows that diesel generator power is generated almost every day-roughly the same
amount (7—12 kWh). In comparison with solar and wind power, the generator operates also in
the early morning and late evening hours. Diesel generator kilowatt hours (kWh) are calculated
using data obtained from inverter RadianGS.
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Looking at the minute-by-minute data, Fig. 3.7 shows how electricity generation profiles
differ by sources.
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Fig. 3.7. Electricity generation profiles: (a) solar, (b) wind, (c) diesel.

The data was taken from October 19, and November 5 and 11. Thanks to the high
granularity of the data, the trend of each generation source can be seen in Fig. 3.7. It can be
seen that renewable sources in these days show a lot of variability, while the diesel generator
has been working for a specific period with a certain capacity.

Amount of generated electricity by source type

During 31 days of observation (see Fig. 3.8), most electricity was generated by the diesel
generator (152 kWh), followed by solar (104 kWh) and wind generation (7 kWh). Later on, it
was discovered that low output of wind generation was associated not only with insignificant
wind velocity during the investigation period but also due to inadequate operation of wind
charger control logic, as well as non-compliance with specifications and technical faults in the
Chinese-made wind turbines. This is the challenge to be addressed during the course of
experimental activity.
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Fig. 3.8. Cumulative electricity generation by source type.
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The analysis of the off-grid system’s operation throughout the experiment indicated that it
works sufficiently. However, during some period of time, missing data were observed.
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Fig. 3.9. Off-grid system characteristics during a sunny day at the end of October.

For example, Fig. 3.9 shows two sunny days at the end of October and at the beginning of
November. During this time, the demand consumption was not logged in the beginning,
indicating that the acquisition of data should be checked to ensure data continuity.
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Fig. 3.10. Off-grid system characteristics during a sunny day at the start of November.

In Fig. 3.9 and Fig. 3.10, one can see the total contribution from each source. If the load
capacity is greater than the total source contribution, the battery’s state of charge (SOC) falls,
if less-battery charging occurs. When the generator is on, the SOC level climbs rapidly.

Electrotechnical data: voltage, SOC, frequency

It was also important to observe electrotechnical data in the experiment. Fig. 3.11 and Fig.
3.12 show four histograms. A histogram divides the variable into bins, counts the data points in
each bin, and shows the bins on the x-axis and the counts on the y-axis. In our case, we used
Python library seaborn, which turns the y-axis into a density plot, which is the probability
density function for the kernel density estimation. A density plot is a value only for relative
comparisons. The y-axis is in terms of density, and the histogram is normalized by default, so

that it has the same y-scale as the density plot [30].
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Fig. 3.11. Electrotechnical data: (a) for battery voltage; (b) battery SOC level.

According to the electrotechnical data shown in Fig. 3.12, it can be noticed whether the
battery has any overvoltage or it is operated in the most efficient way to reduce the risks of

degradation.
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Fig. 3.12. Electrotechnical data: (a) for battery temperature; (b) for consumer frequency.

It is important to monitor what happens to the battery temperature and whether the
electricity consumer is provided with the appropriate voltage quality of the electricity supply
(see Fig. 3.12). Battery voltage data were obtained from inverter RadianGS, SOC and battery
temperature data from system monitoring-FlexnetDC device, while consumer voltage from

power network analyser-Carlo Gavazzi EM21.

Analysis of climatic data (wind speed, temperature)

During observations, the internal temperature of the off-grid container and the outside air
temperature are monitored. Sensor DS1280 is used to determine both parameters. The results

are shown in Fig. 3.13.
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Fig. 3.13. Air temperature data: (a) for container room; (b) for ambient air.

In the climatic conditions of Latvia, it is important that the container is warm enough during
the winter period (from November to December), while in the summer period (from June to
August), it is the opposite, so that the container room does not overheat. During the observation
period, container room temperatures were observed above 0 °C, despite the fact that the outside
air temperature dropped below zero degrees Celsius.

In parallel, much attention is paid to the wind speed observations. Wind generation during
the off-grid observation is not as originally planned. This is also shown in the data (see Fig.
3.14), which shows that the wind speed is not particularly high, but it does not explain why
wind generator output is so low. The correlation between wind power output and wind speed
can be seen in Fig. 3.14 (b).
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Fig. 3.14. Wind speed data: (a) using histogram; (b) using time scatter analysis.

It should be admitted that wind data were obtained for only half of the observation time. All
the previous weather conditions were measured every minute at the site. Wind speed data were
obtained from the anemometer above the sea container.

3.3.2. Modelling tools versus reality

To understand accuracy and validate off-grid modelling tools and mathematical models,
initially a comparison analysis for this study was planned. The idea was to compare results from
modelling tools and mathematical models versus real experimental off-grid system. The aim
was to determine how applicable the selected energy source mix and equipment sizing are in

58



real life regarding what was proposed by modelling tools and models. However, it was later

concluded that it was not clear how to do it due to the following reasons:

1. To obtain life data it would be required to test experimental off-grid system for at least 1-
year period.

2. The off-grid system operation should be tested using more than one dispatch strategy
(longer analysis than a 1-year period would be needed).

3. To obtain data to be later used in computer tools and mathematical models more measuring
devices as planned before would be required, for example, regarding solar radiation.

4. As the off-grid project is still implemented, its true costs can only be clarified after a longer
time period than now.

Having a data array for a comparatively short period, it is difficult to make reasonable
conclusions about the adequacy operation of the off-grid system. Nevertheless, from the
available data it was possible to draw the conclusion that simulation results in certain aspects
deviated from the real operation of the off-grid system.
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4. TRANSITIONING TO DECENTRALIZED ENERGY
IN LATVIA

The goals and progress of the European Union (EU) in the field of climate neutrality create
opportunities for wider use of distributed generation and the involvement of new market
participants in the electricity market. For example, already today, electricity grid system
operators are shaping their operating structure (see Fig. 4.1) by including and taking into
account such stakeholders as passive and active users, energy communities, microgrids,
aggregators, virtual power plants, platforms for balancing energy and other flexibility products
for ancillary services, electricity storage devices, etc. By modelling not only energy, but also
data flows between these parties, emphasizing the importance of new technologies (IoT, self-
healing, etc.).
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Fig. 4.1. Lithuanian DSO 2030 power system design [31].

Therefore, proper system integration and a regulatory framework will be important to
simplify and efficiently use all resources and available technologies and ensure higher system
reliability and stability. In this chapter, we will analyse new market participants, considering
trends in the regulatory environment in the coming years, including decentralized energy
resources.

Decentralized energy resources (DER) typically refer to low-capacity electricity generation
technologies that produce, store, and manage electrical energy. For instance, solar modules,
small wind turbines, electric vehicles, microgrids, and others.

Scientific literature discusses that broader utilization of DER could enhance the efficiency
of available resources for society, increase energy system resilience (e.g., in cases of large
station outages from the market), and empower consumers and communities in achieving
decarbonization goals. This aligns with the European Green Deal and plans for a safer, more
accessible, and cleaner energy usage. However, the growth of DER could simultaneously
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disrupt traditional principles of electricity markets, and without proper regulation, its benefits
may not be equally felt throughout society [32].

Although there isn't a specific definition of decentralized energy resources, in Latvia,
microgenerators can be considered as low-capacity electricity technologies designed for
producing single or three-phase AC electricity with a current of up to 16 amperes. In a single-
phase electrical network, this corresponds to a power of 3.7 kW, while in a three-phase network,
it's 11.1 kW (Type A production modules [33]). Also, power plants up to 14.99 MW (including
Type A, B, and C production modules) connected to distribution network operator grids at 0.4,
6, 10, and 20 kV[34].

Some industry research indicates that the use of DER in Europe (thus in Latvia) in the future
could potentially surpass the proportion of centralized generation sources. For instance, in this
research [35], when DER includes solar modules (<1 MW), wind turbines (<500 kW), micro-
turbines, hydrogen fuel cells, diesel generators, and gas boilers (<6 MW), electricity storages,
microgrids, electric vehicles, and demand response utilization.

It should be acknowledged that a particularly significant development in microgeneration
in Latvia was observed in the first four months of 2022. This was attributed to a considerably
higher electricity price on the Nord Pool exchange due to the global economic recovery from
the economic downturn caused by the Covid-19 pandemic in 2020. Additionally, the
geopolitical situation, particularly with Russia's war in Ukraine, has led to significant
uncertainty about future energy supply, prompting the search for alternative sources. The rapid
increase in microgenerators has surpassed even the most daring predictions-from January to
April, 970 microgenerators were connected to the distribution grid, totalling 7.5 megawatts
(MW). By the end of April, the number of microgenerators connected to the grid of the operator,
“Sadales tikls AS” reached 3052 connections with a total installed capacity of 21.3 MW.

Considering the current trends in microgeneration development, experts at “Sadales tikls
AS” predict that the number of newly connected microgenerators to the distribution grid in
2022 will reach 4000, with the total number of microgenerators connected to the entire system
by the year's end exceeding 6000, and the overall capacity reaching 45 MW [36]. There is
substantial interest in Latvia not only in the implementation of microgenerators, but also in the
development of solar parks. By the end of April 2022, the total reserved capacity for the
development of microgenerators and power plants exceeded 670 MW. Although, according to
data from the transmission system operator, the maximum load on the Latvian system during
the winter of 2020 reached 1184 MW, and the minimum load was observed in summer at
463 MW [37].

The main role of policymakers, regulators, and other market participants is to prepare for
changes in existing electricity markets. Variable and renewable energy generation from various
decentralized sources will pose a challenge to the electricity grid infrastructure, which was
developed and built based on the principles of traditional centralized systems. A decentralized
system with a significant share of renewable energy sources is less predictable than a centralized
system, and grid operators may face difficulties in responding to fluctuations in demand and
the unpredictability of supply and demand.
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4.1.1. Amendments to the national legislation
Amendments to the Energy Law

In the coming years, energy communities will play a larger role in transitioning to cleaner
energy. Households, individuals, and businesses collectively invest in the development and
operation of energy-related assets. Estimates indicate that by 2030, energy communities in the
EU could own approximately 17 % of installed wind power and 21 % of solar energy [38].
These communities promote local economic development, provide secure and accessible
energy, and encourage collaboration within local communities.

The legal framework for “energy communities” was introduced in European legislation as
part of the so-called Clean Energy Package. The term 'energy community' is used in two EU
directives:

1. “Citizen energy communities” in the European Parliament and Council Directive
(EU) 2019/944 [39] of June 5, 2019 (Directive 2019/944) on common rules for the internal
electricity market (amended version).

2. “Renewable energy communities” in the European Parliament and Council Directive
(EU) 2018/2001 [40] of December 11, 2018 (Directive 2018/2001) on promoting the use of
energy from renewable sources (amended version), also known as “RED I1”.

Both definitions of communities share similarities, for instance:
1. Communities are legal entities established as a juridical person (as emphasized in

Directive 2019/944, it “creates a new kind of entity considering its membership structure,
governance requirements, and objectives”).

2. They are effectively controlled by their shareholders or members.

3. Their primary goal is to ensure environmental, economic, and social community
benefits, rather than financial profit.

However, among the key differences between “citizen energy communities” and
“renewable energy communities” are membership issues (the former is much more regulated
than the latter):

1. Regarding “renewable energy communities”, there is an additional stipulation for
private companies that their participation must not be their primary commercial or professional
activity.

2. Shareholders or members of “renewable energy communities” should be located near
the owned and developed renewable energy projects.

In the case of “citizen energy communities” this entity is exempt from the mentioned
requirements. Additionally, members of “renewable energy communities” can collectively
engage in various aspects of renewable energy management (production, consumption control,
energy sales, renewable gases, etc.). Meanwhile, the scope of “citizen energy communities™ is
currently limited to the electricity sector, such as electricity production, distribution, supply,
consumption control, aggregation, storage, or energy efficiency and electric vehicle charging
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services, etc. (although this may change with the new EU Gas Directive revision). From a
network perspective, these two types of communities are illustrated in Fig. 4.2.

Renewable energy communities

e

LV: low voltage
MV: medium voltage
HV: high voltage

EHV: extra high voltage

EHV/HV

Public grid (LV) MV/LV EHV/HV

Fig. 4.2. Communities from the perspective of system operators [41].

From the aforementioned, it can be concluded that the “citizen energy community” is
technology-neutral, whereas the “renewable energy community” is limited to renewable energy
technologies.

On July 14, 2022, in the second-final-reading, the Saeima (Latvian Parliament) supported
urgently recognized amendments to the Energy Law [42] to adopt the conditions of EU
directives. The regulation for energy communities aims to promote the involvement of Latvian
society in electricity generation. The amendments to the Energy Law are intended to define new
concepts for market participants:

1. “Renewable energy community” — an energy community engaged in renewable energy
production, owning, developing, or managing renewable energy production facilities
territorially associated with the renewable energy community.

2. “Electricity energy community” — an energy community operating in the electricity
sector.
3. “Energy community” — a legal entity with open, democratic, and voluntary

participation, aimed at providing environmental, economic, or social benefits to its members or
shareholders, or the territories where it operates; which operates energy primarily derived from
renewable energy resources, as well as other forms of renewable energy production, trade,
electricity sharing, consumption, provision of demand response services, electricity storage,
provision of electric vehicle charging services, energy efficiency, or other energy services.
Amendments to the Energy Law stipulate that an energy community meets the conditions
of either a “renewable energy community” or a “citizen energy community” meaning that an
energy community can comply with one or both of these conditions. It is also stipulated that
members of the energy community retain the rights and responsibilities as defined for end-users
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or active users. The definition of an active user is included in amendments to the Electricity
Market Law [43], which were supported concurrently with amendments to the Energy Law.

Additionally, the energy community is more precisely regulated in the amendments to the
Electricity Market Law (see the next section). The definition of an electricity energy community
is broader, encompassing medium-sized enterprises as well, aiming to unify the conditions for
both types of energy communities as much as possible. The definition of small and medium-
sized enterprises aligns with the definition specified in Annex I of European Commission
Regulation No 651/2014 [44].

It should be noted that the draft law does not specify a particular legal form for an energy
community. Previous European experiences suggest that this form can be quite varied: (1)
cooperatives, (2) limited liability companies, (3) foundations and funds, (4) housing
associations (owners/renters' associations), (5) non-profit organizations (typically in village
heating in Denmark), (6) public/private partnerships.

In the case of Latvia, an energy community can be an association or foundation, a
cooperative society, as well as a joint-stock company, ensuring compliance with the
requirements specified in regulatory acts for an energy community.

For the regulation of energy communities to function fully, the Cabinet of Ministers will
have to establish the information to be included in the energy community registry, registration
requirements and procedures, information to be provided in annual reports by energy
communities, and the procedure for excluding energy communities from the registry or re-
registering them. These rules will also outline how the State Construction Control Bureau, as
the responsible authority, will decide on the inclusion or exclusion of an energy community
from the registry.

Moreover, the Ministry of Economics will have the opportunity to develop support schemes
for energy communities utilizing renewable energy resources while observing conditions for
commercial support. In this case, it's essential that support is available to energy communities
meeting only the conditions of citizen energy communities, but solely in cases where they
generate electricity from renewable energy resources.

Amendments to the Energy Law, collectively with the supported amendments to the
Electricity Market Law and in accordance with forthcoming Cabinet of Ministers' regulations,
will establish a legal basis to realize the potential of energy communities. Additionally,
investment support programs and extensive public awareness, including the guidelines outlined
in the amendments tailored to municipal needs, will be necessary.

Amendments to the Electricity Market Law

Household electricity consumption constitutes a significant portion of the overall electricity
consumption. Peer-to-peer trading, as well as energy sharing among energy communities, could
promote the European Green Deal by trading surplus energy locally or storing excess energy
for later use or trade.

Peer-to-peer trading, as defined in Directive (EU) 2018/2001, refers to “the sale of
renewable energy between market participants by means of a contract with pre-determined
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conditions governing the automated execution and settlement of the transaction, either directly
between market participants or indirectly through a certified third-party market participant,
such as an aggregator. The right to conduct peer-to-peer trading shall be without prejudice to
the rights and obligations of the parties involved as final customers, producers, suppliers or
aggregators”.

Communities and peer-to-peer trading differ from the so-called “virtual power plants” in
that, for instance, energy storage systems would be used for providing flexibility, and this
flexibility is used within the community rather than in the daily or balancing electricity markets.
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Fig. 4.3. Microgeneration and storage coverage: a) individual consumer, b) community
sharing [45].

The amendments aiming to allow electricity sharing in communities provide new
opportunities for microgeneration development and optimal distribution of produced electricity,
as shown in Fig. 4.3. It illustrates the impact of peer-to-peer trading and electricity sharing
within a community on the more effective utilization of micro-generation and electricity
storage. On the right-hand side of the image (b), the influence of electricity sharing can be
observed-the use of renewable electricity increases compared to the use of the electricity
storage, without the sharing capabilities in the image on the left (a). By trading energy and
sharing assets, the energy community has a greater chance to efficiently cover the total self-
consumption, ensuring self-sufficiency and thus requiring less energy purchase from external
sources.

As mentioned previously, on July 14, 2022, during the second and final reading, the Saeima
supported amendments to the Electricity Market Law [43], aiming to adopt the conditions of
Directives 2019/944 and 2018/2001. The amendments aim to improve the net metering system
and supplement it with a net settlement system, while setting principles for the operation of
electricity communities and active users.

The amendments will define new concepts for market participants:

1. “Active user” — an end-user who produces electricity for their own use and can sell any
surplus electricity, participate in flexibility services, or energy efficiency schemes, and who is
not an energy supply merchant.

2. “Electricity sharing” — the transfer of electricity produced by an active user to other end-
users, including other active users, or the transfer of electricity produced by an energy
community to its members or shareholders.
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3. “Jointly operating active users from renewable energy resources” — a group of at least
two end-users, each separately connected to the electricity distribution system, who, by mutual
agreement, jointly produce electricity from renewable energy resources for their own needs,
acting collectively in the same building or area with the same address.

4. “Active user generating electricity from renewable energy resources” — an active user
producing electricity for their own needs from renewable energy resources.

The improvement and extension of the NETO accounting system will:
1. Encourage legal entities, including manufacturing companies, to participate in self-
consumption electricity production.
2. Allow the electricity produced at one user's site to be used at other sites owned by the
same user, whose electricity trading is provided by a single trader, and who are connected to
the same system operator.
3. Set a 50-kW power limit within the NETO settlement system.
4. Determine the competence of the State Construction Control Bureau to administer
commercial state aid under de minimis conditions for electricity end-users within the NETO
settlement system.
5. The law defines that the NETO accounting system period will take place within the year
starting from March 1 and ending on the following year's February 29 (previously from April
1 to March 31).

Conditions for electricity sharing include:
1. The system operator will ensure sharing according to a closed contract with the
electricity community or jointly operating active users from renewable energy resources.
2. Electricity sharing will take place within one trading interval. Unconsumed electricity
cannot be stored for sharing in another trading interval; it must be sold to an electricity trader
at an agreed price.
3. System participants involved in electricity sharing cannot simultaneously participate in
the NETO accounting system, NETO settlement system, or electricity certificate system.
4. Electricity distribution systems used for electricity sharing will be charged according to
tariffs set in the “Regulations for Public Service Regulators” law.

To ensure the full operation of the regulations, the Cabinet of Ministers will need to define:
1. procedures for implementing the NETO settlement system.
2. conditions for using the NETO settlement system, the process for applying the NETO
settlement system, and information exchange between involved parties to ensure its
administration and the application of de minimis support conditions.
3. procedures for implementing electricity sharing and conditions for electricity sharing.

4.1.2. Recommendations for future amendments in legislation

Suggestions for future legislative amendments:

66



1. It should be considered whether there is a need for a more detailed reconciliation
between the two communities — “residential energy communities” and “renewable energy
communities” combining them into one. Since the “residential energy community” is
technology-neutral while the “renewable energy community” is limited to renewable energy
technologies, there should be a focus on the proximity of these communities to the relevant
developed renewable energy projects.

2. The law amendments should be clearly communicated to the public, especially
regarding the benefits of participation in either the “NETO accounting system” or the “NETO
settlement system”, distinctly showing the differences between them. For instance, in Fig. 4.4,
there is an example demonstrating the potential benefits when not only the generated electricity
and consumption are recorded, but also the determined value of electricity, considering the
specific hour's Nord Pool electricity market price. In this case, the electricity generated in the
household is 27 kWh, consumption is 32 kWh, the amount sold to the market is 15 kWh (for
3 EUR excluding VAT, meaning only the electricity component), and the amount purchased
from the market is 20 kWh (for 5.71 EUR excluding VAT, again, only the electricity
component). The transition from the “NETO accounting system” to the “NETO settlement
system” would likely introduce a fairer distribution of benefits towards the electricity traders,
but could reduce the benefits of installing solar systems for consumers. This conclusion will be
applicable given the price profile depicted in Fig. 4.4 (this kind of situation is likely to become
characteristic in Latvia's future, where the installed solar system capacity will be several times
larger than it is currently). As the capacity of high-capacity solar farms increases, significant
price reductions are expected in peak hours, which will further affect households with solar
panels that will use the NETO settlement system principle. In part, this problem can be solved
by installing electricity storage equipment, however, for now, the purchase of accumulators is
relatively expensive. The following example is considered later in the Thesis (section 4.3.2);
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Fig. 4.4. Latvian household solar power usage (July 20, 2022).
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3. In the conditions or annotations, it could be clarified how exactly the market value of
electricity is allowed to be determined by the trader (i.e., whether it can be the so-called
negotiated price, fixed price, or equilibrium price). One of the challenges is how to establish a
fair principle of benefit distribution that would be advantageous for the trader, active users, as
well as community participants because the transition from the “NETO accounting system” to
the “NETO settlement system” is one attempt to address such problems.

4. In the amendments or annotations to the Electricity Market Law, it would be desirable
to include a broader assessment of the rights of the system operator to determine the
administration fee for the “NETO accounting system”, its extent, and the impact on the main
task of the “NETO accounting system” — promoting the electricity generation from renewable
energy resources.

5. Both sets of law amendments identified several terms that would need to be harmonized
in the future, at least across Latvian legislative and policy documents. For example, “renewable
energy”, electricity “production” or “generation” and others.

6. Introducing the energy community system would require the system operator to assess
the development of new principles for tariff calculation, for instance, when electricity
distribution occurs within a community and between communities, or additional rules that
regulate the community's responsibility for the created imbalance. The public should also be
informed about the benefits of participating in energy communities or electricity trading
between such communities.

7. As the number of active users and the capacity of microgeneration systems increase, the
income of the distribution system operator from providing electricity distribution services may
decrease slightly (on average by 1/3). However, the quantity of electricity transmitted in the
network also increases. Hence, an evaluation of tariffs would be necessary to establish fair
regulation as the number of active users and the capacity of microgeneration systems increase.

4.2. Decentralized renewable energy payback analysis
4.2.1. Motivation and background

Decentralized power supply solutions, such as solar panels, electric vehicle (EV) charging
stations, and electricity storage systems (batteries), are becoming increasingly more popular
and widely recognized by numerous countries in their endeavours to promote environmentally
friendly technologies. The adoption of these technologies is influenced not only by the national
legislation, but also by other factors, such as high electricity prices, enhanced electricity
reliability, and the desire to be more environmentally friendly.

For example, in Latvia, the swift adoption of solar panels in the past few years was most
likely driven by two factors: firstly, the high electricity prices caused by geopolitical
circumstances in neighbouring countries (see year 2022 in Fig. 4.5) and, secondly, the support
for renewable energy resources provided by the Latvian government. After the start of the
Russia-Ukraine war, the average electricity price in Latvia increased to 226.01 EUR/MWh in
2022, in contrast to 46.28 EUR/MWh in 2019, or 34.05 EUR/MWh in 2020, and
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88.78 EUR/MWHh in 2021, respectively. In early 2023, however, the prices were slightly lower
than those recorded in 2022 [46].
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Fig. 4.5. Nord pool average day-ahead electricity price in the Latvian trade area [46].

By installing solar panels or small wind turbines, Latvian residents had the opportunity to
receive financial support by means of the following two support programs:
1. The support provided by the administered programme of ALTUM ranges from 700 to
4000 EUR, depending on the nominal power of the inverter.
2. The support provided by the Emission Allowance Auction Instrument (EKII) also
ranges from 700 to 4000 EUR, depending on the nominal power of the inverter.

Funding from the EKII support program is only available after the purchase and installation
of the equipment. On the contrary, to receive the ALTUM support, one first needs to apply for
the programme, await approval, and then commence the work. The EKII programme has a total
funding of 40 million EUR, while ALTUM has a funding allocation of 3.66 million EUR [47].

These circumstances have led to a situation where, within a relatively short period, the total
number of microgenerators (mostly solar) has surpassed 15 000 units (see Fig. 4.6), with their
combined production capacity already exceeding 120 megawatts (MW).
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Fig. 4.6. Microgenerator connections to the distribution system operator's grid [48].
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The electricity generated by microgenerators is primarily directed towards enabling
households to meet their own energy needs, including charging their EVs. EVs are widely
recognized as one of the most promising solutions to mitigate environmental impact in the
transportation sector and improve energy efficiency. When the electricity for EVs is sourced
from a grid predominantly powered by fossil fuels, their life cycle emissions are comparable to
vehicles with combustion engines. However, when renewable energy sources are predominant
in the energy system, EVs emissions are slightly lower. To truly achieve sustainability in using
EVs, it is required to shift the future of electricity towards renewable sources.

Among renewable energy resources, such as wind and solar power, solar energy is
considered the most promising in the context of EV charging (see Table 4.1).

Table 4.1. Comparison of Charging EV from Wind or Solar Energy Source [49], [50]

Category Wind energy Solar energy
1 Onshore and offshore wind is far Close to where EVs can be charged.
from where EVs can be charged For example, rooftop photovoltaic
(PV), so transmission is not needed
2 Different power scales: wind Power scales are similar for rooftop
turbines in MW while EV chargers PV and EV charger (both kW)

in kKW. While on the other hand, with

wind turbines it could be possible to
charge several thousand EVs

3 Generation is mostly in winter and | Generation is mostly in daytime and

nighttime summer

In most scenarios, one advantage of solar energy as well as EV batteries is that those operate
on direct current (DC) power. However, when it comes to grid integration, the standard is
alternating current (AC). This leads to the need for unnecessary DC-AC-DC conversions, which
can result in energy losses. In contrast, utilizing DC power directly, without conversion, proves
to be more efficient [49].

In addition to the support available for installing microgenerators in Latvian households,
there is also financial support available for individuals purchasing EVs. A grant of 4500 EUR
is provided when purchasing a new electric car, while a grant of 2250 EUR can be received
when purchasing used electric cars and new externally chargeable hybrid cars. However, there
is a purchase price limit of 60 000 EUR for low-emission and zero-emission vehicles in their
basic configuration, as stipulated by regulations. Additionally, there is an extra 1000 EUR
support available for beneficiaries, who choose to write off their existing vehicle and hand it
over to a processing company [51].

However, unlike microgenerators and electric cars, electricity storage systems (batteries)
have not yet been widely adopted in Latvia, and the government has not provided financial
support for such equipment. This could be related to the existing NETO accounting system for
microgenerators. The NETO accounting system has traditionally allowed for the virtual storage
of electric energy produced by microgenerators, enabling its later use, for example, during
winter months [52]. Perhaps this is one of the reasons why batteries have not been so popular
so far.
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However, Latvia has recently made amendments to the Electricity Market Law, resulting in
the introduction of a new and improved system, called NETO settlement system. The new
NETO settlement system not only records the amount of electricity generated and consumed by
customers, but also assigns monetary value to this energy. The advantages of the new system
have been communicated and include:

l. Applicability to both households and legal entities (the previous system included only
private consumers).

2. Conversion of electricity produced and transferred to the grid into monetary terms,
allowing for savings that can be utilized towards future bill payments or applied to electricity
costs in other connections of the same customer, as per the conditions of the chosen electricity
service provider.

3. The net savings period is not limited by law.

4. The freedom to select the most suitable service provider and the flexibility to switch
between providers.

5. Active participation in the electricity market, enabling cost control by tying the value of
energy transferred and received to market prices and settlement conditions. Encouragement of
consumption habits that maximize the profitability of electricity production and consumption.
These changes aim to empower consumers by providing greater control over their electricity
usage and promoting a more economically advantageous approach to energy consumption [53].

Although there is extensive information regarding the new rules of the NETO settlement
system in Latvia, there is a lack of detailed explanation for the general public regarding the
potential economic implications for owners of decentralized energy supply solutions [54].

Thus, this section compares the previous NETO accounting system with the new NETO
settlement system. Such an analysis would allow for a more accurate assessment of the
introduction of new technologies and prediction of the effect of regulatory acts on the economic
viability of different situations.

NETO accounting and settlement system in Latvia

Significant changes have been implemented concerning microgeneration in Latvia
according to the amendments made to the Electricity Market Law on 16 February 2023.

NETO accounting system (pre-existing system; Fig. 4.7): Previously, the law regulated
the NETO electricity accounting system, which outlined the procedure for the distribution
system operator to settle payments for electricity produced by users from renewable energy
resources. This system applies to the cases when the produced electricity is not immediately
consumed but transferred to the grid. If the amount of electrical energy transferred to the grid
exceeds the energy received from the grid, the excess energy is carried forward to the next
billing period within a NETO year (starts on 1 March and ends on the last day of February).
“Energy storage” can only be utilized within the same property (for the specific system
connection) where it was generated. At the beginning of a new NETO year, all savings are
deleted. It is important to note that the NETO accounting system is currently limited to
households and is automatically applied after receiving permission to connect the
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microgenerator (when the amendments to the law take effect, it will be possible to join the
scheme until 31 December 2023).
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Fig. 4.7. Schematic representation of the NETO accounting system [53].

In the Fig. 4.7 the customer transferred 50 kWh more to the electricity network than he
received from the network. The customer only has to pay the service fee of the distribution
system operator this month, but does not have to pay for electricity.

NETO settlement system (new system; Fig. 4.8): The Amendments to the Electricity
Market Law introduced a new NETO electricity settlement system. This system not only
records the quantity of electricity produced and consumed by the customer, but also determines
the monetary value of this energy. If the total value of the electricity produced, but not
immediately consumed (and transferred to the distribution network) exceeds the value of the
electricity received from the same network, the surplus value can be credited in the subsequent
settlement period or used for electricity payments in another connection of the same customer.
Both households and legal entities will be eligible to participate in the NETO settlement system.
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Fig. 4.8. Schematic representation of the NETO settlement system [53].

In the Fig. 4.8 the electricity trader determines the value of the electricity transferred to and
received from the power grid.

The law mandates that electricity traders must include the NETO settlement system as part
of their trading services. Currently, the Cabinet of Ministers is in the process of developing
detailed operational guidelines for the NETO settlement system and determining the date when
it will be made available to customers [53].

4.2.2. Methodology — two case study assumptions

The case study considers a single household as an electricity consumer with access to an
electric grid, solar panels, and an electricity storage system in various operating scenarios of
the NETO accounting system and the NETO settlement system. Fig. 4.9 shows a block scheme
of the case study.
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Fig. 4.9. Scheme: NETO accounting and settlement system comparison (first case study).

Two NETO system alternatives were compared to investigate how potential household
savings change according to different scenarios, namely, with BESS, without BESS, with
financial support for their PV system, and without financial support for their PV system.

A significant focus is placed on electricity prices, which have shown considerable volatility
in recent years and play a crucial role in determining the economic payback for the installed
electricity supply solutions. In the case study, three possible electricity prices (retrospective
electricity price from the 2019/20 season, 2022/23 season, or when the electricity price is fixed
at 150 EUR/MWh) are analysed. Potential savings, considering the impact of the new
distribution system tariff (compared with the previous tariff), which affects all current
customers connected to the grid of the Latvian distribution system operator, were thoroughly
analysed. Additionally, the implications of the newly introduced special tariff, which is
available free of charge to any user, have been also explored.

To study the new NETO settlement system and to compare it with the NETO accounting
system, the following annual data at a 1-hour resolution were obtained for one anonymous
household from the Latvian distribution system operator “Sadales tikls AS”: date and time,
electricity consumption, and electricity generation [55]. The yearly electricity demand of the
household was 11.32 MWh, while solar energy injected into the grid reached 4.23 MWh on an
annual basis. Unfortunately, information about the specific lifestyle and electricity consumption
patterns in the household was not available, including the usage of various appliances. It must
also be acknowledged that there is a lack of available data on electricity production, which
households consume directly from solar panels (the so-called self-consumption). To ensure a
higher economic benefit, households with solar panel systems should achieve the highest
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possible level of direct electricity consumption. According to [52], the level of direct electricity

consumption from solar panels by households in Europe is 20—30 % on average.

Using input data described above, as well as in Table 4.2, all respective scenarios were

analysed.

Table 4.2. Input Data and Assumptions of Household Power Supply System [52], [55], [56]

Characteristic

Indicator or assumption

Direct electricity consumption from solar
panels

30 % of total generation

Solar system capacity and cost

5 kW, 1200 EUR/kW (6000 EUR), which
have a possibility to receive the financial
support of 2500 EUR

Electricity storage systems (BESS) energy
capacity, costs, and operation

10 kWh, 7000 EUR. Maximum discharge
level —up to 2 kWh, maximum charging —
up to 10 kWh. Roundtrip efficiency is
considered 90 %

Current magnitude of the input protection
apparatus (IAA) and phases for the
electricity connection

Three phases and 25 A

Previous distribution network tariff

Charge for electricity supply
0.04076 EUR/kWh;

charge for IAA current magnitude
2.4 EUR/A/year

New distribution network tariff

Charge for electricity supply
0.03985 EUR/kWh;

charge for [AA current magnitude
0.92 EUR/A/month

New special distribution network tariff

Charge for electricity supply
0.1594 EUR/kWh;

charge for IAA current magnitude
0.37 EUR/A/month

While the second case study considers a farm as an electricity consumer that is registered

as a legal entity with access to the electric grid and installed solar panels. In this case study, the

electricity storage system is added and evaluated for various operating scenarios of the NETO

settlement system. Fig. 4.10 shows a block scheme of the second case study scenarios.

First scenario: charging from
solar PV, while discharge at the
first opportunity for own

~
NETO settlement system
\ J
~
Second seenario: charging from Third scenario: charging at a
solar PV, while discharge at the . S .
. . lower price, while discharging at
same time of the day at higher . .
. : a higher price
electricity prices

consumption

Fig. 4.10. Scheme of the second case study with NETO settlement system scenarios.

75



In the second case study, three alternatives are compared to examine the best possible
scenarios of BESS discharge possibilities and to evaluate savings that could be expected from
the smart BESS system management. In all scenarios, annual data at a 1-hour resolution were
obtained for one farm of an anonymous customer from “Sadales tikls AS” [55]. The yearly
electricity demand of the farm was 8.279 MWh, while the solar energy injected to the grid
reached 17.163 MWh on an annual basis (see Fig. 4.11). Unfortunately, like in the first case
study, there is no information on the specific electricity consumption patterns at this facility,
including information on a contract with an energy trader for the purchase of the produced
electricity. As can be seen in Fig. 4.11, on average, the farm produced more than twice as much
electricity as it consumed.

consumption

—— PV generation

electricity saldo

electrical energy, kWh

2000 4000 6000 8000
24 hour moving average, h

Fig. 4.11. Characteristics of electricity supply at the farm. 24 h moving average was plotted
instead of the raw hourly data to improve the visual clarity of the plot [55].

Using data described above (including Fig. 4.10 and Fig. 4.11), as well as in Table 4.3, all
three scenarios are analysed.

Table 4.3. Input Data and Assumptions of the Farm Power Supply System [55], [56]

Characteristic Indicator or assumption
Electricity storage systems (BESS) energy Energy capacity 15-30-50 kWh, and 10 kW
capacity, costs, and operation power capacity with capex 225 EUR/kW and

600 EUR/kWh accordingly. BESS charging
and discharging efficiency — 95 %

BESS degradation 1.5%

New distribution network tariff charge for electricity supply
0.03985 EUR/kWh;

charge for IAA current magnitude
0.92 EUR/A/month

Electricity price Three scenarios analysed with different
electricity prices — the 2018 and 2022 season
Nord pool exchange prices. Value added tax
is not considered.
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The significance of selecting the optimal operational mode and energy capacity for BESS
is becoming a progressively more important topic for discussion. This analysis aims to
approximate the advantages of installing a BESS in a power system that already incorporates
solar panels.

4.2.3. Results and discussion

The First Case Study — NETO Accounting System

In Fig. 4.12, the potential savings from solar panels using the NETO accounting system are
illustrated. The graph shows the savings based on the current distribution network tariffs and
the new ones, as well as considering scenarios with different electricity prices — the 20192020
and 2022-2023 season Nord Pool exchange prices, fixed electricity price (150 EUR/MWh),
and a scenario with the DSO special tariff. Note that the “special” tariff is intended for
households with very small or seasonal electricity consumption. It is assumed that the special
tariff is used for three months (June, July, and August), leaving the basic tariff for the remaining
months. The special tariff includes a smaller fixed part (capacity maintenance fee, EUR/month);
however, it has a higher variable share (charge for electricity supply, EUR/kWh) compared to
the basic tariff.

The calculation algorithm has been developed to assess potential savings when compared
to a scenario where no solar panels are employed and with a relevant DSO tariff. In this case,
BESS is not integrated into the system. This algorithm encompasses both the fixed component
(averaged across the total annual consumption) and the variable part of the distribution network
tariff, factoring in the per-consumed kilowatt-hour, when computing potential savings.
Accumulated savings are represented by the bars, while the horizontal lines show the
investment in the solar panel system with and without the financial support from the
government (assumed to be 2500 EUR).

Fig. 4.12 shows that the lowest potential savings are made in the scenario in which the
2019-2020 Nord Pool electricity exchange prices are adopted (the lowest at the old DSO tariff).
It can also be seen that with the 2022-2023 season Nord Pool prices and with the new DSO
tariff, the savings could exceed the investments made already starting from the third year, in the
case of receiving state support for the installation of solar panels. The significant potential for
savings arises from the Nord Pool prices of the 20222023 season. In all scenarios, it can be
seen that the old tariff system would slow down the savings for the solar panel system, meaning
that the new tariff system is more beneficial (as it is more expensive). While it is true that in
certain scenarios, the “special” tariff offers greater benefits when compared to the fixed
electricity price with both old and new DSO tariffs, it is important to acknowledge that, overall,
the electricity price remains the primary determinant in influencing the savings.
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Fig. 4.12. Potential savings in a 7-year period: NETO accounting, without BESS.

Fig. 4.13 shows the potential savings when a BESS system is installed in parallel with solar
panels. The algorithm assumes that electricity is consumed from the grid only when it has
reached a discharge level of 2 kWh in the installed BESS system. Similar to the scenario shown
in Fig. 4.12, it can also be observed here that the old tariffs and low electricity prices slow down
the potential savings. At the same time, it is possible to achieve savings at the CAPEX level in
the case of state financial support or high electricity prices for seven consecutive years.
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Fig. 4.13. Potential savings in a 7-year period: NETO accounting, with BESS.
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Unlike before, when there was no BESS system, having a BESS system and a fixed
electricity price in this case does not lead to savings equal to the initial investment.

The first case Study — NETO settlement system

A similar algorithm has been created for the assessment of the NETO settlement system. In
this case, it is assumed that excess electricity is sold to the electricity trader at a relevant Nord
Pool price. The potential savings of the NETO settlement system are shown in Fig. 4.14, where
the bars represent accumulated savings, and the horizontal lines show the investment in the
solar panel system with and without financial support. In Fig. 4.14, BESS is not integrated into
the system. As can be seen, electricity prices have a significant impact on potential savings, i.e.,
at low market prices and even with subsidies, a solar panel system may not pay off for seven
years. Conversely, at high electricity rates and the new DSO tariff, such a system would pay off
at around the third year. It can be observed that the savings achieved with the new tariffs are
slightly higher than those with the old tariffs.
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Fig. 4.14. Potential savings in a 7-year period: NETO settlement, without BESS.

Fig. 4.15 shows the potential savings with BESS. Again, the algorithm assumes that
electricity is consumed from the grid only when it has reached a discharge level of 2 kWh in
the installed BESS. It can be observed that the new tariffs increase the potential savings also in
this case. At the same time, it is possible to achieve savings at the CAPEX level only in the case
of state financial support and with high electricity prices.
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Fig. 4.15. Potential savings in a 7-year period: NETO settlement, with BESS.

At low electricity prices, in this case, savings up to the CAPEX level can hardly be achieved.
It could happen only at high electricity rates.

The second case study — the BESS management system

In the second case study, three algorithms have been developed to evaluate savings from
different BESS discharge and charge management approaches. Energy storage capacities have
been assumed and varied — 15, 30, and 50 kWh. This, the second case study, involves a farm
operating under the NETO settlement system, equipped with a pre-existing solar panel system.

In the first scenario, the BESS is charged using solar PV, and discharge occurs as soon as
there is an opportunity for self-consumption. The second scenario involves charging from solar
PV but discharging during peak electricity pricing hours. In the third scenario, the BESS is
charged at the lowest electricity rates and discharged when prices are higher.

The analysis is conducted using the new tariffs of the DSO, as well as separately considering
the 2018 and 2022 Nord Pool electricity exchange prices in the Latvian electricity trading area.
Unlike the first case study, this analysis excludes the consideration of value-added tax. Fig. 4.16
illustrates the potential savings of installing BESS across all three scenarios.
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Fig. 4.16. BESS scenarios: potential savings with 2018 and 2022 electricity prices.

In the case of the first scenario, the results show that by creating an additional BESS system,
marginally higher savings can be achieved in the case of a larger BESS capacity and lower
electricity prices, which were lower in 2018 than in 2022 (the average price in 2018 was
49.89 EUR/MWHh, while in 2022 it was 226.32 EUR/MWh).

When considering the second scenario, the results show that neither the BESS energy
capacity nor the electricity prices of 2018 or 2022 lead to a significant difference in savings.
Overall, the savings are very similar.

On the other hand, in the third scenario there is a significant discrepancy between savings
made in 2018 and 2022, as a result of different electricity prices. At the prices of 2018, the
savings were estimated to be negative, which could be related to the fact that in 2018 the
changes in electricity prices during the day were relatively small, unlike in 2022. This scenario
also highlights how the savings are affected by the choice of the energy capacity of the BESS
system used; for example, in 2022, the difference in savings between the 15 and 50 kWh BESS
is 500 EUR. In general, in 2022, the greater the installed BESS energy capacity was, the greater
the savings were.
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5. CHALLENGES OF NEW SYSTEM SERVICES

5.1. Latvia’s energy supply and security
Energy Trilemma Index

The World Energy Council’s (WEC’s) Energy Trilemma Index tool ranks 127 countries on
their energy system performance through 3 dimensions: energy security, energy equity,
environmental sustainability. The goal of the Index is to provide insights into a country’s
relative energy system effectiveness in each dimension and together. Highlight challenges and
opportunities for improvements in meeting energy goals now and in the future [57].

According to the WEC's evaluation, Latvia exhibits a highly favourable situation regarding
the “energy security” dimension, securing the fourth position among 127 countries globally.
Within the Baltic States, Latvia records the lowest Index value for the “energy equity”
dimension, standing at the 44th position in the ranking. Conversely, in the “environmental
sustainability score” dimension, Latvia is positioned at 34th place (see Table 5.1).

Table 5.1. Energy Trilemma Index ranking [58]

“The environmental

“The energy security score” “The energy equity score” sustainability score”
Country Score Country Score Country Score
1.Canada 77.5 1.Qatar 99.9 1.Switzerland |88.2
2.Finland 753 1.Kuwait 99.8 2.Sweden 86.3
3.Romania 74.1 1.UAE 99.8 3.Uruguay 85.4
4.Latvia 74.9 2.0man 96.6 4. Norway 84.4
5.Sweden 74.5 2.Bahrain 99.6 5.Panama 83.7

44.Latvia 78.1 34.Latvia 70.9

But can we leverage the method and knowledge developed by the WEC for creating the
index to delve deeper and provide more specific recommendations for actions at the country
level? Young professionals in the energy sector, who were part of the “Future Energy Leaders
in Latvia” program initiated by the Latvian Committee of the World Energy Council, had
examined and proposed opportunities and suggestions for addressing this issue.

Latvian energy security dimension

Healthy energy systems are secure, fair, sustainable, and environmentally friendly. They
demonstrate a balance between all three dimensions of the trilemma: security of energy supply,
equitable access to services, and environmental sustainability [59].

More specifically, the energy security dimension determines the ability of countries to meet
current and future energy demand, withstand and recover quickly from systemic shocks with as
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few as possible energy supply disturbances. This dimension covers the inner and external
energy management efficiency, as well as energy infrastructure reliability and resilience [57].

Latvia is among the top 5 countries in the world according to the current Trilemma score on
the Energy security index. Globally, energy security index is focusing on oil and other fossil
fuels. Although fossil fuels have been a resource Latvia is importing, well diversified power
generation portfolio has granted this high score. Energy security index includes other important
criteria that have a positive effect on overall system and its stability.

Three main pillars can measure energy systems security in the context of Trilemma Index:
1. Import — national dependency on resource import in the total energy consumption and

supplier diversification.

2. Energy generation capacities and their diversity — country has well balanced and diversified
generation portfolio.
3. Energy storage capabilities — countries ability to satisfy its energy demand, in accordance

with the available infrastructure [58].

Energy resource availability, economic development, technological development,
investment flow, well designed energy market, ability to react on disturbances: these are few
aspects that characterizes energy systems security index and are evaluated within WEC
methodology.

In this regard, up to ten-year period retrospective analysis of statistical records of those
indicators as well as Latvian and foreign scientific and professional research studies was revised
and discussed with another 12 experts from a programme “The Future Energy Leaders Latvia”
organized by the Latvian WEC committee. The data mostly were obtained from public sources,
market reviews, statistical databases. As result, Table 5.2 below was developed that highlights
most important opportunities and potential risks of no actions for Latvian energy security
dimension [60].

Table 5.2. Indicators of Energy Security Dimension [60], [61]

Ratings
Indicators in last Opportunities and risks for Latvia
years
. . . — more solar, wind capacities, new energy carriers (like
Diversity of primary not hydrogen, synthetic fuels, etc.)
energy supply changing

— greater energy dependence and new high price disruptions

— stronger focus on energy efficiency, use of biofuels

I t d d i i . .
fport dependence ) ncreasing | _ system would further heavily relay on energy imports

— close energy integration with neighboring countries (new

Dlver.s1ty of increasing markets and platforms)
suppliers . .
— unsecure and not trustful suppliers who uses dominant state
. . - to market for demand r n lectricit r
Diversity of access to market fo demand response, electricity storage,
- not virtual power plants

electricity . . . .

. changing | — not flexible and modern generation underlies weak
generation

performance

Energy storage for not — diversity of supply and stocks / storage levels
oil changing | — unsecure and not trustful suppliers may use dominant state
Energy storage for not — infrastructure sharing and integration with neighbours
gas changing | — operational costs may lie mainly to local consumers
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System stability as

SAIFI . . — digitalisation of infrastructure, new data centres and data
. . increasing .

(interruptions) and slowl policy

SAIDI (outage ¥ — not improved ratings, inefficient and costly system operation

duration)

Although Latvia is scoring high in Energy Security Trilemma Index by WEC methodology,
it is necessary to highlight that even short but focused bursts of specific issues (gas supply
interruption, lack of generating capacities in the region) can dramatically impact the energy
security as whole and leave significant footprint in further development. Therefore, it is critical
to prioritize the energy security determining factors and purposely act on the
improvements [60].

Latvia could set a clearer plan for decarbonization of its energy system with explicit actions
for humanizing energy transition. For example, starting with development of national hydrogen
strategy. In general, Latvian energy security dimension should be more decentralized,
distributed, digitalized, and decarbonized, and at the same time maintaining balanced share of
dispatchable baseload capacities in generation portfolio. It was acknowledged that there is a
need for new sub-indicators to represent the evolving security of an energy system in
transition [60].

5.2. Modelling of battery energy storage system
5.2.1. Motivation and background

Historically, power systems of Estonia, Latvia, and Lithuania were operated in parallel with
power systems of Russia and Belarus based on the so-called BRELL agreement (abbreviation
of Belarus, Russia, Estonia, Latvia, Lithuania) [62], [63]. Frequency control was centralised
and provided by Russian United Power System (UPS). Transmission system operators (TSOs)
in BRELL were responsible for minimize frequency mitigation by maintaining power
generation and demanding equilibrium. According to the existing Network Codes in Baltic
States, frequency must be maintained between 49.95 Hz to 50.05 Hz.

In 2018, a political decision was made on the synchronization of the power system of the
Baltic States with the continental European electricity system, and the disconnection
(desynchronization) from the electricity systems of Russia and Belarus. As desynchronization
from the BRELL and synchronisation to the Continental Europe Synchronous Area (CESA) is
an approved goal for Baltic States, it will be crucial to maintain the frequency stable for each
TSO of the Baltic States [63], [64]. It is expected to be a rather difficult task, so the solution for
this problem is complex. While connected to BRELL the frequency control is centralised. After
synchronisation with CESA, each of the Baltic States’ TSOs must be able to maintain power
equilibrium and frequency control-activation of frequency containment reserves (FCR)
immediately after a difference in the balance between generation and demand. Both the
construction of new interconnections and the reconstruction of existing ones, as well as the
strengthening of the existing network, network management, and control systems in each
country, require large-scale investments. At the same time, the decarbonization goals are highly
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responsible for large renewable power penetration in the power system, thus decreasing
conventional generation; this could affect the power equilibrium and loss of system inertia [65],
[66], [67], [68]. There are several methods for system inertia control. The research conducted
by the Institute of Power Engineering in Riga Technical University concludes that synchronous
condensers in AC power systems can respond with active power injection during a loss of
generation, and in combination with novel load shedding method-show promising results for
further investigation, thus opening new methods for system stability control [62].

To carry out this ambitious plan, the Baltic States TSOs have signed the “Memorandum of
understanding on development of the Baltic load-frequency control block™ [64], [69]. The
memorandum explains a high-level concept for balance management, FCR technical
requirements, concept of FCR prequalification process, and FCR dimensioning rules. The
situation in Baltic power system management will also change with the introduction of new
Grid Codes and Guidelines for new pan-European platforms or markets for ancillary electricity
services (MARI (go-live planned for 2022), PICASSO, TERRE), according to Regulation
(EU) 2017/2195 of November 2017. Therefore, after the synchronization with CESA, there will
be an opportunity to offer new ancillary services in the Baltic power market including active
power reserves for frequency control.

The main contribution of this section is the creation of an algorithm that can be applied to
evaluate the technical possibility of provision of frequency containment reserve (FCR) with the
battery electric storage system (BESS). It is conducted as a case study to prove the suggested
methods’ viability in specific circumstances in the Latvian power system.

The European Commission Regulation EU 2017/1485 on guidelines for the operation of the
electricity transmission system, and the European Commission Regulation (EU) 2017/2195,
establishing electricity-balancing guidelines provided for four-level frequency regulation
processes or platforms. The platforms are dedicated to frequency containment reserves,
automatic and manual frequency restoration reserves (aFRR/mFRR), and replacement reserves
(RR). All of them (see Table 5.3) are introduced into the system in a certain chronology after
the occurrence of active power imbalance, as shown in Fig. 5.1.
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Table 5.3. Active Power Reserves in the Continental Europe Synchronous Area

Power reserve Aim
Reserves of active power to maintain stability of systems frequency
Frequency containment after power imbalance. The purpose of FCR is to stop the frequency
reserve — FCR deviation after a disturbance in the power system, achieving a new

balance between electricity supply and demand.

Reserves of active power to firstly recover frequency to normal state
Frequency restoration and secondly to restore the power balance in individual frequency
reserve — FRR control zones to specific value. aFRR — automatically activated FRR;
mFRR — manually activated FRR.

Reserves of active power (including generation power) for restoring
Replacement reserve — RR the required FRR level to be ready for additional imbalances in the
system.
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Fig. 5.1. Chronology of frequency control process [70].

The amount of FCR is determined annually according to the amount of generation and
consumption in the synchronous zone. The total amount of FCR, aFRR and mFRR must be
equal to the largest possible cut-off unit in the Baltics (700 MW in 2025). The distribution of
FCR, aFRR and mFRR among the Baltic States calculated in 2020 is given in Table 5.4. As can
be seen the estimated amount of FCR for Baltic power system is + 30 MW. The estimated
amount of aFFR in the Baltics in 2025 will be 100 MW (the distribution is based on the current
imbalance in the Baltic States). Manually activated FFR is determined as the remaining amount
of the total amount of FRR and in 2025 it will be 600 MW in the Baltics.

Table 5.4. Forecasted (2020) Baltic Power Reserve Volumes after Synchronization [73]

Lithuania Latvia Estonia Baltic States
FCR +12 MW +11 MW +7 MW +30 MW
percentage 40 % 33% 27 % 100 %
aFRR +45 MW +23 MW +32 MW +100 MW
percentage 45 % 23 % 32 % 100 %
mFRR (up) +243 MW +148 MW +218 MW +600 MW
percentage 39 % 25 % 36 % 100 %
mFRR -300 MW 21 MW —279 MW —-600 MW
(down)
percentage 50 % 3.5% 46.5 % 100 %
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Recently, the European Green Deal and decarbonisation goals of energy systems have led
to a growing interest in energy storage systems (ESS). ESS are a versatile tool with different
technical characteristics that can provide many options of application, such as services to
support generation, TSO’s or distribution system operator’s infrastructure, customer energy
management, and ancillary services [72], [73].

For the determined Latvian TSO’s reserve volumes, lithium-ion battery ESS (BESS) is
expected to be the most suitable option. The main advantages of lithium-ion batteries in
electricity system applications compared to other battery technologies are fast response time,
high capacity, and long life in partial cycles. In addition, lithium-ion batteries have the potential
for different power/capacity combinations. Nevertheless, the energy capacity of all batteries is
limited, which limits the maximum power delivery time. Therefore, lithium-ion batteries are
best suited for FCR applications characterized by short-term power supply [74], [75]. The
possibility to install BESS in almost any place gives this technology a noticeable advantage.
Thus, in this research, other ESS technologies are not considered.

The idea to use BESS for FCR has been discussed for a while. Other research reviewed on
this topic has concluded that BESS can provide needed response speed to provide FCR.
Regulation capability and ancillary services’ price have vast influence on BESS economics and
operation. The algorithm should be tailored for specific power systems and electricity market
needs. Reviewed studies have not addressed the problems Baltic TSO’s will encounter in the
nearest future, thus the proposed methodology could be used as guidelines in the decision—
making process [76], [77], [78], [79], [80].

In following sections, methodology to determine the possibility to use battery system for
FCR service is proposed.

5.2.2. Methodology

To understand whether it is possible to maintain frequency stability in the Latvian power
system with BESS, a case study was carried out, a calculation model was developed and the
system frequency limiting capability for previously recorded frequency deviations was tested.

Mathematical modelling of BESS

The modelling of BESS operation for providing FCR is based on the Latvian TSO planned
conditions for the implementation of ancillary services considering synchronization with the
CESA until 2025 [70]. The characteristics of the planned FCR product are summarized in Table
5.5.
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Table 5.5. FCR Product Characteristics [70]

FCR amount +11 MW
Time 15 min
Minimum bid 1 MW
Maximum bid All neccesary FCR
amount
Minimum duration between successive .
.. 0 min
activations
Maximum activation duration Non limited
Capacity pricing Pay-as bid

Some principles of the German integrated market for ancillary services have been
considered as well. One of these states that all FCR bids must be symmetrical, i.e., up and down
regulation must be provided [81].

The FCR provision process or so-called primary frequency control is based on a load-
frequency characteristic, as shown in Fig. 5.2. FCR is not intended to restore the frequency to
a nominal value (50 Hz), but to restore the balance of generated and consumed power in the
system and to keep the frequency at a stable limit. This historically has been done by
automatically adjusting the output of generating units. The amount of active power required to
restore this balance or prevent the further frequency increase or decrease is proportional to the
system’s frequency deviation from the nominal value.

According to the proportional load-frequency characteristics, the current battery power
PgEss() for FCR provision is defined mathematically as following:

PgEss(t) = £Prcr(t) = ﬁ * Prcr maxo (5.1

where £Prcr() — actual necessary positive or negative power for FCR provision according
to frequency deviation, Af = f~from — deviation of actual frequency f from the nominal frequency
fnom = 50 Hz, Prcr max — maximal FCR power defined in Table 5.5, and Afimax—maximal
frequency deviation at which total prequalified FCR power should be activated. In the
synchronous grid of Continental Europe, the maximum steady-state frequency deviation is
+200 mHz, at which full FCR power must be activated in 30 s. The frequency band or deadband

in which FCR delivery is not required is =10 mHz [82], [83].
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Fig. 5.2. Primary frequency control load-frequency curve.

As the frequency deviation increases, the required active power increases linearly. If the
frequency deviation is above 50 Hz, there is active power surplus in the network. This means
generated active power must be reduced, or negative FCR provision (FCR (-)) is required, and
vice versa — when frequency is below 50 Hz generated active power must be increased or
positive FCR power (FCR (+)) is required. In the BESS case the positive FCR is provided by
discharging the BESS and negative — by charging BESS. In the calculations, BESS power is
assumed to be positive if BESS is charged, and negative if BESS is discharged.

In the event of the frequency deviation, the generating units that provide the FCR
automatically activate them within a few seconds; therefore, primary frequency control is the
fastest way to control the power system (see Fig. 5.1).

Frequency data

Frequency data provided by the Latvian TSO for 2018 and 2019 were used in the
calculations of BESS operation, as well as the calculations with French power system (RTE)
data [83] for 2019 were used for comparison. Frequency measurements are summarized at 1-
min intervals.

In the Latvian power system, the frequency dynamics have been similar in both analyzed
years. For purpose of better perception, Fig. 5.3 and Fig. 5.4 show Latvian and French power
system frequency deviations at 4-h and one-month periods accordingly. Fig. 5.5 shows the
frequency histogram of Latvian and French power systems. Although the primary frequency
regulation is currently provided by the Russian UPS, the frequency characteristics were
analysed in the context of the requirements of EU network codes and guidelines. Most of the
time, the frequency was within the allowable limits from 49.99 to 50.01 Hz — 61 % of all cases
in 2018 and 63 % in 2019. Approximately 37 % of the time in 2018, and 39 % in 2019, the
frequency was outside the normal frequency deviation limits of +£0.01 Hz — when no primary
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frequency control should be performed. In both years, the frequency was above 50 Hz (51 %)
most of the time.

Frequency, Hz

501

50.05

—— France '19

Latvia'18

—— Latvia'19

Time
00:00-04:00 5th of February

Fig. 5.3. Frequency shifts in Latvian and French power system (00:00-04:00, February 5).

Frequency, Hz

50.15
50.1
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Time, min
February

Fig. 5.4. Monthly frequency changes in Latvian and French power system (February).

In contrast, the French power system, which is part of CESA, had significantly larger
frequency deviations from the nominal value. The frequency was outside the permissible limits
49 % of the time (Fig. 5.3 — Fig. 5.5). As the frequency data are rapidly changing, the following
pictures are used to display the large difference in frequency variability and dynamics in Latvia
and France. In Fig. 5.3 the time scale is 4 h on 5 February, and Fig. 5.4 the time scale is whole
month of February 2019 (major gridlines represent one week, minor gridlines represent one
day).
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Fig. 5.5. Frequency histogram of Latvian and French power system.

BESS life cycle and degradation

Battery life is one of the most important factors in any BESS application, as it will greatly
affect the cost-effectiveness of the project. BESS life cycle is basically evaluated according to
two criteria-calendar life and cycle life. At these particular circumstances, the end-of-life
criterion is considered to be a 20 % reduction in capacity, which is facilitated by both processes-
calendar and cycle aging. As more recycled products are becoming available for stationary
cases, the BESS life could be extended up to values lower than 70 % of the initial installed
capacity, which could lead to better feasibility results. Battery life depends mainly on
temperature, time, state of charge, and number of cycles [75]. To simplify the calculations, it is
assumed that the decrease of the lithium-ion BESS capacity is linear over time and amounts to
a 2 % reduction from the initial nominal capacity each year. Thus, the technical life of BESS is
assumed to be 10 years.

Calculation algorithm of the BESS model

The algorithm (see Fig. 5.6) is conditionally divided into two parts — FCR provision and
SOC recovery — which in turn is divided into three parts — described SOC management options:
deadband utilization, FCR overfulfillment, and scheduled market transactions.

The BESS control provides the FCR service for the requested time, except when the upper
or lower charge limit is reached (90 % and 10 %, respectively). When the BESS charge status
reaches the specified limits, the FCR service is disabled and the batteries are charged/discharged
to the SOC set point, thus restoring the FCR service.

The use of the deadband is activated as soon as the frequency change is within the specified
deadband and the SOC level is outside the defined normal value (60 %). Overfulfillment of the
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specified FCR amount, as well as planned market transactions, take place in parallel with the
relevant SOC settings.
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Fig. 5.6. Blocksheme for the BESS operation.
Selection of BESS parameters and operating principle

The choice of BESS nominal power (PBEss nom) is determined by the required amount of
FCR for the Latvian power system after synchronization with the CESA, which is 11 MW
(see Table 5.4). Table 5.6 shows all the technical parameters selected for BESS.

According to the requirements of the European Commission Regulation EU 2017/1485,
both upward and downward FCR provisions must be ensured for at least 15 min. This criterion
sets the limits for the operation of BESS or the state of charge (SOC). The state of charge for
the BESS is an important criterion in planning its operation. BESS manufacturers do not
recommend fully discharging or recharging the Li-ion battery systems due to increased
degradation of the battery cells. Instead, the maximum and minimum charge conditions must
be observed to ensure that the life cycle specified by the BESS is maintained. The developed
BESS model assumes that the maximum SOC (SOCuax) is 0.9 or 90 % of the nominal capacity
(EBEss nom) of the battery, while the battery can be discharged (SOCmin) up to 10 % of its

92



nominal capacity. Thus, the maximum battery depth of discharge is 80 %, which determines
the actual available capacity of the battery (EBgss_fact).

To ensure the previously mentioned 15-min criterion in both directions, as well as the
permissible SOC levels, a minimum battery capacity is determined mathematically as follows:

EBESS?nom = PBESS,nom *0.5/D0Dpay (5.2)

where 0.5 — defines half of an hour or FCR provision time of 15 min both upwards and
downwards, and DODmax — is the coefficient of depth of discharge equal to 0.8.

Calculating (5.2) and rounding up, the battery nominal capacity of 7 MWh was determined.
In addition, the BESS’s normal state of charge (SOCrom) should be maintained at close to 50 %
to guarantee full BESS availability for both up and down FCR regulation. The calculation
assumes that a normal state of charge level is 60 %.

To verify whether the SOC lies within the permitted SOC bandwidth, the state of charge of
the battery is calculated as follows:

for charging SOC(t) = SOC(t — 1) + ZeessOmess 2. (5.3)
BESS nom
for discharging SOC(t) = SOC(t — 1) + —2ess@aL (5.4)

NBESs'EBESS nom
where SOC(t — 1) — is the state of charge at the previous time moment; 77z£ss— is round-trip
efficiency of the battery storage system; Az — is the time moment of 1 min in the studied case.
It is worth reminding that battery power Pgess() is positive when charging and negative when
discharging.
The round-trip total efficiency of BESS for charging and discharging processes, also
considering the efficiency of the inverter and step-up transformer, is assumed to be 92 % [84].
Due to the BESS’s continuous operation with insignificant periods of downtime, its overall
self-discharge and self-consumption are also not considered in the calculations.

Table 5.6
Selected BESS Parameters
Nominal power PpEss nom, MW 11.0
BESS nomma} electrical Es555 nom, MWh 70
capacity
Available BESS EBEss fac, MWh 56
electricity (0.8*EBESS nom) )
State of charge (min) SOChin 0.1
State of charge (norm) SOChorm 0.6
State of charge (max) SOCmax 0.9
BESS round-trip o
efficiency 1 92 %
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Maintaining normal state of charge

While providing FCR reserves, the BESS is charged and discharged continuously. At some
point — at higher frequency deviations — it may reach full charge or discharge, and at that point
it will no longer be able to provide symmetric FCR service. Therefore, a BESS state of charge
management strategy is required to ensure that BESS will supply FCR capacity throughout the
contracted time slices. Here, some options to maintain normal SOC level have been considered,
as practiced in the German FCR market.

The German FCR market legislation allows in certain cases to deviate from the proportional
frequency regulation curve. This is especially important for BESS operators, as they can use
these options to restore state of charge levels. Typically, the battery operator has three options
to balance the charge level and maintain the normal operating range of the BESS during primary
control operation [82], [83].

First option is overfulfillment when it is allowed for battery operators to exceed the
specified FCR power up to 120 % of the load-frequency curve Py, as shown in Fig. 5.7. This
option can be used to selectively charge or discharge the battery as needed.

%Prcr .
1 possible use of
120% 7 deadband

100% ]

50% |

0%

Frequency,
Hz
-50%] 7 ding allowed FCR
//A exceeding allowe
_100%1 ——  minP(f)
7
- ° ~— — - maxP()
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Fig. 5.7. Exceedance range and deadband of the specified FCR [76].

Second option is deadband utilization. BESS operators have the option of resetting the
charge level in the frequency deadband, which is £10 mHz (see Fig. 5.7). They may choose to
comply with or deviate from the Py curve. However, the opposite control is not allowed —
BESS should not be discharged when the FCR is positive, and BESS should not be charged
when the FCR 1is negative. In this case the accuracy of the frequency measurement equipment
and the control measurement must be high.

The third option is BESS charging or discharging through scheduled market transactions.
This means that the balancing energy can be purchased or sold in the intraday market to restore
the desired BESS charge level. It must be ensured that the net FCR supply (battery capacity
minus capacity purchased/sold on-the-spot market) continues to comply with FCR regulations.
When the BESS is charged or discharged with the planned energy, its operating point is changed
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to enable the primary control operation at the same time. The BESS operator must present the
concept to the responsible TSO and notify the TSO 15 min before the change of operating point.

The intraday market is a part of the wholesale electricity market in which electricity is traded
in relatively small volumes with a short delivery time. Products available on the intraday market
include hourly and quarterly electricity supply contracts.

In the first and second options, the electricity consumed from the grid to recharge the battery
depends on the system frequency, but the energy bought or sold on-the-spot electricity market
(third option) does not depend on the system frequency and can be used to significantly adjust
the SOC of BESS. On the other hand, the first and second options are free of charge, but on-
the-spot market electricity must be purchased at a fixed price, which increases BESS’s
operating costs, while electricity sold on-the-spot market generates additional income.

All three options are used simultaneously in the calculations of BESS operation to maintain
the normal state of charge (see Table 5.7). Therefore, the following characteristics were defined:
1. The deadband utilization is used in the £10 mHz frequency range.

2. FCR overfulfillment starts when the state of charge decreases to 55 % (SOCOF_min)
or increases to 65 % (SOCOF_max). When these limits are reached, the required amount of
FCR is exceeded by 20 %, thus speeding up BESS charging or discharging.

3. Scheduled market transactions are activated at 30 % state of charge level (SOCST_min)
and 70 % (SOCST_max), respectively. An important aspect to be considered to ensure the SOC
management through the scheduled market transactions is the planned transaction capacity
(PST), which should be additionally accounted for the BESS investment costs. In the
calculation model, additional capacity of 1 MW is assumed for market transactions, which will
be sold or purchased on the spot market for 1 h as the SOC level reaches defined limits.

Table 5.7. Parameters for SOC Management

Planned transaction capacity Pst, MW 1
Minimum state of charge for activation of FCR A
overfulfillment (OF) SOCor _min 0.53
Maximum state of charge for activation of FCR
overfulfillment (OF) SOCor_max 0.65

Minimum state of charge for activation of
scheduled transaction (ST) for charging

Maximum state of charge for activation of
scheduled transaction (ST) for discharging

SOCSTimin 0.3

SOCSTimax 0.7

5.2.3. Results and discussion

The developed calculation algorithm was used to investigate the performance of the BESS
in three cases of frequency fluctuations in the Latvian electricity system in 2018 and 2019 and
in the French electricity system in 2019.

Fig. 5.8 shows the amount of FCR provided by the BESS, as well as the electricity
consumed or transferred to restore the normal state of charge of the BESS using all three SOC
management options (charge with “+” and discharge with “—). In total, in the Latvian power
system, BESS discharged 2100-2240 MWh to the network and consumed 2540-2660 MWh
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for charging accordingly in the studied year. The electricity required to renew the SOC
accounted for only a small part of the total BESS electricity: 0.5 % to 5 % performing FCR
overfulfillment and 7 % to 20 % using the deadband.

It should be noted that in the example of frequency deviations in the power system of
France, BESS was unable to provide the required amount of FCR with the selected parameters.
In the French example, the electricity provided by the BESS in charging and discharging
processes exceeded the one of the Latvian examples by almost 70 %. Therefore, in the
calculations with frequency fluctuations of the French power system, the capacity required for
the scheduled market transactions was increased to 2 MW. The results in Fig. 5.8 show that in
this case, BESS transferred around 3160 MWh to the network and consumed around
3800 MWh of electricity for charging.

Fig. 5.9 shows the amount of electricity required for the renewal of the SOC through the
scheduled market transactions, which allows to estimate the necessary additional costs for
BESS charging or income from BESS discharging. Fig. 5.9 shows that the planned market
transactions took place differently on a quarterly basis. In 2018, in the case of frequency
changes in the Latvian power system, the predominance was mainly of sold electricity, creating
additional income from BESS discharging. On the contrary, in 2019 the amount of electricity
purchased for BESS charging was higher (4 MWh), creating additional operating costs. In the
case of larger frequency deviations, as was the case in France, a significantly higher volume of
market transactions was observed for SOC renewal (with a capacity of 2 MW). In total, the
amount of electricity purchased for the renewal of SOC in France through scheduled market
transactions was 142 MWh.
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Fig. 5.8. BESS performance for FCR provision and SOC management: (a) Latvia 2018, (b)
Latvia 2019, (c) France 2019.

96



MWh a) Latvia 2018 MWh b) Latvia 2019

100 100 4

50 50

0-..».——vl—.~.-»|—l o'-—-—:l~.~l— .—-r

50

-100 -100 -
IQ oQ orQ IVQ TOTAL 1Q nQ mo IVQ TOTAL
2018 2019
MWh
1500 - ¢) France 2019
1000
B Discharging
500 -
Charging
0 i ‘ ) ‘
B -
500 - 1Q .H Q nIQ qv Q AL 2019 M Deviation
-1000 -
-1500 -

Fig. 5.9. Scheduled market transactions to restore the SOC.

The dynamics for a certain period of time for BESS’s active power and state of charge in
the case of Latvian power system frequency in 2018 are shown in Fig. 5.10. The total battery
power consists of the power provided for the FCR service, as well as all components of the
power required for SOC renewal (power of deadband utilisation, FCR overfulfillment, and
scheduled market transactions). The SOC of the battery fluctuates on average around the normal
setting within the specified limits. When the SOC parameter reaches the set limit of 0.7, the
scheduled market transaction is activated with a 1 MW power discharge to the grid for 1 h.
Thus Fig. 5.10 shows how the operating point of the actual BESS power shifts.
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Fig. 5.10. Battery power and SOC dynamics: Latvian power system’s frequency changes (Q1,
2018, 06.01.18, 20:00-07.01.18, 06:00).
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The dynamics of battery power and SOC in the example of the French power system, are
shown in Fig. 5.11. Fluctuations of SOC are more frequent, with larger discharge depths,
according to frequency fluctuations. Performed SOC management ensures its maintenance
within permissible limits.
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Fig. 5.11. Battery power and SOC dynamics: French power system (Q2, 15.05.19, 00:40—
10:40).

In addition, the amount of electricity required to restore the battery’s state of charge at the
end of its life cycle has been estimated. Due to the yearly cell degradation, it is assumed that at
the end of its technical life, the battery capacity has decreased to 80 % of its nominal value.
There is no uniform trend in the calculation results. For example, in the case of Latvia, for the
frequency data of 2018, it was necessary to additionally discharge the battery for SOC renewal.
The surplus electricity sold in the intraday market, in this case, would account for 40 MWh in
the first year of operation and increase to 56 MWh (+40 %) in the last. However, analysing the
data of 2019, SOC renewal required the purchase of an additional amount of electricity from
4 MWh in the first year to 10 MWh (+150 %) at the end of the battery life. In the French
example, the amount of electricity purchased to renew the SOC at the end of the battery’s life
increased by 35 % compared to the first year of battery operation. The annual electricity
consumption for the entire technical life of the battery for the Latvian and French cases is shown
in Fig. 5.12.
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Fig. 5.12. Yearly electricity use for BESS’s state of charge renewal over its lifespan.

However, Latvia’s two-year observations (for 2018 and 2019) do not allow reliable
predictions about the future costs or income of BESS’s scheduled transactions. Calculations of
BESS operation at the end of its technical life are based on the same frequency fluctuations as
in the first year, though frequency dynamics cannot be predicted. It can be assumed that the
need to charge BESS will increase due to cell degradation.

All calculations were performed for specific selected parameters to assess possible BESS
operation for the provision of the FCR service and the possible BESS income and costs.
Changing the parameters of the BESS model may change the overall results. In addition, the
choice of BESS parameters is influenced by different frequency characteristics in different
synchronous zones. In this case, no optimization task was performed to determine the most
economically advantageous and technically useful parameters for the battery system.

Economic assumptions

To assess the economic efficiency of the BESS project, the net present value (NPV) of the
project is determined as well as the internal rate of return (IRR) and the discounted payback
period. To assess the capital investments of the BESS project, the specific capital costs for
energy and for power as 359 EUR/kWh and 445 EUR/kW is assumed accordingly. Considering
this, the expected capital costs of BESS are estimated at EUR 7.85 million for the example of
Latvian power system with 12 MW/7 MWh BESS, and at EUR 8.30 million for the example of
French power system with 13 MW/7 MWh BESS. Annual operating expenses amount to 1.5 %
of the initial investment, or EUR 0.12 million in the Latvian example and EUR 0.13 million in
the French example.
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Additional costs for SOC renewal via scheduled transactions in the intraday market are also
considered, although the renewal of SOC was not always required to purchase electricity. As
can be seen from Fig. 5.12, there was necessity to sell surplus electricity in the intraday market
for SOC renewal. However, the amount of additional costs of EUR 6.2 thousand with an annual
increase of 3.93 % during battery life cycle were assumed in base calculations. The costs are
calculated based on the forecasted electricity price (2022 is the start of BESS operation).

In turn, the revenue from the provision of FCR service amounts to EUR 0.95 million
annually at the assumed base price of FCR service of 10 EUR/MW per hour. In calculations,
the base price of the FCR service is assumed to be the average of the existing FCR service
prices in the German and Finnish FCR markets.

Economic calculations assume that continuous provision of FCR service during the contract
period is ensured, as well as the right to provide full FCR service yearly — except for two weeks
for BESS maintenance — will be won. The discount rate is assumed to be 5.5 %.

Considering all the above basic economic assumptions, the BESS project does not pay back
during its technical life. The calculated NPV in year 10 for the Latvian example is — 1.7 MEUR
and IRR 0.64 %. The BESS project would require at least 25 % co-financing to ensure a
payback period of 10 years. In the case of the French energy system, for example, there is
correspondingly lower return on investment.

As FCR prices are not predictable, the impact of changes in the price of the FCR service on
the payback of the BESS project has been further assessed. FCR price changes are assumed to
be £20 % and +40 % of the base price. According to economic calculations, the BESS project
can payback within 10 years without additional co-financing, if the price of the FCR service is
at least 14 EUR/MW/h. The respective NPV curves for the frequency deviations of the example
of the Latvian power system are shown in Fig. 5.13.
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Fig. 5.13. NPV curves for BESS project: Latvian power system, various FCR prices.
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5.3. The role of decentralized electrode boiler in ancillary services
5.3.1. Motivation and background

It is widely acknowledged that combined heat and power plants (CHPs) can play a
significant role in providing resilient energy systems. This is due to their ability to switch
generation between electricity and heat, as well as operate in cyclic modes [85], [86].
Considering the rapid development of renewable energy sources and the emergence of new
balancing markets, there is still a need for a comprehensive study on individual power-to-heat
technologies that could further enhance the flexibility provided by CHPs. One such technology
is the electrode boiler (EB).

EB is a device that uses electricity to generate heat for individual or district heating systems,
or other industrial processes. Regarding electrode boilers, two types are typically distinguished:
those with an electric heater (known as electric resistance boilers) and those with electrodes.
Due to their larger capacity, electrode boilers are most often used for district heating purposes.

EBs can provide hot water as well as steam with efficiencies up to 99 % (7755 g) and capacity

of 5-70 megawatt (MW) [87], [88]. Other characteristics of electrode boilers are shown in Table
5.8.

Table 5.8. Electrode Boiler Characteristics [86], [89]

Parameter Electric boilers
Ramp rate up/down, s from less than 30 s
Operating temperature level input, °C 10-110

Operating temperature level water: 70-140, steam: < 300 at 45 bar

output, °C
VOltagfa;I;gi?;Staued Net investments

covestments for ditferent BB 400V and 1.3 MW 0.13-0.16
pactiies, mit 10 kV and 10 MW 0.06-0.09
10 kV and 20 MW 0.05-0.07

Total operations and maintenance (O&M) -

Fixed O&M, EUR/MW per year 1100
Variable O&M, EUR per megawatt hour 05
(MWh) )

As it can be seen in Table 5.8, the investments are decreasing with the increasing of EB
capacity. To address potential cost fluctuations, including those attributed to inflation, this
publication will incorporate a sensitivity analysis, considering cost adjustments of +15 % and
+30 % for EB investments. Besides, valuable characteristics mentioned in Table 5.8, integrating
EBs in CHPs is often associated with accommodation of large shares of variable renewable
energy. Study [90] argues that despite an increased need for balancing renewables and the
technology being available, initiatives to use them, for example, in Sweden district heating
systems as flexibility sources are rare because the potential gain is considered low and
unpredictive.

Nevertheless studies [91], [92], [93], [94] emphasize importance of flexibility services pro-
vided by EBs. Most efforts of reviewed studies were focused on the electricity day-ahead
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market. Even though the number of works studying the participation in the balancing markets
is limited, EBs still demonstrate the potential to increase the flexibility provided by CHPs, due
to their high ramp rate from minimum to full load and high efficiency.

In this section, the installation of EB is evaluated. The aim is to assess different EB
capacities and the potential benefits of participating in heat and Baltic balancing markets. More
specifically, restoration reserves with manual activation (mFRR) are evaluated in this section,
while EB is flexible enough to provide restoration reserves with automatic activation (aFRR)
or even frequency containment reserve (FCR). Unlike previous research on district heating
system in Riga [86], the use of EB is going to be investigated regarding the provision of
ancillary services and heat supply. The proposed methodology considers income from both heat
and ancillary services in the Baltic mFRR market.

5.3.2. Insight into the energy sector of Latvia and other Baltic states

As studied in [71], [95], the Baltic States for the period up to 2030 can face the following:
(1) supply of electricity balancing reserves is expected to decrease because the oldest
conventional generators are expected to exit the market; (2) due to high geopolitical tensions in
relations with ongoing war from Russia since February 2022, natural gas prices hit records — in
the Netherlands Title Transfer Facility reached 345 EUR/MWh in March 2022; (3) the growing
share of intermittent and distributed generation in the Baltic power system; (4) rising price of
carbon dioxide (CO») emission allowances; (5) synchronisation of the Baltic power system with
the grid of Continental Europe, which will further increase demand for balancing reserves —
frequency containment reserves and automated/manual frequency restoration reserves (mFRR
and aFRR).

According to a balancing roadmap of the Baltic transmission system operators (TSOs),
TSOs have committed to implement and make operational European platform for the exchange
of balancing energy from mFRR (the so-called MARI platform) and exchange of balancing
energy from aFRR (the so-called PICASSO platform). Baltic TSOs have to join MARI platform
no later than 24th July 2024, and the introduction of PICASSO is planned to be concluded by
the end of 2024. To ensure necessary reserves for operation of the Baltic States, Baltic TSOs
also plan to procure reserves (FCR, aFRR, mFRR) as capacity products. Procurement of all
three types of reserves will start at the end of 2024. The main parameters for all three types of
reserves are shown in Table 5.9 [96].
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Table 5.9. Three Types of Reserves — FCR, aFRR and mFRR

Standard product FCR aFRR mFRR
Activation type Automatic Automatic Manual
Activation time <r:a()ctsi(5r21)s <5 min <12.5 min
Minimum volume 1 MW
Direction Symmetrical Up and down
Preparation period 0 min 0 min <7 min
Linking of bids No Yes
Activation command B Signal

(based on local (g eorE;SCO Message

frequency rest%ratio}rll (WebService)
measurement)
controller)

This study considers EB aligned integration in “Latvenergo AS” natural gas combined heat
and power plant one and two (CHP-1 or CHP-2) operation. Both CHPs not only hedge Latvia
against possible shortages of electricity supply, but also provide heat energy for the right bank
of Riga district heating system. CHP-1 has two gas turbines (P = 158 MW and Q = 145 MW)
combined with three gas heat only boilers (HOB, 3 x 116 MW). While CHP-2 consists of two
combined-cycle gas turbines CHP-2/1 (P = 412 MW and Q = 275 MW) and CHP-2/2 (P =
419 MW and Q =270 MW) combined with five gas HOBs (Q =5 x 116 MW) [86].

The Baltic balancing market volumes and prices

Since 1 January 2018, a single balancing market has been operating in the Baltic States.
Operation of the common Baltic balancing market takes place using balancing energy products:
Baltic mFRR standard product and Baltic emergency reserve (ER) mFRR product. The total
activated energy from mFRR and ER mFRR products in the Baltic balancing market for the
four years can be seen in Fig. 5.14. On average, upward balancing electricity was activated in
the amount of 193 361 MWh during these years, and 210 355 MWh for downward regulation.
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Fig. 5.14. Activated mFRR and ER mFRR volumes in the Baltic balancing market [97].

This study assumes that the EB will only be used for downward mFRR regulation, and the
balancing market data and CHPs operation calculations are based on the year 2021. The reason
for choosing 2021 is that CHPs units have been operating less than usual since 2022, due to the
uncertainty surrounding gas availability following Russia’s invasion of Ukraine.

Fig. 5.15 shows the average annual reserve prices from normal activations for both upward
and downward regulation in all three Baltic countries. The price of the ER mFRR specific
product is not available on the Baltic Coba platform and not included in these statistics.
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Fig. 5.15. Average annual reserve prices from normal activations [97].
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It can be observed in Fig. 5.15, the downward reserve price is relatively lower than the
upward reserve price. The EB can theoretically be used in the upward direction, but this study
will not consider it. According to the Baltic balancing market rules, downward activation (or
negative balancing energy) is balancing energy bid activation to reduce generation or increase
consumption.

5.3.3. Methodology

As it has been mentioned above, the plan is to operate an EB in the Baltic balancing market
where the mFRR product price and demand vary continuously. The aim is to replace HOB
operation with EB. It is assumed that EB will use mFRR downward product to minimize the
cost of heat energy, while at the same time generating additional revenues from the Baltic
balancing market. Apart from economic benefits, the replacement of HOB with EB could poten-
tially reduce CO> emissions.

The calculation principles of EB operation are shown in Fig. 5.16. The cycle is assumed to
be one year. At the start of the cycle, the inputs are defined. The inputs to the algorithms include
as the following data:

1. Actual heat load data of heat only boilers in CHP-1 and CHP-2 plants per time unit i
(QF°B). For the relevant season, in the range of 0-546 MW, totalling 5751 hours a year.

2. Demand and price data for mFRR product per time unit i (A**RR, P/*RR) In 2021, the
demand amounted to 223 644 MWh, with an average price of 71 EUR/MWh.

3. The price of natural gas per month m (PJ}¢) was in the range of 0.226-1.237 EUR/m3.

4. Nord Pool day-ahead electricity price per time unit i (PF). In the range of — 1.41
EUR/MWh to +1000.07 EUR/MWh, on average, 118 EUR/MWh. Transmission costs and
electricity taxes are excluded in calculations.

5. The carbon dioxide price per time unit i (Pl.coz) ranged from 33.54 EUR/ to
79.097 EURV/.
6. The average efficiency of the HOB (n’;f; ) was assumed to be 0.995.

7. The carbon dioxide emission factor of natural gas (E¢p,) was assumed to be
0.201 /MWh.

8. Investments in CAPEX were assumed to be EUR 0.08 million per MW, while fixed
OPEX at 1100 EUR per MW and variable OPEX was 0.5 EUR per MWh a year.

All data sets were sourced from 2021 to ensure that the analysis would remain unaffected
by parameter spikes that emerged from 2022 onwards, such as increased electricity and gas
prices, gas savings in CHPs, etc.

As the outputs of the algorithms include the heat production costs from gas boilers and the
EB, it is necessary to determine whether there is potential to use an electrode boiler, as well as
EB operational costs and potential income together or independently from HOB replacement
and mFRR market.
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1. Start of the cycle:
i=1...8760h

y
2. Identify the input data:

HOB AmFRR pmFRR pNG pE pCO02 HOB EB
i :Ai :Pi :Pm ,PL-,Pi :rlavgnECDZ:n.aug

Y
3. Calculate heat production costs from gas boilers (PL-Q‘HOB) and an electrode boiler (Pl-Q‘EB):
poHoB = nﬁ’%"f x (%;H +Ecg, x P%) and P¥*® = PE / ey,
y

3. Determine heat load of EB per time unit i: QF% is on or off:

Y
3.1. Potential to turn off the EB, if:
Q98 is off, AMFRR < 0 and PMRR < 0
Y

3.1. Potential to turn on the EB, if:
f0Bis on, AMFRR > 0 and PJFRR > 0

v
4. Calculate amount of heat produced by EB per time unit i based on on/off state: A¥5=
EB ,, \EB
i X rlavg
v v

5. Calculate cost of heat produced by EB per time unit #:
CEB = pQEB « pEB
14 A A

y v
6.1. Calculate savings from replacement HOB per time 6.2. Calculate rev?lues frqrtn_ mFRR market per
.. .rHeat _ pQHOB EB 1me unit i:
unit I =P X Aj IlijRR — PimFRR > QLEB
Y v

7. Count income from replacement HOB and mFRR market or only replacement HOB per time unit i, when
the EB will be used:

I;I‘otal — I'Heat + I;mFRR _ C;EB or LTotal — ["Heat _ C,-EB
Y L7
8. Repeat the steps for the next hour interval:
=i+l
y

9. End of the cycle

Fig. 5.16. The calculation principles of EB operation.
5.3.4. Results and discussion

Based on an analysis and the operational patterns of CHP-1 and CHP-2, the results have
been obtained for various EB capacities, starting from 10 MW to 100 MW.
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The use of EB not only reduces the heat production costs of CHPs, but also generates
revenues from the Baltic balancing market (see Fig. 5.17). Fig. 5.17 (a) represents the scenario
where the EB operates and receives savings from HOB replacements and revenues in the mFRR
market. Fig. 5.17 (b) represents the scenario where the EB can also be used for HOB
replacement when it is beneficial, even if there is no demand for the mFRR product during a
specific hour.

= £B operation costs 17,500,000 | == EB operation costs
5.000.000 1 s Savings from the HOB replacement W Savings from the HOB replacement
= Revenue from the mFRR market = evenue from the mFRR market

15,000,000
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12,500,000
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& & \ & & & &
R O

EB capacity, MW E8 capacity, MIV

[&Y) ®)

Fig. 5.17. Operation of EB with different capacities.

Fig. 5.18 shows that in both scenarios — A and B — the overall income of using an EB is
significantly enhanced. Scenario B demonstrates that the EB should be utilized not only when
there is a demand for the mFRR product, but also in other situations where it can effectively
maximize savings from HOB replacement. Furthermore, Fig. 5.18 illustrates the EB variations
in heat production, income, and working hours between Scenarios A and B. This serves as
further confirmation that the EB should be employed not solely when there is a demand for the
mFRR product, but also in other hours where it can significantly optimize savings by replacing
HOBs.
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Fig. 5.18. Operation of EB in Scenarios A and B.
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Fig. 5.19 illustrates the broader characteristics for various EB capacity levels. It showcases
the project economic indicators, which are expressed as net present value (NPV), internal rate
of return (IRR) and the number of years it would take for the project to payback.
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Fig. 5.19. Characteristics of EBs at different capacity.

It is worth noting that once the EB capacity reaches 50-60 MW, there is no significant
increase in the amount of thermal energy produced, or revenues from the mFRR market (Fig.
5.18 and Fig. 5.19). Even more, the project’s payback indicators increase from such capacity.
As a result, it is suggested that developing an EB of this size (50-60 MW) would be
advantageous.

Fig. 5.20 shows the hours of operation for both the HOBs and EB (with 50 MW capacity)
throughout the year.
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Fig. 5.20. HOB and EB capacity on an annual basis.
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The HOB capacity is denoted in orange, while the EB capacity is shown in blue. Fig. 5.20
demonstrates that the performance of the EB is reliant on the nature of the HOBs. Additionally,
it indicates that the utilization of the EB could be even further enhanced if there were possibility
to increase EB capacity or it could be profitable to operate under another heat or electricity
market conditions.
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CONCLUSIONS

The hypothesis of the Thesis emphasizing the prioritization of efficient planning and
operation of decentralized power supply solutions has been validated. The evidence
indicates that adopting appropriate models and methods can lead to a more flexible,
sustainable, and balanced energy landscape in Latvia. Decentralized power supply
solutions have proven effective in addressing challenges related to intermittent
generation, improving system flexibility, reducing energy prices, and enhancing overall
infrastructure efficiency. To foster energy transition in Latvia and the Baltic region,
advanced models and methods are essential, promoting seamless participation of all
market stakeholders, focusing on the integration of renewable energy sources, and
optimizing critical components, including microgrids, energy storage, electric boilers,
state-run energy programs, and meeting customer demand including electric vehicles,
heat pumps, and other innovations.

The developed methodology using software (Homer Pro) tool proposed by this research
for sizing household off-grid systems provides an easy-to-use method to assess multiple
scenarios and criteria for optimal off-grid system equipment sizing, offering simple but
at the same time advanced results for planning and operating electricity supply for
households.

The mathematical model developed within this research can be used as an assessment
tool for determining the sizing of off-grid and microgrid equipment. It allows analysing
potential generation by source, BESS charging and discharging versus the required load,
calculating annual system costs, and other parameters. It gives all the necessary key
values to evaluate the possibility of creating a microgrid solution.

Practically, both reviewed tools have their advantages and disadvantages. The software
tool allows highly automatizing the sizing offering, thus providing a quick multi
scenario approach. Our own developed simulation model gives an advantage to tweak
the equipment sizing for very specific cases and can be further implemented on multiple
software tools considering users’ preferences. It can be used to validate the results from
other software tools as well.

Both evaluated tools have proven that they are capable of helping with the optimal
energy source mix and sizing of the off-grid system determination. However, upon
careful examination of the provided data, it became evident that simulation results
exhibited discrepancies in specific aspects when compared to the actual operation of the
off-grid system. It is important to acknowledge that simulation tools may not
consistently validate results in all real-world scenarios. To assess their accuracy, a more
extensive period, exploration of various operating modes, and the inclusion of diverse
measuring devices, among other factors, may be necessary for more experimental
testing.

Despite the government's financial support for installing microgenerators in Latvian
households, as highlighted in the payback analysis, the investment cost for other
relevant technologies, particularly energy storage, is still too high for the end-users in
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certain scenarios. Conversely, in other situations, it is evident that solar
microgenerators, for instance, can yield positive returns even without external support.
The legislative review indicated the need for policymakers to enhance justification and
communication with relevant stakeholders before formulating new rules for NETO
billing programs and financial support schemes associated with decentralized power
supply solutions, for example, showing that the savings from solar panels will mainly
depend on the price of electricity in the market, not the NETO systems, or by showing
the cases in which the energy storage will generate sufficient savings to justify the
investments, how the savings will change at different operating principles of the energy
storage.

The situation in the Latvian power system following its desynchronization from BRELL
is unique, and there are currently no clear forecasts regarding the future frequency
dynamics within the power system or the evolution of FCR service prices. Nonetheless,
the mathematical model proposed in this study proved that it is worth considering a
battery electric storage system (BESS) as an option to provide sufficient levels of
frequency containment reserves as well as other ancillary services. With the developed
model, it is possible to make calculations for specific selected parameters to assess
possible BESS operation for the provision of the FCR service, as well as to assess the
possible BESS incomes and costs. It is crucial to note that modifying the parameters of
the BESS model has the potential to influence the overall outcomes.

Another algorithm designed for technical and economic evaluation has been applied to
power-to-heat technology, more precisely, electric boilers. The formulated hypothesis
for evaluating electric boilers has been validated, indicating their potential to reduce
heat production costs for CHPs and generate additional benefits through participation
in the Baltic balancing markets. However, its applicability and economic viability may
vary across situations and regions. The economic feasibility of this technology depends
on factors such as the chosen electric boiler capacity, initial and operational costs,
connectivity expenses, and others, which can be assessed more precisely in future
studies.
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Abstract—The aim of this publication is to determine the
optimal mix and sizing of household off-grid system, using the
scenario approach. Homer Pro software was used to simulate
the off-grid systems, using multiple criteria, such as
minimisation of net present costs, increasing the fraction of
renewable energy sources (RES), and reducing excess
electricity. Three different off-grid technological alternatives,
three dispatch strategies, restrictions om some component
operation as well as sensitivity of fuel price and capacity
shortage were considered to build up scenarios. The case study
was calculated for real household customer with load profile,
which includes load of heat pump and charging of electric
vehicle. The results were thoroughly analysed to determine the
advantages and disadvantages of used method and propose the
improvements to this method to be implemented in the future
research.

Keywords—off-grid, scenario appreach, dispatch strategy,
Homer Pro, net present costs, capacity shortage

1. INTRODUCTION

Electrification may be efficient and cost-effective way to
the fight against climate change and to reach the EU
decarbonisation targets [1]. Across the residential sector
outside urban areas off-grid electricity systems are starting to
become more recognized. however. planning of such systems
from an economic and technical point of view still rise series
of questions and issues. Often they are either oversized or
undersized to fulfil the energy demand [2.3]. The case study
is made to analyse off-grid solutions required for a modern
electrified household. Different starting points in terms of
energy demand. available resources, economic sifuation.
viability may require deep research on aspects how to choose
the most suitable off-grid equipment and its operation
strategy. Results of this paper compares the scenarios and
reveals the most feasible and cost-effective off-grid system for
an electrified household.

II. HOMER PRO SOFTWARE

HOMER (abbr. for Hybrid Optimization of Multiple
Energy Resources) Pro software is an economic optimization
tool for simulation and optimization of off-grid and grid-
connected hybrid energy systems. Software can be used for
decision making on choosing the optimal mix of resources.
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system configuration. or analysing capital and operating costs
for energy system planning. The Homer Pro operation process
could be described in three simple steps - 1) setting up the
project. 2) analysis. and 3) results (see Fig. 1).

- defining load

« adding site-specific resources

« sclecting

« choosing dispatch strategy

- sctting other project parameters
(discount rate. inflation, project
lifetime, ete.)

1. Setting up the eneration sources, storage

project

« simulation of the system operation
for an entire year. in time steps from
minutes to one hour

+ optimization - algorithm identifies
least cost options for the system

- sensitivity analysis considers
wmiltiple possibilities for almost amy

2. Analysis

\ variable /
« system sizing based on Ieast-cost ™
options

« performance details - electricity
generation. possible capacity
shortages. electricity that must be
curtailed. ete.

« project economics - initial capital
required, operati ver

Wh

\ A cost

Fig. 1. Homer Pro process diagram.

3. Results

Objective function of HOMER Pro is used for
minimisation of the total Net Present Cost (NPC - which also
known as cost of the system over its lifetime). The NPC
includes capital costs. replacement costs, operation. and
maintenance (O&M) costs, fuel costs. emissions penalties.
and the costs of buying power from the grid (last two will not
apply to the case study in this paper). The NPC is the main
economic output, and a value by which HOMER Pro ranks all
system configurations in the optimization results. To calculate
the total net present cost (EUR) the software use following
equation.

Authorized licensed use limited to: Riga Technical University. Downloaded on August 06,2021 at 07:26:15 UTC from IEEE Xplore. Restrictions apply.
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where C,., ¢ i3 the total annualized cost (EUR). i is the
annual real discount rate (%). Ry is the project lifetime
(years). and CRF(.) is a function returning the capital recovery
factor. which is calculated with the equation

where i is the real discount rate and N is the number of years.
The i is calculated using the following equation:

where 1" is the nominal discount rate (the rate at which you
could borrow money). and f'is the expected inflation rate. For
example. if the nominal discount rate is 8% and the expected
inflation rate is 3.5%, the annual real discount rate is 4.35%.
By defining the real discount rate in this way. inflation is

factored out of the economic analysis [4]

The software can satisfy specific constraints like generator
operation restrictions, capacity shortage level. fuel costs, etc
and at the same time determining an optimal sizing of system
components and providing detailed information on system
with a lowest total net present cost. Compared with other
software computing techniques such as RETScreen. PVSOL.,
Hybrid 2. TRANSYS. SAMS. RAPSYS and MATLAB.
HOMER Pro have benefits such as the wider options when
setting up the project. realistic and continuously updated
library of components. possible combinations over varying
restrictions as well as various dispatch strategies [5]. Within
Homer Pro software it is also possible to directly download
nature  resource data  from NASA  (abbr. for
National Aeronautics and Space Administration) databases on
specific location user choose. In default sitvation, such data
are obtained:

e solar radiation monthly averages over 22-year period
(July 1983 - June 2005):

e air temperature monthly averages over 30-year period
(January 1984 - December 2013):

e wind speed monthly averages over 10-year period (July
1983 - June 1993) are obtained.

However, on the other hand. sometimes some scenarios
might be needed to be re-calculated individually for the
specific situation. because HOMER Pro can only handle
single-object optimization and thus the flexibility is limited
5

While setting up the project. software user must choose
dispatch strategy to determine how generation can provide the
load. Dispatch strategy can be defined as a set of rules that
pertains to energy flows among off-grid components. The
software provides various dispatch strategies. like cycle
charging, load following. combined dispatch. Each dispatch
strategy has its own operating principles.

1) load following (LF) - when a generator is needed. it
produces only enough power to meet the demand. It tries not
to charge battery with back-up diesel generator unless it
reaches the minimum power of generator. Load following

tends to be more optimal in off-grid systems with a lot of
renewable power that sometimes exceeds the load.

2) cyele charging (CC) - whenever a back-up generator is
required. it operates at full capacity. and surplus power
charges the battery bank. It stops charging battery at the
setpoint of battery state of charge. Cycle charging tends to be
more optimal in off-grid systems with little or no renewable
power.

3) combined charging dispatch strategy (CS) - intelligently
switches between load following and cycle charging strategy.
That way it can improve performance over the cycle
charging and load following dispatch strategies by making
more efficient use of back-up generator [4].

After all. users have possibility to write even their own
dispatch algorithms for HOMER Pro using MATLAB.
Determination of optimal dispatch strategy depends on many
factors. including the size of back-up generator and battery
system. the price of diesel fuel. the operational and
maintenance cost of a generator. the amount of renewable
power in the system. and the availability of the renewable
resources. The right choice of dispatch strategy is an important
factor. Selection of nonoptimal dispatch strategy can result in
unnecessarily high operating costs from using more diesel fuel
or surplus battery capacity. One of the roles of dispatch
strategy is to avoid situations where energy that was charged
in the battery by the diesel generator is eventually wasted.
because the same charging could have been accomplished by
the renewable sources before the energy is needed [7].

HOMER Pro ensures that overall power generation meets
(or exceeds) the total system electricity demand. Nevertheless.
it is possible to have excess electricity at certain time-steps.
due to a small demand or high renewable energy generation.
This electricity is considered as curtailed or dumped by
HOMER Pro software.

III. CASE STUDY

The study considers household electricity consumer with
no access to electric grid and high connection costs. As the
alternative the consumer could be supplied from off-grid
system. Fig. 2 shows a block scheme of the case study.

= ]

[ 1. Type

2. Off-grid
alternatives

3. Dispatch strategy

4, Diesel generator
work restrictions

No
restrictions

5.1. Sensitivity i
analysis: fuel price ?
5.2. Sensitivity
analysis: capacity 0% 2% 5%
shortage
Fig. 2. Block scheme for the case study.

Authors compare various off-grid alternatives to
determine the most optimal solution for the selected
household. Great attention is paid to ensure the following
criteria: highest use of RES. the smallest excess electricity.
and the lowest cost of system. Depending on the energy
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sources. three off-grid alternatives are assumed. The first
alternative includes wind turbine. solar panels. back-up diesel
generator and battery energy storage system (BESS: lithium-
1on type). The second alternative have solar panels. back-up
diesel generator and BESS. The third alternative comprise
wind turbine. back-up diesel generator and BESS. By
considering the location of houschold, the relevant default
nature resource data are obtained. Authors analysed all off-
grid equipment components and costs of all alternatives
through three different dispatch strategies with and without
certain restrictions of back-up diesel generator operation. The
restriction of the generator operation time is set to 1000 h per
year (to extend generator’s lifetime. to ensure environment
and comfort factors). In addition. diesel generator fuel
consumption and initial required investments for the
alternatives are analysed with the sensitivity analysis. where
fuel price changes and different capacity shortage levels have
been tested

Using input data described in the Fig. 2 and in the next
sections, authors analysed all off-grid alternatives with
respective scenarios (together 162 simulations).

A. Site location and household load

The location of the off-grid is in Latvia. near the capital
city Riga. Default data of solar radiation. temperature. and
wind resources for selected location is obtained from Homer
Pro software databases. For the proposed location. the
maximum solar radiation is 5.5 (kWh/m*/day) in June, while
the minimum solar radiaton is 0.42 (KWh/m¥day) in
December, and the annual average solar radiation is 2.87
(kWh/m*/day). Regarding temperature, the maximum
temperature is 17.61 °C in July. while the minimum
temperature is —5.56 °C in February. and the annual average
temperature is 5.79 °C. While the maximum wind speed at 50
m height is 7.68 nv/s in January. the minimum wind speed is
5.4 /s in July. and the annual average wind speed is 6.54 m/s.
The wind speed for the location of household is obtained at
the reference height of 50 m. while the defined hub height for
household’s wind turbine is 10 m. For extrapolating the wind
speed at the hub height, authors used the wind speed
logarithmic profile in Homer Pro. For this case study. real
household hourly load data are collected. integrated in the
software, and used in simulations. Households’ average daily
electricity demand is 30,27 kWh, which reaches 11.049 MWh
on an annual basis. The household consists of 2 persons. A
heat pump. which is used for heat and hot water supply. and
an electric vehicle for transports needs can be considered as
the biggest consumers of electricity in this household. This
type of household matches with aims for electrification, which
has a critical role to play for achieving European Union
decarbonisation policy targets.

B. Off-grid power supply system parameters

For the case study. basic project economic characteristic
assumptions are: 10 years project lifetime, 8% discount rate,
2% expected inflation rate. Equipment capital expenditures
(CAPEX). including installation, operation, and maintenance
costs (OPEX) together with other technical aspects were
obtained from a market research and discussions with experts
(Table I).

TABLEL INPUT DATA OF OFF-GRID COMPONENTS
CAPEX, incl OPEX Service Other specific
Equipment installation (EUR/year) life conditions
solar panels 1250 EUREW 10 25 years derating factor - 10%
wind turbine hight - 10
wind turbine 0 EURAW 70 20 years n
minimum load ratio -
25%, diesel generator
striction - 2172
titres of disel fuel
(which is around 1000
Back-up 15 houss when nominal
diesel 0.03 thousand generator output
generator 600 EUREW (EUR/op hours capacity is 6.6 kW)
minimum state of
charge (SoC) - 20%. at
start SoC - 100%.
540 EUREW and .
BESS. EUR/ 10 15 years
converter [ 15 years
the setpoint state of
controffer 1300 EUREW ) 25 years charge - 80%.

C. Dispatch strategies

According to the block scheme of the case study. three
different dispatch strategies described previously in Section IT
are used - cycle charging (CC). load following (LF). combined
charging dispatch strategy (CS). Authors applied all strategies
to each of the off-grid alternative to see how it will address the
technical and economic aspects. To better understand how
dispatch work. Fig. 3 shows simulations of 1% of January for
all three mentioned strategies. In LF strategy generator mostly
follows electric load and is practically not used for BESS
charging. In CC strategy generator covers peak demand at full
load with surplus used to charge BESS. In CS strategy the
combination of both approaches is used. Solar and wind
generation is practically unavailable on a given day.

Fig. 4 shows simulations of 1* of June for all three
mentioned strategies. Solar and wind generation has higher
availability in comparison to simulations of 1% of January. In
LF strategy renewable generation is used at most, with surplus
used for charging. In CC strategy generator is operated at full
capacity to secure higher charging of BESS. In CS strategy —
combination of both.

The first alternative (wind. solar. diesel generator and
BESS) is used to show electricity flows operated by each of
dispatch strategy. Fig. 3 and Fig. 4 shows that with each
dispatch strategy at different hours the load is served from
different sources. Consequently. at the end. dispatch strategies
have their impact to the renewable energy source (RES)
fraction delivered to the load. All off-grid alternatives with
and without generator operation restrictions are used to show
possible RES fraction.

Fig. 5 has a box and whisker chart. This chart type
distributes simulated data into three quartiles. to examine how
data are dispersed between all results. The bottom of the box
represents the first quartile. meaning that 25% of simulated
results fall below this level. While the top of the box represents
the third quartile. meaning that 75% of simulated results fall
below this level. Line through the box is median also called as
the second quartile. and it marks the mid-point of the data.
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where one-half (50%) of the data lies below. and another-half
(50%) lies above. The element — x in boxes highlights the T TR—
mean value. The boxes have also lines extending vertically s B Slbisd
called “whiskers™. ~The top whisker indicates
the maximum value. while the bottom whisker indicates
the minimum value in the data set. Any point outside those
lines or whiskers is considered an outlier. The outlier is an 3 = =222 2=
unusual data present in the data set.
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Fig. 3. Three dispatch strategies in action on 1% of January.

RES fraction. %
=
=]

For all off-grid alternatives. Fig. 5 shows that using LF 30
strategy the RES fiactions reach the greatest values. while. In 20
CC - lowest RES fractions. Fig. 5 also shows that the fuel 10
restriction may increase RES fiactions, however. the choice of 0
dispatch strategy has a greater impact. restric. LF restric. CC restric CS
1o restric. LF no restric. CC no restric. CS

In more detail the dispatch strategies have been discussed
in following sections where their impact on off-grid Fig. 5. The fraction of RES delivered to the load according to dispatch
equipment components is assessed. strategies.
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D. Simulation resuits for the first alternative

System equipment dimensions (in kW and kWh) or the
possible sizing parameters of off-grid equipment components
are determined considering all dispatch strategies. scenario
with and without diesel generator restriction. and considering
all different fuel prices and capacity shortages levels. Results
are shown in a box and whisker chart in the Fig. 6

30
BESS
25
 —
;20 X
L
g ! DG
£z 10 2%
] PV '
§ . WT Converter
: =
0

Fig. 6. System equipment dimensions for the first alternative.

Calculations show that the required capacity of solar
panels can vary within 0.9-5.2 kW range. Wind turbine
capacity is within 2-4 kW range (counting outliers). Diesel
generator - 11 kW. while BESS storage capacity maximum
and minimum values are in 10-27 kWh range. but power
capacity corresponds to converter capacity which is within
2.8-5.8 kW range. The capacity of the diesel generator is
constant (11 kW) because system must ensure safety and to
cover the maximum daily load (which is around 9 kW).

E. Simulation results for the second alternative

System equipment dimensions for the second alternative
(solar, diesel. BESS) is shown in a box and whisker chart in
.the Fig. Required capacity for solar panels is within 6.3-11.8
kW range. There is no wind turbine in this alternative. so its
capacity is 0 kW. Diesel generator - 11 kW. while BESS
storage capacity is in range 25 — 32 kWh.

BESS ¢
g 30
E_
B9
g; : 20 °
g8 15 PV DG
B g o 3¢ Converter
w
g
= 5 wWT
0 e
Fig. 7. System equipment dimensions for the second alternative.

The BESS power capacity corresponds to max-min values
of converter capacity. which is within 4.0-5.8 kW range

F. Simulation results for the third alternative
System equipment dimensions for the third alternative

(wind. diesel. BESS) are shown in a box and whisker chart in
the Fig. 8.

30
w BESS
=2 25
> [
z
s 20

kWh for BESS)
o

Converter

0
Fig. 8. System equipment dimensions for the third altemative.

There are no solar panels in the third alternative. so the
capacity is 0 kW. Wind turbine capacity is within 3-5 kW
range (1f we count outliers). Diesel generator - 11 kW, while
BESS storage capacity is within whiskers - 9-25 kWh range.
but power capacity corresponds to converter capacity. which
is within 3.0-7.4 kW range.

IV. COMPARISON OF ALL OFF-GRID ALTERNATIVES

The Table IT shows the average equipment values for each
of alternative. The biggest differences can be observed
regarding the BESS storage capacity. The second alternative
would require the biggest storage capacity. while the smallest
would be required for the third alternative. First alternative
would need less solar panels and wind turbine capacities
comparing with second and third alternative.

TABLEIL AVERAGE EQUIPMENT SIZE FOR ALL ALTERNATIVES
System squipment No.l No.2 No.3
Solar panels (kW) 4.0 9.4
Wind (kW) 3.0 0 4.0
Diesel generator (kW) 11.0 11.0 110
BESS (kWh) 22.0 283 17.8
Converter (kW) 47 50 5.0

In this case study, during the 10-year lifetime, NPC costs
include capital costs, O&M costs as well as diesel fuel costs.
Fig. 9 shows the NPC results depending on three different
dispatch strategies with and without diesel generator operating
restrictions.

The NPC for the first alternative is within 44 863-52 066
EUR range. First alternative with combined charging dispatch
strategy (CS). and with diesel generator operating restrictions
has proven to be the most cost-effective (lowest NPC value)
than all other scenarios. Fig. 9 also shows that impact of
dispatch strategy can be more important than fuel restrictions.
At the same time. it cannot be denied that those scenarios with
generator restrictions do have impact on the NPC values
There is an effect. and it can be seen with whiskers - the NPC
values in some cases are extended both ways. If correctly
applied generator restrictions can reduce NPC.
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Fig. 9. NPC results depending on different dispatch strategies.

The NPC for the third alternative is within 46 968-56 947
EUR range. while the second alternative is within 49 783-62
506 EUR range. From NPC perspective. it can be observed
that cycle charging (CC) and combined charging dispatch
strategy (CS) could be more suitable for second and third
alternative. Because they are both relatively better than load
following dispatch strategy.

Performing sensitivity analysis. the Fig. 10 shows a fuel
price impacts on fuel consumption of back-up diesel
generator. With price increase from 1 to 1.4 EUR/L the mean
value of fuel consumption for first alternative is reduced from
1806 to 1386 litres per year.

B Laltemative [ 2.altemative Bl 3.altemative

3000
2 o
r 2 g
gi 1500 i i i
é_ivj 1000
@S S0
0

1 EUR /T 1,2 EUR /L 1,4 EUR /L

Fig. 10. Generator fuel consumption depending on fuel price

One-year consumption for all off-grid alternatives is
compared. Firstly, the sensitivity analysis shows that as soon
as the price of fuel increases. consumptions of fuel tend to
decrease. Secondly. the choice of dispatch strategy. generator
restriction and capacity shortage level can affect required fuel
on a relatively large scale. Even within a single off-grid
alternative level. For some cases, it can be more than
thousands of litres per year. While by comparing the initial
off-grid investment costs according to capacity shortage levels
in the Fig. 1 1. itis possible to assess capacity shortage impact.
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g. 11. Initial off-grid investment costs depending on capacity shortage.

Higher capacity shortage (5%) most likely will mean that
less initial investments might be required to develop off-grid
system. At the same time, Fig. 11 shows that there is
practically no difference between no capacity shortage (0%)
and relatively small capacity shortage level (2%).

In addition to all analysis before. so called “excess
electricity™ is analysed. Excess electricity occurs when surplus
power in off-grid is produced (either by the diesel generator
or by a renewable sources) and the batteries are unable to take
all electricity. Excess electricity as the percentage (%) from
total generation for 6 simulations of three off-grid alternatives
and three different dispatch strategies with and without diesel
generator operating restrictions is shown in Fig. 12.
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Fig. 12. Excess electricity in the all off-grid alteratives.

In average. the smallest “excess electricity” resulted for
the third alternative — 17.68% (which is around 2 670 kWh per
year). The next with — 20.9% (or 3 235 kWh) is the
first alternative. while the greatest “excess electricity”
resulted for the second alternative — 28.41% (or 5 108 kWh)
Here authors conclude that if the off-grid consists of PV
panels then it is crucial to correctly size their capacity and
match it with adequate storage capacity.

V. CONCLUSION AND DISCUSSION

The case study results showed that lower installed capacity
of renewable energy sources might be required if off-grid
consists of solar panels and wind turbine (first alternative).
Most likely it is due to fact that solar and wind energy are
complementary. In wintertime more electricity is produced
from wind, but in summertime from the sun. The NPC results
for the first alternative has proven to be the most cost-effective
almost in all scenarios. Besides that, the first alternative
proved the greatest possibilities to increase RES fraction
across the dispatch strategies used in simulations.

The results show how important it is to choose the right
dispatch strategy. Firstly. it may largely impact required
system equipment dimensions. especially for the BESS
storage capacity whose changes were observed the most. For
the firstalternative 10-27 kWh range. for the second
alternative 25-32 kWh range. but for the third alternative
9-25 kWh range. Secondly. chosen strategy impacts fuel
consumption of back-up generator. RES fraction and at the
end also the NPC over the project 10-year lifetime. From
economic perspective, combined charging dispatch strategy
has proven to be the most cost-effective dispatch strategy for
almost all cases. While from RES integration perspective, the
best is load following strategy.

Simulations showed that diesel generator fuel restrictions
may cause both. savings. and additional costs for the total
system. Due to limited fuel consumption. fuel costs cannot be
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higher than certain level. thus may create savings. But due to
the need for additional equipment capacity. overall system
costs may also increase. As soon as fuel prices started to rise
only by 0.2 EUR cents per litre, considerable drop in fuel
consumption was observed (for the first alternative in average
120-300 litres per year).

Regarding capacity shortage aspect, results showed that as
higher capacity shortage is allowed fewer initial investments
might be required. Nevertheless. a more detailed analysis
should be made to analyse whether capacity shortage may be
allowed for such an electrified house. Especially considering
Latvia's climatic conditions.

Overall results could be even more accurate if a site-
specific resource data is obtained and used instead of HOMER
Pro build-in databases. But on the other hand. for example, a
proper measurement of wind speed is expensive and time
consuming. Wind speed may vary greatly even over short
distances.

Calculations performed by the authors in this paper
evaluated benefits and drawbacks of HOMER Pro model for
simulation of an off-grid systems and will be used as the
reference. In the future research. the authors have a goal to
develop their own multi-objective simulation tool to evaluate
the performance of different off-grid cases under different

scenario approaches. which would further increase flexibility
of such simulations.
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The purpose and methodology of the research

To simulate the off-grid systems for modern household

needs, which includes load of heat pump and charging of 1. Type

electric vehicle. Real household hourly load data are

collected, integrated in the software, and used in simulations = ry =
(annual consumption of 11 MWh). azltg:g:s | ;i?:;: | “:E.Egﬂl

The location of the off-grid is in Latvia, near the capital city
Riga. Default data of solar radiation, temperature, and wind
resources for selected location was obtained.

3. Dispatch strategy

i With 1000
4. Diesel generator b peryeur
work restrictions restction

Three different off-grid technological alternatives, three
dispatch strategies, restrictions on some component

5.1. Sensitivity

operation as well as sensitivity of fuel price and capacity analysis: fuel price 12EURL
shortage were considered to build up scenarios. =
32 Seasitivity
< —_— analysis: capacit 0% 2% 5%
Homer Pro software was used to simulate the off-grid shonagp e
systems using multiple criteria, such as minimisation of net Fia. 2. Block scb for g
present costs, increasing the fraction of renewable energy 1g L iocksoheme JOn e chs oIy,

sources (RES), and reducing excess electricity.
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operation restrictions, capacity shortage level fuel costs,

etc. and at the same time determining an optimal sizing of ( \ N

system components and f)rowdmg detailed information on -system sizing based on least-cost options
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3. Results capacity shortages, electricity that must be curtailed,
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= Together 162 of the best simulations were analysed. *project economics - initial capital required,
operating costs, average cost per kWh, NPC, other

—

Fig. 1. Homer Pro process diagram
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Simulation results (1) - dispatch strategies

Three different dispatch strategies:

1) load following (LF) - when a generator is needed, it produces
only enough power to meet the demand. It tries not to charge
battery with back-up diesel generator unless it reaches the
minimum power of generator. Load following tends to be more
optimal in off-grid systems with a lot of renewable power that
sometimes exceeds the load.

2) cycle charging (CC) - whenever a back-up generator is
required, it operates at full capacity, and surplus power charges
the battery bank. It stops charging battery at the setpoint of
battery state of charge. Cycle charging tends to be more optimal
in off-grid systems with little or no renewable power.

3) combined charging dispatch strategy (CS) - intelligently
switches between load following and cycle charging strategy.
That way it can improve performance over the cycle
charging and load following dispatch strategies by making more
efficient use of back-up generator.

Riga Technical University

Simulation results (2) - system equipment

Fig. 6. System equipment dimensions for the first alternative Fig. 7. System equipment dimensions for the second alternative
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Fig. 8. System equipment dimensions for the third alternative
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Simulation results (3) - NPC and RES fraction

Fig. 9. NPC results depending on different dispatch strategies

Fig. 5. The fraction of RES delivered to the load according to dispatch strategies
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Simulation results (4) - sensitivities and excess electricity

Fig. 10, Generator fuel consumption depending on fuel price

Fig. 11. Initial off-grid investment costs depending on capacity shortage
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Fig. 12, Excess electricity in the all off-grid alternatives
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Conclusions

= The NPC results for the first alternative has proven to be the most cost-effective almost in all scenarios.

= The first alternative proved the greatest possibilities to increase RES fraction across the dispatch strategies
used in simulations.

= The results show how important it is to choose the right dispatch strategy. Firstly, it may largely impact
required system equipment dimensions, especially for the BESS storage capacity. Secondly, chosen strategy
impacts fuel consumption of back-up generator, RES fraction and at the end also the NPC over the project
10-year lifetime.

= From economic perspective, combined charging dispatch strategy has proven to be the most cost-effective
dispatch strategy for almost all cases. While from RES integration perspective, the best is load following.

= Simulations showed that diesel generator fuel restrictions may cause both, savings, and additional costs for
the total system. Due to limited fuel consumption, fuel costs cannot be higher than certain level, thus may
create savings. But due to the need for additional equipment capacity, overall system costs may also
increase.

= As soon as fuel prices started to rise only by 0.2 EUR cents per litre, considerable drop in fuel consumption
was observed (for the first alternative in average 120-300 litres per year).

= Regarding capacity shortage aspect, results showed that as higher capacity shortage is allowed fewer initial
investments might be required. Nevertheless, a more detailed analysis should be made to analyse whether
capacity shortage may be allowed for such an electrified house.

Riga Technical University

The future research

= HOMER Pro software can only handle single-object optimization and thus the flexibility is limited;

= In the future research, the authors have a goal to develop their own multi-objective simulation tool to
evaluate the performance of different off-grid cases under different scenario approaches, which would
further increase flexibility of such simulations.
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The paper presents the results of the research., which was initiated in our previous publica-
tion. The main goal of the research is to develop and validate our own multi-objective simula-
tion tool for determination of optimal mix and sizing of off-grid and grid-connected microgrid
systems. The first version of the developed model was tailored specifically for simulation of
household off-grid system, which consisted of solar photovoltaics (PV), micro wind turbine,
electric batteries, and backup power generator. Proposed algorithms are based on simulation of
mentioned resources and hourly electric loads of off-grid system with the objective to reduce
unsupplied energy volumes and total system costs. Several alternatives were considered with
different configurations of the off-grid system and dispatching strategies of available resources.
The developed model was validated with calculations of real off-grid system and results were
compared to those. which were made in the previous publication. using Homer Pro software.

Keywords: Annual costs of system, dispatch strategy, microgrid equipment sizing, off-grid

system, RES fraction.

1. INTRODUCTION

In recent years, microgrid systems
either when operated in an off-grid or a
grid-connected mode have been recognized
as one of the most suitable, cost-effective,
and sustainable solutions for commercial,
industrial, and residential electrification

(58]

applications [1], [2]. Decreasing costs of
renewable energy technologies, fluctuating
fossil fuel prices, environmental concerns
and security of electricity supply are the
main reasons for looking towards the devel-
opment of emerging microgrid systems [3].



However, research on such systems still
must be examined. For instance, microgrids
have challenges regarding determination of
proper equipment sizing, the voltage and
frequency disturbance problems in unpre-
dictable weather conditions, difficulties
with monitoring and managing local power
generation and loads, along with constrains
related to designing protection devices to
cope with bi-directional power flows and
so on [1]. Within this paper, our focus is
on autonomous household scale microgrid
equipment sizing problems.

The microgrid equipment sizing is
understood as quantification of the power
capacities for renewable generators (solar,
wind, etc.), as well as for backup power gen-
erator and determination of the power (kW)
and energy (kWh) capacities of a battery
energy storage system (BESS). The proper
sizing of the microgrid may reduce the risk
of oversize system equipment, which could
lead to higher initial capital costs. On the
other hand, it may reduce the risk of under-
size equipment, which can lead to the poor
power supply reliability [4]. Moreover,
environmental and social aspects are no less
important. Therefore, it is necessary to con-
sider how to minimize emissions, how to
promote socially acceptable system devel-
opment, which includes issues with land
use, visual impact, acoustic noise, etc.

According to literature review, several
types of methods and different indicators
might be considered in the evaluation pro-
cess of such microgrid equipment. The siz-
ing methods can be classified as classical
methods, software tools, hybrid methods
and most recently also artificial intelligence
methods as shown in Table 1. In the most
common cases, four types of indicators are
identified which further describe the perfor-
mance of microgrid: economic indicators
(LCOE, LCC, ACS, NPV etc.), reliability
indicators (LPSP, LOLP, EENS, etc.), envi-

ronmental indicators (CE, LCA, EE), and
social indicators (HDO, JC, SA, etc.) [5].
[6].

In addition to the review mentioned
above, some articles have summarised the
latest trends of algorithm and mdicators,
and future overall challenges of microgrid
sizing methodologies. For example, ant
colony (ACO), firefly algorithm (FA), par-
ticle swarm optimization (PSO) and genetic
algorithm (GA) and their performance were
comprehensively analysed by [7] regard-
ing how to select an appropriate algorithm
to solve non-linear problems in the context
of storage-based off-grid systems under
different alternatives. The results reveal
that FA performs better, with the least rela-
tive error. Other paper [2] evaluated siz-
g of an autonomous microgrid consider-
ing droop control. Results indicated that a
competitive total cost could be obtained if
the droop parameters were calculated con-
sidering the microgrid sizing results. Elec-
tric system cascade extended analysis was
developed in [8]. In it, the LPSP, LCC and
the LCOE together with tri-objective opti-
mization functions were implemented and
validated with system advisor model soft-
ware. Authors of this paper argue that this
analysis mught help choose the suitable
RES capacities for any site worldwide. In
[9]. a model for a remote community off-
erid PV/diesel system using dynamic mod-
elling and artificial neural network (ANN)
techniques was developed. Within a com-
parative analysis, authors concluded that
utilising dynamic and predictive modelling
techniques would enable the model to be
expandable, and simple to use while still
maintaining its accuracy. Using an iterative
approach based on a recursive algorithm,
improvements were made fo a techno-eco-
nomic optimal sizing technique of a hybrid
off-grid microgrid system in [6]. However,
a new mutation adaptive differential evolu-



tion (MADE) based on a multi-objective
optimization algorithm is presented in [10]
to optimise the configuration of the off-grid
stand-alone photovoltaic systems. It 1s also
worth mentioning the authors of previous
publication [4] which showed how impor-

tant it was to choose the right dispatch strat-
egy for off-grid system regarding equip-
ment sizing, and at the end how it affected
the net present costs (NPC) over the project
lifetime.

Table 1. Microgrid Equipment Sizing Methods and Indicators [5], [6]

Type of sizing methods

Type of indicators

Classical:

- probabilistic
- analytical

- numerical

- iterative

Economic:

-levelized cost of electricity (LCOE)
-life eycle cost (LCC)

-annvalized cost of system (ACS)
-total net present value (NPV)

Software tools:
- Homer Pro

- RETScreen.
-PVSOL

- Hybrid 2

- Transys

Reliability:

- loss of power supply probability (LPSP)

- loss of load probability (LOLP)

- expected energy not supplied (EENS)

- deficiency of power supply probability (DPSP)
- loss of load expected (LOLE),

- loss of energy expected (LOEE)

Hybrid methods:

- combined dynamic programming and region-elimination
technique algorithm (DP-RET)

- hybrid Simulated Annealing—Tabu Search

- hybrid Big Bang-Big Crunch algorithm (HBB -BC)

- hybrid GA-mixed integer linear programming (GA-MILP)

Environmental:

- carbon emission (CE)

- embodied energy (EE)

- carbon footprint of energy (CFOE)
- life cycle assessment (LCA)

Artificial intelligence:

- genetic algorithm (GA)

- particle swarm optimization (PSO)
- simulated annealing (SA)

- ant colony optimization (ACO)

- artificial bee colony (ABC)

Social:

- human development index (HDI)
- job creation (JC)

- portfolio risk (PR)

- social acceptance (SA)

- social cost of carbon (SCC)

In general, according to the literature 4.
review, it can be noticed that there are still
difficulties in the field of equipment capac-
ity optimization:

1. improvements in load forecasting and

adoption to methods are necessary: 5.
2. calculation time step of power output

is critical for the optimization of the

results; thus, it should be reduced con-

siderably as much as possible (less than

1 hour is preferable):

3. improved sizing methods equipment 6.

could be stalled in the research area to
obtain real-time data and verify simula-
tion results;

wn

new evaluation indicators may be used
to provide more effective and over-
all assessment as the microgrids are
emerging solutions for sustainability
policy goals;

artificial intelligence sizing methods
have advantages in accuracy and com-
putation speed compared to traditional
methods, while, on the other hand.
those significantly increase optuniza-
tion complexity;

as good practice equipment sizing is
validated and umproved also with more
than one optimization tool.

It can also be concluded that existing



articles mainly focus on microgrid opera-
tion state; therefore, future research might
have more efforts on the planning, construc-
tion state, and microgrid servicing.

The main aim of the present research is
to introduce a new multi-objective simula-
tion tool to evaluate the performance of sev-
eral off-grid cases under different dispatch
approaches, which would further increase

knowledge of such systems and flexibility
of already existing simulation tools. The
developed tool is used to justify a compo-
sition and capacities of an off-grid system
equipment for the real pilot project, which
currently is under implementation. It is
expected that this approach can be used and
easily replicated for configurations that are
more complex.

2. MODEL FOR THE HOUSEHOLD OFF-GRID SIMULATION

The simulation model described in the
present research was developed for the real
case evaluation. At that time, the informa-
tion for the sizing of the system was rather
insufficient. The model determined nec-
essary generation and storage capacities,
helped assess the payback of the oft-grid
project and allowed visualising operating
conditions.

Table 2. Parameter Abbreviations

The model has been applied to an off-
arid system composed of solar PV, wind
turbine, Dbattery energy storage system
(BESS or battery) and backup power gen-
erator. The model presented in this section
is designed as a set of algorithms, which
determine the operation of off-grid solution
according to the load and supply power bal-
ances as indicated in Fig. 1 and Table 2.

Parameter Abbr. | Parameter Abbr. | Parameter Abbr.
. o Max amount of energy S -
Electric load (kW) P, of the battery (KWh) B Power of PV modules (kW) Py
o Min amount of energy I U
Generated power (KW) P, of the battery (kW) Epin Power of wind generators (kW) Py
Other generation P State of charge of the soc Rated power of backup genera- p
capacities (KW) n battery (%) tor (kW) *
Rated power of the p Max state of charge of soc Minimal power of backup P
battery (kW) br the battery (%) max | generator i
Rated energy capacity E Min state of charge of soc Levelized costs of electricity. LCOE
of the battery (kWh) br the battery (%) win | EUR/KWh

The model has been developed to pro-
vide the highest (close to 100 %) electricity
availability, considering that the electricity
generation sources (PV, wind, etc.) con-
nected to the off-grid are stochastic. Thus,
energy storage and backup generator are
needed.

For simplicity. the time interval for
modelling of off-grid system is assumed to
be one hour; thus, the load and at the same

time the required generation capacity are
defined as P/ in the time interval 7. Total
power generated (kW) at the tume inter-
val i (excluding backup generator) Pgf(i)
in Eq. (1) is defined as the sum of power
capacity of solar modules, wind turbine and
potentially other generation sources such as
fuel cell, small-scale CHP unit, etc.

o= Pavo T Pawet - Py M



As the off-grid system requires a bat-
tery energy storage system, it is necessary
to determine its state of charge status at the
time interval :

_ Ebn
S0Cq) = S0Cq—) + 2% ®)

where SOC_ | is the state of charge of the
BESS in the previous time interval, E_ is
the rated energy capacity of the BESS, Ebm
is the amount of energy BESS charged or
discharged in the time interval. In addition,
the model calculates the maximum possible
charge and discharge capacities (kW) of the
BESS (4), which at the same time gives us
the amount of energy per cycle. During the
first cycle S0C,=s0C,,

Epmax = (SOC(t) - SOCmin)XEbr- (3)

Ppmax=Epmax, for time interval t=1h. (4)

If there 1s a surplus or shortage of elec-
tricity (kW) at the time interval 7 in the off-
erid system, Eq. (5) 1s used:

Py = Pory = Pigey- ®)

In next equations (6 and 7), the model
assesses whether to start-up the back-up
generator and at what power:

if Pyinaxcty < Pays Q]
Pr(t) = Ppr — Pbmax(t) - P(t)- N

It the BESS and other sources can cover
the load, the backup generator will not be
scheduled for operation. If not, the power

output of the back-up generator during the
time interval ¢ is determined within the
range P__-P . The calculation is adjusted so
that the back-up generator operates closer to
the nominal (rated) output and charges the
battery at maxiumum possible power during
the time interval 7.

The actual power rating (kW) of the
BESS and its nature (charging / discharg-
ing) in the model is determined by Eq. (8):

Pyey = Py + Priy- (8)

The actual charged or discharged energy
rating (kWh) of the BESS E (i) at the time
interval is determined by Eqs. 9-11:

lfpb(t) >0, then kb(t) = 0.9, (9)
lfpb(t) < 0, then kb(t] = 1/0.97 (10)

Eb(t) = Pb(t) X kb(t) X 1h, (11)

where £, is the efficiency of the BESS. The
simulation cycle ends with Eq. 11) to initial-
1ze calculations for the next time mterval 7:

t=t+1. 12)

Fig. 1 shows a block scheme within the
sequence of operations of the described off-
grid system.

The annual costs and levelized cost of
energy (LCOE) of the off-grid system are
determined in a separate algorithm. Before
using the algorithm, configuration of the
model is necessary to set up the required
dispatching strategy and input data.

The overall model optimization focuses
on four aspects: off-grid system highest
availability, lowest surplus generation, low-
est operation hours of the backup generator,
lowest LCOE.



2. Identification of load

Py

T

Poty =

3. Total power generated, excluding back-up gencrator
Pepviy + Pewiy

< HPagy

X

4. BESS state of charge at time interval ¢
S0C(y = SOCw1) + Esg/Enr

¥

5. Determination of maximum battery charge / discharge capacity
Prmaxty = Evmax(y = (SOCi — SOCrin) *Ebr

Y
6. Surplus or shortage of electricity in the off-grid system
Py = Pow - Pay
Y
7. Whether to start-up the backup generator
If Pomaxy < Pey
X X
7.1. Back-up generator power 7.2. Backup generator is not required
Priiy = Por — Pomax - Py Piy=0
X []

8. Determination of actual BESS power and its nature (charging / discharging)
Pow =Py + Prey

8.1. BESS Lhargmg
If Py > 0, then km =09

8.2, BESS discharging
|”’1m< 0, then kag = 1/0.9

9. Determination of actual BESS
energy
Eni = Poiyy X ko X 1h

!

10. Initializing calculations for the
next time interval
t=t+1

Fig. 1. Operational principles of the model of oft-grid system.

3. ANNUAL COSTS OF OFF-GRID SYSTEM

The objective function in the calcula-
tions 1s minimization of the levelized cost
of electricity (LCOE), which in this case
1s determined based on the method of the
annual cost of system (ACS) [11].

ACS covers annual capital cost (ACC),

ACS = ACC + AOM + ARC + AFC + AEC.

8

annual operation and maintenance costs
(AOM), annual replacement costs (ARC),
annual fuel costs of backup generator (AFC)
and annual emission cost (AEC). ACS (i
EUR) is estimated as follows:



Amnnual capital cost (in EUR) of each
unit which does not need replacement
during project lifetime, such as PV sys-
tem, wind turbine, back-up generator and
inverter, is calculated as follows:

ACC = Coqp - CRF (i, y), (14)
in which

i)Y
CRF = ==, (15)

where Ciqp is the capital cost of each com-
ponent in EUR, but v 1s the project lifetime
in years. CRF is capital recovery factor,
a ratio to calculate the present value of a
series of equal annual cash flows, and 7 1s
the annual real interest rate.

The annual operation and maintenance
cost as a function of capital cost, reliability
of components (A) and their lifetime (v) can
be determined using the following equation:

AOM = Cqp % (16)

ARC is the annual cost value (in EUR)
for replacing units during the project life-
time. In this study, a unit that needs replace-
ment 1s only battery banks. Other units do
not require replacement because their life-
time 1s the same as project lifetime. Eco-
nomically, annual replacement cost is cal-
culated as follows:

ARC = Cpop* SFF(i, Yrep): an

where Cy.gp is the replacement cost of bat-
tery banks in EUR. but is the lifetime of
battery banks in vears. In this case, the
replacement cost of battery banks is like 1ts
capital cost. SFF is the sinking fund fac-
for, a ratio to calculate the future value of a
series of equal annual cash flows. This fac-
tor 1s calculated as follows:

i

AFC of backup generator unit 1s esti-
mated based on optimum dispatch of backup
generator system. The fuel consumption (in
liters) based on load characteristic of the
back-up diesel generator is calculated for
each time interval ¢ using the following
equation:

F(t)=0.246-P.(t)+0.08415-F., (19)

where is the rated power of backup genera-
for in kW, P (t) is the actual power generated
at time interval 7 in KWh. The fuel cost (in
EUR) 1s calculated for a year by multiply-
ing hourly fuel consumption by fuel costs:

8760

AFC=Cr+ Yy F(1), (20)

where C is the fuel cost per litre (EUR/D).
To reach the maximum efficiency of opera-
tion the unit should be operated within rated
power and specified maximum value.

AEC is the annual emission cost (in
EUR) to capture CO, emission generated
from backup generator system. The AEC
can be expressed as follows:

AEC=Y578° Ep+E, Po(£)/1000, (21)

where Ef is the CO, emission factor, kg/
kWh, E,f 1s the CO, emission cost in EUR/A.

By calculating the ACS it is possible
to determine levelized cost of electric-
ity (LCOE), which shows how much each
kWh of electricity costs in the particular
microgrid (EUR/kWh).

ACS
Eapc’

LCOE = (22)



where 1s the annual energy consumption of

a microgrid (kWh). Other parameters used

Table 3. The Economic Data Considered for Calculations

in the calculations are shown in Table 3.

Parameter Data Parameter Data Parameter Data
e . Reliability of PV panel Cost of Wind turbine <
Project lifetime (years) 20 (caef) 0.98 (EURKW) 3500
. Reliability of wind Cost of battery bank <
cate (% .
Real interest rate (%) 4 turbine (coef) 0.8 (EUR/KWh) 540
PV panel lifetime 25 Reliability o‘t inverter 0.08 Cost of batt61y‘ bank 540
(years) (coef)) (EUR/KW)
Wind turbine lifetime Reliability of battery Cost of inverter
(years) 20 (coef.) 0.98 (EURKW) 1300
Inverter lifetime 20 Reliability of backup 0.9 Fuel cost (Cf) 12
(years) generator (coef.) ’ (EUR/) ’
Battery lifetime 10 Cost of backup genera- 380 Emission factor (kg/ 034
(years) tor (EUR/KW) N kWh) -
Bac klup generator 15000 Cost of Pl\' p'anel 1250 Elmssml{ cost 30
lifetime (hours) (EUR/KW) (EUR/)

The parameters shown in Table 3 can be
changed as needed for other microgrids.

4. CASE STUDY

For the case study, real household
hourly load data are collected, integrated in
the model, and used in simulations. House-
hold average daily electricity demand is
30.27 kWh, which reaches 11.049 MWh on
an annual basis. The household consists of
2 persons. A heat pump. which is used for
heat and hot water supply, and an electric
vehicle for transports needs can be consid-
ered the biggest consumers of electricity
in this household. This type of household
matches with aims for electrification, which
has a critical role to play for achieving the
European Union decarbonization policy tar-
gets.

10

Fig. 2 shows the typical daily load
curve (for 24-hour period) of this house-
hold, with a heat pump and electric vehicle
charging. The largest amount of electricity
1s consumed at nighttime while an electri-
cal vehicle is charging. For the case, it is
highly important to choose the appropriate
generation and storage solutions. When the
readings were taken, the household was
connected to the distribution system opera-
tor grid; thus, the energy availability were
not an issue and always corresponded with
the demand. Nonetheless, the connection
allows the household not to consider load
shifting.
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Fig. 2. Daily load curve in relative values for three seasons.

As shown in Table 4, five equipment
sizing alternatives were evaluated. First
three sizing alternatives are taken from the
previous research on microgrid sizing with
Homer software. The capacity of the back-
up generator is at least 11 kW considering

Table 4. Average Equipment Size for All Alternatives

that system must cover the maximum daily
load (which is around 9 kW), thus ensur-
ing higher security of supply [4]. Two addi-
tional sizing options were developed to find
the most sustainable and economically effi-
cient solution.

System equipment 1* alternative | 2™ alternative | 3 alternative | 4% alternative | 5% alternative
BESS (kW) 4.7 5 5 8.2 8.2
BESS (kWh) 22 283 17.8 30 16
Solar panels (kW) 4 94 0 6.2 3
Wind (kW) 3 0 4 2 2
aa‘;}()up generator 1 1 1 13 3

In this study, the results are displayed
for the following alternatives: three dispatch
strategies, different sizing options, power

5. RESULTS

sources PV, wind, BESS, backup generator,
the dispatch strategy is combined, and there
1s no capacity shortage.

Table 5 shows the results for all five
equipment sizing alternatives considering

11

three different dispatch strategies.



Table 5. Results of Simulations

Alternative 1 2 3 4 St
Combined charging dispatch strategy (CCDS)

Backup gen. operating hours 1277 1234 1448 778 953
Excess renewable energy, kWh 1290 3990 71 2083 1029
Excess vs. total renew. generation. % 18 % 40 % 2% 26 % 20%
LCOE, EUR/KWh 071€ 073 € 073 € 0.79€ 0.70 €
Load following strategy (LFS)

Backup gen. hours 2249 2276 2804 1923 2333
Excess renewable energy, kWh 1073 3646 46 1870 676
Excess vs. total renew. generation. % 13% 33% 1% 21% 10 %
LCOE, EUR/KWh 081 € 083€ 087€ 0.91€ 0.85€
Cycle charging strategy (CCS)

Backup gen. hours 1406 1355 1561 949 1248
Excess renewable energy, kWh 2273 5336 293 2999 1408
Excess vs. total renew. generation. % 32% 52% 7% 37% 26%
LCOE, EUR/KWh 078 € 080€ 0.80€ 0.87€ 0.83€

Like Homer Pro software. while setting
up the project, using a simulation tool it is
possible to configure dispatch strategies to
determine operating principles of how gen-
eration can provide the load.

1) Combined charging dispatch strategy
(CCDS) — intelligently switches between
load following and cycle charging strategy.
That way it can improve performance over
the cycle charging and load following dis-
patch strategies by making more efficient
use of back-up generator.

2) Load following strategy (LFS) —
when a generator is needed, it produces
only enough power to meet the demand. It
tries not to charge battery with back-up die-
sel generator unless it reaches the minimum
power of generator. Load following tends
to be more optimal in off-grid systems with
a lot of renewable power that sometimes
exceeds the load.

3) Cycle charging strategy (CCS) —
whenever a back-up generator is required, it
operates at full capacity, and surplus power
charges the battery bank. It stops charg-
ing battery at the setpoint of battery state

of charge. Cycle charging tends to be more
optimal in off-grid systems with little or no
renewable power.

To better understand how different dis-
patch strategies impact the operation of
generating sources and BESS charging/
discharging, the visualization of off-grid
operation in suminer and winter day for two
equipment sizing alternatives and three dis-
patch strategies is provided in Table 6 and
7. The graphs show the power source and
amount of generation, energy storage capac-
ity, load and its nature, battery power and
its nature, backup generators power. The
dates were chosen to represent the extreme
situations where there was surplus or defi-
ciency of renewable generation. During the
observation period, there was low wind out-
put on 7th July and low PV output on 13th
November. By comparing the 2nd and the
5th alternatives, it is clearly visible that the
microgrid benefits of diversified generation
sources allow minimising the backup gen-
erators workload and maximising the share
of renewables. Dispatch strategies pose the
most impact on LCOE.



Table 6. Visualization of Off-Grid Operation for the 2nd Alternative and Dispatch Strategies

2nd altemative: BESS power 5 kW, capacity 28.3 kWh, solar power 9.4 kW, wind power 0 kW, diesel gen. 11 kW

Date

13th November

Combined
charging
CcCDS

F P KW
.

Load fol-
lowing
LFS

Cycle
charging
CcCs

Date

7th July

Combined
charging
CCDS

o R EEEE R E
s )

i
10 hour

Load fol-
lowing
LFS
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Table 7. Visualization of Off-Grid Operation for the 5th Alternative and Dispatch Strategies

5th alternative: BESS power 8.2kW. capacity 16kWh, solar power 3 kW, wind power 2kW. diesel gen. 13 kW

Date 13th November

R kW

Combined
charging
CCDS

Load fol-

lowing
LFS

Cycle f
charging 4
CCs

Date 7th July

Combined
charging
CCDS
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In addition to the analysis before, in
the next three figures comparison of results
between the new simulation tool and Homer
Pro software is made.

Furstly, backup generator operating
hours are analysed. As it is necessary to
avoid the use of electricity produced by the
backup generator when renewable energy
can be used mstead, it is necessary to pay
attention to the operating hours of the

M | alternative
3000
2500
2000

1500

Hours

1000

500

tool software

M2 alternative

backup generator. As shown in Fig. 3, n all
alternatives and dispatching strategies, the
new tool displays more backup generator
hours than Homer Pro software. The larg-
est difference is observed at load following
strategy (LFS). Nevertheless, both tools
show that the generator hours will be the
smallest for the Lst alternative at combined
charging dispatch strategy (CCDS).

M 3.alternative

0 II| III III III III III

LFS withnew LFS with Homer CCS with new CCS with Homer CCDS with new

tool

CCDS with

software tool Homer software

Fig. 3. Backup generator operating hours.
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Secondly, “excess electricity” is ana-
lysed. Excess electricity occurs when sur-
plus power in off-grid is produced (either
by the back-up generator or by a renewable
sources) and the battery or load 1s unable

o | alternative

60

50

Excess electricity % from total
generation
- w
S 8

2 alternative

to take all electricity. Excess electricity as
the percentage (%) of the total generation
of three off-grid alternatives and three dif-
ferent dispatch strategies is shown in Fig. 4.

m 3 alternative

UI_II IIIII-I

LFS withnew LFS with Homer CCS with new CCS with Homer CCDS with new
tool software tool

CCDS with

software tool Homer software

Fig. 4. Excess electricity in the all off-grid alteratives.

In average, for both tools the smallest
“excess electricity” was shown by the third
alternative — 10.03 %, followed by the first
alternative (21.13 %) and the second alter-
native (31.7 %). Despite excess electricity
(%) differs between the tools (especially for
an alternative that includes wind), the over-
all trend 1s the same and it shows, that if the
off-grid system consists of PV panels then

B ].alternative

1,00 €

=l
=) [
=} <
(0] (o)

EUR/KkWh
=)

70,40 €

LCOE
=
=)
S
o

0,00 €

tool software

2 alternative

it is crucial to correctly size its capacity and
match it with adequate storage capacity.

Fmally, m Fig. 5 we compare three
alternatives regarding the levelized cost of
electricity as the average cost per kWh of
useful electrical energy produced by the
system. We did not cover the LCOE in our
previous publication, but we use the gained
results this time.

m3.alternative

LFS with new LFS with Homer CCS with new

CCS with  CCDS with new
Homer software tool

CCDS with
Homer software

Fig. 5. Levelized cost of electricity for all off-grid alternatives.



As shown in Fig. 5, for the new tool
average costs are between 0.72 EUR/
kWh and 0.84 EUR/kWh, while in case of
Homer Pro software they range from 0.64
EUR/kWh to 0.67 EUR/kWh. The results

6. DISCUSION AND CONCLUSION

differ due to the emission cost implemented
in the new tool and difference in models
themselves. In general, both simulation
tools show similar trends, which confirms
and validates their accuracy.

The case study and comparison of
results to the authors’ previous publication
have shown that new multi-objective simu-
lation tool can be used as an assessment tool
for microgrid equipment sizing determina-
tion. It allows analysing potential genera-
tion by source, BESS charging / discharging
versus the required load, calculating annual
system costs and other parameters. It gives
all the necessary keyv values to evaluate the
possibility to create a microgrid solution.

By comparing simulation results of the
new multi-objective simulation tool (con-
sidered m this publication) and Homer
software (from the previous publication), it
can be concluded that both tools show simi-
lar trends with regard to three parameters:
backup generator operating hours, excess
electricity and LCOE. The differences m
results might be caused by additional emis-
sion cost (30 EUR/t), and only one capac-
ity shortage level — 0 %, which was not
the case in the previous publication using
Homer Pro software. Another reason for the
differences may be related to approaches/
algorithms themselves which differ in both
tools.

Furthermore, if we compare the two
additional alternatives (4th and 5th), we
see that the most sustainable and economi-
cally efficient solution would be using the
combined charging dispatch strategy. How-
ever, there is no solution which would cor-
respond to “the greenest and optimal solu-
tion”. On the one hand, the 4th alternative
1s with fewer backup generator operating

17

hours — 778; on the other hand, the Sth alter-
native has an LCOE of less than 0.09 EUR/
kWh comparing with the 4th alternative.
Thus, the end user must decide on dilemma
whether to use a “sustainable” or “economi-
cally efficient” solution.

In this publication, the results again
show that the dispatch strategy has great
impact on the microgrid costs. Neverthe-
less, like Homer Pro software, the case
study revealed that the combined charging
dispatch strategy (CCDS) with both solar
and wind sources is the most suitable one of
all the alternatives.

Practically, both tools have their advan-
tages and disadvantages. The Homer Pro
allows highly automatizing the sizing offer-
ing, thus providing a quick multi scenario
approach. While our own developed simu-
lation model gives advantage to tweak the
equipment sizing for very specific cases
and can be further implemented on mul-
tiple software tools taking into account
users’ preferences. It can be used to validate
results from other software tools as well.

The battery rated power should be at
least as large as the sum of non-dispatch-
able generation. In case there is no load and
there is full generation power, it is highly
significant to store every generated KWh.
At the same time, 1t should be greater than
backup generator minimal power — in case
of small load and empty battery, the genera-
tor will not be used sufficiently. As there is
load from electrical vehicle in consumption
the amount of energy the BESS should hold



should be close to the battery capacity of the
electric vehicle; otherwise, electric vehicle
might be charged with diesel generator if no
renewables are present.
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Autonomous off-grid systems might be seen as a favourable option when it comes to
high grid connection fees and for a sustainable electric system in transition to a low-carbon,
renewable-based decentralized system. To ensure such a system. accurate analysis of different
scenarios is required to determine the optimal energy source mix and sizing of the off-grid
system. Software computing techniques or mathematical models can help solve this task. but.
unfortunately, it is unpredictable how actually such systems will perform in real life. There are
not so many publications, where the real data and off-grid systems are analysed and compared
to simulation results. Thus, this paper examines an experimental stand-alone electrical oft-grid
solution in Latvia. The operational data of real autonomous off-grid system are obtained for
the off-grid system performance and control strategy analysis, which is highly relevant for the
planning and dimensioning of affordable renewable off-grid systems.

Keywords: Equipment sizing, experimental off-grid system, power flow control based on
battery voltage level.
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1. INTRODUCTION

In scientific literature, self-sustaining
microgrid systems that are built for dif-
ferent consumers are analysed. For exam-
ple, [1] examines the technical feasibility
(including system dimensioning) for a sin-
gle-family house off-grid energy system in
Finland’s northern climate with short-term
battery and seasonal hydrogen storage.
While in [2] comparative analysis between
an off-grid hybrid power supply for differ-
ent consumption levels (1825, 3650 and
5475 kWh) and a newly built grid connec-
tion for domestic consumers was performed
in different regions of Estonia. In another
paper [3], the configuration of off-grid sys-
tems in Estonia, which includes photovolta-
ics, wind turbines, a diesel generator, and
batteries, 1s studied.

The wvalidity of the results presented
in literature, however, degrade the further
to the south, to Latvia, for example, due
to increased PV power generation, or less
windy days which depend on specific cli-
matic conditions. Moreover, according to
the location, in scientific literature there is
little information about real autonomous
off-grid systems implemented in life, their
technical characteristics, data acquisition
and monitoring, as well as data analysis of
such electrical systems in general.

In this article, an autonomous off-grid
system is assumed as a set of interconnected
controllable and uncontrollable rural house-
hold loads, decentralized energy sources,
and energy storage that 1s not connected to
the power grid. This means the cluster of
equipment, which operates in the indepen-
dent environment, island mode. Overall,
there are several benefits for such an auton-
omous off-grid system:

1. useful development of project is possible
in places where there are relatively high

investments needed for the grid connec-

tion to the distribution networks [4];
2. due to reduced costs of new renewable
energy technologies and fluctuating
fossil fuel prices, a simplified off-grid
system for household electricity supply
in remote regions may be an efficient
and cost-effective electrification way to
the fight against climate change and to
reach the European Union (EU) decar-
bonization targets [5]-{7].
to protect against electricity supply
quality problems and overall reliability
due to mcreased variable generation or
decreasing conventional generation in
the grid [8].

(93]

Considering the mentioned benefits,
such an experimental system was imple-
mented for rural household located 30
km away from Jelgava city m Latvia. The
autonomous off-grid system is capable to
operate with 16-25 amps (A) within sin-
gle phase connection at a voltage of 230
volts (V) and frequency of 50 hertz (Hz).

By installing electricity generation
devices, batteries, and system control equip-
ment, the analysis is planned for the oft-grid
performance and possibilities to increase
the availability of such electricity supply in
Latvia and expand the use of local renew-
able and zero-emission energy resources. It
will be useful to find out the possible costs
of an optimized solution, commercializa-
tion possibilities. their contributing factors,
problems, as well as the efficiency of the
use of the overall and individual elements
of the off-grid solution.

Initially, a special mathematical model
was created to select energy sources, to size
equipment and to further test the operation
of this off-grid system in the Latvian cli-



matic conditions. Thus, in this article not
only we focus on evaluation of this real
autonomous off-grid system performance,
but also discuss aspects related to software
computing techniques and mathematical
models versus a real operational off-grid
system.

As it is stated in [9], to ensure optimal
design and that such renewable systems
are affordable, careful planning preferably
with high-resolution data on electricity gen-
eration and consumption is necessary. As it
is one of research gaps identified in litera-

2. MATERIALS AND METHODS

ture, and not delivered in a clear way, the
objective of the article is to further increase
knowledge of such system performance,
planning and dimensioning in climatic con-
ditions like it is in Latvia. It is expected to
validate approaches which could be used in
future and easily replicated for configura-
tions that are more complex.

The study provides a reference for
interested parties, including policy makers,
foreseeing the landscape for off-grid energy
system development.

2.1. Setup of Off-grid System

An electric off-grid system (see Fig. 1)
is installed for autonomous power supply of
the individual household located near Jel-
gava city in Latvia. Electric oft-grid system
consists of:
micro wind turbines and solar panels:
diesel generator;
battery electric storage system;
all of it is set up in or around a standard

N

Vind Mate 3s
ing
turbines
AIS
generator
& launcher
lar
panels

Diesel tank

Generator

sea container (3.0 x 2.5 m, 2.5 m high)
with other necessary equipment (sen-
sors, cables, etc.) for the operation of
the off-grid system.

The off-grid system is modular and can
be moved relatively easily. It is designed
for installation with minimal compliance
requirements.

Fig. 1. Experimental autonomous off-grid system.

The basis of the off-grid system
1s a set of equipment manufactured by
OutBack Power for microgrid imple-

mentation. System includes Radian
GS7048E inverter/charger, system con-
trol equipment, panel MATE3, battery



monitoring equipment FlexNetDC and
solar panel (3.6 kW) charging controller
FlexMax80. Separate charge control-
lers are used to transfer the electricity
produced by micro wind turbines (2 x
1.1 kW) to the oft-grid network, which
are connected with the help of power
relays depending on the battery charge
level. In case of unavailability of renew-
able resources, a backup diesel genera-
tor is provided with automatic start-up
according to the battery charge level. A

Duidoor
erature sens or

LiFePO4 battery with a nominal voltage
of 52.8 V(3.3 V per cell) 1s used to store
electricity, with a total capacity of 160
Ah (7 kWh). The container, which hosts
batteries, mvertors and other electronic
devices sensible to temperature, was n-
sulated and equipped with devices for
maintaining necessary microclimate:
heater, conditioner and ventilation. The
conceptual diagram of the off-grid sys-
tem 1s given in Fig. 2.
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Fig. 2. Conceptual diagram of the installed off-grid system.

After the implementation of the off-
grid system, it 1s expected that the quality
of the electricity supplied to the household
will meet the Latvian distribution system
operator network connection requirements
according to LVS EN 50160 standard.
For research in the future, it 1s planned to
upgrade the experimental system also with
a fuel cell system.

Before installing the new off-grid sys-
tem, the household owner was surveyed
about their electricity consumption and
existing electrical appliances, as well as any
potential changes after the implementation
of the off-grid system in order to create the
necessary system configuration. Household
load data were collected using a power net-
work analyser, and average load projection



for the entire year was created and used as
an input in the Homer Pro software to eval-
uate the optimal energy source mix and siz-

ing of the off-grid system. The equipment
survey results are summarised in Table 1.

Table 1. The Current and Planned Electricity Equipment in Household

Approximate
Consumer electrical power, | Number of units Duration of use per day, h
W
Before off-grid system implementation
LED bulbs 5 10 4 (depending on the season)
| i,
Kettle 2000 1 0.5
Water Pump 400 1 0.5
Phone charger 7 2 4
Portable computer 100 1 3
v 200 1 5
Electric tools 300-1000 3 0.5
After off-grid system implementation
LED bulbs 5 15 4
| i
Kettle 2000 1 0.5
Water Pump 400 1 0.5
Water Pump 7 2 8
Portable computer 100 1 4
Washing machine 200-1500 1 2
Dishwasher 300 1 25
vV 200 1 6
Vacuum cleaner 1500 1 0.1
Fan 200 1 5
Conditioner 1000 1 5
Electric tools 300-1000 3 0.5

As it can be seen in Table 1. before the
creation of the off-grid system, household
electricity was mainly used for lighting,
powering computers, and for other house-
hold equipment. The average daily electric-
ity demand for the household was 4 kWh,
totalling 1,460 MWh per year before the
construction of the off-grid system. Con-
sumer relied on a diesel-powered generator,
connection with a capacity of up to 1 kW
from the neighbour and a couple of solar
panels; however, there were periods when

the household had limited access to elec-
tricity.

After the construction of the off-grid
system, the household owner was able
to increase their power consumption, for
example, by using an air conditioner as
desired. Electricity consumption was fore-
cast to be 12 kWh per day, considering the
use of an air conditioner during the summer
season. This would result in a total annual
consumption of 4,380 MWh, which would
be provided by the created off-grid system.



2.2. Setup of the Off-grid System

The operational modes and quantitative
setting values are selected in such a way as
to control the charging of the battery pack
and ensure the supply of electricity to the
load. The main parameter, according to
which the control takes place, is the charge
level of the batteries.

Fig. 3 shows the off-grid system control
principle, which is summarised based on
the above configuration.

The principle of power flow control in
the off-grid system 1s based on voltage lev-
els of the battery. Battery is charged from
three sources using a two-phase charging
method. During the first stage, constant
current bulk charge is up to 0.5 C-rate or
limited by resource availability, terminated
at 58.4 V: and constant voltage absorption
charge 1s terminated at return amps 0.03

C-rate. PV charger and AC charger using
diesel generator are managed by a central
system controller and obey rules descripted
before. Wind turbine controller is a discrete
device and, therefore, needs to be connected
to DC bus if necessary, using power relay.
If the voltage of the battery reduces below
52.0 V and solar energy is available, bulk
constant current charging is started. In case
solar energy is not available and voltage
drops down to 57.6 V, wind turbines start
to generate by connecting wind chargers to
DC bus. If both wind and solar sources are
msufficient or unavailable and voltage 1s
below 52.8 V. a diesel generator shall take
over the control and charge battery in that
way avoiding power supply mterruption.
The operation of the diesel generator is set
at 50 V.
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Fig. 3. Principle of power flow control based on a battery voltage level, source and power converter operating
voltage ranges: red — voltage when battery damage occurs: yellow — charged battery voltage: grey — the device
is working: dashed grey — switch-on or special charging mode.
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When multiple sources are running
simultaneously, priority is given to the source
with the highest resource availability, 1.e., for
a charge controller that has a higher voltage
and a proportionally larger amount of energy
available from the renewable source. For
example, if it is sunny with moderate wind,

2.3. Data Collection

Accumulation of the off-grid operation
data 1s organised both i a local database
in a minicomputer installed in a container
(Rapsberry PI), and remotely as a backup
copy. The main monitoring data sources are
listed below (see Fig. 2).

1. OutBack power MATE3 control panel —
collects data from devices conmnected to
OutBack Hub - FlexMax80, FlexNetDC
and Radian GS7048E. Connected to a

2.4. Data Analysis Method

Data analysis is made by using Python
language in Jupyter notebook, which is a
web-based interactive computing platform.
The graph codes were written in Python
using libraries like pandas, numpy, mat-
plotlib, seaborn. A 31-day dataset from
an off-grid system was collected between
18 October and 21 November 2022, with a
minute-by-minute sampling frequency. The
analysed dataset mcludes 37 input signals

3. RESULTS

then due to higher installed capacity of the
solar panels, charging will take place from
them. the wind charge controllers will give
a minimum cwrent. In darker and windier
weather, the situation will be the opposite. It
the backup diesel generator is running, it will
be able to charge battery at all times.

minicomputer via an Ethernet network.
2. The battery management system (BMS)
has its own output data flow through the
serial port to the minicomputer.
Power network analyser EM21 — Mod-
bus RTU device connected fo a mini-
computer via RS485 network.
4. Minicomputer — collects information
from connected sensors and analogue
and digital inputs and outputs.

(5]

and high granularity data with a total of
48,301 data points.

The obtained dataset reflects only one
time of the year. To create a more accu-
rate analysis, it 1s desirable to use histori-
cal data to estimate the change taking into
account the change of all seasons.

Various statistical methods are used in
the present research — time series analysis.
cumulative columns, and histograms.

The data analysis of the off-grid sys-
tem was performed according to the previ-
ous sections. The off-grid system operating
data are important and necessary to detect
failures or faults of the system, especially

3.1. Data Analysis Method

Figures 4-6 present daily and hourly
production data curves of the off-grid sys-
tem electricity between October 2022 and

in the itial stage of such off-grid system
implementation. The results provide an
msight for further studies and an mdication
of the importance of data availability and
resolution.

November 2022. The cumulative genera-
tion of electricity from solar, wind and die-
sel generator is covered.
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Fig. 4. Generation of electricity from solar modules: (a) daily cross section profile:
(b) cumulative hourly profile.

Figure 4 shows that solar power 1s gen-
erated on a relatively large scale and with
a distinct tendency to take place from 6
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Fig. 5. Generation of electricity from wind generators: (a) daily cross section profile:
(b) cumulative hourly profile.

Figure 5 shows that wind power is gen-
erated on a relatively small scale and with
no distinct tendency during the days. Also,
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wind kilowatt hours (kWh) are calculated
using data obtained from FlexnetDC.
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Fig. 6. Generation of electricity from diesel generator: (a) daily cross section profile:
(b) cumulative hourly profile.

Figure 6 shows that diesel generator
power is generated almost every day —
roughly the same amount (7-12 kWh). In
comparison with solar and wind, the gen-
erator operates also in the early morning
and late evening hours. Diesel generator

kilowatt hours (kWh) are calculated using
data obtained from inverter RadianGS.

Looking at the minute-by-minute data,
Fig. 7 shows how electricity generation pro-
files differ from sources.
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Fig. 7. Electricity generation profiles: (a) from solar source; (b) from wind and (c) from diesel source.

The data were taken on 19 October 19, be seen that renewable sources in these days
5 and 11 November. Thanks to the high show a lot of variability, while the diesel
granularity of the data, trend of each gen- generator has been working for a specific
eration source can be seen in Fig. 7. It can  period with a certain capacity.

3.2. Amount of Generated Electricity by Source Type

During 31 days of observation (see  ated not only with insignificant wind veloc-
Fig. 8), most electricity was generated by ity during the investigation period, but also
the diesel generator (152 kWh), followed  due to imadequate operation of wind charger
by solar (104 kWh) and wind generation  control logics. This is the challenge to be
(7 kWh). Later on, it was discovered that  addressed during the course of experimen-

low output of wind generation was associ-  tal activity.
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Fig. 8. Cumulative electricity generation by source type.
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The analysis of the off-grnid system  ciently during this tune. However, during
operation throughout the experiment indi- some period of time, missing data were
cated that the off-grid system works suffi- observed.
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Fig. 9. Off-grid system characteristics during a sunny day at the end of October.

For example, Fig. 9 shows two sunny  beginning, indicating that the acquisition of
days at the end of October and at the begin- data should be checked to ensure data con-
ning of November. During this time, the tinuity.
demand consumption was not logged in the

Energy flow and battery SOC
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Fig. 10. Off-grid system characteristics during a sunny day at the beginning of November.

In Fig. 9 and Fig. 10, one can see the the battery falls, if less — battery charging
total contribution from each source. If the occurs. When the generator 1s on, the SOC
load capacity is greater than the total source level climbs rapidly.
contribution, the state of charge (SOC) of

3.3. Electrotechnical Data: Voltage, SOC, Frequency

Tt was also important to observe electro- gram divides the variable into bins, counts
technical data in the experiment. Figures 11 the data points in each bin, and shows the
and 12 show the four histograms. A histo-  bins on the x-axis and the counts on the
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y-axis. In our case, we used Python library
seaborn, which turns the y-axis as a density
plot, which is the probability density func-
tion for the kernel density estimation. Den-
sity plot is a value only for relative com-

425 450 475 500 525 550 575 600
Battery voltage, V

(a)

parisons. The y-axis is in terms of density,
and the histogram is normalized by default,

so that it has the same y-scale as the density
plot [10].
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Fig. 11. Electrotechnical data analyses: (a) for battery voltage: (b) battery SOC level.

According to the electrotechnical data
shown in Fig. 11, it can be noticed whether
the battery has any overvoltage or the bat-

o
o

10 15 20 25 30
Battery temperature, ° C

(@)

tery is operated in the most efficient way to
reduce the risks of degradation.

217.5 220.0 2225 2250 227.5 230.0 2325 235.0
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Fig. 12. Electrotechnical data analyses: (a) for battery temperature: (b) for consumer frequency.

It is important to monitor what happens
to the battery temperature and whether the
electricity consumer is provided with the
appropriate voltage quality of electricity
supply (see Fig. 12). Battery voltage data

were obtained from inverter RadianGS,
SOC and battery temperature data from sys-
tem monitoring — FlexnetDC device, while
consumer voltage from power network
analyser — Carlo Gavazzi EM21.



3.4. Analysis of Climatic Data (Wind Speed, Temperature)

During observations, the internal tem-
perature of the off-grid container and the
outside air temperature are monitored.

0 10 20 30 40 50
Container room temperature, ° C

(a)

Sensor DS1280 is used to determine both
parameters. Results are shown in Fig. 13.
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Fig. 13. Air temperature analyses: (a) for container room temperature; (b) for ambient air temperature.

In the climatic conditions of the country
of Latvia, it is important that the container
1s warm enough during the winter period
(from November to December), while in
the summer period (from June to August)
it is the opposite, so that the container room
does not overheat. During the observation
period, container room temperatures were
observed above 0 °C, despite the fact that
the outside air temperature dropped below

0.30
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0.20
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o
&

0.10
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0 2) 4 6 8 10
Windspeed, meters per second

@)

Wind power output, W

zero degrees Celsius.

In parallel, much attention is paid to
the wind speed observations. Wind genera-
tion during the off-grid observation is not
as originally planned. This is also shown in
the data (see), which shows that the wind
speed is not particularly high, but it does
not explain why wind generator output is so
low. Correlation between wind power out-
put and wind speed can be seen in b.
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Fig. 14. Wind speed data: (a) using histogram: (b) using time scatter analysis. It should be admitted that wind
data were obtained for only half of observation time.
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All the previous weather conditions
were measured every minute at the site.

Wind speed data were obtained from the
anemometer above the sea container.

4. MODELLING TOOLS VERSUS REALITY

To understand accuracy and validate
off-grid modelling tools and mathemati-
cal models, initially a comparison analy-
sis for this study was planned. The idea
was to compare results from modelling
tools and mathematical models versus real
experimental off-grid system. The aim was
to determine how applicable the selected
energy source mix and equipment sizing
are in real life regarding what was proposed
by modelling tools and models. However,
it was later concluded that it was not clear
how to do 1t due to the following reasons:

1. to obtain life data it would be required
to test experimental off-grid system for
at least 1-vear period:

2. the off-grid system operation should

be tested using more than one dispatch

strategy (longer analysis than a 1-year
period would be needed);

to obtain data to be later used in com-

[¥%]

5. DISCUSSION AND CONCLUSIONS

puter tools and mathematical models
more measuring devices as planned
before would be required, for example,
regarding solar radiation;

4. as the off-grid project is still imple-
mented, 1its true costs can only be clari-
fied after a longer time period than now.

Having a data array for a comparatively
short period, it is difficult to make reason-
able conclusions about the adequacy opera-
tion of the off-grid system. Nevertheless,
from the available data it was possible to
draw the conclusion that simulation results
in certain aspects deviated from the real
operation of the off-grid system.

The authors of this publication consider
to obtain data for a longer period and to
carry out a more comprehensive compari-
son of simulation data versus real measure-
ments.

The publication presents an experimen-
tal stand-alone electrical off-grid solution in
Latvia. For the off-grid system discussed
this publication, the most important goals
are the maximum use of all local renewable
energy sources and reliability of electricity
supply. The experimental system in Latvia
showed that it was not feasible to power
an off-grid system solely with renewable
sources. A backup generator, such as a die-
sel or fuel cell system, is necessary to meet
off-grid consumer demand. Theoretically,
this might only be achieved by incorporating
oversized solar, wind, and battery systems.

Real autonomous off-grid system oper-
ational data were analysed, and the follow-
ing was concluded:

1. more attention should be paid to improve
the operation of the off-grid wind tur-
bines. The electricity from the wind is
relatively small part from total consump-
tion. On the other hand, the data show
that the wind speed in the site is not high:

2. attention could be paid to setting the SOC
level of the battery. For the battery to be
able to accommodate the rapidly chang-
ing renewable generation, the battery
should not be charged fully, but to a cer-



tain level. Also. i order not to degrade

the battery, it should not be completely

discharged;

the high granularity operating data (in

minutes resolution) from the off-grid

system are essential for troubleshooting

and assessing the performance of such a

system;

4. Such an analysis showed that it was
mmportant to gather data on off-grid per-
formance in a timely manner in order to
later analyse the results obtained from
the operating system.

(5]

High-quality power supply off-grid and
microgrid systems will have to solve the
same main tasks that are solved by large
energy systems. The project developers must
always have a complete understanding of the
probable consumers’ load values and appro-
priate combination of the energy generating
sources. It is necessary to ensure protection
of systems from accidents, short circuits,
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Eiropas Savienibas (ES) mérki un virziba klimatneitralitates joma rada iesp&jas pla§akai izkliedétas generacijas izmantoSanai un
jaunu tirgus dalibnieku iesaistei elektroenergijas tirgn.. Pieméram, jau Sobrid elektrotiklu sistémas operatori veido savu
darbibas struktaru (skat. 1. attélu ), ieklaujot un nemot véra tadas iesaistitas puses ka pasivos un aktivos lietotajus,
energokopienas, mikrotiklus, agregatorus, virtualas elektrostacijas, platformas balansé$anas energijas un citu elastibas
produktu paligpakalpojumus, elektroenergijas uzkrajéjus u.c. iesaistitas puses, modelé&jot ne tikai energijas, bet arl datu plasmas
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1. attels. Lietuvas sadales tikla operatora (ESO) veidota elektroenergijas sistemas strukrara 2030. gada

Tadéjadi pareiza sistému integracija un normativo aktu ietvars bis svarigs, lai vienkarsotu un vienlaikus lietderigi izmantotu
visus resursus un pieejamas tehnologijas, ka ar1 nodro$inatu augstaku sistemas uzticamibu un stabilitati. Saja raksta analizesim
jaunos tirgus dalibniekus, apskatot tendences regulativaja vidé turpmakajos gados. Starp tiem:

e decentralizétie energoapgades resursi;

e jaunitirgus dalibnieki ka energokopienas, aktivais lietotajs u.c., ka ar1 elektroenergijas kopigo$ana, kas tiek ieviesta ar

grozijumiem Energétikas un Elektroenergijas tirgus likuma.

Decentralizéti energoapgades resursi Latvija

Par decentralizétiem energoresursiem (DER - distributed energy resources) parasti tiek uzskatitas mazas jaudas elektroapgades
tehnologijas, kas razo, uzkraj un parvalda elektroenergiju. Pieméram, saules moduli, mazas véja turbinas, elektriskie
transportlidzekli, mikrotikli u.c.

Zinatniska literatura diskut€, ka plasaka DER izmantoSana varétu uzlabot sabiedribai pieejamo resursu izmantosanas
efektivitati, palielinatu energosistémas noturibu (pieméram, lielu staciju izslégdanas no tirgus gadijuma) un sniegtu
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pateretajiem un kopienam lielaku lomu dekarbonizacijas mérku sasnieg3ana. Tas atbilstu ari Eiropas zalajam kursam un
planiem par drosu, pieejamu un tiru energijas plasaku izmanto$anu. Tomeér DER pieaugums vienlaikus izjauks tradicionalos
elektroenergijas tirgus darbibas principus, un bez pienaciga reguléjuma to priekdrocibas var nebut vienadi jatamas visa
sabiedriba.

Lai gan nav noteikta decentralizétu energoresursu definicija, Latvija par mazas jaudas elektroapgades tehnologijam var uzskatit
mikrogeneratorus, kas paredzéti mainstravas elektroenergijas raZo$anai ar vienas vai tris faZu spriegumu un darba stravu lidz
16 ampériem. Vienas fazes elektrotikla tas athbilst 3,7 kW jaudai, bet tris fazu elektrotikla = 11,1 kW jaudai (A tipa raZo3anas
moduli). Un arl elektrostacijas 1idz 14,999 MW (kas ieklauj A, B un C tipa razoSanas modulus), ko pieslédz pie sadales
operatora tikliem —0,4, 6, 10 un 20 kV sprieguma.

Dazas industriju izpétes liecina, ka DER izmanto$ana Eiropa (tatad ari Latvija) nakotné varétu pat parsniegt centralizéto
generacijas avotu proporciju. Piemeéram, ka $aja izpete, kad pie DER ieklauj saules modulus (<1 MW), véja turbinas (<500
kW), mikroturbinas, tdenraza degvielas $linas, dizela generatorus un gazes katlus (<6 MW), elektroenergijas uzkrajgjus,
mikrotiklus, elektroauto un pieprasijuma reakcijas izmantoSanu.

Jaatzist, ka 1pasi lielu mikrogeneracijas attistibu Latvija var novérot 2022. gada pirmajos ¢etros ménesos, ko noteica batiski
augstaka elektroenergijas cena "Nord Pool” birZa, globalas ekonomikas atguSanas no Covid-19 izraisitas ekonomikas lejupslides
2020. gada del. Tapat ietekmi uz cenu rada geopolitiska situacija —1idz ar Krievijas uzsakto karu Ukraina butiska neskaidriba
valda par turpmakam energoresursu piegadém, meklejot alternativus piegazu avotus. Mikrogeneratoru pieauguma strauja
maina parspéjusi drosmigakas prognozes —no janvara lidz aprilim ieskaitot, sadales elektrotiklam pieslégti 970 mikrogeneratori
ar kopejo jaudu 7,5 megavati (MW). Aprila beigas AS "Sadales tikls" operatora tikla pieslegto mikrogeneratoru skaits sasniedza
3052 pieslegumus ar kopéjo uzstadito jaudu 21,3 MW.

Nemot vera pasreizejas mikrogeneracijas attistibas tendences, AS "Sadales tikls" eksperti prognoze, ka sadales elektrotiklam
jaunpiesleégto mikrogeneratoru skaits 2022. gada sasniegs 4000, taCu visu sistémai pieslegto mikrogeneratoru kopsummai gada
nosléguma parsniedzot 6000, bet kop&jai jaudai = 45 MW. Latvija novérojama liela interese ne vien par mikrogeneratoru
ievieSanu, bet ari saules parku attistibu. 2022. gada aprila beigas kop&ja rezervéta jauda mikrogeneratoru un elektrostaciju
attistibai parsniegusi 670 MW. Péc parvades sistémas operatora datiem, Latvijas sistémas maksimala slodze 2020. gada ziema
sasniedza 1184 MW, bet minimala slodze tika novérota vasara — 463 MW.

Politikas veidotaju, regulatora un citu tirgus dalibnieku galvena loma ir sagatavoties izmainam attieciba uz esoSajiem
elektroenergijas tirgiem. Mainigas un atjaunojamas energijas generacija no vairakiem decentralizétiem avotiem bis
izaicinajums elektrotikla infrastruktiirai, kas izstradata un buvéta, planojot tradicionalas centralizétas sistémas darbibas
principus. Decentralizéta sistéma ar lielu atjaunojamo energijas avotu Ipatsvaru ir mazak paredzama neka centralizéta sistéma,
un elektrotiklu operatori var saskarties ar grutibam, reagéjot uz maksimuma pieprasijumu un piedavajuma mainigumu un
neprognozéjamibu.

Grozijumi Energétikas likuma

Parejai uz tiraku energétiku svarigaka loma turpmakajos gados biis energétikas kopienam. Majsaimniecibas, privatpersonas un
uznémumi kopigi iegulda ar energiju saistitu aktivu attistiba un ekspluatacija. Apléses liecina, ka 11dz 2030. gadam energétikas
kopienam ES varetu piederéet aptuveni 17 % no uzstaditas veja jaudas un 21 % saules energijas. $is kopienas veicina vietejo
ekonomisko attistibu, nodrosina dro$u un pieejamu energiju un veicina vietéjas kopienas savstarpéjo sadarboganos.

Tiesiskais reguléjums energijas kopienam tika ieviests Eiropas tiesibu aktos ar ta saukto Tiras energijas pakotni. Sikak termins
"energijas kopiena" tiek lietots divas ES direktivas saistiba ar:
* "iedzivotaju energokopienu” Eiropas Parlamenta un Padomes 2019. gada 5. junija Direktiva (ES) 2019/944 (Direktiva
2019/944) par kopigiem noteikumiem attieciba uz elektroenergijas iek3éjo tirgu (parstradata versija) un

* "atjaunojamas energijas kopienu" Eiropas Parlamenta un Padomes 2018. gada 11. decembra Direktiva (ES) 2018/2001
(Direktiva 2018/2001) par atjaunojamo energoresursu izmanto3anas veicinasanu (parstradata versija), kas pazistama arl
ka "RED II".

Abiem kopienu definiciju veidiem ir savas lidzibas, pieméram:

https://juristavards Iv/doc/281778-jauni-elektroenergijas-tirgus-dalibnieki-un-tehnologijas-regulativie-izaicinajumi/
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+ kopienas ir tiesibu subjekts, kas izveidots ka juridiska persona (ka uzsverts Direktiva 2019/944, ta "veido jauna veida
vienibu, nemot véra to dalibas strukttru, parvaldibas prasibas un mérkus");

¢ tas efektivi kontrolé to akcionari vai dalibnieki, un

¢ to galvenais mérkis ir nodrosinat vides, ekonomisko un socialo kopienas labumu, nevis finansialu pelnu.

Savukart galvenas at$kiribas starp "iedzivotaju energokopienu” un "atjaunojamas energijas kopienu" ir dalibas kopiena
jautajumos (pirma ir daudz vairak reguléta neka otra):

¢ "atjaunojamas energijas kopienas” sakara ir papildu atruna privatiem uznémumiem, ka to daliba nedrikst buit to primara
komerciala vai profesionala darbiba;

e "atjaunojamas energijas kopienas" akcionariem vai dalibniekiem jaatrodas "atjaunojamas energijas kopienas” piedero$o
un attistito atjaunojamas energijas projektu tuvuma.

"ledzlvotaju energokopienas” sakara §is subjekts ir atbrivots no minétajam prasibam. Turklat "atjaunejamas energijas kopienas"
dalibnieki var kopigi iesaistities vairaku veidu atjaunojamas energétikas jomu parvaldiba (raZzoSana, patérina kontrolé un
energijas pardo§ana, atjaunojamas gazes utt.). Savukart "iedzivotaju energokopienu” darbibas joma paslaik ir ierobeZota ar
elektroenergijas nozari, pieméram, elektroenergijas razosanu, sadali un piegadi, patérina kontroli, agregé$anu, uzkrasanu vai
energoefektivitates un elektrisko transportlidzeklu uzlades pakalpojumiem utt. (tomér tas var mainities lidz ar jauno ES Gazes
direktivas redakceiju). No tikla perspektivas So abu kopienu veidi attéloti 2. attéla.

2. attéls. Kopienas no sistémas operatoru viedokla

No iepriek$ minéta var secinat, ka "iedzivotaju energokopiena" ir tehnologiju neintrala, kameér "atjauncjamas energijas kopiena"
ir limitéta ar atjaunojamas energijas tehnologijam.

2022. gada 14. julija otraja — galigaja — lasijuma Saeima atbalstija par steidzamiem atzitos grozijumus Energétikas likuma,
lai parnemtu abu minéto ES direktivu nosacijumus. Ar reguléjumu energokopienam paredzéts veicinat Latvijas sabiedribas
iesaisti elektroenergijas generacijai. Ar grozijumiem Energétikas likuma tiek paredzéts definét jaunu tirgus dalibnieku
jedzienus:

- atjaunojamas energijas kopiena — energokopiena, kas nodarbojas ar atjaunojamas energijas raZzodanu un kurai pieder vai ari
ta attista vai apsaimnieko atjaunojamas energijas raZosanas iekartas, kas teritoriali saistitas ar atjaunojamas energijas kopienu;

- elektroenergijas energokopiena - energokopiena, kas darbojas elektroenergijas nozarg;

- energokopiena —juridiska persona ar atvertu, demokratisku un brivpratigu dalibu, kuras meérkis ir sniegt vides, ekonomiskus
vai socialus labumus saviem biedriem vai daJu turétajiem, vai teritorijam, kuras tas darbojas; kura darbojas energijas, primari
no atjaunojamiem energoresursiem ieguitas elektroenergijas, ka ari cita veida atjaunojamas energijas razosana, tirdznieciba,
elektroenergijas kopigosana, patérina, pieprasijuma reakcijas pakalpojuma nodrosinasana, elektroenergijas uzkrasana,
elektrisko transportlidzeklu uzlades pakalpojuma, energoefektivitates vai citu energopakalpojumu sniegsana.

Grozijumi Energétikas likuma noteic, ka energokopiena atbilst "atjaunojamas energijas kopienas" vai "iedzivotaju
energokopienas" nosacijumiem, kas nozimé, ka energokopiena var athilst vai nu vienam no minétajiem, vai abiem
nosacljumiem. Tapat ir noteikts, ka energokopienas biedri saglaba tiem noteiktos galalietotaja vai aktiva lietotaja tiesibas un
pienakumus. Aktiva lietotaja definicija ieklauta grozijumos Elektroenergijas tirgus likuma, kas tika atbalstiti vienlaikus ar
grozijumiem Energétikas likuma.

Tapat ari energokopiena detalizétak reglamentéta grozijumos Elektroenergijas tirgus likuma (skatit nakamo sadalu).
Elektroenergijas energokopienas definicija ir plasaka, ka direktiva ietverot arI vidgjos uznémumus. Tas darits ar mérki, lai
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iespé&jami vienadotu abu veidu energokopienu nosacijumus. Mazo un vidéjo uznémumu definéjums atbilst Eiropas Komisijas
(EK) regulas Nr. 651/2014 1. pielikuma noteiktajai definicijai.

Janem veéra, ka likumprojekts nenosaka vienu konkrétu energokopienu juridisko formu =1idzsingja Eiropas pieredze liecina, ka
31 forma var bt visdazadaka: (1) kooperativi, (2) sabiedribas ar ierobezotu atbildibu, (3) nodibinajumi un fondi, (4) majoklu
asociacijas (ipadnieku/irnieku biedribas), (5) bezpelnas uznémumi (tipiski ciemu siltumapgade Danija), (6) publiskas/privatas
partneribas.

Latvijas gadijuma energokopiena var but biedriba vai nodibinajums, kooperativa sabiedriba, ka ari kapitalsabiedriba, kas
nodro$ina atbilstibu normativajos aktos noteiktajam prasibam energokopienai.

Lai energokopienu regul&jums varétu darboties pilna apméra, Ministru kabinetam bis janosaka energokopienu registra
ieklaujamas zinas, registracijas prasibas un kartiba, registracijas vai darbibas izbeigSanas iesnieguma ietverama informacija,
energokopienas gada parskatos sniedzamas zinas, ka ari kartiba, kada energokopienu izsledz no energokopienu registra vai
atkartoti registre. Sie noteikumi ietvers ari kartibu, kada Bavniecibas valsts kontroles birojs ka atbildiga iestade pienems
léemumu par energokopienas ieklauSanu vai izslégSanu no registra.

Savukart Ekonomikas ministrijai turpmak bus iespéja izstradat atbalsta shemas energokopienam, kuras izmantotu
atjaunojamos energoresursus, ievérojot komercdarbibas atbalsta nosacijumus. Saja gadijuma ir bitiski, ka atbalsts bitu
iespéjams ari energokopienam, kas atbilst tikai iedzivotaju energokapienu nosacijumiem, bet vienigi gadijumos, ja tas generés
elektroenergiju no atjaunojamiem energoresursiem.

Grozijumi Energétikas likuma vienlaikus kopigi ar atbalstitajiem grozijumiem Elektroenergijas tirgus likuma un athilstosi
izstradajamajiem Ministru kabineta noteikumiem veidos juridisko bazi, Istenojot energokopienu potencialu. Papildus tam bas
nepiecieSamas investiciju atbalsta programmas un plasa sabiedribas informésana, taja skaita grozijumos paredzétas vadlinijas,
ko bs jaizstrada pasvaldibu vajadzibam.

e

Grozijumi Elektroenergijas tirgus likuma

Majsaimniecibu elektroenergijas paterins veido dalu no kopéja elektroenergijas paterina. Savstarpéja tirdznieciba (peer-to-peer),
ka ari energijas kopigo$ana starp energijas kopienam varétu veicinat Eiropas zalo kursu, tirgojot energijas parpalikumus lokali
vai uzkrajot lieko energiju vélakai izmanto3anai vai tirdzniecibai.

Savstarpéjas tirdzniecibas jeb peer-to-peer termins definéts Direktiva (ES) 2018/2001: "Atjaunojamas energijas tirdznieciba ir
starp tirgus dalibniekiem, izmantojot ligumu ar iepriek$ paredzétiem noteikumiem, kas reglamenté darijuma automatisku
izpildi un norékinu tiesi starp tirgus dalibniekiem vai netiedi caur sertificétu treso tirgus dalibnieku, pieméram, agregatoru.
Tiesibas veikt savstarpéju tirdzniecibu neskar iesaistito pu$u tiesibas un pienakumus, kas tam pastav ka galalietotajiem,
razotajiem, piegadatajiem vai agregatoriem.”

Kopienas un savstarpéja tirdznieciba at$kiras no ta sauktajam "virtualajam elektrostacijam" ar to, ka, pieméram,
elektroenergijas uzkrajéji tiek izmantoti elastibas nodro$inasanai, un elastiba tiek izmantota kopiena, nevis dienas vai
balansé$anas elektroenergijas tirgos.

Grozijumi, kas paredz elektroenergijas kopigo$anu kopienas, paver jaunas iespejas mikrogeneracijas attistibai un sarazotas
elektroenergijas optimalai sadaliSanai, kas ir uzskatami paradits 3. attéla. Taja ir attélota savstarpéjas tirdzniecibas un
elektroenergijas dalidanas kopiena ietekme uz mikrogeneracijas un elektroenergijas uzkrajéju optimalu izmantosanu. Attéla pa
labi (b) ir paradita energijas daliSanas ietekme — atjaunojamas elektroenergijas izmantosana palielinas, salidzinot ar
elektroenergijas uzkrajéja izmantodanu, bez daliSanas iespgjam attéla pa kreisi (a). Tirgojot energiju un daloties ar uzkrajéja
aktiviem, energijas kopienai ir lielaka iespéja efektivak nosegt kopéjo paSpatérinu, nodroS§inat paspietiekamibu, 1idz ar to ir
jaiegadajas mazak energijas no argjiem avotiem.
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3. auels. Elektroenergijas patérina nosegiana ar mikrogeneraciju un elektroenergijas uzkrajeju:

a) pa kreisi —atseviskam patérétajam, b) palabi - ar elektroenergijas dalisanos kopiena

Ka jau tika minéts, 2022. gada 14. julija otraja — galigaja — lasljuma Saeima atbalstija arl grozjjumus Elektroenergijas tirgus
likuma, kura mérkis ir parnemt Direktivas 2019/944 un Direktivas 2018/2001 nosacijumus. Grozijumi Elektroenergijas
tirgus likuma paredz elektroenergijas neto uzskaites sistemas pilnveidoSanu un papildinaanu ar neto norékinu sistému, ka ari
nosaka principus elektroenergijas energokopienu un aktivo lietotaju darbibai.

Ar grozijumiem tiek paredzéts defingt jaunu tirgus dalibnieku jedzienus:

= aktivais lietotajs — galalietotajs, kurs razo elektroenergiju savam vajadzibam un var saraZotas elektroenergijas
parpalikumu pardot, kopigot, iesaistities elastibas pakalpojumos vai energoefektivitates shémas un kur$ nav
energoapgades komersants;

e elektroenergijas kopigoSana — aktiva lietotaja saraZotas un sadales sistéma nodotas elektroenergijas nodosana citiem

galalietotajiem, taja skaita aktivajiem lietotajiem, vai elektroenergijas energokopiena saraZotas un sistéma nodotas
elektroenergijas nodosana elektroenergijas energokopienas biedriem vai dalu turétajiem;

« kopigi darbojosies no atjaunojamajiem energoresursiem iegiitas energijas aktivie lietotaji— grupa ar vismaz diviem
galalietotajiem, kas katrs atseviski ir pieslégts pie elektroenergijas sadales sistémas un pec savstarpé&jas vienosanas savam

vajadzibam kopigi raZzo elektroenergiju no atjaunojamajiem energoresursiem, un kuri rikojas kopigi viena un taja pa3a éka

vai teritorija, kas atrodas viena adresg;

* no atjaunojamajiem energoresursiem ieguitas elektroenergijas aktivais lietotajs — aktivais lietotajs, kurs razo
elektroenergiju savam vajadzibam no atjaunojamajiem energoresursiem.

Neto uzskaites sistémas pilnveido$ana un papildinasana paredzes:

* veicinat juridisko personu, tostarp raZojo$o uznémumu, iesaisti elektroenergijas razosana paspatérinam;

e viena lietotaja objekta saraZoto elektroenergiju varés izmantot citos ta pasa lietotaja objektos, kuriem elektroenergijas
tirdzniecibu nodro$ina viens tirgotajs un kas pieslégti vienam sistémas operatoram;

« neto norékinu sistémas ietvaros tiks noteikts 50 kW jaudas ierobeZojums;

e likumprojekta noteikta Bavniecibas valsts kontroles biroja kompetence administrét komercdarbibas valsts atbalsta
pieskirsanu atbilstosi de minimis nosacijumiem elektroenergijas galalietotajiem neto norékinu sistémas ietvaros;

e  grozijumi paredz, ka neto uzskaite ir veicama ta gada ietvaros, kas sakas 1. marta un noslédzas nakama gada 29. februari
(ieprieks bija no 1. aprila Iidz nakama gada 31. martam).

Tiek paredzeti nosacijumi arl attieciba uz Elektroenergijas kopigo$anu:

«  kopigodanu nodro3inatu sistémas operators atbilsto3i noslégtajam ligumam ar elektroenergijas energokopienu vai kopigi
darbojo$amies no atjaunojamajiem energoresursiem iegutas elektroenergijas aktivajiem lietotajiem;

« elektroenergijas kopigosana notiktu viena tirdzniecibas intervala ietvaros. Tulitéji nepatéréta elektroenergija nav
uzkrajama kopigo$anai cita tirdzniecibas intervala, ta ir pardodama elektroenergijas tirgotajam par vieno$anas cenu;

« sistémas dalibnieku objekti, kas piedalas elektroenergijas kopigosana, vienlaicigi nevarés piedalities neto uzskaites
sistéma, neto norekinu sistéma, ka ari elektroenergijas izcelsmes apliecinajumu sistema;

s sadales sistemu elektroenergijas kopigo$anai izmanto par sistemas pakalpojumu tarifiem, kuri noteikti likuma "Par
sabiedrisko pakalpojumu regulatoriem” noteiktaja kartiba.

Lai regul&jums varétu darboties, Ministru kabinetam bas janosaka:
« kartiba, kada piemérojama neto uzskaites sistéma;
e neto norékinu sistémas izmanto$anas nosacijumi, kartiba, kada ta piemérojama neto norékinu sistéma un veicama

informacijas apmaina starp iesaistitajam pusém tas administré$anas nodro3inasanai, un de minimis atbalsta nosacljumu
piemeérosanas kartiba;
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+ kartiba, kada istenojama elektroenergijas kopigo$ana, un nosacijumi elektroenergijas kopigo3anai.
Rekomendacijas nakamajiem grozijumiem Energétikas un Elektroenergijas tirgus likuma:

+  vainevajadzétu detalizétak atrunat pretrunas starp abam kopienam - "iedzIvotaju energokopienu" un "atjaunojamas
energijas kopienu", apvienojot tas viena. "ledzivotaju energokopiena” ir tehnologiju neitrala, kameér "atjaunojamas
energijas kopiena"” ir limitéta ar atjaunojamas energijas tehnologijam, kam jabat piedero$o un attistito atjaunojamas
energijas projektu tuvuma.

Likuma grozijumus veicot, biitu skaidri jakomunicé ar sabiedribu, jo ipadi par ieguvumiem dalibai viena vai otra neto sistéma —
"Elektroenergijas neto norékinu sistéma" vai "Elektroenergijas neto uzskaites sistéma", uzskatamak paradot at8kiribas starp
tam. Pieméram, 4. attéla ir paradits piemérs par iespéjamiem ieguvumiem, kad tiek uzskaitita ne tikai generéta elektroenergija
un paterin§, bet arl noteikta elektroenergijas vertiba, nemot vera attieciga briza "Nord Pool" elektroenergijas birZas tirgus

vertibu. $aja gadijuma generéta elektroenergija majsaimnieciba—27 kWh, patérins — 32 kWh, pardotais apjoms tirgotajam — 15
kWh (par 3 eiro bez PVN, t.i, tikai par elektribas komponenti), un no tirgotaja iepirktais apjoms =20 kWh (par 5,71 eiro bez PVN,
t.i, tikai par elektribas komponenti). Pareja no "Elektroenergijas neto uzskaites sistémas" uz "Elektroenergijas neto norékinu
sistemu” drizak ieviestu taisnigaku ieguvumu sadalijumu pret tirgotaju, bet patérétajam tas varétu samazinat ieguvumus no
saules energijas izmantoganas sistemu uzstadisanas. $ads secinajums butu speka pie cenu profila, kas attélots 4. attéla (sada
situacija Latvija bus raksturiga nakotne, kad uzstadito saules sistemu jauda bus vairakas reizes lielaka neka $obrid).

+ Nosacijumos vai anotacija varétu tikt skaidrots, ka tiesi tirgotajam lauts noteikt elektroenergijas tirgus vértibu (t.i.,, vai ta
var bt ta saukta vienoSanas cena, fikséta cena vai lidzsvara cena). Viens no izaicinajumiem — ka izveidot taisnigu
ieguvumu sadaliSanas principu, kas butu izdevigs tirgotajam un aktivajiem lietotajiem, gan ari kopienu dalibniekiem, jo
pareja no "Elektroenergijas neto uzskaites sistemas" uz "Elektroenergijas neto norekinu sistemu" ir viens no
méginajumiem, ka Sadu problému risinat.

*  Elektroenergijas tirgus likuma grozijumos vai anotacija batu vélams ieklaut plasaku vértéjumu par sistémas operatora
tiesibam noteikt neto uzskaites sistémas administré$anas maksu, tds apméru un ietekmi uz pasu galveno neto uzskaites
sistémas uzdevumu - ka veicinat no atjaunojamiem energoresursiem iegatas elektroenergijas generaciju.

*  Abos likumu grozijumos tika saskatiti vairaki termini, kurus nakotne butu nepiecie$ams harmonizet, vismaz starp Latvijas
likumdosanu un politikas dokumentiem. Pieméram, "atjaunojama" vai "atjauniga" energija, elektroenergijas "razosana" vai
"generacija” u.c.

+ Ievie$ot energokopienas sistému, sistémas operatoram bitu nepiecieSams izvértét jaunu tarifu aprékinasanas principu
izstradi. Piemeéram, gadijjuma, kad elektroenergijas sadalidana notiek gan vienas kopienas ietvaros, gan starp kopienam.
Vai papildus noteikumus, kas regulé kopienas atbildibu pret radito nebalansu. Sabiedribu vajadzétu ari informeét par to,
kads ieguvums batu no dalibas energokopiena vai elektroenergijas tirdzniecibai starp $adam kopienam.

+  Pieaugot aktivo lietotaju skaitam un mikrogeneracijas sistému jaudai, nedaudz var samazinaties sadales sistémas
operatora ienakumi no elektroenergijas sadaliSanas pakalpojumu snieg§anas (videji par 1/3). Tatu vienlaikus pieaug arl
tikla nodotais elektroenergijas daudzums. Lidz ar to batu nepiecieSama tarifu izvérté$ana, kads butu taisnigs reguléjums,
pieaugot aktivo lietotaju skaitam un mikrogeneracijas sistemu jaudai.

1 publikacija tapusi ar RTU Doktoranturas grantu programmas atbalstu.
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It is believed that the transition to renewable decentralized energy supply solutions (e.g.,
solar panels, storage of electricity in batteries) will help promote the decarbonization of the
energy system. At the same time, it is expected to happen only when society is convinced of
the environmental benefits and when there are enough economic incentives for it. This study
analyses the economic feasibility of transitioning to decentralized renewable energy solutions,
including solar panels and electricity storage. in Latvia. Our research explores potential sav-
ings of these solutions under various scenarios based on different factors. such as national
NETO billing system. financial support scheme, electricity pricing. distribution network tar-
iffs. energy storage options. as well as the impact of the battery energy storage system (BESS)
discharging strategy. The results show that the potential savings can vary depending on these
factors that are changing over time. Nevertheless, the rise in small-scale power generation at
households shows that there is an increasingly rapid transition from centralized electricity
supply to a decentralized supply system. which might indicate that society supports energy
transition.

Keywords: BESS economic feasibility, decentralized energy supply, NETO billing sys-
fems.
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1. INTRODUCTION

Decentralized power supply solutions,
such as solar panels, electric vehicle (EV)
charging stations, and electricity storage
systems (batteries), are becoming increas-
ingly more popular and widely recognized
by numerous countries in their endeavours
to promote environmentally friendly tech-
nologies. The adoption of these technolo-
gies is influenced not only by the national
legislation, but also by other factors, such
as high electricity prices, enhanced elec-
tricity reliability, and the desire to be more
environmentally friendly.

For example, in Latvia, the swift adop-
tion of solar panels in the past few years

was most likely driven by two factors:
firstly, the high electricity prices caused by
geopolitical circumstances in neighbouring
countries (see year 2022 in Figure 1) and,
secondly, the support for renewable energy
resources provided by the Latvian govern-
ment. After the start of the Russia-Ukraine
war, the average electricity price in Latvia
increased to 226.01 EUR/MWh in 2022,
in contrast to 46.28 EUR/MWh in 2019, or
34.05 EUR/MWh in 2020, and 88.78 EUR/
MWh in 2021, respectively. In early 2023,
however, the prices were slightly lower
than those recorded in 2022 [1].
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Fig. 1. Nord pool average day-ahead electricity price in the Latvian trade area [1].

By installing solar panels or small wind
turbines, Latvian residents had the opportu-
nity to receive financial support by means
of the following two support programs:
= the support provided by the adminis-

tered programme of ALTUM ranges

from 700 to 4000 EUR, depending on
the nominal power of the inverter.

* the support provided by the Emission
Allowance Auction Instrument (EKII)
also ranges from 700 to 4000 EUR,
depending on the nominal power of the
nverter.
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Funding from the EKII support pro-
gram 1s only available after the purchase
and installation of the equipment. On the
contrary, to receive the ALTUM support,
one first needs to apply for the programme,
await approval, and then commence the
work. The EKII programme has a total
funding of 40 million EUR, while ALTUM
has a funding allocation of 3.66 million
EUR [2].

These circumstances have led to a situa-
tion where, within a relatively short period,
the total number of microgenerators (mostly



solar) has surpassed 15,000 units (Fig. 2), already exceeding 120 megawatts (MW).
with their combined production capacity

15000 1

10000 4

50004

total number of microgenerators
connected to DSO grid

2019 2020 2021 2022 2023
(mid-June)
year

Fig. 2. Number of microgenerators connected to DSO
(distribution system operator Sadales tikls JSC) grid [3], [4].

The electricity generated by micro- comparable to vehicles with combustion
generators is primarily directed towards engines. However, when renewable energy
enabling households to meet their own  sources are predominant in the energy sys-
energy needs, including charging their  tem, EVs emissions are slightly lower. To
EVs. EVs are widely recognized as one of  truly achieve sustainability in using EVs, it
the most promising solutions to mitigate  is required to shift the future of electricity
environmental impact in the transporta-  towards renewable sources.
tion sector and improve energy efficiency. Among renewable energy resources,
When the electricity for EVs is sourced such as wind and solar power, solar energy
from a grid predominantly powered by  is considered the most promising in the
fossil fuels, their life cycle emissions are context of EV charging (see Table 1).

Table 1. Comparison of Charging EV from Wind or Solar Energy Source [5], [6]

Category Wind energy Solar energy
|| Omborem oors s |l S e et e
where EVs can be charged PP nee dé d

Different power scales: wind turbines in
MW while EV chargers in kW. While

5 on the other hand, with wind furbines Power scales are similar for rooftop PV and EV char-

it could be possible to charge several ger (both kW)
thousand EVs
3 Generation is mos:;z];n winter and night Generation is mostly in daytime and summer

In most scenarios, one advantage of  those operate on direct current (DC) power.
solar energy as well as EV batteries is that ~ However, when it comes to grid integration,
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the standard is alternating current (AC).
This leads to the need for unnecessary
DC-AC-DC conversions, which can result
in energy losses. In contrast, utilizing DC
power directly, without conversion, proves
to be more efficient [5].

In addition to the support available for
installing microgenerators in Latvian house-
holds, there is also financial support avail-
able for individuals purchasing EVs. A grant
of 4,500 EUR is provided when purchasing
a new electric car, while a grant of 2,250
EUR can be received when purchasing used
electric cars and new externally chargeable
hybrid cars. However, there is a purchase
price limit of 60,000 EUR for low-emission
and zero-emission vehicles in their basic
configuration, as stipulated by regulations.
Additionally, there is an extra 1,000 EUR
support available for beneficiaries. who
choose to write off their existing vehicle and
hand it over to a processing company [7].

However, unlike microgenerators and
electric cars, electricity storage systems
(batteries) have not yet been widely adopted
in Latvia, and the government has not pro-
vided financial support for such equipment.
This could be related to the existing NETO
accounting system for microgenerators.
The NETO accounting system has tradi-
tionally allowed for the virtual storage of
electric energy produced by microgenera-
tors, enabling its later use, for example, dur-
ing winter months [8]. Perhaps this is one of
the reasons why batteries have not been so
popular so far.

However, Latvia has recently made
amendments to the Electricity Market Law,
resulting in the introduction of a new and
improved system, called NETO settlement
system. The new NETO settlement system
not only records the amount of electricity
generated and consumed by customers, but
also assigns monetary value to this energy.
The advantages of the new system have

been communicated and include:

» applicability to both households and
legal entities (the previous system
included only private consumers);

+ conversion of electricity produced and
transferred to the grid into monetary
terms, allowing for savings that can be
utilized towards future bill payments or
applied to electricity costs in other con-
nections of the same customer, as per
the conditions of the chosen electricity
service provider;

+ the net savings period is not limited by
law;

+ the freedom to select the most suitable
service provider and the flexibility to
switch between providers:

* active participation in the electricity
market, enabling cost control by tying
the value of energy transferred and
received to market prices and settle-
ment conditions. Encouragement of
consumption habits that maximize the
profitability of electricity production
and consumption. These changes aim
to empower consumers by providing
greater confrol over their electricity
usage and promoting a more economi-
cally advantageous approach to energy
consumption [9].

Although there is extensive informa-
tion regarding the new rules of the NETO
settlement system in Latvia, there is a lack
of detailed explanation for general public
regarding the potential economic implica-
tions for owners of decentralized energy
supply solutions [10].

This publication proposes three hypothe-
ses. Firstly, the introduction of the new NETO
system will reduce the homeowners’ interest in
switching to solar panels. Secondly. the imple-
mentation of the new system has the potential
to motivate homeowners to actively mvest in
and utilize stationary batteries. And, thirdly,



the smart BESS management system will
determine the level of savings achievable by
the storage. This publication could serve as a
useful material for people and policy makers
to evaluate new initiatives for the implemen-
tation of decentralized electricity supply solu-
tions.

The publication compares the previ-
ous NETO accounting system with the new
NETO settlement system. Such an analysis
would allow for a more accurate assessment
of the introduction of new technologies and
prediction of the effect of regulatory enact-
ments on the economic viability of different

situations.

The second chapter examines changes
in the NETO accounting and settlement sys-
tems in Latvia. The hypotheses are defined
and possible directions for future research
are discussed. Section 3 defines the meth-
odology and assumptions used in the two
case studies for mathematical calculations
to evaluate the NETO accounting and set-
tlement systems, as well as BESS discharg-
ing strategy. Section 4 presents the calcula-
tion results, while Section 5 discusses the
results and summarises conclusions from
this work.

2. THE OVERVIEW OF THE CURRENT SITUATION

2.1. NETO Accounting and Settlement System in Latvia

According to the amendments made to
the Electricity Market Law on 16 February
2023, significant changes have been imple-
mented concerning microgeneration pro-
ducers i Latvia.

NETO accounting system (pre-exist-
ing system; Fig. 3): Previously, the law
regulated the NETO electricity accounting
system, which outlined the procedure for
the distribution system operator to settle
payments for electricity produced by users
from renewable energy resources. This sys-
tem applies to the cases when the produced
electricity is not immediately consumed
but transferred to the grid. If the amount
of electrical energy transferred to the grid
exceeds the energy received from the grid,
the excess energy 1s carried forward to the
next billing period within a NETO year
(starts on 1 March and ends on the last day
of February). “Energy storage” can only be
utilized within the same property (for the
specific system connection) where it was
generated. At the beginning of a new NETO
year, all savings are deleted. It is important

(%]

to note that the NETO accounting system is
currently limited to households and is auto-
matically applied after receiving permis-
sion to connect the microgenerator (when
the amendments to the law take effect, it
will be possible to join the scheme until 31
December 2023).

NETO settlement system (new sys-
tem; Fig. 4): The Amendments to the Elec-
tricity Market Law introduced a new NETO
electricity settlement system. This system
not only records the quantity of electricity
produced and consumed by the customer,
but also determines the monetary value of
this energy. If the total value of the elec-
tricity produced, but not immediately con-
sumed (and transferred to the distribution
network) exceeds the value of the electric-
ity received from the same network, the
surplus value can be credited in the subse-
quent settlement period or used for electric-
ity payments in another connection of the
same customer. Both households and legal
entities will be eligible to participate in the
NETO settlement system.
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Fig. 3. Schematic representation of the NETO accounting system — the customer transferred 50 kWh more to
the electricity network than he received from the network. The customer only has to pay the service fee of the
distribution system operator this month, but does not have to pay for electricity [9].
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Fig. 4. Schematic representation of the NETO settlement system —
the electricity trader determines the value of the electricity transferred to the common
power grid and received from the common power grid [9].

The law mandates that electricity trad-  process of developing detailed operational
ers must include the NETO settlement sys- guidelines for the NETO settlement system
tem as part of their trading services. Cur- and determining the date when it will be

rently, the Cabinet of Ministers is in the made available to customers [9].

2.2. Definition of the Problem and Hypothesis

The authors propose three hypotheses panels.
regarding the impact of the new NETO set- *  Hypothesis B: The new NETO settle-
tlement system: ment system is expected to emphasize
*  Hypothesis A: The introduction of the the importance of batteries in enhancing
new NETO settlement system may reduce the profitability of investments in green
the economic viability of installing solar technologies.

24



*  Hypothesis C: The smart BESS man-
agement system will determine the

2.3. Future Research Prospects

In the future, conducting research on the
economic viability of various green tech-
nologies, particularly under scenarios such
as energy arbitrage or their potential inte-
gration with energy communities, would
offer significant advantages and insights.
Currently, energy communities and the con-
cept of electricity sharing have not gamned
significant popularity in Latvia. Moreover,

3. TWO CASE STUDY ASSUMPTIONS

level of savings achievable by the stor-
age capacity.

there is a need for further exploration and
understanding of the development and utili-
zation of virtual power plants. By conduct-
ing additional studies in these areas, we
can gain valuable msights mto the potential
benefits and feasibility of implementing
decentralized energy solutions. This knowl-
edge will play a vital role in facilitating the
transition to a green economy in Latvia.

The first case study considers a single
household as an electricity consumer with
access to an electric grid, solar panels, and
an electricity storage system in various

operating scenarios of the NETO account-
ing system and the NETO settlement sys-
tem. Figure 5 shows a block scheme of the
case study.

Fig. 5. Block scheme of the first case study which compares different operating scenarios of the NETO
accounting system and the NETO settlement system.

The authors compare two NETO sys-
tem alternatives to investigate how poten-
tial household savings change according
to different scenarios, namely, with BESS,
without BESS, with financial support for
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their PV system, and without financial sup-
port for their PV system.

A significant focus 1s placed on electric-
ity prices, which have shown considerable
volatility in recent years and play a crucial



role in determining the economic payback
for the installed electricity supply solutions.
The authors have thoroughly analysed
potential savings, considering the impact
of the new distribution system tariff, which
affects all current customers connected to
the grid of the Latvian distribution system
operator. Additionally, the implications of
the newly introduced special tariff, which is
available free of charge to any user, have
been explored.

To study the new NETO seftlement
system and to compare it with the NETO
accounting system, the following annual
data at a 1-hour resolution were obtained
for one anonymous household from the Lat-
vian distribution system operator Sadales
tikls JSC: date and time, electricity con-
sumption, and electricity generation [11].
The yearly electricity demand of the house-

hold was 11.32 MWh, while solar energy
jected to the gnd reached 4.23 MWh on
an annual basis. Unfortunately, information
about the specific lifestyle and electricity
consumption patterns in the household was
not available, including the usage of vari-
ous appliances. It must also be acknowl-
edged that there is a lack of available data
on electricity production, which households
consume directly from solar panels (the
so-called self-consumption). To ensure a
higher economic benefit, households with
solar panel systems should achieve the
highest possible level of direct electricity
consumption. According to [8], the level
of direct consumption by households in
Europe 1s 20-30 %.

Using input data described above
(including Fig. 5). as well as in Table 2, the
authors analysed all respective scenarios.

Table 2. Input Data and Assumptions of Household Power Supply System [8]. [11]. [12]

Characteristic

Indicator or assumption

Self-consumption 30

%

Solar system capacity and cost

5 kW. 1200 EUR/kw. which have a possibility to receive the
financial support of 2500 EUR.

Electricity storage systems (BESS) energy
capacity, costs, and operation

10 kWh, 7000 EUR. Maximum discharge level —up to 2
kWh, maximum charging — up to 10 kWh. Roundtrip effi-
ciency is considered 90 %

Current magnitude of the input protection
apparatus (IAA) and phases for the electricity
connection

three phases and 25 A

Previous distribution network tarift

charge for electricity supply 0.04076 EUR/kWh
charge for TAA current magnitude 2.4 EUR/A/year

New distribution network tariff

charge for electricity supply 0.03985 EUR/kWh
charge for IAA current magnitude 0.92 EUR/A/month

New special distribution network tarift

charge for electricity supply 0.1594 EUR/kWh
charge for TAA current magnitude 0.37 EUR/A/month

While the second case study considers a
farm as an electricity consumer that is regis-
tered as a legal entity with access to the elec-
tric grid and installed solar panels. In this
case study, the electricity storage system 1s
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added and evaluated for various operating
scenarios of the NETO settlement system.
Figure 6 shows a block scheme of the sec-
ond case study scenarios.
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solar PV, while discharge at the
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consumption
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Second scenario: charging from
solar PV, while discharge at the
same time of the day at higher
electricity prices
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a higher price

o

Fig. 6. Scheme of the second case study in which three scenarios
of the NETO settlement system are investigated and compared using a farm with
installed solar panels as an example.

In the second case study, the authors
compare three alternatives to examine the
best possible scenarios of BESS discharge
possibilities and to evaluate savings that
could be expected from the smart BESS sys-
tem management. In all scenarios, annual
data at a 1-hour resolution were obtained
for one farm of an anonymous customer
from Sadales tikls JSC [11]. The yearly
electricity demand of the farm was 8,279
MWh, while the solar energy injected to

6

the grid reached 17,163 MWh on an annual
basis (see Fig. 7). Unfortunately, like in the
first case study, there is no information on
the specific electricity consumption pat-
terns at this facility, including information
on a contract with an energy trader for the
purchase of the produced electricity. As can
be seen in Fig. 7, on average, the farm pro-
duced more than twice as much electricity
as it consumed.

.

consumption

—— PV generation

electrical energy, kWh
L

'
[

—— clectricity saldo

2000 4000

6000

8000

24 hour moving average, h

Fig. 7. Characteristics of electricity supply at the farm. 24 h moving average
was plotted instead of the raw hourly data to improve
the visual clarity of the plot [11].

Using data described above (including
Fig. 6 and Fig. 7), as well as in Table 3, the
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authors have analysed all three scenarios.



Table 3. Input Data and Assumptions of the Farm Power Supply System [11], [12]

Characteristic

Indicator or assumption

Electricity storage systems (BESS) energy
capacity. costs, and operation

Energy capacity 15-30-50 kWh, and 10 kW power capacity
with capex 225 EUR/KW and 600 EUR/kWh accordingly.
BESS charging and discharging efficiency — 95 %

BESS degradation

1.5%

New distribution network tariff

+ charge for electricity supply 0.03985 EUR/kWh
» charge for IAA current magnitude 0.92 EUR/A/month

Electricity price

Three scenarios analysed with different electricity prices —
the 2018 and 2022 season Nord pool exchange prices. Value
added tax is not considered.

The significance of selecting the opti-
mal operational mode and energy capacity
for BESS 1s becoming a progressively more
important topic for discussion. This analy-

4. ASSESSMENT RESULTS

sis aims to approximate the advantages of
installing a BESS in a power system that
already incorporates solar panels.

4.1. The First Case Study - NETO Accounting System

In Figure 8, the potential savings from
solar panels using the NETO accounting
system are illustrated. The graph shows the
savings based on the current distribution
network tariffs and the new ones, as well as
considering scenarios with different elec-
tricity prices — the 2019-2020 and 2022—
2023 season Nord pool exchange prices,
fixed electricity price (150 EUR/MWh)
and a scenario with the DSO special tariff.
Note that the “Special” tariff is intended
for households with very small or seasonal
electricity consumption. It is assumed that
a special tariff is used for three months
(June, July and August), leaving the basic
tariff for the remaining months. The special
tariff includes a smaller fixed part (capacity
maintenance fee, EUR/month); however, it
has a higher variable share (charge for elec-
tricity supply, EUR/kWh) compared to the
basic tariff.

The calculation algorithm has been
developed to assess potential savings when
compared to a scenario where no solar pan-
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els are employed and with a relevant DSO
tariff. In this case, BESS is not integrated
into the system. This algorithm encom-
passes both the fixed component (averaged
across the total annual consumption) and
the variable part of the distribution network
tariff, factoring in the per-consumed kilo-
watt-hour, when computing potential sav-
ings. Accumulated savings are represented
by the bars, while the horizontal lines show
the investment in the solar panel system
with and without the financial support of
the government (assumed to be 2500 EUR).

Figure 8 shows that the lowest poten-
tial savings are made in the scenario in
which the 2019-2020 Nord pool electric-
ity exchange prices are adopted (the lowest
at the old DSO tariff). It can also be seen
that with the Nord Pool prices of the 2022-
2023 season and with the new DSO tariff,
the savings could exceed the investments
made already starting from the third year,
in the case of receiving state support for the
installation of solar panels. The significant



potential for savings arises from the Nord
Pool prices during the 2022-2023 season.
In all scenarios, it can be seen that the old
taniff system would slow down the savings
for the solar panel system, meaning that the
new tariff system is more beneficial (as it
is more expensive). While it is true that, in

certain scenarios, the “special” tariff offers
greater benefits when compared to the fixed
electricity price with both old and new DSO
tariffs, it is important to acknowledge that,
overall, the electricity price remains the
primary determinant in influencing the sav-
ings.
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Fig. 8. Potential savings under NETO accounting system with no BESS in a 7-year period.

Figure 9 shows the potential savings
when a BESS system is installed in parallel
with solar panels. The algorithm assumes
that electricity 1s consumed from the grid
only when it has reached a discharge level
of 2 kWh in the installed BESS system.
Similar to the scenario shown mn Fig. 8, it

can also be observed here that the old tar-
iffs and low electricity prices slow down
the potential savings. At the same time, it
is possible to achieve savings at the Capex
level in the case of state financial support or
high electricity prices for seven consecutive
years.
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Fig. 9. Potential savings under the NETO accounting system with BESS in a 7-year period.



Unlike before, when there was no BESS
system, having a BESS system and a fixed

electricity price in this case does not lead to
savings equal to the initial investment.

4.2. The First Case Study - NETO Settlement System

A similar algorithm has been created
for the assessment of the NETO settlement
system. In this case, it is assumed that
excess electricity 1s sold to the electricity
trader at a relevant Nord pool price. The
potential savings of the NETO settlement
system are shown in Fig. 10, where the
bars represent accumulated savings, and
the horizontal lines show the investment
in the solar panel system with and without
financial support. In Fig. 10, BESS is not

12000

integrated into the system. As can be seen,
electricity prices have a significant impact
on potential savings, i.e., at low market
prices and even with subsidies, a solar panel
system may not pay off during seven years.
Conversely, at high electricity rates and
the new DSO tariff, such a system would
pay off at around the third year. It can be
observed that the savings achieved with the
new tariffs are slightly higher than those
with the old tariffs.
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Fig. 10. Potential savings under the NETO settlement system with no BESS in a 7-year period.

Figure 11 shows the potential savings
with BESS. Again, the algorithm assumes
that electricity is consumed from the grid
only when it has reached a discharge level
of 2 kWh in the installed BESS. It can be
observed that the new tariffs increase the
potential savings also in this case. At the
same time, it is possible to achieve savings
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at the Capex level only in the case of state
financial support and with high electricity
prices.

At low electricity prices, in this case,
savings up to the Capex level can hardly be
achieved. It could happen only at high elec-
tricity rates.
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Fig. 11. Potential savings under the NETO settlement system with BESS in a 7-year period.

4.3. The Second Case Study - The BESS Management System

In the second case study, three algo-
rithims have been developed to evaluate
savings from different BESS discharge and
charge management approaches. Energy
storage capacities have been assumed and
varied — 15, 30, and 50 kWh. This, the
second case study, involves a farm oper-
ating under the NETO settlement system,
equipped with a pre-existing solar panel
system.

In the first scenario, the BESS is charged
using solar PV, and discharge occurs as soon
as there is an opportunity for self-consump-
tion. The second scenario involves charg-
ing from solar PV but discharging during
peak electricity pricing hours. In the third
scenario, the BESS is charged at the lowest
electricity rates and discharged when prices
are higher.

seenario 1 seenario 2

seenario 3

savings from added BESS, EUR
g

BESS storage capacity

15 KWh

. KWL

50 kWh

2018 2022 2018 2022
year

2018 2022

Fig. 12. Potential savings for three different scenarios with BESS. Years — 2018 and 2022 — represent different
electricity prices based on which calculations have been made.
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The analysis is conducted using the
new tariffs of the DSO, as well as sepa-
rately considering the 2018 and 2022 Nord
Pool electricity exchange prices in the Lat-
vian electricity trading area. Unlike the
first case study, this analysis excludes the
consideration of value-added tax. Figure 12
illustrates the potential savings of installing
BESS across all three scenarios.

In the case of the first scenario, the
results show that by creating an additional
BESS system, marginally higher savings
can be achieved in the case of a larger BESS
capacity and lower electricity prices, which
were lower in 2018 than in 2022 (the aver-
age price in 2018 was 49.89 EUR/MWh,
while 1 2022 it was 226.32 EUR/MWh).

When considering the second scenario,
the results show that neither the BESS
energy capacity nor the electricity prices of

5. DISCUSSION AND CONCLUSIONS

2018 or 2022 lead to a significant difference
in savings. Overall, the savings are very
similar.

On the other hand, in the third scenario
there is a significant discrepancy between
savings made m 2018 and 2022, as a result
of different electricity prices. At the prices
of 2018, the savings were estimated to be
negative, which could be related to the fact
that in 2018 the changes in electricity prices
during the day were relatively small, unlike
in 2022. This scenario also highlights how
the savings are affected by the choice of the
energy capacity of the BESS system used:
for example, in 2022, the difference in sav-
ings between the 15 and 50 kWh BESS 1s
500 EUR. In general, in 2022, the greater
the installed BESS energy capacity was, the
greater the savings were.

Although the Cabmet of Ministers in
Latvia is still in the process of develop-
ing detailed regulations (they have not yet
come into effect) for the operation of the
NETO settlement system, including the
date at which the NETO settlement system
will become available to customers, it is
theoretically possible to predict how it will
affect the potential savings from the use of
decentralized electricity supply solutions.

When comparing yearly savings at the
NETO accounting system without BESS
to the NETO settlement system without
BESS under the new DSO tariff, it is evi-
dent from the results that the difference in
potential savings is not large and varies
from +8 % to +15 % for the 2022/2023 and
2019/2020 electricity prices, respectively.
For example, if we consider the 2022/2023
electricity prices, then in seven years one
could save around 10 166 EUR and 11 079
EUR using the NETO accounting system

(%)

1%}

and the NETO settlement system, respec-
tively. Similarly, using the same approach,
for the 2019/2020 electricity prices, the sav-
ings could be 2 459 EUR compared to 2 904
EUR. In the case of the NETO accounting
system, it is worth considering a scenario
with a fixed electricity price (150 EUR/
MWh), which would result in potential sav-
ings of 6 690 EUR. Despite the significant
potential for savings, the choice of the spe-
cial tariff should be individually assessed
with caution, as it offers benefits to the con-
sumer only when their electricity consump-
tion from the grid 1s exceptionally low.

The analysis has clearly shown that
when electricity prices are higher, savings
increase significantly. When this happens,
there is less need for financial help from
the government. Hence, it is reasonable to
consider focusing the governmental support
for cases when it 1s harder to make green
solutions like BESS profitable, as this is



where the help would be most effective.
In addition, it can also be concluded from
Figs. 8-11 that distribution tariffs can affect
the payback of solar panels, but on a much
smaller scale. In the case of the new DSO
tariffs, the savings of the solar panel system
will be higher compared to the old DSO tar-
iffs.

When we compare the NETO account-
mg system with BESS to the NETO settle-
ment system with BESS at the new or old
DSO tariff, it is clear that the difference in
potential savings is not very large either. For
example, if we consider the 2022/2023 elec-
tricity prices and the new DSO taniff under
the NETO settlement system around 14 800
EUR could be saved in seven years, while
under the NETO accounting system it might
be possible to save approximately 13 324
EUR. Similarly, using the same approach
for 2019/2020, the savings could reach 5
127 EUR compared to 4 759 EUR. Under
the NETO accounting system and with a
fixed electricity price (150 EUR/MWh), 1t
could be possible to achieve potential sav-
ings of 9 759 EUR. While there are cases
when the savings could eventually cover
the initial BESS system investment, in most
situations, buying BESS may not lead to a
quick payoff.

To improve the battery payback, differ-
ent BESS management strategies have been
considered, and the savings directly gener-
ated by an installed BESS system have been
calculated.
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The Energy Trilemma Index as a tool to support national security
of energy system towards climate neutrality

Author: Karlis Gicevskis™"

‘Co-authors: Edgars Groza ; [nese Karpovica ; Edgars Smiltans

The World Energy Council’s (WEC’s) Energy Trilemma Index tool ranks 127 countries on their en-
ergy system performance through 3 dimensions: energy security, energy equity, environmental
sustainability. The goal of the Index is to provide insights into a country’s relative energy system
effectiveness in each dimension and together. Highlighting challenges and opportunities for im-
provements, for example, regarding the transition to renewables, where new challenges might arise.
Without disclosing original methodology of Energy Trilemma Index, this research reviews status
quo of Latvian national energy security dimension. The aim of this study is to investigate Latvian
energy security dimension to assist decision makers describing the key points that can move the
energy sector onto safer ground. The dimension of energy security considers various sub-indicators
that covers the effectiveness of management of domestic and external energy sources, along with
the reliability and resilience of energy infrastructure. Up to ten-year period retrospective analysis
of statistical records of those indicators as well as Latvian and foreign scientific and professional re-
search studies was revised by authors and discussed with another 12 experts from a programme “The
Future Energy Leaders Latvia” organized by the Latvian WEC committee. In conclusions, authors
highlight most important opportunities and potential risks of no actions for Latvian energy security
dimension. Authors also acknowledge need for new sub-indicators to represent an evolving energy
system in transition.
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The Energy Trilemma Index as a tool
to support national security of energy
system towards climate neutrality

Authors: Karlis Gicevskis, Edgars Groza, Inese Karpovica, Edgars Smiltans
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Background Aim and methods
The Energy Trilemmma A look on how to upgrade
Index as a tool the energy sector
Analysis Conclusion
Statistical records and Improvements still are

energy experts required

Background

“The Energy Security “The Energy Equity Score* “The Environmental Sustainability Score*
Score®
Country Score Country Score Country Score
1.Canada 77.5 1.Qatar 99.9 1.Switzerland 88.2
2.Finland 75.3 1.Kuwait 99.8 2.Sweden 86.3
3.Romania 74.1 1.UAE 99.8 3.Uruguay 85.4
4.Latvia 74.9 2.0man 96.6 4 Norway 84.4
5.Sweden 74.5 2.Bahrain 99.6 5.Panama 83.7

44 Latvia 78.1 34.Latvia 70.9




The aim and methods

Aim. The aim of this study is to investigate Latvian energy security dimension to
assist decision makers describing the key points that can move the energy sector
onto safer ground.

Methods. The dimension of energy security considers various sub-indicators that
covers the effectiveness of management of domestic and external energy
sources, along with the reliability and resilience of energy infrastructure. Up to
ten-year period retrospective analysis of statistical records of those indicators as
well as Latvian and foreign scientific and professional research studies was
revised by authors and discussed with another 12 experts from a programme
“The Future Energy Leaders Latvia” organized by the Latvian WEC committee.
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Diversity of electricity generation
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Results

Indicators F:stt'r;gzr'g Opportunities and risks for Latvia
Diversity of primary energy not -more solar, wind capacities, new energy carriers (like hydrogen, synthetic fuels, etc.)
supply changing | -greater energy dependence and new high price disruptions
|mport dependence increasing -stronger focus on energy efficiency, use of biofuels
-system would further heavily relay on energy imports
Diversity of suppliers increasing -close energy integration with neighboring countries (new markets and platforms)
-unsecure and not trustful suppliers who uses dominant state
Diversity of electricity not -access to market for demand response, electricity storage, virtual power plants
eneration changing | -not flexible and modern generation underlies weak performance
oy not -diversity of supply and stocks / storage levels
Energy storage for ol changing -unsecure and%potytrustful suppliers rr?ay use dominant state
Energy storage for gas notv -infrastructure sharing and integration with neighbours
changing | -operational costs may lay mainly to local consumers
(SlriltselrerT §tabll'ty 2= SAlE increasing | -digitalisation of infrastructure, new data centres and data policy
ptions) and SAIDI ¥ 2 + 5 !
slowly -not improved ratings, inefficient and costly system operation

(outage duration)

N

Opportunities

1. Reinforce auxiliary service provision

he)

» W

Develop national storage strategy
. Diversify primary energy sources — independency

Develop clear plan for decarbonization of its energy system




Conclusions

Table 3: Top 10 Rank Performers

in Energy Security
@ TOP10 RANK PERFORMERS
O coc 75 Improvements are required
@ Finland 753
g f:t::"'a ;j‘g New energy security issues
© sweden 745
O e 735 Clear plan for energy system development is needed
@ United States 733
© Bulgaria 731
© CiechRepubiic 728 New indicators for security index assessment
[ Germany ns

Source: World Energy Council
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Appendix VII

PEP aktualitates

Pasaules energétikas
trilemmas indekss:

globala pieredze lokalu
risinajumu meklejumos

LATVIA

WORLD
ENERGY
COUNCIL

Pasaules Energijas padomes izstradatais pasaules energétikas trilemmas indekss ir viens no pasaulé pazistamakajiem
indeksiem, ar kura palidzibu tiek mérits dazadu valstu sniegums energétika, un tas lauj érti salidzinat tadas energoapgades
“disciplinas” ka energétikas vides ilgtspéja, energétikas drosiba un energijas pieejamiba.

Bet vai indeksa izstradé radito metodiku un zinasanas ir iespéjams izmantot par bazi, lai veiktu vél padzilinataku
analizi un rosinatu precizakus un fokusétakus ricibas ieteikumus jau konkrétas valsts limeni? Pie 3i jautajuma izpétes,
risinasanas un priekslikumiem ir kérusies Pasaules Energijas padomes Latvijas komitejas pasparné izveidotas programmas
“Nakotnes energétikas lideri Latvija” (NELL) dalibnieki - jaunie energétikas nozares uznémumu specialisti.

Nav noslépums, ka nereti valstis, neskatoties uz lidzigu iegato
pasaules energétikas trilemmas indeksa vértibu, savu faktisko
energétikas politiku isteno |oti dazadi, izvéloties daudzveidigus
politikas instrumentus. Spilgts piemérs tam ir Latvija un Lietuva,
kuru uzraditas indeksa vértibas ir saméra tuvas, turklat Lietuva
sasniegusi pat nedaudz augstaku vértibu, savukart izvélétie ener-
getikas politikas instrumenti ir bijusi ievérojami atskirigi.

Jaatgadina, ka Lietuva vésturiski lénak liberalizéja savu

[T ENERGIJA UN PASAULE

elektroenergijas tirgu un elektroenergijas apgades joma liela-
ku uzsvaru ir likusi uz parvades jaudu attistibu un dabasgazes
infrastruktaras investicijam. Savukart Latvija ir veikusi salidzi-
najuma lielakas investicijas elektroenergijas razosanas jaudas
un agrak sakusi atvert elektroenergijas tirgu konkurencei.
Kuri no politikas soliem uzlabo valsts energétikas novértéju-
mu visstraujak, un vai tie spés nodrosinat labu sniegumu ari
ilgtermina? Kuriem no politikas soliem ir izradijies vislielakais
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svars indeksa vértibas noteiksana, un ka katrs no politikas so-
liem ietekme katru no energijas indeksa komponentém, piemeé-
ram, ilgtspéju vai pieejamibu? Tie ir tikai dazi no jautdjumiem,
ar kuriem jasaskaras pétniekiem, vértéjot un interpretéjot valstu
sniegumu, it ipai paturot prat, ka isaka termina nereti lidzigu
rezultatu atseviskas jomas var dot pat klaji atskirigi vai viens
otru izsledzosi politikas instrumenti.

Pieméram, daudzu valstu pieredze rada, ka energijas eko-
nomisko un socialo pieejamibu galalietotajiem var veicinat
gan konkurences attistiba, gan cenu regulacija, gan ari no-
doklu politika. Tomér kur$ no risindgjumiem ir ilgtspéjigaks,
industrijas un lietotaju intereses sabalanséjosaks un kurs, sa-
vukart, ir labveligakais vides ilgtspéjai?

Uz Siem jautajumiem atbildes biezi vien ir labak meklét jau
nacionala liment, jo tas var slépties ari lokalos ekonomiskajos, so-
cialpolitiskajos un geografiskajos faktoros, pieméram, valstjj rak-
sturigaja klimata, socialaja struktara vai ari majoklu kvalitaté. Tiesi
$o iemeslu dé| energetikas trilemma ir neaizstajams instruments,
kas mudina pétniekus un ekspertus no kopigajam, globalajam un
regionalajam tendencém un atzinam pakapeniski pariet uz jau lo-
kalu atbilzu meklésanu.

Kops 2010. gada Pasaules Energijas padome (turpmak —
PEP) verte 128 pasaules valstis péc vienotas metodologijas, lai
izsekotu valdibu pienemto lemumu ietekmi uz energetikas sis-
tému kopuma un trim lielakajiem energétikas sektora izaicina-
jumiem, proti, energétikas droSumu, ilgtspéju un pieejamibu.

So izaicindjumu novértéjumu kopums, kas ir atspogulots
ar noteiktiem statistikas raditajiem no uzticamam datubazém,
veido energétikas trilemmas indeksu. Pec PEP energetikas tri-
lemmas indeksa novértgjuma 2021. gada Latvija ierindojas 20.
vieta no 128 valstim, pakapjoties par divam pozicijam salidzi-
najuma ar 2020. gadu.

Atbilstosi PEP vértéjumam Latvijai ir loti laba situacija at-
tieciba uz “drouma” dimensiju - Latvija ienem ceturto no
128 vietam pasaules valstu reitinga. Latvijas energétikas tri-
lemmas indeksa dimensijas “pieejamiba” vértiba ir zemaka no
Baltijas valstim, aiznemot 44. vietu ranga. Savukart “ilgtspéjas”
dimensija Latvija ir ierindota 34. vieta.

Trilemmas indeksa vizualizacija

Veseligas energosistémas ir drodas, taisnigas, ilgtspéjigas un
videi draudzigas, un tas demonstré lidzsvaru starp visam trim
trilemmas dimensijam: energoapgades drosibu, vienlidzigu pa-
kalpojumu pieejamibu un vides ilgtspéju [1].

Energoapgades drosibas dimensija nosaka valstu spéju apmie-
rinat padreizgjo un turpmako energijas pieprasijumu, izturét un
atri atgaties no sistémiskiem satricindjumiem ar iespéjami maza-
kiem energijas piegades traucéjumiem. Sidimensija aptver iekigjo
un aréjo energijas avotu parvaldibas efektivitati, ka ari energétikas
infrastruktaras uzticamibu un noturibu [1].

Energoapgades drosibas indeksu veido tris galvenie raditaji
® imports - valsts atkariba no energoresursu importa kopéja
energijas patérina un piegadataju dazadibas;
® clektroenergijas generacijas avotu daudzveidiba — generacijas
avotu daudzveidiba, ar kuriem valsti tiek nodrosinata elektroapgade;
® energijas uzglabasanas iespéjas — valsts spéja apmierinat savu ener-
gijas (dabasgazes un naftas) pieprasijumu, nemot véra valsti pieejamo
infrastruktiiru, ieskaitot uzglabasanas un parstrades jaudas [3].

Daudzas valstis joprojam liela méra palaujas uz energijas
importu, lai apmierinatu savu nepartraukti augo$o energijas
pieprasijumu. Investiciju un resursu trikuma, ka ari nestabilas
elektroenergijas generacijas dél energoapgades drosibas limenis
tajas joprojam ir zems. Turklat biezi vien starpvalstu politiska ne-
uzticéSands apgratina starpsavienojumu un citu veidu energijas
infrastruktaras attistibu.

Valstis, kuras koncentréjas uz izmantoto ener-
gijas veidu dazadosanu, energoefektivitati un ie-
guldijumiem infrastruktira, uzlabo ari droSuma

6t Aspogule  valstu  spiju  nodrodindt
trodi padreitdjo  un  nkotnes  energijas
pieprasijumu, izturEt un 8tri atgiities no.
sistémas satricindjumiem ar minimaliem
piegades traucdjumiem
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parametrus. Stabils resursu nodrosinajums, ka ari
jau minéta energijas generacijas avotu dazadosana
un ciesa energétikas infrastruktaras integracija ar
kaiminvalstim novérojama valstis ar augstu ener-
goapgades drosumu. Ir skaidrs, ka Sobrid uzmaniba
japievers ari talakai iespéjamajai dekarbonizacijai un
zalajam kursam, lai turpinatu resursu diversifikaciju
un nodrodinatu lielakas iespéjas valsts energijas pie-
prasijumu segt no vietéjiem resursiem [2].

Latvija $obrid ierindojas pasaules energoapga-
des drosibas fop 10 ceturtaja pozicija, kura parsvara
dominé citas Ekonomiskas sadarbibas un attistibas
organizacijas (OECD) un Eiropas Savienibas (ES)
dalibvalstis (skat. 1. tabulu).

Kanada un Rumanija gast labumu no ta, ka tas ir
ogladenraza ieguvéjas. Kanadai ir vairak nozimigu
un daudzveidigu dabas resursu, savukart Rumanija
ir guvusi labumu no dalibas ES, uzlabojot savu ener-

ENERGIJA UN PASAULE
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1.tabula
Pasaules energoapgades drosibas top 70 (%)
Valsts %

1. Kanada 775
2 Somija 753
3. Rumanija 751
4. Latvija 749
5. Zviedrija 745
6. Brazilija 73,5
7. ASV 733
8. Bulgarija 731
9. Cehija 728
10. Vacija 719

getikas politiku un starpsavienojumu iespéjas. Somija, iespéjams,
ir visinteresantaka no topa pirmo tris poziciju valstim, tai ir mazak
dabas resursu, tacu ta loti koncentréjas uz energétikas sistémas
dekarbonizaciju, samazinot fosilo un palielinot saules un véja ge-
neraciju. Savukart mazakam Eiropas valstim daliba ES ir izradijies
nozimigs veiksmes faktors energetiskas drosibas uzlabosanai. Ipasi
svarigi tas ir bijis Baltijas valstim, taja skaita ari Latvijai.

Energetiska drosiba kopuma tradicionali centréta ap naf-
tu, bet trilemma piedava plasaku definiciju, nemot véra ari
citus energétikas virzienus un noturibas aspektus, kas rodas,
energétikas sistémam klastot decentralizétakam, digitalizétam
un dekarbonizétakam. Bez saubam, energétiska drosuma de-
finicijai jaturpina attistities, ietverot jaunus risindjumus un
iespéjas, ko rada energijas pareja.

Pandémijas pieredze, iespéjams, mainis to, ka valstis uztver
energétisko drogibu. Energeétikas sektors ir pieradijis, ka pande-
mijas apstaklos spéj nepaklauties butiskam svarstibam un nodro-
sinat pastavigu energoapgadi elektroenergijas, siltuma un kuri-
nama veida. [zgaismojas energosistémas stabilitate. Lai uzlabotu
dro$uma indeksu, batu lietderigi noteikt papildu kvantitativos
raditajus paraléli kvalitates raditajiem, pieméram, elastibai, lidzigi
ka tas ir ar SAIDI (vidéjais elektroapgades partraukumu ilgums
(min.) vienam klientam gada) un SAIFI (vidéjais elektroapgades
partraukumu skaits vienam klientam gada) [2].

Nesenais kiberuzbrukums Colonial Pipeline ir izgaismojis ener-
gijas piegades sistemu darbibas traucgjumu draudus un nepiecie-
Samibu apsvért, ka attistit piemérotus un izméramus kiberdrosi-
bas darbibas raditajus. Lidz ar to butiska loma tiek pieskirta ari
kiberdrosibai, 2021. gada pirmo reizi ieklaujot o butisko poziciju
padomes pasaules energétikas monitoringa [2].

Energoapgades drosiba Eiropa

No visiem trilemma ieklautajiem raditajiem energoapgades
drosiba vesturiski vissliktakie raditaji ir bijusi Eiropas regionam.
Tomer kopéja energoapgades drodibas tendence ir augsupejosa,
galvenokart pateicoties energijas uzglabaSanas izmantosanas pie-
augumam un elektroenergijas razosanas diversifikacijai.

Viens no butiskikajiem energoapgades drosibas raditajiem,
kura Eiropa joprojam nesasniedz globalo vidgjo raditaju, ir atka-
riba no importa. Kops 2013. gada visas 27 ES dalibvalstis ir neto
energijas importétajas. ES atkaribas limenis no energijas importa

] ENERGIIA UN PASAULE

ir palielinajies no 56 procentiem 2000. gada lidz 61 procentam
2009. gada, un ES atkariba no tresam valstim dabasgazes piegade
pieaug ievérojami straujak salidzinajuma ar cieto fosilo kurinamo
un jélnaftu taja pasa perioda.

Viens no ES Energétikas savienibas pilariem ir palielinat starp-
savienojumu jaudu, lai paaugstinatu parrobezu energijas plasmas.
Savienojot pieprasijuma, piedavajuma un uzglabasanas jaudas lie-
los geografiskajos apgabalos, starpsavienojumi sekmés atjaunigo
energijas avotu izmantosanu, vienlaikus veicinot piegades drosibu.
Arienergoresursu diversifikacija ir viens no energoapgades drosi-
bas raditajiem, kas jauzlabo Eiropas energeétika.

Pieaugot bazam par elektroenergijas pieprasijuma un piega-
des lidzsvaru, ES var bat nepiecieSami ilgtermina cenu signali,
kas veicinatu investiciju pievilcibu. Ir vajadziga arlenergijas tirgus
modelu attistiba, lai nodrosinatu ilgtermina mehanismus, kas ne-
pieciesami jaunam, dekarbonizétam razoSanas jaudam, stiprinot
elektroenergijas piegades drosibu Eiropa.

Izmantotie avoti
1] htps: it i gy-tlemma-indey

200021 ot
[3] htps://ri LatviaGyear=2021

E. Groza, E. Smiltans, K. Gicevskis, |. Karpovica

Energijas pieejamiba

Vel viena no energétikas trilemmas dimensijam ir energijas
pieejamiba, kas lauj izvértét valsts spéju nodroinat visparéju
piekluvi energijai, tas kvalitati un cenu pieejamibu gan majsaim-
niecibam, gan komercialajam sektoram. Energijas pieejamibas di-
mensija tiek iedalita tris kategorijas — energijas piekluve, piekluve
kvalitativai energijai, energijas cenu pieejamiba un konkurétspeja
— un tiek vértéta pec to raditajiem (skat. 1. att. ) [3]

Piekluvi energijai vérté péc Sadiem ra
@ piekluve elektroenergijai - elektroenergijas pieej am_lbas nodro-
§inasana ir batiska Katras valsts ilgtspéjigai attistibai un nabadzi-
bas samazinasanai. Raditajs atspogulo iedzivotaju dalu, kuriem ir
pieejama elektroenergija;
® piekluve tirai energijai un tehnologijam édiena gatavosanai —
raditajs ir butisks ilgtspéjas attistibai un nabadzibas samazinasanai.
Tas atspogulo iedzivotaju dalu valsti, kuri izmanto tiru kurinamo
un tehnologijas édiena gatavosanai.

Piekluvi kvalitativai energijai, savukart, vérté péc raditaja “pie-
kluve masdienigai energijai”. Tas atspogulo informaciju par elek-
troenergijas patérinu majsaimnieciba uz vienu iedzivotaju gada.

Energijas cenu pieejamibu un konkurétspéju vérte pec
$adiem raditajiem:

o elektroenergijas cenas — tiek nemtas véra majsaimniecibu elek-
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troenergijas cenas un elektroenergijas cenas industrija;

® degvielas cenas - tiek nemtas véra benzina un dizeldegvielas cenas;
® dabasgazes cenas - tiek nemtas vera dabasgazes cenas majsaim-
niecibam un industrija;

® clektroenergijas cenu pieejamiba iedzivotdjiem - atspogulo
iedzivotaju spéju atlauties térét elektroenergiju. Tas galvenokart
attiecas uz majsaimniecibam, vietam, kuras iedzivotdji uzturas
ikdiena. Apaksraditaju aprékina tikai tam valstim, kuras elektro-
energijas piekluves limenis ir lielaks par 90 procentiem.

Pirmaja tabula sniegts pasaules valstu World Energy Trilemma
Index 2021 top 10 péc energijas pieejamibas rezultita. Ka redzams,
visaugstakais rezultats ir Katarai, Kuveitai un Apvienotajiem Arabu
Emiratiem (AAE), t. 1, 99,9-99,8. Parsvard $aja topa redzamas valstis,
kas ir bagitas ar fosilajiem un atjaunigajiem energoresursiem. Gan
Latvijas, gan Lietuvas un Igaunijas nav $aja saraksta [4]. Atbilstosi ak-
tualajai informacijai par valstu profilu [3] Latvija energijas pieejamiba
ir 78,1, kas atbilst 44. vietai pasaules valstu kopéja reitinga.

Tiesa, rundjot par pieejamibas raditaja komponentém, “fiziska
pieejamiba (piekluve) energijai” Latvija ir viena no labakajam pasau-
le. “Piekluve kvalitativai energjai” ir proporcionali mazaks ietekmes
raditajs, un tas parada majsaimniecibu elektroenergijas patérinu uz
iedzivotaju skaitu, tadéjadi atspogulojot elektroiericu daudzumu, ko

1. tabula
Pasaules valstu top 10

péc enerdijas pieejamibas rezultata [4]

Rangs Valsts Energijas pie-
ejamibas rezultats

1. Katara, Kuveita, AAE 99,9-99,8
2. Omana, Bahreina 99,6

3. Islande 99,2

4. Luksemburga 99

5. Trija 98,4

6. Sveice 98

7 Sauda Arabija, Izraéla 97,4-97,4
8. ASV 97,1

0. Lielbritanija 96,8

10. Danija, Austrija 99,4
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iedzivotaji izmanto, piesaistot to dzives kvalitatei. Savukart galvenais
Latvijas izaicinajums ir saistits ar “energijas dardzibu’ [5]

Energijas pieejamibas vésturiska
vértéjuma salidzinajums

Energijas pieejamibas parmainas laika perioda no 2000. lidz
2021. gadam ir attélotas otraja attéla, kura 2000. gads ir bazes gads
(100%). 21 gada laika energijas pieejamiba Latvija svarstijusies
5% robezas. Tadéjadi var secindt, ka valsti energijas pieejamiba ir
stabila, pat ar mérenu uzlabojumu tendenci. Ta pamata ir piene-
mamas, lai gan ne ipasi zemas, benzina un elektroenergijas cenas
(skat. 3. att.). Tomér $aja perioda novérojams ari viens raditaja
pasliktinajums 2007. gada.

Salidzinot energijas pieejamibas parmainas Latvija un kaimi-
nos - Lietuva un Igaunija -, var secint, ka Latvijas parmainu rak-
sturs vairak lidzinas Lietuvai. Kaut ari visas trijas valstis parmainu
tendence raksturojama ka augosa, Igaunija tas izteikts ievéroja-
mak. Tomér visu triju valstu energijas pieejamibas dimensija 2021.
gada novertéta ar B limeni.

Pasreizéjas situacijas vértéjums Latvija

Piekluves elektroenergijai raditajs Latvijai tiek balstits uz Pa-
saules Bankas datiem, un, kop ir pieejama i raditaja vésture, ta
vértiba vienmer sasniegusi 100 procentu, tatad $aja raditaja Latvija
vienmer gast augstako iespgjamo vertéjumu un spéj konkurét ar
jebkuru pasaules valsti.

Ari apaksraditajs “elektroenergijas cenu pieejamiba” Latvijas
gadijuma ir stabils un nemainigs ar vértéjumu 100 procentu. Sa-
skana ar PEP metodologiju §1 raditaja vértiba pat parsniedz noteik-
to diapazonu un lidz ar to sanem augstako vertéjumu.

Starp regioniem un dazadam ienakumu grupam regiona var
bit atskiriga energijas pieejamiba. Tas rodas no loti nevienmériga
ienakumu sadalijuma valsts ieksieng, sadales tikla parklajuma vai
geografisku aspektu dél. Pieejamiba un pieejamibas raditaji ir ne-
parprotami attistibas raditaji, un, vértgjot valsti kopuma, tie ir aug-
sta liment. [6] Pédéjos gados ir vérojams alternativo energoresursu
izmantosanas palielinajums, it seviski majsaimniecibu sektora, ko
stimulé draudzigikas tehnologiju cenas un to fiziska pieejamiba
Latvijas tirgt. Paredzams, ka 2021. gada elektroenergijas cenu sa-
tricinajuma dél arvien plasaku popularitati gis elektroenergijas
piegades diversifikacija un patérina cenas balansésana.

Avotu lietojums trilemmas dimensijas
un tas raditaju noteiksanai

Trilemmas raditaju noteiksanai tiek izmantoti tikai jaunakie
dati, kas ir ne vairak ka divus tris gadus veci. Tiek lietoti arzemju,
piemeéram, Pasaules Bankas un Starptautiskas Energétikas agen-
taras avoti. Datu avoti ir |oti informativi: pirmkart, tajos ir pieeja-
ma vésturiska informacija, otrkart, datus ir iesp&jams lejupieladét
dazados formatos, ka ari iegit to grafisko attélojumu, treskart, var
veikt salidzindjumu un lejupieladét gatavas atskaites, lietojot filtrus
un izvélnes. Informacija tiek iegtita gan no publiski pieejamajiem
datu avotiem, gan no ierobeZotas piekluves materialiem. Nemot
verd, ka informacija par vienu un to pasu raditaju dazados datu
avotos var atskirties, nacionala limena trilemmas indeksu kop-
savilkums atspogulotu objektiviku valstu vértéjumu ar lielaku
precizitati un aktualitati.
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Energijas pieejamibas parmainas laika no 2000. lidz 2021. gadam

Latvija, Lietuva un Igaunija [3]
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Vides ilgtspéja

Nav nekads noslépums, ka jebkuram vides piesarnojumam ir
sava cena. Gan vertgjot individuali - cilvéka limeni, kad par to
maksajam ar veselibu —, gan plasaka izpratné — uznémumu limeni,
kad maksajums jau ir mérams nauda. Pasaules Energijas pado-
mes trilemmas indeksa sastavdala - vides ilgtspéja — méra valsts
energosistémas darbibas ietekmi uz vidi un klimata parmainam,
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noveértéjot, cik valsts energétikas sektors ir spéjigs
mazinat vai izvairities no vides stavokla paslikti-
nasanas.

Vides ilgtspéju, lidzigi ka ieprieksejas tri-
lemmas sastavdalas, méra péc noteiktiem
kriterijiem. Vides ilgtspéjas kritériji tiek iedaliti
tris lielakos blokos:
® resursu produktivitate, kas ietver tadus krité-
rijus ka energoefektivitate, energijas raZoSanas,
parvades un sadales efektivitate;
® dekarbonizacija, kas ietver siltumnicefekta gazu
emisiju parmainas un zemu oglekla emisiju ener-
gijas razosanu;
© emisijas un piesarnojums, kas ietver oglekla di-
oksida (CO,) intensitati, CO, daudzumu uz vienu
iedzivotaju, metana (CH,) emisijas no izlietotas
energijas un cieto dalinu emisijas.

Lai valsts uzlabotu savus raditajus $aja trilemmas
sadala, tai ir jaizstrada stingra energgtikas politika
un, pats galvenais, japieturas pie tas ieviesanas. Sva-
rigs aspekts, kas spéj uzlabot ilgtspéjas raditaju, ir
energijas razosanas avotu dazadosana, par prima-
riem izvéloties atjaunigos energijas avotus.

Vesturiski trilemmas indeksa ilgtspéjas topu
augsgala vienmer ir atradusas Eiropas valstis, seviski
Skandinavijas valstis, kuru energétikas politika jau
vairakas desmitgades tiek likts uzsvars uz atjauniga-
jiem resursiem energijas razosana un CO, emisiju
samazinasanu. Perioda no 2013. lidz 2017. gadam
ari Latvija bija minéta starp piecam pasaules valstim
ar vislabakajiem sasniegumiem zema oglekla elek-
tribas generacijas pieauguma. 2020. gada zinojuma
ar nelielu relativi negativu tendenci Latvijai ir atziméta gan energo-
resursu produktivitate, gan dekarbonizacija, gan emisijas un piesar-
nojums. 51 tendence norada uz faktu, ka ari turpmak Latvijai svarigi
pievérst uzmanibu ilgtspéjas jautajumu risinasanai.

Ja raugamies uz valstim ar vislielako progresu $aja joma, $ajos
topos parasti nonak valstis no Vidusazijas un Afrikas, jo salidzi-
najuma ar 2000. gadu $§im valstim raditaji vienmer bijusi krietni
zemaki neka attistitajam Eiropas valstim.

Rezultati un attistibas virzieni 2021. gada

Pasaules energétikas nozare pedéjos divos gados ir piedzivojusi
milzigas izmainas, jo valstim ne tikai jaturpina veidot ilgtspéjigu
energétikas politiku, bet ari jaatkopjas no pandémijas raditajam
sekam un tiem procesiem, kas saistiti ar cilvéeku paradumu mainu.

Sakara ar iepriek$minétajiem apstakliem 2021. gada vides ilgt-
spéjibas uzlabosana daudzam valstim izradijas problematiska.

Viena no ievérojamakajam indeksa uzlabotajam ilgtspéjibas
joma bijusi Danija, kura batiski palielinajusi atjaunigo energijas
avotu izmantosanu. Sobrid ar véja stacijas sarazoto elektroenergiju
ta spéj segt aptuveni pusi no valsts elektroenergijas patérina. Loti
labus rezultatus ir uzradijusi ari Azerbaidzana, kura ir uzlabo-
jusi savu energijas un emisiju intensitati. Savukart Kina ir bijusi
lielaka investore atjaunigas energijas tehnologijas pédéjo desmit
T World Energy Coundil, Wyman 0. (2019) World Energy Trilemma Index 2020. London: World

Energy Coundil, 2019 —79 p. Pieejams: https://ww y
energy-trilemma-index-2019
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1. tabula
Energoveiktspéjas uzlabotaju
top 10 2021. gada

Valsts Uzlabojums, %
1. Danija 30
2 Azerbaidzana 28
3. Ukraina 22
4. Mjanma 22
5. Taizeme 22
6. Kina 21
7. Trija 20
8. Panama 20
9. Malta 20
10. Serbija 19

gadu laika, tacu straujais energijas paterins
energijas dekarbonizacijas procesu ir lidz-
svarojis. Top 10 ilgtspéjas raditajos joprojam
dominé Eiropas valstis ar augstu atjauni-
gds energijas razoSanas un energosistémas
efektivitates limeni.

Kritwms Pamtlinga Uzlabojuss

Latvijas situacijas vertéjums

2021. gada ilgtspéjas indeksa saraksta
Latvija ienem 34. poziciju. Salidzindjumam
janorada, ka masu dienvidu kaimini Lietuva
ienem 14. poziciju, savukart Igaunija — 39. poziciju.

Laika posma no 2000. lidz 2021. gadam vides ilgtspéjas radi-
tajam Latvija parsvara raksturiga mérena uzlabojumu tendence.
Tomér aja perioda novéroti ari tris raditaja tendencu pasliktina-
$anas gadijumi 2005., 2013, un 2021. gada (skat. 2. att.).

Detalizétak izskatot Latvijas 2021. gada veikumu vides ilgtspe-
jas konteksta, batu jamin, ka visam trim ta sastavdalam - gala
energijas intensitatei, zema oglekla satura elektroenergijas razo-
$anai, CO, emisijam uz vienu iedzivotaju — bija raksturiga sama-
zinajuma tendence, salidzinot ar 2011.-2021. gada periodu (radi-
taji tiek noteikti saméra ar citam valstim, un pilna josla veido 100
punktus) (skat. 3. att.).

2. tabula
Energoveiktspéjas lideru top 10 2021. gada
Valsts Vertéjums, p.
1. Sveice 88,2
2. Zviedrija 86,3
B3 Urugvaja 85,4
4. Norvégija 844
5 Panama 83,7
6. Brazilija 83,4
7. Danija 82,9
8. Francija 82,7
9. Albanija 82,5
10. Lielbritanija 81,3
2022/1

o

2. att. Latvijas vides ilgtspéjas raditaja
2021. gada rezultati

Vides ilgtspeja 2021.g. rezultit Tendence 2011-2021
Gala energijas i v
Zema oglekla satura

elekiroenergijas razodana v
€Oz emisijas

uz vienu iedzivorsju v

Latvijai ir lielakais arpus emisijas kvotu tirdzniecibas sistémas
(ETS) siltumnicefekta gazu (SEG) emisiju ipatsvars starp Baltijas
valstim, kas ir ari otrs augstakais raditajs Eiropas Savieniba. SEG
emisijas arpus ETS darbibam galvenokart veido lauksaimnieci-
bas un transporta jomas. Oglekla izmesu mazinasanai ir arkar-

3. att. Baltijas valstu vides ilgtspéjas raditaju tendencu
izmainu virzieni, 2000. - 2021. gads [1]

==

YA A A A A A A A A
=s<Vides ilgip&ja(Lanyja)  =s=Vides dgtspdya (Igaunija)

Vides ilgtsplya (Liesova)

tigi svarigi izveidot un uzturét vienotu (harmonizétu) skatijumu
par dekarbonizacijas iespéjam Baltijas valstis un vienotu pieeju
dekarbonizicijas pasakumu istenosanai. Tomér vienotas pieejas
izmanto$ana dekarbonizacijas pasakumu istenosanai varétu bat
sarezgita, jo katrd valsti ir atSkirigas energijas struktiras un galve-
nie SEG emisiju avoti.

Turpmak darba grupa plano padzilinati analizet Latvijas ne-
gativo ilgtspéjas tendencu raditajus, ka ari sniegt priekslikumus
to uzlabosanai.

Izmantotie avoti
[TIWEC Latia
[21WEC World Energy Trilemma Index 2021 Report

H. Millers, T. Liepnieks, A. Tukulis, K. Viskuba

atviaRyear=2021

Kopsavilkums

NELL programmas dalibnieki tuvakajos ménesos veiks
dzilaku PEP energétikas trilemmas indeksa metodikas izver-
téjumu un pievérsisies Latvijas trilemmas indeksa analizei,
pieejamajiem statistikas datiem, indeksa sastavdalam un to
tendencém. NELL dalibnieki jau ir identificéjusi vairakus ne-
skaidrus jautajumus gan par datu avotiem, gan par to interpre-
tacijas iesp&jam un irapkopojusi jomas, kurds ir iesp&jams veikt
metodikas labojumus un piedavat risinajumus.

Savukart ilgtermina meérkis ir izstradat Latvijas energétikas
trilemmas metodologiju un veikt Latvijas situacijas vértéjumu,
tai skaita apskatot vésturiskos datus. Energétikas trilemmas
indekss var klat par papildu instrumentu Latvijas energétikas
novértéjumam, prioritasu definésanai, risingjumu mekléSanai
un nozares politikas planosanai. EZd

ENERGUA UNPASAULE [
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Edgars Groza, Karlis Gicevskis, Edgars Smiltans,
Inese Karpoviéa, Gunars Valdmanis

Latvia’s energy supply and security

The paper focuses on one of the Trilemma Index dimensions - Energy security.
The criteria that are impacting the energy security dimensions score the most are
reviewed. The review focuses on the current state of the energy system, the current
and future issues, possible solutions and suggestions to maintain and increase
the energy security dimension’s score. The data mostly are obtained from public
sources, market reviews, statistical databases. The authors would like to express
their gratitude to an executive committee of programme “Future Energy Leaders in
Latvia”. This research was also supported by Riga Technical University’s Doctoral
Grant programme.

1. Energy Security Trilemma Index

Energy systems security defines the energy systems ability to satisfy current
and futures energy demand. It shows its ability to maintain stability in different
scenarios, to recover from disruptions with the least outages of power supply.
Energy systems security covers the efficiency of the management of local and
external energy sources, as well as the reliability and sustainability of energy
infrastructure'. World energy council (WEC) has developed a methodology how to
measure country’s ability to maintain energy security.

1 World Energy Council (2022). World Energy Trilemma Index 2021. Available: https://
www.worldenergy.org/publications/entry/world-energy-trilemma-index-2021
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2. WEC methodology

Latvia is among the top 5 countries in the world according to the current Trilemma
score on the Energy security index. Globally, energy security index is focusing
on oil and other fossil fuels. Although fossil fuels have been a resource Latvia is
importing, well diversified power generation portfolio has granted this high score.
Energy security index includes other important criteria that have a positive etfect
on overall system and its stability.

Three main pillars can measure energy systems security in the context of
Trilemma Index:

a) import - national dependency on resource import in the total energy

consumption and supplier diversification;

b) energy generation capacities and their diversity — country has well balan-
ced and diversified generation portfolio;
¢) energy storage capabilities — countries ability to satisfy its energy demand,

in accordance with the available infrastructure.

Energy resource availability, economic development, technological deve-
lopment, investment flow, well designed energy market, ability to react on distur-
bances: these are few aspects that characterizes energy systems security index and
are evaluated within WEC methodology.

Daniel Yergin, an American author, economic researcher and energy
analyst, has argued that energy security cannot be viewed as independent criteria
in separate country: it needs to be seen in a broader context between different
countries, and attention needs to be paid to how the energy system between these
countries interact?. Therefore, also in the context of Latvia, one of the directions
of the research is regional cooperation, which is at the same time one of the basic
principles of the Energy Union. It is the case of the Baltic states that demonstrates
that the integration of energy infrastructure through the interconnection of
pipelines and the interconnection of electricity networks between the EU Member
States is necessary for the functioning of the EU’s common energy market and
the strengthening of energy security in the region.

3. Case of Latvia: The current state of energy system
Latvia’s final energy consumption consists of the following resources: solid fossil

fuels, electricity, natural gas, heat, oil products, peat products, renewable resources
and biofuels, non-renewable waste. Based on Eurostat data, Latvia has reduced its

2 Yergin,D.(2006). Ensuring Energy Security. Foreign Affairs, 85(2),69-82. https://doi.org/
10.2307/20031912
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Figure 1. Energy imports dependency of Latvia
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solid fuel consumption by 50% since 2015. There are also changes in the use of
renewable resources and biofuels. Consumption of other resources has not changed
significantly in the last five years.

Looking at the total consumption of energy resources, it can be observed that
the total consumption of renewable energy resources in Latvia is increasing, which
allows to approach the goals set by the European Union ensure at least 50% share
of renewable energy in Latvia’s final energy consumption until 2030 and become
climate neutral by 2050.

According to Eurostat data, Latvia has an average high dependence on energy
imports (~45%). The most important imported resources are natural gas, oil
products, biofuels and electricity, which a few years ago had not such a huge impact
on energy security.

4. Raw resources
4.1. Gas
Within ten years (2011-2020), the share of natural gas consumption decreased by

8.7 percentage points and in 2020 was 20.6%. Along with the decrease in natural
gas consumption, the volume of imported natural gas has also decreased, which
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is largely related to the use of alternative fuel resources and the promotion of
energy efficiency measures as well as increase of CO, emission price for gas users.
Despite the decrease in this share, natural gas still plays an important role in
Latvia’s total energy consumption. Most natural gas is used to produce electricity
and heat in boiler houses and cogeneration plants. At the same time, it should be
kept in mind that natural gas consumption in Latvia is seasonal, as, for example,
the high demand for natural gas in 2020 can be explained by relatively low outdoor
temperatures during the months of the heating season. Additionally, the overall
natural gas demand was influenced by several other factors — low natural gas price
in first two quarters of the year, which contributed to the higher usage of natural
gas in power production, and malfunction of one of largest natural gas power plants
in Latvia in the last two quarters of the year, which limited the usage of natural gas
for power production in respective period. In 2021, the volume of gas consumed for
the needs of Latvian users was 12.5 TWh?, which represents 8% over the indicator
of 2020. Increase in consumption was influenced by climatic conditions in
winter, as the average air temperatures dropped to -2.8 °C, which is 0.4 °C below
the seasonal norm, furthermore, January and February saw the harshest trost in
the recent years®. At the same time, the cold climatic conditions raised natural gas
consumption for electricity production — the year of 2021 shows higher volume
of electricity produced by thermal power stations - JSC Augstsprieguma tikls
(AST) data)®.

An integrated and liquid natural gas market between LV, EE and FI exists
since beginning of 2020, and Lithuania is planning to join in 20236,

As there is reasonable amount of gas suppliers around the globe, the lack of
their diversity can be seen as a threat in a short term. The Baltic states have quite
good pipeline grid and at the same time the problem is that the infrastructure
is built mostly for gas supply from Russia, after the completion of Klaipeda
LNG terminal in 2014, Balticconnector gas pipeline between Estonia and Finland
in 2020 and the GIPL pipeline interconnection between Lithuania and Poland this
year. But still in conditions where gas supply is used as a weapon, reorientations
cannot happen so smooth and fast. Shortage of infrastructure capacity in Baltics
(as well as in Finland and Poland) is rather high - the capacity of Klaipeda LNG
terminal is insufficient to cover consumption of the region - Lithuania, Latvia,

3 AS “Conexus Baltic Grid” (2022). Dabasgazes parvades sistémas operatora ikgadéjaa
novértéjuma zinojums par 2021. gadu. Riga. Available: https://www.conexus.lv/
uploads/filedir/Zinojumi/PSO_zinojums_2022_LV.pdf

4 SLLC Latvian Environment, Geology and Meteorology Centre (2022). Available:
https://klimats.meteo.Iv/laika_apstaklu_raksturojums/2021/gads/

5 AS“Augstsprieguma tikls” (2021). Available: https://www.ast.Iv/Iv/electricity-market-
review?year=2021&month=13

6 Connexus Baltic Grid (2021). Available: https://conexus.lv/vienotais-dabasgazes-tirgus



EDGARS GROZA, KARLIS GICEVSKIS, EDGARS SMILTANS, INESE KARPOVICA, GUNARS VALDMANIS 139
Latvia’s energy supply and security

Estonia and Finland. Additional terminal is needed. Consequently, there is a plan
to build it in Estonia as well as in Finland. There are discussions and feasibility
study exploring the potential for development of LNG terminal also in Latvia,
however, thus far no decision has been made. It can be expected that the share
of Russian pipeline gas will be replaced mostly with LNG and biomethane until
the end of 2022.

4.2. Electricity

4.2.1. Market

At the end of 2021, electricity prices set new historical monthly average price
records, resulting in 2.6 times higher average yearly electricity price (88.78 EUR/
MWh). The rise in electricity prices was driven by several factors including rise
of natural gas and CO, emissions prices (setting record price 92.37 EUR/MWh
and 80.10 EUR/tCO,), low wind power generation in Europe, lower water levels in
Scandinavia.

On 22 May 2022, electricity trading with Russia has been stopped, leaving
only technical capacities for grid balancing.

Specifically, in Latvia in year 2021 the generated amount of electricity
has risen by 1.8% what is 5.6 TWh and the demand has risen by 3.5% reaching
74 TWh. Hydro power stations have generated 4.2% more and cogeneration
stations 10.7% more than in 2020. All other generation capacities have shown much
smaller contribution comparing to the previous years, which can be explained
with changes in subsidized energy scheme as well as with the depletion of some of
production capacities. These events in combination with situation in neighbouring
countries has led to increase of electricity import to Baltics to around 50%.

On 17 August 2022, Baltic electricity market set new record on highest ever
electricity price reaching 4000 EUR/MWh. The sharp rise in prices is caused by
the limited supply of electricity in the Baltic market - it is limited both by the repair
of the dams of the Daugava HPP, as a result of which the large hydropower plants
in Latvia produce little due to the low water level, the availability of gas and its high
prices for the production of electricity in cogeneration plants, and also the decision
to stop importing electricity from due to the sanctions imposed on it by Russia.

The limited volume of production contributed to the increase in imports
to the Baltic states. From the countries of the European Union, a total of
1138 716 MWh of electricity was imported into the Baltics’.

7 AS “Augstsprieguma tikls” (2022). Available: https://www.ast.Iv/Iv/electricity-market-
review
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4.2.2. End users

The Latvian electricity market has been fully liberalized since 1 January
2015, which means that households and commercial electricity users are free
to choose a trader by agreeing on an electricity price. Based on the data of
the Electricity Trade Register of the Public Utilities Commission, a total of
43 electricity traders were registered in November 2021.

Electricity market participants, which include electricity producers, traders,
aggregators, end-users, operate in the electricity market and their trading
transactions cover the supply of electricity from the electricity producer to the user.
The above transactions take place in the wholesale of electricity and then in
the retail sale of electricity. Amendments in the Electricity Market Law identifies
new entities — prosumers and energy communities, which expands the market
participant options to involve in the electricity generation. End users in Latvia can
cover their consumption by installing microgeneration and work in cooperation
with distribution system operator (DSO).

4.2.3. Generating capacities

The installed generation capacity in Latvia has not changed much in recent years
in total 3015 MW. Since 2015, generation capacity has increased by 209 MW. Of
which RES capacity has risen by 183 MW in the last 7 years, but natural gas power
plant capacity - by 26 MW.

It should be mentioned that the distribution (DSO) and transmission system
operator (TSO) have issued technical regulations for the connection of new
generating capacity of more than 4 GW, including solar and wind power plants.®

Latvia’s power generation portfolio consists of hydro powerplants, natural
gas power plants, biogas power plants, wind power plants and sun power plants
(see Figure 3) all together crafting well diversified and balanced generation
portfolio. This list excludes microgeneration (around 36 MW?®). Unfortunately,
the installed capacity now is insufficient to completely cover internal countries
electricity demand.

4.2.4. Electricity import

By looking at the load of generation units by months, it can be observed that
the generation capacity is the least loaded in June, July and August - respectively,
when there is the lowest water flow in local river Daugava and it is not profitable to
operate gas power plants (neither cogeneration nor condensation mode).

8 AS “Augstsprieguma tikls” (2022). Available: https://ast.Iv/lv/content/pieslegumu-
ierikosanas-un-atlautas-slodzes-izmainu-statuss

9 AS“Sadales tikls” (2022). Elektroapgides apskats. Available: https://sadalestikls.lv/lv/
elektroapgades-apskats
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Figure 2. Total installed electricity generation capacity
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The amount of electricity produced in these months is low, so electricity
is imported through interconnectors. Net electricity imports are shown in
the Figure 5. In 2019, the maximum interconnection capacity of the Latvian
transmission network available for electricity import/export was 947 MW from
Estonia to Latvia and 879 MW from Latvia to Estonia. 684 MW from Lithuania to
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Net electricity generation in total

Figure 4.
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Latvia and 1302 MW from Latvia to Lithuania. Since May 2022, there is no import
from the third countries. Only necessary technical flows are current to operate
the network

4.2.5. Interconnections (BRELL)

The operator of the Latvian electricity transmission system operator AST is
responsible for the reliability of electricity supply and for the modernization and
development of the transmission network. The most important realized and
ongoing development projects can be seen in the table.

Table 1
» = Synchronization
o 2 Phase 1
. o
S = 5
= n‘: § S %
= o 5 ‘ - 2EE £
5 £ 2 £ g Bc 258 ¢ § o
3 g = > =3 s B 5= <9
g L 5 = E£ £t BETS E B
-y 2 & w Se S R A
Planned impl.
annedimpl | 5019 2020 | 2021 | 2023 | 2024 2025 2025
year
Planned 128 15 83 PX) 22 - MEUR 100 MEUR
CAPEX MEUR | MEUR | MEUR | MEUR | MEUR
Total length 2143 13 180 49 49

In order to ensure safe operation of the Latvian electricity system, efficient
functioning of the electricity market, and to prevent equipment obsolescence,
the Latvian electricity TSO reconstructs and modernizes high-voltage substations
and electricity distribution points. Observing the development trends of
electricity systems of Latvia and neighbouring countries, Latvian electricity TSO
evaluates and decides on the development of interconnections of the Latvian
electricity transmission system, as well as the need to strengthen and modernize
the internal network!.

10 AS“Augstspriegumatikls”. Available: https://ast.lv/lv/development-projects/parvades-
tikla-modernizacija-un-attistiba
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The Baltic states have historically worked and are currently working syn-
chronously with the electricity systems of Russia and Belarus. The goal of
synchronization is to start the Baltic electricity system’s synchronous work with
Europe and reduce dependence on decisions made outside the European Union.
Synchronization will increase the ability of Baltics to constantly manage its electricity
system, ensuring the balance between production and consumption, managing
the necessary safety reserves, as well as regulating electricity flows and frequency
without the involvement of countries outside the European Union. The most
important benefit is security, because as a result of synchronization, the Baltic
electricity transmission system will become a part of the European system, which
means significant independence from Russia and more secure electricity supply''.

4.2.6. Storage

Latvia has unique geological conditions which would allow in 11 locations to
develop underground natural gas storage (UGS) facilities with capacity to cover
approximately 10% of whole Europe’s demand. The only operating underground
natural gas storage facility in Baltics is located in In¢ukalns with capacity to store
2.32 billion m® (~24 TWh) of natural gas. Mostly, storage is used seasonally —
the gas is mainly injected in summer for the coming winter season.

Prior to the liberalization of the natural gas market in Latvia, the In¢ukalns
UGS was filled to its maximum technical capacity every season. As market
liberalization approached, the Russian natural gas group Gazprom reduced until
it stopped storing natural gas for Russia, significantly reducing the total amount
of natural gas stored at the In¢ukalns UGS thus reducing the usage of the storage.
An important factor was the completion of modernization projects of natural gas
storage facilities in Russia, increasing the natural gas storage capacity in the country.
The Lithuanian lawsuit against Gazprom also played an important role, which
adversely affected Gazprom’s desire to store natural gas in the Baltic region.

The liberalization of the market did not oblige natural gas traders to use
the In¢ukalns UGS, relying on market mechanisms, which have been reflected in
the sharp decline in stored volumes in 2017. The decline in the volume of stored
natural gas continued in 2018, and taking into account the technical structure of
the In¢ukalns UGS, created a rickshaw for the energy crisis as extraction capacity
correlates with volume of natural gas left in the storage.

In 2020, with the establishment of the common natural gas market between
Estonia, Latvia and Finland and the introduction of an inter-operator compensa-
tion mechanism that abolished tariffs for natural gas flows between market inter-
connections, the stored natural gas in In¢ukalns UGS and the energy security of
Latvia and the Baltic region increased significantly.

11 AS "Augstsprieguma tikls”. Available: https://ast.lv/Iv/projects/sinhronizacija-ar-eiropu
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Figure 6. Amount of active natural gas at Incukalns UGS after natural gas injection at
the end of the season (TWh)"
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12 AS “Connexus Baltic Grid” (2021). Dabasgazes parvades sistémas operatora ikgadéja
novértéjuma zinojums par 2020. gadu. Available: https://www.conexus.lv/uploads/
filedir/Aktualitates/Parskati/Dabasg__parv_sist_operatora-zinojums_par_2020_
JUN_ready2.pdf

13 AS “Connexus Baltic Grid” (2018). PCI project 8.2.4. Investment Request. In¢ukalns
Underground gas storage enhancement. Available: https:/fwww.google.com/url?q=
https://www.conexus.lv/uploads/filedir/iugs_pci_investment_request_20181002.
pdf&sa=D&source=docs&ust=1655143083818440&usg=A0vVaw20VDZx0gNG-
D7GXGrIvFShC
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Situations in which the filling of Incukalns UGS is relatively low, but
the demand for natural gas is reaching its peaks, there is a risk of an energy crisis.
This risk can be explained by the decrease in the technical pumping capacity
of In¢ukalns UGS due to the decrease in the amount of stored natural gas (see
Figure 7). The storage system operator JSC Conexus Baltic Grid has started
the modernization project of In¢ukalns UGS, as a result of which the modernized
compressor will ensure the removal of natural gas from the storage facility with
increased, stable and predictable daily removal capacity even at low natural gas
balances and storage pressures'.

Steep changes in geopolitical situation promoted role of In¢ukalns UGS as one
of main pillars for security of supply in whole Baltic region. Particular statement
is supported by high demand for In¢ukalns UGS storage capacities by natural gas
traders in the region. In order to ensure sufficient natural gas stocks for upcoming
winter, In¢ukalns UGS switched its working regime to injection in an atypically
timely manner - in February. The unusual practice resulted in unusually high level
of stock, which is crucial to ensure security of supply. Practical tool for mitigation
of risks concerning security of supply is creation of strategic stocks. Latvian
government via national electricity concern Latvenergo has ordered creation of
such stock in amount of 1.8-2.2 TWh!® 161718,

In Latvia, safety reserves of oil products are established in accordance with
the requirements of Directive 2009/119/EC, which have been transposed into
Latvian legislation by the Energy Law. The EU regulation requires to ensure
the fuel reserves for up to 90 days of consumption of the country. As can be seen
in the Figure 8, Latvia’s reserves of energy products of oil origin have more than
doubled in the last decade, in 2020 they are 162% higher than in 2011, which
nevertheless is connected with the rise of consumption. The increase in oil product
reserves strengthens Latvia’s energy security.

14 AS “Connexus Baltic Grid” (2021). In¢ukalna pazemes gazes kratuves modernizacija
butiski uzlabo Latvijas dabasgazes apgades stabilitati. Available: https://www.
conexus.lv/aktualitates/incukalna-pazemes-gazes-kratuves-modernizacija-butiski-
uzlabo-latvijas-dabasgazes-apgades-stabilitati

15 Saeima (2022). Saeima noteic energoapgides drosuma rezerves apjomu gazei.
Available: https://www.saeima.lv/lv/aktualitates/saeimas-zinas/30936-saeima-noteic-
energoapgades-drosuma-rezerves-apjomu-gazei

16 AS“Connexus Baltic Grid” (2022). Available: https://conexus.lv/zinas-presei/conexus-
pirmajos-tris-gada-menesos-incukalna-pgk-noglabats-rekordliels-dabasgazes-
apjoms

17 AS “Connexus Baltic Grid” (2022). Available: https://conexus.lv/zinas-presei/
incukalna-pazemes-gazes-kratuve-sagatavota-iesuknesanas-uzsaksanai

18 Latvijas Sabidriskie mediji (2022). Valdiba nolemj In¢ukalna veidot dabasgazes
rezerves par aptuveni 230 miljoniem eiro. Available: https://www.Ism.Iv/raksts/zinas/
ekonomika/valdiba-nolemj-incukalna-veidot-dabasgazes-rezerves-par-aptuveni-
230-miljoniem-eiro.a452974/
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Figure 8. Reserves of oil products stored in Latvia, tons
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Figure 9.  Proportion of oil product reserves held by Latvia by type
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In total, more than 400 thousand tons of stored oil products contain
around 70% of diesel, and about 22% of gasoline. The other product types, each
individually, account for a relatively small percentage of total oil product reserves.
Considering the aspect of dependence on certain oil products, it can be concluded
that diesel and petrol play the most important role in ensuring energy security.



148 TOWARDS CLIMATE NEUTRALITY: ECONOMIC IMPACTS, OPPORTUNITIES AND RISKS

4.2.7. Possible solutions

One of the most efficient solutions how to improve the security of Latvian energy
system in reference to Trilemma Index methodology would be to implement new
electricity generation capacities.

Latvia has developed National Energy and Climate Plan for 2021-2030 that
highlights national ambitions on energy sectors development in four pillars:

« resourcefulness;

« self-sufficiency and diversity of resources;

« reducing consumption of fossil and non-sustainable resources;

« use of sustainable renewable and innovative resources;
which concludes in a developed and climate neutral economy.

Latvian electricity TSO has developed a map with information about
the transmission lines on availability to connect generation or consumption.
The map in combination with project list of issued connection permits, it can be
concluded that there is around 2GW of renewable projects under development in
different stages.

The closest power station to commissioning in 2022 is 58.8 MW wind park
in Ventspils parish. Two wind parks after long struggle have obtained positive
Environmental impact assessment which is big leap on wind park development and
few parks are performing the environmental impact assessment. There are several
developers who have granted the connection technical requirements in summer
2020 but yet not decided on finalizing.

Increasing renewable non-dispatchable energy resources in the total gener-
ation portfolio can also have negative consequences if dispatchable capacities are
not increased at the same time. In a situation where the country has a high share of
renewable resources and low dispatchable capacities, windless cloudy weather, large
amount of generating power has no production, which can impact the balance
between supply and demand.

Dispatchable capacities with synchronous generation provide system services
such as system rotating reserve, the insufficiency of which may result in frequency
fluctuations and power system instability. Therefore, to increase the resilience of
the energy system from the point of view of generation diversity, the generation
portfolio must be balanced, including sufficient dispatchable capacity.

4.2.8. Estonian-Latvian offshore wind park

In the Latvian National Energy and Climate Plan 2021-2030 (NEKP 2030) the task
of implementing an international project for the construction of an off-shore wind
farm in the period up to 2030 has been confirmed. Such a task was included in
NEKP 2030, because Latvia has committed to achieve a 50% share of renewable
energy in the total final energy consumption by 2030, as well as to ensure
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a reduction of Latvia’s total greenhouse gas emissions by 65%, compared to Latvia’s
GHG emissions in 1990.

In 2020, Latvia approved the marine spatial planning map, where
the potential construction sites of offshore wind farms, as well as the possible
connections of the power transmission infrastructure, are also planned. Latvian
electricity TSO, together with other institutions, participated in the marine spatial
planning process organized by the Ministry of Environmental Protection and
Regional Development.

Latvian and Estonian transmission system operators Latvian and Estonian
electricity TSOs, respectively, as responsible for infrastructure development
and connections to the power transmission network, are also involved in
the implementation of this project. At the beginning of 2021, TSOs carried out
preliminary calculations of the distribution of power flows for the construction and
reinforcement of the power transmission network if new wind farms are connected.
Both TSOs plan to conduct a detailed route study for possible connection options,
while the ministries and LIAA plan to conduct a cost-benetit analysis of the entire
project, including wind farms and infrastructure. CEF RES European co-financing
opportunities may appear after 2022. The auction of the wind park project to
a potential investor may take place around 2025, and the implementation of
the project itself, together with the infrastructure, is scheduled for 2030."

In order to achieve climate neutrality of the energy sector, it is essential to
introduce new technologies. Currently, one of them is the use of hydrogen, which
has several advantages and development prospects in the industry. Latvian utility
company is working on pilot project to implement hydrogen in energy portfolio.
It envisages that green hydrogen will be produced using polymer electrolyte
membrane electrolysis equipment and electricity from TEC-2 solar batteries or
from the planned AS Latvenergo wind power plant in Priekule district, or from
Daugava hydroelectric plants. The produced hydrogen will be stored or used
immediately for combustion in gas turbines TEC-2. Before burning the produced
hydrogen will be mixed with natural gas in a mixing unit.?’

19 AS “Augstsprieguma tikls” (2021). Elektroenergijas parvades sistémas attistibas plans
2022-2031. Available: https://ast.Iv/sites/default/files/AST Attistibas plans 2022-
2031.pdf

20 AS “Latvenergo” (2022). Elektroenergijas tirgus apskats. Available: https://latvenergo.
lv/storage/app/media/uploaded-files/ETA_jan_2022.pdf
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Conclusion

Although Latvia is scoring high in Energy Security Trilemma Index by WEC
methodology, it is necessary to highlight that even short but focused bursts of
specific issues (gas supply interruption, lack of generating capacities in the region)
can dramatically impact the energy security as whole and leave significant foot-
print in further development. Therefore, it is critical to prioritize the energy secu-
rity determining factors and purposely act on the improvements.

Latvia should set a clearer plan for decarbonization of its energy system
with explicit actions for humanizing energy transition. For example, starting
with development of national hydrogen strategy. In authors’ view, Latvian energy
security dimension should be more decentralized, distributed, digitalized, and
decarbonized, and at the same time maintain balanced share of dispatchable
baseload capacities in generation portfolio. Authors also acknowledge the need for
new sub-indicators to represent an evolving energy system in transition.
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Abstract: This paper presents the case study of provisions of frequency containment reserve (FCR)
with a battery electric storage system (BESS). The aim of the case study is the evaluation of the
technical possibility to provide FCR in Latvian power systems after all Baltic power systems will
synchronize with the Continental Europe Synchronous Area (CESA). To simulate the dynamics
of BESS capacity and its state of charge (SOC), authors have developed an algorithm and mathe-
matical model (it can be realized in different calculation programs). The case study calculations
verified the model. The algorithm is conditionally divided into two parts—FCR provision and SOC
recovery-which in turn is divided into three possible models of BESS state of charge recovery options:
(1) overfulfillment—exceeding the specified FCR amount, (2) deadband utilization, and (3) BESS
charging or discharging through scheduled transactions in intraday power market. The modelling
was performed using historic frequency data of Latvian and French power systems. The case study
of BESS with charging capacity of 12 MW and stored energy volume of 7 MWh for provision of
determined FCR for Latvian power system was considered. The obtained results from the simulation
were used in the separate model to evaluate economic feasibility of BESS for FCR.

Keywords: frequency control; FCR; battery electric storage; simulation; algorithm; state of charge

recovery

1. Introduction

Historically, power systems of Estonia, Latvia, and Lithuania were operated in par-
allel with power systems of Russia and Belarus based on the so-called BRELL agreement
(abbreviation of Belarus, Russia, Estonia, Latvia, Lithuania) [1,2]. Frequency control was
centralised and provided by Russian United Power System (UPS). Transmission system
operators (TSOs) in BRELL were responsible for minimize frequency mitigation by main-
taining power generation and demanding equilibrium. According to the existing Network
Codes in Baltic States, frequency must be maintained between 49.95 Hz to 50.05 Hz.

In 2018, a political decision was made on the synchronization of the power system of
the Baltic States with the continental European electricity system, and the disconnection
(desynchronization) from the electricity systems of Russia and Belarus. As desynchroniza-
tion from the BRELL and synchronisation to the Continental Europe Synchronous Area
(CESA) is an approved goal for Baltic States, it will be crucial to maintain the frequency
stable for each TSO of the Baltic States [2,3]. Tt is expected to be a rather difficult task, so
the solution for this problem is complex. While connected to BRELL the frequency control
is centralised. After synchronisation with CESA, each of the Baltic States’ TSOs must be
able to maintain power equilibrium and frequency control—activation of frequency con-
tainment reserves (FCR) immediately after a difference in the balance between generation
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and demand. Both the construction of new interconnections and the reconstruction of
existing ones, as well as the strengthening of the existing network, network management,
and control systems in each country, require large-scale investments. At the same time,
the decarbonization goals are highly responsible for large renewable power penetration in
the power system, thus decreasing conventional generation; this could affect the power
equilibrium and loss of system inertia [4-7]. There are several methods for system inertia
control. The research conducted by the Institute of Power Engineering in Riga Technical
University concludes that synchronous condensers in AC power systems can respond with
active power injection during a loss of generation, and-in combination with novel load
shedding method-show promising results for further investigation, thus opening new
methods for system stability control [1].

To carry out this ambitious plan, the Baltic States TSOs have signed the “Memoran-
dum of understanding on development of the Baltic load-frequency control block” [3,5].
The memorandum explains a high-level concept for balance management, FCR techni-
cal requirements, concept of FCR prequalification process, and FCR dimensioning rules.
The situation in Baltic power system management will also change with the introduction of
new Grid Codes and Guidelines for new pan-European platforms or markets for ancillary
electricity services (MARI (go-live planned for 2022), PICASSO, TERRE), according to
Regulation (EU) 2017 /2195 of November 2017. Therefore, after the synchronization with
CESA, there will be an opportunity to offer new ancillary services in the Baltic power
market including active power reserves for frequency control.

The main contribution of this paper is the creation of an algorithm that can be ap-
plied to evaluate the technical possibility of provision of frequency containment reserve
(FCR) with the battery electric storage system (BESS). The research is conducted as a case
study to prove the suggested methods’ viability in specific circumstances in the Latvian
power system.

The European Commission Regulation EU 2017/1485 on guidelines for the operation
of the electricity transmission system, and the European Commission Regulation (EU)
2017 /2195, establishing electricity-balancing guidelines provided for four-level frequency
regulation processes or platforms. The platforms are dedicated to frequency containment
reserves, automatic and manual frequency restoration reserves (aFRR/mFRR), and replace-
ment reserves (RR). All of them (see Table 1) are introduced into the system in a certain
chronology after the occurrence of active power imbalance, as shown in Figure 1.

Table 1. Active power reserves in the Continental Europe Synchronous Area.

Power Reserve

Aim

Frequency containment reserve—FCR

Reserves of active power to maintain stability of systems frequency after
power imbalance. The purpose of FCR is to stop the frequency deviation
after a disturbance in the power system, achieving a new balance
between electricity supply and demand.

Frequency restoration reserve— FRR

Reserves of active power to firstly recover frequency to normal state, and
secondly to restore the power balance in individual frequency control
zones to specific value. aFRR—automatically activated FRR;
mFRR—manually activated FRR.

Replacement reserve—RR

Reserves of active power (including generation power) for restoring the
required FRR level to be ready for additional imbalances in the system.

The amount of FCR is determined annually according to the amount of generation and
consumption in the synchronous zone. The total amount of FCR, aFRR, and mFRR must be
equal to the largest possible cut-off unit in the Baltics (700 MW in 2025). The distribution of
FCR, aFRR, and mFRR among the Baltic States calculated in 2020 is given in Table 2. As can
be seen, the estimated amount of FCR for Baltic power system is 30 MW. The estimated
amount of aFFR in the Baltics in 2025 will be 100 MW (the distribution is based on the
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current imbalance in the Baltic States). Manually activated FRR is determined as the
remaining amount of the total amount of FRR; in 2025, it will be 600 MW in the Baltics.

FCR aFRR mFRR RR

Frequency | 7" """ 7 tai AL ‘
(50Hz)|\ e

Balancing
power

t 1g+30s Styt5min tg+15min tgH5min Time

Synchr. Affected TSO's
Zone

Figure 1. Chronology of frequency control process [9].

Table 2. Active power reserve volumes in Baltic power systems calculated in 2020 after synchroniza-
tion with CESA [10].

Lithuania Latvia Estonia Baltic States
FCR +12 MW +11 MW +7 MW +30 MW
percentage 40% 33% 27% 100%
aFRR +45 MW +23 MW +32 MW +100 MW
percentage 45% 23% 32% 100%
mFRR (up) +243 MW +148 MW +218 MW +600 MW
percentage 39% 25% 36% 100%
mFRR (down) —300 MW —21 MW —279 MW —600 MW
percentage 50% 3.5% 46.5% 100%

Recently, the European Green Deal and decarbonisation goals of energy systems have
led to a growing interest in energy storage systems (ESS). ESS are a versatile tool with
different technical characteristics that can provide many options of application, such as
services to support generation, TSO’s or distribution system operator’s infrastructure,
customer energy management, and ancillary services [11,12].

For the determined Latvian TSO's reserve volumes, lithium-ion battery ESS (BESS) is
expected to be the most suitable option. The main advantages of lithium-ion batteries in
electricity system applications compared to other battery technologies are fast response
time, high capacity, and long life in partial cycles. In addition, lithium-ion batteries have
the potential for different power/capacity combinations. Nevertheless, the energy capacity
of all batteries is limited, which limits the maximum power delivery time. Therefore,
lithium-ion batteries are best suited for FCR applications characterized by short-term power
supply [13,14]. The possibility to install BESS in almost any place gives this technology a
noticeable advantage. Thus, in this research, other ESS technologies are not considered.

The idea to use BESS for FCR has been discussed for a while. Other research reviewed
on this topic has concluded that BESS can provide needed response speed to provide FCR.
Regulation capability and ancillary services’ price have vast influence on BESS economics
and operation. The algorithm should be tailored for specific power systems and electricity
market needs. Reviewed studies have not addressed the problems Baltic TSO’s will en-
counter in the nearest future, thus the proposed methodology and conclusions could be
used as guidelines in the decision-making process [15-19].

In following sections, authors propose methodology to determine the possibility to
use battery systems for FCR service. The background of the mathematical model, the
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analyses of the frequency data from Latvian and French power systems, the assumptions
on the BESS used for calculations, and the tailored algorithm are described in Section 2.
In Section 3, authors review the results. To evaluate the viability and feasibility, economic
assumptions and sensitivity analyses are described in Section 4. In Section 5, authors give
the conclusions and proposed discussion questions of the research.

2. Methodology

To understand whether it is possible to maintain frequency stability with BESS in the
power system of Latvia, the research team conducted a case study, developed a calculation
model, and tested the system’s frequency containment option for previously recorded
frequency deviations.

2.1. Mathematical Modeling of BESS FCR

The modelling of BESS operation for providing FCR is based on the Latvian TSO
planned conditions for the implementation of ancillary services considering synchroniza-
tion with the CESA until 2025 [9]. The characteristics of the planned FCR product are
summarized in Table 3.

Table 3. FCR product characteristics [9].

FCR amount =11 MW

Time 15 min

Minimum bid 1MW

Maximum bid All necessary FCR amount
Minimum duration between successive activations 0 min

Maximum activation duration Non limited

Capacity pricing Pay-as bid

Some principles of the German integrated market for ancillary services have been
considered as well. One of these states that all FCR bids must be symmetrical, i.e., up and
down regulation must be provided [20].

The FCR provision process or so-called primary frequency control is based on a load-
frequency characteristic, as shown in Figure 2. FCR is not intended to restore the frequency
to a nominal value (50 Hz), but to restore the balance of generated and consumed power
in the system and to keep the frequency at a stable limit. This historically has been done
by automatically adjusting the output of generating units. The amount of active power
required to restore this balance or prevent the further frequency increase or decrease is
proportional to the system’s frequency deviation from the nominal value.

According to the proportional load-frequency characteristics, the current battery power
Ppgss(y) for FCR provision is defined mathematically as following:

Af
Pppss(t) = =Prcr(y = W'PFCRJMX 1

where +Ppcgy—actual necessary positive or negative power for FCR provision according
to frequency deviation, Af = f — f,,om—deviation of actual frequency f from the nom-
inal frequency fnom = 50 Hz, PrcR_max—maximal FCR power defined in Table 3, and
Afmax—maximal frequency deviation at which total prequalified FCR power should be
activated. In the synchronous grid of Continental Europe, the maximum steady-state
frequency deviation is £200 mHz, at which full FCR power must be activated in 30 s.
The frequency band or deadband in which FCR delivery is not required is £10 mHz [21,22].
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Figure 2. Primary frequency control load-frequency curve.

As the frequency deviation increases, the required active power increases linearly.
If the frequency deviation is above 50 Hz, there is active power surplus in the network.
This means generated active power must be reduced, or negative FCR provision (FCR (—))
is required, and vice versa—when frequency is below 50 Hz generated active power must
be increased or positive FCR power (FCR (+)) is required. In the BESS case the positive FCR
is provided by discharging the BESS and negative—by charging BESS. In the calculations,
BESS power is assumed to be positive if BESS is charged, and negative if BESS is discharged.

In the event of the frequency deviation, the generating units that provide the FCR
automatically activate them within a few seconds; therefore, primary frequency control is
the fastest way to control the power system (Figure 1).

2.2. Frequency Data

Frequency data provided by the Latvian TSO for 2018 and 2019 were used in the
calculations of BESS operation, as well as the calculations with French power system (RTE)
data [22] for 2019 were used for comparison. Frequency measurements are summarized at
1-min intervals.

In the Latvian power system, the frequency dynamics have been similar in both
analyzed years. For purpose of better perception, Figures 3 and 4 show Latvian and French
power system frequency deviations at 4-h and one-month periods accordingly. Figure 5
shows the frequency histogram of Latvian and French power systems. Although the
primary frequency regulation is currently provided by the Russian UPS, the frequency
characteristics were analysed in the context of the requirements of EU network codes and
guidelines. Most of the time, the frequency was within the allowable limits from 49.99 to
50.01 Hz-61% of all cases in 2018 and 63% in 2019. Approximately 37% of the time in 2018,
and 39% in 2019, the frequency was outside the normal frequency deviation limits of £0.01
Hz-when no primary frequency control should be performed. In both years, the frequency
was above 50 Hz (51%) most of the time.
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Figure 3. Frequency changes in Latvian and French power systems during 4-h period from 00:00-04:00
in 5 February.
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Figure 4. Frequency changes in Latvian and French power systems on monthly (February) basis.

In contrast, the French power system, which is part of CESA, had significantly larger
frequency deviations from the nominal value. The frequency was outside the permissible
limits 49% of the time (Figures 3-5). As the frequency data are rapidly changing, the
following pictures are used to display the large difference in frequency variability and
dynamics in Latvia and France. In Figure 3 the time scale is 4 h on 5 February, and Figure 4
the time scale is whole month of February 2019 (major gridlines represent one week, minor
gridlines represent one day).
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Figure 5. Frequency histogram of Latvian and French power systems.

2.3. BESS Life Cycle and Degradation

Battery life is one of the most important factors in any BESS application, as it will
greatly affect the cost-effectiveness of the project. BESS life cycle is basically evaluated
according to two criteria—calendar life and cycle life. At these particular circumstances,
the end-of-life criterion is considered to be a 20% reduction in capacity, which is facilitated
by both processes—calendar and cycle aging. As more recycled products are becoming
available for stationary cases, the BESS life could be extended up to values lower than
70% of the initial installed capacity, which could lead to better feasibility results. Battery
life depends mainly on temperature, time, state of charge, and number of cycles [14].
To simplify the calculations, authors assumed that the decrease of the lithium-ion BESS
capacity is linear over time and amounts to a 2% reduction from the initial nominal capacity
each year. Thus, the technical life of BESS is assumed to be 10 years.

2.4. Calculation Algorithm of the BESS Model

The algorithm (Figure 6) is conditionally divided into two parts—FCR provision and
SOC recovery-which in turn is divided into three parts according to the above-described
SOC management options: deadband utilization, FCR overfulfillment, and scheduled
market transactions.

The BESS control provides the FCR service for the requested time, except when the
upper or lower charge limit is reached (90% and 10%, respectively). When the BESS
charge status reaches the specified limits, the FCR service is disabled and the batteries are
charged /discharged to the SOC set point, thus restoring the FCR service.

The use of the deadband is activated as soon as the frequency change is within
the specified deadband and the SOC level is outside the defined normal value (60%).
Overfulfillment of the specified FCR amount, as well as planned market transactions, take
place in parallel with the relevant SOC settings.
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Figure 6. Blocksheme for the BESS operation.

2.5. Selection of BESS Parameters and Operating Principle

The choice of BESS nominal power (Pprss_nom) is determined by the required amount
of FCR for the Latvian power system after synchronization with the CESA, which is
£11 MW (see Table 2). Table 4 shows all the technical parameters selected for BESS.

According to the requirements of the European Commission Regulation EU 2017 /1485,
both upward and downward FCR provision must be ensured for at least 15 min. This
criterion sets the limits for the operation of BESS or the state of charge (SOC). The state of
charge for the BESS is an important criterion in planning its operation. BESS manufacturers
do not recommend fully discharging or recharging the Li-ion battery systems due to
increased degradation of the battery cells. Instead, the maximum and minimum charge
conditions that must be observed to ensure that the life cycle specified by the BESS are
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maintained. The developed BESS model assumes that the maximum SOC (SOCpax) is 0.9 or
90% of the nominal capacity (Epgss_nom) of the battery, while the battery can be discharged
(SOCpyin) up to 10% of its nominal capacity. Thus, the maximum battery depth of discharge
is 80%, which determines the actual available capacity of the battery (Epgss_fact)-

To ensure the previously mentioned 15-min criterion in both directions, as well as
the permissible SOC levels, a minimum battery capacity is determined mathematically
as follows:

EBESs_nom = PBESS_nom 0.5/ DODmax (2)

where 0.5—defines half of an hour or FCR provision time of 15 min both upwards and
downwards, and DODya—is the coefficient of depth of discharge equal to 0.8.

Calculating the Equation (2) and rounding up, the battery nominal capacity of 7 MWh
was determined. In addition, the BESS’s normal state of charge (SOCpom) should be
maintained close to 50% to guarantee full BESS availability for both up and down FCR
regulation. The calculation assumes that a normal state of charge level is 60%.

The state of charge of the battery is calculated and the model verifies whether the SOC
lies within the permitted SOC bandwidth as follows:

PpEss() Mpess At

for charging SOC(t) = SOC(t — 1) +
EBESS_nom

3)
Pppssr)-At

for discharging SOC(t) = SOC(t—1) + ,
NBESs EBESS_nom

@)
where SOC(t — 1)—state of charge at previous time moment, nggss—round-trip efficiency
of battery storage system, At—time moment of 1 min in the studied case. It is worth remind-
ing that battery power Pggsgy) is positive when charging and negative when discharging.

The round-trip efficiency of BESS for charging and discharging processes—also consid-
ering the efficiency of the inverter and step-up transformer-is assumed to be 92% [23].

Due to the continuous operation of the BESS with insignificant periods of downtime,
the overall self-discharge of the BESS is not considered in the calculations. BESS self-
consumption is also not considered in the calculations.

Table 4. Selected BESS parameters.

Nominal power Pgess_nom, MW 11.0
BESS nominal electrial capacity Egess_nom, MWh 7.0
Available BESS electricity EgEss_fact, MWh (0.8*Eggss_nom) 5.6
State of charge (min) SOCpmin 0.1
State of charge (norm) SOChorm 0.6
State of charge (max) SOCmax 0.9
BESS round-trip efficiency n 92%

2.6. Maintaining Normal State of Charge

While providing FCR reserves, the BESS is charged and discharged continuously. At
some point-at higher frequency deviations—it may reach full charge or discharge, and at
that point it will no longer be able to provide symmetric FCR service. Therefore, a BESS
state of charge management strategy is required to ensure that BESS will supply FCR
capacity throughout the contracted timeslices. Here, authors have considered some options
to maintain normal SOC level, as practiced in the German FCR market.

The German FCR market legislation allows in certain cases to deviate from the propor-
tional frequency regulation curve. This is especially important for BESS operators, as they
can use these options to restore state of charge levels. Typically, the battery operator has
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three options to balance the charge level and maintain the normal operating range of the
BESS during primary control operation [21,22].

First option is overfulfillment when it is allowed for battery operators to exceed the
specified FCR power up to 120% of the load-frequency curve P(f), as shown in Figure 7.
This option can be used to selectively charge or discharge the battery as needed.
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Figure 7. Exceedance range and deadband of the specified FCR [15].

Second option is deadband utilization. BESS operators have the option of resetting
the charge level in the frequency deadband, which is +10 mHz (Figure 7). They may
choose to comply with or deviate from the P(f) curve. However, the opposite control is not
allowed—BESS should not be discharged when the FCR is positive, and BESS should not be
charged when the FCR is negative. In this case the accuracy of the frequency measurement
equipment and the control measurement must be high.

The third option is BESS charging or discharging through scheduled market trans-
actions. This means that the balancing energy can be purchased or sold in the intraday
market to restore the desired BESS charge level. It must be ensured that the net FCR supply
(battery capacity minus capacity purchased/sold on-the-spot market) continues to comply
with FCR regulations. When the BESS is charged or discharged with the planned energy,
its operating point is changed to enable the primary control operation at the same time.
The BESS operator must present the concept to the responsible TSO and notify the TSO
15 min before the change of operating point.

The intraday market is a part of the wholesale electricity market in which electricity is
traded in relatively small volumes with a short delivery time. Products available on the
intraday market include hourly and quarterly electricity supply contracts.

In the first and second options, the electricity consumed from the grid to recharge
the battery depends on the system frequency, but the energy bought or sold on-the-spot
electricity market (third option) does not depend on the system frequency and can be used
to significantly adjust the SOC of BESS. On the other hand, the first and second options
are free of charge, but on-the-spot market electricity must be purchased at a fixed price,
which increases BESS's operating costs, while electricity sold on-the-spot market generates
additional income.

The authors use all three options simultaneously in the calculations of BESS operation
to maintain the normal state of charge (Table 5). Therefore, the following characteristics
were defined:

e The deadband utilization is used in the 10 mHz frequency range.
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e FCRoverfulfillment starts when the state of charge decreases to 55% (SOCOF_min) or
increases to 65% (SOCoF_max)- When these limits are reached, the required amount of
FCR is exceeded by 20%, thus speeding up BESS charging or discharging.

e  Scheduled market transactions are activated at 30% state of charge level (SOCsT_min)
and 70% (SOCsT_max), respectively. An important aspect to be considered to ensure
the SOC management through the scheduled market transactions is the planned
transaction capacity (Pgr), which should be additionally accounted for the BESS
investment costs. In the calculation model, authors assume additional capacity of
1 MW for market transactions, which will be sold or purchased on the spot market for
1 h as the SOC level reaches defined limits.

Table 5. Parameters for SOC management.

Planned transaction capacity Psr, MW 1
Minimum state of charge for activation of FCR overfulfillment (OF) SOCOF_min 0.55
Maximum state of charge for activation of FCR overfulfillment (OF) SOCOF_max 0.65
Minimum state of charge for activation of scheduled transaction (ST) for charging SOCST_min 03
Maximum state of charge for activation of scheduled transaction (ST) for discharging SOCST_max 0.7

3. Results

The research team used the developed calculation algorithm to study BESS perfor-
mance at three cases of frequency fluctuations in the Latvian power system in 2018 and
2019, as well as in the French power system in 2019.

Figure 8 shows the amount of FCR provided by the BESS, as well as the electric-
ity consumed or transferred to restore the normal state of charge of the BESS using all
three SOC management options (charge with + and discharge with —). In total, in the
Latvian power system, BESS discharged 2100-2240 MWh to the network and consumed
2540-2660 MWh for charging accordingly in the studied year. The electricity required to
renew the SOC accounted for only a small part of the total BESS electricity: 0.5% to 5%
performing FCR overfulfillment and 7% to 20% using the deadband.

It should be noted that in the example of frequency deviations in power system
of France, BESS was unable to provide the required amount of FCR with the selected
parameters. In the French example, the electricity provided by the BESS in charging and
discharging processes exceeded the one of Latvian example by almost 70%. Therefore, in
the calculations with frequency fluctuations of French power system, the capacity required
for the scheduled market transactions was increased to 2 MW. Results in Figure 8 show
that in this case, BESS transferred around 3160 MWh to the network and consumed around
3800 MWh of electricity for charging.

Figure 9 shows the amount of electricity required for the renewal of the SOC through
the scheduled market transactions, which allows to estimate the necessary additional costs
for BESS charging or income from BESS discharging. Figure 9 shows that the planned
market transactions took place differently on a quarterly basis. In 2018, in case of frequency
changes of the Latvian power system, the predominance was mainly of sold electricity,
creating additional income from BESS discharging. On the contrary, in 2019 the amount of
electricity purchased for BESS charging was higher (4 MWh), creating additional operating
costs. In the case of larger frequency deviations, as was the case in France, a significantly
higher volume of market transactions was observed for SOC renewal (with a capacity of
2 MW). In total, the amount of electricity purchased for the renewal of SOC in France
through scheduled market transactions was 142 MWh.
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Figure 8. BESS performance for FCR provision and SOC management: (a) in Latvia 2018, (b) in Latvia
in 2019, (c) in France in 2019.
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Figure 9. Scheduled market transactions to restore the SOC.

The dynamics for a certain period of time for BESS active power and state of charge in
the case of Latvian power system frequency in 2018 are shown in Figure 10. The total battery
power consists of the power provided for the FCR service, as well as all components of the
power required for SOC renewal (power of deadband utilisation, FCR overfulfillment, and
scheduled market transactions). The SOC of the battery fluctuates on average around the
normal setting within the specified limits. When the SOC parameter reaches the set limit of
0.7, the scheduled market transaction is activated with a 1 MW power discharge to the grid
for 1 h, thus Figure 10 shows how the operating point of the actual BESS power shifts.
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Figure 10. Dynamics of battery power and state of charge in the example of frequency changes in the
Latvian power system in 2018 (I quarter, 06.01.18 at 20:00-07.01.18 at 06:00).

In the example of the French power system, the dynamics of battery power and SOC
are shown in Figure 11. Fluctuations of SOC are more frequent, with larger discharge
depths, according to frequency fluctuations. Performed SOC management ensures its
maintenance within permissible limits.
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Figure 11. Dynamics of battery power and state of charge in the example of the French power system
(I quarter, 15.05.19 at 00:40-10:40).
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In addition, the amount of electricity required to restore the battery’s state of charge at
the end of its life cycle has been estimated. Due to the yearly cell degradation, it is assumed
that at the end of its technical life, battery capacity has decreased to 80% of its nominal
value. There is no uniform trend in the calculation results. For example, in the case of
Latvia for the frequency data of 2018, it was necessary to additionally discharge battery
for SOC renewal. The surplus electricity sold in the intraday market in this case would
account for 40 MWh in the first year of operation and increase to 56 MWh (+40%) in the
last. However, analysing the data of 2019, SOC renewal required purchase of an additional
amount of electricity from 4 MWh in the first year to 10 MWh (+150%) at the end of the
battery life. In the French example, the amount of electricity purchased to renew the SOC at
the end of the battery’s life increased by 35% compared to the first year of battery operation.
The annual electricity consumption for the entire technical life of the battery for the Latvian
and French cases is shown in Figure 12.
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Figure 12. Annual electricity consumption for SOC renewal during the technical life of BESS.

However, Latvia’s two-year observations (for 2018 and 2019) do not allow reliable
predictions to be made about the future costs or income of BESS scheduled transactions.
Calculations of BESS operation at the end of its technical life are based on the same
frequency fluctuations as in the first year, though frequency dynamics cannot be predicted.
It can be assumed that the need to charge BESS will increase due to the cell degradation.

All calculations were performed for specific selected parameters to assess possible
BESS operation for the provision of the FCR service, and the possible BESS income and costs.
Changing the parameters of the BESS model may change the overall results. In addition, the
choice of BESS parameters is influenced by different frequency characteristics in different
synchronous zones. In this case, no optimization task was performed to determine the
most economically advantageous and technically useful parameters for the battery system.

4, Economic Assumptions

To assess the economic efficiency of the BESS project, authors determined the net
present value (NPV) of the project, as well as the internal rate of return (IRR) and the
discounted payback period. To assess the capital investments of the BESS project, au-
thors assumed the specific capital costs for energy and for power as 359 EUR/kWh and
445 EUR/KW accordingly. Considering this, the expected capital costs of BESS are estimated
at EUR 7.85 million for the example of Latvian power system with 12 MW /7 MWh BESS,
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and at EUR 8.30 million for the example of French power system with 13 MW /7 MWh BESS.
Annual operating expenses amount to 1.5% of the initial investment, or EUR 0.12 million
in the Latvian example and EUR 0.13 million in the French example.

Authors also considered additional costs for SOC renewal via scheduled transactions
in the intraday market, although the renewal of SOC was not always required to purchase
electricity. As can be seen from Figure 12, there was necessity to sell surplus electricity
in the intraday market for SOC renewal. However, the amount of additional costs of
EUR 6.2 thousand with an annual increase of 3.93% during battery life cycle were assumed
in base calculations. The costs are calculated based on the forecasted electricity price (2022
is the start of BESS operation).

In turn, the revenue from the provision of FCR service amounts to EUR 0.95 million
annually at the assumed base price of FCR service of 10 EUR/MW per hour. In calculations,
the base price of the FCR service is assumed to be the average of the existing FCR service
Pprices in the German and Finnish FCR markets.

Economic calculations assume that continuous provision of FCR service during the
contract period is ensured, as well as the right to provide full FCR service yearly—except for
two weeks for BESS maintenance-will be won. The discount rate is assumed to be 5.5%.

Considering all the above basic economic assumptions, the BESS project does not pay
back during its technical life. The calculated NPV in year 10 for the Latvian example is
—1.7 MEUR and IRR 0.64%. The BESS project would require at least 25% co-financing to
ensure a payback period of 10 years. In the case of the French energy system, for example,
there is correspondingly lower return on investment.

As FCR prices are not predictable, the impact of changes in the price of the FCR
service on the payback of the BESS project has been further assessed. FCR price changes
are assumed to be £20% and 3-40% of the base price. According to economic calculations,
the BESS project can payback within 10 years without additional co-financing, if the price
of the FCR service is at least 14 EUR/MW /h. The respective NPV curves for the frequency
deviations of the example of the Latvian power system are shown in Figure 13.

NPV (5.5%), EUR

1,000,000 1

0
~1,000,000
2,000,000 1
3,000,000
4,000,000
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~6,000,000
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6EUR/MW/h  —4—8EUR/MW/h —4—10 EURMW/h  =s=12 EUR/MW/h 14 EUR/MW/h

Years of operation

Figure 13. NPV curves of the BESS project for the example of Latvian power system at different
FCR prices.
5. Discussion and Conclusions

Authors evaluated the operation of BESS by developing a mathematical model based
on operational principles of the CESA, as well as projections planned by Latvian TSO.
The main objective of the research was to observe technical possibilities of a battery energy

storage system to provide frequency containment reserves in the Latvian power system
after synchronization with CESA.
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Comparing the frequency deviations in the Latvian (BRELL) and French (CEN) power
systems, the BRELL system has smaller frequency deviations from the nominal value than
in the Central European power system. The choice of BESS parameters was influenced by
different frequency characteristics in different synchronous zones. Although the BRELL
system proved to be more stable, the situation in Latvian power system after desynchro-
nization from BRELL will be quite unique, and the frequency dynamics in the Latvian
power system may change. Possible frequency dynamics cannot be predicted; however,
authors assume that most likely, higher frequency deviations are expected.

Considering the frequency data of the Latvian power system for 2018 and 2019, the
indicative amount for frequency containment reserve could be provided by BESS with at
least 11 MW installed power and with a storage capacity of 7 MWh. In addition, 1 MW of
installed power should be provided to maintain a normal charge level through planned
market transactions. Thus, 12 MW and 7 MWh should be provided in total.

In the event of greater frequency fluctuations, as observed in France in 2019, more
power capacity could be required to maintain the SOC level and to ensure continuity of
FCR services. The calculations estimated the need for 2 MW of additional power capacity.
Thus, the BESS with 13 MW and 7 MWh in total could be installed. However, here the
intraday market organisation principles are important. The intraday market in France
closes 30 min before the operating hour, while participants in the Latvian intraday market
can submit their requests and proposals for transactions on the current day, no later than
one hour before the operation hour. One hour for frequency deviations as in the French
power system would be too long to keep the SOC levels at permissible limits, and there are
risks suspending the provision of FCR. This will require a greater capacity of BESS to keep
the provision of FCR until starting the scheduled transaction for SOC renewal.

The BESS project will payback during the technical life of the battery (10 years) as
long as the price of the FCR service is at least 14 EUR/MW per hour. At this price, the
planned BESS revenue will be EUR 1.32 million per year. However, there are currently no
clear forecasts for the future development of FCR service prices. There is currently no FCR
market in the Baltic power system, so the costs of the region’s FCR service are difficult to
predict. For example, with the introduction of daily auctions, the price of the FCR service
in the German market decreased from 14.6 EUR/MW /h in 2017 to 8.7 EUR/MW /h in 2019.
The price of the FCR service will be determined by the marginal price of the bids offered in
the auction.

All calculations were performed under certain assumptions and under certain selected
parameters to assess the possible operation of the BESS for the provision of the FCR service
and the potential income and costs of the BESS. Changing the parameters of the BESS
model may change the overall results.

In general, in 2025 or after synchronization with the Continental Europe Synchronous
Area, it is worth to consider battery electric storage systems as alternative equipment to
provide sufficient levels of frequency containment reserves. Feasibility study may discover
that for viability reasons it is necessary to maintain an option to use the BESS, as well as for
other ancillary services.
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Nomenclature
Af Deviation of actual frequency f from the nominal frequency
Afmax Maximal frequency deviation at which total prequalified FCR power should be activated
At Time moment of 1 min in the studied case
aFRR Automatic frequency restoration reserve
BESS Battery electric storage system
BRELL Belarus, Russia, Estonia, Latvia, Lithuania
CAES Compressed Air Energy Storage
CEN Continental European Network
CESA Continental Europe Synchronous Area
DODgax The coefficient of maximum depth of discharge
EBESS_fact Actual available capacity of the battery
Episs nom  Nominal battery electrical capacity
ESS Energy storage systems
f Actual frequency
FCR Frequency containment reserve
from Nominal frequency f= 50 Hz
FRR Frequency restoration reserve
mFRR Manual frequency restoration reserve
Pgrss(y) Battery power at time moment t
Prcrey Actual necessary positive or negative power for FCR provision according to frequency deviation
'FCR_max Maximal FCR power
PHES Pumped hydro stations
PST Planned transaction capacity
RR Replacement reserve
SMES Superconducting Magnetic Energy Storage (SMES)
sOC State of charge
SOCy The state of charge of the battery at time moment t
SOCq;-1) State of charge at previous time moment
SOCmax Maximum SOC
SOCmin Minimum SOC
SOCrorm Normal state of charge
SOCOF max ~ Maximum state of charge for activation of FCR overfulfillment
SOCOF min ~ Minimum state of charge for activation of FCR overfulfillment
SOCST_max Maximum state of charge for activation of scheduled transaction
SOCST min Minimum state of charge for activation of scheduled transaction
TSO Transmission system operators
tsT Duration of scheduled transaction
UPs Russian United Power System
TIBESS Round-trip efficiency of battery storage system
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This article evaluates the feasibility of using electrode boiler in grid ancillary services and

district heating scenarios. Electrode boilers in the context of electricity grid management can

be considered as a relatively new technology. This study assesses the technical and economic

viability of electrode boiler by considering various factors such as energy demand, technical

feasibility, economic viability, and regulatory market conditions. The simplified mathematical

model has been developed for simulation of electrode boiler use for grid services and heat pro-
duction. The results have shown that electrode boiler have the potential to be a cost-effective

solution for heating and grid balancing services in certain scenarios. However, 1t may not be

applicable or economically viable in all situations or regions: thus, further research and devel-

opment 1s needed to fully realize their potential.

Keywords: Balancing markets, CHP, electrode boiler; heat and power production.

1. INTRODUCTION

It is widely acknowledged that com-
bined heat and power plants (CHPs) can
play a significant role in providing resilient
energy systems. This 1s due to their ability
to switch generation between electricity and
heat, as well as operate 1n cyclic modes [1],
[2]. Considering the rapid development of
renewable energy sources and the emer-
gence of new balancing markets, there 1is

|51

still a need for a comprehensive study on
mdividual power-to-heat technologies that
could further enhance the flexibility pro-
vided by CHPs. One such technology 1s the
electrode boiler (EB).

EB 1s a device that uses electricity to
generate heat for individual or district heat-
g systems, or other industrial processes.
Regarding electrode boilers, two types are



typically distinguished: those with an elec-
tric heater (known as electric resistance
boilers) and those with electrodes. Due to
their larger capacity, electrode boilers are
most often used for district heating pur-

Table 1. Electrode Boiler Characteristies [2], [5]

poses. EBs can provide hot water as well
as steam with efficiencies up to 99 % (q}iﬁg)
and capacity of 5-70 megawatt (MW) [3],
[4]. Other characteristics of electrode boil-
ers are shown in Table 1.

Parameter

Electrode boilers

Ramyp rate up/down, s

from less than 30 s

Operating temperature level mput, °C

10-110

Operating temperature level output, °C

water: 70-140, steam: < 300 at 45 bar

Investments for different EB capacities.

million EUR/MW

Voltage and mstalled capacity Net investments
400 V and 1-3 MW 0.13-0.16
10 kV and 10 MW 0.06-0.09
10 kV and 20 MW 0.05-0.07

Total operations and maintenance (O&M)

Fixed O&M, EUR/MW per year

1100

Variable O&M. EUR per megawatt hour (MWh)

0.5

As 1t can be seen in Table 1. the
mvestments are decreasing with the increas-
ing of EB capacity. To address potential
cost fluctuations, mcluding those attributed
to inflation, this publication will incorpo-
rate a sensitivity analysis, considering cost
adjustments of +15 % and +30 % for EB
mvestments. Besides, valuable characteris-
tics mentioned in Table 1, integrating EBs
m CHPs 1s often associated with accom-
modation of large shares of variable renew-
able energy. Study [6] argues that despite
an mncreased need for balancing renewables
and the technology being available, initia-
tives to use them, for example, m Swe-
den district heating systems as flexibility
sources are rare because the potential gain
is considered low and unpredictive.

Nevertheless studies [7]-[10] empha-
size importance of flexibility services pro-
vided by EBs. Most efforts of reviewed
studies were focused on the electricity day-
ahead market. Even though the number of
works studying the participation in the bal-
ancing markets is limited, EBs still demon-
strate the potential to increase the flexibility

[9%)

%)

provided by CHPs, due to their high ramp
rate from minimum to full load and high
efficiency.

In this publication, the installation of
EB is evaluated. The aim is to assess differ-
ent EB capacities and the potential benefits
from participating in heat and Baltic balanc-
g markets. More specifically, restoration
reserves with manual activation (mFRR)
are evaluated in this paper, while EB 1s flex-
1ble enough to provide restoration reserves
with automatic activation (aFRR) or even
reserve (FCR).
Unlike previous research on district heating
system 1n Riga [2], the use of EB 1s going to
be investigated regarding the provision of
ancillary services and heat supply. The pro-
posed methodology considers income from
both heat and ancillary services in the Baltic
mFRR market.

The remaining part of this publication 1s
structured as follows: Section I provides an
overview of the current situation and CHP
operation, as well as outlines the research
problem and formulates the hypothesis.
Section IIT presents and explains the math-

frequency containment



ematical model used for evaluation and
calculation. Section IV presents results of
mathematical simulation and feasibility
assessment. Finally, Section V draws up
the main conclusions of the research.

The study provides a reference for
interested parties, including policy makers,
foreseeing the landscape for power to heat
system development.

2. AN OVERVIEW OF THE CURRENT SITUATION

A.Insight into the Energy Sector of Latvia and Other Baltic States

As studiedn [11], [12], the Baltic States
for the period up to 2030 can face the fol-
lowing: (1) supply of electricity balancing
reserves 1s expected to decrease because the
oldest conventional generators are expected
to exit the market; (2) due to high geopoliti-
cal tensions in relations with ongoing war
from Russia since February 2022, natural
gas prices hit records — in the Netherlands
Title Transfer Facility reached 345 EUR/
MWh in March 2022; (3) the growing share
of intermittent and distributed generation in
the Baltic power system,; (4) rising price of
carbon dioxide (CO,) emission allowances:
(5) synchronisation of the Baltic power sys-
tem with the grid of Continental Europe,
which will further increase demand for bal-
ancing reserves — frequency containment
reserves and automated/manual frequency
restoration reserves (mFRR and aFRR).

According to a balancing roadmap of
the Baltic transmission system operators
(TSOs), TSOs have committed to imple-
ment and make operational European plat-
form for the exchange of balancing energy
from mFRR (the so-called MARI platform)
and exchange of balancing energy from
aFRR (the so-called PICASSO platform).
Baltic TSOs have to join MARI platform
no later than 24th July 2024, and the intro-
duction of PICASSO is planned to be con-
cluded by the end of 2024. To ensure nec-
essary reserves for operation of the Baltic
States, Baltic TSOs also plan to procure
reserves (FCR, aFRR, mFRR) as capacity
products. Procurement of all three types
of reserves will start at the end of 2024.
The main parameters for all three types of
reserves are shown in Table 2 [13].

Table 2. Three Types of Reserves — FCR, aFRR and mFRR

Standard product FCR aFRR mFRR
Activation type Automatic Automatic Manual
Activation time <305 (2 s reaction) <5 min < 12.5min
Minimum volume 1 MW
Direction Symmetrical Up and down
Preparation period 0 min 0 min <7 min
Linking of bids No Yes

- Signal Message
Activation command (based on local frequency (from TSO frequency N 2

(WebService)
measurement) restoration controller)

9%}



This study considers EB aligned inte-
gration in JSC Latvenergo natural gas com-
bined heat and power plant one and two
(CHP-1 or CHP-2) operation. Both CHPs
not only hedge Latvia against possible
shortages of electricity supply, but also pro-
vide heat energy for the right bank of Riga
district heating system. CHP-1 has two gas

turbines (P = 158 MW and Q = 145 MW)
combined with three gas heat only boilers
(HOB, 3 X 116 MW). While CHP-2 consists
of two combined-cycle gas turbines CHP -
2/1 (P =412 MW and Q =275 MW) and
CHP-2/2(P=419 MW and Q =270 MW)
combined with five gas HOBs (Q = 5 X
116 MW) [2].

B. Definition of the Problem and Formulation of the Hypothesis

In [2], two hypotheses were proposed:
(A) Replacing natural gas fired boilers with
EB can lower power plant production costs
during periods of low electricity price in
Europe’s power market — Nord Pool; (B)
Using EB can enhance the competitiveness
of CHP plants. Both hypotheses generated
positive incomes, although Hypothesis B
was with lower income, making the instal-
lation of EB less attractive, while Hypoth-
esis A showed more promise. This time,

we will evaluate the benefits of providing
regulation services to the transmission sys-
tem operator through an EB. Therefore, the
authors state the following hypothesis: The
use of EB can not only reduce the heat pro-
duction costs of CHPs, but also generate
revenues from the Baltic balancing market,
more precisely mFRR market, thus con-
firming the economic feasibility of EB inte-
gration in CHP operation, and making EB
application more attractive.

C. The Baltic Balancing Market Volumes and Prices

Smce 1 January 2018, a single balanc-
ing market has been operating in the Bal-
tic States. Operation of the common Baltic
balancing market takes place using balanc-
ing energy products: Baltic mFRR standard
product and Baltic emergency reserve (ER)
mFRR product. The total activated energy

from mFRR and ER mFRR products in the
Baltic balancing market for the four years
can be seen mn Fig. 1. On average, upward
balancing electricity was activated in the
amount of 193361 MWh during these years,
and 210355 MWh for downward regulation.

22364419
200000
150000

201946.
179898
0

Activated reserves, MWh

202687.67

0236.68
160303,
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= Downward

214052401 21129650
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2021 year

2020.yaar

2019 year 2018 year

Fig. 1. Activated mFRR and ER mFRR volumes in the Baltic balancing market [14].
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This study assumes that the EB will only
be used for downward mFRR regulation,
and the balancing market data and CHPs
operation calculations are based on the year
2021. The reason for choosing 2021 1s that
CHPs units have been operating less than
usual since 2022, due to the uncertainty
surrounding gas availability following Rus-

sia’s invasion of Ukraine.

Figure 2 shows the average annual
reserve prices from normal activations for
both upward and downward regulation in
all three Baltic countries. The price of the
ER mFRR specific product is not avail-
able on the Baltic Coba platform and not
mcluded in these statistics.

113

111

Reserve price, EUR/MWh

114 Year

Fig. 2. Average annual reserve prices from normal activations [14].

It can be observed in Fig. 2, the down-
ward reserve price is relatively lower than
the upward reserve price. The EB can theo-
retically be used imn the upward direction,
but this study will not consider it. Accord-

D. Future Research Prospects

The growth strategy of JSC Latvenergo
focuses on ambitions plans which mclude

mg to the Baltic balancing market rules,
downward activation (or negative balanc-
ing energy) 1s balancing energy bid activa-
tion to reduce generation or increase con-
sumption.

the development of new renewable energy
capacities, 1.e., solar, wind parks. The com-



pany plans to implement renewable energy
projects domestically and abroad, aiming
for a capacity of 600 MW by 2026 and 2300
MW by 2030 [15]. Such a plan could be a
reason to further analyse the use of EB to
balance the ambitious renewable capaci-

ties 1n the portfolio of JSC Latvenergo. It 1s
not under consideration in this study as the
plans have not been implemented yet. In the
future, opportunities to use EB in aFRR and
FCR markets can also be explored.

3. METHODOLOGY FOR MATHEMATHICAL MODEL

As 1t has been mentioned above, the
plan is to operate an EB in the Baltic bal-
ancing market where the mFRR product
price and demand vary continuously. The
aim 1s to replace HOB operation with EB.
It is assumed that EB will use mFRR down-
ward product to minimize the cost of heat
energy, while at the same time generating
additional revenues from the Baltic balanc-
ing market. Apart from economic benefits,
replacement of HOB with EB could poten-
tially reduce CO, emissions.

To evaluate the proposed hypothesis, a
calculation model was created. The calcula-
tion principles of EB operation are shown
m Fig. 3. Cycle 1s assumed to be one vear.
At the start of cycle, the inputs are defined.
The mputs to the algorithms include data
such as:

» actual heat load data of heat only boil-
ers in CHP-1 and CHP-2 plant per time
unit 7 (QF95). For the relevant season, in
the range of 0-546 MW, totalling 5751
hours a year;

* demand and price data for mFRR prod-
uct per time unit i (ATFRR pFRR) 1y
2021, the demand amounted to 223644
MWh, with an average price of 71 EUR/
MWh;

* the price of natural gas per month
m (PN6) was in the range 0f 0.226—1.237
EUR/m3;

*  Nord Pool day-ahead electricity price

per time unit 7 (PF). In the range of -1.41
to +1000.07 EUR/MWh. On average,
118 EUR/MWh. Transmission costs
and electricity taxes are excluded in
calculations:

¢ the carbon dioxide price per time unit
i (P£%) ranged from 33.54 to 79.097
EUR/;

« the average efficiency of the HOB
Mf28) was assumed to be 0.995;

¢ the carbon dioxide emission factor of
natural gas (E¢g,) was assumed to be
0.201 YMWh:

* 1nvestments in CAPEX were assumed
to be 0.08 million euros per MW, while
fixed OPEX standed at 1,100 euros per
MW and variable OPEX was 0.5 euros
per MWh a year.

All data sets were sourced from 2021 to
ensure that the analysis would remain unaf-
fected by parameter spikes that emerged
from 2022 onwards, such as increased elec-
tricity and gas prices, gas savings in CHPs,
etc.

As the outputs of the algorithms include
the heat production costs from gas boilers
and the EB, it is necessary to determine
whether there is potential to use electrode
boiler, as well as EB operational costs and
potential mcome together or independently
from HOB replacement and mFRR market.
Thus, all algorithms ensure evaluation of
the formulated hypothesis.



1. Start of the cycle:
i=1..8760h

L2

2. Identify the input data:
J : 5 CO.
1R, AFRR, PR, PG, pF, PEO%, nOE, | Eco,, nEE,

L2

3. Calculate heat production costs from gas boilers (P[Q‘”UB) and an electrode boiler (Pia‘”),

QHOB _ 1 PG . COz Q.EB _ pE ; EB
£ = NiE X (o + Eco, X B7) and By =P [ Mgy
vy

y

3. Determine heat load of EB per time unit #: QFF is on or off:

¥
3.1. Potential to turn off the EB, if:
QF%8is off, AMRR < 0 and P"FRR < 0
¥
3.1. Potential to turn on the EB, if:
QF1%Fis on, ATFRR > 0 and PVRR > 0

k']
4. Calculate amount of heat produced by EB per time unit i based on on/off state:Af %=
ol x i,
X ¥

5. Calculate cost of heat produced by EB per time unit i:
C'EE - PiQ,EB X Af-B

y v

6.1. Calculate savings from replacement HOB per time | [ 62 Caleulate revenues from mFRR market per

unit i/t = P[Q,HDB x ABE

time unit i:

MFRR _ mFRR EB
I = AT X O

y

7. Count income from replacement HOB and mFRR market or only replacement HOB per time unit i, when
the EB will be used:

[Total _ [Heat y ymFRR _ CEB . [Total _ [Heat _ (EB
X 2
8. Repeat the steps for the next hour interval:
i=i+1
I3

9. End of the cycle

Fig. 3. The calculation principles of EB operation.

4. FEASIBILITY ASSESSMENT RESULTS

Based on an analysis and the opera-
tional patterns of CHP-1 and CHP-2, the
results have been obtained for various EB
capacities, starting from 10 to 100 MW.

The use of EB not only reduces the heat
production costs of CHPs, but also generates
revenues from the Baltic balancing market
(Fig. 4). Figure 4 (a) represents the scenario

[

where the EB operates and receives savings
from HOB replacements and revenues in
the mFRR market. Figure 4 (b) represents
the scenario where the EB can also be used
for HOB replacement when it 1s beneficial,
even if there is no demand for the mFRR
product during a specific hour.
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Fig. 4. Operation of EB in line with the formulated hypothesis.

Figure 4 shows that in both scenarios —
A and B — the overall income of using an
EB is significantly enhanced. Scenario B
demonstrates that the EB should be uti-
lized not only when there 1s a demand for
the mFRR product, but also in other situa-
tions where 1t can effectively maximize sav-
ings from HOB replacement. Furthermore,

1e5

Figure 5 illustrates the EB variations in heat
production, income, and working hours
between scenarios A and B. This serves
as further confirmation that the EB should
be employed not solely when there is a
demand for the mFRR product, but also in
other hours where 1t can significantly opti-
mize savings by replacing HOBs.
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Fig. 5. Operation of EB in two scenarios A and B.

Figure 6 illustrates the broader charac-
teristics for various EB capacity levels. Tt
showcases the project economic indicators,
which are expressed as net present value

(NPV), nternal rate of return (IRR) and the
number of years it would take for the proj-
ect to payback.
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Fig. 6. Characteristics of EBs at different capacity.

It 1s worth noting that once the EB
capacity reaches 50-60 MW, there is no
significant increase in the amount of ther-
mal energy produced, revenues from mFRR
market (Figs. 5 and 6). Even more, the pay-
back indicators of the project increase from

such capacity. As a result, the authors sug-
gest that developing an EB of this size (50—
60 MW) would be advantageous.

Figure 7 shows the hours of operation
for both the HOBs and EB (with 50 MW
capacity) throughout the year.

600
[ EB capacity for heat generation
11 HOB capacity (CHP1 and CHP2) after EB nstallation
500
400
2
H |
£ 300
H
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200
100

4000
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Fig. 7. HOB and EB capacity on an annual basis.
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The HOB capacity 1s denoted n orange,
while the EB capacity is shown in blue. Fig-
ure 7 demonstrates that the performance of
the EB is reliant on the nature of the HOBs.
Additionally, it indicates that the utilization

5. DISCUSSION AND CONCLUSION

of the EB could be even further enhanced if
there were possibility to increase EB capac-
ity or it could be profitable to operate under
another heat or electricity market condi-
tions.

EBs have the potential to play an impor-
tant role in ancillary services and district
heating, offering areliable and efficient solu-
tion for meeting energy demands. However,
to assess their feasibility, a comprehensive
evaluation is necessary, considering various
factors such as energy demand, technical
feasibility, economic viability, and regula-
tory market conditions. This paper con-
sidered the economic feasibility of EBs in
ancillary services and district heating, pro-
viding a framework for decision making
and helping to ensure that this technology
could be deployed effectively.

The formulated hypothesis was proven,
1.e., the use of EB can both reduce the heat
production costs of CHPs and generate rev-
enues from the Baltic balancing market. The
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[bookmark: _Hlk157367048]ABSTRACT

The electricity sector is undergoing a continuous transformation, driven by the rapid growth of renewable energy sources and the pursuit of smarter, more energy-efficient electricity supply systems. Europe's ambitious goal of achieving climate neutrality by 2050 necessitates a redefinition of electricity supply rules and a reshaping of market participants' roles. New decentralized power technologies are fundamentally altering the dynamics of the electricity supply sector, both already now and in the future. New types of electricity users are emerging, increasingly conscious not only of electricity consumption, but also of its production. In recent years, the number of EU residents who utilize electricity not only for household needs but also for heat pumps (for heating and hot water supply) or electric vehicle charging has risen significantly. Moreover, these users are increasingly engaging in self-generation, energy storage, demand response, and other energy services. Simultaneously, large electricity producers must adapt to the new reality of rapid demand fluctuations and price changes in energy markets.

Therefore, this thesis focuses on examining modelling and methodology tools for evaluating decentralized power supply system solutions. The findings are intended for use in developing of innovative products and services for customers of decentralized power supply systems, empowering them to assess and enhance energy resilience, promote sustainability, and diversify energy sources while reducing reliance on centralized grids. This assessment of how to operate, plan, and derive economic benefits from new decentralized power supply solutions can be instrumental in establishing robust business cases. Thus, the models and methods presented provide a comprehensive analysis of emerging technologies and their role in the energy transition. Furthermore, the research findings can guide policymakers in developing effective market regulations and determining the need for additional incentives to accelerate energy transition even faster.




ANOTĀCIJA

Elektrības nozare piedzīvo nepārtrauktu pārveidi, ko veicina strauja atjaunojamo enerģijas avotu izaugsme un centieni pēc gudrākām, energoefektīvākām elektroenerģijas apgādes sistēmām. Eiropas ambiciozais mērķis sasniegt klimatneitralitāti līdz 2050. gadam prasa pārskatīt elektroenerģijas apgādes noteikumus un pārveidot tirgus dalībnieku lomu. Jaunās decentralizētās elektroapgādes tehnoloģijas būtiski maina elektroenerģijas apgādes nozares dinamiku gan jau tagad, gan nākotnē. Parādās jauni elektroenerģijas lietotāji, kuri arvien vairāk apzinās ne tikai elektroenerģijas patēriņu, bet arī tās ražošanu. Pēdējos gados ir ievērojami pieaudzis ES iedzīvotāju skaits, kas elektroenerģiju izmanto ne tikai sadzīves vajadzībām, bet arī siltumsūkņiem (apkurei un karstā ūdens apgādei) vai elektrotransportlīdzekļu uzlādēšanai. Turklāt šie lietotāji arvien vairāk nodarbojas ar pašražošanu, enerģijas uzglabāšanu, pieprasījuma slodzes izmaiņām un izmanto citus ar enerģiju saistītus pakalpojumus. Vienlaikus lielajiem elektroenerģijas ražotājiem ir jāpielāgojas jaunajai realitātei, kurā ir straujas pieprasījuma svārstības un cenu izmaiņas enerģijas tirgos.

Tāpēc šī disertācija ir vērsta uz modelēšanas un metodoloģisko rīku izpēti decentralizēto elektroapgādes piegādes sistēmu risinājumu novērtēšanai. Iegūtie rezultāti ir paredzēti izmantošanai, lai izstrādātu inovatīvus produktus un pakalpojumus decentralizēto elektroapgādes sistēmu klientiem, dodot viņiem iespēju novērtēt un uzlabot enerģijas noturību, veicināt ilgtspējību un dažādot enerģijas avotus, vienlaikus samazinot paļaušanos uz centralizētajiem elektrotīkliem. Šis novērtējums par to, kā darboties, kā plānot un kā gūt ekonomiskos labumus no jauniem decentralizētiem elektroapgādes piegādes risinājumiem, var būt būtisks, lai izveidotu stabilus biznesa gadījumus. Tādējādi piedāvātie modeļi un metodes sniedz visaptverošu analīzi par jaunām tehnoloģijām un to lomu enerģijas pārejas procesā. Turklāt pētījuma rezultāti var palīdzēt politikas veidotājiem izstrādāt efektīvus tirgus noteikumus un noteikt nepieciešamību pēc papildu stimulēšanas pasākumiem, lai paātrinātu enerģijas pāreju vēl straujāk.
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[bookmark: _Toc165331178]INTRODUCTION

[bookmark: _Toc165331179]Topicality of the research

[bookmark: _Hlk157699083]Climate change poses a serious risk to our planet, with widespread effects observed globally. In response, nations and regions have set ambitious climate neutrality objectives. Internationally, agreements like the Paris Agreement strive to limit global warming to below 2 degrees Celsius, with efforts to pursue even more stringent targets. The European Union (EU) has committed to achieving climate neutrality by 2050, aiming for zero net greenhouse gas emissions. Latvia, among other EU countries, has joined in this endeavour, recognizing the pressing need for collaborative action. These commitments reflect a collective resolve to address climate change, foster energy innovations, and progress towards a sustainable future [1].

Understanding why we are innovating and why it is necessary to transform the energy system is very important for success. The answer to the question “Why do we need to innovate?” can help to define what success would look like, what kind of innovations we are aiming for, and ultimately, how best to organize and implement innovations to help transform the energy system. It is important to note that innovation and energy system transformation can mean many different things (see Table 1.1.).

[bookmark: _Toc165331409][bookmark: _Ref151217303]Table 1.1. Innovations for Transforming the Energy System [2]
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		Generation

		Transmission & distribution

		Consumption



		Hybrid energy systems.

Flexible generation.

Conversion of electricity into different substances, incl. hydrogen, (P2X).

Energy storage.

Virtual power plants.

Digital twins.

Power-to-heat.

Microgrids.



		Real-time monitoring and control.

Grid automation.

Advanced analytics.

AI-based control centres.

Smart asset management

Simulation tools for hybrid AC/DC systems.

Transparency and market platforms.

		Electrification of end-use sectors.

Electric vehicles, smart charging and vehicle-to-grid (V2G).

Empowered consumers.

Energy communities.

Peer-to-peer electricity trading.

Demand response and flexibility.

Aggregators.









However, for the most part, innovations are almost always aimed at objectives: new activities that would provide real profits for one or more stakeholders, mitigate environmental impact, or enhance energy security. The nature of these new activities and how they are implemented is where many ideas come from, including from stakeholders who use the energy system in their daily lives.

The need for innovation can generally be broken down into a smaller set of reasons. Here are just a few of them:

1. Competitive pressure from more innovative companies.

2. Trends that are transforming an industry and changing the positions of market players.

3. Direct changes in the demand for products or services.

4. Economic recession (for example, which many companies began with the pandemic).

5. Changes in customer needs (for example, in connection with new technologies).

6. Stagnating or shrinking core markets.

7. Exploring new market opportunities.

8. Opportunities created by new technologies, such as in the context of digitalization and artificial intelligence.



There are various measures and innovations to accelerate the transition from fossil fuels to environmentally neutral technologies. New modelling techniques, simulation tools and innovative approaches are needed to find a sustainable, technically and economically efficient mix of solutions and their parameters for a safe and sustainable energy transformation. Therefore, in the Doctoral Thesis, the author focuses on innovative methodologies and mathematical models to address several key aspects in this field, together with an experimental approach:

1. [bookmark: _Hlk157699985]The development of an evaluation framework for off-grid (which is not connected to the electricity grid) and microgrid systems. This includes optimizing equipment parameters, considering the impact of various operating modes, and creating mathematical models to enhance the effectiveness of these systems.

2. [bookmark: _Hlk157367452]A systematic assessment of current legislation and the economic viability of diverse decentralized power supply solutions. This aims to provide valuable insights into the regulatory landscape and financial feasibility associated with various, decentralized energy systems.

3. The formulation of an evaluation and optimization model specifically tailored for large-capacity electricity storage systems.

4. The design of an algorithm for technical and economic justification, along with increased flexibility using an electrode boiler. This is intended for active participation in balancing markets, contributing to both technical efficiency and economic viability.

The developments were used to simulate the technologies in the conditions of Latvia and its energy system.

[bookmark: _Toc165331180]Hypothesis, objective and tasks of the Thesis

Hypothesis



[bookmark: _Hlk157368792]Prioritizing the efficient planning and operation of decentralized power supply solutions can lead to a more flexible, sustainable, and balanced energy landscape. Decentralized power supply solutions can to effectively address challenges related to intermittent generation, enhance system flexibility, lower energy prices, and improve overall energy infrastructure efficiency. Thus, it is important to find an efficient combination of solutions and to determine the optimal parameters of this system, which can be done with innovative simulation tools.



Objective



[bookmark: _Hlk157368493][bookmark: _Hlk157370145]The aim of the Doctoral Thesis is to propose new modelling methods, simulation tools and innovative approaches for the selection and evaluation of decentralized power supply solutions and their performance optimization (improvement) under changing operating conditions.



Tasks



To achieve the aim of the Thesis, the following tasks have been set:

1. Conduct an in-depth exploration of off-grid and microgrid systems, emphasizing the development of an evaluation framework that incorporates consumer habits, with a focus on optimizing equipment parameters, assessing the impact of different operating modes, and formulating mathematical models to increase the overall effectiveness of these systems.

2. Undertake a systematic assessment of existing legislation and evaluate the economic viability of diverse decentralized power supply solutions. Provide insights into the regulatory landscape and financial feasibility across different scenarios.

3. Assess energy security of supply in an environment where decentralized power supply solutions are introduced and the need for flexibility arises.

4. Develop an evaluation and optimization model tailored specifically for large-capacity electricity storage systems used to provide system services (frequency regulation). This task involves synthesizing methodologies to enhance the efficiency and performance of these storage systems following the synchronisation of the Baltic power system with the Central European Synchronous Area (CESA).

5. Design an algorithm for technical and economic justification with a primary emphasis on flexibility enhancement through the integration of an electrode boiler. This algorithm aims to facilitate active participation in balancing markets, thereby contributing to both technical efficiency and economic viability.

[bookmark: _Toc165331181]Scientific novelty 

Detailed mathematical descriptions and specialized algorithms were developed to evaluate the technical and economic aspects of various technologies, aiming to enhance their performance under different conditions. The goal was to make them better in different situations and speed up the switch to cleaner energy, thereby accelerating the energy transition. Offering to quickly and accurately determine the optimal composition of systems or other parameters, including comparison with existing commercial modeling tools. These approaches have been tailored to these main technologies: off-grid and microgrid systems, photovoltaics, electricity energy storage systems, and electric boiler, resulting in the development of four distinct methodologies designed for each specific technology.

The mathematical descriptions of those technologies, the algorithms used for evaluation of technical and economic aspects, and the legislative system have all been scrutinized within the context of Latvia and its energy system.

[bookmark: _Toc165331182]Practical significance of the research

The algorithms developed through research are designed to allow adaptation by other developers. These algorithms have tangible, real-world applications planning off-grid and microgrid systems, selecting equipment composition and parameters, and improving their performance.

These algorithms have found practical applications, notably in the technical and economic evaluation of projects undertaken by “Latvenergo AS”. Among these projects are the installation of an off-grid system, battery energy storage system (BESS) at Riga hydroelectric power plant, and an electric boiler at the Riga thermal power stations. The experimental off-grid system has been successfully installed and is presently in operation in theBauska region. Demonstration and further development of the system is ongoing.

Moreover, the developed algorithms were instrumental in creating the feasibility study for both the BESS and electric boiler projects. These studies are set to be submitted for European Union co-financing in the near future. At present, a procurement procedure is underway to select a suitable candidate to serve as the BESS contractor, who will be responsible for the development of the technical design and construction of the BESS system.

The results of the Doctoral Thesis can be used by “Latvenergo AS” to evaluate different options for the improvement of those technologies. Moreover, the obtained results can be used as input data by the policy makers, developers, and researchers of Riga Technical University.

During the preparation of the Thesis, the author participated in the development of the lecture materials for students of Riga Technical University. The results of the research have been used in the following lectures:

1. Microgrids, their basic elements, control systems and modelling (EES708, Electrical stations and substations, for masters level students).

2. Research and Development, Innovation in Energy (EES731, Introduction to the specialization and research in the field, for bachelor's level students). 

3. Electric vehicle charging infrastructure, smart solutions (EES731, Introduction to the speciality and industry research, for bachelor's level students).

[bookmark: _Toc159655843][bookmark: _Toc165331183]Publications and conferences

The results of the research have been presented in scientific journals in Latvia and abroad. Articles in scientific journals.

1. Gicevskis K. and Linkevics O., “The Role of Decentralized Electrode Boiler in Ancillary Services and District Heating: a Feasibility Assessment”, Latvian Journal of Physics and Technical Sciences, vol. 60, no. 5, 2023, pp. 32–42, https://doi.org/10.2478/lpts-2023-0029.

2. Gicevskis K., Linkevics O., and Karlsons K., “Transitioning to decentralized renewable energy in Latvia: a comprehensive payback analysis”, Latvian Journal of Physics and Technical Sciences, vol. 60, no. 6, 2023, pp. 19–34, https://doi.org/10.2478/lpts-2023-0034.

3. Groza E., Kiene S., Linkevics O., and Gicevskis K., “Modelling of Battery Energy Storage System Providing FCR in Baltic Power System after Synchronization with the Continental Synchronous Area”, Energies, 2022, vol. 15(11), doi:10.3390/en15113977.

4. Groza E., Gicevskis K., Linkevics O. and Kiene S., “Mathematical Model for Household Off-Grid Simulation (Off-Grid System Sizing)”, Latvian Journal of Physics and Technical Sciences, 2022, vol. 59 (4), pp. 3–18, doi: 10.2478/lpts-2022-0029.

5. Linkevics O., Vesperis E., Gicevskis K., Osadcuks V., Pecka A. and Galins A., “Analysis of Experimental Data from Household Off–Grid System in Latvia”, Latvian Journal of Physics and Technical Sciences, vol. 60, no. 3, pp. 3–17, https://doi.org/10.2478/lpts-2023-0014.



The research results presented in the doctoral thesis were discussed at two international scientific conferences, where topical energy sector problems were also discussed.

1. Gicevskis K., Linkevics O., Groza E. and Kiene S., “Multiple Scenario and Criteria Approach for Optimal Solution and Sizing of Household Off-grid System”, in 2020 IEEE 8th Workshop on Advances in Information, Electronic and Electrical Engineering (AIEEE), 2021, pp. 1–7, doi: 10.1109/AIEEE51419.2021.9435627.

2. Gicevskis K., Groza E., Karpovica I., Smiltans E., “The Energy Trilemma Index as a tool to support national security of energy system towards climate neutrality”, in the 80th International Scientific Conference of the University of Latvia, Latvia, Riga, 18 March 2022, pp. 5–5, https://dspace.lu.lv/dspace/bitstream/handle/7/61077/book-of-abstracts_18-03-2022.pdf?sequence=1.



The research results have been published as in an article in a book and in articles in other journals.

1. Groza E., Gicevskis K., Smiltans E., Karpovica I., Valdmanis G., “Latvia’s Energy Supply and Security”, Towards Climate Neutrality: Economic Impacts, Opportunities and Risks: reviewed monograph. Riga, University of Latvia Press, 2023, pp. 135–150, doi:10.22364/tcn.23.

2. Groza E., Smiltans E., Gicevskis K., Karpovica I., “Pasaules enerģētikas trilemmas indekss: globālā pieredze lokālu risinājumu meklējumos”, Enerģija un pasaule, 2022, vol. 1, no. 132, pp. 58–63, URL: http://www.energijaunpasaule.lv/wp-content/uploads/2022/02/EP_132_2-3lpp_SATURS.pdf.

3. Gicevskis K., Linkevics O., Groza E., “Jauni elektroenerģijas tirgus dalībnieki un tehnoloģijas–regulatīvie izaicinājumi”, Jurista vārds, 2022, vol. 1247, no. 33, pp. 30–35.

[bookmark: _Toc159655844][bookmark: _Toc165331184]Author's personal contribution

During the development of the Doctoral Thesis, the author participated in several cooperation projects, working together with “Latvenergo AS”, Riga Technical University, Latvian University of Biosciences and Technologies, and other researchers. The overall concept of the Doctoral Thesis was developed by the author in close cooperation with Professor Dr. sc. ing. Oļegs Linkevics, under the leadership of Professor Dr. habil. sc. ing. Antans Sauļus Sauhats. The author contributed to all stages of the work, especially data processing, evaluations and calculations, working on case studies and analysing their results.

[bookmark: _Toc165331185]Volume and structure of the Thesis

The Thesis is written in English. It is composed of an introduction, five main chapters, conclusions, and bibliography with 97 references. The Thesis contains 69 figures, and 23 tables and consists of 121 pages.

The Introduction provides information regarding the topicality of the research, formulating the hypothesis, objective, and tasks of the Thesis. It also presents the scientific novelty and practical significance of the research, along with a listing of the author's scientific work.

Chapter 1 introduces the methodology for simulating off-grid systems and determining the optimal mix and sizing of household off-grid systems using various scenarios. It considers three different off-grid technological alternatives, three dispatch strategies, restrictions on some component operations, and sensitivity analysis. The chapter concludes with the advantages and disadvantages of the employed method and proposes improvements for future research.

Chapter 2 delves into a comprehensive overview of various methods and indicators that could be considered in the evaluation process of off-grid equipment. It introduces a novel multi-objective simulation tool that serves as an assessment tool for determining off-grid and microgrid equipment sizing. The developed model is validated against the calculations performed in Chapter 1 using Homer Pro software and real-world off-grid system data presented in Chapter 3.

Chapter 3 presents an experimental standalone electrical off-grid solution in Latvia. Operational data from a real autonomous off-grid system was collected for the analysis of system performance and control strategy. This information holds high relevance for planning and sizing cost-effective renewable off-grid systems. For example, simulations may deviate from real system operation in certain aspects. The findings from the first three chapters also indicated that off-grid and microgrid systems encounter similar challenges as large energy systems. Therefore, in the following chapters, decentralized technologies with an impact on the overall energy system are discussed.

Chapter 4 introduces a broader perspective on decentralized energy resources and emerging participants in the energy field. It examines trends in the electricity markets, the regulatory framework, and their impact on potential savings from innovative solutions in various scenarios within the context of Latvia. The chapter puts forward recommendations for legislative changes and findings that could serve as additional motivation for investing in energy transition.

Chapter 5 outlines methodologies for secure energy transition, the development of an algorithm to assess the technical feasibility of providing a frequency containment reserve (FCR) with a battery energy storage system (BESS). It also includes the development of a methodology and calculations for the provision of a manual frequency restoration reserve (also called mFRR) using an electrode boiler.

Conclusions of the Thesis provide a summary of the main findings.




[bookmark: _Toc165331186]METHODOLOGY FOR DETERMINING THE PARAMETERS OF THE HOUSEHOLD OFF-GRID ELECTRICITY SUPPLY SYSTEM

[bookmark: _Toc165331187]Motivation and background

Electrification may be cost-effective way to fight against climate change and reach the EU decarbonisation targets [3]. Among other things, electrification can be counted not only as connecting electricity users to the grid but also to off-grid systems. Although there is no common definition of an off-grid system in the world, the following definition will be used in the Thesis: 

· an off-grid system is a collection of interconnected electricity consumers, controllable loads, decentralized energy sources and energy storage disconnected from the low-voltage grid. The cluster shall operate as an independent, controllable power supply system and shall be capable of operating in an independent, island mode.

[bookmark: _Hlk165292998]Where such a cluster is connected to a low-voltage grid and can operate in synchrony with the distribution system operator's network, such a system is also called a microgrid (see Fig. 1.1)
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[bookmark: _Ref159744460][bookmark: _Ref158708377][bookmark: _Toc165331229]Fig. 1.1. Off-grid and microgrid power supply systems.

For users and electricity service providers, an off-grid or microgrid system can offer several benefits, such as reduced energy consumption (and thus costs), reduced environmental impact, improved reliability of electricity, reduced losses in distribution networks, reduced probability of overloading, improved voltage quality, etc. [4]. Off-grid or microgrid power supply solutions could have a positive impact on rural development in Latvia, e.g. in rural areas with long distribution lines or in areas without existing electricity supply (see Fig. 1.2).
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[bookmark: _Ref159744522][bookmark: _Toc165331230]Fig. 1.2. Potential locations for off-grid or microgrid power supply solutions to customers in Latvia [5].

In many parts of the world, off-grid and microgrid technologies are seen as the future of electricity distribution networks. Across the residential sector outside urban areas, off-grid electricity systems are starting to become more recognized. However, planning of such systems from an economic and technical point of view still rise series of questions and issues. Often they are either oversized or undersized to fulfil the energy demand [6], [7].

[bookmark: _Toc165331188]Simulation using software tool

[bookmark: _Hlk150939270]HOMER (abbr. for Hybrid Optimization of Multiple Energy Resources) Pro software[footnoteRef:1] is an economic optimization tool for the simulation and optimization of off-grid and grid connected hybrid energy systems. The software can be used for decision making on choosing the optimal mix of resources, system configuration, or analysing capital and operating costs for energy system planning. The Homer Pro operation process could be described in three simple steps: 1) setting up the project, 2) analysis, and 3) results (see Fig. 1.3). [1:  https://homerenergy.com/products/pro/index.html] 






[bookmark: _Ref151218311][bookmark: _Ref64578255][bookmark: _Ref63610174][bookmark: _Toc165331231][bookmark: _Ref63610184]Fig. 1.3. Homer Pro process diagram.

The objective function of HOMER Pro is used for minimization of the total Net Present Cost (NPC also known as the cost of the system over its lifetime). The NPC includes capital costs, replacement costs, operation and maintenance (O&M) costs, fuel costs, emissions penalties, and the costs of buying power from the grid (the last two will not apply to the case study in this paper). The NPC is the main economic output and a value by which HOMER Pro ranks all system configurations in the optimization results. To calculate the total net present cost (EUR), the software uses the following equation.

	(1.1)

where Cann,tot is the total annualized cost (EUR), i is the annual real discount rate (%), Nproj is the project lifetime (years), and CRF(i, N) is a function returning the capital recovery factor, which is calculated with the equation:

	(1.2)

where i is the real discount rate and N is the number of years. The i is calculated using the following equation:

 ,	(1.3)

where i’ is the nominal discount rate (the rate at which you could borrow money) and f is the expected inflation rate. For example, if the nominal discount rate is 8 % and the expected inflation rate is 3.5 %, the annual real discount rate is 4.35 %. By defining the real discount rate in this way, inflation is factored out of the economic analysis [8].

The software can satisfy specific constraints like generator operation restrictions, capacity shortage level, fuel costs, etc. and at the same time determining an optimal sizing of system components and providing detailed information on system with a lowest total net present cost. Compared with other software computing techniques such as RETScreen, PVSOL, Hybrid 2, TRANSYS, SAMS, RAPSYS and MATLAB, HOMER Pro have benefits such as the wider options when setting up the project, realistic and continuously updated library of components, possible combinations over varying restrictions as well as various dispatch strategies [9]. Within Homer Pro software it is also possible to directly download nature resource data from NASA (abbr. for National Aeronautics and Space Administration) databases on specific location user choose. In default situation, such data are obtained:

1. Solar radiation monthly averages over 22-year period (July 1983–June 2005).

2. Air temperature monthly averages over 30-year period (January 1984–December 2013).

3. Wind speed monthly averages over 10-year period (July 1983–June 1993) are obtained.

However, on the other hand, sometimes some scenarios might be needed to be re-calculated individually for the specific situation, because HOMER Pro can only handle single-object optimization and thus the flexibility is limited [9].

While setting up the project, the software user must choose a dispatch strategy to determine how generation can provide the load. A dispatch strategy can be defined as a set of rules that pertain to energy flows among off-grid components. The software provides various dispatch strategies, like cycle charging, load following, and combined dispatch. Each dispatch strategy has its own operating principles.

1. Load following (LF) – when a generator is needed, it produces only enough power to meet the demand. It tries not to charge the battery with a backup diesel generator unless it reaches the minimum power of the generator. Load following tends to be more optimal in off-grid systems with a lot of renewable power that sometimes exceeds the load.

2. Cycle charging (CC) – whenever a backup generator is required, it operates at full capacity, and surplus power charges the battery bank. It stops charging the battery at the setpoint of the battery state of charge. Cycle charging tends to be more optimal in off-grid systems with little or no renewable power.

3. Combined charging dispatch strategy (CS) – intelligently switches between the load following and cycle charging strategies. That way, it can improve performance over the cycle charging and load following dispatch strategies by making more efficient use of the backup generator [8].

After all, users have possibility to write even their own dispatch algorithms for HOMER Pro using MATLAB. Determination of optimal dispatch strategy depends on many factors, including the size of backup generator and battery system, the price of diesel fuel, the operational and maintenance cost of a generator, the amount of renewable power in the system, and the availability of the renewable resources. The right choice of dispatch strategy is an important factor. Selection of nonoptimal dispatch strategy can result in unnecessarily high operating costs from using more diesel fuel or surplus battery capacity. One of the roles of dispatch strategy is to avoid situations where energy that was charged in the battery by the diesel generator is eventually wasted, because the same charging could have been accomplished by the renewable sources before the energy is needed [10].

HOMER Pro ensures that overall power generation meets (or exceeds) the total system electricity demand. Nevertheless, it is possible to have excess electricity at certain time-steps, due to a small demand or high renewable energy generation. This electricity is considered as curtailed or dumped by HOMER Pro software.

[bookmark: _Toc165331189]Methodology

In this case, we consider a household electricity consumer who has no access to the electric grid and faces high connection costs. Fig. 1.4 shows a block scheme of the case study.





[bookmark: _Ref151218685][bookmark: _Toc165331232]Fig. 1.4. Block scheme for the case study.

Various off-grid alternatives are compared to determine the most optimal solution for the selected household. Great attention is paid to ensure the following criteria: the highest use of RES, the smallest excess electricity, and the lowest cost of the system. Depending on the energy sources, three off-grid alternatives are assumed. The first alternative includes a wind turbine, solar panels, a backup diesel generator and battery energy storage system (BESS; lithium ion type). The second alternative has solar panels, a backup diesel generator and BESS. The third alternative comprises a wind turbine, backup diesel generator and BESS. By considering the location of the household, the relevant default nature resource data are obtained. All off-grid equipment components and costs of all alternatives through three different dispatch strategies with and without certain restrictions of backup diesel generator operation were analysed. The restriction of the generator operation time is set to 1000 h per year (to extend the generator’s lifetime, to ensure environment and comfort factors). In addition, diesel generator fuel consumption and initial required investments for the alternatives are analysed with the sensitivity analysis, where fuel price changes and different capacity shortage levels have been tested.

Using input data described in the Fig. 1.4 and in the following sections, all off-grid alternatives with respective scenarios (totalling 162 simulations) were analysed.

[bookmark: _Toc165331190]Site location and household load

The location of the off-grid is in Latvia, near the capital city of Riga. Modelling input data of solar radiation, temperature, and wind resources for the selected location is obtained from Homer Pro software databases. For the proposed location, the maximum solar radiation is 5.5 (kWh/m2/day) in June, while the minimum solar radiation is 0.42 (kWh/m2/day) in December, and the annual average solar radiation is 2.87 (kWh/m2/day). Regarding temperature, the maximum temperature is 17.61 °C in July, while the minimum temperature is –5.56 °C in February, and the annual average temperature is 5.79 °C. While the maximum wind speed at a 50 m reference height is 7.68 m/s in January, the minimum wind speed is 5.4 m/s in July, and the annual average wind speed is 6.54 m/s. The wind speed for the location of the household is obtained at the reference height of 50 m, while the defined hub height for the household’s wind turbine is 10 m. For extrapolating the wind speed at the hub height, the wind speed logarithmic profile in Homer Pro was used. For this case study, real household hourly load data are collected, integrated into the software, and used in simulations. The households’ average daily electricity demand is 30.27 kWh, which reaches 11 049 MWh on an annual basis. The household consists of 2 persons. A heat pump, which is used for heat and hot water supply, and an electric vehicle for transport needs can be considered as the biggest consumers of electricity in this household. This type of household matches with aims for electrification, which has a critical role to play in achieving European Union decarbonisation policy targets.

[bookmark: _Toc165331191]Off-grid power supply system parameters

For the case study, basic project economic characteristic assumptions are: 10 years project lifetime, 8 % discount rate, and 2 % expected inflation rate. Equipment capital expenditures (CAPEX), including installation, operation, and maintenance costs (OPEX), together with other technical aspects were obtained from a market research and discussions with experts (see Table 1.2).

[bookmark: _Ref151218833]Table 1.2. Input Data of Off-grid Components

		Equipment

		CAPEX, incl. installation

		OPEX (EUR/year)

		Service life

		Other specific conditions



		Solar panels

		1250 EUR/kW 

		10

		25 years

		Derating factor – 10 %



		Wind turbine

		3500 EUR/kW

		70

		20 years

		Wind turbine height–10 m 



		Backup diesel generator

		600 EUR/kW

		0.03 (EUR/op.hr)

		15 thousand hours

		Minimum load ratio – 25 %, diesel generator work restriction – 2172 litres of diesel fuel (which is around 1000 hours when nominal generator output capacity is 6.6 kW)



		BESS

		540 EUR/kW and EUR/ kWh

		10

		15 years

		Minimum state of charge (SoC) – 20 %, at start SoC – 100 %, electricity throughput (kWh) – 3000



		Converter

		750 EUR/kW

		0

		15 years

		Efficiency of inverter (DC-AC) – 95 %, efficiency of rectifier (AC-DC) – 85 %, rectifier capacity – 75 %



		Controller

		1300 EUR/kW

		0

		25 years

		The setpoint state of charge – 80 %. 





[bookmark: _Toc165331192]Dispatch strategies

According to the block scheme of the case study, three different dispatch strategies, described previously, are used-cycle charging (CC), load following (LF), combined charging dispatch strategy (CS). All strategies to each of the off-grid alternative to see how it will address the technical and economic aspects are applied. To better understand how dispatch work, Fig. 1.5 shows simulations of 1st of January for all three mentioned strategies. In LF strategy generator mostly follows electric load and is practically not used for BESS charging. In CC strategy generator covers peak demand at full load with surplus used to charge BESS. In CS strategy the combination of both approaches is used. Solar and wind generation is practically unavailable on a given day.
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[bookmark: _Ref151218930][bookmark: _Toc165331233]Fig. 1.5. Three dispatch strategies in action on 1st of January.

Fig. 1.6 shows simulations of 1st of June for all three mentioned strategies. Solar and wind generation has higher availability in comparison to simulations of 1st of January. In LF strategy renewable generation is used at most, with surplus used for charging. In CC strategy generator is operated at full capacity to secure higher charging of BESS. In CS strategy-combination of both.

The first alternative (wind, solar, diesel generator and BESS) is used to show electricity flows operated by each of dispatch strategy. Fig. 1.5 and Fig. 1.6 shows that with each dispatch strategy at different hours the load is served from different sources. Consequently, at the end, dispatch strategies have their impact to the renewable energy source (RES) fraction delivered to the load. All off-grid alternatives with and without generator operation restrictions are used to show possible RES fraction.



[image: A screenshot of a graph

Description automatically generated]

[bookmark: _Ref159744649][bookmark: _Ref151219042][bookmark: _Toc165331234]Fig. 1.6. Three dispatch strategies in action on 1st of June.

Fig. 1.7 has a box and whisker chart. This chart type distributes simulated data into three quartiles, to examine how data are dispersed between all results. The bottom of the box represents the first quartile, meaning that 25 % of simulated results fall below this level. While the top of the box represents the third quartile, meaning that 75 % of simulated results fall below this level. Line through the box is median also called as the second quartile, and it marks the mid-point of the data, where one-half (50 %) of the data lies below, and another-half (50 %) lies above. The element-x in boxes highlights the mean value. The boxes have also lines extending vertically called “whiskers”. The top whisker indicates the maximum value, while the bottom whisker indicates the minimum value in the data set. Any point outside those lines or whiskers is considered an outlier. The outlier is an unusual data present in the data set.
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[bookmark: _Ref151219177][bookmark: _Toc165331235]Fig. 1.7. The fraction of RES delivered to the load according to dispatch strategies.

For all off-grid alternatives, Fig. 1.7 shows that using LF strategy the RES fractions reach the greatest values, while. In CC-lowest RES fractions. Fig. 1.7 also shows that the fuel restriction may increase RES fractions, however, the choice of dispatch strategy has a greater impact.  In more detail the dispatch strategies have been discussed in following sections where their impact on off-grid equipment components is assessed.

[bookmark: _Toc165331193]Results from simulations conducted for three alternative scenarios

The first alternative



System equipment dimensions (in kW and kWh) or the possible sizing parameters of off-grid equipment components are determined considering all dispatch strategies, the scenarios with and without diesel generator restriction, and considering different fuel prices and permissible capacity shortages levels. Results are shown in a box and whisker chart in the Fig. 1.8.
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[bookmark: _Ref151227165][bookmark: _Toc165331236]Fig. 1.8. System equipment dimensions for the first alternative.

Calculations show that the required capacity of solar panels can vary within 0.9–5.2 kW range. Wind turbine capacity is within 2–4 kW range (counting outliers). Diesel generator –11 kW, while BESS storage capacity maximum and minimum values are in 10–27 kWh range, but power capacity corresponds to converter capacity which is within 2.8–5.8 kW range. The capacity of the diesel generator is constant (11 kW) because system must ensure safety and to cover the maximum daily load (which is around 9 kW).



The second alternative



System equipment dimensions for the second alternative (solar, diesel, BESS) is shown in a box and whisker chart in the Fig. 1.9. Required capacity for solar panels is within 6.3–11.8 kW range. There is no wind turbine in this alternative, so its capacity is 0 kW. Diesel generator –11 kW, while BESS storage capacity is in range 25–32 kWh.
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[bookmark: _Ref151227348][bookmark: _Toc165331237]Fig. 1.9. System equipment dimensions for the second alternative.

The BESS power capacity corresponds to max-min values of converter capacity, which is within 4.0–5.8 kW range.



The third alternative



System equipment dimensions for the third alternative (wind, diesel, BESS) are shown in a box and whisker chart in the Fig. 1.10.
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[bookmark: _Ref151228152][bookmark: _Toc165331238]Fig. 1.10. System equipment dimensions for the third alternative.

There are no solar panels in the third alternative, so the capacity is 0 kW. Wind turbine capacity is within 3–5 kW range (if we count outliers). Diesel generator – 11 kW, while BESS storage capacity is within whiskers 9–25 kWh range, but power capacity corresponds to converter capacity, which is within 3.0–7.4 kW range.



Comparison of all off-grid alternatives



Table 1.3 shows the average equipment values for each of alternative. The biggest differences can be observed regarding the BESS storage capacity. The second alternative would require the biggest storage capacity, while the smallest would be required for the third alternative. First alternative would need less solar panels and wind turbine capacities comparing with second and third alternative.

[bookmark: _Ref151228313]Table 1.3. Average Equipment Size for All Alternatives

		System equipment 

		Alternative 1

		Alternative 2

		Alternative 3



		Solar panels (kW)

		4.0

		9.4

		0



		Wind (kW)

		3.0

		0

		4.0



		Diesel generator (kW)

		11.0

		11.0

		11.0



		BESS energy capacity (kWh)

		22.0

		28.3

		17.8



		Converter (kW)

		4.7

		5.0

		5.0







In this case study, during the 10-year lifetime, NPC costs include capital costs, O&M costs, and diesel fuel costs. Fig. 1.11 shows the NPC results depending on three different dispatch strategies with and without diesel generator operating restrictions.

The NPC for the first alternative is within the 44 863–52 066 EUR range. The first alternative with a combined charging dispatch strategy (CS), and with diesel generator operating restrictions has proven to be the most cost-effective (lowest NPC value) than all other scenarios. Fig. 1.11 also shows that the impact of dispatch strategy can be more important than fuel restrictions. At the same time, it cannot be denied that those scenarios with generator restrictions do have an impact on the NPC values. There is an effect, and it can be seen in the NPC values which, in some cases, are extended both ways. If correctly applied generator restrictions can reduce NPC.
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[bookmark: _Ref151228427][bookmark: _Toc165331239]Fig. 1.11. NPC results depending on different dispatch strategies.

The NPC for the third alternative is within the 46 968–56 947 EUR range, while the second alternative is within the 49 783–62 506 EUR range. From the NPC perspective, it can be observed that cycle charging (CC) and combined charging dispatch strategy (CS) could be more suitable for the second and third alternatives, because they are both relatively better than the load following dispatch strategy.

Performing sensitivity analysis, Fig. 1.12 shows how fuel price impacts fuel consumption of backup diesel generator. With a price increase from 1 EUR/L to 1.4 EUR/L, the mean value of fuel consumption for the first alternative is reduced from 1806 litres to 1386 litres per year.
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[bookmark: _Ref151228616][bookmark: _Toc165331240]Fig. 1.12. Generator fuel consumption depending on fuel price.

One-year consumption for all off-grid alternatives is compared. Firstly, the sensitivity analysis shows that as soon as the price of fuel increases, the consumption of fuel tends to decrease. Secondly, the choice of dispatch strategy, generator restriction and capacity shortage level can affect required fuel on a relatively large scale, even within a single off-grid alternative level. In some cases, it can be more than thousands of litres per year. By comparing the initial off-grid investment costs according to capacity shortage levels in the Fig. 1.13, it is possible to assess the capacity shortage impact.
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[bookmark: _Ref151228713][bookmark: _Toc165331241]Fig. 1.13. Initial off-grid investment costs depending on capacity shortage.

A higher capacity shortage (5 %) will most likely mean that fewer initial investments might be required to develop an off-grid system. At the same time, Fig. 1.13 shows that there is practically no difference between a no capacity shortage (0 %) and a relatively small capacity shortage level (2 %).

In addition to all analyses before, so called “excess electricity” is analysed. Excess electricity occurs when surplus power in off-grid is produced (either by the diesel generator or by renewable sources) and the batteries are unable to take all electricity. Excess electricity as the percentage (%) from a total generation for 6 simulations of three off-grid alternatives and three different dispatch strategies with and without diesel generator operating restrictions is shown in Fig. 1.14.



[bookmark: _Ref63612247][image: A graph of different sizes and colors

Description automatically generated]

[bookmark: _Ref151228937][bookmark: _Toc165331242]Fig. 1.14. Excess electricity in the all off-grid alternatives.

On average, the smallest “excess electricity” resulted in the third alternative – 17.68 % (which is around 2670 kWh per year). The next, with 20.9 % (or 3235 kWh), is the first alternative, while the greatest “excess electricity” resulted in the second alternative – 28.41 % (or 5108 kWh). Here it is concluded that if the off-grid consists of PV panels, then it is crucial to correctly size their capacity and match it with adequate storage capacity.




[bookmark: _Toc165331194]NEW MATHEMATICAL MODEL FOR OFF-GRID SIMULATION

[bookmark: _Toc165331195]Motivation and background

In recent years, microgrid systems either when operated in an off-grid or a grid-connected mode have been recognized as one of the most suitable, cost-effective, and sustainable solutions for commercial, industrial, and residential electrification applications [11], [12]. Decreasing costs of renewable energy technologies, fluctuating fossil fuel prices, environmental concerns and security of electricity supply are the main reasons for looking towards the development of emerging microgrid systems [13].

However, research on such systems still must be examined. For instance, microgrids have challenges regarding determination of proper equipment sizing, the voltage and frequency disturbance problems in unpredictable weather conditions, difficulties with monitoring and managing local power generation and loads, along with constrains related to designing protection devices to cope with bi-directional power flows and so on [11]. Within this paper, our focus is on autonomous household scale microgrid equipment sizing problems.

The microgrid equipment sizing is understood as quantification of the power capacities for renewable generators (solar, wind, etc.), as well as for backup power generator and determination of the power (kW) and energy (kWh) capacities of a battery energy storage system (BESS). The proper sizing of the microgrid may reduce the risk of oversize system equipment, which could lead to higher initial capital costs. On the other hand, it may reduce the risk of undersize equipment, which can lead to the poor power supply reliability [14]. Moreover, environmental and social aspects are no less important. Therefore, it is necessary to consider how to minimize emissions, how to promote socially acceptable system development, which includes issues with land use, visual impact, acoustic noise, etc.

According to literature review, several types of methods and different indicators might be considered in the evaluation process of such microgrid equipment. The sizing methods can be classified as classical methods, software tools, hybrid methods and most recently also artificial intelligence methods as shown in Table 2.1. In the most common cases, four types of indicators are identified which further describe the performance of microgrid: economic indicators (LCOE, LCC, ACS, NPV etc.), reliability indicators (LPSP, LOLP, EENS, etc.), environmental indicators (CE, LCA, EE), and social indicators (HDO, JC, SA, etc.) [15], [16].

In addition to the review mentioned above, some articles have summarised the latest trends of algorithm and indicators, and future overall challenges of microgrid sizing methodologies. For example, ant colony (ACO), firefly algorithm (FA), particle swarm optimization (PSO) and genetic algorithm (GA) and their performance were comprehensively analysed by [17] regarding how to select an appropriate algorithm to solve non-linear problems in the context of storage-based off-grid systems under different alternatives. The results reveal that FA performs better, with the least relative error. Other paper [12] evaluated sizing of an autonomous microgrid considering droop control. Results indicated that a competitive total cost could be obtained if the droop parameters were calculated considering the microgrid sizing results. Electric system cascade extended analysis was developed in [18]. In it, the LPSP, LCC and the LCOE together with tri-objective optimization functions were implemented and validated with system advisor model software. Thus, it suggests that this analysis might help choose the suitable RES capacities for any site worldwide. In [19], a model for a remote community off-grid PV/diesel system using dynamic modelling and artificial neural network (ANN) techniques was developed. Within a comparative analysis, it is concluded that utilising dynamic and predictive modelling techniques would enable the model to be expandable, and simple to use while still maintaining its accuracy. Using an iterative approach based on a recursive algorithm, improvements were made to a techno-economic optimal sizing technique of a hybrid off-grid microgrid system in [16]. However, a new mutation adaptive differential evolution (MADE) based on a multi-objective optimization algorithm is presented in [20] to optimise the configuration of the off-grid stand-alone photovoltaic systems. It is also worth mentioning the publication [14] which showed how important it was to choose the right dispatch strategy for off-grid system regarding equipment sizing, and at the end how it affected the net present costs (NPC) over the project lifetime.

[bookmark: _Ref151229150][bookmark: _Toc165331410]Table 2.1. Microgrid equipment sizing methods and indicators [15], [16]

		Type of sizing methods

		Type of indicators



		Classical:

· probabilistic

· analytical

· numerical

· iterative

		Economic:

· levelized cost of energy (LCOE)

· life cycle cost (LCC)

· annualized cost of system (ACS)

· total net present value (NPV)



		Software tools:

· Homer Pro

· RETScreen,

· PVSOL

· Hybrid 2

· Transys

		Reliability:

· loss of power supply probability (LPSP)

· loss of load probability (LOLP)

· expected energy not supplied (EENS)

· deficiency of power supply probability (DPSP)

· loss of load expected (LOLE),

· loss of energy expected (LOEE)



		Hybrid methods:

· combined dynamic programming and region–elimination technique algorithm (DP–RET)

· hybrid Simulated Annealing–Tabu Search

· hybrid Big Bang–Big Crunch algorithm (HBB–BC)

· hybrid GA–mixed integer linear programming (GA–MILP)

		Environmental:

· carbon emission (CE)

· embodied energy (EE)

· carbon footprint of energy (CFOE)

· life cycle assessment (LCA)



		Artificial intelligence:

· genetic algorithm (GA)

· particle swarm optimization (PSO)

· simulated annealing (SA)

· ant colony optimization (ACO)

· artificial bee colony (ABC)

		Social:

· human development index (HDI)

· job creation (JC)

· portfolio risk (PR)

· social acceptance (SA)

· social cost of carbon (SCC)







In general, according to the literature review, it can be noticed that there are still difficulties in the field of equipment capacity optimization:

1. Improvements in load forecasting and adoption to methods are necessary. 

2. Calculation time step of power output is critical for the optimization of the results; thus, it should be reduced considerably as much as possible (less than 1 hour is preferable). 

3. Improved sizing methods equipment could be installed in the research area to obtain real-time data and verify simulation results. 

4. New evaluation indicators may be used to provide more effective and overall assessment as the microgrids are emerging solutions for sustainability policy goals. 

5. Artificial intelligence sizing methods have advantages in accuracy and computation speed compared to traditional methods, while, on the other hand, those significantly increase optimization complexity. 

6. As good practice equipment sizing is validated and improved also with more than one optimization tool.

It can also be concluded that existing articles mainly focus on microgrid operation state; therefore, future research might have more efforts on the planning, construction state, and microgrid servicing.

The main aim of this chapter is to introduce a new multi-objective simulation tool to evaluate the performance of several off-grid cases under different dispatch approaches, which would further increase knowledge of such systems and the flexibility of already existing simulation tools. The developed tool is used to justify a composition and improve the capability of an off-grid system equipment for the real pilot project, which is discussed in the next chapter. Also, the motivation for developing a new multi-objective simulation tool is to create a tool that can be used to test equipment parameters for very specific cases and to visualise system performance for specific days. It can also be used to validate the results of existing software tools.

[bookmark: _Toc165331196]Methodology

[bookmark: _Toc165331197]Model for the household off-grid simulation

The simulation model described in this section was developed for the real case evaluation. Before exploring the experimental off-grid system (see next chapter), the information for sizing the system was rather insufficient. The model determined necessary generation and storage equipment capacities, helped assess the payback of the off-grid project, and allowed visualising operating conditions.

The model has been applied to an off-grid system composed of solar PV, wind turbine, battery energy storage system (BESS) and backup power generator. The model presented in this chapter is designed as a set of algorithms, that determine the operation of the off-grid solution according to the load and supply power balances indicated in Table 2.2 and Fig. 2.1.

[bookmark: _Ref151229323]


[bookmark: _Toc165331411]Table 2.2. Abbreviations for terminology

		Parameter

		Abbr.

		Parameter

		Abbr.

		Parameter

		Abbr.



		Load (kW)

		Pl 

		Max amount of energy of the battery (kWh)

		Ebmax 

		Power of PV modules (kW)

		PgPV



		Generation power (kW)

		Pg

		Min amount of energy of the battery (kWh)

		Ebmin 

		Power of wind generators (kW)

		PgW



		Other generation capacities (kW)

		Pn

		State of charge of the battery (%)

		SOC

		Power of backup generator (kW)

		Pr 



		Rated power of the battery (kW)

		Pbr

		Max state of charge for the battery (%)

		SOCmax

		Minimal power of backup generator

		Prmin



		Rated capacity of the battery (kWh)

		Ebr

		Min state of charge for the battery (%)

		SOCmin

		Levelized costs of electricity, EUR/kWh

		LCOE







The model has been developed to provide the highest (close to 100 %) electricity availability, considering that the electricity generation sources (PV, wind, etc.) connected to the off-grid are stochastic. Thus, energy storage and a backup generator are needed. 

For simplicity, the time interval for modelling of off-grid system is assumed to be one hour; thus, the load and at the same time the required generation capacity are defined as Pl in the time interval t. Total power generated (kW) at the time interval t (excluding backup generator) Pg(t) in Eq. (2.1) is defined as the sum of power capacity of solar modules, wind turbine and potentially other generation sources such as fuel cell, small-scale CHP unit, etc.

		(2.1)

As the off-grid system requires a battery energy storage system, it is necessary to determine its state of charge status at the time interval t:

		(2.2)

where SOC(t–1) is the state of charge of the BESS in the previous time interval, Ebr is the rated energy capacity of the BESS, Eb(t) is the amount of energy BESS charged or discharged in the time interval. In addition, the model calculates the maximum possible charge and discharge capacities (kW) of the BESS (4), which at the same time gives us the amount of energy per cycle. During the first cycle SOC(t)=SOCmax:

	,	(2.3)

	for time interval t = 1h	(2.4)

If there is a surplus or shortage of electricity (kW) at the time interval t in the off-grid system, equation (2.5) is used:

		(2.5)

In next equations (2.6 and 2.7), the model assesses whether to start-up the backup generator and at what power:

	if 	(2.6)

		(2.7)

If the BESS and other sources can cover the load, the backup generator will not be scheduled for operation. If not, the power output of the backup generator during the time interval t is determined within the range Prmin–Pr. The calculation is adjusted so that the backup generator operates closer to the nominal (rated) output and charges the battery at maximum possible power during the time interval t.

The actual power rating (kW) of the BESS and its nature (charging / discharging) in the model is determined by equation (3.8):

		(2.8)

The actual charged or discharged energy rating (kWh) of the BESS Eb(i) at the time interval is determined by equations (3.9–3.11):

		(2.9)

		(2.10)

	,	(2.11)

where kb is the efficiency of the BESS. The simulation cycle ends with equation (2.12) to initialize calculations for the next time interval t:

		(2.12)

Fig. 2.1 shows a block scheme within the sequence of operations of the described off-grid system. The annual costs and levelized cost of electricity (LCOE) of the off-grid system are determined in a separate algorithm. Before using the algorithm, configuration of the model is necessary to set up the required dispatching strategy and input data.

The overall model optimization focuses on four aspects: off-grid system highest availability, lowest surplus generation, lowest operation hours of the backup generator, lowest LCOE.



9. Determination of actual BESS energy

Eb(t) = Pb(t) × kb(t) ×1h

8.2. BESS discharging

if Pb(t) < 0, then kb(t) = 1/0,9

8.1. BESS charging

if Pb(t) > 0, then kb(t) = 0,9

7.2. Backup generator is not required

Pr(t) = 0

7.1. Backup generator power

Pr(t) = Pbr – Pbmax - P(t)

8. Determination of actual BESS power and its nature (charging / discharging)

Pb(t) = P(t) + Pr(t)

5. Determination of maximum battery charge / discharge capacity 

Pbmax(t) = Ebmax(t) = (SOC(t) – SOCmin) × Ebr

6. Surplus or shortage of electricity in the off-grid system

P(t) = Pg(t) – Pl(t)

7. Whether to start-up the backup generator

if Pbmax(t) < P(t)

3. Total power generated, excluding backup generator

Pg(t) = PgPV(t) + PgW(t) + …+Pn(t)



4. BESS state of charge at time interval t 

SOC(t) = SOC(t-1) + Eb(t)/Ebr



1. Start of the cycle

SOC(0) = SOCmax; t = 0



2. Identification of load

Pl(t)

10. Initializing calculations for the next time interval

t= t +1





[bookmark: _Ref151229450][bookmark: _Toc165331243]Fig. 2.1. Operational principles of the model of off-grid system.

[bookmark: _Toc165331198]The annual costs of off-grid system

The objective function in the calculations is minimization of the levelized cost of electricity (LCOE), which in this case is determined based on the method of the annual cost of system (ACS) [21]. ACS covers annual capital cost (ACC), annual operation and maintenance costs (AOM), annual replacement costs (ARC), annual fuel costs of backup generator (AFC) and annual emission cost (AEC). ACS (in EUR) is estimated as follows:

	,	(2.13)

Annual capital cost (in EUR) of each unit which does not need replacement during project lifetime, such as PV system, wind turbine, backup generator and inverter, is calculated as follows:

		(2.14)

in which

		(2.15)

where Ccap is the capital cost of each component in EUR, but y is the project lifetime in years. CRF is capital recovery factor, a ratio to calculate the present value of a series of equal annual cash flows, and i is the annual real interest rate.

The annual operation and maintenance cost as a function of capital cost, reliability of components () and their lifetime (y) can be determined using the following equation:

	,	(2.16)

ARC is the annual cost value (in EUR) for replacing units during the project lifetime. In this study, a unit that needs replacement is only battery banks. Other units do not require replacement because their lifetime is the same as project lifetime. Economically, annual replacement cost is calculated as follows:

	,	(2.17)

where Crep is the replacement cost of battery banks in EUR, but is the lifetime of battery banks in years. In this case, the replacement cost of battery banks is like its capital cost. SFF is the sinking fund factor, a ratio to calculate the future value of a series of equal annual cash flows. This factor is calculated as follows:

	,	(2.18)

AFC of backup generator unit is estimated based on optimum dispatch of backup generator system. The fuel consumption (in liters) based on load characteristic of the backup diesel generator is calculated for each time interval t using the following equation:

		(2.19)

where is the rated power of backup generator in kW, Pr(t) is the actual power generated at time interval t in kWh. The fuel cost (in EUR) is calculated for a year by multiplying hourly fuel consumption by fuel costs:

		(2.20.)

where Cf is the fuel cost per litre (EUR/l). To reach the maximum efficiency of operation the unit should be operated within rated power and specified maximum value. AEC is the annual emission cost (in EUR) to capture CO2 emission generated from backup generator system. The AEC can be expressed as follows:

	,	(2.21)

where Ef is the CO2 emission factor, kg / kWh, Ecf is the CO2 emission cost in EUR/t. By calculating the ACS it is possible to determine levelized cost of electricity (LCOE), which shows how much each kWh of electricity costs in the particular microgrid (EUR/kWh).

	,	(2.22)

where is the annual energy consumption of a microgrid (kWh). Other parameters used in the calculations are shown in Table 2.3.

[bookmark: _Ref151229556][bookmark: _Toc165331412]Table 2.3. The Economic Data Considered for Calculations

		Parameter

		Data

		Parameter

		Data

		Parameter

		Data



		Project lifetime (years) 

		20

		Reliability of PV panel (coef.)

		0.98

		Cost of Wind turbine (EUR/kW)

		3500



		Real interest rate (%)

		4

		Reliability of wind turbine (coef.) 

		0.8

		Cost of battery bank (EUR/kWh) 

		540



		PV panel lifetime (years)

		25

		Reliability of inverter (coef.)

		0.98

		Cost of battery bank (EUR/kW) 

		540



		Wind turbine lifetime (years) 

		20

		Reliability of battery (coef.) 

		0.98

		Cost of inverter (EURkW) 

		1300



		Inverter lifetime (years)

		20

		Reliability of backup generator (coef.) 

		0.9

		Fuel cost (Cf) (EUR/l) 

		1.2



		Battery lifetime (years) 

		10

		Cost of backup generator (EUR/kW) 

		380

		Emission function (kg/kWh) 

		0.34



		Backup generator lifetime (hours) 

		15 000

		Cost of PV panel (EUR/kW) 

		1250

		Emission cost factor (EUR/ton) 

		30







The parameters shown in Table 2.3 can be changed as needed for other microgrids.

[bookmark: _Toc165331199]Case study 

For the case study, real household hourly load data are collected, integrated in the model, and used in simulations. Household average daily electricity demand is 30.27 kWh, which reaches 11 049 kWh on an annual basis. The household consists of 2 persons. A heat pump, which is used for heat and hot water supply, and an electric vehicle for transports needs can be considered the biggest consumers of electricity in this household. This type of household matches with aims for electrification, which has a critical role to play for achieving the European Union decarbonization policy targets.

Fig. 2.2 shows the typical daily load curve (for a 24-hour period) of this household, with a heat pump and electric vehicle charging. The largest amount of electricity is consumed at nighttime while an electrical vehicle is charging. For this case, it is highly important to choose the appropriate generation and storage solutions. When the readings were taken, the household was connected to the distribution system operator grid; thus, the energy availability was not an issue and always corresponded with the demand. Nonetheless, the connection allows the household not to consider load shifting.
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[bookmark: _Ref96265051][bookmark: _Toc165331244]Fig. 2.2. Load curve in relative values for three seasons.

As shown in Table 2.4, five equipment sizing alternatives were evaluated. The first three sizing alternatives are taken from the previous chapter on microgrid sizing with Homer software. The capacity of the backup generator is at least 11 kW, considering that the system must cover the maximum daily load (which is around 9 kW), thus ensuring higher security of supply [14]. Two additional sizing options were developed to find the most sustainable and economically efficient solution.

[bookmark: _Ref151230115][bookmark: _Toc165331413]Table 2.4. Average Equipment Size for All Alternatives

		System equipment

		1.alternative

		2.alternative

		3.alternative

		4.alternative

		5.alternative



		BESS (kW)

		4.7

		5

		5

		8.2

		8.2



		BESS (kWh)

		22

		28.3

		17.8

		30

		16



		Solar panels (kW)

		4

		9.4

		0

		6.2

		3



		Wind (kW)

		3

		0

		4

		2

		2



		Backup generator (kW)

		11

		11

		11

		13

		13







In this case study, the results are displayed for the following alternatives: three dispatch strategies, different sizing options, power sources PV, wind, BESS, and the backup generator. The dispatch strategy is combined, and there is no capacity shortage.

[bookmark: _Toc165331200]Results

Table 2.5 shows the results for all five equipment sizing alternatives considering three different dispatch strategies.

[bookmark: _Ref151230505]


[bookmark: _Toc165331414]Table 2.5. Results of Simulations

		Alternative

		1st 

		2nd

		3rd

		4th

		5th



		Combined charging dispatch strategy (CCDS)

		

		

		

		

		



		Backup gen. operating hours

		1277

		1234

		1448

		778

		953



		Excess renewable energy, kWh

		1290

		3990

		71

		2083

		1029



		Excess vs total renew. generation, %

		18 %

		40 %

		2 %

		26 %

		20 %



		LCOE, EUR/kWh

		0.71

		0.73

		0.73

		0.79

		0.70



		Load following strategy (LFS)

		

		

		

		

		



		Backup gen. hours

		2249

		2276

		2804

		1923

		2333



		Excess renewable energy, kWh

		1073

		3646

		46

		1870

		676



		Excess vs total renew. generation, %

		13 %

		33 %

		1 %

		21 %

		10 %



		LCOE, EUR/kWh

		0.81

		0.83

		0.87

		0.91

		0.85



		Cycle charging strategy (CCS)

		

		

		

		

		



		Backup gen. hours

		1406

		1355

		1561

		949

		1248



		Excess renewable energy, kWh

		2273

		5336

		293

		2999

		1408



		Excess vs total renew. generation, %

		32 %

		52 %

		7 %

		37 %

		26 %



		LCOE, EUR/kWh

		0.78

		0.80

		0.80

		0.87

		0.83







Like Homer Pro software, while setting up the project, a simulation tool can be used to configure dispatch strategies and determine the operating principles of how generation can provide the load.

1. The combined charging dispatch strategy (CCDS) – intelligently switches between load following and cycle charging strategies. That way, it can improve performance over the cycle charging and load following dispatch strategies by making more efficient use of the backup generator. It is equivalent to the Combined Charging (CS) dispatching strategy in the previous chapter.

2. Load following strategy (LFS) – when a generator is needed, it produces only enough power to meet the demand. It tries not to charge the battery with a backup diesel generator unless it reaches the minimum power of the generator. Load following tends to be more optimal in off-grid systems with a lot of renewable power that sometimes exceeds the load. It is equivalent to the Load Following (LF) strategy in the previous chapter.

3. Cycle charging strategy (CCS) – whenever a backup generator is required, it operates at full capacity, and surplus power charges the battery bank. It stops charging the battery at the setpoint of the battery state of charge. Cycle charging tends to be more optimal in off-grid systems with little or no renewable power. Equivalent to the Cycle Charging (CC) strategy in the previous chapter.

To better understand how different dispatch strategies impact the operation of generating sources and BESS charging/discharging, the visualization of off-grid operation in summer and winter day for two equipment sizing alternatives and three dispatch strategies is provided in Table 2.6 and Table 2.7. The graphs show the power source and amount of generation, energy storage capacity, load and its nature, battery power and its nature, backup generators power. The dates were chosen to represent the extreme situations where there was a surplus or deficiency of renewable generation. During the observation period, there was low wind output on the 7th of July and low PV output on the 13th of November. By considering the 2nd and the 5th alternative, it is clearly visible that the microgrid benefits of diversified generation sources allow minimizing the backup generators’ workload and maximizing the share of renewables. Dispatch strategies pose the most impact on LCOE.

[bookmark: _Ref151230861][bookmark: _Toc165331415]Table 2.6. Off-grid Operation Visualization: 2nd alternative and Dispatch Strategies
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[bookmark: _Ref151230923][bookmark: _Toc165331416]Table 2.7. Off-grid Operation Visualization: 5th alternative and Dispatch Strategies
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In addition to the analysis before, the next three figures compare results between the new simulation tool and Homer Pro software.

Firstly, backup generator operating hours are analysed. As it is necessary to avoid the use of electricity produced by the backup generator when renewable energy can be used instead, it is necessary to pay attention to the operating hours of the backup generator. As shown in Fig. 2.3, in all alternatives and dispatching strategies, the new tool displays more backup generator hours than Homer Pro software. The largest difference is observed in the load following strategy (LFS). Nevertheless, both tools show that the generator hours will be the smallest for the 1st alternative in combined charging dispatch strategy (CCDS).





[bookmark: _Ref151231141][bookmark: _Ref151231136][bookmark: _Toc165331245]Fig. 2.3. Backup generator operating hours.

Secondly, “excess electricity” is analysed. Excess electricity occurs when surplus power in off-grid is produced (either by the backup generator or by renewable sources) and the battery or load is unable to take all the electricity. Excess electricity as a percentage (%) of the total generation of three off-grid alternatives and three different dispatch strategies is shown in Fig. 2.4.





[bookmark: _Ref151231227][bookmark: _Toc165331246]Fig. 2.4. Excess electricity in all off-grid alternatives.

On average, for both tools the smallest “excess electricity” was shown by the third alternative –10.03 %, followed by the first alternative (21.13 %) and the second alternative (31.7 %). Despite excess electricity (%) differences between the tools (especially for an alternative that includes wind), the overall trend is the same and it shows, that if the off-grid system consists of PV panels then it is crucial to correctly size its capacity and match it with adequate storage capacity.

[bookmark: _Hlk165305832]Finally, in Fig. 2.5 we compare three alternatives regarding the levelized cost of electricity as the average cost per kWh of useful electrical energy produced by the system. The LCOE was not covered in previous chapter, but the gained results are being utilized this time.





[bookmark: _Ref151231293][bookmark: _Toc165331247]Fig. 2.5. Levelized cost of energy for all off-grid alternatives.

As shown in Fig. 2.5, for the new tool, average costs are between 0.72 EUR/kWh and 0.84 EUR/kWh, while in the case of Homer Pro software, they range from 0.64 EUR/kWh to 0.67 EUR/kWh. The results differ due to the emission cost implemented in the new tool and differences in the models themselves. In general, both simulation tools show similar trends, which confirms and validates their accuracy.




[bookmark: _Toc165331201]ANALYSIS OF THE REAL OFF-GRID SYSTEM PROJECT IN LATVIA

[bookmark: _Toc165331202]Motivation and background

In scientific literature, self-sustaining microgrid systems that are built for different consumers are analysed. For example, [22] examines the technical feasibility (including system dimensioning) for a single-family house off-grid energy system in Finland’s northern climate with short-term battery and seasonal hydrogen storage. While in [23] comparative analysis between an off-grid hybrid power supply for different consumption levels (1825, 3650 and 5475 kWh) and a newly built grid connection for domestic consumers was performed in different regions of Estonia. In another paper [24], the configuration of off-grid systems in Estonia, which includes photovoltaics, wind turbines, a diesel generator, and batteries, is studied.

The validity of the results presented in literature, however, degrade the further to the south, to Latvia, for example, due to increased PV power generation, or less windy days which depend on specific climatic conditions. Moreover, according to the location, in scientific literature there is little information about real autonomous off-grid systems implemented in life, their technical characteristics, data acquisition and monitoring, as well as data analysis of such electrical systems in general.

In this chapter, an autonomous off-grid system is assumed to be a set of interconnected controllable and uncontrollable rural household loads, decentralized energy sources, and energy storage that is not connected to the power grid. This means the cluster of equipment, which operates in the independent environment, island mode. Overall, there are several benefits for such an autonomous off-grid system:

1. Useful development of project is possible in places where there are relatively high investments needed for the grid connection to the distribution networks [25].

2. Due to reduced costs of new renewable energy technologies and fluctuating fossil fuel prices, a simplified off-grid system for household electricity supply in remote regions may be an efficient and cost-effective electrification way to the fight against climate change and to reach the European Union (EU) decarbonization targets [14], [26], [27].

3. To protect against electricity supply quality problems and overall reliability due to increased variable generation or decreasing conventional generation in the grid [28].

Considering the mentioned benefits, such an experimental system was implemented for rural household located 30 km away from Jelgava city in Latvia. The autonomous off-grid system is capable to operate with 16–25 amps (A) within single phase connection at a voltage of 230 volts (V) and frequency of 50 hertz (Hz).

By installing electricity generation devices, batteries, and system control equipment, the analysis is planned for the off-grid performance and possibilities to increase the availability of such electricity supply in Latvia and expand the use of local renewable and zero-emission energy resources. It will be useful to find out the possible costs of an optimized solution, commercialization possibilities, their contributing factors, problems, as well as the efficiency of the use of the overall and individual elements of the off-grid solution.

Initially, a special mathematical model was created to select energy sources, to size equipment and to further test the operation of this off-grid system in the Latvian climatic conditions. Thus, in this chapter not only focus is on evaluation of this real autonomous off-grid system performance, but also to discuss aspects related to software computing techniques and mathematical models versus a real operational off-grid system.

As it is stated in [29], to ensure optimal design and that such renewable systems are affordable, careful planning preferably with high-resolution data on electricity generation and consumption is necessary. As it is one of research gaps identified in literature, and not delivered in a clear way, the objective of the chapter is to further increase knowledge of such system performance, planning and dimensioning in climatic conditions like it is in Latvia.

[bookmark: _Toc165331203]Materials and methods

[bookmark: _Toc165331204]Setup of the off-grid system

An electric off-grid system (see Fig. 3.1), which was installed in the summer of 2022, is adapted for the individual household located near Jelgava city in Latvia. The electric off-grid system consists of:

1. Micro wind turbines and solar panels.

2. Diesel generator.

3. Battery electric storage system; all of it is set up in or around a standard sea container (3.0 m × 2.5 m, 2.5 m high) with other necessary equipment (sensors, cables, etc.) for the operation of the off-grid system.

The off-grid system is modular and can be moved relatively easily. It is designed for installation with minimal compliance requirements.
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[bookmark: _Ref151231544][bookmark: _Toc165331248]Fig. 3.1. Experimental autonomous off-grid system.

The basis of the off-grid system is a set of equipment manufactured by OutBack Power for microgrid implementation. The system includes a Radian GS7048E inverter/charger, system control equipment, panel MATE3, battery monitoring equipment FlexNetDC and solar panel (3.6 kW) charging controller FlexMax80. Separate charge controllers are used to transfer the electricity produced by micro wind turbines (2 × 1.1 kW) to the off-grid network, which are connected with the help of power relays depending on the battery charge level. In case of unavailability of renewable resources, a backup diesel generator is provided with automatic startup according to the battery charge level. A LiFePO4 battery with a nominal voltage of 52.8 V (3.3 V per cell) is used to store electricity, with a total capacity of 160 Ah (7 kWh). The electricity supply of the electricity consumer (the household participating in the experiment) is mainly from a battery.

The container, which hosts batteries, inverters, and other electronic devices sensitive to temperature, was insulated and equipped with devices for maintaining the necessary microclimate: a heater, conditioner, and ventilation. The conceptual diagram of the off-grid system is given in Fig. 3.2.
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[bookmark: _Ref151231667][bookmark: _Toc165331249]Fig. 3.2. Conceptual diagram of the installed off-grid system.

After the implementation of the off-grid system, it is expected that the quality of the electricity supplied to the household will meet the requirements of Latvian distribution system operator network connection according to LVS EN 50160 standard. For research in the future, it is planned to upgrade the experimental system also with a fuel cell system. Before installing the new off-grid system, the household owner was surveyed about their electricity consumption and existing electrical appliances, as well as any potential changes after the implementation of the off-grid system in order to create the necessary system configuration. It should be noted that before the experiment, the household was not directly connected to the electricity grid (it was provided by a cable from the neighbour), but “Sadales tīkls AS” requested around EUR 25 thousand to connect this customer. Consequently, the client did not have accurate data on the demand and could not fully use the electrical equipment.

Household load data were collected using a power network analyser, and the average load projection for the entire year was created and used as an input in the Homer Pro software to evaluate the optimal energy source mix and sizing of the off-grid system. The equipment survey results are summarised in Table 3.1.

[bookmark: _Ref151232076][bookmark: _Toc165331417]Table 3.1. The Current and Planned Electricity Equipment in Household

		Consumer

		Approximate electrical power, W

		Number of units

		Duration of use per day, h



		

		

		

		



		Before off-grid system implementation



		LED bulbs

		5

		10

		4 (depending on the season)



		Refrigerator

		200

		1

		2 (compressor activation depending on temperature)



		Kettle

		2000

		1

		0.5



		Water Pump

		400

		1

		0.5



		Phone charger

		7

		2

		4



		Portable computer

		100

		1

		3



		TV 

		200

		1

		5



		Electric tools

		300-1000

		3

		0.5



		After off-grid system implementation



		LED bulbs 

		5

		15

		4



		Refrigerator 

		200

		1

		2 (compressor activation depending on temperature)



		Kettle

		2000

		1

		0.5



		Water Pump

		400 

		1

		0.5



		Water Pump

		7

		2

		8



		Portable computer

		100

		1

		4



		Washing machine

		200-1500

		1

		2



		Dishwasher

		300

		1

		2.5



		TV

		200

		1

		6



		Vacuum cleaner

		1500

		1

		0.1



		Fan

		200

		1

		5



		Conditioner

		1000

		1

		5



		Electric tools

		300-1000

		3

		0.5







As it can be seen in Table 3.1, before the creation of the off-grid system, household electricity was mainly used for lighting, powering computers, and other household equipment. The average daily electricity demand for the household was 4 kWh, totalling 1460 MWh per year before the construction of the off-grid system. The consumer relied on a diesel-powered generator, connection with a capacity of up to 1 kW from the neighbour and a couple of solar panels; however, there were periods when the household had limited access to electricity. 

After the construction of the off-grid system, the household owner was able to increase their power consumption, for example, by using an air conditioner as desired. Electricity consumption was forecast to be 12 kWh per day, considering the use of an air conditioner during the summer season. This would result in a total annual consumption of 4380 MWh, which would be provided by the created off-grid system. After building an off-grid system, the household owner decided to also install a heat pump for heating the building.



Off-grid system control principle



The operational modes and quantitative setting values are selected in such a way as to control the charging of the battery pack and ensure the supply of electricity to the load. The main parameter, according to which the control takes place, is the charge level of the batteries. 

Fig. 3.3 shows the off-grid system control principle, which is summarised based on the above configuration. Figure 3.3 illustrates the operating voltage ranges for the power source and power converter: red indicates the voltage at which battery damage occurs, yellow-charged represents the battery voltage, grey-when the device is working; and dashed grey indicates switch-on or special charging mode.
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[bookmark: _Ref151232272][bookmark: _Toc165331250]Fig. 3.3. Principle of power flow control based on a battery voltage level.

The principle of power flow control in the off-grid system is based on voltage levels of the battery. Battery is charged from three sources using a two-phase charging method. During the first stage, constant current bulk charge is up to 0.5 C-rate or limited by resource availability, terminated at 58.4 V; and constant voltage absorption charge is terminated at return amps 0.03 C-rate. PV charger and AC charger using diesel generator are managed by a central system controller and obey rules descripted before. Wind turbine controller is a discrete device and, therefore, needs to be connected to DC bus if necessary, using power relay. If the voltage of the battery reduces below 52.0 V and solar energy is available, bulk constant current charging is started. In case solar energy is not available and voltage drops down to 57.6 V, wind turbines start to generate by connecting wind chargers to DC bus. If both wind and solar sources are insufficient or unavailable and voltage is below 52.8 V, a diesel generator shall take over the control and charge battery in that way avoiding power supply interruption. The operation of the diesel generator is set at 50 V.

When multiple sources are running simultaneously, priority is given to the source with the highest resource availability, i.e., for a charge controller that has a higher voltage and a proportionally larger amount of energy available from the renewable source. For example, if it is sunny with moderate wind, then due to higher installed capacity of the solar panels, charging will take place from them, the wind charge controllers will give a minimum current. In darker and windier weather, the situation will be the opposite. If the backup diesel generator is running, it will be able to charge battery at all times.



Data collection



The accumulation of the off-grid operation data is organized both in a local database in a minicomputer installed in a container (Rapsberry PI), and remotely as a backup copy. The main monitoring data sources are listed below (see Fig. 3.2).

1. OutBack power MATE3 control panel-collects data from devices connected to OutBack Hub-FlexMax80, FlexNetDC and Radian GS7048E. It is connected to a minicomputer via an Ethernet network.

2. The battery management system (BMS) has its own output data flow through the serial port to the minicomputer.

3. Power network analyser EM21-Modbus RTU device is connected to a minicomputer via RS485 network.

4. Minicomputer-collects information from connected sensors and analogue and digital inputs and outputs.

[bookmark: _Toc165331205]Results and discussion

The data analysis of the off-grid system was performed according to the previous sections. It was made using Python language in Jupyter Notebook, which is a web-based interactive computing platform. The graph codes were written in Python using libraries like pandas, numpy, matplotlib, and seaborn. A 31-day dataset from an off-grid system was collected between 18 October and 21 November 2022, with a minute-by-minute sampling frequency. The analysed dataset includes 37 input signals and high granularity data with a total of 48 301 data points.

The obtained dataset reflects only one time of the year. To create a more accurate analysis, it is desirable to use historical data to estimate the change taking into account the change of all seasons.

Various statistical methods are used in the research-time series analysis, cumulative columns, and histograms.

Off-grid system operating data are important and necessary to detect failures or faults of the system, especially in the initial stage of such off-grid system implementation. The results provide an insight for further studies and an indication of the importance of data availability and resolution.

[bookmark: _Toc165331206]Evaluation of off-grid performance

Fig. 3.4 to Fig. 3.6 present daily and hourly production data curves of the off-grid system electricity between October 2022 and November 2022. They cover cumulative generation of electricity from solar, wind, and diesel generator.
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[bookmark: _Ref151233157][bookmark: _Toc165331251]Fig. 3.4. Electricity from solar power: (a) daily cross-section; (b) cumulative hourly profile.

Fig. 3.4 shows that solar power is generated on a relatively large scale and with a distinct tendency to take place from 6 a.m. to 3 p.m. Solar kilowatt hours (kWh) are calculated using data obtained from FlexnetDC.
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[bookmark: _Ref151233275][bookmark: _Toc165331252]Fig. 3.5. Electricity from wind: (a) daily cross-section; (b) cumulative hourly profile.

Fig. 3.5 shows that wind power is generated on a relatively small scale and with no distinct tendency during the days. Also, wind kilowatt hours (kWh) are calculated using data obtained from FlexnetDC.
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[bookmark: _Ref151233518][bookmark: _Toc165331253]Fig. 3.6. Electricity from diesel generator: (a) daily cross-section; (b) cumulative hourly profile.

Fig. 3.6 shows that diesel generator power is generated almost every day-roughly the same amount (7–12 kWh). In comparison with solar and wind power, the generator operates also in the early morning and late evening hours. Diesel generator kilowatt hours (kWh) are calculated using data obtained from inverter RadianGS.

Looking at the minute-by-minute data, Fig. 3.7 shows how electricity generation profiles differ by sources.
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[bookmark: _Ref151233589][bookmark: _Toc165331254]Fig. 3.7. Electricity generation profiles: (a) solar, (b) wind, (c) diesel.

The data was taken from October 19, and November 5 and 11. Thanks to the high granularity of the data, the trend of each generation source can be seen in Fig. 3.7. It can be seen that renewable sources in these days show a lot of variability, while the diesel generator has been working for a specific period with a certain capacity.



Amount of generated electricity by source type



During 31 days of observation (see Fig. 3.8), most electricity was generated by the diesel generator (152 kWh), followed by solar (104 kWh) and wind generation (7 kWh). Later on, it was discovered that low output of wind generation was associated not only with insignificant wind velocity during the investigation period but also due to inadequate operation of wind charger control logic, as well as non-compliance with specifications and technical faults in the Chinese-made wind turbines. This is the challenge to be addressed during the course of experimental activity.
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[bookmark: _Ref151233973][bookmark: _Toc165331255]Fig. 3.8. Cumulative electricity generation by source type.

The analysis of the off-grid system’s operation throughout the experiment indicated that it works sufficiently. However, during some period of time, missing data were observed.
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[bookmark: _Ref151234076][bookmark: _Toc165331256]Fig. 3.9. Off-grid system characteristics during a sunny day at the end of October.

For example, Fig. 3.9 shows two sunny days at the end of October and at the beginning of November. During this time, the demand consumption was not logged in the beginning, indicating that the acquisition of data should be checked to ensure data continuity.
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[bookmark: _Ref151234162][bookmark: _Toc165331257]Fig. 3.10. Off-grid system characteristics during a sunny day at the start of November.

In Fig. 3.9 and Fig. 3.10, one can see the total contribution from each source. If the load capacity is greater than the total source contribution, the battery’s state of charge (SOC) falls, if less-battery charging occurs. When the generator is on, the SOC level climbs rapidly.



Electrotechnical data: voltage, SOC, frequency



It was also important to observe electrotechnical data in the experiment. Fig. 3.11 and Fig. 3.12 show four histograms. A histogram divides the variable into bins, counts the data points in each bin, and shows the bins on the x-axis and the counts on the y-axis. In our case, we used Python library seaborn, which turns the y-axis into a density plot, which is the probability density function for the kernel density estimation. A density plot is a value only for relative comparisons. The y-axis is in terms of density, and the histogram is normalized by default, so that it has the same y-scale as the density plot [30].
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[bookmark: _Ref151234541][bookmark: _Toc165331258]Fig. 3.11. Electrotechnical data: (a) for battery voltage; (b) battery SOC level.

According to the electrotechnical data shown in Fig. 3.12, it can be noticed whether the battery has any overvoltage or it is operated in the most efficient way to reduce the risks of degradation.
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[bookmark: _Ref151234607][bookmark: _Toc165331259]Fig. 3.12. Electrotechnical data: (a) for battery temperature; (b) for consumer frequency.

It is important to monitor what happens to the battery temperature and whether the electricity consumer is provided with the appropriate voltage quality of the electricity supply (see Fig. 3.12). Battery voltage data were obtained from inverter RadianGS, SOC and battery temperature data from system monitoring-FlexnetDC device, while consumer voltage from power network analyser-Carlo Gavazzi EM21.



Analysis of climatic data (wind speed, temperature)



During observations, the internal temperature of the off-grid container and the outside air temperature are monitored. Sensor DS1280 is used to determine both parameters. The results are shown in Fig. 3.13.
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[bookmark: _Ref151234699][bookmark: _Toc165331260]Fig. 3.13. Air temperature data: (a) for container room; (b) for ambient air.

In the climatic conditions of Latvia, it is important that the container is warm enough during the winter period (from November to December), while in the summer period (from June to August), it is the opposite, so that the container room does not overheat. During the observation period, container room temperatures were observed above 0 °C, despite the fact that the outside air temperature dropped below zero degrees Celsius.

In parallel, much attention is paid to the wind speed observations. Wind generation during the off-grid observation is not as originally planned. This is also shown in the data (see Fig. 3.14), which shows that the wind speed is not particularly high, but it does not explain why wind generator output is so low. The correlation between wind power output and wind speed can be seen in Fig. 3.14 (b).
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[bookmark: _Ref151234779][bookmark: _Toc165331261]Fig. 3.14. Wind speed data: (a) using histogram; (b) using time scatter analysis.

It should be admitted that wind data were obtained for only half of the observation time. All the previous weather conditions were measured every minute at the site. Wind speed data were obtained from the anemometer above the sea container.

[bookmark: _Toc165331207]Modelling tools versus reality

To understand accuracy and validate off-grid modelling tools and mathematical models, initially a comparison analysis for this study was planned. The idea was to compare results from modelling tools and mathematical models versus real experimental off-grid system. The aim was to determine how applicable the selected energy source mix and equipment sizing are in real life regarding what was proposed by modelling tools and models. However, it was later concluded that it was not clear how to do it due to the following reasons:

1. To obtain life data it would be required to test experimental off-grid system for at least 1-year period.

2. The off-grid system operation should be tested using more than one dispatch strategy (longer analysis than a 1-year period would be needed).

3. To obtain data to be later used in computer tools and mathematical models more measuring devices as planned before would be required, for example, regarding solar radiation.

4. As the off-grid project is still implemented, its true costs can only be clarified after a longer time period than now.



Having a data array for a comparatively short period, it is difficult to make reasonable conclusions about the adequacy operation of the off-grid system. Nevertheless, from the available data it was possible to draw the conclusion that simulation results in certain aspects deviated from the real operation of the off-grid system.




[bookmark: _Toc165331208]TRANSITIONING TO DECENTRALIZED ENERGY IN LATVIA

[bookmark: _Hlk151919188]The goals and progress of the European Union (EU) in the field of climate neutrality create opportunities for wider use of distributed generation and the involvement of new market participants in the electricity market. For example, already today, electricity grid system operators are shaping their operating structure (see Fig. 4.1) by including and taking into account such stakeholders as passive and active users, energy communities, microgrids, aggregators, virtual power plants, platforms for balancing energy and other flexibility products for ancillary services, electricity storage devices, etc. By modelling not only energy, but also data flows between these parties, emphasizing the importance of new technologies (IoT, self-healing, etc.).
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[bookmark: _Ref151235001][bookmark: _Toc165331262]Fig. 4.1. Lithuanian DSO 2030 power system design [31].

Therefore, proper system integration and a regulatory framework will be important to simplify and efficiently use all resources and available technologies and ensure higher system reliability and stability. In this chapter, we will analyse new market participants, considering trends in the regulatory environment in the coming years, including decentralized energy resources.

Decentralized energy resources (DER) typically refer to low-capacity electricity generation technologies that produce, store, and manage electrical energy. For instance, solar modules, small wind turbines, electric vehicles, microgrids, and others.

Scientific literature discusses that broader utilization of DER could enhance the efficiency of available resources for society, increase energy system resilience (e.g., in cases of large station outages from the market), and empower consumers and communities in achieving decarbonization goals. This aligns with the European Green Deal and plans for a safer, more accessible, and cleaner energy usage. However, the growth of DER could simultaneously disrupt traditional principles of electricity markets, and without proper regulation, its benefits may not be equally felt throughout society [32].

Although there isn't a specific definition of decentralized energy resources, in Latvia, microgenerators can be considered as low-capacity electricity technologies designed for producing single or three-phase AC electricity with a current of up to 16 amperes. In a single-phase electrical network, this corresponds to a power of 3.7 kW, while in a three-phase network, it's 11.1 kW (Type A production modules [33]). Also, power plants up to 14.99 MW (including Type A, B, and C production modules) connected to distribution network operator grids at 0.4, 6, 10, and 20 kV[34].

Some industry research indicates that the use of DER in Europe (thus in Latvia) in the future could potentially surpass the proportion of centralized generation sources. For instance, in this research [35], when DER includes solar modules (<1 MW), wind turbines (<500 kW), micro-turbines, hydrogen fuel cells, diesel generators, and gas boilers (<6 MW), electricity storages, microgrids, electric vehicles, and demand response utilization.

It should be acknowledged that a particularly significant development in microgeneration in Latvia was observed in the first four months of 2022. This was attributed to a considerably higher electricity price on the Nord Pool exchange due to the global economic recovery from the economic downturn caused by the Covid-19 pandemic in 2020. Additionally, the geopolitical situation, particularly with Russia's war in Ukraine, has led to significant uncertainty about future energy supply, prompting the search for alternative sources. The rapid increase in microgenerators has surpassed even the most daring predictions-from January to April, 970 microgenerators were connected to the distribution grid, totalling 7.5 megawatts (MW). By the end of April, the number of microgenerators connected to the grid of the operator, “Sadales tikls AS” reached 3052 connections with a total installed capacity of 21.3 MW.

Considering the current trends in microgeneration development, experts at “Sadales tikls AS” predict that the number of newly connected microgenerators to the distribution grid in 2022 will reach 4000, with the total number of microgenerators connected to the entire system by the year's end exceeding 6000, and the overall capacity reaching 45 MW [36]. There is substantial interest in Latvia not only in the implementation of microgenerators, but also in the development of solar parks. By the end of April 2022, the total reserved capacity for the development of microgenerators and power plants exceeded 670 MW. Although, according to data from the transmission system operator, the maximum load on the Latvian system during the winter of 2020 reached 1184 MW, and the minimum load was observed in summer at 463 MW [37].

The main role of policymakers, regulators, and other market participants is to prepare for changes in existing electricity markets. Variable and renewable energy generation from various decentralized sources will pose a challenge to the electricity grid infrastructure, which was developed and built based on the principles of traditional centralized systems. A decentralized system with a significant share of renewable energy sources is less predictable than a centralized system, and grid operators may face difficulties in responding to fluctuations in demand and the unpredictability of supply and demand.

[bookmark: _Toc165331209]Amendments to the national legislation

Amendments to the Energy Law



In the coming years, energy communities will play a larger role in transitioning to cleaner energy. Households, individuals, and businesses collectively invest in the development and operation of energy-related assets. Estimates indicate that by 2030, energy communities in the EU could own approximately 17 % of installed wind power and 21 % of solar energy [38]. These communities promote local economic development, provide secure and accessible energy, and encourage collaboration within local communities.

The legal framework for “energy communities” was introduced in European legislation as part of the so-called Clean Energy Package. The term 'energy community' is used in two EU directives:

1. “Citizen energy communities” in the European Parliament and Council Directive (EU)  2019/944 [39] of June 5, 2019 (Directive 2019/944) on common rules for the internal electricity market (amended version).

2. “Renewable energy communities” in the European Parliament and Council Directive (EU) 2018/2001 [40] of December 11, 2018 (Directive 2018/2001) on promoting the use of energy from renewable sources (amended version), also known as “RED II”.



Both definitions of communities share similarities, for instance:

1. Communities are legal entities established as a juridical person (as emphasized in Directive 2019/944, it “creates a new kind of entity considering its membership structure, governance requirements, and objectives”).

2. They are effectively controlled by their shareholders or members.

3. Their primary goal is to ensure environmental, economic, and social community benefits, rather than financial profit.



However, among the key differences between “citizen energy communities” and “renewable energy communities” are membership issues (the former is much more regulated than the latter):

1. Regarding “renewable energy communities”, there is an additional stipulation for private companies that their participation must not be their primary commercial or professional activity.

2. Shareholders or members of “renewable energy communities” should be located near the owned and developed renewable energy projects.

In the case of “citizen energy communities” this entity is exempt from the mentioned requirements. Additionally, members of “renewable energy communities” can collectively engage in various aspects of renewable energy management (production, consumption control, energy sales, renewable gases, etc.). Meanwhile, the scope of “citizen energy communities” is currently limited to the electricity sector, such as electricity production, distribution, supply, consumption control, aggregation, storage, or energy efficiency and electric vehicle charging services, etc. (although this may change with the new EU Gas Directive revision). From a network perspective, these two types of communities are illustrated in Fig. 4.2.
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[bookmark: _Ref151235078][bookmark: _Toc165331263]Fig. 4.2. Communities from the perspective of system operators [41].

From the aforementioned, it can be concluded that the “citizen energy community” is technology-neutral, whereas the “renewable energy community” is limited to renewable energy technologies.

On July 14, 2022, in the second-final-reading, the Saeima (Latvian Parliament) supported urgently recognized amendments to the Energy Law [42] to adopt the conditions of EU directives. The regulation for energy communities aims to promote the involvement of Latvian society in electricity generation. The amendments to the Energy Law are intended to define new concepts for market participants:

1. “Renewable energy community” – an energy community engaged in renewable energy production, owning, developing, or managing renewable energy production facilities territorially associated with the renewable energy community.

2. “Electricity energy community” – an energy community operating in the electricity sector.

3. “Energy community” – a legal entity with open, democratic, and voluntary participation, aimed at providing environmental, economic, or social benefits to its members or shareholders, or the territories where it operates; which operates energy primarily derived from renewable energy resources, as well as other forms of renewable energy production, trade, electricity sharing, consumption, provision of demand response services, electricity storage, provision of electric vehicle charging services, energy efficiency, or other energy services.

Amendments to the Energy Law stipulate that an energy community meets the conditions of either a “renewable energy community” or a “citizen energy community” meaning that an energy community can comply with one or both of these conditions. It is also stipulated that members of the energy community retain the rights and responsibilities as defined for end-users or active users. The definition of an active user is included in amendments to the Electricity Market Law [43], which were supported concurrently with amendments to the Energy Law.

Additionally, the energy community is more precisely regulated in the amendments to the Electricity Market Law (see the next section). The definition of an electricity energy community is broader, encompassing medium-sized enterprises as well, aiming to unify the conditions for both types of energy communities as much as possible. The definition of small and medium-sized enterprises aligns with the definition specified in Annex I of European Commission Regulation No 651/2014 [44].

It should be noted that the draft law does not specify a particular legal form for an energy community. Previous European experiences suggest that this form can be quite varied: (1) cooperatives, (2) limited liability companies, (3) foundations and funds, (4) housing associations (owners/renters' associations), (5) non-profit organizations (typically in village heating in Denmark), (6) public/private partnerships.

In the case of Latvia, an energy community can be an association or foundation, a cooperative society, as well as a joint-stock company, ensuring compliance with the requirements specified in regulatory acts for an energy community.

For the regulation of energy communities to function fully, the Cabinet of Ministers will have to establish the information to be included in the energy community registry, registration requirements and procedures, information to be provided in annual reports by energy communities, and the procedure for excluding energy communities from the registry or re-registering them. These rules will also outline how the State Construction Control Bureau, as the responsible authority, will decide on the inclusion or exclusion of an energy community from the registry.

Moreover, the Ministry of Economics will have the opportunity to develop support schemes for energy communities utilizing renewable energy resources while observing conditions for commercial support. In this case, it's essential that support is available to energy communities meeting only the conditions of citizen energy communities, but solely in cases where they generate electricity from renewable energy resources.

Amendments to the Energy Law, collectively with the supported amendments to the Electricity Market Law and in accordance with forthcoming Cabinet of Ministers' regulations, will establish a legal basis to realize the potential of energy communities. Additionally, investment support programs and extensive public awareness, including the guidelines outlined in the amendments tailored to municipal needs, will be necessary.



Amendments to the Electricity Market Law



Household electricity consumption constitutes a significant portion of the overall electricity consumption. Peer-to-peer trading, as well as energy sharing among energy communities, could promote the European Green Deal by trading surplus energy locally or storing excess energy for later use or trade.

Peer-to-peer trading, as defined in Directive (EU) 2018/2001, refers to “the sale of renewable energy between market participants by means of a contract with pre-determined conditions governing the automated execution and settlement of the transaction, either directly between market participants or indirectly through a certified third-party market participant, such as an aggregator. The right to conduct peer-to-peer trading shall be without prejudice to the rights and obligations of the parties involved as final customers, producers, suppliers or aggregators”.

Communities and peer-to-peer trading differ from the so-called “virtual power plants” in that, for instance, energy storage systems would be used for providing flexibility, and this flexibility is used within the community rather than in the daily or balancing electricity markets.
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[bookmark: _Ref151235143][bookmark: _Toc165331264]Fig. 4.3. Microgeneration and storage coverage: a) individual consumer, b) community sharing [45].

The amendments aiming to allow electricity sharing in communities provide new opportunities for microgeneration development and optimal distribution of produced electricity, as shown in Fig. 4.3. It illustrates the impact of peer-to-peer trading and electricity sharing within a community on the more effective utilization of micro-generation and electricity storage. On the right-hand side of the image (b), the influence of electricity sharing can be observed-the use of renewable electricity increases compared to the use of the electricity storage, without the sharing capabilities in the image on the left (a). By trading energy and sharing assets, the energy community has a greater chance to efficiently cover the total self-consumption, ensuring self-sufficiency and thus requiring less energy purchase from external sources.

As mentioned previously, on July 14, 2022, during the second and final reading, the Saeima supported amendments to the Electricity Market Law [43], aiming to adopt the conditions of Directives 2019/944 and 2018/2001. The amendments aim to improve the net metering system and supplement it with a net settlement system, while setting principles for the operation of electricity communities and active users.

The amendments will define new concepts for market participants:

1. “Active user” – an end-user who produces electricity for their own use and can sell any surplus electricity, participate in flexibility services, or energy efficiency schemes, and who is not an energy supply merchant.

2. “Electricity sharing” – the transfer of electricity produced by an active user to other end-users, including other active users, or the transfer of electricity produced by an energy community to its members or shareholders.

3. “Jointly operating active users from renewable energy resources” – a group of at least two end-users, each separately connected to the electricity distribution system, who, by mutual agreement, jointly produce electricity from renewable energy resources for their own needs, acting collectively in the same building or area with the same address.

4. “Active user generating electricity from renewable energy resources” – an active user producing electricity for their own needs from renewable energy resources.



The improvement and extension of the NETO accounting system will:

1. Encourage legal entities, including manufacturing companies, to participate in self-consumption electricity production.

2. Allow the electricity produced at one user's site to be used at other sites owned by the same user, whose electricity trading is provided by a single trader, and who are connected to the same system operator.

3. Set a 50-kW power limit within the NETO settlement system.

4. Determine the competence of the State Construction Control Bureau to administer commercial state aid under de minimis conditions for electricity end-users within the NETO settlement system.

5. The law defines that the NETO accounting system period will take place within the year starting from March 1 and ending on the following year's February 29 (previously from April 1 to March 31).



Conditions for electricity sharing include:

1. The system operator will ensure sharing according to a closed contract with the electricity community or jointly operating active users from renewable energy resources.

2. Electricity sharing will take place within one trading interval. Unconsumed electricity cannot be stored for sharing in another trading interval; it must be sold to an electricity trader at an agreed price.

3. System participants involved in electricity sharing cannot simultaneously participate in the NETO accounting system, NETO settlement system, or electricity certificate system.

4. Electricity distribution systems used for electricity sharing will be charged according to tariffs set in the “Regulations for Public Service Regulators” law.



To ensure the full operation of the regulations, the Cabinet of Ministers will need to define:

1. procedures for implementing the NETO settlement system.

2. conditions for using the NETO settlement system, the process for applying the NETO settlement system, and information exchange between involved parties to ensure its administration and the application of de minimis support conditions.

3. procedures for implementing electricity sharing and conditions for electricity sharing.

[bookmark: _Toc165331210]Recommendations for future amendments in legislation

Suggestions for future legislative amendments:

1. It should be considered whether there is a need for a more detailed reconciliation between the two communities – “residential energy communities” and “renewable energy communities” combining them into one. Since the “residential energy community” is technology-neutral while the “renewable energy community” is limited to renewable energy technologies, there should be a focus on the proximity of these communities to the relevant developed renewable energy projects.

2. The law amendments should be clearly communicated to the public, especially regarding the benefits of participation in either the “NETO accounting system” or the “NETO settlement system”, distinctly showing the differences between them. For instance, in Fig. 4.4, there is an example demonstrating the potential benefits when not only the generated electricity and consumption are recorded, but also the determined value of electricity, considering the specific hour's Nord Pool electricity market price. In this case, the electricity generated in the household is 27 kWh, consumption is 32 kWh, the amount sold to the market is 15 kWh (for 3 EUR excluding VAT, meaning only the electricity component), and the amount purchased from the market is 20 kWh (for 5.71 EUR excluding VAT, again, only the electricity component). The transition from the “NETO accounting system” to the “NETO settlement system” would likely introduce a fairer distribution of benefits towards the electricity traders, but could reduce the benefits of installing solar systems for consumers. This conclusion will be applicable given the price profile depicted in Fig. 4.4 (this kind of situation is likely to become characteristic in Latvia's future, where the installed solar system capacity will be several times larger than it is currently). As the capacity of high-capacity solar farms increases, significant price reductions are expected in peak hours, which will further affect households with solar panels that will use the NETO settlement system principle. In part, this problem can be solved by installing electricity storage equipment, however, for now, the purchase of accumulators is relatively expensive. The following example is considered later in the Thesis (section 4.3.2);





[bookmark: _Ref151235217][bookmark: _Toc165331265]Fig. 4.4. Latvian household solar power usage (July 20, 2022).

3. In the conditions or annotations, it could be clarified how exactly the market value of electricity is allowed to be determined by the trader (i.e., whether it can be the so-called negotiated price, fixed price, or equilibrium price). One of the challenges is how to establish a fair principle of benefit distribution that would be advantageous for the trader, active users, as well as community participants because the transition from the “NETO accounting system” to the “NETO settlement system” is one attempt to address such problems.

4. In the amendments or annotations to the Electricity Market Law, it would be desirable to include a broader assessment of the rights of the system operator to determine the administration fee for the “NETO accounting system”, its extent, and the impact on the main task of the “NETO accounting system” – promoting the electricity generation from renewable energy resources. 

5. Both sets of law amendments identified several terms that would need to be harmonized in the future, at least across Latvian legislative and policy documents. For example, “renewable energy”, electricity “production” or “generation” and others.

6. Introducing the energy community system would require the system operator to assess the development of new principles for tariff calculation, for instance, when electricity distribution occurs within a community and between communities, or additional rules that regulate the community's responsibility for the created imbalance. The public should also be informed about the benefits of participating in energy communities or electricity trading between such communities.

7. As the number of active users and the capacity of microgeneration systems increase, the income of the distribution system operator from providing electricity distribution services may decrease slightly (on average by 1/3). However, the quantity of electricity transmitted in the network also increases. Hence, an evaluation of tariffs would be necessary to establish fair regulation as the number of active users and the capacity of microgeneration systems increase.

[bookmark: _Toc165331211]Decentralized renewable energy payback analysis

[bookmark: _Toc165331212]Motivation and background

Decentralized power supply solutions, such as solar panels, electric vehicle (EV) charging stations, and electricity storage systems (batteries), are becoming increasingly more popular and widely recognized by numerous countries in their endeavours to promote environmentally friendly technologies. The adoption of these technologies is influenced not only by the national legislation, but also by other factors, such as high electricity prices, enhanced electricity reliability, and the desire to be more environmentally friendly.

For example, in Latvia, the swift adoption of solar panels in the past few years was most likely driven by two factors: firstly, the high electricity prices caused by geopolitical circumstances in neighbouring countries (see year 2022 in Fig. 4.5) and, secondly, the support for renewable energy resources provided by the Latvian government. After the start of the Russia-Ukraine war, the average electricity price in Latvia increased to 226.01 EUR/MWh in 2022, in contrast to 46.28 EUR/MWh in 2019, or 34.05 EUR/MWh in 2020, and 88.78 EUR/MWh in 2021, respectively. In early 2023, however, the prices were slightly lower than those recorded in 2022 [46].
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[bookmark: _Ref151731347][bookmark: _Toc165331266]Fig. 4.5. Nord pool average day-ahead electricity price in the Latvian trade area [46].

By installing solar panels or small wind turbines, Latvian residents had the opportunity to receive financial support by means of the following two support programs:

1. The support provided by the administered programme of ALTUM ranges from 700 to 4000 EUR, depending on the nominal power of the inverter.

2. The support provided by the Emission Allowance Auction Instrument (EKII) also ranges from 700 to 4000 EUR, depending on the nominal power of the inverter.



Funding from the EKII support program is only available after the purchase and installation of the equipment. On the contrary, to receive the ALTUM support, one first needs to apply for the programme, await approval, and then commence the work. The EKII programme has a total funding of 40 million EUR, while ALTUM has a funding allocation of 3.66 million EUR [47]. 

These circumstances have led to a situation where, within a relatively short period, the total number of microgenerators (mostly solar) has surpassed 15 000 units (see Fig. 4.6), with their combined production capacity already exceeding 120 megawatts (MW).
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[bookmark: _Ref139817857][bookmark: _Toc165331267]Fig. 4.6. Microgenerator connections to the distribution system operator's grid [48].

The electricity generated by microgenerators is primarily directed towards enabling households to meet their own energy needs, including charging their EVs. EVs are widely recognized as one of the most promising solutions to mitigate environmental impact in the transportation sector and improve energy efficiency. When the electricity for EVs is sourced from a grid predominantly powered by fossil fuels, their life cycle emissions are comparable to vehicles with combustion engines. However, when renewable energy sources are predominant in the energy system, EVs emissions are slightly lower. To truly achieve sustainability in using EVs, it is required to shift the future of electricity towards renewable sources.

Among renewable energy resources, such as wind and solar power, solar energy is considered the most promising in the context of EV charging (see Table 4.1).

[bookmark: _Ref151731450][bookmark: _Toc165331418]Table 4.1. Comparison of Charging EV from Wind or Solar Energy Source [49], [50]

		Category

		Wind energy

		Solar energy



		1

		Onshore and offshore wind is far from where EVs can be charged

		Close to where EVs can be charged. For example, rooftop photovoltaic (PV), so transmission is not needed



		2

		Different power scales: wind turbines in MW while EV chargers in kW. While on the other hand, with wind turbines it could be possible to charge several thousand EVs

		Power scales are similar for rooftop PV and EV charger (both kW)



		3

		Generation is mostly in winter and nighttime

		Generation is mostly in daytime and summer







In most scenarios, one advantage of solar energy as well as EV batteries is that those operate on direct current (DC) power. However, when it comes to grid integration, the standard is alternating current (AC). This leads to the need for unnecessary DC-AC-DC conversions, which can result in energy losses. In contrast, utilizing DC power directly, without conversion, proves to be more efficient [49].

In addition to the support available for installing microgenerators in Latvian households, there is also financial support available for individuals purchasing EVs. A grant of 4500 EUR is provided when purchasing a new electric car, while a grant of 2250 EUR can be received when purchasing used electric cars and new externally chargeable hybrid cars. However, there is a purchase price limit of 60 000 EUR for low-emission and zero-emission vehicles in their basic configuration, as stipulated by regulations. Additionally, there is an extra 1000 EUR support available for beneficiaries, who choose to write off their existing vehicle and hand it over to a processing company [51].

However, unlike microgenerators and electric cars, electricity storage systems (batteries) have not yet been widely adopted in Latvia, and the government has not provided financial support for such equipment. This could be related to the existing NETO accounting system for microgenerators. The NETO accounting system has traditionally allowed for the virtual storage of electric energy produced by microgenerators, enabling its later use, for example, during winter months [52]. Perhaps this is one of the reasons why batteries have not been so popular so far.

However, Latvia has recently made amendments to the Electricity Market Law, resulting in the introduction of a new and improved system, called NETO settlement system. The new NETO settlement system not only records the amount of electricity generated and consumed by customers, but also assigns monetary value to this energy. The advantages of the new system have been communicated and include:

1. Applicability to both households and legal entities (the previous system included only private consumers).

2. Conversion of electricity produced and transferred to the grid into monetary terms, allowing for savings that can be utilized towards future bill payments or applied to electricity costs in other connections of the same customer, as per the conditions of the chosen electricity service provider. 

3. The net savings period is not limited by law.

4. The freedom to select the most suitable service provider and the flexibility to switch between providers.

5. Active participation in the electricity market, enabling cost control by tying the value of energy transferred and received to market prices and settlement conditions. Encouragement of consumption habits that maximize the profitability of electricity production and consumption. These changes aim to empower consumers by providing greater control over their electricity usage and promoting a more economically advantageous approach to energy consumption [53].



Although there is extensive information regarding the new rules of the NETO settlement system in Latvia, there is a lack of detailed explanation for the general public regarding the potential economic implications for owners of decentralized energy supply solutions [54].

Thus, this section compares the previous NETO accounting system with the new NETO settlement system. Such an analysis would allow for a more accurate assessment of the introduction of new technologies and prediction of the effect of regulatory acts on the economic viability of different situations.



NETO accounting and settlement system in Latvia



Significant changes have been implemented concerning microgeneration in Latvia according to the amendments made to the Electricity Market Law on 16 February 2023.

NETO accounting system (pre-existing system; Fig. 4.7): Previously, the law regulated the NETO electricity accounting system, which outlined the procedure for the distribution system operator to settle payments for electricity produced by users from renewable energy resources. This system applies to the cases when the produced electricity is not immediately consumed but transferred to the grid. If the amount of electrical energy transferred to the grid exceeds the energy received from the grid, the excess energy is carried forward to the next billing period within a NETO year (starts on 1 March and ends on the last day of February). “Energy storage” can only be utilized within the same property (for the specific system connection) where it was generated. At the beginning of a new NETO year, all savings are deleted. It is important to note that the NETO accounting system is currently limited to households and is automatically applied after receiving permission to connect the microgenerator (when the amendments to the law take effect, it will be possible to join the scheme until 31 December 2023). 
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[bookmark: _Ref146981851][bookmark: _Toc165331268]Fig. 4.7. Schematic representation of the NETO accounting system [53].

In the Fig. 4.7 the customer transferred 50 kWh more to the electricity network than he received from the network. The customer only has to pay the service fee of the distribution system operator this month, but does not have to pay for electricity.

NETO settlement system (new system; Fig. 4.8): The Amendments to the Electricity Market Law introduced a new NETO electricity settlement system. This system not only records the quantity of electricity produced and consumed by the customer, but also determines the monetary value of this energy. If the total value of the electricity produced, but not immediately consumed (and transferred to the distribution network) exceeds the value of the electricity received from the same network, the surplus value can be credited in the subsequent settlement period or used for electricity payments in another connection of the same customer. Both households and legal entities will be eligible to participate in the NETO settlement system.
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[bookmark: _Ref146981887][bookmark: _Toc165331269]Fig. 4.8. Schematic representation of the NETO settlement system [53].

In the Fig. 4.8 the electricity trader determines the value of the electricity transferred to and received from the power grid.

The law mandates that electricity traders must include the NETO settlement system as part of their trading services. Currently, the Cabinet of Ministers is in the process of developing detailed operational guidelines for the NETO settlement system and determining the date when it will be made available to customers [53].

[bookmark: _Toc165331213]Methodology – two case study assumptions

The case study considers a single household as an electricity consumer with access to an electric grid, solar panels, and an electricity storage system in various operating scenarios of the NETO accounting system and the NETO settlement system. Fig. 4.9 shows a block scheme of the case study.
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[bookmark: _Ref140953775][bookmark: _Toc165331270]Fig. 4.9. Scheme: NETO accounting and settlement system comparison (first case study).

Two NETO system alternatives were compared to investigate how potential household savings change according to different scenarios, namely, with BESS, without BESS, with financial support for their PV system, and without financial support for their PV system. 

A significant focus is placed on electricity prices, which have shown considerable volatility in recent years and play a crucial role in determining the economic payback for the installed electricity supply solutions. In the case study, three possible electricity prices (retrospective electricity price from the 2019/20 season, 2022/23 season, or when the electricity price is fixed at 150 EUR/MWh) are analysed. Potential savings, considering the impact of the new distribution system tariff (compared with the previous tariff), which affects all current customers connected to the grid of the Latvian distribution system operator, were thoroughly analysed. Additionally, the implications of the newly introduced special tariff, which is available free of charge to any user, have been also explored.

To study the new NETO settlement system and to compare it with the NETO accounting system, the following annual data at a 1-hour resolution were obtained for one anonymous household from the Latvian distribution system operator “Sadales tikls AS”: date and time, electricity consumption, and electricity generation [55]. The yearly electricity demand of the household was 11.32 MWh, while solar energy injected into the grid reached 4.23 MWh on an annual basis. Unfortunately, information about the specific lifestyle and electricity consumption patterns in the household was not available, including the usage of various appliances. It must also be acknowledged that there is a lack of available data on electricity production, which households consume directly from solar panels (the so-called self-consumption). To ensure a higher economic benefit, households with solar panel systems should achieve the highest possible level of direct electricity consumption. According to [52], the level of direct electricity consumption from solar panels by households in Europe is 20–30 % on average.

Using input data described above, as well as in Table 4.2, all respective scenarios were analysed.

[bookmark: _Ref151732024][bookmark: _Toc165331419]Table 4.2. Input Data and Assumptions of Household Power Supply System [52], [55], [56]

		Characteristic

		Indicator or assumption



		Direct electricity consumption from solar panels

		30 % of total generation



		Solar system capacity and cost

		5 kW, 1200 EUR/kW (6000 EUR), which have a possibility to receive the financial support of 2500 EUR 



		Electricity storage systems (BESS) energy capacity, costs, and operation 

		10 kWh, 7000 EUR. Maximum discharge level – up to 2 kWh, maximum charging – up to 10 kWh. Roundtrip efficiency is considered 90 %



		Current magnitude of the input protection apparatus (IAA) and phases for the electricity connection

		Three phases and 25 A



		Previous distribution network tariff

		Charge for electricity supply 0.04076 EUR/kWh;

charge for IAA current magnitude 2.4 EUR/A/year



		New distribution network tariff

		Charge for electricity supply 0.03985 EUR/kWh;

charge for IAA current magnitude 0.92 EUR/A/month



		New special distribution network tariff

		Charge for electricity supply 0.1594 EUR/kWh;

charge for IAA current magnitude 0.37 EUR/A/month







While the second case study considers a farm as an electricity consumer that is registered as a legal entity with access to the electric grid and installed solar panels. In this case study, the electricity storage system is added and evaluated for various operating scenarios of the NETO settlement system. Fig. 4.10 shows a block scheme of the second case study scenarios.
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[bookmark: _Ref151732137][bookmark: _Toc165331271]Fig. 4.10. Scheme of the second case study with NETO settlement system scenarios.

In the second case study, three alternatives are compared to examine the best possible scenarios of BESS discharge possibilities and to evaluate savings that could be expected from the smart BESS system management. In all scenarios, annual data at a 1-hour resolution were obtained for one farm of an anonymous customer from “Sadales tikls AS” [55]. The yearly electricity demand of the farm was 8.279 MWh, while the solar energy injected to the grid reached 17.163 MWh on an annual basis (see Fig. 4.11). Unfortunately, like in the first case study, there is no information on the specific electricity consumption patterns at this facility, including information on a contract with an energy trader for the purchase of the produced electricity. As can be seen in Fig. 4.11, on average, the farm produced more than twice as much electricity as it consumed.
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[bookmark: _Ref151732208][bookmark: _Toc165331272]Fig. 4.11. Characteristics of electricity supply at the farm. 24 h moving average was plotted instead of the raw hourly data to improve the visual clarity of the plot [55].

Using data described above (including Fig. 4.10 and Fig. 4.11), as well as in Table 4.3, all three scenarios are analysed.

[bookmark: _Ref151732325][bookmark: _Toc165331420]Table 4.3. Input Data and Assumptions of the Farm Power Supply System [55], [56]

		Characteristic

		Indicator or assumption



		Electricity storage systems (BESS) energy capacity, costs, and operation 

		Energy capacity 15-30-50 kWh, and 10 kW power capacity with capex 225 EUR/kW and 600 EUR/kWh accordingly. BESS charging and discharging efficiency – 95 %



		BESS degradation

		1.5 % 



		New distribution network tariff

		charge for electricity supply 0.03985 EUR/kWh;

charge for IAA current magnitude 0.92 EUR/A/month



		Electricity price

		Three scenarios analysed with different electricity prices – the 2018 and 2022 season Nord pool exchange prices. Value added tax is not considered.







The significance of selecting the optimal operational mode and energy capacity for BESS is becoming a progressively more important topic for discussion. This analysis aims to approximate the advantages of installing a BESS in a power system that already incorporates solar panels.

[bookmark: _Toc165331214]Results and discussion

The First Case Study – NETO Accounting System



In Fig. 4.12, the potential savings from solar panels using the NETO accounting system are illustrated. The graph shows the savings based on the current distribution network tariffs and the new ones, as well as considering scenarios with different electricity prices – the 2019–2020 and 2022–2023 season Nord Pool exchange prices, fixed electricity price (150 EUR/MWh), and a scenario with the DSO special tariff. Note that the “special” tariff is intended for households with very small or seasonal electricity consumption. It is assumed that the special tariff is used for three months (June, July, and August), leaving the basic tariff for the remaining months. The special tariff includes a smaller fixed part (capacity maintenance fee, EUR/month); however, it has a higher variable share (charge for electricity supply, EUR/kWh) compared to the basic tariff.

The calculation algorithm has been developed to assess potential savings when compared to a scenario where no solar panels are employed and with a relevant DSO tariff. In this case, BESS is not integrated into the system. This algorithm encompasses both the fixed component (averaged across the total annual consumption) and the variable part of the distribution network tariff, factoring in the per-consumed kilowatt-hour, when computing potential savings. Accumulated savings are represented by the bars, while the horizontal lines show the investment in the solar panel system with and without the financial support from the government (assumed to be 2500 EUR).

Fig. 4.12 shows that the lowest potential savings are made in the scenario in which the 2019–2020 Nord Pool electricity exchange prices are adopted (the lowest at the old DSO tariff). It can also be seen that with the 2022–2023 season Nord Pool prices and with the new DSO tariff, the savings could exceed the investments made already starting from the third year, in the case of receiving state support for the installation of solar panels. The significant potential for savings arises from the Nord Pool prices of the 2022–2023 season. In all scenarios, it can be seen that the old tariff system would slow down the savings for the solar panel system, meaning that the new tariff system is more beneficial (as it is more expensive). While it is true that in certain scenarios, the “special” tariff offers greater benefits when compared to the fixed electricity price with both old and new DSO tariffs, it is important to acknowledge that, overall, the electricity price remains the primary determinant in influencing the savings.
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[bookmark: _Ref140912636][bookmark: _Toc165331273]Fig. 4.12. Potential savings in a 7-year period: NETO accounting, without BESS.

Fig. 4.13 shows the potential savings when a BESS system is installed in parallel with solar panels. The algorithm assumes that electricity is consumed from the grid only when it has reached a discharge level of 2 kWh in the installed BESS system. Similar to the scenario shown in Fig. 4.12, it can also be observed here that the old tariffs and low electricity prices slow down the potential savings. At the same time, it is possible to achieve savings at the CAPEX level in the case of state financial support or high electricity prices for seven consecutive years.
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[bookmark: _Ref151732439][bookmark: _Toc165331274]Fig. 4.13. Potential savings in a 7-year period: NETO accounting, with BESS.

Unlike before, when there was no BESS system, having a BESS system and a fixed electricity price in this case does not lead to savings equal to the initial investment.



The first case Study – NETO settlement system



A similar algorithm has been created for the assessment of the NETO settlement system. In this case, it is assumed that excess electricity is sold to the electricity trader at a relevant Nord Pool price. The potential savings of the NETO settlement system are shown in Fig. 4.14, where the bars represent accumulated savings, and the horizontal lines show the investment in the solar panel system with and without financial support. In Fig. 4.14, BESS is not integrated into the system. As can be seen, electricity prices have a significant impact on potential savings, i.e., at low market prices and even with subsidies, a solar panel system may not pay off for seven years. Conversely, at high electricity rates and the new DSO tariff, such a system would pay off at around the third year. It can be observed that the savings achieved with the new tariffs are slightly higher than those with the old tariffs.
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[bookmark: _Ref151732499][bookmark: _Toc165331275]Fig. 4.14. Potential savings in a 7-year period: NETO settlement, without BESS.

Fig. 4.15 shows the potential savings with BESS. Again, the algorithm assumes that electricity is consumed from the grid only when it has reached a discharge level of 2 kWh in the installed BESS. It can be observed that the new tariffs increase the potential savings also in this case. At the same time, it is possible to achieve savings at the CAPEX level only in the case of state financial support and with high electricity prices.
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[bookmark: _Ref151732546][bookmark: _Toc165331276]Fig. 4.15. Potential savings in a 7-year period: NETO settlement, with BESS.

At low electricity prices, in this case, savings up to the CAPEX level can hardly be achieved. It could happen only at high electricity rates.



The second case study – the BESS management system



In the second case study, three algorithms have been developed to evaluate savings from different BESS discharge and charge management approaches. Energy storage capacities have been assumed and varied – 15, 30, and 50 kWh. This, the second case study, involves a farm operating under the NETO settlement system, equipped with a pre-existing solar panel system.

In the first scenario, the BESS is charged using solar PV, and discharge occurs as soon as there is an opportunity for self-consumption. The second scenario involves charging from solar PV but discharging during peak electricity pricing hours. In the third scenario, the BESS is charged at the lowest electricity rates and discharged when prices are higher.

The analysis is conducted using the new tariffs of the DSO, as well as separately considering the 2018 and 2022 Nord Pool electricity exchange prices in the Latvian electricity trading area. Unlike the first case study, this analysis excludes the consideration of value-added tax. Fig. 4.16 illustrates the potential savings of installing BESS across all three scenarios.
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[bookmark: _Ref151732603][bookmark: _Toc165331277]Fig. 4.16. BESS scenarios: potential savings with 2018 and 2022 electricity prices.

In the case of the first scenario, the results show that by creating an additional BESS system, marginally higher savings can be achieved in the case of a larger BESS capacity and lower electricity prices, which were lower in 2018 than in 2022 (the average price in 2018 was 49.89 EUR/MWh, while in 2022 it was 226.32 EUR/MWh).

When considering the second scenario, the results show that neither the BESS energy capacity nor the electricity prices of 2018 or 2022 lead to a significant difference in savings. Overall, the savings are very similar.

On the other hand, in the third scenario there is a significant discrepancy between savings made in 2018 and 2022, as a result of different electricity prices. At the prices of 2018, the savings were estimated to be negative, which could be related to the fact that in 2018 the changes in electricity prices during the day were relatively small, unlike in 2022. This scenario also highlights how the savings are affected by the choice of the energy capacity of the BESS system used; for example, in 2022, the difference in savings between the 15 and 50 kWh BESS is 500 EUR. In general, in 2022, the greater the installed BESS energy capacity was, the greater the savings were.




[bookmark: _Toc165331215]CHALLENGES OF NEW SYSTEM SERVICES

[bookmark: _Toc165331216]Latvia’s energy supply and security

Energy Trilemma Index



The World Energy Council’s (WEC’s) Energy Trilemma Index tool ranks 127 countries on their energy system performance through 3 dimensions: energy security, energy equity, environmental sustainability. The goal of the Index is to provide insights into a country’s relative energy system effectiveness in each dimension and together. Highlight challenges and opportunities for improvements in meeting energy goals now and in the future [57].

According to the WEC's evaluation, Latvia exhibits a highly favourable situation regarding the “energy security” dimension, securing the fourth position among 127 countries globally. Within the Baltic States, Latvia records the lowest Index value for the “energy equity” dimension, standing at the 44th position in the ranking. Conversely, in the “environmental sustainability score” dimension, Latvia is positioned at 34th place (see Table 5.1).

[bookmark: _Ref152952998][bookmark: _Toc165331421]Table 5.1. Energy Trilemma Index ranking [58]

		“The energy security score”

		“The energy equity score”

		“The environmental sustainability score”



		Country

		Score

		Country

		Score

		Country

		Score



		1.Canada

		77.5

		1.Qatar

		99.9

		1.Switzerland

		88.2



		2.Finland

		75.3

		1.Kuwait

		99.8

		2.Sweden

		86.3



		3.Romania

		74.1

		1.UAE

		99.8

		3.Uruguay

		85.4



		4.Latvia

		74.9

		2.Oman

		96.6

		4.Norway

		84.4



		5.Sweden

		74.5

		2.Bahrain

		99.6

		5.Panama

		83.7



		

		

		44.Latvia

		78.1

		34.Latvia

		70.9







But can we leverage the method and knowledge developed by the WEC for creating the index to delve deeper and provide more specific recommendations for actions at the country level? Young professionals in the energy sector, who were part of the “Future Energy Leaders in Latvia” program initiated by the Latvian Committee of the World Energy Council, had examined and proposed opportunities and suggestions for addressing this issue.



Latvian energy security dimension



Healthy energy systems are secure, fair, sustainable, and environmentally friendly. They demonstrate a balance between all three dimensions of the trilemma: security of energy supply, equitable access to services, and environmental sustainability [59].

More specifically, the energy security dimension determines the ability of countries to meet current and future energy demand, withstand and recover quickly from systemic shocks with as few as possible energy supply disturbances. This dimension covers the inner and external energy management efficiency, as well as energy infrastructure reliability and resilience [57].

Latvia is among the top 5 countries in the world according to the current Trilemma score on the Energy security index. Globally, energy security index is focusing on oil and other fossil fuels. Although fossil fuels have been a resource Latvia is importing, well diversified power generation portfolio has granted this high score. Energy security index includes other important criteria that have a positive effect on overall system and its stability.

Three main pillars can measure energy systems security in the context of Trilemma Index:

1. Import – national dependency on resource import in the total energy consumption and supplier diversification.

2. Energy generation capacities and their diversity – country has well balanced and diversified generation portfolio.

3. Energy storage capabilities – countries ability to satisfy its energy demand, in accordance with the available infrastructure [58].

Energy resource availability, economic development, technological development, investment flow, well designed energy market, ability to react on disturbances: these are few aspects that characterizes energy systems security index and are evaluated within WEC methodology.

In this regard, up to ten-year period retrospective analysis of statistical records of those indicators as well as Latvian and foreign scientific and professional research studies was revised and discussed with another 12 experts from a programme “The Future Energy Leaders Latvia” organized by the Latvian WEC committee. The data mostly were obtained from public sources, market reviews, statistical databases. As result, Table 5.2 below was developed that highlights most important opportunities and potential risks of no actions for Latvian energy security dimension [60].

[bookmark: _Ref152965891][bookmark: _Toc165331422]Table 5.2. Indicators of Energy Security Dimension [60], [61]

		Indicators

		Ratings in last years

		Opportunities and risks for Latvia



		Diversity of primary energy supply

		not changing

		· more solar, wind capacities, new energy carriers (like hydrogen, synthetic fuels, etc.)

· greater energy dependence and new high price disruptions



		Import dependence

		increasing

		· stronger focus on energy efficiency, use of biofuels

· system would further heavily relay on energy imports



		Diversity of suppliers

		increasing

		· close energy integration with neighboring countries (new markets and platforms)

· unsecure and not trustful suppliers who uses dominant state



		Diversity of electricity generation

		not changing

		· access to market for demand response, electricity storage, virtual power plants

· not flexible and modern generation underlies weak performance



		Energy storage for oil

		not changing

		· diversity of supply and stocks / storage levels

· unsecure and not trustful suppliers may use dominant state



		Energy storage for gas

		not changing

		· infrastructure sharing and integration with neighbours

· operational costs may lie mainly to local consumers



		System stability as SAIFI (interruptions) and SAIDI (outage duration)

		increasing slowly

		· digitalisation of infrastructure, new data centres and data policy

· not improved ratings, inefficient and costly system operation







Although Latvia is scoring high in Energy Security Trilemma Index by WEC methodology, it is necessary to highlight that even short but focused bursts of specific issues (gas supply interruption, lack of generating capacities in the region) can dramatically impact the energy security as whole and leave significant footprint in further development. Therefore, it is critical to prioritize the energy security determining factors and purposely act on the improvements [60].

Latvia could set a clearer plan for decarbonization of its energy system with explicit actions for humanizing energy transition. For example, starting with development of national hydrogen strategy. In general, Latvian energy security dimension should be more decentralized, distributed, digitalized, and decarbonized, and at the same time maintaining balanced share of dispatchable baseload capacities in generation portfolio. It was acknowledged that there is a need for new sub-indicators to represent the evolving security of an energy system in transition [60].

[bookmark: _Toc165331217]Modelling of battery energy storage system

[bookmark: _Toc165331218]Motivation and background

Historically, power systems of Estonia, Latvia, and Lithuania were operated in parallel with power systems of Russia and Belarus based on the so-called BRELL agreement (abbreviation of Belarus, Russia, Estonia, Latvia, Lithuania) [62], [63]. Frequency control was centralised and provided by Russian United Power System (UPS). Transmission system operators (TSOs) in BRELL were responsible for minimize frequency mitigation by maintaining power generation and demanding equilibrium. According to the existing Network Codes in Baltic States, frequency must be maintained between 49.95 Hz to 50.05 Hz. 

In 2018, a political decision was made on the synchronization of the power system of the Baltic States with the continental European electricity system, and the disconnection (desynchronization) from the electricity systems of Russia and Belarus. As desynchronization from the BRELL and synchronisation to the Continental Europe Synchronous Area (CESA) is an approved goal for Baltic States, it will be crucial to maintain the frequency stable for each TSO of the Baltic States [63], [64]. It is expected to be a rather difficult task, so the solution for this problem is complex. While connected to BRELL the frequency control is centralised. After synchronisation with CESA, each of the Baltic States’ TSOs must be able to maintain power equilibrium and frequency control-activation of frequency containment reserves (FCR) immediately after a difference in the balance between generation and demand. Both the construction of new interconnections and the reconstruction of existing ones, as well as the strengthening of the existing network, network management, and control systems in each country, require large-scale investments. At the same time, the decarbonization goals are highly responsible for large renewable power penetration in the power system, thus decreasing conventional generation; this could affect the power equilibrium and loss of system inertia [65], [66], [67], [68]. There are several methods for system inertia control. The research conducted by the Institute of Power Engineering in Riga Technical University concludes that synchronous condensers in AC power systems can respond with active power injection during a loss of generation, and in combination with novel load shedding method-show promising results for further investigation, thus opening new methods for system stability control [62].

To carry out this ambitious plan, the Baltic States TSOs have signed the “Memorandum of understanding on development of the Baltic load-frequency control block” [64], [69]. The memorandum explains a high-level concept for balance management, FCR technical requirements, concept of FCR prequalification process, and FCR dimensioning rules. The situation in Baltic power system management will also change with the introduction of new Grid Codes and Guidelines for new pan-European platforms or markets for ancillary electricity services (MARI (go-live planned for 2022), PICASSO, TERRE), according to Regulation (EU) 2017/2195 of November 2017. Therefore, after the synchronization with CESA, there will be an opportunity to offer new ancillary services in the Baltic power market including active power reserves for frequency control.

The main contribution of this section is the creation of an algorithm that can be applied to evaluate the technical possibility of provision of frequency containment reserve (FCR) with the battery electric storage system (BESS). It is conducted as a case study to prove the suggested methods’ viability in specific circumstances in the Latvian power system.

The European Commission Regulation EU 2017/1485 on guidelines for the operation of the electricity transmission system, and the European Commission Regulation (EU) 2017/2195, establishing electricity-balancing guidelines provided for four-level frequency regulation processes or platforms. The platforms are dedicated to frequency containment reserves, automatic and manual frequency restoration reserves (aFRR/mFRR), and replacement reserves (RR). All of them (see Table 5.3) are introduced into the system in a certain chronology after the occurrence of active power imbalance, as shown in Fig. 5.1.

[bookmark: _Ref151235314]


[bookmark: _Toc165331423]Table 5.3. Active Power Reserves in the Continental Europe Synchronous Area

		Power reserve

		Aim



		Frequency containment reserve – FCR 

		Reserves of active power to maintain stability of systems frequency after power imbalance. The purpose of FCR is to stop the frequency deviation after a disturbance in the power system, achieving a new balance between electricity supply and demand.



		Frequency restoration reserve – FRR

		Reserves of active power to firstly recover frequency to normal state and secondly to restore the power balance in individual frequency control zones to specific value. aFRR – automatically activated FRR; mFRR – manually activated FRR.



		Replacement reserve – RR 

		Reserves of active power (including generation power) for restoring the required FRR level to be ready for additional imbalances in the system. 
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[bookmark: _Ref151235444][bookmark: _Toc165331278]Fig. 5.1. Chronology of frequency control process [70].

The amount of FCR is determined annually according to the amount of generation and consumption in the synchronous zone. The total amount of FCR, aFRR and mFRR must be equal to the largest possible cut-off unit in the Baltics (700 MW in 2025). The distribution of FCR, aFRR and mFRR among the Baltic States calculated in 2020 is given in Table 5.4. As can be seen the estimated amount of FCR for Baltic power system is ± 30 MW. The estimated amount of aFFR in the Baltics in 2025 will be 100 MW (the distribution is based on the current imbalance in the Baltic States). Manually activated FFR is determined as the remaining amount of the total amount of FRR and in 2025 it will be 600 MW in the Baltics.

[bookmark: _Ref151235511][bookmark: _Toc165331424]Table 5.4. Forecasted (2020) Baltic Power Reserve Volumes after Synchronization [73]

		

		Lithuania

		Latvia

		Estonia

		Baltic States



		FCR

		±12 MW

		±11 MW

		±7 MW

		±30 MW



		   percentage

		40 %

		33 %

		27 %

		100 %



		aFRR

		±45 MW

		±23 MW

		±32 MW

		±100 MW



		   percentage

		45 %

		23 %

		32 %

		100 %



		mFRR (up)

		+243 MW

		+148 MW

		+218 MW

		+600 MW



		   percentage

		39 %

		25 %

		36 %

		100 %



		mFRR (down)

		−300 MW

		−21 MW

		−279 MW

		−600 MW



		   percentage

		50 %

		3.5 %

		46.5 %

		100 %





Recently, the European Green Deal and decarbonisation goals of energy systems have led to a growing interest in energy storage systems (ESS). ESS are a versatile tool with different technical characteristics that can provide many options of application, such as services to support generation, TSO’s or distribution system operator’s infrastructure, customer energy management, and ancillary services [72], [73].

For the determined Latvian TSO’s reserve volumes, lithium-ion battery ESS (BESS) is expected to be the most suitable option. The main advantages of lithium-ion batteries in electricity system applications compared to other battery technologies are fast response time, high capacity, and long life in partial cycles. In addition, lithium-ion batteries have the potential for different power/capacity combinations. Nevertheless, the energy capacity of all batteries is limited, which limits the maximum power delivery time. Therefore, lithium-ion batteries are best suited for FCR applications characterized by short-term power supply [74], [75]. The possibility to install BESS in almost any place gives this technology a noticeable advantage. Thus, in this research, other ESS technologies are not considered.

The idea to use BESS for FCR has been discussed for a while. Other research reviewed on this topic has concluded that BESS can provide needed response speed to provide FCR. Regulation capability and ancillary services’ price have vast influence on BESS economics and operation. The algorithm should be tailored for specific power systems and electricity market needs. Reviewed studies have not addressed the problems Baltic TSO’s will encounter in the nearest future, thus the proposed methodology could be used as guidelines in the decision–making process [76], [77], [78], [79], [80]. 

In following sections, methodology to determine the possibility to use battery system for FCR service is proposed. 

[bookmark: _Toc165331219]Methodology

To understand whether it is possible to maintain frequency stability in the Latvian power system with BESS, a case study was carried out, a calculation model was developed and the system frequency limiting capability for previously recorded frequency deviations was tested.





Mathematical modelling of BESS 



The modelling of BESS operation for providing FCR is based on the Latvian TSO planned conditions for the implementation of ancillary services considering synchronization with the CESA until 2025 [70]. The characteristics of the planned FCR product are summarized in Table 5.5.

[bookmark: _Ref151235832]


[bookmark: _Toc165331425]Table 5.5. FCR Product Characteristics [70]

		FCR amount

		±11 MW



		Time

		15 min



		Minimum bid 

		1 MW 



		Maximum bid

		All neccesary FCR amount



		Minimum duration between successive activations

		0 min 



		Maximum activation duration

		Non limited 



		Capacity pricing

		Pay-as bid 







Some principles of the German integrated market for ancillary services have been considered as well. One of these states that all FCR bids must be symmetrical, i.e., up and down regulation must be provided [81].

The FCR provision process or so-called primary frequency control is based on a load-frequency characteristic, as shown in Fig. 5.2. FCR is not intended to restore the frequency to a nominal value (50 Hz), but to restore the balance of generated and consumed power in the system and to keep the frequency at a stable limit. This historically has been done by automatically adjusting the output of generating units. The amount of active power required to restore this balance or prevent the further frequency increase or decrease is proportional to the system’s frequency deviation from the nominal value.

According to the proportional load-frequency characteristics, the current battery power PBESS(t) for FCR provision is defined mathematically as following:

	,	(5.1)

where ±PFCR(t) – actual necessary positive or negative power for FCR provision according to frequency deviation, △f = f–fnom – deviation of actual frequency f from the nominal frequency fnom = 50 Hz, PFCR_max – maximal FCR power defined in Table 5.5, and △fmax–maximal frequency deviation at which total prequalified FCR power should be activated. In the synchronous grid of Continental Europe, the maximum steady-state frequency deviation is ±200 mHz, at which full FCR power must be activated in 30 s. The frequency band or deadband in which FCR delivery is not required is ±10 mHz [82], [83].
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[bookmark: _Ref151236091][bookmark: _Toc165331279]Fig. 5.2. Primary frequency control load-frequency curve.

As the frequency deviation increases, the required active power increases linearly. If the frequency deviation is above 50 Hz, there is active power surplus in the network. This means generated active power must be reduced, or negative FCR provision (FCR (–)) is required, and vice versa – when frequency is below 50 Hz generated active power must be increased or positive FCR power (FCR (+)) is required. In the BESS case the positive FCR is provided by discharging the BESS and negative – by charging BESS. In the calculations, BESS power is assumed to be positive if BESS is charged, and negative if BESS is discharged.

In the event of the frequency deviation, the generating units that provide the FCR automatically activate them within a few seconds; therefore, primary frequency control is the fastest way to control the power system (see Fig. 5.1).



Frequency data



Frequency data provided by the Latvian TSO for 2018 and 2019 were used in the calculations of BESS operation, as well as the calculations with French power system (RTE) data [83] for 2019 were used for comparison. Frequency measurements are summarized at 1-min intervals.

In the Latvian power system, the frequency dynamics have been similar in both analyzed years. For purpose of better perception, Fig. 5.3 and Fig. 5.4 show Latvian and French power system frequency deviations at 4-h and one-month periods accordingly. Fig. 5.5 shows the frequency histogram of Latvian and French power systems. Although the primary frequency regulation is currently provided by the Russian UPS, the frequency characteristics were analysed in the context of the requirements of EU network codes and guidelines. Most of the time, the frequency was within the allowable limits from 49.99 to 50.01 Hz – 61 % of all cases in 2018 and 63 % in 2019. Approximately 37 % of the time in 2018, and 39 % in 2019, the frequency was outside the normal frequency deviation limits of ±0.01 Hz – when no primary frequency control should be performed. In both years, the frequency was above 50 Hz (51 %) most of the time.
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[bookmark: _Ref151236289][bookmark: _Toc165331280]Fig. 5.3. Frequency shifts in Latvian and French power system (00:00–04:00, February 5).
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[bookmark: _Ref151236334][bookmark: _Toc165331281]Fig. 5.4. Monthly frequency changes in Latvian and French power system (February).

In contrast, the French power system, which is part of CESA, had significantly larger frequency deviations from the nominal value. The frequency was outside the permissible limits 49 % of the time (Fig. 5.3 – Fig. 5.5). As the frequency data are rapidly changing, the following pictures are used to display the large difference in frequency variability and dynamics in Latvia and France. In Fig. 5.3 the time scale is 4 h on 5 February, and Fig. 5.4 the time scale is whole month of February 2019 (major gridlines represent one week, minor gridlines represent one day).
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[bookmark: _Ref151236445][bookmark: _Toc165331282]Fig. 5.5. Frequency histogram of Latvian and French power system.

BESS life cycle and degradation



Battery life is one of the most important factors in any BESS application, as it will greatly affect the cost-effectiveness of the project. BESS life cycle is basically evaluated according to two criteria-calendar life and cycle life. At these particular circumstances, the end-of-life criterion is considered to be a 20 % reduction in capacity, which is facilitated by both processes-calendar and cycle aging. As more recycled products are becoming available for stationary cases, the BESS life could be extended up to values lower than 70 % of the initial installed capacity, which could lead to better feasibility results. Battery life depends mainly on temperature, time, state of charge, and number of cycles [75]. To simplify the calculations, it is assumed that the decrease of the lithium-ion BESS capacity is linear over time and amounts to a 2 % reduction from the initial nominal capacity each year. Thus, the technical life of BESS is assumed to be 10 years.



Calculation algorithm of the BESS model



The algorithm (see Fig. 5.6) is conditionally divided into two parts – FCR provision and SOC recovery – which in turn is divided into three parts – described SOC management options: deadband utilization, FCR overfulfillment, and scheduled market transactions.

The BESS control provides the FCR service for the requested time, except when the upper or lower charge limit is reached (90 % and 10 %, respectively). When the BESS charge status reaches the specified limits, the FCR service is disabled and the batteries are charged/discharged to the SOC set point, thus restoring the FCR service.

The use of the deadband is activated as soon as the frequency change is within the specified deadband and the SOC level is outside the defined normal value (60 %). Overfulfillment of the specified FCR amount, as well as planned market transactions, take place in parallel with the relevant SOC settings.
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[bookmark: _Ref151236583][bookmark: _Toc165331283]Fig. 5.6. Blocksheme for the BESS operation.

Selection of BESS parameters and operating principle



The choice of BESS nominal power (PBESS_nom) is determined by the required amount of FCR for the Latvian power system after synchronization with the CESA, which is ±11 MW (see Table 5.4). Table 5.6 shows all the technical parameters selected for BESS.

According to the requirements of the European Commission Regulation EU 2017/1485, both upward and downward FCR provisions must be ensured for at least 15 min. This criterion sets the limits for the operation of BESS or the state of charge (SOC). The state of charge for the BESS is an important criterion in planning its operation. BESS manufacturers do not recommend fully discharging or recharging the Li-ion battery systems due to increased degradation of the battery cells. Instead, the maximum and minimum charge conditions must be observed to ensure that the life cycle specified by the BESS is maintained. The developed BESS model assumes that the maximum SOC (SOCmax) is 0.9 or 90 % of the nominal capacity (EBESS_nom) of the battery, while the battery can be discharged (SOCmin) up to 10 % of its nominal capacity. Thus, the maximum battery depth of discharge is 80 %, which determines the actual available capacity of the battery (EBESS_fact).

To ensure the previously mentioned 15-min criterion in both directions, as well as the permissible SOC levels, a minimum battery capacity is determined mathematically as follows:



		(5.2)



where 0.5 – defines half of an hour or FCR provision time of 15 min both upwards and downwards, and DODmax – is the coefficient of depth of discharge equal to 0.8.

Calculating (5.2) and rounding up, the battery nominal capacity of 7 MWh was determined. In addition, the BESS’s normal state of charge (SOCnorm) should be maintained at close to 50 % to guarantee full BESS availability for both up and down FCR regulation. The calculation assumes that a normal state of charge level is 60 %.

To verify whether the SOC lies within the permitted SOC bandwidth, the state of charge of the battery is calculated as follows:

	for charging ,	(5.3)

	for discharging ,	(5.4)

where SOC(t – 1) – is the state of charge at the previous time moment; BESS – is round-trip efficiency of the battery storage system; △t – is the time moment of 1 min in the studied case. It is worth reminding that battery power PBESS(t) is positive when charging and negative when discharging.

The round-trip total efficiency of BESS for charging and discharging processes, also considering the efficiency of the inverter and step-up transformer, is assumed to be 92 % [84].

Due to the BESS’s continuous operation with insignificant periods of downtime, its overall self-discharge and self-consumption are also not considered in the calculations.

[bookmark: _Toc165331426][bookmark: _Ref151236731]Table 5.6

Selected BESS Parameters

		Nominal power

		PBESS_nom, MW

		11.0



		BESS nominal electrical capacity

		EBESS_nom, MWh

		7.0



		Available BESS electricity

		EBESS_fact, MWh (0.8*EBESS_nom)

		5.6



		State of charge (min)

		SOCmin

		0.1



		State of charge (norm)

		SOCnorm

		0.6



		State of charge (max)

		SOCmax

		0.9



		BESS round-trip efficiency

		η

		92 %










Maintaining normal state of charge



While providing FCR reserves, the BESS is charged and discharged continuously. At some point – at higher frequency deviations – it may reach full charge or discharge, and at that point it will no longer be able to provide symmetric FCR service. Therefore, a BESS state of charge management strategy is required to ensure that BESS will supply FCR capacity throughout the contracted time slices. Here, some options to maintain normal SOC level have been considered, as practiced in the German FCR market.

The German FCR market legislation allows in certain cases to deviate from the proportional frequency regulation curve. This is especially important for BESS operators, as they can use these options to restore state of charge levels. Typically, the battery operator has three options to balance the charge level and maintain the normal operating range of the BESS during primary control operation [82], [83].

First option is overfulfillment when it is allowed for battery operators to exceed the specified FCR power up to 120 % of the load-frequency curve P(f), as shown in Fig. 5.7. This option can be used to selectively charge or discharge the battery as needed.
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[bookmark: _Ref151237501][bookmark: _Toc165331284]Fig. 5.7. Exceedance range and deadband of the specified FCR [76].

Second option is deadband utilization. BESS operators have the option of resetting the charge level in the frequency deadband, which is ±10 mHz (see Fig. 5.7). They may choose to comply with or deviate from the P(f) curve. However, the opposite control is not allowed – BESS should not be discharged when the FCR is positive, and BESS should not be charged when the FCR is negative. In this case the accuracy of the frequency measurement equipment and the control measurement must be high.

The third option is BESS charging or discharging through scheduled market transactions. This means that the balancing energy can be purchased or sold in the intraday market to restore the desired BESS charge level. It must be ensured that the net FCR supply (battery capacity minus capacity purchased/sold on-the-spot market) continues to comply with FCR regulations. When the BESS is charged or discharged with the planned energy, its operating point is changed to enable the primary control operation at the same time. The BESS operator must present the concept to the responsible TSO and notify the TSO 15 min before the change of operating point.

The intraday market is a part of the wholesale electricity market in which electricity is traded in relatively small volumes with a short delivery time. Products available on the intraday market include hourly and quarterly electricity supply contracts.

In the first and second options, the electricity consumed from the grid to recharge the battery depends on the system frequency, but the energy bought or sold on-the-spot electricity market (third option) does not depend on the system frequency and can be used to significantly adjust the SOC of BESS. On the other hand, the first and second options are free of charge, but on-the-spot market electricity must be purchased at a fixed price, which increases BESS’s operating costs, while electricity sold on-the-spot market generates additional income.

All three options are used simultaneously in the calculations of BESS operation to maintain the normal state of charge (see Table 5.7). Therefore, the following characteristics were defined:

1. The deadband utilization is used in the ±10 mHz frequency range.

2. FCR overfulfillment starts when the state of charge decreases to 55 % (SOCOF_min) or increases to 65 % (SOCOF_max). When these limits are reached, the required amount of FCR is exceeded by 20 %, thus speeding up BESS charging or discharging.

3. Scheduled market transactions are activated at 30 % state of charge level (SOCST_min) and 70 % (SOCST_max), respectively. An important aspect to be considered to ensure the SOC management through the scheduled market transactions is the planned transaction capacity (PST), which should be additionally accounted for the BESS investment costs. In the calculation model, additional capacity of 1 MW is assumed for market transactions, which will be sold or purchased on the spot market for 1 h as the SOC level reaches defined limits.

[bookmark: _Ref151237625][bookmark: _Toc165331427]Table 5.7. Parameters for SOC Management

		Planned transaction capacity

		PST, MW

		1



		Minimum state of charge for activation of FCR overfulfillment (OF)

		SOCOF_min

		0.55



		Maximum state of charge for activation of FCR overfulfillment (OF)

		SOCOF_max

		0.65



		Minimum state of charge for activation of scheduled transaction (ST) for charging

		SOCST_min

		0.3



		Maximum state of charge for activation of scheduled transaction (ST) for discharging

		SOCST_max

		0.7





[bookmark: _Toc165331220]Results and discussion

The developed calculation algorithm was used to investigate the performance of the BESS in three cases of frequency fluctuations in the Latvian electricity system in 2018 and 2019 and in the French electricity system in 2019.

Fig. 5.8 shows the amount of FCR provided by the BESS, as well as the electricity consumed or transferred to restore the normal state of charge of the BESS using all three SOC management options (charge with “+” and discharge with “–”). In total, in the Latvian power system, BESS discharged 2100–2240 MWh to the network and consumed 2540–2660 MWh for charging accordingly in the studied year. The electricity required to renew the SOC accounted for only a small part of the total BESS electricity: 0.5 % to 5 % performing FCR overfulfillment and 7 % to 20 % using the deadband.

It should be noted that in the example of frequency deviations in the power system of France, BESS was unable to provide the required amount of FCR with the selected parameters. In the French example, the electricity provided by the BESS in charging and discharging processes exceeded the one of the Latvian examples by almost 70 %. Therefore, in the calculations with frequency fluctuations of the French power system, the capacity required for the scheduled market transactions was increased to 2 MW. The results in Fig. 5.8 show that in this case, BESS transferred around 3160 MWh to the network and consumed around 3800 MWh of electricity for charging.

Fig. 5.9 shows the amount of electricity required for the renewal of the SOC through the scheduled market transactions, which allows to estimate the necessary additional costs for BESS charging or income from BESS discharging. Fig. 5.9 shows that the planned market transactions took place differently on a quarterly basis. In 2018, in the case of frequency changes in the Latvian power system, the predominance was mainly of sold electricity, creating additional income from BESS discharging. On the contrary, in 2019 the amount of electricity purchased for BESS charging was higher (4 MWh), creating additional operating costs. In the case of larger frequency deviations, as was the case in France, a significantly higher volume of market transactions was observed for SOC renewal (with a capacity of 2 MW). In total, the amount of electricity purchased for the renewal of SOC in France through scheduled market transactions was 142 MWh.
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[bookmark: _Ref151237711][bookmark: _Toc165331285]Fig. 5.8. BESS performance for FCR provision and SOC management: (a) Latvia 2018, (b) Latvia 2019, (c) France 2019.

[image: A graph of different numbers

Description automatically generated with medium confidence]

[bookmark: _Ref151237798][bookmark: _Toc165331286]Fig. 5.9. Scheduled market transactions to restore the SOC.

The dynamics for a certain period of time for BESS’s active power and state of charge in the case of Latvian power system frequency in 2018 are shown in Fig. 5.10. The total battery power consists of the power provided for the FCR service, as well as all components of the power required for SOC renewal (power of deadband utilisation, FCR overfulfillment, and scheduled market transactions). The SOC of the battery fluctuates on average around the normal setting within the specified limits. When the SOC parameter reaches the set limit of 0.7, the scheduled market transaction is activated with a 1 MW power discharge to the grid for 1 h. Thus Fig. 5.10 shows how the operating point of the actual BESS power shifts.
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[bookmark: _Ref151237876][bookmark: _Toc165331287]Fig. 5.10. Battery power and SOC dynamics: Latvian power system’s frequency changes (Q1, 2018, 06.01.18, 20:00–07.01.18, 06:00).

The dynamics of battery power and SOC in the example of the French power system, are shown in Fig. 5.11. Fluctuations of SOC are more frequent, with larger discharge depths, according to frequency fluctuations. Performed SOC management ensures its maintenance within permissible limits.
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[bookmark: _Ref151237961][bookmark: _Toc165331288]Fig. 5.11. Battery power and SOC dynamics: French power system (Q2, 15.05.19, 00:40–10:40).

In addition, the amount of electricity required to restore the battery’s state of charge at the end of its life cycle has been estimated. Due to the yearly cell degradation, it is assumed that at the end of its technical life, the battery capacity has decreased to 80 % of its nominal value. There is no uniform trend in the calculation results. For example, in the case of Latvia, for the frequency data of 2018, it was necessary to additionally discharge the battery for SOC renewal. The surplus electricity sold in the intraday market, in this case, would account for 40 MWh in the first year of operation and increase to 56 MWh (+40 %) in the last. However, analysing the data of 2019, SOC renewal required the purchase of an additional amount of electricity from 4 MWh in the first year to 10 MWh (+150 %) at the end of the battery life. In the French example, the amount of electricity purchased to renew the SOC at the end of the battery’s life increased by 35 % compared to the first year of battery operation. The annual electricity consumption for the entire technical life of the battery for the Latvian and French cases is shown in Fig. 5.12.
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[bookmark: _Ref151238039][bookmark: _Toc165331289]Fig. 5.12. Yearly electricity use for BESS’s state of charge renewal over its lifespan.

However, Latvia’s two-year observations (for 2018 and 2019) do not allow reliable predictions about the future costs or income of BESS’s scheduled transactions. Calculations of BESS operation at the end of its technical life are based on the same frequency fluctuations as in the first year, though frequency dynamics cannot be predicted. It can be assumed that the need to charge BESS will increase due to cell degradation.

All calculations were performed for specific selected parameters to assess possible BESS operation for the provision of the FCR service and the possible BESS income and costs. Changing the parameters of the BESS model may change the overall results. In addition, the choice of BESS parameters is influenced by different frequency characteristics in different synchronous zones. In this case, no optimization task was performed to determine the most economically advantageous and technically useful parameters for the battery system.



Economic assumptions



To assess the economic efficiency of the BESS project, the net present value (NPV) of the project is determined as well as the internal rate of return (IRR) and the discounted payback period. To assess the capital investments of the BESS project, the specific capital costs for energy and for power as 359 EUR/kWh and 445 EUR/kW is assumed accordingly. Considering this, the expected capital costs of BESS are estimated at EUR 7.85 million for the example of Latvian power system with 12 MW/7 MWh BESS, and at EUR 8.30 million for the example of French power system with 13 MW/7 MWh BESS. Annual operating expenses amount to 1.5 % of the initial investment, or EUR 0.12 million in the Latvian example and EUR 0.13 million in the French example.

Additional costs for SOC renewal via scheduled transactions in the intraday market are also considered, although the renewal of SOC was not always required to purchase electricity. As can be seen from Fig. 5.12, there was necessity to sell surplus electricity in the intraday market for SOC renewal. However, the amount of additional costs of EUR 6.2 thousand with an annual increase of 3.93 % during battery life cycle were assumed in base calculations. The costs are calculated based on the forecasted electricity price (2022 is the start of BESS operation).

In turn, the revenue from the provision of FCR service amounts to EUR 0.95 million annually at the assumed base price of FCR service of 10 EUR/MW per hour. In calculations, the base price of the FCR service is assumed to be the average of the existing FCR service prices in the German and Finnish FCR markets.

Economic calculations assume that continuous provision of FCR service during the contract period is ensured, as well as the right to provide full FCR service yearly – except for two weeks for BESS maintenance – will be won. The discount rate is assumed to be 5.5 %.

Considering all the above basic economic assumptions, the BESS project does not pay back during its technical life. The calculated NPV in year 10 for the Latvian example is – 1.7 MEUR and IRR 0.64 %. The BESS project would require at least 25 % co-financing to ensure a payback period of 10 years. In the case of the French energy system, for example, there is correspondingly lower return on investment.

As FCR prices are not predictable, the impact of changes in the price of the FCR service on the payback of the BESS project has been further assessed. FCR price changes are assumed to be ±20 % and ±40 % of the base price. According to economic calculations, the BESS project can payback within 10 years without additional co-financing, if the price of the FCR service is at least 14 EUR/MW/h. The respective NPV curves for the frequency deviations of the example of the Latvian power system are shown in Fig. 5.13.
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[bookmark: _Ref151238100][bookmark: _Toc165331290]Fig. 5.13. NPV curves for BESS project: Latvian power system, various FCR prices.

[bookmark: _Toc165331221]The role of decentralized electrode boiler in ancillary services

[bookmark: _Toc165331222]Motivation and background

It is widely acknowledged that combined heat and power plants (CHPs) can play a significant role in providing resilient energy systems. This is due to their ability to switch generation between electricity and heat, as well as operate in cyclic modes [85], [86]. Considering the rapid development of renewable energy sources and the emergence of new balancing markets, there is still a need for a comprehensive study on individual power-to-heat technologies that could further enhance the flexibility provided by CHPs. One such technology is the electrode boiler (EB). 

EB is a device that uses electricity to generate heat for individual or district heating systems, or other industrial processes. Regarding electrode boilers, two types are typically distinguished: those with an electric heater (known as electric resistance boilers) and those with electrodes. Due to their larger capacity, electrode boilers are most often used for district heating purposes. EBs can provide hot water as well as steam with efficiencies up to 99 %  () and capacity of 5-70 megawatt (MW) [87], [88]. Other characteristics of electrode boilers are shown in Table 5.8.

[bookmark: _Ref151238668][bookmark: _Toc165331428]Table 5.8. Electrode Boiler Characteristics [86], [89]

		Parameter

		Electric boilers



		Ramp rate up/down, s 

		from less than 30 s 



		[bookmark: _Hlk152674193]Operating temperature level input,  °C

		10-110



		Operating temperature level output,  °C

		water: 70-140, steam: < 300 at 45 bar



		Investments for different EB capacities, million EUR/MW

		Voltage and installed capacity

		Net investments 



		

		400 V and 1-3 MW

		0.13-0.16 



		

		10 kV and 10 MW

		0.06-0.09 



		

		10 kV and 20 MW

		0.05-0.07 



		Total operations and maintenance (O&M)

		–



		Fixed O&M, EUR/MW per year

		1100 



		Variable O&M, EUR per megawatt hour (MWh)

		0.5 







As it can be seen in Table 5.8, the investments are decreasing with the increasing of EB capacity. To address potential cost fluctuations, including those attributed to inflation, this publication will incorporate a sensitivity analysis, considering cost adjustments of +15 % and +30 % for EB investments. Besides, valuable characteristics mentioned in Table 5.8, integrating EBs in CHPs is often associated with accommodation of large shares of variable renewable energy. Study [90] argues that despite an increased need for balancing renewables and the technology being available, initiatives to use them, for example, in Sweden district heating systems as flexibility sources are rare because the potential gain is considered low and unpredictive. 

Nevertheless studies [91], [92], [93], [94] emphasize importance of flexibility services provided by EBs. Most efforts of reviewed studies were focused on the electricity day-ahead market. Even though the number of works studying the participation in the balancing markets is limited, EBs still demonstrate the potential to increase the flexibility provided by CHPs, due to their high ramp rate from minimum to full load and high efficiency.

In this section, the installation of EB is evaluated. The aim is to assess different EB capacities and the potential benefits of participating in heat and Baltic balancing markets. More specifically, restoration reserves with manual activation (mFRR) are evaluated in this section, while EB is flexible enough to provide restoration reserves with automatic activation (aFRR) or even frequency containment reserve (FCR). Unlike previous research on district heating system in Riga [86], the use of EB is going to be investigated regarding the provision of ancillary services and heat supply. The proposed methodology considers income from both heat and ancillary services in the Baltic mFRR market.

[bookmark: _Toc165331223]Insight into the energy sector of Latvia and other Baltic states

As studied in [71], [95], the Baltic States for the period up to 2030 can face the following: (1) supply of electricity balancing reserves is expected to decrease because the oldest conventional generators are expected to exit the market; (2) due to high geopolitical tensions in relations with ongoing war from Russia since February 2022, natural gas prices hit records – in the Netherlands Title Transfer Facility reached 345 EUR/MWh in March 2022; (3) the growing share of intermittent and distributed generation in the Baltic power system; (4) rising price of carbon dioxide (CO2) emission allowances; (5) synchronisation of the Baltic power system with the grid of Continental Europe, which will further increase demand for balancing reserves –frequency containment reserves and automated/manual frequency restoration reserves (mFRR and aFRR).

According to a balancing roadmap of the Baltic transmission system operators (TSOs), TSOs have committed to implement and make operational European platform for the exchange of balancing energy from mFRR (the so-called MARI platform) and exchange of balancing energy from aFRR (the so-called PICASSO platform). Baltic TSOs have to join MARI platform no later than 24th July 2024, and the introduction of PICASSO is planned to be concluded by the end of 2024. To ensure necessary reserves for operation of the Baltic States, Baltic TSOs also plan to procure reserves (FCR, aFRR, mFRR) as capacity products. Procurement of all three types of reserves will start at the end of 2024. The main parameters for all three types of reserves are shown in Table 5.9 [96].




[bookmark: _Ref151238847][bookmark: _Toc165331429]Table 5.9. Three Types of Reserves – FCR, aFRR and mFRR

		Standard product

		FCR

		aFRR

		mFRR



		Activation type

		Automatic 

		Automatic 

		Manual



		Activation time

		< 30 s (2 s reaction)

		< 5 min

		< 12.5 min



		Minimum volume

		1 MW



		Direction

		Symmetrical 

		Up and down



		Preparation period

		0 min

		0 min

		< 7 min



		Linking of bids

		No

		Yes



		Activation command

		–
(based on local frequency measurement)

		Signal

(from TSO frequency restoration controller)

		Message 
(WebService)







This study considers EB aligned integration in “Latvenergo AS” natural gas combined heat and power plant one and two (CHP-1 or CHP-2) operation. Both CHPs not only hedge Latvia against possible shortages of electricity supply, but also provide heat energy for the right bank of Riga district heating system. CHP-1 has two gas turbines (P = 158 MW and Q = 145 MW) combined with three gas heat only boilers (HOB, 3 x 116 MW). While CHP-2 consists of two combined-cycle gas turbines CHP-2/1 (P = 412 MW and Q = 275 MW) and CHP-2/2 (P = 419 MW and Q = 270 MW) combined with five gas HOBs (Q = 5 x 116 MW) [86].



The Baltic balancing market volumes and prices



Since 1 January 2018, a single balancing market has been operating in the Baltic States. Operation of the common Baltic balancing market takes place using balancing energy products: Baltic mFRR standard product and Baltic emergency reserve (ER) mFRR product. The total activated energy from mFRR and ER mFRR products in the Baltic balancing market for the four years can be seen in Fig. 5.14. On average, upward balancing electricity was activated in the amount of 193 361 MWh during these years, and 210 355 MWh for downward regulation.
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[bookmark: _Ref151238961][bookmark: _Toc165331291]Fig. 5.14. Activated mFRR and ER mFRR volumes in the Baltic balancing market [97].

This study assumes that the EB will only be used for downward mFRR regulation, and the balancing market data and CHPs operation calculations are based on the year 2021. The reason for choosing 2021 is that CHPs units have been operating less than usual since 2022, due to the uncertainty surrounding gas availability following Russia’s invasion of Ukraine.

Fig. 5.15 shows the average annual reserve prices from normal activations for both upward and downward regulation in all three Baltic countries. The price of the ER mFRR specific product is not available on the Baltic Coba platform and not included in these statistics.
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[bookmark: _Ref151239080][bookmark: _Toc165331292]Fig. 5.15. Average annual reserve prices from normal activations [97].

It can be observed in Fig. 5.15, the downward reserve price is relatively lower than the upward reserve price. The EB can theoretically be used in the upward direction, but this study will not consider it. According to the Baltic balancing market rules, downward activation (or negative balancing energy) is balancing energy bid activation to reduce generation or increase consumption.

[bookmark: _Toc165331224]Methodology

As it has been mentioned above, the plan is to operate an EB in the Baltic balancing market where the mFRR product price and demand vary continuously. The aim is to replace HOB operation with EB. It is assumed that EB will use mFRR downward product to minimize the cost of heat energy, while at the same time generating additional revenues from the Baltic balancing market. Apart from economic benefits, the replacement of HOB with EB could potentially reduce CO2 emissions.

The calculation principles of EB operation are shown in Fig. 5.16. The cycle is assumed to be one year. At the start of the cycle, the inputs are defined. The inputs to the algorithms include as the following data:

1. Actual heat load data of heat only boilers in CHP-1 and CHP-2 plants per time unit i (). For the relevant season, in the range of 0-546 MW, totalling 5751 hours a year.

2. Demand and price data for mFRR product per time unit i (). In 2021, the demand amounted to 223 644 MWh, with an average price of 71 EUR/MWh.

3. The price of natural gas per month m () was in the range of 0.226-1.237 EUR/m3.

4. Nord Pool day-ahead electricity price per time unit i (). In the range of – 1.41 EUR/MWh to +1000.07 EUR/MWh, on average, 118 EUR/MWh. Transmission costs and electricity taxes are excluded in calculations.

5. The carbon dioxide price per time unit i () ranged from 33.54 EUR/t to 79.097 EUR/t.

6. The average efficiency of the HOB () was assumed to be 0.995.

7. The carbon dioxide emission factor of natural gas () was assumed to be 0.201 t/MWh.

8. Investments in CAPEX were assumed to be EUR 0.08 million per MW, while fixed OPEX at 1100 EUR per MW and variable OPEX was 0.5 EUR per MWh a year.



All data sets were sourced from 2021 to ensure that the analysis would remain unaffected by parameter spikes that emerged from 2022 onwards, such as increased electricity and gas prices, gas savings in CHPs, etc.

As the outputs of the algorithms include the heat production costs from gas boilers and the EB, it is necessary to determine whether there is potential to use an electrode boiler, as well as EB operational costs and potential income together or independently from HOB replacement and mFRR market.
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[bookmark: _Ref151239189][bookmark: _Toc165331293]Fig. 5.16. The calculation principles of EB operation.

[bookmark: _Toc165331225]Results and discussion

Based on an analysis and the operational patterns of CHP-1 and CHP-2, the results have been obtained for various EB capacities, starting from 10 MW to 100 MW.

The use of EB not only reduces the heat production costs of CHPs, but also generates revenues from the Baltic balancing market (see Fig. 5.17). Fig. 5.17 (a) represents the scenario where the EB operates and receives savings from HOB replacements and revenues in the mFRR market. Fig. 5.17 (b) represents the scenario where the EB can also be used for HOB replacement when it is beneficial, even if there is no demand for the mFRR product during a specific hour.
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[bookmark: _Ref151239320][bookmark: _Toc165331294]Fig. 5.17. Operation of EB with different capacities.

Fig. 5.18 shows that in both scenarios – A and B – the overall income of using an EB is significantly enhanced. Scenario B demonstrates that the EB should be utilized not only when there is a demand for the mFRR product, but also in other situations where it can effectively maximize savings from HOB replacement. Furthermore, Fig. 5.18 illustrates the EB variations in heat production, income, and working hours between Scenarios A and B. This serves as further confirmation that the EB should be employed not solely when there is a demand for the mFRR product, but also in other hours where it can significantly optimize savings by replacing HOBs.
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[bookmark: _Ref151239414][bookmark: _Toc165331295]Fig. 5.18. Operation of EB in Scenarios A and B.

Fig. 5.19 illustrates the broader characteristics for various EB capacity levels. It showcases the project economic indicators, which are expressed as net present value (NPV), internal rate of return (IRR) and the number of years it would take for the project to payback.
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[bookmark: _Ref151239519][bookmark: _Toc165331296]Fig. 5.19. Characteristics of EBs at different capacity.

It is worth noting that once the EB capacity reaches 50–60 MW, there is no significant increase in the amount of thermal energy produced, or revenues from the mFRR market (Fig. 5.18 and Fig. 5.19). Even more, the project’s payback indicators increase from such capacity. As a result, it is suggested that developing an EB of this size (50–60 MW) would be advantageous.

Fig. 5.20 shows the hours of operation for both the HOBs and EB (with 50 MW capacity) throughout the year.
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[bookmark: _Ref151239692][bookmark: _Toc165331297]Fig. 5.20. HOB and EB capacity on an annual basis.

The HOB capacity is denoted in orange, while the EB capacity is shown in blue. Fig. 5.20 demonstrates that the performance of the EB is reliant on the nature of the HOBs. Additionally, it indicates that the utilization of the EB could be even further enhanced if there were possibility to increase EB capacity or it could be profitable to operate under another heat or electricity market conditions.




[bookmark: _Toc165331226]CONCLUSIONS

1. [bookmark: _Hlk157369570]The hypothesis of the Thesis emphasizing the prioritization of efficient planning and operation of decentralized power supply solutions has been validated. The evidence indicates that adopting appropriate models and methods can lead to a more flexible, sustainable, and balanced energy landscape in Latvia. Decentralized power supply solutions have proven effective in addressing challenges related to intermittent generation, improving system flexibility, reducing energy prices, and enhancing overall infrastructure efficiency. To foster energy transition in Latvia and the Baltic region, advanced models and methods are essential, promoting seamless participation of all market stakeholders, focusing on the integration of renewable energy sources, and optimizing critical components, including microgrids, energy storage, electric boilers, state-run energy programs, and meeting customer demand including electric vehicles, heat pumps, and other innovations.

2. The developed methodology using software (Homer Pro) tool proposed by this research for sizing household off-grid systems provides an easy-to-use method to assess multiple scenarios and criteria for optimal off-grid system equipment sizing, offering simple but at the same time advanced results for planning and operating electricity supply for households.

3. The mathematical model developed within this research can be used as an assessment tool for determining the sizing of off-grid and microgrid equipment. It allows analysing potential generation by source, BESS charging and discharging versus the required load, calculating annual system costs, and other parameters. It gives all the necessary key values to evaluate the possibility of creating a microgrid solution. 

4. Practically, both reviewed tools have their advantages and disadvantages. The software tool allows highly automatizing the sizing offering, thus providing a quick multi scenario approach. Our own developed simulation model gives an advantage to tweak the equipment sizing for very specific cases and can be further implemented on multiple software tools considering users’ preferences. It can be used to validate the results from other software tools as well. 

5. Both evaluated tools have proven that they are capable of helping with the optimal energy source mix and sizing of the off-grid system determination. However, upon careful examination of the provided data, it became evident that simulation results exhibited discrepancies in specific aspects when compared to the actual operation of the off-grid system. It is important to acknowledge that simulation tools may not consistently validate results in all real-world scenarios. To assess their accuracy, a more extensive period, exploration of various operating modes, and the inclusion of diverse measuring devices, among other factors, may be necessary for more experimental testing.

6. [bookmark: _Hlk157370841]Despite the government's financial support for installing microgenerators in Latvian households, as highlighted in the payback analysis, the investment cost for other relevant technologies, particularly energy storage, is still too high for the end-users in certain scenarios. Conversely, in other situations, it is evident that solar microgenerators, for instance, can yield positive returns even without external support. The legislative review indicated the need for policymakers to enhance justification and communication with relevant stakeholders before formulating new rules for NETO billing programs and financial support schemes associated with decentralized power supply solutions, for example, showing that the savings from solar panels will mainly depend on the price of electricity in the market, not the NETO systems, or by showing the cases in which the energy storage will generate sufficient savings to justify the investments, how the savings will change at different operating principles of the energy storage.

7. The situation in the Latvian power system following its desynchronization from BRELL is unique, and there are currently no clear forecasts regarding the future frequency dynamics within the power system or the evolution of FCR service prices. Nonetheless, the mathematical model proposed in this study proved that it is worth considering a battery electric storage system (BESS) as an option to provide sufficient levels of frequency containment reserves as well as other ancillary services. With the developed model, it is possible to make calculations for specific selected parameters to assess possible BESS operation for the provision of the FCR service, as well as to assess the possible BESS incomes and costs. It is crucial to note that modifying the parameters of the BESS model has the potential to influence the overall outcomes.

8. Another algorithm designed for technical and economic evaluation has been applied to power-to-heat technology, more precisely, electric boilers. The formulated hypothesis for evaluating electric boilers has been validated, indicating their potential to reduce heat production costs for CHPs and generate additional benefits through participation in the Baltic balancing markets. However, its applicability and economic viability may vary across situations and regions. The economic feasibility of this technology depends on factors such as the chosen electric boiler capacity, initial and operational costs, connectivity expenses, and others, which can be assessed more precisely in future studies.
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Electricity, kWh





Electricity price, EUR/kWh
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1. Start of the cycle:

i=1...8760 h

2. Identify the input data:

HOB AmFRR pmFRR pNG pE pC€02 _HOB EB
i :Ai :Pi :Pm ,PL-,Pi arlavgnECDZan.aug

3. Calculate heat production costs from gas boilers (PL-Q’HOB) and an electrode boiler (Pl-Q‘EB):

1 PNG
PP = s X (o + Eco, X P7%) and PYF = PP /il

— LHOB LVH
9! NG

3. Determine heat load of EB per time unit i: QF is on or off:

3.1. Potential to turn off the EB, if:
HOBjs off, ATMFRR < 0 and PMRR < 0

3.1. Potential to turn on the EB, if:
f9Bi5 on, ATFRR > 0 and P"FRR > 0

4. Calculate amount of heat produced by EB per time unit i based on on/off state: AFB=

EB EB
i X Ngug

5. Calculate cost of heat produced by EB per time unit i:

CEE = Pl-Q’EB x AEB

6.2. Calculate revenues from mFRR market per
time unit i:
mMFRR _ pmFRR EB
I =P X Q;

6.1. Calculate savings from replacement HOB per time

unit ilffe® = pHOP x AFF

7. Count income from replacement HOB and mFRR market or only replacement HOB per time unit 7, when

the EB will be used:
I;I‘ocal — 1,-Heat + I,mFRR _ C;EB OI‘I.Tom'l — ["Heat _ C,-EB

8. Repeat the steps for the next hour interval:
i=1+1

9. End of the cycle
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