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TEXHUYKU EJIABOPAT

IIpo0JieM KOjH ce TEXHUYKHUM pellieheM peliaBa:

Introduction

Geographical islands present a particularly complex problem in terms of ensuring electric energy
stability and sustainability. Namely, due to their, more or less pronounced, isolation, their power
systems are either operated in what is most commonly called “island” mode, meaning they are
independent from the mainland and that all local loads are met using energy generated or converted
on the very island, or operated using a limited cable connection with the mainland. Whatever the
case is, constant and careful balancing of supply and demand must be ensured so that the energy
supply remains stable. On the other hand, delivering energy to an island is a costly process with
notable impacts on the environment. Namely, many islands rely on fuel shipments which is later
burned on-site to generate electricity. This reliance results in the energy supply system being
precarious, as well as energy being costly for end users.

Problem definition

The growing share of renewable energy source (RES) generation in power systems worldwide has
been long considered as a great opportunity to reduce greenhouse gas (GHG) emissions through
incremental phasing out of traditional polluting energy sources. However, due to their high reliance
on meteorological conditions, which are intrinsically stochastic, the power supplied from RES is
characterized as intermittent and highly unpredictable, at least when compared to traditional easily
controllable energy generation processes. Therefore, achieving a balance between the currently
available supply and the demand for end users is generally bridged using large-scale storage systems
like batteries that can be charged during times when energy is being overproduced (e.g. mid-day
periods when the solar irradiance is the most intense, or during night-time when the wind is blowing
strongly) and then later discharged (e.g. during afternoon peak periods) when demand is high and
the production is not. Implementing batteries has also allowed residential users to make use of
variable tariffs (e.g. time of use (ToU) tariffs) and store energy during low-demand periods with
lower prices and then use the stored energy later. This mechanism results in the minimization of
costs for end users while, also, easing the burden on the grid, since it allows for maximization of
self-consumption (using most of the locally produced energy) as well as increasing demand in
periods with lower consumptions, e.g. during the night.

However, the development of energy storages solutions has been reliant od the utilization of certain
chemical elements like lithium, for which the process of its extraction and exploitation has been
linked to negative impacts on the environment. Furthermore, the introduction of batteries into users’
energy infrastructure can be costly, requiring economical assessments and ensuring optimal
operation during the lifetime of the asset. Therefore, a question has been posed if demand flexibility
can be utilized to supplement storage technologies in a notable capacity, thus alleviating the
necessity for their introduction as a means for solving the balancing problem. In order to assess this
possibility, a software-based simulation has been developed using an optimization scenario that
tests different levels of renewable generation capacity and demand flexibility with respect to
predicted load levels and calculate the savings that can be achieved on the scale of an entire island



system, while having in mind initial acquisition and maintenance costs of all the necessary
equipment.

Crame pelieHOCTH TOT NpodJieMa y CBeTy:

State of the art solutions

Several studies have been conducted regarding the planning aspect of island electric grid and island
energy supply systems in general. The reliance of Mediterranean islands on fossil fuels has been
analysed in [1] with a focus on the utilization of RES potential and their economic feasibility.
Economic feasibility is also the main objective of the study conducted in [2] which focuses on
analysing the effects of RES installations on small islands. A more focused, Carribean, use case has
been depicted in [3] with high RES penetration. An also focused, Canary Islands, use case has been
studied with regards to energy poverty and energy planning with local energy policies in mind in

[4].

In general, various methodologies have been applied for energy system optimizations. Heuristics
like the genetic algorithm (GA) can be found in [5] and [6], particle swarm optimizations (PSO) in
[7] and artificial neural networks (ANNSs) in [8]. Arguably, the most prominent method for long
term feasibility assessment and energy system planning applications have been linear programming
(LP) approaches. Due to their high versatility, simultaneously offering high efficiency with the help
of optimization libraries like IBM’s ILOG CPLEX, Gurobi and others, as well as offering the ability
to easily adapt the model to include various types of flexibilities, these approaches are commonly
chosen with low-resolution data applications.

Namely, when assessing long-term feasibility, the input error, especially when meteorological data
is considered as this is necessary when evaluating RES output, dictates that overall trends should
be observed rather then focusing on high precision in the short-term. For example, [9] offers a
mixer-integer linear programming (MILP) model for 24 hour-ahead optimizations with loads
considered as aggregate values. Small-scale RES installations with energy storages are optimized
using MILP by [10], while [11] optimizes a residential microgrid with the inclusion of both
photovoltaics and wind turbines with a year-long horizon used for the implemented methodology.

Concretely, optimization has been applied for energy system assessments, but very few papers focus
specifically on island energy systems. However, a few use cases can be isolated, like [12] that
considers a comprehensive multi-source system which includes solar photovoltaics (PVs), wind
turbines (WT), diesel and other types of generation, or [13] where a scenario that combines
optimization with demand flexibility with a focus on heating systems is presented. Demand
response (DR) is analysed specifically as a potential source of demand flexibility in [14].

Onuc TeXHUYKOI pelierha ca KapaKTepucTHKaMa, yK/byuyjyhu nparehe
WIyCTpaluje U TEXHUYKe [pTekKe:

Proposed Algorithm

The proposed approach entails that for a preselected set of configurations (models of the system
with different parameters such as RES generation capacity, demand flexibility, etc., selected using
heuristics with regards to total consumption requirements and realistic possibilities with regards to
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the selected use case) the core model of the system is parametrized or, in other words, adequately
instantiated and optimized for lowest possible costs. Once the optimization process is concluded for
all considered configurations, each one can be used as a representative of how much savings can be
achieved when a given mechanism is applied, allowing for the selection of one (or more) best-case
configurations for the given use case. This process has been illustrated using a simplified flowchart

representation given in Figure 1.
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Figure 1 - A simplified flowchart representation of the simulation process

The model used for this simulation and assessment procedure was based on the Energy Hub,
originally proposed in [15] and further explored in [16]. The core structure of the Energy Hub, as
depicted in [16] and illustrated in Figure 2.

o

_;Qin
~ FinPein (’__1 | Pein Peout J"sul

L_ Fuut

‘Q}ut

P|||

Figure 2 - llustration of an Energy Hub

The Energy Hub, in this format, is represented using a sequential set of matrix multiplication
transformations. The incoming power, P;, is either stored in the input storage stage or supplemented
from it with charge power denoted as Q;, (negative Q;, represents discharging), or further
dispatched to the system as Fj, Pcm This power going towards the system is then multiplied by the
input transformation matrix F;,;*, resulting in the power P, going through to the conversion stage
denoted by matrix C. This stage is used to model various losses associated with the processes of
energy transformation with

Peout = CPgin.

The output power from the conversion stage can either be exported as By, or sent to the output
transformation stage, as given by

PCO‘LLt Pexp + Pout

with the output transformation stage defined by the corresponding matrix F,,; which allows for
different energy carriers to be aggregated or disaggregated. In the final stage, power can be used to
charge, or taken from, user-side storages with the corresponding charge rate Q,,; (negative if
storage is discharged) or dispatched to the loads L.

The Energy Hub was instantiated to reflect a simplified energy supply network of the island using
the following matrices
1M
Fal =,
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which defines that PV electric energy and cable imports are directly dispatched to the system,

Nt 0]
C = ,
0 n

which is used to depict typical AC/AC transformer and DC/AC inverter losses and corresponding
linear approximation of efficiencies (17, = 98% and n; = 95%, respectively), and

Foue = [1 1]
which defines that both types of electric energy are combined to fulfil the user electric demand.

The model is extended to specifically allow for a portion of the load curve to be shifted. Precisely,
a flexibility band is assumed around the calculated load values with the load variable of the model,
L, bound between

Lmin = 1- fL)Lbase <L<(1+ fL)Lbase = Lmax

with f; considered as a variable value that illustrate how intense the demand flexibility is. Different
RES sizing configurations will be considered alongside different demand flexibility levels so that
the potential savings in each case can be calculated. However, since lowering operational costs is
the main objective of the optimization, an integral energy constraint is added as

24k 24k
(VEE(12,..365) Y LIO= ) Lygeel)
t=24(k—1)+1 t=24(k—1)+1

meaning that only intra-day load relocation is allowed and that the total daily energy consumed
must remain the same between the calculated baseline profile Ly,s, and what the optimization
outputs.

While the main objective of the optimization when returning the optimal load profile, energy import
and export schedule, etc., is to minimize operational costs, it should be noted that acquiring the
necessary assets (for example RES) as well as their maintenance present significant costs that should
be offset by savings that can be achieved through their implementation. Therefore, after optimizing
each individual configuration and minimizing the operational costs given by J,,.y, €ach
configuration is analyzed so its total costs can be determined as given by the formula

Cotal = ]Opex + 12 Z(XiEMI + Ximamg)

where XFM! depicts the equated monthly installments (similar to the monthly bill for a lease) for all

considered assets while Xl.m aing represents the associated maintenance costs with running the
system for the considered year-long period.

The model is implemented as a mixed-integer linear programming optimization problem using
IBM’s ILOG CPLEX for Matlab in its standard form using equality and inequality matrices A
Ajneq and vectors beg, bineq as well as lower and upper bound vectors [, and u,, as given by

eq»

AggX = begq
Aineqx < bineq
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lexSub.

The equality and inequality constraints are ordered as illustrated by Figure 3 with each block of
rows in the main equality matrix representing a given constraint type (e.g. an equation that holds
for every moment in time) and each block of columns representing a given variable type (e.g.
imported power, load, etc.) in each moment in time.
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Figure 3 - Illustration of the constraint layout

Use case demonstration

In order to assess the performance and capabilities of the system, a use case will be assumed based
on real-world historical data for the Spanish La Graciosa island in the Canary Islands archipelago.
The necessary parameters for successfully conducting the simulation include obtaining the expected
RES production profile, the expected load profile and the applicable energy tariff (pricing profile)
that is available for end users.

Namely, using the open database of typical meteorological year (TMY) records [17] and the
MERRA tools adapted for assessing RES production profiles [18], PV and WT generation can be
easily forecasted for a year-long horizon, most commonly used for longer-term analyses. Using this
data, distributions for the most influential meteorological parameters are analyzed and visualized as
box plots. Based on these values, illustrated partially in Figure 4, as well as applicable regulatory
constraints on the considered island, PV generation has been selected as the most realistic option
through individual or community owned rooftop installations. Varying capacities of PV generation

will be analyzed in the following section.
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Figure 4 - Box plot of meteorological parameters

On the other hand, the year-long hourly load curve can be estimated using smart meter records
obtained by local energy service companies (ESCOs). This data was separated into working day
and weekend day profiles (hourly energy share of daily consumption), shown in Figure 5. These
profiles are then scaled up by total daily energy consumption, calculated based on total monthly
consumptions shown in Figure 6.
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When this data is combined, the hourly year-long demand curve Ly, can be estimated and is
visualized for La Graciosa in Figure 7.
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Figure 7 - Estimated demand curve

Since the overwhelming majority of users (around 91%) are contracted to a 10 kW tariff with a
fixed price of 16.2 cEUR/kWh, this value is assumed as the indicator at which price energy is
obtained by the submarine cable that connects La Graciosa to the nearest larger land mass.

With regards to defining a price profile at which energy can be sold in case of RES overproduction,
wholesale market conditions for Spain have been analysed. Since the price of electricity varies on
an hourly basis, a simplification has been made by first normalizing a selection of working day and
weekend day price profiles so that the daily average equals one. The results of this analysis,
presented in Figure 8, show that both profiles follow a similar shape with the peaks and valleys of
the working day profile being somewhat more pronounced.
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Figure 8 - Normalized working and weekend day estimates of
electric energy price profiles

Afterwards, the daily average price has been observed, as depicted in Figure 9, and these very values
have been used as scaling factors for the previously extracted normalized working day and weekend
day price profiles. By doing this, estimated hourly price for each day can be concatenated, thus
forming an hourly year-long price profile that can be used for evaluating the revenue from energy
exports.

Avg. price [cEUR/kWHh]

50 100 150 200 250 300 350

Days of year
Figure 9 - Daily average electricity price
Results

In order to obtain a baseline of what level of savings can be expected when only introducing RES
into the system, the installed power of PV is varied in the assumed case of La Graciosa with the
flexibility level set to 0 and the obtained savings over the case with no RES have been recorded and
the Figure 10 has been extracted. This figure shows that, for example, with 200 kWp of PV
generation, savings of around 10% can be expected, while with 600 kWp of PV, savings of around
30% can be expected.

40

30

20

10

Baseline savings [%]

0 200 400 600 800 1000
PV rated power [kWp]

Figure 10 - Baseline savings with RES present but no demand flexibility
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Following the calculation of the baseline savings, the simulation has been extended to also include
different levels of flexibility between 0 and 60% with values around 20% realistically expectable
with the inclusion of adequate levels of user interactions and guidance provided [19], while ongoing
internal studies have shown that even more can be achieved using extreme ToU profiles. These
results are presented in Figure 11 in form a surface in 3D space where the first axis corresponds to
the variable level of installed PV generation capacity, the second axis corresponds to the variable
assumed level of demand flexibility and the third axis corresponds to the additional percentage of
savings that can be achieved on top of what is given in Figure 10.
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Figure 11 - Absolute additional savings that can be achieved when demand flexibility is included

In other words, in order to assess the total savings that can be achieved with both RES and demand
flexibility, for a given scenario, first the baseline savings percentage should be obtained for the
corresponding RES size from Figure 10, and then that value should be increased by the savings
percentage from Figure 11 for the corresponding RES capacity and demand flexibility level. With
the goal of easier visualization of the results obtained in Figure 11, the savings surface has been
projected to the savings-RES capacity and savings-flexibility planes, with each line depicting a link
between the absolute additive savings that can be achieved when the second input is fixed and the
one on the x-axis is varied.
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Figure 12 - Projections of absolute additional savings to the two planes

An interesting value to monitor is the proportion of the additional savings that are achieved by the
inclusion of demand flexibility as a part of the baseline savings. Table 1 shows an excerpt of
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absolute additive savings due to flexibility with corresponding proportion values of these values
when compared with the baseline savings. These results indicate that the potential of load flexibility
should not be neglected as a powerful mechanism, on top of RES generation, for supply and demand
balancing.

Table 1 - An excerpt of the additional savings by absolute value
(and as percentage of baseline savings in parentheses)

dem. flex. [%] PV Rated Power [kWp]

400 600 800 1000

10 0.02 (0.1) 0.39 (1.4) u 80 (22) 1.06 (2.6)
15 0.03 (0.2) 0.69 (2.4) 1(4.3) 2.04 (5.0)
20 0.04 (0.2) 0.84 (2.9) 0%( 4) 2.65 (6.4)
25 0.04 (0.2) 0.96 (3.3) 2.31 (6.5) 3.23(7.8)
30 0.04 (0.2) 1.06 (3.7) 2.66 (7.5) 3.77 (9.2)
35 0.04 (0.2) 1.13 (3.9) 2.96 (8.3) 4.29 (10.4)
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