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Abstract

This paper presents an energy planning, a grid assessment, and an economic analysis, con-
sidering three growing scenarios (Low, Base and High) in the electricity consumption, to
supply the energy demand for a hybrid power system (Photovoltaics/Wind/Diesel /Battery)
on a small island by 2050. The main aim of this study is to present a methodology to
optimize and reduce the backup time of the battery bank, included from the hybrid power
generation system selected. Also, it will compare four different battery technologies, simul-
taneously, without changes in the renewable energy targets settled in 50% until 2050 and
without changes in the safe continuous operation of the grid. The methodology includes a
grid assessment analysis to obtain a reliable, strong and safe operation response based on the
grid code parameters, even in case of disturbance.

In the proposed methodology the analysis is developed on the basis of the use of two
simulation model tools. The First simulation model tool determines the optimal values of
variables that the system designer controls, such as the mix of components (Photovoltaic-
s/Wind /Diesel /Battery) that make up the system and the size or quantity of each variable.
This model uses the multiyear analysis based on a time-domain simulation run at the energy-
flow level with discrete time-steps of 1 hour. The Second simulation model tool assumes all
the variables and parameters on the grid as constants during the period of time analyzed.
The power flow is analyzed through a programming language command script function and
reflects the system response at a specific time with given specific variables and parameters.
The final technical proposal and its financial analysis are obtained applying and validating
this methodology on a small island, as well as, the selection of the system to be installed
for the renewable electricity generation. The electric grid modifications and reinforcements
through the years until 2050, according to the grid code and the renewable energy targets
settled for the island’s electric power system are included.
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1. Introduction: renewable electricity integration on small islands

Nowadays there are several renewable generation technologies for the carbon-free emission
electricity production. For the small islands with less than 100,000 inhabitants [1], the
integration of these Renewable Energy Technologies (RETS) is an environmentally friendly
option to reduce the fuel cost of its electricity production. However, the use of the RETs in an
isolated or weak electric grid, produces impacts on the grid’s operation, due to the variability
of the energy generation over the period of time. The nature of energy generation variability
depends on the resources that are being used to supply the load. Alqurashi et al. [2] provide a
technical overview of the advances in this area to solve some of these uncertainties. Maleki et
al. [3] analyzed a resource and load uncertainties in a hybrid renewable energy system. In a
hybrid generation system (Renewable + Diesel + Batteries), in order to supply all the energy
production, the system must coordinate this renewable production with the diesel generator
production to reduce the fossil fuel consumption. The network should be able to intake the
renewable energy to fulfil the targets according to the agreement on the political goals of any
country, region or city. An example of this, various studies from literature show that these
renewable energy targets go from 50% globally in islands [I], 50% in Cozumel Island, Mexico
[4], and 65% in Graciosa Island, Azores [5] to 100% in Canary Islands, Spain [6], 100% in
Aland Islands, Finland [7], 100% in Cook Islands [8] and 100% in Mauritius Island [9]. The
hybrid system must supply the power demand in every step of time designed with the lowest
cost of production. The constraints and targets through the sensitivity analysis chosen, like
cost reductions, fuel price variations, inflation rate variations and efficiency variations, can
reduce the uncertainty threshold in the final decision to obtain the hybrid power system to
install.

Several studies are been presented to integrate the renewable electricity generation and
coordinate the energy balance and grid response for an isolated or weak electric grid in a
hybrid generation system. Sigrist et al. [10], Zhang et al. [I1], Obi et al. [12], Dufo-Lépez
et al. [13], Kwon et al. [14], and Szabé et al. [I5] analyzed technically and economically the
renewable energy integration including the energy storage system. Other studies have been
developed with an emphasis in technical analysis for the renewable electricity integration,
as can be seen in the work of Adefarati and Basal [16], Wijayatunga et al. [I7] in Maldives
Islands, Koepke and Groh [I8] in Bangladesh, and Sheng et al. [19]. In this last work, the
marine current turbine works together with ocean compressed energy storage. Some works
propose the use of the energy storage system for the system planning, the dispatch operation,
the frequency regulation and to provide the spinning reserve needed. An example of this are
those studied by Shang et al. [20], Miguel et al. [2I] in Madeira Island, Setas et al. [22]
in Terceira Island, and Fleer and Stenzel [23]. Or simply analyzing the battery degradation
process [24] or analyzing the risk in the use of the battery system (Lithium-ion) in a grid
scale [25]. Finally, there are technical studies to integrate the renewable electricity generation
technology with the energy storage system, madden according to the political framework and
strategies for a country. Also, to develop those political frameworks and strategies, in order to
achieve a better renewable generation technology integration. These works are from Taliotis
et al. [20], Taibi et al. [27], Simoes et al. [28], Lin et al. [29], and Staffell and Rustomji [30].
The work of G.M. Shafiulla [31] propose the techno-economic and environmental prospects of
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renewable energy integration in the Capricornia region of Queensland, Australia. This work
includes a load management system by which utilities can manage customer load demand
efficiently.

Other similar works can be found. For example, Gan et al. [32] developed an optimiza-
tion model to operate the diesel generator from a hybrid power system in an optimum way.
Muruganantham et al. [33] describes the state of art in various load flow methods used to
analyze the parameters of the distribution network. Therefore, the contribution of this study
is a methodology for an integral energy planning, a grid assessment and an economic analy-
sis, considering three growing scenarios (Low, Base and High) in the electricity consumption
for a hybrid power system (Photovoltaics/Wind/Diesel/Battery) on a small island through
time until 2050. Starting in the energy planning, this methodology establishes the initial
integration of the renewable technology until the grid assessment and its safe operation and
response, including the grid reinforcements through the years and the financial analysis (al-
ways fulfilling the renewable energy targets). The results in the literature reviewed partially
do this, but most of them do not do it as an integral study. So, in this paper, the holistic im-
pact of the integration of a new renewable energy technology configuration through the years
on the dynamic behaviour and stability of the existing power system is systematically ana-
lyzed. The hybrid energy system analyzed deals with the energy planning and dynamic and
stability simulations in an hourly time resolution through a DIgSILENT Programming Lan-
guage (DPL) command script function for each year. This hourly combination can validate
the energy and grid planning scenarios in the short-term dynamic simulations on frequency
and voltage stability, and for a long-term planning scenarios analysis until 2050, for instance.
Also, this paper has the aim to optimize and to reduce the battery bank backup time and
to compare four different battery technologies. This should not present any changes in the
renewable energy targets settled for the safe continuous operation of the grid. The results and
response of this hybrid power system (Photovoltaics/Wind/Diesel/Battery) proposed will be
compared always against the results and response of use only a fossil fuel power system (only
Turbogas machines burning Diesel), in order to supply the electricity demand in the growing
scenarios through the years until 2050.

The content is structured in Seven Sections. The First Section is the introduction and
the Second Section explains the methodology, which is integrated into 4 phases on a small
island. The Third Section explains the selection of an existing small island, Cozumel Island,
in Mexico as a study case to apply and validate this methodology and to start the energy
planning, the grid assessment and the economic analysis. This proposal will compare the
use of only fossil fuel vs. the use of a hybrid system to satisfy the electric demand through
three growing scenarios until 2050. This date was selected according to the National Energy
Planning for Cozumel Island in Mexico. In the Fourth Section, the steady-state analysis and
the dynamic stability analysis are elaborated, including the power system response as well.
This is taking into account all the electric grid’s modifications and reinforcements to be done.
Then, the final complete power system will be selected as the system to be installed on the
Island. By an economic analysis formulated at Fifth Section, the final Initial Capital Cost
(ICC), the Net Present Value (NPV), the Internal Return Rate (IRR) and the Levelized
Cost Of Energy (LCOE) for the complete power system are obtained. The Fifth Section
includes the ICC of the hybrid generation system, and the ICC of the electric grid proposed
and modified. The discussion is in the Sixth Section and the conclusions are highlighted in



the Seventh Section. At the end of this document, the acknowledgement and references are
included.

2. Methodology to assess an integral approach to the renewable energy planning
and the electric grid assessment for a small island

As the Small Island Development States (SIDS) or Countries are become more renewable
in the energy consumption or production, as the Paris Agreement-Status of Ratification shows
[34], their national legal framework includes the renewable energy targets to be fulfilled until
2020, 2030 or 2050, for instance. So, this methodology is developed in four phases and
the hybrid power system analyzed will supply the electric demand through the years until
2050 (Phase 1). The time-varying profile of load and renewable generation will be compared
against the use of only fossil fuel and will analyze the advantages of their integration on the
grid. In Phase 2, as result of the simplified system operation analysis (power flow), the electric
grid will be modified or reinforced, in order to maintain the system parameters according to
the grid code. At this point, the electric system response has to be good enough to fulfil the
grid code parameters selected, even in case of disturbance and faults in the grid. As part
of Phase 3, these faults and disturbances will show how strong the electric grid response is,
if the grid shows weakness in the response, the modifications will improve this response. In
Phase 4 the economic analysis for the hybrid power system will be performed, including in
the final ICC the cost of the electric grid modifications or reinforcements.

The methodology used to assess a strong grid response when the renewable energy gen-
eration is integrated in a small island power system is indicated in Fig. [ This methodology
includes the battery backup time reduction analysis. In the methodology proposed, the data
marked in a italic and bold format is the particular data input chosen for this specific study
case. To use this methodology on other small islands, just use the specific data from the
small island and substitute them in the italic and bold format spaces.

2.1. PHASE 1 (Renewable electricity integration and batteries backup-time reduction analy-
51s)

Objective: Satisfy the power demand on the small island in order to fulfil the renewable
energy targets and constraints for the planning scenarios of electricity consumption growing
selected or developed. From a hybrid power system with batteries included, reduce the backup
time from the battery bank and compare four different battery technologies simultaneously,
as well.

STEP 1. Selection of the initial hybrid system (Photovoltaics/Wind/Diesel/Bat-
tery) to analyze and optimize its operation and results.

STEP 2. In this step, the input data to determine the simulation parameters and con-
strains for the hybrid system analysis to be done in STEP 3 is uploaded. For example: a)
A minimum backup time according to the grid code selected of 30 man from a cold start
to a synchronicity running for a diesel machine. b) A Renewable Energy Fraction (REF)
integrated in the electric grid of 41.1% by 2018, 45% by 2024, 51.4% by 2035, and
58.9% by 2050. This example is in accordance with the National legal framework in
Mexico, that includes the renewable energy targets to be fulfilled until 2050. c¢) A sensi-
tivities variables applied, like a cost reductions, an increasing efficiency, and an
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Figure 1: Methodology to analyze the integration of the renewable electricity generation and the electric grid
response on a disconnected small island, comparing four different batteries type and reducing their battery
backup time.

increasing inflation rate. All this comparing four different batteries type to determine
the best performance with the minimum operation cost, using Ion-Lithium, Lead-Acid,
Vanadium flow redox, and Zinc-Bromine flow redoz.

STEP 3. By means of a long-term statistical model, a deterministic methodology is used
to perform time-series simulations. This analysis is made considering the electric system in
a grid-off mode or disconnected. In this step, the energy planning and the growing scenarios



are developed or selected. For this case, the selection of the growing scenarios applied are
those analyzed and presented by Mendoza-Vizcaino et al. [4]. The three growing scenarios
are: a) Low Scenario; b) Base Scenario, and; ¢) High Scenario; in the four key years:
2018, 2024, 2035 and 2050 in the electricity consumption and power demanded were
taken in consideration from this study.

STEP 4. Regarding the minimum LCOE, the minimum Net Present Cost
(NPC), and the mazximum NPV the analysis and the results evaluation are made
to choose the hybrid generation system to be installed on the Island.

2.2. PHASE 2 (Steady-state analysis)

Objective: To ensure the reliability and safety of the grid’s operation response according
to the hourly input data in the simulations on the base of the results obtained in Phase 1.

STEP 5. In this stage, the power flow simulations are executed. The electric system
responses must be within a functional range, in order to establish the most suitable operation
configuration to keep a reliable, safe and strong grid. The signals to be monitored can be
the voltage, the angle, the current flow, the reactive and active power, among others. The
power flow analysis of an electric system gives enough information about the grid state in
the present time and can use this analysis to have a future operation planning of the system
[35].

STEP 6. In this stage, the analysis of the results from STEP 5 is carried out, this analysis
can detect weakness on the grid or a fault on the limits response according to the grid code
selected. Therefore, the suggested solution and alternatives or reinforcements to do, while
considering monthly and/or yearly load increase or decrease [35] will be done in STEP 7.
The working loop between STEP 5 (power flow), STEP 6 (results analysis) and STEP 7 (grid
modifications or reinforcements) will be repeated until the parameters of the grids operation
response and requirements of the grid code selected will be complimented. If the results fulfil
the grid code parameters selected, it must go to STEP 8 (PHASE 3).

STEP 7. In this stage, the changes or suggested solutions and alternatives of reinforce-
ments to do on the electric grid are integrated on it. These changes determine the base of
calculus to run the simulations in the new power flow analysis (STEP 5) to obtain the most
suitable operation configuration of the grid (STEP 6).

2.8. PHASE 3 (Dynamic stability analysis)

Objective: To ensure the stability and safety of the grid’s operation response after an
event that produces system instability and unbalances.

STEP 8. This analysis is done with the results of the final system chosen in STEP 6. The
power system stability depends on the system response in a presence of a short-circuit or
by the effects of frequency and voltage values under the varying load or sources conditions.
These effects will increase if the supply sources are conforming mostly by renewable energy
sources due to its own nature variability. In this document, the dynamic analysis is done so
the power system must be able to return to a steady-state after disturbances and to ensure
a voltage stability and a frequency stability [36].

STEP 9. As result of the stability analysis, and if the system returns to a steady-state
correctly, the procedure will follow STEP 11. If it does not, then the electric grid must be
modified to obtain the most suitable operation configuration in STEP 10.



STEP 10. In this stage, the changes or suggested solutions and alternatives of reinforce-
ments to do on the electric grid are integrated on it. These changes will determine the base
of calculus to run the simulations in the stability analysis and obtain a stronger and reliable
grid operation response.

STEP 11. The final hybrid power system is shown and this technical results will be the
system chosen to install on the Island. Therefore, the economic data obtained from this final
system is used together with the economic results from STEP 4 to have a final economical
proposal. In PHASE 4, the economic analysis is detailed.

2.4. PHASE J (Economical analysis)

Objective: To obtain the minimum LCOE and the minimum NPC with the maximum
NPV for the hybrid system chosen.

The investment must be able to produce enough profits in order to give back the same
amount of the initial capital plus a return flow during the project lifetime [37]. This gives
reliability and safety to the investment even in the case of severe affectations produced from
the natural conditions of the renewable facility’s site.

STEP 12. The NPV is the present value of the discounted future cash flow at the end
of the project lifetime. This value gives the cash flow saved in comparison with the base
case, affected by the capital recovery factor. The more value resulted, the more attractive
the investments will be.

STEP 13. The final hybrid power system, including the electric grid, is presented to be
installed on the Island as result of the complete analysis done.

3. Renewable energy integration on a small island: Cozumel Island in Mexico,
as a study case

The RE integration on small islands helps in the de-carbonizing goal for the electricity
generation, meanwhile reducing the cost of the fossil fuel spent to supply the electric demand
of the electric grid on it. The intermittent production of electricity from Renewable Energy
Sources (RES) over the time, produce some uncertainties in the total electricity production.
To keep the balance of the system between the renewable energy production and the en-
ergy consumption, the fossil fuel generation and the energy storage must be coordinated to
guarantee the power system stability. The analysis presented in this paper is done on the
base of a hybrid power system already presented by [4] on a small Caribbean island. This
small island is placed on the Occidental Caribbean Sea, as Cozumel Island in Mexico (see
Fig. [2). Currently, there is not a RES supplying electricity into the electric grid on Cozumel
Island, so this work takes the results and data used by [4] to reduce the backup time of the
battery bank proposed from 2 h to 0.5 h according to the Mexican Grid Code (MGC) [3§].
This is done so, in case of a renewable electricity production variation, it is necessary that
the system keeps the reliability on the grid, and the battery bank must support the grid
balance, while the diesel turbine starts and synchronizes on it. Also, the targets in the C'O,
emission reduction, which determine the REF to integrate to the electric grid for each year
and scenario, are used.
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Figure 2: Cozumel Island localization [4]

3.1. Previous essential information

All the previous analysis are including the REF factor target fulfilment settled in STEP
2. The wind speed data was obtained from the US Renewable Resource Data Center for
the specific area of the WIND site [39] [40] [41]. The Photovoltaic (PV) production is
calculated according to the solar radiation incident on the PV array and it was obtained
from NASA’s Surface Solar Energy Data Set for the specific area of the PV site [39] [40]
[42]. The storage energy brings safety to the response of the system in case of unbalance
between load and generation. It can supply the lack of electricity in the grid according to
the size and parameters of the battery bank designed. It can also store the excess electricity
production from the overproduction of the RETs or from the minimum electricity production
settled on the fossil fuel machine parameters [20] [21] [22] [23]. The power needed to design
the minimum size of the battery bank, the maximum power charging and discharging of
the battery bank vary according to the specific battery type selected. The backup time or
the battery autonomy depends, initially from the technology’s characteristics and its control
responses [39] [40].

The ratio between the total power generation capacity (kW) and the battery bank capacity
(kW) define the number of batteries to install and to obtain the autonomy or the final backup
time in hours. To keep the battery charging power and discharging power capacity ratio,
the converter must be designed in a relation of 1:1 regarding the battery bank capacity.
Depending on the battery type and its operation efficiency, the number of batteries will be
modified in order to have the minimum backup time required.

Table (1] shows the electric sector growing perspectives values used to develop the Low
Scenario, the Base Scenario and the High Scenario for Cozumel Island from 2018
to 2050 [43].

Table 1: Electric Sector Growing Perspectives for Cozumel Island [43]

Cozumel Island’s Electric Sector
Growing Perspectives (%/yr)
SCENARIO
LOW | BASE | HIGH
Power Demand | 3.6 4.1 4.9
Electricity Consumption | 3.3 3.8 4.7

These three scenarios were carried out in the Development Program of the National
Electric System 2016-2030 (PRODESEN is its Spanish acronym), taking the energy plan-
ning predictions in Mexico into consideration. These scenarios were made on the basis of the



General Economic Policy Criteria for the Initiative of Income Law and the Federation Expen-
diture Budget Project (CGPE, for its Spanish acronym) 2016. The macroeconomic targets
and strategies that are included in these documents are the power demand, the electricity
consumption, the fuel prices and the GDP among others.

The results obtained by [4] present the System 2 and System 7 as the systems to be
installed on the Island, from the technical and economical perspective, respectively. This
proposal combines the 2 MW On-Shore Wind Turbine from System 2, the 3 MW Off-Shore
Wind Turbine from System 7 and the PV system joined with the battery bank (see Fig. |5)).
Table [2] shows the composition of System 2 and System 7 and the final combination to use
in this study case.

Table 2: Systems 2 and 7 selected to be integrated in the hybrid system simulations for Cozumel Island [4]

Technology Type PV Wind Wind Wind
Company Generic ~ GoldWind Wind to Energy Sany
Power curve type III B III A S
Capacity 333.33 kW 2.5 MW 3 MW 2 MW
Model GW121 W2E 132 SE11520
Place to install On-shore  On-shore Off-shore On-shore
System 2 Vv Vv v

System 7 Vv 4
System Selected V4 v vV

The maximum power demanded and the electricity consumed for each year and scenario
analyzed for Cozumel Island are shown in Fig. |3l The REF to be integrated on the electric
grid for each year and scenario analyzed is indicated in STEP 2 of the methodology. Fig.

MW MWh/yr
250 1.5E+06
1.4E+06
200 1.3E+06
1.2E+06
1.1E+06
150 1.0E+06
9.0E+05
100 8.0E+05
7.0E+05
6.0E+05
50 5.0E+05
4.0E+05
0 3.0E+05
2018 2024 2035 2050
Scenarios

Max. power demand (M\W) == High = Base s | ow
Electricity consumed (MWh/yr)  --©-- High --©0-- Base -0+ Low

Figure 3: Maximum power demanded and electricity consumed for each year and scenario analyzed for
Cozumel Island [4].

shows the arrangement in the RES combination in 5 Hectare (Ha) of land surface, for each
2 MW Wind turbine on-shore will be 333.33kW of PV array. Meanwhile, Fig. [5| shows the
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topology and the renewable electric system of the grid used, including the current generation
and main transformation system [4].

Land limit

5 Hectares

Land limit

200

250

o] 10
1 Land limit

Figure 4: PV and wind turbine combination on a 5 Ha of the land size proposed (dimensioning in meters)
M.
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Electri .
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Subestation
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Turbogas //|
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Figure 5: Topology and renewable electric system, including the current generation and main transformation
system, proposed for Cozumel Island [4].

The sensitivity analysis is included on the basis of the use of two-dimensional linear
interpolation through a probabilistic logic strategy using the complete enumeration method.
Through this process, the software HOMER® simulation model [44] determines the optimal
values of variables that the system designer controls, such as the mix of components that
make up the system and the size or quantity of each variable. Other studies that have
used this software or a similar one to integrate the renewable electricity generation on the
electric grids were reviewed [6] [7] [32] [45] [46] [47] [48] [49]. The optimum system or the best
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system configuration is the one that satisfies the specified constraints at the lowest total NPC.
This simulation model uses the multiyear analysis. This model is based on a time-domain
simulation run at the energy-flow level with discrete time-steps of 1 hour. It determines
the NPV for a chosen configuration over a specified project lifetime [50]. More information
about the model formulation is available at [39] [40]. Table [3| shows the technology used in
the simulations that have done, including the four different battery technology: Ion-Lithium,
Lead-Acid, Vanadium Redox Flow and Zinc-Bromine Redox Flow.

Table 3: Technologies to consider in the simulations including the sensitivity constraints and the four different
battery types

Battery 1% SE11520  Enercon E115 2018, 2024, 2035 and 2050 2024, 2035 and 2050 Inflation Cost Efficiency Scenarios
System type  Array 2MW On 3MW Off Unitl  Unit2 Unit4 Unit5 Converter Rate (%) Reduction Improved Low Base High
Ton-Lithium N N v Vv N v Vv v 2.0 N Vv Vv
Ton-Lithium vV vV N V vV vV v N 2.5 N N N
Lead-Acid Vv Vv N N N vV v N 2.0 v v v
Lead-Acd v v vV N v v 25 v N A AR
Vanadium

Redox Flow v/ v v v v v v v 2.0 v oV
Vanadium

Redox Flow v v v v v v v v 2.5 v N v v v

Zinc-Bromine

Redox Flow v v v v v v v v 2.0 v v v

Zinc-Bromine

Redox Flow v/ v v v v v v v 25 v v v ovov

3.2. Hybrid system analysis and results

Results from the renewable energy system in combination with four different battery
technologies show the number of batteries changes according to the type used. This is to
maintain the backup time of 0.5 h and a REF penetration of 41.1% in the year 2018 and
in the Base Scenario. These results came from 121 number of combinations of the hybrid
system with the four different battery technologies, as shown in Fig. [0 In this graph, the
red line is the backup time and the grey line is the batt-ratio. The green columns represent
the REF penetration on the grid. In systems from 1 to 7 the battery bank is not considered.
The four different batteries type are presented, as can be seen in this figure, but only the
Lead- Acid, the Vanadium, and the Zinc-Bromine battery need a batt-ratio of 0.2 in order
to have 0.5 h of backup time at least. For the lon-Lithium battery, requires a batt-ratio of
0.3 for a > 0.5 h of backup time.

46.1% 1.50

45.1% i O
44.1% | |

43.1%

42.1%

41.1%

40.1%

39.1%

KB/ S0 @0 @ 0 o o o o e
—

P T - S
©ONMNMNMNNG®®®® o

Lead-Acid (33-60) Vanadium Redox Flow (61-90) Zinc-Bromine Redox Flow (91-121)

mRE Fraction  <0=Backup time (hr)  «<0=Gen. Cap. Inst. vs. Batt. Cap. Inst. Ratio

Figure 6: Results for the 121 hybrid power system in combination with the four batteries type in the Base
Scenario by 2018 for Cozumel Island.

The selected systems, in which all the constrains are fulfilled in REF and backup time,
are shown in Fig. [7] for each battery type in the same year and scenario. The green line

11



is the backup time, the black line is the REF factor, the brown line is batt-ratio and the
columns are the sum of the hybrid power generation capacity of its components, including
the converter capacity. As in this graph appears all the systems that fulfil the constrains
of all battery technologies, the economic analysis will determine the resultant system for
each battery category. In Fig. |8 the hybrid system selected for each battery category is
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Figure 7: Results for the hybrid power system in combination with the four batteries type that fulfil the
constrains in the Base Scenario by 2018 for Cozumel Island.

shown. In this graph, the same description and colours that in Fig. [7]is used to describe the
results in each battery category. Fig. [ and Fig. shown the economic results by 2018 in
the Base Scenario, which validate the hybrid systems selected in the last two figures. First,
Fig. [9) shows that the system with the Zinc-Bromine battery bank has the highest IRR, the
minimum ICC and the minimum time is taken for the Retention Guarantee Fund (RGF)
to be equal to ICC. These economic results do not lessen the minimum IRR of 13.5% [51]
[43]. Secondly, Fig. shows the maximum NPV, the minimum LCOE, and the minimum
NPC. The economic comparative is elaborated with an inflation rate of 2.0%, which does not
include the cost reductions and the efficiency increase through the years as the worst case.
The best case is made with a 2.5% of inflation rate, including the cost reductions and the
efficiency increase through the years. The system selected by its best economic results is the
system that includes the Zinc-Bromine battery bank. Fig. shows the economic results by
2050 in the Base Scenario. The 2% indicator means that the cost reductions and the inflation
rate are not been applied. Therefore, the 2.5% indicator means that the cost reductions and
the inflation rate are been applied.
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Figure 8: Results for the hybrid power system selected in combination with the four batteries type that fulfil
the constrains in the Base Scenario by 2018 for Cozumel Island.
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Figure 9: Economic results for the hybrid power system selected with the batteries type in the Base Scenario
by 2018 for Cozumel Island.
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(a) Economic results with 2.0% of inflation rate
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Figure 10: Economic results without (a) and with (b) the sensitivity variables for the hybrid power system
selected with the batteries type in the Base Scenario by 2018 for Cozumel Island.

Fig. shows the results in the ICC applying the cost reductions and the inflation rate
increase. These results are for the Base Scenario by 2018 (a) and by 2050 (b). In this figure,
the reduction in the cost of the equipment it will be applied until 2050.

4. A reliable assessment of the static and dynamic grid safe response in a fossil
fuel and in a 100% renewable electric system

In the previous results, the 100% of the renewable generation supplying the electric load
was given during 188 hours by 2018. By 2024 this 100% of renewable energy supplying the
electric load was given during 209 hours. By 2035 this 100% of renewable energy supplying
the electric load was given during 509 hours. By 2050 this 100% of renewable energy supplying
the electric load was given during 1,258 hours. The following steady-state analysis and the
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Figure 11: Economic results without (a) and with (b) the sensitivity variables for the hybrid power system
selected with the batteries type in the Base Scenario by 2050 for Cozumel Island.
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(b) ICC results by 2050 with 2% and 2.5% indicators applied.

Figure 12: ICC results with and without cost reductions, and inflation rate increasing for the hybrid power
system selected with the batteries type in the Base Scenario by 2018 (a) and by 2050 (b) for Cozumel Island.

dynamic analysis are done under a 100% of renewable energy supplying the electric load. In
the following sections, the steady-state analysis is done for two options: 1) An electric
grid with only fossil fuel power generation in the three scenarios (Low, Base
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and High) and through the key years selected (2018, 2024, 2035, 2050), and,
2) An electric grid with a hybrid power generation in the same scenarios and
years.

4.1. Steady-state analysis and results

In a non-faulted or steady-state (free of short-circuit) conditions, the load flow calculations
to analyze the power system are used. In this steady-state, all the variables and parameters
on the grid are assumed as constants during the period of time analyzed. This reflects the
system response in a specific time with the specific variables and parameters given [35]. To
do this, the Newton Rapshon method can be used in a numerical iterative way. The basic
formulas for the derivative power flow equations based on the admittance of the network can
solve by means of this method [52] [53]. First at all, with the grid data in 2018 the power
flow analysis is carried out, and once the grid is stable, reliable, and with a safe response, the
simulations analysis for the year of 2024 will be done. If the grid does not respond within the
allowed parameters, then the reinforcements or modifications will be done until the system
response will be stable. This new grid will be the initial one to run the 2035 steady-state
analysis and so on until 2050. For the Base Scenario and in the year 2018 the grid has
been modified and reinforced after the hourly power flow analysis. The voltage results in the
busbars are shown in Table |4, The loading results from the hourly power flow analysis for
the same scenario and year are shown in Table 5] In these results tables, for the fossil fuel
generation option and for the 100% renewable generation option, the results are compared.
With the same power demand to supply, it can see that the voltages values in the busbars
are improved when the distributed renewable generation is placed and integrated (see Fig.
for the renewable technology sites), which is shown in Table 4| and Table . These results in
voltage and loading are within the MGC parameters for a continuous system operation [38].

The grid code is the interconnection rules and controls for the RETSs or any generation
sources at the moment they are integrated into the electric system, keeping the reliability
and stability of the electrical grid. To make this possible, this grid code has the minimum
or maximum control and protection parameters. The grid code depends on the country in
which the RETs are going to be interconnected. For instance, Fig. shows the different
system response boundaries in case of a fault in the electric system. This failure produces
a voltage dips in the system and is indicated for Mexico, Ecuador, UK, and Continental
Europe. These graphs are the limits of the system response.

In the power flow, the hourly power demand for each load of the Cozumel Island are
analyzed through a DIgSILENT Programming Language (DPL) command script function
[35]. This function allows the hourly power system simulations during the year and its power
flow response (Quasy-dynamic simulations). As January 17th at 19:00 h by 2018 is the time
that the 100% of the electric load is supplied by the renewable generation, it has chosen =+ 1
day in the operation analysis results signals to show.

Fig. shows the fossil fuel units operation comparing a fossil fuel generation grid
(continuous lines) vs. renewable energy generation grid (dotted lines). As it can be seen, the
present of the intermittent and variable energy production of the renewable technologies on
the grid modify substantially the fossil fuel operation of the generation units in the virtual
date from January 16th at 00:00 h to January 19th at 00:00 h by 2018. In case of a fossil
fuel generation grid (continuous lines), the fossil fuel unit operation follow the load profile
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Figure 13: Different system response boundaries in the grid codes for Mexico, Ecuador, UK and Continental
Europe in a presence of a fault that produces a voltage dips in the system.

Table 4: Voltage results of the hourly power flow analysis in a fossil fuel generation grid (upper part), and
in a 100% renewable generation grid (lower part) in the Base Scenario by 2018 in Cozumel, Island.

Fossil Fuel Generation Grid

Branch, Voltage Time Point Voltage Time Point
Substation Max. Max Min. Min
or Site (p.u.) (p.u.)
Cedral 0.983 2018.01.13 04:00:00 0.931 2018.09.02 22:00:00
Chankanaab 34.5 kV 1.002 2018.01.03 04:00:00 0.993 2018.09.17 22:00:00
Chankanaab Ul 13.8kV 1.000 2018.03.01 10:00:00 1.000 2018.04.05 05:00:00
Chankanaab U2 13.8kV 1.000 2018.03.0110:00:00 1.000 2018.04.03 05:00:00
Chankanaab U4 13.8kV 1.000 2018.01.01 00:00:00 1.000 2018.01.01 00:00:00
Mega 13.8kV 0.994 2018.01.05 04:00:00 0.963 2018.09.24 22:00:00
Mega 34.5kV 1.001 2018.01.03 04:00:00 0.988 2018.09.17 22:00:00
Office 13.8kV 0.995 2018.01.26 04:00:00 0.964 2018.09.14 22:00:00
Office 34.5 kV 1.002 2018.01.03 04:00:00 0.989 2018.09.17 22:00:00
100% Renewable Generation Grid
Cedral 1.013 2018.01.11 04:00:00 0.946 2018.09.04 22:00:00
Chankanaab 34.5 kV 1.002 2018.02.06 03:00:00 0.995 2018.09.10 22:00:00
Chankanaab U1 13.8kV 1.000 2018.01.31 01:00:00 1.000 2018.04.09 12:00:00
Chankanaab U2 13.8kV 1.000 2018.01.31 01:00:00 1.000 2018.07.07 14:00:00
Chankanaab U4 13.8kV 1.000 2018.01.01 00:00:00 1.000 2018.01.01 00:00:00
Mega 13.8kV 0.995 2018.01.15 04:00:00 0.967 2018.09.2122:00:00
Mega 34.5kV 1.002 2018.01.15 04:00:00 0.992 2018.09.21 22:00:00
Office 13.8kV 0.996 2018.01.15 04:00:00 0.967 2018.09.10 22:00:00
Office 34.5 kV 1.003 2018.01.15 04:00:00 0.992 2018.09.10 22:00:00

in the grid. Meanwhile, in the renewable energy generation grid (dotted lines), the fossil
fuel unit operation does not follow the load profile in the grid. The 100% of the electric
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Table 5: Loading results of the hourly power flow analysis in a fossil fuel generation grid (upper part), and
in a 100% renewable generation grid (lower part) in the Base Scenario by 2018 in Cozumel, Island.

Fossil Fuel Generation Grid

Branch, Max. Time Point Min. Time Point
Substation Loading Max Loading Min
or Site (%] (%]

Cedral- Chankanaab 314 2018.09.26 22:00:00 8.3 2018.01.18 04:00:00

Chankanaab- Mega 18.7 2018.09.10 22:00:00 4.9 2018.01.28 04:00:00
Office- Chankanaab 28.7 2018.09.16 22:00:00 8.1 2018.01.08 04:00:00
Office-Mega 6.8 2018.09.27 22:00:00 3.1 2018.01.27 04:00:00
Tie Transfer U1-U2 0.0 2018.03.20 10:00:00 0.0 2018.06.28 11:00:00
Tie Transfer U2-U4 0.0 2018.01.01 00:00:00 0.0 2018.01.01 02:00:00
Tranformer Ul 25.3 2018.09.19 22:00:00 6.3 2018.01.31 04:00:00
Tranformer U2 11.3 2018.09.14 22:00:00 2.7 2018.03.24 03:00:00
Tranformer U4 64.7 2018.09.06 22:00:00 17.9 2018.01.23 04:00:00
Transf. Mega 48.2 2018.09.10 22:00:00 13.2 2018.01.05 04:00:00
Transf. Office 48.7 2018.09.16 22:00:00 13.4 2018.01.2604:00:00
Unit 1 (U1) 82.7 2018.09.11 22:00:00 19.1 2018.01.08 04:00:00
Unit 2 (U2) 71.8 2018.09.14 22:00:00 17.6 2018.01.12 04:00:00
Unit 4 (U4) 67.263 2018.09.06 22:00:00 18.236  2018.01.06 04:00:00

Hybrid Generation Grid

Cedral- Chankanaab 27.7 2018.09.04 22:00:00 2.84 2018.01.31 04:00:00

Chankanaab- Mega 17.6 2018.09.04 22:00:00 0.94 2018.10.05 05:00:00
Office- Chankanaab 27.8 2018.09.04 22:00:00 1.22 2018.11.18 02:00:00
Office-Mega 9.9 2018.01.11 04:00:00 2.00 2018.01.02 04:00:00

Tie Transfer Ul- U2 0.0 2018.01.31 01:00:00 0.02 2018.07.18 10:00:00
Tie Transfer U2- U4 0.0 2018.01.01 00:00:00 0.02 2018.01.01 00:00:00

Tranformer Ul 36.7 2018.04.26 22:00:00 0.43 2018.12.19 03:00:00
Tranformer U2 23.7 2018.03.15 21:00:00 0.34 2018.01.03 10:00:00
Tranformer U4 86.2 2018.01.11 04:00:00 0.35 2018.04.16 01:00:00
Transf. Mega 48.0 2018.09.21 22:00:00 13.21 2018.01.15 04:00:00
Transf. Office 48.6 2018.09.10 22:00:00 13.36 2018.01.24 04:00:00
Unit 1 (U1) 71.5 2018.09.04 22:00:00 4.04 2018.02.06 03:00:00
Unit 2 (U2) 67.4 2018.09.04 22:00:00 4.93 2018.01.14 04:00:00
Unit 4 (U4) 65.6 2018.09.04 22:00:00 2.59 2018.01.17 03:00:00

load is supplied by the renewable electricity during some hours of the day (Fig. January
17th-18th).

In Fig. the renewable electricity production by PV and Wind (On-Shore and Off-
Shore) is shown. Table shows the busbars voltage values improvement, due to the renewable
energy integration on the Island’s electric grid. Moreover, Fig. [16|shows this busbar voltages
improvement, as can be seen in Fig. [I6a], which indicates that the voltage values in a fossil
fuel generation grid follow the load profile. Meanwhile, Fig. shows that the voltages
values do not follow the load profile in the grid. Despite having voltage variations, these
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renewable generation grid (dotted lines) in the Base Scenario by 2018 for Cozumel Island. Virtual date:
January 16th to 19th of 2018.
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Figure 15: Renewable production loading in a 100% renewable generation grid. The upper figure indicates
the photovoltaic production and the lower figure indicates the wind turbine generators (WTG) production.
Base Scenario by 2018 for Cozumel Island. Virtual date: January 16th to 19th of 2018.

voltage values present an improvement.

4.2. Dynamic analysis and results

After small or large disturbance effects, the power systems must stay operating in a stable
manner, and the system has to be able to return to the original steady-state without subse-
quent failures. Thereby, the stability analysis is made to ensure the voltage and frequency
stability [36]. The transient stability is the power system ability of remain in synchrony in
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Figure 16: Busbar voltages in a fossil fuel generation grid (a), and in a 100% renewable generation grid (b)
in the Base Scenario by 2018 for Cozumel Island. Virtual date: January 16th to 19th of 2018.

presence of small or large disturbances [54]. The numerical analysis techniques are used to
solve these non-linear equations. Commonly the non-linear differential algebraic equations
are used. Fig. is a simple chart flow of what has been done in this stage, a dynamic state
analysis to ensure that the grid response is within the MGC parameters and so returns to
the previous steady state [55].

Processing of
Simulation

: Results

Modeling Analysis (PHASE 4)

From Power Dynamic Post-Dynamic

Flow Results Simulation Steady State
(PHASE 2)

Figure 17: Phase 3 chart flow ([55] adapted)
The power system response when an electric load is lost and when Unit 2 is disconnected
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in a fossil fuel generation grid is shown in Fig. (18 The maximum frequency values for the
Chankanaab busbar in 34.5 kV, the active power unit variation, and the maximum voltage
in the units busbars are indicated in this figure. According to the MGC, the values for this
frequency response must be 1.005 p.u. as the upper limit and 0.995 p.u. as the lower limit.
Meanwhile, the values in voltage must be between 1.05 p.u. as the upper limit and 0.93 p.u.
as the lower limit in medium tension (< 34.5 kV) in a continuous operation (frequency and
voltage limits are indicated with their upper and lower limits). These limit values are for an
isolated electric system and the results are in the virtual date of September 11th at 22:00 h
by 2018, when the system reports a maximum power demand in a fossil fuel generation grid.
Unlike Fig. which shows the fossil fuel generation grid operating when a load loss
occurs, or when Unit 2 is disconnected, Fig. shows the system response when the wind
production is lost in a 100% renewable energy generation grid. In Fig. the maximum
frequency values for the Chankanaab busbar in 34.5 kV, the active power units’ variation,
and the maximum voltage in the units busbars are indicated. The values for the frequency
response and for the busbar voltage must be maintained within those previously indicated in
a continuous operation. These limit values are for an isolated electric system, and the results
are in the virtual date of January 17th at 19:00 h by 2018, when the system reports a 100% of
renewable production supplying the electric load. As can be seen in Fig. [I9a], the frequency
response signal goes beyond the isolated system lower limit during 0.89s. After this time the
value returns to a continuous frequency value. Also, in Fig. the voltage response signal
goes beyond the isolated system upper limit during 0.80s. After this time the voltage value
returns to a continuous voltage value. As MGC requires, the power system response is within
the parameters for a continuous operation of the electric grid, for both options, isolated and
interconnected system in a 100% renewable energy generation grid. The resultant power
flow chart for the Cozumel Island’s electric grid when the renewable electricity generation
supplying the 100% of the power demand is shown in Fig. In this figure, the electric grid
resultant values are indicated in the specific virtual date of January 17th at 19:00 h by 2018.
The turbogas diesel machines are settled to supply the reactive power needed in the grid.
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Figure 18: System response when an electric load is lost in the virtual date: September 11th at 22:00 h by
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Figure 19: System response in a renewable production loss in a 100% renewable generation grid in the Base
Scenario in the virtual date: January 17th at 19:00 h by 2018 for Cozumel Island.
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Figure 20: Chart of the electric system response in a 100% renewable generation grid in the Base Scenario by 2018 for Cozumel Island, in the virtual

date of January 17th at 19:00 h.




A three phases failure is simulated and localized in the Chankanaab 34.5 kV busbar. The
system response is shown in Fig. This figure also indicates the steady-state boundaries.
This failure is simulated 10 s after the analysis was started, and it was cleared it after 0.150
ms, according to the MGC parameters. As it can be seen in this figure the voltage value
returns within the time and limits allowed (area within the dotted lines). The continuous
lines in the figure indicate the unlimited time allowed for the electric system in a steady-
state operation. This simulation is made in the Base Scenario by 2018 and with the fossil fuel
generation running (Fig. [21a)). The power system response in the same scenario and year
is analyzed when a 100% of renewable energy is supplying the power demand (Fig. [21D]).
The date of the dynamic simulation analysis for a fossil fuel generation grid (Fig. is
September 11th at 22:00 h, at this time the system is running at 100% of maximum power
demand. The date of the dynamic simulation analysis in a 100% renewable generation grid
(Fig. is January 17th at 19:00 h. At this time the system is supplying the 100% of
the electricity on renewable power. In the same virtual date for the two options analyzed,
Fig. shows the frequency response resultant. This dynamic analysis is made in the Base
Scenario by 2018 and with the fossil fuel generation running (Fig. [22a]), also the frequency
response in the same scenario and year, is analyzed when a 100% of renewable energy are
supplying the power demand (Fig. . In these figures, the frequency signal returns to a
steady-state within the continuous values according to the MGC. Is important to indicate
that these failure simulations were done in all scenarios and key years, and the results are
very similar.
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Figure 21: Voltage response signal in a fossil fuel generation grid (21al) in the virtual date: September 11th
at 22:00 h by2018. Voltage response signal in a 100% renewable generation grid (21b)) in the virtual date:
January 17th at 19:00 h by 2018. Both in the Base Scenario for Cozumel Island.

5. Techno-economic analysis for the hybrid power system and the electric grid

The NPC is the present value of all the costs of installing and operating the project over
its lifetime minus the present value of all the revenues that it earns over the project lifetime.
This is the results of the ratio of the annualized cost of the project and the capital recovery
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Figure 22: Frequency response signal in presence of a three phases fault in the Chankanaab busbar in 34.5
kV, in a fossil fuel generation grid (Virtual date: September 11th at 22:00 h by 2018), and in a 100%
renewable generation grid (Virtual date: January 17th at 19:00 h by 2018) in the Base Scenario by 2018
for Cozumel Island.

factor. The annualized cost of a project is the cost that, if it were to occur equally in every
year of the project lifetime, would give the same net present cost as the actual cash flow
sequence associated with that project. For this two concepts, the less cost result, the more
attractive for the investments will be. The capital recovery factor is a ratio used to calculate
the present value of an annuity (a series of equal annual cash flows). The real discount rate is
used to convert between one-time costs and annualized costs. The real discount rate is used
to calculate discount factors and to calculate annualized costs from net present costs. The
LCOE is considered as the average cost per kWh of useful electrical energy produced by the
system. For this concept, also applies that the less cost result, the more attractive for the
investments will be. To calculate the LCOE, the annualized cost of producing electricity is
divided by the total electric load served. The RGF has the objective of guarantee the ICC,
without the detriment of the IRR of the project. The RGF time is the result of the annual
sum of the NPV annualized affected by the Retention Guarantee Rate (RGR). This yearly
sum must be done until the RGF is equal to the ICC [37]. With this analysis, the money to
be spent in case of a natural affectation to the renewable energy site will be done without
impairment of the IRR.

The costs of the technologies used were obtained through the Energy Technology Ref-
erence Indicator projections for 2010-2050 [56] and the Materials Roadmap Enabling Low
Carbon Energy Technologies of the European Commission [57]. Also, the technology costs
indicated by Georgianne Huff et. al [58] have been considered as reference for this proposal.
All the costs were changed to $US 2016 constant and nominal money, taking into account the
Consumer Price Index (CPI) [59] and the exchange rate published by the European Central
Bank [60] from € to USS.

As results of the economic analysis done in section [3.2] figures Fig. [9] Fig. [10] Fig. [[1and
Fig. [12|represent the ICC, the IRR, the RGF, the time for the RGF, the NPV, the NPC, the
LCOE and how the ICC results change with the sensitivities applied. This analysis is made
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comparing the fossil fuel generation technology vs. the renewable generation technologies,
including the storage bank. Each analysis is made for the three scenarios created in the four
key years. An over-investment needs to be done in order to modify and reinforce the electric
grid through the years, according to the growing perspectives outlined in Table [2f and Fig.
Bl These over-investments are the result of the grid modification done in STEP 7 in PHASE
2 section and in STEP 10 in Phase 3 section 2.3l As can be seen in Table [6] the fossil
fuel generation grid changes and their cost appear in the middle part of this table. These
over-investments are the result of the only fossil fuel operation through the years. Also, the
hybrid generation grid changes and their cost appear in the right section of this table. These
over-investments are the consecutive investments to be done on the electric grid depending on
the way chosen to supply the electric demand chosen: only fossil fuel or hybrid system. The
amount indicated for these changes is the quantity needed to have a reliable, strong and safe
power system. As it can be seen in the lower part of Table [f] the total investments by 2050
are almost the same for each option. Therefore, integrate or not, the renewable electricity
generation technologies will practically result in the same amount of money.

Table 6: 2018-2050 Over-investments summary for each Scenario in Cozumel Island.

Grid investments through key years for each Scenario

Year Scenarios Fossil Generation Hybrid Generation
Low 703,171 20,922,001
2018 Base 8,770,145 19,687,787
High 8,844,343 20,996,199
Low 10,141,164 5,012,695
2024 Base 14,284,204 16,659,519
High 10,249,647 12,782,832
Low 27,182,972 34,142,158
2035 Base 27,549,120 26,679,273
High 35,478,544 32,972,858
Low 38,580,382 49,140,151
2050 Base 61,339,979 82,122,748
High 122,204,918 113,774,477

Total grid investments for each Scenario

Low 76,607,689 109,217,005
2018-2050 Base 111,943,449 145,149,327
High 176,867,452 180,526,366

The total ICC for each year in the Base Scenario is indicated in Fig. where also the
NPV and the RGF are showed. In this figure, the total cost of the project is indicated in
two terms. The first, includes the power system cost obtained in the subsection and the
grid modifications done, as indicated in Table[6] The second term, is without considering the
modification costs indicated in Table [6] and only considering the power system cost obtained
in the subsection Fig. shows the IRR, the retention guarantee fund rate (RGFR)
and the time to take the RFG to be equal with the ICC. These values include, in the first
term, the power system cost obtained in subsection and the grid modification done, as is
indicated in Table [6l The second term does not consider the modification costs indicated in
Table [0}, it only considers the power system cost obtained in the subsection [3.2 In Fig.
the ICC, including the grid cost, will be obviously bigger than the ICC without it. Even so,
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the NPV, including the grid cost, is lower than the NPV without it. Normally, if the project
would cost more, the value at the end of its lifetime should be smaller, but in this case, by
2050, the results show that is the opposite. Simultaneously, the IRR has the same results,
because the new diesel turbines will be installed that year.
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Figure 23: Economic results of include or not the grid modifications cost, in this case, without the sensitivities
variables incorporated to the ICC in the Base Scenario by 2050 for Cozumel Island.

5.1. 100% renewable energy supplying the electric load, a pre-analysis result

This pre-analysis is elaborated in an attempt to visualize what combination of PV /Wind/-
Battery would be conformed to supply the 100% of the electric load for all the year in Cozumel
Island, in the Base Scenario by 2050 this pre-analysis is elaborated. The initial input data
is maintained, as well as the equipment cost for the renewable technology and for the diesel
turbogas machine. Other considerations are maintained, like the sensitivities variables, the
constrains and the inflation rate. Four system configurations are been settled and a fifth is
taken as comparative: 1) system with the sensitivity variables applied; 2) system without the
sensitivity variables applied; 3) system with the sensitivity variables applied and including
the 8 wind turbines of 3 MW Off-shore resultant in the previous sections by 2050; 4) system
without the sensitivity variables applied and including the 8 wind turbines of 3 MW Off-
shore resultant in the previous sections by 2050, and; 5) system with only diesel generation
as comparative. Fig. Fig. 25 and Fig. [26] show the results obtained. Fig. [24] indicates
the system configurations to be install in four different combinations. As can be seen in this
figure, the PV and Wind on-shore results are the same in the four configurations, this is
because for each wind turbine will be installed 333.33 kW of PV. As the sensitivity variables
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includes only a PV efficiency improvement, there will be only a few production increasing.
In two of them are including 8 off-shore turbines of 3 MW each by 2050. The number of
batteries and the converter capacity have to be increased for these two configuration. This
will increase directly the NPC and the ICC and it will reduce the LCOE resultant, as it is
shown in Fig. In this figure, the LCOE for only diesel remains lower compared with the
configuration without the sensitivity variables applied but is higher than those that apply
these sensitivity variables. This is the result of the cost reduction and the efficiency increase
applied. Finally, Fig. 26| shows the technical results of each configuration compared with the
use of only diesel. These four configurations keep all the time the 100% of the renewable en-
ergy supplying the electric load without diesel consumption. In this figure is clear that there
is not an electricity excess production in the diesel comparative configuration. This happens
because that the fossil fuel machines can follow the electric load profile. The electricity excess
produced in the first four configurations is due to the need to combine the three renewable
technologies operations in order to supply all the electric load according to the electric load
profile.
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Figure 24: Equipment capacity installed in a 100% renewable generation grid in the Base Scenario by 2050
for Cozumel Island.
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Figure 25: Economic results in a 100% renewable generation grid in the Base Scenario by 2050 for Cozumel
Island.
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Figure 26: Technical results in a 100% renewable generation grid in the Base Scenario by 2050 for Cozumel
Island.

6. Discussions

The methodology proposed is validated on a real electric grid on a Caribbean Island by
means of its application as a case of study. Always fulfilling the renewable energy targets in
the REF generated for the electric system. This system has a reliable, strong and safe oper-
ation response even in case of a disturbance presence considering the continuous operation
constraints based on the MGC parameters. Likewise, the sensitivity input values considered
and the system response results to obtain a final technical proposal was analyzed and solved.
All these technical results were the basis for the economic analysis and obtain the lowest
LCOE, ICC and NPC, as well as the biggest NPV of the project suggested. As there is a
long time planning evaluation, many thing can be changed over time. This methodology can
apply several time-variables and the results will have enough certainty once the changes or
risks are uploaded on it, then the new results can be compared against the originals and
modify policies or initials statements. The sensitivity analysis can be done with garaties of a
final and reliable outcomes. For instance, in a real case, the implementing of the renewable
energy integration projects could take 7-15 years [51] [43], more or less. For this project, it
will be selected 7 years for its implementation. This process must be done in the Energy
Regulatory Commission (CRE, for its Spanish acronym) in Mexico. According to the CRE
procedure time [61], if the project starts in 2017, it will be finished in 2024. In this year the
investments should be applied and the project must be running. As the idea in this proposal
is to have a modular system growing until 2050, and the Renewable Technology Equipment
(RTE) lifetime average is 25 years, then all the RTE installed in 2024 will be substituted
by new RTE in 2050. In 2035 the RTE installed in 2024 will still have a lifetime left to
work, so that the new RTE quantity will be the difference of the total RTE considered to
be installed in 2035 minus the existent RTE from the year 2024. In 2050 the RTE installed
in 2024 will be replaced with new RTE, meanwhile, those that have been installed in 2035
will still be working and their replacement will be done after 10 years, approximately. The
final investment in RTE to make by 2050 will be the difference of the total RTE considered
being installed by 2050 minus the RTE installed in 2035. If something changes over time,
the initial variables can be modified in order to adapt the modular growing of the system
to the new parameters. Table [7] shows these investments over the key years, considering the
RTE quantities as investments. In this table, the grey areas belong to the newly installed
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equipment that will need to be installed in each indicated key year

Table 7: New Renewable Technology Equipment (RTE) to install (grey areas) in each key year starting in
2024 in the Base Scenario for Cozumel Island.

SE11520 E115 DC-AC
PV MW MW Battery o\ verter

(MW) (Quantity) (Quantity) (Quantity) (MW)
2024 7.0 21 5 548 27.4
2035 13.0 39 8 900 45.0
2050 34.7 104 8 1943 97.2
. Existent 7.0 21 5 548 27.4
2035 New 6.0 18 3 352 17.6
Existent 6.0 18 3 352 17.6
2050 New 287 86 5 1591 79.6

From Fig. [26] it can be seen that there is a huge potential to interconnect electric vehicles
taking advantage of the electricity excess production. With the right policies, Cozumel
Island’s Government can activate cleaner energy strategies for the public transport sector,
changing fossil fuel vehicles to electric vehicles, for instance. Even the private transport sector
could be benefited by this electricity excess production. This is one of the most interesting
points to be developed in Cozumel Island, discussions held with government personnel have
confirmed that the results seem to be very attractive to carry it out, for them. For future
works, it can develop the analysis of how many gasoline vehicles can be substitute by electric
vehicles and which control side demand will be the optimum, in order to utilize all the
electricity excess production on the Island. The classification of global small islands gives
the overview that in many of them the RES implementation can carry out with significant
and positive results on it. Therefore, it supports the transfer of proven, well-working concepts
and the direct adoption of these concepts by suitable islands. The work of Meschede et al.
is applied in those islands that are very similar to Cozumel Island and the islands which
have especially high potentials for the use of a specific renewable energy source can be easily
recognized [62]. Despite this similar characteristics, this work is not similar, because in this
document the integral analysis of the RE implementation in a existing fossil fuel generation
grid is carried out. It includes: a) RETSs integration and combination (PV/Wind/Battery); b)
Power flow analysis and quasy-dynamic simulations; ¢) Grid reinforcements and modifications
proposed, applied and validated in a real current electric grid in a small island; d) a dynamic
analysis to assess the strong and safe grid response in case of fault or system unbalance
getting back to the original steady state operation, and; e) a complete financial analysis
including the grid modifications and reinforcements costs did through time until 2050; all
this without detriment of the renewable fraction of electricity integrated and fulfilling the
Mexican Grid Code in its operation.

This work results match with results published by Gioutsos et al. in some aspects [63].
One of the most important of them is that with the results in the levelized cost of systems for
electricity generation decrease considerably with increasing renewable energy penetrations,
to an optimal point in the range of 40% to 80% penetration. Likewise, this work match with
the RETs including in the simulations as Adefarati and Bansal show in their work, where
present a comprehensive reliability assessment of the distribution system that satisfies the
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consumer load requirements with the penetration of wind turbine generator, electric storage
system and photovoltaic [16]. In this proposal, like theirs, the results obtained from the case
studies have demonstrated the effectiveness of using Wind /PV /Batt to enhance the reliability
of the conventional distribution system. Same results presented by Sigrist et al. [10] gives a
clear idea that the results showed by this document has enough certainty and validation to
be applied by other small islands in every tropical region of the world.

Small Tropical Islands share a lot of common things between them, as can be: weather,
fossil fuel generation of electricity, off-grid operation, tourism high dependence and sensitive
environmental, among others. According to Blechinger et al. almost 1800 islands with
approximately 20 million inhabitants currently supplied by 15 GW of diesel plants [I]. With
the proper regulations can be accelerated the implementation of this enormous potential,
so this document can be a good mechanism for it, once that includes a renewable energy
integration analysis, a grid assessment and its response analysis in a steady and dynamic
state, grid modifications through time and a financial analysis to obtain the appropriate
resultant system to be installed on Cozumel Island.

7. Conclusions

This paper proposes an integral methodology to study a renewable power system inte-
gration and performs a grid assessment, in order to achieve the energy planning within the
National legal framework, that includes the renewable energy targets to be fulfilled until 2050.
Therefore, to do it in an optimal manner and to accomplish the renewable energy target, in
this study was optimized and to reduced the backup time of the battery system, and was
compared four different battery technologies, simultaneously. This methodology is validated
in the small Caribbean island of Cozumel, Mexico, and it focuses on the electric grid response
(according to the MGC) where the renewable electricity generation is integrated into an real
operating fossil fuel generation grid.

1. As the results show, the Zinc-Bromine battery bank included in the initial hybrid
system selected is the best battery technology resultant.

2. From the four different battery bank technologies selected to compare the complete
power system response and grid behaviour, the Zinc-Bromine redox flow battery showed
the best results, both economically and technically for all scenarios and through the four
key years until 2050. With the sensitivity variables (cost reduction and the increasing
efficiency parameters) included in the analysis, these results were even better by 2050.

3. Combining this battery bank with the diesel turbogas machines, the wind turbines
placed off-shore and on-shore and the PV array the economic results were the lowest
LCOE, ICC and NPC and the biggest NPV from the system combination studied, as
Table ] shows:

4. From the steady-state power flow analysis results, the voltage and loading values from
using only the fossil fuel generation or from using the hybrid power generation showed
a huge difference. Despite the variations in the equipment operation respect to the
load profile, the performance in the hybrid grid resultant was improved and the system
response made visible that the system turned reliable, strong and safe.
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10.

Table 8: Final LCOE in the Base Scenario by 2018

Diesel Off-shore On-shore PV DC-AC Battery Battery LCOE Renewable

Turbogas turbine turbine Converter Fraction
(MW)  (MW)  (MW) (MW) (MW) (MWh) (Type) (SUS) (%)
58.32 27 64 5.4 20.95 20.95 Zc-Br 0.2417 43%
58.32 36 64 5.4 20.77 20.77 Vanadium  0.2440 43%
58.32 36 60 5.0 31.60 31.60 Ton-Lithium  0.2442 44%
58.32 36 64 5.4 21.54 21.54 Lead-Acid  0.2446 44%

. In the voltage results with only fossil fuel generation the furthest busbar, called Cedral

in 13.8 kV had a value of 0.983 p.u. as a maximum and 0.931 p.u. as a minimum
(always within the MGC parameters for a continuous operation). With the hybrid
generation, the voltage result for this busbar was 1.013 p.u. as a maximum and 0.946
p.u. as a minimum. These results were obtained once the electric grid was modified
and reinforced (see Table 4 and Table @, and they were performed in the Base Scenario
by 2018.

. The results from the dynamic analysis showed that the final power system is strong

enough to have a response within the MGC parameters, once the modifications and re-
inforcements were done. In both, fossil fuel generation grid and hybrid power generation
grid.

The dynamic analysis response of the power system accomplishes the primary control
response to maintain a stable and continuous operation, according to the grid code
mentioned.

. Theoretically by 2035, 8 off-shore wind turbines of 3 MW of capacity each one in

combination with 13 MW of PV, 39 on-shore 2 MW wind turbines, and 900 Zn-Br
redox flow batteries of 50 kWh each must be installed. As by 2050, the best result
shows that no off-shore wind turbine would be installed, a final combination has been
proposed: 8 off-shore 3 MW wind turbines, 104 on-shore 2 MW wind turbines combined
with 34.7 MW of PV total array, 1,943 Zn-Br redox flow batteries of 50 kWh each and
97.15 MW of DC-AC converter capacity. As by 2035, the off-shore connection must
be included in the techno-economic analysis, this underground lines and protection
equipment will be used for the 2050 off-shore wind farm to be installed.

. For Cozumel Island’s electric grid (without the power generation technologies), the

results in the total investments in the High Scenario in 2050 are almost the same for
each option (both, fossil fuel generation grid or hybrid generation grid). Integrate or
not, the renewable electricity generation technologies will result in the same amount of
money invested (see Table [f]).

Finally, from the pre-analysis elaborated to supply the 100% of the electric demand
with renewable electricity on the island, results show that this can be done using the
diesel machines only to keep the reliability on the grid, supplying the reactive power
need it to maintain the system in balance. This can be changed substituting the diesel
machines by Voltage Source Converters (VSC). This solution can be developed for
future works, taking into account that the research demonstrates the converter ability
to control the distribution of power among the transmission system while ensuring the
network stability [64].
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