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Nomenclature

RE
AC
COE
DC
DG
EHSS
FC
GWh
kWh
LF
MG
MWh
NPC
REGs
SPBP
TWh

Renewable Energy
Alternative current

levelized cost of energy
Direct current

Distributed Generators
Energy Hydrogen Storage System
Fuel Cell

Gigawatt hour

Kilowatt hour

Load Following

Microgrid

megawatt hour

total net present cost
Renewable energy generators
Simple payback
Terawatt-hour
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Summary

This project analyses the optimal design of an autonomous microgrid, by discovering
the ability of natural RE resources linked with EHSS to provide stable power. in order to present
a complete approach of 100% RE sources, reduce pollution, and increase the electrical security
supply in Tarragon city.

Natural renewable energy including wind (Onshore, Offshore), wave energy, and solar energy.
they are participating in generating power to provide Tarragona load demand and the EHSS.
EHSS was designed to cover as much as possible the energy shortages from REGs supplies

The work was developed based on the HOMER Pro software simulation model, by assuming
three sizes of electrical load with real weather data, then the suitable size was selected. HOMER
Pro proposes designs mainly based on economic performances for the system and the capacity
shortage.



1. Introduction

Tarragona is a coastal city located in north-eastern Spain's Catalonia region, with a total
area of 58 kmz, population: 135,000 (Idescat. 2022). Between 2001 to 2006 there was increasing
in population by 15.9%, and electric power consumption has also increased 42%
(Documentacio Agenda 21. 2006). The increasing in electric power demand in recent years has
become a challenge for the existing power grids, due to the electricity high losses in
transmission and increasing the operational cost. And most importantly, the electric power
sector is responsible for about 1/3 of the global greenhouse gas emission (Hvelplund, F. 2006).
Commitment to the Paris climate change agreement, Spain wants to reduce Carbon emission to
20% by 2030 and to net-zero carbon emission by 2050 (UNFCCC. 2015). To reach this
ambitious goal, the Catalan government has established several targets. Increasing the
Proportion of Renewable Energy (RE) from 8.7% in 2017 up to at least 27% in 2030 for all
Energy consumed in Catalonia, and 50% Proportion of RE in the electricity sector (Villar et al.,
2017).

Renewable energy generators (REGs) are totally dependent on nature, unlike fossil fuel
generators. hence, it does not reliably ensure power quality and stable electric power. Therefore,
its either required to be Grid-connected or connected to an energy storage system. Power
transmission over long distances is inefficient and requires expensive infrastructure therefore,
large amounts of clean energy and investments have been wasted recently, due to the power
losses in and deficient capacity of power transmission lines (Pursiheimo et al., 2017).

Autonomous Microgrids offer a solution for integrated RE into the grid. the idea behind (MGs)
is to shift from centralized power plants to Distributed Generators (DG), where the power will
be generated nearby where it will be used, without the need to transmit it over long distances
(Aldaouab, 2018). However, MGs with diesel Generators or Grid-connected to supply power
demand in case of Insufficient RE, have an environmental impact, losses of energy, and high
cost to the end-users (National Renewable Energy Laboratory (NR, 2012), (Best et al., 2007).
Autonomous hybrid power generation systems or multi-agent systems are Promoted as an
important alternative approach to be use for designing smart cities in the future. where
autonomous MGs network, allows the surplus power to be shared between the MGs in the
network. Each MG has its own REGS, energy storage systems, observer units, and intelligent
electronic controller units.

A case study (Mohammed et al., 2014) in Brest, France. represent how a stand-alone hybrid
system based on the solar power and EHSS, can supply the electric load demand of the town,
also offer a cost-effective solution compared with the diesel generator based standalone power
system.



Another case study (Haruni et al., 2013) focused on operation strategy for a standalone hybrid
power system, where the operation strategy plays an important role to ensure the stability of the
system. Power quality (Voltage deviation, Power factor deviation, and Total harmonic
distortion) for a stand-alone hybrid power system can be improved by flexible AC transmission
system (FACTS) devices, based on static VAR compensators, also offer a power efficiency
compared with Grid-connected mode (Gabbar & Abdelsalam, 2014).

MGs cooperation provide power stability during sudden RE and load variations, and saves the
total energy cost significantly, since energy surplus in one MG compensates the energy deficit
in the other MG, before running the energy storage systems, to avoid the power losses during
energy conversion process (Rahbar et al., 2018).

The load should be analysed in order to define MG size. however, there aren't enough studies
about the optimal MG size. But there some studies mentioned the advantages of small-scaled
MG. today the most available size in the market between 100 KW - 5 MW (Tazi et al., 2019).



2. Scope of The Project

The scope of the project is to design and determine the optimal REGs linked with a
EHSS for an autonomous MG in Tarragona location. HOMER Pro software will be used to
analyze and the design performance.

The project will study and evaluate only Load, REGs, EHSS, cost, and environmental impact.
REGs include PV panels, Wind turbines (onshore & offshore), and wave turbine. EHSS
includes Electrolyser, Hydrogen tank, and FC generator.

Nuclear, hydropower, tidal, and thermal energy are not included in MG design.
Operation strategy and electrical connection method are out of the scope.

The contributions of the project are:

Discover the ability of natural RE resources linked with EHSS to provide a stable power in
Tarragona location.

Explore the ability of EHSS to serve the load when there are not enough renewable resources.

Explore is there a chance the MGs replace the utility Grid under Tarragona city weather
conditions.

Explore an approach to increase the electrical security supply from RE resources.



3. Method.

The methodology that following in this project to design a MG. Starting by analysing
the electric load. defining and determining REGs and EHSS elements by HOMER Pro software.

HOMER Pro software (Hybrid Optimization of Multiple Energy Resources) is the global
standard for optimizing microgrid design of energy resources. Has been developed by National
Renewable Energy Laboratory (NREL) (HOMER Pro, 2022). Several hourly simulations are
carried out for all MG elements to evaluate a linked REGs with EHSS in Tarragona city
depending on several variables and conditions like cost, electrical load, solar irradiation, wind
speed, and seawater speed.

REGs will start generating power to supply the electrical load. In the case of power surplus, the
power will be converted into a Hydrogen gas by electrolyser. Hydrogen gas will be stored in a
hydrogen tank, to be used in case of power deficiency from REGs, by converting the hydrogen
gas to electricity through a FC generator as shown by Fig 3.1 The controller will control all of
those operations based on information received through observer devices. the way how the
controller works is known as operation strategy.
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Figure 3.1 MG Structure




3.1.  Load Profile Analysis.

Tarragona city has four loads type. The residential load represents 16.88%, commercial
load 10%, municipal load 1.19% and industrial load 71.83% of the total load. The total load of
the city has been scaled to 1.5 TWh/year. (Documentacié Agenda 21. 2006). Each load type
has a different annual and daily peak demand as shown in Tablel. Currently the MG design
based on a known small-scale load for like (university, school, residential compound.... etc).
This project will deal with MG design for unknown large-scale load. Hence, the electric load
type was chosen as a community load where include all electric sector in Tarragona city except
industrial sector (Community Microgrids and Community Development, 2018). The daily and
seasonal community load profile are shown in Fig A.1 and Fig A.2

Peak demand is one of the most parameters affecting the selection of the capacity of REGs and
FC, where REGs and FC should supply the load with stable power during the peak period.
however, increasing the capacity of REGs or FC to serve only the peak period, will lead to
power excess in the off-peak times, also will increase NPC and COE. hence, three simulations
will be carried out for three different size loads (1MW, 2MW, 3MW), to analyze which size
load has the efficient capacity of REGs and FC.

Table 3.1 Load Specifications

Residential load Commercial load Municipal Industrial load

Annual load 251.3 GWh 150 GWh 17.77 GWh 1070 GWh
Daily peak hours 18:00 — 21:00 8:00 - 17:00 10:00 - 8:00 -
Annual peak period Jul & Nov Feb - Aug Sep - Jun Jan - Jun

3.2, Wind Turbines & Resource.

Wind turbines convert the kinetic energy of wind into electricity based on several
conditions by the generator. A permanent magnet synchronous generator (PMSG) is used in
this project to ensure coordination with the power regulation system, PMSG scheme shown in
Fig A.3 The characteristics of the wind turbine that used in HOMER Pro software are shown in
Table 3.2 & Fig A.4 Also, PMSG has several advantages, like low operational cost and
maintenance, and high efficiency (Tani et al., 2015).

The energy generated by wind turbines can be expressed in equation 3.1
p=05Cp(1,B)Apv3 (3.1)

Where p is output power, Cp is the power coefficient which is related to the speed ratio A and
the pitch angle g, A is the swept area, p which is the air density, and v is the wind velocity.



The wind speed data of Tarragona city were obtained from NASA Prediction of worldwide
energy resources. Fig 3.3 HOMER Pro software will optimize the required number of turbines.
Depicts the wind speed profile over a 30-year period.

The annual average wind speed for Tarragon city is 4.97 m/s.

Table 3.2 Wind Turbines Characteristics

Onshore Offshore

Name Enercon E-115 Vestas V-164
Manufacture Enercon Vestas
Rated capacity 3000 KW 7000 KW
Cut-in speed 2.5m/s 4 m/s
Cut-out speed 28 m/s 25 m/s
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Figure 3.2 Wind Speed Profile

3.3. PV & Solar Resource.

PV array is a group of PV modules connected in series and parallel to match the required
voltage and current. where the PV module consists of a fixed series and parallel PV cells
combination (Al-Ammar et al., 2020) The power output from PV modules can be calculated in
equation 3.2

p=nlIrA (3.2)

Where p is the power output, n is the efficiency of PV module, Ir is the solar radiation, and A
is the PV array area.

The characteristics of the PV panels that used in HOMER Pro software are shown in
Table 3.3, Fig A.5& Fig A.6 HOMER Pro software will optimize the required capacity of PV.

Solar radiation data for Tarragona city were obtained from NASA Prediction of worldwide
energy resources. Figure 3.4 depicts the solar radiation profile over a 22-year period. The annual
average solar radiation for Tarragona is 4.34 kWh/m?/day.



Table 3.3 PV Module Characteristics

PV Value

Name Longi LR6-72HV-350M
Manufacturer Longi Solar

Rated capacity  0.350 KW

Efficiency 18.1%

Type Flat plate Mono-crystalline

Daily Radiation (kWh/m?/day)
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Figure 3.3 Solar Radiation Profile

3.4. Hydropower.
wave energy is relatively new compared with wind and solar energy, it has large market

potential in several countries located next to the oceans, where the energy could be extracted
from the wave movement on the ocean surface, however in this project we will analyze the
wave energy on the coasts of the Mediterranean Sea (Falnes & Kurniawan, 2015).

The energy generated by wind turbines can be expressed in equation 3.3
A2
p= % (3.3

Where p is the power output, p is the density of water, g the gravitational acceleration, and A
is the amplitude of the wave.

Catalonia's seawater speed profile is shown in figure 3.5 where the annual average speed in the
depth of 8 — 50 meters was 0.39 m/s (Marine Environment, 2021).

The characteristics of the wave Turbine that used in HOMER Pro software are shown in
Table 3.4. HOMER Pro software will optimize the required number of turbines.



Table 3.4 Wave Turbine Characteristics

Turbine Value

Name Schottel [54KW]
Manufacturer Schottel

Rated capacity 54 KW

Cut-in speed 0.7m/s

Cut-out speed 4.6 m/s

T
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Figure 3.4 Seawater Speed Profile

3.5.  Electrolyser.
Electrolyser converting the electricity into Hydrogen and Oxygen by anode and cathode.

The reaction is shown in equation 3.4 & 3.5 More details in Fig A.6 & Fig A.7
Anode: 2H,0 - 4H* + 02 + 4e (3.4)
Cathode: 4H™* + 4e - 2H, (3.5)

The hydrogen production rate is shown in equation 3.6

MH; = 02 (3:6)
Where MH, is the hydrogen production rate, n the efficiency of the electrolyser, I,; is the
working current, and F is the Faraday constant which equal to 96485C/mol (Zhang et al., 2020).
HOMER Pro software will optimize the capacity required for the electrolyser.

3.6. Hydrogen Tank

Once the electrolyser is done from the hydrogen gas separation process, will be
transferred to the storage tank. but to store sufficient amounts of hydrogen gas, high pressure
would be needed or liquefy process due to the low density of hydrogen gas. Fig 3.6 (Dincer &
Siddiqui, 2020) Shows the effect of pressure and temperature on hydrogen gas. liquefy process
requires a low temperature, hence it would consider an expensive process. The hydrogen
storage process is out of the project scope. HOMER Pro software will only calculate the
required size of the hydrogen tank.
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Figure 3.5 Hydrogen Density

3.7.  Euel Cell generator.

FC generator works to restore the hydrogen gas and oxygen into electricity (DC) and
water. the reaction is shown in equations 3.7& 3.8 Catalysts are added to accelerate the
electrode reaction in both anode and cathode (Zhang et al., 2020). More details in Fig A.8

Anode: H, » 2H* + 2e (3.7)
Cathode: 2H* + 02 + 2 — H,0 (3.8)

Hydrogen consumption can be calculated by formula 3.9. Hydrogen flow and FC efficiency are
shown in Fig 3.7 & Fig 3.8. HOMER Pro software will optimize the size of FC. Where the
selection was a generic FC.

mHyuse = 2mo, yse = IZF—FC (3.9)

Where mH,use is the mass of hydrogen used, mo, . is the mass of oxygen used, I,; is the
working current, and F is the Faraday constant which equal to 96485C/mol.
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Figure 3.6 Hydrogen Flow
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Figure 3.7 FC Efficiency

3.8. Converter.

In any combination of DC and AC components, an electrical rectifier/ inverter is needed.
In this project, there are two loads, AC for the primary load, and DC for the electrolyser. PV
modules and FC generate DC. Wind and wave turbines generate AC. as shown in Fig.3.1
Generic converters were selected in the simulations. HOMER Pro software will optimize the
converter size and consider the power losses and cost. More details are shown in Fig A.9 & Fig
A.10

3.9.  Operation strateqy.

The controller is coordinating between all the elements in the MG (Load, REGs, and
ESS). In general, the priority of controller is to supply the primary load demand from REGs or
ESS. Then in the case of surplus power, the controller sends a request to EHSS to start energy
storage process (Zhang et al., 2020). Many issues start to appear when the system has several
elements, such as different communication protocols, system memory, and system latency.
(Esfahani et al., 2019), (Tazi et al., 2019). Recently researchers started to develop many
operational strategies by Artificial Intelligence algorithms to improve the entire system
performance.

HOMER Pro software offers several operational strategies. LF strategy was selected in this
project due to its ability to deal with different REGs and ESS.

3.10. Economics
NPC show the economic status for the life cycle of the project. where can be
calculated as shown in equation 3.10 (Homer Pro, 2022)

N ATC
i
t=0 (A+ir)n

NPC =Y cc (3.10)

Where ATC is the annual total cost, ir is the interest rate which is fixed in this project to be
8%, n is the year number, and CC is the capital cost. The lifetime of the project is fixed to be
25 years.
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COE is the average cost per useful kWh generated from the system. COE can be calculated as
shown in equation 3.11 (Homer Pro, 2022)

COE = = (3.11)

Where AC is the annual cost of the system, and E is the electrical load served.

SPBP is the required period to return the capital cost of the investment. SPBP can calculated
as shown in equation 3.12 (Net Present Cost (NPC), 2014)

spBp = £ (3.12)
AS

Where CC is the capital cost, and AS is the annual savings.

Table 3.5 show the economic input data in HOMER Pro software for all the system elements
(Mohammed et al., 2014), (Longi.,2021), (McKenna et al., 2015), (Homer Pro, 2022)

Table 3.5 Economic Data.

Elements Capital cost Replacement cost  Maintenance Cost
Onshore turbine  2,000,000.00 $ 2,000,000.00 $ 42,000.00 $/ year
Offshore turbine ~ 10,000,000.00 $ 10,000,000.00 $ 80,000.00 $/ year
Wave turbine 14,000.00 $ 14,000.00 $ 500.00 $/ year
Electrolyser 100.00 $/ kW 10.00 $ 10.00 $/ year
Hydrogen tank 1,000.00 $/ 2,000 kg  100.00 $ 10.00 $/ year

FC 3,000.00 $/ 5 kW 2,500.00 $ 0.08 $/ op.hr
Converter 300.00 $/ kW 300.00 $ 100.00 $/ year
PV 100.00 $/ kW 100.00 $ 5.00 $/ year

11



4. Results and Discussion

Results were optioned from HOMER Pro software after several simulations for three
different load sizes (LMW, 2MW, 3MW). for 1MW capacity it has a very high NPC $48.5M
and COE 0.43$, also with 95% excess electricity as shown in Fig B.1 For 2MW capacity &
3MW capacity thy have the lowest COE 0.12$, as shown in Fig B.2 & Fig B.3 Where the
differences in NPC $27M & $41M, and excess electricity 10% & 50%.

The load capacity was chosen in this project is 2 MW. Which means 48 MWh primary load per
day. The peak demand for the primary load was scaled to 5.9 MW Fig 4.1

HOMER Pro software analysed the ability of the REGs to generate enough power under
weather conditions and variable load during the year, to propose a design could match the
primary load and electrolyser load. The environmental impact of the hybrid power system and
economic data were analysed too.

4.1. Optimization Results

HOMER Pro was allowed to have an optimizer search space for wave and wind turbines
(Onshore & Offshore) from zero - up to 5 turbines, PV from zero kW — up to 80 MW,
electrolyser from zero kW — up to 5 MW, FC from zero kW — up to 5SMW, and hydrogen tank
size from zero kg — up to 30,000 kg.

The 2MW microgrid capacity requires 84.5 MWh/day and has a peak of 9 MW to serve the
total load. Table 4.1 show the electrical consumption of the system loads. The primary load
consumed 56.4 %, and the electrolyser consumed 43.6% of the total consumption. Fig 4.1 show
the total load during the year.

In the best proposed system Fig B.4, the following generation sources in Fig 4.2 serve the total
load. Were Onshore wind turbine generating 56.8 % of the total electrical production, PV 30.3
%, FC 12.9 %. Offshore wind turbine and wave turbine were not included in the best proposed
system. Due to the high-cost compering with production, and slow water speed in The
Mediterranean

Table 4.1 Electrical Consumption.

Load Consumption (GWh/year)  Fraction
Primary 17.4 56.4%
Electrolyser 13.4 43.6%
Total 30.8 100%

12
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Figure 4.2 REGs Production

Two Onshore wind turbines were proposed for the hybrid power system with a total rated
capacity of 6 MW and with a total production of 19.9 GWh/year in 8,626 operational hours.
Fig 4.3 show the wind turbine power output during the year.

6.6 MW rated capacity of PV was proposed for the system with a total production of
10.6 GWh/ year in 4,369 operational hours. Fig 4.4 show the PV power output during the year.

Electrolysers capacity for the proposed system was 5 MW with 5,092 operation hours to
produce 289,427 kg of hydrogen per year. Fig 4.5 show the electrolyser input power during the
year.

FC production was 4.5 GWh/ year in 6,401 operation hours with total hydrogen fuel
consumption of 270,349 kg. Fig 4.6 show the FC power output during the year.

The system requires a hydrogen tank with a size of 30,000 kg to have an energy storage capacity
of 1 GWh. Fig 4.7 shows the tank level during the year.
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Figure 4.3 Wind Turbine Power Output
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Figure 4.7 Hydrogen Tank Level

The system required a 3.3 MW Converters capacity (Inverter and Rectifier). The power losses
in converters were 343.6 MWh out of 6.8 GWh. Table 4.2 Show the obtained converters data.
Fig 4.8 & Fig 4.9 Show the inverter power output and rectifier power output during the year.

Table 4.2 Converters Data

Inverter Rectifier  Units

Capacity 3.3 3.3 MW

Energy In 6.8 6.2 GWh/ year
Energy Out 6.5 59 GWh/ year
Losses 343.6 313.7 MWh/ year

15
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4.2.  Economical Results

The system achieved a total NPC of $ 27.0M, where the initial capital cost is $9.18M
and operating cost of $1.38M per year. Fig 4.10 show the cash flow over the project lifetime
and table 4.3 show the cash flow by component.

COE for the project is 0.120 $/kWh, which means 51.2% less than the current electric tariff in
Catalonia.

The project has SPBP almost within 14 years, its long period for commercial project, but it’s
not for environment project.
—— Proposed System
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&2 25000000
g 20000000
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E 15000000
- 10000000
G
5000000
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0
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Figure 4.10 Cash Flow
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Table 4.3 NPC

Component Capital ($) Replacement ($) O&M ($) Salvage ($) Total ($)
Onshore 4.00M 1.2M 1.08M 0.71M 5.64M
FC 3.00M 3.8M 6.61M 0 13.44M
Electrolyser 0.5M 0.015M 0.64M 0.009M 1.15M
Hydrogen Tank 0.015M 0 0.0019M 0 0.016M
Solar PV 0.66M 0 0.43M 0 1.09M
System Converter 1M 0.4M 4.31M 0.07M 5.66M
System 9.18M 5.5M 13.10M 0.80M 27.02M

4.3. Environmental Impacts

As the result of burning fossil fuels to generate electricity, the main environmental
impact is the production of CO2 and SO2, where two are responsible for global warming,
environmental pollution, and human diseases.

Also, there are several substances that are produced during the electricity generation process
such as CO, PM, NOx, and UHCs. however, they have less impact than CO2 & SO2 (U.S.
Energy Information Administration, 2021).

Regarding the REGs life cycle emission, REGs are not totally zero emission due to the
manufacturing process, where Solar PV has the highest environmental impact and Onshore
wind turbines have the less impact (WNA, 2021). Table 4.4 show the annual emission of the

project.

Table 4.4 Annual Emission

Pollutant Symbol  Value  Units

Carbon Dioxide CO2 -2,761  Kglyear
Carbon Monoxide CO 1,757  Kaglyear
Nitrogen Oxides NOXx 15,680 Kglyear
Particulate Matter PM 132 Kglyear
Sulphur Dioxide S02 0 Kglyear
Unburned Hydrocarbons UHCs 195 Kglyear
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44. MG Architecture

The 2 MW MG capacity will provide electricity to almost 4,940 houses. where the
average house consumption is 3.5MWh/ year. several sites should be chosen to install REGs
and EHSS.

the MG requires two onshore wind turbines, 19,052 PV panels, and a power plant for EHSS
where the electrolyser, tanks, and FC are located near each other, without the need for hydrogen
transportation or hydrogen infrastructure.

Wind turbines can be installed in the north cityside, to give more wind potential. also, city
dwellers will avoid turbines noises. the power plant can also be installed in the northeast of the
city near to the sea. where it will be close enough to the city and wind turbines. PV panels either
can be installed in a PV solar farm or in several locations like building’s rooftops, car parking.
Converters will take a place in several location as shown in Fig 4.11

electrolvser Wind Tmbmes}

plant W

Power

Primary Load }

i
—_—

SR

® Converters

Figure 4.11 MG Architecture

4.5. Drawbacks and Recommendations

One of the most common drawbacks for any autonomous MG linked only with REGs
is the capacity shortage, where there are not enough renewable recourses for generating enough
power to meet the load demand. which will lead to blackouts for the users. this MG has 123.5
MWh/year unmet load. Fig 4.12 & Fig B.5 show the unmet load and electrical data during the
year. The longest duration of blackouts was for a hour, which can be served by supercapacitor
or lithium batteries.

There is a 10.1% electricity excess Fig B.5, the excess can be sold or charged to the batteries in
case of existing.
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FC required time to convert hydrogen to electricity. in case of sudden high demand, the FC
cannot serve the load directly. which will cause blackouts. unlike supercapacitors and batteries,
they can directly provide electricity. however, the required time for FC to start to serve the
demand is not long, supercapacitors will ensure power stability.

Transformers may be required for the high voltage out from wind turbines, whereas HOMER
Pro doesn't include this type of calculation.

The economic results are not 100% accurate, where installation costs and salaries were not
included.

The unmet load could be decreasing during the next years, where HOMER Pro software
calculates the energy production for only the first year. the hydrogen tank was almost empty at
the being of the first year and full at the end of the year, which REGs and FC could supply more
load in the first months in the second year without the need for Hydrogen production. However,
external REGs could be installed to supply only the EHSS, with upgrading the hydrogen tank
and FC capacity.
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Figure 4.12 Unmet Load
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5. Conclusion.

The project shows how the peak demand significantly affects the mix of REGs and EHSS,
where 2MW capacity has the lowest COE and power losses. Then the project has developed an
autonomous MG design with 2MW capacity by using REGs and EHSS, considering the
available potential for all-natural RE resources in Tarragona city. To supply 4,940 houses with
electricity.

The onshore wind turbine has more ability to generate electricity at a lower price compared
with Offshore wind turbines, due to the high cost of the offshore wind turbine and low wind
speed. The Mediterranean Sea has a very slow wave speed hence, wave energy was excluded.
Onshore wind turbines and Solar PV were the key players in energy-generating as shown in
table 5.1

Large scale MG linked with EHSS has a high chance to replace the utility Grid for an urban
city in the future, by creating MGs network, since the EHSS has a very high ability to supply
and ensure the power stability, where the unmet load didn't reach up 0.75% of the total load,
with expecting less unmet load in the next years, due to the high hydrogen production in the
first year. Also, there is 10% excess power, the excess power can be sold or charged to the
batteries in case of existing.

The MG linked with EHSS would provide electricity to the users with less and fixed price
during the lifetime of the project compared to the utility grid, where the electricity price is
linked to fossil fuel and gas prices. RE technologies, Electrolysers, and FC will have higher
efficiency and less cost as expected in the future, hence the COE will drop down too.

The MGs will be a promising solution in the future to achieve the government’s ambitious goal,
having zero carbon emissions from electricity generation and reducing losses in electricity
transmission.

Table 5.1 MG Elements

MG Consumption Production
Elements Unit Unit
Onshore No consumption - 19.9 GWhlyear
Offshore Not exist - Not exist -
Wave Turbines Not exist - Not exist -
Solar PV No consumption - 10.6 GWhlyear
Electrolyser 13.4 GWh/year 289,427 Kglyear
FC 270,349 Kglyear 4.5 GWhlyear
Converter 6.8 GWh/year 59 GWhlyear
Primary Load 17.4 GWhlyear - GWhlyear
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7. Appendices.

A. System Structure
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Figure A.1 Daily Load Profile
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Figure A.3 PMSG Model Schemes (Wang et al., 2014)
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GENERAL

Nominal power
Wind class (IEC)
Wind zone [DIBt)

Turbine concept

Design service life
Cut in wind speed
Cut out wind speed

Extreme wind speed
at hub height (3-second gust)
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ENERCOM storm control X
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Figure A.4 Turbine Characteristics
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Electrical Characteristics

Type LR6—72HV—-350M
Testing Condition STC NOCT
Maximmum Power (Prmax/ VW) 350 E 253.0
Open Circuit Voltage (Woc/\) 46.9 43.1
Short Circuit Current ( Isc /A) 9.68 . 7.80
Voltage at Maximum Powwer (WVmpe™) 38.2 34.6
Current at Maxirmum Powvver (Imp /A) 9.16 : T.32
Module Efficiency (94) 18.1. /

Figure A.5 PV Electrical Characteristics
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Figure A.6 I-V Curve
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Alkaline PEM AEM

Solid Oxide

Operating temperature 70-90°C 50-80 °C

Operating pressure

Electrolyte Potassium PFSA membranes Yttria-stabilized
hydroxide (KOH) Zirconia (YSZ)
5-7 molL’

Separator 2rQ, stabilized with  Solid electrolyte Solid electrolyte
PPS mesh (above) (above)

Electrode / catalyst Iridium oxide

(oxygen side)

Electrode / catalyst Platinum

(hydrogen side) nanoparticles on

carbon black

Porous transport layer
anode

Coarse Nickel-mesh
or foam

Nickel mesh (not
always present)

Porous transport layer Nickel mesh None

cathode

Bipolar plate anode Nickel-coated Platinum-coated None
stainless steel titanium

Bipolar plate cathode Nickel-coated

stainless steel

Frames and sealing

PSU, PTFE,EPDM  PTFE, PSU,ETFE  PTFE, Silicon

Figure A.7 Characterization of Electrolysers (IRNA, 2020)
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Figure A.8 FC Type (EE&RE, 2015)
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Main Power Board
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Figure 7.9 Inverter Scheme (NXP, 2011)
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Figure A.10 Rectifier Scheme (Yodwong et al., 2020)
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B. Results
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Simulation Results
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$48,528,970.00
Levelized COE: $04328

Operating Cost: §1,287,257.00

System Converter Schottel [34kW] Generic Electrolyzer Hydrogen Tank  Emissions

Cost Summary Cash Flow Compare Economics | Electrical | Hydrogen Fuel Summary Fuel Cell Renewable Penetration LONGi LR6-T2HV-350M  Enercon E-115 [BMW]

Production kWhiyr % Consumption | kWhfr | % Quantity kWh/yr %

LONGi LR6-72HV-350M | 74847434 366 AC Primary Load 8673225 878 Excess Electricity 194652884 951

Fuel Cell 405229 0,198 DC Primary Load 0 0 Unmet Electric Load 86,775 0991

Enercon E-115 [3MW] 120340383 632 Deferrable Load 0 0 Capacity Shortage 183,933 210

Schottel [34kW] 0 0 Total 0881213 100
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Renewable Fraction 100 %
IMax. Renew, Penetration 18644 %

Figure B.1 IMW MG

32



Architecture Cost

If

- e LONGI FC Electrolyzer  HTank o | Converter | NPC COE Operating cost Initial capital
w - - £-115 7| Off Schosd
AAEO By Ve Vo Vg V%Y o Vg oo V9OV 9O g OV ¥
®i. 5 FIbwmgis 2 5,000 5000 30000 3330 S70M 80120 §13aM $0.18M
4| Il
Export, Optimization Results
: Left Double Click on a particular system to see its detailed Simulation Result
Architecture Cost
LONGi FC Electrolyzer — HTank — | Converter o NPC COE Operating cost Initial capital
L i~ [ E-115 Y| Oft Scho34 ye peraing P
l A SO BB gy V|15V e Vg VIS Y gy Vo ¥ g V9OV 9O n OV ¥
[- + = Fbhwmegm 2 5,000 5,000 30000 3330 S270M  $0120  §13eM §0.18M
Simulation Results n $9.20M
. §14.8M
System Architecture: Fuel Cell {5,000 kW) Hydrogen Tank (30,000 kg) Total NPC: $27,023,160.00
LONGI LR6-72HV-350M (5,668 kW) System Converter (3330 kW)  HOMER Load Fallowing Levelized COE: $0.1202 S
Enercon E-115 BMW] (200)  Generic Electrolyzer (5,000 ki) Operating Cost $1379979.00 §163M
System Converter Generic Electrolyzer Hydrogen Tank  Emissions | 163
Cost Summary Cash Flow Compare Economics | Electrical  Hydrogen Fuel Summary Fuel Cell Renewable Penetration LONGi LR6-T2HV-350M Enercon E-115 BMW] | $174M
$17.4M
Production kWh/yr % Consumption KWhiyr % Quantity kWhiyr | % $13.4M
LONGI LRE-T2KV-350M | 10618117 303 ACPrimaryload 17306490 564 Bcess Electricty 3339023 101 4
Fuel Cell 4305819 129 DC Primary Load 0 0 Unmet Electric Load 123501 0705 '
EnerconE-1153MW] 19899982 568 Deferrable Load 0 0 Capacity Shortage 355365 203 _ §243M
Total 35023919 100 Total 30827425 100 §24.9M

Figure B.2 2MW MG
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port.. Left Double Click on a particular system to see its detailed Simulation Re
Architecture Cost System
LONGi Electralyzer | HTank Converher NPC COE Operating cost Initial capltal Ren Frac Total Fuel
l' A B0 T e Y, VY Y e Vg 0V g 0% TR e Vi OV g ¥
[! + e P b w3 5000 5000 30000 4452 $41IM  §0122 $1.55M 521.DM 100 319255
LA e P bw 10 5000 5000 30000 4452 $sTM 50136 S1EM $249M 100 31934
Simulation Results
System Architecture: Fuel Cell (5,000 kW) Hydrogen Tank (30,000 kg) Total NPC: $41,097,000.00
LONGI LRE-T2HV-350M (1,924 kW) System Converter (4452 kW)  HOMER Load Following Levelized COE: $0.1219
Enercon E-115 [3MW] (8.00) Generic Electralyzer (5,000 kW) Operating Cost: $1,551,263.00
System Converter Generic Electrolyzer Hydrogen Tank Emissions
Cost Summary Cash Flow Compare Economics | Electrical | Hydrogen  Fuel Summary Fuel Cell Renewable Penetration LONGI LR6-72HV-350M  Enercon E-115 [3MW]
Production kWh/yr % Consumption KWh/fyr % Quantity KWhiyr %
LONGi LR6-72HV-350M | 3064316 348 AC Primary Load 26071954 619 Excess Electricity 44794771 509
Fuel Cell 5320913 605 DC Primary load 0 0 Unmet Electric Load 208,046 0.792
Enercon E-115 3MW] 79599928 905 Deferrable Load 0 0 Capacity Shortage 550,314 209
Total 47085157 100 Total 42139986 100
Figure B.3 3AMW MG
Architecture Cost
m + + 20 E bw LONGl 115 V. Ofore ? ? Schost ¥ Electrolyzer v HTank v Converter NPC o v COE o ¢ Operating cost 0v Initial capital
[kW) (i) (kg) (i) ($/y) 8)
®i 5 Fbhwmos 2 5,000 5,000 30000 3338 $2mm $0. §1.38M $9.18M
L) + : @ a ﬁ - 660 2 5000 1 5,000 30000 3339 §27.1M 0120 §1.38M §0.20M
4+ & Fhw 5 5000 5,000 15000 4432 24 0044 §136M §143M
+ TOFbw 5 5000 1 5,000 15000 4452 24M 5045 §136M $140M
L) + : a ﬁ ™ 16667 1 5,000 5,000 30000 3664 $350M $0.156 §145M §163M
¥ L EOF b e 1 5000 1 5,000 30000 3664 G50M 90156 §145M §16.3M
®iix PFDwmses 1 5,000 5000 30000 3370 $5IM 90156 $137M 1740
A AEOF b mes 1 5000 1 5000 0000 3370 $35M  801%6  §13TM §174M
L : E] a ™ 50000 5,000 10,000 30000 4432 §354M $0.157 $17IM §134M
L) : @ E] ﬁ - 50000 5000 1 10,000 30000 4432 §354M $0.157 S1TIM §134M
+ 4% Fhw 5 1 5,000 5000 5000 4432 W20M S0101 §140M §24.8M
+ 4+ EOF b= 5 1 5000 1 5000 5000 4452 M 50192 $140M §249M

Figure 7.4 Proposed Systems
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H)rdmgen Tank BO.UDU kg} Total NPC: $E?,023,160.00
‘9kW) HOMER Load Following Levelized COE: $0.1202
000 kW)

Operating Cost: $1,379.979.00

Hydregen Fuel Summary Fuel Cell Renewable Penetration LOMGi LR6-72HV-350M Enercon E-115 BMW]  System Converter

Consumption kWh/yr % Quantity kWhir | %
AC Primary Load 17396499 564 Excess Electricity 3539023 1041
DC Primary Load 0 0 Unmet Electric Load 123,501  0.705
Deferrable Load 0 0 Capacity Shortage 355365 203
Total 30827425 100
Quantity Value | Units
Renewable Fraction 100 %

Max, Renew, Penetration 1434 %

Monthly Electric Production

Figure B.5 Electrical Specification
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