GETTING STARTED. MHOGA 3.4.

Updated January 18", 2024

Several example projects are shown to illustrate how MHOGA works. You can find more
information in the User's Manual (https://ihoga.unizar.es/en/descarga/)

This guide is designed to follow sequentially.

Section 42 could be done without doing the previous sections.
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BEFORE STARTING TO WORK:

MHOGA needs to run:

- Internet connection to check the license validity.

- A printer (physical or virtual) installed in the computer. This is necessary to print the reports.

You can install a virtual pdf printer, for example the free doPDF (http://www.dopdf.com/es/)



http://www.dopdf.com/es/

1. Create a new project.

In the top menu, click Project->New.

The first time we create a project, MHOGA asks us if we want to change the default currency
(which is EURO).

Confirm .

Do you want to use as default currency in iHOGA a currency different from EURO (€)7

- If you want a default currency different from EURO (€), press 'OK

- If you want to keep EURO (€) as default currency, press 'Cancel’

Cancel

This starting guide is prepared with the EURO currency, so we have left the EURO as the default
currency, by clicking “Cancel”. However, if you prefer another currency you can click on "OK"
and change the default currency to another by following the steps on section 3 of the user
manual (https://ihoga.unizar.es/en/descarga/). In that case the economic results that will

appear later in this guide (in €) will be different from yours (in another currency).

After selecting the default currency, a window appears where we must indicate the location of
the project and its name. MHOGA projects are files with extension .mho.

The full path from the root directory to the file .mho that will be created

should not contain more than 60 characters, otherwise an error may occur.

A Create new project X
Guardaren: | u DATOS (D} | e EA-
Z} MNembre Fecha de modifica.. Tipe *
| 8m.mh 26/05/2021 12:39 Archi
Acceso rapido J mmne § e !V
|| 7m.mho 26/05/2021 7:10 Archiv
= | J6m.mho 26/05/2021708  Archiv
Escritorio || 5m.mho 26/05/2021 7:05 Archiv
|| 3m.mho 26/05/2021 7:02 Archiv
(| || 4m.mhe 26/05/2021 T:02 Archiv
Bibliotecas | | 10-5G170-6.0.mho 26/05/2021 7:02 Archiv
I.\j || 2M.mhe 26/05/2021 6:53 Archiv
= || 1M.mhe 26/05/2021 6:43 Archiv
EEErm | ] 1.mho 26/05/2021 5:52 Archiv
|\_,]$ | | solidera2.mho 25/05/202113:13 Archiv
Red || 11.mheo 23/05/2021 9:29 Archiv
12.mho 21/05/2021 16:31 Archiv ¥
< >
(I [1HOGAT | | Guardar
Tipo: |MHOGA project (" mho) ﬂ Cancelar

In our case we create it directly in the root directory (or in the folder where you want provided
the full path should not be longer than 60 characters) and call it “MHOGA1.mho”, then clicking
on “Save”.

The file MHOGA1.mho will be created in the folder selected, and a folder with the same name
(MHOGA1) will also be created. If, later, after closing the project, you want to move or copy your
project to another folder or share it with another person, you must move / copy / share the .mho
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file and also the folder with the same name (in this case, you must move / copy / share
MHOGA1.mho file and MHOGA1 folder).

We can choose general options of the project (upper menu Project-> OPTIONS):

¥ Project: DAMHOGAT.mho

Project Data Calculate Data
[ New
& Open
E Save Ctrl+S
E Save as

Save as Default Project

OPTIONS

Restore Original Tables
Create Tables backup
Restore backed up Tables
Restore Default Currency

Fl Exit

A window appears, where:

In the Simulation and optimization selection, we can select that the simulation is just for one
year (extrapolating the results of that year, by default) or multiperiod, simulating the whole
lifetime of the system (by default 25 years). We leave the default value.

MAIN OPTIONS:

Simulation and optimization:

@ Simulation of the 1 styear and extrapolate results
() Multiperiod: simulate all the years of the system |ifietime wears)

Economic optimization:

() Minimize Net Prasent Cost (MPC), usually for affgrid systerms and high load an-grid

(@) Maximize Net Prasent vValus (MPY), usually for low lnad of no-load an-grid systams > @ Max. NPY

Min. LCOE
[ Detine Wind Farm with 16 power curves, one for each wind direction sector O

[]DC renewable include own chargsr and contrallsr
Mumber of decimal places in results of costs 3 ~

MNumber of decimal places in results of energy El ~

Ok

In the Economic optimization selection, we can choose between minimizing the net present
cost (NPC) of the system (for off-grid systems of grid-connected systems with load) or
maximizing the net present value (NPV) of the system (for grid-connected generators without

load or with low load, as default).

We leave the default value. For maximizing NPV projects, we can choose between maximizing
NPV (default) or minimizing LCOE, we leave the default value.

We click OK.

The default project is a Photovoltaic-Battery grid-connected generating system, without any
load consumption. However, later we can change any of the data that appears by default.
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+f LOAD/AC GRID GENERAL DATA' OPTIMIZATION CONTROL STRATEGIES FINANCIAL DATA RESULTS CHART

COMPONENTS
RESQURCES MIN. AND hAX. o COMPONENTS IN PARALLEL: OPTIMIZATION PARAMETERS SELECTED BY:
| PY Gen.
+ S0LAR Bateries in parallal: Min l:l hax. @ HOGA O UsER
WIND [ wind Turbines P gen. in parallel: Min D Mex Maximum execution time:
HYDRO [THydro T 1 1 D h. min. Parameters
COMPONENTS . 1 1 [ Minirum time for the Gienetic Algarithms
o PVGEN [] Battery bank
Simulation:
\WIND TURE: [ 1Backup Gen. Step (min) Simulation starts
Canstraint under NFY maxmization E' El
HvDRO TURE. B0 v hour day| month |1
Inverter/char. Max investment cost | 1E10 213
+f BATTERIES
hin. Capacity Factor D % []Pmax_sell
+ INVERTER/CHAR. [JH2 (F.C.- Etyzer)
Max land use 1E10 ha | Data
BACKUP GEN
H2 (F.C.- Elyzer)

\Water Pump in Load/AC grid

Devattage [l |kv [J50cs
ACValtage Ky

FRE-SIZING

Energy storage D days autan
[IMex bat parallel-> Cn min

[CIMex PV gen. parallel -> P min o ‘@
Max Wind T. parallel-> P min AC
Inverter/Charger Load/

Max AC Gen. parallel-> Pmin (Bi-directional

inverter) grid

Sensitivity Analysis
Battel

<

Probability Analysis
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2. Type of system.

By default, the system to be optimized would be the grid-connected photovoltaic generator with
batteries, evaluating different combinations of systems.

We are going to assume that we are also interested in testing combinations with wind turbines,
that is, that the system can be photovoltaic-wind-batteries.

In the main screen, in the default tab (GENERAL DATA), we click "Wind turbines", this way the
system will also consider them.

GENERAL DATA | oPTIMIZATION | CO

COMPONENTS
PY Gen.

Hydro T.

Backup Gen.

Inverter/cha

v
v
E
[+ Battery bank
=
v
E

H2 [F.C. - Elpzer. ]

In the group of buttons on the left, the buttons "WIND" and "WIND TURB." are enabled, showing
the "!" symbol indicating that data must be entered for wind speed and wind turbines.



1l Project DAMHOGAT.mhe

Project Data Calculste DataBase Report Help

+f L0&D / AC GRID GENERAL DATA |1

RESOURCES COMPONENTS
-+ SOLAR ¥ PY Gen.
* WIND
COMPONENTS I Hydre T.
«f PYGEN

¥ Battery bank

< ' WD TURE. | |
é [~ Backup Gen.
«f BATTERIES ¥ Inverter/cha

+ INVERTER/CHAR. [ H2[F.C. - Elpze

Water Pump in Load/AC grid

3. DC and AC nominal voltages.

In the main screen, under the components buttons (central left zone), the nominal DC and AC
bus voltages of the system are defined. DC bus voltage will be the voltage of the battery bank.
Let's use the ones that appear by default.

DC Yaltage |1 kv [ 50Cd
ACWoltage |20 kW

If the check box "SOC d." is marked, the DC voltage will vary depending on the state of charge
(SOC) of the lead-acid batteries, situation more similar to the real one than if we consider DC
voltage is fixed (without marking that checkbox). However, as we will use li-ion batteries, we will
leave this check box unchecked.

4. Load data and options to purchase / sell electricity to the AC grid.

By clicking on the "LOAD / AC GRID" button, we can modify the load data (electric demand AC
and/or DC, hydrogen loads for external consumption or water consumption pumped from a river
or a well to a water storage tank) and the data of purchasing and selling electrical energy to the
AC grid or selling surplus hydrogen.

i Project: DAMHOGAT.mho

Project Data Calculate DataBase Re

« LOAD /AC GRID | GEMNE
RESOURCES COb
o soeR | v I

! WIND |

| .

Into the window of the LOAD / AC GRID, click in the tab “AC LOAD”:

V' Load and options of Selling / Purchasing Energy from the AC grid - m} X

Data source: Hours AC oc H2 Water

(O Monthly Average @ Load Profile () Import File (MW, tH2/h, dam3/h) 2~ CEEn T 0 1 7

Export
hinutes- 1 per row Impart ol

AC LOAD (MW) DC LOAD (MW) H2 LOAD (tH2/h) WATER (dam3/day) FROM WATER TANK PURCHASE/ SELLE




By default, the load demand is zero, there is no load consumption in our system. By default, the
load profile “Zero” is selected, this means no load consumption. The default tab shown is the AC
LOAD (MW), we see this load is O for all the hours of the different months. If we click in the
different tabs of DC LOAD, H2 LOAD and WATER, we see there is no load (in the WATER tab the
daily water consumption in dam3/day is O for all the months).

V' Load and options of Selling / Purchasing Energy from the AC grid - ] X
Dala source Hours AC oc H2 ‘Waler
Minutes- each hourin 1 row e Export

(O Monthly Average @) Load Profile () Import File (MW, tH2/h, dam3/h) R 1t 1 per row

AC LOAD (MW) DC LOAD (MW) H2 LOAD (tH2/h)  WATER (dam3/day) FROM WATER TANK  PURCHASE / SELLa

Manth 0-
JANUARY
FEBRUARY
MARCH
APRIL

MAY

JUNE

JuLy
AUGUST
SEPTEMBER
OCTOBER

<\
Scale factor for Monday to Friday: Scale factor for the weekend!

I Load profile: | Zera b I
Add load profile
WVariahil
ariakhility AC oe e

Draily ariahility D %
Hourly Wariahility El %
Minutes Yariahility - %
Correlation minutes

Generate ACload pnwerlacmr(cnsﬂ)'
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AVERAGE LOAD IN DECEMBER (included scale factor), TOTAL 0 MWh/day
|!7 W ACload W [] DCload & M H2 (HHV) [ B Water (E pumped) |

MW
=

0 6 12 18
Addlosdot [0 |MWAC v |duing 5 |min hour
Repeat eve
[ap—— El hDurElday- monlh - D P Ty | AC max. hourly active power load in the year (inc. AC purnping): D MW Max in 1/2 hintervals: 0
- days Average hourly AG power. Active 0 Myw: Aparent 0 MyA

oK = Graph In steps of 60~ hnin DC rax. hourly power load in the year: 0 kW, DC power hourly average 0 M
—

Awverage hourly value of (Energy_DC_hourly/Energy_Total_hourly): DC Factor = 0%
l Avemse dailx load = 0 GWh‘da: '

At the bottom of the screen it is shown the average daily total load, which is now 0 GWh/day.

We could use a different load profile (selecting it where now is “Zero” selected), or we could
change the load of the different tables or we could import a file with the load (see the user
manual for details). However, in this case we will suppose there is no load and we will not add
any load.

To see the options of purchasing and selling electricity to the AC grid, click on the last tab
("PURCHASE / SELL E").

ACLOAD (MW) | DCLOAD(MW) | H2LOAD(tH2ih) | WATER (dam3/day) FROM WATER TANK PURCHASE/SELLE }

AC GRID AVAILABILITY

[~ Purchase from AC grid Unmet Load (Non Served v Sell Excess Energy to AC glidl
Energy by Stand-alone system) -

. Priority to supply E not covered by renewables:
o Fixed Sell Price [E/kiwh 012
W Fired Bup Pice (6] [015 b e By J Ny
_ [~ Pr.zell=pr. buyx |1
Annual Inflation (%) Emizsion [kgCO27kW h]:

ml 3 = [~ Sell surplugz H2 in tank [difference
3 04 - between the H2 in the tank at the

[ Ficed Proa (M) Ficed Cost P [£4W 1] Maw. PoweiMw] [ =Pmax buy epdiofthelveafandiatith elbeainnire)
30 Options E rerqy Generation Charge [Transfer Charge) Price [£/k'Wh

10 3
Aceess Charge Price [E40WH I W Fired Transter price [£2kWh) |0.0005 l |

[v Fired Access price [€/KwhH) |0 Self-consumption and Met Mettering:
Back-up Charge Frice [/kinh ~|

I¥ Fixed Back-up price [E/kwh] |0 Cost of net metering service [£/kiwh] |0
[The cost of the back-up toll wil be added to the E purchased) Buy-back: Export E is paid at [£wh) |0
Total tax for electricity costs (buy + charges) (%) ‘El ITotaI tax for electricity sold [%): |El I




By default, the purchase from AC grid is not allowed (the box "Purchase from AC grid Unmet
Load ..." is unchecked) therefore our system won’t import any power from the grid. We don’t
need it as there is no load, however, in projects with load consumption you should check that
box so that the system could import power from the AC grid.

By default, injecting and selling electricity to the AC grid is allowed (the box "Sell Excess Energy
to AC grid” is checked). There is a fixed default price for the electricity sold to the AC grid (0.12
€/kWh), with a 3% annual inflation and a maximum power for the grid-connection of 30 MW.
Also a fixed transfer charge of 0.0005 €/kWh is applied (default for generating systems in Spain,
where this amount must be paid by the generator for each kWh it injects into the grid). Also no
net metering policy is applied and no taxes area applied.

In all MHOGA data boxes, the decimal spacing must be entered as defined in the Windows

environment. The computer with which this guide was made has in Windows the decimal spacing

as the dot (".") so for example the fixed sell price is “0.12” €/kWh; if your computer uses comma

as decimal spacing, you will see “0,12” in that box.

5. Hourly price and other options for the electricity sold to the AC grid.

We can change these values related to the electricity sold to the AC grid.

Now let’s suppose that the electricity sell price is hourly (real time pricing tariff) and it has high
differences between the minimum and maximum hourly price of each day. This hypothetical
hourly price file can be downloaded here:

http://ihoga.unizar.es/Desc/Hypothetical hourly pirce.zip

Download and unzip, you will get “Hypothetical_hourly_pirce.txt” file.

In the LOAD / AC GRID window, PURCHASE / SELL E tab, uncheck “Fixed Sell Price” and click in
“Hourly Price” button.

AC LOAD (kW) l DC LOAD (kW) ] H2 LOAD (tH2/h) l WATER (dam3/day) FROM WATER TANK PURCHASE/ SELLE l

[~ Purchase from AC grid Unmet Load [Non Served [v Sell Excess Energy to AE grid
Energy by Stand-alone system)

F'norlty
niz
% Fixed Buy Price [£/KWh] IF [F Fized Sell Price [€.-"kWh] Hnurl_l,l Price & sic
[~ Prozell=pr. buyx ,1_

Annual Inflation [Z]: Emizzion (kgCO2/ kW h):
|3— ,047 Annual Inflation [%]:,3— r g;’::
¥ Fixed Pmax (Kw) Fixed Cast P /KW /) Max. Powerlkiw]  [30° [~ =Pmax buy end
’T Options I— Energy Generation Charge [Transter Charge] Price (€W h m
Access Charge Price [£/dWh] W Fixed Transfer price (£/kWh] ,W
[v Fixed Access price [E4whH] |0 ‘ Self-consumption and Met Mettering:
Back-up Charge Price [£&MWh |Nu:| Het Metering j
¥ Fixed Back-up price [E4wh] |0 Cinzt of net retering service kMW ] ID—
[The cost of the back-up toll will be added to the E purchased) Buy-back: Expart E is paid at (£/Wh) ID_

Tatal tax for electricity costs [buy + charges) [£] |0 Total tax for electricity zold (%] |0
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v Sell Excess Energy to AC grid

| Fixed Sell Frice [£/kwh)]  [0.12 l Haurly Price l

—

= rmn. .-n - L.

When clicking in “Hourly Price” button, a small window appears, where you can import the
downloaded hourly file. Click in “From file (8760 hourly values)” and click in the button “Import
hourly file” and import the “Hypothetical_hourly_pirce.txt” file you downloaded.

When MHOGA imports a file, the decimal spacing of the values of the file must ALWAYS BE DOT
(.). If you open the downloaded file, you will see the dot as the decimal spacing. Even if your
computer uses comma as decimal spacing, in the files that MHOGA will import the DECIMAL
SPACING MUST BE DOT {(.).

HOURLY PRICE OF THE ELECTRICITY SOLD TO AC GRID

Hourly Price Data [£/AMWh]
" Hounly, all days the zame

[{.‘ Fram file (8760 hourly values]  mpont hourly Price |]

T Hourly Feriods

0K

After importing the file, you can click in the button “Draw” and see the hourly sell price:



VIl Graph - o x

Price of the electricity SOLD to AC grid

3 0.16|
£ 014
0.12]
01
0.06|
0.06|
0.04f
0.02f
3 [} 9 12 15 18 21 0
1 January
L] ol
Sell price: Average 0.06 £/kwh; Max 0.323 £/&KWh; Mir: 0.001 £/kMw/h, Days display

In all the graphs, you can do zoom in the graph with the left button of the mouse, selecting an
area of the graph; later you can undo the zoom with the right button of the mouse.

We can see that average hourly price is 0.06 €/kWh, its maximum is 0.329 and its minimum
0.001 €/kwh.

Click “Back” and then “OK” to return to the options of selling electricity to the AC grid.

Let’s suppose that the annual inflation price of the electricity sold to the AC grid is 2%, we change
it. Also, the maximum power to be injected to the grid (the limit of the injecting point) is 23 MW
and the transfer charge is 0, we change these values. We leave the taxes in 0%, therefore we
suppose the hourly price we introduced includes taxes.

v Sell Excess Energy to AC grid

[~ Fixed Sell Price [E/kWh) 01z Haurly Price
[~ Prosel=pr.bupx |1

[ Annual Inflation (%] |2 ]
Maw. Power(bwf] |23 | =Pmax buy

Energy Generation Charge [Transfer Charge] Price [€4Wh

[w Fized Transfer price [EAwh) |0

Self-consumption and Net Mettering:

|N0 net mettering ﬂ
Cost of net metering service [£/wh) ID—
Buwback: Export E i paid at i6Acwh) [0

Total tax for electriciy zold (%) |0

Now we have defined everything we need of LOAD / AC GRID, so we can return to the main
screen of the software by clicking in “OK” button (left bottom corner).

Remember to save the project periodically (in the main screen, upper menu Project-> Save):

10



Wl Project DAMHOGAT.mho

Project Data Calculate Data B:

0 New
= Open
g

W Saveas

Save as Default Project
OPTIONS

Restore Original Tables
Create Tables backup
Restore backed up Tables
Restore Default Currency

E_Ex\t

6. Grid-connected battery management.

In the main screen, CONTROL STRATEGIES tab, we can set the options for control strategies. The
left part of this tab (global strategy and variables to optimize relative to the global strategy) is
only used when there is consumption load: the control strategy selects which component must
supply the load when the renewable sources cannot do it, etc. This has no sense in the cases
without load consumption, therefore in our case we will not consider anything of this.

In the right part of this tab we can set the management of the grid-connected batteries, as we
have in our project batteries and grid connection.

We can set the conditions so that the batteries will be charged by the AC grid and the conditions
to discharge them, in terms of electricity price. As the checkbox “(Sell price)” is checked (by

default), the electricity price to be considered in the control strategy is the sell price, and this

also implies that batteries will never be charged from the grid (they will be charged just from

the renewable sources), even if the purchasing electricity price from the grid was lower than the

limit.
1\l Project: DAMHOGAT.mho - ] b4
Project Data Calculate DataBase Report Help
" LOAD /AC GRID GENERAL DATA | OPTIMIZATION | CONTROL STRATEGIES 1 FINAMCIAL DATA | RESULTS CHART
RESOURCES CONTROL STRATEGY AND VARIABLES TO OPTIMIZE
o SOLAR Global strategy: System with batteries and grid connected
o WIND ' Load Following v Batteries are charged by the AC grid A/ discharged if: [ [alzo far Elyzer.-> H2]
Q " Cycle Charging ¥ Continue up ta 50C stp Frice E<= |0 £/kWh /4 Price E>= (011 /wh [ D-% W (Sell price)
COMPONENTS " Tiy Both [ Optimize strategy of grid-conneted batteries:
VARGEY Variables lo oplimize relalive to the global stralegy:
~ WIND TURE r r r
r r I [ ¥ Batteries can inject electricity to the AC grid]
= = r r [~ SO0Cmin
[ BETTERIES - - - I 1 day at low 50C -> charge battery Batteries availabilty
+f INVERTER/CHAR ™ When batteries are off, compensate autodisch.
= | Fir varishles | Variables accuracy: [5 =100%
By default:

e The batteries never charge from the grid (“(Sell E)” is selected) and they will never be
charged from the renewable sources (they would be charged when sell price E < 0
€/kWh, that is, never); however, they will be charged from the renewable sources when
the renewable power is higher than the maximum power that can be injected to the AC
grid (defined in previous section, 23 MW) with the surplus power.

e Batteries are discharged, injecting electricity to the grid (“Batteries can inject electricity
to the AC grid” is selected) when the price of the electricity sold to the grid is higher than
0.11 €/kWh.
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Therefore, the batteries will only be charged with the power from the renewable sources that
cannot be injected to the grid, if it is higher than 23 MW (the maximum power allowed to inject
to the grid), and the batteries will inject their energy to the grid when the sell price is higher
than 0.11 €/kWh.

7. Irradiation data.

In the main screen, by clicking on the "SOLAR" button we can modify the solar resource data.

1 Project: DAMHOGAT.mho

Project Data Calculate Datal

RESOURCES
( + SOLAR |
i

The following screen appears:

1 SOLAR RESOURCE — ] e
Latitude (%) (+N, §): [41.66 Get data from local DB | H1: PV panels slope [1): {35 : PV panels Azimuth ():|0
i ' pane 5 0
Longitude (%] [+£. W] : ['U 8 Download hourly data | -
PV gen. #1:/100 % Ground Reflectance: |0.2
Locate on map | ‘ Download NASA monthly data Optimal Slopeftl [ Optimize PY#1 panels slope dunng the optimization of the systerr
Data source Steps
& Monthly Average ¢ Impart from File @ - [
[~ Generation of P gen. [MW) narmalized to 1 Mwp o |1 -] M
[equivalent to iradiance kiwW/m2 x PR) c M
Data Source for Monthly Average D aily liradiation: | Radiation Harizontal Surface (Kwh/m2) 3 Calculation Method for Hourly Iradiation:
Irladlat_lun Irrad!allon BTG Wz} " LiukJordan " Etbs et al
av. horiz. s. av. tilt s. )
Joruary TR 312 kwh/m2 @ Collares-Pereira & Rabl " Graham
Februray |3.02 454 Kwh/m2 Summer:
MONTHLY AVERAGE DAILY IRRADIATION, HORIZ. | TILTED SURF. .
March 4.32 5.46 kWh/m2 Official hour advances:
Apiil 519 5.6 KWwWh/m2 |2_ hi to salar hour
Map 536 5.79 Kih/m2 From day [30_
f th
June  [569 £.11 kwhim2 ol month [3
25
July 6.76 5.27 Kiwh/m2 Tods [
of month IT
August 58 5.99 kwWh/m2
September |4.53 5.33 kwh/m2 ‘Winter:
Official hour advances:
Octaby 3.02 411 kwh/m2
crener " l‘l_ hto solar hour
November |2.05 316 kWh/m2 MONTH
D ber |1.59 2.61 kwWh/m2
cesmuEt ™ Force [0 cloudy consecutive days (only difuse iradiation) in manth |Januaw v
SHADDWS | Daily Average Inadiation (Horiz. Swif} 4.2 Kwh/m2 Daily Average Iradiation (Tik Swf ) 4.84 Kwh/m2
Total Annual Iradiation (Horiz. Swif.)  1535.51 Kwh/m2 Total Annual Inadiation (Tilk Swf.)  1763.82 KWwh/m2
Scale factor [« by) |1
Wariability minutes: correlation factor: |U.9 ; std. dew.: |D,2 Update minutes
0K | Calculate | = Gisphinstepsof |[60 v | min. Export tited | Export horiz. ‘

Within the irradiation screen, we must indicate the latitude and longitude of our location (left
top corner). If we know them, we indicate them directly.

If we do not know them, we can obtain them directly with the button "Locate on map" (the first
time they must introduce a Google Maps JavaScript API key, which can be obtained free of
charge as shown in the user manual, section 3.3.2), then Google Maps open in your web
browser, you click in the location, click in the “Confirm” button of the web and go back to
MHOGA, irradiation screen, and click in “Update coord” button, then the coordinates are
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updated to the value of the location selected in the web (more info in the user manual, section
3.3.2).

If you don’t want to use that option, you can search in https://www.google.com/maps the

location, once found, click the right button and you will see the latitude and longitude.

{ oc s )

28.06063,-15.51512

Ruta desde aqui

(G215} uta b )
en Ruta hacia aqui
. ué hay aqui®
o ey "Q i Que hay aqui?
de Vient &
lag Nieves Buscar en alrededores

Imprirmir
Anadir un sitio que falta
Afiadir tu empresa

Notificar un problema con los dat.

| Medir distancia

L

Macils

Suppose that the system will be near Las Palmas de Gran Canaria, latitude 28.06 ° (north,
positive) and longitude -15.5 ° (west, negative). Enter these values (top left corner of the screen):

Latitude [*] [+N. -S] :
Longitude [2) [+E. N

Get data from local DB ‘

Download hourly data ‘

Locate an map | ‘ Download MASA monthly data ‘

MHOGA can download resources data (irradiation, temperature, wind speed) from:
- Monthly average data:

-NASA POWER (https://power.larc.nasa.gov/) for a specific year

- Local database: monthly average values of 22 years from NASA (if you have installed
the database)

- Hourly data:

-PVGIS (https://re.jrc.ec.europa.eu/pvg tools/en/tools.html)

-Renewables Ninja (https://www.renewables.ninja/)

- NASA (https://power.larc.nasa.gov/)

First we will use NASA monthly average data.

Then click on "Download NASA monthly data". A window appears asking us what data we want
to download (we can also choose the year of the data to be downloaded):
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Data to download: Year | 2019 vl

v Monthly Average Iradiation
v Monthly Average Temperature [ For Bat,
v Monthly Average Wind Speed
[v At10m height [v Consider roughness
[~ At 50 m height
v Wind Speed Weibull Shape Factor
v Altitude above sea level

oK \ Cancel

We use the default values (2019 data) and click "OK". After some seconds (be patient, it can take
even 30 seconds) the confirmation of the downloaded data appears:

HOGA

Data downloaded from https://power.larc.nasa.gov

Data updated for lat. 28.06, long. -15.5, year 201%:

-Monthly average daily irradiation: 3.6 4.92 5.38 6.28 5.86 7.26 6.02 6.21 5.92 4.33 3.58 3.44 , Average of the year: 5.23 kWh/m2/day

-Monthly average temperature: 17.59 17.94 17.77 18.46 19.4 20.92 21.66 22,37 22.37 22.01 20.46 19.17 . Average of the year: 20,01 °C

-Monthly average wind speed at 10 m height: 4.73 4.39 5.12 4.65 5.49 4.61 6.97 7.05 5.48 4.86 6.33 4.57 . Average of the year: 5.35 m/s. (Converted
from downloaded data of land type airport)

-Wind speed Weibull shape factor (from local database): 2.9

-Altitude above sea level: 109 m

Note that these values are average values of year 2019 for 12 lat x 12 long. around the location
(solar data source is a global 1° x 1° latitude/longitude grid while the meteorological data sources
are %5° x %° latitude/longitude grid). Weibull shape factor will only appear if you have previously
installed the local database, available in the download area of the iIHOGA / MHOGA website (not
necessary at the moment).

By clicking "OK", we return to the irradiation screen.

In this screen the average monthly data of irradiation in kWh/m2 have been updated:

liradiation

av. honz. s.
January  [B6
Februray IT
March W
Api E
May W
June IT
wy o [Foz
August Ir
September W
October IF

November |3 58
December |3 44

If NASA database fails (server error), you can use the local database of iHOGA (you must
have previously installed the database by downloading and executing the self-extracting
rar file “RESOURCES-ENG.exe”, installing into the iHOGA installation folder, subfolder
“RESOURCES”. (Availalbe in https://ihoga.unizar.es/Desc/RESOURCES-EDU-eng.exe ).
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To use the local database, in the irradiation screen, click on the button “Get data from

local DB”.

Let’s suppose that we want to use 22-year average data, instead of the data of a specific
year. Then we should use the local database of iHOGA. If you do not want to install it,
just modify manually the values with the following data (they are slightly different from

the downloaded for 2019):

December

i
We could use as input data source data a file with data of global irradiation on horizontal surface
(hourly values, file of 8760 rows, in each row the value in kWh/m? of each hour), a file with data

in minutes (inclined surface) or average monthly data (12 data, one for each month, in different
formats).

When downloading from NASA (monthly values) we obtain average daily data per month in
kWh/m?, so we don’t change the default option "Monthly average", Radiation Horizontal
Surface (kWh/m?).

— 1
['ata sowrce T
i Monthiy Average Import from File = = i
[/ Generation of PV gen. [MwW] normalized ko 1 kwp (5 1
[equivalent to iradiance kw /m2 « PR =

Data Source for Monthly dverage Daily Inadiafian: | Radiation Horizontal Surface (Kw'hémz) + loulation Method for Hourly Iradiation:

Irradiation  Irradiation : ———— 7 Liy & Jordan " Erbs et al
f]
av. horiz. s_ av. hilt 5. PV UEEHFE TR E .M .
Janvary  [B5T 312 Khimz * Collares-Pereira & Rabl Graham
— FETEEEL

In this case we will assume that there is no solar tracking system (modules with fixed orientation
and slope) and we will use the method of calculation of the hourly irradiation of Collares-Pereira
and Rabl (default values).

We must indicate the slope and the azimuth of the photovoltaic modules. You can use two zones
for the PV generator, with different slope and azimuth, PV gen. #1 (100% default) and PV gen.
#2 (0% default). By default, all the PV modules will be in #1 (100%), but we could change it. We
leave 100% for zone #1 as default, defining 352 for the slope and 02 for the azimuth (that is,
south oriented).
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#1: P panels zlope [E]F"-.-" panels Azimuth d]ﬁl
G0 1]
PY¥ gen. #1:2 Ground Reflectance:

Optimal Slopet Optimize PYH1 panelz zlope during the optimization of the spstem

The optimal azimuth will be 02 (for northern hemisphere, that is, orientation towards the south)
but maybe the slope is not optimal. The optimal inclination for our case will be obtained by
pressing the button "Optimal slope#1". After some seconds (please, be patient), the screen

shown below is shown:

1l Optimal slope for PV panels - ul X

Averaqge daily imadiation for each month and for the whole year. Slope: 0, 15, 30, 45, 60, 75, 90" and optimal

Azimuth [09) iz optimal for northern latitudes

Fiad, 0 (kwh/day] | Fad. 152 (Kv/hday]| Frad 300 (kwhedsy]| Fad. 458 (kwh/day) Fad. 602 (kiwh/day] Rad. 752 (Kwih/day)| Rad. 908 [kthday]‘ Slope Opt. (%) [Rad. Slaps Opt. [Kwh/dd

Jaruary T (642 504 539 542 513 155 54 544
Febuary 137 516 5E7 585 ] 521 143 5 585
March 55 506 628 615 556 455 379 32 629
i 639 557 638 583 497 388 262 15 657
Map ] 571 619 533 4% 301 179 0 ]
June 68 5.48 586 4932 304 263 1.54 0 68

iy 655 5.32 578 494 33 278 169 0 655
lbugust |47 B.52 52 555 461 348 224 g 654
September 5532 E37 645 517 553 159 341 % a7
October 483 561 607 616 552 533 443 42 619
Novermber 37 459 518 549 548 515 452 52 553
December 329 415 478 5714 522 1953 447 56 523
WHOLE YEAR  |5.36 575 582 556 504 425 328 26 504

Manth of lowest imadiation over horizontal surface is DECEMBER
Optimal slope to maximize the imadiation in DECEMBER (fixed PY modules] is 56 2
DOptimal slope for the whole year [no load, fix modules) is 26 *

3 Back

On some occasions, the progress bar stops and it seems that the program does not respond, be
patient and wait until the screen shown below appears. If the screen does not appear, but the
main screen of the program appears, click on the MHOGA icon in the Windows taskbar (lower
part of the computer screen) and the screen shown will appear.

Irradiation for slope 0, 15, 30, 45, 60, 75 and 902 and for the optimal slope is shown for every
month and for the whole year.

In generating systems (as our case), with no load, in red it is shown the optimal slope for
maximizing the PV generation during the whole year, in our case 262.

We click “Back” to return to the irradiation screen. A message appears showing that the slope
of the PV modules has been updated to the optimal value. We see the change in red.

#1: PV panelz slope %) ;|26 : PV panels

T

PY gen. #1:100 % Ground B
il r Optimize PYH1 pane
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Shadows that affect our PV generator must be defined before calculating the irradiation or
before downloading data from PVGIS or Renewables Ninja.

By clicking the button "SHADOWS" (down left) we access a window where we can define the
existing obstacles that can shade the photovoltaic modules. Suppose that between -75 and -90°
azimuth exists a 40° elevation obstacle, and that this obstacle eliminates 50% of the direct
irradiation (because it occupies the middle of the strip between -75 and -90° of azimuth), we
introduce these data:

For each range of azimuth, indicate el ion of obstacles [*] and the percentage of reduction in direct imadiation:

Azimuth;
ML m 85 180

45
. B TN -30
Obstackeseevation (2| [0 [0 _|[0 |0 [[o | [N O O
Feduction in direct imadiation (%] E’

. Fom ) 0(8) 15
Azimuth;
S PO I TS

30 45 &0 75 135

45 &0 75 90 150
Obstackesdevation) 0| [0 [0 _J[0 o J[o J[o J[o Jfo J[o J[o ][]
Reduction in direct iradiation [%]

OBSTACLES ELEVATION (*) vs AZIMUTH (®)

Form (% -180(N) -165 150 435 420 05 A0 75 60
135 120 105

Elevation (")
£ [=r] 2]
= 8 &
1

=]
=

=

-165 -150 -135 -120 -105 80 -75 B0 -45 -30 -15 0O 15 30 45 60 75 90 105 120 135 150 185 180
Azimuth (*)

For reference solar trajectories are shown for winter and summer solstices for latitude 28,082

0K

By clicking "OK", we return to the irradiation screen.

We are using irradiation in monthly average values. The software must convert it to hourly
values and later in minute values so that any time step can be used in the simulations and
optimizations.

Before clicking on the “Calculate” button, we must define how the irradiation values of each
minute will be obtained, since a first order autoregressive model is used. We must indicate the
correlation factor and the standard deviation (kW/m?2). We use the default values (down left):

Wariability minutes: comelation factorrm: ; zhd. dew.:

Then click the "Calculate" button (down) to obtain the 8760 values of hourly radiation on the
tilted surface (26°) and for all the minutes within each hour:

Calculate | B0~ [min Export hariz. Export tilked

The software also calculates the irradiation of the back surface (needed if we would consider

bifacial PV modules) and the direct irradiation over the tilt surface (needed if we would consider
concentrating PV, CPV).

After calculation, it is shown (above the button Calculate) the daily global average and annual
irradiation on horizontal surface and on tilted surface, the total annual irradiation over the back
surface of the modules and the total direct irraadiation over the titl surface, for CPV (note that
the user can obtain values slightly different because a correlation factor and standard
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deviation have been applied, implying that a randomness is applied; it will also happen in the
next sections).

ity Awerane Irradiation (Horiz, Surf): 525 kwhfm?2 Daily Average rradiation (Tilt Surf): 575 KWhim2
Total Annual Irradiation (Horiz. Surf): 19195 kWwh/mE Total Annual Iradiation (TiltSurf): 209917 kéwhim2
Annual lrr. Back surface / Directfor CPY: 143.43 kKWh/m?2

r std. dev: |02 Update minutes Import Back (hourly, tilt) Import Direct (hourly, tilt)

Calculate {= Graph in steps of 60 = in. Export G. tilted Export G. horiz.

The "Graph in steps of" button is enabled. The display can be in intervals of between 1 minute
and 60 minutes.

We use 60 minutes and when clicking in "Graph in steps of" the representation of the global
irradiation on the inclined surface (262) in shown in green, the irradiation on horizontal surface
in red (without random variability), the direct irradiation over the tilt surface (for CPV) in blue
and the global irradiation over the back surface in teal.

V' Graph - O b4
Irradiance
1.000
900
800
700
E 600
E
400
300
200
100
0 3 6 9 12 15 18 21 0
1 January
— Horizontal surf. Global. Azimuth 0°, slope 26 | Direct (CPV) | Back surface (for bifacial) |
< >
Days display,
Global Horiz Global tilt Global Back tilt
Back

If we change the days of visualization to 365, we see the distribution of the irradiation during a
whole year:
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Irradiance

Wim2

January - December

— Horizontal surf. |— Global. Azimuth 0°, slope 26* I— Direct (CPV) |— Back surface (for bifacial) |

Global Horiz Global tilt Direct tilt Global Back tilt

We change again the days of visualization to 1, we return ("Back" button) and change to 1
minute and click again on "Graph in steps of" button, after some seconds we obtain the graph
in minutes of the global irradiation on tilted surface, the global over the back surface and the
direct over the tilted surface.

Irradiance

1.200
1.100
1.000
900
800
700
600
500
400
300
200
100

Wim2

1 January

— Global. Azimuth 0°, slope 26° [— Direct (CPV) |— Back surface (for bifacial) |

< >

Days disples

Global tilt Direct tilt Global Back tilt

By clicking "Back" we return to the irradiation screen.

We could use these values of irradiation for our simulations and optimizations. But we could
also download hourly values from PVGIS or Renewable Ninja.
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8. Using hourly irradiation and wind speed data from Renewable Ninja, PVGIS or NASA.

We can use hourly data for irradiation, temperature and wind speed data obtained from the
database of PVGIS or from the database of Renewable Ninja or from NASA.

In the SOLAR resource windows, click in “Download hourly data”.
1 SOLAR RESOURCE

Latitude (%) (+M, -5): 128.06 Get data from local DB |
Longitude [2) [+E. W] : [-15.5

Download hourly data |

Locate on map Download NASA monthly data |

Then a small window appears, showing the database to choose (PVGIS, Renewable Ninja or
NASA) and the that can be downloaded.

Renewable Ninja hourly data:

First we select the database of Renewable Ninja (year 2019). This database has some
restrictions: with this database we can only download data of year 2019, and we can do only 5
downloads per day (each download of irradiation/temperature is counted and also each
download of wind speed is counted) however if you can change your IP (for example using a free
VPN service as https://www.tunnelbear.com/) you can do 5 downloads each time you have a

new IP. These restrictions are not for PVGIS database.

Download from: | { PVGIS -Year [2015 v
{* Renewable Ninja [year 2019)

€ NASA - Year |2020 +

v Hourly Iradiation
v Hourly Temperature for: v PV v ‘Wind Ir Batt,

| Houry Wind Speed |

0K ‘ Cancel ‘

We could download irradiation, temperature and also wind speed. However, as now we only
want to download irradiation and temperature, we uncheck “Hourly Wind Speed”. The
temperature of the batteries is not checked and we will leave it, because we can suppose the
batteries temperature is different from ambient temperature, assuming they are into a place
and not in the outdoor (their temperature will be defined later in the batteries window).

By clicking “OK”, an info message appears, we click “OK” again and hourly data of irradiation
and temperature are downloaded.

In the irradiation window we see the average values of the downloaded irradiation over tilted
surface (daily average for each month and annual).
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1 SOLAR RESOURCE

- O e
Levhucle (2) (+14,-3): Get detafiom local DB el el el (e PV panets Adimut (30|
35 0 -
Longitude (%) (+E. W)
el e PV gen. #1: % Ground Reflectance: |0.
Fixed albeda ImpartAlb. | Gr.
Locate on map | Update caord. Download NASA monthly data i . o
Optimal Slope#] Optirnize FY#1 panels slope during the optimization of the system
Data source for Global irradiation
Steps
(O Monthly Average (@) Import from File |FROM RENEWABLE NINJA (@ Hour (kwh/m2) (O Horiz @ Tilt
[ Generation of PV gen. (MW) normalized to 1 MWp (O [1 +| Minutes- each hour in 1 row (tilt, in kw/m2) mport
(equivalent to irradiance kW/m2 x PR) Minutes- 1 per row (tilt surf. in kw/m2) po
Data Source for Monthly Average Daily Irradiation: | Radiation Horizontal Surface (kKWh/m2) Calculation Method for Hourly Tradiation:
\rra[tﬁ;tatmn PV Tracking System: | No Tracking ~ (Cn&rame E=aia
&, tilt
Factor F(l) for the hack albedo - ira &
January 514 Kvih/m?2 (bifacwalf‘r{odules) Durasoy 2020) 033 Collares-Pereira & Rabl Graham
Fehruray B.58 kvvh/m2 . i
MONTHLY AVERAGE DAILY IRRADIATION, TILTED SURFACE ummer-
kdarch 6.71 kvvh/m2 ; Official hour advances:
April 7.29 lWh/m2 . Dlizl=olaghory
30
Mary 7 24 Kihfm? s Ry
of menth
June 719 kvwh/m2 4
To day
Jul 719 kiwhfmz
& 3 of menth
August 7.05 kiwhfm2
g b 2 Winter:
September 6.79 kiwh/m2 1 Official hour advances:
Octob 593 kiwhim? 0 -1 h to solar hour
et b T F M A M J J A 85 0 N D ]
MNowvember 5.22 kKvwhim?2 MONTH Import from hourly file:
Official hour
Decamber 5.28 Kith/m?2
0 January
SHADOWS Daily Average rradistion (TilkSurf):  6.47 kKWh/mz
Total Annual lrradiation (Tilt Sud): 2361.97 kKWwh/mE
et () Annusl I Biack surface / Directfor CPY: 143.43 kiWh/m2 / 185545 kihym?
“Wariability minutes: correlation factor: std. dev.: Update minutes Import Back (hourly, tilt) Import Direct (hourly, tilt)
OK Calculate = Graph in steps of 1 ~ |min. Export G. tilted Export G. horiz.

Total annual irradiation over the inclined surface is 2361 kWh/m?, compared to 2099 kWh/m?
obtained with NASA monthly data (obtained in the previous section).

If we click on the button “Graph in septs of” (60 min.) we see the hourly irradiation downloaded
from Renewable Ninja:

Irradiance
1.100

1,000 h
900 i N ||
800 (| ‘

i TR | N | - o

| Al | | ‘
¥ e b i\ ‘l | 0\ [ " I | f}
s (1] [ [ | I i (| ‘ | N I I
ool W (1 ] | a | A
AT A | A
wl | ! | [ [ | | |I [ | |I | | [ |
|| [ | || ‘l | [ 1 J I‘ I [ |
00 | | I } ‘I [ | I I ‘| | |
[ | 1 | I | | . I |
100 |‘ | ‘ ‘ l I\ |I I| ) I| |I I\ J |I
I S e W e s T 2 2 W N N P
1 2 3 5 8 7 8 e 10

January

Global. Azimuth 0°, slope 26°

Direct (CPV) |~ Back surface (for bifacial) |

Days display

Global tilt Glohal Back tilt

21



We could use the data form Renewable Ninja for the simulations or optimizations, we could also
use the data from NASA, we can see the difference in irradiation is low.

Now we will download NASA hourly data to see the difference with the other databases.

NASA hourly data:

Click in “Download hourly data” button. Now we select the database of NASA. We can select
any year from 1990 to 2020, for example select 2015. We leave unchecked “Batt.” We could also
download wind speed data at 10 or 50 m height (not at any height as Renewable Ninja can do),
but we will not do it at the moment.

Download fram: (O PVGIS-Year 2015 v
() Benewakble Ninja. fyear 2019)

@ NASA- Year 2015 v

Haurly Irradiation {inc. albeda)
| Hourly Temperature for: indT.
[/] Hourly Temp for. []PY []'wWind T

I | |Hourly Wind Speed I @10m
[v] Altitude above sea lewvel

[ | Batt.
()80m

Ok, Cancel

By clicking “OK” an info message appears, we click “OK” again and hourly data of irradiation and
temperature are downloaded. Be patient, it can take even more than one minute.

After downloading, in the irradiation window we see the average values of the downloaded
irradiation over horizontal surface (downloaded) and over tilted surface (calculated by MHOGA).

Data Source for Monthly Average Daiy Irradiation: |Radiation Horizontal Surface (KiWh/mz2) Calculation Method for Hourly Tradiation:

e LIS PV Tracking System: | No Tracking w Liu & Jordan Erbs etal
av. horiz.s.  av tilts.
Factar F{f) for the back albedo Collares-Pereira & Rabl Graham
Jauary 376 A2kt {hifacial modules) (Durusoy 2020); 033
Feburay 353 415 kwhim2 s )
MONTHLY AVERAGE DAILY IRRADIATION, TILTED SURFACE ummer-

March 488 5.26 kiwh/m?2 Official hour advances:

6
April 5.45 519 kithym? Dl R

B

30

by 6.63 8.1 kKWWh/m?2 From day

4 of month |3
June 647 578 kihim?

3 To day
July 638 5.75 lidvhyrm?

of month
August 524 5 9 KiWhym? 2 )
Winter:
Septermber 5.89 B.1 Kih/m2 1 Official hour advances:
Cictok 453 5.47 kKitvhima2 0 -1 h to solar hour
el L J F M A M J J A S O N D -]
Movember 3.7 4,97 Kitvhim2 MONTH [#]1mport from hourly file:
Official hour
December 347 483 Kiihfm?
0 January
SHADOWS Daily Average Irradistion (Tilt Surf): 541 kWh/m2

Scale factor (x by)

“arighility minutes: correlation factor: std dev

Total annual irradiation over the inclined surface is 1975 kWh/m?, compared to 2361 kWh/m

0K

Calculate

Update minutes

1z Graph in steps of 60

Total Annual Irradiation (Tilt Surf)
tinnual Irr. Back surface / Direct for CPW:

1975 92 KWh/m2
143.43 kKWhm2 /1538.91 KiWh/mz

Import Back (hourly, tilt)

i Export G. tilted

Import Direct (hourly, tilt)

Export G. horiz.

2

obtained with Renewables Ninja and 2099 kWh/m? obtained with NASA monthly data.

Now we will download PVGIS hourly data to see the difference with the other databases.



PVGIS hourly data:

Click in “Download hourly data” button. Now we select the database of PVGIS. We can select
any year from 2007 to 2015, for example select 2015. We leave unchecked “Batt.” But we check
“Hourly Wind Speed” so that the wind speed at height 10 m will also be downloaded from PVGIS
(in PVGIS we cannot change the height at which the wind speed was measured, PVGIS database
only supplies wind speed at 10 m height).

Download from: | ™ PVGIS -Year |2U]5 'I
(" Renewable Ninja [year 2019)

(" NASA - Year |2I]15 1r|

v Hourly lrradiation
v Hourly Temperature for: W PV W Wind T§ Batt.
| Hourly Wind Speed |

0K ‘ Cancel

By clicking “OK” an info message appears, we click “OK” again and hourly data of irradiation and
temperature are downloaded.

In the irradiation window we see the average values of the downloaded irradiation over tilted
surface (daily average for each month and annual).

Data Source for Monthly Average Daily Irradiation: |Radiation Horizontal Surface (kWh/m2) Calculation Method for Hourly Iradiation:
!:racni.\natmn PV Tracking System: | No Tracking - Liu & Jordan Erbs et al
Factor Fil) for the back albedo Collares-Pereira & Rabl Graham
January 403 kwh/m (bifacial modules) (Durusoy 2020y |0-33
Februray 3.65 kvh/m2) 5 )
MONTHLY AVERAGE DAILY IRRADIATION, TILTED SURFACE ummer:
March E.37 kvvh/m2) 7 Official hour advances:
April 5 58 kKivhim2 6 Elzbcloiioly
30

May B.98 Kiivh/m? 5 Bomiday

of menth |3
June 6.58 kvvh/m2) 4

To day

July B.72 kvvh/m2| 3

of month
August 5.88 kvvh/m2) 2 3

Yinter:
September 5.69 kiwhfmz 1 Official hour advances:
Octab 457 Khim? 0 -1 h to solar hour
st it . F M A M J 1 A S 0 N D
Movernber 468 kvhim? MONTH meor‘t from hourly file:
Official hour
December £ 24 lhivh i
0 January
SHADOWS Daily Average Iradiation (Tilt Surt): 545 KiWhimz
Total Annual lrradiation (TilkSurt): 1989.93 KWh/m2

Scale factor (< by) nnual It Back sutaca / Diractfor CPY: 14343 kidhfm2 11214 01 kihym

Total annual irradiation over the inclined surface is 1989 kWh/m?, compared to 1975 kWh/m?
from hourly NASA, 2361 kWh/m? obtained with Renewables Ninja and 2099 kWh/m? obtained
with NASA monthly data.

As before, we could see the downloaded data in hourly steps by clicking “Graph in steps of”.
Finally, we leave these data (PVGIS year 2015).

Clicking "OK" it returns to the main screen of the program.
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9. Wind speed data.

By clicking on the "WIND" button we can define the wind resource data.

i\_ﬁ Project: D:APrl.hoga
Project Data Calculate Dati

+ LOAD / AC GRID ‘

RESOURCES
o sowR |

< W|ND\||>

The Wind screen appears.

W WIND RESOURCE - O X
o o1
Latitude (¥ (+N, -5): |28.06 Get data from local DB - e e
Longitude (7] (+E, W] W Download hourly data Anemometer Height || (& Monthly Average Speed
10 m ¢ Night speed, Amplitude, F Factor and Hour max speed
Locate on map ‘ | Download NASA Monthly data
Surface Roughness
Data source gﬁmm Class FEI Length IT o
" Morthly Average & Import \:I:ala file fin més) [FROM WEI? year 2015 s Minutes- each hourin1 row  Import I Agricultural open area without fences
[~ Generation of wind turb, (MW) normalized to 1 MW rated p. ol L :l' Minutes-1 per row neither hedges and with very dispersed
buildings. Only smoathly rounded hills
Jan 6.26
Feb: 6.8 {7y Y R SO Y S A S
Mar: 593 018
Apr: 481 -
May 481 | 20161 f
Jurc 417 5 0.144
Juk 581 Sl
hug 465 || 2
Sep303 | & o1 :
Oct244 || Zo00c] S 1 ----- -k s T
Now: 3.32 E 0.06-] (N, | L PR SR
. [} "
Dec: 2.34 o :
Conrelation factor; [0.862 L R et ECETEEL Rt EEEPEEEEEE LSRR
Calculation of wind speed for each minute; std. dev. |1 mis  Update min. T
15 20 ] 30
Wind speed (mis)
| = Graphin steps of | 80 ~|min . veat [mfs Info time of caim wind
(L Calm is considered
Form factor of the wind speed serial: 2.3 <{3 mis
. Scaled &verage Speed (m/s
Scale by [x by |1 0K
452

The data downloaded previously from PVGIS in the irradiation screen are already placed here:
latitude and longitude, Anemometer height (10 m) and Monthly average wind speed (m/s). The
distribution of the downloaded wind speed at 10 m height is shown in the probability density
function (PDF). Average monthly values of the downloaded data are shown close to the PDF,
and annual average (4.52 m/s at 10 m height) is in the left bottom corner or the PDF. Weibull
shape factor of the Weibull curve that best fits the downloaded data is 2.3 (shown under the
probability density function PDF).

Renewables Ninja wind speed data is usually more accurate than PVGIS, and also it can be
downloaded for any height. As we will use wind turbines of hub height 100 m, we will download
data at that height.

First, we set the height of the anemometer:
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Anemometer Height

|1IIII21 m

Then, we click in “Download hourly data” button, selecting just wind speed (irradiation and
temperatures were already downloaded from PVGIS). We select Renewable Ninja (year 2019)
as the database, and we uncheck “Hourly Irradiation” and “Hourly Temperature for”, leaving

“Hourly Wind Speed” as the only one checked

Download from:

" PYGIS - Year

....................................... =

[~ Hourly |radiatior:

[~ Houwrly Temperature for

v Hourly Wind Speed

oK

(¢ Renewable Ninja [year 2019]

T NESE - Yeal |2[I'|5 Tl

WV P v WindT.] Batt

Cancel

We click “OK” and the wind speed data at 100

m height is downloaded:

3 WIND RESOURCE

. . e
Latitude (%) [(+N. 5): |28.06 Get data from local DB ‘ Monthly Average D ata:
Longitude (%) (+€. /] |-15.5 Download hourly data Anemometer Heightll | & Monthly Average Speed
100 m " Might speed, Amplitude, F Factor and Hour max speed
Locate on map ‘ ] | Download NASA Monthly data
J Surface Roughness
Data source 5
teps
" Hours

" Morthly Average & Import data file (in m/s] [FROM RENEWABLE NINJA
[~ Generation of wind turb, (MW) normalized to 1 MW rated p.

Correlation factar: |0.82
Calculation of wind speed for each minute: std. dev. |1 m/s  Update min

Calculate | L= Graph in steps of | 60 *|min

; Scaled Average Speed (m/s]
Scale by (xby}: [1 SacsaledAvela e Speed [m/s o

Annual average wind speed is 8.5 m/s at 100 m height and the Weibull shape factor of the

C Minutes- each hourin 110w Import |
- m Minutes- 1 per row ]

Class |1 _>| Length |00

Agricultural open area without fences
neither hedges and with very dispersed
buildings. Only smoothly rounded hills

EV. ip. !g
Jan: 7.64
Feb: 7.36 e —— ¥ ]
Mar: 8.09
Apr: 766 AT E ST
May: 8.68 % o2
Jur: 7.54 ket
SIVRTIFEY [P S
hug 1062) 2
Sep:gsg || & 008---------
0ct 785 || £, 46l
Nov:38 f 2
Dec: 756 || 2 0.044

0 10 15
Wind speed (m/s)

Form factor of the wind speed senal 3.7

Weibull curve that best fits the downloaded data is 3.7.

These data will be the wind speed data that we will use in the simulations and optimizations of

this guide.
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Finally clicking "OK" return to the main screen of the program.

10. Components Databases.

By clicking on the top menu Data Base -> Components Data Base it displays the components
defined in the databases.

1l Preject: DAPrl.hoga
Project Data Calculate ~Data Base FReport Help
+ LOAD / AC GRID T components Data Base AT

The following screen appears:

1l Databases of components - a x
[PV Gen. | wind turbines | Batteries | AC Generators | InverteriChargers | Hydro turbines | Electrolyzers. | Fuel cells | |
| <] ]| 4 =] o] ]|
Marne [P romiMwpl [CostiMe]  [C. &M (/) [Life lyesrs] [NOCT () [Power T.coef. [%/%C) [Emissions (kgCO2/wp) | ~
IED 0 [ 0 100 43 04 800
e 1 1 1 F 4 0.4 400
pvio 10 10 1 E 43 04 800
L3 G 100 1m0 1 E 43 04 800
v
Multiply costs of FV by | i
Clane selected component Add components from the project | Fi/ table -
oK

The different tabs show the components stored in the databases. We can modify the data of
each component, eliminate components or add others. We can also multiply all the prices of a
given component by a factor.

It should be noted that the prices of the components vary by country, even within the same
country depends on different variables. Therefore, the designer must verify or modify the prices
conveniently.

All the data are “generic”, and the user can change them to his/her specific situation.
We will leave everything as it is by default, later the designer can change what he/she wants.

Finally clicking "OK" it returns to the main screen of the program.

11. Photovoltaic modules data.

By clicking on the "PV GEN." button we can define the photovoltaic modules to take into account
into the simulations and optimizations.
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COMPONENTS
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The following screen appears:

W PV GENERATORS o ®
Add PV Gon [2ara
e oo =]al=]x]e
Addd PV Gon famiy
PHOTOVOLTAIC GENERATOR DATA:
Mamp PosnrMwp)  CostME)  COBMESAY)  Lielyoam] NOCTIG)  Fowsr T copt(300) BFACWLITYIH) CPY  EmssionskaCOKep)
i P10 ] 0 1 25 a3 0.4 o NO 809
< >
- Foued Oporaton and
Eficiancy then to dogeadation of the modulos. 05504 inwims, dif in penots, oic. (0,55 :
Maintanance Cogt

Siandam condfions 0 EhT

E7] Consider eftect of Tamparatits
Deata of ambignt sompersture (10}
CiMantty merage Exb

J Fiis M A M1Ed J A4 834 O N o Wind far CFY

) Froen ffe (5760 hourly vakess) Impernt FHOM FVGIE yos 2078 &5 Gragh
P ety data

Annunl Inflaton Fale tar P 5 v Mz Varistion of P gen. Cost (e.9. for an expected 70%
Gansenior Cost 5 o redactian an cunant P4 gon. cost intndios -7 7 %

Limit i% renchad in 53 6 yanes

oK

By default, there is only one type of photovoltaic generator to consider, as there is just one row
in the table, the one of 10 MWp (in the optimization will be several of this type in parallel, we

will see it later).

Suppose we think the size of the PV generator is too high and we want more precision, wanting
to use several of 1 MWop in parallel instead of several of 10 MWop in parallel.

Then, we delete the generator of 10 MWp:
Step 1: Select with your mouse the row of the table.
Step 2: Click in “-*

VI PV GENERATORS

e | —( S [ % = N
AddPvGenfamly [ =] =
PHOTOVOLTAIC GENERATOR DATA:

1| [Name | Poweiitwip) | CostiMe) | C.O8MEdw) | Lifelyears) | MOCTEC) | Power T. coef.(%/C) | EmissionsfkaC02/kwp] |
||l P10 10 10 1 25 43 04 800

MHOGA ask you “Delete record?”. Respond yes and the generator will be deleted.

Now we want to add from the database the PV generator of 1 MWp. The quickest way to add it

is:

Step 1. Select from the list close to the "Add PV Panel" button the type “PV1”, which is the one
of 1 MWp.
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Step 2. Click on the button "Add PV Gen."

V| PV GEMERATORS

add P Gen.
AP Gen femly '[_
PHOTOVOLTAIC GENERATEYI00.._
I Thiama =T

Now the project will take into account the type of 1 MWp (later we will define how many of
them in parallel will be allowed):

W PV GENERATORS — O X
Add P Gen Pl - I“|“|“‘M|“.|_“| | |("‘

Add PY Gen. family -

PHOTOVOLTAIC GENERATOR DATA:

[ Powerihdwip) | CostiMe] | C.O&M(zA | Litslyears) [ NOCT(EC) | Power T. cost (2/2C) | EmissionslkaCO2/kw) |
1 1 1 25 43 0.4 800

Suppose in our case we want to consider that the cost of the PV generator of 1 MWp is not the
one that appears (1 M€) but it is 1.2 M€ (take into account that this would be the total cost of
the PV generator of 1IMWp, including PV modules, mounting structures, inverters, wiring,
protections, transformers, buildings, etc).

We can modify it in the database (see point 8) and then in the PV screen, by clicking on the row
of this PV generator, its cost will be updated. Another option is to change the name on the screen
(for example, add "-mod") and change the price. If we do not change the name, any changes we
make will not be effective because the software will consider the data in the database. Keep in
mind that the number of characters in the name is limited.

We change the name by clicking in the cell and adding at the end of the name “-mod”:

Mame |
PY¥1-mod

=

And then we change the cost to 1.2 M€ (if the decimal spacing of your computer is dot, write
“1.2”; if it is comma you should write “1,2").

PHOTOVOLTAIC GENERATOR DATA:

Name | Poweilwipr” CostiET C.O&MzAn | Lifelyears) | NOCTPC) | Power T. coef (/0] | EmissionsikgCO2/kwip] |
1] Pv1-mod 1 1 25 43 -0.4 800

We can see in the table that O&M annual cost (OPEX) is 1% of the CAPEX (which now is 1.2 M€),
that is, now it will be 12,000 €/year. We could change the percentage, but we will leave in 1%.

In the central area of the screen we see the efficiency due to degradation, losses, dirt (default
0.95), the fixed O&M cost (default 0 €/year, it will be added to the O&M cost of each individual
PV generator of 1 MWp) and the button “Standard conditions” (where the standard conditions
for the PV and CPV data are set).
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Fixed Operation and
Efficiency due to degradation of the modules, losses in wires, dirtin panels, stc. [0.95
&7 d 2 Maintenance Cost

Standard conditions D £yt

Consider effect of Temperature
Data of ambient temperature (2C)

O Monthly average Erbs model J1PE F 179 [M178 A[185 M 134 J 209 U217 A224 5224|022 |N205 D192 Wind far CPY

© Fraorm file (8760 hourly values) Impart FROM PYGIS year 2015 1= Graph

Also the effect of the temperature is by default taken into account (we could uncheck the
“Consider effect of Temperature” check box in order to not consider it). We will consider it so
we leave that check box checked. The ambient temperature is from hourly file as we have
downloaded it previously by PVGIS year 2015. We can see by clicking the “Graph” button the
temperature downloaded:

Ambient Temperature

L=T0 . N N - I ]

1 2 3 4 5 6 7 ] 9 10
January

o ] 2 [T

Days dizplay

In the bottom of the screen we can set the PV inverter data, by clicking in the “PV inverter data”
button.

" Monthly average W O T L e e P Ty P T Py R F P I N PATR P NIy

& From file (8760 hourly values) Import FROM PYGIS pear 2015

P inverter data

A small window appears, where we must set the rated power of the inverter in times the peak
power of the PV generator (default 1) and the inverter efficiency (%) vs. the output power (% of
rated).
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The cost of the PY inverter must be included in the cost of the
P¥ generator or modules

Rated power of the inverter= |1 w Peak power of the PY generatar
Inverter efficiency (%] output power [% of rated):
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ol el ol ot e o e
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T T T T
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QK
We leave the default inverter data and click “OK”.

At the top bottom of the PV generators window we can set the annual inflation rate for the PV
modules cost (default -2%, this means that each year we expect that the PV modules cost will
be reduced in 2%) and the maximum variation of that cost, by default -70% (reduction of 70%).
This means that after 59.6 years (shown below, as (1-0.02)°=0.3), the cost will be 30% of the
initial cost, i.e., reduction of a 70%. This limit of -70% in the PV cost reduction will be reached in
59.6 years, then after that year the technology will be considered as mature and the cost will be
increased with general inflation.

nvsne uaa

Annual [nflation Rate for PY B - tar. Variation of P gen. Cost [e.0.. for an expected 70%
Generator Cost : % reduction on curent P gen. cost, intoduce 707" -70 4

Limit is reached in 59.6 years

N

This values would be used to calculate the replacement cost of the PV generator, if its lifetime
was lower than system lifetime (it is not our case, as PV generator lifetime is 25 years, the same
as the system lifetime). If, for example we had defined the system lifetime (study period of the
system) to be 40 years, then in the year 25 the PV generator should be replaced, and the
replacement cost would be the initial investment cost multiplied by (1-0.02)?°. And in the year
40 the residual cost would be also calculated considering this inflation rate.

Finally clicking "OK" it returns to the main screen of the program.

12. Wind turbines data.

By clicking on the "WIND TURB." button we can define the wind turbines to take into account.

COMPONENTS
«f P GEN. |

|\ NG TURE.
|

A screen appears with a table where a predetermined wind turbine of 2 MW with a tower of
100 m is shown.
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A WIND TURBINES / GROUPS OF WIND TURBIMES - O X

Add aWind Turbine lh‘ H|4‘ | |+‘—|A| | ‘(‘|
Add a'wind Turbines family -
GENERAL DATA Output Power (MW) vs Wind Speed
Name Cost (ME)] C Repl. ME] [ £ 08M (524v0) | Lifespan (vr)] Height imi] Emis.c02(kt) [| mss | 2mss | 3més [ amss | Smss [ Gmis [ 7mis [ amss | Smis [ 10mds [
2 16 2 20 100 15 0 0 0 005 02 | 03 05 | 07F 1 13
< >

‘wind speed from the wind resource will be converted to WindT1 Fized Operation and

the hub height considering roughness Maintenance Cost

0 £/pear

Surface Roughness

| Class |1 =| § Length 003 m

Waricultural open area without fences neither
hedges and with very dispersed buildings. Only
smocthly rounded hills

WY

N . i i i i

N e L e A A A A A AR s R

01 2 3 4 5 6 7 & 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26
WIND SPEED (m/s)

P. in standard conditions (sea level, 15°C}), 1.225 kg/m3

P. at atitude of the place (30 m), 1.221 kg/m3

0

o i
+

Power curve measured at air density (kg/m3]: |1.225
Height above sea level |30 m
Air dengity at that height is 154) 1.221 kag/m3 |

W Consider the effect of temperature

“when simulating, adjust power curve with air density: Ambient Temperature at hub height [C]

% Use height above sea level and temp = O Monthly average 7 J[1e2 FIITS M{181 A[185 M|1894 J|207 J|21.6 Al225 S|23  0]225 Nj209 D|19.4
rap .
) Import aif desily (kg/ma) % File with 8760 hourly values Impart FROM PVGIS year 2015 % Gragh

¥ Do not consider reduction in Power after Annual Inflation R ate expected for 'wind ,7_1 N b a. Wariation of Wind Tuibines Cost expected [e.g., for an expected 35% ,7_35 .
14més | [check if wind &, are pitch controlled) Turbine Costs: % reduction on current wind Turbines cost, introduce "-35%") %

Limit is reached in 42.9 years

We must indicate the kind of roughness of the surface of the terrain (already chosen on the wind
screen, but here it could be changed). Let’s suppose the terrain is of Class 2, we change it:

3

|Class b vi Length |01 m

Agnicultural area with zome buildings and preserving
hedges 8 meters high with an approximate distance
of 500 m.

Pawer curve measured bl it (ka/m3)4|1.225
=,
Air density at that height 1z (15481, 221 ka/m3

In our case it will have no effect as the wind speed was downloaded at 100 m height, same
height as the wind turbine height, therefore the wind speed will not have to be converted to the
hub height.

Height above sea level:

We suppose the air density conditions of the power curve supplied by the wind turbines
manufacturer is the default at standard conditions, sea level and 159C, that is, 1.225 kg/m3,
therefore we don’t change it.

The altitude above sea level was already updated when we obtained data from NASA, in our
case 109 m above sea level. This is an average value for several km?, let’s suppose we know the
height for our location and it is 30 m, we change to this value.

MHOGA shows the air density at the height above sea level (in our case 1.221 kg/m3) and it
shows the power curve of the wind turbine selected by the mouse in red in standard conditions
and in green (over the other curve) the power curve considering the air density at the height
above sea level of our case. In our case, as the altitude above sea level is 30 m (very low), the
two curves are practically the same.
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& % 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
WIND SPEED (m/s)

P. in standard conditions (sea level, 15°C), 1.225 kg/m3

P. at altitude of the place (30 m}, 1.221 kg/m3

We will consider the effect of the ambient temperature (the corresponding box is selected by
default), using the previously PVGIS temperature downloaded.

Ambient Temperature at hub height 2C)

© Monthly average  [7 J 182 F17.9 M{181 A[B5 M[19.4 J|207 J|216 Al225 S|23 0225 Mj209 D[19.4
+ File with 3760 hourly values Import FROM PYGIS pear 2015 ,

If we click on "Graph" we see the representation of the hourly temperature, same as the shown
for the PV generator. Click on “Back” to return to the wind turbines screen.

When MHOGA performs the simulation of the different combinations of components (when
optimizing the system), for each hour of the year it will adjust the power curve of the wind
turbines to the air density of that hour. We can choose to calculate the hourly air density by
using the height above sea level and temperature (if the temperature effect is considered by
checking its checkbox, as default) or we can import the air density hourly file (8760 rows, in each
row the hourly air density in kg/m3). We don’t change it.

wihen simulating, adjust power curve with air densiby:
* Usze height above sea level and temp,
(_Graph b
" Impoart air denzity [kg/m3)
By clicking the “Graph” button we can see the hourly air density, calculated for each hour
considering the height above sea level and the hourly temperature:
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Click “Back” to return to the wind turbines screen.

In the bottom of the wind turbines screen we can select (as default) not to consider the
reduction in the output power of the wind turbine (due to the density lower than standard) after
a specific wind speed, it must be selected if the wind turbine is pitch controlled (usual for wind
turbines as the one of 2 MW), as the output power above around 14 m/s is limited to its rated
power, so after that wind speed we would not want that the power curve was reduced. We
leave this check box checked, as by default.

v Do not conzider reduction in Power after:

14 mdfz = | [check if wind b are pitch controlled]

Also in the bottom of the screen we should set the annual inflation rate expected for the wind
turbine costs (default -1%) and the maximum variation expected for that rate (default -35%).
We leave the default values and iHOGA informs us that this maximum reduction in cost will be
achieved in 42.9 years: (1-0.01)*?°=0.65. These data will be used to calculate the replacement
cost when the wind turbines must be replaced (after 20 years lifetime) and to calculate the
residual value of the wind turbines when the system lifetime ends (in the year 25).

[v Do not consider reduction in Power after: Annual Inflation Rate expected for Wind ’1— . M ax. Wariation of Wind Turbines Cost expected (e.q., for an expected 35% ’T .
14mis v [check if windt, are pitch controlled) Turbine Costs: % reduction on curent Wind Turbines cost, introduce "-35%"): %
0K Limit is reached in 42.9 pears

In the right part of the window we can select to consider wake effect in the wind farm by
selecting the checkbox “Wake effect”.
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WIND SPEED (m/s)

— P.in standard conditions (sea level, 15°C), 1.225 kg/m3
— P. at altitude of the place (30 m), 1.221 kg/m3

[wiake effect
Wake effect
By clicking in the button “Wake effect” we can see the parameters to be considered in the wake
effect.

WAKE EFFECT: : Thrust coefficient (T

(Gonzakz-Longatt, et al, Rencwabke Energy, 2011) 08 —
Wind turbines divided in number of rows: |2 06
04
Distance between rows / rotor diameter: |10 02
12 4 6

alpha coefficent: | 167 o

B W 12 ¥ % 18 N 2 M %
Wind turbines thrust coeffident (Ct): WIND SPEED (m/s)

1mfs  2Zmis Imfs  4mfs Smis 6mis Tmis  Bms Smis  10ms 1imis 1Zmis 13ms
o 0 0 LE ] L2 o8 0.78 076 074 0.7 0.63 0.58 0.52
Wmis I15mis 16mis 17mis 1BmVs 19mis JOmis Zimys ZImis 23mis Mmis 25ms 2ms

041 | [03s [jozr oz [|oas | [oae | |oas 024 |03 | |eaz | loar |[oa o

oK

In this case we will not consider the wake effect (we suppose all the wind turbines are in the
same row” therefore we will not check the “wake effect” checkbox.

Finally clicking "OK" it returns to the main screen of the program.

13. Batteries data.

By clicking on the button "BATTERIES" we can define the batteries to be taken into account in
the project.

+f BATTERIES |

The battery screen shows a table where by default just one types of battery is taken into
account. It is a battery of 5 MWh (5 kAh and 1 kV), with an acquisition cost (CAPEX) of 1.5 M€
and an annual O&M cost (OPEX) of 1% of the CAPEX. The minimum SOC allowed is 10% and the
self-discharge is 1%/month. Its maximum allowed current is 2.5 kA (that is, C/2), roundtrip
efficiency 92% and float life at 202 of 15 years (conservative value). The cycles to failure vs. depth
of discharge (DOD) is shown in the table, from 10% DOD to 90% DOD (shown in the graph below
in red, while in green it is shown the cycled energy during its lifetime, under the graph the
average value of the full equivalent cycles is shown, in this case 4799.9 cycles).

We could add more batteries to the table, but we will not do it.
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¥ thes ry |14 | day B | full cyclos

charge battery bank ot least upto |70 | oy

=T

In the last column of the table it is seen that the battery is li-ion type (defined by “Li”).

We will take into account the standard Ah battery model. Regarding the average monthly
temperature, we leave the default values, taking into account that the temperature is the
average at which the batteries are estimated to be (we could import hourly values but we will
not do it, we will use the same value for all the hours of each month, considering the batteries
are into a building and the temperature is similar for all the hours of the month; we can see the
graph by clicking “T Graph” button). The lifespan of the li-ion batteries will be calculated
according to the Rainflow (cycle count) aging model.

BeMEnes ol Fixed Operation and h
@) Li-ion model Ah

(O KiBaM (Manwal-McGowan 1983)
() Copetti 1994
() Schiffer 2007

e fis_|Ffis_ i |aar | |uf e

Except Schiffer model, consider ©Mm'

Tmean>=Tfloat |ife R | () Hour
oC increase (=T Graph

[“] cycle life depends on T

acity depends on T

Lead-acid Aging battery model Li-ion Aging battery model

(O)wang et al., 2011 (LiFePO4)
() Grot et al., 2015 (LiFeP04)
() saxena et al., 2016 (LiCo02)

(-FutrEquivalent cycle
(@) Rainflow (cycle counting)
(_JNaumma iFePodTy )

ca

Parameters

Cycle life depends on temperature, we leave the checkboxes “Cycle life depends on T” and
“Capacity depends on T” checked.
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With lithium-ion batteries, we can use specific ageing models for lithium-ion batteries, however
if we are not sure our battery is the same as the one tested in the different models, the best
option would be to use Rainflow model (it will consider the cycle life vs depth of discharge DOD).

After you select the model, click in “Parameters” button and you should be sure that the
calendar ageing model is included, then both calendar and cycle degradation will be considered.
In some cases (specially in stand-alone systems where cycling degradation is low), if you do not
include calendar ageing you can obtain very high battery lifetime, which would be not real.

Wang Grot  Saxena Calendar ageing Naumann

[]Include calendar ageing : ; -
C) Petit§et al., 2016 .+ [0.05
in ‘Wang and Saxena modeals ’ ) Llimit (cycle / calendar): C -
() swigrczynski et al., 2015

v Include Calendar in Full eq. cycles and Rainflow models
Data (Petitet al., 2016):
Gaﬁef%i:ﬁ'exp -A,-'(RTJJ'V‘Z

S0C  30% 65% 100% a |n.019 | b |°-923 |
B [734E3 | |675e3 | [21883 | c [o5195 | d [3.258 |-10%0
A [73389 | [60804 ||56937 ‘ e [s.087 | f [o.29s |
z |u.943 ||0.9 ||D.683 | :
graph T(°C): graph: T(oC): soc(%):
= _ 40
g 2 4 £
o
> 1 L
z 8 £ 16
S 0 2
0 5 10 15 20 25 s B8
Time (years) 0
— S0C30% — SOCGE5% — SOC 100% — EOL 0 T:&e[yeﬂrif
oK

You should set a threshold limit to consider cycle or calendar ageing, by default a C-rate of 0.05
is the limit (we leave the default value). In the time steps when the C-rate is lower than this value

calendar ageing will be considered and when it is higher cycle ageing will be considered. Then
click “OK” to save the changes.

If we click in “Data” button close to “Cycle life depends on T”, we can see the following window,
where the parameters a, b and c show the temperature dependence of the cycles to failure (%),
being 100% for 202C and being reduced as temperature increases (curve obtained from
https://midsummer.ie/pdfs/fronius-performance-solar-battery.pdf). By default, the
temperature considered is the temperature during all time, and below 202C there is not
considered any increase in cycle life. We leave the default values.

Cycles to failure (%) vs Temperature (°C): iforfull eq. cycles and Rainflow models)

Cycles (%) =100 (a+ bT+cT"2)

R — oo
asfiie g O i e
L EERERE becezzezes e shzzczoezes
b=[0.0354 [CIPTS R L —
04 - - t
©=|0.0002 20 30 40 50

Temperature (°C)

Temperature iz the average:
{* Ambient temperature during all time " Ambient temperature during charge/discharge

v Below 20°C no increase in cycle life

oK
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https://midsummer.ie/pdfs/fronius-performance-solar-battery.pdf

If we click in “Data” button close to “Capacity depends on T”, we can see the following window,
where the parameters a, b and ¢ show the temperature dependence of the capacity (%), being
100% for 202C. In the simulations, considering the hourly temperature of the battery, the
maximum capacity (energy that the battery could discharge if it was at full SOC) during each
time step will be calculated with this curve.

Capacity (%) ws Temperature (#C):
Capacity (%) =100 (a+hT+cT72)

a=|0.8
b-[ontz
c=[ao00m1 20

u + + t
-20 0 20 40
Temperature (°C)

Capacity (%)

At the bottom, we can set the remaining capacity at battery end of life (default 80%), that is, we
consider that when the remaining capacity is 80% the battery will be dead and it must be
replaced, we leave the default value.

Also, we can check the box “If there is an AC Gen., every ....” so that the backup generator will
charge the batteries after a specific number of days without full charge or after a specific number
of full equivalent cycles. In this case we leave this unchecked, as this has no sense because there
is no load consumption, there is no AC generator and we have the AC grid.

R emaining capacity at battery end of life (%) ;|30

[ If there iz an AC Gen., evern |ﬁ dayz or |B_ equivalent full cycles
charge battery bank, at least up to |95 &

An annual decrease of the battery acquisition cost of 2% is set by default, with a limit of -60%
(reached in 45.4 years), therefore when the batteries must be replaced, the acquisition cost will
be obtained considering this reduction.

Annual [nflation Rate expected for . b ax. Wariation of 'Wind B atteriez expected [e.q., for an expected B0% N
Batteries Costs: 2 2 reduction on current B atteries cost, introduce "-B0E"); Hl &

Lirit is reached in 45.4 vears

We will use the rest of the default data. Finally, we click “OK” to return to the main screen.

14. Minimum and maximum number of components allowed in parallel.

In the main screen of the software, GENERAL DATA tab, we can see a box where we must set
the minimum and maximum number of components allowed in parallel. Default numbers are:
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MIM. AND M2 No COMPONENTS IN PARALLEL:

Bateriez in parallel: kin. I‘I— b a ,5—
P gen. in parallel: Min. ID— Maw. ,8—
‘wiind T. in parallel: bin. I'I— b a ,1—

LS .

These values must be selected by the designer, depending on the minimum and maximum size
he/she wants to allow of the different components.

In our case, we want to consider the possibility of not having batteries nor wind turbines in the
system, therefore min. number of batteries and wind turbines in parallel will be changed to 0.
The maximum number of batteries in parallel is 5, it is ok (if 5 in parallel, the whole battery bank
will be of 5 x 5 MWh = 25 MWh). As the maximum output power to be injected in the grid
(defined previously) is 23 MW, 8 PV generators of 1 MWp in parallel can be too few. We change
the max. number of PV gen. in parallel to 30 (therefore the maximum PV generator will be of 30
x 1 MWp = 30 MWp). We will change the max. number of wind turbines in parallel to 15
(therefore the maximum wind turbines group will be of 15 x 2 MW = 30 MW).

Therefore, the final values will be:

MIM. AHD M2, Mo COMPONENTS IMN PARALLEL:

B ateriez in parallel: kin. IEI_ b & lﬁi
P gen. in parallel: kin. IEI_ b & |3E|7
Wind T. in parallel Min. [0 Max [19

I

15. Inverter-chargers data.

By clicking on the "INVERTER/CHAR." button we can define the inverter-chargers to take into
account in the project.

The table shows three inverter/chargers considered by default, of 5, 10 and 20 MW.
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1l INVERTER/CHARGERS - O X

Add from Database | |Zern j
| - = o
Include only VDT suitable from Famil: ‘ ‘ ﬂ | | ‘ ‘ | | | | ‘ |
GENERAL DATA EFFICIENCY (%) vs. OUTPUT POWER (%) >
Name [ Poweritdvias | Litespan fu) [ Cost (Me]|Ima_ch_ DC(ka]EF_charger(Z) [vdominiky] [vdcmantkv) [Praw_renw)| [ 0% | 2% [ 3% [ 42| 5% [ 10z | 202 |~
L] rv-ChEMw 5 15 05 5 %8 09 1.1 1E15 (1030 (50|70 85 | 93 | @
Inv-ChOMw 10 15 1 10 98 0.9 1.1 1ETS (1030 B0 |70 85 | 83 | @
PETETETTE o 15 2 20 98 08 1.1 TETS| 1030 80 70 85 | 83 | @
o
< >

Inv-Ch20MW Max. output power in sumultaions of
30 minutes: W % higher than nominal
15 minutes: ’F % higher than nominal
10 minutes: ’3D— 2 higher than nominal
<=0 minutes: ’T % higher than nominal

EFFICIEMNGY (%)
B

LB L I o L L I I I I L L I LS I A
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 B0 85 90 95 100
OUTPUT POWER (% OF RATED)

We can see, for the different inverter/chargers, power (MVA), lifespan (15 years), CAPEX,
maximum current in DC (kA, we can see it is the same as the power in MVA as voltage is 1 kV),
charger efficiency (%), minimum and maximum DC voltage (as DC bus voltage was defined 1 kV,
these limits must include this value), and efficiency vs. output power of the inverter.

As the maximum capacity of the battery bank can be 25 MWh (max. 5 in parallel of 5 MWh) with
a maximum power of 5x2.5=12.5 kW, the maximum inverter power (20 MW) is enough, also
considering that the maximum output power to be injected to the grid is 23 MW. We will add
an inverter of Zero to consider the possibility of not including inverter (select in the list close to
the “Add from database” button and then click that button):

GENERAL DATA EFFICIENCY (%) vs. OUTPUT POWER (%) ->
MNarne Power(MvA)  Lifespan i) Cost (ME) Imex_ch_DC(kA) Ef_charger(®s) Vdomin(ky) Viocmax(kv) 0% 2% 3% 4% 5% 10% 20% 0% 40% A

Iry-ChhAW 5 15 05 5 L] 0.9 11 10 30 50 70 85 93 92 a0 89

In-Ch1 Ok 1 15 1 10 98 09 11 10 30 50 70 85 93 92 a0 84

20 15 2 20 98 09 11 10 30 50 70 85 93 92 a0 84

0 100 i} 0 o0 08 11 100 100 100 100 100 100 100 100 100
w

< >

Finally clicking "OK" it returns to the main screen of the program.

16. Constraints.
In the main screen, in the "GENERAL DATA" tab, there are three possible restrictions:

-The maximum investment cost, let’s suppose we don’t want it to be higher than 100 M€
(combinations with total investment cost higher than this value will be discarded). We change
the value to 100.

- The minimum renewable capacity factor (annual energy sold divided by the peak renewable
power multiplied by 8760 h) (by default 0%, so by default this constraint is not considered). We
leave the default value.
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- The maximum land use (by default a very high value, that is 1E10 ha, so by default this
constraint is not considered). We leave the default value.

Constraint under MNP maximizatior

M, investrment cost | 100 b
Min. Capacity Facta |0 2 [ ] Proax_sell
bax. land use TE10 ha | Data

17. Maximum execution time allowed.

In the main screen, in the "GENERAL DATA" tab we should set the maximum execution time
(maximum time the optimization can last) and who (the user or MHOGA) must set the
optimization parameters (recommended MHOGA). The longer the time allowed the more likely
it is that all the possible combinations can be evaluated and thus obtain the optimum. If
sufficient time was not allowed, genetic algorithms will be used to optimize the system (without
evaluating all combinations) in the allowed time. We will leave the 15 minutes by default,
enough time in this case so that all possible combinations can be evaluated (enumerative
method).

OPTIMIZATION PARAMETERS SELECTED BY:

@ HOGA () USER
M aximum execution time:

|I] |h_ |'|5 | min. Farameters

Finirim time for the Genetic Algarithmz

If we pass with the mouse on the zone of maximum and minimum number of components in
parallel (see section 14) we are informed that the method chosen for the optimization will be
the enumerative method (EVAL. ALL, to evaluate all the possible combinations), since the
allowed time (15 minutes) is greater than that needed to evaluate all the combinations. There
are 11904 possible combinations: 1 type of PV gen. multiplied by 31 possible cases in parallel
(from 0 to 30) multiplied by 1 type of wind turbine multiplied by 16 possible cases in parallel
(from 0 to 15) multiplied by 1 type of battery multiplied by 6 possible cases in parallel (from 0 to
5) multiplied by 4 types of inverter/chargers. In this computer the estimated calculation speed
is 21.3 cases per second, so in 9'17" it is expected that all combinations will be evaluated and
the optimum will be found.
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NUMBER OF CASES AND TIME EXPECTED

Computation speed: 21.368 cazes/second

z0lution

18. Financial data.

In the main screen, in the tab "FINANCIAL DATA" we must set different economic variables
(interest or price of money, general inflation, study period, currency, installation costs, and

loan). Let's leave the data by default.

By default, at the end of the study period (25 years) the residual cost of the components will be

considered as incomes.

Also, by default the LCOE (levelized cost of energy) will be calculated considering in the energy

the real discount rate (see user manual, section 3.1.4).

The installation cost and variable initial cost considered is 25% of the initial cost. This means that
the total CAPEX of all the components will be multiplied by 1.25 to obtain the investment cost.

EVAal ALL POP. [% ALL) GEM.ALG. [%ALL)
MalN ALG. [COME. COMPONENTS: 11904 1358 (11.41%) 19223 (161.53%)
[1x11304]
SEC. ALG. [COME. STRATEGIES): 1 3[300%) 41 [4100%)
MalM ALG.  SEC. ALG.  WUMBER OF CASES 4 b RECTED

OPTION 1. EWAL ALL  EMaL ALl 11304 100 % @
OPTION 20 EWAL ALL  GEM.ALG. 483064 400%  BR20
OPTION 3 GEN. ALG.  EwAL ALL. 19229 161.5%  Oh14'69"
OPTION 4 GEM.ALG.  GEM. ALG. 788329 EE229% 10h14

Optimization by means of enumerative method [evaluating all combinations). [tis guaranteed to obtain the optimal

GENERAL DATA | OPTIMIZATION | CONTROL STRATEGIES  FINANCIAL DATA | RESULTS CHART |

ECOMOMIC DATA:

Mominal interest rate [capital cost): |7 3
[nominal discount rate]

Annual inflation rate [O&M. ) |2 4

Annual real discount ratel (%]
49%

[v InLCOE include real disc. rate in Energy
Study period [spstem lifetime]: |25 pears

[v Atthe end of the study period consider the residual cost of the components

Curmency |Eura €] =

Installation cost and variable initial cost: |0 ME Fix +|f % of intial cost

Loan [constant quota, French system]:

Amount of lear; (1000 &

of the initial cost of investment

Loan Interest. |7 %

Diuration of loan: |25 years

Extra Cash Flow

18. Optimization type.

In the main screen, tab "OPTIMIZATION" we can see that for maximization of NPV projects just

mono-objective optimization (economic optimization) is allowed.
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GEMERAL DATA  OFTIMIZATION | CONTROL STRATEGIES | FINANCIAL DATA | RESULTS CHART
OPTIMIZATION TvPE:

In MP% Optimization bono-objective optimization only [maximization of MPY]

[~ Show diagram

If the project type was maximization of NPC, multi-objective optimization could be chosen.

19. Calculate (optimize the system).

Before calculating, it is recommended to save the project (in the main screen, upper menu

Project-> Save).

In the general screen, clicking on the "CALCULATE" button, the calculation of the optimization
begins. In the case of maximizing NPV, the only restriction is the maximum investment cost
allowed.

8 CALCULATE

20. Results. Best solution found

MHOGA evaluates all the possible combinations of components and control strategies (but in
this case the control strategy is the grid-connected batteries management, fixed in this case).
Each combination is simulated during a whole year, in this case in steps of 1 hour. If that
simulation meets the constraint (max. investment allowed is 100 M€), then it calculates the Net
Present Value (NPV), considering all the costs and incomes during the lifetime of the system (25
years) and moving all of them to the first year (taking into account inflation and interest rate).
The combinations that do not meet the constraint are discarded, assigning them a NPV of -
infinite.

The optimization time depends on the computation speed of the computer. In this case the real
computation time has been a bit lower than the expected time.

Once the evaluation of the different combinations is finished, the results are shown.
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port Visual Help License Updates
GENERAL DATA OPTIMZATION CONTROL STRATEGES FINANCIAL DATA RESULTS CHART
Mono-shjective optmization. Tolal Ho. of cases evalusted: 11994, Tane: 7 25"

 BATTERES

o MVERTERKCHAR Sclution ¥ {sceted from best b0 wors]

[ Show dageam

‘Wator Pumg in LoadiAC gnd

Sienulate Ropon ~
SIMULATE.. REPOR ]

TETMOCATE - FEFUR

§ 12 SIMULATE . REPOR

122 I ' a9 11 SIMULATE . REPOR

au55 112 0w 1 an 4 SIMULATE,. REFOR

0374 116 0 uR 54 ' a2 1 SIMULATE. REFOR

292 125 u 1 562 1158 a0z | SIMULATE . REPOR

a1z 118 0 R 545 1125 5 17 SIMULATE . REPOR

4789 128 0 164 555 p 5 SIMULATE . REPOR

Note that the user can obtain values slightly different because a correlation factor and
standard deviation have been applied in the internal calculation of the 1-minute step
irradiation and wind speed, implying that a randomness is applied. It will also happen in the
next sections.

In the "RESULTS CHART" tab it is shown the graph of the total cost of the best solution (in red)
and of the life cycle annual CO2 equivalent emissions (green) of the 10 best solutions found.
MHOGA has used the ENUMERATIVE METHOD, that is, all possible combinations have been
evaluated. In addition, instead of the scheme of the components a table with the results of the
best combinations appears. The table shows the 10 best combinations ordered from best to
worst: the best is the first of the table (#1), second best is the #2,....

The number of the best combinations shown (in this case the 10 best ones) can be modified in
the text field of the bottom left corner, and then clicking in the button “See best”. For example,
change it to 100 and click that button:

See best | 100

The first 100 best solutions are shown now:
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Mono-abjective optimization. Total No. of cases evaluated: 11904, Time: 7' 26"

43
48 .E
g z
3 s
£ 47 =
z B
2 % g
45
4 B 12 16 20 24 8 37 3 40 44 48 57 H6 BD B4 B 77 JE B0 B4 BH 2 96 100
Selution # (sorted from best to worst)
|| Show disgram
£ Total NFY (ME) Emigsion (MCOZAT  Unmet(Gwhin)  IRR()  Landhe) Investmert(ME) CapFi%) LCOCEMRWH)  Simulate Repont ~
1] 49.403) 112 LU G40 540 75 423 003 SIMULATC.. REFOR
& 491493 116 u 1803 543 1] 28 3L SIMULATE . REPOR
3 AR 996 118 u 176 L2 s az MULATE . REFOR
A8.647 1.22 U 122 549 2 40,95 ) BIMULATE.. REPOR
5 48.585 112 0 1815 540 38125 43N 10205 SIMULATE.. REPOR
B 48.374 116 0 1772 543 3E25 4z.49 10317 SIMULATE.. REPOR
7 40.292 1.25 LU 1) 552 435 40.22 10324 SIMULATC.. REFOR
[} 40120 119 LU 13 546 41.125 417 0.0 SIMULATE.. REFOR
L] 47 £9 126 n B 856 a5 ELR 0035 SIMULATE.. REFOR "
< >
COMPONENTS 18 Wnd Turh, Wind T1 (2 MW al 15 mys) jf Unmet load = 0% § Tolal Nol Present Value (NFV) = 49 403 ME BE = 185%,

STRATEGY: There is na load consumption -* na cantrol strateqy related to the load consumption supphy. Contral variables for grid-connected battaries: charge (anky
frorn renewable, notfrom grid) if price of E. (zell) is lower than 0 €W disch, (loed + injecting to the geid) if price E. (zell) higher than 0.11 £40Mh

Seebest |10V

Sane Excod tabln

To see the diagram of the components, click on the "Show diagram" button above the table, on

the right:

Show diagram

Appearing again the diagram instead of the table:

Wind T.
‘ PV

/i\
!

A
3

‘¢ L3

!

[V Show diagrar

AC
InverteriCharger ‘
(Bi-directional
inverter) DC

Battery
Seebest ||100

To see the results table again, uncheck "Show diagram".

AC
Load/
grid

Save Excel table

Below the table the characteristics of the optimal solution (corresponding to the first row of the
table) are shown. This text can be copied (select and Ctrl + C).

COMPONENTS: 15 Wind Turb. WindT1 (2 MW at 15 m/s) // Unmet load = 0 % // Total Net

Present Value (NPV) = 49.593 M€, IRR = 18.5%.

STRATEGY: There is no load consumption -> no control strategy related to the load consumption
supply. Control variables for grid-connected batteries: charge (only from renewable, not from
grid) if price of E. (sell) is lower than 0 €/kWh; disch. (load + injecting to the grid) if price E. (sell)

higher than 0.11 €/kWh.
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We can see the best solution (first row) in this case is a wind farm of 15 wind turbines, without
PV nor batteries. If we move through the table with the bottom bar, and focus on the 1° row,
we can see there is no PV (0x1 MWop, that is, O in parallel), no battery (1x0x5 Ah, that is, 0 in
parallel), no inverter.

Costs /[P Pv [Mwpl \ |Slopett[® fCnBat. fkith] P Gen (Mw) ~P. Inv (Mw/] [P. wind T. (MWTNF. Turb [m3/s)|P. FC M) |P. Elyz. (Muw)|HZ A
cusrsw 2%_/1&:0 0/15:2 [ [ 0

21. Simulation of the best solution.

We can see the simulation of the operation of the optimal solution (first row) by clicking on the
first row of the table, in "SIMULATE":

# Total NPY (ME£) Ernigsion (KCO2401  Unmet{GWhat)  IBR()  Land(ha)  InvestmentbE) CapFi(3)  LCOEEMRWH) Simulate Report A
112 0 1852 540 375 43.45, 239 SIMULATE.. REPOR

The simulation screen appears as shown below (if it has not appeared, click on the HOGA icon
in the taskbar at the bottom of the computer screen and the simulation screen will appear):

1 SIMULATION - a *®
Hourly simulation | Howrly values separately ] Monthly and Annual Average Power I Monthly Energy ] Annual Energy I Hydragen-detailed | AC Generator-detailed ] Water load | MULTIPERIOD I
Simulation of 1 year, all the years the same.
0
= 30
§ 28 o
=% z
Z 54 -0 =
s S IS U S SN P SN S S S SN S SN S NN SR SN SR N S S SR S SRR SR =
o~ 224 [0 =
= >
uj 207 ]
u fo 2
= 18 ]
= 16 o &
g 144 o 2
= 12 g
. |0
w104 E
— o W
= 89 0
N E
= fo <
o o
w4
= |0
S 3
&
3 6 9 12 15 18 21 0
1 January
2f
MED OR SUPPLIED (M) ErcEpEEe II: See Over  Days display
f [~ Plim Charge
2 [~ Batter bank Discharge r BATTERY ENERGY [Miwh)
r r - [~ Electrolyzer [~ P2  soc
- - [~ E.max disch. bat [~ E.H2tank[HHY¥HZ W R [ P1 [ SOC limits
¥ Export Energy - BI'—atlely bank Charge 0 - - [P lellca| Gen. [ Cap. Max.
= - - o supply [ P eritical Fuel Cell [~ SOC selpoint Gen.
7 Wi
r I Wind Turb. r [ 5O setpaint FC
™ water P r 7 E bought to &C grid [~ Pmax
ater Pump
AC Generator v E zoldto AC giid [v P
[ Pras input Inverter 5 - WV E soldtodCgid M Pmas oo comomnt by Hz) || SOCI00| T hullcharge

Simulation step [min.} |60 Save data &l w|h  Save Simulation Data |

COMPOMENTS: Wind turbines of 30 M/,

STRATEG'Y: There is no load consumption -> no control strategy related to the load consumption supply. Control variables for arid-connected batteries: charge batt. [only from renewable, not from arid] if
price of E. [zell] iz lower than 0€/AM h; dizch. batt. [load + injecting to the grid] i price E. [zell] iz higher than 0.17 £/wWh

The whole load iz covered all the hours of the year

We can move through the days of the year moving the bottom bar cursor or clicking in the
bottom bar.

We can see several days in the screen changing the number of days to display, for example to
10:
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1 SIMULATION - ul
Hourly simulation | Hourly values separately | Monthly and Annual Average Power } Morthly Energy ]Annua\EnErgy } Hydrogen-detailed | AC Generator-detailed | ‘water load MULTIPEHIDD]

Simulation of 1 year, all the years the same.
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L« | ol [®
POWER CONSUMED OR SUPPLIED (M) Ereagpice_| - Se0 e Days display
B [” Plim Charge
v [~ Batter bank Discharge r BATTERY ENERGY (Mu/h]
r r [~ E. to supply by batt [~ Electrolyzer r P2 - soc
- - I~ E mas disch, bal [~ E.HZtank (HHY HZ ¥ R T P1 e p———
Fuel Cell iti
) st Gy r B'_allely bank Charge 0 - - re c.ntlcal Gen. I~ Cap. Max.
¥ Unmet Load I I P citical Fuel Cel [ SOC setpoint Gen.
W Wind Tuib. I™ E max FC r
r v . [~ 50C setpoint FC
I water Pump r [ E bought to AC grid [~ Prax -
ACG i E sold to &C gid F
I~ Pmas input Irvsiter a r P:;z’;;: Gz ettt o (s [~ H2 TANK setpaint (HHY H2) SOC(01)|  T. full charge

X

We can see the different tabs of the simulation screen:

il SIMULATION I

Hourly walues separately) | Maonthly and Annual Average Power I Monthly Energy ] Annual Energy I Hydrogen-detailed } AL Generator-detailed ] water load ] MULTIPERIOD

HOURLY POWER DURING THE YEAR (MW), ENERGY IN (MWh)

Hourly gimulation

Total Load PV Generator Wind Turbines
30
i B & 0§ & f f °§ i & 8 8 f& 8 § | 20
0 v v v 04 n . i i
H H H i i H H H H i H H H i i 10 r
L e e e s R I e e o
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 5,000 0 1,000 2,000 3,000 4,000 5,000 5,000 7,000 8,000 0 1,000 2,000 3,000 &,000 5,000 6,000 7,000 & 000
Hydro Turbine AC Generator Export
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Simulation step [min.): |60 Save data (&l «|h  Save Simulation Data ‘ |
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Simulation step [min.]: |60 -

|EEIM PONENTS: Wind turbines of 30 M.

( Back ) Save data: IAII - h( Save Simulation Data |\ Save Prob. Data

STRATEGY: There is no load consumption -> no control strategy related to the load consumption supply. Control vaniables for grid-connected balteries: charge batt. [only from renewable, not from grid] if
price of E. [sell] is lower than 0 €/kh: disch. batt. load + injecting to the grid) if price E. [sell] is higher than 0.11 £/Kwh

The whole load is covered all the hours of the year

We can save the simulation data in Microsoft Excel format. To do this, click the "Save Simulation
Data" button. Once the Excel file has been saved, when opening the Excel file it warns us about
opening the file, to which we respond "Yes".

The Excel file opens perfectly, showing for each hour of the year the different power of the
different components. At the end it shows the monthly and total annual values, the values of
the purchase and sale of energy to the AC grid (if any), the cash flows of costs and revenues ...

We must save this file by the option "Save As" of Microsoft Excel in Excel file (*.xIsx) and the
next time we open it, it will no longer show the previous warning.
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In the simulation screen, clicking in “Back” button we return to the main screen.

22. Report of the best solution.

If we move through the table with the bottom bar, and focus on the 1% row (optimal solution),
we can see many results. In blue we can see the results of the annual energy, all of them in GWh:
load (Etotal); energy from renewable generation (Eren); energy from PV generation (Epv);
energy from wind turbines generation (Et); energy that can be exported (from renewables +
from backup generator + from the storage, that cannot be used by the load, in this case all the
energy) E export; energy injected and sold to the AC grid (E Sell); energy bought to the AC grid
(E Buy)... We can see E Sell is lower than Eexport because during many hours the power
generated by the wind turbines is higher than the maximum power that can be injected to the
AC grid (23 MW), therefore these hours the injected power is limited to 23 MW. E sell in this
case is 113.809 GWh/yr.

TotalCh Eren{Gyh) EpviCwhy  EwlCwh) Etwh) E expon(cwhn) E Sell{Gwh) E Buy(cwn) E ch. batGwh) ~
r 0 116.706 0 116.706 0 116.706 113,828 0 ]
0 18 153 117 166 0 116,699 115533 0
0 117.168 0 117168 0 17.168 114.203 0
0 120,232 3.064 117,168 0 120231 116.83 0
0 ez 1532 117 168 0 116,699 115533 0
0 121.763 4596 117,168 0 121.763 118.091 0
0 117,168 0 117,168 0 117,168 114.203 0
0 120,232 3,064 117 168 0 120,231 116.83 0
0 0 0

123.2495 6127 117168 123.2495 19318 v
< >

We can see the report of the optimal solution by clicking on the first row of the table, in
"REPORT".

Total NPV [ME) Emission (CO24n Unmet(GWhir)  IRR(2)  Landtha)  InvestmentiME) Cap.F(%) LCOEE/KYhH) Simulate
49.403 112 0 15.48 540 3rh 4331 003 SIMULATE.

An 179 11 n 1000 can an A0 Ca AN9NC ClRAI N ATE

The screen of the report of the best solution appears.

(The same report would have been obtained if we click in the bottom left corner button

[ErEpoRt ] showing this button the best solution found )
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The report can be printed, on paper or in PDF format (if you have installed a virtual Pdf printer,
for example Adobe Acrobat or doPDF, which is free).

Press the print button and then select the physical or vitual printer (in the example,
Adobe PDF):

Print x

e
Name: _@Adobe PDF n

Where: [ print to fie

Pages Copies

@Al Number of copies l:l%
O Current page

O Pages: ﬁl ' Collate

Enter page numbers and/or page ranges,

separated by commas. For example, 1,3,5-12
Other Print mode

print Mpages v [ pefat .
Order Direct (1-9) ~
Duplex P on sheet Defaut v

=

Once the printer is selected (physical or virtual PDF), the report is printed or the PDF file is
created by clicking OK (a dialog appears in the Windows taskbar, where you must select the
location of the PDF file).

By clicking on the "Close" button, the software ask us if we want to save the report in .rtf format
(which can be open by Microsft Word). We click YES, we save it and then we can open it with
Word:
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Priversity of Zaragoza (Spain), with the colaboration of SISENER

Ing:

iercs

Pro MHOGAL., Solution # 1
nc v * 1 kV. AC: 20 kV.
COMPONENTS:

BV

MKp (1003 BVEL)
sWh (0 d.aut)
15 Wi tal 30 MW
Witheo

Without AC Generator

Without Fuel Cell

Without Electrolyzer

Without Inverter-charger

CONTROL STRATEGY:

CONTROL STRATEGY FOR CHARGE/DICHARGE {lead + injecting to the grid) OF
GRID-CONNECTED BATTERIES:

Max. electricity price (s ) for charging: (only from renewable) O
€/kWh; Nin. electr. price for discharging: 0.11 €/kWh.

23. Costs of the best solution

In the main screen, we click on the "COSTS" button of the results table (close to "REPORT"
button), in the first row:

UnmetGWhiyrl  IRR(*)  Landiha)  InvestmentbE) CaplFii)  LCOEEMYH) Simulate Report O B P (M) Slope#l () Cn o~
0 1648 540 375 4331 0.03 SIMULATE.. @ﬁé"ﬁt’iﬁi‘l1 26 15

The following screen appears, informing us graphically of the different costs throughout the
life of the system:

51



Project: MHOGAT mhe. Solufion # 1

BLUE: Q&M Currency: ME.
Total NPV: 43553 ME, IRR =18.5 %. Inversion cosi
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We can see the investment costs are 37.5 M€, that is, CAPEX of the wind turbines (2 M€/wind
turbine * 15 wind turbines = 30 M€) multiplied by 1.25 (we set in the FINANCIAL DATA tab that
a 25% would be added to the initial cost of the system): 30*1.25 = 37.5 ME.

All the costs shown are present cost or present value. For costs or incomes that are the same all
the years (but updated by their inflation), the cash flow corresponding to the year 0 is converted
to the cash flow of year y multiplying by (1+interest rate)’, and this cash flow is converted to
present cost or present value dividing by (1+inominal discount rate)".



We suppose all the costs and incomes are paid at the end of each year, except for the CAPEX of

the different components, which would be paid at year 0 (beginning of the system lifetime) if
there was no loan. All the costs defined in the different windows of the software are for the year

0 (beginning of the system lifetime).

For example, for the OPEX costs of the first year, or the incomes due to selling electricity to the
AC grid of the first year, the costs defined must be updated with the inflation of 1 year, as the
payments and the incomes are at the end of the first year.

Costs due to the wind turbines:

In the graph of the costs of wind turbines we can see all the costs related to the wind turbines:
the year 0 (when the system lifetime starts) the cost is the CAPEX (2 M€/wind turbine * 15 wind
turbines = 30 ME€). Costs are represented as negative values as the type of project is
maximization of NPV.

From year 1 to 19 the costs are OPEX (operation and maintenance, O&M): during year 1 the
OPEX would be 1% of the wind turbines CAPEX, therefore 30-0.01 = 0.6 M€, but it is paid at the
end of the year adding the general inflation (2%). Therefore, the wind turbines OPEX during the
1styear is 0.6 M€, but it is converted to cash flow at the end of the 1% year, it is 0.6-:1.02'= 0.612
ME; this cash flow will be converted to present cost considering the nominal discount rate of
7%, that is: 0.612/1.07'= 0.572 ME (it cannot be correctly seen in the graph due to the low value).
The same for the rest of the years, changing the number of the year.

Total Cost of Wind Turbines group (NPV): -41.033 ME
0 i -
-10
-20

0 S 10 15 20 25

In year 20, a reposition cost must be considered, as wind turbines lifetime ends. The
replacement cost set in the wind turbines window is 1.6 per wind turbine -> 24 M€, but this cost
would be in year 0, however in year 20 this value will be different. We set in the wind turbines
window an annual inflation rate for wind turbines costs of -1%, with a limit of -35% (limit would
be reached in 42.9 years, see wind turbines window). That means that, in year 20, the 24 M€ are
converted to 24-(1-0.01)%° = 19.63 M€ of cash flow in year 20. However, we must convert this
cash flow to present cost dividing by 1.07%°, obtaining 19.63/1.07%° = 5.073 ME, shown in the
graph.

In year 25, there are incomes due to the residual cost of the components, in this case the wind
turbines will be working for 5 years (from year 20 to 25), therefore 15 years of useful life will be
remaining, with a cash flow value of 24 M€*15/20 = 18 M€ (value referred to year 0). In year 25,
considering the annual inflation rate for wind turbines costs of -1% (with a limit of -35%), the
cash flow will be 18-(1-0.01)%° = 14.001 M€ of cash flow at the end of year 25. This cash flow
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must be converted to present cost by dividing by 1.07%, obtaining 14.001/1.07% = 3.618 ME,
shown in the graph (value positive as it is an income).

Financial costs:

In our case, in FINANCIAL DATA tab we set that 100% of the initial cost of components and
installation (100% of the total initial CAPEX) would be financed by a loan of 7% interest rate and
25 years. As the interest rate is the same as the nominal discount rate and the years are the
same as the system lifetime, the effect in the NPV would be the same as if the CAPEX payment
would be done in year 0 (37.5 M€). However, in other cases the effect would be different.

If the percentage of the initial cost financed was lower than 100%, in year 0 (the beginning of
the system) there would be a financial cost corresponding to the non-financed cost. However,
in this case, as 100% is financed, in year 0 there is no financial cost.

In the top right graph, we can see the financial costs, which are the costs during the years (in
present cost values) that the owner of the system must pay to cover the CAPEX of the system.

Financial Cost (NPV): initial payment + annual quotas: -37.5 M€

The annual quota (a) is calculated as:

i
I e T e

a=C0

Where Co is the total financed cost (37.5 M€), i is the interest rate of the loan (7%) and n is the
number of years to return (25). The annual constant quota is a = 3.218 M€, which will be the
cash flow of each of the 25 years. But this must be converted to present cost, dividing by 1.07",
obtaining for year 1 the present cost of 3.218/1.07' = 3.007 M€ and for the last year 3.218/1.07%
= 0.593 M€, shown in the graph.

Incomes of selling electricity:

We can see the incomes due to selling electricity to the AC grid (bottom left corner graph).
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The year 0 (when the system lifetime starts) these incomes would be 6.8803 M€ (sum of the
energy injected by the grid multiplied by its cost, which is variable as we introduced an hourly
file). In our case the inflation of the price of the electricity sold to the AC grid was set to 2% and
the nominal discount rate is 7%. The first year (as always, the payment is at the end of the first
year), the cash flow received at the end of the 1 year (as it has passed one year since the
beginning, the costs and incomes are supposed to be incremented by inflation) will be
6.8803-1.02!= 7.018 M£. It is converted to present value by dividing by 1.07}, obtaining
7.018/1.07'= 6.559 M£. The same for the rest of the years, changing the number of year, for the
last year (25) it would be the cash flow 6.8803-1.02%= 11.289 M€ and the present value
11.289/1.07%= 2.08 M€. The sum of all these present value incomes is 97.936 ME€.

Total Incomes of E sold to AC grid (NPV): 97.936 M€
@

B
ms=E. ®)

0 2 4 6 810 13 16 19 22 25

Total NPV:

In the top left graph we can see the total NPV for the different years (all the values added are
the NPV of the system, 49.403 M€£).

In this case, the CAPEX is financed 100%, we have also OPEX costs (each year OPEX of the wind
turbines) and cost of replacement of the wind turbines in year 20, incomes of residual cost of
wind turbines in year 25 and incomes are just the incomes from the selling electricity to the AC
grid, therefore the value of each year will be the present value of the incomes of selling
electricity minus the present cost of the financial minus the OPEX present cost of the wind
turbines (in year 20 also minus the replacement cost of the wind turbines; in year 25 plus the
incomes of residual cost of the wind turbines).

The 100% of the CAPEX of the wind turbines (plus the 25%, that is, the total CAPEX of 37.5 M€)
are in the financial costs. Therefore, in year 0 (at the beginning of the system) there is no cost (0
incomes — 0 cost of CAPEX (100% CAPEX is financed) — 0 cost of wind turbines OPEX).
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TOTAL NPV: 49.403 M€

| LI

0 2 4 6 810 13 16 19 22 25

For year 1: 6.559 M€ incomes (present value of incomes of year 1) - 3.007 M€ (present cost of
the financial cost of year 1) - 0.572 M€ (present cost of the wind turbines OPEX of year 1) = 2.98
ME (seen in the graph for year 1).

If we save the results of the cost (when closing the costs window we will be asked), we can see
the values calculated previously in an Excel file.

As in the case of the report screen, you can print or create the PDF. If we close (“Close” button)
it asks if we want to save the cash flows in Excel.

Save Data

Do you want to save cash flow?
o

We save the file. Open the saved file with Microsoft Excel (or equivalent software). When
opening it we will see a warning:
Microsoft Excel b

| El formato v la extensidn de archivo de ‘pruebaltablaxls’ no coinciden, Puede que el archivo esté dafado o no sea seguro, No lo abra a
U menos que confie en su origen. ;Desea abrirlo de todos modos?

We answer "Yes" and the Excel file opens perfectly, showing the table of costs.

- Keep in mind that the decimal separation appears as a point. If the decimal separation
defined in Windows is comma (usual in Spain and other countries), for Excel to treat the
data as numbers we have to:

- Select the entire Excel sheet and change points by commas
- Or, in the properties of the Excel sheet, indicate that the decimal separation is the point
for this file.
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We can save this Excel file by the "Save As" option of Microsoft Excel in Excel format (*.xIsx) and
the next time we open it, the previous warning will no longer appear.

24. First solution found which includes battery and inverter/charger.

The first solution that includes battery and inverter/charger (both) is number 29

+ Total NPV (ME) Emission (kiCO2Am Unmet{GWwhin)  IRR(%)  Landiha) Investment(ME) CapF(%) LCOEEMRWh) Simulate Report A
21 46.969 114 1] 1751 E40.05 38375 4331 00315 SIMULATE.. REFPOR
22 46.962 1.35 1] 1573 561 48 38.21 00342 SIMULATE.. REPOR
23 46.829 1.15 1] 17.41 513 395 41.41 0.0314 SIMULATE.. REPOR
24 46.759 118 1] 1712 543.05 40,875 42.49 0.0321 SIMULATE.. REPOR
25 46.655 1.25 1] 16.28 552 4475 40.22 0.0333 SIMULATE.. REPOR
26 46.628 132 1] 15.84 558 47125 38.85 0.034 SIMULATE.. REPOR
27 46.613 1.18 1] 17.02 516 Gl 40.67 0.032 SIMULATE.. REFOR
28 46.512 1.21 0 16.74 546.05 42,375 1.7 00326 SIMULATE.. REPOR

[ 29 46.498 114 1] 17.28 E40.05 40 43.38 00319 SIMULATE.. REPOR o ]

< >

If we move through the table with the bottom bar, and focus on the 29 row, we can see that
this row has 15 wind turbines, a battery bank of 5 MWh (5 kAh x 1 kV) and an inverter/charger
of 5 MW.

PPV (M) Slope#1(8) CnBat (kAh) P. Gen (M) P Iy (M) P wind T. (M) F Turb (mi3is) P.FC (M) P Elye. (M) H2 tank i) NF A
0x1 26 1x1x5 1xD D152 0 0 0 0
7«1 26 1x0x5 1xD 0152 0 0 0 0
£y 26 1x0x5 1xd 0 142 0 0 0 0
1x1 26 1x1x5 1x0 0 15x2 0 0 0 0
4x1 26 1x0x5 1x0 10 16x2 0 0 0 0
Bix1 26 1x0x5 1x0 5 15x2 0 0 0 0
41 26 1x0x5 1x0 0 142 0 0 0 0
21 26 1x1x5 1xD 0 15x2 0 0 0 0
[ ] 26 1x1x5 1x0 5 16x2 0 0 0i 0 V]

< rd

We can see many results. In blue we can see the results of the annual energy. The energy
generated by the wind turbines, Ew (GWh) is the same as the optimal solution, however the
export energy, Eexport (energy that is not used in the system) is higher. During some hours,
when the wind generation is higher than the maximum power allowed to be injected to the grid
(23 MW), the batteries are charged using energy from the wind turbines that in the optimal
solution was lost; later the batteries inject that energy to the grid, that’s why E export is higher
than in the optimal solution.
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Epo(GWh)  Ew(GWhy  EH(CWh) E expart(Givh) E SellGivh) E Buy(Civrh) E ch bat(Giwh) Edisch hat (GWh)  E slyzer ~

0 116.708 0 116.706 113829 0 0 0
12512 116.706 i 129.218 123832 i i i
5362 108,926 i 114,288 112,459 i i i
1787 116706 i 118,493 115 384 i i i
715 116706 i 123856 119798 i i i
10.725 116706 0 127431 122526 0 0 0
715 108.926 i 116.075 114m i i i
TTo /U T TEZTT T T T T
[ i 116706 i 116.574 113857 i 0166 0157 J
< >

Energy injected in the AC grid, E sell, in this case is a bit higher than in the optimal solution.

E ch. bat(GWh) E disch. bat (GWh) E elyzer. (GWh) E gen (GWh) E FC (GWh) Hours eq. Gen Bat. life (yr) Hours Ch. Bat. Hours Disch. B &
0 0 0 1] 1] 1] 15 0
0 0 ] 1] 1] 1] 100 1]
0 0 0 ] ] ] 100 ]
0 0 0 ] ] ] 15 ]
0 0 0 0 0 0 100 0
0 0 0 1] 1] 1] 100 0
0 0 ] 1] 1] 1] 100 1]
0 0 ] 1] 1] ] 15 1]
[ 0166 § 0157 0 o o o 15 0 1 \]
< b3

Energy charged by the battery bank (energy that enters into the battery) is 0.166 GWh/yr while
the discharged energy (energy that effectivelly supplies the battery, considering efficiency) is
0.157 GWh/yr (we must take into account that in the simulation we can see that at the beginning
of the simulation, January 1%, battery is fully charged; at the end of the year is fully discharged).

We can see the incomes due to energy sold the first year are 6.905 M£.

E Sall (MEf) Sell HZ (MEAT  NPVPY(ME) NPV Bal (ME) NPV Awc (ME) NPV Inv. (ME) NPV Gen. (M) NPY Wind T (ME) C. Hydro (NPC) (M1 A

6.631 1] 0 -2.059 ] 0 1] -41.033 1]
753 ] -9.536 ] 0 0 ] -41.033 ]
G825 1] =112 1] ] 0 1] -38.298 1]
6953 1] -1.371 -2.054 ] 0 1] -41.033 1]
Tz 1] -5.483 1] 0 -1.387 1] -41.033 1]
7448 1] -5.225 1] ] -0.694 1] -41.033 1]
6927 ] -5.483 ] 0 0 ] -38.298 ]
£z 1] -2.742 -2.054 ] 0 1] -41.033 1]
1] 0 -2.059 0 -0.694 1] -41.033 1] v
< >
Also the total incomes due to energy sold, in present value (NPV), 98.284 ME€.
NP WindT (ME) G Hydro (NPC) (MNP FC (ME) NPV Elyz (ME) NPV Fuel Gen (ME) NPV Fuel FC (M) NP Buy (ME) NP Sell (1) Y= 'S
-11.033 0 ] 1] 1] ] 1] 97.936
-11.033 0 ] 1] 1] ] 1] 107.19
-36.295 0 ] 1] 1] ] 1] 97139
-11.033 0 ] 1] 1] ] 1] 99.397
-47.033 0 0 1] 1] 1] 1] 103.508
-47.033 0 0 1] 1] 1] 1] 106.005
-35.298 0 0 1] 1] 1] 1] 95.594
-47.033 0 0 1] 1] 1] 1]
-41.033 0 0 0 0 0 i}

Many of these results can be seen in the report (in the 29" row or the table, click in REPORT):
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In the main screen again, we can see the simulation of the operation of this solution by clicking
on the 29" row of the table, in "SIMULATE":

Hourly simulation  Hourly values separately  Monthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  AC Generator Water load /PHS - MULTIPERIOD
Electricity price (€/kWh)

0.3 e =

: A N A \ :
—~—— ~ -~ — ~ 7t~V

1601 171 181 191 2011
pr—

£ Simulfftion of 1 year, all the yhars thH same.

= 3 55

= 5 =

g % Pann A 45 2

g Ne—"| 4 <

gw 5
352

= 15 3z

= 25 W

o N E

= 15

£ 5 \_ E
12

2 ] . A 05 @

i 16/1 1 1801 1971 2011

£ — -

<

POWER CONSUMED OR SUPPLIED (M) Plzeeova \Days displ,

Energy price

Batter bank Discharge Plim Charge . ENERGPV\:W_\?\/GEW
AT s
1 O [ E.to supply by batt Electralyzer P2 oc {
v
0 [] E. mex disch. batt E Hztank (HHVHZ) R P1
S0C limits
Export E Battery bank Charge Fuel Cell P critical Gen. can. M
v] Export Energy ap. Max.
Unmet Load g Eta supply FC P critical Fuel Cell .
Or Wind Turb. E.max FC soc selp.umt Gen.
Waler P E boughtto AC grid || Pmax S0C setpoint FC
‘ater Pump AC Generator E zold to AC grid [] Pmax MR R i
[] Pmax. input Inverter [ P max Gen setpoint (| ] S0C[0-1) ull charge

In the first tab (Hourly simulation), we can see the energy price and the limits to
charge/discharge the batteries by clicking “Energy price” button. But we can see this over the
power graph by checking “See over” checkbox.

In the screenshot above 5 consecutive days are shown. We can see that batteries are only
charged when wind generation is higher than 23 MW (maximum power allowed to be injected
into the grid), the rest from that value is used to charge the batteries until they are fully charged
(SOC=100% is the red line of 5 MWAh). When the sell electricity price is higher than 0.11 €/kWh
and wind generation is lower than 23 MW, batteries are discharged at the maximum rate but
not exceeding 23 MW together with the wind generation.

In the second tab of the simulation screen we can see the whole year:
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Hourly simulation

Hourly values separately  Manthly and Annual Average Power

Monthly Energy  Annual Energy  Hydrogen  AC Generator Wyater load f PHE  MULTIPERIOD
HOURLY POWER DURING THE YEAR (MW), ENERGY IN (MWh)

Total Load PV Generator Wind Turbines
30
20
0 0
10
0
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000
Hydro Turbine AC Generator Export
I 1 {}
u U i oAk
VLAAREIN N
) ‘.‘l ! 1 I ‘ ]
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000 0 2,000 4,000 6.000 8,000
Fuel Cell Electrolyzer Energy (HHV of H2) in H2 tank // accum. Sold
0 0 0
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000 0
Battery bank Charge Battery bank Discharge Energy in Battery bank
2 2 4
U ||l‘|||l | : | l”| 2
0 | l L 0 0
0 2,000 4.000 6.000 8.000 0 2,000 4,000 6,000 8.000 0 2,000 4,000 6,000 8,000
Unmet load (by the standalone system) Purchased from AC grid Sold to AC grid
20
0 0 10
0
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6.000 8.000 0 2,000 4,000 6,000 8.000
Third tab:
Haurly simulation  Hourly values separately  Monthly and Annual Average Power  Monthly Energy  Annusl Energy  Hydrogen  AC Generator MWaterload /PHS  MULTIPERIOD
MONTHLY AND ANNUAL AVERAGE POWER (MW)
20
19
18
17
16
15
14
13
§ 12
% "
o 10
9
‘% [
7
6
5
4
3
2
1
0
1 2 3 4 5 6 7 8 9 10 11 12 (R
Month

|D PV gen. M WindT. [ Hydro T./TEG W AC Gen. [@ Fuel Cell [J Total Load [ Unmetload W E. bought to AC grid [ E. sold to AC grid [l Electrolyzer

Other tabs:
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Hourly simulation  Hourly values separately

Monthly and Annual Average Power

Monthly Energy  Annual Energy  Hydrogen AC Generatar ‘Water load / PHE  MULTIPERIOD

MONTHLY ENERGY (GWh)
Total Load PV generator Wind Turbines
15
10
0 0
3
0
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
Hydro Turbine AC Generator Export energy
15
10
0 H——r—=r——=—=m—=—=r
3
0
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
Fuel Cell Electroyzer Energy (HHV of H2) in H2 tank. end of the month
0 - 0
2 4 6 8 10 12 2 4 6 8 10 12 0
Battery bank Charge Battery bank Discharge Energy in battery bank at the end of the month
0.02 B 0.004
0.01 0.01 0.002
e —
0 0 0
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
Unmet load (by the standalone system) Energy purchased from the AC grid Energy sold to the AC grid
15
10
0 0
5
0
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12

Hourly simulation  Hourly values separately

Energy (GWh)

LOAD

hanthly and Annual Average Fower  Monthly Energy  Annual Energy  Hydrogen

TOTAL ANNUAL ENERGY (GWh)

EXPORT

AC Generator Waterload /PHE  MULTIPERIOD

SOLD

WIND T.

25. Simulation in steps lower than 1 h.

In the simulation screen, we can change the simulation time step, under the legend, in the left,

and the simulation will be updated to the new time steps.

For example, change to 5 minutes. After several seconds (please, be patient) the simulation
results are updated, seeing now the simulation in 5 minutes time steps. We can see the

Charge BAT. Disch. BAT.

variability of the wind generation due to the variability of the wind speed.
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Hourly simulation  Hourly values separately  Manthly and Annual Average Pawer  Monthly Energy  AnnualEnergy  Hydrogen  AC Generator MWaterload /PHS MULTIPERIOD

Simulation of 1 year, all the years the same.

POWER (MW) /E. Water tank /E. H2 tank (MWh)

Uk A

.mﬂu"

RATTEDV RANK EMEDRV (MATLY

16/1

<
POWER CONSUMED OR SUPPLIED (M)

] Batter bank Discharge
g
O O [ E. to supply by bat.
0 [] E. max. disch. batt

Export Energy

Unmet Load -

1R
‘Watar Pump
[ Pmeax input Inverter

[Slmulaﬂnn step (min): & ~ ]

Battery bank Charge

Wind Turb.

AC Generator
[] Pmax Gen

181

Electrolyzer
E H2tank (HHV H2) [Z]R
Fuel Cell

E bought to AC gricd
E sold ta AC grid [] Pmax

E.to supply FC
E.max. FC

Back

Proa

191

Plim Charge
P2

P1
P critical Gen.

P critical Fuel Cell

H2 TANK setpoint (HHW H2)

201

D See Over

Legend
BATTERY EMERGY (Mvh)

soc
SOC limits

Enerijy price

Cap. Max
S0C setpoint Gen.
S0C setpoint FC

SOC(0-1) | | T.full charge

Save Simulation Data

By clicking on the simulation screen in "Back" button we return to the main screen.

Days display

Sawve Prob. Data.

In the main screen, the results of the solution 29" has been updated to the simulation step of 5

min: the NPV has been slightly increased.

20 46.754

1.14

0

17.33 540.05

a0 43.45

0034

REPOR
v

We could optimize the system with this time step (even with lower time step, until 1 min.),

however the optimization would take a lot of time and we will not do it in this guide.

In the WIND screen, we can see the simulation of the wind speed in steps of 5 min (Graph in

setps of 5 min. button).

m/s

WIND SPEED

12
1 January

21 0

>

Days display

In the main screen again, GENERAL DATA tab, we can return to the 60 min time step by selecting

it in the Simulation section:
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Vi Project: DAMHOGA1.mho — ] *
Project Data Calculate DataBase Report Help
o LOAD /AL GRID GENERAL DATA | OPTIMIZATION | CONTROL STRATEGIES ] FINAMNCIAL DATA} RESULTS CHART
RESOURCES COMPOMENTS MIM. AMD MAx No COMPOMENTS IN PARALLEL: OPTIMIZATION PARAMETERS SELECTED BY:
- SOLAR
/;WIND ¥ PV Gen. Bateries in parallel: Min. |0 Max |5 ' HOGA ¢ USER
- ¥ Wind Tuibines P gen. in parallel: Min |0 Max |30 Maximum execution time:
find T.in parallel: Min. [0 Max [15 0 ho [19 min. Parameters
COMPONENTS I Hydro T. ’_1 ’—1 ¥ Mirimum time for the Genetic Algorithms
" P GEN. v B
attery bank -
WIND TURE Simulation
4 [~ Backup Gen. Step (min.): imulation starts:
oL ’T day F mﬂnthhﬁ
- BATTERIES ¥ Inverter/cha Canstraint under NPY maximization
< INVERTER/CHAR. [ H2 [F.C. - Elyzer] hanc investment cost {100 bt

Then, if we click in the 20" row, we can see how it returns to the results of the 60 min time step
simulation:

1.14 1} 17.32 540.05 40 4351 00318 SIMULATE.. REPOR o

26. Save results table.

In the main screen, we can save the results table by clicking on the button "Save Excel table"

Mo,  Total NPY (ME) Ernigsion (KICO2AT Unmet(Gvvhbr)  IRR(%) Landiha)  InvestmentiME) Cap F(34)  LCOEEKWH) Simulate Report ~
112 0 18.52 540 375 43.46 0.024939 SIMULATE.. REPOR
2 49.173 1.16 0 18.02 543 39 42.54 0.030% SIMULATE.. REPOR
3 48.774 112 0 1814 540 38.125 4346 0.0304 SIMULATE.. REPOR
4 48.723 119 0 1756 546 405 41.68 00312 SIMULATE.. REPOR
5 48.354 1.16 0 1772 543 39.625 4254 0.031 SIMULATE.. REPOR
B 48.238 1.22 0 1712 543 42 40.85 0.0319 SIMULATE.. REPOR
7 47.956 1.12 0 17.87 540 38.75 4348 0.0309 SIMULATE.. REPOR
8 47.904 1.19 0 17.27 546 41.125 41.68 0.0317 SIMULATE.. REPOR
9 47.714 1.25 0 16.7 552 435 40.06 0.0325 SIMULATE.. REPOR o
< >

COMPOMNENTS: 15 Wind Turb. WindT1(2 bW at T4 m/s) /f Unmetload = 0% /f Total Net Present Value (NPY) = 49593 ME, IRR = 185%

STRATEGY: There is no load consumption -» no control strategy related to the load consumption supply. Control variables for grid-connected batteries: charge (only
frorn renewahble, notfrorn grid) if price of E. (sell) is lower than 0 £/kYvh;: disch. (load + injecting to the grid) if price E. (sell) higher than 0.17 £/kWh

Sawve Excel takle

The table is stored where we choose. When we open the file with Microsoft Excel, after
accepting the warning, the table appears.

A B C o £ F G H I 1 LS L L N a P Q R

L o \>rlmr CTOS MHOGA T FMHOGAL o

FACTY NPVIME} Erm.CORkAT) UneetiGWyT) Unmet[%) IRRYS Land utelha) Investment{ME) Capacity Factar (%)

4 1 42593 1125 o o 1852 540 s

5 2 T3 1157 o a 1802 543 EL)

b 3 a.rra 112 o L} 18,19 40 310

7 4 48723 1.189 o a 17.56 AT

8 5 48,354 1.157 o a 17.72 10625

4 [ 48.218 1.221 o [ 17.12

1 I a71.9%6 L2 o Q 1787

" 8 47.504 1.189 o -] 1.2

12 8 arTia 1253 o a 167

13 10 47,536 1157 o a 17,42

14 1n 47,459 o -] 18.78

15 12 7419 o a 16.84

168 13 47158 o o 17.55

17 14 aras: o Q 165

18 13 4712 o -] 1826

19 16 A7.086 o L] 16.98
20 17 A5 856 o 1] 1648
21 18 6.762 o o 177

22 19 46,718 o a 171
23 m &6 i n a 17.32 an
24 il 4664 o Q 1E.43 .65
25 n &6.601 o e 16.57 4.5
25 a 46544 o a 15.92 46.5
27 m 46,372 o a 17.32 ns
28 F=3 65333 o a 1605 45.02%
29 k] 46,319 1.125 n a 12.26 40 A
ewel | 7 5 .
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We can save this Excel file by the "Save As" option of Microsoft Excel in Excel format (*.xIsx) and
the next time we open it, the previous warning will no longer appear.

27. Save the project.

In the top menu of the main screen, click Project-> Save, the project will be saved. It should have
been done periodically.

1l Project: DAMHOGAT.mho
Project Data Calculate DataE
1 Mew
& Open
M Saveas

Save as Default Project

OPTIONS

Restore Original Tables
Create Tables backup
Restore backed up Tables
Restore Default Currency

[l Exit

28. Save as default project.

You don’t have to do it in this case, however, in the top menu of the main screen, clicking
Project-> Save as Default Project we can save the present project to be the default project when
we create new projects. Later we can change the default project to another one that interests
us more.

29. Optimize grid-connected battery management.

Save the project (Project->Save) and then save it with another name (Project->Save as) and give
the name “MHOGA-optCont.mho”.

Maybe the battery management that we set is not optimal for this case. Now we will optimize
the control strategy for the battery.

In the main screen, CONTROL STRATEGIES tab, check “Optimize strategy of grid-connected
batteries”. We could optimize 3 or 2 variables (see the user manual), in this case as we don’t
want to take a lot of time in the optimization, we select “2 variables: price E min. and max.”. At
its right the limits are automatically set (considering max. and min. prices of the electricity sold
to the AC grid), we don’t change them.
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GEMNERAL DATA | OFTIMIZATION CONTROLSTRATEGIES | FINANCIAL DATA | RESULTS CHART

CONTROL STRATEGY AMD WARIABLES TO OPTIMIZE

Global strategy: System with batteries and gnd connected

* Load Following [ Batteries are charged by the AC grid // discharged it W [alzo for Elwzer.-» H2)

" Cycle Charging [v Continue up to SOC stp [V [Sell price]

" Ty Both I¥ Optimize strategy of grid-conneted batteries:

Yarables to optimize relative to the global strategy: (™ 3 variables: %1 [dif.). X2[%), X3[%). 0.023 0.3251
- r r (+ 2 variables: price E. min. and max. | Min> [0.0008 ; Max.< |0.3515 €
- - - . [v Batteries can inject elechicity to the AC grid

| r [~ SOCmin

-

r ' ™ 1 day at low SOC -> charge battery Batteries avaiabilty
[” Wwhen batteries are off, compensate autodisch.
Fit: variable ‘ ‘anables acouracy: |3 =100%

Now for each combination of components, there will be 36 possible solutions of control strategy

(we have 2 control variables, and each one can take 6 values, as in variables accuracy 5=100%,
therefore each variable con take the values of 0%, 20%, 40%, 60%, 80% and 100%, where 100%
is the maximum value of each variable; therefore 6*6=36 possible combinations of control
variables).

In the main screen, GENERAL DATA tab, we reduce the search space in order to do the
optimization quickly (in a real project we would leave the original values).

MIN. AND M2 Mo COMPOMENTS IN PARALLEL:

B atenes in parallel: Mind |0 Max 1

P gen. in parallel: Mind |0 Maw |10

“Wind T, in parallel: Minj |13 Maw |15
I'I—

Also, in the INVERTER/CHARGERS screen, we delete the ones of 10 and 20 MW (select the row
of the table and click “-“ button at the top right), leaving only the ones of 0 and 5 MW:

1l INVERTER/CHARGERS - O X
Add from Database ‘ |Zero j
Include only YD s H|4| | ‘+|-|A| | ‘(-|
Iy sitable from family: | | j
GENERAL DATA EFFICIENCY (%) vs. OUTPUT POWER (%) >
Name | Pawenlrvial | Lifespan ) | Cost (M8)[Imax_ch_DClka|EF_charger(] [videminky) [Wdomanli) [Pas_renitwn| [0z [ 2% | 3z [ 2z | 8= | oz | 20% [~

i rv-ChEMW 5 15 05 5 98 03 1.1 1E1S| 10 30 60| 70 85 | 93 | 2
O Zem 0 " o | 0 100 08 1.1 100 100 100 100 100 | 100 | 100

In the main screen, save the project and then click CALCULATE.

After several minutes, the optimization finishes. The optimal (first row) is the same as before
(section 24), as it is just a wind park of 15 wind turbines, without batteries nor inverter/charger
(and in this case the control strategies have no meaning as there is no battery bank).
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GENERAL DATA OPTIMIZATION CONTROL STRATEGIES FINANCIAL DATA RESULTS CHART

Mono-objective optimization. Total No. of cases evaluated: 4752_ Time: 3" 11"

C02 Emissions (kt/yr)

Report A
REPOR
REPOR
REPOR
REPOR
REPOR
REPOR
REPOR
REPOR

49
48
% 47
5 46
=
= 45
= o
44
43 [*vs0ce,
42
8§ 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 64 8 92 96 100
Solution # (sorted from best to worst)
[Show diagrarm
Mo, Total NPY (ME) Ermission (kiCO24a)  Unmet(GWwhia)  IRR(%)  Landiha)  InvestrmentiME) Cap F(3)  LCOEEMWhH) Simulate
1 49.593 112 0 1852 540 375 4348 0.0293 SIMULATE..
2 49.173 1.16 0 18.02 543 39 42.54 0.0305 SIMULATE..
3 48.774 112 0 1819 540 38125 43.46 0.0304 SIMULATE..
4 48.723 1.19 0 1756 546 40.5 41.68 0.0312 SIMULATE..
5 48.354 1.16 0 1772 543 39.625 42.54 0.031 SIMULATE..
E 48.238 1.22 0 1712 543 42 40.85 0.0319 SIMULATE..
7 47.904 1.19 0 17.27 546 41.125 41.68 00317 SIMULATE..
3 47.735 1.15 0 1754 540.05 40 4338 0.0322 SIMULATE..
9 47.714 1.25 0 16.7 552 435 40.06 0.0325 SIMULATE..

<

REPOR
v

>

COMPOMEMNTS: 15%ind Turb. WindT1 (2 Mv at 14 m/s) i/ Unmetload = 0 % /f Total MNet Present Value (NFV) = 49.593 ME, IRR = 18.5%.

STRATEGY: There is no load consurnption -> no control strategy related to the load consumption supply. Control variakles for grid-connectad batteries: charge (only
from renewakle, notirarm gric) if price of E. (sell) is lower than 0.3615 £/k4h; disch. (load + injecting to the grid) if price E. higher than 0.3615 £/kWh

Now the best solution which includes battery and inverter/charger is the number 8 (same

solution as before the 29t one of section 24, but with different control strategy):

MNo.  Total NPY (ME) Emission (KICO2A7) Unmet(GWhaa)  IRR(%)  Land(ha) Investment(hE) CapFi%2) LCOEEAWh) Simulate Report A

1 49.593 112 0 1852 540 75 4346 0.0299 SIMULATE.. REPOR
z 49173 1.16 1] 18.02 543 39 4254 0.0305 SIMULATE.. REPOR
3 48.774 112 1] 18.19 540 38128 43.46 0.0304 SIMULATE.. REPOR
4 48.723 1.19 1] 17.56 546 405 41.68 0.0312 SIMULATE.. REPOR
5 48.354 1.16 1] 1772 543 39625 42.54 0.031 SIMULATE.. REPOR
b 48.238 1.22 1] 1712 549 4z 40.65 0.0319 SIMULATE.. REPOR

4200 1149 0 1 [T 41408 A1k 007 S ATE __BEPOR

47.735 1.15 1] 17.54 540.05 40 4336 0.0322 SIMULATE.. REPQ r:\

We can see it has the same components as the previous # 20 (section 24), that is, 15 wind
turbines, battery bank of 5 MWh and inverter of 5 MW:

P.PV(Mwh)  Sloped#l(®) CnBat (kéh) P Gen(Mw) P lnv(MW) P wind T.(Mw)  F. Turb (m3/s) P.FC (MW) P. Elyz. (Mw) HZ tank (i NP ~
0x1 26 1xxG 1x0 0 152 0 0 0 0
1x1 26 1xbG 1x0 0 152 0 0 0 0
01 26 1xbG 1x0 5 152 0 0 0 0
21 26 1xbE 150 0152 0 0 0 0
1«1 26 136 150 5 152 0 0 0 0
a1 26 136 150 0152 0 0 0 0
21 26 1365 150 5 152 0 0 0 0
26 13165 10 5 152 0 0 0 0

[;D)d

J

In the table we can also see the min. (0.07294 €/kWh) and max. (0.14508 €/kWh) price of sell
electricity to charge / discharge:
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Pr.max CIEA Pr.min DE/Ky Etatal(Gih) Eren(Gih) EpviGWh)  Ew(Gih) Et{Gh) E expart(Giwh) E Sell(Giwh) E Buy(Gwh) A

0.3615 0.3615 0 117.168 0 117.168 0 117.168 114.203
0.3615 0.3615 0 1187 1532 117.168 0 118,699 116533
0.3615 0.3615 0 117168 0 117.168 0 117.168 114203
0.3615 0.3615 0 120,232 3064 117.168 0 120,231 116,83
0.3615 0.3615 0 1187 1532 117.168 0 118,699 115533
0.3615 0.3615 0 121763 4596 117168 0 121.763 118.041
T T3 0 120,232 3.064 117.168 0 120,231 a3
0 117168 0 117.168 0 117.067

( 0.07244 014506 )

And now E sell is 113.948 kWh, lower than in the previous case solution #20 (section 24),

however part of this energy is paid at a higher price, therefore the incomes are higher.

E ch. batGvwh) E disch. bat (GWh) E elyzer. (GWh) E gen (Gyvh) E FC(Gvvh) Hours eq. Gen Bat. life {yr) Hours Ch. Bat. Hours Disch.E »~
0 0 0 0 0 0 100 0
0 0 0 0 0 0 100
0 0 0 0 0 0 100
0 0 0 0 0 0 100
0 0 0 0 0 0 100
0 0 0 0 0 0 100
T Ly 0 0 0 0 100
( 1.297 1193 ) 0 0 0 0 10.01 B

Now energy charged by the battery bank (energy that enters into the battery) is 1.297 GWh/yr
while the discharged energy (energy that effectively supplies the battery, considering efficiency)
is 1.193 GWh/yr, these values are around 10 times higher than values of section 24.

We can see the incomes due to energy sold the first year are 7.024M<£ (higher than in section
24, which were 6.919 M£).

E Sell (e SellHZ (M1 MPVEV(ME)  NPVEat (ME) NPV Aux (ME) WPV Inw (ME)  NPY Gen (ME]  NPYWindT (ME) C. Hydro (MPC) (M1 A

6.894 0 0 0 o o o -41.033 0

6.982 0 -1.371 0 o o o -41.033 0

6.894 0 0 0 o -0.634 o -41.033 0

7.0B8 0 -2.742 0 o o o -41.033 0

6.982 0 -1.371 0 o -0.634 o -41.033 0

7181 0 =412 0 o o o -41.033 0

[Es 0 -2.742 0 o -0.634 o -41.033 0

0 0 -2.571 o -0.634 o -41.033 0
Also the total incomes due to energy sold in present value (NPV) are higher, 99.973 M€

compared to 98.482 M€ in section 24.
. Hydra (MPC) (M1 NP FC (ME) NPV Elvz. (ME) NPV Fuel Gen (ME)  NPY Fuel FC(ME) NP Buy (ME) WP Sell (ME) NP H2 Sell (ME) ~

1] 1] 1] 0 1] ] 98126 1]

1] 1] 1] 0 1] 1] 99.377 1]

1] 1] 1] 0 1] 1] 98126 1]

1] 1] 1] 0 1] 1] 100.593 1]

1] 1] 1] 0 1] ] 99.377 1]

] ] ] 0 ] ] 101.784 ]

] ] ] 0 ] ] [ F45 1]

] ] ] 0 ] ] ]

994973

We can see the simulation (row 8%, click SIMULATE):
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Hourly sirulation

Hourlywalues separately  Monthly and Annual Average Power

Monthly Energy  Annual Energy  Hydrogen

Electricity price (€/kWh)

AC Generator  Water load f PHS  MULTIPERIOD

-
—

A A [ A

41

-
) -

";-’ Simulation of 1 year, all the years the same. _
g 55 £
o 5
g o5 £
ui 45 >
& 4 @
= 20 =
H 35 2
5 15 £
= 25 i
E_ 10 2 o
§ 15 %
=) 1 E
g . v Fa VX FaX 05 E
E 1 n in 41 in @
=
[« >
POWER CONSUMED OR SUPPLIED (M) E—— [F]see Over  Days display
Batter bank Discharge Plim Charge i [Legend
P2 BATTERY ENERGY (Myvh)
O O [ E-to supply by batt Electrolyzer
O [ E. max. disch. batt. E.Hztank (HHVHZ) [JR P1
E HE Battery bank Charge Fuel Cell P critical Gen. o "
xport Energy ap. Max.
et Lood [l Efa supply FC P critical Fuel Cell .
u N S0C setpoint Gen.
R Wind Turb. E max. FC :
E bought to AC grid Pmax SOC setpoint FC

Water Pump
[ Pz input Irverter

AC Generator

E sold to AC grid [7] Pmax

HZ TANK setpaint (HHY HZ)

T full charge

50C (0-1)

[ Pmax Gen

Simulation step (min); B0~ Back Save date h | Save Simulation Data Save Prob. Data

‘COMPONENTS Wind turbines of 30 bW, Battery bank of 5 MWh. Inverter of 5 MyA,

STRATEGY: There is no load consumption -» no control strategy related ta the load consumption supply. SOC min.: 10 %, Control variables for grid-connected batteries: charge (only frorm renewahle, not
rom grid) if price of E. (sell) is lower than 0.07234 £/kWh: disch. (load + injecting to the grid) if price E. higher than 0.14508 £/k\wh

There is no load consumption

Almost all the days batteries perform 1 full cycle (some days more than 1), compared to the
one of section 24, where many days batteries were not used.

Hourly simulation  Hourly walues separately  Monthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  AC Generatar Water load /PHS  MULTIPERIOD

HOURLY POWER DURING THE YEAR (MW), ENERGY IN (MWh)

Total Load PV Generator Wind Turbines
30
20
0 0
10
0
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6.000 8.000 2,000 4,000 6.000 8,000
Hydro Turbine AC Generator Export
L
0 0 |
. | |
i
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000 2,000 4,000 6.000 8,000
Fuel Cell Electrolyzer Energy (HHV of H2) in H2 tank // accum. Sold
0 0 0
0 2,000 4,000 6.000 8.000 0 2,000 4,000 6.000 8.000 0

Battery bank Charge

Battery bank Discharge

Energy in Battery bank

4
1 2
0 0
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000 0 2,000 4,000 6.000 8,000
Unmet load (by the standalone system) Purchased from AC grid Sold to AC grid
20
0 0 10
0
0 2,000 4,000 6.000 8.000 0 2,000 4,000 6.000 8.000 2,000 4,000 6.000 8,000
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Hourly simulation I Hourly values separately I Monthly and Annual Average Power  Monthly Energy ‘AnnuaIEnelgy ] Hydrogen-detailed ] AL Generator-detailed I Water load ] MULTIPEFHEID]
MONTHLY ENERGY (GWh}

Total Load PV generator Wind Turbines
0 s 0
- - - - - - - - - - - -
2 4 [} ] 10 12 2 4 8 ] 10 12
Hydra Turbine AC Generator
0 04— — ——.——_._—_.___._—_._
T T T T ; T T T T " T T
2 4 [ 8 10 12 2 4 8 8 10 12
Fuel Cell Electroyzer
0 04— — ——.——_._—_.___._—_._
2 4 [5 8 10 12 2 ] 6 8 10 12

(4 A S O N [

30. Batteries with low price.

Save the project (Project->Save) and then save it with another name (Project->Save as) and give
the name “MHOGA-optCont-Bat-cheap.mho”.

Let’s suppose that our batteries cost (CAPEX) were much lower, for example 1/3 of the original
cost. To change its cost, in the batteries screen, select the row of the name of the battery and
change it (for example, add “-“ at the end). Then, after changing the name, we can modify any
parameter (if we didn’t change the name, the changes would not be updated). So after changing
the name, we change the cost to 0.5 M€:

Floatlife at [20 °C Cycles to Failure vs. Depth of Discharge (%)

|l Criom (ke violt [0 Costihae)| B 0&M (2] | SOCwiniz) [Self_olz/mon 1| imasfke| £ [ Fioater | 10% [ 20% [ 30% [ 0% [ soz [ e0x [ 70w | sox [ sox [frvee]
5 1 [H 1 10 1 10 52 | 15 | 4B000 24000 16000 12000 9600 | @000 EBST | BOOD | BaE L

The same for the inverter charger, let’s suppose that the cost now is 0.15 M€ instead the
original cost of 0.5 M€, change the name and then change the cost:

GENERAL DATA EFFICIENCY (%) vs. OUTPUT POWER (%) >
PowerMva) | Lirespan (vr) L Cpstieilimas_ch_DCkAEL chager) |Vdeminky) [Vdemasiky) | Pan_renw| [ 0% [ 2% | 3% [ 4z [ 52 | 10% | 20% [ A

5 [ IR | 5 E] 09 1.1 IE15 (1030 5070 85 | 93 @

0 100 0 ] 100 09 11 100100 100 100 100 | 100 | 100

Now we optimize again. Now the optimal system is of 15 wind turbines but it includes battery
of 5 MWh and inverter/charger of 5 MW:
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MNa. Ernigsion (KCO2401  Unmet{GWhat)  IBR()  Land(ha)  InvestmentbE) CapFi(3)  LCOEEMRWH) Simulate Report ~
1.15 0 18.44 540.05 38313 43.36 0.0307 SIMULATE.. REPOR
2 49.805 1.18 0 17.98 543.05 39.813 42.45 0.0313 SIMULATE.. REPOR
3 49593 112 0 1852 540 375 43.45 0.0299 SIMULATE.. REPOR
4 49.353 1.22 0 175 546.05 41.313 41.54 0.032 SIMULATE.. REPOR
1 49.347 112 0 16.42 540 37.688 43.46 0.03 SIMULATE.. REPOR
1 49.173 1.16 0 18.02 543 39 42.54 0.030% SIMULATE.. REPOR
7 48.927 1.16 0 17.93 543 39188 42.54 0.0307 SIMULATE.. REPOR
3 418.866 1.25 0 17.07 543.05 42.813 40.76 0.0326 SIMULATE.. REPOR
9 48.781 1.14 0 1819 540.05 38125 43.45 0.0304 SIMULATE.. REPOR .
< >

COMPONENTS: Batteries BatShWhe- (5 kAh): Ts.x Tp. 4 15 Wind Turb. WindT1 (2 bW at 14 m/fs) /' Inverter Inw-ChERW- of 5 MVA Y Unmet load = 0 %4 ¥ Total Net
PresentValue (NPV) = 50,232 ME, IRR = 18.4%.

STRATEGY: There is no load consumption -> no confrol strategy related to the load consumption supply. S0C min: 10 %. Control variables for grid-connected batteries
charge (only fram renewsable. notfram grid) if price of E. (sell) is lower than 0.0728 £/kMh: disch. {load + injecting to the grid) if price E. higher than 0.1451 £/kMvh

The previous optimal solution (just 15 wind turbines) is now the third best one (3™ row).

We can see the simulation of the best solution, it is the same simulation as the one shown in
previous section, but the NPV is higher as battery and inverter costs are lower.

Hourly simulation  Hourly values separately  Monthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  ACGenerator ‘Waterload { PHS  MULTIPERIOD
Electricity price (€/kWh)
03

0.2

A A [ A [ )
UW\\_/T\/\L/‘;J\/TJ \‘\_/J\;_”\\J;\/L

:-' Simulation of 1 year, all the years the same.
ERE 555
= z
2 25 32
u 45 %
Y « g
§ > E
£ 15 3ok
o
z 25 %
Z 0 2 3
é 5 15 %
TE
£ AN Fa\ Fat at
E mn an 3n 4n an §
=
< >
POWER CONSUMED OR SUPPLIED (M) Energy piica See Over  Days display
Batter bank Discharge Plim Charge [JLegend
P2 BATTERY ENERGY (Mivh)
O O O Elactrolyzer s0c
0 [] E. mex. disch. bat, E H2Z tank HHY H2) [ R ] SOC it
o imits
Battery bank Charge P critical Gen.
Export Energy Cap. Max.
J E.to supply FO P critical Fuel Cell
- S0C setpoint Gen.
D ‘Wind Turb. i
\Wator P E bought to AC grid Pmax 50C setpaint FC
Erump AC Generator E sold ta AC grid [v] Pmax 2 TANK setonint (LY 2 Sy
[ Pma. input Inverter [ Prmex Gen setpoint i} ] SOC(0-1) ull charge:

Simulation step (min): 60 v Back Save data h | Save Simulation Data Sawve Prab. Data

COMPOMNENTS: ¥Wind turbines of 30 Mvy. Battery bank of 5 Mwh. Inverter of & MWA.

STRATEGY: There is no load consumption -> no control etrategy related to the load consumption supply. SOC min.: 10 %. Control variahbles for grid-connected batteries: charge (only from renewable, not
from grid) if price of E. (sell) is lower than 0.07294 £/k'vvh; disch. (load + injecting to the grid) if price E. higher than 0.14508 £/kivh

There is no load consumption

We could see the effect of changing the control strategy min. and max. prices of selling
electricity. In the results table, you can change the values of the min. and or max. prices. For
example, in the first row (optimal solution), we change the min. price for discharge to 0.1851
€/kWh.
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Pr.max.CES Prmin DEKy EfataliGih) Eren(Gih) Epu(GWh)  Ew(GWh) Et{GWwh) E export[Gih) E Sall{Gvwh) E Buy(GWh) A

0.0724 01651 § 0 117168 0 117165 1] 17izge 114.084
0.07294 014508 0 187 1532 117168 1] 118555 1165274
03615 0.3615 ] 117168 ] 117168 1] 1171868 114.203
0.07294 014505 0 lenziz 3.064 117166 1] 120026 1165673
03615 0.3615 0 117168 0 117165 1] 117166 114.203
03615 0.3615 0 187 1532 117168 1] 118.699 116533
03615 0.3615 ] 187 1532 117168 1] 118.699 115533
0.07294 014505 0 121.763 4596 117166 1] 121.666 117.6843
0.0008 0.0008 0 117168 0 117168 1] 117166 114.203 o
< >

After clicking in the first row, the results are updated in that row. We can see the total NPV of
the first solution is now reduced and now it would not be optimal:

Mo, Total NPY (ME) Erffizsion (kCOZ4a)  Unmet(Gwhir)  IRBR(%)  Land(ha)  InwestmentiME) CapFi3s)  LCOEE/KWh) Simulate Report -
1 49.691 1.14 0 18.33 540.05 38.313 43.41 0.0306 SIMULATE.. REPOR

We change the price of the table again to the original value and the result are updated to the
original ones:

No.  Total NPV (ME£) Erniss
15 50.232:

31. Multi-period optimization.

Save the project (Project->Save) and then save it with another name (Project->Save as) with the
name “MHOGA-optCont-Bat-Cheap-M.mho”.

Now we will use multi-period simulation and optimization. Multiperiod implies better simulation
(it simulates all the system lifetime, not just the typical year) and it includes the reduction in the
power of the renewable sources with time, the increase in load (in the case there is load
consumption), different inflations for the different years, different resources, etc. However, it
implies much higher computation time (usually more than 30 times compared to the simulation
of a typical year). In this guide just in some examples multiperiod is used, due to the higher
computation time, however in real projects you are encouraged to use multiperiod simulation
and optimization.

In the upper menu, Project->OPTIONS.

Select “Mutiperiod: simulate all the years of the system lifetime...”
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MAIN OPTIONS:

Sirnulation and optimization:

() Simulation of the 1styear and extrapolate results

)
[@ tultiperiod: simulate all the yvears of the system lifetime ( years) Options ] [

Economic optimization:

(O Minimize Met Present Cost (MPC), usually for off-grid systems and high load on-grid

(@ Maximize Net Present value (NPV), usually for low load of no-load on-grid systems

> (@) Max. NP

() Min. LCOE

[ Define Wind Farm with 16 power curves, one for each wind direction sector ]

MNumber of decimal places in results of costs 3 L

Number of decimal places in results of energy 3 !

Then click in Options button.

MULTIPERIOD SIMULATION AND OPTIMIZATION OPTIONS:

oK 1

Obtain random values far ‘ PURCHASE E price inc. + | Average (%)|3 Std. dev. (%): |1

Showin the simulation during one year:

&+ Agrageyear
" Yeat number: |1

Annual increase in electricity and H2 price: W Fixed
(if fixed, same values as price inflations of LOADAAC GRID)

AC grid Electricity: Purchase: |3 3% Sell: |2 %%
H2 sold: |3 “%

Annual increase in load consurnption: W Fixed

AC: |1 % Dc: |1 %

Hz: |1 % Water: |1 %
1 Annual decrease in generation

P 1styear |3 % other years: |1

Wind Turhines: |1 %

Hydro Turhines: |0 %

Battery end of life when capacity reduction of 20 %

q B 1
| Annual variation over sverage in resources: ¥ No change

1 Annual O&k for P andind T W Fixed

Obtain random walues for Inadiation variation aver ave ¥ | Average (%):|0 Std. dev. (%): |2

Annual increase in prices and load (%) / Variation over average in resources (%) / O&M PV - WT (%):

Year

Purch E. |SeHE. ‘SEIIHZ |Inc.AC |Inc oc |\nc. H2 ‘Inc.W. |Irrad |Wind |OM.P.|OMW| ~

| wfo| o & e ] —

Forvanahle unselect "Fixed"  Forvanable unselect "Fixed”  Uncheck "Noch" Uncheck "Fised

1

1z

13

14

15

16

17

14

Ok

The annual increase in electricity and H2 price are connected to the values set in the LOAD/AC

GRID screen, any change in them is changed in the other screen.

An annual increase in the load consumption of 1% is considered (each year the load is 1% higher

than the previous year), however in this case it is not used (there is no load).

Itis also considered by default that the PV modules generation is decreased 3% after 1 year, and

the rest of the years it is reduced 1%, wind turbines generation is reduced 1% per year, and

battery bank capacity reduction is 20% at the end of its lifetime.
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We can define annual values for these data, different for each year, unchecking the
corresponding “Fixed” checkbox. Then in the table at the right appears the columns where you
can change the values.

Also, you can define annual variation in resources, if you uncheck “No change”, and annual O&M
for PV or for wind turbines if you uncheck the checkbox “Fixed” at the bottom.

For example, let’s suppose that the 6% year the inflation of the sell electricity price will be 5%
and the 12" year it will be -4%, and the rest of the years 2%: uncheck the corresponding “Fixed”
checkbox and change in the table.

MULTIPERIOD SIMULATION AND QPTIMIZATION QPTIONS: (Obtain randam values for | FURCHASE E. price ine. _»| Average (%):|3 Std. dev. (%): |1

Obtain random values far Inadiation variation over ave v | Average (%) |0 Std. dev (%) |2

Annual increase in prices and load (%) / Variation over average in resources (%) / C&M PV - WT (%):

Show inthe simulation during one year:

& Agrage year
voar  [Puche] |SellE. §SallHZ incAC [Ine.DC [inc.He [inc.w. [inad. [wind [omMP. [oMw] A
" “earnumber: |1 1 3 2 3
2 3 2 3
Annual increase in electricity and HZ unci I~ Fixed L 3 3 2 3
(itfixed. same values as price inflations o ) 2 3 5 3
AC grid Electricity: Purchase: |3 % Sell: |2 % 5 3 2 3
H2 sold: |3 % 5 3 5 3
. 7 3 4 3
Annual increase in load consumption: v Ficed
AT % DC: 1 % 2 3 2 3
9 3 2 3
Hz: |1 % water: |1 EA 0 3 p E
Forvariable unselect "Fixed"  Uncheck "Noch'' Uncheck "Fised
11 3 2 3
Annual decrease in generation
12 3 -4 3
P 1styear: |3 %; other years: |1 |
13 3 2 3
Wind Turbines: |1 % 14 3 2 3
Hydro Turbines: |0 % 15 3 2 3
16 3 2 3
Battery end of life when capacity reduction af |20 % 17 3 2 3
. . 18 3 2 3
Annual variation over average in resources: ¥ Mo change
19 3 2 3
Annual Q&M for PY and Wind T.. W Fixed i

OK

Also, let’s suppose that we want the annual wind speed to change over the average, for example
decreasing 7,89% over the average in year 2, increasing 14.05% over the average in year 3 and
increasing 7% over the average in year 4.

First, uncheck “No change” for annual variation over average in resources.

Annual wariation ower average in resources:!l_ MNa change I

Annual D&M for P% and Wind T.. W Fixed

Then change the values:
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MULTIPERIOD SIMULATION AND OPTIMIZATION OPTIONS: Obtair random values for ‘ PURCHASE E. price inc. v | Average (%):|3 Std. dev. (%) |1

! Obtain random values for | [Inadiation variation over ave ~| Average (%)[0  Std. dev (%) [2

Show inthe simulation during one wear:

Annual increase in prices and load (%) / Variation over average in resources (%) / O&M PV - WT (%)
& Agrage year
veor  [PuchE. [SellE. [SaliH2 [inc.AC [inc. DC [inc He [icw. [inact. fwind [pmP [omw]
€ Yearnumber. |1 1 3 3 3 0 0
2 3 3 3 0 -7.89
Annual increase in electicity and H2 price: [~ Fixed 3 3 3 3 0 14.05
(if fixed, same values as price inflations of LOADYAC GRID) 1 3 3 3 0 7
AC grid Electricity: Purchase: |3 % Sell: |2 %o E E 3 0 0
HZ sold: |3 % B 3 5 3 0 0
7 3 3 3 0 0
Annual increase inload consumption:  Fixed
AC: 1 % De: |1 % £ 3 3 8 v v
9 3 3 3 0 0
1 H2 |t % ‘Water: |1 % T 3 3 3 o o
1 For variable unselect "Fixed" | JPncheck " Fized
3 . . 1 3 3 3 0 0 i
Annual decrease in generation:
12 3 -4 3 0 0
PV 1styear: |3 %: ather years: |1
] 13 3 3 3 0 0
Wind Turbines: |1 % 14 3 3 3 0 0
Hydro Turbines: |0 % 15 3 3 3 0 0
16 3 3 3 0 0
Biattery end of lifs when capacity reduction of |20 24 17 3 3 3 0 0
18 3 3 3 0 0
| Annual variation over average in resources: [ Mo change
19 3 3 3 0 0 v
4 Annual O&M for P and Wind T v Fixed

We leave the rest of the default values. Click OK, then OK.

Now, in the main screen, click in the first row of the results table. The optimal solution is
simulated considering the multi-period, and all the columns are updated to the results of the
multiperiod, with the average values of the 25 years of its lifetime.

Mo. Total NPV (ME)
1 53.725

UnmetfGwhiyr)  IRR(3)  Landiha)  InvestmentbE) Cap F(3%)  LCOEEKWh) Simulate Report A
0 141 540.05 38.313 40.71 0.0327 SIMULATE.. REPOR’

The NPV has been increase (wind generation is reduced with the years 1% annual, however we
have considered the decrease and increase of the wind speed in some years, and also changes
in the sell electricity price inflation). Except for the data of the NPV, all the data of the table are
referred to the average values of the years of the system lifetime, that is, annual average values.

Let’s see the simulation of the best solution, clicking in SIMULATE in the first row. By default,
the average year is shown.
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Haourly simulation

Hourly values separately  Monthly and Annual Average Power

Monthly Energy  Annual Energy  Hydrogen

Electricity price (€/kWh)

AC Generator Water load f PHS  MULTIPERICD

A R\ A A M —

Sim. multiperiod, shown average year. PV: 86%;C bat: 93.3%;WT: 88%;S0C 1st day: 100%;Water tank 1st day: 40dam3.

z =
£ 301 55 £
2 5 5 B
u 45 %
£ 20 4 B
£ g
5 15 Iz
13 25 F
= 104 , 8
w >
é 51 15 &
=S A N A T E
E 171 21 n 41 51 @
=
[< >
POWER CONSUMED OR: SUPPLIED (M) Energy price [#]see Over  Daysdisplay
Batter bank Discharge Plim Charge [Legend
P2 BATTERY ENERGY (Muh)
0 M [J E 1o supply by batt Electrolyzer
0 [ E max disch. bat E. HZtank (HHVH2) [(]R P1 SOC limit
o mits
Battery bank Charge Fuel Cell P critical Gen.
Export Energy Cap. Max.
O E to supply FC P crifical Fuel Cell .
Unmet Load - S0C setpoint Gen.
DR Wlnd Turb. E.max FC
Waler P E boughtto AC grid Prmax S0C setpoint FC
ater Fumy
P AC Generator E sold to AC grid Prmax
[] Pmax. input Inverter [ P masx Gen H2 TANK setpoint (HHY H2) 50C (0-1) T.full charge
Simulation step (min): B0~ Simulaltion multiperiod year. | Average | I Back Save data h | Save Simulation Data Sawe Prob. Data
. Biatteny bank of & bvh. Inverter of B bAVA,

‘COMPDNENTS' Wind turbines af 3

STRATEGY: There is no load consumption -> no control strategy related to the load consumption supply. S0C min.: 10 %. Contralvarishles for grid-connected batteries: charge (only from renewakle. not
rom grid) if price of E. (sell) is lower than 0.07234 £/kiWh; disch. (load + injecting to the grid) if price E. higher than 0.14508 £/Wh

There is no load consumption

We can also see the other tabs:

Hourly simulation

Haourly values separately  Manthly and Annual Average Power

Monthly Energy  Annual Energy  Hydrogen

AC Generator  Water load | PHS  MULTIPERIOD

HOURLY POWER DURING THE YEAR (MW), ENERGY IN (MWh)

Total Load PV Generator Wind Turbines
20
0 J 10
0
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 6,000 0 2,000 4.000 6,000 8,000
Hydro Turbine AC Generator Export
=LA it it
| | - PR
0
0 2,000 4.000 6,000 8.000 0 2,000 4,000 6,000 6,000 0 2,000 4,000 6,000 8,000
Fuel Cell Electrolyzer Energy (HHV of H2) in H2 tank // accum. Sold
0 0 0
0 2,000 4,000 6.000 6,000 0 2,000 4,000 6,000 6,000 0
Battery bank Charge Battery bank Discharge Energy in Battery bank
2 2
1 1
0 0
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000
Unmet load (by the standalone system) Purchased from AC grid Sold to AC grid
20
s 4 10
0
(1] 2,000 4,000 £.000 000 0 2000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000
Simulation step (min); |60 v | Simulaltion multiperiod year. | Average Back Save data h | Save Simulation Data Sawve Prob. Data.

We can change the year shown:

Year 1: same as without multiperiod
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Hourly simulation

Hourly values separately  Monthly and Annual Average Power

Monthly Energy Annual Energy  Hydrogen

Electricity price (€/kWh)

AC Generator  Water load f PHS  MULTIPERIOD

Sim. multiperiod, shown year 1. PV: 100%;C bat: 100%:;WT: 100%:;SOC 1st day: 100%;Water tank 1st day: 40dam3.

A [\ [ A [ M

= -
L 55 £
e 5 &
.23 45 >
wi ]
= 20 o
= 35 Z
5 15 I ox
o 25 2
= 5 2 3
wi >
15 &
£ 5 b w
= AN FaX o PN E
E n 2" ki 4an 51 @
=
< >
POWER CONSUMED OR SUPPLIED (M) Energy price []Ses Over  Days display
Batter bank Discharge Plim Charge [(Legend
P2 BATTERY ENERGY (MWh)
[ E. ta supply by batt Electrolyzer oc
E. max disch. batt. E. H2 tank (HHY HZ R P1
O ¢ 1 0 S0C limits
Battery bank Charge Fuel Cell P critical Gen.
Cap. Max.
E.tosupply FC P critical Fuel Cell 50C setnoint G
setpoint Gen.
O wind Turb. E.max FC P
=Y
E boughtto AC grid Pmax SOC setpoint FC
Water Purmp
i AC Generator E sold to AC grid
[ Pmax. input Inverer ] Prmax Gen H2 TAMK setpoint (HHY HZ) SOC(0-1) | T.fullchargs
Simulation step (min): |60 v Simulation multiperiod year: |1 57 Back Sawve dats: h | Save Simulation Data. Save Prob. Data.

Remember, in our case we saw wind in year 2 was 7.89% lower than the average, while in year
3 it was 14.05% higher and in year 4 it was 7% higher. Also, each year the wind generation is
reduced 1% due to the degradation of the wind turbine.

Year 2: lower generation

Hourly simulation  Hourly values separately  Monthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  AC Generator ‘Water load /PHS  MULTIPERIOD

Electricity price (€/kWh})

Sim. multiperiod, shown year 2. PV: 97%;C bat: 97.8%;WT: 99%;S0C 1st day: 100%;Water tank 1st day: 40dam3.

A A [ A )
m\w_/—mm/ﬂ\_/‘;J\/"_;’t U‘:_J\J;\]L

z =
§ 304 55
= 25 5 g
ui 45 %
= 20 o
= 35 2
5 15 3=
= 25
= g 2 2
y z
£ 5 1 5 g
£ y.".. FaN FaN o\ =3
E n n 3 4an 501 @
=
< >
POWER CONSUMED OR SUPPLIED (M) Energy price See Over  Days display
Batter bank Discharge Plim Charge [Legend
P2 BATTERY ENERGY (Mivh)
M O [ E. to supply by bat. Electrolyzer soc
O [] E. max. disch. bat E H2tank (HHVH2) []R P1 S0C limi
| imits
E HE Battery bank Charge Fuel Cell P critical Gen. - M
xport Energy ap. Max.
Unmet Load | Eta supply FC P crifical Fuel Cell .
. Wind Turb. E. o FO S0C setpoint Gen.
Water P E houghtto AC grid || Pmax S0C setpaint F
i
certame AC Generator E sold o AC grid ] Pmax
[ Praax. input Invertar D P max. Gen HzZ TANEK setpoint (HHY H2) S0C(0-1) T.full charge
Simulation step (min): |60~ Simulaltion multiperiod year: | 2 = Back Save data h | Save Simulation Data Save Prob, Data
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Year 3: higher generation

Hourly simulation  Haurly values separately  Monthly and Annual Average Power  Manthly Energy  Annual Energy  Hydrogen  ACGenerator ‘Waterload /PHS  MULTIPERIOD

Electricity price (€/kWh)

A A\ [ A M

Sim. multiperiod, shown year 3. PV: 96%;C bat: 95.6%;WT: 98%;S0C 1st day: 100%;Water tank 1st day: 40dam3.

z -
g 3 55 %
& 5 &
=5 45>
w 0]
4 &
2 i}
i 35 F
55 3 x
£ 25 %
g. 10 o
u 2z
15
g 5 =
£ AN ) A~ A A TE
= ] B £l T B =]
=
< >

ee Over  Daysdisplay

POWER CONSUMED OR SUPPLIED (MW)

Batter bank Discharge Plim Charge Energy prics [JLegend
[ & 1o supply by bet Electrolyzer p2 BATTERY ENERGY (Mwh)
[] E. max disch. batt. E.HZ tank (HHv H2) []R F1 SOC limits
Battery bank Charge Fuel Cell P critical Gen. Cap. Max.
O Eto supply FC P critical Fuel Cell

Wwind Turb. E. e FC S0C setpoint Gen.

Water Pump =R Eboughtio ACarid || Pmax S0C setpoint FC
(] Prmax. input nverter ADC gfﬂ":fg;' Eonldte AT ard He TANK setpoint (HHV HZ) 808 @) | | T full charge

Simulation step (min): |60 v Simulaltion multiperiod vear: |3 ~ Back Save dats: h | Save Simulation Data. Save Prob. Data

We can see the summary of all the years in the last tab MULTIPERIOD:

Hourly simulation  Hourly values separately  Monthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  AC Generator ‘Waterload {PHS  MULTIPERIOD
MULTIPERIOD SIMULATION. ENERGY DURING EACH YEAR (GWh)

Total Load PV Generator Wind Turbines
150
100
0 0
50
0
0 5 10 15 20 25 5 10 15 20 25
Hydro Turbine AC Generator Export
150
100
0 0]—
50
0
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
Fuel Cell Electrolyzer
0 04— Save Multiperiod data
5 10 15 20 25 5 10 15 20 25
Battery bank Charge Battery bank Discharge Hydrogen tank cap. or H2 sald ()
1.5
1 1
0
05 05
0 0
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
Unmet load (by the standalone system) Purchased from AC grid Sold to AC grid
100
0 0
50
0
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25

Simulation step (min): |80~ Simulaltion multiperiod vear: |3 M Back Save data h | Save Simulation Data. Save Prob. Data.

In the middle right of this tab the button “Save Multiperiod data” can be used to save in Excel
format the annual data of the input variables and of the reults. Once saved, you can open the
Excel file, where the economic data are cash flow of each year (not present value), that is, money
that the owner of the system will have to spend or will receive that year.
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The final column (total emissions) include emissions of the backup generator (diesel or any other
fuel), the emissions due to the energy bought to the AC grid, etc.; 1st year includes life cycle
emissions (manufacturing, recycling, etc.) of the different components.

A B s o E F G H I J ¥ L M N o P Q R
1 [Project: MHia-apeCont mho, Solstion & 1
2
3 | RESULTS DURING THE YEARS OF THE SYSTEM UFETIME, MULTIRCRICD SMULATICN,
[
5 | Casts and incormes are cash flow of each year (1ot prasent vebue)
&
T tear Cum. Isf. Purch. £[%] Curm. Inf. Sell £ Cum Inf. Sell H%) AL loadi{) B {36 H2 loadi%) Water load{%) i (%)
] 1 W03 100 100 W00 100 ]
a ] 106.09 101 101 [
o ] 10927 102.01 102,01 o
1 ] 11255 103.03 103.03 0
2 -] 11593 104,00 104,06 ]
3 5 119.41 105.1 1051 (]
4 7 13299 106.15 106,15 ]
5 8 12668 10721 107.11 0
3 ] 130.48 108.39 108,39 o
7 10 134.39 109.37 109.37 o
8 u 13842 11048 110,46 (]
9 12 14258 11157 11157 [
o 1 14685 1268 112,68 (]
i] 12 151.26 13,31 113.81 [
2 15 155.8 11495 11495 0
3 16 160 47 1161 1161 o
“ bt ) 165.28 117,26 17,26 [
5 18 170024 11843 118,43 ]
L3 19 17535 119.61 119.61 o
i 2 18081 120.51 120,51 o
8 7 166.03 122.02 122.02 o
] » 181 61 121794 12374 n

mult

We can optimize considering the multiperiod.

The optimization time could be a lot of minutes as it is much slower than without multiperiod.
In a real project, we would not reduce the possible components. However, in this guide, to
reduce computation time, in the main screen, GENERAL DATA tab, we will uncheck PV Gen. and
the min. and max. wind turbines in parallel will be 15.

GENERAL DATA  OPTIMIZATION CONTROL STRATEGIES FINANCIAL DATA RESULTS CHART

COMPONENTS
M. AND MAX, Mo COMPONENTS IN PARALLEL: OFTIMIZATION PARAMETERS SELECTED BY:
Bateries in parallel Min @ HOGA (O USER

Wind Turbines Maximum execution time:

D h. E min. Parareters

Minimum tirme for the Genetic Algorithms

[ JHydro T. wWind T in parallel Min

Battery bank
Simulation:

Backup Gen. Step (min.): i i
- P Constraint under NPY maximization P (min.) Simulation starts

Inverter/char. 100 B frowr EI day month

tax, invastment cost E

Min. Capacity Fact 5
[]H2 (F.C. - Elyzer) n CapaciyFacor [0 | o [JPmex sel
hdaw land use 1000000001 15 | Data

Now we have just 4 combinations of components and, for each one, 36 combinations of control
strategies, a total of 144 combinations, but the computation time is much lower than without
multiperiod.

NUMBER OF CASES AND TIME EXPECTED

Computation speed: 1 cases/secand

EvaL ALL EOE.CeALL) GEMN ALG (P ALL)
MAIN ALG (COMB, COMPONENTS) 4 10 (250%) 139 (3475%)
(1)
SEC ALG. (COMB. STRATEGIES). ¥ 14(38.89%) 214 (554.44%)
MAMALG SEC ALG NUMBER OF CASES " TIME EXPECTED
OPTIONT: EVAL ALL EVAL ALL 144 100% Bh 2" 28"
OPTIONZ EVALALL GEM ALG. 056 5044%  Dh1442"

OFTION 3 GEM ALG  EWAL ALL 5004 TS % 1h 28"
OFTION4 GEMNALG GEMN ALG. 6 206569 %

In the main screen, save the project and then CALCULATE. Each combination will be simulated
during the 25 years of the lifetime, considering the decrease in generation, the variation of wind
speed and the variation in inflation of sell electricity price. After several minutes, we obtain 4
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solutions (corresponding to the 4 combinations of components, each one with the optimal
control strategy). We have the same optimal solution as before.

MNo.  Total NPY (ME£) Ermigsion (KCO24)  UnmetGWwhhn  IRR32)  Landtha)  ImvestmentibE) CapF(3)  LCOEEKWh) Simulate Report A
1 53.725 091 0 141 540.05 38313 40.71 00327 SIMULATE.. REPOR
2 53.004 049 0 1919 540 376 40.81 00318 SIMULATE.. REPOR
3 52.759 0.9 0 15.09 540 37658 40.81 0032 SIMULATE.. REPOR
4 52.193 0.91 0 15.85 540.05 38125 40.81 00323 SIMULATE.. REPOR

<

COMPOMNENTS: Batteries BathhWh- (5 kah): 15 = 1o /15 Wind Turb. WindT1 (2 MW at 14 mys) & Inverter Ine-ChEMW- of b MYA S Unmet load = 0% Jf Total Net
FresentValue (NPY) = B3.726 ME, IRR. = 18.7%

STRATEGY: There is no load consumption -» no control strategy related to the load consumption supply. SOC min.: 10 %, Contral variables for gricrconnected batteries:
charge (onky fram renewakble, notfrom grid] if price of E. (sell) is lower than 0.0729 £/kWh; disch. (load + injecting to the grid) if price E. higher than 07457 £/kivh

We save the project.

32. Maximum injection power to the AC grid variable.

Open the previous project “MHOGA1-optCont-Bat-Cheap.mho” (Project->Open). Then save it
with the name “MHOGA1-PmaxVar.mho” (Project->Save as).

We will modify the project supposing that the maximum power allowed to be injected in the AC

grid is not a fixed value.

Let’s suppose that the utility has set three hourly periods for the maximum power to be injected
to the AC grid (P1, P2 and P3) with the following distribution:

SUMMER periods distribution:
0-1h 1-2h 23h F-4h 4-5h 5-Eh B-7h 7-8h 8-9h 9-10h 10:1Th - 11-12h

F3 «| |P3 | [P3 »| |P3 =] [P3 »| |P3 ~| [P3 »| |[P3 ~| P2 »| P2 ~| P2 »| |F2 ~|
1213k 1314k 1415h 1516k 1617h 1718k 181%h 1920k 20:21h 2122k 22.23h  2324h

P1 | |P1 =] [Pt =| P2 ~| [P2 =| P2 ~| [P2 =] P2 ~| [P2 ~| |P2 ~| [P2 ~| [F2 ~|

WIMTER penods distribution:
0-1h 1-2h 2-3h 3-4h 4-5h 5-6h B-h 7-8h 8-9h 310k 1011k 11-12h

F3 = P3| P35 »| |P3 =] F3 =] |P3 ~| |P3 =] [P35 »| |P2 ¥ P2 ~| P2 ~| |F2 |
1213k 1314h 1415k 1516k 1671Fh 1718 181%h 1920k 2021h 21-22h 22-23h  23-24h

Fz2 | P2 «| P2 ~| [P3 =] [P3 »| |P3 ~| [P »| [Pt ~| [P1 ~] [P ~| P2 »] |P2 ~|

Where summer period in this example is considered to be from March 30" to October 26™.

Let’s suppose that the maximum power allowed to be injected to the AC grid in P1 is 15 MW, in
P2is 18 MW and in P3 it is 23 MW.

We cannot define different values for that power directly, but we can define for the maximum
power allowed to be purchased to the AC grid and we can set the max. power injected to the AC

grid is the same as the max. power purchased by the AC grid.
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In LOAD/AC GRID window, PURCHASE / SELL E tab, uncheck “Fixed Buy Price” and “Fixed
Pmax”.

In the Sell excess energy to AC grid panel, select “=Pmax buy”, this way the maximum power to
be injected to the AC gris will be the same as the defined power to purchase from the AC grid.

Vi Load and options of Selling / Purchasing Energy from the AC grid

- m} X
D ata source:

= r r 5 r
™ Monthly Average * Load Profle ¢ Import File (M, tH2/h, dam3/h) ((: i -

AC LOAD (MW) ] DC LOAD {MW) ] H2 LOAD (tH2/h) ] WATER (dam3/day) FROM WATER TANK PURCHASE/SELLE l

[~ Purchase from AC grid Unmet Load [Non Served

v Sell Excess Energy to AC grid AC GRID AVAILABILI |
nergy by Stand-alone system]) Priniit }
. . . hy ta supply E not covered by renewables
012
 Fied By Price €&wh)  [015 | Houly Pice | (el el Ao (it Iy P

{¢ Storage/Generator © AC Grid
. [~ Preel=prbupx |1
Annual Inflation [%]: Emizzion [kgCO27kwh): . _
3 ’047 Annual Inflation (%} |2 [~ Sell surplus H2 in tank [difference

between the H2 in the tank at the
end of the year and at the beginning]

ma (M) Fixed Cost P [£/kM,
0 Optinnz 40 Haurly W alues

arge] Price [€/ky/h] |1 5 |3
Access Chame Price [EAOWH [V Fixed Transfer price [E/k\wh) |0
[ Fized Access price [Ewh) |0 | Self-consumption and Net Mettering:

Back-up Charge Price [£/kWh|
IV Fixed Back-up price [€/KwhH) |0
[The cost of the back-up toll wil be added to the E purchased)

|No net mettering j
Cost of et metering service [E/WwWh) |0
Euy-back: Export E is paid at [£/kwh) |0

Total tax for electricity costs [buy + charges) (%] |0 Total tax for electricity sald [%]: ,Di

Then click on “Hourly Price” button close to the buy price. Select Hourly Periods and accept all
the default values (3 periods, summer/winter, distribution as shown):
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HOURLY PRICE OF THE ELECTRICITY PURCHASED FROM THE AC GRID

Hourly Price Data £/ h]
" Hourly, all dayz the same

A _Fropg file [8FEN hourly values)

* Hourly Periods

Houry Periods; Mumber of Hourly Periodz: |3 «| | & Summer™Winter

ﬁ Diraw

i Mon-Frifweekend © Hourly [from file]

Summer calendar:

From day lf month |3_

Period P1 Price;  |0.15
Period P2 Price:  |0.12

Today If maonth W

SUMMER periods diztribution:

Period P23 Price:  |0.08

0-1h 1-2h 2-3h 34h 4-5h E-Bh B-7h 7-Bh 8-3h 310h  1011h 1112k
F3 = [F3 =] [P3 | |F3 =] F3 =] |P3 ~| |F3 =] |3 =] [P2 ~| [P2 ¥| |FP2 ~]| [P2 +|
12413 1314 1415h  157Bh 1617k 171%h 1819  1920h  20-21h 2122k 2223h 23-24h

P~ [P =] [P1 ~| P2 | P2 »| P2 ~| P2 ~| [P2 ~| |P2Z ~| |P2 ~| [P2 ~| |P2 +|

WINTER penods distribution;

0-1h 1-2h 2-3h F-dh 4-5h E-6h 6-7h 7-8h 8-9h 310k 1011k 1112k
Fa «| |P3 »| [P3 »| P32 | |P3 »| |P3 ~| P3 ~| [P3 ~| P2 ~| |P2 ~| [P2 ~| |P2 +|
1213h 1314k 1415 1516k 161Fh 1718k 1819  13-20h  2021h 2122k 2223k 2324k

F2 =| P2 | P2 »| |F3 =] P32 | [P3 =] [P1 =| |P1 =] [P1 =] |P1 =] [P2 ~| |P2 +|
1[4

By clicking in the button “Draw” we can see the hourly distribution of the periods (P1 price of
the electricity purchased to the AC grid 0.15 €/kWh, P2 price 0.12 €/kWh, P3 price 0.08 €/kWh).
These prices will not be used by the software as there is no load and it is not allowed to buy
electricity to the AC grid, but they can be used to see graphically the distribution of the periods.

W Graph — [m] ®
Price of the electricity PURCHASED from AC grid
0.155]
0.1
0.145]
0.14]
0.135)
0.13]
=
H] 0.125]
. 0.12)
2 0.115]
§ 011
=
0.105]
01
0.085]
0.09]
0.085]
0.08]
3 6 9 12 15 16 21 0
1 January
L 1 I
Purchase price: Average 0.109 £/kWh; Max: 015€/&Wwh; Mir: 0.08 £/, Daps display
3 Back
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Click Back and then OK.

In the PURCHASE / SELL E tab, click “Hourly Values” close to the options of the maximum power

from the AC grid.
[ Fimed Praax [kiw] Fixed Cost P [£/kWw,
100 Opticrns a l Haurly Y alues

A small window appears. Change the values to the following Pmax and costs for the different
peridos P1 to P3 (note that P4-P6 are not considered, anyway we write 0 in them):

Hourly periods zame of energy hourly price periods

Prnax [Miw] Cost of Power [£/KW A
Period P1
Period P2
Period P32
Period P4
Period P5
Period PE

T
T

0K

Costs have been set to 0 because we will not purchase electricity to the AC grid. Anyway, this
cost would not be considered.

OK and OK. Then, in the main screen, save the project and then CALCULATE.

After a pair of minutes, we see the results.

# Erizsion (KCOZAY Unmet(Gwhir)  IRRZ) Landtha)  InvestrenthE) Cap R3] LCOEEkWh) Simulate Report A
1 2 1.07 0 16.98 504.05 35.813 41.56 0.032 SIMULATE.. REPOR’
2 40.232 1.15 0 16.37 540.05 38313 40.47 0.0328 SIMULATE.. REPOR™
3 40.025 1.05 0 1711 504 k) 41.62 0.0312 SIMULATE.. REPOR™
4 40.003 1.12 0 16.5 540 375 40.52 0.032 SIMULATE.. REPOR’
5 39.909 1 0 1785 468.05 331313 42.51 0.0314 SIMULATE.. REPOR™
[ 39.779 1.05 0 17.01 504 35188 41.62 0.0313 SIMULATE.. REPOR™
7 39.757 1.12 0 16.4 540 37.688 40.52 0.0322 SIMULATE.. REPOR™
3 39.599 1.1 0 16.45 507.05 37.313 40.54 0.0328 SIMULATE.. REPOR™
L] 39.505 0.98 0 17.68 468 325 42.59 0.030% SIMULATE.. REPOR™
W
< >

COMPOMNENTS: Batteries Batbhvh- (5 kah): Ts.x Tp, 14 Wind Turk, WindT1 (2 MW at T4 mis) ff Inverter Ims-ChEMW- of 5 MVA Y Unmet load = 0% 4 Total MNet
Present Value (NPV) = 40.342 ME. IRR =17%.

STRATEGY: There is no load consumption -> no control stratedy related to the load consumption supply. SOC min: 10 %. Controlwariables for grid-connected batteries:
charge (onky from renewable, notfrom grid) if price of E. (sell) is lower than 0.0729 £/k4h; disch. (load + injecting to the grid) if price E. higher than 01451 £/Wh

The optimal is composed of 14 wind turbines, battery of 5 MWh and inverter of 5 MW.

The simulation of the optimal system (January 27-28):
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Hourly simulation  Hourly values separately  Monthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  AC Generator  Water lnad { PHS  MULTIPERIOD
Electricity price (€/kWh)
03
02 /‘\
A
0.1 J \\ ’J \\

2in 2811

Simulation of 1 year, all the years the same.

: =
< z
= =
g g
z =
: w
2 =
& =
= 2
£ 5
E 2m 281 o
=
< >
POWER: CONSUMED OF SUPPLIED (M) See Over  Daysdisplay
N Eneriyy price
Batter bank Discharge Plim Charge [JLegend
D D I:‘ Electrolyzer P2 BATTERY ENERG'Y (MwWh)
s0C
O [ E. max. disch. batt. E H2tank (HHVH2) [JR P1 SO limit
¥ imits
Export E Battery bank Charge P critical Gen. Can M
] Export Energy ap. Max.
O E.to supply FC P crifical Fuel Cell .
- S0C setpoint Gen.
D Wind Turb_
=4
Weter E boughtto AC grid | Pmax S0C setpaint FC
SErTamR AC Generator E sl 1o AC grid [7] Proex )
[ Pmesx input Inverter D P max Gan H2 TAMNK setpoint (HHY Hz) S0C (0-1) T. full charge

Simulation step (min), B0~ Back Sewe date h | Save Simulation Data Save Prob. Data

COMPOMEMNTS: Wind tuthines of 28 M. Battery bank of 5 Mwh. Inverter of 5 MyA.

STRATEGY: There is no load consumption -» no control strategy related to the load consumption supply. S0OC min.: 10 %. Control variables for gric-connected batteries: charge (only from renewakble, not
from grid) if price of E. {sell) is lower than 0.07234 £/kwh; disch. {load + injecting to the grid) if price E. higher than 0.14508 £/k\Wh

There is no load consumption

We can see the different hourly periods have different maximum output power to the energy
sold to the AC grid.

Back and save the project.

33. Pumped hydro storage (PHS).

Open the previous project “MHOGA1-optCont-Bat-Cheap.mho” (Project->Open). Then save it
with the name “MHOGA1-PHS.mho” (Project->Save as).

Now let’s suppose that we include pumped hydro storage (PHS). We build a water tank or
reservoir so that water can be pumped to the water reservoir when the renewable power is
higher than the maximum power to be injected to the AC grid and the turbine will run when the
sell electricity price is high. Let’s suppose that the water reservoir maximum capacity is 800

dam? and the elevation head is 34 m.

In the main screen, click in the checkbox “Hydro T.”. Then, the buttons “HYDRO” and “HYDRO
TURB” are enabled and “!” is added (it means that the data of these buttons should be

introduced).
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~ LOAD /4CGRID GEMNERAL DATA | OPTIMIZATION | C1
"RESOURCES ~COMPOMENTS

_ s | ¥ PV Gen.
4/IND |

I~ wind Turbines
! Horo |

~COMPONENTS
" PV GEN.

WiND TURE. |
[~ Backup Gen.
! HYDRO TURE.
- BATTERIES | ¥ Inverter/cha
«f INVERTER/CHAR. ™ H2(F.C. - Elyzer]

BACKUP GEW. |

HO(E R - Flsen |

¥ Battery bank

First click in “! HYDRO” button.

1l HYDRO - O X

Head (Vertical change in elevation between the head water level and the tailwater level), H: |30 m
Losses in power canal and draft tube: |2 m
Awalable head, H' =H - Insses =28 m

Losses inPenstock: |8 %

Estimated Tatal Efficiency Turbine - Generstor: 75 %, just for the estimation of the maw. generatar output power

Flow Data (m3/s)
’70‘ Marthly average  ( Impart houry data fs (m3/s] | Import ‘

ariabill

FLOW(m3/s)
Jarwary |7 Daily Variabilty |0 % Hourly Variabiliy [0 %
Februam |7 voro
Maich |7 7
6

Api 7 -

Ss
May 7 §4

2
June 7 cs

&

=
July 7 g2
pugust |7 1

o
September |7 E F M AN J MOJNTH A 5 0 N D
October [T
Ma, flow: 7 m3ss; Average flow: 6.93 m3/s

November |7 Mar. generator output power: 1.33 Mw
December [T

T 1= Giaph Export |

We accept all the default data with OK. In our case (PHS) the data of this window will not be
considered (available head and water flow of this window would be considered if we had just a
turbine that generates power with the available water flow; this is not our case).

Now, in the main screen, click in “! HYDRO TURB” button.
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M HYDRO TURBINES

Add from Database

HYDRO TURBINE GENERAL DATA

Zerg ~

K 4|k =

EFF. TURBINE (%) vs. FLOW (% of F max.)

Name  Pnom(M]  Max flow(md/s) Min height(m) Max height{m) Cost(ME) Lifespan () C.O&M(%Ar) 0% 10% 20% 30% 40% G0% B0% 70% 80% 80% 100%

b TurMw 4 25 B 1 30 1 0 0 60 B0 S0 90 %0 90 90 S0 90

Check that reversible pump/turbines are suitable for an available head of 31 m. Available head must be between Min_ height and Max. height of the turbine

[fyouwant to consider Purped Hydro Starage, check one af the check box helow (reversible

pump-turbine aor pump and turbine different machines). B
TuriMW. F=4m3/s. Pnom=1MW; Pmax (max. height 35m)=1.09MW

In that case, datafrom HYDRO resource will notbe congidered. Water tank and purnping data a6
(elevation head, friction losses, purmping efficiency and purmp minimum oad) considered will be the
ones shown in the LOAD/AC GRID window (wWater tah) 88
80
hvater will be purnped from reservair when there is renewable energy or when setiled by the contral 7
istrateqy: turbine will generste electricity when water consumption or when setfled by control strategy —
£ o
5 56
&
Feversible Pump-Turkine, data here. Same height and friction losses (data in LOAD/AC grid, water) o 48
TR MaChine and puUMEING data n Sne andow, Mo Gia Dere E 40
Yo
24
[ supply elec. load with turbine when load > % P. turbine and watertank > 16
8
) ) . 0
Muliplier Gearbox Efficiency: % 0 0 20 30 40 5 60 7 80 90 100

% MAX. FLOW

Elaciical Generator Efficiency %

Emissions CO2 equiv. (manufacturing..) 9C0Z equiv.{ kivh genersted

For PHS, we can define a reversible pump-turbine or two different machines (pump and turbine).

Let’s suppose that we will install a reversible pump-turbine, click in “Reversible Pump-Turbine,
data here....”

| Reversible Pump-Tuwhine, data hese. Same height and mchion lozses [data in LOAD AAC grid, water]

The data of the reversible machine is in this window, that is, in the table. Let’s suppose that in

our case is the one of 2 MW (delete the default one and add from database the one of 2 MW).
HYDRO TURBINE GENERAL DATA EFF. TURBINE (%) vs. FLOW (% of F nom.}

nom{Mw) _|Ma. flovs(m3/s] Min. height (m][Mas. height () | Cost ME) [Litespan [vr)] C. O&M %4) | 0% [ 10% [ 20% | 30% | 40% | 50% ] s0x [ 70x | 80% [ s0% [100% |
2 8 25 EIE El] 1 D 0 |60 80 90 |9 | %0 | 9 90 | 30 %0

We can see that this machine the maximum flow is 8 m3/s, and the minimum and maximum
height are 25 and 35 m. In our case the height will be 34 m so it is correct.

The efficiency vs. flow data of the table is for the turbine, the pump efficiency will be defined
later (in the LOAD/AC GRID window, tab WATER...).

The maximum power of this machine is (including turbine efficiency for max. flow, multiplier
gearbox and electrical generator efficiencies):

P = Water_flow-density-g-height_max-Total_Efficiency =
=8m?/s-1000kg/m>-9,81m/s*-35m-0.9-0.98-:0.9 / 1E6= 2.18 MW

Click OK and return to the main screen.
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The reservoir capacity, height, penstock losses and pumping efficiency must be defined in the
“LOAD / AC GRID” window, WATER tab.

In the main screen, click “LOAD / AC GRID”, and, in the WATER tab, we must define the reservoir
maximum capacity (800 dam3), the capacity at the beginning of the simulation (let’s suppose it
is at 50%, that is, 400 dam?3), the elevation head (34 m) and friction losses (let’s suppose 10%).

The box of the Pump electrical rated power is disabled as this power is the same as the power
of the turbine (it is the same machine), which was defined in the HYDRO T. window. However,
the data of the pump efficiency must be defined here, because the pumping efficiency can be
different than the turbine efficiency defined in the HYDRO T. window. We will suppose the total
pump efficiency (including multiplier and electrical generator efficiencies) is variable. Also we
will consider the minimum pump power is 60% of its rated power.

We want in this case that the surplus energy from the renewable power will be used priority to
pump water if the surplus energy is higher than 50% of the pump rated power (otherwise the
priority will be to charge the batteries).

V' Load and options of Selling / Purchasing Energy from the AC grid - O X

DR Hows | JAC [ 1DC [ JH2 [ |Water
Minutes- each hourin 1 row

(O Monthly Average @ Load Prafile (O Impart File (W, tH2/h, dam3i) U 1. irtes- 1 panow Import Expart
ACLOAD (MW)  DCLOAD(MW)  HZLOAD (tH2th)  WATER (dam3/day) FROMWATER TANK =~ PURCHASE / SELL E
DAL VvATER CONSUMPTION (dam3/day) HOUBLY WATER CONSUMPTION (IN % OF DAILY CONSUMPTION]:
January (10 Giwhyelay) July 0] o owhiday Oh 1h 2h 3h 4h  &h 7h&h 8h 10k 11h
DEFINE
Februan0  |0awhsed  Awgust 0| pewnaey 222 J[2 12 2 g e V
Mareh [0 |0 Gwian September[) | 1 vty 12h 13h 14h 15h 16h 17h 18h 13h 20h 21h 22h 23h  Total

0 Givh/dlay) p

0
dune [0 |0 Gwhiday) December 0 Givh/day) 5 D[I |:| [l [l
Scale factor for Monday - Friday: Forthe Weekend 0 h 5 Varlah\l\tymmulas(%)'

WATER TANK: F hour
‘Water tank capoadity: I dE‘”13- ELECTRICAL PUNMF:
00 J]oten

Capacity at the begining of the simulation

(
(
(
5 [ N N P N N N 2 =
sl [T Joouim  ocuber 1| oo N I o
(
(

HOURLY WATER CONSUMPTICN (% OF THE DAY,
May [0 ooy November [0 | ¢ !

—
Pump electrical rated power: bt Purnp minimum powel m

PUMPING DATA;

% P.pump

[ (Reversible: Pump power = hydro turb. power) iori i
Elevation head 3 m p if surplus £
| Extra pump
Friction Logses: f10 E Total pump efficiency: 80 o | [] Var. Pump eff.
Load profile: | Zera v

AVERAGE LOAD IN JANUARY

Add load profile
“ariahility AC W AC DC W H2 (HHY)

e} HZ

Daily ariahility D % El % D %
Hourly Variahility D El % D %
% %

Minutes Wariahility - - E 0
Carrelation minutes
Generate AL load power factor (cos fi) l:l
0 6 12 18

podioador |[0 [MWAC v duing [5_|min hour

P t
trom: min E' hD“’Eldﬂy manth - |:| epeatevery | ACmax. hourly active power load in the year (inc. AC pumping): 0 Mw: Max. in 1/2 hintervals: 0 b
days | sverage hourly AC power: Active 0 Mw: Aparent 0 MVA

= Graphinsteps ot |[B0 > hnin, DC max. hourly power load in the vear: 0 by DC power hourly average 0 My
Average hourly value of (Energy_DC_hourky/Energy_Total_hourly): DC Factor = 0%

Average daily load = 0 GWh/day

We change the values shown in the figure. After selecting the checkbox “Var” (variable pump
efficiency), we can click the “Pump eff.” Button, obtaining the following window:
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PUMP VARIABLE EFFICIENCY (EFFICIENCY % VS MAX. FLOW RATE %):

0% 10% % 0% 4%  50%  EB0%  70%  80% 0%  10%
(I GEN  EE  ECR | 20 - T I I N 2 CI

If revversible pumpfturbine. max. flow rate of the turbine
If not, using pump of 0 MW -> Mex. flow rate 0 m3/s for elevation head + losses of 37.4m

0K

The max. flow rate is the one of the turbine (8 m3/s) and we must define the efficiency of the
pump for each percentage of that maximum flow rate (from 0 to 100%), for a total elevation
head of 37.4 m (including friction losses). Let’s suppose the efficiency values are the default
ones, therefore we accept it (click OK).

After changing any data of the reservoir or pumping data, the “OK” button of the LOAD/AC GRID
data window is disabled, we must click in “Generate” to consider the new data, and later click
in “OK”.

The maximum water pumped energy needed to get the reservoir full is:
E = volume-density-g-height-(1+friction_losses)/Efficiency =
=800000m?>-1000kg/m>-9.81m/s?-34m-(1+0.1)/0.8 = 3.66984-10** J = 101.915 MWh

The cost of the water tank, pipelines, valves etc. should be added to the hydro turbine cost or it
could be considered in the general costs (Main screen -> Financial Data tab -> Installation Costs).
In our case we will not consider these costs (we will suppose the water storage infrastructure
previously exists).

In the main screen, we will just allow 15 wind turbines in parallel (to reduce the computation
time), as it was the optimal previously. And we will allow between 0 and 1 battery banks in
parallel (to allow the possibility of having or not having batteries in the system):

In the main screen, save the project and then click in CALCULATE. We obtain:

87



Mono-objective optimization. Total No. of cases evaluated: 4752. Time: 2' 44"

49

48

47

46

Total NPV (ME)

45
44 atas

43 Sheateca o0 B

4 8§ 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 96 100
Solution # (sorted from best to worst)

CO2 Emissions (ktfyr)

D Show diagram

# Total NPY (ME£) Erission (MCO24)  UnmetiGwhiy)  IRRES) Landiha)  InvestmentibE) Cap Fi%)  LOOEE/kWh) Simulate Report ~

1 49.496 1.16 0 17.65 540.05 40813 40.08 0.0328 SIMULATE.. REPOR

2 49.269 1.14 0 17.79 540 40 398 0.0323 SIMULATE.. REPOR

3 49.039 1.19 0 17.1 543.05 42.313 3933 0.0335 SIMULATE.. REPOR

4 49.023 1.14 0 177 540 40188 398 0.0325 SIMULATE.. REPOR

5 48.835 117 0 17.35 543 415 39.07 0.033 SIMULATE.. REPOR

[ 48.589 117 0 17.26 543 41.688 39.07 0.0331 SIMULATE.. REPOR

7 48.532 1.22 0 16.8 54E.05 43813 3862 0.0341 SIMULATE.. REPOR

g 48.457 1.16 0 17.49 540.05 40625 39.8 0.0325 SIMULATE.. REPOR

9 48.353 1.2 0 16.92 b6 43 38.37 0.0336 SIMULATE.. REPOR v
< >

COMPONENTS: Batteries Batbhvih- (5 kah): Ts.x 1. 4 15 Wind Turk, WindT1 (2 MW at 14 mfs) & Hydro Turb, AC TurzbdW of 2 M, 8 m3/s /f Inverter Inv-ChEhfih- of &
MVA I Unmet load = 0 %/ Tatal Net Present Value (NFY) = 49,496 ME, IRR =17.7%

STRATEGY: There is no load consumption -» no control stratecy related to the [nad consumption supply. SOCmin: 10 %, Control wariables for grid-connected hdra
turk/pump and batteries: Pump water, charge (only from renewahble, notfrom gric)) if price of E. (sell) is lower than 0.0729 €/&4vh; Hyd T runs, disch. (load + injecting to the
grid) if price E. higher than 0.1451 £/kwWh

The optimal system includes battery (it is better than not including battery). The NPV is a little
lower than in the case without PHS (just with battery storage, section 30).

The limit for charge and discharge is the same value: if price is lower than 0.0729 €/kWh, charge
with the renewables, if it is higher than 0.1405 €/kWh discharge and inject to the grid.

In the simulation of the best system we can see that during the charge strategy, if electricity
generated by renewable is higher than 50% of the pump rated power, it is used in pumping
water and, if there is still energy (if it exceeds the 2 MW of the pump), it charges the battery.

Hourly simulation  Hourly values separately  Monthly and Annual Average Power  Monthly Energy  Annusl Energy  Hydrogen  AC Generatar Water load /PHS  MULTIPERIOD

Electricity price (€/kWh) ¥ — Purchase
W — Low limit disch

e High limit char.
¥ — Sell

3 6 9 12 15 18 21 0
1 January

Simulation of 1 year, all the years the same.

w
=

Total Load
— Export

Unmet Load

W. tank (E)
— Water Pump
= Disch. Batt.
== Charge Batt
= Wind T.

Hydro T.

Buy E from grid

Sell E to grid
-— S0C

254
204

POWER (M) /H2 Tank (MWh)
\
\
/
[

3 6 ] 12 15 18
1 January

JATTERY /WATER tank ENERGY (MVWh
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Hourly simulation  Hourly walues separately  honthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  AC Generalor ‘Water load / PHS  MULTIPERIOD
HOURLY POWER DURING THE YEAR (MW), ENERGY IN (MWh)

Total Load PV Generator Wind Turbines
T
“ ' M i 'h )
AT
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000
Hydro Turbine AC Generator Export
& i iy i
1 0 il | q | il ‘1N
& i M
0
0 2,000 4.000 6.000 8.000 0 2.000 4,000 6,000 8.000 0 2,000 4,000 6,000 8,000
Fuel Cell Electrolyzer Energy (HHV of H2) in H2 tank // accum. Sold
0 0 0
0 2,000 4,000 6,000 8.000 0 2,000 4,000 6,000 8.000 0
Battery bank Charge Battery bank Discharge Energy in Battery bank
" ’
2 ’ a
1 2
0 0
0 2,000 4.000 6.000 8,000 0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000
Unmet load (by the standalone system) Purchased from AC grid Sold to AC grid
20
(1] 0 10
0
0 2,000 4,000 6,000 8.000 0 2,000 4,000 6,000 8.000 0 2,000 4,000 6,000 8.000

The “Water load” tab: we can see the water pumped and turbined and the water stored in the
tank, in dam?® and in GWh of equivalent store energy. In the lower graph of hourly water
pumped/turb, positive is pumped and negative turbined.

Hourly simulation  Hourly values separately  Monthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen AC Generator “Water load/PHS  MULTIPERIOD
MONTHLY WATER LOAD, PUMPED AND TURB. (dam3). WATER STORED IN TANK AT THE END OF EACH MONTH

;1o ~- :
e =
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_. 04 — <
5 | e 2
03 =
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0

0 2,000 4,000 6.000 8.000 0 2.000 4,000 6,000 8,000 0 2,000 4.000 6.000 8,000

Save the project.

34. Green H2.

Open the previous project “MHOGA1-optCont.mho” (Project->Open). Then save it with the
name “MHOGA1-H2.mho"” (Project->Save as).

89



Now let’s suppose that we want to generate hydrogen (by means of an electrolyzer) with the
electricity that cannot be injected to the AC grid (because the renewable generation is higher
than the maximum grid power during some hours) or during the hours when electricity sold to
the grid is at low price. The hydrogen generated will be sold.

In the main screen, select “H2 (F.C. — Elyzer.)” and uncheck “Battery bank” and “Inverter/cha”,
as we will not consider the batteries in our system (and the electrolyzer will have its own

rectifier).

GENERAL DATA | OPTIMIZATION | C

COMPOMNENTS
¥ PV Gen.

v Wind Turbines

[ Hydio T.

[ Battery bank

[~ Backup Gen.

[ Inverter/cha

|

And then click in the button “H2 (F.C. — Elyzer.)”:

¥ H2 COMPOMENTS o x

Electrolyzers  H2 Tank

Generation of H2 by electrical ensrgy

Add from Database Zoma
4k M= el
Hame Pot Nom{MW)  Acq costiME) C OAM{EAT) Liaspan (yr) A Whah) Bhkgh)  Pol min (%)
L3 EbyzeriObw 10 40 8000000 o 40 "0 o0
Fower consumption in sfand-by 10 % of nominal pow Availabity

e Etyzor108W, Consumption{MW] and Efticiencyl%HHV) =

x ~ 80 Stack replacement cost (% of acqg, cost) [

= B 7 E aiy 4

E g2 ¢ Litetime and D&M costs data

; 4.0%€ 5 (W)yaars and G

o s T Electralyzes

s [ - §

s o 0os 01 015 () Hours end £ ' T

H2 QUTPUT MASS FLOW ith) = "
Moeminal H2 mass flow = 0.2 Vh s needed ailaast 2 MW o genarate H2 RV of HZ is 394 Kivh/kg
Equnalent COZ emessa: oed cali lechobyrersh | 330 | kg COZ aquiv: /KW rated power
| ion alactical ian (KWh icity per kg HZ): |00
l || FUEL CELL '

Annual inbation Fane for Fued Colls, Elecvobysers end | Mexe. Vanaticn of Fuel Ceds, Elacrabzers and H2 Tanks Costjeg.toran o
Hz Tonk Cost il | unctad 90% roduction on current cost inroduce 30%7 W

Limét is ranchad in 21 9 yenes

=]

Irvertar and reckhiar data

In high power projects, by default there is no Fuel cell considered in the system (“FUEL CELL”
checkbox is unchecked), just electrolyzer. Also by default no H2 tank is considered (all the

hydrogen generated will be sold).

Let’s leave the default electrolyzer (of 10 MW, with a high CAPEX of 40 M€ and 5 M€/year of
OPEX, with an expected decrease of CAPEX of 10% annual with a limit of 90%, which will be
reached in 21.9 years), without any change. You can see that, by default, a power consumption
in stand-by of 10% of the nominal power of the electrolyzer is considered (all the hours when
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the electrolyzer is not generating hydrogen, it consumes 10:0.1= 1 MW). Also by default its
lifetime (stack) is defined in years and the maintenance cost in €/year. The stack replacement
cost, by default, is 40% of the CAPEX.

A and B parameters (40 and 10 kW/kg/h, respectively) of the table are the consumption
parameters, with them the electrical energy consumption (MW) vs. H2 generated mass flow
(t/h) is shown in the graph (red line, left axis); the green line (right axis) is the efficiency in % of
higher heating value (HHV) of the hydrogen.

Elyzer10MW. Consumption{MW) and Efficiency(%HHV)

ON (M)

60
--fao

20

E. CONSUMPTIC
Efficiency (% of HHY)

T = T 0
002 004 006 008 01 012 014 016 018 02
H2 OUTPUT MASS FLOW (th)

E
o

Nominal H2 mass flow = 0.2 t/h; It is needed at least 2 MW to generate H2

We will add the “Zero” electrolyzer to consider the possibility of not having electrolyzer (add the
“Zero” electrolyzer from the database).

ELECTROLYZER:
Efficiency of the rectifier of the electiolyzerf |90 %

FUEL CELL:
Efficiency of the inverter of the Fuel Cell (%] ws Output power (% of rated)

o [30 [0 [0 s [ 2 |

40%  B0%  B0%  70%  80%  90%  100%
CERE R A N I 2 3

0K

The electrolyzer rectifier efficiency is 90% by default, and its cost must be included in the
electrolyzer cost, and the maximum input to the electrolyzer will be 10/0.9= 11.11 MW, as the
electrolyzer maximum power involved in the H2 generation is 10 MW (in the simulation screen
of the results the electrolyzer power is the internal power, that is, the real power involved in the
H2 generation, with a maximum of 10 MW). We leave the data by default. The fuel cell efficiency
is not considered as in our case there is no fuel cell. Click OK to close this little window.

The electricity consumption in compressing the H2 generated and other auxiliary processes must
be set in “Compression electrical consumption (kWh electricity per kg H2)”, by default it is O
but in this case we will consider 5 kWh/kg.

Equrvatint COZ grmigsons {manutactunng heel colis and elocirobyens): (330 log COZ equrv, | KW rated power

ion (KWh ity put kg H2)
[C]FUEL CELL

Annund Infiation Fiate for Fugl Calls. Elecayars and |- Mes: Variation of Fusl Cals. Elactolyzars and HZ Tanks Cott (3.9, o an

HZ Tank Cost 10 % enpectad 90% raduction on curmant coet, inradsce 3037

90

Limit is remched in 21.9 years

=

Imnverber and rectéer dota

If we click in the “Availability” button, we can set the availability of the electrolyzer (if not
available, it will not work but it will not consume stand-by power). By default, it is available all
the year (we leave the default data):
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ELECTROLYZER HOURLY AVAILABILITY

[“o-1h “1-2h [~]2-3h [#]3-4h [“]4-5h “]5-6h [~6-7h [~]7-8h
[~l&-3h ~19-10h 10-11h 11-12h [A1z-13h “13-14h [#14-18h [115-16h
[~]16-17h “17-18h [118-19h [v]18-20h [w]en-21h “le1-22n [Aee-z3n [w]23-24h

Jan. Feb. Mar. [~] Apr. May Jun.
Jul. Aug. Sep. Oct. Now. Dec.

Ok

In the “H2 tank” tab (click on the top of the window in “H2 Tank”), leave the default checkbox
checked. No H2 tank will be considered, that is, all the hydrogen generated will be sold for
external use, therefore no cost for the H2 tank will be considered. In the simulation, the H2
generated will be shown as the H2 in the tank, that is, in the H2 tank we really will see the H2
generated that will be sold.

The costs of the real tank which will be in our facility to store the H2 before selling it, the cost of
compressors, rectifier etc. must be included in the electrolyzer costs.

1l H2 COMPONENTS - |of x|

Electrolyzers

W In H2 generating systems, do not consider H2 tank (costs 0, infinite allowed size)

OK and return to the main screen.

As there is an AC load consumption due to the electrolyzer (when it is in stand-by), we will
include the option to purchase electricity from the AC grid.

In the main screen, click “LOAD / AC GRID”, and, in the PURCHASE / SELL E tab, select “Purchase
from AC grid Unmet Load...”, the purchase price will be the default value (0.15 €/kWh) and the
sell price the hourly file we imported previously. We need to contract the power from the grid,
which will be in this case for example 1.2 MW, with an annual cost of the power of 40 €/kW.

Also click on “Sell surplus H2 in tank...” to indicate we want to sell the H2 produced, and leave
the default price of 10 €/kg and annual inflation of 3% for that price.
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1 Load and options of Selling / Purchasing Energy from the AC grid - m}

D ata source:

" Monthly Average (¢ Load Profile  Import File [, tH2/h, dam3/h)

AC LOAD (MW) ] DC LOAD (MW) I H2 LOAD (tH2/h)

r r =

ol r
S mpon ||| Espen |

| WATER (dam3/day) FROM WATER TANK PURCHASE / SELLE |

[IU Purchase from AC grid Unmet Load [Mon Served
L ba i oo ) )

AC GRID AVAILABILITY |

]7 Sell Excese Energy to AC grid

[ Fixed Buy Price [£/kWwh) l 0.15 l ‘

Emission (kaCO2/kwh):

Annual Inflation [7]:

g 04 Ot (2 ¥ Betworn the K2 m the Lank o the
% Fined Proas Mw]  Fised Cost P (/KW Max Powei(bw) [23 [~ =Fmas buy e e oinning)
,T Options ’40— Energy Generation Charge [Transfer Charge] Price [£/KWwh| P,—”CE () A,—nnuallnflatlon G
a — W Fised Transfer price [€/kwh] |0 | 1 :

[V Fixed Accese price [£/KWh] |0 ‘

Priority to supply E not covered by renewables:
¢ Storage/Generator © AC Grid

[~ Fixed Sell Price [E/d4h) 01z Haurly Price
[~ Preel=prbupx |1

Self-consumption and Met bettering:

Back-up Charge Price B/ h

I¥ Fized Back-up price [£/kwh] |0
[The cost of the back-up toll will be added to the E purchazed)

Total tax for electricity costs [buy + charges) (%] [0

|No net mettering j
Cost of net metering service [£/Kkwh) |0

Buy-back: Export E is paid at [£/Kwh) |0

Tatal tax for electicity sold [Z]: |0

OK and, in the main screen, save the project and then CALCULATE.

There are 66 possible solutions of combinations of the components, each one has 36 possible
combinations of control strategy. The optimal system includes 8 MW PV and 15 wind turbines,
with the 10 MW electrolyzer. Remember we had the constraint of maximum investment cost
100 M€, without that constraint the maximum allowed renewable capacity (10 MW PV and 15
wind turbines) would be the optimal combination to maximize NPV.

Mono-objective optimization. Total No. of cases evaluated: 2376. Time: 1' 24"

56 2
. M
40 h _E,
L =
= =
< 2 5
L
g i
=]
~ 16 z
O
8
0 1
4 8 12 16 20 24 28 32 36 40 44 45 52 56 60 64
Solution # (sorted from best to worst)
[ show diagram
# Total NPY [ME) Ernigsion (KCO2A7 Unmet(Gwhir)  IBR(%) Landiha)  [nvestmentibe) CaplFi3)  LCOEEKWh) Simulate Report ~
1 55.551 1.61 0 11.86 b64 94.5 294 01324 i
2 54.757 1.58 0 11.86 BE1 95 249.76 01332 SIMULATE.. REPOR
3 53.908 1.55 0 11.85 bhG 98.5 3004 01339 SIMULATE.. REPOR
4 52.988 1.52 0 11.85 11 95 3055 01346 SIMULATE.. REPOR
5 52.025 1.49 0 11.83 ERZ 935 30099 01354 SIMULATE.. REPOR
B 51.059 1.46 0 11.82 549 92 31.48 01361 SIMULATE.. REPOR
7 50.896 16 0 11.45 534 100 28 01391 SIMULATE.. REPOR
3 50.187 1.57 0 11.45 51 98.5 28.32 014 SIMULATE.. REPOR
3 50.12 1.44 0 11.81 546 90.5 31.97 01358 SIMULATE.. REPOR
< >

COMPOMEMTS: Pv gen: Pyv1-mod (1 kWp)x 8 (1005 PY#1: slope 262, azimuth 02) /15 \Wind Turb. WindT1 (2 MW at 15 mfs) i Electroliz. Elyzer! Ohw- of 10 bW §f
Unmetload = 0% /f Total Net Fresent value (NFV) = 55.551 ME, IRR =17.9%¢

STRATEGY: There is no load consumption -» no control strateqy related to the load consurnption supply. Control variables for green hydrogen: Generate H2 (only frorm
renewable, notfrom grid) if price of E. (sell) is lower than 0.2172 £/kWh

The strategy shows that hydrogen is produced from renewable sources when the sell price of
electricity is lower than 0.2172 €/kWh (optimal limit), if the renewable power is higher than the
nominal power of the electrolyzer (10 MW) the rest is injected to the grid. If price is higher than
0.2172 €/kWh, renewable power is injected to the grid.
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We can see in the column “H2 tank (t)” the amount of hydrogen produced (and sold) during each
year. In the optimal case (first row), 1216.26 tons of H2.

P \Wind T (W)  F Turb (m3/s) P FC (W) P Elyz. (W] H2 tank (3 PV sec(ME)  STRATEGY Plim_charge(t P2(MW) Plgen(l ~
15x2 0 0 1 1216 2656 238.886 LOAD FOLLOWING 2 1

For example, during several days in January there are several hours with the sell price higher
than 0,2172 €/kWh, therefore renewable power is injected to the AC grid (except for the
minimum power of the electrolyzer):

Hourly simulation  Hourly values separately  Monthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  ACGenerator Waterload /PHS  MULTIPERIOD

Electricity price (€/kWh) ¥ — Purchase

0.3 I¥ — Low limit disch.
) IV High limit char

02 ] / A 7 v — Sell

S S f SUR S U S . Wy
21 3n 4an
= Simulation of 1 year, all the yflars the same} g
30

g 45,000 & Total Load
£ 25 40,000 G — Export
z 35,000 E — Unmet Load
= 20 0000 £ - Wind T
T 25,000 = v
5 20.000 B == Electrolyzer
=y : Buy E from grid
g 15,000 2 — H2 tank (HHY)
& kb S “'—-.\ 10,000 z Sell E to grid
w
& ~ ] 3000 £
a 0
a 41 E

~
w

POWER CONSUMED DR SUPPLIED (M) See Over  Daysdisplay

Energy price

Batter bank Discharge Plim Charge []Legend
P2 BATTERY ENERGY (hWh)
O O E.to supply by batt. Electrolyzer soc
i E. max disch. batt E.H2 tank (HHVH2) []R P1 S0C limi
imits
P Battery bank Charge Fuel Cell P critical Gen. Can. M
] Export Energy ap. Max.
Eto supply FG P critical Fuel Cell
Unmet Load ) S0C setpoint Gen
R [~] wind Turb. E.max FC
- E boughtto AC it [ Proax SO setpointFC
ster Purn
P AC Generator E sald to AC grid Pmasx
Prax. input Inmverter H2 TANK setpaint (HHW HZ 50C (01 T. full charge
P [] Pmax Gen

Simulation stap (min) B0 v Back Seve data: h | Save Simulation Data. Seve Prok. Data

COMPONENTS: PV generator of 8 MW (100% PV#1: slope 262, azirmuth 0%). Wind turbines of 30 MW, Electrolyzer of 10 My

STRATEGY: There is no load consumption -> no cantrol strategy related to the load consumption supply. Contral variables for green hydrogen: Generate H2 (only from renewalble, not from grid) if price of
E.(sellyis lower than 0.21722 £/kWh

Thara ic nn lnad cancumntinn
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Hourly simulation  Hourly values separately  Monthly and Annual Average Power  Manthly Energy  Annual Energy  Hydrogen  AC Generator Waterload /PHS  MULTIPERIOD

HOURLY POWER DURING THE YEAR (MW), ENERGY IN (MWh)

Total Load PV Generator Wind Turbines
30
6
20
0 4
& 10
0 0
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8.000 0 2,000 4,000 6.000 8,000
Hydro Turbine AC Generator Export
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000 0 2.000 4,000 6.000 8,000
Fuel Cell Electrolyzer Energy (HHY of H2) in H2 tank // accum. Sold
10
8 40,000
0 6
4 20,000
z 0
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000
Battery bank Charge Battery bank Discharge Energy in Battery bank
0.001
0 0 0.001
0
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000 0 2,000 4,000 6.000 8,000
Unmet load (by the standalone system) Purchased from AC grid Sold to AC grid
1 20
g 05 10
0 | 0
0 2,000 4,000 6.000 8,000 0 2,000 4,000 6,000 8,000 0 2.000 4,000 6.000 8.000

The Hydrogen tab: we can see in columns hydrogen generated during each month and the total
sold (black line).

Hourly simulation  Hourly wvalues separately  Monthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  AC Generstor ‘Water load j PHS  MULTIPERIOD

MONTHLY H2 CONSUMPTION AND PRODUCTION (t). H2 STORED IN TANK OR SOLD AT THE END OF EACH MONTH

120 1.200 £
= h=}
= ]
g 100 1.000 a
o 5
2 80 800 =
c =
D60 500 =
° o
5 ®
I> 40 400 E

20 200 o
T
0 0
1 2 3 4 5 6 7 8 9 10 1 12
Month
[ H2 load @ H2 produced by Electrolyzer @ H2 consumed by Fuel Cell (from Tank)
@ H2 consumed by Fuel Cell (external H2) == H2 stored in tank / sold at the end of the month

MONTHLY ENERGY PRODUCED BY FUEL CELL AND CONSUMED BY ELECTROLYZER (GWh)

1 2 3 4 5 6 7 ] 9 10 11 12

Month

Energy (GWh)
L - =

- ™

|- Energy generated by Fuel Cell [l Energy consumed by Electrolyzer

Save the project.

35. Probability analysis.

Next, we will perform, for a particular combination, the analysis of probability of variation of
load, irradiation and inflation rate of the price of fuel (if we had diesel or other fuel generator).
Thus we will see how the variations of these variables affect the system.
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Open the previous project “MHOGA1.mho” (Project->Open). Then save it with the name
“MHOGA1-Prob.mho” (Project->Save as).

In the main screen, click the "Probability Analysis" button (above the calculate button):

A Probabilistic analysis of variability of load, irradiation, wind speed and/or water flow (or fuel price inflation) - m} X

(O DO NOT PERFORM PROBABILITY AMNALYSIS

(@ PERFORM PROBABILITY ANALYSIS

& 1n Mante Carlo Simulation

iz
@ Confidence level (%) max errar of the mean (%) El
(O Relative standard error lower than () El

Number of series to analyze each combination of components and control strategy:

Monte Carlo simulation with stopping rule

Analyze variability of the average value of load [[] Analyze variability of the average value of irradiation

Analyze variability of the average value of water flow

Analyze variability of the average value of wind speed [C] Analyze variability of the average value of fuel price inflation. Average (%):

WHE-SE
tean: 85 m/s
Stendard Devistion: s
tean = 8.492, Std. Dev. = 0.2 mfs

Maximurn = 9.02, Min. = 7.84 m/s 0

Haourly variahility in the series: D % € £ z

Average wind speed (mis)
Std. deviation for temperature Lo

D Consider correlation between the variables Correlation data

Probability

In the simulation, show the case obtained with the following data:
Load: Irradiation: Wind speed Water flaw
[Average | [Average | [Average | |Average ~|

D Inthe case ofthe simulation, include hourly variability

In the bahili lysis TEpOTt in the last two charts. show the probability distribution of?
[Energy sold o AC grid (UEA) ~ | [Incomes of selling E to AC gric (:D
Gt cell nfthe results table. do not update results

DWhen clicking on simulation buttan, do not consider the characteristic cases Each year different rmean value

0K

We select "PERFORM PROBABILITY ANALYSIS", and also "Analyze the variability of the average
value of wind speed". We leave the number of series to be performed for each component
combination and control strategy in 500 (default) and the stop rule according to the default
value. We also leave the standard deviations that appear by default (for wind speed 0.5 m/s
together with the temperature affecting the wind turbines 1°C).

Make sure that in the two drop-downs menus at the bottom appears "Energy sold to AC grid
(UE/yr)" and "Incomes of selling E to AC grid (currency)", respectively.

Click on "OK" and return to the main screen.

If we pass with the mouse over the area where the minimum and maximum number of parallel
components are indicated, a window similar to the following appears:
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NUMBER OF CASES AND TIME EXPECTED

Computation speed: 0.048 cases/second

EVAL ALL POP. (% ALY GEN. ALG, (% ALY
MAIN ALG. (COMB. COMPONENTS); 11904 81 (0L6G%) 1147 (9.64%)
(1x11904)
SEC. ALG. (COMB. STRATEGIES): 1 3 (300%) 41 (100%)
MAINALG., SEC.ALG. NUMBER OF CASES %  TIMEEXPECTED
OPTIONT. EvALALL EvALALL 11904 100%  2days19h
OPTIONZ EVAL ALL GEM.ALG. 468064 4100% 117 days 5h
OPTION3 GEN.ALG. EVALALL 1147 964%  Bh 35
OPTION4  GEN.ALG. GEN.ALG 47007 3851%  11days?h

Wyaringl. Minimum computing time is bh 35' so that the Main Genetic Algorithm can evaluate a
minimum number of combinations.

With this minimum time it is not guaranteed to obtain the optimal combination of components. but
this is probable to obtain the optimal or a solution near the optimal

Indicating that the calculation speed is now 0.048 cases/second (approximately 500 times lower
than before, since each case is evaluated up to a maximum of 500 times with different wind
speed series, obtained randomly from their probability curves, whose mean values follow a
normal distribution as we have seen). MHOGA would need at least 2 days 19 h to perform the
optimization considering all the combinations, and only 6 h 35’ if using genetic algorithms.

In our case we will not perform the optimization including the probability analysis. What we are
going to do is simply to see the effect of the variation of the irradiation, the load and the inflation
of the price of the fuel in a concrete case. For example, if we want to see how the probability
analysis affects the best solution found, simply click on the first row of the table (where the
best solution is indicated).

The following window appears, indicating that you are performing the 500 probability analysis
combinations for the selected combination (although it will stop earlier if the stop criterion is
reached before):

L]
Frobability series # 129 of 500

Cancel

After a few seconds, that screen disappears and the results in the 1st row of the table are
updated, but now the results we see in the 1st row are the average values of the combinations
of probability analysis evaluated (500 or less if reached the stopping criterion). In our case, the
average results are slightly different from the original result. Each time we click on the table, it
will slightly change the result, because a new analysis of probability is performed.

Gen Total NPY (ME) Ernigsion (KICO240) Unmet(GWhin)  IRR(3)  Land(he)  InvestmentME) CapF(*)  LCOEEAWH) Simulate Report ~
1 49187 0 1843 540 375 433 0.03 SIMULATE.. REPOR

If we click again on the 1st row, but now in the "SIMULATE" cell, the following box appears,
which indicates that you are doing the analysis of 500 probability combinations again (or less if
the stop criterion is met), plus other 5 typical cases (combinations of mean, mean + standard
deviation, mean-standard deviation, mean + 3 standard deviation, mean - 3 standard deviation),
as there is only one variable in the probability analysis (wind speed), 5 = 5 typical cases of
combinations are evaluated, in addition to the 500 (or less if the stop criterion is met) random
combinations.
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L] ]
Frobability sernes # 314 of 500+5

Cancel

After some seconds the simulation screen appears:

Hourly simulation ]Hnurly values separately I Monthly and Annual Average Power ] Monthly Energy } Annual Energy I Hydrogen-detailed | AC Generstor-detailed ] “Water load | MULTIPERIOD

Prob: Wind Av.; Simulation of 1 year, all the years the same.
=0
=3
= |-0
- —_—
g [0 =
. >
w2 Lo 2
'é 18 ]
8518 Lo E
% 14 -0 §
=12 B Z
w10 E
= Lo
: E
=6 o <
a4 ]
w4
5 e o
o
1 2 3 z 5 5 7 3 9 10
January
; Sl
POWER CONSUMED O SUPPLIED (Miw/] Energy piice F SeeOver  Daye display
A r " Plim Chaige
v [~ Batter bank Discharge BATTERY ENERGY (Mwhi
[~ r I [~ Electrolyzer I P2  soc
r - [~ E max. disch hatt [~ E HZtank HHVH2) [# B T P1 [ p——
¥ Export Energy [~ Battery bank Charge = - ™ P critical Gen. [ Cap. Max.
E.t Iy FC
p . \: . - a supply I~ P crtical Fuel Cell [ SOC setpoint Gen.
v X
™ 3 e ) r I~ S0C setpoint FC
T R [= I~ E bought to AC grid [~ Praas -
[~ AC Generator [ E soldto AC grid [w Pmax . 5
[ Pmas. input Inverter I P mas Gen . [~ H2 TANK setpaint (HHv H2) || _SOE0-1] T full chaige

The simulation of the case of average wind speed (Wind Av.) is visualized. By default, the average
case is displayed, but we could have chosen to display another combination, for example, the
worst extreme, which would be the case of average wind speed - 3-standard deviation, the case
being displayed must be indicated before on the probability analysis screen as shown below:

In the simulation. show the case obtained with the following data:
Load: Irradiation: Wind speed W ater flow

|.-'3.verage ﬂ |.-'3.verage j |.-’-‘«verage ﬂ |Average j

In the simulation screen, clicking the "Save Simulation Data" button saves the time data of the
simulation case being displayed (in our case, the average case).

Save Simulation Data Save Prob. Data

By clicking the "Save Prob. Data" button, the results of the probability analysis are stored in an
Excel file. If you open the saved Excel file, something similar to this is shown:
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Inthiscase we see the-500-rdWws-cerresponding to the N it each
row of the table (cases 0 to 499, the stopping rule of the Monte Carlo Simulation was not met).
In each case the average wind speed and temperature are random (following their probability
curves defined in the probability analysis screen). In each case (each row of the table) the results
of this case are shown: total NPV, LCOE, emissions, unmet load, renewable fraction, etc.

After the first 500 rows, the results for 5! = 5 typical cases of combinations of wind speed,
including the average case, the most optimistic (mean wind speed + 3DT) and More pessimistic

(mean wind speed -3DT):

[0
VERAGE-330d00, AVERBGE-STaC, AVER

om0 oo 1 [ W

T T T m)

1 o o

2 11 o 100

) I T =)

[P e doa) ETECRTLOyER)  UnTwni) renew i)
= i1

w1

wmdim/s) o mys) orinf. ol Loaotawetay) ™
Y [ 00

112 I e

It is observed that, in this case, the average case (mean wind speed, 8.5 m/s) has a NPV of 59.6
M€, the optimistic extreme case (mean wind speed + 3- std. dev = 8.5+3-0.5 = 10 m/s) has a NPV
of 74.5 M€ and the pessimistic extreme case (mean wind speed - 3 std. dev = 8.5-3:0.5 =7 m/s)
has a NPV of 49.6 M€

The next line (case 505) shows the case that is represented graphically in the simulation (mean
values of the variables).

The following lines show the minimum, maximum, mean, and standard deviation values for each
column (from the 0 to 499 cases, i.e., the random cases).

If we return to the main screen of MHOGA and click on the first row of the table, in the cell
"REPORT", after a few seconds the report appears, which shows the average results of the
analysis of probability of that combination of components and strategy:
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iHOGA software. Report.

Univesity of Zeragazs (Spain), with the colsbarstion of SISENER Ingeniems
Project MHOGA-Prob.mhe: Salutan 1
DC Voltage: 1 V. AC: 20 B,

COMPONENTS:

NPC/ NPV M€}

PV gen. PV1-mad, Dx1 Mitip. P total = 0 Mip (1003 FV#) FOWER [MW}

Batt. BatSMWh, 1x0x5 k. E totsl =0 GWh (0 d.aut) WIND
15Wind T. WindT1, 15x2 MW {@14més). P. tctal 20 MW 20
Without Hydro Tubine 25

Without AC Genersior 20

Without Fuel Cell 5

Without Eledrolyzer 0

Wiithout Inverter-charger -

Land wse: 540 ha wT

CONTROL STRATEGY:

THERE IS NOLOAD CONSUMPTION - NO CONTROL STRATESIES RELATED TO THE LOAD CONSUMPTION
SUPPLY

GONTROL STRATEGY FOR GHARGE/DIGHARGE (load + injecting to the grid) OF GRID-GONMEGTED
ATTERIES:

Max elechicty price &ell) for charging: {only fom renewable) 0 £kWh; Min. eleck. price for discharging: 0.11 £4Wh.

ECONOMIC CALCULATIONS:

Initial Investment: 375 ME Loar: 100 %, int. 73 in 35 years, amnual quola: 3218 ME

NPV OF THE SYSTEM (25 years lifatime) (Incames +, sxpenses |

Total Net Present Value (NPV): 48 887 ME. Internal Rate of Return {IRR): 18.22 %. LCOE : 00301 £MNh

Distribution of NPV:

ENERGY BAIANCE DURING 1 YEAR {GWh/year}:

Overall Load Energy: 0 GWVhiyr.

UnmetIoad: 0 GWhiyr {0 % load)

E. Furchased fom AC grid: 0 GWhiyr

Export Energy: 118.442 GWhir

E.sold to AC grid: 113138 GWhiyr

Renawable Capacity Fackor (sold_enesgyi{mnew_peak power8780
Energy delivered by FV generator. 0 GWhir

Energy delivesed by Wind Tubines: 116,433 GWhir
Energy deliverad by Hydro Turbine: 0 GWhir
Energy delivered by AC Generstor: 0 GWhAT
Energy deliversd by Fuel Cell: 0 Githir

Energy atEledrolyzer 0 GWhir

Energy chaged by Batteres: 0 GWhiyr

Energy discharged by Batteries: 0 GWhiyr

OTHER RESULTS:

Battesies Lifetime: 100 years

421 %

Hours eq. of AC Generator oparstion: O hiyr
Hours of Electrolyzer operation: 0 hiyr
Hours of Fuel Call operstion: 0 hiyr

Totsl CO2 emisions: 1.124C02yr

HZ sold in one year: 0 t HZ4T

Wind turbines [MPV): -41 033 M€
BuySell. Bought Energy (NFV): 0 ME. Sold Enemy: Bleckicsl E. (NPV): 57.2 ME. H2 (NPVE 0 ME
Installaticn+financing (NPV): -7.5ME

ENERGY BALANCE DURING 1 YEAR [GWhiyear)

Bs838

LOoAD Exp Sell Wind

1of2 of2

Click on "Close" (upper area of the report) and after selecting or not to save the .rtf file, after
few seconds the report of the probability analysis of this case appears.

This report includes 4 pages, you move from one to the other with the arrow buttons at the top.

M 4 2 ofda b M

You can print or create a PDF file with the button = , you select the printer (physical or pdf

creator) and then you can print or create the PDF.

The first page shows the probability representation of the most representative results, marked
in red the columns of the probability distribution obtained and the green curve is the one that
best fits that distribution. The second page shows the results of other less important variables
(only the mean and standard deviation) and then the results of the characteristic cases are
shown (the 5 representative cases mentioned above, which include the mean and the optimistic
and pessimistic extremes).
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Project: MHOGA1-Prob.mho. Solution# 1
PROBABILITY ANALYSIS:

RANDOM DATA FOR THE PROBABILITY ANALY SIS {PDF and Gaussian curvel:

Load: mean DGWhiday. Std. Dev.: 0

Insdaton: mean 5.45 KWimZiday. Std Dev.: 0

00000000000000000000

Wind: mean 848 m/s. S, Dev.: 05
1

[
873 T8 755 78§ 84 BT IT 95

00000000000000000000
Wister flow imslevant, them is no hydm tubine

00000000000000000000

RESULTS OF THE PROBABILITY ANALY SIS (PDF and Gaussian curve}.

Total NFV: mesn 43557 WE. Std Dev.: 10.012
0.05

106 187 274 38 428 515
Unmetload mean 0 %. Sd. Dev.: 0

58 858

Lev. Cost of Energy: mean 0.0805 €/Wh. Std. Dev.: 0003

mﬂ%
0024 0028 0032 0.027 0041 0045

COZ Emissions: mean 1.124C0Zyr. Std. Dev.: 0

00000000000000000000
Ren. cap. factor mean 431 % S, Dev.i 444

01

262 29 32 /1 383 428 456 N5

Batteres lifespan: mesn 100 yesrs. Std. dev. 0

00000000000000000000
Export E: mesn 116GWhir. Sd. Dev.: 136
004
002] “‘MII
€2.1 799 82 3.2 109 113 129 139 149

ACgen fuel mean0; Std. Dev.0

00000000000000000000

PV gen energy: mean 0GNhiyr. Std Dev.: 0

00000000000000000000

Charge snergy i Bantary bank: masn 0GWiyr. Sei. Dev.: 0

00000000000000000000

Wind turbines group energy: mean 116GWhiyr. Std. Dev . 128
0.04
0.02

651 755 £9 S82 108 119 125 135 145

Energy of AC generstor: mesn 0GWWhyr. Std Dev.: 0

00000000000000000000

Encrgy sokd to AG gt mesn 113.1GWhiyr. Sd. Dev: 117

0000D000000000000000
Incomes seling E to AC grd mean & BME Ar. Std. Dev.: 07
05

o
418 485 52 57z 823 85 T4z 799

6857 79.1 8395 10365 1816 13263
1efs
nE:l.l.T!oF AEL Combinatont

CHARACTERIETC CA.
(foelecied); § \Valac par varable casoisd:
IDATA (v chamotsritts osce):

rradistion, Wird mwﬂumormum
30, memn3

i, meane 50, mean=110, maan.

Avemgs Daly irradaten (MVNTE): Average'Wind Speedimin:
o
1.
A - - - .
a
T T T T s T ; 1
3 El 3 2 3 Bl H
AverageWakr Fow im3e: Avarsgs dally Lasd (OWN):
[ - - - . [ |
T T T T T T T t
2 3 El H [ 2 E] El 5
Ve otersoricio ce s
Tkl MF (W) LCOE )
noas
[T no
an nos
nm
2 [T+
T T T 1
2 a 2 H 2 a Bl H
CO2 Emiscions kAN Uneed Lasd (%)
T T T T T
2 a H a a
[Exatiary Lifadims freare) Fusl concumgiion (ifrexc E8y);

1 a3 s 2 H 3 s
Expor Ensrgy (OARYT £ Sought ) £ Said) K2 Soi (NPCIHPV) (ME):
mn m
.
o, 50
e T T T T oy T T T
1 3 s 2 3 s

OTHER RESULTS OF THE PROBABILITY ANALYSIS:

Hours eq. mnning AC Genesator mean 0 h. Std. Dev.: 0

Annusl cost of fuel of AC Generator: meanO MEM 5. Dev:0

Hydre Turbine Energy: mean 0GWhiyr St

Discharge Energy Battery Bank: meanoswmyu S Dm0

Hours of Batteries charge: mediz 0 hir. Std. Dev.:0

Hours of Batteries discharge: mean 0 hyr. Std. Dev. 0

Wax. uent of Batteries Charge Regulstor: mean 30 A, Std, Dav: 0
Redtifier max power mesn 0 W. Std Dev.: 0

Energy purchased to AC grid: mesn 0GWhAr. Std. Dev.: 0
Energy sold to AC grid: mean 113 1GWhiyr Std. Dev: 117

Cost of purchasing E to AC grid: mean 0 M€ fyr. Std. Dev.: 0
Incomes of selling E to AC gid: mean 8.8 ME iy Std. Dev.:07
Incomes of selling E to AC gid: mean 8.8 ME iy Std. Dev.:07
Energy of Fuel Call: mean 0GWhyr Std. Dav.:0

Houwrs unning Fuel Cell: mean 0 h/y. Std. Dev.: 0

Energy of Eleckolyzer: mean 0GWh/y. Std. Dev.:0

Hours unning Electmlyzer: mean 0 hir. Std. Dev.: 0

Hydrogen sokd for extemsl use: mean 0 kg'yr Sid. Dev.:0
Incomes of selling H2: mean 0 ME /. Std. Dev.: 0

External fuel puchased to be used at Fuel Call: mean 0 kgfyr. Std. Dew.: 0
Cost of external fuel purchased 0 be used at Fuel Cell: mean 0 ME . Std. Dev.: 0
VARIABLE COST (NFC) (purchase E- sell E = varisbh + O8M varisble + fuels +-sgu|am
+ rectif + H2 tank- sell HZ - residusl varistle values of companents stthe end of syzem lifetime): mean 7.2 ME. yr.
Std. Dev.: 10

Cast of purchasing Eto AC gid (NFC): mean 0 ME Sd. Dev.:0

Incomes ofselling E to AC grid NPV mesn 87.2 ME Std. Dev. 10

Variable cost of batieries (WPC]replacement - residual} mean 0 ME Std. Dev.. 0

Variable cost of ACgen. [NPC) (D&M +replacement - residusl): mean 0 ME. Std. Dev.:0

Cost ofregulator +redlifier NPC) {amuisition + replacement -residual): mean 0 ME. Std. Dev.: 0

Varable st of Electolyzer + H2 tank (NP} (041 + replacement - residual): mean 0 ME. Std. Dev.:0
Variable cost of Fuel Cell { [NPCH0&M + placement - residualy mean 0 ME Std. Dev.:0

Cost of purchasing extemsl fusl for Fudl Call (NPC): mean 0 ME. Std. Dav: 0

Incomes of selling H2 for extemal use NPV} mean 0 ME. Std. Dev.: 0

2o

RE BULTE OF Wiind cpeed, Wiedsr Sow or Fusling.
andLosd(l cssobd), §Walusc per varidis pelsded: mun mean+40, msan=d $0, mEan. 30, memn-2 80,

#1.DATL Wind spoad 85 mis. RESULTE: Tokl MNPV 406 MOLDOE: QORI TR W L lnad 0%, Emissions
1 WCORyr. Randw. Can ek 43 5% ExpotE: 1 7GRy . Batedes dime 100 . . E soldio AT g d i)
LA

-EDJ'L'FL Wi rd spead Smis. RESULTE: Totd NPV- 551 ME LOOE - 00272 Gkt Uhmad load 0% Emissions.
7. Rarew. Can fackor 477 % Expod E- 1315Whtyr. Bateries lifdime 100 w. . E soldioAC gid NPV

l:r'a'.c

#2.DAT #TM‘O nk. RESULTS:Totd NPV "4al'rELE‘CE 0023('4#’ Ll o 0 Y. S 810G
1. W00y, Ranew. Can fackor 546 %. ExpontE - 1550WhY . Batones lfgima 100w . E saldio AC gla e

LIS

#3.DATL Jh'l:ﬂxc\:&’ FESULTS: ‘RxahF\' ﬁsr—:u:-cE on:aac"m' Ut i@ 0% Ermi ssions.
1. WECOEyr Ranew. Can tactor 3.7 % ExponE Bateries e 100y - E soldiohs aldiEv)

T

#5. DATL Wind s ‘5. RESULTE: Totd NPV 155 ME LOOE - 0045 Gk, Uhmedt lo2d - 0% Emissions.
1. keCORyr. Rarew. Can factor: 284 % Expot E- 500y Baliories fedme: 100ye .E scldio AT gid NPVL
=% 4

To close the report we click "Close" and we are asked if we want to save the results of the
analysis of probability in a .rtf file (which can be open by Microsoft Word). We agree, save the
file and open it with Microsoft Word:
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OGAl-Pr . Solution # 1
ANALYSIS:

ABILITY
RANDOM DATA:
Irradiation irrelevant, there are no FY modules
Wind: mean 8.53 m/s. Std. Dev.: 0.5

ater flow irrelevant, there is no hydro turbine
Load: mean 0GWh/day. Std. Dev.: 0

RESULTS:

Total NPV: mean 49.678 ME. Std. Dev.: 10.124
i mean 1.12KtCO2 yr. Std. Dev.: 0
2an 100 %. Std. Dev.: 0
: mean 11BGWh/yr. Std. Dev.: 13.8

: mean 0 %. Std. Dev.: 0
an: mean 100 yveara. Std. dev.: 0
mean 0; Std. Dev.:0

Coz

group energy: mean 118GWh/yr.
energy in Battery bank: :an 0GWh/yr.
of AC generator: mean OGWh/yr. Std. D

Wind turbine
I

Finally, we save the project.

36. Sensitivity analysis.

Now we will perform the sensitivity analysis in the MHOGA1.mho original project.
We open the MHOGA1.mho project and save it as "MHOGA1-Sens.hoga".

To reduce the search space and the computation speed, we unselect PV generators:

COMPONENTS

[+ Wind Turbines

[~ Hydio T.

|¥ Battery bank
[~ Backup Gen.
v Inverter/cha

[~ HZ2[F.C. - Elyzer.]

Click the "Sensitivity Analysis" button on the main screen (above "Probability Analysis").

A screen appears with different tabs. We select the left tab, Wind. We click in “Add” two times,
two cases of the sensitivity analysis appear, cases Wind2 and Wind3 (Wind1 is the base case
defined in the wind speed window). We set 1.2 for the scale factor of wind speed for Wind2 case

and 0.8 for Wind3 case.
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W SensitivitfAnalysis — [m] *
Wind Solar I Load Interest and Inflation (general or electricity cost) I AC gen. fuel inflation Components cost

SENSITIVITY ANALYSIS OF WIND SPEED

Wind1: Case base: Average Wind Speed: 249 m/s

Ls]
Windz, | oelmerdedela L 2 I A Wwind = 1019 m/s

" From file [hourly values in m/s] Height [m) |‘\[I
& I '

ITE + Base Caze x Scale Facr |08 v Wi  £.79 s
€ From file [hourly values in mss] Height (m] |1 1]

Add | Remove last one 1= Graph

Then click in “Interest and Inflation (general or electricity cost)” tab.

We choose “Electricity inflation (....” as we will consider the sensitivity analysis of the electricity
sell price inflation.

We click in “Add” two times, two cases of the sensitivity analysis appear, cases (I-g)2 and (I-g)3.
We set 7% for interest rate (nominal discount rate) and 1% for electricity price inflation for case
(I-g) 2 and 7% and 3% for case (I-g) 3.

[ Sensitivity Analysis - O x

Wind Solar Load l Interest and Inflation (general or electricity cost) ]AC gen. fuel inflation Components cost

SENSITIVITY ANALYSIS OF ANNUAL INTEREST (I AND INFLATION (g) RATES

(I-0) 1: Case base: Interest: 7%: Inflation El icity cost: [| h and sell inflati shown in LOAD/AC GRID)

Inflation refers to
[ Ma) 2 Interest |7 % Irflation: |1 Z] " General inflation

[ (% Electricity inflation [Purchase and Sell piice inflation] fin base cas shown valuss of bup price inflation 4 sell prics inflalion) ]

[ Mgl 3 Interest |7 % Inflation: |3 "/al

Add | Remove last one
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We could also define sensitivity analysis of components cost, load (if there was load
consumption), irradiation (if there was PV generation), and AC gen. fuel inflation (if there was a
backup generator).

Click on "OK" (it takes some seconds to close the window) and, in the main screen, save the
project and then "CALCULATE".

After a few minutes the sensitivity analysis ends. We have analyzed 3 cases of wind speed x 3
cases of interest and electricity price inflation = 9 projects.

By default, the sensitivity analysis #1 is shown, corresponding to the base case (same result as
in the MHOGA1.hoga Project).

1 Project: DAPROYECTOS MHOGA 3.3\MHOGA1-Sens.mho - O x
Project Data Data Base Report Visual Help License Updates
 LOAD /ACGRID GENERAL DATA OPTIMIZATION CONTROLSTRATEGIES FINANCIALDATA RESULTS CHART
RESOURCES M bjecti imization. Sensitivity lysis No. 1. Total No. of cases evaluated: 3456. Time: 2* 58"
SOLAR
48
«f WIND 46
HYDRO g 4
=
COMPONENTS s @
P GEN = @
s 3
+ WIND TURE -
36
HYDRO TURE N
~ BATTERIES 32

4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 B0 84 88 92 96 100
Solution # (sorted from best to worst)

Sensitivity Analysis #1 -
(I-gE)1: 7%-3\2%

+ INVERTER/CHAR.
BACKUP GEN

H2 (F.C. - Elyze) [[1Show diagram

Water Pump in Load/AC grid
Wind1: 8.5m/s Rad.1: 5.45kWh/m2

| Load1: 0GWh/day InfF.1:Base ~ Pz x1 x1 x1 x1 -
DCVoltage W CJsocd #  Total NPV (ME) Emission (KCOZyr) Unmet(GWwhiy  IRR[%)  Landiha) Investment(ME) CapF(%) LCOE[E/KWH — Simulate  Report A
1 497533 112 0 1882 540 375 43.46 00293 SIMULATE.. REPOR
ACValtage Ky "
H 48.774 112 [T 540 38125 43.46 0.0304 SIMULATE.. REPOR
3 47.956 112 o 177 540 3875 43.46 00303 SIMULATE.. REPOR
PRE-SIZING 4 47.459 1.05 1] 16.76 504 ] 4403 00295 SIMULATE.. REPOR
Energy storage El days autan 5 47.158 1.14 0 1755 54005 39375 43.46 00314 SIMULATE.. REPOR
[Ihax bat parallel-> Cn min. 6 46.636 1.14 0 1732 54005 40 4351 00318 SIMULATE.. REPOR
Wi P gen. paralel -> P min 7 46.64 1.05 0 1843 504 36625 4403 0.03 SIMULATE.. REPOR
e Wind T. perallel-» P in 8 46.318 112 0 173 540 40 43.46 00318 SIMULATE.. REPOR
L] 45.885 1.14 0 1703 54005 40625 4351 00323 SIMULATE.. REPOR
Mex AT Gen. parallel -> Prin v
< >
COMPONENTS: 15 Wind Turk. WindT1(2 MW 2114 m/s) # Unmet load = 0 % J/ Total Net Present Value (NPY) = 43.593 ME, IRR = 18.5%
Sensitivity Analysis
STRATEGY: There is no load consumption > no control strategy related to the load consumption supply. Control variables for grid-connected batteries: charge (only
Probability Analysis from renewable, notfrom grid) if price of E. (sell) is lower than D £/kWh; disch. fload + injecting to the grid) if price E. {sell) higher than 0.11 €/kvh
43 CALCULATE
18] REPORT - :
See best Sensitivity Analysis Summary Save Exceltable

We can select another project by clicking on the drop-down box "Sensitivity analysis #" (above
the results table):

Sensitivity Analysis # 1 -

ty Analysis # 3
Sensitivity Analysis i 4
Sensitivity Analysis # 5
Sensitivity Analysis ## 6
Sensitivity Analysis # 7
Sensitivity Analysis # 8

For example, if we choose # 2, the results of sensitivity analysis #2 appear:
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L oo Lo

l Sensitivity Analysis # 2 ~ I

ad.1: 5.45kWh{m2 ~ ||Loadl: DGWh/day (I-gE)2: 7%-1% Inf.F.1:Base ~ | Pra:xl x1 x1 x1 w

8 Emission (KCO24)  Unmmet(GWhiyn  IRR(%)  Land(ha)  Irvestment ap F(%)  LCOEEMYh) Simulate Report ~
1 40.095 112 540 375 4346 00299 SIMULATE.. REPOR
2 39.277 1.12 0 16.86 540 38128 4346 0.0304 SIMULATE.. REPOR
3 36.481 1.05 0 1745 504 35 44.03 0.0295 SIMULATE.. REPOR
4 36.458 1.12 0 1654 540 3075 43.46 0.0304 SIMULATE.. REPOR
1 37.662 1.06 0 171 504 35628 44.03 0.03 SIMULATE.. REFOR
[ 37.661 1.14 0 16.22 540.08 3437 43.48 00314 SIMULATE.. REPOR
7 37.164 1.14 0 16499 540.08 40 4351 00318 SIMULATE.. REPOR
8 36.844 1.05 0 1675 504 36.25 44.03 00305 SIMULATE.. REPOR

9 36.821 1.12 0 1693 540 40 43.46 00319 SIMULATE.. REPOR v

< >

COMPOMNENTS: 15 'ind Turb. WindT1(2 M at Td m/s) /f Unmetload = 0 %/ Total Net Present Value (NPY) = 40.095 ME, IRR = 17.2%

STRATEGY: There is no load consumption -> no control strategy related to the load consumption supply. Control variables for gric-connected batteries: charge (only
from renewable, nat from grid) if price of E. (sell) is lower than 0 £/kMWh; disch. (load + injecting ta the grid) if price E. (sell) higher than 011 £/kWh

We see that it corresponds to the base wind, Wind1 (8.5 m/s average wind speed) and the case
of interest and inflation of electricity price (I-gE)2: 7% and 1%. As the inflation of electricity sell
price is lower than the base case, the optimum has a lower NPV than in the base case.

We can also modify directly the drop-down box of each variable. For example, if we change the
wind drop-down box and select Wind2:

[Wind.1: 8 5m/s  ~|

Wind.1: .5m/fs
Wind 2 10 2mfs
Wwind.3: 6. 8m/s

We see that analysis number 5 appears, with higher NPV as wind speed is 20% higher than in
the base case

[]Show diagram
I Sensitivity Analysis #5 ~ ]

Rad.1:5.45kWhim2  ~ Loadl: 0GWh/day (-gE)2: 7%-1% Inf.F.1:Base Pl -
i otal NPY (Mt Ermission (kCO247)  Unmet(GWwhber)  IRR) Land(hal  westimen ap.F(%)  LCOE[E/kNWh) Simulate Report ~
1 64.861 112 0 22.74 540 375 5575 0.0233 SIMULATE.. REPOR
2 64.233 1.0 0 2361 504 38 57.68 0.0225 SIMULATE.. REPOR
3 64.043 112 0 22.35 540 38128 56.75 0.0237 SIMULATE.. REPOR
4 63.415 1.05 0 2317 504 36625 5768 0.0229 SIMULATE.. REPOR
5 63.224 112 0 21.96 540 3875 5675 0.0241 SIMULATE.. REPOR
1 62.694 0.98 0 24.37 488 325 59.39 0.0218 SIMULATE.. REPOR
? 625396 1.056 1] 22.75 504 3B.25 5768 0.0233 SIMULATE.. REPOR
il 62.427 1.14 0 21.57 540.05 39.375 56.75 0.0244 SIMULATE.. REPOR
3 62.097 1.14 0 211 540.05 40 5E.82 0.0248 SIMULATE.. REPOR

< >

If we click on "Sensitivity Analysis Summary" (below the table) a comparative chart of the 9
analyzes projects appears, indicating below the optimal solution of each one:
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ﬁ Sens

ity Analysis Summary - [m] X

NPC/NPY and CO2 Emissions of the best solution found for each sensitivity analysis

€02 EMISSIONS (kgiyr)

TOTAL NPC # NPV (ME)
2 &=
s &

1 2 3 4 5 6 7 8 9
Sensitivity analysis #

Display in graph:
[ Back (@ NPCand CO2 emissions (JNPC () CO2Emissions (L) COZ Emissions -NPC () Unmet load - NPC (REppei

Best solution found for each sen: ity analysis: Slp(ETE] SR
SENSIT. ANALYSIS # 1 (Wind1: 8 5m/s; Load]: 0GWh/day: (FgE)1: 75%6-302%; InfF 1:Base; Pr1:x1 x1 x1 x1): ~
MNP = 48,533 ME. CO2 Ernisgions = 1.125 ki, Unmet load = 0 GWhiyr (0%6). IRR. = 18.52 %. Investrent = 37.5 ME. LCOE = 0.03 €/kiwh, Capacity factor = 43.5%. Land uze =540 ha
Companents: Wind Turbines group AC of 30 hvy.

SENSIT. ANALYSIS # 2 (Wind1: 8.5m/s: Load: 0GWh/day: (FgE)2: 7%6-1%: InfF.1:Bage; Pr.1:x1 x1 x1 x1);
MNP = 40,086 ME. CO2 Emissions = 1.126 kifyr. Unmet load = 0 GWhdyr (0%6). IRR =17.18 %4 Investment = 37 & ME. LCOE = 0.03 £/kivh. Capacity factor = 43.5% Land use =540 ha
Companents: Wind Turbines group AC of 30 ki,

SENSIT. ANALYSIS # 3 (Wind1: 8.5m/s; Load]: 0GWh/day: (FgE)3: 79%6-3%: Inf F.1:Base: Fr.1:x1 x1 x1 x1)
NPV = B0.BD4 ME. CO2 Emissions = 1125 kifyr. Unmet load = 0 GWhiyr (0%6). IRR =18 82 % Investment = 37 5 ME&. LCOE = 0.03 £/kiwh. Capacity factor= 435% Land use =540 ha
Components: Wind Tuthines group AC of 30 M.

SENSIT. ANALYEIS # 4 (Aind2: 10.2m/s; Load: 0GWh/day; (FgE)T: 7%-3\2%; Inf F.1 Base; Pr1 x1 x1 x1 1}
NP = 77.013 ME. CO2 Emissions = 1.125 kibr, Unmetload = 0 GWhir (05). IRF = 24.08 %, Investment = 37.5 Mg, LCOE = 0023 £/kWh, Capacity factor = 55.7%, Land use = 540 ha
Companents: Wind Turbines group AC of 30 My,

SEMSIT. ANALYSIS # 5 (Wind2: 10.2m/s; LoadT: 0GWh/day: (-gE)2: 7%-1%: InfF.1:Base; Pri:xd x1 x1 x1)
MNP = 64851 ME. CO2 Emissions = 1.125 kijyr. Unmet load = 0 GWhyyr (0%). IRR = 22,74 % Investment = 375 ME. LCOE = 0,023 £/kWh. Capacity factor = 56.7% Land use = 540 ha
Companents: Wind Turbines group AG of 30 My,

Clicking the "Save Excel" button it saves an Excel file where the optimal solution for each of the
sensitivity analysis projects appears:

A [ L= o E F G H 1 J K L M N o P (s} K
1 [Profect: MHOBAL-Sens e, Best system found for sach case of the sensitivty analysis
2 Semd wind [m/s) Radd [k mi/d) Load(GWhid Interest{%) nflaticn EE{Perch/Selli®)  InflaFuel[%) Pr.mvixl LA A
3 1 8.5 545 a T n 1 1 1
4 2 85 5.45 [ 7 1 1 1 1
5 E] ns 545 [ 7 ] 1 1 1
L] 2 1.2 545 [} T ni 1 1 1
T 5 10.2 5.45 [ 7 1 1 1 1
8 6 10.2 5.45 [ 7 3 1 % 1
] ? 6 545 [ 7 L] 1 A 1
10 3 6.8 543 [ 7 1 1 1 1
n L] 6 5.45 0 7 ] 1 1 1
2

If we click on the "Report" button a report of the sensitivity analysis appears, that can be printed
or saved in PDF.

Project: MHOGAT-Sens. mha Optimal solution faund for cach case of the sensitivity analysis:

SENSITIVITY ANALYSIS
SENSIT ANALYSIS # 1 (Wind1: 8 Smvs; Losd): OGWIay, (-gE|T: T%-30%; Inf E TBasa; Pr 1 w1 x1 1 x1)

DATA (s, senaitivity analvsis 8t MV = 49 503 ME 02 Erssions = 1125 kilys Unresal boad = 0 GWRye (0%) B2 = 18,57 % Land uss = 540 ha
Capacity factor = 43 5% lvestment = 37.5 ME LCOE = 0.03 €kWh. E. sold 10 AC grid (NPC) = 58126 ME
Hverage Daily Irradiation (KWhim2): Kvorage Wind Speed fmisk
10 —
9 y SENSIT. ANALYSIS # 2 (Wind1. 8 5mis. Load1. 0GWhiday, (IgE)2. 7%.1%, InlF_1.Base, Pr1. x1 x1 x1 x1)
545 - L R . NPV = 40,095 ME. CO2 Emissions = 1.125 kthyr Unmat kead = 0 GWh/yr (%) IRR = 17.10 % Land use = 540 ha
B Capaeity factor = 43 4% Iwastmant = 37 & ME LOOE = 003 €Wk £ aold 1o AC gd NPC) = 33 629 M
7 X
12 3 4 5 & T 8 @ 12 3 4 5 & T 8 %
Avasage daily Load [GWhid): Intarast (%) and Inflation EE{SaN [%):

3 (Wind1: B Smis: Load1: OGWIiday: (gE: T%-3%: Inf F 1-Base; P11 x1x1 x1 1)
I 0,504 ME. COZ Emissions = 1,175 ktiyr Unmat lead = 0 GWiyr [0%) IRR = 1982 %, Land usa = 540 ha
Capacity factor = 43 5% Imvestment = 37.5 ME. LCOE = 0.03 €kWh. E. sold 10 AC grid {NPC) = 109.038 ME.

SENSIT. ANALY SIS # 4 (Wind2. 10.2mis. Load1. 0GWh/day, (,gE)1. T%-32%, InfF 1 Base. Pr.1. x1 x1 x1 x1)
NPV = 77.013 ME COZ Emissions = 1.125 kt/yr. Unmet load = 0 GWhiyr (0%) IRR = 24.08 %. Land
Capacity factor = 85 7% Iwvestment = 37 5 M€ LCOE = 0,033 €50V, E. soid to AL gnd [MFC) =

a

Fusel inflation {%):

1 I 1

Wind2: 10 2més: Load!: DGWday: (gE)E T%-1%: WP 1 8ase: Br 1 x1 %1 x1 %1
1 ME. COZ Emissions = 1.125 kbhyr Unmat kad = 0 GWRyr [0%) IRR = 27 74 % Land usé = 540 ha
factor = 55.7% lwvestment = 37.5 ME. LCOE = 0.023 €54Wh. E. sold to AC gnd (NPC) = 113.395 ME

12 3 4 & B T 8 9 12 3 4 5 & T B 9
BESULT S tvs, senshiviee analysis £; SENSIT. ANALYSIS # 6 (Wind2: 10.2m/s. Load1: 0GWhday, (-E)3 7%-3%, WEF.1Base. et x1 x1 x1 21}
) KAV = 90.974 ME CO2 Emissions = 1.125 kuyr. Unmet boad = 0 GWWhiyr (0%). IRR = 25.8 %. Land use = 540 ha
Total NPV (M€K Emis.COZ (kiyrk Capacity factor = 55 T% kwestment = 37 5 M€ LCOE = 0,021 €5Wh, E. sold to AG grd (NEC) = 138 507 ME
B0
b 135
I . ' SENSIT. ANALYSIS # 7 (Wind): 6 8m/s: Load!: 0GWhday, (gE}1: T%-32%: InfF 1:Base: Pr.1: x1 x1 1 x1)
20 | —— NPV = 10 855 M€ 02 Emis 1,125 ktfyr Linmet koad = & GWhYyr (%) IRR = 387 % Land uso = 540 ha
Capacily bactor = 26.4%. knealnent = 37.5 ME LODE = 0.049 €KWh. E. 5okl 16 AC gnd (NPC) = 55,458 ME
1 2 3 a4 5 & 1 8 3 1 2 3 4 5 § 7 8B 8
Capacity factor{%)
. . SENSIT ANALYSIS 8 8 (Wind3: 6 Bmi's. Load1. 0GWhiday, (3 TR-1%, Inf F 1 Base, Pr 121 =7 21 27)
@ W WPV = 5,197 ME CO2 Emissions = 1125 bys. Unmet boad = 0 GWWR/yr (0%). IRR = 849 %. Land uae = 540 ha
5 E ity BCtor = o et =375 = MW, E. 5 (HPC) = 537,
o Capaity Factor = 26.4%. bwastment = 37.5 ME LCDE = 0.043 €KW, E. 5o 10 AC grid (NPC) = 53.7 ME
30 o
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If we click on the "Save Word" button a report in rtf format is saved, which can be open

Microsoft Word.

[Project: MEOGA1-Sens.mho. Cptimal solution found for sach sensitivity
analysis:

SENSIT. ANALYSIS # 1 (Windl: B.5m/s; Loadl: 0GWh/day; (I-gE)1l: 7%-3\2%;
Inf.F.l:Base; Pr.l: xl =l xl xl):

NPV = 49.533 ME. CO2 Emissions = 1.125 kt/yr. Umnmet load = 0 GWh/yr

(0%). IRR = 18.52 %. Investment = 37.5 ME. LCOE = 0.03 £/kWh. Capacity
factor = 43.5%. Land use = 540 ha Compcnents: Wind Turbines group AC of
30 MW,

SENSIT. ANALYSIS # 2 (Windl: B.5m/s; Loadl: 0GWh/day; (I-gE)2: 7%-1%;
Inf.F.l:Base; Pr.l: xl =l xl xl):

NBV = 40.095 M€. COZ2 Emissions = 1.125 kt/yr. Ummet load = 0 GWh/yr

(0%). IRR = 17.19 %. Investment = 37.5 ME. LCOE = 0.03 £/kWh. Capacity
factor = 43.5%. Land use = 540 ha Compcnents: Wind Turbines group AC of
30 Mw.

SENSIT. ANALYSIS # 3 (Windl: B.5m/s; Loadl: 0GWh/day; (I-gE)3: 7%-3%;
Inf.F.l:Base; Pr.l: xl =l xl xl):

NBV = £0.504 ME€. CO2 Emissions = 1.125 kt/yr. Ummet load = 0 GWh/yr

{0%). IRR = 15.82 %. Investment = 37.5 ME. LCOE = 0.03 €/kWh. Capacity
factor = 43.5%. Land use = 540 ha Compcnents: Wind Turbines group AC of
30 MW,

SENSIT. ANALYSIS # 4 (Wind2: 10.2m/s; Loadl: OGWh/day; (I-gE)l: T%—3\2%;
Inf.F.l:Bass; Pr.l: =l =1 =l x1}:

NPV = 77.013 ME. CO2 Emissions = 1.125 kt/yr. Unmet load = 0 GwWh/yr

(0%). IRR = 24.08 %. Investment = 37.5 ME. LCOE 0.023 €/kWh. Capacity
factor = 55.7%. Land use = 540 ha Compcnents: Wind Turbines group AC of

20 M.

SENSIT. ANALYSIS # 5 (Wind2: 10.2m/s; Loadl: OGWh/day; (I-gE)2: 7%-1%;
Inf.F.l:Base; Pr.l: xl =1 xl1 x1):
NBV = 64.861 ME. CO2 Emissions = 1.125 kt/yr. Unmet load = 0 GWh/yr

(0%). IRR = 22.74 %. Investment = 37.5 ME. LCOE = 0.023 €/kWh. Capacity
factor = 55.7%. Land use = 540 ha Compcnents: Wind Turbines group AC of
30 MwW.

SENSIT. ANALYSIS # €& (Wind2: 10.2m/s; Loadl: 0GWh/day; (I-gE)3: T%-3%;
Inf.F.l:Base; Pr.l: =l x1 x1 xl1):

NPV = 90.974 ME. CO2 Emissions = 1.125 kt/yr. Ummet load =
[NV TBR = 95 4 &  Trwveatment = 27 5 Me TOoAR = O A22 £/kWh

Finally, we return to the main screen (“Back”) and save the project.

37. Project with load, minimization of NPC.

Close the software and open it again to create a new project. Project->New, create a new project

with the name “MHOGA2.mho”

Project-> Options, select Minimize Net Present Cost (NPC),...

MAIN OPTIONS:

Sirmulation and optirmization:

= Simuletion of the 1styear and extrapolate results

 Multiperiod: simulate all the years of the system lifetime (|25 wears)

Economic optimization:

inimize Met Present Cost (NPC), usually for off-grid systems and high load or-grid

" Maximize Met Present Walue (NPY), ususlly for low load or no-load on-grid systems | & piaw, NPV

" Min. LCOE

Mumber of decimal places in results of costs |3

MNumber of decimal places in results of energy |3 -

OK

In the LOAD/ AC GRID screen, click in AC LOAD (MW) tab.

Add AC load, residential load of 100 MWh/day, by selecting it in the Load Profile (below the

table):
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Load profile: |Residential 100Mwh/day |

W ariability

We click on Generate and approx. 0.1 GWh/day is obtained.

An info window appears telling us that if the grid-control strategies are set, we must allow the
option of purchasing electricity to the AC grid.

HOGA pes

There is load consumption.

Grid-connected batteries control management (charge/discharge by
AC grid) are selected (main screen, CONTROL STRATEGIES tab),
therefore the load will not be correctly covered by the storage or by
the backup generator.

Please, make sure the option of PURCHASING ELECTRICITY TO THE
AC GRID is selected so that the load can be correctly supplied by the
AC grid.

Otherwise, if you want to cover the load without the AC grid,
unselect the grid-connected batteries management (in main screen,

CONTROL STRATEGIES tab).
We accept.
V' Load and options of Selling / Purchasing Energy from the AC grid - O X
CERERNES Hours | JAC [ DG [ [H2 [ |Waler
O Marthly Average @ Load Profile. (O ImportFile (MW, tHe/h, dam3/i) 1~ mliﬁiii?iﬁfix”"‘ oW p— Export
ACLOAD (MW)  DCLOAD (MW}  H2LOAD (tH2/h)  WATER (dam3/day) FROM WATER TANK  PURCHASE / SELL E
Manth 01h 1-¢h 2-3h 34n 45h 5-6h E-7h 7-iih 89h  810h  10-11h 11412k 1213k 1314n  1415h [5G A

JANUARY 5.155 3.386 2.57 1.924 1.847 1.847 2.155 2.921 3.921 4.155 4386 4.617 4.925 5.463 6.156 6.1
FEBRUARY  5.158 3.386 2.57 1.924 1.847 1.847 2.155 2.924 3.924 4155 4.386 4.617 4.928 5.463 6.156 6.2

MARCH 479 3.2561 2.505 1.962 1.878 1878 2135 2778 3.62 3.867 4108 4.332 4.609 5067 5636 57
APRIL 4424 3116 2.439 2.001 1.908 1908 2116 2.632 3.316 3578 3.832 4.047 4.294 4.671 5117 51
MAY 4.059 2982 2374 2.039 1.939 1933 2.097 2.485 mz2 3.289 3555 3.763 3978 4274 4598 45
JUNE 3.693 2.847 2.308 2.078 1.97 197 2.078 2.339 2.709 3.001 3.278 3478 3.663 3.876 4.078 4.0
JuLy 3.693 2.847 2.308 2.078 1.97 1.97 2.078 2.339 2.709 3.00 3.278 3.478 3.663 3.878 4078 4.0
AUGUST 3.693 2.847 2.308 2.078 1.97 197 2.078 2.339 2.709 3.001 3.278 3.478 3.663 3.878 4078 4.0

SEPTEMBER 4.059 2982 2.374 2.039 1939 1939 2.097 2.485 3012 3.289 3555 3.763 3978 4274 4598 45
OCTOBER 4.1214 3116 2.439 2.001 1.908 1.908 2.116 2.632 3.318 3.578 3.832 4.047 4.291 4671 5117 5.1
NOVEMBER 479 3.261 2.505 1.962 1.878 1.878 2.13% 2.778 3.62 3.867 4109 4.332 4.609 5.067 5636 5.7
» DECEMBER  5.155 3.386 257 1924 1.847 1847 2.155 2924 3924 4155 4386 4617 4925 5463 6.156 6.2

Scale factor for Monday to Friday: Scale factor for the weekend

Load profile: | Residential 100MyWh/day M
AVERAGE LOAD IN JANUARY (included scale factor), TOTAL 120.15 MWh/day

¥ M ACload ¥ [J DCload ¥ M H2 (HHV) W B Water E pumped) |

Add load profile
Wariahility ac

oc
Daily ariahility D % El %
Hourly Variahility El % %
Minutes Variahility % %

Hz

L ]
El% 5
R

MW

4
Carrelation minutes
2
AC load power factor (cos fi) l:l
0
0 12 18

Addloadot |0 [MWAC ~|during hour

R t 5 - R
trom: min E' hD“’Eldﬂy [Irepeatevery | ACmax. hourly active power load in the year (inc. AC pumping): 8.7 MW Max. in 1/2 h intervals: 3.6 MW
days | sverage hourly AC power: Active 4.2 My Aparent 42 MVA
oK = Graph in steps of 60~ |min.

DC e, hourly power load in the year: 0 MW, DC power hourly average 0 M
Average hourly value of (Energy_DC_hourky/Energy_Total_hourly): DC Factor = 0%

Average daily load = 0.099 Gwh/day

In the graph we can see the load:
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V. Graph

- O X
LOAD
8
7
6
5
4
4
3
2
1
0
3 6 9 12 13 18 21 0
1 January

¥ — ACload [¢

DCload [¢

H2 (in HHV) |[# — WATER (in pump E.) |

>

Days display

In PURCHASE / SELL E tab, let’s suppose that the electricity price will be hourly, by periods, and

the contracted power also by periods. Select “Purchase from AC grid Unmet load ....”

Uncheck “Fixed Buy Price” and “Fixed Pmax”.

and

In the Sell excess energy to AC grid panel, select “=Pmax buy”, this way the maximum power to
be injected to the AC grid will be the same as the defined power to purchase from the AC grid.

1 Load and options of Selling / Purchasing Energy from the AC grid

Data source:

" Monthly &verage @« Load Profile © Import File (MW, tH2/h, dam3/h)

AC LOAD (MW) | DC LOAD (MW)

| H2 LoaD (tH2m)

¥ Purchase from AC grid Unmet Load [Hon Served
Energy by Stand-alone system)
—

[~ {Fixed Efw Price [£/kWh] |D.W 5 Houry Price

Ainnual Inflation (%), Emizgion [kgCO2/kWh].

3 0.4

[™ Fized Ihdinl) d Cost P [E/KW A1)
Options 40 Hourly ¥ alues l
Acoess Chal e PHEETErEn|

| Fixed Access price [E7Wh] |D

| WATER (dam3/day) FROM WATER TANK

¥ Sell Excess Energy to AC grid

[w Fixed Sell Price E/dwh)  |0.12

[~ Prosell=pr. buy s '1_
Annual Inflation (2] 3

Max. Powerws] |30 | ¥ =Pmax bup

Energy Generation Char
W Fixed Transfer price [E/k'wh)] |0.0005

Self-consumption and Met Mettering:

o) r
C R

lF'nce [E/kWh

— [m] ped

-
Export

= r

PURCHASE | SELL E l

AC GRID AVAILABILITY |

Priority to supply E not covered by renewables:
{* Storage/Generatar ¢ AC Grid

[ Sell surplus H2 in tank (difference
between the H2 in the tank at the
end of the year and at the beginning)

Data to compare with electrical supply

Back-up Charge Price [£/kh

W Fised Back-up price [E/kwh] |0
[The cost of the back-up toll will be added to the E purchased)

Total tax for electricity costs (buy + charges) (%] |0

|No net mettering

Cost of net metering service [£7kwh) |0

Buy-back: Export E is paid at [£/Kwh) |0

Total tax for electricity zold (%] |0

j only from AC conventional grid
Total cost installation of AC grid: |5 HE

O&M annual cost of grid: |0.3 ME

Then click on “Hourly Price” button close to the buy price. Select Hourly Periods and accept all
the default values (3 periods, P1 price of the electricity purchased to the AC grid 0.15 €/kWh, P2
price 0.12 €/kWh, P3 price 0.08 €/kWh, distributed in summer/winter):
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HOURLY PRICE OF THE ELECTRICITY PURCHASED FROM THE AC GRID

Hourly Price Data £/ h]
" Hourly, all dayz the same

- From file (8750 hourly values) @

* Hourly Periods

Hourly Periods: .
Ourl Fenads Mumber of Hourly Periods: IG * Summer/winter  © Mon-Frifweekend © Hourly [from file]

Summer calendar: Period P1 Price:  |0.15
From day lf marith |3_ Period P2 Price;  |0.12
Ta day If month W Period P32 Price;  [0.08

SUMMER periods diztribution:
-1h 1-2h 2-3h Fdh 4-Bh 5-Bh EB-7h 7-8h 2-5h 3-10h 10:11h 11-12h

F3 = [F3 =] [P3 | |F3 =] F3 =] |P3 ~| |F3 =] |3 =] [P2 ~| [P2 ¥| |FP2 ~]| [P2 +|
12413 1314 1415h  157Bh 1617k 171%h 1819  1920h  20-21h 2122k 2223h 23-24h

P~ [P =] [P1 ~| P2 | P2 »| P2 ~| P2 ~| [P2 ~| |P2Z ~| |P2 ~| [P2 ~| |P2 +|

WINTER penods distribution;
0-1h 1-2h 2-3h 3-dh 4-Bh 5-Eh E-Fh 7-8h 2-Sh 910k 10-11h - 1112k

Fa «| |P3 »| [P3 »| P32 | |P3 »| |P3 ~| P3 ~| [P3 ~| P2 ~| |P2 ~| [P2 ~| |P2 +|

1213h 1314k 1415 1516k 161Fh 1718k 1819  13-20h  2021h 2122k 2223k 2324k

F2 =| P2 | P2 »| |F3 =] P32 | [P3 =] [P1 =| |P1 =] [P1 =] |P1 =] [P2 ~| |P2 +|
0K

OK and, in the PURCHASE / SELL E tab, click “Hourly Values” close to the options of the

contracted power Pmax.
[ Fimed Praax [kiw] Fixed Cost P [£/kWw,
100 Options 0 l Hourly Walues

A small window appears. Change the values to the following Pmax and costs for the different

peridos P1 to P3 (note that P4-P6 are not considered, anyway we write 0 in them):

Hourly periods same of energy hourly price periods

Prna [Mw] Cinst of Powier 8/ /ur]
PeicdPl [ [0
PeindP2 [8 FT
PeiodP3 [3 5
PeiodP4 [0 o
PeiodP5 [0 b
PeiodPE [0 b

1]

OK and, in the PURCHASE / SELL E tab, click “Options” close to the options of the contracted
power Pmax.

110



[ Fixed Pras [kiw] Fized Cost PSR o]

|1EID l Options |Dl Hourly Walues

A window appears. We can choose among: Power limited to the value shown in Pmax; Limited
to an optimized value (it will be optimized during the opitmization, only valid for period P1), or
the third option, which will be the one selected “Not limited: Registered the maximum value
(average of....”

Dptioks for the masimum peak. power fram the Grid:

Walue of Pmas:

" Limited to value shown in Prmax

i Limited to a value optimized between 0 and Prmax. Mumber of values to consider: |5

{* Mat limited: Fegistered the masimum value [average of |'|5 j rnin. of the length of the time step} [rata

oK

By using this option, the contracted power to buy electricity from the grid will not be the power
defined, it will be the maximum power registered during the simulation for each period.
However, the maximum power for selling electricity to the AC grid will be the values defined for
each period.

And click in the button Data, leaving the default values (the way in Spain the cost of power is
applied in the electrical bill, when we have the option of registering the maximum value of the
power, called “maximetro” in Spain):

COST OF THE COMTRACTED POWER:
- If max. power regiztered iz lower than A= |85 % of Prnax, apply |85 af cost of Prnax
- |f . power registered iz higher than & and lower than B= [105 % of Pmax, apply (100 of cost of Prax

- If max. power regiztered iz higher than B, apply 100% of cost of Pmax + |2 times diff. betwen registered and B

Prax iz the contracted power

Power regiztered iz the maximumm power registered by the meter
Ok

Click OK, OK and OK to return to the main screen.

In the main window, check Wind Turbines so that we consider also them.
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GEMERAL DATA IOPTIMIZATION co

COMPOMENMTS
¥ PV Gen.

I [v Wind Turbines ]

[~ Hydro T.

|v Battery bank

[v Inverter/cha

[~ H2 [F.C. - Elpzer.]

In SOLAR, set latitude to 42.572 and longitude -0.312 (Pyrenees in Huesca province, Spain).

Then download hourly irradiation and temperature from PVGIS year 2007.

1 SOLAR RESOURCE

Latitude (%) [+N, 5): |42.57 Get data from local DB
. Download from:
Longitude (2] (+E, /) :|-0.31
[ Download houry dota | " Renewable Ninja (year 2019)
Locate on map | | Download NASA monthly data | (" NASA - Year |2015 vl
Data source V¥ Hourly Irradiation

" Monthly Average & Import from File FROM RENEWABLE NINJA [V Houly Temperature fpr: [ PV [ Wind T.[" Batt.

[ Generation of P gen. (Mw) nomalized to 1 Miw/pd — Hourly Wind Speed
[equivalent to iradiance kKw/m2 x PR)

Data Source for Monthly Average Daily liradiation: | Fadiation Horizantal Sur
liradiation a ) A 0K Cancel
av. till 5. PV Tracking System: IN_D

We obtain:

1 SOLAR RESQURCE - m} X
w0 f &
Letituce (4 (+1, -5 Gttt from Incel DB il Pl el ) PRl
0 =
Longitude (%) (+E. W)
Download hourly data. PV gen # - Ground Feflectance:
[Fixed albedo ImportAla. | Gr.
Lacate on map | Update coord Download NASA monthly data
Optimal Slope#1 Optirnize Pv#1 panels slope during the optimization ofthe systern
Data source for Global irradiation
Steps
(O Monthly Average (@) Import from File FROM PYGIS pear 2007 ® Hour (kwh/m2) (O Horiz @ Tilt
[[]Generation of PV gen. (MW) normalized to 1 MWp O [y ~| Minutes- each hour in 1 row (tilt, in ki/m2)
(equivalent to irradiance kW/m?2 x FR) O Minutes- 1 per row (tilt surf. in kW/m2) EDpot
Data Source for Monthly Average Dally Irradiation: | Radiation Horizental Surface (kWh/m2) Calculation Method for Hourly Iradiation:
E‘Lﬂi:imn PV Tracking System: | No Tracking w Liu & Jordan Erbs et al
Factor F(l) for the back albedo Collares-Pereira & Rabl Graham
i DL (bifacial modules) (Durusoy 2020):  |0.33
Februray 317 kwhim2 . .
MONTHLY AVERAGE DAILY IRRADIATION, TILTED SURFACE ummer-
harch 4 66 kKiwh/m2 7 Official hour advances:
Apri 45 Kivhim? 6 h to solar hour
May 586 kiWh/m2 5 e
4 of month
June B.16 Kiwh/m2 3
To day
Jul B.87 kKih{mz
& 2 of month
August B.44 kihm2 1 N
‘Winter:
September 6.02 kiwh/m2 0 1 F M A M N J A S 0 N D Official hour advances:
Qctaber 499 Kivh/m2 MONTH DEEET e
g
Nowermber 4.45 Kihjm2 Horizonta) Tited [/] import from hourly file:
Official hour
December 3.6 Kiwh/m?2
0 January
SHADOWS Daily Average Iradiation (Tit Surt):  5.03 kih/m?2
Total Annual lrradiation (Tilt Surf): 1836 84 Kiwh/m?2
SeElD{ e (i) Annual It Back surface { Diractfor CPY: 183,75 Kih/m? { 1183 89 Kih/m?
Yatiability minutes: correlation tactor: std dev. Update minutes Import Back (hourly, tilt) Import Direct (hourly, tilt)
oK Calculate i Graphinstepsof | 60~ |qin. Export G. tilted | | Export G. horiz.
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In WIND, make sure the anemometer height is 100 m and download just wind speed from
Renewable Ninja (not irradiation neither temperature).

¥ WIND RESOURCE

Latitude (%) [+M, -5] : |42.5? Get data from lacal DB
Longitude: [%] [+E, 4] ;I-D. kil Download hourly data Anemometer HEight
I'IDD n
Locate on map fro NASA | Download MASA data
) WIND RESOURCE
Latitude (2) (+N, -S): |42,5T Get data from local DB
(" PYGIS - Year
Longitude (%) [+£, /) |-0.31 Download from:
o A ) I Dl (+ Renewable Ninja [year 2019
Locate on rnapl Update coord | Download NASA Monthly data  NASA - Year 2015
Data source I™ Hourly Inadiatior:

" Monthly Average & Import data file (in m/s] FROM RENEW (orllviARYAI MWdITET (B &

[~ Generation of wind turb, (M) normalized ¥ Hourly W/ind Spe;

0K Cancel
We obtain:
W WIND RESOURCE o *
Latiouda (1 +M, 5] [4257 (st clata fooen locsl DB . " A o
Longude (] [+£, W) {031 Dowriond houly dak Anemameter Height || 5 Monthiy Aversgs Spesd
— [@ m  Hight speed, Amplituds. F Factor and Hou max spesd
Locate on map) | Dowrload NASA Morshly data | I
Surlace Roughness
T S s [T =] Lo 57
" Monthly Aveiage @ Import dala e fn ') FROM RENEWABLE NN o ko T g Agicubiesl cpen avea i
r of wind hab, | TMWstedp. |1 =) Minutes-1 periow rsther hedges and wih very dipersed
bukdings. Orly senooehy rounded hils
Ay ap. lm/y)
Jan 778
Feb: 5.79
Me 616 L
Apr 594 .__U.I!
My B38| Zois
InS7 | 5y,
St 498 z
augan | P2
Sep: 5.25 éﬂ\
Det 568 Soosl----
MorBS3 | 8§,
Dec: 646 Enm
Conelation factor: [0.82 o0z
Calcudation of wind tpeed for sach minute: sid. dev. [1 m/s  Update mn 0
(] § 10 18 25 n
Wind speed (mis)
cocutste | Guphinepsof |[B0 <] Ay, yeu (n/s) I tioe of calen wind
% Caim is considered
Fourn lactoe of the wind spasd senat 28 213 mh
Scale o Soaled Average Speed (m/s] |
By [x bk B (i3

In PV GEN. accept the default PV data:
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1 PV GENERATORS - a x

Add PV Gen. Zera -
Add PV Gen. family -

PHOTOVOLTAIC GENERATOR DATA:

Name PoweilMwp] |_CosiiME) | C.OSM(E/) | Lielyears) | NOCT(C) | Power T. coef (%/C) | EmissionslkgCO2/AM/p]
M 10 10 1 25 43 0.4 800

wlaleL-ls]=[a] | -]e]

Fized Operation and
Efficiency due to dedradation of the modules, losses in wires, dit in panels, et |0.95 Maintenance Cost

0 £yt

[V Consider effect of Temperatuie

Data of ambient temperature (2C
© Morthp mernge | Ehemocd [ P ME A[T W[E oz o[z afm s[is ofi4 NE of
@ From fle (3760 houtly valuss] o | FROM PYGIS year 2007 1= Giaph

PV irvverter dats

Annual Inflation Rate for PY - 15— Max Variation of PY gen. Cost e.g., for an expected 70%
Generator Cost & teduction on curent P gen. cost, introduce '-70%" | 0z

Limit i reached in 53.6 years

[oc ]

In WIND TURB., also accept the default wind turbines data:

o WIND TURBINES / GROUPS OF WIND TURBINES - =] x

st ] Poo Y [ S R R
Addawind Tubnestandy [ ]
GEWERAL DATA Ouiput Power (MW) vs Wind Speed

ight ]| Emis 02k} || teds | e | dts | dds | Swis | Geve | T | Gets | e | t0mis
B G 2 20 100 15 0 T D | 005 02 | 03 .05 | 07 | 1 13

%

ind spaed o v seisace vllbe conveited ta WindT1 Fised Opesation ared
the b hesght concetéig ioughnsts 2 it
o Eleat
Sutace Rooghosis
[l =] Lewh i E

Agrcubudl opan sres wthout lerces nether
hadges and wih very dapersnd buldngs Ok
arvexthly surded hak

0 :
B 123 45 87T EBUNINUHBRITESNNIDANSN

Power curve measuned ot o denity f/m3t [1.225 WD SPEED (mys)

Heght sbove sea level 247 m
: ; 7 & slandand condbions (eea el 15°C), 1 338 Lgid

AR Sy A i AR AL Ak ek 7 at abtuse of the place (247 mi 1 195 kym3 I

' Cormider the ffect of tempershae

“when sitedating. sduit povs curvi vith 5 dently:

Sumbinrd Lo urm o b bt 1]

F Ure heghtsbove sea kel ndiers. (R —— o O I O A | O R

W of

fiewph o 7 .
I I e oy gl _[ 0 File vl BTG} bously vk o] TROM PYGIS peor 2007 E Grosh
7 D nok conides radhuction in Porser s Aol flaton P expected for Wind 17 Max Viiafion of Wind Tusbiner Cost expected [e.g.. o sn evpected 5% [
% redhustion om cument Wind Tubines cost. noduce 355 =

[10ais =] fchack # st sm pitch cortiotnd | Tiabine Coste

Lt 1 inache in 429 pears

Same for batteries and inverters, default values.

In the main screen, CONTROL STATEGIES tab, we uncheck the management of grid-connected
batteries.

GEMNERAL DATA | OFTIMIZATION CONTROLSTRATEGIES |FINANCIAL DATA | RESULTS CHART

~CONTROL STRATEGY AMD WARIABLES TO OFTIMIZE

Global strategy: Syst ith batteries and grid connected
* Load Following [~ Bafferies are charged by the AC arid // discharged it W (also for Elpzer > H2)
" Cycle Charging [V Continue up to SOC stp W [Sell price)
" Tiy Both [ Oplimize strategy of gid-conneted batteries:

Yariables to optimize relative to the global strategy: e

I Pmir_gen I~ Pmir_FC I~ H2TANEstp

[~ P1_gen [~ P1_FC - Fz

[ soc:t [ SOCstp FO [ socmi ¥ Batteries can inject electricity ta the AC arid
Sip_gen =i ]
1 day atlow SOC -» ch. batt - I
[ Poritical_gen [ Peritical_FC [~ Plim_charge I 1dea o SRERBEEIED ) Batteries availability |
[~ “when batteries are off, compensate autadizch.

Fix variables | “ariables accuracy: |5 =100%
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We click PRE-SIZING and obtain:

MM AND MAX, No COMPONENTS IN PARALLEL:

Bateties in parallel: Min. |1 |Max. |143 |

P4 gen. in parallel: Min. |U |Max. |B |

Wind T inparallelMin 1 |Max [18 |
1 1

143 batteries in parallel is no sense, but this is the number needed to have 4 autonomy days.
As there is AC grid, it has no sense, we change it to 5.

RN, AND s Mo COMPOMNENTS N FARALLEL:

Bateries in parallel: Min. |1 | e |5| |

P gen. in parallel: kin. |D | b, |B |

Wind T in paraliel Min. |1 |Max [18 |
1 1

Save the project and then calculate:

Mono-objective optimization. Total No. of cases evaluated: 1890. Time: 1' 14"

lotal Cost (NPC) (ME)

CO2 Emissions(kt/yr)

4

1 2 3 4 5 6 7 8 9 10
Solution # (sorted from best to worst)

I:‘Show diagrarm

# Total Cost (NPCY(ME) Emission (MCO2Ar) Unmet{GWhiy)  Unmet(®) Daut CnWh)iPpuw+Pw)id Ren(® LOOEE/KWh) Simulate Report
10 _____4__9_:_9__!_3_?: 418 0 0 INF 01 sz 0.08 SIMULATE.. REPORT...
2 41.012 427 0 0 INF 0.1 8097 0.0&8 SIMULATE.. REPORT..
3 41.117 4.09 0 0 INF 01 818 0.08 SIMULATE.. REPORT...
4 41.153 411 0 0 INF 01 ain 0.0&8 SIMULATE.. REPORT..
5 41.192 4.04 0 0 INF 0.1 8236 0.08 SIMULATE.. REPORT...
[ 41.222 439 0 0 INF 0.1 7863 0.0&8 SIMULATE.. REPORT...
7 41.239 116 0 0 INF 0.1 8053 008 SIMULATE. REPORT..
] 1.4 4.01 0 0 INF 0.1 8313 008 SIMULATE.. REPORT..
9 41.464 41.06 0 0 INF 01 8397 008 SIMULATE. REPORT..

< >

R -

COMPONENTS: P gen: P10 (10 Ml 2 (100% P#1: slope 352 azimuth 02) jf Batteries BatShwh (5 kah: 15 1p.ff 12 Wind Turb. WindT1 (2 My at 15 mys) jf
Inverter Iny-ChEMVY of 5 MvA f Unmet load = 0% /f Total Cost (NPC) = 40,967 ME (0.08 £/kivhy

STRATEGY: LOAD FOLLOWING. S0C min.: 10 %,

The optimal system is a PV generator of 20 MW (2x10) + 12 wind turbines of 2 MW + battery
of 5 MWh + inverter-charger of 5 MVA.

The simulation of the optimal system:
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Simulation of 1 year, all the years the same.

344 55
321 5 Total Load
= 3049 — Export
Z 289 45 Unmet Load
) 26 = Disch. Batt
= == Charge Batt
c 4] =
5 g — Wind T
22 g PV
g 20 35 2 Buy E from grid
2 e Sell E to grid
S 3o = S0C
E 164 ]
o 14 25 &
e E
s 12
£ 10 2 Z
e g
w
1.5
X
=4 —— 1
— > - ___L‘—é
o — — - 05
0 3 6 9 12 15 18 21 0
[Legend 1 January
. >
POWER CONSUMED OR SUPPLIED (M) Energy price [JSeeOver  Days display
Batter bank Discharge Plim Charge Legend
P2 BATTERY ENERGY (Mivh)
O O | Electrolyzer soc
| [] E max disch. batt E H2tank (HHVHZ) | R P1 S0C limit
v imits
Battery bank Charge P critical Gen_
Export Energy Cap. Max.
O Etosupply FC P critical Fuel Cell .
Wind Turb S0C setpoint Gen.
ind Turb.
R .
— O E baughtto AC orid [7] Pra S0C setpaint FC
e AC Genarator EsaldinAG grid 7] Pmex Hz TANK setpaint (HHY HZ T fullch
[ Pmex input Inverter ] Prmax Gen setpoint i} ) S0C(0-1) ull charge
Simulation step (min): 80 v Back Save data h ' Save Simulation Data Save Prab. Data

COMPONENTS: PV generator of 20 MW (100% PV#1: slope 352, azimuth 04, Wind turbines of 24 MY, Battery bank of 5 bwh. Inverter of 5 MyA,

STRATEGY: LOAD FOLLOWING. SOC min: 10 %. P max. gric: 8.694 hiv,

We can see in purple dotted line the contracted power for the different periods (6, 8 and 9 MW),
which is the same for purchasing or for selling electricity. In turquoise dotted line we can see
the maximum consumed power from the grid, registered for each period and for each month.
We can see these values are similar to the contract power values, so probably the contract
power values are not far from the optimal.

In the main screen, in the first row of the results, if we click COSTS, we see the report of the
costs of the optimal solution.

Project: MHOGAZ.mho. Solution # 1

Distribution of costs {(+) and incomes (-}, NPC, during the years. RED: acquisition costs, replac. costs and incomes for
sales. BLUE: O&M. Currency: M£.
Total Cost (NPC): 40.983 M£ (0.08 €£/kWh). Initial cost of investment: 57.5 M&. Loan of 100 %, int. 7% in 25 yr., quota: 4.934

MElyr.
TOTAL COST (MPC). 40983 Me Financial Cost (WPC): initial payment+ annual quotas: 575 M€
.
[T :
I\ ‘ _-l 2
L L e T T 0
0246 81 13 16 19 22 25 0024 6 810 13 16 19 22 25
Total Cost of PV Generator (WPC): 22 847 M€ Total Cost of Wind Turbines group (NPC): 32827 M€
204
20
104 10
] 0 I -
o ——————————————————
024 6 810 13 168 19 22 2% 024 6 810 13 18 19 22 25
Total Cost of Hydro (WPC): 0 ME Total Cost of AC Generator (NPC). 0 M€

After closing, it asks for saving the cash flow. We say yes, and then we open it with Microsoft
Excel. At the bottom we can see the results of the power registered and the power costs, for the
different periods and months. We see the maximum power registered, the power to calculate
the cost of the bill and the cost of the bill, for the different periods and months.
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At the end it shows us the optimal contracted power so that the power cost in the bill would be
minimized, in this case 7.3 kW for P1, 6.73 for P2 and 4.2 MW for P3.

A B T D E F G H
43 |RESULTS OF THE POWER REGISTERED AND THE POWER COSTS:

45 |*RESULTS OF THE MAXIMUM POWER (MW) FROM THE GRID REGISTERED, 15t YEAR:
46 MONTH Period P1  Period P2 Period P3

47 1 8.694 8.43 4.823
48 2 8.694 8.463 5.154
49 3 7.659 7.653 4.783
50 4 1.65 6.64 4.423
51 5 2.186 5.429 3.48
52 6 1.933 4122 3.175
53 7 0 4.622 3.403
54 8 a 4.499 3.564
B, 9 1.488 5.728 4.02
56 10 6.255 6.624 4.423
57 1 7.659 7.551 4.862
58 12 8.694 8.463 5.291

58 |*Actual contract power is, for the different peridos: 6 MW; 8 MW; 9 MW;
60 *RESULTS OF THE VALUE OF THE POWER (MW) TO CALCULATE THE COST OF THE POWER IN THE BILL, AND COSTS (M€}, 1st YEAR:
61 [MONTH Period P1{M\ Cost 1st yr.(V Period P2(M\ Cost 1st yr.(N Period P3(M\ Cost 1st yr.(M€)

62 1 10.79 0.0367 8.06 0.0137 7.65 0.0057
63 2 10.79 0.0367 8.13 0.0138 7.65 0.0087
64 3 8.72 0.0296 8 0.0136 7.65 0.0097
65 4 5.1 0.0173 6.3 0.0116 7.65 0.0097
66 5 5.1 0.0173 6.3 0.0116 7.65 0.0097
67 6 5.1 0.0173 6.8 0.0116 7.65 0.0097
68 7 5.1 0.0173 6.8 0.0116 7.85 0.0097
69 8 5.1 0.0173 6.8 0.0116 7.85 0.0097
70 El 3.1 0.0173 6.8 0.0116 7.63 0.0037
7 10 6 0.0204 6.8 0.0116 7.65 0.0057
72 11 8.72 0.0296 8 0.0136 7.65 0.0087
73 12 10.79 0.0367 8.13 0.0138 7.65 0.0097

74 |*Total cost of the power, 1st year: 0.56 M€

75 |*If not considering that contract power of period P1 <= power of P2 <= power of P3....

76 |Optimal contract power would be: 6 MW; 6.76 MW; 4.21 MW; With a total cost of the power, 1st year: 0.508 M€
77 *If considering that contract power of period P1 <= power of P2 <= power of P3....

78 |Optimal contract power would be: 6 MW; 6 MW; 6 MW; With a total cost of the power, 1st year: 0.561 M€

Save the project.

38. Add water load consumption.
Save the previous project (“MHOGA2.mho”) with the name “MHOGA2-Water.mho”
(Project->Save as).

We will add water consumption of 30 dam3/day. Water comes from a tank or reservoir of 100
dam?, which is previously pumped from a river with an elevation head + suction lift of 48 m, and
friction losses in pumping are 10%. Let’s suppose that at the beginning of the simulation the
tank is at 50% capacity (50 dam?). The pump power is 1 MW and its efficiency is variable.

In LOAD/AC GRID screen, WATER tab, set these values:
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V' Load and options of Selling / Purchasing Energy from the AC grid

Datalolce Hows | |AC [ |DC [ JHZ [ |Water
Minutes- each hourin |
OMonthly Average. @ Load Profile. O lmport File (MW, 1H2/h, dam3fh) 1| Mintoa s porrom o [impan Expart

AC LOAD (MW) DC LOAD (MW) H2 LOAD (tH2/h) I WATER (dam3/day) FROM WATER TANK l PURCHASE / SELL E

HOURLY WATER CONSUMPTION (N % OF DALY CONSUMPTION
January 30| (00048 Gwhiday) 30 00048 GvehydsyNoh  1h  2h 3k 4k S5h Bh  7h  &h  dh  10h 11h

Februany{30 | (00048 G¥vhyday)  August (0.0048 Gwhydlay) 2 1 Jfe Jfo] ] [ Jf | [oerme =

March (UUU4EGWh/day) 12h 13h 14h 15h 16h 17h 18h 1 h 2lh 2h 23h  Total

9h 20
Sloalonlcaloala ] .

HOURLY WATER CONSUMPTION (% OF THE DAY
May [0 |{@00043 Giwhidey)  November 0.0048 Gihydey) ( !

10
June  [30_ |{00048 Gwhidey) December (0.0048 Giivhydhay 5 D[I [I D [I
0 Wariahility mmutes(%)

Scale factor for Monday - Friday: [1 Forthe Weekend: |1 0 6 18
WATER TANK hour
Waterlankcapcadnyl ‘TUU | da_mf} l ELECTRICAL PUMP:

Capacity atthe begining of the simulation§ 50 dam3 X .
pecly A & Pump electical rated pow| r Il FPump minimum pnwerlzl % of rated
i)

PUMPING DATA
Elevation head + suction il |48 trecommended 0.8 M tor Bhida: Priority to pump if surplus E )D % P_pump
Extra pump
Friction Losseg I % Total purnp efficiency: |90 %

Load profile: | Residential 100Mvvh/day

Var. Pump eff.

AVERAGE LOAD IN JANUARY (included scale factor), TOTAL 124.94 MWhi/day

Add load profile
R ¥ M ACload ¥ [) DC load ¥ Ml H2 (HHV) W B Water (E pumped) |
Wariahility an oo e
Daily ariahility El % El El % 8
Hourly Wariability EI El El % 5
Minutes Variability - % - % §

4
Carrelation minutes

Generate ACload pawerfacinr(:osﬂ):

Aodioadol |0 [MWAS ~ duing 5 |min hour

Now let’s select the variable efficiency of the pump, by clicking the button “Pump eff.”. A small
window appears where we can change the efficiency values (%) vs the % of maximum flow rate,
where maximum flow rate is calculated considering the pump rated power, the total head with
losses and the pump efficiency at maximum flow.

PUMP VARIABLE EFFICIENCY (EFFICIENCY % VS MAX. FLOW RATE %):

0%  10% 20% 3%  40% 50%  B0% 70%  @0% 90%  100%
b Jhz s s [ JFz s Jls s [z [[®_1])

If reversible pump/turbine, max flow rate of the turhine
If difterant machines, using purnp of 1 MW -> Max. flow rate 1.738 m3/s for elevation head + losses of 52.8 m with
90 % efficiency at max. flow

OK

We change the value for 100% maximum flow, supposing efficiency is 90% and we leave the rest
of the values by default. It shows that the maximum flow rate for 1 MW, 52.8 m head (inc.
friction losses) and 0.9 pump efficiency is 1.738 m3/s.

As for low % of max. flow rate the efficiency is low, the NPC of the results will be higher than if
we would have chosen fixed efficiency.

We click in OK.

When we set the daily water consumption for each month, MHOGA calculates the pumped
energy needed for pumping that water, considering the elevation head and losses, as we can
see in GWh in brackets close to the values of the daily water consumption introduced previously:
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ACLOAD (MW)  DCLOAD (MW)  H2LOAD (tHZh)  WATER (dar
DAILY WATER, COMSUMPTION (dam3/day )
January (0.0048 Givh/day)  July (0.0048 Gwhiday)
Februanf30 | (00048 Givijclay)  August 0.0048 Giwh/day) [
March [30 | (00048 Giwydsy)  September (00045 GWwhjday) [
April (00049 C4Wh/day)  Oclober 0.0048 Gyh/day)

( ) |

(

May 00048 G¥¥lydlay)  November (0.0048 G¥vhiday)
June 0.0043 GWWh/day) December (0.0048 GWwhjday)

MHOGA recommends a 0.8 MW pump (below the pump power) to pump the load consumption
in 6 h/day.

ELECTRICAL PUMP:

Fump electrical rated power: i

(recommended 0.5 MW for Bh/day)

Minimum pump power (%) by default is 0% and also the priority to pump (when there is surplus
power from the renewable sources) is when it is higher than 0% (that is, whenever there is
surplus power from renewable, it will be used to pump first, and, if there is still surplus power,
it will be used to charge the batteries):

Fump minirmum power:D % of rated

Priority to pump if surplus E >E| % P. pump

The water consumption distribution during the day (%, sum is 100%) is shown in a graph, we can
change it but we will leave the default values.

HOURLY WATER CONSUMPTION [IM % OF DAILY CONSUMPTION]
I0h 1h 2h 3h 4h 5h Bh 7h B8h 9h 10h 11h

FEEREREFRE MR B [ B[ ew =
12h 13k 14h 15h 16h 17h 18h 19h 20h 21h 22h 23h Total

FFFFFFFFFFFF@

HOURLY WATER CONSUMPTION (% OF THE DAY)

I E;‘Imnnrm H”ﬂﬂnﬂﬂ”ﬂﬂnnﬂﬂﬂﬂn
0 712 18

8 Yariability minutes (%) |90

If you change it, all the values added must be 100%, obviously.

Now we click in “Generate” button and the total average daily load raises to 0.104 GWh/day.
We can see graph of the average day load consumption for a specific month (depending on the
last month that was clicked) in the right (if you click in the daily water consumption of other
month, this graph shows its corresponding average daily load).
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| W Load and options of Selling / Purchasing Energy from the AC grid (n] X

Dintn sauce:
| o Fioissach hoori
O)Maribhy Avirae @ Load Profie (impart Fiie (MW, H2M. dam3) TS| piine- 1 et row 1 Expest

AC LOAD (MW) DC LOAD (MW) H2 LOAD (tH2/h) WATER (dam¥day) FROM WATER TANK  PURCHASE | SELL E

DALY WATER CONSLIMPTION (dam3idey] L E 24 (B4 % O NS "
411 WATER CONSLIMPTION PR WATER CONSLMETICN [P % OF DALY CONSUMPTIONS

dnnunry 3 |[00040 Ghdey)  uly 0 [MO0MECWHAS) Oh 1k 2h Jh 4h  Sh Th &h 3h 10k 1k

DEFINE ~
Fobruary 0 |[00028 Gandmg Awgust £ mooascweamy 212 12 |12 J[2 |2 1 |4
March [ (0006 GWhidey)  Septamber |3 {0.0048 Gy ::-p :‘:ﬂ. :‘-u. :HI: :M. ;_.-|. 1 ; To-,u

Al a2 0040 PAhdm)  Oclober |3 (0088 Ry a0t

r > HOURLY WATER CONSUMPTION (% OF THE DAY
Moy % (0004 Gihidey)  November |2 | (00045 Giidey) 10 o '
sune 3 | oo Gende  Decembes |50 19,0088 GWhdey) 5
Seale factorfor Monday - Friday: 1 Forthe Weekend: |1 0 0 3 m Wiasrishiity mirstes [%){30
WATER TANE: hour
Watsatack capendiy (10| dem3 ELECTRICAL FUME:
[ ;. i 35 ;|50 3
Capachy et the beginng of he simusion dami S — M Pumpminimum power]) % of reted
EUMPRNG DATA " ot 011 MWW foe Bt ]
{rcommanded 0 toe Bhcimy) wasity b gramp o serphus  pumg
Elgvaicn hand » sucion i | 48 m ! Puiarity to pamp 4 warphus E P pumg
Extras pusmp
Fiicion Loeses: [10 % Total pup eficiancy: % 2] var Pump &l
Luad profle; | Pasidontiel 1DIMWR w
= 2 AVERAGE LOAD IN JANUARY included scabe factor], TOTAL 174,94 MWhidsy
A lnsd predla
[ B g ¥ W AC Ioad ¥ 0 D load 2 B H2 (HHY) @ I Watar ( pumpad)
| AC 1]5] H2
| Dniynrinkany [0 % [0 % @ % B
Hourty Vesabiity |0 % [0 o % e
| Minubes Vanab % (30 % |W u =
=4
Coerglation
k2
| .! o perwest dncsor (eos i1
o
| ] L] 12 "
Addicadal [0 [MWAC =/ duwing & [min housr
[ AL max. o load in e year (inc. AC pumping): 3.7 M. Max in 1/2 hintervals: 106 Ma'

froen min[0 | hewr[D [dmd1 | o [1 !
ey | pusteaga houly A power Ackue 42 MW: Aparsnt 42 MVA

or S Groghinsugsel 60w D™ howyaowerloadin the year. 0 My DC gowen haudy sverage O MW
Aomrnge houry wakss of (Ensegy_OC_hourhyEnargy_Toasl_houry): DC Eaciar = 0%
erage daily load = 0104 GWhidoy

We can see the load consumption graph witt “Graph in steps of” button. If selected 60 min:

W Graph — O X

LOAD

Water consumption during this
hour is equivalent to 0.4796 MW
1.5 during 1 h of previous pumping

3 6 9 12 15 18 21 0
1 January

[ —ACload F — DCload [F — Hz (nHHV) [¥ — WATER (n pumpE) |

< >

Days display

AC power consumption is shown in blue color and in turquoise color is water consumption (the
30 dam3/day are converted to dam3/h considering the distribution of the hourly water
consumption and translated to MW previously pumped taking into account the elevation head
and losses). For example, in 1°t January the water consumption in the hour that goes between 6
and 7 h a.m. is 10% of the day (10/100-30 = 3 dam?), which will have been previously pumped a
height of 48 m plus 10% friction losses (equivalent to a total height of 52.8 m) with a 90% max.
flow efficiency pump. The energy needed to pre-pump that volume of water is:

E = volume-density-g-height-(1+friction_losses)/Efficiency =
=3000m3-1000kg/m>-9.81m/s?-48m-(1+0.1)/0.9 = 1726560000 J = 0.4796 MWAh.

That is, equivalent to a consumption of 0.4796 MW during that hour, as shown in the graph.
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We return to the main screen of the program.

We do pre-sizing (button “PRES-SIZING”), obtaining these maximum recommended values:

FAIN. AMD A Mo COMPOMNENTS IN PARALLEL:

Bateries in parallel: Min. hax, |149
B gen. in parallel: Min. EI ax
Wind T.inparallel: Min. [1 [Max [19

1

0

As we said before, the max. number of batteries in parallel has no sense as there is AC grid,
therefore we will limit it to for example 5:

AN, AND bAX No COMPONENTS IN PARALLEL:

Bateries in parallel: Min. b
P gen. in parallel: kin EI hida
Windt T inparallel Min. [T | Max

1

]

il

Now, save the project and then click in CALCULATE:

After 1 or 2 minutes we get:

Mono-objective optimization. Total No. of cases evaluated: 1995. Time: 2' 14"

A7
i
=
&)
o
=
o
=3
O
@
3
46
1 2 3 4 5 6 7 8 9 10
Solution # (sorted from best to worst)
[ ]5how diagram
# Total Cost (NPCY{ME) Emission (KICOZ2Ax)  Unmet(Gwhirl  Unmet(3) Daut CrlWh)(Poe+Pa)ly Ben® LCOEE/ kW) Simulate Report A
10 4.35 0 0 INF 01 8137 0.0842 SIMULATE.. REPORT... €
2 45.977 4.25 0 0 INF 01 8251 0.0343 SIMULATE.. REPORT... C
3 46.128 4.47 0 0 INF 01 80.09 0.0546 SIMULATE.. REPORT_.. €
4 46.216 417 0 0 INF 01 835 0.0543 SIMULATE.. REPORT_.. €
5 46.467 462 0 0 INF 01 786 0.0852 SIMULATE.. REPORT_.. ¢
[ 46.593 411 0 0 INF 01 8435 0.0855 SIMULATE.. REPORT.. ¢
7 46.801 4.24 0 0 INF 01 82583 0.0559 SIMULATE.. REPORT.. ¢
i 46.801 434 0 0 INF 01 814 0.0859 SIMULATE.. REPORT.. ¢
9 46.942 4.46 0 0 INF 01 8012 0.08617 SIMULATE.. REPORT... (v
< >

COMPOMNENTS: PV gen: Pw10 (10 Myio_dc)x 2 (100% PV#1: slope 352 azimuth 09/ Batteries BatShWh (5 kah): T T 11 Wind Turb, WindTT (2 MW at 15 myfs)
Eat. Inverter Inw-Chkid of & YA K Unmetload = 0 %/ Total Cost (NPC) = 45.899 ME (0.08 £/ki'h)

STRATEGY: LOAD FOLLOWING. SOC min.: 10 %,

The optimal includes 20 MW of PV, 11 wind turbines of 2 MW, battery of 5 MWh and inverter

of 5 MW. The simulation of the optimal (1% row):
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Simulation of 1 year, all the years the same.

229
204 - Total Load
= Pump at low efficiency due to Unmet Load
4 W.tank (E
é ® low water flow load and water — Wm,pﬁmé
= 164 i i - = Disch. Batt
Eﬂ tank full (it only supplies water z Z Charge Bat
w144 flow load) =3 — Wind T.
< > PV
E 12 2 Buy E from grid
= v Sell E to grid
s 10 o — s0C
o =
= 8] w
g 5
£ 5 o
g
3 4
a
24
o
Legend
« > 5]
POWER CONSUMED OR SUPPLIED (M) p— []SeeOver  Days display
Batter bank Discharge Plim Charge Legend
P2 BATTERY ENERGY (MiAh)
O O Il Electrolyzer soc
v
E. max. disch. batt E. HZ tank (HHW HZ R P1
Ooc O O . ) [ SOC limits
| Battery bank Charge P critical Gen
[] Export Energy e g Cap. Max.
| E.to supply FC P criical Fuel Cell
[l N S0C setpoint Gen.
:l B iz‘ ‘Wind Turb.
S [ E bought to AC grid [7] Fmax S0 sstpaint FC
I
S AC Generator E sold to AC grid [v] Pmax
fe = D B e Gen H2 TANK setpoint (HHY H2) S0C(0-1) T.full charge
Simulation step (min): 60~ 3 Back Sawve data: Save Simulation Data Sawe Prob. Data

COMPONENTS: PY generator of 20 MWp_dc (100% PV#1: slope 352 azimuth 0%). Wind turkines of 22 by, Battery bank of 5 Mwh. Bat. Inverter of & bVA,

STRATEGY: LOAD FOLLOWING. SOC min: 10 %. P max. grick 9.185 MYV Priofityto pump and store E ff surplus P> 0 % P. pump

The whole load is covered all the hours of the year

Simulation for the first 3 days of January. We can see the water tank energy in light blue, referred
to the left axis (“R” is not checked”) we can see the maximum energy in the water tank is around
16 MWh:

E = volume-density-g-height-(1+friction_losses)/Efficiency =
=100000m?3-1000kg/m>-9.81m/s*-48m-(1+0.1)/0.9 = 5.755E10 J = 15.98 MWHh.

In dark blue, thin line, we can see the pump power. During the hours with low power from
renewable sources, water is consumed from the tank (if tank has enough water) and the AC load
not covered by the renewable sources is supplied by the battery bank (dark blue thick line, if it
has enough energy; if not, it is covered by purchase from the AC grid, turquoise thin line). During
the hours when the renewable power is high, it supplies the AC load and with the surplus power
the pump works to supply the water loadand to store water in the tank; if the surplus power is
higher than the rated power of the pump (1 MW) the batteries are charged (brown line). We
can see during the hours when water load is low and water tank is full, the pump power is
relatively high due to the low efficiency of the pump when it pumps low water flow.

If we click in “R”, it will be referred to the right axis:
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22

20

POWER {MW) /H2 Tank (MiVh)

Simulation of 1 year, all the years the same.

16
15 Total Load
14 — Unmet Load
13F W tank (E.)
z — Water Pump
2zE — Disch. Batt
" E == Charge Batt
S - Wind T
z PV
9 = Buy E from grid
8 = — Sell E to grid
7 E = S0C
=
2
5
| E
1. E
33
2
1
0

POWER CONSUMED OR SUPPLIED (M)

Batter bank Discharge Plim Charge
| | [J E ta supply by batt Electrolyzer (P2
n 0 [ E max disch. batt E. H2 tank (HHY H2) R P1
Battery bank Charge Fuel Cell P critical Gen.

[ Export Energy
Unmet Load

O

Wind Turb.

Water Pump
] Pmax. input Inverter

AC Generator
[] P max Gen

E.to supply FC

E. max FC
E boughtto AC grid [¢] Prmax
E sald 1o AC grid [7] Pmax

P critical Fuel Cell

H2 TAMNK setpoint (HHY H2)

[Jsee Over
Legend
BATTERY ENERGY (MWh)

50C
[] soc limits

Energy price

Cap. Max_
S0C setpoint Gen.
50C setpoint FC

S50C(0-1) T full charge

If there are many curves in the graph, we can uncheck some of them.

In the rest of the tabs:

Hourly simulation

Hourly values separately  honthly and Annual &verage Power

Monthly Energy  Annual Energy  Hydrogen

HOURLY POWER DURING THE YEAR (MW), ENERGY IN (MWh)

AC Generator  Water load /PHS  MULTIFERIOD

Total Load PV Generator Wind Turbines
8 15 20
13
10
& 10
4 5 5
2 0 0
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 6,000
Hydro Turbine AC Generator Export
30
20
0 0
10
0
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8.000 0 2,000 4,000 6,000 8,000
Fuel Cell Electrolyzer Energy (HHV of H2) in H2 tank // accum. Sold
0 0 0
0 2,000 4,000 6,000 8.000 0 2,000 4,000 6,000 8.000 0

Battery bank Charge

Battery bank Discharge

TR \'1 |
0 2,000 4,000 6,000 8,000 ] 2,000 4.000 6,000 8,000
Unmet load (by the standalone system) Purchased from AC grid
0 5
0
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6.000 8.000

— ~ . o
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Energy in Battery bank

4,000 6,000

Sold to AC grid

4.000

6,000



Hourly simulation

Hourly velues separately  Monthly and Annual Average Power

Monthly Energy  Annual Energy Hydrogen

MOMNTHLY AND ANNUAL AVERAGE POWER (MW)

AC Generator  Water load /PHS  MULTIPERIOD

105

Average Power (M)
= o ) w -~ ] =3 ~ = o
[ R P T P A R P R PP T
]

o

I]

2

Month

10 " 12 13

YEAR

¥ [ Total Load
¥ W AC Gen

¥ @ Unmet load
¥ @ Fuel Cell

M [ PV gen

B Wind T

¥ @ E. bought to AC grid B E_ sold to AC grid

¥ @ Electrolyzer

Haourly simulation

Hourly values separately  Monthly and Annual Average Power

Monthly Energy  Annual Energy  Hydrogen

¥ O Hydro T./ TEG
AC Generator  Water load / PHS  MULTIPERIOD

MONTHLY ENERGY (GWh)
Total Load PV generator Wind Turbines
4 5
£
3
2 & 3
w il 2
0 0 0
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
Hydro Turbine AC Generator Export energy
4
3
0 e —=r—=—==—= 2
1
0
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
Fuel Cell Electroyzer Energy (HHV of H2) in H2 tank, end of the month
0 —m—m—mre—m—r——r——r————=r 0
2 4 6 8 10 12 2 4 6 8 10 12 0
Battery bank Charge Battery bank Discharge Energy in battery bank at the end of the month
i 01 0.002
0.05 0.05 0.001
0 0 0
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
Unmet load (by the standalone system) Energy purchased from the AC grid Energy sold to the AC grid
1
2
0
05 1
0 0
2 4 6 8 10 12 2 4 [ 8 10 12 2 4 6 8 10 12
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Hourly simulation  Hourly values separaiely  Monthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  AC Generator ‘Water load / PHS  MULTIFERIOD

TOTAL ANNUAL ENERGY (GWh)

Energy (GWWh)
3

LOAD PURCH EXPORT SOLD PV GEN WIND T. Charge BAT. Disch. BAT.

Hourly simulation  Hourly values separately  Monthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  AC Generstor Water load /PHS  MULTIPERIOD

MONTHLY WATER LOAD, PUMPED AND TURB. (dam3). WATER STORED IN TANK AT THE END OF EACH MONTH

_. 2500 -— 100 2
T 2,000 = 80 S
2 1500 s E
£ 1000 20 c
T pul
ES n 8
0 v =
1 2 3 4 5 6 7 : 9 10 1 12
Month
|. Water Load W Water Pumped [ Water Turbined Water in tank at the end of the month
MONTHLY ENERGY OF WATER LOAD, PUMPED AND TURB. (GWh). WATER STORED IN TANK AT THE END OF EACH MONTH =
=
g 0.4 - 0.015 %
g ~ 0.01 E
§ 0.2 c
2 0,005 g
o 0 g
0 0 =
w
1 2 3 4 5 6 T ] 9 10 " 12
Month
Hourly Water Load (dam3) Hourly Water Pumped (dam3) Hourly Water Stored in Tank (dam3)
3 5 100
2
4 50
1 2
0 0 0
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000 0 2,000 4.000 6,000 8,000
Hourly Energy of Water Load (MWh) Hourly Energy of Water Pumped (MWh) Hourly Energy of Water Stored in Tank (MWh})
1
04 &
10
05
0.2 5
0 0 0
0 2,000 4,000 6,000 8.000 0 2.000 4.000 6,000 8.000 0 2,000 4.000 6,000 8,000

Save the project and then save it with the name “MHOGA2-Water-min.mho” (Project->Save as)
because now we will change to 1 minute time step.

Simulation step (min ) l1 ~ Back Save data: h | Save Simulation Data Save Prob, Data
L]

COMPONENTS: PY

ator o1 20 bW (100% PV#1: slope 352 azimuth 02). Wind furbines of 22 MW, Battery bank of 5 MWh. Inverter of b by,

STRATEGY: LOAD FOLLOWING. SOC min.: 10 %. P max. grick 9.175 MW,

Go to the simulation screen of the optimal solution, tab “Hourly simulation” and change the
time step to 1 minute (please, be patient, it can take even more than 1 minute depending on
the computer speed as it has to simulate all the minutes of the year and all the variables must
be shown), and, in the first tab we see:
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Hourly simulation  Hourly values separately  Monthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  AC Generator ‘Waterload /PHS  MULTIPERIOD

Simulation of 1 year, all the years the same.

22 16
20 15 Total Load
14 — Unmet Load
18 13E W tank (E)
= — Water Pump
g 16 12E — Disch. Batt
= 1" E == Charge Batt
S wE = WndT
5 z PV
= i}
o £ Buy E from grid
z £ — Sell E to grid
= = —soc
£ =
o <
ir} g
3 E
o w
E
@
0
[ Legend 1 January
< >
POWER CONSUMED OR SUPPLIED (M) e [ISeeover  Days display
Batter bank Discharge Plim Charge IEI RIS Legend
BATTERY ENERG (Mih]
O | [ E o supply by batt Electrolyzer P2 oc )
]
O O [[] E. max disch. batt E.H2tank (HHY H2) []R P1 SOC limit
] imits
[ Export £ Battery bank Charge Fuel Cell P critical Gen_ Can. M
xport Energy ap. Max.
O Eta supply FC P critical Fuel Cell .
Unmet Load ) S0C setpaint Gen
g T E.max FC
]
— E houghttn AC grid [2] Prmax S0C setpoint FC
‘ater Pumi
P AC Generator E sold to AC gridl ] Pmax 2 TANE ss (Y e e
[ Pmax. input Inverer [] Pmex Gen. setpoint (| ] (0-1) ull charge
Simulation step (min): 1~ Back Save date: Sewe Simulation Deta. Save Prab. Data
A= AN DL almn AED asimio (0 Wfim el hsiimee =85 LA Babimns o 4 E L Bat Inmrbes ~f £ BB TA

We can see the wind generation variability is very high. If we go back to the main screen, in the
results table we can see the first row results has been updated to the simulation in 1 minute
step:

# Total Cost (NPC)(ME) Emission (KCO241  Unmet{GWhial  Unmet(35) Doaut CriWh)/(Ppw+Pw) (W Ren(® LCOEE W)
1 46.577 4.24 0 0 INF 01 @218 0.0854

Note that these results in minutes time steps can vary for each computer, as the wind speed in

minutes steps are obtained with a certain randomness.

If we go to the WIND screen, we can change the standard deviation to calculate the wind
speed in 1 minute time steps (from the hourly downloaded or calculated values), default is 1
m/s, but it implies high variability, we change to 0.2 m/s.

126



1l WIND RESOURCE - m] X

Latitude (%] [+M. 5):  |4257 Get data from local DB Vil Aerrme Dl
Longitude (2] [+E, /) {-0.31 Download hourly data Anemometer Height || & Manthly Average Speed
100 m " Might speed, Amplitude, F Factor and Hour max speed
Locate on map fio MASA ‘ Download NASA data |
Surface Roughness
Defoemmes Steps Class |1 7] Length |0.03 m
" Monthly Average (% Import data file (in ms) |FROM RENEWABLE NINJA ((.: Hauws Minutes- each howr in 1 row  Import Agricultural open area without fences
[ Generation of wind turb. [MW) nommalized to 1 MW rated p. r m Minutes- 1 per rom neither hedges and with very dispersed
buildings. Only smoothly rounded hills
Av. 5p [mdsl
Jan: 778
Feb: 5.73
Mar. B.16
Apr: 594
tay: 6.38
Jun: 571
Juk 4.98
Aug 4.74
Sep 5.25
Oct: 568
Now: 6.53
Dec: 6.46 g
ﬂctnr LK}
Calculation of wind speed for each minute: std. Hew. 04 #ofl Update min. 1-5

Wind speed (m/s)

| = Graph in steps of | 1 =|min Expart Av year [m/s] Info time of calm wind

5.96 Calm is considered

Forn factar of the wind speed serial: 2.8 < |3 mis
g -
cale by [+ byl [1 Scaled Average Speed [m/s “

5.96

Then click in “Update min.”, this way the calculation of the wind speed in minutes time step is
redone.

Then click in Graph in steps of 1 min:

1 Graph - O *

WIND SPEED
17]

15
15
14
13
13
11
10

m/s

N~ o

Fa to e

3 6 9 12 15 18 21 0
1 January

o ol

Dapz display

Now variability is lower.

If now we simulate again the optimal solution in steps of 1 min, now we can see the wind
generation variation is much lower.
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Hourly simulation  Hourly values separately  Manthly and Annual Average Power  Monthly Energy  Annual Energy  Hydragen  AC Generator VWaterload /PHS  MULTIPERIOD:

Simulation of 1 year, all the years the same.

22 16
20 = Total Load
14 Unmet Load
18 13 = W. tank (E.)
= — Water Pump
g 16 125 == Disch. Batt
= " E == Charge Batt.
= 1 wE — Wind T
E z PV
o~ 12 ¥ = Buy E from grid
= 8 = Sell E to grid
£ ;& — 50C
£ =
i 6 £
= 5 x>
g s i
Mo A *E
PRSP 3 B
+ e &N o
P ‘“\h‘ \ 2
Lh o1
0 FRAL
21 0
[“]Legend 1 January
And results are updated:
# Total Cost (NPCY(ME) Emizzion (KICOZ ) Unmet(Gwhivrl  Unmet(®2) Daut Cnivwh)(Ppv+Pw)ly Ben(® LCOEEAWh) Simulate Report A
1 47.273 437 0 0 INF 01 8122 0.0867 |3 LATE.. REPORT.. (
2 AR Q77 495 n n M= nit /Y R1 nneas ik ATF BFENET r

Select aagain 60 min. as time step, click in the first row of the results, and save the project.

39. Consider bifacial PV modules.

Save the project and then open the previous project “MHOGA2-Water.mho”. Then, save it with
the name “MHOGA2-Water-bifac.mho”.

We want to consider bifacial PV modules. Let’s suppose that they are 10% more expensive than
the normal PV modules, and the bifaciality factor is 0.7. We want to consider the previos PV
generator of 10 MWp but also a new PV generator of bifacial PV modules, of 10 MWp nominal
power (of the front surface) with a bifaciality of 0.7 and the cost of 11 M€ (10% higher).

To consider bifacial PV modules, you first need to calculate the irradiation over the back surface
of the PV modules.

Go to the irradiation screen. We will consider the default value for the factor for the back albedo,
F(l) =0.33:

Factor F(I) far the bhack albedo
(hifacial modules) (Durusay 2020);  |0.33

We need to use average monthly values for the irradiation so that we can calculate the back
surface irradiation. Click in “Download NASA monthly data”, and deselect all the data except
for the Monthly Average Irradiation.
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) SOLAR RESOURCE

Latitucle (%) (+M, -5) 4257 Get data from local DB Datato download: Year 2018~

Longitude (8 (+E. ) Download haurly data Manthly Average Iradistion

[ Monthly Average Temperature For Bat

Locate onmap | Update coord. Download NASA manthly data, []Monthly &verage Wind Speed

Data source At10m height Conslderroughness
At B0 m height
(O Monthly Average (@) Import from File FROM PYGIS year 2007 [Jiwind Speed \Weibull Shape Factor
DGeneratian of PV gen. (MW) normalized to 1 MWp DA\titude above sea level

(equivalent to irradiance kW/m2 x PR)

Data Source for Monthly Average Dally Irradiation: Radiation Horizontal Surfa
Iradiation Irradiation
av. horiz. s, awtitts.

Januars 188 3.35 kih/m?2

PV Tracking System: NoTi Ok Cancel

Factor F{)) for the back albe

We download the average monthly irradiation. Then, save the project and click in button
Calculate. The software asks about the calculation of the irradiation of the back surface.

We accept. It calculates and we obtain similar irradiation as before for the front surface (see
the text under the graph). For the back surface, 192.67 kWh/m? is the total irradiation of the
year.

Daily Average Iradiation (Horiz, Sud): 442 kWhim? Daily Average Irradiation (Tilt Surd): 523 kKwhim?2
Total Annual lrradiation (Horiz. Surf): 167444 kWhimz Total Annual lrradiation (TiltSuf) 130958 KWh/m2
Annual lrr. Back surface / Directfor CPY: 192 74 KiWh/m?2 /1591 16 kiw'h/m2

—

Now we will use the same values for the front surface as previously, so we will download
hourly irradiation data from PVGIS, 2007 (just hourly irradiation, uncheck the other data):

) SOLAR RESOURCE

Latitude (2) (+}, -5) Get data from local DB o o
Longitude (2) (+E, ) - Download houty data Dawnload from: @F’\IGIS—Year. |
() Renewakle Ninja (year 2019)
Locate on map | Update caord Download NASA monthly data (O NASA- vear 2020 v
Data source [v]Hourky Iradiation
) Monthly Average (@) Import from File FROM PVGIS year 2015 [ Hourly Temperature far. [PV []wWind T. []Batt.

["lGeneration of PV gen. (MW) normalized to 1 MWp [ IHaurly Wind Speed
(equivalent to irradiance kW/m2 x PR}

Data Source for Monthhty Average Daily Irradiation: Radiation Horizontal Surfa

Irradiation
. PV Tracking System: |No T Gl Camezl
an tilt 5.

After downloading, we can see the values of irradiation over the front surface, but also the
irradiation over the back surface calculated before:

Daily Average Irradiation (Tilt Surf): 5,14 kWh/me
Total Annual Irradiation (Tilt Sud): 187728 KWhime
Annual lrr. Back surface / Direct for CPY: 19274 KMWh/m2 /123914 kMvYhfm2

In the graph we see both data (front surface in green, back surface in light blue):
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Accept and go to the PV generators screen. Add from the database the PV10-BIF, bifacial PV
generator wit cost 11 M€ and bifaciality 0.7.

PHOTOVOLTAIC GENERATOR DATA:

MName

FowerWp)  CostME)  COAMSaAY  Lielears)  NOCT(C)  Power T cosf(%0) BIFACIALTY(I) CPY  missionstkgCO2kig A
PV1D 10 10 1 25 13 -0.4 0 NO 800
» PV BIF 10 1 1 25 43 -0.4 0.7 NO 800

Therefore, we will consider two PV generators: the normal one and the bifacial one.
Accept and, in the main screen of the software, save the project and then CALCULATE.

The optimal system includes the normal PV generator, in this case, as its cost is lower than the
bifacial PV generator, although the PV production is a little lower.
# Total Cost (NPC)(ME) Emizsion (kICO2#w)

Unmet{GWhir)  Unmeti

Diaut Chiwhi/(Ppw+Pw) (v Fen (3 LODE Edih)

Simulate Report CA
1 45.361 4.3 0 0 INF 0.1 91.59 0.0832 SIMULATE.. REPORT... ¢
2 45.437 4.21 0 0 INF 01 822 0.0834 SIMULATE.. REPORT... (
3 45.59 4.43 0 0 INF 0.1 8031 0.0536 SIMULATE.. REPORT... (
4 45683 414 0 0 INF 01 837 0.0838 SIMULATE.. REPORT... (
5 45.934 459 0 0 INF 0.1 73.84 0.0843 SIMULATE.. REPORT... (
[ 419 0 0 INF 0.1 8241 0.0843 SIMULATE.. REPORT... (
7 46.065 4.09 0 0 INF 0.1 8453 0.0845 SIMULATE.. REPORT... (
i 46.082 4.09 0 0 INF 01 838 0.054% SIMULATE.. REPORT... (
9 46.152 431 0 0 INF 01 81.14 0.0847 SIMULATE.. REPORT... ( v

<

STRATEGY: LOAD FOLLOWING. SOC min.: 10 %4,

COMPONENTS: PV gen: P10 (10 MWp_clchx 2 (100% PA#1: slope 352 azimuth D) // Bateries Batshwh (5 kAh): 15, 1p. /£ 11 Wind Turb, WindT1 (2 Wi st 15 mis) /f
Bt Inverter Inu-ChEh of 5§ MyA f Unmet load = 0 % /4 Total Cast (NPC) = 45 361 ME (008 £7kih)

The 6th best solution includes bifacial PV generator:
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S0Cmin (%) Pmax Grid (MW) Etotal(Givh) Eren(Givh) Epv(GWh)  Ew(Givh) Et{Gih) E export{Giah) E Sell(GwWh) E Buyt A

10 9.185 38.298 BE.974 29.258 37716 1] 3230 22963
10 0 36.298 70.403 29.268 41.145 1] 35149 24228
10 0 38288 B3545 29.268 34.287 ] 28,595 21 637
10 0 38.298 73832 29.258 44574 1] 38.023 25457
10 9.245 36.298 60116 29.268 30.859 1] 26.939 2027z
10 9.185 38.298 69104 | 31.385: 37.718 1] 34.07% 23803
10 0 38288 7728 29.258 48.002 ] 40962 26 562
10 0 36.298 72533 31.368 41.145 1] 36.906 25.063
10 0 38.298 BB.G7E 31.388 34.287 1] .318 22499 v
£ >
Sixth best solution report:
NPC | NPY (M)

MHOGA softwsrs, Raper

Progpect. MHOGAZ WATER-bifac-nuevo. mho. Sokttion # &
v

D Veitage: 1KV AL 20 K BATTERIES

OMPONENTS:
B gen. PVIOBF, 2x10 Miip. P total = 20 Mitia_de (100% A1) "
Bl BatSMWh, 1x1x5 kah. E total = 0.005 GWh [0 d.aut) POWER (MW}
11 Wind T. WindT1, 1162 MW (@14mis). P. total 22 MW
Without Hydre Turbime 20 il
Without AC Generator i
Withet Fusl Cel 1 i
Withcut Eleciratyzes . ‘
Trerter - CHEMW, SN o :
s £ BOUGHT T0 AL GRD
. ] O +AU
Land use: 456.05 ha e "= e [ AU, ]
CONTROL S5 TRATLGY;
|-| THE POWER FRODUCED BY THE RENEWARLE SOURCES |5 HIGHMER THAN LOAD CHARGE
The Batterias are charged with the spare pawar fiem renewable
IF THE POWER PRODUGED BY THE RENEWABLE SOURGES IS LESS THAN LOAD: DISCHARGE R BHLY VIR L
Prioity to supgly net load with storage Overall Load Energy. 38 258 GWhiys. From Renewable. 82.41%

Tha whels not SUpplisd power to maat the lasd must be supplied by the Esttanas. If the Batianes canmct supply the
whole, th rost wil be unmiat kead

The: 0 AC Generator

Theet is no Fusl Coll

Unmet load: @ GWhiyr [0 % load)
E_ Puichased from AC grid. 6736 GWhiyr
Expen Enargy: 34 075 GiWhiyr
E_ sk 1o AC grid. 23.503 GWhiys
Enargy delvarad by FV gensmtor 31 388 GWhiyr
Energy defvered by Wind Turbines: 37 716 GWhiyr
E_ deivured by Hydro Turbine: 0 GWhiyr. Pumped 4.234 GWhiyr
Energy delvernd by AC Generator 0 GWhAT
Enrgy debwired by Fuel Cel. 0 GWhiye
Energy al Electrolyzer. 0 GWhiyr
COSTS: Energy charged by Batteries. 1 352 GWhiyr

: Ensrgy discharged by Baltenes. 1239 GWhiyr

LOAD FOLLOVANG. SOC min. battenes = 10 % /P max. Gnd = 9,185 MW

Pumg 1 MW, Pronty to pump and store E # surplus P > 0 % P. pump.

Initial Investment. 575 ME Loan. 100 %, int. 7% in 25 years. annual quota 4.934 ME

NPC OF THE SYSTEM (25 years Idstime) OTHER RESULTS;

Batteries Lifstima- 1005 years

Hours g, of AC Generator operation o units). © hiyr, Number of starts (gl units) 0
Hours of Electrobyzer operabon. 0 Wy, Number of starts 0

Déstribudion of NPL: . Hours of Fusl Cell opsraton: 0 hiyr, Humbsr of stars: 0

PV Generater Costs NPC]: 25.131 ME o b R .

Blatlery bank Casts (HPC]. 251 ME wab_lﬂ _H\‘dlw Turk. Ok T ?.HIllb 0. Howrs of Pumg. 5578 Wyr, slarts. 421

Wind turtsnas Casts (NPC) 30 091 M |||“2usl:|-dn—‘: :::T“c':?‘ﬂ :Ig'q:.m.w

Imverter Costs (NPC) 0.634 ME v i

BuySall Bought Ensegy (NPC) 21042 ME Sold Enargy: Elsctrical B (HPC]: -4 99 ME FCR 0%) H2 (MPC): 0 M€

Installation + inancing + extra cash (NPC) 11 5ME EMERGY BALANCE DURING 1 YEAR (GWhiyear)

| — =

Total System Costs [NPC) 45 978 M€ Levekzed cost of ensrgy” 0 0543 €/kWh

40. Consider CPV

Save the previous project and then save as with the name “MHOGA2-Water-CPV.mho”.

Let’s consider a normal PV generator of 10 MWp and a Concentrating PV generator (CPV) of 10
MWp from de database. Both will be with sun tracking in both axes.

In the irradiation screen, select for the PV tracking system: both axes:

PV Tracking System: | Both Axis e

Now download hourly data from PVGIS, 2007, only irradiation. The irradiation for the both
axes tracking system will be downloaded:

Daily Average Irradiation (Tilt Surf): 663 kKvvh/m?Z
Tatal Annual Irradiation (Tilt Surf): 242026 k\WhimZ
Annual lrr. Back surface f Direct for CPY: 192,68 KWh/m?2 / 1676.62 kh'h/m?2
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Global annual irradiation is 2420.26 kWh/m2 while direct is 1676 (much higher values than
previously with fixed tilt angle of 352).

In the PV screen, change the bifacial PV for the CPV of the database (CPV10). Then, modify the
names of the generators of the table PV10 and CPV10, adding “-T2axes” to increase the costs
to 13 and 11 ME, respectively, adding the cost of the tracking in two axes.

Name Power(Mwp) CostME)  COBM(ajr)  Lifelyears) NOCT(!C)  PowerT.coef(%//C) BIFACIALITY(I-) CPV  missions(kgCOZKW} A
PV10-T2axes 10 13 1 25 43 0.4 0 NO 800
b CPV10-T2axes 10 n 1 25 43 -0.14 0 OK 800

CPV will produce lower electrical generation as direct irradiation is lower than global. However,
depending on the total cost of the PV and the CPV generator (including tracking system), the
optimal solution can include PV or CPV.

Optimize the system. In this case, the normal PV is better than the CPV (lower cost and higher
irradiation). The optimal system includes normal PV, 1 generator of PV10-T2axes.

+ Total Cost (NPC)(ME) Emission (KMCOZfAr)  UnmetiGwhan  Unmet(>) Daut CnWhi/(Ppv+Pwi(v Ren(> LCOEEANWh) Simulate Report A
1 45593 405 0 0 INF 01 8218 00836 SIMULATE.. [REPORT... | (
z 45638 399 0 0 INF 0.1 83.06 0.0837 SIMULATE.. REPORT... C
3 45.709 414 ] o INF 01 8111 0.0839 SIMULATE.. REPORT... C
4 45 842 394 1] o INF 01 8385 00841 SIMULATE.. REPORT... C
5 46.047 4.32 1] o INF 01 81.04 00845 SIMULATE.. REPORT... (
[ 46.06 4.25 0 0 INF 0.2 79.83 00845 SIMULATE.. REPORT.. €
7 46.084 4.47 0 0 INF 0.1 79.62 0.0845 SIMULATE.. REPORT... €
g 46.202 4.21 0 0 INF 0.1 82.258 0.0848 SIMULATE.. REPORT... €
9 46.203 i ] o INF 0.1 &4.55 0.0848 SIMULATE.. REPORT... C v
< >
OMPONENTS: P gen: Pv10-TZaxes (§0 Mvp_dchx 1 (Track. Both axis) /f Batteries Satbhvwh (5 kah): Te x Tp. 13 Wind Turb. MWindT1 (2 M at 15 m/s) // Bat.
werter Inw-ChihW of 5 WWA G Unmet lofd = 0 22 /f Total Cost (NPC) = 45593 ME (0.08 £/k4h)
STRATEGY: LOAD FOLLOWING. SQC min: 10 %%
’ . .
Let’s change the cost of the CPV to 8 M€, save the project and calculate again.
MName Power(bvp)  Cost(WE) [
Pv¥10-T2axes 10 13
P CPY10-T2axes 10 8
Now the optimal system includes CPV instead of the normal PV.
# ) Ernigsion (KCO20) Unmet(Gwhiy  Unmet(2) Doaut Cnlwh)(Pow+Pw)(d Ren(® LCOEEkWh) Simulate Report [
1% 47 1] 0 INF 01 79.08 0.0753 SIMULATE.. REPORT... (
2 156 4.58 0 0 INF 01 803 00755 SIMULATE.. REPORT... (
3 41.265 4.83 0 0 INF IR I 0.0757 SIMULATE.. REPORT... «
4 11912 449 1] 0 INF 01 8139 0076 SIMULATE.. REPORT... (
5 41.594 5.01 0 0 INF 01 76.06 00763 SIMULATE.. REPORT... (
6 41.808 4.42 0 0 INF 0.1 8233 0.0767 SIMULATE.. REPORT... (
7 41.96 469 1] 0 INF 01 7312 0077 SIMULATE.. REPORT... «
8 41.968 4.58 0 0 INF 01 8033 0077 SIMULATE.. REPORT... (
9 42.07 4.83 0 0 INF 01 7774 0.0772 SIMULATE.. REPORT... ( -
< >

TRV gen FTZaxes WO MWp_dcix 2 (Track. Both axis) /f Batteries BatGhiwvh (B kAh): 15« 1p. 4 11 Wind Turb. WindT1 (2 MW &t 16 m/fs) ff Bat
eetter Ims-ChEhWA of & MVA Y Unmet logld = 0% 4 Total Cost (NPC) = 47.068 ME (0.08 £/kwh)

STRATEGY: LOAD FOLLOWWING. S0C min.: 10 %,
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41. Grid connected battery-only system

Now we will create a new project to simulate a battery system connected to the HV AC grid.
There is no renewable sources, battery will be charged by the grid during specific hours and will
be discharged during other hours.

The optimal battery size and management could be optimized by MHOGA, trying to maximize
NPV or minimize LCOE. However, in this case we will suppose the size and operation are pre-
defined by the designer, and we want to simulate the behavior of the system.

Suppose itis a 10 MWh / 10 MW battery bank and we want to charge from 0 to 5 h at 0.2 C-rate
and we want to discharge from 18 to 21 h at 0.3 C-rate. Hourly electricity price (to be purchased
for the charge), included taxes, is: from 0 to 8 h 0.04 €/kWh; from 8 to 18 h, 0.12 €/kWh; from
18 to 24 h: 0.15 €/kWh. The price of the electricity sold to the grid is 80% of the purchase price.

First, we open the software and create the project “Bat-only.mho”.

We only want battery and inverter-charger, therefore in the main screen we only allow these
components:

GENERALDATA OPTIMIZATION CONTRC
COMPONENTS
[PV Gen.

[ Wind Turbines
[Hydro T.
Battery bank
I:‘ Backup Gen
Inverter/char.

[[JHz (F.C. - Elyzer)

In the left zone of the main window, we can change the DC and AC voltage values. Let’s suppose
our battery bank is connected to a DC bus voltage of 1 kV and the AC voltage bus is 20 kV (default
data).

—_

DC Yaoltage kv [ ]s0cd.
ACYoltage |20 k'

In the “CONTROL STRATEGIES” tab, unselect “(Sell price)” checkbox, so that the battery can be
charged from the AC grid (if checked, batteries only can be charged from our renewable
sources). Prices to charge / discharge will not be considered as we will later define in the
batteries availability the hours when batteries will be charged/discharged compulsorily,
regardless the price of electricity.
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GENERAL DATA OPTIMIZATION CONTROL STRATEGIES FINANCIAL DATA RESULTS CHART
CONTROL STRATEGY AND VARIABLES TO DPTIMIZE

Global strategy: System with batteries and grid connected

(® Load Following Batteries are charged by the AC grid /f discharged if: (alsafar er>
() Cycle Charging Caontinue up to SOC stp Frice E<= Elggkwh Jf Price E»= €kah o-s) [ isel arics)
() Try Bath [ optirmize strateoy of grid-conneted hatteries:

Wariables to optimize relative to the global strategy:

Frmin_gen Fmin_FC H2TANKst
F1 F1_FC F2
SOiC?en SO’C o [soc [¥]Batteries can inject electicity to the AC grid
i .stp‘fgem i Stp‘,FC . ml: 11 day atlow S0C-> charge batteny v
critical_gen ctitical im_charge ] ilahili
- - —=herd [J'when batteries are off compensate autodisch [ Bletizin @ity ]
Fixwvariables “ariahlps Arruran (5 =10n%

Then, click in “Batteries availability” button, select the hours for charge and for discharge,
change the C-rate of the charge to 0.2 in the first hour and click in “All 1st” to change all the
values, same for the discharge (with 0.3 C-rate), and check the below boxes “Charge batteries
at the selected hours...” and “Discharge batteries at the selected hours...” so that batteries will
be charged and discharged during the hours selected, regardless of the electricity price.

BATTERIES AVAILABILITY
FOR THE CHARGE FROM AC GRID / DISCHARGE
DEPENDING ON THE ELECTRICITY PRICE (ARBITRAGE):

CHARGE UNDER AREITRAGE: DISCHARGE UNDER AREITRAGE:
Crrate | All st Crrate | All st
[v]January  [¥]0-1h 02 ] January [Jo-1h o3
0.2 [J1-2h o3
[ Februany 0z [ Felinary [J2-3h ik
.2 [I3-4h |03
[« arch 0z [~ March [J4-5h iE
) oz | [15-6h |03
[ April 0z ] April 6-7h oz |
0.2 []7-8h [o3
[ May 02 [AMay Ce-3h 03
Ca-10n |02 | Cs-10n |03
[ June [Jio-11h |02 [ dure Co-11k foz |
1M-1zh |02 [J11-12h [n3
7 Jut O e 03
v [1e-13n |02 (A duy [z-13h (o3
Sauguet | [J13-14h (02 []13-14h |03
e [J14-15n |02 S CJ14-15h |03
[] Beptember [l15-16h [o2 | ] September []15-16h [n3 |
[16-17n |02 [N6-17h |03
Foctaber  [117-18h |02 | Aocober  [117-18h |03
[J1a-1an |02 [18-19h |03
[V Navember %19—2% n2 | [Z] November 1E|—2Dh e
20-21h |02 [Fz0-21h |03
[v|December [ J21-22h |02 “|December  []21-22h |03
[Jez-23n |02 [Jzz-23h |03
[J23-24n |02 [J23-24h |03

Bt charge with surplus E. atunchecked hours allowed Batt. disch. to supply load stunchecked hours allowed

Charge batteries atthe selected hours Discharge batteries atthe selected hours
only from renewables, notfrom grid {({Sell price). injecting power to the AC grid, at C-rate,
regardless of the price of electricity regardless of the price of electricity
{regardless of arbifrage). regardless of arbitrage)
[]Restofthe time available for charge (arbitrags) []Rest of the time bat. available for disch. (arhbitrage)

FOR PUMPING HYDRO STORAGE:

[]Pump atmaximum pawer atthe selected [ Turhing at mieximurm power atthe selected hours
only from renewables, not from AC grid, ('(Sell price)) injecting power to the AC grid
(regardless of arbitrage). {ragardlass of arhitrage
oK

Click OK.

In the “FINANCIAL DATA” tab, let’s suppose all the default data are correct. Nominal discount
rate is 7%, system lifetime is 25 years, installation and variable initial cost is 25% of CAPEX, a
loan of 100% is needed...
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GENERAL DATA OPTIMIZATION CONTROL STRATEGIES FINANCIAL DATA RESULTS CHART

ECOMNOMIC DATA:
Loan (constant quata. French system)

MNorninal interest rate (capital cost): %
Amount of loan: %

(haminal discount rate) Annual real discount ratel (%6)
o of the initial cost of investment
Annual inflation rate (O&M. ) % 48%
In LCOE include real disc. rate in Energy Loan Interest: %
Study periad (system litetime) WEars [Jin maximize MPY systerms use Inf. sell
At the end of the study petiod consider the residual cost of the components Duration of loan years

Currency |Euro (€) ~

Installation cost and variahle initial cost D ME Fix + % of initial cost Extra Cash Flow

Let’s suppose the battery bank auxiliary consumption (for air conditioning, etc.), in AC bus, is 50
kW from 0 to 5 h and from 18 to 22 h (when battery is charged/discharged), and it is reduced to
10 kW for the rest of the hours.

In the “LOAD/AC GRID” window, we click in “AC LOAD (MW)” tab and select “Monthly Average”
for the Data source:

V| Load and options of Selling / Purchasing Energy from the AC grid

Diata source:

(@) Monthly Average () Load Profile () Import File (My, tH2/h, dam3/

ACLOAD (MW)  DCLOAD(MW)  H2LOAD (tH2/h) W

Maonth 0-1h 1-2h 2-3h 3-4h 4-5h
b JANUARY 0.05 0.05 0.05 0.05 0.05

Then, in the table, we write 0.05 (MW, that is, equivalent to 50 kW) in the first row (JANUARY)
in the cell of 0-1 h. Then we click in the next column (JANUARY, 1-2 h cell) and all the column
of 0-1 h will be converted to 0.05 MW. We do the same for the hours from 0 to 5 h and from
18 to 22 h 0.05 MW, and for the rest of the hours 0.01 MW (that is, 10 kW).

V' Load and options of Selling / Purchasing Energy from the AC grid - O X
DERERIEs Hous | AC [ ]DC [ He [ lwater
@ Manthly Average (O Load Prafile () Import File (MW, tH2/h, dam3/h) 1 v m:ﬁﬂii?iﬁrﬂnﬁ”m o Import Export
AC LOAD (MW) DC LOAD (MW) H2 LOAD (tH2/h) ~ WATER (dam3/day) FROM WATER TANK  PURCHASE / SELL E
Marth -ih 1-2h 2-3h 4h 4-5h 5Gh 6-7h 7-h B4gh  @10h 1011 1112k 123k 1314h 14-1Bh |16 A

JANUARY 0.05 0.05 0.05 0.05 0.05 0.01 0.m 0.01 0.01 0.01 0.01 0.01 0.01 0.m 0.01 0.
FEBRUARY 0.05 0.05 0.05 0.05 0.05 0.01 0.m 0.01 0.01 0.01 0.01 0.01 0.01 0.m 0.01 oc

MARCH 0.05 0.05 0.05 0.05 0.05 001 0.01 0.01 0.01 o.01 0.01 0.01 001 0.01 o.01 0r
APRIL 0.05 0.05 0.05 0.05 0.05 0.01 0.01 0.01 0.0 0.01 0.01 0.01 0.01 0.01 0.0 o
MAY 0.05 0.05 0.05 0.05 0.05 0.01 0.01 0.01 0.0 0.01 0.01 0.01 0.01 0.01 0.0 o
JUNE 0.05 0.05 0.05 0.05 0.05 0.0 0.0 0.0 om 0.0 0.m 0.0 0.0 0.0 on LR}
JuLy 0.05 0.05 0.05 0.05 0.05 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0
AUGUST 0.05 0.05 0.05 0.05 0.05 001 0.01 0.01 0.01 0.01 0.01 0.01 001 0.01 0.01 0

SEPTEMBER  0.05 0.05 0.05 0.05 0.05 001 0.01 0.01 0.01 o.01 0.01 0.01 001 0.01 o.01 0r
OCTOBER 0.05 0.05 0.05 0.05 0.05 0.01 0.01 0.01 0.0 0.01 0.01 0.01 0.01 0.01 0.0 0
NOVEMBER  0.05 0.05 0.05 0.05 0.05 0.0 0.0 0.0 om 0.0 0.m 0.0 0.0 0.0 on 0
» DECEMBER 0.05 0.05 0.05 0.05 0.05 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0

w

Scale tactor for Monday to Friday: Scale factor for the weekend

AVERAGE LOAD IN JANUARY (included scale factor), TOTAL 0.6 MWhiday
[# ® aci0ad ¥ 0 DC load @ M H2 (HHV) P B Water (E pumped) |

Add load profile
Wariahility an oc o

Daily ariahility El % El %
Hourly Wariahility El El %
Minutes Wariahility %
Correlafion minutes

Generate AC load pnwerladnr(:nsﬂ)'

T

%
E %
E %

4
4

MW

135



Then we click in “Generate” button to obtain the load consumption for all the time steps of the
whole year.

Now we click in “Graph in steps of” button and we can see the hourly load consumption:

[

Now we go to the tab “PURCHASE / SELL E”.

Here, in the left, we check the box “Purchase from AC grid....” so that the energy consumption
for the battery auxiliary components can be purchased from the grid, and also the energy to
charge the batteries will come from the grid. Let’s suppose the maximum power from / to the
grid is 12 MW, we set this value. Let’s suppose electricity annual inflation is expected to be 3%
(as by default).

Purchase from AC grid Unmet Load {Non Served
Energy by Stand-alone system)

] Fixed Buy Price {E/kiyvh) Hourly Frice

Annual Inflation (32): Emission (kgCO2/kih):

Fixad Pmax (M) Fixed Cost P (£/kWhr)
Options D Hourly Walues

Access Charge Price ({£/kWWh
Fixed Access price (£/kYh) D Hourly Frice
Back-up Charge Price (£/kyvwh)

Fixed Back-up price (£/kiWh) D

(The cost of the back-up toll will be added to the E purchased)

Hourly Price

We uncheck the box “Fixed Buy Price” and then we click in “Hourly Price” button. In the window
that appears, we set the hourly price values of the energy purchased to the AC grid (we could
also import a file with the hourly price during the whole year or we could also set hourly periods):

HOURLY PRICE OF THE ELECTRICITY PURCHASED FROM THE AC GRID

Hourly Price Data (£/kh)
(@ Hourly, all days the same

O From file (760 hourly valuas) Import haurly Price 1= Draw
() Hourly Perinds

Hourly price, all days the same:

0-1h 1-2h 2-3h 3-4h 45h 5-6h B-7h 7-8h 8-9h 810k 10-11h  11-12h
|D.D4 ||u.u4 ||n.n4 ||n_n4 ||D.D4 ||D.D4 ||n.u4 ||n_n4 ||D.12 ||D.12 ||u.12 ||u.12 |

12-13h  13-14h  14-16h  1516h  16-17h  17-18h  18-19h  1820h  20-21h  21-22h  22-23h  23-24h
iz fjoaz otz fjorz fpae [z ffoas s [jots [[oas [tz [z |

136



We click OK.

In the central zone of the “PURCHASE / SELL E” tab, we click in “Pr. sell = pr. buy x “ and set the
value to 0.8, so that the hourly sold energy price will be the 8% of the hourly purchased energy.
Also we set max. power to 12 MW and 0 to the “transfer charge”. Let’s suppose electricity annual
inflation is expected to be 3% (as by default).

[] Sell Excess Energy to AC grid

Fixed Sell Price €,f|-cWh) 12 Hourly Prica
Annual Inflation (%4 -

b, Power(bdi) lﬁ | | =Pmax buy

Energy Generation Charge (Transfer Chariei Price (£/kvvh)
. [] Fixed Transter price EiAdih) @ - Houtly Price

Selt-consumption and Net Mettering:

|N0 net mettering v|

Cost of net metering service [£/kWh) EI
Buy-back: Export E is paid at (£/kWh)

In the right zone of the “PURCHASE / SELL E” tab, we select the priority to supply the energy not
covered by the renewable sources to the “AC Grid”, this way the energy consumed by the
auxiliary will be purchased from the grid instead of using the stored energy in the battery.

AC GRID AVAILABILITY

Friarity to supply E not covered by renewakbles:

(O Storage/Generator (@) AC Grid

We click OK and return to the main window of the software.

In the BATTERIES window, we delete the default battery and select the 10 MWh Li-ion battery
of the database:

W BATTERIES = O *
Add Batens Zaro
o = | e =« I
Add BoRenes family
BATTERIES DATA: Float life at/20 | ¢ Cycles to Failure vs. Depth of Discharge (%)
Harme Crom (kAR) Vel() Cost) COIMPAM  SOCmin('s) Sel_d(*y/mon) Imex(kA) EM2) Flosthr) 10%  20%  30%  40%  60%  GO%  70%  A0%  G0%  100% TVF
L Bt (MW 10 1 3 1 n 1 5 L) 15

48000 24000 16000 12000 9500 B000  BBS7 600D 5333 400 U

We can see that the nominal capacity is 10 kAh and the voltage is 1 kV, therefore the energy
capacity is 10kAh-1kV= 10 MWHh.

As our battery can supply 10 MW power, we will change the maximum current (Imax) from 5
kA to 10 kA (which, multiplied by 1 kV is 10 MW).

We can change the battery data in the database or here. If we want to change it here, we must
change first the name, we click in the name and add “-2”. Then, we change the Imax to 10 kA:

Mame Crnom.(kah) Yaolt{kv) Costb€)  COEMIEA  SOCmin(%) Self_d(®/mon) Imax(ka)
> Bat! Ohdvvh-2 10 1 3 1 10 1 5
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Let’s suppose the rest of the values are the default ones (CAPEX 3 M€, annual OPEX 1% of CAPEX,
minimum allowed SOC 10%, roundtrip efficiency 92%, float life at 202C 15 years, cycle life vs.

DOD as shown).

Let’s suppose the average temperature of the battery bank for the diffe
the air conditioning, is the default:

e HE e e e e
G5 e o ol Joim o Jofie |~

[#] Except Schiffer model, consider
Tmean>=Tfloat life

Float life reduces 50% for every oC increase

Import hourly file

OHnur
1= T Graph

O,fc\e life depends on T Data

[~] Capacity depends on T Data

rent months, considering

And the cycle life vs temperature and capacity vs temperature are the default ones (shown by

the buttons “Data”):

Cycies to failure (%) v Temperature ("Gl Por bl 8 Eyclen and Ranfow models)

Copacity (sl Temparsie (G

Cyches (%]~ 100 (. 6T +€T°2)

Capacity (%)= 100 (o « bT +cT°2)

a=0g £
5
000 R TE 2
i fi]
i c= 000011
|
Aamiiert tempanatire durng charge dctae
25 Balew 200 i incrnase in cycle M
=3
oK

12
96
0

48
2
1%

('] 20 40
Temperature [*C)

Let’s suppose the Li-ion battery is similar to the LiFePo4 / graphite batteries tested by the work
of Naumann et al., 2020 (cycle ageing) and 2018 (calendar ageing) (in the user manual you can
see the reference of the article). We select “Naumann” in the ageing model, which includes cycle

degradation and calendar degradation:

Lead-acid Aging battery model Li-ion Aging battery model

(C)wang et al., 2011 (LiFeP04)

() Grot et al., 2015 (LiFeP04)

() saxena et al., 2016 (LiCo02)

() Full equivalent cycles

(O Rainflow (cycle counting)
Naumann, 2020 (LiFePo4 cyc+cal)

Parameters

Click in “Parameters” button and we can see the values of the parameters used by the model,

selecting the “Naumann” tab (we could change any of them):

Wang Gral  Sasena Calendar ageing  Naumann

Date (Naumann et al., 2020): CYCLE ageing
Qloss_cyo[%) (& Crate+b) (¢ (DOD-0.0)~3+d) FEC~2

Data (Naumann et al, 2018); CALENDAR ag.
hoss_cal{%)=kref exp(-Ea/R-(1/T-1/Tref)"

(e (SOC-0.5)"3+d)-5art(2)
0.063

# b 00571 ¢[1-0253 kref 00012357 gp 17126 | Tref |200,14000
d (1092 . . .
1052300] 2 0.8 ¢ 2875 d [0.60225
Graph:  Crate (1 nongee) (60 soc(ee) (30 T{oc) [25
20
_ _w S AL
£ £
16
g B E 12
£ 4 £
a g 8
a 4 a .
0 ]
0 5,000 0 10 20
Number of Full Eq. Cycles Tirme: (years)
oK
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Click OK.

When battery bank remaining capacity is 80% of the nominal capacity, they will have to be
replaced. We expect the CAPEX will be reduced 2% per year, until a 60% reduction is reached.
For example, if the battery ageing model calculates the duration of battery is 9 years, in the
year 9 and 18 they will be replaced.

Annual Inflation Rate expected for . Max. Wariation of Wind Batteries expected (e.q. for an expected 602 N
Batteries Costs: % reduction on current Batteries cost, introduce "-60%4"): %

Limit is reached in 45.4 years

and OK to return to the main screen.

In the INVERTER/CHAR. Window, we delete the default inverter / charger and select the one 5
MW. If we wanted to supply 10 MW, that is, C-rate = 1, we would need a 10 MW
inverter/charger. However, we want lower C-rates, so we will use the 5 MW inverter. Even we
could choose an inverter of lower power for this application, but we will use this one of 5 MW
(maybe in the future we want to increment C-rate).

W INVERTER/CHARGERS - O X
Add from Detabase [Zero v
| 4| - el x|e
Include only VDG suitahle from farmily: ‘ vl
GENERAL DATA EFFICIENCY (%) vs. OUTPUT POWER (%) ->
MName Fower(MVA) Lifespan fyr) Cost (ME) Imax_ch_DCikA) Ef_charger(%) Wdcmin(ky) Vdomax(ky) Pmes_ren(Mw) 0% 2% 3% 4% 5% 0% 20% 0%
P imChENY 5 15 05 H 98 09 11 1ETE 10 30 50 70 88 93 82

Let’s suppose all the default values are correct: OPEX, CAPEX... Charger efficiency is 98%.
However, the inverter efficiency vs. output power is very low and conservative values are shown.
We change the name (add “-2” and then change the inverter efficiency as below):

]

I || | B | B[] = | X ||

EFFICIENCY (%) vs. OUTPUT POWER (%) ->

0% 2% 3% 4%  B%  10%  20%  30%  40%  B0%  GO0%  70%  80%  90%  100%
10 B0 8O0 90 95 97 97 97 a7 g7 a7 97 97 97 97

Inv ChMW.2

EFFICIENCY (%)

0 10 20 n 40 50 &0 70 80 a0 100
QUTPUT POWER (% OF RATED)

In the main screen of the software, make sure that there is one battery in parallel (min and max
are 1), and constraints are not considered:
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bAIN. AND hAX No COMPONENTS IN FARALLEL

Bateries in parallel: Min MB.)(.

P gen. in parallel: Min, |0 [RIEVR]
‘Wind T.in parallel Min, |1 Wz, |1
AC Gen. in parallel: Min. |1 Mee. |1

Constraint under MPY maximization:

bax Irvestment cost ME

bdin. Capacity Factor D o [IPmex_sell
tin. Renew. Fraction l:l %

tdawe. Land use ha

Then, click “CALCULATE” button to perform the simulation of the system.

We can see the results in the result table (just one combination has been studied).

# Total NPY (ME) Emmission (kICO2ZA)  UnmetGWhiy)  IRR3)  Landtha)  Ineestment(ME) CapFis)  LOOEEKW) i
1 -3.231 15 0 0 0.1 4375 0.1 0.2097 [SIMULATE.. REPORT...

NPV is -3.231 ME, that is, <0, non-profitable system.

In the table we can see results of annual energy, costs, etc. We can also see the hours of battery
charge/discharge, battery duration (10.63 years), etc.

Hours eq. Gen Bat. life (yr) Hours Ch. Bat. Hours Disch. Bat. Hours FC - Howrs Elyzer.  C.Fuel Gen.(MEA) C.Fuel FCWEAY)  E Buy (MEA) E Sell (bt
0 10.63 1622 1095 0 0 0 0 -0.1%

If we click in “REPORT” we can see the main results.
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Prapet Bt ovdy mhe
fsmbm i

LUNPUREMTY
hous B FOWER (MW
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Wihou AC Gevsuiin .
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If we click in “SIMULATE” we can see the simulation:
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A SIMULATION - O X
Hourly simulation  Hourly values separately  Monthly and Annual Average Power  Monthly Energy  Annusl Energy  Hydrogen  AG Generator Waterload /PHS  MULTIPERIOD
Simulation of 1 year, all the years the same.
11
124
10 Total Load
= 114 — Export
= g Unmet Load
E 109 ~ Disch. Batt
£ o _ — Charge Batt
5 8 £ Buy E from grid
TR S Sell E to grid
% Ty — 50C
74
&
= 6 W
s 5 =
5 x
g 5 5 E
g 44 L
e 3
w
3
2
1
N 1
0 3 6 9 12 15 13 21 0
[“Legend 2 January
< >
POWER: CONSUMED OR SUPPLIED (M) Encray price [IseeOver  Days display
Batter bank Discharge Plim Charge Legsnd
D = i P2 BATTERY ENERGY (Miw/h)
ectrolyzer
O | o s0C
0O [ E. mex disch. batt EH2tank (HHVHZ) R Pl oc imit
M imits
Battery bank Charge P critical Gen.
Export Energy Cap. Max.
E.to supply FC P critical Fusl Cell )
_ S0C setpoint Gen.
On Wind Turb.
Wotor P £ boughtto AC grid [2] Proax SOC sefpoint FC
‘ater Pum)
i AC Generator E soldto AC grid [»] Prax
[[] Pmax. input Inverter [] Pmax. Gen H2 TANK setpoint (HHW H2) S0C (1-1) T. full charge
Simulation step (min); 60 ~ Back Sawve data: h | Save Simulation Data Save Prob. Data
COMPONENTS: Battery bank of 10 Mivh. Inverter of B kWA,
STRATEGY: There is no load consumption -» ho contral strategy related to the load consumption supphy. SOC min.: 10 %. Control variahles for grid-connected batteries: charge (buying E. to the AC grid) if
price of E. is Iower than 0 £/k\Wh: disch. (load + injecting to the grid) if price E. is higherthan 0.11 £/kih
There is no load consumption

We can see charge is during the hours selected, at 0.2 rate (except at the end of the charge,
which is not possible) and discharge at 0.3 rate (except at the end).

Click in “Save simulation data” button and save the Excel file.

Open the Excel file and save it as xlsx file. Open the xIsx file and we can see, for example, for
January, the 2™ (hiding selected rows and columns):

8 o ¥ z AR A8 ac D AL AH Al A AM ) X AY Az
o AClowd  Chbat  Dobe Uneet_Lood Exoort Sl SellgidNet Puhugd  PrSellE  PrlieeCh, PoBupE ISl Combuy  50C SOCein.  SOCmax

@00 ams 2 0 o o o o 209 032 0 0ot 0 000008 12 12 10
100 ams 7 0 © o o a 7. 2037 a noa 0 oooR i 17 0
200 .05 2 o o o o L] .08 n032 o 004 o 0.00008 5.04 1.2 10
200 as 2 o 6 o o o 2t 082 o 0104 0 000008 658 L2 10
400 aes 117 o] 3 o [ [ 125 032 o 004 0 0.00005 asr 12 10
<0 am o o © o o o 0.01 o032 o oos o 0 o 12 10
600 o ) 0 o o o o o.m 0032 [l oo 0 o 0 1.2 10
700 a0 o 0 o o o o o0 00z o 004 0 o 0 L2 10
00 a0 o 0 ° o o o 0. 0,096 o 0.1z 0 o 10 12 10
:00 ao o 0 C o o o 00 0096 o 01z o o 10 12 10
10:00 am o o o o [ a 001 06 a 012 0 o n 13 w
11:00 oo 0 ] (4 o o o 0.0 o 012 0 o 1] L2 10
100 a0 o o 6 o o o 001 o 012 o o 10 L2 10
13:00 am o 0 6 o o o 0.01 o 0.1z o o 0 L2 10
12:00 am o o e o o [} 0.01 o o.12 o o 0 12 10
15:00 am o 0 i o o 0 0.0 [ 017 0 o m 12 0
16:00 em o 0 © o o o 0.0 o 01z v o i 1.2 it
17:00 a0 o o ° o o a 0. o 01z o o 10 12 10
15:00 ams o 3 o 295 255 258 @ 0 015 00003 o 10 1.2 10
1900 ams n 3 © 205 255 258 a o D15 00003 o a87 17 0
20:00 .05 o 244 o 239 232 232 a o 015 0.00028 o am 1.2 10
2100 as 0 6 o o o 0.6 0 0.5 o nooon 12 L2 0
22:00 a0 o 0 ° o o o 0.01 o o1z o o 12 12 10

We can see in column BA the SOC: January 2" at 0 h battery SOC is 1.2 MWh (SOC min. is 10%
of 1I0MWh, that is, 1 MWh, which would be for 202C, however as temperature in January was
set to 182C, the minimum SOC is increased as battery can supply lower energy, as capacity
depends on temperature). During the first hour (row 37), battery is charged at C-rate=0.2, that
is, 2 MW DC (column AA), and also auxiliary consumes 0.05 MW AC (column D), total 2.05 MW
consumption from the grid during the first hour of the day. But battery is charged by means of
the charger with 98% efficiency, therefore from the grid there comes 2/0.98 + 0.05 = 2.09 MW
AC (Purch. Grid, column AG). Buy electricity price at this hour is 0.04 €/kWh (column AL),
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therefore the cost of buying electricity to the first hour is

0.04€/kWh-2090kW-1h=83.6 € = 0.00008 M€ (column AQ).

grid during

At the beginning of the second hour of January 2", row 38, battery SOC is 3.12 MWh (column
BA). Previous hour it was 1.2 MWh, and we have added 2 MW during one hour, but roundtrip
efficiency is 92% (considering charge efficiency = discharge efficiency = sqrt(0.92)=0.96),
therefore we have really added to the battery 2MW-1h-0.96=1.92 MWh, which added to the 1.2
MWh we have now 3.12 MWh (column BA).

For the rest charge hours, the evaluation is similar.

At 18 h (row 55) SOC is 100% at the beginning of this hour (column BA 10 MWh). Battery
discharge is 0.3 C-rate, that is, 3 MW DC (column AB). This DC power is converted by the inverter
(efficiency for 30% output power 97%) in 3MW-0.97=2.91 MW. As we have 0.05 MW AC
consumption for auxiliary, we have only 2.91-0.05 = 2.86 MW to be injected to the AC grid
(columns AE and AF), which is valued at 0.12 €/kWh (0.15*80%), column AJ, with a value of
incomes for this hour of 2860kW-1h-0.12€/kWh=343€=0.00034 M€ (column AO).

The SOC at the beginning of the next hour (row 56, column BA) is 10 MWh-3MW-1h/0.96= 6.87
MWh.

We go back to the software, we click in the results table in “COSTS”, seeing the costs during the
system lifetime:

ofl b M Close

Project: Bat-only.mho. Solution # 1

Distribution of Incomes (+) and costs (-), NPV, during the years. RED: acqu. costs, replac. costs and incomes for final sale.
BLUE: O&M. Currency: M€,
Total NPV: -3.231 M€, IRR =0 %. Inversion cost: 4.375 M€. Loan of 100 %, int. 7% in 25 yr., quota: 0.375 M€Elyr.

TOTAL NPV -3.231 M€ Financial Cost (NPV): initial payment +annual guotas: 4.375 M€

_m

El

0245810 13 16 18 22 25
Total Cost of PV Generator (NPV): 0 M€

024581013 16 19 2225
Total Cost of Wind Turbines group (NPV): 0 ME

0246 810 13 15 19 22 25
Total Cost of Hydro (NPV). 0 ME

0 246810 13 16 19 22 25
Total Cost of AC Generator (NPV): 0 M€

|

0246810 13 16 19 22 25
Total Cost of Inverter (NPV): -0.694 ME
=

0
-02 I
-04

024581[]13 16 19 2225
Total Cost of Electrolyzer (NPV): 0 ME

0245 81 13 16 18 22 25
Total Cost of Batteries Bank (NPV): -4.931 M€
0

A -

0246810 13 15 19 22 25
Total Cost of Fuel Cell (NPV): 0 ME

0 2 4 6 810 13 16 19 22 25
Total Cost of HZ Tank (NPV): 0 M€

0246 810 13 16 19 22 25
Total Cost of External Fuel for FC (NPV) 0 ME

0246 810 13 15 19 22 25
Total Incomes of E sold to AC grid (NPV): 5.645 ME

1 E———

02 4681 13 16 19 22 25
Total Cost of AC Gen. Fuel (NPV) 0 M€

002456 810 13 15 19 22 25
Total Cost of E purchased from AC grid (NPV): -2.377 M€

n053_I|||||||||||IIIIIIIII||||

0246E1ﬂ 13 15 19 22 25
Total Incomes of H2 sold (NPV): 0 ME
|

We could do multi-period simulation (considering reduction of remaining capacity during the
years): in the main screen of the software, menu Project -> Options, select “Multiperiod...”.
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42. Green hydrogen production with electrolyzer at full load and battery

Now we will create a new project to optimize a green hydrogen production system, powered by
renewable sources. We can optimize by maximizing the net present value (NPV) of the system,
or by minimizing the LCOH or other options.

In this case, we want the electrolyzer to run at full load all the time: if the power from the
renewable sources is not enough, the net electrolyzer load will be supplied from the electrical
grid (purchased to the AC grid). If the grid electricity price is higher than a specific limit, the
priority to supply the net electrolyzer load will be from the battery. If the power form the
renewable sources is higher than the rated power of the electrolyzer, the surplus power will be
sold to the AC grid.

Therefore:

e Low electricity price: energy from the wind farm is used to feed the electrolyzer (which
runs at full power) and chage the battery at the maximum charge rate allowed. If there
is not enough power from the renewable sources, buy the rest to the grid.

e Medium electricity price: energy from the wind farm is used to feed the electrolyzer
(which runs at full power). If not enough, buy the rest to the grid.

e High electricity price: if the power from the renewable sources is not enough to run
the electrolyzer at full load, the rest will be supplied by the battery; if not enough, buy
the rest to the grid.

In any case, if there is surplus power, it will be sold to the AC grid.

First, we create a new project “H2-prod-wind-bat.mho” (Project -> New). Remember, the path
from the root must not be too long, otherwise the software will show an error.

Let’s suppose we just want to use wind turbines (no PV in this case). The system will also include
electrolyzer, battery and inverter/charger.

Wind T.
.,
Inverter/Charger AC v @
(Bi-directional AC
inverter) h Load/
rid
4‘@ be ’
H2
load Fueicels +
Tank +
Electrol. Battery

In the main screen, Project —> OPTIONS, leave the default data (we will optimize by maximizing
the NPV of the system):
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MAIN OPTIONS:

Sierulahion and optmization

() Simuletion of the 13t vear and exropolste results

() Muliperiod: simulate allthe yaars of the systam ldetime [ |2 | years)

Economic oplimization

(1 Miriimize Mot Proson Cost (NEC), usually for off-grd systems and high koad onegrid —>

(@) Madrnize Mat Frasent Valua (MFYV). uzually for low load or no-oad an-gnd systems >

) M NEY
CIMin LCOE

] Diafine Wind Famn with 16 powsr curves, one for eachwind direcion sector ‘;j Min, LCOH

[ OC renswable include own charger and controller :J Mex. Cep F. rin. LCOE
) Mex IRR

[_]When senang the project update il e resulls of the able o the prosent conditions

Murnber of decimal placas in results of costs Al -
Murnber of docimal places in msults of energy |3 e
Ok

In the main screen, GENERAL DATA tab, select the following:

GENERAL DATA OPTIMIZATION CONTRC
COMPOMNENTS
[PV Gen.

Wind Turbines

[ Hydro T,

|| Battery bank
| | Hackup Gen

Invertarfchar.

H2 (F.C. - Clyzer)

First we will introduce the wind data. Let’s suppose we don’t want to use wind speed data;
instead, we want to use as input data the output power of a wind farm normalized to 1 MW
rated power.

Click the WIND button.
This hourly wind farm output power (normalized to 1 MW) file can be downloaded here:

http://ihoga.unizar.es/Desc/windprod.zip

Download and unzip, you will get “windprod.txt” file, which has 8760 rows, one for each hour
of the year, with the production of the wind farm (normalized to 1 MW rated power).

In the wind resource window, in “Data source” panel, select “Import data file“ and “Generation
of wind turb. (MW) normalized to 1 MW rated p.” In our case, steps must be in Hours (as by
default) and then click the button “Import”, then look for the “windprod.txt” file and import it.

VW WIND RESOURCE - O X
Latitudte (4 (+M, -5) Getdata from local DB
Langitude (%) (+E. ) : Download houry data eI Er et

]

Locate on map | Update coor Download NASA bonthly data

Surtace Roughness
Data source

EES Class 1 ¥ Length U0° m
O Manihly Avera ® Impart datafie (W) |[windprad xt ' o ) e b paricultural open areawithout fences
Generation of wind turl, (MW) normalized to 1 MW rated g ) i A -1 per row neither hedges and with very dispersed

buildings. Only smoothly rounded hills

Then, we can see the average values of the imported data for each month and the graph of the
probability density function of the data imported.
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Clicking in the “Graph in steps of” button, we can see the data during the year (you can move
with the position bar and you can change the number of days to display simultaneously):
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Click Back, then OK and return to the main window.

In the main window of the software, click the WIND TURB. button, then the wind turbines screen

appears:
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1. WIND TURBINES / GROUPS OF WIND TURBINES

WindT1

Output Power (MW) vs Wind Speed

GENERAL DATA
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» WindT1 AC 2 THETT H 20 100 15 0 0 0 nos 02 03 05 0.7 1
< >
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rounded hills
0
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Wake effect
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(@) Use height above sea level and temp. | Graph (O Monthly average Eiivs mmst J4 F5 M9 JATT MTE |Jj21 J23 (A3 |51 014 N¥ DS
. (@) File with 8760 hourly values Import
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Tdmis  (checkifwindt are pitch controlled)

Lirnitis reached in 42.9 years

By default, a wind turbine of 2 MW is considered. We could change it, add another one, etc.
Let’s suppose we want to consider just one type of wind turbine, of 4 MW, with a CAPEX of 4
ME, a replacement cost of 3.5 M€, and annual OPEX 2% of CAPEX (rest of the data same as the
default one of 2 MW). We can define this wind turbine in the database of the software, or we
simply could change the 2 MW one for the new one. We will do it. First, change the name to
WindT4MW, and then change the rest of the data. It is mandatory to change the name, if not
any other change will not be updated.

GENERAL DATA Output Power (MW) vs Wind SBeed
Narme Bugost (ME) C.Repl. (ME)  C. D&M (%fMNJfespan () Height (m) Ermis.CO2 TWs  emjs  3mfs  dmjs  Gmfs  Brfs  7mfs  Brafs  Gmfs
i SindTAMW Al 4 35 2 20 100 15 0 0 01 04 06 1 14 2

In this case, as we do not use wind speed data (we use the data of the wind production
normalized to 1 MW rated power), the data of the output power vs wind speed is not necessary
to be changed, except for the value of 14 m/s, as the rated power of the wind turbine is
considered to be this value. Therefore, it is mandatory that we change the value for 14 m/s to 4
MW (the rest could be changed, if we want, as shown in the table, but it is not necessary, it

would only be necessary if we were using wind speed as data):

Output Power (MW) vs Wind Speed

Arrf's 10mfs  11mfs  12mfs  13m/: 18mfs  1Bmfs  17mfs  18mfs  19mfs  20mfs  21mfs  22mfs  23mfs 24mfs  25mfs  2Bm/fs
2 2k 3 34 34 4 4 4 4 4 4 4 4 4 4 4 4

Then we click OK and we return to the main window of the software.

In the main window, GENERAL DATA tab, we can define the minimum and maximum number of
wind turbines to be considered. Let’s suppose we want to consider between 10 and 20 wind
turbines (the software will take into account the different combinations: 10 wind turbines of 4
MW, 11 wind turbines of 4 MW, .... 20 wind turbines of 4 MW):
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Now we will define the electrolyzers to be considered in the system.

In the main window, click in H2 (F.C.-Elyzer) button, and the next window appears:

W H2 COMPONENTS
Electrolyzers  H2 Tank
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Let’s suppose we want to consider just one type of electrolyzer, of 20 MW (we could consider
more types, just adding more rows to the table).

In our case, we will consider the liftetime and O&M costs in hours and €/h, then select:

Lifetime and O&M costs data:

Oyears and S

We could define a new electrolyzer in the database, but in this case we won’t do it, we will just
change the data of the one shown. Let’s change the data of the one of 10 MW to another one
of 20 MW. First, change the name of the electrolyzer of the table, for example to Ely-20MW
(remember, you must change the name in order to change any parameters, if not no change will
be updated). Let’s suppose the data of the one of 20 MW is: CAPEX 24 M€, OPEX 166 €/h,
lifespan 80,000 h.
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Mame P. Morn(hdv]) Acg cost(ME]  C O&M (E/h)
» Ely-20bd4y 20 24 166

Lifespan
goooa

AfWkgh) B (Kikoh)  P.min. (%)
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To consider the decay in the efficiency and fit with the efficiency vs hydrogen mass flow curve
obtained from the electrolyzer manufacturer, we must modify the values of A, B, H2 mass flow
limit and factor efficiency untili we fit the curve (see the paper
https://doi.org/10.1016/j.ijhydene.2023.08.273). Let’s suppose that our curve fit with
consumption parameters A = 40 kW/kg/h, B=2 kW/kg/h, H2 mass flow limit = 5% and factor
efficiency 0,45. We obtain the following curves of consumption (red curve, left axis) and

efficiency (green curve, right axis) vs. H2 mass flow:

2 to modify the consumption and efficiency curve

Curves change in H2 mass flow imit (% of ratec)[5 |

Generation of H2 by electrical energy

Factor_efficiency: BP
|4l Bl | =alv x| o - ¥ 03~
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I

Also let’s suppose the power consumption in stand-by is 0% of nominal power (it is not
considered as all the time it will be at full load), the water cost is 0.06 € per kg of hydrogen
produced, the stack replacement cost is 40% of CAPEX (see the previous figure).

We could define the compression electrical consumption, however in this case we suppose the
electrolyzer consumption (defined previously) includes all the auxiliary consumptions.

As the electrolyzer is connected to the AC bus, it needs a rectifier. Click in the button “Inverter
and rectifier data” to define the efficiency of the inverter of the fuel cell (not used in our case)
and the rectifier of the electrolyzer. We can see the default rectifier efficiency is 90%, we leave
this value.
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Click in the H2 tank tab (upper area of the window) and we will not consider the hydrogen tank,
because we want to sell all the hydrogen produced, we don’t want to store H2 to use later in
our system. The cost of the hydrogen tank, compressor, rectifier, and other auxiliary
components is included in the electrolyzer CAPEX in our case.

A H2 COMPOMENTS - 0 =

Electrolyzers H2 Tank

[#]In M2 generating systems, do nat consider H2 tank (costs 0, infinite allowed size)

Then we click in OK and return to the main window.

In the main window, click in BATTERIES, and the battery window appears:
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We could change any data, but let’s suppose the default battery: Li-ion battery of 5 MWh (5 kAh,
1 kV), 4800 full equivalent cycles, 1.5 M€ CAPEX ... is ok for us, so we leave all the default data.
Also let’s suppose the ambient temperature for the batteries and ageing model are ok. So we
don’t change anything and click OK.

In the main window, in the left area, we can see the DC bus voltage (for the battery bank) is 1
kV, same as the battery voltage, the software will always consider just 1 battery in serial. The
number of parallel will depend on what we want to consider.

DC Voltage kv
ACValtage Ky

In the main window, GENERAL DATA tab, we can define the minimum and maximum number of
batteries in parallel to be considered. Let’s suppose we want to consider between 0 (that is, no
battery bank) and 10 batteries of 5 MWh in parallel (the software will take into account the
different combinations: battery bank of 0, battery bank of 5x1=5 MWh, battery bank of 5x2 =10
MWh,.... battery bank of 5x10 = 50 MWh):
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In the main window, click in INVERTER/CHAR. button to define the inverters/chargers (needed
to connect the battery bank in DC bus to the AC bus).

W INVERTER/CHARGERS

Ak bom Datnbate L

nciuda oshy Y

| GENERAL DATA

%]

IENCY

EFFIC

ERsERRERER

0 a0 50 &0 m
OUTPLUT POWER (% OF RATED)

We will consider only the inverter/charger of 5 MVA, therefore we delete the rest (we click in

the rows we want to delete, and then click in “-“)

4| 4 B | Rl #OA o X || o

Let’s suppose the data of the inverter/charger of 5 MVA is correct for us, but we want the
inverter/charger to be considered in each combination of components to be proportional to this
one, with battery duration of 4 h (for example, if in a combination the battery bank is of 10
MWHh, the inverter/chager will be of 10 MWh/4h=2 MW ->2 MVA power, and the cost (CAPEX)
will be proportional to the one of 5 MVA, that is 0.5-2/5= 0.2 M€, the maximum current for the
charger, Imax_ch_DC will also be proportional). In the lower area of the window, we click this

option.

Proportional to 15t one
Inverter rated power for
batt. duration (hours):

Click OK and return to the main window. Then click in LOAD / AC GRID, by default there is no
load. In the PURCHASE / SELL E tab, update the following (see next figure):

- Select the Purchase energy from AC grid and sell energy to AC grid options.

- Uncheck the “Fixed Buy Price” box.

- Setto 30 MW the maximum power to buy from the grid and same value to the maximum
power to sell to the grid (we suppose this value is the maximum grid power available).

- Clickin “Pr. Sell = pr. buy x” and set 0.8 the factor. Therefore, we suppose sell electricity
price is 80% of purchase electricity price.

- Select “Sell surplus H2 in tank...” and set to 10 €/kg the price of the hydrogen sold (all
the hydrogen produced will be sold, at this price the first year and the next years
considering the inflation, 3% annual by default).
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Now let’s suppose that the electricity buy price is hourly (real time pricing tariff) and it has high
differences between the minimum and maximum hourly price of each day. This hypothetical
hourly price file can be downloaded here:

http://ihoga.unizar.es/Desc/Hypothetical hourly pirce.zip

Download and unzip, you will get “Hypothetical_hourly pirce.txt” file.

Then, click in “Hourly Price” button below the option of “Purchase from AC grid...”:

AC LOAD (MW)  DCLOAD (MW)  H2LOAD (tH2/h)

Purchase from AC grid Unmet Load (Non Served |
Energy by Stand-alone system)

[ Fixed Buy Price gy 015

Annual Inflation (22) Emission (kgCO27kiwWh)

In the window that appears, select “From file (8760 values)” and import the
“Hypothetical_hourly_pirce.txt” file.

HOURLY PRICE OF THE ELECTRICITY PURCHASED FROM THE AC GRID

Hourly Price Data (£/kWh)
(O Hourly, all days the same

© Frorn file (8760 hourly values) Import hourly Price| |Hupothetical_hourly_pirce. bt ﬁ Dran

() Hourly Periods

This will be the hourly purchase price of the first year (hourly sell price will be 80%). For the next
years of the system lifetime, we assume prices will be updated with an annual inflation of 3%
(as default, we have not changed it).

Click in Draw to see the imported data.
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Click Back, OK and OK to return to the main screen.
In the main screen, CONTROL STRATEGIES tab, we can select the options of the control strategy.

To consider control strategies in grid-connected systems related to the electrolyzer and/or the
batteries, we must select the options of ENERGY ARBITRAGE (right area, next figure). We must
check the box “Batt. charged by the AC grid // discharged if” to consider any option of energy
arbitrage (including the option of using the electrolyzer to sell hydrogen). Also check the box
“(also for Elyzer -> H2)” as we are also considering the electrolyzer, not only battery. And check
the box “Elyzer full load” because we want the electrolyzer to be at full load all the time,
consuming electricity from the grid if necessary.

Also, let’s suppose we want the batteries to be charged only when the purchase electricity price
is low (for example, lower than 0.03 €/kWh in the first year, the next years this price will be
updated with the purchase electricity price inflation) and discharge the batteries to feed the
electrolyzer (if renewables are not enough) when the purchase electricity price is high (for
example, higher than 0.1 €/kWh in the first year):

GENERAL DATA OPTIMIZATION CONTROL STRATEGIES FINANCIAL DATA RESULTS CHART

CONTROL STRATEGY AND WARIABLES TO OPTIMIZE
ENERGY ARBITRAGE: System with batteries and grid connected

Lol (a0 for Elyveer—s HI)C] Ebyzer. full load

Qo1 e L0+ [iSellprcs

(O Try Both [l optirize strategy of grid-conneted batteries:

Global strategy:

@ Load Following [l Batt charged buhe AC grid // dischargee

(O) Cycle Charging [~ Continue up to 30C stp

Yariables to optimize relative to the global strategy:

Prin_gen Fmin_FC HZTAMNKstp
F1 F1_F P2
SO_CgEn 8070 Fo []socrmi [“] Batteries can inject electricity to the AC grid
Stp_gen Stp min |:|1 day at low S0C-> charge bathans v B h ilabil
Peritical_gen Peritical_FC |:| Plim_charge afteries availability

[C]when hatteries are of, compensate autodisch.

Fixwariables Variahles accuracy: =100%

In the FINANCIAL DATA tab, we can see the general economic data, we leave them by default:
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Exra Cash Flow

Now we have everything defined. We can calculate, the software will simulate all the
combinations of components (11 combinations of wind turbines, between 10 and 20 in parallel;
11 combinations of batteries, between 0 and 10 in parallel; 1 combination of electrolyzer: total
11 x 11 x1 =121 combinations). The software will evaluate each combiantion, calculate all the
results of each combination, and then sort them from best to worst considering the objective,
which is in this case the maximization of the NPV.

Click in CALCULATE. After several seconds the system is optimized:

GENERAL DATA OPTIMIZATION CONTROL STRATEGIES FINANCIAL DATA RESULTS CHART

Mono-objective optimization. Total No. of cases evaluated: 121. Time: 5"

273 28

< 27 £
o 274 2
= o
= E
2 L
= 2% g

O

273
25
1 2 3 4 3 6 7 [ 9 10
Solution # (sorted from best to worst)
[ Show diagram
# Total NPY (ME£) Erission (KCOZAY  Unmet(GWhaa)  IRR(%)  Land(ha)  InvestmentibE] CapF(36)  LCOEEMANWH) i = Report ~
1 275.238 26.49 i} 2443 1296 120 3043 0.08 @ POR
2 274.97 2566 i} 238 1368 125 2971 0082 SIMULATE.. REPOR
3 274 866 27.41 1} 25.08 1224 115 a7 00344 SIMULATE.. REPOR
4 27409 24.91 1] 2318 1440 130 28.99 00813 SIMULATE.. REPOR
5 27391 28.44 1] 25.75 11562 110 3183 00867 SIMULATE.. REPOR
B 273914 26.51 1] 241 1296.05 122.037 304 0.0835 SIMULATE.. REPOR
7 273599 25.68 1] 23.49 1368.056 127.037 29.69 00825 SIMULATE.. REPOR
8 273592 27.44 1] 24.73 1224.05 117.037 3114 00845 SIMULATE.. REPOR
9 272.753 28.48 1] 26.38 115205 112037 319 0.0865 SIMULATE.. REPOR v
< >

COMPONENTS: 18 Wind Turb. WindTdMy (4 bW at 15 mfs) 4 Electroliz. El-20MW of 20 bW ¢ Bat. Inverter of 0 MYA Y Unmetload = 0 % J}f Tatal Net Present Yalue
(MPV) = 276.2368 ME, IRR = 24.4%.

STRATEGY: There is no load consumption -> no control stratecy related to the load consumption supply. P lim. charge: 15 MW, Contral variables for green hydrogen
Generate H2 with elyzer. atfull power all the time. buying E. to the AC grid if necessany; Battery supplies power to elyzer. if price E. is higher than 0.1 £/&Mh: charge battery
if price of E. is lower than 0.03 £/k\Wh

The first row of the results is the optimal system (explained in the area below the results table):
it consists of 18 wind turbines of 4 MW and electrolyzer of 20 MW. No battery nor
inverter/charger are selected (that is, in this case the cost of the battery and inverter/charger is
too high and it is better not to use them, it is not worth).

For each combination, we can see the NPV, emissions, unmet load (no meaning in this case as
there is no load), IRR, land used, investment cost, capacity factor, LCOE (considering energy of
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the hydrogen produced as the HHV), the components used and many other results (use the
displacement bar). We can see the simulation, the report and the cash flow detailed if we click
the bold cells SSIMULATE, REPORT or COSTS.

If we click in “SIMULATE” in the first row of the table, we will see the simulation of the optimal
system:

Al SIMULATION - O X

Hourly simulation  Haourly values separstely  Monthly and Annual Average Fower  Monthly Energy  Annual Energy  Hydrogen  AC Generator Water load /PHS  MULTIPERIOD

Simulation of 1 year, all the years the same.
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= 50000 o
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E 40000 2
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3 3000 &
& @
20,000
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0 3 5 g 7 15 1 21 %
[Legend 1 January
‘ > ]
POWER CONSUMED OR SUPPLIED (M) a1 [JSeaOver  Days display
Batter bank Discharge [ Plim Charge e Legend
P2 BATTERY ENERGY (MWh)
O O Electrolyzer soc
E. max disch. batt v| E.H2tank (HHY H2) [v]R Pl
D ¢ ) S0C limits
Battery bank Charge P critical Gen.
[] Export Energy Cap. Max.
Eto supply FC P criical Fuel Cell .
Wind Turb S0C setpoint Gen.
ind Turb.
=
— ] £ boughtta AC gid [7] Pinae S0C setpoint FG
S AC Generator E sold to AC grid [»] Pmex
[] Pmac input Inverter [] Pmax. Gen H2 TANK setpoint (HHY H2) 50C (0-1) T.full charge
Simulation step (min): 80~ Save dats: Save Simulation Data Save Prob. Data

COMPONENTS: Wind turhines of 72 My Electrolyzer of 20 M.

STRATEGY: There is no load consurnption -> no control strategy related to the load consumption supply. Contral variables for green hydrogen: Generate H2 with elyzer. atfull power all the time. buying E
to the AC gid if necessany

There is no load consumption

In the first hour of January 1%, we can see that the 18 wind turbines of 4 MW (total 72 MW rated
power) generate roughly 37 MW, in green line (if we go to the wind resource window, and see
the data imported from the wind farm normalized to 1 MW rated power, we can see for the first
hour of the year it is roughly 0.5 MW -> multiplied by 72 MW rated power we obtain roughly 37
MW). In the graph we can see the electrolyzer runs at full power (20 MW, what we see in the
graph, turquoise dot line, is the power consumed in DC by the electrolyzer), but it consumes in
AC 20/0.9 = 22.2 MW (due to the rectifier efficiency of 90%). The rest AC power (37 MW —22.2
MW), approx. 15 MW is sold to the AC grid.

For other hours, for example at 12 h, the wind farm generation (11.8 MW) is lower than what
the electrolyzer needs in AC (22.2 MW), the rest (10.4 MW) are supplied by the AC grid
(purchased to AC grid).

In the right axis there is the H2 production cumulated (in HHV, MWh) (in systems where
hydrogen is later consumed, is the H2 in the tank).

If we change the days to display to 365:
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Hourly simulation  Hourly velues separately  Monthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  AC Generator ‘Water load /PHS  MULTIFERIOD

Simulation of 1 year, all the years the same.
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In the second tab of the screen, we can see the different components during the year:

W SIMULATION - ] X

Hourly gimulatid onthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  AC Generator Waterload/PHS  MULTIPERIOD

HOURLY POWER DURING THE YEAR (MW), ENERGY IN (MWh)

Total Load PV Generator Wind Turbines
0 0
0 2.000 4,000 6,000 8.000 0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000
Hydro Turbine AC Generator Export
0 0
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000 0 2,000 4,000 6.000 8,000
Fuel Cell Electrolyzer Energy (HHV of H2) in H2 tank // accum Sold
100.000
0 2 50,000
0
0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000 0 2,000 4,000 6,000 8,000
Battery bank Charge Battery bank Discharge Energy in Battery bank
0 0 0
0 2.000 4,000 6,000 8.000 0 2,000 4,000 6,000 8.000 0
Unmet load (by the standalone system) Purchased from AC grid Sold to AC grid
20 T 30
15 20
o 0
5 10
0 " 0
0 2,000 4,000 6,000 8,000 0 2,000 4,000 S 000 8,000 0 2,000 4,000 6,000 8,000
Simulation step (min): (B0 v Back Sawe data: Save Simulation Data Save Prob. Data

IO ADORIER T E Uil fivdine of 79 hAAS S lcben oo f 206 RAL

If we click in “Save Simulation Data” button, we will save all the simulation results, which can be
open by Excel.

A B c 1] E F G H I 1 L3 L M L] o i (<] 3 s

1 [Proect 0 proxk-wnd-bat sk, Schution #1
2
3 | COMBONENIS: Wind Larbises. of 68 MW. Electrolyzar of 20 MW.IiETery Eank of 50 MWR, BAL lwter of 12.5 MvA.
4 | STRATEGY: There is no kasd consumptics - 5o contred stratogy rolated 1o the (oad consumption supply. 1. Bm. charge: 15 MW, S0C min s 10 %, for preen hydrogen: hyzer. at full powes all the time, buying £. to the AL grid if necessary; ch
i | HOURLY VALUES, A powrer vohues are expresaed m MW (12, load is in MW refering ho the 1004 of H2). The SOC data of the betberies in enengy (MW,
7| Water tank [Water_tank] s snergy needed 10 pump the water [MWh] whibe (Water,_tank_vobame) I the volame stored [dam3).
B | No Gan_on it The susbar of AC genarazors That ars runnisg during 1 st stes. Hours_eq_ Gan it the number of aquivaless hows [ncuding out-ol-range panafty ang 51a-t-up peasity) of AL pessrinors. The fuel sonmumption of the Gen, A (FuelGan| It axpresied in sli6ie
9 | Bectricity prices, the fuel cost of the AC Gen. {Fuel. Cost), the cost of the external fuel used by the fusl ocll (S fuclext FC) and incomes of seling E and costs of buying £ 10 the AC grid (Inc. 521l and Cost. Buy) are expressed in ME They are cash Flow velues of year 0, not consid
10| Load of Hydrogen (H2_loed_mawa] is exgressed in t/h of 12, HZ in tank (12_Tank_rass), Hi used by fasl cell, breen H2 tank [Furl FC) or externally purchesed (Fuel ext_FC) and bydeogen generazed by hroes {Pr rel Hi
1| Mydrosgen steves Tak {3 _Tank_HHYI is expressed i MW HHY of 12
12 |Date Hour LostiMW)  AC_B0sSMW] DC_lcad MW HZ_loaciH H2 losd_mat Water_loadiKPVIMIW)  WIndIMW]  HyeodMW)  Ef_terbiperce A Gen. MW) Ho.Gen_on  Hows,_sq_Ge Cons FushslE Fuel Con{ME F.CIMW]  FuselFCitl
13 |0 Jarmary 000 o 0 [ [ [ [ [ ] [ [ [ [ 0 o 0 0
14| 01-January 1:00 o ] o [ o o o 3106 [ [ [ [ ] ] ] ] ]
15 | -dmmsary 200 [] 0 [ o [ [ [ =76 ] [ [ (] a 0 0 o 0
16| 01-tarmasey. 100 o o [ o o [ [ e o o o [ a ] 0 o o
17| 0ldanuary 200 [ o o o o [ o wTe o o [ [ g ] 0 0 0
18 |01 Jarmacy 500 0 0 [ o [ [ o 842 o o [ [ 0 0 0 0 o
19 | 01-January 600 0 ] o o (] [ (] mor ] (] (] [ 9 ] ] ] ]
20| M- lmmary 700 0 0 0 o (] o a 3706 o o [ [ a ] 0 0 0
21 -ty 00 o o [ [ o o a mes o o ] ] a o o o o
22| ol-danuary 900 o 0 o o o ] o ma [ 0 © [ ] o o 0 ]
2301 Jarmay 10:00 0 0 0 4 [ [ ] 7 [ ] 0 [ ] 0 0 0 0
24| 01-Jnuary 1100 o ] o [ o o o 1384 [ [ [ [ ] ] ] ] ]
25 | M- lmmsary 12:00 o 0 0 o ] [ o 17 0 0 [ [ a ] o ] ]
26 | 0-thrmary 1500 o o [ o o [ o nn o o o [ a o o o o
21 | 0danuary 18:00 o 0 [ o o [ [ ns o o [ u ] ] 0 ] ]
28 (01 Jrmaey 15:00 0 ] 0 0 [ [ 0 136 ] [ (] [ ] ] ] ] ]
29| 1-January 36:00 0 0 o o (] [ (] 1938 ] ] [ [ 9 ] ] ] ]
30 | 01-fwrmsary. 100 0 0 0 [} (] [ ] B [ 0 0 [ a ] 0 0 ]
310ty 1800 o o © [ [ [ o TN o ] o [ o o 0 o o
CERENTE A 10000 n 0 I o 0 n 0 ik o 0 0 0 a 1 0 0 n
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In the Hydrogen tab, hydrogen production and cumulated, by moths:

1 SIMULATION - O %

Hourby simulation  Hourly values separately  Monthly and Annual Average Power  Monthly Energy  Annual ator Water load f PHS - MULTIPERIOD

MONTHLY H2 CONSUMPTION AND PRODUCTION (t). H2 STORED IN TANK OR SOLD AT THE END OF EACH MONTH

250
3.000 o=
= 200 =
= 2500 g
] 5
£ 150 2000 2
5 1500 2
2 100 =
5 1000 ©
£ 50 g
500 o
T

0 0
1 2 3 4 5 6 7 8 9 10 11 12
Manth
V¥ O H2 load ¥ B H2 produced by Electrolyzer ¥ @ H2 consumed by Fuel Cell (from Tank)
¥ @ H2 consumed by Fuel Cell (external H2) [# == H2 stored in tank / sold at the end of the month
MONTHLY ENERGY PRODUCED BY FUEL CELL AND CONSUMED BY ELECTROLYZER (GWh)
1
12

=

Energy (G¥Wh)
@

[

=

1 2 3 4 5 6 7 8 9 10 1 12

Month

||7 @ Energy generated by Fuel Cell ¥ B Energy consumed by Electrolyzer |

If we return to the main screen, and click in the first row of the results table, in REPORT cell, we
obtain the report of the optimal system, where it is shown the components, control strategy,
economic results, energy balance and other results (it can be printed, saved in PDF... and when
we close, it asks if you want to save it in rtf file which can be open by Microsoft Word):

_ NPC ! NPV [ME)
HOGA software. Report.

Urivesity of Zeragaza (Spair). with the colsboration of SISENER Ingenieros
Project HZprod-windtat Solution # 1
DC Valtage: 1 kW. AC: 20 &,

COMPONENTS.

Without PY POWER {MW}
Batt. BatSMWh, 1x0:5 kah. E total =0 GWh [0 d.aut]

18Wind T. WindT4MW, 184 MW (@14mis). P. totsl 72 MW

Without Hydm Turbine

Without AC Generstor

Without Fuel Cell ap
Elyzer. Ely-20MW, 20 M.
Inverter prop. to Imv-ChEMW, OMW 20 -
E BOUGHT TOAC GRD
Land use: 1286 he wr LY v

CONTROL STRATEGY:

THERE IS NG LOAD CONSUMPTION == NO CONTROL STRATEGIES RELATED TO THE LOAD CONSUMPTION
SUPFLY

- ENERGY BALANCE DURING 1 YEAR [GWhiyear}.
Ifthe spare power from renewsble iz [owsr than Plim_charge = 15 MW, pricrity to charge batisries. Othenviss pricrity ENERGY BALANCE DURING 1 YEAR [GWhiyear
for the slectdyzer togenarsie H2 Oversll Losd Energy: 0 GIvh

Unmat losd: 0 GWhiyr (0 % losd)

E. Purchased from AC grid: 81,045 GWhiyr

Export Energy: 24 305 GWhiyr

E sold to AC grid: 75153 GWhiyr
COMTROL STRATEGY FOR GENERATING GREEN HZ Renewable Capadty Fador old_snergylrenaw_pesk_powar8780); 20,43 %; Renaw kaction: 100 %
Max. electicity price for genemting H2 (buy to the grid): 0 02 €MVh Energy deliversd by PV generstor: 0 @i

Enegy delivered by Wind Turbines: 218.572 GWhiyr
Energy delivered by Hydro Turbine: 0 GiVhir
Energy delivered by AG Generator: 0 Gihir

Energy deliversd by Fusl Cell: 0 GWhir
ECONOMIC CALCULATIONS: it et At e
Initial Investment 120 ME. Loan: 100 %, int 7% in 25 years, snnual quota: 10.257 I Erergy chamed by Batteries: 0 GWhiyr

Energy discharged by Batteries: 0 GWhiyr
NPV OF THE SYSTEM (25 yeus lifetime) (Incomss + expenses 3:

Tol Net Present Value [NPV]; 275,228 ME. Intemal Rate of Return (IFR): 24,43 %. LCOE : 0.0238 £Vh OTHER RESULTS:

[ Batteries Lifetime: 100 years

istribution of NPV: Hours £9. of AC Generaior oparation: 0 hir
Wind turtines (NPV): -29.041 € Hours of Electrolyzer cperstion: 8780 hiyr
Electrolyzer+H2Tank (NPV): -45 829 W€ Hours of Fuel Cell operation: @ hiyr
Buy'Sell. Bought Energy NPV} -75.333 ME. Scld Energy: Eledrical E. (NFV): 58,298 ME(FCR 0%). HZ (NPV): Totsl CO2 emissions 26 434COZyr

455 842 ME -
Installtion+financing (NPV): -22.998ME Fzsold ineneyeer 290438

ENERGY BALANCE DURING 1 YEAR [GWhiyear]

LoAD Buy

1ofa 2of2

If we return to the main screen, and click in the first row of the results table, in COSTS cell, we
obtain the report of the costs of the system, in detail (it can be printed, saved in PDF... and when
we close, it asks if you want to save it in Excel file):
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Project: H2prod-wind-bat. Solution # 1
Distribution of Incomes (+) and costs (-}, NPV, during the years. RED: acqu. costs, replac. costs and incomes for final sale.
BLUE: O&M. Currency: M€,
Total NPV: 275.238 M€, IRR =24.4 %. Inversion cost: 120 M€. Loan of 100 %, int. 7% in 25 yr., quota: 10.297 M€lyr.
TOTAL NPV: 275.238 M€ Financial Cost (NPV): initial payment + annual quotas:-120 M€
u
10
5
0
T 0 e ———
00246810 13 16 19 22 25 0246 810 13 16 19 22 25
Total Cost of PV Generator (NPV): 0 M€ Total Cost of Wind Turbines group (NPV): -99.041 M€
0
0
-50
024 6810 13 18 19 22 25 0246810 13 16 19 22 25
Total Cost of Hydro (NPV): 0 M€ Total Cost of AC Generator (NPV). 0 M€
T T T T T T T T T T T T T T
0246 810 13 16 19 22 25 0246 810 13 16 19 22 25
Total Cost of Inverter (NPY): 0 M€ Total Cost of Batteries Bank (NPV). 0 M€
024 6810 13 16 19 22 25 024 6810 13 16 19 22 25
Total Cost of Electrolyzer (MPV): -49.629 M€ Total Cost of Fuel Cell (NPV): 0 ME
0 =
-10 0
-20
02463810 13 16 19 22 25 0246810 13 16 19 22 25
Total Cost of H2 Tank (WPV): 0 ME Total Cost of AC Gen. Fuel (NPV) O ME
U~| u<|
0246810 13 16 19 22 25 0 246 50 13 16 19 2z 2%
Total Cost of External Fuel for FC (NPV) 0 M€ Total Cost of E purchased from AC grid (NPV). -79.333 ME
v
0 -2
4
0246810 13 16 19 22 25 0246810 13 15 19 22 25
Total Incomes of E sold to AC grid (NPV): 58.398 M€ Total Incomes of H2 sold (NPV): 468.843 ME
s
2 20
10
0 0
0246 81 13 16 19 22 25 0246810 13 16 19 22 25

Now we return to the main screen.

Let’s see how the results change if we change the CAPEX of the batteries. Go to the batteries
screen, change the name of the battery (for example, add “-“) and change the CAPEX to 0.1 M€
(a very high reduction from the 1.5 M€ original), this cost is not real, but we will use it to see if
with low battery prices the batteries are included in the optimal system.

1 BATTERIES

Add Battery |Zero

Add Batteries family |

BATTERIES DATA:

MName Criom.(k&h) Volt(kKY) CostME)
I Batshivh- 5 1 IR

Now return to the main screen and CALCULATE again.

158



GENERAL DATA OPTIMIZATION CONTROL STRATEGIES FINANCIAL DATA RESULTS CHART

Mono-objective optimization. Total No. of cases evaluated: 121. Time: 5"
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273

26

1 2 3 4 5 6 T 8 9 10
Solution # (sorted from best to worst)
I Show diagram
# Total NPY (ME) Emission (KICO2Ax)  UnmetiGWhiyr)  IRR(%)  Land(ha)  Investment(ME) CapFi%)  LCOEE/KWh) i ale Report A
1 283.651 27.76 0 2521 1224s 117.813 3103 0€Q_SIMULATE.. REDOR
2 283.628 26.79 1] 2455 12965 122813 30.3 0.0806 ULATE.. REPOR
3 283.224 28.83 1] b4 11525 Mzgl3 31.79 0.0831 SIMULATE.. REFPOR
4 283.013 2593 1] 23m 13685 127813 2958 0.0797 SIMULATE.. REPOR
5 282.951 26.77 0 2455 129645 122531 303 0.0808 SIMULATE.. REPOR
6 282.937 27.74 1] 5.1 1224.45 117531 31.04 0.0819 SIMULATE.. REPOR
7 282 486 2881 1] 2649 116245 112631 3179 0.0834 SIMULATE.. REPOR
g 282.377 2h9 1] 239 1368.45 127831 2959 0.079% SIMULATE.. REFPOR
g 282 326 3nom 1] 2663 10805 107.813 3257 0.084% SIMULATE.. REPOR v
< >

COMPONENTS: Batteries BatShwh- (5 kah): 1s.x10p. i/ 17 Wind Turb. Wind T4 (4 bW at 16 mfs) / Electroliz. Eb-20MyY of 20 MW/ Bat. Inverter of 12.5 MyA
Unrmetload = 0 2 /f Total Met Present Value (NPY) = 283.651 ME, IRR = 25.2%

STRATEGY: There is no load consumption - no control strategy related to the load consumption supply. P. lim. charge: 15 MW, S0C min.: 10 %. Control variables for
green hydrogen: Generate HZ with elyzer. at full power all the time. buying E. 1o the AC grid if necessarny; Battery supplies power to elyzer. if price E. is higher than 0.1
£4kh; charge battery if price of E. is lower than 0.03 £/&k\Wh

Now the optimal system (first row of the results table) includes batteries. It is composed of 17
wind turbines of 4 MW (total 68 MW), electrolyzer of 20 MW, 10 batteries of 5 MWh (total 50
MWh) and inverter/charger of 12.5 MVA (for 4 h battery duration). NPV is 283.651 M€, higher
than in the previous study.

If we click in SIMULATE in the first row (optimal system), we can see, with 1 day display, for
example for January 19" (move the displacement bar):
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Hourly simulation  Hourly values separately  Monthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  AC Generator Waterload /PHS  MULTIPERIOD

Simulation of 1 year, all the years the same.
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[Legend 19 January
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POWER CONSUMED OR SUPPLIED (hiw) [ 5ee Over WNisplay

- Energy {lce
Batter bank Discharge [ Plim Charge Legend
O O 0 v P2 BATTERY ENEFTETm
] Elocicioo
s0C
O [ E. mex disch. bt R Pl o lmite
Battery bank Charge P critical Gen.
[] Export Energy Cap. Max.
O Eto supply FC P critical Fuel Cell )
. S0C setpoint Gen.
D = Wind Turb. i
. E houghtto AC grid [] Prmax S0C setpoint G
" AC Generator E sald to AC grid Prizx
D Progx. input Invertar [] Pmax Gen Hz TANK setpoint (HHY He) S0C(0-1) T.full charge

This day, at 3h we can see the battery is charged and at 19h it is discharged. It is due to the
control strategy (for each time step, in this case, hours, we see a point for each variable, that
point is the value of the variable for the whole time step). As both the hydrogen cumulated (in
HHV) and the battery SOC are shown in the right axis, and they are very different in this case, to
see the SOC we must unselect the energy in H2 tank: unselect E.H2 tank (HHV H2). Also, to see
the electricity price over the simulation graph, click in “See over” and “Legend” to see its legend:

Hourly simulstion  Haurly values separately  Maonthly and Annual Average Power  Manthly Energy  Annual Energy  Hydrogen  AC Generatar Water load {PHS  MULTIPERIOD

Electricity price (€/kWh) W — Purchase
03 ¥ — Sell
. ¥ — Low limit disch
02 W~ High limit char.
01
‘——-—_—a_‘ —
0 3 6 9 12 15 18 21 o
19 January
= Simulation of 1 year, all the years the same. =
z 55 2
= 50 = Total Load
= 45 5 Unmet Load
= 40 4 == Disch.Batt
& o — Charge Batt
5 = — Wind T
S 2 < =+ Electrolyzer
g 20 : Buy E from grid
£ p ES Sell E to grid
= — 50C
i 0 &
5 3 E
o 0 §
19 January
‘ > ]
POWER CONSUMED OR SUPPLIED (M) Encroliee [v]See Over  Mgs display
Batter bank Discharge L1 ptim charge egend
BATTERY EN ek
O O ] Electrolyzer Pz s0C
v
| [] E. mex. disch. batt [[] E- H2 tank (HHY HZ) "] R P1 S0C limit
o imits
Battery bank Charge P critical Gen.

[[] Export Energy
O Eto supply FC P critical Fuel Cell

wind Turb.
[r

Cap. Max.
S0C setpoint Gen.

E hought to AC grid [7] Priax S0C setpoint FC

AC Generator E sold to AC grid Fr
[ Procec input Inverter 1] P e G SRS e H2 TARK setpaint (HH H2) SOCE | | T full charge

Watar Pump

We can see that at 3 h (January 19%) the purchase electricity price (upper curve, red) becomes
lower than the “High limit charge” which is 0.03 €/kWh (light blue line), then the battery must
be charged. Wind turbines generation is roughly 25 MW, while electrolyzer AC consumption
(including rectifier is 22.2 MW), therefore roughly 2.8 MW are for battery charge in AC. The
battery must be charged at its maximum rate (2.5 kA - 1 kV - 10 batteries = 25 MW) but also
there is the limitation of the inverter/charger, which is 12.5 MW, therefore the battery is
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charged at 12.5 MW DC (brown curve). As there are 2.8 MW AC surplus from the wind farm, we
need from the grid (considering the rectifier efficiency of the inverter/charger of 98%) 12.5/0.98-
2.8, roughly 9.8 MW.

Next hour battery must also be charged, but it cannot charge at 12.5 MW because only few MW
are allowed as the maximum SOC is near to be reached (we can see the red curve, SOC, referred
to right axis).

At 19 h (January 19%") purchase price is higher than the “Low limit discharge” which is 0.1 €/MWh
(upper graph, turquoise line). As the wind farm only generates roughly 11.5 MW, it cannot
supply the whole 22.2 MW AC power needed by the electrolyzer: the rest (22.2-11.5 = 10.7 MW
AC) must be supplied by the battery. But the blue curve is the discharge of the battery in the DC
bus, in AC is this value multiplied by the inverter efficiency. Inverter efficiency for 10.7 MW (that
is, 85% of the rated power of the inverter) is about 84%, therefore 10.7/0.84 = 12.7 MW must
be supplied by the battery in DC (blue curve).

In the tab of the hourly values separately we can see the charge and discharge of the battery,
and also the energy in battery bank (SOC in MWh) for the whole year.

Hourly simulation  Hourly walues separately  Monthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  AC Generator Water load / PHS  MULTIPERIOD

HOURLY POWER DURING THE YEAR (MW), ENERGY IN (MWh)

Total Load

PV Generator

0 2,000 4,000 6,000

Hydro Turbine

8,000

2,000 4,000 6,000 6,000

AC Generator

Wind Turbines

6,000

2 UUO 4 000

Export

WWWWWW

0 2,000 4,000 6,000

Fuel Cell

8,000

2,000 4,000 6,000 8,000

Electrolyzer

20

0 2,000 4,000 6,000

Battery bank Charge

0 2,000 4,000 6,000

Unmet load (by the standalone system)

8,000

8,000

0 2,000 4,000 6,000

Simulation step (min): B0

8.000

4,000 6,000

0 2,000 8,000
Battery bank Discharge

| \'MM I" """!IH M

0 2,000 4,000 6,000 8.000

Purchased from AC gnd

0 2, UUU 4,000 E OOO 8, OUU

Back

We return to the main window of the software.

Save dete
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Save Simulation Data Save Prob. Data

Now let’s see the results when we optimize minimizing the LCOH.

Go to Project -> OPTIONS.

Select Min. LCOH.
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MAIN OPTIONS:

Simulation and optimization

(@) Simulation of the 1st year and extrapolate results

(O Multiperiod: simulate all the years of the system lifetime ( years)

Economic opfimization

(O Minimize Net Present Cost (MPC), usually for oft-grid systems and high load on-grid > in. NPT
tdin. LCOH

(@ Maximize Met Present Value (NPV), usually for low load or no-load an-grid systems >
(O Max. NPV

[1Define Wind Farm with 16 power curves, one for each wind direction sectar

[10C renewable include own charger and controller

(O Max. IRR
[[J'hen saving the project, update all the results of the table to the present conditions
Murnber of decimal places in results of costs 3 ~ Dz
Mumber of decimal places in results of energy |3 b
0K

Optimize again. The optimal system is the same (in other cases it can be different). Now, the
column at the left of SIMULATE cell shows the LCOH instead of the LCOE. We can see that the
optimal system has a LCOH of 3.95 €/kg.

GENERAL DATA OPTIMIZATION CONTROL STRATEGIES FINANCIALDATA RESULTS CHART

Mono-objective optimization. Total No. of cases evaluated: 121. Time: 5"

30

23 5
v
= «
= 5
g 26 2% a
=z a
= E
= i
= o

27 S

26

1 2 3 4 5 6 7 8 9 10
Solution # (sorted from best to worst)
DShow diagram
# Total NPY (ME) Emission (CO21) UnmetiGwhAr  IRR(%)  Landtha)  InvestmentME]  Cap R Report ~
1 283.651 27.76 1] 28.21 12245 17813 WLATE.. REPOR
2 283.628 26.79 1] 24.55 12965 122813 A SIMULATE.. REPOR
3 283.224 26.83 1] 259 11525 1283 .79 3.9591 SIMULATE.. REPOR
4 263.013 25.93 1] 23.91 13685 127813 2956 3.9636 SIMULATE.. REPOR
5 282.951 26.77 1] 2455 1296.45 122531 303 3.9649 SIMULATE.. REPOR
3 282.937 27.74 1] 25.21 1224.45 117531 31.04 3.9652 SIMULATE.. REPOR
7 282 486 28.81 1] 259 1152.45 112531 3174 3.9748 SIMULATE.. REPOR
8 282.377 2591 1] 23.91 1368.45 127531 2958 3.9772 SIMULATE.. REPOR
9 282.326 30.01 1] 26.63 10805 107813 3287 3.9782 SIMULATE.. REPOR o
< >

COMPONENTS: Batteries BatShiwh- (5 kAh): Te.x 10p. #17 Wind Turb. WindT4h\W (4 MWW at 15 m/s) ## Electroliz. Ek-20MWW of 20 MW 4 Bat. Inverter of 125 MVA J/
Unmetload = 0 % jf LCOH = 395 £/kgHZ, IRR = 26 2%,

STRATEGY: There is no load cansumption -> no control strategy related 1o the load consumption supply. P lim. charge: 15 My, SOC min. 10 %, Contral variables for
green hydrogen: Generate H2 with elyzer. atfull power all the time, buying E. to the AT grid it necessary; Battery supplies power to elyzer. if price E. is higher than 0.1
£/kivh; charge battery if price of E. is lower than 0.03 £/kith

If we go to the LOAD / AC GRID window, then tab PURCHASE /SELL E., and we change the
hydrogen price to 3.95 €/kg:
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V[ Load and options of Selling / Purchasing Energy from the AC grid - m} X

D&l eeEs Hours [ JAC [JDC [IH2 []water
(O Manthly Average (@) Load Profile () Import File (M, tH2/h, dam3/h) 1 v m::ﬂi::?zﬂ?ﬁ”m e Import Export

AC LOAD (MW) DC LOAD (MW) H2 LOAD (tH2/h) WATER (dam3/day) FROM WATER TANK ~ PURCHASE/SELL E

AC GRID AVAILABILITY

Purchase from AC grid Unmet Load (Non Served Sell Excess Energy to AC grid
Energy by Stand-alone system) Priority to supply E not covered by renewables:
Fixed Sell Price (E/kiwh 01z Houry Py Storage/Generator AL Grid
[] Fixed Buy Price (gfkiwhy 015 e | (L1 &k oulyFice | @ Stomg O
Pr. sell = pr. buyx DSto.fGen pricrity if PrE >= El
Annusl Inflation (32]: Ernission (kgCO2/KWh):
Annual Inflation (%) Sell surplus H? in tank (difference
between the H2 in the tank at the end
[V Fixad Pmex (MiA) Fixed Cost P (AWM Mane Pawer(hii) |:|=Pmax by of the vear and at the beginning)
Options Hourky Values Energy Generation Charge (Transfer Charge) Price (E/kWh) Price [E/kg Annual Inflation (%)
Actess Charoe Price (£ Fixed Transfer price €AWy |0.0005 Haurly Price
[ Fixed Access price (E/kWWh) l:l Houtly Price Self-consumption and Net Metterin
Back-up Charge Price (£/kvWh ‘Nﬂ net mettering ~ ‘
Fixed Back-up price (£/kWvh) D Haurly Price Cost of net metering service [£/kiwh) El
(The cost of the back-up tollwill be added to the E purchased) Buy-back: Export E is paid at (/kiWh) El

Total tax for electicity costs (buy + charges) (32): D Total tax for electricity sold [%): D Losses in wire and transformer (%): EI

And now we return to the main screen, and we click in the first row of the results table, the
results of that combination are updated, obtaining a NPV of 0 (as we have set for the price of
hydrogen the LCOH, therefore NPV is 0):

# Total NPV (ME) Emission (kiCO2Ar1  UnmetiGWhiyrn  IRR%)  Landiha)  Investmentib€) CapF(%) LCOH{£/kgH2) Simulate Report A
1 0.001 | 0 7 12245 117.813 31.03 3.95 SIMULATE.. REPOR

Now we go back to the LOAD / AC GRID window, then tab PURCHASE /SELL E., and we change
the hydrogen price to the original 10 €/kg.

We could optimize the limits for charge/discharge the battery.

We go to the main screen, and select in control strategies “Optimize strategy of grid-connected
batteries”, “2 variables” and change variables accuracy to 20=100% (more precision). We have
two variables to be optimized for the control, minimum and maximum purchase electricity price
setpoints to charge/discharge the battery. Each variable will have 21 values (from 0 to 100%, as
100% is 20), therefore there will be 21x21=441 combinations of control strategy for each
combination of components.

GENERAL DATA OPTIMIZATION CONTROL STRATEGIES FINANCIAL DATA RESULTS CHART

CONTROL STRATEGY AND VARIABLES TO OFTIMIZE

ENERGY ARBITRAGE: System with batteries and grid connected
Global strategy:

(@ Load Following [Batt. charged by the AC grid # discharged if [also for Elyzer-> H2) Elbyzer. full load

() Cycle Charging Continue upto S0C stp [(sel price)

() Try Both tirmze strateqy of gric-conneted baﬂerle;

&3 %, max.

Yariables to optimize relative to the global strategy: O3 varisbles X1(it), X2(7e). #3(%4) _ 00z 14251
Prain_gen Brain FC HeTANKst @ables ptice E. min. and max_pin.> |0.0008 | waxe |[03615 | £fkih
F1_gen P1_FC P2

- - X [ Batterias can inject elacticity to the AC grid
S0Csn_gen S0Cstp_FC C1s0Cmin
[]1 day at low SOC -» charge battery v B Jabil
Peritical_gen Prritical_FC [ Plim_charge stteries availability

[]'When hatteries are off, compensate autodisch.

Fixwariahles <Eariab|es BCCUracy: =100% )

We can see that the computation time increases dramatically, as each combination of
components will be evaluated 441 times to obtain the optimal strategy for the batteries (unless
we use genetic algorithms).
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To reduce the computation time (if we don’t want to wait a lot of minutes nor use genetic
algorithms), we can fix the min. and max. number of batteries and wind turbines to the optimal
previous result (10 and 17, respectively):

MIN. AND MAX Mo COMPOMNENTS IN PARALLEL:

Bateries in parallel: bin. Max
g
e

0
Wyind T. in parallel: Min

1 1

And then we will consider a fixed value of 10 batteries (10x5 = 50 MWh) with the inverter
charger for 4 h duration (12.5 MVA), 17 wind turbines of 4 MW and the electrolyzer of 20 MW.

We calculate again:

The optimal system is a bit better than the previous one (a little more NPV, a little less LCOH).
The optimal price limit setpoints are 0.0188 €/kWh and 0.127045 €/kWh (when we previously
set them by hand, we used 0.03 and 0.1, not very different).

# Total NPV {M€) Emission (MCO24m Unmet{GWhax  IBR{®)  Landiha)  Investment(hE) CapF(3%) LCOH(€/kgH2) Simulate Report
1T e300 2772 0 2522 12245 117.813 31.03 3.9489 SIMULATE.. REPORT...

Variant:

Let’s see what happens if we don’t want the electrolyzer to be at full load all the time, we want
that electrolyzer runs only when electricity price is low. Also, batteries are charged only when
electricity price is low (as previously), but they are discharged when electricity price is high to
inject electricity to the grid (not to supply the electrolyzer as previously).

Therefore:

e Low electricity price: energy from the wind farm is used to feed the electrolyzer and
chage the battery. If not enough, buy to the grid.

e Medium electricity price: Sell all the electricity from the wind farm to the grid.

e High electricity price: Sell all the electricity from the wind farm to the grid and
discharge the battery to inject (sell) to the grid.

We get this control strategy just unchecking “Elyzer. full load” checkbox from the CONTROL
STRATEGIES tab:
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GENERAL DATA OPTIMIZATION CONTROL STRATEGIES FINANCIAL DATA RESULTS CHART

CONTROL STRATEGY AND WARIABLES TO OPTIMIZE
ENERGY ARBITRAGE: System with batteries and grid connected
Global strategy:

@ Load Following []Batt. charged by the AC grid /f discharged it. [ (also for Elyzer-> HE[ ] Elyzer full load

() Cycle Charging Continue up to 30C stp [Jisell price)
'C) Try Both Optirnize strategy of gric-conneted bateries:
.’_‘. 1 0, o, ma.
Yariables to optimize relative to the global strategy: ‘:" 3varigbles: X1 (dif), X2(), %3(%) 0.028 03251
Prin_gen Prrin_FC HeTAMKstp @ 2 variahles: price E. min. and max,  Min> |0.0008 |- #axe |0.3615 | £/kivh
F1_gen P1_FC P2

Batteries can inject electricity to the AC grid
11 day atlow SOC -> charge hattanyy
[I'when hatteries are of. compensate autodisch.

S0Csto_gen S0Csp_FC [ ]=20Cmin
Poritical_gen Petitical_FC D Flirn_charge

Fixwariables “ariables accuracy: =100%%

Batteries availakility

Now, if we click in the results table, the results are updted to the new control strategy:

# Total NPY (ME) Emigzion (kKICOZAn UnmetiGvhivr)  IRR[(3)  Landtha)  Investment(ME) Cap.Fi*) LCOH(E{kgHZ) Simulate Report
1 161.194 11.18 0 18.04 122458 117813 3078 2.5927 SIMULATE.. REPORT...

NPV has been dramatically reduced, as now we will generate much less hydrogen, and
hydrogen is valued at a high price (10 €/kg first year). LCOH is now 2.5927 €/kg.

In the simulation, we can see, fir the first day, when electricity purchase price is lower than
0.0188 €/kg (it was the result of the previous optimization), electrolyzer runs at max. power
(20 MW DC, 22.2 AC) and the rest is injected to the grid, batteries are fully charged because
they are at 100% SOC the first day. The rest of the hours, we inject to the grid the maximum
power allowed, 30 MW, and the rest is used to feed the electrolyzer (but if the rest power is
lower than the minimum electrolyzer power, it does not work). When electricity purchase
price is higher than 0.127 €/kg (it was the result of the previous optimization), the battery
should inject to the grid, but in this day, at 21 h, it is not done, because just with the wind farm
the power is higher than the maximum that can be injected to the grid (30 MW):
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Hourly simulation  Hourly values separately  Monthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  AC Generator ‘Walterload { PHS  MULTIPERIOD
Electricity price (€/kWh)
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POWER CONSUMED OR SUPPLIED (M) T mea—— See Over Days display
Batter bank Discharge [ Plim Charge Legend
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&
E. max. disch. batt | E.HE tank (HHV HE)  [v]R Pl
D BDK bank Ch: : ) P critical Gi Setimits
] Battery bank Charge critical Gen.
[] Export Energy w7 g Cap. Max.
E to supply FC P critical Fuel Cell soc .
tpoint
0O Wind Turb. setpoint Gen
R .
. E bought ta AC grid [] Pmax SOC setpoint FC
i AC Generator E sold o AC grid /] Pmax
Pmax. input Inverter He2 TANK setpnint (HHY H2) S0C (0-1) T full charge
P [] Pmax Gen
Simulation step (min.); B0 Back Save data: Save Simulation Data Save Prob. Data

COMPONENTS: Wind turbines of 68 MW, Electrolyzer of 20 MW Battery bank of 50 Mywh. Bat. Inverter of 12.5 MwA,

STRATEGY: There is no lnad consumption > no cantrol strategy related to the load consumption supply. P. lim. charge: 15 My, S0C min- 10 % Control variables for grid-connected H2 and batteries
charge (buying E. to the AC grid) if price of E. is lower than 0.018835 £/k\Wh; disch. {load + injecting ta the grid) if price E. higher than 0.127045 £/k\vh

If we see the days January 3™ and 4™ (next figure, 2 days display), we can see in the evening of
January 3™ battery discharges injecting power to the grid, and later it is charged by the wind
farm power because the maximum grid power (30 MW) is reached, therefore the rest power is
used to charge the battery. We can see battery

Hourly simulation  Hourly values separately  Monthly and Annual Average Pawer  Monthly Energy  Annual Energy  Hydrogen  AC Generator ‘Water load / PHS  MULTIPERIOD

Electricity price (€/kWh) | — Purchase
|¥ — Low limit disch. |
¥~ High limit char

" [\ A [\
U1|VTJ \ /__/ \__M iy —

Simulation of 1 year, all the years the same.

Z g

é 50000 & Total Load

= 60 s Unmet Load

E 50 40,000 E = Disch. Batt

o = == Charge Batt

W ] -

=3 30,000 & Wind T

Z 0 E == Electrolyzer
i

s 20,000 o, Buy E from grid

g 4 ES — H2 tank (HHV)

= 10,000 > Sell E to grid

=4 g

E 10 & — s0c

Z o 1o E

=3

= =

~
V]

PriveFR CANSTMER AR S1IPPIFD thiah [A1%ee Over  Davs display

We can optimize the system with the new strategy (optimize size and control strategy setpoints).
Go to the main screen, GENERAL DATA tab, change the min. and max. wind turbines to 10 — 20
and batteries in parallel to 0-10 as previously:

GENERAL DATA  OPTIMIZATION CONTROLSTRATEGIES FINANCIAL DATA RESULTS CHART
COMPONENTS
[PV Gen.

OPTIMIZATION PARAMETERS SELECTED BY:

Wind Turbines

Parameters

[ Hydro T.

e Genetic Algorithms
Battery bank




We can see the maximum execution time is 15 minutes (default, we don’t change it).

When we pass the mouse over this area, we see the expected optimization time (it depends on
the computer speed):

NUMBER OF CASES AND TIME EXPECTED

Computation speed: 23,256 casesfsecond

EVAL ALL POP. (% ALLY GEM. ALG. (% ALL)
MAIN ALG. (COMB. COMPONENTS): 121 10 (8.26%) 139 (114.88%)
(1121
SEC. ALG. (COMB. STRATEGIES): 441 11 (2.43%) 168 (38.1%)
MAINALG. SEC ALG  NUMBER OF CASES % TIME EXPECTED
OPTIONT. EWAL ALL EVALALL 53361 100%  Oh3g' 14"
OPTION 2. EWAL ALL  GEM. ALG. 20328 361%  Oh14' 34"
OPTION 3 GEN.ALG. EWAL aLL 61299 1149%  Oh43'55"
OPTION4: GEN.ALG. GEN ALG. 23352 438%  Oh16'44"

Optirization of the Control Strateqy by means of Genetic Algorithms
ltis not guaranteed to obtain the optimal Control Strategy, butthis is probable to obtain the optirmal or 2 solution
nearthe optirmal

In our case, it can simulate 23.2 combinations per second, so it would need 38 minutes (OPTION
1) to evaluate all the combinations. However, in order not to use more than 15 minutes, it will
use genetic algorithms for the optimization of the control strategy (OPTION 2, in red). If we click
in CALCULATE, we must wait around 15 minutes to finish.

The optimal system found has an LCOH of 2.2734 €/kg, lower than before (we are minimizing
LCOH), although NPV is lower than before:

# Total NPV (ME) Ermission (KCO2Ax Unmet(GWhiyr)  IRR(%)  Land(he)  Ireeestrment(hE) Cap F(%)  LCOH(€/kgH2) Simulate Report ~

1 138.468 17.48 0 2016 7205 82.813 3621 2.2734 SIMULATE.. REPOR

2 149.938 1553 0 149.78 8645 82.813 3435 2.2754 SIMULATE.. REPOR

3 124.247 14.65 0 18.36 7925 87.813 3494 2.2897 SIMULATE.. REPOR

4 145.012 12.86 0 18.34 10085 102.813 3295 2.3678 SIMULATE.. REPOR

5 117.65 15.06 0 18.42 72045 826531 IE57 2.3692 SIMULATE.. REPOR

B 148.02 149 0 187 8644 8225 3408 2.3741 SIMULATE.. REPOR

7 161.84 13.88 0 1963 1008.45 102531 3284 2.3846 SIMULATE.. REPOR

8 154.863 14.14 0 15969 936.45 876531 3337 2.386 SIMULATE.. REPOR

9 122.248 14 0 18.25 792.4 87.25 3461 2.4162 SIMULATE.. REPOR -
< >

COMPOMNENTS: Batteries BatbMWhe (3 kah): Ts o 10p. 4 10 Wind Turk, WindT4bWyY (4 MW at 15 mfs) f Electroliz. Ely-20MWY of 20 MW Bat. Irverter of 12.5 My
Unmetload = 0%}/ LCOH = 2273 £jkgH2, IRR = 20.2%

STRATEGY: There is no load consumption -» no control strateqy related to the load consurmption supply. P lim. charge: 15 MW, S0C min: 10 2. Control variables for
gric-connected HZ and batteries: charge (buying E. o the AC grid) if price of E. is lower than 0.0389 £/k\Wh: disch. {load + injecting to the grid) if price E. higher than 0.091
£fkih

We could optimize again, maximizing NPV.
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