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1. INTRODUCTION AND OVERVIEW

MHOGA (MegaWatt Hybrid Optimization by Genetic Algorithms) is a software developed in
C++ for simulation and optimization of Hybrid Renewable Systems, including grid-connected
generating systems with or without storage and with or without load consumption, and off-grid

systems. Storage in batteries, pumped hydro storage (PHS) or hydrogen are allowed.

Two types of optimization can be performed: minimization of the net present cost (NPC) for
cases with high load or off-grid or maximization of the net present value (NPV) for grid-

connected generating systems.
Minimization of LCOE or LCOH and other optimizing options are also available.
Different cases of Net Metering and Net Billing can be defined.

The software includes multiperiod simulation and optimization (considering the increase in
load and the decrease of electricity production from the renewable sources during the years of
the system lifetime), multi-objective optimization, simulation in time steps from 1 minute to 1

hour, sensitivity analysis, probability analysis (Monte Carlo simulation), etc.

There is a “Getting started guide” with which to quickly learn the basic operation of the

program.

Modifications in this version (3.4).

January 18", 2024:
- Corrected bug in some cases in simulation of projects with water pump and batteries.
- Added constraint of maximum unmet load in NPV maximization projects.

- Added the possibility to consider the generation (transfer) charge for the energy

injected to the grid (by default) or for the renewable energy generated.

- The generation (transfer) charge can be negative, that is, the system would receive
money due to the renewable energy generated (in the case there is a state subsidy due
to emissions reduction). This will be subtracted from the cost of purchasing electricity
to the grid.
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- Added the possibility to calculate LCOE in NPV maximizing projects considering the
energy sold to the AC grid only (by default) or including the load energy consumed by

the system.
- Improved estimation of computation time.

- In optimization of energy arbitrage (for batteries, PHS or hydrogen) with two
variables, reduced computation time (lower price setpoint can't be higher than higher
setpoint) by default.

- Fixed minor bugs.
December 26", 2023:
- Added the selection of months for battery availability under arbitrage.

- Added the possibility to force to pump using AC grid or to use turbine to inject to AC

grid regardless arbitrage, with same selection of hours and months as for batteries.
- Added in the report the number of starts of turbine, pump, fuel cell and electrolyzer.

- Added in the Excel of the simulation, for each time step and for the total monthly, the

incomes of selling hydrogen.
- Corrected bug in IRR calculation in some cases when adding extra costs.
- Improved optimization speed in NPV minimization projects.
- Added in Extra costs the possibility to introduce a value with a fixed annual inflation.
- In MHOGA, added maximum land use constraint in minimization of NPC projects.

- Added the possibility to consider the cost of the CO2 emissions due to the energy
purchased to the grid.

- Corrected display errors of some graphs in time steps of less than 1 h
- Fixed minor bugs.
November 14, 2023:
- Fixed bugs of previous build when changing default currency.
November 8™, 2023:
- Fixed bugs.

November 2™ 2023:
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- In multi-period simulation, added the possibility to use different electricity sell (and
buy) hourly prices for the different years (not just updating with inflation, but using
different hourly files for the different years). Two options, import the different electricity
hourly prices files for the different years, or generate them as shown in the paper:
Optimisation of size and control strategy in utility-scale green hydrogen production
systems. International Journal of Hydrogen Energy.
https://doi.org/10.1016/j.ijhydene.2023.08.273.

- Added the possibility to optimize battery SOCmax (in Li-ion batteries).

- Corrected error in some stand-alone projects with diesel always on (creating the grid
refference)

September 4™, 2023:

- Added option for LCOH minimization. Also maximization of capacity factor and

minimization of LCOE, with weights. Also maximization of IRR.

- Added control strategy for grid-connected electrolyzer: run at full load, buying
electricity to the grid if necessary; at high electricity price electrolyzer power can be

supplied by the battery.
- Updated wind data downloading from Renewables Ninja.

- Fixed minor bugs.

June 27 2023:

In the simulation of multi-period projects, now you can choose to see the electricity
price of the year shown (by default now) or of the year 0 (as before).

In the Excel of the simulation, added specific units for each column and fixed bugs.
Added two more decimal places in the LCOE column of the results table in NPC
minimization projects.

Corrected bugs in the visualization of the simulation of multi-period projects.
Corrected bug in the visualization of the value of Initial Investment in the report in
NPC minimization projects.

Fixed minor bugs.

June 201 2023:
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e -Added the calculation of corporate taxes, considering EBIT, interest payment, linear

depreciation and amortization.

e -Added the possibility to define the inverter-charger power depending on the battery
duration wanted, considering only the first inverter-charger of the list.

e -In pumped-hydro-storage (PHS), added the possibility to define the water tank or
reservoir capacity as the turbine maximum flow multiplied by the duration wanted.

e -Added the possibilty to consider the water flow defined in the hydro resource as water

inlet in the water tank or reservoir.

e -Added more parameters for the electrolyzer electricity consumption and efficiency,

with the possibility of obtaining efficiency curves more similar to the real ones.

e -Added electrolyzer unavailability in PV systems during night time and in wind systems
if there are several consecutive hours with calm wind. After the stop, when the
electrolyzer starts again, a cold-start time is considered, and also an extra ageing (in

minutes) due to each cold-start.

e -Added the possibility to use a fixed value for the hydrogen tank capacity, which is the
maximum (in systems where a hydrogen load must be met). In previous versions, the
H2 tank capacity was determined at the end of the simulation of each combination, as

the minimum necessary.

e -Added the possibility to account for the replacement costs of the PV inverter (its own
inverter in AC coupled systems), the PV inverter replacement costs will be added to the
O&M costs of the PV generator.

e -Added ratio rated apparent power / rated active power of the backup generator.

e -Added the possibility to update the results table to the present data (simulating again

each combination of the results table) when saving the project.

e -Added zoom in the electricity price chart which is over the simulation chart (simulation

screen)

e -Corrected bugs in multi-period optimization of the limitation of the AC power of the

PV due to its own inverter.

e -Corrected bug when downloading hourly irradiation data from PVGIS, horzontal axis

tracking.
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-Corrected errors when opening project with sensitivity analysis.
-Corrected bugs with databases changing the currency.

-Corrected bug in optimization of arbitrage with 3 variables (before, in optimization the

price limits were < and > and in simulation <= and >=, now both the same, < and >).

-Fixed minor bugs.

March 29 2023:

- Added auxiliary load consumption for the batteries (cooling, heating, BMS..,) as a

percentage of the maximum power (Pamx=Imax-Vnom) of the battery.
- Added the possibility to set the maximum SOC for li-ion batteries.

- Added water cost for the hydrogen generation (this cost will be increased during the

years with general inflation).

- Added value of purchase electricity price below which the storage/generator will have

priority to supply the load (instead of the AC grid).

Previous modifications:

- Added the possibility to inject power to the AC grid from the fossil fuel generator (AC
generator) in NPV maximizing systems (in generating systems which sell electricity to
the grid).

- Added C-rate for grid-connected battery charge / discharge.

- Added the possibility to consider wake effect in wind turbines.

- Added the availability (hourly and monthly) for electrolyzer and for fuel cell.
- Added variable efficiency for the water pump (for PHS and for water supply).
- Choose power limit for priority to use surplus Energy in pump or in batteries.

- In Excel file obtained in simulation, added column of efficiency of turbine, efficiency

of pump and efficiency of electrolyzer (% of HHV).

- Improved visual effects in graphs, adding checkbox for the different series.
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- In load window the graph includes the water load (in energy pumped) and shows the

total average daily energy for each month.

e - IniHOGA high power projects and in MHOGA, added the possibility to connect PV

generator and wind turbines to the DC bus.

e - Extended download irradiation/wind/temperature hourly data from PVGIS for all

around the world.
e - Changed maximum current in li-ion batteries databases to C/2.

e - Corrected problem with full equivalent cycles model of li-ion batteries when including

calendar ageing for cases of very low discharge current.

- Corrected bugs in some cases with PHS storage.

- Corrected bugs related to systems with hydrogen load consumption.

- Corrected bugs when showing unmet load in multi-objective optimization.

- Fixed minor bugs.

1.1 Conditions for using MHOGA.

You may not modify, reverse engineer, decompile, or disassemble the object code portions of
this software. You may not sell, rent, lease, or otherwise charge for the distribution, installation,
copying, or storage of the Software. This Software is owned by Rodolfo Dufo-L6pez, and is

protected by copyright law and international copyright treaty.
Conditions to use this software:

1. This software is provided 'as is' and without any warranties expressed or implied, including,

but not limited to, implied warranties of fitness for a particular purpose, and non-infringement.
2. You expressly acknowledge and agree that use of the Software is at your sole risk.

3. Calculations involving meteorological variables (irradiation, temperature, wind, etc.) and
financial variables (interest rate, inflation rate, etc.) are estimates that may differ significantly
from the actual values, the system models may differ significantly from actual performance and
results of the simulations and optimizations could differ significantly from actual operation and

actual costs of equipment and systems.
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4. Data of components of the databases have been obtained on manufacturers websites and on
different publications, and costs have been obtained from online shops or different publications
at a certain date. Current costs and features can be different from costs shown on database. Some

data have been estimated and may differ from actual data.

5. You give up the ability to require the author any responsibility for any defects, errors or
omissions or malfunctions or data from the software or from the databases.

1.2 Software overview.

MHOGA is a simulation and optimization software of electric systems based on renewable

energies, for grid-connected generating systems (which can include storage) or for off-grid

Wind T. Hydro T.
‘ Pv
o v""‘v
« »
ZI23TR Water
SHPHD BB > Load

systems.

AC
Inverter/Charger j Load /

(Bi-directional [== .
<= inverter) t DC grid
H2
load - gyercelr +
Tank + Backup

Electrol. Battery Generator

The default values are for generating systems (without any load), where we want to maximize
the benefits of selling electricity to the grid. Power is measured in MW, monthly or annual
energy in GWh and costs in Mega monetary units (M€, M$ or any other).
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1.2.1 Optimization.

In generating systems, where all or almost all the electricity is sold to the AC grid, optimization
is achieved by maximizing the total incomes during the system lifetime (Net Present Value,

NPV), this is the default optimization type.

In the systems where we want to cover a high load demand (off-grid or grid-connected systems),
optimization is achieved by minimizing total system costs throughout the whole of the useful
lifespan of the system, where those costs (and incomes) are referred to or updated for the initial
investment (Net Present Cost, NPC).

Default optimization is therefore financial (mono-objective). However, the software allows for
multi-objective optimization, where additional variables may also be minimized: equivalent
CO2 emissions or unmet load (energy not served), as selected by the user. Since all of these
variables (cost, emissions, or unmet load) are mutually counterproductive in many cases, more
than one solution is offered by the programme, when multi-objective optimization is performed
(called “pareto front”). Some of these solutions show better performances when applied to

emissions or unmet load, whereas other solutions are best suited for costs.

The program can optimize the combination of elements and also the control stratetgy (which
determines when to charge or dischare grid-connected batteries, when to pump or turbine sotred
water, when batteries or diesel genset must supply the load, to what level the batteries should

be charged, ...).

1.2.2 Possible components of the system.
The hybrid system can include the following components:
* Photovoltaic generator (bifacial PV and concentrating PV, CPV, can be considered)
» Wind Turbines
* Hydro turbine (with or without Pumped Hydro Storage)
* Fuel cell
* H2 tank
* Electrolyzer

* Batteries (lead-acid or lithium-ion)
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* Inverter (DC/AC converter) or bi-directional converter (inverter/charger)
* Fossil fuel or back-up generators (diesel, biomass, or any other type)

Although the combination of all of them is possible, in many cases it will be interesting that the

hybrid system only includes some of them.

Different system loads are possible:
e Electric AC loads.
e Electric DC loads.

e Hydrogen loads (production of H for external consumption, e.g., electricity-powered

fuel-cell vehicles).

e Water pumping load.

1.2.3 Grid connection.

The software allows for selling AC electric energy to the grid, purchasing AC electric
energy to the grid or selling surplus hydrogen, green hydrogen produced in the electrolyzer
and stored in the tank. Time of use (TOU) or real-time tariffs can be defined for the energy sold
to the AC grid and for the energy purchased. Also limits for the power injected to the AC grid
and for the power purchased from the grid can also be defined (even in hourly periods, even

they can be optimized).

It can also be considered the case of systems with batteries connected to the AC grid,
optimizing the periods of charging (purchase of energy to the AC grid) and discharge (supply
the consumption load by means of the battery and/or inject energy into the AC grid to sell it).
The battery control strategy can be optimized. Also Pumped Hydro Storage (PHS) can be
considered, with similar control strategies as the batteries control. The generation of hydrogen

in the electrolyzer can also be optimized with similar strategies.

1.2.4 Energy storage.

Energy storage can be carried out using batteries (lead-acid or lithium-ion batteries), pumped

hydro storage (PHS) or hydrogen.
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1.2.5 Backup generator.

Often, in off-grids, to ensure the uninterrupted supply of energy to the loads of the system, the

system include back-up AC generators (usually Diesel).

1.2.6 Hydrogen.

The storage of electrical energy in hydrogen by means of fuel cells combined with electrolyzers
may, in the future, supplement or replace the storage in batteries. The electrolyzer generates H»
with the surplus energy produced by renewable sources, which is stored in the H tank.
Subsequently, when the energy demand is higher than that produced by renewable sources, the
fuel cell uses the stored H», which, combined with O, from the air, by reverse electrolysis

produces electricity and water.

There is also the option that the fuel cell uses Hz (not from the electrolyser), methane, etc., that

has been purchased externally.

Also the generation of hydrogen in the electrolyzer for external use (to be sold) can be

considered, without fuel cell.

1.2.7 MHOGA exclusive features.

Unlike other commercial hybrid optimization software, MHOGA uses advanced models in the
simulations: variable inverter efficiency (dependant on the inverter output power), advanced
battery lifetime models (lead-acid and Li-ion), advanced grid-connected storage control and
advanced grid options (hourly electricity purchase price, hourly sell price, hourly periods and
optimization for the contracted power, net metering and net billing and other features),
electrolyzer and fuel cell variable consumption (depending on the output hydrogen mass flow
or on the output power), electrolyzer stand-by power consumption, variable efficiency for water
pump and for water turbine, wake effect for wind turbines, etc. In the economic calculations,
MHOGA uses different annual inflation rates for different concepts (electricity purchased to the
AC grid, electricity sold to the AC grid, hydrogen sold, fuel of the backup generator, etc.). The
software can perform probabilistic analysis of the system. Also, optimization can be mono-
objective (economical optimization, minimizing NPC or LCOE or LCOH or maximizing NPV)
or multi-objective (economical optimization and also minimization of emissions and/or unmet
load).
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The optimization of a hybrid system is very complex, due to the variability of the availability
of renewable resources (solar irradiation, wind, hydro resource), as well as energy load. In
addition, some components of the system have non-linear characteristics, and the number of
variables influencing the optimization is very high. The hybrid system to optimize has a large
number of possible solutions (combinations of photovoltaic generator, wind turbines, hydraulic
turbine, batteries, backup generator, fuel cell, electrolyser, inverter-charger or some of them,
and also control strategy variables). All this makes optimization a complicated task with

classical mathematical techniques (for example with mixed-integer programming).

There are different software of simulation and optimization of MW hybrid systems, but none
uses advanced optimization algorithms except MHOGA. Other programs perform the
optimization by testing all possible combinations. One problem with this methodology is that if
the number of possible combinations is very high, the calculation time increases enormously
and becomes inadmissible. MHOGA can use genetic algorithms (GA) reducing the optimization
time to less than 0.1% of the computation time needed to evaluate all the combinations, with
great probability of obtaining the optimal solution or a very close solution (Bernal-Agustin &
Dufo-Lopez, 2009a).

In addition, the control strategies used by other software tools are too simple, and no in-depth
optimization is possible as in MHOGA. MHOGA can optimize the grid-connected batteries
control, the pumped hydro storage and the hydrogen generation, as well as the off-grid systems

control strategies.

Other advantages of MHOGA are in the models used, more precise than other software tools,
in the components as well as in the economic calculations, besides functionalities like the pre-
sizing, the optimization of the slope of the photovoltaic generator, the probability analysis, the

advanced battery ageing models, multi-objective optimizations, etc.
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1.3 System optimization.

In Annex 1 there is more info about the Genetic Algorithms used in the optimization.

MHOGA makes use of two genetic algorithms, the main algorithm and the secondary algorithm.
The main algorithm provides an optimum configuration for the PV generator, the wind
turbines, the hydraulic turbine, the batteries, the AC generator, the fuel cell, the electrolyzer,
and /or the inverter-charger, in order to minimize total system costs (NPC) in the cases where
we want to supply a certain load or to maximize NPV in the cases of generators (or
minimize LCOE or LCOH).

Minimization of NPC:

When minimizing the NPC, it calculates the total cost during the system lifespan, calculating
the cash flow for each year and updating it with respect to the initial time, i.e. it calculates the
Net Present Cost (NPC) of the system, in mono-objective optimization. Costs are accounted as

positive amounts of money while incomes (if any) are accounted as negative amounts of money.

For each possible solution obtained from both algorithms (combination of components and
control strategy), the sum of the cash flow during the years transferred to the initial moment of

the installation (NPC) is be calculated, which includes:
e The initial costs of the system (acquisition of the different components of the system).
e The fuel cost of the AC generator (diesel fuel usually)

e The fuel cost of the fuel cell in the event that it consumes external fuel, i.e. not generated

by an electrolyzer.
e The costs of operation and maintenance of the different components.

e The costs of purchasing unmet load (electrical energy not served by the system) to the
AC grid (if there is AC grid).

e The replacement costs of the elements whose lifespan is less than the study period
(usually 25 or 30 years, and usually coincides with the duration of the photovoltaic

modules).

e The incomes (which are subtracted from the costs) due to the sale of surplus electric

power to the AC grid as well as the sale of surplus Hz generated (if any).
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e Revenues (which are subtracted from costs) by sale of the different components (if
residual lifespan remains) at the end of the study period of the installation. The revenues
from these sales are assumed proportional to the life left. There is the possibility of

considering these incomes or not.

In stand-alone systems, NPC of each combination of components i and control strategy k
(NPC;y) is computed considering the acquisition cost of all the components of the hybrid
system and also the replacement of the components, the operation and maintenance (O&M)
costs, the fuel costs, the electricity costs (purchased to the AC grid) and the incomes (of selling
electricity and/or hydrogen) during the hybrid system lifetime Lifens (years). Lifens (years).
Defining Costj as the acquisition cost of component j (year 0), NPCrep j the sum of the
replacement costs of component j during the system lifetime converted to the initial moment of
the system (year 0), Costosnm_j the annual O&M cost of component j in year 0, Costr y is the
cost of the fuel used by the fossil fuel generator (backup generator) during year y, CoStpurch E y
Is the cost of the electricity purchased to the AC grid during year y, Incomessei g _y is the income
due to the electricity sold to the AC grid during year y, Incomessei_H2_y is the income due to the
hydrogen sold for external use during year y and Costinst is the installation cost (engineering,

terrain, cabling...). NPC is calculated as follows:

Lifeys y Lifens
(1 + Infgen) Costp ,,
NPC; ) = Z Cost; + NPCep j + Z Costogm j —(1 Ty + Z (—(1 n I)y>
j y=1 y=1

Lifeys Lifeps

N Z (Costpurch_E_y> B z <Incomesse”_EJ,)
A+ a1 +D>
Lifeys I
NCOMeSsey y2.-
— Z ( a +SIe)y y) + Costiysr
y:

where Infgen is the general annual expected inflation and | the annual interest rate (nominal

discount rate).

Costr ,, = Fuel,, - PrFuely - (1 + Infg)”

where Fuely is the fossil fuel generator (backup generator) consumption of year y, PrFuelo the
fuel cost of the year 0 (monetary unit / fuel unit) and Infr the annual expected fuel inflation.
The sum of replacement costs during the system lifetime is the total replacement cost of

component j:
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Nyep j .Life:
p-J (1+1nfj)lefe]
NPCrep_j = Z COStj (1 N I)m-Life]-

m=1

(Llfe] - (LifeHS - Nrep_jLifej)) (1 + Inf})LifeHS
Life; (1 + I)Lifens

— Costj

where Lifej (years), Infj and Nyrep j are, respectively, the lifespan of component j, the annual

expected inflation of its acquisition cost and N,..,, ; the number of times it is replaced during the

system lifetime (Lifens):

Nyep j = Integer(LifeHS/Lifej)
The levelized cost of energy (LCOE) of the energy supplied by the system of components i and

control strategy k during system lifetime, that is, the levelised cost of energy (LCE) (€/kWh) is

calculated as follows:
NPC;y
Li y
ZnyHS[ ?ZSOh Eload_y(t) ' (1 + Infgen) /(1 + I)y]

where Ejoad_y (t) is the consumption load during each time step of year y supplied by the off-grid

LCOEi'k S

system plus the load supplied by the AC grid. The term (1 +Infgen)y/(1 +1)Y can be

considered as in shown in the previous equation (as usually LCOE is defined) or replaced by 1,

it is decided by the user.

In the case of grid-connected systems, there can be a cost of purchasing electricity to the AC
grid, which is affected by its own inflation, and there can be incomes due to selling electricity
to the AC grid (and/or selling hydrogen for external use), these incomes will be counted as
negative values in the NPC calculation, and they are affected by their own inflation.

The levelized cost of hydrogen (LCOH) of the hydrogen supplied to the load (hydrogen load)
by the system of components i and control strategy k during system lifetime (€/kg) is calculated
as follows:

NPC;
ST [T H2ygqq y (t) - (1 + Infyen)” /(1 +1)7]

LCOH;; =

where H2j0ad_y (t) is the hydrogen consumption load (kg) during each time step of year y supplied
by the system.
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Maximization of NPV:

If the optimization is the maximization of NPV (gird-connected generating systems with no
load or very low load), in its calculation incomes are positive (selling electicity to the AC grid
and/or selling hydrogen for external use) and costs are negative. It is calculated as follows:

Lifeys Lifeys Lifeys

NPV, — z <Incomesseu_EJ,) N z <Incomesse”_H2_y) B Z (Costpwch_E_y>
Lk 4 (1+1) 4 (1+1) 4 (1+1)>
A (1+ Infyen)”
— Z Costj + NPCyep j + Z COSto&M_j(l_l_—I)y
J y=1
Lifeys

Costp
= 2, (i) - Costasr

The electrical energy incomes and costs during year y are calculated as follows:

8760h
y
Incomesge) gy = Z (Eselly(t) -PrEsellO(t)) (14 Infeen )
t=0
8760h
y
CoStpyrcn gy = z (E'purchy(t) - PrEpurch, (t)) . (1 + Infpurch_E)

t=0
where Eselly(t) and Epurchy(t) are, respectively, the electrical energy sold to the AC grid and
the electrical energy purchased from the AC grid during each time step of year y; PrEsello(t)
and PrEpurcho(t) are the prices of electrical energy sold to the AC grid and of the electrical
energy purchased from the AC grid during each time step of year O; Infsen £ and Infourcn e are

their respective price annual inflations.

The incomes due to hydrogen sold during year y are calculated as:

Incomesgey pyp y = (HZselly . PrHZsellO) . (1 + Infse”_E)y

where H2selly(t) is the amount of hydrogen sold during year y; PrH2sello is price of selling
hydrogen at year 0 and Infourch_H2 IS the price annual inflation.

In this kind of grid-connected systems, where there is no load or load is very low, the LCOE of
the energy injected in the AC grid by the system of components i and control strategy k during
system lifetime, is calculated as follows (the user can select to use the electricity sell price

inflation instead of the general inflation in the equation):
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LCOE;; =
_ Total_Present_Cost
= y
S L5 | (Z8250% Eselly, (t) + H2go1a,, - 39-4) - (1 + Infyen)” /(1 +1)7]

Where Total_present_cost is the sum of the total present costs of the system during its lifetime
(NPV minus incomes), 3:828%" Esell,,(t) is the energy injected in the AC grid during year y,

H2s014_y IS the amount of hydrogen sold for external use during year y and 39.4 kWh/kg is the
conversion factor from hydrogen to energy (higher heating value).

Total_Present_Cost =
Lifeys

— Z (COStpurch_E_y)
a+nYy

Lifeys

+ Z COSt]' + NPCTep_j +
J

(1 + Infgen)y)

(Costo&M_j aA+1)Y
y=1

Lifeys

Costp
+ Z (—(1 n I)y) + Costyst

The LCOH (€/kg) of the hydrogen sold, produced by the system of components i and control
strategy k during system lifetime, is calculated as follows (R Dufo-LoOpez, Lujano-Rojas, &
Bernal-Agustin, 2023) (the user can select to use the electricity sell price inflation instead of

the general inflation in the equation):

Total Present Cost_H?2

LCOH"k = -
T (S s, ) - (1 nfyen)” /(1 1)7]

Where Total present_cost H2 is the sum of the total present costs of the system during its
lifetime (NPV minus incomes due to selling hydrogen).
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Total Present_Cost_H2 =

Lif Lif
B Lens Costpurcng, lzeHS (I‘I’lCOmeSsell_E_y>
= E A+ 1+10

1+ Inf,en)”
<C 0Stogm_j ((1+/;g)y))

Lifeys

+ Z COSt]' + NPCTep_j +
J

y=1
Lifeys
Costp
+ Z ((1 n I)y) + Costyst
y=1

Multi-objective optimization:

For multi-objective optimization (Bernal-Agustin, Dufo-Lopez, & Rivas-Ascaso,
2012)(Rodolfo Dufo-Lépez & Bernal-Agustin, 2008)(Bernal-Agustin & Dufo-L06pez,
2009b)(Rodolfo Dufo-Lépez et al., 2011) (Rodolfo Dufo-Lépez, Cristdbal-Monreal, & Yusta,
2016a)(Coello, Veldhuizen, & Lamont, 2002)(Zitzler & Thiele, 1999), MHOGA looks for

solutions with low NPC and low CO; and/or low unmet load by the stand-alone system.

MHOGA also obtains, for each combination of components provided by the main algorithm,
the control strategy (combination of control variables, see Annex 2 for more information on
control strategies) more suitable to minimize NPC (through the secondary algorithm) or

maximize NPV, depending on the type of project.

Total CO2 cycle life emissions are also obtained, including those generated by the AC generator
fuel (usually diesel), as well as those generated in the manufacture, transportation and recycling
of the components of the system, and those generated in the electricity purchased from the grid,
if applicable (Rodolfo Dufo-L06pez et al., 2011). The result is obtained in kton of CO; per year
(total emissions during the study period from fuel and from manufacturing, transportation and
recycling of components are divided by the number of years of system life).

Probabilistic optimization:
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You can also perform probabilistic optimization (using Monte Carlo Simulation) (Rodolfo
Dufo-Lopez, Pérez-Cebollada, Bernal-Agustin, & Martinez-Ruiz, 2016)(Rodolfo Dufo-L6pez,
Cristobal-Monreal, & Yusta, 2016b), where meteorological data and load demand follow certain

functions of probability, obtaining results that are also probability distributions.

Optimization of the grid-connected battery management (see section 3.1.3.2): and/or the

pumped hydro storage:

It is also possible to optimize the management of batteries in systems connected to the AC grid,
to charge when the electricity price of the AC grid is low and to discharge when the price is
high (Rodolfo Dufo-Lépez, 2015).

The management of the pumped hydro storage or the hydrogen generation can also be

optimized.

1.4 System performance simulation.

For each combination of components and control variables, the system is simulated for a full
year or for the whole system lifetime (multiperiod optimization), in time steps which can be
defined from 1 minute to 1 hour.

1.4.1 Simulation during 1 year.

If the simulation during just 1 year is selected, it is assumed that all years of the system's lifetime
will be the same (except in the case where the advanced lead-acid batteries life model proposed
by Schiffer et al., 2007 (Schiffer et al., 2007) is selected, where the simulation of the system

must be carried out until the end of the battery lifetime).

That is, in general (except "Schiffer” battery model) the results obtained in the simulation for
one year are assumed to be the same for the rest of the life of the system. During that year, at
intervals of between 1 minute and 1 hour (depending on the designer's choice), all variables are
obtained to define the behavior of the system, considering the characteristics of the elements
that compose the system, the control variables, energy demand data and meteorological data.
We consider the semi-stationary system, so that in each interval (between 1 minute and 1 hour)

the different variables of the system remain constant.
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If the battery model is that of Schiffer et al., 2007 (Schiffer et al., 2007), which takes into
account the aging of the batteries (due to degradation and corrosion), not every year are the
same, but the simulation is done continuously until the batteries end their lifespan (when the
remaining capacity drops to 80% of nominal or to the value selected by the user). From that

moment, the cycle is repeated.

1.4.2 Multiperiod simulation.

If the multiperiod simulation is selected, the simulation during the whole lifetime of the system
is performed (usually 25 years). It takes much more computation time than the simulation of
just 1 year, but the results are much more accurate. It considers the increase in load during the
years (a percentage of increase in load of each year compared to the previous year) and it also
considers the decrease in the PV generation (a reduction in % for each year) and for the other
generation technologies. Also different irradiation and wind speed can be considered for each
year. Even different operation and maintenance costs for the PV generator or for the wind

turbines can be considered for each year.

1.4.3 Variables considered in the simulations.

In the most complex case, with all the components of the system included, during each time
interval of the year or of the system lifetime, MHOGA must estimate the following variables:
the power generated by the renewable sources, which depends on solar irradiation, wind and
hydraulic flow in that interval; the electrical energy consumed by the loads (AC usually) and
the amount of external H> consumption, which depends on the loads expected for that interval,
the State of Charge (SOC) of the batteries, as well as the amount of H, available in the hydrogen

tank and the amount of water available in the water tank (in its case).

In the case of not having measured values for the solar irradiation, or downloaded from PVGIS,
Renewable Ninja or NASA, solar hourly irradiation over the tilt surface of the PV generator can
be calculated from the monthly data using the model of Graham (1990) (Graham & Hollands,
1990), which entails statistical variability, or using the models of Liu and Jordan, 1960 (Liu &
Jordan, 1960), Hay and Davis, 1978 (Hay & Davies, 1978) and Rietveld (Rietveld, 1978), by
using different correlations: Liu and Jordan (1960) (Liu & Jordan, 1960), Collares-Pereira
(1979) (Collares Pereira & Rabl, 1979) and Erbs et al (1982) (Erbs, Klein, & Duffie, 1982). We

can calculate the irradiation over the back surface of the PV modules (for bifacial PV), using
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the methodology shown in (Durusoy, Ozden, & Akinoglu, 2020), expanded to any azimuth and
tracking method. Also direct irradiation over the tilt surface (for CPV) is obtained.

From the above data, the irradiation in steps of 1 minute is obtained following a first-order
autoregressive function model based in the one used by Meteonorm software (Meteonorm.

Global meteorological database. Handbook part II: Theory. Version 7.1, 2015).

Regarding the wind speed, if no measured values are available, MHOGA calculates it from the
monthly data using the Dufo-Lopez and Bernal-Agustin model (Rodolfo Dufo-Lopez & Bernal-
Agustin, 2012). Then the wind speed values are obtained in steps of 1 minute following the
first-order autoregressive function model used by Meteonorm software (Meteonorm. Global
meteorological database. Handbook part Il: Theory. Version 7.1, 2015).

If load data are not available at 1 minute intervals, the software obtains them from the hourly

data using a first-order autoregressive function model similar to that used for irradiation.

In order to consider the effect of ambient temperature on photovoltaic generation and on wind
generation (Rodolfo Dufo-Lopez, Cristobal-Monreal, et al., 2016b) the hourly temperature must
be known, which, if no data are available, can be calculated from monthly average temperature
data (together with the irradiation data) applying the model of Erbs et al. 1983 (Erbs, Klein, &
Beckman, 1983).

In the case of lead-acid batteries, the state of charge of the batteries, as well as the maximum
current allowed by them can be calculated according to several models, to be chosen by the
user: Model Ah (used by Schuhmacher in 1993) (Schuhmacher, 1993), KiBaM model (Manwell
and McGowan, 1993) (Manwell & McGowan, 1993), Copetti model (Copetti et al., 1993 y
1994) (Copetti, Lorenzo, & Chenlo, 1993)(Copetti & Chenlo, 1994), Schiffer model (Schiffer
et al., 2007) (Schiffer et al., 2007). The calculation of the estimated lifespan of the batteries is
very important, since it influences the number of replacements of the batteries during the study
period and therefore in the total cost NPC or NPV of the system. It is possible to choose between
Equivalent Cycles to failure model and another more complex and precise, the method of the
Count of Cycles or Rainflow according to the algorithm of Downing (Downing and Socie
1982)(Downing & Socie, 1982), more accurate(Green & Manwell, 1995)(Green & Manwell,
1995)(Green & Manwell, 1995)(Green & Manwell, 1995)(Green & Manwell, 1995)(Green &
Manwell, 1995)(Green & Manwell, 1995)(Green & Manwell, 1995)(Green & Manwell,
1995)(Green & Manwell, 1995)(Green & Manwell, 1995)(Green & Manwell, 1995)(Green &
Manwell, 1995)(Green & Manwell, 1995)(Green & Manwell, 1995).
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For lead-acid batteries, it can be used the method proposed by Schiffer et al (Schiffer et al.,
2007), a much more precise model, which includes the ageing by corrosion (a comparison of
the different models was studied in (Rodolfo Dufo-Lopez, Lujano-Rojas, & Bernal-Agustin,
2014), where it was verified that the model of Schiffer gives similar results to the real ones,
whereas in some cases the other models predict the duration of the batteries of the order of 2 or
3 times superior to the real duration).

In the case of lithium-ion batteries, in addition to the Equivalent Cycle life model and the Cycle
Count or Rainflow method, you can choose other three life models specific to lithium-ion
batteries: three models for LiFePo4 / graphite batteries, Wang et al, 2011 (Wang et al., 2011);
Grot et al., 2015 (Groot, Swierczynski, Stan, & Kar, 2015)); Naumann et al., 2020 (Naumann,
Spingler, & Jossen, 2020); and another model for LiCoO2/graphite batteries, Saxena et al., 2016
(Saxena, Hendricks, & Pecht, 2016)).

Once a combination of components and control strategy has been simulated for all the time
intervals of a year, MHOGA knows the different parameters that will determine the NPC or
NPV of the system over its useful life. With these data, MHOGA can know the annual costs
and incomes. It can also be known how long it will take for each component to need to be
replaced. Finally, by updating or translating all these costs to the initial moment of the
investment, the NPC or NPV of the system is obtained.
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2. INSTALLING AND RUNNING THE APPLICATION

2.1 Installation

To run the program you need the Microsoft Windows XP operating system or higher.

A minimum screen setting of 1152x864 pixels is recommended. Lower values will cause some
screens of the program not to be displayed in full and the scrollbars will have to be used. It is
also recommended that the text size of Windows be medium (if it is large it may not be well
visualized the texts of the program, some texts can be mounted on others). These requirements
are met by default by most of the computers that were manufactured some years ago.

To install the application double click on the auto-installable file called MHOGA with the
version number and build data. If you have problems to install, you can request to the developers

the files to be added directly to your computer.

MHOGA software does not run under virtual machines or hypervisors. Even if you do not use
it, virtualization is enabled by default in many new computers BIOS. Deactivate virtual
machines or hypervisors if, after installing, when you open the software you obtain the
following message "Failed to start the trial: The function failed because this instance of your
program is running inside a viertual machine / hypervisor and you've prevented the function
from running inside a VM." (it can happen due to the default virtualization activation in the
computer BIOS, in this case you must disable it in BIOS, see the last page of the following

document): How to deactivate virtual machine / hypervisor

2.2 Running the Application

The application may be started:
e From the Start button, Select All Programmes, select MHOGA.

e From the Desktop, double click on MHOGA.



http://ihoga.unizar.es/Desc/DEACTIVATE%20VIRTUAL%20MACHINE.pdf
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3. INTRODUCING DATA

A welcome screen is shown when the programme is open.

MHOGA (v. 3.0 - PRO+)

MegaWatt Hybrid Optimization by Genetic Algorithm

Wind T. Hydre T.
[~ T
. e IEE

/{\Fiﬁ‘ |¢ ::l
R K B

When you open the software, it asks if you want to look for updates. If yes, it connects internet
looking for a new version. If a new version is ready to be downloaded, it asks you to download
it:

Confirm X

There is a new version of the software. Do you want to download it?

It is strongly recommended that you download and install the new available version. After

downloading it, you must close the software and install it.

If the version is the same as the one you had installed, but it is a new build:

A) If in the previous version you changed the currency and/or the components of the
databases: DO NOT RUN THE INSTALLER, YOU SHOULD ONLY COPY THE
EXECUTABLE FILE (folder EXECUTABLE) and replace the original one in the
installation folder of the software.

B) If in the previous version you did NOT change the components of the databases
neither the currency: Uninstall the current version and install the new version by
running the installable file (folder INSTALLABLE). It is not recommended if you
changed the currency and/or the components of the database, because you would loss

these changes.
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If the version is new (newer than the one you had installed):

A) If in the previous version you changed the components of the databases and/or the
currency:
1. If you changed the components of the databases:

a. Before installing the new version, you must make a backup of the
database tables (Project->Create tables backup); the backup will be
created in the installation folder of the software, with a .back file and a
folder with the same name.

b. Copy the .back file and the folder with the same name which was created
in the installation folder, to a safe different folder.

2. Unisntall the previous version and then delete the installation folder where the
software was installed.

3. Install the new version by running the installable file (folder INSTALLABLE).

4. After installing:

a. If you changed the currency: before opening a previous project, you
must create a new project and change the currency as you did in the
previous version (the software will ask you for doing that).

b. If you changed the components of the databases: copy the .back file and
the folder with the same name from the safe folder to the installation
folder of the new version. Then, restore the backed up tables (Project-
>Restore backed up tables and choose the .back file).

B) If you did NOT change the components of the databases neither the currency:
uninstall the previous version and install the new one by running the installable file
(folder INSTALLABLE).

The first time you open the software it asks for a valid email address which will be used to

inform you about updates and information about the software. Enter the email and click “OK”.

For updates and info, please introduce a
valid email of the user of this computer:

0K

On the Project Menu, there is a choice to create a new project, open an existing one, exit the

application or other options (available after a project is created or open).
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Il iHOGA
Project | Data (Calculate Data Base
) New
& Open
=
=

E exit

Licensing:
The first time we run MHOGA, after accepting several messages showing that the license is not

active, you should click in the upper menu “License” -> “Activate License”.

Base Report Visual Help | License

Show License '

Activate License
Recheck license
Extend trial
7

Then a window appears, where you must click “Activate software online now”.

e

T TurboActivate
Activate software now

Your activation period has expired and software is no longer working. To use your software
you must activate this copy of software.

» Activate software online now

» Buy a new product key online

Then it asks for the product key (you should have bought the key previously):

The product key looks like this:
PRODUCT KEY: X0O0(-X300C-XO0COC- X000 - 20000 X000 - X000

Product Key: ‘ | |

If you just purchased 1 license, you can use the same product key in several computers,
but it only can be active in one computer. If you want to use the software in another computer,

first deactivate the license in the computer where you were using the software, and then in the
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another computer activate the license. You can change from a computer to another one

whenever you want.

License
Show License ‘
Deactivate License
Recheck license
Extend trial

Change the default currency which will be used by MHOGA:

The first time you create a new project (menu Project->New), MHOGA asks if you want to
change the default currency, i.e., if you want to use as default a currency different from Euro

©).

1 MHOGA
Project | Data Calculate DataBase Re
Mhe. |
& Open

=

o

B it

Confirm x

Do youwant to use as default currency in MHOGA a currency different from EURO (€]
- If you want a default currency different from EURQ (&), press '0K'

- If you want to keep EURO (£) as default currenc y, press ‘Cancel’

Cancel

MHOGA will only ask for the default currency this first time we create a project. If it is not

changed at this time, the default currency will be the Euro.

To change the default currency later: In the upper menu Project, select Restore default

currency, and accept all the steps. The next time you open the software, it will ask you for the

new default currency.

If we want to keep € as the default currency, we must click the "Cancel" button. If we want to

use another currency by default, we will click "OK",

If we click "OK" the following screen appears, where we can choose the new default currency.

You can choose between Euro (€), US Dollar (€) or any other to be defined.
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1 CHANGE DEFAULT CURR... - O *

DEFALILT CURREMCY TO BE USED BY HOGA:
LIS Dallar [$] -

Equivalence between currencies: 1£= |1.3 $

Cancel |

If we choose another currency, a text box appears at the right where we must write its
abbreviated name. Below we must indicate the equivalence between the Euro and the new

currency.

\ CHANGE DEFAULT CURR.. — O X

DEFALLT CURREMNCY T0 BE USED BY HOGA:
nother [define| ~| |auD

Equivalence between cunencies: 1£= [1.3 AUD

0K | Cancel |

If we click the "Cancel™ button, the Euro will be kept as the default currency and the default
databases and data will not be altered. However, the next time you create a new project or open

a project, you will be asked to define the currency.

If we click "OK", the new currency will be the one that will use MHOGA by default, and the
economic values used by default and the cost data of the databases will be multiplied by the
factor we have set as equivalence between currencies. The next time we create a new project or
open an existing project, the program will no longer ask for the change of currency. However,

in each project, you can define another currency.

Create a new project:

If we click on Project-> New, the program will ask for the name of the project and the folder

where we want the project to be created.

The Windows save window appears to select the name and folder where the project will be

created.
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The file of the project will have .mho extension. Once pressed "Save" button, the program will
create a file with the name that we have given to the project plus “.mho”, in addition to a folder
with the same name, in the same directory where we created the project. In that folder the

necessary tables and files for the execution of the project will be placed.

If, after working on the project and closing the software, you want to move or copy the project
to another directory, you must not only move or copy the .mho file, you must also move or

copy the folder with the same name.

Important: If the path from the root to the project directory is too long, the Paradox tables
used by the program do not work, and when we open the project it will give an error message.

In that case, place the project in a directory with fewer characters.

If the operating system is Windows Vista or 7 it will not let you save projects directly to C:\

The default values are for a PV-battery generating system, with no load and irradiation of

Zaragoza, Spain. Of course, the user can change any data.

T | REBLLTE CHART

OFTIMEATION PARAME TERS SELECTED B

Open an existing project:

If we choose Open an existing Project (Project->Open), we must also first select the type of
project. A screen will appear where we should look for the folder of the project file that we want

to open (with extension .mho).

In the directory where the project file is located, there must also be a folder with the same name,
where are the tables used by the program (when a new project is saved, MHOGA creates both
the .mho file and the folder with the same name) .
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3.1 Main screen and main options of the project

The main screen of the program looks like this:

Project menu: New,
save, save as, main
options, restore
tables, exit...

different

Access to the database of the

components

A

1l Project: DA1.mho
. )

roject Data Calculate DataBase Report Help

f LOAD /AC GRID

Load (AC, DC, H2,
pumped water) and
grid-connection data

COMPONENTS
M PV Gen.

| [” Wind Turbines

Irradiation, Wind speed
and Hydraulic data

/1

COMPONENTS

f FVGEN

I~ Hydro T.
¥ Battery bank

[~ Backup Gen.

Choose the different
components

v Inverter/cha

" f BATTERIES

 INVERTER/CHAR, |

[~ H2 [F.C. - Elyzer]

Components data

TABS: General data; Optimization;

Control Strategies; Financial data;
Results chart O

GENERAL DATA OPTIMIZAT\ONI CONTROLSTRA GIES} FINAMNCIAL DATA‘ RESULTS CHART

MIN, AND Max, Mo COMPONENTS IN PARALLEL:

Min. and max. Number
of components in
parallel allowed

isMETERS SELECTED BY:

Maximum allowed
computation speed
in the optimization

Bateries in paralil: Min. [1 Max. [5 " USER
PV gen. in parallel Min. [0 Max. [ HMaximum execution time:
- - 0 h[15 g Paramelers ‘
,1— h— ¥ Minimum tim: for the Genetic Agorthms
Simulation
Step [min}  Simulation stars
6~ how [0 day[T T month[T

Constraint under NPY maximization:

Max, investment cost [IE10

ME

W
v

Simulation time steps
(minutes) and time
to start the
simulation

__HeFC B |

Water Pump in Load/AC giid

DC (batteries) and AC
buses data

DCVolage [1 kY [~ 50Cd
[—PpAc Voltage [20 K

PRE-SIZING

Energy storage: [4° daps autan

Pre-sizing, only for
systems with load

I Maxbat paraliel > Crimin,
[ Max P gen. parallel -» P min,
B

-
-

Sensitivity analysis
and Probability
analysis data

Sensifivity Analysis
It Frobability Analysis

@ CALCULATE

Calculate (optimize)

5 ——

PV

1‘) 3 "P

4

AC
AC
Inverter/Charger E Load /
(Bi-directional rid
inverter) Dc 9

Battery

Best solution report button

A

|—| System scheme with the selected

Constraints

|—

The main screen shows menus and buttons. They provide access to additional screens where the

different elements of the system may be selected.

Main options of the project.

The first to decide are the main options of the project.

By clicking on the upper menu Project-> OPTIONS:
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1l Project: D:\1.mho

Project Data Calculate Datak

O Mew

(& Open

E Save Ctrl+5
EI Save as

Save as Default Project
OPTIOMS

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

H Exit

The next window appears, where we can choose the main options of the project.
We must choose:

Simulation of each combination of components and control strategies:
e Simulation of just the 1st year and extrapolate the results.
Or

e Simulation Multiperiod (simulate all the years of the system lifetime, considering the

increase in load and the decrease in PV generation, wind turbine generation,...).

Type of project considering the economic optimization:

e Minimization of net present cost (NPC) (typical for off-grid systems or grid-connected
systems with high load). We can select minimization of NPC or minimization of LCOH,

if there is hydrogen load.
Or

e Maximization of the net present value (NPV) (typical for grid-connected generators
with low load or without any load, where all the energy or almost all is sold to the AC
grid). We can select maximization of NPV or minimization of LCOE or minimization
of LCOH, if there is hydrogen generation (a button “Data” appears where a minimum
annual amount of hydrogen to be generated can be set). Also is possible the
maximization of capacity factor and minimization of LCOE, with weights (a button
“Data” appears where a data must be set). Also is possible the maximization of IRR.
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MAIN OPTIONS:

Simulation and optimization:

(@) Simulation of the 1styear and extrapolate results
(O Multiperiod: simulate all the years of the system lifetime | WEEArS)

Economic optimization:

(O Minirmize Net Present Cost (NPC), usually for off-grid systems and high load onmgrid b Min. NPT
in. LCOH
(@) Maximize MNet Prasent Value (NPY), usually for low load or no-load on-grid systems > ~
{g} e, NP
(O Min. LCOE
[ | Dedine Wind Farrm with 16 power cunves, one for each wind direction sectar () win. LCOH
[ ]DCrenewable include own charger and contraller :5 mz :%aF;:F. . LEOE

[J'hen saving the project update all the results of the table to the present conditions

Mumber of decimal places in results of costs 3 ~
MNumber of decimal places in results of energy 3 ™
(0] 4

We can also select the option to Define Wind Farm with 16 power curves, one for each wind
direction sector (by selecting the checkbox). In that case, later, in the Wind resource window
we will have to import a file with wind speed and direction data, and in the Wind Turbines

window we will have to import the 16 power curves.

We can select the option DC renewable include own charger and controller (by selecting the
checkbox). In that case, if later you define PV generator and/or wind turbines connected to the
DC bus, they will be supposed to include their own charger and controller therefore they will

be able to charge the batteries and/or feed the DC electrolyzer, not needing an inverter/charger.
Also the number of decimal places of the results must be settled.

If we select the box “When saving the project, update all the results of the table to the
present conditions”, when you save the project, the results table will be updated to the
present conditions, this means that each row of the results table (that is, each combination of
the results table) will be simulated again and the results will be updated. Be careful with this
option, as if the results table has many results and you are using multi-period optimization

and/or time steps of few minutes, the update can take a long time.
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By selecting Multiperiod, the number of years of the system lifetime must be indicated (by

default 25 years) and a button appears to select several options:

Simulation and optimization:

7 Simulation of the 1styear and extrapolate results

p
& Multiperiod: simulate all the years of the system lifetimle |:|25 years) | Options ]
<

By clicking in Options button a new window appears, where we can choose:

The year to be seen in the simulation (although all the years are simulated, just one can
be seen in the simulation screen): the average year or a specific year. Anyway, later, in

the simulation screen, the visualisation year can be changed.

The annual increase (%) in electricity and in hydrogen price. They can be fixed values
(if “Fixed” option is checked, as default), that is, same values for all the years, or they
can be different for each year (if “Fixed” option is unchecked, appearing the first three
columns of the right table where we can introduce the values for each year of inflation
of the electricity purchased to the AC gird in “Purch. E.” column, inflation of the
electricity sold to AC grid in “Sell E.” and inflation of the hydrogen sold in “Sell H2”).

The annual increase in load consumption (%). Fixed values for all the years or a specific

value for each year in the right table, columns “Inc AC” to “Inc H2”.
The annual decrease (%) for the different technologies of generation.
The battery end of life capacity reduction.

The annual variation (%) over average in resources (irradiation and wind speed), if “No
change” is checked, all the years will have same resources, however if it is unchecked,
in the columns of the right table (“Irrad.” and “Wind”) we can introduce the variation of

each year (%) over the average.

The annual operation and maintenance (O&M) for PV and for Wind T., which can be
fixed (all the years the same) or it can be different for each year (in the two last columns
of the table, OM.P. and OM.W, in % of the acquisition cost of the PV and of the Wind
turbines). The cash flow of each year will be that percentage, which will be affected by

the general inflation.




MHOGA V. 3.4

User’s manual

37

MULTIPERIOD SIMULATION AND OPTIMIZATION OPTIONS:

Obtain random values for

Showin the simulation during one year. Obtain random values for

(@ Aerage year

Year Purch.E. SellE

(Crvear number 1

1
Annual increase in electricity and H2 price, Fixed 2
(iffixed, same values as price inflations of LOADAAC GRID) i
AC grid Electricity: Purchase: %, Sell 4
H2 sald %  []Eachyeardifi hourky sell price Data | |5
I:‘Hnurly buy price = EE!”X 5
Annual incregse in load congurnption: Fixed 7
Hz: % Water % 9
10
Forvariahle unselect "Fixed"
Annual decrease in generation 11
P 1styear: %;  otheryears: D% 12
“ind Turbines: % 13
14
Hydro Turbines: El%

Brttery snd of lifs when capacity reduction of |20 %

[AA Mo change

Annual varistion over average in resources:

Annual O&M for P and Wind T [v]Fixed

0K

Sell H2

PURCHASE E. price inc.

~| Average (%) Std. dev. (%)

Irradiation variation over ave | AVErage (%) D Std. dev. (%):

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

Inc. AC Inc. DC Ine.HZ  Inc . Imad. Wind  OMP. OMW. ~

Forvariahble unselect "Fixed" Uncheck "No ch" - Uncheck "Fixed

Random values can be obtained for all the columns (except for the two last ones), by clicking

in the upper buttons “Obtain random values for” and selecting the item and the average and

standard deviation.

We can use different hourly sell price for each year, by clicking “Each year diff. hourly sell

price”, and later the button “Data”:

Each yvear diff. haurly sell price:

[ | Hourly buy price = sell x

Data

1

If the checkbox “Hourly buy price = sell X is checked, the hourly buy price for each year will

be proportional to the hourly sell price that will be obtained for each year.

After clicking Data button, we can see a new window, where we can choose to:

e Import the hourly sell price files. We need, in the same folder, one file for the hourly

sell price of each year, from the 2" to the last year of the system lifetime (for the 1st

year, the hourly price will be the one previously imported in the LOAD/AC GRID

window affected by the sell price inflation, as the imported file is the one of the year 0,

the beginning of the system lifetime). The files must have the same name, with the

number of the year at the end of the name, before the file extension: for example, you

can have the files price2.txt, price3.txt..., price25.txt (if system lifetime is 25 years).

Each file must have the hourly price of each hour of the year (8760 rows). Click Import
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and select the first of them, corresponding to the year 2 (in the example, price2.txt).
After importing, you can see the graph for all the years, of the hourly price during all
the year, or of the average hours of the day, by clicking the button “Graph”.

rrrrrr

[ Prices impamad / gonaratad will be refarmed i thair cwn yoar, Caloulats sanusl increase and updats in the tabike (not fsd)

Ok

e Generate the hourly sell price files. In this case, we must estimate a PV factor and a
Wind factor (%) so that the prices of the year 1 (the hourly price previously imported
in the LOAD/AC GRID window affected by the sell price inflation, as the imported file
is the one of the year 0, the beginning of the system lifetime) are updated year by year
considering the effect of the change in the hourly profile of the day due to the increase
in PV penetration (*duck curve’) and also the increase in wind penetration (R Dufo-

Lopez, Lujano-Rojas, & Bernal-Agustin, 2023):

-1
PrEsell(h: Y) = PrEsell (h: 0) (1 - (FPVG(hﬁ 1) + Fw) (Lij:es—l

)> (1 + Inforg)?, V1 <y < Life,

where Prgg.;;(h, y) is the selling electricity price of the hour h (0... 8760) in a year y;
Fpy (default 50%) is the PV factor to consider the price reduction in the future hourly
price profile due to an increase in PV penetration, ‘duck curve’, depending on the average
irradiance of hour h of year 1, G(h, 1) (W/m2); F,,;,q (default 20%) is the wind factor to
consider the price reduction in the future hourly price profile due to the increase in wind
generation, and Infp,5 is the annual inflation rate for the electricity price. If the checkbox
“Scale to the last year average hourly price (€/kWh)” is checked, the previous prices
will be scaled so that the last year average prices will be the ones shown below the

checkbox.
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SELL ELECTRICITY PRICE HOURLY FILES FOR EACH YEAR OF THE SYSTEM LIFTIME:

Houtly pice fles bor each yeor of e systern letime (EAWh) "

Grapl
Graph | @ Hours of he yeos

) Impoet e houry fles (ane far aach yaar of the systam Eatima) af the same ima 3
~) Awragi hours of thi deay

®) Generste the hourty files

[[IFricas imporad { ganaratad will ba rasarmad 16 their own year, Calculats anusl incransa snd update intha table (ot Sxad)
Factor PV (%) |50 FactorWind (%) |20

[ Scals to the laztyear mverage hourky price (E/KWH)

O-1h 1-2h 2:3h F4h +5h &&h &Th 7-8h &0k 310k 1011 11-12h
003 0.08 0.073 0.0 0o 0,073 0.070 0.005 o.ooe 0.076 0.055 0.03%
1243h 1340 14980 1516k 16T kash 119 9p0h 20 21-27h  2223M 2324
0.021 0.013 0002 0.007 (Lk 0.029 0056 0.081 0.099 0105 01 0092

. Grmph
£ Graph | (®)Hours of the year

() Awrage hors of the dey

In both cases, if the checkbox “Prices imported/generated will be referred to their own year.
Calculate annual increase and update in the table (not fixed)” is unchecked (by default), the
software assumes that the imported or generated data hourly sell prices for the different years
are data referred to the year 0 (beginning of the system lifetime) and therefore the real price of
each year will be the imported or generated for that year updated to the year by the inflation
shown in the previous window. On the other hand, if this box is checked, the software assumes
that the imported or generated data hourly sell prices for the different years are data referred to
their own year, so these prices will be the prices of each year (they don’t need to be updated),
and the annual difference from one year to another one (inflation) is calculated and will be

shown in the table of the previous window.

Visual options

In the main screen of the software, upper menu, click in “Visual”, if you then click in “Change

the visual theme”:

Data Base Report | Visual Help

Change the visual theme
( Scale on resizing

A small window appears, where you can change the visual theme (if you use a different one

from the deault “Windows”, the software may slow down):

Select the visual style:

(If "Windows" is not selected the software may slow down)

[ zetas detault

Apply Cancel
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In the same upper menu, “Visual”, if you click in “Scale on resizing”, when you vertically resize
the screens of the software, the objects will be scaled. If scale on resizing is not checked, the

objects will not be scaled.

Updates
In the main screen of the software, upper menu, click in “Updates”, if “Look for updates at the

start” is checked (by default), when the software starts it will ask you for looking for updates.
If it is not checked, when the software starts it will not look for updates. If you clik in “Look

for updates at the start”, its status changes.

License Updates

+ Look for updates at the start

Main screen tabs.

In the main screen of the software, text fields and check boxes are also available for further

input of system details.

On the main screen there are 5 tabs where data must be entered (in the 5" tab we can see the

results of the optimization as a graph):
- GENERAL DATA
- OPTIMIZATION
- CONTROL STRATEGIES
- FINANCIAL DATA
-  RESULTS CHART

3.1.1 GENERAL DATA tab

In this tab we must enter the most important data:

- Which type of components can be included in the system.

- Maximum and minimum number in parallel allowed for some components.

- Constraints that must be met.
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- Maximum execution time and the way to select the optimization parameters (MHOGA or

user).
Also indicated:
- The time steps of the simulation and the date and time of the beginning of the simulation.

GEMERAL DATA l OFTIMIZATION l CONTROL STRATEGIES l FINAMNCIAL DATA] RESULTS CHART]

COMPOMENTS MIN. AND Méx. Mo COMPONEMTS IN PARALLEL: OPTIMIZATION PARAMETERS SELECTED BY:
W PV Gen. B ateries in parallel: Min. |1 Max. |5 * HOGA  USER
I wWind Turbines P gen. in parallel: Min. |0 Max. |2 M aximum execution time:

,1— ,1— 1] h. |15 min. Parameters
,1— ,1— v Minimurn time for the Genetic Algorithns

Simulation;
Step [min.): Simulation starts:

B0 - hour ,D_ day ,'I_ monthl'l_

[~ Hpdro T.
[v Battery bank

[~ Backup Gen.

¥ Inverter/cha Caonstraint under NPY maximization:
[ H2 [F.C. - Elpzer ] ke, investment cost [TE10 M
COMPONENTS:

The default hybrid system is a no load, grid-connected photovoltaic generating system, with the
possibility of having batteries storage (needed inverter/charger). To add or remove components,
select them on "COMPONENTS”,

COMPOMENTS
¥ PY Gen.

[~ wind Turbines

[~ Hpdro T.

¥ Battery bank
[~ Backup Gen.
v Inverter/cha

[~ H2[F.C. - Elyzer.]

When you add or remove a component, the schematic of the lower part is automatically updated,
and the buttons on the left that will introduce us to the screens of the different components are

enabled or disabled.

MINIMUM AND MAXIMUM NUMBER OF COMPONENTS IN PARALLEL:
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Minimum and maximum number allowed for batteries, PV generators, wind turbines and AC

generators (Diesel...) parallel must be provided.

MIM. AMD ML Mo COMPOMNENTS IM PARALLEL:

B ateries in parallel Min. |1 Max. lﬁi
F gen. in parallel Min. |0 Max. lai
D -
[

CONSTRAINTS:

In NPV _maximization projects, where there is typically no load (grid-connected generators so

sell the electricity to the AC grid) there can be five constraints:

The maximum investment cost (by default a very high value, that is 1IE10 M€, so by
default this constraint is not considered).

The minimum 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). If
you check the box “Pmax_sell”, then the capacity factor will be calculated as the annual
energy sold divided by the maximum power that can be exported to the AC grid
multiplied by 8760 h.

The minimum renewable fraction (by default 0%, so by default this constraint is not
considered). It is calculated as the annual energy injected to the grid minus the annual
energy injected to the grid by the fossil fuel generator, divided by the annual energy
injected to the grid.

The maximum unmet load (load energy not served, by default allowed 100%, so by
default this constraint is not considered). This is the unmet load that cannot be supplied

by the system nor by the AC grid.

The maximum land use (by default a very high value, that is 1E10 ha, so by default this
constraint is not considered).




MHOGA V. 3.4 User’s manual 43

Constraint under MPY maximization:

e, Investmentcost  [TETD hAE

bdin. Capacity Factor 0 o || Proax_sell
bin. Renew. Fraction |0 %

b, Unmet load 100 *

bax. Land use 1E10 ha | Data

By clicking the button “Data” we can edit the land use of PV (ha/MW), Wind turbines (ha/MW)
and batteries (ha/GWh).

LAND USE FOR PV, WIND AND BATTERIES

PV (ha / MW):
Wind (ha / MW):

Batt (ha / GWh):

oK

In NPC minimization projects, where a specific load must be supplied, in CONSTRAINTS,

user must determine maximum percentage of annual Unmet Load allowed (100 - annual Unmet
load / Total annual Energy Required by the system).

COMSTRAIMTS:

b axirun L nmet Load allovwed: |1 # annual
nimet load refers to:
(" E. not supplied by the stand-alane spstem
f+ E. not zupplied by the systern nor by the AC grid

tare Constraints |

The Unmet Load can be refered as:

e E. not supplied by the stand-alone system: The energy demanded by the load that is not

supplied by the components of the system (energy not served by all the components of
the system, including the renewable sources, the batteries, the AC generator and the fuel
cell), but not including the AC grid.

e E. not supplied by the system nor by the AC grid (default): The energy demanded by the

load that is not supplied by the system (energy not served by the components of the
system, including the renewable sources, the batteries, the AC generator and the fuel
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cell) nor by the AC gird, if it is available. That is, energy that cannot be covered by any

means.

In the case of wanting to cover all the demand, it is not desirable to indicate 0%, but it is
recommended to leave a minimum value, for example 0.001%. Leaving this parameter at
0% is not convenient, since sometimes the decimal rounds imply that the software counts small

values of unmet load, so if 0% is indicated, it is possible to discard solutions that are correct.
More constraints:

Clicking the "More constraints"” button a screen appears showing all the possible restrictions

to fix:

1 CONSTRAINTS - | et

IF a combination of components and striateqy does not meet any of the follmwing restrictiong, this solution will be discarded [for that combination it iz
azzigned infinite cost):

b awiriumn Unmet Load allowed: *% of annual load

[Max. energy not supplied by the stand-alone system. Thiz Energy can be purchazed from the AC grid if such AC anid exizts and alzo the purchasze iz
allowed on the LOAD/AC GRID screen)

Fimirnurn number of days of autonomy [batteries+hidrogenl); 3 days
[[w if there iz AC generator or fuel cell uzing extemal fuel or purchazing unmet load from AC gnd iz allowed, number of days of autonomy = infinitum)

Mominal capacity of batteries bank [Wh <20  [peak power of P generatar + mas power fran Wind Turbines group] [
[[w if there iz AC generator or fuel cell using external fuel or purchasing unmet load from AC gnid is allowed, do not take into account this congtraint]]

Minimum renewable fiaction; |0 k4

b aximum Levelized Cast of Energy: | 100 £/ h

0K

- Minimum number of days of autonomy (sum of days of autonomy that give the batteries, if

any, plus autonomy gives storage of hydrogen, if any, plus autonomy gives the AC generator,
if any). If AC generator (e.g. Diesel) exists, it is considered by default that autonomy is infinite
(unless you uncheck the "if there is AC generator or purchasing unmet load from AC grid is
allowed, number of days of autonomy = infinitum"). The same is seen if fuel cell is used and
H. is externally purchased. It is also considered infinite autonomy if purchased to AC the unmet
load (this is specified in the “LOAD / AC GRID” screen, see section 3.2). If a combination of
components and control strategy does not meet the minimum autonomy, this combination is
discarded. To calculate the days of autonomy, the energy consumed during one day is
considered to be the average daily consumption (energy consumed during the year divided by
365).

- Nominal capacity of the battery bank (Wh) <CR times the peak power of the PV generator +

maximum power from Wind Turbines group (W), so that the batteries can be charged properly
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by the photovoltaic generator and the wind turbines. For each combination of components and
control strategy, if this inequality fails, that combination is discarded. This restriction is only

taken into account if there is present in the system a PV generator and a batteries bank.

- Minimum renewable Fraction (%). Minimum percentage of load to be covered by renewable.
If a combination does not fulfill this fraction, it is discarded.

- Levelized Cost of Energy (€ /kWh). Maximum allowed for the kWh price (calculated as the
NPC divided by the total energy load supplied during the system lifetime). If a combination

does not comply with this maximum value, it is discarded.

In projects of minimization of NPC, MHOGA assigns an infinite NPC value to every
element combination that does not meet all the constraints. This indicates that the system is

not acceptable, and will not fulfill our requirements.

In projects of maximization of NPV, MHOGA assigns a -infinite value to every element
combination that does not meet all the constraints.

SELECTION OF THE PARAMETERS OF THE OPTIMIZATION.

The parameters of the optimization can be selected by HOGA (default) or by the USER. If the
parameters are selected by HOGA, the user must decide the maximum time to execute the

optimization (default 15 min).

OPTIMIZATION FARAMETERS SELECTED B

¥ HOGA " USER

M aximum execution time:

0 h. [15 min. Parameters

[v Minimurm time For the Genetic Algorithms

If in a particular project (for example a project where we have added wind and hydrogen
components and the maximum number of components in parallel is high) there are many
possible combinations of components and we change the value of the maximum execution time
for example to 1 minute, a screen similar to the following appears, where it informs us of the
selection of optimization parameters: enumerative method (evaluate all combinations) or
genetic algorithms for both the main algorithm (combination of components) and the secondary

algorithm (control strategy), and the calculation time used in each case.




MHOGA V. 3.4 User’s manual 46

In the example (next figure), it is selected genetic algorithms method for the optimization of the
combination of components and the enumerative method (evaluate all the combinations) for the
optimization of the control strategy (there is only one combination as in this case the control

strategy will not be optimized), and the time expected is 60 seconds.

NUMBER OF CASES AND TIME EXPECTED

Computation speed: b0 cazes/second

Eval AL POP. [ZaALL GEM. ALG. [% ALL]
MaIN ALG. [COMB. COMPONENTS F4300 203 (0.31%) 2985 [4.61%)
[1x54800)
SEC. ALG. [COME. STRATEGIES): 1 3 [300%) 47 [4100%)
MAIN ALG.  SEC. ALG. MWUMBER OF CASES % TIME EXPECTED

OPTION1: EvalL ALL  Eval AL 54800 100%  Oh21' 36"
OFTION 2. EvalL ALL  GEM.ALG. 2656800 400%  14h 45
OFTION 3 GEM. ALG.  EwaL ALL 2393 451%  Oh O BO"
OFTION 4 GEMN ALG. GEN. ALG. 122609 1891 % O 40 50"

O ptimization of the combination of components by means of Genetic Algorithms.
It iz naot guaranteed to obtain the optimal combination of companentz, but thiz iz probable to obtain the optimal or
a zolution near the optimal

Notes:

If the lead-acid battery model is the Schiffer et al. model, much more accurate than the others
(see ref. (Schiffer et al., 2007)), the calculation time is several times higher, since the
simulations cost much more time. This is already taken into account by MHOGA to estimate the

calculation time.
If "Try Both" is checked in the control strategies tab, the calculation time is somewhat higher.

If Multiperiod simulation was selected in the main options of the Project, the calculation time

can be 30 or more times higher than if the simulation is just for the 1% year.
If time steps are lower than 60 min. (shown later), the calculation time can be much higher.

This is already taken into account MHOGA.

This screen also appears when we move with the mouse over the area of the parameters of the
optimization or the area where we set the minimum and maximum numbers of components or

over the area of the control variables, and when changing some data it is updated.

It is advisable to let MHOGA select the parameters of the optimization.
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However, if the maximum execution time we allow is too small, MHOGA will inform us of the
minimum time needed to finding the optimal solution or to obtain a solution close to the optimal

with high probability.

The user can decide himself the parameters of the optimization by selecting "USER" instead of
"HOGA”.

If the time allowed by us is lower than the time needed for the enumerative method, MHOGA
will use the genetic algorithms to optimize the system in the time allowed. However, if the time
allowed is so low that it is not enough to ensure a minimum probability of obtaining the optimal
solution by mans of the genetic algorithms, MHOGA will take the minimum time that it
by default, the checkbox

considers correct to run the genetic algorithms (as,

| Minimurmn time for the genetic algonthms . . . .
2 2 is selected). If this checkbox is not selected, the time allowed

will always be the time used by MHOGA, even if this time is not enough to ensure a minimum

probability of obtaining a good result.

The parameters are displayed clicking on “Parameters” button.

1 PARAMETERS OF THE OPTIMIZATION

(] X

MAIN ALGORITHM (OPTIMIZATION OF COMPONENTS) SECONDARY ALGORITHM (OPTIMIZATION OF STRATEGY)

OFTIMIZATION METHOD:

OPTIMIZATION METHOD

(® GENETIC ALGORITHMS (O EWALUATE ALL COMB (O GEMETIC ALGORITHMS (®) EVALUATE ALL COMB
GEMNETIC ALGORITHM:

Generations: Population: 15 3

Croszover rate: % tdutation rate: % ] Mutation Uriform 30 1 Mutation Uniform

STOPPING CRITERION:
Stop execution of main algorithm if after generations
it cannat improve in consecutive generations 1 5

NUMBER OF CASES AND TIME EXPECTED
Computation speed: 50 cazes/second

EvAL ALL

£4800
[1x64300)
!

POP [ZALL]
203 (0.31%)

GEMN ALG[% ALY
2988 (4.61%)

MAIN ALG. ([COMB. COMPONENTS):

SEC. ALG. [COMB. STRATEGY]: 3[300%) A1 [A100%)

MAINALG.  SEC.ALG.  MUMBER OF CASES % TIME EXFECTED
OPTION 1: EvaL ALL - EVAL ALL  B4800 100 % Ok 21" 36"
OPTION 22 EVAL ALL  GEM.ALG. 2656300 4100%  14h 48
OPTION 3 GEM.ALG.  EVAL ALL 2933 461 % 0Oh 0" 60"
OPTION 4 GEM. ALG.  GEN. ALG. 122508 18391 %  Oh40 50"

Olptimization of the combination of components by means of Genetic Algorithms
It iz not guarantesd to obtain the optimal combination of companents, but this is probable to obtain the optimal ar
a zolution near the optimal

If the number of combinations is very high but we want to perform the optimization in a short
time, we must reduce the number of possible combinations. The best way is to eliminate control

variables to optimize, since they have less effect than the components.
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It is recommended that the user allow the parameters of the optimization to be selected by
MHOGA. However, more details about genetic algorithms and selection of optimization

parameters are explained in Annex 1.

TIME STEPS OF SIMULATION AND START OF SIMULATION

The time steps of the simulation must be fixed (between 1 and 60 minutes) and also the time

and date of the start of the simulation.

Simulation;
Step [min.]: Simulation starts:

G0 - hiowr IIII_ day |1_ munthl‘l_

~
a0
15
10

a2 L) = 0

W

It is common to use the 60 minutes time step, since the simulations are much faster and therefore
the optimization is also faster. If you want to give more detail to the simulations you can reduce

the time step, up to 1 minute, but that involves much longer calculation time.

At the indicated time and date, the simulation of each combination of components and control
strategy will begin, with the simulation performed for one year for each combination (more
years if the Schiffer model is selected for the lead-acid batteries; simulation is performed during
the system lifetime if Multiperiod is selected in the main options of the project). The batteries
(if any) begin the simulation with a percentage of the state of charge that is set on the BATTERY
screen (see section 3.10). The hydrogen tank (if any) begins the simulation with a load that is
fixed on the screen of the components of the HYDROGEN (see section 3.13) and the water tank
(if there is previously pumped water consumption) starts with a fixed capacity fixed in the
LOAD / AC GRID screen (see section 3.2). Normally this date in which the simulation starts
affects little to the overall expected behavior of the system.

3.1.2 OPTIMIZATION tab.

NPV optimization:

In this case, just mono-objective optimization is allowed (minimization of NPV).
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GEMERAL DATA OFTIMIZATION | CONTROL STRATEGIES | FINANCIAL |
OPTIMIZATION TYPE:

In MPY Optimization Mono-objective optimization anly (maximization of 8FY)

NPC optimization:

In that case, you must choose between optimization MONO-OBJECTIVE (economic) or
MULTI-OBJECTIVE (several objectives).
GENERAL DATA OFTIMIZATION |CONTHOL STRATEGIES | FINANCIAL DATA | RESULTS CHART |

OFTIMIZATION TPE:
TEMPORARY IMTERYAL: ALL USEFUL LIFE OF THE SY'STEM [FEAED INSTALLATIOMS]

' MOMO-OBJECTIVE (Cast)  MULTI-OBJECTIVE Parameters ‘
~
2 2 300 5
-
B0

Mono-objective optimization:

By default the mono-objective optimization is selected, so the program will seek the most
economical solution (lower total cost over the lifetime, NPC). If the method of optimization is
by genetic algorithms (and not by the enumerative method), in each generation, the program
orders the solutions by cost, so that the least cost are more likely to reproduce, and move to the
next generation. In fact, the best always passes intact to the next generation, without mutating
(elitism). In the results chart, when the execution of the mono-objective optimization is going
on, we will see the graph of the cost of the best solution of each generation, in addition to the

table with the characteristics of the best solution of each generation.
Multi-objective optimization:

If we select the "MULTI-OBJECTIVE" option, the optimization will be multi-objective, i.e.

there will be two or more objectives to minimize.

Multi-objective optimization (Bernal-Agustin et al., 2012)(Rodolfo Dufo-Lopez & Bernal-
Agustin, 2008)(Bernal-Agustin & Dufo-Lopez, 2009b)(Rodolfo Dufo-Lépez et al., 2011)
(Rodolfo Dufo-L6pez, Cristébal-Monreal, et al., 2016a)(Coello et al., 2002)(Zitzler & Thiele,
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1999) can be NPC - CO emissions or NPC - Unmet load (in this case it will be necessary to
place the maximum allowed value of Unmet load in its respective box, already commented

previously), or triple.

Objectives may be mutually counterproductive in many situations. Several solutions will be
provided by the system, some of them offering the lowest costs, and some others providing the
lowest level of emissions or unmet load. Solutions or individuals are sorted by the application,
with the best ones at the top. Solutions are better when they are “dominated” by fewer alternative
solutions (a particular solution is dominated by others when those provide better objectives; in
our case, better solutions offer a lower NPC, and lower levels of CO> emissions or unmet load).
Thus, the best solutions available will not be dominated by any others, with the next best

solutions dominated by 1, by 2, and so on.

All non-dominated solutions will have the same degree of probability to breed, as none of them
is better than any of the others. The same argument applies to all solutions dominated by 1
solution, etc. As the multi-objective optimization progresses, a chart and a table are shown. The
chart includes the individuals for every generation, the emissions, unmet load or other objective
versus NPC for each individual (this is known as a “Pareto” diagram). The table provides a list
of individuals, sorted from best to worst. Every time a new generation is obtained, a new chart

and table are shown.
A check box is available to “Display only Non-Domin.”.

The Multi-Objective algorithm is based on SPEA (Strength Pareto Evolutionary Algorithm),
and on SPEA 2.

The user must introduce the maximum percentage difference of NPC that may be achieved by
any non-dominated solution, as referred to the non-dominated solution with the lowest NPC.
The maximum number allowed for non-dominated solutions must also be introduced. This
prevents the number of non-dominated solutions from being too close to the population number,
which would result in a saturation of non-dominated solutions. In this case, they would be too
similar, without a reasonable degree of variability.

As a practical example, let us assume that a non-dominated solution has the lowest NPC value
of all, at M€ 100. If the percentage specified by the user is 60%, all non-dominated solutions
with NPCs above M€ 160 will be eliminated (provided the total number of non-dominated
solutions is larger than the maximum number allowed for non-dominated solutions). After all
non-dominated solutions above the specified percentage are eliminated, the number of the

remaining non-dominated solutions is checked. If this number is still larger than the maximum
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number allowed, truncation is applied. For each pair of adjacent non-dominated solutions on
the Pareto diagram, a check is carried out of the modulus of the distance between them. The
solution is eliminated for the closest pair, where the solution is nearer from its adjacent solution

on the other side.

The user must also decide on the number of generations between successive storage of the
Pareto diagram, i.e. NPC and other objectives values for the individuals in that generation. The
first and the last generations are stored by default. Once the simulation is over, the different
Pareto values stored may be exported as an ASCI| file, by clicking on “Export Paretos”.

3.1.3 CONTROL STRATEGIES tab.

This tab defines the overall control strategy and the variables to be optimized. The strategy can
also be optimized in the case of batteries in grid-connected systems (charging of batteries during
the hours when the electricity price of the AC grid is low and discharge during the hours when
the price is high), also for pumped hydro storage and for the generation of green hydrogen by
the electrolyzer.

GENERAL DATA OPTIMIZATION CONTROL STRATEGIES FINANCIAL DATA RESULTS CHART

COMTROL STRATEGY ANMD wARIABLES TO OFTIMIZE

ENERGY ARBITRAGE: System with batteries and grid connected
Global strategy:

@ Load Following [ ] Bat. charged by the AC grid /¥ discharged if falsofor Elyzer-» HZ) [ |Elyzer full load
(O Cycle Charging Continue up to S0C stp (Sell price)

(O Try Both ] Optirnize strateqy of grid-conneted batteries:

Variables to optimize relative to the global strategy:

] Pmin_gen Prmin_FC H2TAMKstp

C1P1_gen PI_FC P2

I:‘ Batteries can inject electricity to the AC grid
11 day atlow SOC-> charge battery v
DWhen batteries are off, compensate autodisch.

[ |s0Cstn_gen SOCst_FC [ ] =0Crmin
[ Periical_gen Foritical_FC Flim_charge

[Js0Cmeax | Fixvariables Variahles accuracy’ =100%

[f SOCmin reached. disch. nat allowed if SOC{%5) < SOCmin (%) + D

Batteries availability

3.1.3.1 Control strategy and variables to optimize.

For systems with load (off-grid systems or grid-connected systems with high load), the global
strategy (left part of the tab) can be important if there are batteries and backup generator and/or

hydrogen storage. Global strategy is not used for systems without load consumption (grid-

connected generating systems)
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In Global Strategy we can choose between two global control strategies (they are used when
there is load; if there is no load, for example in grid-connected generating systems without load,

these global strategies are not used):

O LOAD FOLLOWING STRATEGY: In this strategy, in systems that include
batteries and generator (diesel, gasoline ...), when energy from renewable
sources is not enough to meet the whole load, the rest energy is covered by the
battery bank. If the batteries cannot meet the whole demand, the generator will
run to cover the rest of the load. The same applies for the fuel cell, if present in

the system instead of the generator.

O CYCLE CHARGING, with or without the option “continue up to SOCstp”: The
difference with the previous strategy is that when the generator must run because
load cannot be met by the batteries, it will run at its rated power, so that the extra
power will be used to charge the batteries. If "Continue up tp SOCstp" is
activated, the generator will run at rated power until the State Of Charge (SOC)
of the batteries reach the value of the variable SOC setpoint generator, which by
default is 100%.

For both strategies, we have the possibility to optimize the control variables, while some do not

make sense depending on the global strategy chosen.

The variables to be optimized must be selected here, with a maximum number of 12 (see Annex
2). The exact number of variables will depend upon the system elements selected. For the case
shown in the figure below, no fuel cell has been selected (no electrolyzer), so the following
variables are disabled: Piimit charge, P1_FC, P2, Pmin_FC, Pcritical_gen, SOCstp_FC and
H2TANKStp , as they are no longer required.

Load following strategy:

If you choose the strategy "Load following", Pcrtical_gen and Pcritcal_FC variables are
setto 0 W. That is, the generator (or fuel cell) never work at rated power to try to charge
the batteries. When it must operate, the power required to operate is the one to strictly
meet the demand. This strategy implies that SOCstp_gen and SOCstp_FC are equal to
SOCmin.

However, these variables can be optimized, as well as other variables. In case of
optimizing these variables, for example, if the software in a particular case chooses
Pcritical_gen= 1000 W and SOCstp_gen = 75%, this means:
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- For each hour, if the generator has to supply a power greater than 0 but less than 1000
W, it runs at its rated power, charging batteries with surplus power to 75% of SOC (try
to reach this value of SOC alone during that time, the following will not). That is, for

that time, the strategy really will be "cycle charging™ without continue up to SOCstp.

- For each hour, if the generator has to supply a power exceeding 1000 W, it will run at
the power needed to supply the demand, without trying to charge the batteries. That is,

for that time, the strategy will be "load following".
Cycle charging strategy:

If you choose the strategy "cycle charging"”, Pcritica_gen and Pcritica_FC variables are
set at a very high value, 10*® W (thus ensuring that no load will exceed this value). That
is, the generator (or fuel cell) will run, when batteries can not meet the load, at rated
power, not only to meet the demand, but also trying to charge the batteries to
SOCsetpoint_gen (or SOCsetpoint_FC in the case of fuel cell). If the option “continue
up to SOCstp” is selected, it will continue the next hours until SOCstp is reached.
SOCstp_gen and SOCstp_FC by default are 100%.

However, these variables can be optimized, as well as other variables. In case of
optimizing these variables, for example if the software in a particular case chooses
Pcritical_gen= 1000 W and SOCstp_gen = 75%, this means:

- For each hour, if the generator has to supply a power greater than 0 but less than 1000
W, it will run at its rated power, trying to charge batteries with surplus power to 75% of
SOC (try to reach this value of SOC only during that hour if the "continue up to SOCstp"
is not selected, while if this option is on, the generator will run the following hours to
reach 75% of SOC). That is, for that time, the strategy will be”cycle charging” with or

without “continue up to SOCstp”.

- For each hour, if the generator has to supply a power exceeding 1000 W, it will run at
a power strictly necessary to supply the demand, without trying to charge the batteries.

That is, for that hour, the strategy will really be “load following"
Try both:

If you select "Try both", the software will consider the two strategies. However, in this

case, Peritical_gen and Peritical_Fc May not be optimized.

Variables to optimize relative to the global strategy.
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Of the variables allowed to be optimized, we can choose all or only some (in this case the
variables we do not choosen will not be optimized). If we do not mark as optimizable the
variables Plimit_charge, P1_gen, P1_FC orP2, the correcting factor will remain fixed at 1, that
is, we will always remain with the calculation value (or with the value specified in the screen
that appears when you press "Fix variables"). If we do not mark as optimizable the variables
Pmin_gen, Pmin_FC, SOCmin, Pcritical_gen, Pcritical FC, SOCstp _gen, SOCstp_FC or
H2TANKSstp the correcting factor will be fixed to 0, thati is, Pmin_gen, Pmin_FC, SOCmin will
be the recommended by the manufacturer while Pcritical_gen, Pcritical FC and H2TANKstp
will be 0; SOCstp_gen and SOCstp_FC will be equal to SOChin.

If the checkbox “SOCmax” is checked (located under the box of the variables to optimize), the

maximum SOC limit will be optimized instead of the minimum SOC (SOCmin).

Important: If there are many possible combinations of components and control strategies,
MHOGA will need a high time to perform the optimization. Combinations of components are

usually more important than control strategies in the NPC or NPV, but not always.

The value of the "Variables accuracy" is the number of possible values that each variable can
have. If it is a small number, the precision will be low, while if it is high, it will have great
precision, but also many possible combinations of variable values, so optimization can be

lengthened.

By clicking on the “Fix Variables” button a new screen appears. This will allow the user to set
the values of the variables not checked in the previous screen (i.e. variables not to be optimized).
A choice is provided here between a value calculated by the programme, or one assigned by the

user.
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I Non-optimizable control variables (fixed value) - O =

Yalues of Power in'w, H2 in kg

Frin_gen Pmin_FC H2TaMNKstp_ger

(* Pmin recommended by manufact ; O} ')

(" Set value to (% of Pram. ) |30 ~ 1a i ]

P1_gen P1_FC P2

{+ Calculated value (= (=

" Setvalue to; (1000 ' 1000 @) 1000
SOCstp_ger SOCstp FC SOCrnity

¢ SOCmin recommendead by manuf. {v f* S0Cmin recommended by manuf,
" Set value to (% S0Cmax): {100 i o0 " Set value to [% S0Cmax) |50
Peritical_ger Peiritical FC Plirnit_charge

(* Calculated value o =

™ Setvalueto: 1000 ) 1000 o 1000

0K

3.1.3.2 Energy arbitrage: Management of the charge / discharge of the storage

in the case of systems with storage and AC grid connection.

In case the system has batteries (also for pumped hydro storage and also it can be applied for
green hydrogen generation) and also there is an AC grid connection (purchase or sell of
electricity to the AC grid defined in the "CONSUMPTION / AC grid" screen, "PURCHASE /
SELL E" tab, see section 3.2), the management of the charging / discharging of batteries can be
selected: charging of batteries during the hours in which the electricity price of the AC grid is
low and discharge during the hours when the price is high, being able to carry out the discharge
only to feed the own load or also to inject to the AC grid. If the difference in prices for charging
and discharging is sufficient, it can be worth charging / discharging the batteries and that can
imply an economic profitability, saving on the electric bill (or obtaining benefits when batteries
inject energy to the AC grid). These savings or benefits can be higher than the cost of cycling
the batteries (the cycling, i.e. the charges / discharges of the batteries degrade them, which
implies a future replacement cost). On the other hand, if the difference between low and high
price is small, the cost of cycling the batteries may be higher than the savings or benefits, so it
would not be worth using the batteries.

e There are two options:
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o Charge / discharge batteries when the price is lower / higher than certain fixed

values.

o0 Optimize management.

Note that using these strategies of charge/discharge of the batteries by the AC grid, if there is
load consumption in the system, it is possible that the load consumption will not be correctly
supplied by the batteries and by the backup generator (when renewable sources are not enough
to cover the load). The grid-connected batteries management will imply that the load is not
correctly covered in some cases, so the load consumption will only be correctly covered by the
AC grid. Therefore, if there is any load consumption, you must be sure to select the option of
PURCHASING ELECTRICITY TO THE AC GRID.

Therefore, these options of grid-connected batteries management are only suitable for:
e Generating systems (without any load consumption)

e Systems with load consumption where the option of purchasing electricity to the AC grid

is selected.

Batteries are charged by the AC grid / discharged if electricity price is lower / higher

than specific values.

This option is obtained by activating the box "Batteries are charged by the AC grid //
discharged if:". The maximum and minimum prices for the charging / discharging of the

batteries must be set.




MHOGA V. 3.4 User’s manual 57

ENERGY ARBITRAGE: System with batteries and grid connected

.Elatt chargg d by the AC grid /f discharged it [v](also far Ebvezer-> H2) [ ] Elyvzer full load

Iii h /i Price E)— Dh o= . (Sell price)

] Optirnize strategy of grid-connetad batteries:

Batteries can inject electicity to the AC grid

) ] Batteries awvailability
[ J*#hen hatteries are off, compensate autodisch.

By default, these values are 0 and 0.11 €/kWh (and they are referred to the sell price, that
is, to the price we sell electricity to the AC grid, as “(sell price)” checkbox is checked by
default). We should change them considering the price of electricity of the different periods
(this values must be selected considering the purchase or sell price of the electricity in the
"LOAD / AC GRID" screen, "PURCHASE / SELL E ", see section 3.2).

Batteries can inject electricity to the AC grid:

By default, the checkbox “Batteries can inject electricity to the AC grid” is selected, in
this case, when the control strategy determines that electricity price is higher than the
minimum for the discharge, batteries are discharged supplying the load but also injecting
the maximum possible of energy to the AC grid (if the injection is allowed to the AC grid,
fixed in the window "LOAD / AC GRID ", "PURCHASE / SELL E "tab, see section 3.2.).

[+ Batteries can inject electnicity to the AC gnd

Consider sell electricity prices instead purchase prices, and do not use AC grid to charge the

batteries:

If “Batteries can inject electricity to the AC grid” is selected, we can select that the
maximum and minimum prices for the charging / discharging of the batteries are the sell
electricity prices instead of the purchase prices, by checking the checkbox *“(Sell price)”
(checked by default). Also, if “(Sell price)” is checked, the batteries will not be charged by
the AC grid, they will just be charged by the renewable sources when the sell price is lower
than the limit (or when the power from the renewable sources is higher than the maximum
power that can be injected to the grid, then the surplus power is used to charge the batteries).
In that case, in the window "LOAD / AC GRID ", "PURCHASE / SELL E "tab (see section

3.2.) we must set the electricity sell prices.
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- .

When selecting this option, a message appears telling us that batteries will not be charged
from the AC grid.

HOGA hod

Batteries will not be charged from the grid, they will be charged from the rewewable sources considering the price of selling electricity to the grid

With the default values, when the sell price (price at which we sell the electricity to the AC
grid, which can be variable, for example, hourly price) is lower than 0 (that is, never),
batteries will be charged from the renewable sources; if price is higher than 0, renewable
sources will inject electricity to the AC grid. When the sell price is higher than 0.11 €/kWh
batteries will be discharged, supplying the load (in the case there is load) and injecting the
maximum power to the AC grid, selling electricity to the AC grid (because “Batteries can
inject electricity to the AC grid” checkbox is checked).

For example, see the simulation of that case, for a system with 60 MW PV, battery of 5
MWh and inverter-charger of 5 MW, without load (just generating system), for a specific
day (15" April): this day, from 6 h to 14 h the electricity price is higher than 0.11 €/kWh,
therefore batteries must be discharged and sell electricity to the grid, but they are fully
discharged in just 1 hour, at 6 a.m. (battery bank is just of 5 MWh and inverter is of 5 MWh).
We can see that from 12 to 15 h the PV generation is higher than the maximum power that
can be injected into the grid (30 MW), therefore the surplus energy is used to charge the
batteries. Later, from 18 to 23 h, the electricity price the electricity price is higher than 0.11
€/kWh, therefore batteries must be discharged and sell electricity to the grid, but they are
fully discharged in just 1 hour, at 18 a.m.
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ELECTRICITY PRICE
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The same strategy would be applied if we had pumped hydro storage: when the sell price is

lower than O (that is, never), water is pumped with the renewable sources to store energy in

pumped water; when the sell price is higher than 0.11 €/kWh the hydro turbine works with

the stored water, supplying the load (in the case there is load) and injecting the maximum

power to the AC grid.

The same strategy would be applied if we had electrolyzer (and the checkbox *“also for

Elyzer->H2” is selected), for the generation of green hydrogen (when the sell price is lower
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than that the specific value, then electrolyzer consumes electricity from the renewable
sources and it generates green hydrogen), in this case if that specific value is O it will never
run with the renewable sources, unless when their power is higher than the maximum power

that can be injected to the grid, then the surplus power will be used to generate hydrogen.

In this example, as “(sell price)” is checked, AC grid is never used to charge batteries or
pump water or generate hydrogen. As the lower price is set to 0, renewable sources are not
used to charge batteries or pump water or generate hydrogen, they would be used when the
power generated by the renewable sources is higher than the maximum power that can be
injected to the AC grid, the surplus power would be used to charge batteries or pump water
or generate hydrogen.

Consider purchase prices instead sell prices, and use AC grid to charge the batteries:

If “(Sell price)” is unchecked, the prices considered will be the prices of purchasing
electricity to the AC grid.

For example, let’s suppose that in our case we have three hourly periods for the electricity
purchased from the AC grid: P1 (peak) at 0.18 €/kWh, P2 at 0.09 €/kWh and P3 (valley) at
0.06 €/kWh, in this case we could set the first value to 0.07 and the second one to 0.17, and
also we must uncheck the “(sell price)” checkbox, as MHOGA by default considers the
selling costs. If we want to consider the electricity purchase costs, we must uncheck that

checkbox.

System with batteries and grid connected
v Batteries aje charged by the AC gid /¢ discharged it [ [also for Elyzer.-> H2
Price E<=kWh /4 Price E>=kWh » D-z
Then, in that case, when the simulation of the system is being performed, during the hours
of period P3 (valley), as cost is 0.06 €/ kWh (lower than the limit settled, 0.07), batteries will
be charged from the renewable sources (after supplying the load) and also from the AC grid
at their maximum power. On the other hand, during the hours of period P1 (peak), as cost is
0.18 €/kWh (higher than the limit settled, 0.17), batteries will be discharged to supply the
load instead of using the AC grid (if “Batteries can inject electricity to the AC grid”

checkbox is checked batteries will also inject its maximum power to the AC grid, selling

electricity to the AC grid, if it is allowed).
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Let’s see the simulation of this example, for a system with 60 MW PV, battery of 5 MWh
and inverter-charger of 5 MW, without load (just generating system), for a specific day (3™
January): now the important price is the purchase price (in red), we can see that from 0 h to
7 h purchase price is lower than 0.07 €/kWh, terefore batteries must be charged from the
renewable sources and also from the AC grid, they are fully charged at O h because their
capacity is low (5 MWh). We can also see that from 18 to 21 h purchase price is higher than
0.17 €/kWh, therefore batteries must be discharged selling electricity to the AC grid (the
option of selling electricity to the AC grid is checked), and in just 1 hour (from 18 to 19 h)
batteries are fully discharged.
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v - r~ - E ta supply FC ™ Periical Fuel Cel [~ SOC setpaint Gen.
Wind Turb.
r 17 e r [~ S0OC setpoirt FT
] et Bl r W E bought to AC grid W Proax
AC G b i
™ Fmaw. input Inverter - - P;:‘:'E:r: e sl A it |0 (s [~ H2 TANK setpoint (HHY H2) SOC(0-1)) T full charge
Simulation step [min.): |60 3 Back Save data |4l ~| b Save Simulation Data |

COMPOMEMTS: PV generator of B0 Mwp (1003 PVY#1: slope 352, azimuth 0F). Battery bank of & bwh. Inverter of & MW,

STRATEGY: LOAD FOLLOWING. SOC min.: 10 %. Control variables for grid-connected batteries: charge batt. [buying E. to the AC giid] if price of E. iz lower than 0.07 £/\h; disch. batt. [load + injecting
ta the gid] if price E. iz higher than 0.17 £kh

It could also be applied for systems with load consumption, this methodology is shown in
the publication (Rodolfo Dufo-Lo6pez & Bernal-Agustin, 2015b).

Generating hydrogen by the electrolyzer when electricity price is low:

If, as default, the option “also for Elyzer->H2” is selected, this means that the strategy of
charging batteries will also be applied to generate hydrogen by the electrolyzer (in the case there

is electrolyzer in the system).
[w [alzofar Elyzer-»> HZ]

If in the system there are batteries and also there is electrolyzer, when the electricity price is
lower than the value settled for charge, the priority is to charge the batteries and, after they are

at 100% SOC, then the electrolyzer starts to produce hydrogen.

Generating hydrogen by the electrolyzer at full power all the time:
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If the option “Elyzer. full load” is selected, this means that the control strategy will make the
electrolyzer run at full load, using the renewable power and, if not enough, buying electricity to
the grid. If there are batteries, when the strategy determines that they must be discharged (at
high electricity price), they will supply the electrolyzer load instead of the grid.

[ ]Ebszer. full load

Use day difference and percentage instead of considering prices to charge/discharge:

Instead of using the values of maximum price to charge or minimum price to discharge, we can
use other values: minimum day difference in prices and percentage over the minimum or under

the maximum to charge /discharge. If we select the checkbox “D-%", the values are changed:

Day Dif>=[01  £wh: % aound |10 v Dz

In the left box we must set the minimum difference in electricity price (maximum of the day
minus minimum of the day), in €/kWh so that the control strategy can be applied, and the %
around, in %. For example, if we set Day Dif. >=0.1 €/kWh, this means that, for each day, if
the maximum price minus the minimum price of the day is lower than 0.1 €/kWh, batteries will
not be used for the strategy or charging/discharging. However, if the difference for each day is
higher than that value, batteries will be charged during the hours when the electricity price is
lower than the minimum plus 10% and they will be discharged during the hours when the

electricity price is higher than the maximum minus 10%.

Other options:

If the box []1 day atlow SOC > charge battery s selected, if the state of charge of the batteries is kept

to a minimum during a whole day, the AC grid will be used to charge them.

If the box []*#hen batteries are off, compensate autedis s selected, if the batteries are not charging nor

discharging, the self-discharge is compensated.

Optimize strateqy of qrid-connected batteries:
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You can also optimize the management, looking for the best limit prices for
charging/discharging, in the case of having an hourly price (different for each hour), by selecting

the box "Optimize strategy of grid-connected batteries".

[w]iOptirmize stratedy of Hydro turb joump and grid-conneted batteries:

@ 3 variables: X1(dit), X2(%), X3(%).  X1:min. |7 a0 Efkih
()2 wariables: price E. min. and max,  Min> D108 oheec 07132 £/kith PrCh<FrD

This optimization can be useful for grid-connected systems where the hourly price of energy
(sell or purchase, depending if “(sell price)” is checked or not) is different every hour (real time
pricing, RTP). The system will have the batteries and the bi-directional converter (inverter-
charger) shown in the following figure, but could also have any other components that MHOGA
allows (photovoltaic modules, wind turbines ...).

AC GRID
Private facility
{consumer is the owner of
KWh the storage system)
: _________ A_G_'-:u;s: __________ | Bi-dirsctional
| :couwanar
| [ Rectiier = lInvener !
: 7 _|{Batt. Charger) S rvene :
i .._51 s2 1 :
| s DChus s |

=

L Battery Bank

You can choose between optimization with 3 variables: X1, X2 and X3, following the
methodology outlined in the article (Rodolfo Dufo-Lopez, 2015), or the optimization by 2

variables (the minimum price for the discharge and the maximum for the charge).

3 variables: X1(dif.), X2(%0), X3(%0).

In the case of optimization with 3 variables, the following three variables are optimized, in order

to minimize the total cost of the system to supply the electric load during its useful life:
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X1: It is the minimum difference between the maximum and minimum price of each day
such that it can be profitable to charge and discharge the batteries. If a given day the
difference between the minimum price and the maximum price is less than X1, it is not
worth charging / discharging the batteries, so they are not used that day. If this difference
is greater than X1, the batteries can be charged / discharged. See figure below, which
shows the price of electricity for two consecutive days. The first day the difference
between the maximum and the lowest price is less than X1, so the batteries do not work.

The second day said difference is greater than X1, so the batteries are ready to operate.

X2: is the percentage of the difference between the maximum and minimum price of the
day that is added to the minimum price so that in the hours whose price falls within that

range the batteries are charged (see figure below, hours in the CHARGE area).

Electricity price, Pr_efeciy, (€/kWh)

0,15

0,1

Pr_elecyayy > Pr_elecyy,, 13— DISCHARGE: S1 OFF,52 ON
~(Pr_elecy,, 13- Pr_elecy;, 13)-X3/100 [~
'y = - - ; i
X1> Pr_elecy 12—
—Pr_elecy, 1,
X1<Pr_elecyys, 13—
— Pr_elecyin 13
b
+Pr_eleci qyy < Pr_elecy;, 13+
+HPr_elecy., 13- Pr_elecyy, 13)-X2/100
!
CHARGE:51 0N, 52 OFF
I I'.
|
day d=12: BATTERY BANK OFF day d=13: BATTERY BANK READY

0

2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22 h

X3: is the percentage of the difference between the maximum and minimum price of the
day that is subtracted from the maximum price so that in the hours whose price falls
within that range the batteries are discharged (see previous figure, hours in the
DISCHARGE zone).

2 variables: Price E. min and max.

In the case of choosing 2 variables for the optimization, only two prices will be optimized:
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- The minimum price necessary for the discharge. If the price of electricity at a given
hour is high enough (above the minimum), the batteries must be discharged, supplying
the electricity load, since the cost of cycling the batteries is lower than the economic
savings due to avoiding energy purchases to the AC grid at that time. If the price is
higher than the minimum, the batteries are not discharged (the cost of cycling is not
worth it).

- The maximum price required for the charge. If the price in a certain hour is low enough
(less than the maximum), the batteries will be charged, since it will be worthwhile to
cycle them. If the price is higher than said maximum, they will not be charged, since it
will not be worth it due to the cost of cycling.

If the checkbox “PrCh<PrD” is selected (by default), it will only consider setpoint values for
the maximum price required for the charge lower than the setpoint values for the minimum price

necessary for the discharge.

Batteriez availability

By clicking on the button the following window appears, where we can
deselect the hours when we do not want the batteries to be charged from the AC grid or

discharged:
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BATTERIES AVAILABILITY
FOR THE CHARGE FROM AC GRID / DISCHARGE
DEPENDING ON THE ELECTRICITY PRICE (ARBITRAGE):

CHARGE UNDER ARBITRAGE: DISCHARGE UNDER ARBITRAGE:
Crrate | All 15t Crrate | Al 1st
MlJanuary  [F0-1h 1 [ January o-1h 1
[“1-2h 1 [1-2h 1
] Febrary [“]2-3h 1 [VIFebruany [r2-3n 1
3-4h 1 3-4h ]
[ harch [F14-5h 1 [w]darch M4-5n |
) [#]&-&h 1 E-Bh g
[ April [6-7h 1 [ i Me-7h 1
[#17-8h 1 7-8h 1
[ ey M18-3h 1 [hay Ms-3h |1
9-10h 1 a-10h 1
[ une io-11h |1 [ June F1o-11h 1
- 1 [11-12n [y
2l [“11-12h
Y Fl1z-130 |1 A Juty Fl1z-13h 1
= 1 13-14n 1
[v] August [13-14h 1 | Aurjust
il Aug &4-150 1 i [Z14-150 |1
7] September [A15-18h |1 [ 3eptember [15-16h |1
[1e-170 1 [16-17h |1
[~ Octaber [A17-180 |1 [~ octaber [A17-18h |1
[“a-1an |1 [1e-13h |1
“IMovember [“13-20h0 |1 [ November [“13-20n [
[Feo-z1n |1 [Fleo-21n |1
~December [#]21-22h |1 [“]December 21-22h |1
[v2e-23n |1 [22-23h |1
[Fzz-zan |1 l23-24n 1
Batt. charge with surplus E. atunchecked hours allowed Batt. disch. to supply load atunchecked hours allowed
[[]Charge batteries stthe selected haurs []Discharge hatteries atthe selected hours
anly from renewahles. not from AC grid ((Sell price)"). injecting power ta the AC grid, at C-rate,
regardless ofthe price of electricity regardless ofthe price of electricity
regardless of arhitrage). regardless of arbitrage
Rest of the time awvailable for charge (arbitrage) Festofthe time bat. awvailable for disch. (arbitrage)

FOR PUMPING HYDRO STORAGE:

[CJPump at maximum power at the selected [ Turbine &t maximurm power atthe selectad hours
only from renewables, notfrom AC grid ((Sell price)) injecting power to the AC grid
regardless of arbifrage). (regardless of arhitrage)
OK.

The hours that the CHARGE is NOT marked, the batteries will not be charged from the AC
grid, even if the price of the electricity in the network is low. However, they can be charged by
the surplus energy (from the renewable sources), if the checkbox “Batt. charge with surplus

E...” is checked, as by default

The hours DISCHARGE is NOT marked:

e If the priority to supply the load not covered by the renewables is the AC Grid
(consumption screen, Purchase/Sell E tab, see section 3.2): the batteries will not supply
the demand not covered by the renewables, although the price of the AC grid electricity

is high, this demand will be covered by the AC grid.

e If the priority to supply the demand not covered by the renewables is Storage / AC Gen.:
the demand not covered by the renewables is primarily provided by the batteries or the
AC generator or the fuel cell, depending on the control strategy, so that the batteries can

supply the demand.

e If the checkbox “Batt. disch. to supply load...” is unchecked, batteries will not supply
the load.
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The maximum C-rate for the charge and for the discharge during each hour is set next to the
corresponding checkbox. During a time step, if the strategy is charging /discharging ,
batteries will be charged /discharged at the rate shown in the table for this hour. Note that
the charge / discarge is also limited by the value of the maximum allowed current of the
battery (Imax, see section 3.10.1), by the state of charge (SOC) and the maximum /minimum
SOC, and by the available power (from the renewable sources and from the grid / to be

injected to the grid).
The buttons “All 1st” copy the rate of the first hour to all the hours of the day.

If we check the box "Charge batteries at the selected hours...", the batteries will be charged
with the AC grid at the scheduled times, regardless of the price of electricity. If it is checked,
we can also check the box “Rest of the time available for charge (arbitrage)”, which means that

the non-selected hours, batteries will be charged if it is ordered by the arbitrage control strategy.

If we check the box "Discharge batteries at the selected hours...", the batteries will be
discharged (providing load and, if permitted, selling energy to the AC grid) at the scheduled
times, regardless of the price of electricity. If it is checked, we can also check the box “Rest of
the time available for charge (arbitrage)”, which means that the non-selected hours, batteries

will be discharged if it is ordered by the arbitrage control strategy.

[ ] Charge batteries atthe selected hours [ | Discharge bateries at the selected hours
only from renewables, not from AC arid {[(Sell price)"). injecting power to the AC qgrid, at C-rate,
regardless of the price of electricity reqardless of the price of electricity
fregardless of arbitrage]. (regardless of arbitrage).
Fest ot the time available far charge (arbitrage) Fest of the time bat. available far disch. (arbitrage)

If a certain hour is both marked for charging and discharging and the two previous boxes are
marked, forcing at that time both charging and discharging, the priority is the discharge, that is,

batteries will be discharged during that hour.

Also, in the lower area of the window, we can set the same for PHS: regardless of arbitrage,
we can force to pump or to run the turbine during the selected hours.

FOR PUMPING HYDRO STORAGE:

[ ]Pump at maximum power atthe selected [ ] Turhine at maximurm powsr atthe selectad hours
only from renewables, not from AC grid ((Sell price)") injecting power o the AC grid

(regardless of arbitrage]. regardless of arbitrage)




MHOGA V. 3.4 User’s manual 69

3.1.4 FINANCIAL DATA tab.

ECONOMIC DATA:

Data for economic and financial calculations must be provided as follows (see figure below):
lifetime of the system or period of study (usually the same as the lifecycle for the PV modules,
25 or 30 years), installation costs and variable initial cost (fix cost + percentage of initial cost),
nominal interest rate (hominal discount rate or nominal capital cost, indexed to inflation, I), and
expected general inflation rate (Infgen). The software uses these last two indicators to calculate
the discount rate (real discount rate or real capital cost, net of inflation), with a value close to
subtracting one from the other [Real Discount Rate (%) = (I-Infgen)/(1+ Infgen/100)]. This value
will then be used to update the different costs affected by the general inflation rate (operation
and maintenance costs, as well as the cost of replacing the elements which do not have a specific
inflation rate) throughout the whole of the study period, as referred to the initial time of
investment, thereby obtaining the NPC or NPV. Other costs have their own inflation rate (for
example the electricity price, the fuel price...), the real discount rate for these costs will be

calculated considering their own inflation.

GENERAL DATA OPTIMIZATION CONTROL STRATEGIES FINANCIAL DATA RESULTS CHART
ECONOMIC DATA:

MNaminal interest rate (capital cost): %
(nominal discount rate)

Annual real discount ratel (%): Loan (constant quota, French system)

o 49% Amount of loan: %
Annual inflation rate (O&M..J: % In LCOE / LCOH include real disc. rate in Eneregy of the initial cost of investment

In maximize MNPV systems use Inf. sell f H2
Stuct d (system lifet --25 2ars ] o
udy period (system liefms] ¥ [ In max NPV, LCOE calculated with Esell+Eload Loan Interest: %
Atthe end of the study period consider the residual cost of the components
I y p P
Dwration of loan: vears

Currency |Eura (£) ~
Installation cost and variable initial cost: D M Fix + % of initial cosi

o - ) [ fin avear costsvincomes, taxes=0 that year
orporate taxes (%, D
MNegative taxes accumulate and are offset later when taxes >0

Extra Cash Flow

If the checkbox In LCOE /LCOH include real disc. rate in Energy g checked, LCOE will be

calculated as shown in section 1.3, the total present cost divided the total supplied energy during
system lifetime, including in the energy the real discount rate.

-If minimizing NPC:

-If maximizing NPV:
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Total_Present_Cost

LCOEix = Ziifens y y
Zyzl (Einjected_y + stold_y ' 39-4) : (1 + Inf:gen) /(1 + I)

However, if that box is not checked, in the denominator of the equation there will be just the

total energy:
-If minimizing NPC:

NPC;

Lifeys
Zy:l Eloady

LCOEl',k =
-If maximizing NPV:
Total Present_Cost

I
ZnyHS(Einjected_y + stold_y : 39-4‘)

LCOEi'k =

In maximizing NPV projects, if the checkbox [ in medmize NPV systems use Inf.sell/HZ  jg
checked, the LCOE and LCOH are calculated using electricity sell price inflation and hydrogen
price inflation, respectively, instead of general inflation.

In maximizing NPV projects, if the checkbox [ ]In max. NFY, LCOE calculated with Esell+Eload

is checked, the LCOE is calculated considering the energy sold to the AC grid plus the load
energy supplied; if it is not checked, only energy sold to the AC grid is considered.

At the end of the study period consider the residual cost of the components is checked, it is

If the checkbox
considered that the residual cost of the different components is obtained when the useful life of
the system ends (each component would be sold at a price proportional to its remaining useful

life).

Corportate taxes are set in the lower part of the window (default 0%). If you change to a value
higher than 0%, the software will calculate the taxes considering EBIT, interest payment, linear
depreciation and amortization. Taxes are costs for the system, and are applied to the net incomes
(considering also interest payment, depreciation and amortization), and will be added to the

total cash flow of the year.

If in & vear costs»incomes, taxes=0thatvear

Corporate taxes (32) |0

Megative taxes accumulate and are offset later when taxes »0

If the checkbox [lfinayearcastssincames. texes=Dthatyear s checked (by default), if in a year costs
are higher than incomes, taxes will be 0 that year (that is, taxes will not be incomes). If it is not

checked, during that year taxes will be negative costs (that is, incomes).
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If the checkbox [¢] Megative taxes accumulate and are offset later when taxes >0 is checked (by default)
negative taxes (in the years when costs > incomes) will be accumulated and will be offset in a

future year, when taxes of that year are positive.

Currency change:

The default currency was defined the first time you created a project. However, you can change
the currency used in each project, selecting in the dropdown menu:

Curmency
Euro [£]

Installation s 0 gllar K] l
Another

In any case, the change of currency must always establish the equivalence with the previous

currency.

Eegquivalence between cumencies:
1€= 1.4 3
Multiply costs by conversion factor

Cumnmulative conversion factor 1€=1.3 %

k. Cancel

If you check "Multiply costs by conversion factor”, all costs used by the program, including
databases, will be multiplied by this factor, changing the currency. In results, costs also will be
changed, if the project has already been calculated (except if the sensitivity analysis has been
done, which, in that case, it is mandatory to make the changeover before the calculations). If
not checked, numeric values will remain, changing only the currency. The databases also
change. If you later want to change back to the default currency, the conversion factor calculated
by the program appears, we cannot change it because it is necessary to obtain the initial values

in the default currency.

When you close the program, it undoes the change in the database, so that original database

values are stored for subsequent projects in euros.

Important: If you have changed the currency in a project, when you have finished the project
you must close the program before opening another project or before creating another
project.
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If the currency has been changed in a project and the program is closed without exiting it
(restarting or shutting down the computer without closing the program), the databases will

be damaged, so the originals must be re-entered, doing the following:

In Project menu, select Restore Default Currency.

1 Project: C:\Users\Rodolfo\Drop
Project Data Calculate DataB
[ New
[& Open
& save Ctrl+S
Ei Save as
Save as Default Project
Options

Restore Original Tables
Create Tables backup
Restore backed up Tables

Restore Default Currency
Bl Exit

Accept the questions about restoring the currency and restoring the original tables.

After closing the software and restarting it again, you must select the default currency.

Loan:

In the right panel we can indicate the loan to finance the investment. By default, 100% of the
total initial investment cost is financed by loan (value that the user can change). Indicate the
loan interest and number of years to return. The loan must be on constant quota, French system

(every year to pay the same amount).

The annual quota (a) is calculated as:

i
1-(1+D)™

a=CU

Where Co is the total financed cost, i is the interest rate of the loan and n is the number of years

to return.

Extra cash flow:

By clicking the button “Extra cash flow”, a window appears where we can add extra cash flow

to be added to the NPC or NPV of the project. Positive values in the table are considered costs.
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ADD EXTRA CASH FLOW COST.
If. for example. there is an existing generating system with remaining costs:

Here you should enter the extra. net cash flow to be added to the NPC or NPV of the project
(walues in the table should be net cash flow values, the software will convert to present values
by means of the nominal interest rate)

These values will be added to the financial costs.
In net cash flow of each year (+ value means costs) (ME)

Year Extra Cash Flow (ME) ()

Calculate extra cash flow during system life:
Using an initial (year 0) cash flow of

ME (+ costs: - incomes)

with annual increment rate of

0
1
2
3
4
Calculate 5
6
7
]
9

OK 13

= =2 2 8 2 2 =2 2 =2 25 =2 2 =5 =2 =5 = o= = o

3.1.5 RESULTS CHART tab.

In this tab, once the system is calculated, we see the graph representing the NPC or the NPV of
the different solutions, as well as CO emissions. In the case of multi-objective, it represents
two objectives (one in X-axis and the another one in Y-axis).

3.1.6 System DC and AC Voltage.

System DC voltage (battery bank) and AC voltage must be introduced on the main screen
(bottom left). The DC voltage default is 1 kV.

DC Waltage |1 kv [ 50Cd
ACVaolage (20 KV

If we change any of these voltages, after having accepted the windows of the different
components, a message will appear saying that we must verify that the components are OK for

this voltage.
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The program will calculate the number of batteries in series as the division of the voltage DC

between the nominal voltage of the battery.

The box L150Cd. indicates whether we want to consider the dependence of the DC voltage vs.

the state of charge (SOC) of the battery bank, just in the case of lead-acid batteries. If this box
is unchecked, the DC voltage will be assumed to be constant and equal to the nominal voltage
all the time. If the box is checked, the DC voltage will vary depending on the SOC of the

batteries (more realistic situation).

3.1.7 Buttons and menus on the Main Screen

1 Project: D:\l.mho Several menus are available on the main screen (top left): Project,

Project Data Calculate Da ) .
Data, Calculate, Database, Report, Visual, Help, License and

«f LOAD / AC GRID |

RESOURCES Updates.
o L I A number of buttons is available (left) for Load/AC grid (loads and
| options to buy and sell energy to AC grid and to sell hydrogen),
COMPONENTS Resources (Irradiation, Wind, Hydro), and Components, as well as
of PV EEN. I for Pre-sizing, HDI and Jobs, Sensitivity Analysis, Probability
| Analysis, Calculate, and Report (for the best solution, once this has
+ BaTTEREES | been calculated). Buttons are enabled only for components already

+ INVERTER/CHAR. |

| Once a screen has been accepted, a validation sign is shown for
‘whater Pump in LoadAAC gnd

selected (see section 3.1.3. above, on Selecting Components).

buttons and submenus: ¥ for buttons ¥ for submenus.
DC Yoltage |1 kv [ S0Cd
ACVolage [20 kv After all the required screens are accepted for all components

PRESEZING | selected, the Calculate button and menu are enabled. Once the system

Eneray storage: [4  daysawton. s calculated, the Report button and menu are enabled (report for the
[~ Max bat. parallel -» Cromin.

[ Max P gen. parallel = P min. | hest So|uti0n)

-

-

Sensitivity Analysis

Frobahility Analysis

|
|
$ CALCULATE |
|
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Il Project: DaPROVECTOS e 1 NE Options available under the “Project” menu are: New (create new

|| Project Data Calculate Data
[ Mew

= Open
E Sawve Ctrl+5
E Sawve as
Save as Default Project
OPTIONS

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

F Exit

project), Open (open an existing project), Save (save the current
Project, shortcut Ctrl+S), Save As (save the current project with an
alternative name), Save as Default Project (save the current project as
the default project, that is, the project that will be loaded when a new
project is created), OPTIONS (to define the main options of the project,
shown in section 3.1), restore original tables, create backups of the
tables of the software or restore backup tables, restore default currency

and exit.

To save a project with a different name, use the “Save As” button.

The tables mentioned above are

the tables used in the windows

generators,  Wind

Hydraulic  Turbines,

Inverters, AC Generators, Ha (Fuel  [T[yucy
Cell and Electrolyzer) are defined, [{sepremper
and also the table of results (once [

AC LOAD (MW) } DC LOAD (MW) l H2 LOAD (tH2/h) l WATER (dam3/d:

Monith | oab | 12h | 23n | 340 | 450 | 580 | &R

where the Load, Wind, PV | |[JANUARY 0 0 0 0 0 0 0
| [FEBRUARY 0 0 0 0 0 0 0

Turbines, | |MARCH 0 ] 0 0 0 0 0
) | |APRIL 0 0 0 0 0 0 0
Batteries, MAY 0 0 0 0 0 0 0
| [oune 0 0 0 0 0 0 0

0 0 0 0 0 0 0

| [augusT 0 0 0 0 0 0 0

0 0 0 0 0 0 0

| [ocToBER 0 0 0 0 0 0 0

NOVEMBER 0 0 0 0 0 0 0

0 0 0 0 0 0 0

the system has been calculated). [ DECEMBER |
<

Details will be provided below for —

the screens on load consumption, resources, and components.
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3.2 Load and options for purchasing / selling electricity to AC grid

By clicking on the "LOAD / AC GRID" button or by clicking on "LOAD" in the "Data" menu,
we access the screen where we must specify the expected load consumption of the installation
(AC, DC, hydrogen for external consumption or water previously pumped to tank). Also
indicated on this screen are the options for the electricity purchase / sale to the AC grid and for

the sale of hydrogen.

The default is the Zero load profile, that is, no load consumption (by default the system is a
grid-connected PV generator without any load, where we want to maximize the NPV). There
are different tabs, for the different load types and for the options of purchasing and selling

1 Load and options of Selling / Purchasing Energy from the AC grid - [m] X
Data source: Hours AC (o]} Hz ‘Water
. Minutes- hh 1
() Marnthly Average @ Load Profile (O Import File (MW, tH2/h, dam3fh) U~ vintoa T parron Import Export
AC LOAD (MW) DC LOAD (MW) H2 LOAD (tH2/h) WATER (dam3/day) FROM WATER TANK  PURCHASE/ SELLE
Month 0-1h 1-2h 2-3h 3F4h 4-5h 5-Eh B-7h 7-h 8-8h 4-10h 10-11h 11-12h 12-13h 13-14h 14-15h  [5-16F A
JANUARY 0 0 0 0 0 0 0 0 0 L] 0 0 0 0 0 0
FEBRUARY 0 0 0 0 0 0 i} 0 0 0 0 0 0 0 0 0
MARCH 0 0 0 0 0 0 i} 0 0 0 0 0 0 0 0 0
APRIL 0 0 0 0 0 0 i} 0 0 0 0 0 0 0 0 0
MAY 0 0 0 0 0 0 i} 0 0 0 0 0 0 0 0 0
JUNE 0 1] 0 0 1] 0 0 1] 0 1] 1] 0 1] 1] 0 1]
JULY 0 1] 0 0 1] 0 0 1] 0 1] 1] 0 1] 1] 0 o
AUGUST 0 1] 0 0 1] 0 0 1] 0 1] 1] 0 1] 1] 0 o
SEPTEMBER 0 1] 0 0 1] 0 0 1] 0 1] 1] 0 1] 1] 0 o
OCTOBER 0 1] 0 0 1] 0 0 1] 0 1] 1] 0 1] 1] 0 o
NOVEMBER 0 1] 0 0 1] 0 0 1] 0 1] 1] 0 1] 1] 0 o
» DECEMBER 0 1] 0 0 1] 0 1] 1] 0 1] 1] 0 1] 1] 0 0
\d
< >
Scale factar for Monclay to Friday: Scale factor for the weekend,
Load profile: | Zem e
AVERAGE LOAD IN DECEMBER (included scale factor), TOTAL 0 MWh/day
Add load profile
AL 2 |I7 W AC load ™ (] DC load ¥ M H2 (HHY) ¥ B Water (E pumped) |
Yarishility
AC oc H2
Daily Variahility EI % El % EI %
Haourky Wariability EI % El % EI S
Minutes Yariability k3 k3 m % E 0
Correlation minutes
Generate AC load power factar {cos fi)
0 6 12 18
Addloadof [0 [MWAC  cuing [ |min hour
Fis t i i
from: min El hDurElday month | 91995 Bvery | AC max. hourly active power load in the year (inc. AC pumping): 0 MW bax in 1/2 h intervals: 0 bW
- davs | sverage haurly AC power Active 0 kW, Aparent 0 My,
oK. &= Graphin staps of 60 lnin DC max. hourly power load in the year: 0 kMW, DC power hourly average 0 My
Awverage hourlyvalue of (Energy_DC_hourly/Energy_Total_hourly): OC Factar = 0%
Average daily load = 0 GWh/day

If we want to supply the load of a system (farm, town, building...) in this window we must
define the load (usually only AC load) and, in the main screen of the software, Project->Options,

you should select the option of minimizing NPC.

All data of the load demand must be referred to OFFICIAL times. In many European
countries, official summer time is 2 hours ahead of solar time, whilst official winter time is 1

hour ahead.




MHOGA V. 3.4 User’s manual 77

3 options are available for introduction of data sources on load:
¢ MONTHLY AVERAGE
e LOAD PROFILE

e [IMPORT HOURLY DATA FILE

Monthly Average data:

D ata source:

r r

I~ r
E m Export

If we click in “Monthly Average”, we can introduce the load data in the tables of the different
tabs. This is adequate in case the expected load is known in monthly average hourly values.
Data on load must be introduced on the load tables (in MW and t Hz per hour). Three load tables
are available, for AC, DC, and Hz (click on the tabs to display them). Load profiles are shown
for the month under the cursor (bottom right). AC loads are displayed in blue, with DC loads in
green, and Hz loads in red (the latter are shown as power, multiplying by the HHV value of 39.4

MWh/t for Hz). Also, water consumption from water tank previously pumped can be defined.

AC LOAD (W) tab:

In this table you must enter the AC load (MW) values for each hour of the day, for each month.

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

Month | oth | 12h | 230 | 34nh | 45h | 5eh [ &7k | 7eh | 8ok | 90h [ 10tk | 1142k | 12930 [ 1314k | 1415k [I5160 A
JANUARY 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
FEBRUARY
MARCH
APRIL

MAY

JUNE

JuLy
AUGUST
SEPTEMBER
OCTOBER
NOVEMBER

|4 DECEMBER
v

<

oo oooooo oo
oo oooooo oo
oo oooooo oo
oo oooooo oo
oo oooooo oo
oo oooooo oo
oo oooooo oo
oo oooooo oo
oo oooooo oo
oo oooooo oo
oo oooooo oo
oo oooooo oo
oo oooooo oo
oooooooocoocooo
[ =N = = — R = R = — i — I — I — I — ]
[=N =R = — R — R — R — R — R — R — i —]

v

Scale factor for Monday to Friday: |1 Scale factor for the weekend: |1

In the tables (AC, DC and H table), data can be written quickly if all the months have the same
value for an hour. For example, if the AC load for every month at the first hour of the day (0-
1h) is the same, for example 50 MW, you must enter this value of load in the cell JANUARY
0-1h, and then you click your mouse in the cell JANUARY 1-2h, then all the cells of the column
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0-1h will take the same value (50 MW). Scale factor must be entered, one for weekdays and
another one for weekend.

DC LOAD (MW) tab:

DC load is not usual in high power systems, but in this tab it could be defined in the case there
is DC load.

AC LOAD (Mw) DC LOAD (MW) | H2 LOAD (tH2/h) ] WATER (dam3/day) FROM WATERTANK] PURCHASE/ SELLE ]

Manth | oth | 120 | 230 | 34h | 480 | s6h | &7h | 7ah | 8ok | 910n | 1041k | 11420 | 12130 | 1314h | 1815k [I5160 A
| [sanuaRY 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
FEBRUARY = 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| |MARCH 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| |aPRIL 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
MAY 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| |aune 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| |oury 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
AUGUST 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| |SEPTEMBER 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OCTOBER 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| |MOvEMBER | 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B pecemeer K] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,
£ >
Scale factor for Monday to Friday: '1_ Scale factor for the weekend: "I_

In this table you must enter the DC load (MW) values for each hour of the day, for each month.

Scale factor must be entered, one for weekdays and another one for weekend.

H2 LOAD (ka/h) tab:

In this table you must enter the H2 load (t/h), i.e., external H2 consumption. It is not the H2
consumption of the fuel cell. Here you must enter the H2 consumption which will be used
externally in our company or building (for example, H2 to be used in our hydrogen cars), not to
be sold, it will be used by our company without any charge. Scale factor must be entered, one
for weekdays and another one for weekend.

ACLOAD(MW) | DCLOAD(Mw)  H2LOAD (tH2/h) ]WATER (dam3/day) FROM WATER TANK | PURCHASE / SELLE |

Manth | oth | 120 [ 230 | 34nh | 480 | 56k | &7k | 78h | son | 970h | 100tk [ 1792k [ 12130 [ 1314k | 14150 [I5160 A

JANUARY 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| [FEBRUARY | © 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| [MARCH 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
[ |aPRIL 0 0 0 0 0 0 0 0 0 0 0 0 i 0 0 0
| |may 0 0 0 0 0 0 0 0 0 0 0 0 i 0 0 0
| |aune 0 0 0 0 0 0 0 0 0 0 0 0 i 0 0 0
| |duwy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| |augusT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| |SEPTEMBER 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
| |ocToBER 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

NOVEMBER | © 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 o 0 0 0 0 0 0 0 0,
€ >

Scale factor for Monday to Friday: '1_ Scale Factor for the weekend: ,1_
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Load Profile data:

Data source:

- -

~ r
" Monthly Average E\Loa ofil=t ¢ Import File [, tH2/h, dam3/h) (c 1 -

7 Export

For loads corresponding to profiles predetermined by the system (or created by the user), the
adequate option for data source is “Load Profile”. When this option is selected, the default
profile is charged (the Zero profile). Additional preloaded profiles are available by clicking on

the dropdown menu, which is displayed under the tables.

Load profile: |23r|:| ﬂ

'Fiesidential 100Mwhy/day

Y ariability TN 100k wWheday
= I~

Scale factors:

In the cases of "Monthly average” and "Load Profile" data, a scaling factor must be set for
weekdays and another for weekend days. There will be a couple of factors for each type of load
(AC, DC, H2 and pumping water).

The factor will multiply to the values that we have placed in the table of the 24 h for all the

months of the year.

Scale factor for Maonday to Friday: Scale factar for the weekend:

For example, if the expected consumption is equal for all the days of the week, both factors will
be 1. If the installation is used only the weekend, the first factor will be 0 and the second factor
1. If the consumption of the weekend is twice that of the week, in the tables you introduce the

week days values and the first factor may be 1 and the second factor 2,

Variability:

In the case of "Monthly Average™ and "Load Profile" data we can set a percentage of variability
or randomness of load (AC, DC and H2), daily, for each hour, and for each minute, for each
type of load. The program will randomly calculate the consumption for each hour taking this

into account.
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To obtain the data of each minute a correlation factor must also be added that will be used to
obtain the consumption in time intervals of 1 minute. The software obtains them from the hourly

data using a first-order autoregressive function model.

Wariability A oC 2
D aily 4 ariability 0 z |0 z |0 %
Hourly Yariabity |0 z |0 z |0 %
Minutes Warabiity |30 | % |30 | % |30 | %

Cormelation minutes

The randomness of the water consumption for time steps of 1 minute is defined in the tab
"WATER (dam3/day) FROM WATER TANK (PREVIOUSLY PUMPED)".

AC load power factor:

The user must also introduce a value for the expected AC load power factor:

AL load power factor [cos fi]:

WATER (dam3/day) FROM WATER TANK (PREVIOUSLY PUMPED):

This tab displays the following:

AC LOAD (MW) DC LOAD (MW) H2 LOAD (tH2/h) WATER (dam3/day) FROM WATER TANK  PURCHASE/ SELL E
DAILY WATER CONSUMPTION (dam3/day):

HOURLYWATER CONSUMPTION (\N % OF DA\LY CONSUMPT\ON]
Jonuary T |0 GWday)  July 0 | eawneay h 11k
Fehmary{zl 0 Gywh/day) August El 0 Gywh/dey) - - - - - - - - - - - El DEFINE he

(
{ !
March D(ﬂGWh!day SemembeerGWWw 12h 13h 14k 15h 16h 17k 18h 19h 20k 21h 22k 23h  Totel
{ !
{ (
(

) -
aoil T Juowwam  Ovober [T | @GwHamy [
/|

HOURLY WATER CONSUMPTION (% OF THE DAY
May D 0 Gyvh/day) November D 0 Givh/dey) ( )

10
June 0 [mawhday) December [0 | (0 cwhiday) 5l ||:“:| D ||:| Dl
Scale factor for Monday - Friday. Forthe Weekend 0 Wariahility minutes (%)

0 6 18

WATER TANK: hour
Water tank capacity 40 darnd; min. EI ELECTRICAL PUMP:
Capacity atthe begining of the simulation (34 DU . .

pacity gining - [ inlet Hydro res. Furmp electrical rated power: 0 (¥ Purp minimum powerlzl % of rated
PUMPING DATA " blo: P hdro furk ) El

eversible: Pump power = hydro turb. power’ iori i o

Elevation head + suction lift m PR ' P Priority to pump if surplus E > % P pump

Extra pump

Friction Losses % Total pump efficiency: % [var Pump eff.

In which we must define different data:
e The DAILY WATER CONSUMPTION of each month (dam3/day)

e ItsHOURLY WATER CONSUMPTION (IN % OF DAILY CONSUMPTION) profile,

where the sum of the 24 values must be 100%)
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e The capacity of the WATER TANK (dam3), the minimum volume (%) and the volume
at the beginning of the simulation (%), and the possibility (checking the box “Inlet
Hydro res.”) to consider the water flow defined in the HYDRO RESOURCE window

as water flow inlet in the water tank or reservoir.

e The PUMPING DATA: total height (elevation head + suction lift) (m), friction losses
(%), pump rated electric power (MW) (in parenthesis the recommended value for
pumping the maximum daily flow for 6 hours of pumping appears; note that if you
expect to pump for longer hours the power may be lower, higher if fewer hours are
expected), pump minimum power (% of rated) and total pump efficiency (%), which

could be variable if selected the checkbox “Var”.

If pump efficiency is variable (selected “Var”), by clicking the button “Pump eff.” we set the

variable efficiency % vs. max. flow rate %.

Tatal pump efficiency: 30 % Var. Pumpeff. |1

PUMP VARIABLE EFFICIENCY (EFFICIENCY % VS MAX. FLOW RATE %).

0%  10% 2% W% 40% E0% 0% 0% B0% W% 100%
o pz ks s fle Jl s (s s [z |8 |

If revversible pumpdturbine, max. flow rate of the turbine.
If different machines, using pump of 2 MW -> Max. flow rate 4.819 m3/s for elevation head + losses of 33 mwith
78 % efficiency at meax. flow

QK

The value of “Priority to pump if surplus E > .... % P. pump” is related to the limit value so that
if surplus power from renewable sources is higher than this limit, that surplus will be first used
to pump and store water, if it is lower this will be first used to charge batteries (or generate H2

by the electrolyzer).
Priority to pump if surplus E > :'J % P. pump

Next to the box of the daily flow of each month appears in brackets the daily energy in GWh/day

necessary to pump the daily flow.

It should be noted that in the consumption of water from tank (previously pumped) what really
matters in MHOGA is the energy needed to pump that water from the river or well to the tank
or reservoir. As the water consumption is normally out of time with respect to the pumping,

since the regulator tank is in the middle, the energy consumption cannot be defined directly as
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AC or DC loads on their respective load tabs. If it is direct pumping (without going through
tank), we can set the water tank capacity to 0 or it could be defined the energy consumption as
AC load.

If we only want to calculate a system of pumping water to a tank (without AC, DC or H2 loads),
we select the data in the water consumption tab and define zero consumption for the rest of the
load (DC, AC and H2), the easiest way is to select the load from profile (“Load profile”) and

choose the "Zero" load profile.

If we want to consider extra pumps which pump water to the tank or reservoir, by clicking the
button “Extra Pump” a small window appears, where we can import water pumped by other
pumps (and its consumption must be added to the AC load consumption).

Just 1 pump can be considered. If there are other pumps apart from the pump considered:
- Add the AC load conzumption of the other pumps in the AC LOAD tab or import it
- Wwith the buttan below, import the hourly water supplied by the pumps to the tank during 1 year

Impart houl water supplied byt he other purnps [dam3]

ﬁ Graph

Average hourly water supplied by the other pumpz 0 dam3

Reset

=N
Close

Button “Generate’:

By clicking on the "Generate" button MHOGA generates the load for all the minutes of the
year in AC, DC, H2 and water. Below the graph we will see the values of the maximum and
average powers both for AC and DC, as well as the value of DC Factor (average value of the

relation between the DC load of each hour and the total load of that hour).

Once the hourly and minute values of the year are generated, the tables could be saved as a new
profile by clicking on the "Add Load Profile” button. In that case, we will be asked for the

profile name.

Data from hourly file:

You can import hourly (or in several minutes steps) consumption data for a whole year.
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Hourly data:

If we have our load perfectly defined and we know (or estimate) the hourly values of the whole
year (365 - 24 = 8760 hours), in AC, in DC, in H2 and in water load (we must have them in a
text file conveniently sorted as shown below), choose the option "Import File™ and keep the
"Hours" selection. We can import AC (MW), DC (MW), H2 (t/h) and/or Water load (dam3/h),

by selecting their checkboxes.
Then click on the "Import" button, opening a dialog where it asks for the location of the file.

elshoice & Hous | AC [~ D[~ HZ [~ Water
 Monthly Average ¢ Load Profile & limport il (W, 27, damafnk O & s ?ance*; hourin 1 o jmpor Export

The file must have the following format: the hourly consumption values, in MW, must be sorted
in rows. If just AC load (for example) is selected to import, the file will have 8760 values, each
one in a row. If all the types of load are selected to import, there will be 8760x4 = 35040 rows.
Depending on the types of load selected to import, there can be up to 4 groups of 8760 rows,
corresponding to the consumption of AC, DC, H2 and water. Anyway, if there are more than
one type of load selected, the file must include first the 8760 rows of AC load (if selected), next
the 8760 rows of DC load (if selected), next the 8760 rows of H2 load (if selected) and finally
the 8760 rows of water load (if selected). The first 8760 rows will be the values of the AC
consumption corresponding to each hour (sorted by date and time, i.e. the first row will be the
AC load of January 1st, Oh, in MW, the second row is the AC load of January 1st, 1h ... the last
row, that is, the 8760™ row corresponds to 23 h on December 31), then the 8760 rows
corresponding to the hourly consumption DC (MW), then the 8760 rows of hourly consumption
of H2 (t/h) and finally the 8760 rows of water consumption from tank (dam3/h). The separation

decimal point should always be dot (.), not comma.
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B consumo.txt - Bloc de notas

Archivo Ediddn Formato Ver  Avuda

. 0000

&0, 0000

00, 0000

BO0. D000

&0, 0000

B0, 0000

B0, D000

00, 0000

1200, 0000
1200, 0000 January 1st
1850. 0000

1550, 0000
3500, 0000
4250. 0000
3500. 0000
2750, 0000
2800, 0000
3750. 0000
3000, 0000
2000, 0000
1500. 0000
B0, 0000

1000, 0000
1000. 0000
B0, 0000

600, 0000

£00. 0000

00, 0000

600, 0000

£00. 0000

00, 0000

700, 0000

1500 D060 Janwary 2nd

1200. 0000

Lower time steps data:

If the data is available in minutes (1 or more minutes per time step), we will select the number
of minutes of the time step |1 vl (Gefault 1 minute, that is, 60 data per
hour) and we can choose "Minutes - each hour in a row" or "Minutes -1 per row", depending on

which type of file we have.

Data source: C Hows | AC [~ DC T~ H2 [~ Water
" Morthly Average  Load Prafile @ Import File (M, tH2¢h, damish) O P [t geat L LL B fwper:

I g S

If we click in "Minutes —each hour in 1 row” we must have a file in which we have 8760 x M
rows, where M is the number of types of data to import (AC, DC, H2 and/or Water), if all are
selected, M =4 and therefore the file must have 35040 rows. Each row corresponds to 1 hour,

and in each row there are N data corresponding to the number of steps per hour.

For example, here we can see part of a file where the time step is 1 minute (N=60, therefore 60

tab separated columns).
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? Consumabi: Boc de notas - 8 x
ke Eficidn Formate Ve Spuds

26.TSE 36,247 27740 B6ATT 25766 25,516 20766 27.409 2T.TR 26,247 25.4%6 25225 24404 2N550 20.M5) B6.1ST 20 ME 26,087 E1EL 29.764 F9.ead
8543 LABD 29,045 1O.SET 30207 29.M13 MLT06 20415 F9UITL 27,925 h.eds 30187 31007 39,258 ZE.343 M40 27.%04 RN ZB.TEE MO.@S3
I0AT 3,5M2 20,656 20,487 22,000 20846 24,000 26,603 29.310 20,620 28044 25,006 29030 25,018 20646 24,000 24,663 25806 20,786 24701
16347 37,474 27,058 35,743 29,928 31391 31,037 32,188 31430 31404 39.796 .49 28,301 18391
33479 13,654 24,519 6.8} 23,955 5,863 33,228 27,143 I7.373 127.180 37.35 35784 75,432 26.199
1445 3,134 29,774 39.1M 30,044 5247 33,268 28,677 28.149 26,543 26.513 3178 78,947 15.585
36,796 51,983 69,638 76,313 B1,961 99,453 107,200 188.574 189,115 121,913 115238 141,531 139,450 133,267
265.151 375.612 203,442 I57.365 291,857 260.848 105,903 321,445 132009 313.790 329,036 219.861
185355 181,945 186,644 181,969 175,448 177.121 181,681 183,220 199,251 154,440 158,673 156,883
130805 104,304 120,713 134,605 135,207 127,617 10,863 117,445 124,151 121.672 120,379 137,143

TS F5E6 20790 IN.400 2420~
MIGEE M5 27 HT 2640 20,90
25349 36,008 25,007 3739 26,00
24,578 34870 23,84
25,636 36,289 27,14
23,351 13.3W 23,05
12459 138,199 125.8
101,751 179.153 189.7

29,13 .
W.6M LTI
25,647 35,508
27,698 36,684

147,082
139,013

187577 174,998
120,566 119,291

125019

151,701 146,800 144,583 107,384 190,134 126,304 138655 134,324 147,572 143,762 147,745 147,654 152,590 153,014 137,43 13328
208,041 188,120 216,458 108,967 210,713 241,943 262 495 290,691 13517 128086 127 353,923 956,215 167,451 413,448 491,37 411,588 415,662
230,887 433.TIT 414,013 465,706 415,130 506.910 $12.200 531,078 47373 524913 $3.047 £35.841 529,467 $18. )54 40,881 604,300

237.463
212.835 118,177 2098

295,187 753,834 280,126 F54.508 78,728 277.784 179,132 261,674 64 857
221.766 315,545 222,509 331,951 199,600 216.755 119.333 130,968 134 968
193785 188,417 185,068 157,354 133,147 183,855 178,550 169,405 173,350
155815 163,119 163,818 160,752 159,184 150,748 163,433 164,627 162.683
106,555 291,849 108,411 150.435 202,817 196.111 195,630 187,923 175.869
395335 F5E.E11 299,574 14,982 VB, 641 114,317 39395 295,781 394341
279,497 379,196 200,404 FET.951 276,101 275.843 267828 206,213 3141
842670 454,725 451,008 416,083 430,165 240,464 V6 Q06 00,405 407379

248,476 337.511 251,379 158,179
223.937 311,196 209,933 397,341
185844 157,592 194,981 181,478 177.636 181,621 167.4
142,884 147,357 141,671 137.788 136,845 135,348 134,3
201.355 304,208 204,115 331,819 337,501 230,893 351670 253.5
2W1.651 FET.10 289,565 RGOS 170,009 272047 193624 28A.1
294,631 FEE.SH0 206,580 104,133 AT 498 N15.TE1 M43.52% 369.1
A71.246 454,999 474,965 496,812 419,480 475,803 471419 282.5
254,201 295,639 27VSTY 266,184 206051 FER.S96 2793
OB.004 J11,766 305083 391,566 272.993 371004 276,23
184,520 106,037 182,175 53,714 95,519
LTI 22,424 21T BLOTS 21,TE4
35989 27,337 26344 15,661 26,661
sl 27,803 18393 .70 29,607
3558 25,351 25.469 15,480 27,108
I8.S0% IB.2IB ZDTSE FLTLT 29.763
24150 26,001 25158 F6.SE4 25,006
138,501 133,866 139,059 109,673 130539
155,478 199,912 184,189 187,837 171.086
134,263 101,530 126, 309 124,006 134,780
148,757 140,626 145,455 143,716 143,365
135,884 134,245 133,756 129,458 125.731
AT4.757 498,408 439,437 430,433 415878

386.39%4 366,851 348,899 333,802 38,233 371,834 319,358 301,500 194.E90
270,358 360,511 262,477 F55.545 736,150 240,51 ]47.534 233,500 115.736
191.63% 157.511 198,876 179,764 172,607 189,479 182.334 183,117 176,050
191.366 188,513 188,986 187,577 138,321 199,314 182.535 170,110 166,335
150,746 149,744 162,256 168,614 174,062 175,383 189,947 200,600 207.110
W848 F52.STY 297,890 FSR.6TY S BGO 301.185 290 EAd 209,910 ITTE6L
247,978 FSN.6N1 265,924 371659 27,943 202891 235,999 241,207 261.%61
A07.057 495,768 415,307 ITH.S54 141, THI 100,512 MET_ AT 430,744 435 TE
837.51% 421,522 408,219 B4, VG6 175 537 174,052 MT6.167 176,241 18135 140512 Me.H2 132,253 321849 301067 N14.@18 110,803 357,553
302.004 I98.E52 206,225 115320 310,424 JOO.8OE IEE. IS 276,043 277,768 270400 189,197 209,571 8387 206,158 ITE.N0 275,411

182.756 174,877 168,931 157,344 154,228 149,327 145,988 137,424 136,513 137,965 122.956 116,538 106,806 104,578 101735 181618 105,103 181352 180,291
57,987 53,375 50,265 46,873 44,553 41,131 38,365 36,509 34,865 31,875 30,154 IB.0M 26,218 15845 23,939 33,711 24,013 32344 71,566
35486 35031 25,287 26,344 26631 26,137 26.M5 27,826 18,152 19,120 28,171 18130 26,907 17204 26,196 36889 27,461 37.1%4 26,651
27,195 36,476 27,149 36576 33,173 29.B61 18,349 27,837 26.388 17,354 27,832 I7.764 27,100 15158 26,35 15376 26,895 15852 24,359
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365,541 370,727 383.343 374,615 368,477 353,984 M5.872 347,351 335.636 327,856 307508 34,168 296.136 FI5.199 294,995 }73.@833 178.417 300, F30 303,749 3X1.979 323,220 314.951
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4338 3.072 36.F¥ MUMSL 32257 35.552 I.0DN 26,535 RS.EMY 23674 RMLMET XM.A16 22.TE4 F1.455 19,948 19.%66 19.598 16527 15.785 15527 15,589 14.9%8
nan I2.057 21,533 S84 21,570 XRES0 L1608 20,943 22506 21.864 F1.551 XLL261 21.30% FLETE 20,343 30.3M 19.454 15.744 19,623 15978 19.595 20.M1
n.em I2.544 21,517 X686 22,108 .S .50 0485 1M 19.42) OET  XLLBEY 22,067 XR.SE2 23,833 FR.EM 21,558 3.BeT 21.587 X1.XB4 1,195 19473
FLR 1) 21,592 21,063 IUITY 19.695 .6 X205 21400 .09 21.824 21486 R.TTT 22,623 33.4Te 2313 3SE1 M2 159.7T8 19.724 3.1ST 1.225 0437
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If we click on "Minutes (1 per row)" we need a file where we have 8760 x N x M, where N is
the number of steps per hour (default 1 minute time steps, N=60 steps per hour) and M is the
number of types of load selected. If time step is 1 minute (N=60 steps per hour) and we import

all the types of load (M=4 types), 2,102,400 rows are needed, every minute in 1 row.

Add load

Once the hourly and minute load has been generated (using the “Generate” button) or the
consumption has been imported, you can add either AC, DC, H2 or water consumption, using
the button "Add load

following).

, Where the consumption to be added must be specified (see figure

Addloadel  |[20 [MwAC ~| duing 5 min

Frarr: rmir IEI_ ko IEI_ da""h_ manth I-I_ v xﬁﬁg_ej_'gdeax;zrﬁ

In the example, when you click on "Add load of* MHOGA will add 20 MW AC for 10
consecutive minutes from 5 a.m. of January 3rd, and will be repeated every day until the last of
the year. If you did not click on "Repeat"”, it would only be added for January 3rd.
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Please, note that this must be done after the load has been defined and generated using the
“Generate” button or after the load has been imported.

PURCHASE / SELL E tab:

This tab defines the options to purchase electric power to the AC grid, availability of the AC
grid, priority to supply the energy not covered by the renewable sources, by the storage (batteries
/ PHS / AC generator / fuel cell) or by the AC grid, sale of surplus electrical energy to the AC

grid, and sale of excess hydrogen in the H2 tank (difference between hydrogen at the end and

at the beginning of the year).

By default, a generating system is considered without any load, therefore Sell energy to AC grid
is allowed but Purchase energy from the AC grid is not allowed. If there is any load that cannot
be covered by the generating system, you should allow the purchase of energy from the AC

grid.

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

AC GRID AVAILABILITY

[] Purchase from AC grid Unmet Load (Non Served Sell Excess Energy to AC grid
Energy by Stand-alone system) Priority to supgly E not covered by renewables:
Fixed Buy Frice (Eféwh)  [015 Hourly Price Fixed Sall Price (E/kwhy 012 Houdy 2ice | @ Storage/Generstor () AC Grid
Annus! Inflation (%) Ermission (kgCOZKHL [] Pr sell=pr. huyx- -_ Sto./Gen. priatity if PriouyE »= |0
-3 g Annual Inflation (3] -3 [] Sell surplus H2 in tank (difference
Emissions data between the H2 in the tank at the end
Fixad Pz (i) Fixed Cast P £k e Powet(hiw] D =Pmax buy of the year and at the beginning)
Options Haury Yalues Energy Generation Charge (Transfer Charge) Price (£ikindh)
Access Charae Price (B [#] Fixed Transter price (E/kiwh) l:l Howrhy Price 10 ki
Fixed Access price (E/kWh) D Hourly Price Self-consumption and MNet Metterin Sell only
Back-up Charge Price (£/kWWh |NU net mettering ~ |

Fixead Back-up price (£/kWh) D Houtly Price Cost of net metering senvice [Efliwh) EI

il be added to the E purchased
o P ) [JAdd negative gen. charge Buy-back: Export E is paid at (£/lih)

Total tax for electicity costs (buy + charges) (32): D Tatal tax for electricity sald (%) D Losses in wire and transformer (%): EI

Electric power is purchased from the AC grid when there is power that the renewable sources
and the storage/generator have not been able to supply. Also, in the case of energy arbitraje in
systems with batteries connected to the AC grid or pumped hydro storage or green hydrogen
generation by the electrolyzer, during the time steps when the price of electricity is low, power
can be purchased from the grid to supply the load consumption and charge the batteries and/or
pump water and/or generate green hydrogen.

Electric power is sold to the AC grid when there is surplus energy after supplying the load and
storing the extra energy in batteries, pumped water and/or hydrogen.

Also, in the case of systems with batteries connected to the AC grid or systems with pumped

hydro storage, during time steps when electricity is expensive, batteries are discharged and/or
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hydro turbine runs with the stored water to supply the load and, if allowed, energy is injected

into the grid.

- AC grid availability:

On the right there is the button AC GRID AVAILABILITY

By clicking this button, the next window appears:

AC GRID HOURLY AVAILABILITY
AL Grd Availability Data

(®) Hourly, all days the same

() Fram fil= [8760 haurly values. Each row: 1-> availabe; 0> not available) Import

(") Random generation of non-availability:

[10-1h [11-2h 2-3h [~13-4h [~14-5h [“15-Eh [~1E-7h 17 -8h
[Z18-9h 13-10h  [A10-11h [I11-12h [112-13h [113-14h 114-15h B15-16h
W16-17h [17-18h [18-19h [19-20h [120-21h [121-22h [122-23h []23-24h

LI pricrity iz AT grid and the max. power of the renewable source is lower than % of the masimun load,
when the AC gird is available, fully charge the batteries

ﬁ Draw 0K

AC grid hourly availability data can be:

e Hourly, all the days the same (default): in this case during the hours checked the AC

grid will be available; during the hours that are unchecked AC grid will be unavailable.

e Import from file: the file must have 8760 rows (1 for each hour of the year). In each row,

value 1 means available; value 0 means unavailable.

e Random generation of non-availability: by choosing this option a text box appears where
you must introduce the percentage of non-availability. Then you must click on

“Generate” to obtain the random generation.

(®) Fandom generation of non-availability; M on-avalialbiity during % of time Generate

The checkbox “If priority is AC grid and the max. power of the renewable source...” is checked,

that means:
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[ 11f pricrity iz AC grid and the max. power of the renewable source iz lower than ?:; of the maximumn load,
when the AC gird iz available, fully charge the battenes

If the priority to supply the load that was not covered by the renewable sources is the AC grid
(see below), then, in the case that the maximum renewable power (PV+wind) is lower than a
specific percentage of the maximum load, when the grid is available it will charge the batteries.
It is a good option when you want to consider systems with low renewable power (or even
without renewable power), in this way the AC grid will be available to charge the batteries (the

renewable sources will likely not have enough power to do it).
By clicking the button “Draw” the availability of the AC grid during the year is shown.

By clicking the button “OK” the window is closed.

- Priority to supply E not covered by renewables:

Under the previous button, we can select the priority to supply the energy not covered by the
renewable sources:
Friority to supply E not covered by renewahbles:
(@ Storage/Generatar () AC Grid
[ ]Sto/Gen. priofityifPrE>= |0

e “Storage/Generator”: this means that, during each time step, if the renewable sources
cannot meet the whole load, the rest of the load will be covered by the batteries / AC
generator / fuel cell. If the storage, generator and fuel cell are not capable to cover the
whole unmet load (if there is still unmet load), it will be covered by the AC grid (if it is

available and the purchase is allowed).

e “AC Grid”: this means that, during each time step, if the renewable sources cannot meet
the whole load, the rest of the load will be covered by the AC grid (if it is available and
the purchase is allowed). If the AC grid cannot cover the whole unmet load, and there is

still unmet load, it will be covered by batteries / AC generator / fuel cell.

If the checkbox [ 1Sto/Gen. priority f Pr.E >= \D—‘ is checked, the priority will be

Storage/Generator when the purchase electricity price is lower than the value defined in the box
(in monetary unit / kwh).
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- Purchasing from AC grid Unmet Load (Non Served Energy):

By checking this option (unchecked by default), when doing the simulation, if the AC grid is
available, all the energy load that cannot be supplied (unmet load) by the system (the renewable
sources, the storage, generator and fuel cell) will be purchased from the AC grid. It may happen
that the unmet load is greater than the maximum power that can be purchased from the grid
Pmax (MW), in that case it will not be possible to cover all the unmet load from the AC grid.

urchase from AC grid Unmet Load {(Non Served
nergy by Stand-alone system)

Fixed Buy Price (£/k\Wh) 015 Haurly Price
Annual Inflatian (2): Emission (kgCO2/kWwh):
Emissions data

Fixed Prmax (M) Fixad Cost P (£/kih)
Options Hourly alues

Access Charge Price (£/wWhi
Fixed Access price (£/kyh) D Hourly Frice

Back-up Charge Price (£kYvh)

Fixed Back-up price AR [0 | Foud Price
{will be added to the E purchased)

[ ]Add negative gen. charge
Taotal tax far electricity costs (buy + charges) (%) D

You can choose a fixed price for the cost of the energy purchased from the grid, not including
the charges, which are indicated separately (for all hours of the year the same price by ticking
the box "Fixed Buy Price (€/kwWh)"):

Fixed Buy Price £/ h] 015 Haourly Price

Or set a price for each hour or by hourly periods, if the indicated checkbox is not checked, the

Hourly Frice

button on the right is enabled.

Also it must be set the expected annual inflation for the price of electricity, the CO2 emissions
due to the energy purchased from the AC grid (depending on the energy mix of the country).

Annual Inflation (%) Emission (kgCO2 M)

3 0.4 Emissions data

By clicking the button “Emissions data” we can define the expected annual variation in the

CO2 emissions due to the energy purchased to the grid (depending on the expected future of the
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energy mix of the country; + increase, - decrease), the current cost of the emissions (€ per CO2

ton) and the expected annual variation in this cost.

DATA OF THE EQUIVALENT CO2 EMISSIONS OF THE ENERGY PURCHASED TO THE GRID:

Expected annual variation in eq. CO2 emissions (%)

Current emissions costs (£ / CO2 ton): D
Expected annual variation in emissions costs (%)

OK.

Hourly Price

If the "Fixed Buy Price” checkbox is deselected, the button is enabled. By

clicking on this button a window appears from which you can enter the price for each hour of
the day (every day the same) or import from file the prices of the 8760 hours of the year (in the
case of importing of file, in the hourly values of the file the decimal separation must always be

dot, not comma).

HOURLY PRICE OF THE ELECTRICITY PURCHASED FROM THE AC GRID

Hourly Price Data [EAMwh}
(®) Houry, all days the same

() From file (3760 hourly values) Impart g Draw

(O Hourly Perinds
Hourly price. all davs the same;
0dh 12h  23h 34k 4Bk BEh  G7h  7Eh 8Gh  S0h  1041h 1142k
[958 Jjpas  Jois J[ois Jfois Joas f[ois f[ois f[os ffois J[os [jos |
1243h  131¢h  1415h  1516h  1617h  1718h  181%h  1320h 2021k 21-2zh  2223h 2324
015 o5 Joas Jois Joas Jois [[ois ffars ffois Jfois Jjois J[os |

0K

If the option "Hourly periods™ is selected, the number of periods (default 3: Peak, Normal and
Valley, here called P1, P2 and P3) and the purchase price for each of them must be set. Also it
must be defined the type of period for each hour during summer/winter (default) as well as the

summer calendar, or the type of period for each hour for Monday-Friday/weekend.
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HOURLY PRICE OF THE ELECTRICITY PURCHASED FROM THE AC GRID

Howrly Price Data [/ )
" Houwrly, all days the same

i me file [8?89 hiourly values) ﬁ Drraw

2

Hourly Periads: Humber of Hourly Periods: ,E‘ ¢ Summer/winter MonFrifweskend  Hourly [from file]
Surnmer calendar: Period F1 Price: ,D‘I'Si
From day If month ,3_ Period F2 Price: ,0127
Today |28 month [10 Peod P3Price:  [008

SUMMER periods digtribution:
O-1h 1-zh 2-3h 3-dh 4-5h 5-Eh E-7h 7h 8-9h 310k 1011k 1112k

F3 ~| [P3 «] [P3 | [P3 =] [P3 | [F3 =] |P3 =] [F3 =] |F2 »| |FP2 =] |F2 »| |F2 ~]
1213h  1314h  14415h 1516k 1617h 1718k 181%h  1920h  2021h 21-22h 2223h 2324

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

WINTER periods distribution;
0-1h 1-2h 2-3h 3-dh 458h 5-Eh E-7h 7-8h 8-49h 910k 10-11h - 1112k

[P3 »] P23 =] |P3 =] [F3 =] [Pz »| [FP3 =] |P3 »| |P3 | |F2 »] |F2 »| |F2 »| |F2 ~]
1213h  1314h 1415k 1516k 1617h 17418k 1815k 18920h  2021h 21-22h 222%h 2324h

F2 ~| P2 ~| [Pz | [P3 =] [P3 | [F3 =] [F1 =] [F1 =] |F1 =] [F1 =] |F2Z »] |F2 ~]
0K

If your period distribution during the year does not match with summer/winter or Monday-

Friday/weekend, you can use the option to import an hourly file, you should click in “Hourly

(from file)”:

" Summerfwfinter 0 Mon-Fndweekend & Hourly [from filef

In this case, you must have a file (for example a .txt file) with 8760 rows (1 for each hour), in
each row the number of the period. For example, if the first hour of the year (0 h 1% of January)
is period P3, the number 3 must be in the first row, and so on. Take into account that MHOGA
considers the first days of the year (1% and 2" January) as weekend.

For example, in the next figure we can see an example of a file with the 8760 rows
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Mj Periodos horarios Tarifa nueva 2.0.txt: Bloc de notas — O X

Archive Edicién  Formato  Ver Ayuda

Pld gl g Ll Ll L L L Ll

Where, during the weekend we have a valley period (P3), that is, in the file the first 48 rows are
“3”.
From Monday to Friday, the periods are 1, 2 or 3, depending on the hour (see next figure, where

we can see some hours of the week days).

Mj Periodos horarios Tarifa nueva 2.0.txt: Bloc de notas - O *

Archivo  Edicion  Formate  Ver Ayuda

[l B e L S T LS I S T T S e S (S (S R W E W N

A button “Import hourly Periods” is shown, and clicking in this button you must select your

file with the 8760 rows of numbers of the period for each hour.




MHOGA V. 3.4 User’s manual 93

Hourk Perinds: Mumber of Hourly Periods: |3 - " SummerAinker

Period P1 Price: |05
Period P2 Price; (012
Period P3 Price;  |0.02

Import hourly Pernods

File with 8760 raws, in each row the number of the period [1, 2, 3, 4, 5 or 6] comezponding to each hour of the year

After importing the hourly file with the numbers of the periods, we can see the name of the file

imported:

Imiport hourly Periods FPeriodos horarioz T arifa nueva 2.0tk

File with 8760 raws, in each row the number of the perod (1, 2. 3. 4, & or B] carezponding to each hour of the vear

After downloading the file, in the upper right corner of the window, we click in “Draw” button
and we can see the hourly price of the electricity. In the next figure we can see the hourly price
for two weeks (14 days shown), during the weekend (two first days of the year) the period is P3

(valley) and during the weekdays several hours it is P1, other P2 and other P3.

1l Graph — O ®
Price of the electricity PURCHASED from AC grid
0.155]
0.15]
0.145]
0.14]
0.135]
0.13]
£ 0.125)
=
I 012
) 0.115]
3 0.11
E 0
0.105
0.1
0.085]
0.09]
0.085]
0.08 — — — — — —
1 s 3 4 5 6 T 8 9 10 i 12 13 14
January
« | [
Purchase price: Average 0106 £/ h; Max 015 €AW h; Mir: 0.08 £/, Days display
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Finally, it is necessary to click on "OK" to save the changes of the hourly price.

Contracted power (maximum power that can be obtained from the AC grid):

Also it must be set the maximum contracted power Pmax (MW) that can be bought from the

AC grid, and the annual fixed cost for the availability of the AC grid “Fixed cost P (€/kW/yr)”.

[v Fixed Prawx MW Fived Caost P [£/kWw fur]

|3E|7 Options |4|37

The contracted power can be a fixed value (checkbox checked) or it can have different values
for different periods. If the checkbox “Fixed Pmax” is unchecked, the “Hourly values” button
Is enabled:

[ Fived Pmax [Mw] Fixed Cost P [£/Kyw Ayr)

30 O ptions 40 Hourly Y alues

By clicking in the “Hourly values” button we can set the different values of the contracted power
and its cost in €/kW/year for the different periods previously defined for the energy purchased
from the AC grid.

Hourly periods same of energy hourly price periods

Proax (M) Coost of Power [/ )
Perod P1 [100 0
Period P2 {100 20
PeiodP3 [100 s
Perind P4 [100 s
Perod P5 [100 s
Period PE |10 e

oK

By clicking in the button “Options”, we can set the options of the maximum peak power from
the grid. The value of the maximum power from the grid by default is limited to the value shown
in Pmax (kW), but it can be optimized (second option) or not limited (the contracted power is
the value of Pmax but the maximum to be counted in the electricty bill will be consider the

maximum average value registered in 15 minutes steps, third option).
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Optionz for the maximurn peak power from the Grid:

Yalue of Pma

f* Limited to value shown in Pmax

{~ Lirnited to a value optimized between 0 and Pmax. Mumber of values to consider; |5

" Mot limited: R egistered the masimun value [average of (15 = | min. ar the lenagth of the time step) [rata

Limitation of the Proas:

{* Shaving peak in the present time step

" Power cortral swith ip curve, disconnects nest 5 ¥ | min. or nest bme step

Ok

In the third option, if we click “Data” button, we can see how the costs of the contracted power

will be calculated, considering the contracted power and the maximum 15-min average

registered value (as done in Spain and other countries where the maximum power is registered).

COST OF THE COMTRACTED POWER:
- I max. power registerad is lower than A= |85 % of Pmawx, apply |85 of cost of Prax

- If max. power registered is higher than A and lower than B= (105 % of Pmax, apply (100 of cost of Pmax

- |f max. power registered is higher than B, apply 100% of cost of Pmax + |2 times diff. betwen regiztered and B

Prnax is the contracted power

Povaer registered iz the masimum power regigtered by the meter

oK

The limitation of the Pmax (1% or 2" options seen previously) can be by shaving the peak at the

present time step (default) or by the power control switch curve, disconnecting the next X
minutes (default 5 minutes) or next time step.

If we select the 2" option for the limitation of the Pmax, the values of the trip curve are shown:
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Trip curve
1 min. -»

Limitation of the Prnax: b
. . . % Prnan
" Shaving peak in the present time step

2 min. -» % Prnan

% Pawer cortral switch bip curve, disconnects nest |5 * | min_ ar nest time step

3min. -» % Prnan

4 mhin. -» % Prnax
B min. -» % Prnax
10 min. - % Prna
15 min. - % Prna

30 mmin. -» 4 Prax

ok, B0 min. -+

T

4 Prax

Access charge:

The AC grid access charge will be added to the cost of energy purchased. It is also indicated in
this electricity purchase table, being it possible to set a fixed price or an hourly price, just as for
the cost of electricity.

Accezs Charge Price B/ h]

[v Fixed Access price [E/M ] |0

Back-up charge:

In the case of PV self-consumption with a grid connection, in some countries, it could be
necessary to pay for the energy produced by the generators of the installation that is consumed
in the installation, called a "back-up charge”. This charge will be added to the cost of the
purchased energy. It is also indicated in this electricity purchase table, being able to fix a fixed
price or a hourly price, as for the cost of electricity.

Back-up Charge Price (£/kvh)

Fixed Back-up price [£/kMh) D Hourly Frice

il be added to the E purchased

) [ ]Add negative gen. charge

If the checkbox “Add negative gen. charge” is selected: if in the Generation charge (transfer
charge), defined later, we define a negative value, that generation charge will not be a charge,

it wll be an income, and this income will be added (in negative value) to the back-up charge.

- Sell excess energy to AC grid (excess energy produced by the system components):

If the check box "Sell Excess Energy to the AC grid” is checked (as by default), the electrical
energy that can not be used by the system will be evacuated to the AC grid. If the control strategy
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for grid-connected batteries (or pumped hydro storage) are set, the energy injected to the AC
grid will depend on the electricity prices.

@II Excess Energy to AC grid

v Fised Sell Price [£/wh)  |0.12
[~ Pr.ozell=pr. buy = |1_
Annual Inflation [%): |3

Max. Powerbyw] |30 [ =Pmax buy

Energy Generation Charge [Transfer Charge] Price [E/Ww h]
W Fixed Transfer price [£/kMWh) |0.0005

Self-conzumption and Met Mettering:
|N0 net mettering ﬂ

Cost of net metering service [EAWR] |0
Buy-back: Export E is paid at [EAWR] |0

Total tax for electricity zold [%]: |0

You can choose a fixed price for all hours of the year (check the box "Fixed Sell Price (€/kwh)",

marked default), or a price that is proportional to the purchase price (check the box "Pr. sell =
pr. buy x ", indicating the proportionality factor), or, if neither option is marked, it will be
considered the hourly price that appears in the window when clicking the button "Hourly Price"
(in that case you can use hourly periods or import a file with the hourly prices).

Fized Sell Price [/ h) 01z Howirly Price

[] Pr.zell=pr. buyx |1

The expected annual inflation for this sell price will also have to be fixed.

If you want to limit the power that can be injected to the AC grid, you must set the corresponding
value in the text box to the right of "Max. Power (MW)", which can be the same as the maximum

Power limited for the purchase (if checked the “=Pmax buy” checkbox).

Max. Powerbed] (30 [ =Pmax bup

Energy Generation Charge (Transfer Charge):

If the regulations of the country require the payment of a transfer charge (generation charge) for
the energy injection to the AC network, a fixed value can be indicated for all the hours of the

year or you can set hourly values:

Energy Generation Charge (Transfer Charge) Price (£/kWWh)

Fixed Transfer price (£/kWh) ICI Hourly Price

Col-rrrenrmntinn and Mot kdatarnme |7| Sell Un"&"
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If the ckeckbox “Sell only * is checked, this means that it will be applied only to the energy
injected to the AC grid; if it is not checked, the generation charge will be applied to all the
renewable production (PV+wind), even if it is not injected to the grid.

We could set a negative value, this would mean not a charge, but extra incomes due to
generation of clean energy: the system would receive money due to the renewable energy
generated; this will be subtracted from the cost of purchasing electricity to the grid (added as a

negative value to the back-up charge defined previously, if its checkbox is checked).

Net metering.

As default, No Net Mettering is selected. However, you can choose up to 4 cases of Net
Mettering (Rodolfo Dufo-Lépez & Bernal-Agustin, 2015a).

Self-consurnption and Met Mettering:

Mo net mettering

Met Mettenng: Energy, Annual [1 year roling credit]
Met Mettering Enerngy, Maonthly [fio rolling credit]
Met Mettering: Cost, Annual [Wet billing, 1 year roling credit]
Met Mettening: Cost, Mu:unthl_l,l[Nfat billing. no rolling credit]

If it is not allowed to sell more energy annually than to buy, you must select Net metering:
Energy, Annual (1 year rolling credit). If it is not allowed to sell more energy to the grid on a
monthly basis than to buy, you should select Net metering: Energy, Monthly (no rolling credit).
If the annual revenues due to the sale of electricity to the grid cannot be higher than the costs
due to the purchase of power to the grid, you must select Net mettering: Cost, Annual (Net
billing, 1 year rolling credit). If the monthly income due to the sale of electricity to the grid
cannot exceed the costs due to the purchase of power to the grid, you must select Net mettering:

Cost, Monthly (Net billing, no rolling credit).

If several hourly periods have been defined, there are 4 more possibilities of Net Metering, just
like the previous ones, but with the addition "- PERIODS", in these cases the net balance is
allowed only within the same hourly periods, being more restrictive. These additional cases,
taking into account the periods, cannot be defined if there are batteries and the aging model is
that of Schiffer.
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Self-congumption and Met Mettering:

Met Meterng, 1 year raling credit
Met Meterng, no raling credit
Met Billing, 1 wear rolling credit
1Met Biling, no rolling credit

|Met Metering, 1 year, PERIODS
Met kWetenng, PERIODS

Met Biling, 1 year, FERIODS
Met Billing, PERIODS

The "Cost of net metering service", is the price of the energy involved in the net metering
(€/kWh) and must be placed in the following box:

Cost of net metering service [E/4Wh] |0

For any type of net metering, it is possible to define "buy-back", that is, the energy that has been
injected into the grid and that has not intervened in the net balance (the excess energy
accumulated at the end of the balance) and that is compensated by the electricity company with

a certain price, in that case the price (€/kWh) must be placed in the following box:

Bup-back: Excess E iz paid at [E#kWh]D

Taxes:

Under the boxes of purchase and sale of electricity two boxes appear where you can indicate:

Taotal tax for electricity costs (buy + charges] [%]: EI Tatal tax for electricity sald [ D

e Total taxes on the costs of acquiring electricity to the grid (%). This percentage will be
applied on all costs: energy, access charge, back-up charge and fixed cost. It will also

be applied on the generation charge (costs for the sale of energy to the grid).

e The total taxes on revenues from the sale of electricity to the grid (%): is applied to sales
revenue, i.e., to the sale price of energy (the electric company will be invoiced for the
price of electricity sold + this tax).

- Selling surplus Hz in tank:

That is, selling Hz stored in the Ha tank, resulting from the difference between the end and the
start of the year. Purchase price and inflation rates must be introduced.
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Sell surpluz H2 in tank
[difference between the H2 in
the tank at the end of the pear
and at the beginning]

Price £/ka)  Annual Inflation [Z];
o J B

- Losses in wire and transformer:

We can consider losses in wires and transformer so that the electricity injected to the AC gird

will be reduced in this percentage:

Losses in wire and transformer (32): |0

Button “Graph in steps of”:

In the LOAD / AC GRID window, at the bottom left there is the button

15 Graphinstepsof /80 ~Jmin \vith which, once the loads of the year are generated (or

imported), a screen with the annual load chart appears in MW, dark blue AC, green DC, H2 red
and light blue WATER . It can be displayed in steps of between 1 and 60 minutes. With respect
to the consumption of H2 (t/h) although the data entered are in t of H2, to be able to represent
it together with the electrical consumptions, it is converted to energy (MWh) by multiplying by
the Higher Heating Value of H2 (HHV), roughly 39 MWh/t and then divided by the time step
in hours it its converted to power in MW. In water consumption (dam3/h), the power that during
that interval has previously been needed to pump (from the well or river to the reservoir) the

flow of that interval is represented.

You can change the number of days to display (down right). Clicking the right button on the

graph shows a menu where you can select "Copy" (to the clipboard) or "Save Picture".

For example, if using the load profile “Residential 100 MWh/day”, showing 10 consecutive

days:
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\ Graph - O X

LOAD

MW

1 2 3 4 5 6 7 8 9 10
January

M — ACload |[¢ — DCload [# — H2 (in HHV) |¥ — WATER (in pump E.) |

< ;

Days display

2 Back

You can also export the time values generated (or imported) by pressing the "Export” button

(up right).

W AC v DC v HZ [ “Wwiater

* Hours < P
. Mirutes [each hourin 1 row] | € | o
i m Minutes [1 datum per row]

(] | Cancel |

A small window appears where you have to indicate the format of the data to be exported:

In hourly data: 8760 h rows x M, where M is the load types (AC, DC, H2 and/or Water,
depending if they are selected or not). For example, if you select to export just the AC load, the
file will have only 8760 rows. If you select to export all the load types, the file will have 8760x4
= 35040 rows (first 8760 rows AC, next 8760 rows DC, next 8760 rows H2 and last 8760 rows
Water).

In other time steps data: We must select the time step (by default 1 minute, in this case number

of time steps in one hour is N=60).

If we select “Minutes (each hour in 1 row), N time steps tab separated data will be in each row

(if 1 minute is selected as time step, 60 tab separated values will be in each row, that is, all the
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values of each hour), and the number of rows will be 8760 x M, where M is the load types (AC,
DC, H2 and/or Water, depending if they are selected or not).

If we select “Minutes (1 datum per row), in each row there will be just one datum, for example,
if the time step selected is 1 minute, the first 60 rows will be the values for each minute of the
first hour of the year, and so on. If all the data is selected (AC, DC, H2 and Water), 8760x60x4
= 2102400 rows will be in the file.

It is possible to save the data of the consumption tables, both of the AC consumption table as
well as the DC and H2 tables. To do this, select a cell with the left mouse button and then right
click and "Save Table".

AC LDAD [w) DC LOAD (W) H2 LDAD (kg/h)  'WATER (m3/day) FROM WATER TANK [PREYIOUSLY PUMPED) PURCHASE / SELLE

Manth | oah | 1zh | 230 | 340 [ a8h | 56h | &7h | Feh | 83h [ 990n | 1099k | 1142k [ 1213h | 1314h | 1415k |I5160 A
JANUARY 22 22 22 22 22 22 | 110 | 176 132 110 110 | 308 308 @220 176 15
| |FEBRUARY | 22 22 22 22 22 22 | 110 | 176 | 132 | 110 110 | 308 308 220 176 15
| |MARCH 22 22 22 22 22 22 | 110 | 176 | 132 | 110 110 | 308 308 220 176 15
| |aPRIL 22 22 22 22 22 22 | 110 | 176 | 132 | 110 | 110 | 308 308 220 176 | 15
| |may 22 22 22 22 22 22 | 10 | 176 | 132 | 110 110 | 308 308 220 176 | 15
JUNE 22 22 22 22 22 22 | 110 | 176 | 132 | 110 110 | 308 308 220 176 15
ooy 22 22 22 22 22 22 | 10 | 176 | 132 | 110 110 | 308 308 220 176 15
AUGUST 22 22 22 22 22 22 | 110 | 176 | 132 | 110 110 | 308 308 220 176 15
»|SEPTEMBER 22 22 22 2 ET - 176 | 132 110 | 110 | 308 | 308 220 176 15
" [ocToBER 22 22 22 22 2 Sl 176 | 132 | 110 110 | 308 308 220 176 15
| |NOVEMBER | 22 22 22 22 22 22 | 10 | 176 | 132 | 110 110 | 308 308 220 176 15
| |DECEMBER | 22 22 22 22 22 22 M0 176 132 110 110 | 308 308 220 176 15
£ >

The consumption chart can also be saved. By right clicking on it, we will select "Copy" (to the

clipboard). The same can be done with all the graphs of the program.

AVERAGE LOAD IN DECEMBER
[ — [E—] 2 (HHY) ]

hour

Once we have defined the consumptions, click on the "OK" button and we return to the main

screen.
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3.3 Solar resource (Irradiation)

Data on solar irradiation may be introduced by clicking on the “SOLAR” button
(RESOURCEYS), or selecting “Solar” within the “Data” menu. Irradiation data is used for

calculation of the energy produced by the PV generators (also bifacial PV or CPV can be
defined).

VI SOLAR RESOURCE

Laitucle (8} (+},-5) . |41.66 Get data fram local DB G (2 el Slerma () - P emels Adim e ) El

Longitude () (+E. W) Dawnload hourly data
PV gen_#1: - Ground Reflectance D

I Al g
Locate onmep | Update coord, Download HASA monthly data [ Fixed albecio mpo Gr.
Optimal Slope#l | [ Optimize PY#1 panels slope during the optimization of the systam
Data source for Global irradiation
Steps

(@ Monthly Average (O Import from File Hour (kWh/m2) Horiz Tilt
1w Minutes- each hour in 1 row (tilt, in kW/m2)
. . S Import
Minutes- 1 per row (tilt surf. in kw/m2)

Data Source for Monthly Average Dally Irradiation: |Radiation Horizontal Surface (kwh/m2) | Calculation Method for Hourly Iradiation:

Irradiation Irradiation .
PV Tracking System: | No Tracking «|  OvusJordan OFrbs et al
av. hotiz. s o tilt s

Factar F(l} far the back albedo (@) Collares-Pereira & Rabl (_) Graham
January BRI (bifacial modules) (Durusoy 2020):

Februray |3.03 4 89 ki fm2 s ]
MONTHLY AVERAGE DAILY IRRADIATION, HORIZ. / TILTED SURF. ummer:
harch 432 535 livh/m2 Official hour advances:
April 495 Kitvhjm2 [2_]nto solar hour
30
EY 5.97 471 Kvh/m2 From day
of month |3
June 475 Kithjm?2
To day |26
July 677 494 Kiwhim?2 -

of month -
August 5.00 Kiwh/m2 wint
inter:

September 5 kWhim2 Official hour advances:
3.03 1 |hto solar hour

Octaher 4.22 kivh/m2 ) F M A ¥ ) | a s 0 N D

Mewermber 3 45 ki MONTH [«] 1Import from hourly file:

Official hour
December |158 2.9 kwh/m2
4 Force Elcloudy consecutive days (only difuse irradiation) in month

SHADOWS Diaily Average Iradiation (Horiz, Surf): 4.21 kvhimz Daily Average Irradiation (Til Surf):  4.47 kKMWh/m2
Total Annual Irradiation (Horiz. Surf): 153792 kiwhm2 Total Annual Iradiation (Tilt Surf): 1634.49 kKWh/m2
EealeliRetolEly] Annual lrr. Back surface / Directfor CPY: 472,76 Kwh/m? /130973 Kvvh/m?2
“anahilty minutes: correlation factor: std. den. Update minutes Import Back (hourly, tilt) Import Direct (hourly, tilt)

Calculate = Graph in steps of 60 ~ | min. Export G. tilted Export G. horiz.

In the upper left zone, it should be indicated latitude (+ northern hemisphere, - southern
hemisphere) and longitude (+ East, - West), as well in the upper right zone the slope (°) and
azimuth (° south) of the modules and ground reflectance (fixed value for all the year of “Fixed

albedo” or you can import an hourly file with the 8760 hourly values of the albedo, button
“Import Alb™).

3.3.1. PV generator divided in two zones.

MHOGA allows the PV generator divided in two zones at different slope and azimuth.
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By default, there is only one zone for the PV generator (zone #1 is 100%). If you want to divide
the PV generator in two zones, you must change the value of “PV gen #1”. For example, if you
want 65% of the PV generator power in zone # and 35% in zone 2, you must define PV gen. #

65%0. You must define the slope and azimuth for zones #1 and #2, for example, in the following
figure it is defined that #1 (65% of the PV gen.) is 60° slope and -90° azimuth (east), and zone
#2 (35%) is 60° slope and 90° azimuth (west).

#1: P panels slope (%) : |BO - PY panels Azimuth (4):|-30

#2: PV panels slope (%) - F’Vpanels Azirnuth (2 50

PV gen. #1: |B5 Ground Beflectance: (0.2
[v| Fixed albedo

3.3.2. Locate coordinates on the map.

The latitude and longitude can be obtained from a web map (necessary internet connection) by

clicking on "Locate on map" (top left corner).

) SOLAR RESOURCE

Latitude (°) [+N. -5): |41.66 (et data from local DB ‘
Longitude (%) [+E. ] : [-U. 86

Download hourly data

Locate onmap Update coord.| Download MASA monthly data ‘

In order to locate a place on the map, it is necessary to have a Google Maps JavaScript API key.
If you do not have a key you can get it for free at:

https://developers.google.com/maps/documentation/javascript/get-api-key?hl|=EN

It is important not to include any restrictions on the API key, because if you introduce any
restrictions it may not work in MHOGA.

The first time you click on "Locate on map" the following panel appears:

To be able to locate in the interactive map pou must have a key of

Google Maps JavaS cript AP

It zan be obtained free of charge in:

https: //developers. google. com/maps/documentation javazcript/get-api-key *hi=E 5

Open web to get Google Maps AP key

If you already have a Google Maps JavaScrpt AP key, enter it here:

Save key Cancel

Once a key is available, enter it in the text field and click on "Save key" (you will not be asked

for the next times).



https://developers.google.com/maps/documentation/javascript/get-api-key?hl=EN
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If you later want to change the key, open the "Map.html" file located in the "Map" folder (which
is in the program's installation directory) with the Notepad and delete the last two lines:

| ¢script src="https://maps.googleapis.com/maps/api/jskey=AI
<|/body></html>

The next time you try to locate on a map, you will be prompted to enter the credential.
Then a window opens in the web browser where we must click on the location that interests us

and then click on the "Confirm" button (see figure below).

Select the location of the installation
Mapa  Satélite

Mauritania

Nuakchot
Sl

Mali

St Lowss

Dakar _  Touba J
ARAT o This ok

Senegal

Google Mo LIS

Latitude (%) 18,27

Longitude (") -12,091

Confirm

After clicking "Confirm" on the web, we return to MHOGA and click on "Update coord.",

then the latitude and longitude are updated. After that, the “Update coord.” button is disabled.

N SOLAR RESOURCE

Latitude (%) (+N, 5):  [18.27 Get data from local DB |
Longitude (%) (+£. 4w):|-12.091 Download hourly data |

Locate on map J ‘ Download NASA monthly data |

If you want to obtain new coordinates in the map, click again “Locate on map”, a new web map
appears, and you must click in the new web map the new location (do not use the previous web

map).

3.3.3. Download resources 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:



https://power.larc.nasa.gov/
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-PVGIS (https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html)

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

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

To download data, you can use the buttons:
- Get data from local DB
- Download hourly data
- Download NASA monthly data

1 SOLAR RESOURCE

Latitude [®) [+N. -5]: |18.27 Get data from local DB
Longitude (%) (+E, w) :|-12.091

Download hourly data

Update coord. Dowrload NASA monthly data

3.3.3.1. NASA monthly data

Click in the “Download NASA monthly data” button, a small window appears where we can

indicate the data that we want to download.

1 SOLAR RESOURCE

D ata to download: “Year | 2019

e

Latitude [%) [+MN, -5): [18.27 Get data from local DB |
Longitude (&) (+E, ‘] : I-12.IJEI1

Download hourly data | v Monthly &verage lradiation

Locate on map | Update caord.‘ ‘ Download NASA monthly data I ¥ Monthly Average Wind Speed

v At10m height W Consider roughness
[~ At 50 m height
v ‘wind Speed ‘Weibull Shape Factor
¥ Altitude above sea level

Data source

f* Monthly Average " Import from File

Data Source for Monthly Average Daily liradiation: | R adiation Horizontal Sui

Iradiation lrradiation .
av. horiz. 5. av. tilt s. PY Tracking Systern: IE oK Cancel

January  |1.88 3.44 kKwh/m2

We must indicate the year of the data. Also we can choose the different data to download:
- Average monthly irradiation (kWh/m2) -> The data will be updated on the irradiati

screen.

v Monthly Average Temperature | FonBat

on

- Average monthly temperature (°C) -> Data will be updated on the screens of PV generators

and wind turbines, to take into account the effect of temperature on photovoltaic and wi

nd



https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
https://www.renewables.ninja/
https://power.larc.nasa.gov/
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power generation. If “For Bat” is selected, also the downloaded temperature will be
considered for the ambient temperature of the battery bank.

- Average wind speed (at 10 m, considering the roughness indicated on the wind screen, or at
50 m) -> The data will be updated on the wind screen.

- Weibull shape parameter of the wind speed (obtained by MHOGA from the wind probability
at 50 m) -> The data will be updated on the wind screen. Not available since end of 2018
from NASA. Available from local database (this database can be downloaded from iHOGA
/| MHOGA web).

- Altitude above sea level -> The data will be updated on the screen of the wind turbines, to

consider the effect of the altitude of the location in air pressure and therefore in air density.

- Days of autonomy (maximum number of days without sun in a certain period, default in 14
consecutive days). (Only available from the local database) -> The data will be updated in
the restrictions screen (minimum number of days of autonomy) and in the main screen, in

PRE-SIZING, the number of days of autonomy to predefine storage.

3.3.3.2. Local database monthly data
If NASA database fails (server error), you can use the local database of MHOGA (you must

have previously installed the database by downloading from iIHOGA / MHOGA web and
executing the self-extracting .rar file “RESOURCES-ENG.exe”, installing into the MHOGA
installation folder, subfolder “RESOURCES”. (Availalbe in
https://ihoga.unizar.es/Desc/RESOURCES-EDU-eng.exe). To use the local database, click on
the button “Get data from local DB”.

These data were obtained from NASA website, they are 22-year average monthly data.

3.3.3.3. Hourly data

We can also download hourly resources data from:

-PVGIS (https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html), years 2007 to 2015.

-Renewable Ninja (https://www.renewables.ninja/), only for year 2019.
- NASA (https://power.larc.nasa.gov/), years 1990 to 2020.

In that case we must click the button “Download hourly data”, obtaining hourly data of a

whole year.



https://ihoga.unizar.es/Desc/RESOURCES-EDU-eng.exe
https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
https://www.renewables.ninja/
https://power.larc.nasa.gov/
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1! SOLAR RESOURCE

Latitude (%) (+N, -5): |18.27 Get data from local DB | .
- : —————————————— | Downloadfiom: | © PVGIS-Year [2015 v |
Longitude (7] (+€. w):|-12.081 [ Dowrloadoury dsa ] - v
C" Renewable Ninja [year 2015)
Locate on map I Update cnord.| Dowrload HASA monthly data | " NASA - Year |2020 j
Data source v Hourly liradiation
(& Monthly Average ¢ Import from File v Hourly Temperature for: v PY v Wind T.[ Batt.

[v Hourly Wind Speed

Data Source for Monthly &verage Daily Iradiation: | Radiation Horizontal Surl

Iradiation Irradiation . i ) oK Cancel
av. horiz. 5. av. Hilt . P Tracking System: [MNo

We can download hourly data of irradiation over the tilted surface in the cases of PVGIS and
Renewable Ninja or over the horizontal surface in the case of NASA (then these data will be
converted to the tilted surface).

Also it can be downloaded temperature data (to be used in the PV generators window, in the
wind turbines window and in the batteries window).

Wind speed can be downloaded at the height shown in the wind speed window (any height) in
the case of Renewable Ninja but only at 10 m height in the case of P\VGIS and 10 or 50 m height
in the case of NASA.

Note that Renewable Ninja web only allows 5 downloads per day for anonymous users, and the

downloads are only for year 2019 (https://www.renewables.ninja/documentation). Also note

that when you download from Renewable Ninja irradiation or temperature it is counted as one
download, and for wind it is counted as another one. To increase the number of downloads per
day, you can install a free VPN as for example Tunnel Bear

(https://www.tunnelbear.com/pricing) and, after the first 5 downloads, you can change the

internet connection to another country and you will be able to continue downloading data from
Renewables Ninja.

These restrictions are not for PVGIS hourly data download (no limit in the number of
downloads, you can download any year data from 2007 to 2015), however there are several
areas that are not covered by PVGIS (Argentina, Chile, north of Canada, Alaska, east of Rusia,

east of Asia and Oceania), check in https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html.

In the case of NASA, there are no restrictions.



https://www.renewables.ninja/documentation
https://www.tunnelbear.com/pricing
https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
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3.3.4. Data source (monthly average or import).

We can also enter the irradiation data without downloading them. In that case there are more
possibilities of data formats.
The source of the irradiation data can be in the form of daily average monthly data (*Monthly

Average"), or in data of a whole year, in hourly intervals or in minutes ("Import From File").

Data gounce
Steps

¢ Monthly dverage © Import from File O = i
i
e | =l

Monthly average data:

In the first case (by default), we can choose the format of the monthly average daily data in the

dropdown menu:

Data Source for Manthly &verage Daily lradiation: |Fiau:|iatiu:un Harizontal Surface [kKwhdmz] ﬂ
Irradiation  lrradiation
av_ honiz. 5. av. hilt 5.

Januany 415 552 kwhim2

Clearness [ndex
:F adiation Honizontal Surface [k
Peak Sun Hours

/]

The default format is "Radiation Horizontal Surface (kWh/m2)", being able also to be chosen
“Clearness Index” or “Peak Sun Hours”.

We will also choose if we want to calculate the hourly irradiance on the inclined surface by the
method of Graham (1990) (Graham & Hollands, 1990), which includes statistical variability, or
through the model of Liu and Jordan, 1960 (Liu & Jordan, 1960) and Hay y Davis, 1978 (Hay
& Davies, 1978) and Rietveld (Rietveld, 1978), by using different correlations: Liu and Jordan
(1960) (Liu & Jordan, 1960), Collares-Pereira (1979) (Collares Pereira & Rabl, 1979) and Erbs
et al (1982) (Erbs et al., 1982).

Calculation kMethod for Hourly [radiation:
i Liu & Jordan () Erbs et al

(®) Collares-Pereira & Babl () Graham

Once the hourly irradiation data have been obtained, the global irradiance G (KW/m?) over the
tilted surface of the PV generator in 1-minute steps is obtained by using a first-order
autoregressive function based on the work (Aguiar & Collares-Pereira, 1992).

First global and diffuse minute irradiance data between hours (Ghourstty and Dhours(ty) are obtained
by means of linear interpolation between hourly values. Then a first order autoregressive (AR)

function (7@) is obtained, which is used to calculate the G, that cannot be lower than the

diffuse component:

_ 2
Yoy = ¢1G7/(t—At) tN (0' % |1~ ¢ ) (1
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G = max (Dhours(t)l Ghours(t) (1 + 7@)) (2)

Where ¢, . is the correlation factor, o is the standard deviation and N(a, b) is a random number
following normal distribution with mean a and standard deviation b.

MHOGA calculates the direct normal irradiation over the tilted surface. It will be needed if we
consider concentrating PV generators (CPV).

MHOGA calculates the irradiation over the back surface of the PV modules (in the case we use
bifacial PV modules, it will be needed), using the methodology shown in (Durusoy et al., 2020),
expanded to any azimuth and tracking method. The factor F(I) that multiplies the albedo

irradiation over the back surface must be set in the software:

Factor F(1) far the back albedo —_—
(hifacial madules) (Durusoy 2020y |0.33

Data from file:

In the case of “Import from File” data, we can choose among three format files:

Data gounce
Steps

¢ Monthly dverage © Import from File O = i

Cf

- Hours (horiz. surf. or Tilt surf., depending on the selection in the right | Heiz £ Tit |

in kWh/m2): The file must have irradiation values in KWh/ m? (that is, irradiance in kW/m?)
and must be ordered in rows, one row for each hour, starting January 1st at Oh. There will
be 8760 rows (sorted by date and time, i.e. the first row will be the irradiation on horizontal
surface in KWh/m? from January 1 from 0 to 1h, the second row the value of January 1 from
1to 2 h ... all in solar time). Clicking on "Import" appears a dialog where we will specify
where the file is. Decimal spacing must be dot, not comma.

- Minutes — each hour in 1 row (tilt, in KWw/m?): There will be 8760 rows (one for each hour),

each row will have a number N of columns, one per time step (default time step is 1 minute,

therefore N = 60 columns, but it can be changed in the combobox 1 =] ). The irradiance
data for each minute will be for the tilted surface, in KW/m?,
- Minutes- 1 per row (tilt surf. in KW/m?): There will be 8760 x N rows (one for each time

step of each hour, default time step is 1 minute therefore N=60, but it can be changed in the

combobox ! =l ). The irradiance data for each time step will be for the tilted surface, in
KW/m?.
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If in the “Import from file” we select the option “Generation of PV gen (kW) normalized to
1 kWp”:

Drata zource

(" Maonthly Average + Import from File

[v Generation of PY gen. [ normalized to 1 kKwp
[equivalent toiradiance kv mz2 = PR]

A message appears:

HOGA *

Import PV output power generation (MW) data normalized to 1 MW peak power PV generator, When simulating each combination, the software will calculate the PV suptput power
generation by multiplying the data imported by the peak power of the PV generator

Therefore, in that case we must import form a file (same format as for the irradiation explained
before) the output power of a PV generator normalized to 1 MWp. For example, if we have the
output power of a PV generator of 100 MWop, these values must be divided by 100 and then we
obtain the output normalized to 1 MWp (which, in fact, is the irradiance in kW/m2 multiplied
by the performance ratio, that is, including all the losses). Then, this file (in hourly, minutes,
10-minutes... steps) can be imported. Later, when the software is simulating different
combinations and optimizing the system, the output power of a specific PV generator of X MWp

will be calculated as the imported data multiplied by X.

3.3.5. Shadows button

Shadows must be defined before downloading or calculating the irradiation.

By clicking on the SHADOWS button, a box appears where we can define the elevation of the
obstacles (°) vs. the azimuth (°), as well as the reduction factor of the direct radiation (% the
obstacles covers the sun, default 100%). In the example two obstacles have been added, one of
50° elevation between azimuth -15° and 0 (southeast) and another one of 30° elevation between
azimuth 15 and 30° (southwest). As a reference the solar path curves are shown in the solstices

(all solar paths will be between the two ones shown).
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For each range of azimuth. indicate elevation of obstacles [*] and the percentage of reduction in direct irradiation:

Form [%) -180[M) -165
To (9 -1E5 180

135 4
Az - ] a
Obstackeselevationt) [0 [ [0 [ [0 [0 J[o o J[o Jfo o J[p J[o |
Fieduction in direct iradiation (%] 100
5

Azimuth:

. Fom [% 0[S) 15 0
amih - w15 @ a5

Obstacles elevation (9] EI EI l%l lil l%l EI EI EI EI EI EI

Reduction in direct irradiation (%) 100 100 100 100 100 100 100 | |100 100 100 100

Elevation (")
& @ @
= 8 &

P
=

-165 -150 -135 120 -105 80 -75 60 45 -30 -1 0 1% 30 45 &0 73 90 105 120 135 150 165 180
Azimuth (°)

For reference solar trajectories are shown for winter and summer solstices for latitude 41 652

oK

Click “OK” to accept the obstacles.

3.3.6. Solar tracking

The user must select the method applied for sun-tracking. The default value is “No Tracking”.

P Tracking System: | Mo Tracking

Harizontal Axiz
Wertical Axiz
Bath .-'1‘-._:-:is

BAMMTHI W A

If there is no solar tracking system, or only horizontal axis tracking, the azimuth of the

photovoltaic modules must be specified (orientation towards the south: in the northern

hemisphere the optimum is 0°, that is, facing south; Southern hemisphere the optimum is 180°,

that is, facing north, the azimuth is positive towards the west, negative towards the east).

If there is no solar tracking system, or only vertical axis tracking, the panel slope must be set

up.

3.3.7. Optimal slope

The optimal slope (to maximize global irradiation) of zone 1 of the PV generator is shown after

clicking the button “Optimal slope#1”.

Note that it can only work if you have the following data:

Monthly average data

Montly data downloaded from NASA
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- Hourly data downloaded from PVGIS, Renewables Ninja or NASA only if #1 PV panels
slope is 0° and the whole PV is #1 (100%, as default). In that case, after downloading

irradiation at slope 0°, you must click in “Monthly Average” for the data source, this way
the monthly average of the downloaded data horizontal irradiation is considered. Make sure
that the data source for monthly average daily irradiation is “Radiation Horizontal Surface
(kWh/m2)”. Then you can click in the button “Optimal slope #1”.

Data zource
Steps
& Monthly Average ¢ Import from File FROM PYGIS vear 2007 O
[ Generation of PY gen. [Mw] normalized ta 1 Mwp e 1 -
[equivalent to iradiance kS dm2 = PR] '-"“

Data Source for Maonthly Average Daily lradiation: |F|au:|iatiu:-n Harizontal Surface [Kwh/mz2) j

Irradizhian  leradiabine

- Data imported from file, only if #1 PV panels slope is 0° and 100% Same procedure as with

the web downloaded data shown above.

After a time (even 1 minute, please, be patient), the screen shown below is shown.

V. Optimal slope for PV panels - O X

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

Azimuth [0%) iz optimal far northern latitudes

Rrad. 02 (Kwh/day][Rad. 15 (Kv/h/dayl Fad. 30 (kwh/day][Rad. 45° (K/h/dayl Rad. 602 (iwh/day][ Rad. 752 (kiwh/day)| Rad. 802 [kwwday]| Slope: Opt. (%) |F!ad Slope Opt. (KWwh/da]

January 13 (E03 557 595 602 559 468 55 604
Februiaty 54 604 651 678 669 508 497 13 58

March 641 681 701 70 667 583 453 7 7.04
i 712 718 704 672 612 51 a7 10 718
Map 7.3 709 57 62 543 444 a1a i 731
June 7.23 691 544 59 519 42 219 i 7.23
July 6.92 668 631 560 528 436 228 i 5.9z
August 655 65 £33 607 56 475 156 4 556
September 6.02 623 631 627 596 522 407 ES 631
Dctaber 534 582 516 635 6.22 562 455 48 5.36
November 459 523 575 612 615 569 474 54 FRE]
December 397 456 507 544 553 515 4.34 56 554
WHOLE YEAR  |5.94 617 5.26 622 59 516 406 ] 5.27

onth of lowest iradiation over horizontal suface is DECEMEER
Optirmal slope ta maximize the iradistion in DECEMBER (fixed PY modules) is 56 2

Dptimal slope taking into account the ratio load/irradiation’ over tilted surface [fixed PY modules) is 50 ®

Month of worst ratio ‘load/uradiation’ for that optimal slope of 50® is DECEMBER with equivalent DC load of 4.39 kWh/day and uradiation over tilted surface 50® is 5.51
kwh/m2/day

[ 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 below will appear.
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Irradiation for slope 0, 15, 30, 45, 60, 75 and 90° and for the optimal slope is shown for every

month and for the whole year.

MHOGA calculates the optimum angle for each month, reporting the optimum slope to
maximize production in the month of lower irradiance (in the example, in Spain, December). It
also calculates the optimum inclination considering not only the irradiation, but also the load
consumption of each month, giving the ratio load/irradiation for each tilt angle between 0 and
90°. The optimum tilt angle will be the value so that the annual minimum ratio load/irradiation
is maximized. (This only makes sense if the slope of the modules will be fixed or tracking
system is only using vertical axis. If the tracking system is by using horizontal or both axes, the
tilt of the modules is changing during the day.)

If the azimuth we have indicated in the screen is not optimal (0° for northern hemisphere and
180° for the southern hemisphere), a text appears in the top of the screen showing the warning.
If load is about the same throughout the year, it will choose the optimum angle for the month
of lower irradiance on a horizontal surface. However, if the system is only used in a period of
year, for example in summer, we will have to choose the optimum inclination for this period
(for example, in the case of the figure, if load consumption was only in summer, choose the

angle of about 25 or 30° slope).

3.3.8. Optimize PV modules slope during the optimization of the system

If the checkbox "Optimize PV modules slope during the optimization of the system” is
checked, the slope of the PV modules will be a variable to be optimized, like the number of
modules, panel type, etc.

This option will only work if the time step of the simulation is 1 h. The whole PV generator

must be #1 (100%, as default). Also, same limitations for the data source as for “Optimal

slope#1” button (see above).

] Optimize PA*#1 panels slope during the optimization of the system

This option is interesting for the hybrid systems which include PV array and also available wind
turbines or hydro turbine, which electrical production is not stable throughout the year (as
usual). In many of these cases the optimum slope will not be the same as if it were a
photovoltaic-only system, and a priori it is difficult to know. For example, in a photovoltaic-
wind power installed in Spain, if wind production is higher in winter, it is possible that the

optimum inclination of the modules is not the usual slope for photovoltaic systems where
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production is maximized in the month of lower irradiance (December, with optimum inclination
around 60°), but it is possible that the PV slope will be the value to maximize production in

another month when the wind speed is lower.

Also interesting is the option to optimize the slope together with the system in cases where load
is distributed throughout the year and during the day in an unusual way, for example,
consumption of irrigation pumps that operate only in summer, only during morning or afternoon
hours in the day. In such cases, a priori, it is difficult to know the optimal slope for the
photovoltaic modules that feed these pumps, so we can let the software try different slopes and

seek the optimal.

The possible slopes to consider in the optimization are between 0 and 90 ° in 10 ° intervals.
It is recommended that, when you use this option, set to 0 the correlation factor and the standard

deviation for the variability of the irradiation in minutes step.
Yariability rinutes; corelation factor |0 ; std, dew.: |0

Also, do not use the Graham method for the calculation of hourly irradiation (because this
method introduces random variability).

Calculation kMethod far Hourly [radiation:
" Liu & Jordan " Erbz et al

+ Collares-Pereira & Rabl T Graham

This way, when you open a project where the PV slope optimization has done, the results will
not change, as the irradiation obtained for the different slopes (which will be calculated again

when the project opens will be the same.

After clicking "Optimize PV modules slope during the optimization of the system"
checkbox, the software calculates the hourly irradiation for all the slope cases (from 0 to 90°).

You mustn’t click “Calculate” button after that.

The irradiation curve for each case (0 to 90°) can be seen by selecting the slope and then clicking
in “Graph in steps of” button in the top bottom of the window (note that only hour time steps

are allowed, as minutes are not considered in the case of optimizing the PV slope).

ﬁﬁraph it steps of ‘ B0 | min
TILT AMGLE: |3IIIE -
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3.3.9. Official hour change

User must select (right of the screen) the official hour change (winter — summer):

Summer:
Official hour advances:

h to solar hour
From day
of month

To day
of month

Winter:
Official hour advances:

h to solar hour

Import from hourly file:
Official hour

The irradiation will be converted to official hour (in the simulation, everything is in official
hour).

If the box “Import from hourly file: Official hour” is selected, if you import the irradiation from
a file, you must ensure that the irradiation data of the file is in official hour. If it is not selected,

when you import irradiation from a file, it must be in solar hour.

3.3.10. Force some consecutive cloudy days

Several consecutive cloudy days can be forced in a given month, so that in those days there will

only be diffuse irradiation.

Force Elcluudy conzecutive days [only difuze iradiation] in month

3.3.11. Minute irradiation variability

MHOGA will calculate the hourly irradiation (in case of having the average monthly data) and
then the irradiation for each minute. To calculate the irradiation values for each minute,
MHOGA uses a first-order autoregressive function model based on the one used by the
Meteonorm software (Meteonorm. Global meteorological database. Handbook part I1: Theory.

Version 7.1, 2015), needing to define the correlation factor and the standard deviation:

Yariability minutes: correlation factarn: ; ztd. devw.:
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3.3.12. Calculate button

If using monthly average data (except for the case of Optimize PV modules slope during
the optimization of the system, in that case you mustn’t click “Calculate” button), once all
data are introduced, click on “Calculate”. The application will generate minute and hourly
irradiation values on the plane of the PV modules. Calculated data will be displayed under the
chart, referring to daily average hourly irradiation and yearly total values, all of these related to
a horizontal surface and to the tilted plane of the PV array. Also back irradiation (for bifacial
PV generator) and direct irradiation (for CPV) over the tilt surface are shown.

If you want to consider bifacial PV modules, you need to do that first (use monthly average
values and calculate, obtaining the irradiation over the back surface). Then you can download

or import hourly values, and the back surface irradiation will remain.

3.3.13. Graph

By clicking on the “Graph in steps of” ... minutes button we can see the graph of global
irradiation on the inclined surface in the temporary steps we defined (between 1 and 60 minutes)
that the program has calculated, in thick green line. Also, if monthly average data has been used,
and therefore the back irradiation of the PV modules has been calculated (for bifacial PV), it is
shown in teal colour. And the direct irradiation over the tilt surface (for CPV) is shown in blue.
If we choose the display in time steps of 1 hour, the irradiation on horizontal surface (red) is

also displayed.

Irradiance

1,000
a00
800

700 AT N

500 T

Wim2

500
400
300
200
100

3 6 9 12 15 18 21 0
1 January

— Horizontal surf. Global. Azimuth 0°, slope 35% | Direct (CPV) | Back surface (for bifacial) |

‘ >

Days display

Global Horiz Global tilt Glohal Back tilt

If we have used the data source "From file™ and the hours of advance of the official time
regarding the solar are not entered correctly, erroneous results can appear, that are visualized in
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the graph if in the first or last hours of some days the irradiation on inclined surface is
exaggeratedly large (several thousand W/m?). In that case, modify the hours of advance of the

official time with respect to the solar until coherent results appear.

Irradiance

1.200
1,100
1,000
900

: ] w‘\q ‘ﬁl it

W/m2

600
500

WLk LA
- ﬂ'\ h,

\

100 A,

0 F LA VR R S e

0 3 6 9 12 15 18 21 0
1 January
Global Azimuth 0°. slope 35° [ — Direct (CPV) |~ Back surface (for bifacial) |
‘ >
Days display
Global tilt Global Back tilt

3.3.14. Import hourly irradiation over the back surface or direct irradiation (tilt
surface)

In the lower zone of the screen, there are two buttons:

Import Back (hourly, tilt) Import Direct (hourly, tilt)

To import hourly irradiation over the tilted surface:
- Global irradiation over the back surface of the PV modules (for bifacial PV).

- Direct irradiation over the surface of the PV modules (for CPV).

3.3.15. Export global irradiation

We can export the global irradiation data that MHOGA calculated, using the buttons "Export

G. tilted" or "Export G. horiz".
Steps [Lirecttor CEY: 4772 Kwhime £ 1304

Hours ) Import Direct (hourly, tilt)
1« Minutes (each hourin 1 row)

Minutes (1 datum per row) e
QK Cancel

Export G. tilted Export G. horiz.
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The first one exports the global irradiation on the tilted surface of the modules, in the form of
hourly values or in different time steps values (default 1 minute time step), in the number
columns of time steps of 1 hour in each row or 1 datum per row. The second exports the hourly
values of irradiation on horizontal surface.

If we want to use the irradiation data to be imported in the Sensitivity Analysis (section 4.8),
we must export the irradiation hourly values on the tilted surface of the modules, in hourly

format.

3.3.16. Scale factor

A scale factor for the hourly irradiation can be defined (default 1). The hourly and minutes
irradiation over tilted surface will be multiplied by the scale factor when we click the “OK”

button, the result will be used by MHOGA to calculate the generation of the PV modules.

Scale factar [= by

Finally, clicking on the "OK" button we return to the main screen of the program.
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3.4 Wind resource

The Wind resource screen may be accessed by clicking on “WIND” (Resources area), or

selecting “Wind” in the Data menu.

1\ WIND RESOURCE — m} b4
Latitude (7] (+M, -5 |41.68 Get data from local DB e
-l . Monthly Average Data: -
Longitude (%] [+E, ) -0.86 Dowrload hourly data Anemometer Height || & Morthly Average Speed a
W ] " Might speed, Amplitude, F Factor and Hour max speed
Laocate on map fro MASA | Download MASA data | R —
Surface Roughness
Data source
?}_EDS Clasz |1 7| Length 003
' Manthly Average i Import data file (in mds) e Agriculiural open area withaut fences
[ Generation of wind turb. [M%) normalized to 1 MY rated p. ol LA neither hedges and with very dispersed
buidings. Only smoathly rounded hill:
Input Data
tanth A wind [mes] I A | Av s s
M| JANUARY E5 65
| |FEBRUARY 72 ?'2
| | MARCH 58 58
| | APRIL B8 68 .
|| MaY 48 46 .%
| | JUNE 52 52 £
| 45 46 S
AUGUST 51 s
— 5.1 T S
| |SEFTEMEER B3 53 2
| | OCTOBER 71 71 g
HOVEMBER %] 59 ]
- . =
| |DECEMBER EE 56 E
w
Hourly wind sp. data: Shape factor (b); |B Correlation factor |0.82
Calculation of wind speed for sach minute: std. dev. |1 m's UI
Wind speed (m/s)
Force |0 congeculive days with wind < |3 mez in month  |January A
Calculate | = | 60 *| min. A, year [m/s) Infa time of calm wind
B8 Calm iz considered
Scaled Averane Speed (ms) PEms
Scale by [+ byl ,1— EcDaEe werage Speed [mds I:l

Data Source:

In some cases, it may be difficult to know or estimate wind data for the site where the system
will be installed. Two options are available for Data Source: “Monthly Average”, or “Import
Data File”. The best choice will always be a file with hourly or minute values, however this is
sometimes difficult to obtain, in this case an estimation will be necessary for average monthly

values.

Data source
Steps
P

f* Manthly Average " Impart data file [in mdsz]

f* oo |
[ Generation of wind turb. (M) nomalized to 1 MW rated p. ('“ m

PR

Download wind data:

As in the case of irradiation, you can import the average monthly data from the NASA website
(and also the Weibull form parameter) using the button "Download NASA Monthly data" (if
NASA database fails, click button “Get data from local DB” to use local database), of hourly
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data using the button "Download hourly data". Previously, you must have set the latitude and
longitude or have been obtained on the web map (see previous section Irradiation).

You must also indicate the type of terrain (roughness), selecting the class in the dropdown menu:

Surface Roughness

Clazs |V Length m
Aaricu 0 h area without fences
heithier 1':'-5 and with very dispersed
buildinﬁmmthl}l rounded hillz

2

25

3

a5

4

When downloading from the NASA (button "Download NASA monthly data™), you can select
only wind speed or other parameters, as shown in the irradiation section before. Wind speed
Weibull shape factor is necessary to the accurate calculation of hourly wind speed, and altitude
above sea level is necessary if we want to consider the fact that wind turbines output power

depends on the air density and therefore on the altitude.

Drata to download:

W donthly Average liradiations

[v Monthly &verage Temperature [ For Bat.

v bonthly Average Wind Speed
[v A10m height [ Consider roughness
[ At B0 m height

v ‘wind Speed weibull Shape Factor

v Alitude above sea level

[ Dias de Days of autonomy

b &x. cloudy daps in |14 days -

Ok ‘ Cancel ‘

Monthly average wind speed can be downloaded at 10 m height (considering or not roughness
for the download data) or at 50 m height. After downloading NASA average wind speed, the

value of the anemometer height is updated to 10 or 50 m, depending on the downloaded data.

Anermaometer Height

10 i

You can also download hourly data from Renewables Ninja (at any height) of from PVGIS (data

only for 10 m height), clicking in the button “Download hourly data”. Before downloading the

data from Renewables Ninja, you must indicate the anemometer height.
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= PYGIS -Year [2007 -

" Renewable Ninja [year 2019)

Drownload fram:

v Hourly Irradiation
v Hourly Temperature for: v PY W Wind T.[ Batt.
v Hourly 'Wind Speed

ak Cancel

Anemomenter height:

In the case of downloading data from NASA web, the height of the measurement will be placed
automatically when downloading (10 or 50 m). In the case of downloading data from PVGIS,
the height of 10 m will be shown. In the case of downloading data from Renewables Ninja,
before downloading you must indicate the anemometer height, as this database can download

hourly data at any height.

In the case of using average monthly data or in case of import a file, the height at which the
wind data has been measured must be indicated, since if the wind turbine hub can be at a

different height the program must convert the measured data at the hub height.

Anemometer Height

o |n

The software uses the following equation (log law) to convert the wind speed w at the
anemometer height (zanem) to the wind speed wnub at the hub height of the wind turbine (znuw),

considering the roughness length zo.

Znub
Zy

In

Whub(t) = W) | Zanem

Zy
Scale factor:

It is also necessary to define the scale factor (lower left), default 1. It is the factor by which the
hourly and minutes wind is multiplied, not to be confused with the scale factor of the Weibull
distribution.

Scale by [x by

Data from file:
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If we have hourly data (m/s) or even minutes or other time step data, we will introduce them

from the file:

Data source e

f» Hourz | .
' i . i mpor
= m Minutes- each hour in 1 row

Minubes- 1 per row

" Monthly Average

We must choose the file type:
e Hours: 8760 rows of hourly values.

e X Minutes —each hour in 1 row: 8760 rows of N tab separated values, where N is 60/X,
for example if X=1 minute is chosen as time step, as default, N = 60/1 = 60 tab separated

values must be in each row, each value corresponding to the wind speed of 1 minute.
e X Minutes — 1 per row: 8760xN rows of values of the wind of each time step.
In the file, decimal spacing must be dot, not comma.
After selecting the data type, by means of the "Import" button we select the file to be imported.

In case the file of hourly values, there are five types of files that can be selected:

|‘."'.|'inu:| speed file (".vnt) j

SCRAM File (*.dat)
Teu file (* i)
Wind speed file ("wnd)

e Files * .vnt: These files are text files generated by the software, the height of the
measurement is stored in the first row and in the rest is the sequence of wind speed hour

values.

¢ Files obtained through Windfreedom software, * .txt files: These files are obtained using
the free Windfreedom software, with which you can get wind data from many weather
stations in the world (downloadable from the website of Joaquin Mur
http://www.windyqgrid.org/software/#page=pagel). The wind data for 1 full year must

be downloaded using Windfreedom, starting at 0:00 am on January 1st and ending at
24:00 on December 31. This .txt file can be opened directly by MHOGA.

o *dat files (SCRAM files): These files are available on the US EPA website.

e *txtor *.wnd files: these files refer to text files containing the 8760 wind speed hourly

data (one per line) in m/s, starting with January 1, 0 hour.



http://www.windygrid.org/software/#page=page1
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When importing the file data, the probability density function (PDF) of imported wind speed is
plotted, and below is the value of the shape factor of the Weibull distribution that best fits the

imported data.

If in the “Import from file” we select the option “Generation of wind turb. (kW) normalized
to 1 MW rated p.”:

Data source Steps
™ Maonthly Average * |mport data file [in m/s] ?: Haurs Mirutes each hourin 1 raw Import
[ v Generation of wind tuib. [kKw] normalized to 1 kKW rated p. ] - m Minutes- 1 per raw

A showmessage appears:

HOGA x

Import wind turbine output power generation (kW) data normalized to 1 kW rated power wind turbine (rated power at 14 m/s). When simulating each combination, the software will
calculate the WT output power generation by multiplying the data imported by the output power of the WT at 14 m/s

Therefore, in that case we must import form a file (same format as for the wind speed explained
before) the output power of a wind turbine or group of wind turbines, normalized to 1 MW of
rated power. For example, if we have the output power of a wind turbine of 2 MW or rated
power (we consider rated power the output power at 14 m/s), these values must be divided by 2
and then we obtain the output normalized to 1 MW of rated power. Then, this file (in hourly,
minutes, 10-minutes... steps) can be imported. Later, when the software is simulating different
combinations and optimizing the system, the output power of a specific wind turbine of X MW
rated power (rated power the output power at 14 m/s), will be calculated as the imported data

multiplied by X.

Monthly average values:

If we do not have the hourly or minutes wind data, we can synthetically generate this from

monthly average data.

Data source

(* Monthly Average " Impart data file [in mss)

-
C [ ] [ ot |
[ Generation af wind turth. [kw] nomalized ba 1 kW ated po ol LI

PR

Monthly values can be:

- Monthly Average Speed Values
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- Monthly Average Nigtht speed, Amplitude, F Factor and Hour Max. Speed.

tanthly Average Data:
(®) Maonthly Average Speed

() Night zpeed, Amplitude, F Factor and Hour max speed

Force some consecutive days with low winds:

In both cases of monthly average values, a number of consecutive days with low wind in a

specified month (or randomly) can be forced (default 0 days).

Force III consecutive days with wind < méz in month

Monthly Average Speed data:

When “Monthly Average Speed” option is selected, Weibull shape factor and correlation factor
are required (under the table of the wind data). Also a correlation factor and standard deviation

for the calculation of wind speed for each minute must be set.

Haourly wind zp. data: Shape factar [B]: |2 Correlation Factor: | 0.82
Calculation of wind zpeed for each minute: ztd. dew. s

When pressing “Calculate” button, the software calculates the hourly and minutes wind speed

(it takes some seconds).

W WIND RESOURCE - ] x
Latitude [ +4, 5):  [41.66 Giet dats fiom local DB Morthly foverage Data
Longituda (2 +£, w) [088 Diowrload houly dats Ar\emumelerHe\ghl @ Monthly Average Speed
" Might speed, Amplitude, F Factor and Hour max speed
Locate on map fio NASA | Donlosd NAS data
Surface Roughness
Data source
?geus Class |15 7| Length |0055
@ Monthlydverage O Impart data file (in ms) ~ Bgrioulur \ a10a with some buldings d
[~ Generation of wind turb. (M) nomal lized to 1 MW rated p. ¢~ [ -] preserving hedges 8 meters high wuhan
Srrroumae detance of 1250 m,
Input Data
Month | Av. wind (m/s) | A | Avsp imds

JANUARY E23
- Jan 623
|| FeRUARY 647 i G
| mMercH 616 Mat E.16
| | APRIL E15 Bpr 615 -
L Mav 544 My s | S
L ume 513 JE13 | £
L]y Bl Ju s 3
|| aUGUST 474 fugate | £
| lsePTEMBER 4.9 Gep: 4,98 in
|| ocroeer 542 oeese2 | 2
|| NoveEmBER 623 Nowszs | 2
¥| DECEMEER 61 Dec: 6.1 g

v

Hourly wind =p. data: Shape factor (] [2 Carrelation factor: |0.82

Calculation cf wind speed for sach minute: std. dev. |1 m's

Foce |0 cansecutive days with wind < |3 ms in month |January

{ Calculate | 5 Graph in steps of | 60~ min, Export ‘ Ay vear [ms) Irfo time of alm wind
1

Calm is considered

Form factor of the wind speed seriak 2.1 <3 mie

Scaled Average Speed [m/s]
Soae by byl [T zn:;éed.ﬁvela e Speed [m/s i
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The hourly values (8760 values in m/s) are calculated from the monthly average data, the shape
factor (Weibull distribution) and the correlation factor according to the method presented in
(Rodolfo Dufo-Lopez & Bernal-Agustin, 2012).

The minute data are then obtained using a first order autoregressive function model using the
same correlation factor and the standard deviation within each hour indicated in its box. In the
right-hand part of the screen, the probability density function (PDF) of that wind speed range
(red color distribution), as well as the PDF Weibull distribution curve (green curve) for the

Weibull shape factor that best fits the distribution generated, value shown below the graph.

Night speed, Amplitude, F Factor and Hour max speed data:

Using this option (Gregory, Peterson, Lee, & Wilson, 1994)(Rivas-Ascaso, 2004), the following
information is required for the table: Night Speed monthly values (m/s), Amplitude (m/s), F
Factor, and the Hour of Maximum Speed, together with the value of the Shape Factor and of
the Correlation Factor. Clicking on "Calculate" gives the wind time series as explained in
(Rodolfo Dufo-Lopez & Bernal-Agustin, 2012) (it will take a few seconds).

| ¥ wano RESOURCE - 0 x
| s, ) [066 Getduahonboed08 | Moriby Avesagn Dot
| Lonprudsm e w05 Dowmboadhotpdaip | Anemomsiot Hght || (™ Moty freiage Spsed -
— [0 = & ight spaed, Aurpliade, F Factin s Houw mas speed
| Lo 5 da58 dotn
wface Roughnes

Datas = —

e st Sheps tis [1 7] Longh |

7 Moty Average = mpart data e fvmJs] r | A

[ — | x: o3 witwaa terces
I Genersion of wed heb, BW] nomalzedio | kW medp. 11 2 ||| kb hedoes and with very ditgeried
. il

Irgad Data
Morth [ Nigh cpmed s frglite [mta] F Facton o o op & | e s i)

| JenuRY 227 3 13 0 T A4S

|| Fegmuaser 148 1 0 % Febs 371

] mamcH 1% 2 005 % Mar &

| APFIL i 2 nos 15 Apc 400

] e 100 2 005 " Maye 372

(] sume T 0 % 32

] M 2 00 1 e 15

L] ausust Fx/] 1 0 1 a2 | B
|| Ceeprevsen 2m 1 005 1 Sop 297

|| ociosen 2m 2 s 1 Oeras2 | >

| wovmeeR 12 1 005 % nov3se | 2 O
| | [MOECEmEER EAL 2 s 16 D 350

< »

Houly vird 4 et Shages lactor b [2 Conelotion fctee: [002

Caleulaion of wind speed o coch meute s dev. [T ms

5 2 -3 n
Fosce [0 conemcutve digswithvnd < [T mismmerth [aowsy «] S putenct g
Calculae {2 Graphinseps o [[B0 =] min Bgor | Aomaind) Ik e of cakn vl

| — = E——— ] ™ Vinskze montihy wind ipeed fright speed. amelhuds. | Caimia contadessd

Seaobylxtyl [1| ?I‘::‘d“’““‘ Srast o ok | o Lact of the veid spesd secat 2 (e

If “Visualize monthly wind speed (night speed, amplitude)” checkbox (bottom, right) is
checked, the chart to the right shows the wind profile (m/s) vs. the time of the day for the month
selected in the table.
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JANUARY

Wind speed (mys)
o

L e L L L L L L LA L LA L L) L LA A AR
0123 4567 2809101112131415161718192021222324
Hours

Inta time of calm wind
Yisualize montlhy wind speed [night speed, ampltude...] Calm is considered

< de m.-"s

A description is provided below for the parameters mentioned above (Rivas-Ascaso, 2004).

Form Factor

Variations in wind speeds for a given site are usually described using Weibull's probability
function. This function is in turn determined by its mean (using also the scale factor), and by its
Form Factor. Once the average speed is known for a site, the probability distribution may be
deduced for different wind speeds, using the value of this Form Factor. The figure below
displays the probability density function (f) for a site with an average windspeed of 5 m/s, and
a Form Factor (b) of 2. The dashed line corresponds to the distributions for the same average
speed, but with Form Factors of 1.5 and 2.5. Hence, lower b values correspond to wider

distributions, as shown below.

o s 10 15 20 2 3

wind speed {m/s)

Autocorrelation Factor

This factor is an indicator of the randomness of wind speeds. High values of this parameter
show that wind speeds for a given time of the day are largely dependent upon wind speeds for

the preceeding time interval. Lower values indicate a more random variation of wind speeds,
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with a lesser autocorrelation between time of the day and speed readings. This parameter is
directly influenced by local land topography. Autocorrelation factors are usually lower for

complex local topographic conditions, and higher for more uniform ground.

These two parameters are generic, i.e. applicable to a full year, whereas the parameters
described below change every month.

Night Speed (m/s):

This indicates the average wind speed at night for a given month. Wind speeds are higher during
daytime for most locations in our planet, since temperature differences between landmasses and
oceans are higher during that period. Besides, more turbulences and changes in the direction of
the wind are present during daytime. The chart below shows average wind speeds, measured at

1-hour intervals in January for an inland region in China.

w st bl
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012345678 91011121314151617 18132021 22 23
HOUR

The curve may be modelled according to the time at which maximum speed is recorded, so that

wind speeds may be higher at night or in the morning.

Amplitude (m/s):

This is the difference between the night speed and the maximum hourly speed.
Hour of Maximum Speed

The time of the day when the maximum speed is recorded.

F Factor

This is inversely proportional to the number of sun hours, and directly proportional to the
average speed. This parameter provides an indication of the dependency of wind speeds upon

the time of the day at which speeds are measured.

Higher F values correspond to narrower variations, centered around the time at which maximum

speed occurs, thus with a larger degree of dependency on the time of the day.
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01 23 4 56 7 8 910111213 14151617 1819 2021 22 23

“Export” button:

Click on “Export” button to export hourly or or different time steps values (default 1 minute

time step), in the number columns of time steps of 1 hour in each row or 1 datum per row.

“Graph in steps of”” button:

By clicking on “Graph in steps of”... minutes we can see the wind speed during the whole

year in the steps defined.

1l Graph - O i
WIND SPEED
22
20
18
16
14
]
E 12
10
2
|
4
2|
0
January
Kl 2| [
Days dizplay
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Info time of calm wind:

Click “Info time of calm wind” to see the information about calmness (low wind speed periods)

for each month.

|rf time of calm wind |

Calm iz conzidered

<13 mds

1l Calm winds time (<3m/s) — ] x
JAMUARY: 261 hours of calm winds during the whole manth [35% of time, 10.9 days). Maximum number of +Infa
conseculive hours with calm winds is 15 hours [0.6 consecutive days]
FEBRUARY: 355 hows of calm winds during the whole month [52% of time. 14.8 daps]. Maximum number of +Infa
consecutive hours with calm winds is 33 hours (1.4 consecutive days)
tARCH: 286 hours of calm winds during the whole manth [39% of time, 11.9 dayz). b aximum number of +Infa
conzecutive hours with calm winds is 44 hours (1.8 congecutive daps|
APRIL: 382 hours of calm winds during the whaole month [51% of time, 15.9 dayz). Masimum number of il
conzecutive hours with calm winds is 51 hours (2.1 consecutive daps)
MY 457 hours of calm winds during the whole manth [63% of time, 19 daps). Maimum number of consecutive +Infa
hours with calm winds is 47 hours [2 consecutive days]
JUME: 575 hours of calm winds during the whale month (792 of time, 24 days). Masimum number of consecutive +Infa
hours with calm winds is 66 hours [2.7 consecutive days)
JULY: 457 hours of calm winds during the whole month [E1% of time, 19 days]. M aximum number of conseculive < llifin
hours with calm winds is 23 hours [1 conzecutive days)
AUGUST: 553 hours of calm windz during the whole month [75% of time, 23.3 dayz). kaximum number of il
conzecutive hours with calm winds is 44 hours (1.8 congecutive daps|
SEPTEMBER: 590 hours of calm winds during the whole manth [817% af time, 24.6 days). M aximurm number of + Infa
conzecutive hours with calm winds is B4 haurs (2.7 consecutive days|
OCTOBER: 424 hours of calm winds during the whale manth (6% of time, 17.7 daps). Maximum number of +Infa
conseculive hours with calm winds is 33 hours (1.4 consecutive days]
MOVEMBER: 464 hours of calm winds during the whaole month [64% of time. 19.3 days). Maximum number of +Infa
conseculive hours with calm winds is 41 hours (1.7 consecutive days]
DECEMBER: 333 hours of calm winds during the whale manth [447% of time, 13.9 daps). Mayimumn number of il
conzecutive hours with calm winds is 20 hours (0.8 congecutive daps)

More info can be seen clicking the button “+Info” for each month.

Case of wind farm with 16 power curves, one for each wind direction sector, defined in

the main options of the software:

If, in the main window of the software, in the menu Project->OPTIONS, we have defined Wind

Farm with 16 power curves, one for each wind direction sector:

W Define Wind Famwith 18 power curves, ane far each wind direction sector

In that case, in the wind resource window, we must import wind speed and direction (see next

figure).
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¥ WIND RESOURCE - o 3

kmpost loto hle: wind speed (m/s) apd wind direchon (%), %ok separated e

tremonetes Hogrt [100 = gt | & Hows

I mpornad ouy e, cabeudation of minuses ansp wind speed: Sd dev. [ mis: Comelation faciee [162 adegn, Onlp smockbly rounded hils
Aem.Im's]
&5
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58
e [ -
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H o
Wind diection (%) | Wi speed (mes)
[l =] gl i e of colm wind |
L Caim it considesed

& 'wind Disc T
N 5 ) I
Sealetylatyl [1 Sepled Aretpon Sooed Indt) I
b BiE

You must import the data of the whole year, from a file in hourly or minutes steps, where the
first column must be the wind speed (m/s) of each time step at the height set in Anemometer
Height (default 100 m) and the second column (tab separated) with the wind direction (°) of

each time step.

Next figure shows an example of the file in hourly time steps (8760 rows with two columns,
first column wind speed in m/s and second column wind direction in °). Remember, decimal

spacing must be dot (.).

] viento-direcHoras.txt: Bloc de notas - O X
Archive Edicién  Formato  Ver Ayuda
b.8 144 ~
7.9 247
18.1 125
12.6 167
13.5 28
11.4 98
18.7 316
18.5 14
12.9 78
13.6 318
14.8 287
15.8 146
16.7 293
17.3 318
17.8 3
16.5 284
17.6 42
16.4 239
15.4 224
14.7 201
14.7 4
12.7 46
13.9 129

Surface roughness must also be defined, in the case the anemometer height is different to the

hub height of the wind turbines.
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Avwind farm will be considered (Project>Qptions), in this window you must enter data of wind speed and direction

Import data file: wind speed (m/s) and wind direction (%), tab separated file:

Steps
Boughness
Anemnometer Height |100 m Import @ Hours | Linearze Diec.
p . Length 0.03 m
’t‘ Minutes- 1 per row Agncultural open area without fences
neith_er hedges and with very dispe_rsed
If imparted haurly file, calculation of minutes step wind speed:: Std. dew. ]1 mis; Correlation factar: |0.82 buildings. Only smoathly rounded hills

After importing the data, wind speed PDF is shown in the right graph and wind direction PDF

is shown in the left graph.

1l WIND RESOURCE — O b4

Awind farm will be considered (Project->Oations). in this window wou must enter data of wind speed and direction

Import data file: wind speed {m/s) and wind direction (%), tab separated file: viento-direccior-horas-nueva. tat

Steps
Anemomneter Height | 100 m

Suface Roughness

v H ¥ Linearize Direc.
ours Class |1 | Length 003 I

i b
’t‘ s> | e 0o Agriculbural open area without fences
neith_er hedges and with very dispe_rsed
If imported hourly file, calculation of minutes step wind speed:: Std. dev. |1 m/z; Comelation factor. |0.82 buidingz. Only smonthly rounded hills
Av. sp. [mds
M Jan: 10.01
0.014----qf-r-mmmm e Feb: 7.28
AT Mar: 7.47
O R Apr 7.76 -
5 0.008 May. 829 | £
£ :
Z 0.007 Jun: B.78 3
E‘ o Jul: 6.43 2
5 Aug 5.9 =
O 0.0051-- k- oo prfrefies) | Plleesefmonsocs Sep BT | &
2 =
Zo00s]-- - R : Oct: .85 ;]
] .
2 003 Mow: 917 _§
o Dec: 7.85 £
0.002
0.001

15
Wind speed (m/s)

150 200 250
wind direction (%)

Calm is congsidered
& Wind " Diec

. Scaled Average Speed jm/s]
Scale by [ byl ,17 S?csas\ed Average Speed [m/s
Ao, direc. 1659

Form factor of the wind speed serial: 2.8 <3 mfs

[ = Graphin steps of “BD j ey Expart Av. year (m/s) Infa time of calm wind
7.55
oK

After downloading the data, you can see the graph of the wind speed or of the wind direction,
by selecting “Wind” or “Direc” under the graph button. Also you can export wind speed or wind

direction, depending on the selection.

Click on “OK” to return to the main screen.
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3.5 Hydraulic resource

The Hydraulic resource screen may be accessed by clicking on “Hydro” (Resources area), or
selecting “Hydro” in the Data menu.

Il HYDRO — O *®

Head [Vertical change in elevation between the head water level and the tailwater level), H: X m

Lozses in power canal and draft tube: |2 m

Available head, H' = H - losses =28 m

Loszes in Penstock: IS A

Eztimated Total Efficiency Turbine - Generatar: I?"E %, uzt for the estimation of the max. generatar output power

f+ Monthly average  { Import hourly data file [m34s] | Irpart |

"Flnw Data [m3re)

W ariability
FLOW(m3/s)
Januany |? Dsily ¥/ ariability |'J % Houry ¥ ariability [0 5
February I? —
tarch I? T
]
April I? & .
b ay I?‘ g .
-
June I?‘ ; 3
v}
=
July I?‘ g 2
August I?‘ 1
0
September I?‘
October I?‘
tax. flow: 7 m3/e; Average flowe B.93 m3sls
Navember I? M ax. generator output power: 133 k'
December I?‘

Bow | _ton |

The following data must be introduced:
- Total Head, H, the difference in elevation between the head water level and the tailwater
level, expressed in m.
- Pressure losses in the power canal and draft tube, in m.

MHOGA uses the data described above to calculate the Available Head, H’, which indicates

the difference between the two.

The value of losses is needed for the penstock water mains (penstock) and for the turbine, in
order to obtain the Net Head, H’’. Data must be introduced separately for losses in the penstock,
and on turbine-generator performance. The latter is used by the application to provide an
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estimate for the maximum power available for any given waterfall, based on head and flow.
Data on turbine-generator performance will not be used for hourly calculations of energy
produced by the turbine, since more accurate performance data will be utilized when turbine

data is available in the hydro turbine screen.
Data Sources for the flow (expressed in m?/s), can be in Monthly Average data or an Imported

Hourly Data File.

Flowe D ata [m3/z)

* Monthly average " Import hourly data file [m3/z)

In the first case (Monthly Averages) the user must introduce values for each month on the left
side of the screen. These values will be displayed in the chart, with additional indicators for
maximum and average flow, and maximum power available from the waterfall, calculated as
follows: Pmax (MW) =9.81 - H> (M) - Qmax (M?/S) - Nmains * Nturb-gen /1000.

Data must also be introduced on daily and hourly flow variability (as a percentage).

The chart and the information displayed will be updated whenever changes are introduced for
any of the data described above.

Click on “Draw” to display a chart for hourly flow throughout the year. Click on “Export” to

save hourly flow values as calculated by MHOGA.

Click on “OK” to return to the main screen.
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3.6 Data bases

MHOGA includes a comprehensive database of components that can be incorporated into the
screens of the components. The components contained in the databases can be used in the
optimization or not, the databases are just storages of commercial or generic components. Later,
when defining the different components used in the optimization, the user may incorporate some

of the components of the database, if the user wants it.

In the databases the user can edit, add or remove components.

Access to databases:

At the top of the main screen you can access the menu "Data Base”.

il Project: Di\1.mho
Project Data Calculate Data Base Feport Help

«f LOAD / AC GRID Components Data Base F"&‘T

Then, clicking on “Components Data Base” MHOGA shows the database of the components.

The components are in tables, each type in a tab.

1Vl Databases of components
PVGBII Wind turbines | Batteries | AC Generators Inver(ertchargersl Hydrotnrbmesl Electrolyzers I Fuel :e\ls‘ }

] I G 1 3 N B B

Nams [P rom{wpl [CostiMe)  [C. O8M (aw)  [Life (vears) [NOCT [EC) |Fower T.cosf. (7/5C) [Emissions (kgCo2/kwip) | ~
Zera 0 0 [ 100 4 04 800
Pyl 1 1 1 25 43 04 800
0] 10 10 1 5 4 04 800
Pv100 100 100 1 % 4 04 800

|2 -

Muliply costs of P/ by ‘ 1
Clane selected component Add components from the project ‘ P/ table -
oK

Component “Zero”:

In each table there is a component called "Zero", to be able to take into account the non existence

of this component.
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Edit, add or remove components of the database:

You can edit, add and remove components of the database, using the browser buttons table at

the top:

To access the table at a certain box of a component, click on it with your mouse. Once inside
the table, we can pass from one to the other boxes using the arrow keys on the computer
keyboard. We <can also move through the ranks with the table browser.
This browser can also add (+) or delete ) rows.

Also, when we edit any box (changing its value), we can click on it twice, so the number moves

to the left side of the box, and appears with a blue background, or by clicking on i When

—_— : v | % : :
a cell is being edited, the components are enabled in the browser. The first serves to

validate, while the second is used to cancel editing and restore the previous value. If we do not
press anything, when we finish editing it is automatically validated.

Arrange by families:

Components "PV Gen", "Wind Turbines™ and "Batteries" can be arranged by families, because,
in this way, then you can import entire families when you define the components used in the
optimization. For MHOGA to understand that a component belongs to a family, first should be

the name of the family, then ":" and then, after a space, the name of the component.

Multiply the costs:

For each table, costs of all components of the table can be multiplied, by a factor defined, if
pressing button “Multiply costs of .... by factor”

kultiply costs of P by | |1

Calculate battery cycles vs. DOD:

In the batteries table tab, there is a button “Calculate Cycles vs DOD from the value at 80%”,
clicking in this button the values of cycles to failure vs. depth of discharge (DOD) of the battery
selected are calculated from the value at 80% DOD. That is, the input necessary is the cycles to

failure at 80% DOD (usually provided by the manufacturer) and the rest are obtained from this
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value, considering that the overall energy the battery can cycle during its lifetime is the same
for any DOD.

Calculate Cycles we DOD from the walue at 80%

Clone the selected component:

A component can be cloned and later changed some characteristics. To clone a component,
select it in its table and click the button “Clone selected component” in the lower left corner. At
the end of the table a new component will be added, exactly the same as the one cloned but with
the name added “-C”. Then you can change any of its characteristics, including the name.

Clone selected component

Add components used in the project:

Components used in the component screens, once defined as shown below, can be added to the
database tables, pressing the button “Add components from the project”.

(P table |

Add components from the project
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3.7 Photovoltaic generator
The photovoltaic generators screen may be accessed by clicking on “PV GEN.” (Components

area), or by selecting “PV gen.” in the Data menu.

The software allows the user to modify, eliminate, or add PV generators of different size to be

considered in the optimization.

V| PV GENERATORS - ] X
Add PV Gen. [zero ~|
[ L S - allv|x|
Add PV Gen. family | ™ ‘
PHOTOVOLTAIC GENERATOR DATA:
MNarne Power(hWp)  Cost{ME) CO&M(ZMN  Lifelyears)  NOCTAC) Power T. coet(3/°C)  BIFACIALITY(D-1) CPY  Emissions(kgCO2kwi)
P PY10 ; 10 10 1 25h 43 -0.4 0 NO 800
< >
Fixed Operation and
Effi due to o ol f th cules. | . dirt s, etc. 0,95
ICIENCY Cue 10 degradanon o e modules, losses inwires, cirtin panels, eic. iR s
Standard conditions D Bl

Consider effect of Temperature

Srmmmarn - Dlewemose I M3 |a[n Jufts Ju 1 bfes Jafzs |sfre o4 Jns_Jols | | wnaercew

() From file (8760 haurly values) Import = Graph
P4 generatar is connected to AC bus (it has its own inverter) —> PV inverter data
Annual Inflation Rate far Py ~ N Max. Variation of PY gen. Cost (e.g. for an expected 70%
Generator Cost o reduction on current P gen. cost, introduce "-70%"): %

Limitis reached in 59.6 years

OK

By default there is a single PV generator, which can be modified or deleted, or you can add

other ones.

PV generator data:

Each PV generator that will be considered in the optimization is parameterized in a line of the

table. The parameters are:
e Name
e Peak nominal power under standard test conditions (STC), Pn (MWp)

e The acquisition cost or CAPEX (M£), including all the costs related to the PV generator

(mounting structure, tracking system, etc.) and including its inverter.
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e The unit cost of operation and maintenance (O&M or OPEX) (cost per photovoltaic

generator, apart from the fixed cost, in % of the acquisition cost per year)
e Expected life (usually 25 years)
e NOCT (normal operating temperature of the cell, in °C).
e Coefficient of variation of the power with the temperature, Ct (%/°C).

e BIFACIALITY (0-1): in bifacial PV modules, it is the ratio of the nominal efficiency at
the rear side, with respect to the nominal efficiency of the front side, that is, the ratio of
the rear power with respect to the front power of the PV module, measured under
standard test conditions. If PV modules are normal, it is 0. If they are bifacial, it is a
number higher than O (typically > 0.6). In bifacial modules, the peak nominal power
under STC Pn (Wp) set in the table must be the values for the front surface.

e CPV:ifthe PV generator is the type “Concentrating PV”, it must be “OK”, if not “NO”.

CPV converts only direct irradiation in electricity.

e Emissions of CO2 in manufacturing, transport and recycling (kg CO- equivalent per
kWp of power, depending on modules technology, the country's electrical mix where it
was manufactured, transport distance, etc., is usually between 700 and 1500 kgCO> /
kWp). This value is only necessary if we want to calculate the life cycle emissions of
the system.

Navigation toolbar:

The user may click on any table cell to edit the contents, move through the table using the arrow
keys on the keyboard, and the table navigation toolbar (see figure below), or use this bar to Add

or to Remove cells.

To edit cells, use the button shown below or double click on the cell.

When the user edits a cell, the components shown in the image below are enabled:
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Clicking on the first symbol validates all changes to the cell, whereas clicking on the second
one cancels all changes. When nothing is selected, any changes to the cell will be automatically

validated.

Add PV generators from database:

PV generators can be added from the database: individually or a whole family, by selecting the
generator from the drop-down menu and clicking the button “Add PV gen.” or by selecting the
family and adding it by clicking in the lower button.

Add PV Gen. | [zero |
Add P Gen, family | | ~|

The added components from the databases cannot be modified. To modify them, it must be
done in the database. However, if you add a component of the database and you rename it

(changing its name in the table), then you may change the rest of its data.

Fixed Operation and Maintenance (O&M) cost:

Fixed Operation and ~ Additional data must be introduced for fixed operating and maintenance

M aintenance Cost

0 £/ur

operator cost and costs for maintenance material are included, regardless of the size of the

(O&M) costs (€/yr). These costs are independent of the number and the type
of the PV generators selected by the software during the optimizations. Fixed

generator.

The total cost for operation and maintenance of the whole PV generator will be the fixed costs

plus the individual cost of PV generator multiplied by the number of PV generators in parallel.

Standard conditions

By clicking in the button “Standard conditions” a small window appears, where we must set the

standard conditions under the modules or generators were tested.

For PV, the global irradiance (Gref) and cell temperature (Tc_ref) must be set (default STC,
irradiance 1000 W/m? and cell temperature 25°C).
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For CPV, direct irradiance (Bref) and cell temperature (Tc_ref) (default direct irradiance 900
W/m? and cell temperature 20°C); and also the optics efficiency 7opt (default 80%) and the
thermal conductivity in natural convection p (default 5 W/m?/K) must be defined so that the
cell temperature can be calculated for each time step, knowing the direct irradiance and the wind

speed.

Test conditions under moudles f generators are rated:

PY: CPV:
Irradiance (Wima): 1000 Irradiance (Wim2):
Cell Temperature (2C): Cell Temperature (*C): |2

Optics efficiency (%4):

Thermal conductivity (Am2K):  |b
(natural corvection)

0K

Efficiency due to degradation, wires, dirt...:

During the simulation, the program calculates the power generated by the photovoltaic modules
at each time interval as a function of or peak power. However, a efficiency (Eff) must be applied
which takes into account degradation of the modules, losses in wires, dirt in modules, that is,
the de-rating factor. If you have selected in the main options of the software the multi-period
optimization, this efficiency must not consdier the degradation of the modules, as this will be

considered in the simulation during the years.

Efficiency due to degradation of the modules, lozzes in wires, dirt in panels, etc. (0,95

Output power:

PV generator:

It is assumed that the inverter includes MPPT, so at each instant the PV generator generate the
maximum possible power, depending on the irradiance. The PV power is calculated as follows,

if the effect of the ambient temperature is not taken into account:

P(t)=Pn*G(t)/Gref*Ngen_parallel*Eff
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Where Pn is the nominal power (peak power, MWp) of the PV generator, G(t) is the global
irradiance over the tilted surface of the PV generator, in kW/m?, Gref (kw/m?) is the global
irradiance under the PV were tested and Ngen_parallel is the number of PV generators in

parallel.

If the PV generator is bifacial, the power generated in the rear surface Ppack(t) will be added to
the power generated by the front surface:

Pback(t)=Pn*Bif*Gpack (t)/Gref*Ngen_parallel*Eff

Where Bif is the bifaciality (0-1) and Goack (t) is the global irradiance over the back surface of
the PV generator (KW/m?).

CPV generator:

If the effect of temperature is not considered, the CPV output power depends on the direct
irradiation over the surface of the CPV, B(t), in kW/m?:

P(t)=Pn*B(t)/Bref*Ngen_parallel*Eff

Where Bref (kW/m?) is the direct irradiance under the CPV were tested.

Efect of ambient temperature:

The effect of ambient temperature Tamb (°C) can be taken into account by checking the box
“Consider effect of Temperature” (checked by default) and entering monthly average data or by
importing data from file (8760 values) or importing hourly data from PVGIS or Renewables
Ninja (when downloading data from the irradiation or wind speed windows).

|:| Calculate number of P modules in serieal as: Vhus_dc /vmax_p_module (grid-connected systems..). Data: Wmax_p_module / Ynominal_macdule = |1.475
Consider effect of Temperature

Ot Dlowomogsl  JA_JF5_Ms a1 e s Dl Jala Js(e Jofr4 o Jofs ]| wanarorcev

O From file (8760 hourly values) Impart = Graph

If average monthly data are entered and the "Erbs model"” box is checked, the temperature of
each hour is calculated according to the model proposed by Erbs et al. 1983 (Erbs et al., 1983).
(Figure below) using irradiation data (you must have previously calculated the hourly irradiation

on its screen).
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Al Graph - o x

Ambient Temperature

2]

20

16}
14
12§
10

By clicking the button “Wind for CPV” a small window appears where we can set the wind
speed at the height of the CPV which will be used to calculate the CPV cell temperature.

Monthly average values or hourly values from file can be used:

Wind speed (mis) atthe height of the CFY for the calculation of the CPY cell temperature:

Data of wind speed (m/s)

T —— sl2_JFlz Mz Jal JMz sl Bz Jalz Jsfz_Jofz |z Jof2 ]

(O Fram file (8760 hourly values) Import = Graph

oK

PV generator:
Considering the effect of temperature, the internal cell temperature Tc for PV is calculated by:
Tc(t)=Tamb(t)+G(t)*(NOCT-20)/0.8;

Where Tamb(t) is the ambient temperature of the PV modules (°C) and NOCT is the (normal
operating temperature of the cell (°C).

After calculating the internal temperature of the cell, the power generated by the PV generator

is calculated by:

P(t)=Pn*G(t)/Gref*(1+Ct/100*(Tc(t)-Tc_ref))*Ngen_parallel*Eff
Where Ct is the Power Temperature coefficient (%/°C) and Tc_ref the cell temperature under

the conditions the PV were tested.

If the PV generator is bifacial, the power generated in the rear surface Ppack(t) will be added to

the power generated by the front surface:




MHOGA V. 3.4 User’s manual 144

Pback(t)=Pn*Bif*Gpack (t)/Gref*(1+Ct/100*(Tc(t)-Tc_ref))*Ngen_parallel*Eff

CPV generator:

Considering the effect of temperature, the internal cell temperature Tc for CPV is calculated by

(Leloux, Lorenzo, Garcia-Domingo, Aguilera, & Gueymard, 2014):
Tc(t)=Tamb(t) + B(t)*1000* r70pt*0.75/u(t) + 5

Where 70pt IS the optics efficiency and p(t) is function of the coolant, of the exchange surface,
and of the wind speed (Ws5s).
M(t) = p + 2.5*ws(t)

where  is the thermal conductivity in natural convection and ws(t) the wind speed at the height
of the CPV.

After calculating the internal temperature of the cell, the power generated by the CPV generator
is calculated by:

P(t)=Pn*B(t)/Bref*(1+Ct/100*(Tc(t)-Tc_ref))*Ngen_parallel*Eff

Where Ct is the CPV Power Temperature coefficient (%/°C) and Tc_ref the cell temperature of

the conditions the CPV were tested.

PV generator connected to AC bus (by default):

By default, the PV generator is connected to the AC bus (by means of its own grid inverter) as

the following checkbox is selected:

P generatar is connected to AC bus (ithas its own inverer) —> P inverer data

If not selected, PV generator will be connected to the DC bus.

PV inverter data:

The PV generator is connected to the AC bus by its own inverter. The data of the own inverter

of the photovoltaic generator are shown with the button "PV inverter data":

P inverter data
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P¥ inverter cost included in the PV cost; PY inv. replacement
included in O&M PV cost

Rated power of the inverter = x Peak power of the PV generatar
[JLimitthe output power of the P to the rated P. of the inverter

Inverter efficiency (%) output power (% of rated):
0% 2% 3% 4% E% 0% 0% W%
(I TN N TN | | CER | LI T

0% 0% 60% 0% 0% 90%  100%
|29 [ea [[a7  |[e6 [ [[sa [[sz |

ansfort 95

=]
=

Efficiency (%)
]

=

0 20 40 60 80 100
Qutput power (%)

0K

By default, the cost of the inverter must be included in the photovoltaic generator.

If you uncheck the box “PV inverter cost included in the PV cost;...”, the following appears:

] PV inverter cost included in the PV cost. PV inv. replacement
included in O&M FY cost

Cost of the PV inverter = % of PV cost: Life: ears
Where you must set the cost of the PV inverter (in % of the PV cost set in the table of the PV)
and the PV inverter lifetime (in years). In this case, the total CAPEX of the PV system (including
the inverter) will be the cost of the PV (of the table) plus the percentage set here; the inverter
replacement (by default, every 10 years) will be added to the OPEX cost of the PV.

The ratio between the power of the inverter and that of the photovoltaic generator (inverse of
the inverter load ratio ILR) must be indicated, in addition to the efficiency versus the percentage

of the nominal power.

PV generator price inflation:

Acquisition cost (CAPEX) for PV generators may be expected to increase (or decrease) at a rate
different from that of generic inflation figures (the same can be applied for wind turbines,
batteries, and H> components). Therefore, an estimation must be made of specific price
increases for PV generators, including an upper limit for those. MHOGA will then use this data
to calculate the number of years required to reach the price limit. Once this value has been
reached, PV generators will be assumed to see their prices increased in line with general
inflation. This calculation is used to estimate the price (CAPEX) of the PV generators when
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they must be replaced (when their expected lifetime ends), however, if using the default lifetime
values (25 years for the system lifetime and also 25 years for the PV modules lifetime), they
will never be replaced so these calculations will not be used. If, for example, we set that system
lifetime is 40 years, as in the year 25 the PV generator will be replaced, the replacement cost

will be calculated using the explained procedure.

Annual Inflation B ate for P 2 ax. ariation of P gen. Cost [e.qg.. for an expected 702
Generator Cost reduction on current P4 gen. cost, introduce '-70%"): -7d 4

Lirnit iz reached in 59.6 years

Clicking on “OK” we return to the main screen of MHOGA.
3.8 Wind turbines

The Wind Turbines screen may be accessed by clicking on “WIND TURBINES” (Components

area), or selecting “Wind Turbines” in the Data menu.

) WIND TURBINES / GROUPS OF WIND TURBINES - m} X
AddaWind Tukine | [2ar ~| = e e
Add a'Wind Turbines famiby ‘ V|
GENERAL DATA Output Power (MW) vs Wind Speed
Name Bus Cost(ME) C Repl (ME) C O&M (%A Liflespan () Height(m) EmisCO2(k)  1mjs  2mfs  3m/s  4mfs  5Smys  Bmjs  7mfs  Bm/s  9mjs Im
3 WindT1 AL 2 16 2 20 100 15 i} i} 0 0.05 0z 03 05 07 1
< >
‘Wind speed from the wind resource will be converted to the WindT1 Fixed Operation and
hub height considering roughness 2 Maintenance Cost
o ] e
=
Surface Roughness =
Class |1 v Length  0.03 m
Adgricultural open areawithout fences neither hedoges 0
and with very dispersed huildings. Only smoothly 0 2 4 G 8 10 12 14 16 18 20 22 24 26
feipdechils WIND SPEED (mis)

W — P in standard conditions (sea level, 15°C), 1225 kg/m3
W — P at altitude of the place (247 m). 1196 kg/m3

Power curve measured at air density (kg/m3): |1.225
Wake effect
Height above sealevel: m D

Air density atthat height is (1S4) 1.196 kgfm3 Wake effect

Cansider the effect of temperature

When simulating, adjust power curve with air density: Amhbient Temperature at hub height (*C)
(@ Use height above sea level and temp Graph (@ Morthly average [] Eths modal ! FMEIAM JJASONElD
. 5 () File with 8760 hourly values Impart E= Graph

(O Import air density fka/m3)

Do not cansider reduction in Pawer after: Annual Inflation Rate expected forWind N Max Variation of Wind Turbines Cost expected (e.g. for an expected 35% .
) Turbine Costs: % reduction on currentWind Turbines cost introduce "-35%2") %
14mfs | (checkifwindt are pitch controlled)

Limitis reached in 42.9 years

Data are available in a table for each type of wind turbine. The table may be accessed as

explained in previous section 3.7.

Wind turbines data:
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General data are: Name, Bus (default AC, but it can be connected to DC bus, if all are DC in
the scheme of the system it will be seen in DC), Acquisition Cost (CAPEX, in ME£),
Replacement Cost (at the time of replacement, at the end of its useful life, but expressed in the
currency referred to the time of the initial investment), Operation and Maintenance Cost
(OPEX) for each generator (% of CAPEX/yr), Useful Lifespan (yrs), Height of the Hub (m) and
CO. emissions in manufacturing, recycling etc. (kilotons, kt).

Additional data must be introduced for Output Power as a function of wind speed, from 1 up to
26 m/s, i.e. the output power curve, as shown in the graph. This curve is usually given by the
manufacturers for sea level conditions (altitude 0 m) and temperature 15°C, which corresponds
to standard conditions and a density of 1,225 kg / m3. However, it can be defined this curve with
another density, that is, if the curve was measured in different conditions than standard, we can
define the air density when it was measured (shown at the left of the curve

Power curve measured at air density [ka/m3): [1.225 . . .
pligid ). This curve is represented in the graph at the bottom,

in red color.

Add or remove wind turbines:

We can add or remove turbines, as shown for photovoltaic generators in previous section. We

can also add individual turbines from the database or entire families.

Fixed Operation and Maintenance (O&M) cost:

Fixed Operationand ~ Additional data must be introduced for fixed operating and maintenance

M aintenance Cost

0 £/vear

and the type of the wind turbine. Fixed operator cost and costs for

(O&M) costs (€/yr). These costs are independent of the number in parallel

maintenance material are included, regardless of the total number of turbines.
The total cost for operation and maintenance of the group of wind turbines will be the fixed
costs plus the individual cost of wind turbine multiplied by the number of wind turbines in

parallel.

Roughness:

Surface roughness class is the same as in the wind resource window, but it can be changed here.
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Use the pop-up menu on the left to select the type of ground rugosity (Class 1 by default).
MHOGA will then automatically display the corresponding length (m), and a description of the

class.

Height above sea level:

In the bottom left area we put the altitude above sea level of the geographic location, and the
program gives information of the air density at this altitude. In addition, the power curve for
that altitude (green curve) is shown.

Height avobe sea level  |247 m

Air denzity at that height iz [154]1.196 ka/m3
The density is calculated according to the International Standard Atmosphere (ISA, earth
atmospheric model created by the International Civil Aviation Organization), assuming that in
an altitude up to 11,000 feet above sea level the temperature decreases linearly with altitude

according to the equation:
T=T -LH

where T is the temperature (K) at the altitude avobe sea leve H (m), To is the standard
temperature at height of sea level (288.15 K) and L is the variation rate of temperature vs. height,
L=0.0065 K/m.

Atmospheric pressure and air density are calculated as follows:

gM

.H RL
P= Po(l——LTH )

0

P-M

P = 1000RT

where:

Temperature (K)

Pressure (Pa)

Density (kg/m?)

Height above sea level (m)

Standard pressure at sea level, 101325 (Pa)
Standard temperature at sea level, 288.15 (K)
9.80665 (m/s?)

oIb'U—|

Q@ —H T
S
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L the variation rate of temperature vs. height 0.0065 (K/m)
R Ideal gas constant, 8.31432 (J/mol-K)
M Molecular weight of dry air, 28.9644 (g/mol)

Considering the ideal gas law:

where py is the air density at sea level (1.225 kg/m®).

Is obtained by substituting the relationship between the density of the height H and the density
at sea level:

gM
P {1_ L-H ] RLT,
Po T, ) (T,-LH)

The output power of the wind turbine at the height above sea level H would be the output power

at sea level (given by the power curve) multiplied by the ratio o/ po. If the wind turbine is pitch
controlled, it will be able to maintain its rated power (usually above 14 m/s) even if density is
lower than standard density, therefore there is an option (see below) to not consider the

reduction in power due to the air density after a specific value of wind speed.

Effect of Ambient temperature:

During the simulations, if we want to consider the effect of ambient temperature on air density,

the ckeckbox ¥ Fensider the sffect of temperature 1 1ot 1he checked (checked by default). In the right
there is a box where we must enter temperature data. We can choose Data monthly average
temperature (Tamb), or, better, if you have a file with 8760 hourly data on ambient temperature,
import (in the values imported the decimal spacing must be dot). These data can be different to
the used in the screen of the photovoltaic generators, as in the wind turbines we must provide
the temperature at hub height, while for the photovoltaic modules we should indicate the
temperature at the height that are placed. If the data from NASA, PVGIS or Reneable Ninja has
been previously downloaded, the temperatures imported in the PV modules screen and in the

wind turbines screen are the same.

In the case of average monthly data, the model of Erbs et al. 1983 (Erbs et al., 1983) can be
used to obtain hourly values (we must have previously calculated the irradiation on its screen).
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Ambient Temperature at hub height [2C)
@ Monthip average  [DEmsmodel 14 JF5 M3 |a[11 [M[18 [s[21 o[22 |al28 [s[13 [o[14 [N[3 |p|5 |

() File with 8760 hourly values ﬁ Graph

Taking into account ambient temperature, o/ oo is calculated as follows:

gM

p [, LHI® T,

Lo T T

0 amb

Options to adjust the power curve during the simulation:

During the simulations, the power curve will be adjusted with the air density by multiplying by
the relation p/ po. The air density during each time step can be calculated considering the height
above sea level and (if selected) the temperature, or it can be used the air density imported in
an hourly file (in that case the Import button will be enabled and you will have to import the
hourly file of 8760 rows with the air density in kg/m3). In any case, with the Graph button, we
will see the air density during the year that will be used in the simulations.

“When simulating, adjust power curve with air density:

* |lze height above sea level and termp.
Graph

" Import air density (kadm3)

Do not consider reduction in power after a specific wind speed limit:

If the wind turbines can obtain the maximum power (with the pitch control and torque control)
for any density (that is, the maximum power is limited by the wind turbine and, even if the air
density decreases, the wind turbine can limit it to the same value), check the box “Do not
consider reduction in P after” (checked by default) and select the limit in m/s (wind speed at
which rated power is reached in the curve). Then, the output curve of the wind turbines after
that limit in m/s will not be multiplied by the ratio o/ pn and the original output power values of

the curve will remain.

[w Do not conzsider reduction in Power after:

T4 mds | [check if wind t. are pitch controlled)

Wake effect for wind turbines in differen rows:
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If “Wake effect” is selected, this effect will be considered in the wind farm.

[ ]wake effect

Wake effect

By clicking in the “Wake effect” button, we can see the window with the data for the wake
effect, as shown in (Gonzéalez-Longatt, Wall, & Terzija, 2012). It will be assumed that the wind

turbines are distributed in the number of rows shown.

WAKE EFFECT: . Thrust coefficient (C1)
(G hez-Longatl, et al, Energy, 2012) 08 _
Wind turhines divided In number of rows: 2 06

04
Distance between rows [ rotor diameter: |10 e
alpha coefficent; 207 a B

0 2 4 & B W 12 14 W 18 AN 22 M4 ¥

Wind turhines thrust coefficlent (Ct): WIND SPEED {mis)

1 mfs 2mis  Imfs 4mfs Smis  Emis  Tmis Bmfs  9mjs 1Wmfs 1Mmis 12mfs 13mfs
0 U] 0 0.86 0.86 0.8 0.78 0.76 0.74 0.7 0.63 0.58 0.52

Hdmis 15mfs 16mfs 17ms 18mfs 19mfs Mmis 21mfs 2mfs 23mfs Mmis 25mis 26 m's

043 0.35 0.27 0.22 0.19 0.16 0.15 0.14 0.13 0.12 0.11 0.1 0

0K

Wind turbines price inflation:

As explained in the screen of the PV generators, in the bottom of the screen we must enter the
expected inflation rate of the wind turbines and the limit, to take them into account to calculate
the replacement cost if the useful life of the system or study period exceeds the wind turbines
lifespan.

Case of wind farm with 16 power curves, one for each wind direction sector, defined in

the main options of the software:

If, in the main window of the software, in the menu Project->OPTIONS, we have defined Wind

Farm with 16 power curves, one for each wind direction sector:

W Define Wind Famwith 18 power curves, ane far each wind direction sector

In that case, in the wind turbines window, we must define the cost, replacement cost, O&M cost
(%), lifespan, hub height and emissions. We also must import the output curves of our wind
farm vs wind speed for the 16 direction sectors (from 0 to 337.5° in 22.5° steps).
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¥ WIND TURBINES / GROUPS OF WIND TURBINES - O X

Awind tarm will be considered (Project->Options), in this window you rust enter data of he output power of the wind farm vs the wind speed forthe 16 direction sectors:

Cost (ME)] C. Repl. (ME] [ £ D&M (z/0r) | Lifespan )] Height (m)] Emis.COZ(kt)
2 16 2 20 100 15

Impaort clata file: 16 rows of 26 columns of Power (il ws Wind Speed (mmi/'s)

16 rowes, one for each wind direction sectar (from 0 to 337.52 in 22 5¢ steps).

. Impart datazet of pawer curves tor each wind direc. sectar
In each row the power curve vs wind speed, 26 colurnns, from 1 m/s to 26 mfs

The file to be imported must have the 16 curves, it can be a .txt file similar as the following

(you can create it in Excel, copy and paste in Notepad, obtaining a .txt file):

oervasSecioresTylédistintos.

Archivo  Edicién Foomato Ve

B @ @ .2 8.3 8.7 1 1.3 1.5 1.7 1.8 2 2 2 2 2 2 2 2 2 2 2 2 2
[] [] @ .2 .3 8.7 1 1.3 1.5 1.7 1.85 2 2 z Fl 2 2 ] 2 2 2 2 2 2
@ @ 2 .2 8.3 e.7 1 1.3 1.5 1.7 1.8% 2 2 2 2 2 2 2 2 2 2 2 2 2
2 [ 8 .2 8.3 8.7 1 1.3 1.5 1.7 1.85 2 2 2 Fl 2 2 2 2 2 2 Fl 2 2
L] [] @ .2 a3 8.7 1 1.3 1.5 1.7 1.85 2 1 ] Fl Fl Fl ] 2 Fl i Fl Fl Fl
L] L] 8 .2 8.3 8.7 1 1.3 1.5 1.7 1.8% 2 2 2 2 2 2 2 2 2 2 2 2 2
@ L] e 2 0.3 e.7 i 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3
2 [] @ .2 @.3 0.7 1 1.3 1.5 1.8 2 Fl 2 Fl Fl 2 2 2 Fl 2 2 Fl 2
L] [} @ .2 a.3 0.7 1 1.3 1.5 188 2 2 2 2 2 2 2 2 2 z 2 2 2
@ L] 8 .2 8.3 .7 1 1.3 1.5 1.85 2 2 z 2 2 2 2 2 2 z 2 2 2
2 [} @ .2 8.3 0.7 1 1.3 1.5 1.85 2 Fl 2 2 Fl 2 2 2 Fl 2 2 Fl 2
L] [} ] 8.2 8.3 8,7 1 1.3 1.5 185 2 2 2 2 2 2 2 2 2 z 2 2 2
@ L] 8 8.2 8.3 8.7 1 1.3 1.5 1.8% 2 2 2 2 2 2 2 2 2 2 2 2 2
@ @ @ 8.2 8.3 8.7 1 1.3 1.5 .7 1.8 2 Fl 2 Fl Fl 2 2 Fl Fl 2 Fl Fl 2
L] [] @ 885 8.2 .3 8.7 1 1.3 1.5 1.7 1.85 2 2 2 2 2 2 ] Fl 2 z 2 2 2
@ @ 2 .85 8.2 8.3 e.7 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Where each row is the output power curve for each wind sector. The first row is for 0°, the
second for 22.5°, the third for 45°, and so on, the 16" is for 337.5°.
There must be 26 columns, with the output power in MW, for 0, 1, 2, 3, 4, .... 26 m/s.

You must import the file with the “Import dataset of power curves for each wind direc.
sector” button. After importing, it is shown the graph of the power curve for 0° direction (sector

1), but you can see the different curves by selecting the sector in the combo box.

W WIND TURBINES / GROUPS OF WIND TURBINES - O X

Avwind farm will be considered (Project>Options), in this window vou must enter data of the output power of the wind farm ws the wind speed for the 16 direction sectors:

Name Cost (ME)] C. Fepl. (ME1 [C. 0#M (2/pr) Lifespan lyr)| Height (m)] Emis. COZ[kt)
2 16 2 20 100 15

Import dlata file: 16 rows of 26 columng of Power (MYW) vs Wind Speed (m/s):

16 rows. one for each wind direction sector (from 0ta 337 .52, in 22,52 steps).

) Impoit dataset of power curves for each wind direc. sector
In gach row the power cunve vs wind speed, 26 columns, from 1 m/s to 26 m/s

*wind spead from the wind resource will be converted to Fired Operation and

the hub height considering roughness Maintenance Cost

1] vear

Surface Roughness

Class |1 = Length |0.03 m

Agricultural open area withoul fences neither
hedges and with very dispersed buildings. Only
gmoothly rounded hills

bbb
9 10 11 12 13 14 15 16 17 18 18 20 21 22 23 24 25 26
Pawer curve measured at air density ka/m3): [1.225 WIND SPEED (m/s)

Height above t2a level [273 m

Air density at that height is [154] 1.193 kg/m3

I

=
ra
e
P (-
en
@

~

ca

= P_in standard conditions (sea level, 15°C), 1.225 kg/m3
= P_at altitude of the place (273 m), 1.193 kg/m3

v Congider the effect of temperature

‘When simulating, adjust power curve with air density: Ambient Temparature at hub height (20

& Use height above sea level and temp. _— & Monthlp average  [¥ Etbs model Ji4 FIE M3 AT MpIE J|21 J|23 Al22 513 014 NW(3  D|5
rapl .
[
1 Import air density (kg/ma) File with 8760 haurly values g Bl

v Do not consider reduction in Power after: Annual Inflation R ate expected for Wind ’17 - Max. W aniation of Wind Turbines Cost expected [e.q., for an expected 35% ,7_35 .
14més = | [check if wind . are pitch contolled) Turbine Costs: % reduction on current Wind Turbines cost, introduce "-35%"): %

Limit iz reached in 42.9 pears
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Press “OK” to return to the main screen.
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3.9 Hydro turbines

The Hydraulic (hydro) Turbines screen may be accessed by clicking on “HYDRO TURB.”
(Components area), or selecting “Hydro Turbines” in the Data menu.

I HYDRO TURBINES - m X
Add fram Detabass || < B ptl#|=]afv|fx|e

HYDRO TURBINE GENERAL DATA EFF. TURBINE (%) vs. FLOW (% of F max.)
Name  Prom(M#)  Max flow(m3/s) Min height {m) Mex height(m)  Cost(ME) Lifespan () C O&M (%hn 0% 10% 20% 30% 40% 50% G0% 70% BO0% 80% 100%

b Turiw 1 4 25 E 30 1 D 0 B0 B0 80 80 a1 81 80 40 8D

Check that turbines are suitable for an available head of 0 m. Available head must be between Min_height and Max_height of the turbine
If you want ta consider Pumped Hydro Starage, check one of the check box below (reversible

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

Inthat case. data from HYDRO resource will not e considered. Water tank and pumping data 96
(elevation head, friction losses, pumping efficiency and pump minimurn load) considered will be the
ones shown in the LOADSAC GRID window (Water tak) 88
80
Water will be pumped from reservoirwhen there is renewable energy or when settled by the contral 72
strategy: turbine will generate electricity when water consurmption orwhen settled by control stratedy —_
= 64
S 56
&
D Reversible Pump-Turbine, data here. Same height and friction losses (data in LOAD/AC grid, water) o 48
[[]Pump machine and pumping data in LOAD/AC grid window. Turbine data hers e 40
-
24
16
8

- . 0

Multiplier Gearbox Efficiency: % 3 o = F % ps P 2 P = o
9

Electrical Generator Efficiency % % MAX. FLOW

Emissions COZ equiv. (manufacturing...) 8 COZ equiv. { kivh genersted

The table may be accessed as explained in previous sections.

Hydro turbines data:

The general data for each turbine include: Name, Maximum Flow (m?/s), Minimum pressure
height (m), Maximum pressure height (m), Acquisition Cost (CAPEX, M€£), Useful Lifespan
(years) and Operation and Maintenance Costs (OPEX, in % of CAPEX per year) for each hydro
turbine.

Additional data must be provided on turbine efficiency (%) as a function of load, i.e. versus
percentage of maximum flow. Turbine performance is displayed in the chart.

We can add individual turbines from the database.

The hydro turbine must be suitable for the available head settled in the HYDRO resource

window, it is reminded under the table:

Check that turbines are suitable for an available head of 28 m_ Available head must be between Min_ height and Max. height of the turbine
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If the turbine is not suitable for the available head, when closing the window a message will tell
us that we should consider to delete this turbine and change to another one.

Pumped hydro storage (PHS):

Under the table, we can read the red text:
If wou want to consider Pumped Hydro Storage, check one of the check box below (reversible
pump-turbine ar pump and turbine different machines).
In that case, data from HYDRO resource will not be considered. Water tank and purmping data
(elewvation head. friction logses. pumping efficiency and pump minimum load) considered will be the

ones shown in the LOADYAC GRID window MWater tab).

Wilater will be purmped from reservoirwhen there is renewahble energy orwhen settled by the control
stratecy; turbine will generate electricity when water consumption orwhen settled by contral strateoy

FHS: Reversible Pump-Turhine, data here. Same height and friction losses (data in LOADSAC grid, water
P g q
[ ]PHS: Pump machine and pumping data in LOADAC grid window. Turbine data here:

We can select one of the two options below the text for pumped hydro storage. Anyway, for the
two options, the data of the HYDRO resource will not be considered, that is, in this case THERE
IS NO HYDRO RESOURCE TO RUN OUR TURBINE. Instead, there is a tank or water

storage where we pump water when there is energy from the renewable sources (or when settled

by the control strategy similar as the grid-connected batteries control strategy), and when there
is water load consumption (or when settled by the control strategy), water flows from the tank
running the turbine. The data of the tank, height and friction losses will be the ones of the
LOAD/AC GRID window, tab “Water...”.

e We can consider a Reversible Pump-turbine, checking the checkbox “PHS:

Reversible Pump-turbine, data here. Same height....”
[ |PHS: Reversible Pump-Turhing, data here. Same height and friction losses (data in LOAD/AC grid, water)

When checking the checkbox, this message appears:

HOGA X

In LOAD/AC GRID window (Water tab) the pump power will be disabled as its power is the same as the AC hydro turbine (same machine). Only fer AC hydro turbines

All the hydraulic parameters (water tank, elevation head, friction losses) and also the pumping efficiency and pump minimum load considered will be the ones shown in the LOAD/AC
GRID window (Water tab).

Please check the hydro turb. are suitable for the elevation head shown in the LOAD/AC GRID window (Water tab) 30 m
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The data of this machine will be the data shown in the table of this window. As it is a
unique machine, which can be operated as pump or turbine, it has same height and
friction losses, and these data (height and friction losses) will be the ones shown in the
LOAD/AC GRID window, tab “Water...”.

e We can consider two different machines, a pump and a turbine for the pump hydro

storage, by checking the checkbox “PHS: Pump machine and pumping data...”
FHS: Pump machine and pumping data in LOADJAC grid window. Turbine data here:

Available head: m; Fenstocklosses %

When checking the checkbox, available head and penstock losses for the turbine appears

under the checkbox. Also, this message appears:

HOGA

Turbine data are settled in the present window, including the available head and penstock losses.

Please check the hydro turb. are suitable for the available head introduced here, under the checkbox: 28 m

x

Pumnp data (pump power, efficiency and minimum power, elevation head, friction losses and water tank capacity) are in LOAD/AC GRID window (Water tak)

The data of the turbine will be the data shown in the table of this window, however the
data of the pump is the data shown in LOAD/AC GRID window. As turbine and pump
are different machines, there can be different values for height and friction losses: for
example, the pump can obtain water from a reservoir at a certain height and losses and
the turbine can run with the water load with a different height from the tank and different
losses. The height and losses of the turbine are settled under the checkbox. The tank data
and the pump data (power, height, friction losses...) will be the ones shown in the
LOAD/AC GRID window, tab “Water...”.

If we check one of the two boxes (reversible pump-turbine or two machines), that is, if we are
using PHS, a new the checkbox “Supply elec. load with turbine when load >.... % P turbine
and water tank > ..... %" appears. If we check it, we will force the turbine to work to supply
the electrical load of the system when load and water tank are higher than these percentages.

If the checkbox “Also for arb.” is checked, it means that it is alos applied for the turbine when

it is in the “discharge” mode of the PHS in energy arbitrage.

If the checkbox “Consither this % as min. turbine...” is checked, that percentage will be
considerd as the minimum output power of the turbine when supplying the load in stand-alone

systems (no AC grid), without battery and without backup generator. In these cases, if we didn’t
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consider this, when the renewable sources cannot meet the whole load, if the net load is low,
the turbine would supply the load with low efficiency, needing a high amount of water stored
to convert it in electrical energy. However, considering this, the turbine will run at a minimum

power with high efficiency.

|:| Supply load with turb. when load > % P. turb. and Water T.> -4 |:|Alsu for arb.
Consider this % as min. turbine p. if not buy to grid allowed, no batt. and no gen.

[ ] Define Water Tank capacity for EI h. duration (Turkine mas. flow x b dur.)

If we check the box “Define Water Tank capacity for .... h duration (Turbine max. flow x
h duration”, this means that, in pumped-hydro-storage (PHS), the water tank or reservoir
capacity will be calculated, for each combination of components, as the turbine maximum flow
multiplied by the duration wanted (so the value of the water tank capacity of the LOAD/AC
GRID window, WATER tab, will not be considered).

More data:

Additional data must be set: the efficiency of the multiplier gearbox, and of the electric

generator.

Above the graph, the nominal power and its maximum power, calculated in MW
[9.81*Available_head(m)*Flow_max (m?/s)*efficiency/1000], are reported for the selected

turbine. Efficiency includes losses in turbine, multiplier gearbox and in the electric generator.

As explained for modules and wind turbines, if we are interested in the calculation of life cycle
emissions, we must introduce equivalent CO2 emissions due to turbine manufacture, in g of CO>
equivalent per each kWh of energy generated. However, this value is usually very low, close to
0.
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3.10 Batteries

The “Batteries” screen may be accessed by clicking on “BATTERIES” (Components area), or

selecting “Batteries” in the Data menu.

[ Ewxcept Schiffer model. consider
Tmear>=Tfloat life

= .
Float lite reduces 50% for every (10 EC increase % T Graph 5] 12'333

" How EJJ1EIQUU oo

Wl BATTERIES - m} hod
Add Battery Zero -
Add B atteries family = s | & | | | + | = ‘ A| ‘ | e |
g
BATTERIES DATA: Floatlife at [20 °C Cycles to Failure vs. Depth of Discharge (%)
Cinom [ké-hi| Volt.kv) | CostiMe) | C.0&M () | SOCmin(zz) [Self_dizémon )| Imantka)| Eif) | Floativn| 1os | 20% | 30% | 40 | 50 | eox | 7ox [ eox | sox Jfrvee]
5 1 15 1 1n 1 10 32 15 48000 24000 16000 12000 9600 | 8000 | GRS7 | GOOO | 5333 | Li
Batteries Model Fired Dperation and Maintenance Cost: |0 £ur Equivalent CO2 emissions [manufactuing...): |55 kg CO2 equiv / Kwh capacity
@ Ah ¥ Limadel Ah SOC at the begining of simulation: |[100 % of SOCmax
" KiBah [Manwel-cGowan 1993)
© Copetti 1994 Bat5MWh of 5 Ah =
" Scehiffer 2007 45,0004 ---- -~ S R S S S S A— Z
& 40,0004---- 205
Mean ] S 35,000~ f &
é:{nm 18 F[18 w20 a0 o gz M = 30,000 sz
pe) Jzz sl s[zz ofzo wfie ofis © 25,000 -+ g
@ Mon w 20,0004 -- 1o =
g
(&)
w
=
]
=
=1

Jv Cypcle ife depends on T Data 0

+ et ' frrererpert +
0 10 20 30 40 50 60 70 BO 90 100

v Capacity depends on T Data DEPTH OF DISCHARGE (%)

Lead-acid battery model Lion battery mode! ] Murnber of full eguivalent cycles 4799.9

" wanget al., 2011 (LiFePO4)
" Grot et al., 2015 [LiFeP04) - " .

. Annual Inflation Rate expected for - Max. Variation of ‘wind Batteries expected [e.q., for an expected B0% .
((: Ejlfzziis;ﬂati[ﬂﬁe[sumn 4 Parameters Batteries Costs: 2 = reduction on current Batteries cost, introduce 507" -60 %

& Rainflow [cycle counting) o .
Limit is reached in 45.4 years

Remaining capacity at battery end of life (%] ;|80

[ IFthere is an AC Gen.. every W days or |S— equivalent full cycles
charge battery bank at leastup to |95 ¥

OK

As usual, data for each component type is displayed in rows in the table.

Both lead-acid batteries and lithium-ion batteries can be considered in the table. Also, any other
type of battery can be modelled if we know its cycle life.

3.10.1. General data
General data for batteries includes:

- Name

- Nominal Capacity (Cn) in kA-h. The manufacturers usually give the nominal capacity
for discharge in 100 h (C100), the nominal capacity for discharge in 10 h (C10), etc. It
will be necessary to choose as Cn the most suitable. For example, if the load
consumption is such that the batteries are expected to perform 1 full charge/discharge

cycle per day, the value to choose would be C10. If the batteries are expected to be
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discharged at a slower rate (the usual in PV off grid systems), we would choose C20 or
even C100.

- Nominal Voltage, Volt. (kV).

- Energy rated (nameplate) capacity, in MWh, will be: Cn(MWh) = Cn(kA-h)-Vn(kV)

- Acquisition Cost CAPEX (M£)

- Operation and Maintenance Costs OPEX (% of CAPEX per year) for each unit

- Minimum State of Charge (SOCmin), as a percentage of maximum SOC. The value of
SOCmin (%) equals 100-DODmax, where DODmax is the maximum permissible
discharge depth (%). SOCmin is usually from 10 to 50%, depending on the type of
battery.

- Self-Discharge Coefficient (monthly %)

- Maximum allowed current (Imax) for each battery, in kA. The maximum power (for
charge and for discharge) will be Pmax (MW)=Imax(kA)-Vn(kV).

- Global (roundtrip) Efficiency (%). Charge and discharge efficiencies are square root of
roundtrip efficiency.

- Floating Life (indicate the temperature at which floating time is defined, usually 20°C).

- Cycles to failure vs. depth of discharge.

- Type (Lead-acid batteries denoted by “LA” or “Pb” or Lithium-ion batteries “Li”). For

other type of battery, if you know the cycles to failure vs. depth of discharge, select
“LA” or “Li”, and in the ageing model, select “Rainflow” (explained later).

Data must be provided for each battery on the number of life cycles to failure (Ciclesi) for each
depth of discharge percentage (DOD; en %), displayed in red.

BatSMWh of 5 Ah

45,000

GY (GWh)

W 40,000 '

S 35.0004---- =
Z 30,0004---- 5=
© 250004 ----

w 20,000%----1

4 15,0004 i

o

> 10,000
5,000 4
0

LIFETIME CYCLED

+ } + + + + } } }
0 1m0 20 30 40 30 60 7O 80 80 100
DEPTH OF DISCHARGE (%)

Murnber of full equivalent cycles 4799.9

Some manufacturers of lead-acid batteries usually indicate the curve cycles to failure vs. depth

of discharge. If it is not known, and we know the cycles that the battery can perform at a certain
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discharge depth, for example we know Cicleskx = 2000 for DODx = 80% (k = 8), the rest of the

data of Cicles; (i=1 ... 9) can be obtained according to:
Cicles; = Ciclesx - DODx / DOD;
In this example:
Cicles1 = Cicless - DOD g / DOD 1 = 2000*80/10=16000
Cicles, = Cicless - DOD g / DOD > = 2000*80/20=8000
Cicless = Cicless - DODg / DOD 3 = 2000*80/30=5333
Cicless = Ciclesg - DOD g / DOD 4 = 2000*80/40=4000
Cicless = Cicless - DOD g / DOD 5 = 2000*80/50=3200
Cicless = Cicless - DOD g / DOD ¢ = 2000*80/60=2666
Cicles7 = Ciclesg - DODg / DOD 7 = 2000*80/70=2285
Ciclesg = Cicless - DODg / DOD g = 2000*80/80=2000
Ciclesg = Cicless - DOD g / DOD ¢ = 2000*80/90=1777

In the database (main screen of the software, upper menu, Database, Batteries tab) you can just
indicate the cycles at 80%DOD and then press the button to calculate cycles vs. DOD from the

value at 80%, see section 3.6.

MHOGA calculates the cycled energy throughout battery lifetime for each DOD:
Ecycled_i (MWh) = Cn (kAh) - Vn (kV)- DOD; (%) / 100 - Cycles;

This value is displayed in green.

The number of equivalent cycles is calculated as:

Neq_cycles = Ecycled_average (MWh) / (Cn (kAh) - Vn (kV))

Where:

Ecycled_average = 2 Ecycled i (MWh)/9;

This value is displayed under the chart.

We can import individual batteries or entire families from the database.
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Add Battery | |23ru:u j
Add B atteries famnily | | j

An estimation can be carried out of fixed Operation and Maintenance Costs (€/yr) for the battery
set to be used by the system (regardless the number of batteries, that is, the fixed O&M cost).
These costs must include the operator and the fixed material, regardless of the final number of

batteries included.

Fixed Operation and Maintenance Cozt: [0 £

Auxliary consumption for cooling, heating, BMS, etc.

Auxiliary consumption can be defined as a percentage of the maximum power of the battery
(Pmax=Imax-Vn), this power will be consumed during all the time. By default, a 0% is
considered. By default, this auxiliary consumption is in AC, to define it in DC you must check

the “DC cons.” checkbox.

Auxiliary cooling, BMS... cons. AC (%% of max. P |0
|:|DC cons.

Battery temperature:

Temp.y [18 F[18 M[20 al20 mfzn ufzz MeanCO

at.

(0] J22 alzz 5|2z 0j20 N1 D)8

[w Ewxcept Schiffer model, consider i I'|-_|.-1|:|n.
Trmean:=T float life oL

Flaat life reduces BO% for every |10 8C increasze ﬁ T Graph

Iw Cycle life dependz on T Data
[w Capacity depends on T Data

If we have selected “Mon”, o Hou . we must indicate also the average temperature of the
batteries during each month of the year as this will be taken into account in Copetti and in
Schiffer models (lead-acid batteries models) and also in any model to calculate the floating
lifetime taking into account Arrhenius law. It is also used to obtain the capacity dependence on

temperature and the cycle life dependence on temperature.
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Temp. ) [18 F[18 M[20 afeo w20 a2z MEEDE'”[!':]
eo) Jj2z alzz sz ol2o wf1s Dfis

e Man

& Houe | . . :
If we select “Hour” 22 L its possible to download the hourly ambient temperature data of
the location with PVGIS or Renewables Ninja (in the windows of solar resource or wind) and
use these values as the battery ambient temperature, or it is possible to import an hourly file

(button “Import hourly file™).

The floating life that the battery manufacturer indicates for a given temperature (generally 20°C)
is converted to the floating life corresponding to the average temperature of the batteries
according to the Arrhenius law, being necessary to indicate the Celsius degrees needed to reduce

the float lifetime in 50% (default lOOC) Float life reduces 50% for every IW iC increase

If the average temperature of the batteries is lower than the manufacturer indicates, the floating

life obtained by Arrhenius law can be very high (not real). To avoid this, by default the checkbox

[v Ewcept Schiffer n_'u:udel, cohzider
Tmean>=Tfoat life is checked. For aging models other than the Schiffer, this marked

box implies that if the average temperature of the batteries is below the indicated temperature
at which the manufacturer supplies the float life, the average temperature shall be considered to
be equal to that indicated for the floating life and therefore the actual floating life will not exceed
that indicated by the manufacturer.

Cycle life dependence on temperature:

If the checkbox T e [2ssare e ﬁ. is selected, the number of cycles to failure
(% related to the nominal value, 100% at 20°C) will be calculated as dependant on average
temperature (considering ambient temperature during all time or ambient temperature just
during charge/discharge, depending on the user selection in the data window), and it will be

obtained considering the data shown by clicking button “Data”:
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Cycles to failure (%) vs Temperature (°C): (forfull eq. cycles and Rainflow models)

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

100 0 ' 1 1
g UTS
a=|162 = 5'3':“""“":L"“ "‘""""":“ """""
T e R D
b =|-0.0354 | | T — koss==cc=s e R
-loon0z 0% t t t
E=M 20 30 40 50
Temperature (°C)
Temperature iz the average:
f* Ambient temperature during all time " Ambient temperature during charge/discharge

[v Below 20°C no increase in cycle life

oK

It is very important that you select this option when using Li-ion batteries or for lead-acid

if you do not use Schiffer model, as temperature is very important in the degradation.

This curve were obtained from the values shown in https://midsummer.ie/pdfs/fronius-
performance-solar-battery.pdf

Capacity dependence on temperature:

If the checkbox | ¥ Capacly depends an T ﬁ is selected, the available battery capacity

for each hour will be obtained considering the data shown by clicking button “Data”:

Capacity (%) vs Temperature (*C)

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

1004 -------- beses b
a=[0s < 1
i g 60§ -
b=[0012 2 e
c=[-000011 204
ok - ; ;
-20 i} 20 40
Temperature (°C)
oK

As explained in the previous sections, if you want to know the overall life cycle emissions, you
must introduce (above the graph) equivalent CO. emissions due to the manufacture of the
batteries, in kg of CO. equivalent per kWh of capacity.

Equivalent CO2 emissions [manufacturing...]: |55 kg COZ2 equiv / kKMWh capacity



https://midsummer.ie/pdfs/fronius-performance-solar-battery.pdf
https://midsummer.ie/pdfs/fronius-performance-solar-battery.pdf
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As explained in the PV modules screen, the lower part of the screen shows the expected inflation
of the price of the batteries and their limit, to be taken into account to estimate the replacement

cost (in case they have to be replaced during system lifetime).

Annual Inflation Rate expected for N b ax. Yaration of \Wind B atteries expected [e.g., for an expected G0 -
Batteries Costz: & = reduction an current Batteries cost, introduce 605" 0 *

Limnit iz reached in 45 4 pears

Above the cycles to failure graph, you must enter the percentage of the SOC at the beginning

of the simulation.

SOC at the begining of simulation:| 100 | % of SOCmas

Also you can set the maximum allowed state of charge, for Li-ion batteries (default 100%, but

in many cases it should set to 90%):

Li-ian batteries maximum SOC: 100 | %

At the top bottom of this screen, we must indicate the remaining capacity at battery end of life,
by default 80%.

Remaining capacity at battery end of life (3] ;80

Also we can select an option so that the controller can start the diesel generator automatically
to charge the batteries up to 95% of the SOC (by default, can be modified) every certain number

of days or each given number of equivalent full cycles. In that case, check the box at the bottom:

[ IFthere iz an AC Gen., every |ﬁ days or |8_ equivalent full cycles
charge battery bank at leastupto |35 &

Finally, after defining all the batteries that we want the program to take into account, with "OK"

button we can return to the main screen.

3.10.2. Models of batteries

In the case of lead-acid batteries, the state of charge of the batteries, as well as the maximum
current allowed by them can be calculated according to several models, to be chosen by the
user: Model Ah (used by Schuhmacher in 1993)(Schuhmacher, 1993), Model KiBaM (Manwell
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and McGowan, 1993) (Manwell & McGowan, 1993), model of Copetti (Copetti et al., 1993 y
1994) (Copetti et al., 1993)(Copetti & Chenlo, 1994), Model of Schiffer (Schiffer et al., 2007)
(Schiffer et al., 2007).

By default the battery model is the Ah model, the simplest one.

Batteries Model

@ Ah Li-ion model Ah
(O KiBaM (Marnwell-hcGowan 1333)
() Copetti 1934

() Schiffer 2007

If "Li-ion model Ah™ is marked, it means that if Lithium-ion batteries are being considered in a
combination of components, the Ah model will be used even if another model is marked here

(which would be used for lead-acid batteries).

Models Copetti and Schiffer:

If we choose the models Schiffer or Copetti (they are models for lead-acid batteries), the button
“Control Data” appears” to set up the characteristics of the controller for the charge/discharge

of the batteries. If we use Li-ion batteries, these data will not be used.

B atteries Model Batteries Maodel

O &h Li model &h O &h Li model &h

() KiBab (M arwel-tcGowan 1993 (I EiBah (M arwell-b cGowan 1333
(®) Copetti 1994 Control Drata () Copetti 1994 Control [rata
() S chiffer 2007 (®) Schiffer 2007 Schiffer bat. data

By pressing the "Control Data" button, the screen of the data that will be used by the charge
controllers of the batteries (which in some cases are included in the inverter-charger) will be
displayed (all the charge controllers must be of the same family since the characteristics are the

same for all).
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1/ Battery Charge Controller Data — O x

T0BE APPLIED OMLY IM COPETTI OB SCHIFFER MODELS
BEFERED TO 2% CELLS

{® CONTROL Pk
() COMTROL OM/OFF

OVER-CHARGE PROTECTION [FiwiM]:

Float Charging waoltage:
Boost Charging vaoltage: | 2.4 OVER-DISCHARGE PROTECTION:
Eoost duration: |2 h Loww Woltage Disconnect [L\-"D]: W
Boost activated if SOC< | 70 % Low Yaltage Reconnect (LYR]:| 2 Y
i -1 30 5
E qualization Charging woltage: b 10 (DXt E
o ) Low SOC Reconnect; | 50 z
E qualization duration; |2 h
Equalization activated if SOC< |40 % [JUse as Low 50C for Disconnect the value of SOC min. user
Equalization activated if no equalization if the optimization and use as Low S0C for Reconnect same

nor boost charge during da_l,ls SOC min pluz a b4
Temperature compenzation [only for Copetti model]: 420

[J1f there iz an AC Generator, every da_l,ls ar equivalent full cycles, generatar charges batteries at least up to i':;

oK

The characteristics of the control of the charge and discharge of the batteries must be indicated:
if the controller is PWM type or ON/OFF type. Both devices, charge controller and rectifier
(AC/DC converter) are assumed to perform the same control.

Once the type of PWM or ON/OFF control is chosen, the parameters of the controller must be
defined. These parameters must be suitable for the lead-acid batteries that we define in the

batteries screen.

In the case of PWM control, the data for the charge in several stages, typically 3 stages: bulk,
boost (absortion) and float, and also the data of the equalization or compensation charge must
be set.

In the case of the Copetti model we must also define the coefficient of variation of the voltage

with the temperature (mV/°C).

Control of the charge of the batteries by the diesel generator:

If the controller can start the diesel generator automatically (usually in the case of bi-directional

converters or inverter-chargers), some types allow the generator to charge the batteries up to
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95% of the SOC (by default, can be modified) every certain number of days or each given
number of equivalent full cycles. In that case, check the box at the bottom (changes in this box

and these values are updated on the main screen of the batteries):

[ 1F there iz an A2 Generator, every da_l,ls ar eqguivalent full cycles, generatar charges batteries at least up to ?:;

3.10.3. KiBaM battery model
When the KiBaM model is selected (for lead-acid batteries), the table widens, and the chart
shrinks to accomodate an additional graph. Select “Calculate” to make MHOGA obtain the

parameters needed for the model, or “Data”, for direct data introduction.

FiBat rmiodel:
(®) Calculate

() Data

New columns are displayed when “Calculate” is selected (see figure below, right hand side):
C100, C20, and C10 (all of them in kAh). These values correspond to battery capacities for 100-
, 20-, and 10-hour discharge regimes. The longer it takes a battery to discharge, the more energy
is provided, so C100 will be larger than C20, which will in turn be larger than C10. This data is
supplied by the battery manufacturer. MHOGA calculates discharge intensities (in kA) for the
3 discharge regimes provided (e.g., for a 100-hour regime, this will be C100/100). Discharge
intensity is then displayed versus battery capacity. Additional values are shown under the chart
for the parameters required by the KiBaM Model, as calculated from C100, C20, and C10. The

required parameters are represented by c, k, and Cmax.

There is a last column in the table, which is also new (C. charge), in A / Ah, which represents
the Maximum Battery Charge Rate or Maximum Battery Charge Current Coefficient, which is

an additional limitation of Maximum charge current using the KiBaM model.

If in the KiBaM model we choose "Data" instead of "Calculate”, the new graph disappears and
instead of the colums C100, C20 and C10, we will have k (1/h), ¢ and Cmax (kAh), besides the
fourth column, which is maintained. In this case, the battery manufacturer should have provided

these values.
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3.10.4. Schiffer model.

Using lead-acid batteries, we encourage you to use Schiffer model, as it is the most accurate.

If the Schiffer model is chosen, the lead-acid batteries defined in the table must be of the same

family, i.e. they must have similar parameters, changing only the "size".

If we have chosen the Schiffer model, the "Schiffer Bat. Data" button appears under the
“Control Data” button. By clicking on it shows the next window.

\l Aging batteries model data

gaiolbaneriesimodelishownlinl(zehiffegetatiyznng) Patential of reference electrode Ho/Ho2504: |0LE16 |y
Batteries data: | 0Fz5s ~
all LA batteries must be from the same family, voltage data refered to 2 ¥ cells]: Lurve of Corrosion speed vs. potential of positive electrode [vs. Ho/Hg2504 ref ).

e of Cor L L
Oper-circuit voltage at full charge, UD: W Uear(fveeiily Comsimgesile Fiuestschi 2004 - Ks in micrad./om2 ~

Gradient of change in OCW with state-of-charge. o: W

Initial effective intemnal resistance [charge], ro_c_: chivésh

Initial effective intemnal resistance [discharge)]. ro_d_D: ohrr-Ah

Resistance repiesenting charge-transfer process which depends on SOC, Mc:
Resistance repiesenting discharge-tiansfer process which depends an SOCC, Md:
Mormalized capacity of battery, charge, Ce:

Momalized capacity of battery, dizcharge, Cdl:

Momalized reference curment for curent factar, lief: Atk

Height of battery, z cm

Carasion voltage of fully-charged battery without current flow, UconQ V
Mominal Yoltage for Gaszing, Ugas0. W
Momalized Gassing Cunent, gas0; | 20 /1008

Comosion speed Ks

y y u y t u F y u
06 07 08 09 1 11 12 13 14
Potential of positive electrode (V) vs ref. Ho/Hg2504

bl | el B | el | e | e | el A Bl 1 o
| malfz=] =] == o m
gl || || =] @

[ =] ra|[ra][ ra][ [ 2 EIESIES
wn wn o wn

o

S0C for considering full charge in order to zet fsoc=1 and obtain current for factor fl []when Max. Capacity < Nominal Capacity, use this SOC in terms of Max. Capacity
Minirurn state-of-charge for bad charges, SOChmit: | 0.993
SOC to reset Number of Bad Recharges:

End of batteries lifetime will be considered when Max. Capacity is % of nominal capacity

Conosin speed during floating life
(®) Conosion speed for folating life [data)

() Caleulate

The first option is to choose the type of the lead-acid battery, OPZS (tubular optimized for
photovoltaic applications, long service life) or OGi (flat plate, open, use in uninterruptible

power supply systems, emergency lighting, telecommunications, can also be used for starting
machines, and in photovoltaic systems)

Batteries data:

OFZ5

oGl [

The software loads the data of the batteries used in the article (Schiffer et al., 2007) (Schiffer et
al., 2007), however, it should be noted that these data are for certain families of OPZS and OGi
batteries, which may not match the family of batteries we are using. We should update these
data with those of the family of batteries that we are using (we should know the data of our
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batteries or test them to obtain data). In many cases many parameters are usually unknown as
they are not published by the batteries manufacturers. The default parameters were obtained
from the publication of Schieffer et al., 2007. You should not change any value unless you know
this. It is important that all the battery models considered in the battery screen table are of the
same type, OPZS or OGl, and you select in this window only the type of battery, if you do not
know the specific parameters.

In the right part we must select the curve of the corrosion rate against the potential of the positive
electrode, Ruetschi 2004 (Ruetschi, 2004) or Lander 1956 (Lander, 1956). It should be noted
that the actual curve for each battery family is different, so we should define the curve for the
battery family being considered, obtained from the manufacturer or by testing and modifying
the values of the curve of Lander or Ruestschi. If you do not know the data of your specific
batteries, leave the Ruetschi 2004 model.

Curva de la velocidad de comosion lrente al potencial del electrodo positivo
o W) ws ref. Hg T aza de comosion ks | Fuestechi 2004 - K= en micioddem? |

At the bottom, the parameter of the corrosion rate for floating life must be set (in the units

marked in the corrosion rate curve versus the potential of the positive electrode):

Comozin speed during floating life

(®) Conosion speed for folating life [data]:

() Calculate

Or calculate the parameter of the corrosion rate for floating life:

Corosin speed during floating lie Obtain flaating life cormosion speed coefficient from Lander
O Conosion speed for folating life [datal: 2 (®) Palarization of positive electrade [mv]
(@) Calculate (D) Floating voltage [v) 22

Potential of pozitive electrode: 1.831 W [1.215% ws. Ho/Hg2504 ref. electrode). Corrosion :peed coefficient; 2242 microd/cmz

3.10.5. Lifetime models for lead-acid batteries

The calculation of the estimated lifespan of the batteries is very important, since it influences
the replacement costs of these and therefore in the total cost of the system. It is possible to
choose between the Equivalent Full Cycles model and another more complex and precise, the
method of the Cycle Counting or Rainflow according to the algorithm of Downing (Downing
and Socie 1982)(Downing & Socie, 1982). Schiffer model (Schiffer et al., 2007) is much more
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precise model, which includes the aging by corrosion (a comparison of the different models is
shown in (Rodolfo Dufo-Lépez et al., 2014), where it is verified that the model of Schiffer gives
results much more similar to the real ones, whereas in some cases the other models predict the

duration of the batteries of the order of 2 or 3 times higher than the real duration).

For lead-acid batteries, you can choose the lifetime estimate of the batteries according to the
Equivalent Full Cycles or according to the Rainflow model, or according to the Schiffer aging

model (this only if the Schiffer model has been selected in the model of batteries).

Lead-acid battery rodel Li-ion battery madel

() Rainflow [cycle counting)
() Equivalent full cycles
(®) Schiffer ageing model

In the case of Rainflow, if you check the box "Modified", a box appears where "Factor rainflow
(0-1)" should be indicated.

Rainflow [cycle countin - Factor
gEquivaler[lt j:un eycles Y B [giqf]'ﬂw
The modified method intends to take into account the average SOC of the batteries during each
cycle. The original cycling curve of the following figure is that supplied by the manufacturer
(discharge cycles Cr versus depth of discharge) and is assumed to be for batteries starting each
cycle being fully charged. However, if a battery starts a certain cycle with a SOC <100%, the
wear will be higher. This method is intended to take account of increased wear (fewer life

cycles) if each cycle does not start with fully charged batteries.

With the factor rainflow (F), a lower limit curve is obtained, which would be for the cycles that
begin and end at the lowest possible state of charge for those cycles. The lower limit curve is

calculated according to:

Cri1 =F[EF - CF.R}"' Crr

Where Crr is the reference line of the figure.
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For each cycle, this method takes into account the average SOC of the batteries during the cycle,
and obtains the number of life cycles from the curve for that SOC, which will be between the

original and the lower limit.

3.10.6. Lithium-ion batteries lifetime models.

In the case of lithium-ion batteries, in addition to Equivalent Full Cycle life model and the Cycle
Counting or Rainflow method, you can choose other three cycle ageing life models specific to
lithium-ion batteries. There are two cycle aging models for LiFePo4/graphite batteries (Wang
et al., 2011 (Wang et al., 2011); Grot et al., 2015 (Groot et al., 2015)) and another one which
includes cycle aging Naumann et al., 2020 (Naumann et al., 2020) and calendar aging
(Naumann, Schimpe, Keil, Hesse, & Jossen, 2018). There is another model for cycle aging of
LiCoO2/ graphite batteries (Saxena et al., 2016 (Saxena et al., 2016)).

It is important to say that Wang, Grot, Saxena and Naumann models were obtained by
researchers by testing specific commercial batteries, so these models are only adequate for those
commercial batteries tested and for the conditions they were tested. If you are not sure about if
your battery is similar to the ones tested by these models, it would be better to select a generic

model (Full equivalent cycles or Rainflow).
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Lead-acid Aging battery model Li-ion Aging battery model

()wang et al., 2011 (LiFePO4)
() Grot et al., 2015 (LiFePO4)
() saxena et al., 2016 (LiCo02)
() Full equivalent cycles

(@) Rainflow (cycle counting)
() Naumann (LiFePo4 cyc+cal)

Parameters

If the Grot et al. model is selected, the box "Rate lower than 1C-> 1C" indicates that charges /
discharges at rates lower than 1C will be considered as 1C. Where 1C means the charging or
discharging rate such that the battery is fully charged or discharged for 1 hour, i.e. the current

in A equals the capacity in Ah.

In the case of selecting the Wang et al. model, selecting the "Rate lower than limit" box means
that the limits of the model (to use the specific equations) are upper limits, if no such box is

selected the limits are intermediate.

By clicking on “Parameters”, a window appears where you can see (in different tabs) and edit
the parameters of the different models (Wang, Grot, Saxena, Naumann and calendar models)

and it is shown the graph of the capacity loss (%) vs full equivalent cycles or vs time.

Wang Grot Saxena Calendar ageing Naumann

[ Include calendar ageing @) Peti -
- Petit et al., 2016 Ilimit {cycle / calendar): C-
Wang and S del ’ )
(0 -ANG ANE AMENRMBERE (™ Syrierczynski et al., 2015

Include Calendar in Full eg. cycles and Rainflow models

Data (Petit et al. 2016): Data (Swierczynski etal., 2015):
Cfade(%)=B"exp[-A/(RT)]'t"z Cfade(%)=(a-SOC"b+c) (d T e+)t" g
SOC  30% 65% 100% a |D-019 | b |D.823 |
B [734E3 | [67sE3 | [21883 | c o595 | d 3258 |-10mo
A [73369 | [69804 |[s6937 | e [sos7 |  [o29s |
- |0.943 ||n.9 Hu.ss3 | g
graph T(°C): graph: T(°C): SOC(%]:
=) 40
g 2 4 £ 3
é‘ b E 24
z 8 £ 1
S 0 &
0 5 10 15 20 25 g 8
Time (years) 0

0 10 20

— S0C 30% — SOCB5% — SOC100% EOL P
Time (years)

0K

The default tab shows the calendar ageing model included in Wang and Saxena models (it can

be included or not, by default included):
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Include calendar ageing
in%fang and Sawxena modelz

There is another tab that shows the calendar ageing model or not in full eg. cycles model and in

Rainflow model (it can be included or not, by default included):

[v |nclude Calendar in Full eq. cocles and Bainflow models

There are two models for calendar ageing:
e The model shown in (Petit, Prada, & Sauvant-Moynot, 2016)
e The model shown in (Swierczynski, Stroe, Stan, Teodorescu, & Kar, 2015)

You can choose to use one or another. You must also set the limit current so that when the
current of the battery is lower than the capacity multiplied by a specific value (default 0.05),
calendar ageing will be considered, and when the current is higher than that value cycle ageing

will be considered.

(" Petitet al. 2018 | lirvit [cycle / calendar); C- |0.08
" Swierczynzki et al., 2015

[T
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3.11 Inverter-chargers (bi-directional converters).

The “Inverter-chargers” screen may be accessed by clicking on “INVERTER/CHAR.”

(Components area), or selecting “Inverter-chargers” in the Data menu.

The inverter-charger is needed if there is battery storage to convert AC power to the DC bus of

the batteries and vice-versa. Inverter performance is dependent upon power.

V' INVERTER/CHARGERS - O >
Add from Datahase | ‘\nv—ChZDMW w
MW Q[ R = a+ x|
Include only %DC suitable fram famiky: ‘ V‘
GENERAL DATA EFFICIENCY (%) vs. OUTPUT POWER (%) ->
Mame Pawer(MVA) Lifespan (w) Cost (ME) Imax_ch_DC{k&) Ef_chargen(®) Vdomin{kV) Vdcmax(kh) Pmax_ren(Mw) 0% 2% 3% 4% 5%  10%  20% A
Im-ChERW |3 15 05 3 98 0.4 11 1E15 10 30 &0 70 85 93 92
Inw-Ch 0k 10 15 1 10 98 0.4 11 1E15 10 30 &0 70 85 93 92
4 Inw-Chz Ok 20 15 2 20 95 04 1.1 1E15 10 30 &0 70 i1 93 9z
w
£ >
Inv-Ch5MW e, output power in sumultaions of
38 30 minutes: % higher than naminal
80 18 minutes: % higher than nominal
. 72 10 minutes: % higher than nominal
=
& 64
— <=h minutes: % higher than naminal
© 36
&
o 48
i If P. max. renewahle DC > P. max. ren.
w40
w
&2 () Limit P fram renew. DCta P max. ren
24
16 (@) Discard that combination
[“|Proportional to 1stone
Inverer rated power for 0 10 20 30 40 50 60 70 80 90 100
g
batt, duration hours): QUTPUT POWER (% OF RATED)
0OK

Data of inverters and inverter-chargers:

The following data must be included for each inverter or inverter-charger to be considered in

the optimization:
e Name
e Output apparent power (MVA)
e Lifetime (years)
e Acquisition cost CAPEX (M€£)

e Maximum charge current that can be supplied to the batteries must be set in the
following column "Imax_ch.DC (kA)" and the efficiency of the charger in the next

column.
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e Minimum and maximum operating DC voltage (kV). The nominal DC voltage of the

system set in the main screen must be between these two values.

e "Pmax_ren (MW) is the maximum input power allowed from the photovoltaic generator

and wind turbines

In addition, for each type, the efficiency (%) vs. the output power (in % of rated power, from 0
to 100%) must be defined. This is reflected in the graph.

You can add inverters individually from the database using the "Add from database™ button.

You can also force that only the inverters suitable for the rated voltage DC of the system and a
particular family, by clicking on the button "Include only VDC suitable from family:", where
they will be selected only those of the family that comply with the nominal voltage of the

system.

Maximum output power in the simulation:

Permissible overloads can be defined in the case of simulations with time steps of less than 60

minutes.

The maximum output power of the inverter must be settled, depending on the time step of the

simulation:

bd . output power in sunLltaions of

30 minutes: % higher than nominal
15 minutes: % higher than naminal
10 minutes: % higher than naminal
<=0 minutes; % higher than nominal

Limitation of the power of the renewable DC generators:

If "Discard that combination™ is marked (default), the combinations in which the nominal power
of the renewable sources in DC is higher than the maximum allowed input power "Pmax_ren

(MW)" will be discarded (infinite cost will be assigned).

We can mark “Limit P. from renew. DC to Pmax. Ren”, in that case the combination will not
be discarded, instead of this the power generated by the DC renewable sources is limited to said

value.
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It F. max. renewahble OC > P. max. ren.

() Limit P. from renew. DC to P max. ren.

(@) Discard that cormbination

Define the inverter-charger power depending on the battery duration wanted.

If you check the box “Proprtional to 1% one: Inverter rated power for batt. duration (hours)”, for
each combination of components, the inverter will be proportional to the 1% one of the table (the
rest will not be considered), with a power for the number of hours duration of the battery (that
is, the power in MVVA will be the battery capacity in MWh divided by the number of hours you
set). The CAPEX, the maximum charge current and the maximum input power allowed will be

proportional to the 1% one of the table.

Froportional to 1st one:
Irverter rated power far

batt. duration (hours); |4

OK
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3.12 AC backup generators (diesel or other types)

By clicking on “BACKUP GEN.” (Components area), or selecting “AC Generators” in the Data
menu the screen of the AC backup generators appears.
AC backup Generators include all sorts of fossil fuel generating sets, operated with diesel,

petrol, biomass, hydrogen, and other fuel types, which are connected to the AC bus.

Generators can be added from database.

V| AC BACKUP GENERATORS - O X
Add from Database 4 4 b |P|%* =|[a v x ©
FUEL
GENERATORS DATA:
MName Power(bWA)  CostiME)  COBMEM) Life(h)  Prin (%Pn) Fueltype FUnit FCostBfud) Foinflat(32) Emis (kg COZjunity  Alunitfkidthy  Blunitfkdddh)
Y Dieselthw 2 1 40 40000 30 Diezel litre: 13 3 35 0.246 (1.08145
Extra ageing and O&M when running out of
Sarated (VA ated| VIR l:' optimal conditions (50-80%)
Equivalent CO2 emissions (genaartor manufacturing..): kg CO2 equiv. / KVA rated power — Factorfar 30%
-Factor for 100%: |1,
[[] Generator runs all the time ) 5 -
(AC grid reference) Fuel consumption (litreth) = Pn (kW) - B + P (kW) - A Wairmum output power in sumulations of
[ISpinning reserve (+1 gen.) Diesel2MW fuel Diesel 30 minutes % higher than nominal
[CJonly if partial lnad > Pmin =
§ 08 15 minutes: % higher than nominal
=1
S
AC Generator Availability % 06 110 minutes: % higher than nominal
I:‘ In NPY maximizing systems, < <=h minutes % higher than nominal
generator supplies power to % 04
the AC grid until the injected E
power is the maximum of the =
gridx |4 % 02
=z
On\y during hours when control 8
strateqy is to inject ta the grid 0
[] Only if P needed >Pmin gen 0 0.2 04 06 0.8 1 12 14 1.6 18

QUTPUT POWER (M
(M) Each startis considered that consumes

minutes of lifespan

0K

AC Generators data:

The following data must be introduced for each generator: Name, Rated Apparent Power
(MVA), Acquisition Cost CAPEX (ME£), Operation and Maintenance Cost (€/h), Expected
Lifespan (h), Minimum Recommended Power (by manufacturer, as a percentage of nominal
power), Fuel Type (choices provided include: Diesel, Petrol, Ethanol, Methanol, Natural Gas,
Propane, Biogas, or Hz), Fuel Units (litre, kg, m® Normal), Fuel Price (€/unit), Annual Inflation
Rate for Fuel Prices (%), CO2 emissions (kgCOz/fuel unit), and Consumption Parameters: A
(fuel unit/kwWh), and B (fuel unit/kwh). Default values for A and B are referred to a Diesel
generator, as shown by Skarstein and Ullen (1989) (Skarstein & Ulhen, 1989).

The chart shows fuel consumption for the generator selected:
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Consumption (fuel unit/h) = Pn(kW)-B + P(kW)-A,

where Py is the nominal power in kVA, although active power is used for consumption; P is the

output power.

The annual inflation rate for fuel prices (Infrer) is an important parameter, and can be different
to the general expected inflation rate (Infgen) Shown in the main screen (see section 3.1.4). Most
fuels are affected by higher inflation rates than those affecting components and labour costs.

Fuel inflation rates must therefore be dealt with separately.

The relation between the apparent rated power and the real rated power must be set (default 1,

but it is usually 1.2):

S_rated (VA) / P_rated (W) = |1|

Data for the calculation of life cycle emissions must be set: equivalent CO, emissions in the

manufacturing of the generator, recycling, etc. (kg CO2 per kVA of rated power).

Equivalent CO2 emizsions [geneartor manufactuning...l: 215 kg CO2 equiv. # kKVA rated power

Force the generator to run all the time:

We can force the generator to run all the time to create the AC grid, in this case you should

select the checkbox:

[ ] Generator runz all the time
[AC gnid reference]

If you check the box [ Spinningreserve (+1.gen)  quring each time step an extra generator will be

on (to increment spinning reserve). If the checkbox [ 8nlif partiallaad> Pmin s checked, the
mentioned extra generator will be connected only if the partial load of all the generators

(including the extra one) is higher than the minimum output power.

Time availability AC generator in the hybrid system:

We can set the time availability of the AC generator, both during the week and on weekends,
clicking the "AC Generator Availability". By default, availability is total. If you want some

hours to be not available, you must deselect the checkboxes for the corresponding hours.
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AC GENERATOR HOURLY AVAILABILITY:

tonday-Friday ‘wieekend:
J0-1h Jo-1h
V1-2h V|1-2h
¥|Zz-3h V|z-3h
V|3-4h J|3-4h
V|4-5h J|4-5h
V|5-Bh J|5-Bh
VIE-Th JIE-Th
V|7-8h V|7-8h
V|&-9h J|&-9h
V|3-10h V|3-10h
J10-11h J[10-11h
J11-12h J[11-12h
¥12-13h V|12-13h
V[13-14h J[13-14h
V[14-15h J|14-15h
V|15-16h J|15-16h
JI16-17h V|16-17h
V17-18h J|17-18h
/[18-13h V|18-19h
V|19-20h J13-20h
Jan-21h V|20-21h
M2 -22h V|21 -22h
J22-23h V|22-23h
V23-24h V|23-24h

Ok

Inject power to the AC grid:

In NPV maximizing systems (systems where the generators inject electricity to the AC grid,
and their incomes are from the electrical energy sold to the grid), the fossil fuel generator can
be forced to inject power to the grid to be added to the electricity injected by the renewable
sources and by the storage. The generator will try to inject the power needed so that the total
power injected to the grid is the maximum allowed power that can be injected multiplied by a
factor (default factor 1).

[ ]In NPY maximizing systems,
generator supplies power to

the AC grid until the injected
power is the maximum of the
gndx |4

For example, if the maximum power allowed to be injected to the grid is 30 MW (LOAD/AC
GRID window -> PURCHASE / SELL E tab -> Max. power of Sell excess energy to AC grid
section), and the factor is 0.6, this means that the fossil fuel generator will try to inject power
so that the total power injected to the grid (renewables + storage + fossil fuel generator) is
30-0,6= 18 MW.

Note that the maximum power that can be injected to the grid can have different values
for each hourly period, if in LOAD/AC GRID window -> PURCHASE / SELL E tab ->
section of Sell excess energy to AC grid, you select the checkbox “=Pmax buy’” and in

the section of Purchase from AC grid unmet load, you unselect ““Fixed buy price” and
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define hourly periods for the purchase of electricity and you unselect “Fixed Pmax” and
define the power of the different periods for the purchase of electricity (see section 3.2).
Cnly during hours when control
If the checkbox — stratedyistoinjecttothe grid s selected, fossil fuel generator will only
inject power to the AC grid during the time steps when the control strategy for the management

of the storage is to inject to the grid (see section 3.1.3.2).

If the checkbox L4 Only it P needed >Fmingen ;¢ chacked, the generator will only inject power
to the grid if the needed power to be injected to the grid (maximum allowed by the grid minus
renewable power injected minus storage power injected) is higher than the minimum output

power.

Permissible overloads for temporary steps of less than 60 minutes can be indicated:

b astimum output pow in zumulations of;

30 minutes: % higher than nominal

15 minutes: % higher than nominal

10 minutes: % higher than naminal
<=5 minutes: % higher than nominal

We can also count a penalty on the consumption during each start, default equivalent to 5

minutes running at full load:

Each start iz considered that consumes

minutes of irespan

In addition, it is possible to specify a penalty in the costs of operation and maintenance and in

the useful life (extra ageing) for operating outside the optimal range:

Extra aeqging and O when running out of optimal
conditions [20-80%);

- Factor for 30%: |1.25
-Factar for 100%: 1.5

These factors are based on the work of (Rodolfo Dufo-Lépez et al., 2017), where the

following graph is shown indicating the extra maintenance and aging factor.
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3.13 Fuel Cells and Electrolyzers.

By pressing the button "H2 (F.C. - Elyzer.)" or in the Data menu “H2 (Fuel Cell —Electrolyzer)”,
we access the data screen of the Fuel Cells, the Electrolyzers and the H2 Tank. This screen has
three tabs (by default only two), i.e. there are three screens in one. By default, fuel cell is not
considered (just electrolyzer and H2 tank, for generating green hydrogen to be sold), but fuel
cells can be considered by clicking the “FUEL CELL” checkbox under the graph.

By default, fuel cell and electrolyzer are connected to the AC bus.

) H2 COMPONENTS - O X
Electrolyzers H2 Tank

Generation of H2 by electrical energy

4|k pl|#|=a » | x o
MName FPot Mom(MW)  Acg. costiME)  C O&M [EAT)  Lifespan () A (kiwflag/h) B (kikg/h)  Pot. min. (%)
» Elyzet] Db 10 40 5000000 20 40 10 20

Power consumption in stand—by: % of nominal power Availability
Elyzer10MW. Consumption{MW) and Efficiency(%HHV)
Stack replacement cost (% of acq. cost):

s 80 .
I
5 6.192 60 £ Electricity DC
2 6144 ; Lifetirne and O&M costs data;
> 40 DE
g 2 E (@ years and S
o s = Electrolyze
il 0 0
o 0 0.05 0.1 0.15 0.2 OHours and/h Hy H.O
H2 OUTPUT MASS FLOW (t/h) <
MNominal HZ mass flow = 0.2 h; Itis needed at least 2 My {0 generate HZ HHY of H2 is 384 Kiwhikeg
Equivalent CO2 emissions (manufacturing fugl cells and electrolyzers) ki COZ equiv. / KWY rated power
Compression electrical consumption (k¥h electricity per kg H2): D
CJFUELCELL ELECTROLYZER + H2 TAMK
Annual Inflation Rate far Fuel Cells. Electralyzers and |- hax. Variation of Fuel Cells, Electrolyzers and HZ Tanks Cost(e.g. foran
H2 Tank Cost £ expected 90% reduction on current cost, introduce "-90%") %
Limitis reached in 21.9 years
Fuel Cell and Electrolyzer are connected to AC bus {by means of their inverter and rectifier respectivelly) Inwerter and rectifier data
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3.13.1 Electrolyzer

By clicking on the tab "Electrolyzers" the electrolyzer window appears.

V. H2 COMPONENTS
Electrolyzers H2 Tank

Data to medify the consumption and efficiency curves:
Generation of H2 by electrical energy Curves change in H2 mass flow limit (% of rated):

Add from Database Zero ~
Factor_efficiency: |0.45
w < BB -] < BB emcercy: [0.45_]

MName Pot. Momibd)  Acg. cost(ME)  CO&M EAx)  Lifespan (e A (kW flgh) B (kWikg/h)  Pot. min. (%)
3 Elyzer Db 10 40 E000000 20 40 10 20

Power consumption in sland—by: % of nominal power | Availability
Elyzer10MW. Consumption(MW) and Efficiency{%HHV)
Water cost (kg H2). [0 |

g 80
= =
= 8192 % Stack replacement cost (% of acq. cosl}:
o 60 =
i 6144 2 Cold start time (mm)i ; Each cold siart equiv. to extra ageing (mm)
= 40 =
% 4096 E Lifetime and O&h costs data: e =
= o 2 Electricity DC
S 2048 = (@ years and iyr
jj' 0 0
0 0.05 0.1 0.15 0.2 (OHours and £/h
H2 OUTPUT MASS FLOW {i/h) E'GWO'VW«
i H H.(
MNominal HZ mass flow = 0.2 4/h; ltis needed atleast 2 My to generate H2 HHY of H2 i 394 kvh/ko 2 23
Equivalent CO2 emissions (manufacturing fuel cells and electralyzers): kg CO2 equiv. { KW rated power
Compression electrical consumption (kWh electricity per kg H2): ICI
[JFUEL CELL ELECTROLYZER + HZ TANK
Annual Inflation Rate for Fuel Cells, Electrolyzers and | e Warigtion of Fuel Cells, Electralyzers and HZ Tanks Cost (e.g. for an
H2 Tank Cost % expected 90% reduction an current cost intracuce “-30%5") %

Lirnitis reached in 21.9 years

Fuel Cell and Elecirolyzer are connected to AC bus {by means of their inverter and redtifier respectivelly) Inverter and rectifier data

Data that must be introduced: Name, Nominal Power (MW), Acquisition Cost CAPEX (M£),
Operation and Maintenance Cost OPEX (€/year or €/h, depending on the option shown below),
Expected Lifespan, Consumption Parameters A (kW/kg/h) and B (kW/kg/h), and Minimum

Operating Power (as a percentage of nominal power).

In the upper right zone of the window, you can change the values of the H2 mass flow limit (%)
and Factor_efficiency, which will affect the efficiency curve (of course, A and B parameters
also affect).
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Data to modify the consumption and efficiency curves:

Curves change in H2 mass flow limit (% of rated){100

Factor_efficiency. |0.45

The electricity power consumption of the electrolyzer, Pe (kW) depends on the hydrogen
production H2pr0d (kg/h) following the next equation, where At is the time step in hours,
H2,r04 ratea 1S the rated hydrogen mass flow of the electrolyzer (kg/h), H2,,0q 1imie (K9/h) is

the limit defined (% defined multiplied by the rated hydrogen mass flow) and F is the Factor_efficiency
defined (R Dufo-Lopez et al., 2023)( https://doi.org/10.1016/j.ijhydene.2023.08.273).

Hzprod ®)-A

Pg(t) = o

+ Hzprod_rated - B, v Hzprod (t) < Hzprod_limit At

/ Hzprod (t) HZ \

At d_limit
Hzprod(t)'A'| 1+F- At prod_limi |
\ Hzprod_rated /

Pg (t) = + Hzprod_rated B,

At
v Hzprod (t) > Hzprod_limit At

For example, if you change the values to: A = 41 kW/kg/h, B = 3 kW/kg/h, H'Zp,,,,d“mit =5%
of rated hydrogen mass flow and factor F = 0.45, values which fit with the real 4 MW PEM
electrolyzer tested in the publication of Kopp et al. (Kopp et al., 2017), you obtain the following

efficiency and consumption curves:

Data to modify the consumption and efficiency curves:

Generation of H2 by electrical energy Curves change in H2 mass flow limit (% of rated) |5
: cormen ]
Factor_efficiency. |0.45
M| 4|b b+ = a v x o - v
MName Pot MomiMwW)  Acg.cost(ME)  C O&M (€A Lifespan (v A flkidfkgih) B (kWviflgsh)  Pot. min. (%)

T Elyzar M- 10 4n 5000000 Hil T 3 20

Elyzer10MW-. Consumption{MW) and Efficiency(%eHHY)

= 70 <
60 =
z 8192 0 %
T 6144 10 =
- £
2 4.09% 30 2
S 2048 20 3
o “ 10 5
U] 0 0
LLI

0 002 004 008 008 0.1 012 014 D16
H2 ODUTPUT MASS FLOW (t/h)



https://doi.org/10.1016/j.ijhydene.2023.08.273
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By default, when the electrolyzer does not work, it is in stand-by, which means that it will
consume electricity (default 10% of its nominal power): in the simulations you will see that
there is a load consumption by the electrolyzer that must be supplied by the rest of the system,

it this load is not covered it will be counted as unmet load. You can change the percentage:

Power consumption in stand-by: |10 % of nominal power

Water cost (in monetary unit divided kg of H2 generated in the electrolizer) can be defined in

its box (by default, 0, not considered this cost):

Water cost (€/kg_H2): [0 |

You can change the water cost in its box. For example, if the water price is 4 €/m3 and the
consumption of water to produce hydrogen is 15 L/kg, a cost of 4 €/m3-0.015m3/kg = 0.06 €/kg
of H2 should be set in the box. This cost is supposed to be increased each year with the general

inflation.

The stack replacement cost (% of electrolyzer CAPEX) must also be defined in its box (when
electrolyzer lifespan is reached, the stack will be replaced). By default a 40% of CAPEX is

considered:

Stack replacement cost (% of acq. cost);|40 |

Cold start time (minutes) and equivalent extra ageing (minutes) due to each cold start must also

be set:
Cold start time (min): |20 . Each cold start equiv. fo extra ageing (min); 100
. Availability
With the button you can select the months and the hours of the day the electrolyzer

is available:
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ELECTROLYZER HOURLY AYAILABILITY

[“]0-1h [“]1-2h [«]2-3h [«¢]3-4h [«]4-5h [“]5-Eh [«¢]6-7h [«]7-8h
[v]a-9h [¥]9-10h []10-11h [“]11-12h [¥]12-13h [¥]13-14h [¥]14-15h [¥]15-16h
[#]16-17h [#]17-18h [~]18-19h [#]19-20h [#]20-21h [“]21-22h [“]22-23h [#]23-24h

Jan. Feb. Mar. Apr. May Jun.
Jul. Aug. Sep. Oct. Nowv. Dec.

[IMot available during no sun hours if there is PY generatar

[ Mot available if calm wind during E}:Dnsecutive hours and there is Wind turbine

— Electricity DC

In the lower zone of the window, if you click the first checkbox (“Not available during no sun
hours...”), in PV systems, during night time the electrolyzer will be off. If you check the second
checkbox (“Not available if calm widn during.... consecutive...”), in wind systems, the
electrolyzer will be off if there are the number of hours hours consecutive with low wind speed
(calm wind, defined in the WIND window). Be careful: if the number of hours set for the wind
calm is high, the simulation and optimization time will be increased, as the software must
evaluate during the whole year if the condition is met, and a high number of hours implies a lot

of calculations.

In PV+wind hybrid systems, if both checkboxes are checked, the electrolyzer will be off only

during hours when both conditions are met (night and also number of hours in calm wind).

You must select the most appropriate units (bottom centre) for Expected Lifespan and Operation

and Maintenance Costs (yrs and €/yr, or hours and €/yr):

Lifetime and 0% costs data:

f* years and £/ur

" Hourz and £/h

Graph represents the electrical consumption and efficiency of the electrolyzer that is selected in
the table. Below the graph it shows the nominal H2 mass flow (t/h) and the minimum electrical
power needed to start generating hydrogen. In the case of the figure, the electrolyzer needs at
least an electric power of 2 MW to begin generating hydrogen. In the simulation, if during a
given time no more than 2 MW of power is available to operate the electrolyzer, it cannot

generate hydrogen during that time (and therefore it will not work generate H2 that time).
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In the lower part of the screen we can see “Compression electrical consumption (kWh electricity
per kg H2)”. By default, it is 0, but we can change to the value corresponding to the energy
needed by the compressor to compress 1 kg of H2. It depends on the output pressure of the
electrolyzer and the pressure of the tank where we will store the hydrogen. For example, from
15 to 200 bar, around 2.4 kWh per kg H2.

Equivalent COZ emissions (manufacturing fuel cells and eledru\yzers).|33ﬂ | kg COZ equiv. { ki rated power

[ Compression electrical consumption (kWh electricity per kg H2):
[ FUEL CELL ELECTROLYZER + H2 TANK

Annual Inflation Rate for Fuel Cells. Electralyzers and [~ Max. Wariation of Fuel Cells, Electrolyzers and HZ Tanks Cost (e.g. foran
HZ Tank Cost: % expected 80% reduction on current cost introduce "-30%") %

Limit is reached in 21.9 years

[JFuel Cell and Electralyzer are connected ta AC bus (by means of their imverter and rectfier respectivelly) Inwerter and rectifier data

3.13.2 Hz tank.

When MHOGA performs the simulation of each combination of components and control
strategy, the H2 generated by the electrolyzer is stored in the tank, and it provides the H2
consumption and the H2 required by the fuel cell (in the case it is included in the system). Once
the full year simulation is concluded, MHOGA selects the H2 tank size as the maximum tank

capacity obtained during the simulation.

By clicking in the “H2 Tank” tab, we can see:

Electrolyzers

W In H2 generating systems, do not consider H2 tank (costs 0, infinite allowed size)
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Green H2 generating systems:

If the following checkbox is checked (default in high power projects), no more data is shown
for the H2 tank:

V¥ In H2 generating systems, do not consider H2 tank (costs 0, infinite allowed size}

This checked box is used for green H2 generating systems, when we want to produce H2 by
renewable sources in the electrolyzer and hydrogen will not be stored in our system (it can be
stored temporally before selling it, but it will not be considered), hydrogen will be sold to
external use and it will not be used by our system (typically there will not be any fuell cell nor
internal H2 consumption). Maybe the H2 produced can be stored during a time, but finally it
will be sold and it will not be used by our system.

In that case, no tank will be considered (really there can be a tank for temporal storage before
selling the hydrogen, but the size and cost of this tank will not be calculated by MHOGA, size
and cost of the tank will be known and we should include the tank cost into the electrolyzer
cost). Therefore, as the tank will not be calculated by MHOGA, we will consider no cost of the
H2 tank and infinite size will be allowed for the simulations. That is, in the simulations we will
see how the H2 in the “virtual tank” is increasing as it is produced by the electrolyzer, without
any limitation by the tank, because we want to sell all the H2 produced by the electrolyzer.
Remember, if you want to allow the selling of the H2, in the “LOAD / AC GRID” window, tab
“PURCHASE / SELL E” you must check the box “Sell surplus H2 in tank....”, and you must
indicate the H2 sell price (€/kg) and its annual inflation (see end of section 3.2).

H2 tank for systems with fuel cell or with H2 load consumption:

In the case there is a fuel cell or there is H2 load consumption, as previously said, the H2
generated by the electrolyzer is stored in the tank, and it provides the H2 consumption and the
H2 required by the fuel cell (in the case it is included in the system). Once the full year
simulation is concluded, MHOGA selects the H2 tank size as the maximum tank capacity
obtained during the simulation (unless you select the option “H2 tank size is the maximum

allowed size”, in that case the tank size will be always the maximum value set).

We uncheck that option:

[ In H2 generating systems, do not consider H2 tank (costs 0, infinite allowed size)
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And the H2 tank data appears:

Electrolyzers H2 Tank

Acquisition cost: |1000 £/kg of max. cap.
Maximum allowed size: t kdinimum lesvel of HZ (%4 of max. size):

(Fuel Cellwill not run if tank level lower)
[ ]H2 tank size is the maximurm allowed size

Capacity at the beginning of the simulation: D t
Lifespan YEars
Ok Cost |100000 £t

[1In H2 generating systems, do not consider H2 tank (costs 0, infinite allowed size)

The tank cost must be estimated, in €/kg of capacity, and a maximum allowed tank size must
be set (default 10 t). Note that when simulating, during a time step, if the tank capacity has
reached the maximum allowed tank size, the hydrogen generated by the electrolyzer during that
time step will not be taken into account as the system will not be able to store it. Therefore, the

maximum allowed tank size must be correctly settled.

Also the minimum level of the hydrogen tank (in % of the maximum size) must be set. By
default, it is O, but it can be changed to a different percentage. If the tank is below that level,
fuel cell will not work.

If you select the checkbox “H2 tank size is the maximum allowed size”, in that case the tank
size will be always the maximum value set, the software will select H2 tank size as the
maximum tank capacity obtained during the simulation.

Additional estimations must be made of the initial tank quantity of H2 (i.e., H2 at the beginning
of the simulation), in t, as well as of the expected lifespan and the operation and maintenance

costs for the tank (€/year).
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3.13.3 Fuel Cell

By clicking in the checkbox o , the Fuel Cell tab appears.

By clicking on the tab "Fuel Cells", the window of the fuel cells appears, where we can add,

delete or change data.
You can define the months and hours of the day when the fuel cell is available with the button

Availability

In the “Fuel Cells” tab, you can choose several configurations for the fuel cell fuel consumption:

e Fuel cell that consumes the H2 produced in the electrolyzer (and accumulated in the H2
tank).

e Fuel cell that consumes external H2. In that case there is no need for an electrolyser nor
the H2 tank. In this case electrolyzer and tank will be required only if there are loads of
H2.

Fuel from

* HZ produced by electrolyzer

" External

At the bottom of the screen we can choose whether or not we want fuel cell and whether or not

we want an electrolyzer and H2 tank.
[A FUEL CELL ELECTROLYZER + HZ TANK
Note that when we have selected that we want fuel cell and in addition the origin of the fuel is

H2 produced in the electrolyser, there must be an electrolyzer and H2 tank where the H2 is

stored, so the electrolyzer and tank are mandatory (they cannot be deselected).

If there is any element that we do not want, deselecting its checkbox will disappear the

corresponding tab.

Data of the fuel cells:

In the table of the fuel cells we must introduce the following data for each fuel cell to be
considered: Name, Nominal Power (MW), Acquisition Cost (€), Operating and Maintenance
Cost (€/h), Consumption parameters: Arc (kg / kWh) and Brc (kg / KWh). Pmax_ef (%) is the
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power of maximum efficiency, it is applied the correction factor Fer (for consumption penalty
to adjust to the actual curves of consumption and efficiency of the fuel cells). The fuel

consumption curve for output power P (kW) is obtained as follows:
If P/PN_Fc < P max_ef (%):
Consge = Bee By re + AP

If P/PN_Fc > P max_ef (%0):

P oo o (%
Conse = Bre Py re + AFC-P{H Fef[ P P O)B

Pirc 100

Where Pn_rc is the nominal power in kW.
It must also be set the minimum output power (%).

The graph shows the consumption and efficiency curves (in % of the LHV of the H2) versus
the output power of the fuel cell that we have selected in the table. The H2 Lower Heating Value

(LHV) is 33,000 Wh / kg, while the High Calorific Power (HHV) is 39400 Wh / kg.

Fuel Cells |Elec:1rolyzers | H2 Tank |

Add from Database | ’_‘ Generation of Electrical Energy by Hydrogen
[ <]~ [re]+] =[] ]5]

Pot, HomiMw) | #eg costiMg) | C.08MEH) | Lifespan () [ kaikwh) [B kaskwh) | Pmas_ef (% Pl | Fef [P, min. (%]
10 40 300 15000 0.05 0.004 20 1 10

FuelCelll 0MW

Equivalent COZ2 emizzions [manufacturing fuel cells and electrolyzers]: |330 kg CO2 equiv. / kW rated power

If output poveer [F] is lower than Prax_ef [% Pn): H2 consumption (ka/h) = B-Prlkiw] + &P [k
If output paveer [F] is higher than Pmax_ef (% Pn): H2 consumption [ka/h] = B-Pn + A-P-[1 + Fef-[F/Pn - Proax_ef/100])

_ FuelCell10MW. Consumption(t/h) and Efficiency(%LHV) Electricity DC LHY H2 = 33.3kwh/kg
= -
2 5
0 p Frel Cell
5 Iy H
o 2 H.O 2
=
: ol
=
¢ w Fuel from
] 1 2 3 4 5 6 T 8 9 10 =
QUTRUT FOWER (MW) H2 produced by electrolyzer
~
Mominal Power = 10 ki It iz needed at least 40 kgH2/h to generate electrical power Eeteme]
v FUEL CELL v
Annual Inflation R ate for Fuel Cells, Electrolyzers and Maw. Variation of Fuel Cells, Electrolyzers and H2 Tanks Cost [2.q.. for an
H2 Tank Cost: o % expected 90% reduction on curent cost, introduce "-902"): 30 E4

Limit iz reached in 21.9 pears

Inverter and rectifier data
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The graph of consumption and efficiency of the fuel cell that is selected in the table is
represented. Below the graph it shows the nominal power of the fuel cell (MW) and the
minimum amount of H2 required to start generating electricity. In the case of the figure, the fuel
cell needs at least a hydrogen mass flow rate of 40 kg/h to enable it to generate useful power. If
the fuel cell uses H2 from the tank previously generated by the electrolyzer, in the simulation,
if for a given hour there is no more than 40 kg in the tank, the fuel cell will not be able to

generate any electricity during that hour (and therefore will not work during that hour).

As explained in the previous sections, if we are interested in the calculation of the life cycle
emissions, we must enter (below the table) the equivalent CO. emissions due to the manufacture
of the fuel cell and of the electrolyser, in g of equivalent CO, per kW of nominal power. It

depends on the technology.

Equivalent COZ2 emizsions [manufacturing fuel cells and electralyzers): kg COZ2 equiv. / kW rated power

Origin of fuel used by the fuel cell:

Click on the check boxes (bottom right) to select the origin of the fuel to be used by the fuel
cell. The default value is “H> produced by electrolyzer”. This implies that an electrolyzer is in
the system and it will generate H> with the excess energy. H: is stored in the tank, and is used
by the fuel cell to produce electricity when necessary.

Fuel from
(®) H2 produced by electrolyzer

() Estemnal

If the origin of the fuel is “External”’, no electrolyzer will be required. In this case, use of a tank
will depend upon the fuel supplier (this is not the H» tank), and the check box is enabled to
include/exclude an electrolyzer and an Ha tank. In this case, the fuel used by the fuel cell (Hz or
other fuel as methane with reformer) is purchased externally, and additional data must be

estimated, as shown below (bottom right):

Fuel [extermally produced) price:

Fuel price inflation:

Fuel COZ2 emizzsions:

D kgCO2/kgFuel
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Fuel Price (€/kg), (note that fuel is estimated in kg, even for a gas, as weight does not vary with
pressure and temperature), expected annual Fuel Price Inflation rate for the fuel to be used by
the fuel cell (%), and CO2 emissions from the fuel used by the fuel cell (kgCO2 / kgFuel).

By default, fuel cell and electrolyzer are connected to the AC bus:
Fuel Cell and Electralyzer are connected to AC bus (by means of their inverter and rectifier respectivelly) Inverter and rectifier data

At the right bottom of the window there is the button “Inverter and rectifier data”:

i Irwerter and rectifier data |

By clicking it a small window appears, where we must introduce the efficiency of the rectifier

needed to supply the electrolyzer and the efficiency of the fuel cell inverter:

ELECTROLYZER:
Efficiency of the rectiier of the electrolyzer: |30 %

FUEL CELL:
Efficiency of the inverter of the Fuel Cell (%] vs Output power [% of rated].

0% 2x 3% ax s W% 0% 30%
0 w0 0 [ [ ;2 o
a0% 0% E0X Uz B0% 9% 100%

0K

As explained in the PV generators screen, the expected inflation of the price of hydrogen
components and their limit appears in the lower part of the screen, in order to take them into
account in case they have to be replaced during the system lifetime.

Annual Inflation Rate for Fuel Cellz, Electrolyzers and ,T Y tdawx. “anation of Fuel Cells, Electolyzers and HZ Tanks Cost [e.q., for an ’T

HZ Tank Cost: expected 307% reduction on cument cost, introduce "-90%"); 4

Limit iz reached in 21.9 years
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3.14 PRE-SIZING.

After setting the load, resources and types of PV generators, wind turbines, batteries and AC

generator (if any), we can perform the pre-sizing.

It can be used only if there is any load in the system. If there is no load in the system

(generating systems), using PRE-SIZING will have no sense.

FRESIZING |

Energy storage: dayz auton.

[ ]ax bat. parallel-> Ch min.

[ IMax P pan. parallel - P min.
b &= Wind T. parallel -» P min.

[]Max AC Gen. parallel -» Prain

By clicking on the "PRE-SIZING™" button button it displays a window with information of the

maximum power recommended for the different components:

HOGA *

RECOMMEMDED MAXIMUM POWER:
PV Generator 62.4 MWp

Wind turbines group 16.1 MW

AC Generator 8.7 MVA

Inveter 9.5 MVA

Electrolyzer 62.4 MW Fuel Cell 10.9 MW

ELECTRICITY STORAGE FOR 4 DAYS AUTOM.:
(E.MAX.DAY.DC1.2 = 0,16 GWh/day):

Batteries bank capacity 1069.3 kAh (1.069 GWh)
H2 tank size: 68.421t

The following recommendations are for systems that must cover a specific load consumption.

If the system sells electricity and/or H2, these recommendations can be not suitable.

- MHOGA knows the energy demand load of the system and the irradiation, so it calculates
approximately the peak power of the PV generator to cover that demand only with photovoltaic
(estimating an average value of inverter efficiency of 80%, losses in batteries of 20%, assuming
all the energy goes through the batteries and adding the efficiency due to degradation of the PV
modules, losses in wires, etc. defined in the PV window). This peak power (in the example 62.4
MWp) should be the maximum power of the photovoltaic group that MHOGA can be allowed
for optimization. For example, if we use 10 MWp generators, in the main screen, where we
select the maximum allowed number of PV generators in parallel, we should not put a number
much higher than 62.4 / 10 = 6.24 -> 7 in parallel, for example, we could set 7 as the maximum

number of parallel PV generators allowed.
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-MHOGA knows the energy demand and the wind speed throughout the year, so it can roughly
calculate the power of the group of wind turbines to cover the total demand. In the example,
this value is 16.1 MW, so if in the wind turbine screen we consider wind turbines of around 2

M, it would not be necessary more than 8 in parallel to cover the load demand.

- The maximum recommended power for the AC backup generator is the one needed for it to
supply the entire demand load, taking into account an efficiency of 90% for the rectifier.

- The maximum recommended power for the inverter is the necessary power to cover the AC

load.

- The maximum recommended power for the electrolyzer is the maximum between the
maximum recommended power of the PV generator, that of the wind turbine group and that

needed to cover the maximum demand for hydrogen (if applicable).

- The maximum recommended power for the fuel cell is the one needed to cover the maximum

power, taking into account an inverter efficiency of 80%.

In these calculations the following starting data have been used: 90% rectifier efficiency,
inverter efficiency 80%, electrolyzer efficiency 70% of HHV of H2, fuel cell efficiency 40% of
LHV of H2, minimum SOC allowed for batteries 20%. In calculations of the maximum
recommended power for the photovoltaic generator and for the group of wind turbines an
oversize factor of 1.2 has been considered, taking into account the losses in storage (note that

this factor is too low if the storage is performed in hydrogen).

In addition, the capacity of the battery bank and the size of the hydrogen tank are shown to have
a number of days of autonomy set under the PRE-SIZING button, 4 days by default. It takes
into account the day of maximum consumption of the year converted to DC taking into account

an efficiency of the inverter of 80% and with a factor of oversizing of 1.2.

MHOGA calculates the maximum number of batteries in parallel of the type of HIGHEST
capacity of those fixed in the battery screen, so that the batteries can supply the load during the
days of autonomy fixed (the nearest upper integer is shown). It must be taken into account that
the battery of greater capacity can cover the days of autonomy if the number in parallel is the

maximum. However, it is possible that the other batteries cannot cover all the days of autonomy.

If the box "Max. bat parallel -> Cn min." is checked, the maximum number in parallel is
calculated according to the type of battery of LOWEST capacity. Thus all the batteries would

be able to cover the autonomy, if the number in parallel was the maximum.
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It also calculates the maximum number of PV modules, wind turbines and AC generators. The
number of PV modules in parallel is obtained as the upper integer of the division of the
maximum photovoltaic power recommended by the DC voltage of the system and by the power
of the panel type of HIGHEST power. If the box "Max. PV pan. Parallel -> P min." is checked,
the maximum number of PV modules in parallel is calculated according to the panel type of
LOWEST power.

Similar calculation is performed for the maximum number of wind turbines in parallel and for

the maximum number of AC generators.

By clicking on the "OK" button, MHOGA informs you of the maximum numbers of allowed

components being updated on the main screen.

HOGA >
Mazx. numbers of components in parallel allowed have been updated:

Max. no. of batteries (of type of HIGHEST capacity) in parallel: 143
Mazx. no. of PV modules (of type of HIGHEST power) in parallel: 7
Max. no. of Wind Turbines (of type of HIGHEST power] in parallel: 13
Max. no. of AC. Generators (of type of HIGHEST power) in parallel: 5

The updated values appear in red:

MIN. AND Mae No COMPONENTS IN PARALLEL:

Bateriez in parallel Min. |0 b & lﬁ
P gen. in parallel Min. |0 b & l?i
Wind T. in parallel Min. [0 Max [13
AL Gen. in parallel: Min. (0 b . lﬁi

In this example, 143 batteries in parallel would be no-sense, but that value has been selected
because we wanted 4 days of autonomy: as the batteries selected are of 5 MWh, to cover 4 days
the load demand of 100 MWh/day, including losses and considering minimum SOC, 143

batteries in parallel would be needed.

It is not normal that batteries must cover 4 autonomy days in MW systems, you could change
the number of autonomy days for example to 0.5 and click in PRE-SIZING again.
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BRESERE

Energy storage: lﬁ dayz autan,
[ Max bat. parallel -» Chmin.

[ Max P gen. parallel - P min.
[~ Max'wind T. parallel - P min.
[ MaxAC Gen. parallel == Prin

We obtain now 18 batteries in parallel as the maximum allowed. Obviously we can change

this value and the rest, if we want.

MIN. AND A, Mo COMPONENTS IN PARALLEL:

Bateries in parallel: Min 'l]— tdan '19—
P gen. in parallel: Min. 'D— [LEES '?—
Wind T inparallel Min. [0 Max 13
AC Gen. in parallel: Min. |0 tax. ’5—
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3.15 Sensitivity analysis.

Sensitivity analysis can only be performed for 60 minute simulation steps.

After entering all the data of resources and components, the button of the main screen
"Sensitivity Analysis" is enabled. When you click on it, the following screen appears (if you
have not entered all the consumption data and resources, a message will appear saying that you

have to enter the data first):

Vi Sensitivity Analysis - a X

Wind I Solar Interest and Inflation (general ar electricity cosf) ] AL gen. fuel inflation Components cost

SENSITIVITY ANALYSIS OF LOAD

Load 1: Case base: Average Daily Total Load: 0.09 k'Wh

Add = Graph

The screen has 6 tabs where you can enter the data so that MHOGA performs the sensitivity

analysis..

Sensitivity of wind speed (Wind.x).

In the first tab, the base case (the wind obtained in the wind screen, if wind is used in the system)
is called Wind.l and it is shown the average speed of the \year.
Clicking on the "Add" button you can add another series of 8760 hourly values of wind speed
to consider them as the case Wind.2. You can choose to calculate the series Wind.2 as the base
case (Wind.1) multiplied by a scaling factor or to import a series of 8760 values in m/s from
file. If you import from file, if the file is .vto it incorporates the measurement height. If another
type of file, we put in the height field (m) the value of the height above ground at which the
measurement was made. At the right of the case Wind.2 the annual average wind speed is

reported.
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W Sensitivity Analysis - O *

Win Solar Load Interest and Inflation AC gen. fuel inflation Components cost

SENSITIVITY ANALYSIS OF WIND SPEED

windl: Case base: Average Wind Speed:2.43 m/s

Wind 2: (®) Base Case x Scale Factor e wlind = 2.92 més

() From file (hourly values in m/s] Height (m] 10 Imnpart

You can add up to a total of 5 cases of wind for sensitivity analysis (base case and four others).
The last introduced case can be deleted by clicking "Remove last one".
By clicking on the button on the bottom right "Graph" the different series are plotted.
Each case will be considered in a different optimization, i.e. MHOGA performs the optimization
of the system for each case Wind.x. If we have 3 cases of wind (the basis Wind.1, Wind.2 and
Wind.3) MHOGA considers three different cases to optimize (3 sensitivity analysis).
If there are more variables considered for the sensitivity analysis (other tabs), then the number
of optimizations that will run MHOGA includes all possible combinations. For example, if we
have 3 cases of wind for the sensitivity analysis and 2 cases of irradiation (introduced in the 2nd
tab) the number of optimizations that will run MHOGA are 3x2 = 6 optimizations. Adding more
variables in the analysis of sensitivity, the number of optimizations will be multiplied by the
number of cases of each variable.

Sensitivity of global irradiation over the surface of the PV modules (Rad.x).

In the 2nd tab we accede to cases of sensitivity analysis of irradiation.
As in the case of wind, using the “Add” button you can add up to 5 cases and you can delete the
last entered using the button “Remove last one”. Each case is called Rad.x, Rad.1 being the base
case, case 2 is Rad.2, etc.

Each case can be defined by a scale factor multiplying the base case or importing in 8760
kWh/m2 hourly values from file. Irradiation imported must be on the tilted surface of the PV

modules, not on a horizontal surface.

If a sensitivity analysis of irradiation is done, the optimization of the PV modules during the

optimization of the system is not possible.

SENSITIVITY ANALYSIS OF THE SOLAR IRRADIATION OVER THE SURFACE OF THE PV PANELS

I

Rad.1: Case baze: A ge Daily |

Rad.2: ) B2 B ieela et L. Daily lradiation = 4.95 k'w'h

() From file [hourly values. tited surf. in Kwh/mz) Impart

over the gurf. of the P¥ panels: 4.5 kwWh/m2

By clicking on the button on the bottom right "Graph" the different series are plotted.
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Sensitivity of Load (Load.x).

In the 3rd tab we accede to cases of load sensitivity analysis.
As for the other variables, we can add up to 5 cases. Each time we add a new case, we are
reminded that if we chose on the screen of inverters the option in which the inverter is selected
to cover the maximum power load, it is possible that, in some cases, the peak consumption is
higher than the peak base case, and the system could not meet the demand because the inverter
selected can be too small. In that case, deselect this option on the display of Inverters.
In the case of import from file, this should be 8760 * 4 = 35040 rows. The first 8760 hourly
values should be AC load in W, 8760 following DC load values in W, the following 8760 data
are the hydrogen load in kg/h and 8760 last data is the volume of water consumption in m3/s

for each hour (the height of pumping losses, pump data, etc. are the same as in the base case).

By clicking on the button on the bottom right "Graph" the different series are plotted.
Sensitivity of interest rate (1) and inflation rate (general or electricity cost), (1-g)X.

In the 4th tab we accede to cases of sensitivity analysis of the economic parameters to calculate

the NPC: annual interest rate, |1 (%) and annual inflation g(%). Inflation can be:

- General inflation (%), used for the price of several components (for when you have to

replace them) and costs of operation and maintenance
- Electricity cost inflation (%)

You can select which inflation refers to by selecting in the box “Inflation refers to”:

|nflation refers to

f+ General inflation

" Electricity inflation [Purchaze and Sell Costz]

Sensitivity of the inflation rate of the fuel consumed by the AC generator (Inf.F.x).

In the 5th tab we accede to cases of sensitivity analysis of inflation in the cost of fuel of the AC
generator. The base case (Inf.F.1) uses the values in the table of the AC generators of the screem
where they are defined (not specified here as there may be several cases, as there may be several
generators that use different fuels: diesel, gasoline, etc..). The cases we add we set a specific
value in % annual increase for different fuels (all the same). For example, if 15% Inf.F.2 means

in this case all fuels increase their price by 15% every year.

Sensitivity of acquisition cost of the most relevant components (Pr.x).
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In the 6th tab we accede to cases of sensitivity analysis of the acquisition price of photovoltaic
modules, wind turbines, batteries and hydrogen components.

For each case of the sensitivity analysis, we will set a scale factor for each type of component
that will multiply the purchase price of each component (acquisition cost) at their screens. For
example, in the case Pr.2 we can considered the costs of the PV modules to be the 50% of what
we have set on their screen, the same in wind turbines, batteries to 70% of the price set on their
screen, and hydrogen components (fuel cell, electrolyzer and hydrogen tank) 30% of the fixed

on their screens.

3.16 Probability Analysis.

Probability analysis can take a long time if the steps of the simulation are of less than 60 minutes,

so steps of 1 hour are recommended.

Once the data of resources and components have been fixed, the data of the study of the
probability analysis can be accessed by means of the button “Probability Analysis” of the main

screen. The next screen appears:

1 Probabilistic analysis of variability of load, imadiation, wind speed and/or water flow (or fuel price inflation)

(® DO NOT PERFORM PROBABILITY ANALYSIS (O PERFORM PROBABILITY ANALYSIS

oK

By default the probability analysis is not ready. To indicate we want probability analysis, click
on "PERFORM PROBABILITY ANALYSIS" and the following screen appears, in which the
checkboxes "Analyze variability of the average value of load", "Analyze the variability of the
average value of irradiation”, "Analyze the variability of the average value of wind speed " and

"Analyze the variability of the average value of fuel price inflation " have been checked.
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1\ Probabilistic analysis of variability of load, irradiation, wind speed andyor water flow (or fuel price inflation) - [m| *
" DOMNOT PERFORM PROBABILITY ANALYSIS * PERFORM PROBABILITY ANALYSIS
Mumber of series to lyze each bination of p ts and control stiategy: 500 Stopping rule in Monte Carlo Simulation

& Confidence level (%) |99 - | for max. enor of the mean [%] |5

v Mante Carlo simulation with stopping ule
" Relative standard eror lower than (3] |1

v Analyze variability of the average value of load v Analyze variability of the average value of iradiation
| DAILY LOAD AVERAGE WaLUE IERADIATION AVERAGE WALUE
Mean: 0.1 Gwh/day z 304 7 Mean: 4.85 kiwh/m2/day Z
. = 204--- Standard Deviation: |0.2 kwih/m2./dar B
Standard Deviation: |0.02 Gwhd 2 1] =
P 2 10 Mean = 4,957, 5td. Dev. = 0.2 kwh/m2/day |
Mean= 0101, Std. Dev. = 0.02 kiwh/d & h X . -4
= = = = o : Maimum = 5.4, Min. = 4.24 Kih/m2/day .
Mauirurn = 0,17, Min. = 0.04 k\wWh/day 0.05 0.1 [l._1 5 Haurly variability in the series: |0 x R rad k;\vn e
Howrly wariability in the series: |0 % Average Load (GWWhiday) Std. deviation for temperature: |1 °C CEESSIER T
|v Analyze variability of the average value of wind speed v Analyze vanability of the ge value of fuel price inflation. A ge [%]):|9
WIND SPEED AVERAGE VALUE AVERAGE FUEL PRICE INFL.(SUP. 5%
Mean: £.05 m/s > Mear: 5% il
Standard Deviation: |0.5 m's 2 E |
] Standard Deviation: |05 % R
Mean = 6027, Std. Dev. = 0.203 mds = 2 |
- Mean=5.017, 5td. dev. =0.504 % 5 |
Masimum = .61, Min. = 5.42 ms = e = © o

Hoaurly variability in the series: |0 % P - Magimum = 655, Min. = 351 % 3 7

Std. deviation for temperature: |1 T Haurly variabiliy in the seres: |0 4

™ Consid labion het the variabl

In the simulation. show the case obtained with the following data:
Load: Irradiation: Wind speed Fuel inflation
|Average ﬂ |Average j |Average j |Average ﬂ

[~ Inthe case of the simulation, include hourly variabili

Average fuel price infl.(%)

In the probability analysis report. in the last two charts. show the probability distribution of;
|H0urs running AC Generator [hivr) j |Annual cost of fuel of AT Generator [currency/yr) j

[ “when clicking at any cell of the results table, do not update results

[~ When clicking on simulation button, do not congider the characteristic caszes [v Each vear different mean value

118

With this analysis, for each combination of components and control strategy to be studied, N
combinations of different time series of load and resources (and fuel inflation) will be performed
using Monte Carlo Simulation, according to the methodology presented in the works (Rodolfo
Dufo-Lopez, Pérez-Cebollada, et al., 2016)(Rodolfo Dufo-L6pez, Cristdbal-Monreal, et al.,
2016b). Each time series of load and resources will be obtained from the original series, but its
mean value will be obtained according to a Gaussian probability distribution, with mean the
original mean value and standard deviation (also called standard deviation) the value fixed in
this screen.

N, the number of series to calculate for each combination of components and control strategy
(default 500) must be set. If a very low value is set, the distribution that is obtained may not

look much like a Gaussian distribution.

The probability analysis can be performed taking into account the Gaussian distribution of the

mean annual values of:
- Average load

- Irradiation (only if photovoltaic modules have been selected in the system)
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- Wind speed (only if it has been selected that there may be wind turbines in the system)

- Water flow (only if water turbine has been selected in the system) or fuel price inflation (if

there is an AC bakcup generator).

The average values are those that have been fixed in the screens of load and resources. Standard
deviations should be set for each case on this screen. For each case the probability distribution
curve is shown in red, taking into account the number of N series that has been set (default 500)
and in green the ideal Gaussian probability distribution curve. If a small value is set for the
number of series (for example, N = 50), it is observed that the actual distribution may be very

different from the ideal one (figure below), which is not recommended:

W Probabilistic analysis of variability of load, irradiation, wind speed and/or water flow (or fuel price inflation) — O X

DO NOT PERFORM PROBABILITY AMALYSIS &+ PERFORM PROBABILITY ANALYSIS

p ts and control strategy: |50

v Monte Carlo simulation with stopping rule

Stopping rule in Mante Carla Simulation
* Confidence level (%) |99 | for mas. emor of the mean (%] |9

" Relative standard error lower than (%] |1

Number of series to each bination of

¥ Analyze variability of the average value of load v Analyze variability of the average value of irradiation

DALY LOAD AVERAGE WALUE

Mear: 0.1 Gwh/day

Standard Deviation: ’W Gwh/day
Mean=0.095, 5td. Dev. = 0.019 Kwhday
Masimum =014, Min. = 0.05 K\whiday

Hourly variability ir the series; |0 %

=

Probability
= koL
R

=}

0.05 0.1 0.15
Average Load (GWhiday)

[v¥ Analyze variability of the average value of wind speed

WwIND SPEED AVERAGE YALUE

Mean: £.05 mds

Standard Deviation: ’r mds

Mean = 6.042, Std. Dev. = 0.217 m/s
Mawimum = 6.43, Min. = 5.61 m/s

Hourly variability in the series; [0 #
Std. dewiation for termperature: ’1— iC

™ Consid

Probability
o = MW

(]
Average wind speed (mis)

bet the

IRBADIATION AVERAGE WALLUE
Mean: 4.85 kwh/m2/day

Standard Deviation:|0.2 kb2 day
Mean = 4.868, Std. Dev. = 0166 kWwh/m2/day

Maximum = 5.28, Min. = 451 k'wh/m2/day
4

Probability

Haourly variability in the series: |0
Std. deviation for temperature: |1 °

E Analyze variability of the average value ol
AVERAGE FUEL PRICE [MFL.[SUP. 5%]
Mean: 5%

Standard D eviatior: ’F %

tMean= 4943, Std. Dev. = 0636 %

b awirnurn = 5.91, Min. = 4.01 %

Hourly variahility in the series: ’U— b4

Probability

] s |

In the simulation, show the case obtained with the following data:

S

5]

=

g
Average Irrad. (kWh/m2/day)

f fuel price inflation. Average [%]: ’5_

3 4 5 (] T
Average fuel price infl.(%)

Load: Irradiation: ‘wind speed Fuel inflation
|Average ﬂ |Average j |Average j |Average j
[ Inthe caze of the simulation, include hourly variability
In the probability analysis report, in the last two charts, show the probability distribution of;
|Hours running AC Generator [hdyr) j |Annua| cast of fuel of AT Generator [currencydpr) j

[ When clicking at any cell of the results table, do not update results

[ When clicking on simulation buttan, do not consider the characteristic cases

oK

[v Each year different mean value

Each one of the N time series of a full year (and also in 1-minute time steps) (load, irradiation,
wind speed and water flow, if any) will be generated according to the mean value randomly
obtained following the Gaussian distribution, multiplying that value by the hourly values of
each original series obtained in their respective screens and dividing by the original average
value. That is, each time series will be proportional to the original. We can also consider hourly

variability in the series, default 0%.
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If you click on the "Consider correlation between the variables" box, and click on “Correlation
Data” button, a small screen with the data of the covariance matrix that relates the load and the
meteorological data appears. Then the Cholesky matrix is obtained which will then be used to
obtain random data following the indicated correlations (Rodolfo Dufo-Lopez, Cristobal-
Monreal, et al., 2016b).

Conszider comrelation between the vanables Correlation data

Covariances matrix: Cholesky matrix
Temperature *ind Irradiatian Load Temperature ‘wind Iradiation Load
Temperature | |1 Temperatura 1
Wind 0 ] oz wind i 05
Iradiation | 0 | | 0 | 0.04 Iradiation 0 0 0.2
Load [0 | o |0 0.09 Load i 0 0 03
ak.

If the box Each year different mean value

batteries is selected, as the simulation is done for several years, each year will have a different

is selected (down right), and the Schiffer model of

mean value, as was done in (Rodolfo Dufo-Lo6pez, Cristébal-Monreal, et al., 2016b).

During the optimization of the system, each combination of components and control strategies
is simulated N times. Each of these simulations includes a random series of load (following its
mean and its standard deviation), a random series of irradiation (in case there are modules, and
following its mean and its standard deviation), a random series of wind speed (if there are wind
turbines, and following their mean and standard deviation) and a random series of water flow
(if there is a turbine, and following its mean and standard deviation) or a random value of
inflation of fuel price. These random data follow normal distributions according to the indicated
data.

Each of these N simulations will give results of total cost (NPC) or NPV, CO; emissions, unmet
load, photovoltaic generation, wind turbines generation, etc. For each result the mean of all
these simulations is obtained, and this will be the value that the program will take into account
to compare with other combinations of components and strategies, and that will be shown in the

results table and in the reports.

If a Monte Carlo simulation stopping rule is selected (by default), for each case of combination
of components and strategy N or less simulations can be evaluated, depending on whether or

not the stopping conditions are reached.

Stopping rule in Monte Carlo Simulation

p ts and trol strategy: _m
(® Confidence level (%) for max. ermor of the mean [%) EI

Monte Carlo simulation with stopping rule

Iumhb bination of

of series to lyze each

(O Relative standard error lower than (%) EI
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The default stopping rule (confidence level for maximum error of the mean) was used in the
article (Rodolfo Dufo-Lopez, Cristobal-Monreal, et al., 2016b), while the stopping rule
considering the relative standard error was used in (Rodolfo Dufo-Lopez, Pérez-Cebollada, et
al., 2016).

Once the optimization is completed, for each result of combination of components and control
strategy, the simulation (see section 4.6.1) can be visualized for the desired case for each series
of load, irradiation, wind speed and water flow (or fuel inflation) among the cases AVERAGE,
AVERAGE+STANDARD_DEVIATION, AVERAGE+3:STANDARD_  DEVIATION,
AVERAGE-STANDARD_DEVIATION or AVERAGE-3-STANDARD_ DEVIATION.

MHOGA calculates all these characteristic cases (combinations of each case of AVERAGE,
AVERAGE+STANDARD_DEVIATION, etc. for each variable considered in the probability
analysis). You can choose which combination of cases (which characteristic case) to be

visualized in the simulation screen.
In the zsimulation. show the case obtained with the following data:

Irradiation: “Wind speed Fuel inflation
fyerage v| |A'¢erage v| |.t'-‘werage v|

Iude hourly wanabiliby

t. in the last two charts, show the probability distribution of:

Average - 35td. Dév. R | |.-’-‘mnua| oozt of fuel of AC Generator [curmencyor] L |

By default the simulation of the average case will be displayed, but other cases can be set to
visualize its simulation. For example, we can set the AVERAGE + STANDARD_DEVIATION
for load, and for the irradiation, wind and water flow data, the AVERAGE-
STANDARD_DEVIATION. This combination would be quite pessimistic, since it would be
considered that the consumption is somewhat higher than the average, while the resources are
somewhat smaller, and, when visualizing the simulation, it will be possible to see if the demand
is covered every day of the year, etc., . You could set a more extreme combination to visualize
in the simulation, for example, to set the AVERAGE+3-STANDARD_DEVIATION for load,
and for the irradiation, wind and water flow data, the AVERAGE-
3-STANDARD_DEVIATION, this case would be the worst one, since it is almost impossible
to have values greater than the average + 3 * standard deviation nor lower than the average - 3

* standard deviation.

If the box [ In the case of the simulation, includs hourly wariabilibg is selected. in the case to visualize in the
simulation screen the hourly variability will be considered. If it is not considered, no hourly

variability will be considered in the case visualized in the simulation screen.
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Once the optimization is completed, for each result of combination of components and strategy,
in the report (see section 4.6.1), probability distribution graphs of different results will be

displayed and, in the last two graphs, you can choose which results to display:

In the probability analysis report, in the last two charts, show the probability distribution of;

|H0uls nring AL Generator [hiyr] e | |.~’-‘-.nnua| cozt of fuel of AC Generator [curmencyy] ~ |

After finishing the optimization, if we click on any box in the table of results (main screen), the
results are updated (the N random combinations of load, irradiation ... and the average values

of the results are updated, which can be different since the N combinations may have been

different). If the box [ ]when clicking at any cell of the results table, do not update results is checked, the
results will not be updated.

If the box [ ]'when clicking on simulation button, do not consider the characteristic cazes is checked, when the

simulation button (results table, main screen) is clicked, only the N cases of the Monte Carlo

simulation will be considered, not the additional ones of the characteristic cases.
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4. OPTIMIZATION OF THE HYBRID SYSTEM

Once all data in our system have been entered, the "CALCULATE" button on the main screen

Is enabled.
If Maximization of NPV was selected as project type, no confirmation of constraints is needed.

If Minimization of NPC was selected as project type, a message box shows the restrictions are

indicated. If we agree, click OK and start the optimization.

Confirm *

I.é.l The constraints (3) to be considered are:

iy

- Maximum Unmet Load allowed: 1% of total annual load.
(Purchasing Unmet load from AC grid is allowed. Maximum which can be purchased is 1% of total annual load)

Fa

- Minimum number of days auton.: 3 days.
(If there is AC generator or fuel cell using external fuel or purchasing Unmet load from AC grid is allowed,
the number of days auton. will be considered as infinite)

w

- Nominal Capacity of Batteries bank (Ah) < 20 x (lsc PV gen. + |dc wind turbines group at 14 m/s).
(Do not consider this constraint if there is AC generator or a fuel cell using external fuel
or purchasing Unmet load from AC grid is allowed)

I

- Minimum Renewable Fraction: 0%.

(=]

- Maximum levelized cost of energy: 100€/kWh.

To change these constraints, press 'Cancel’, Do you watn to continue with the eptimization of the system?

Cancel |

If it had already been calculated, it asks if we want to calculate, since the previous results will

be lost.

Confirm >

Do you want to recalculate? The previous results will be lost.

If we accept, the program begins to perform the optimization.

It should be noted that if there are results (we have previously optimized the system), clicking
on "CALCULATE" and accepting the confirmation requested by MHOGA, the results table
will be deleted, and a new one will be obtained with the new results. Even if we click on the
""Cancel™ button, the original table will be deleted. Therefore, if we want to preserve the
original results values, before re-calculating, save the project with another name, with the
upper menu Project-> Save As, and from then on we will use this new project, leaving the old

one saved.
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A panel appears at the bottom of the main screen, with a progress bar indicating the progress of
the optimization. Below it we are informed of how many cases have been evaluated so far, the

time elapsed and the remaining time.

The system chart disappears and a table appears where the results of the optimization will be
collected. If the genetic algorithm method is used (because not enough time has been allowed
to evaluate all the possible combinations), in the case of mono-objective optimization, the best
solution of each generation is collected in each row (the best obtained is shown in the last row),
whereas in the case of multi-objective the solutions or the Pareto front (only non-dominated or
all) of each generation are collected in the table. In addition, you can see the graph (when the
first generation is complete) where you see the evolution over the generations, in the case of
mono-objective optimization, or the Pareto diagram of the latest generation evaluated in the

case of multi-objective optimization.

If all combinations are evaluated (enumerative method), the table and graph appear at the end
of the calculation, with the combinations ordered from best to worst.

During the simulation you can press the "Cancel™ button, to the right of the progress bar, to stop
the execution of the program. If you then press the “CALCULATE” button the calculation can

not be resumed, but a new calculation must be started.

4.1 Mono-objective optimization by the enumerative method.

In the case of the mono-objective optimization there is a unique objective: minimize NPC or

maximize NPV.

The optimization can be performed by means of the enumerative method (evaluating all the
combinations) or by genetic algorithms (heuristic technique that does not evaluate all the
combinations and can obtain the optimal or a solution near the optimal in low time). In the case
of indicating the option "METHOD ENUMERATIVE" in the window that is obtained by
clicking on the "Parameters” button of the tab "GENERAL DATA" of the main screen (or if it
is determined by the software when the allowed maximum execution time is higher than the one
that would cost to evaluate all the combinations), the genetic algorithm will not be used, but all
the possible combinations are evaluated (enumerative method), and the best N solutions will be
displayed in the results table and in the graph, N being the number marked in the box "Display
best".
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In this example we will optimize a generating system (without any load) composed by
photovoltaic generator, batteries and inverter/charger. Just 135 possible combinations will be
evaluated, which will be done in about 4°”. In this case all the combinations will be evaluated
(enumerative method), as the needed time is lower than the maximum execution time allowed
by the user (default 15”).

OPTIMIZATION PARAMETERS SELECTED BY:

(®) HOGA () USER

Maximum execution time:

o s e

binimum time far the Genetic Algorithms

If the estimated execution time was higher than the maximum execution time allowed, the
genetic algorithm method would be used to find the optimum without evaluating all
combinations, and the best solution found for each generation would be shown during the

optimization, seeing how the best solution is improved as the generations appear.

NUMBER OF CASES AND TIME EXPECTED

Computation speed: 33,333 cases/second

EvAL ALL POP. [ ALL) GEM. ALG. [ZALL]
MAIN ALG. (COMB. COMPONENTS): 135 10(7.41%) 140[103.7%)
[1x135)
SEC. ALG. [COME. STRATEGIES): 1 16 [1600%) 218 [21800%)
MAIN ALG.  SEC.ALG. MUMBER OF CASES # TIME EXPECTED
OPTIOW 1: EMAL ALL  EMAL ALL. 135 100 % Oh 0" 4"
OPTION 2@ EWAL ALL  GEM.ALG. 23430 21800%  Oh14 42
OPTIOWN 3 GEM. ALG.  EMAL ALL. 140 1037%  Oh(0'4"
OPTION 4 GEM. ALG. GEMW.ALG. 30520 22607.4% Oh1515"

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

In our case all the combinations will be evaluated.

When clicking the button “CALCULATE”, it starts running. At the bottom of the screen a
progress bar appears, and under it the evaluated cases, elapsed time and remaining time. You
can cancel the execution at any time by pressing "Cancel".
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[ w

Project Data Calculate Data Base Report Help
~ LOAD /AT GRID GEMERAL DATA | OPTIMIZATION ] CONTROL STRATEGIES ] FINAMNCIAL DATA RESULTS CHART
RESOURCES Mono-objective oplimization. Total No. of cases evaluated: 135. Time: 4"
& SOLAR T H

w0 |
L woro |

COMPONENTS

«f P GEM.
 BATTERIES s ‘ 1 s 1 1 s s ‘
0 1 2 3 4 5 1 7 8 : |
</ DHEREREER, | Solution # (sorted from best to worst)
[~ Show diagram

“Water Pump in Load/AC grid

Total NPV (M€)
o
£02 Emissions (kt/yr)

@
=

DCVokags [T kv [ SOCd No. | Total NPY (M€]  [Emission [ktC024) [UrmetGwhan|IRRZ) [InvestmentiME]  [LCOEE/AKwh) |Simulate  |Report  [Costs [P L
ACWoltage [20 k¥ o 6B.614 227 1} 133 a0 00731 SIMULATE.. REPORT_.. COSTS... 7
1 68.61 1.94 1} 14.2 775 00743 SIMULATE.. REPORT... COSTS... & l
PRESIZING 2 67.879 2.27 1} 13.2 90,625 00737 SIMULATE.. REPORT... COSTS... 7
3 67.854 1.94 1} 14.08 78125 0.07439 SIMULATE.. REPORT... COSTS... &
Eneray storage: [4  daps o 4 67.712 229 0 1311 91875 00604 SIMULATE.. REPORT __ |[COSTS_. 7
B (23l e > Ent. 5 67.619 1.96 0 3% 79,975 0.0757 SIMULATE.. REPORT... COSTS... &
8| Rl e Rl (Pl 6 67.029 2.29 0 a0z 825 0.081 SIMULATE.. REPORT... COSTS... 7
'l: T 66.905 1.96 1} 13.85 an 00763 SIMULATE.. REPORT... COSTS... &
v
< 3 l
COMPOMENTS: PV gen: PY10 (10 MywWpls 7 (100% PVH1: slope 35°, azimuth 0°) 7/ Batteries BatShiwh (5 kah) Ts & 1p. /7 Inverter Inwe-Chabfw of 5 MYA 74 Unmet
Sensitivity Analysis load = 0 % #/ Total Met Present Walue [NPY] = B3.614 ME. IRR =13.3%.
Prabability Analysis STRATEGY: There is na load consumption - no control strategy related to the load corsumption supply. SOC minc: 10 %, Control vaniables for for gd-connected !
batteries: charge batt. (only from renewable, not from arid) if price of E. (sell] is lower than D€MW h: disch. batt. (load + injecting ta the arid] if price E. [zl] higher than
@ CALCULATE 017 £Kwh E

5] REFORT Save Excel table

—

In the top corner of the screen, you can change the number of the best solutions shown, and then

you click the “See best” button.
Es CALCULATE | |

REPORT | See best | [100

After the optimization is performed (in this case just in 4”), the software shows the best
combinations found, sorted from best to worst, in a table. Also it shows in the upper graph the
total NPV (in red) and the total annual equivalent emissions of CO; (including diesel emissions,

if any, and manufacturing emissions of the components, spread over their lifetime) (in green).

If the optimization type was the minimization of NPC, the graph would have shown in red the
total NPC.

At the end of the simulation the panel disappears with the progress bar and instead the

description of the best solution found appears.
The first row of the table shows the best combination found (with the highest NPV).

In the table, it is shown the total NPV (first column, in red) and the total annual equivalent

emissions of CO2 (in green). In blue it is shown the unmet load (in GWh/year). In red it is also
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shown the Internal Rate of Return (IRR, %), the total investment (M€) and the levelized cost of
energy LCOE (€/kWh) is shown.

If the optimization type is Minimization of NPC, the NPV column is replaced by the NPC, some
restriction columns appear in blue (the unmet load in %, the days of and the value of the division
between the nominal capacity of the battery bank and the current from renewable sources) and
the columns of IRR (internal rate of return) and Investment disappear.

In the maximization of NPV, in the case of any row (or all) in the column of Total NPV (M€)
the -INF value is shown, it means that this combination of components and control strategy does
not comply with the constraints (maximum allowed investment cost, minimum renewable
fraction and maximum land use) and MHOGA penalizes that solution, giving it -infinite NPV
(-1E15).

In the minimization of NPC, in the case of any row (or all) in the column of Total NPC (M€£)
the INF value is shown, it means that this combination of components and control strategy does
not comply with the constraints we have indicated (the maximum unmet load, the minimum
autonomy, the relation between nominal battery bank capacity and current from renewables, the
minimum renewable fraction or the maximum cost of energy) and MHOGA penalizes that
solution, giving it infinite cost (1E15). If any row has this value, it means that in its generation
no solution evaluated comply with all the constraints. It is represented graphically with total
cost (NPC) (€) = 0.

By selecting or deselecting the "Show diagram™ checkbox (right of the screen), we will see the

schematic of the components or the results table [ $how diagram

Calculation with probability analysis:

If probability analysis was selected, each combination of components and strategy is analyzed
N times, where N is the number of sets set on the probability analysis screen (unless the stop
rule of the Monte Carlo simulation is reached). In this case, the results displayed in the table

and those saved in the Excel table (see below) will be the average values of the N series.

Save Excel Table:

At the end of the simulation it is enabled in the lower right corner the "Save Excel table”. If

you click it, an Excel file with the values of the result table will be generated.
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Note that the Excel table will show the results of the optimization. If, after the optimization, you
change any data and click in any row of the results table of the software, the results of that row
will be update to the new data, but if later you click in ““Save Excel table, the original results

will be saved in Excel, not the updated ones.

After you save the Excel file, if you open the file with Microsoft Excel, it reports a message
asking about opening the file, then you click on “Yes” as answer and the file is correctly opened

by Microsoft Excel:

-3
]

10
10

1873

Bagysdna =

.

If, once the table is opened in Microsoft Excel, we select "Save As" (in Microsoft Excel) and
choose the most modern Excel format (xIsx), the next time we open the file, you will not asked

for anything.

If we want to calculate again, we must keep in mind that the results will be lost. It is for this
reason that, by pressing the "CALCULATE" button, if previously calculated, MHOGA asks if

we are sure, since the previous results will be lost.

Confirm >

Do you want to recalculate? The previous results will be lost.

If we want to recalculate, we accept. If we want to save the previous results, press Cancel, save
the project, save it as with another name and in the new project we can calculate without losing

the results of the original project.
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4.2 Mono-objective optimization by genetic algorithms.

In the case that there are many possible combinations, the enumerative method can take a lot of
time. If that time is higher than the maximum allowed, the software will use the genetic
algorithms to perform the optimization.

In the following example, just 1 minute is allowed, however there are 12150 possible
combinations and the enumerative method would take 4’51°°. The genetic algorithms will run

the optimization.

OPTIMIZATION PARAMETERS SELECTED B

{+ HOGA " USER

Maximum execution hime:

||] h. |1 min. Parameters

[w Firirum time for the Genetic Algornithmes

NUMBER OF CASES AND TIME EXPECTED
Computation speed: 41 BE7 cases/second

EWAaL ALL POP. [% &1L GEM. ALG. [#%ALL

MAIM ALG. [COME. COMPOMNEMTS]: 12150 178 (1.47%) 2496 [20.54%)
[1x12150)
SEC. 4LG. [COMB. STRATEGIES]: 1 3 (300%) 41 [4100%)
MalM ALG.  SEC.ALG. NUMBER OF CASES 4 TIME EXPECTED

OFTION 1:  EWal ALL  EVAL ALL. 12150 100% Oh 4'571"
OFTION 2 EMalL ALL  GEM. ALG. 438150 a00%  3h19
OFTION 3 GEM. &LG.  EWAL ALL. 2496 205 % Oh 0" 60"
OFTION 4 GEM. &LG.  GEM. aLG. 102336 842.3%  0Oh40'56"

O ptimization of the combination of components by means of Genetic Algorithms.
It iz not guaranteed to obtain the optimal combination of components, but this iz probable to obtain the optimal or
a zolution near the optimal

After clicking in “CALCULATE”, the generations of the genetic algorithms are being
evaluated, and graphically it can be shown that the best solution is being improved with the

generations.
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1l Project: D:\8m.mho

Project Data Calculate DataBase Report Help

e |

RESOURCES

COMPONENTS

GENERAL DATA | OPTIMIZATION

CONTROL STRATEGIES

FINANCIAL DATA RESULTS CHART

Mono-objective optimization. Total Mo. of cases evaluated: 804. Time: 18"

=
=3
@
@
w
o
Q
o

GENERATIONS

‘wiater Pump in Load/AC arid

DC Yaoltage |1 kY [~ 50Cd

ACVolkage |20 KV

_ resens |

[~ Show diagram

=

1[D.aut [EnfwhiAFpy+Pw

h)_[Simulate  [Report |~

25.266
25.266
25.266
21.936

=

Gien | Total Cost (NPC)ME[Emission (k027 [UnmetiGwhsn[Unmet
9.82

i)

9.82
9.82
953

I

oo oo

INF
INF
INF
INF

Energy storage: ]4_ daps auton,
[~ Max bat. parallel - Cn min.

[ Max P gen parallel -» P min
r

-

5

0
01
o1
01

I Fieni3) [LEOE (/KW
1827

0.05 SIMULATE.. REPORT...

B27 0.05 SIMULATE.. REPORT ...
827 0.05 SIMULATE.. REFORT...
52,4 004 SIMULATE.. REPORT .

Cases evaluated: 926 of 2986 (31

%), Time elapsed: 21", Remaining time: Oh 0' 43"

CANCEL

s Ercalave |

When the optimization process finishes, the best solution found is the one of the last generation

(the last row of the table), in this case in the 4" generation it was already found.

1 Project: DAZm.mho

Project Data Calculate DataBase Report Help

+f" LOAD / A GRID

RESOURCES

«f SOLSR
COMPONENTS
«f P\ GEN.
+f BATTERIES
«f INVERTER/CHAR.

GEMNERAL DATA | OPTIMIZATION | CONTROL STRATEGIES

FINAMCIAL DATA RESULTS CHART

Mono-objective optimization. Total No. of cases evaluated: 2971. Time: 1' 11"

Total Cost (NPC) (M€

GENERATIONS

__weFC e |

‘wiater Pump in Load/AC grid

DC Volage |1 kY [~ S0Cd
ACWoltage (20 kW

I~ Ehow dagrom

bl _[Simulate  [Report | A

Gen [Total Cost (NPCYME[Emission [KiCO2/yr) [UnmeiGwh/y[Unmet(%)|D.aut [Entwh)/PpvsPul]Ren() [LEOEE/kw]
] 9.26 o/ INF 1] 521

21.897

PRE-SIZING

Energy storage: IT days auton.
[~ Max bat. parallel -» Ch min,
[~ Max PV gen. parallel -» P mir,

r

a 21.897
10 21.897
n 21.897
12 21.897
13 21.897
14 21.897
18 21.897

9.26
9.26
9.26
9.26
9.26
9.26
9.26

DICICICICIC I

ooooooo

INF
INF
INF
INF
INF
INF
INF

r

Sensitivity Analysis
Probahility Analysis

48 CALCULATE
REFPORT

<

52.1
52.1
52.1
521
52.1
52.1
52.1

0.04 SIMULATE.. REPORT.

0.04 SIMULATE.. REPORT ...
0.04 SIMULATE.. REPORT ...
0.04 SIMULATE.. REPORT...
0.0¢4 SIMULATE.. REPORT...
0.0¢4 SIMULATE.. REPORT...
0.04 SIMULATE.. REFORT...
0.04 SIMULATE.. REFORT...

>

COMPONENTS: P ger: P10 [10 Myép)s: 7 (1002 PY#: slope 358, azimuth 0F) /7 Batteries BatGhbwih (5 kAh] 15w 1p. A/ Inverter lnv-ChEW of 5 MYA 4 Unmet
load = 0% // Total Cost [NPC) = 21.897 ME (0,04 £7/k4'h]

STRATEGY: LOAD FOLLOWING. SOC min. 10 %,

Save Excel table
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4.2 Multi-objective optimization.

In the case of multi-objective optimization, it is intended to minimize (or maximize) different

objectives (only valid for projects of type minimization of NPC).

In this case, if we have selected "Display only non-domin." (main screen, “OPTIMIZATION”
tab), in the table and in the graph we will see only the Pareto of the non-dominated solutions

(those that satisfy that there is no other solution that is better in all the objectives).

If we do not select it, we will see all the evaluated solutions of the main algorithm, sorted by

the number of solutions that domine them.

You can select multi-objective Total Cost (NPC) versus CO; or Total Cost (NPC) versus Unmet

Load or triple multi-objective (cost — emissions — unmet load).

It is necessary to indicate the maximum number allowed for the non-dominated solutions (Max.
non-dom.), as well as the maximum allowed percentage of NPC over the minimum NPC of
them (% over min. NPC). The number of "Save Pareto every" indicates the interval in the
generations we want to save, in addition to the first and last paretos. Once the optimization are
completed, the "Export Paretos™ button is enabled and we can export the saved paretos to an
ASCII file.

By pressing the "CALCULATE" button, each time a generation of the main algorithm is
completed, the solutions (all or only the non-dominated ones) are shown, numbered (in yellow,
to be identified in the graph) and represented by number of solutions by which they are

dominated ("Dom. By"). The graph shows the pareto of each generation.

It should be noted that each time a new generation is obtained, the program must sort the
individuals to see the number of solutions by which they are dominated. This process, if the
population is large, can take a time, in the order of minutes, so during that time the program

screen is stopped.

The following figure shows the last generation of a multi-objective NPC-emissions example.
At the bottom it is not specified the data of the best solution, since there is no better solution, it

cannot be said that one non-dominated is better than another not dominated.
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Al Project: D:\8m.mho - m} X
Project Data Calculate DataBase FReport Help
«f LOAD / AC GRID GEMNERAL DATAI OFTIMIZATION | COMTROL STRATEGIES | FINAMNCIAL DATA RESULTS CHART
RESOURCES L Multi-objecti imization. Non-domil d Pareto of Gen. 1. Total cases evaluated: 135

«f SOL&R
_ | ’

_ woAn | s
COMPONENTS £8

f PV GEN &

E

_ whotre | 5
a7

~ BATTERIES
«f INVERTER/CHAR.

| Total Cost (NPC) (ME)

[~ Show diagram

‘whater Pump in Load/4LC grid

DCVatage[1 kv [ S0Cd Dom. by: [Total Cost (NPC)(ME]Emission (kiC0 2] [Unmet(Gwh/u)[Unmet(z][D. sut [Criwh)Fey+Pw)i|Reniz) [LCOEEAWhH) [Simulate  [Rel &
B Valtage 20 kY 1 i 6.29 0 0 INF 08 645 0.15 SIMULATE.. RE
2 0 77.373 6.21 0 0 INF 08 65 0.15 SIMULATE.. RE
T HeETE 3 0 63.486 6.56 0 0 INF 06 649 0,12 SIMULATE.. RE
é 4 0 63.607 6.44 0 0 INF 06 657 0,12 SIMULATE.. RE
Ereray storage: 4 days acton. 5 i 64.736 £.35 0 o INF 06 EE3 012 SIMULATE.. RE
:: ::: ‘;ff'l.g';:[ageall‘jlj-ln;nl:nin [ i 50.973 6.78 0 0 INF 05 655 0.1 SIMULATE.. RE
7 i 51.095 .66 i 0 INF 05 664 01| SIMULATE | RE
r f i 52188 657 i 0 INF ns 67 01/ SIMULATE | RE
r "
< >

Sensitivity Analysis
Frobability Anakysis

4B CALCULATE
Save Excel table
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4.4 Results table.

In the case of having used the genetic algorithms, the table shows all the characteristics and
parameters of the best solution of each generation, sorted from the 1st to the last generation (the
best result is the one of the last generation, which is in the last row of the table).

In case of using the enumerative method (all possible combinations have been evaluated), the
table shows all the characteristics and parameters of the N best solutions, ordered from best to

worst (the best one is the first one in the table ).
We can move through the table from right to left with the bar at the bottom.
Each row of the table shows the results of a combination of components.

If multiperiod optimization was selected (Project-> Options), the cells of energies and hours of

operation are the average values of all the years of the simulation. For example, if the lifetime
of the system is 25 years, in each cell of annual costs, annual energies, etc. it shows the average
of the 25 years. The NPC or NPV cells show in that case the NPC or NPV obtained as the sum
of the present costs and incomes of each year, therefore the real NPC or NPV. However, the
annual costs and incomes are different for each year, and in the table just 1 value can be shown

for each filed, the value shown in the table is obtained supposing that all the years the cost was

the same and applying the fixed inflation and interest rate. To see the real annual costs and

incomes in cash flow of each year: in the simulation screen, MULTIPERIOD tab, Save

Multiperiod Data and see the real cash flow values in that file.

In the results table, first column corresponds to the generation number (Gen.) in the case of
using genetic algorithms for the optimization of the components or the number of order (No.) if
all the combinations have been evaluated or if the optimization is multi-objective. The following
columns are the total cost (NPC) or NPV (depending on the type of project), in red, and annual
equivalent CO2 emissions, in . The rest of the first columns are different depending on the

type of optimization:

- Minimization of NPC: in blue there are 6 columns, unmet load (GWh/year and % of
load), days of autonomy, the value of the division between the nominal capacity of the
battery bank and the peak power of the PV generator + the maximum power of the wind
turbine group, Cn (Wh) / (Ppv + Pw) (W), the renewable fraction and the updated LCOE

(the 5 magnitudes must comply with the constraints set).
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No._ | Total Cost [NPCIME|E mission (kiCO2/vr) [Unmet(Gwihdun)|Unmetiz2)|D.aut |Crfwh)/Peyv+Pwil| Ren(?) |LCOEEKwh) | Simulate  [Report
0 21.897 9.26 0 0 INF I 0.04 SIMULATE.. REPORT...
1 22.576 9.24 0 0 INF 01 522 0.04 SIMULATE.. REPORT...
2 24.14 9.22 0 0 InNF 01 523 0.05 SIMULATE.. REPORT...
3 25.155 8.77 0 o INF 01 557 0.05 SIMULATE.. REPORT...
4 25.676 8.72 0 0 InNF 01 &6 0.05 SIMULATE.. REPORT...
5 27.127 8.69 0 o INF 01 sz 0.05 SIMULATE.. REPORT...
§ 27.199 9 0 0 InNF 01 &7 0.05 SIMULATE.. REPORT...
7 27.877 8.97 0 0 INF 01 5.8 0.05 SIMULATE.. REPORT...

BT

L

o

]

BT

TR

- Maximization of NPV: in blue there is the unmet load (GWh/year) just for information

(it is not a constraint in this kind of projects), and in red we can see the internal rate of

return (IRR, %), the investment (M€, which must comply with the constraint) and the

LCOE (€/kWh).
Mo. |Total NPV (M€)  |Emission (CO24) |UnmetiGwhsn|IRR(Z] |Investmentg]  |LCOEE/Awh] | Simulat Report  [Costs [P/~
0 46.22 2.26 0 113 a0 0.0958 SIMULATE.. REPORT... COSTS... 7
1 46.05 1.94 0 113 775 0.0925 SIMULATE.. REPORT... COSTS... B
2 45 401 2.26 0 1% 50,625 0.0955 SIMULATE.. REPORT... COSTS... 7
3 45.232 1.94 0 118 78125 0.0932 SIMULATE.. REPORT... COSTS... &
4 43.785 2.28 0 1107 51.875 0.0377 SIMULATE.. REPORT... COSTS... 7
5 43.764 2.26 0 1107 51.875 0.0578 SIMULATE.. REPORT... COSTS... 7
B 43615 1.96 0 1183 79.375 0.0345 SIMULATE.. REPORT... COSTS... B
7 43595 1.94 0 1183 79.375 0.0347 SIMULATE.. REPORT... COSTS... &
W
£

Next on the right are the "SIMULATE", "REPORT" and "COSTS" cells that, when clicked, the
simulation, report or cost screens are accessed. Then there are the characteristics of the

components of each solution (number of PV generators x power of each PV gen. in MW, slope

of the PV generators; number of batteries in series x parallel x capacity of each battery in kAh,

number of AC backup generators in parallel x power of each generator in MW, etc).

Simulate  |Report  |Costs  |P.Fv(Mwp)  [Siops#1® [CnBat (kehl [P Geniw) [P Inw (i) [P wind T Mw] |F. Tuib massii »
SIMULATE.. REPORT... COSTS... | 7410 35 14145 140 5140 0
SIMULATE.. REFORT... COSTS... |Ex10 36 14145 140 5140 0
SIMULATE.. REPORT... COSTS... | 7410 35 14145 140 10140 0
SIMULATE.. REPORT... COSTS... |Ex10 3514145 14 10 140 0
SIMULATE.. REPORT... COSTS... | 7410 3514245 140 5 140 0
SIMULATE.. REPORT... COSTS... | 7«10 3514145 T4l 20 140 0
SIMULATE.. REPORT... COSTS... |E410 35 | 1245 140 5140 0
SIMULATE.. REPORT... COSTS... 6410 35 14145 140 20 140 0

w
< >

The columns in red are cost.

- Minimization of NPC projects: In the case of optimization of the components and also

optimization of the control strategy, in addition to the second column indicating the total
cost of the system "Total Cost (NPC) (M€£) ", there is the column "C. Sec. (M€)", which
gives an idea of the variable costs that depend on the control strategy (costs of
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replacement of batteries, AC generator, etc., costs of operation and maintenance, fuel
...), that is, costs that are not fixed but depend on the control strategy.

- Maximization of NPV projects: In these cases, that column is “NPV sec.(M€)”, it is the

total sum of the incomes of the selling electricity and H2 minus the variable costs.

NPV sec(M€)  |STRATEGY | Plim_charge{| P2(Mw] |P1gen(Mw] P1FC(MW)] |Pmin_gen{Mw|Pmin_FC[MW] Disch-FC-first |Peri_d »
146.59 LOAD FOLLOWING INF 1 INF INF 1 0 1
132.498 LOAD FOLLOWING INF 1 INF INF 1 0 1
146.59 LOAD FOLLOWING INF 1 INF INF 1 0 1
132.498 LOAD FOLLOWING INF 1 INF INF 1 0 1
146.244 LOAD FOLLOWING INF 1 INF INF 1 0 1
146.59 LDAD FOLLOWING INF 1 INF INF 1 0 1
132.151 LOAD FOLLOWING INF 1 INF INF 1 0 1
132.498 LOAD FOLLOWING INF 1 INF INF 1 0 1

L4

< >

To its right there is is a series of columns in bold that indicate the values of the control
variables. To its right there is is a series of columns in bold that indicate the values of the
control variables. They are no sense if there is no load (in generating systems), except for the

last ones in the cases of grid-connected batteries management.

To its right there are the columns of annual energy (GWh/year), in blue: Total energy consumed
by the load (Etotal), energy generated by renewable sources (Eren), Energy generated by
photovoltaic modules (Epv), Energy generated by wind turbines (Ew), Energy generated by the
hydraulic turbine (Et), Energy that can be exported to the grid (produced by the renewable
sources but that could not be used in the load nor in the battery, electrolyzer..., that is, excess
energy that could be exported) (E export), Energy sold to the AC grid (in the case of net
metering, this column "E sell (kWh / year)" shows the energy involved in the net metering
scheme, i.e. not the total energy that has been injected into the AC grid but the energy that has
been injected and later obtained from the grid through the net metering), Energy purchased from
the AC network (Ebuy), Battery charging (E ch. Bat., energy that enters into the battery bank)
and discharging energy (E disch. Bat., energy that goes out of the battery bank), Electric energy
consumed by the electrolyser (E elyzer.), Energy Electric generated by the AC generator (E
gen) and Electric power generated by the fuel cell (E FC). All energy values are annual. If the

multiperiod optimization was selected, these values are the average of the system lifetime.
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EtotalGwhl  |EreniGwhl  [EpviGwhl  |EwiGwhl  |EuGwhl | esporfGwhl  [E SeliGwh |E BuyiGwh) [E ch. batiGwhl |~
0 93,452 99,492 0 0 97.492 £7.755 0 0o
0 B5.27 B5.27 0 0 53.564 B0.329 0
0 93,482 99,492 0 0 97.492 £7.755 0 0o
0 B5.27 B5.27 0 0 53.564 B0.329 0
0 93,482 99,492 0 0 97.491 £7.755 0 0o
0 93,482 99,492 0 0 97.492 £7.755 0 0o
0 B5.27 B5.27 0 0 53.564 B0.328 0 0o
0 B5.27 B5.27 0 0 53.564 B0.329 0
W
< >

It should be noted that sometimes not all excess (export) power can be sold to the AC grid, as
the maximum power that can be injected in the grid in some cases is limited (it is set in the
LOAD/AC GRID window, in the sell electricity options).

Clarifications:

- E ch. Bat. is the value of the energy that enters into the battery bank. The stored energy will
be that value mutiplied by the charging efficiency.

- E disch. Bat. is the value of the energy that goes out of the battery bank (stored energy
multiplied by the discharging efficiency).

- E fuel cell is the value of the energy that supplies the fuel cell in DC. If fuel cell is connected
to the AC bus, the energy that is injected in the AC bus by the fuel cell will be that value

multiplied by the inverter efficiency.

- E electrol. is the value of the DC energy that is consumed by the electrolyzer. If the electrolyzer
is connected to the AC bus, the energy that comes from the AC bus is that value divided by the

electrolyzer rectifier efficiency.
You must take into account that:
For each time step, the energy produced in the AC bus can be consumed:

- in the AC bus (by the AC load and/or by the AC pump in pumping systems and/or by the

electrolyzer connected to the AC bus in hydrogen systems)

- in the DC bus (by the DC load and/or and/or by the DC pump in pumping systems and/or by
the electrolyzer connected to the DC bus and/or by the batteries). The energy produced by the
AC bus is converted to the DC bus by multiplying by the rectifier (charger) efficiency.

For each time step, the energy produced in the DC bus can be consumed:

- in the DC bus (by the DC load and/or and/or by the DC pump in pumping systems and/or by
the electrolyzer connected to the DC bus and/or by the batteries).
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- in the AC bus (by the AC load and/or by the AC pump in pumping systems and/or by the
electrolyzer connected to the AC bus in hydrogen systems). The energy produced by the DC bus
is converted to the AC bus by multiplying by the inverter efficiency.

Then there are columns in black that indicate the AC generator's annual operating hours
(including the extra equivalent minutes due to the starts and the extra ageing due to running out
of its optimal range), the estimated lifetime for the batteries (in years), the annual hours of
charging and discharging of the batteries, and the operating hours of the fuel cell and the
electrolyzer. If the multiperiod optimization was selected, these values (except for the battery
lifetime) are the average values of the system lifetime.

Hours eq Ger|Eat lfe ] |Hours Ch Bat [Houws Disch. Bat [Hours FC [Hours Elyzer. [T Fuel Gen (M4 | Fuel FOMEAN) [E Buy MEAn  [E 5d A
0 15 1780 ] ] 0 o i 1.2
0 15 2049 o o 0 0 i 1.2
i 15 1780 o o 0 o i 1.2
0 15 2049 o o 0 0 i 1.2
i 15 1782 o o 0 o i 1.2
0 15 1780 ] ] 0 o 0 1.2
i 15 2051 o o i o i 1.2
0 15 2049 ] ] 0 o 0 1.2
W
£ >

Next are red columns with annual costs of the year 0 (when the lifetime of the system starts,
next years will be updated by inflation) (M€/year): cost of the fuel of the AC generator (C. Fuel
Gen.), cost of the external fuel used by the fuel cell (C. Fuel FC) (if any), cost of the power
purchased from the AC grid, including the cost due to availability of the power (E Buy, positive
value if minimizing NPC as it is a cost, negative value if maximizing NPV), incomes of the
power sold to the AC grid (E. Sell, negative value if minimizing NPC as it is income and not
cost, positive value if maximizing NPV) and incomes of H2 sold (Sell H2, positive or negative

depending on the type of project).

C.FuelGen[ME/n)  |C Fuel FOMEA |E Bup (B4 [E SellMen)  |SelH2 MEAn  [NPVPY (ME)  [NPVBat (ME) NPV suw ME] NPV I A
0 0 EE 10.49 0 79,963 2059 0
0 0 1z 5539 0 6854 2089 0
0 0 12 10,49 0 -79.963 2059 0
0 0 1z 5539 0 854 2059 0
0 0 1.2 10,43 0 -79.963 4119 0
0 0 12 10.49 0 79,963 2059 0
0 0 12 5.599 0 6854 4119 0
0 0 EE 5539 0 60,54 2059 0
v
< >

Next are the columns also in red that indicate the the total present cost or total present value

associated to each of the elements of the system, transferred to the initial moment of the
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investment (NPC or NPV). If minimization of NPC, all these columns are called “C” (of cost)
+ the element + (NPC)(M€), if maximization of NPV all these columns are called “NPV”+ the
element + (M€). In the first case positive values imply costs and negative values imply incomes,
and vice versa in the second case.

For example, in the case of minimization of NPC, “C PV (NPC) (M€)” is the total cost (NPC)
of the PV generator, C Bat. (NPC) (M€) is the total cost (NPC) of the Battery bank, etc. The
cost per purchase of energy to the AC grid is indicated by “E buy (NPC) (M€)” and it includes
the cost per access charge of all the energy consumed from the AC grid; in the case of net
metering it also includes the cost of the net metering service (attributable to the energy involved
in the net balance, that is to say, the one consumed with charge of the accumulated rights) and
by the back-up charge of the self-consumed energy, if appropriate. The revenues from the sale
of surplus AC power to the grid (including the transfer charge, if any) and the sale of excess H2
are negative values in the minimization of NPC projects because they are revenues and not
costs.

In the next table it is shown the case of a maximization of NPV project.

NPV Py (ME] NPV Bat M) [NPY Aus (ME] [NPY Inv (M) [NPY Gen ME) [PV windT ME]C. Hydio WPC) M{NPY FC M) [NPY Elz (M) [ &
79963 2,059 0 -0.654 0 0 0 0 o
53,54 2,059 0 -0.654 0 0 0 0 i
-79.963 2,059 0 -1.387 0 0 0 0 0
53,54 2,059 0 -1.387 0 0 0 0 0
-79.963 4119 0 0,654 0 0 0 0 0
-79.963 2,059 0 -2.774 0 0 0 0 0
5354 4119 0 -0.694 0 0 0 0 0
5354 2.059 0 2774 0 0 0 0 0
L
£ >

4.4.1. Simulation screen.

We can visualize the simulation of each solution found by MHOGA, by clicking, in the row
corresponding to the solution that interests, in the box “SIMULATE...”.

Simulate |Hepurt |Eusts |HD| |..||:||:|s |F'. P pan. [Wp)
SIMULATE.. REPORT... COS5TS... | 0E212 00098 4=8<100
SIMULATE.. REPORT... CO5TS... | 0E212 00038 4=8:100
SIMULATE.. REPORT... CO5TS... | 0E212 0.0038 4=2=100
SIMULATE.. REPORT... COSTS... | 0E212 00086 4=7=100

It shows a screen where the results of the system time simulation appear in 8 tabs (and the 9™
tab if multiperiod optimization was selected).
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In the default tab (Hourly Simulation) the system is simulated throughout all hours of the year.
You can change the way the results are displayed by clicking the tabs at the top.

“Hourly simulation” tab.

1l SIMULATION =15

Hourly simulation | Hourly values separately | Monthly and Annual fyverage Power ] tdonthiy Energy 1 Annual Energy | Hydiogen-detailed | AC Generator-detailed | 'water load ] MLILTIPEF!IDD]

Simulation of 1 year, all the years the same.

o
=

Fs
e

[
oo
T
i

[}
&
T
P

5]
&

o tn
BATTERY BANK ENERGY (MWh)

)

=
T

POWER (MW) /E. Water tank /E. H2 tank (MWh)
(2]

o

o 3 6 o
17 January
Fi— S
POWER COMSUMED OR SUPPLIED [Mw]) = B ’!: SeeOver  Daps display
i v Plim Charge
v [ Batter bank Discharge v o BATTERY ENERGY (Mwh]
r r [~ : [~ Electrolyzer & s0C
- - [ E. max disch. bt ™ E.H2tank HHVHZI P R [ P1 5 S0C Enits
¥ Export Energy ¥ Battery bank Charge r ™ P critical Gen. [ Cap. Max.
™ E.t v FC T8
™ - r = DU I P critical Fuel Cel [~ SOC setpoint Gen.
Wind Turb.
r v e r [~ SOC setpoint FC
T et P I ¥ E bought to AC grid [V Praax -
AC G 1{ E sold to &C grid P
[ P, input lmverter O - F.fn:j';:; B Sl a1 P [~ H2 TANK setpaint [HHY H2) SOL@A| | V- i
Sirmulation step (min): |60+ 2 Back Save data: &l «|h  Save Simulation Data |

COMPOMENTS: P generator of 70 Mwp [100% PYHT: tlope 358, azimuth 02). Batteny bank of 5 kwh Inverter of 5 ki,

STRATEGY: There iz no load consumption -> no contral strategy related to the load consumption supply. SOC min.: 10 %, Contral variables for grid-connected batteries: charge batt. [only from renewable,
ot from grid) if price of E. [zell] is lower than 0 £/MWh; disch. batt. (load + injecting to the arid) if price E. [zell] is higher than 0.11 £/Wh

The whole load iz covered all the hours of the year

The simulation is seen during 1 year in the time steps that have been used in the optimization
(except if the lead-acid battery model is Schiffer, then, the simulation is seen during the life of
the batteries).

You can change the simulation time step (under the legend, left):

Simulation step [min ] |60 vl

For example, changing to 4 minutes time step, after several seconds it is updated:
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1 SIMULATION - ol x|

Hourly simulation | Howly values separately | Monthly and Annual Average Power } tdonthly Energy I Annual Energy ] Hydrogen-detailed | AC Generator-detailed | “water load ] MULT\PEHIDD]

Simulation of 1 year, all the years the same.

S

no@
=

&

=
T
S

&

r a th
BATTERY BANK ENERGY (MWh)

N N ]
o th & @ en

=
T

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

0 0 3 21 0
2 January
] o L
POWER COMSUMED OR SUPPLIED [Mw) By e F SeeOver  Days display
R v [~ Plim Charge
v [¥ Batter bank Discharge BATTERY ENERGY (Mwhi
I I— r " Electrolyzer [~ P2 5 soC
r r I E.max disch. batt [~ E.H2tark HHVH2) ¥ B [ P1 ¥ SOC limits
Tl Eop By v Battery bank Charge r - [” P ciitical Gen. [~ Cap. Max.
E.h Iy FC i
] - \: T - @ [™ P oritical Fuel Cell [~ SOC setpoint Gen.
r ~ - . r [ SOC setpoint FC
[~ ‘wWater P r [¥ E bought ta AC grid W Praax
ater Pump .
AC G b
I~ Prax. input lreerter r — P‘:nr;:l;:;. b B saldto AL gid b s [~ H2 TANK setpoint [HHY HZ) SOC[0A) | T fll charge
Simulation step [min.): - 3 Back Save data: |all w|h  Save Simulstion Data |

COMPOMENTS: P generator of 70 MWp [100% PVY#1: slope 352, azimuth 02). Battery bank of 5 Mwh. [reerter of 5 My

STRATEGY: There is no load consumption -» no control stiategy related to the load consumption supply. S0OC min. 10 %. Control variables for giid-connected batteries: charge batt. [only from renewable,
not from grid) if price of E. [sell] is lower than 0€/kWh; disch. batt. [load + injecting to the arid] if price E. [sel] is higher than 0.11 £/kwh

The whole load is covered all the hours of the year

By default, the 1-day display appears. We can move throughout the year with the scroll bar
below the graph. You can also see more than one day at a time, putting the desired number in
the box on the right (Days display). Below the graph are the names of the represented variables,
with their own colors. They can be activated or deactivated with their box. Some variables are
disabled, that is because there are variables that the system has not used (for example, if there
are no wind turbines, the energy produced by them, which would be represented by the "Wind

turbines” curve is disabled).

The power consumed or supplied of all elements of the system refer to the left axis of the graph
(power, MW). The state of charge (SOC) of the batteries refers to the right axis (energy in the
battery bank, MWh).

In the case of consumption of H2, the energy of the H2 tank in each moment (MWHh) is displayed
(referred to the left axis), converted to energy by multiplying by the available H2 ton at each
moment by 39.4 MWhlt, this value being the H2 HHV. In this case the value of the variable
H2TANKSstp, also converted to MWh, is also shown, in the left or right axis depending on the
check box “R” close to the E. H2 tank (HHV H2) check box.




MHOGA V. 3.4 User’s manual 224

In the case of water consumption, it is shown the necessary power of pre-pumping (from the

well or river to the reservoir or tank) of the consumed water at any moment.

The value of each variable is represented for each time step. For example, if the time step is 1
h and for example on January 1st at 0 h the AC generator supplies 0 MW and at 1 h supplies 20
MW (ie 20 MW for 1 h), this is represented by a ramp, which leaves from 0 MW to 0 h and
reaches 20 W at 1 h. It must be clear that in the example what actually happens is that from 0 to

1h the generator supplies 0 W and from 1 to 2h the generator supplies 20 MW.

Total consumption is the sum of the electric consumption AC + DC + consumption of H2
(converted to HHV of H2) + water (converter to power previously pumped). You can view each
type of consumption separately by selecting their respective boxes.

With respect to "E H2 tank (HHV H2)", for each hour the energy value of the H2 tank (MWHh)
is displayed at the beginning of the hour (if the adjacent “R” checkbox is not selected, it will be
shown in the left axis, if “R” is selected, it will be shown in the right axis). It can be observed
that if in one hour the electrolyser has worked generating H2, the energy of the tank increases
in the next hour. If in an hour there is H2 consumption of the tank, used by the fuel cell or by
external consumption of H2, in the next hour the H2 tank energy will fall. In one hour there
may be H2 consumption and at the same time H2 generation in the electrolyzer, so the tank
energy in the next hour will vary depending on which one is greater.

The value represented in the water reservoir or tank is that of the energy that has been needed
to pre-pump the water that is stored at the beginning of that hour in the reservoir or tank (if the
adjacent “R” checkbox is not selected, it will be shown in the left axis, if “R” is selected, it will
be shown in the right axis). If there is water consumption, at the end of the hour (the beginning
of the next hour) it is observed that the energy of the water tank decreases. If there is pumping

for one hour, at the end of this (beginning of the next hour) it increases.

The value represented in "E sold to AC grid" is the energy injected into the AC grid (energy
that cannot be used in the system). “Pmax” adjacent checkbox shows the maximum power that
can be sold to the AC grid. If you have chosen a Net Metering option, only the energy injected
into the network is represented until the accumulated sum (annual or monthly) is the maximum

that can be used so that the net balance (energy or economic, depending on the case) is zero.

Regarding the SOC of the batteries, if during one time step there is net charge of the batteries,

in the next time step the SOC grows, whereas if there is net discharge, in the next hour the SOC
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decreases. Note that if there is no load or discharge the SOC decreases slightly due to the self-
discharge coefficient of the batteries.

In the case that some value of the represented variables has its maximum very high, the rest of
the values may be too small (this can happen mainly with E H2 tank, Water Tank and H2 TANK
setpoint values). In that case, deselect the box corresponding to that variable to better observe
the other variables.

The following figure shows the 10-day display.

1l SIMULATION (=] F59

Hourly simulation ]Hourly values separately | Monthly and Annual Average Power } tdonthly Energy ] Annual Energy ] Hydrogen-detailed | AC Generator-detaled | “w/ater load } MULTIPERIOD }

Simulation of 1 year, all the years the same.
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= [2s)
e 10
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0 1 = .. 1 r ¥ L8 T g
1 2 3 4 5 [ 7 8 9 10
January
Kl o oo
POWER COMSUMED OR SUPPLIED [Mw/] ey i F SeeOver  Days display
8 I [~ Plim Charge
¥ [¥ Batter bank Discharge — o BATTERY ENERGY (Mwh]
- r r : [~ Electralyzer ¥ s0C
r r [~ E. max. disch. batt. [~ E.HZtank HHYH2) " R [ P1 ¥ SOC limits
¥ Export Energy [¥ Battery bank Chaige r [~ P ciitical Gen. [ Cap. Max.
] - r :: E.ta supply FC [ P critical Fuel Cel [~ SOC setpoint Gen.
Wind Turh.
r r e fut . m [~ SOC setpaint FC
I ‘water Pump r W E bought to AC grid W Pmax
AC G t i
™ Prazx. input Inverter a - P‘:n:‘:h;:r: il & selio AT e 7] (e ™ H2 TANK setpaint [HHY H2] SOC(0]| T full charge
Simulation step [min.): - [3 Back Save data: |all v|h  SaveSimulation D ata |

COMPOMENTS: P generator of 70 Mwp [100% PVWH1: slope 358, azimuth 0%). Battery bank of 5 Mwh. Inverter of 5 MWa,

STRATEGY: There iz o load conzumption -» no control strategy related to the lbad consumption zupply. SOC min.: 10 %. Control wariables for grid-connected batteries: charge batt. [only from renewable.
not from grid) if price of E. [zell] iz lower than O£/ h; disch. batt. load + injecting to the grid] if price E. (zell] iz higher than 0.11 £4dwh

The whole load is covered all the hours of the year

The two buttons on the right side show the battery SOC and the time since the last full charge
of the batteries.

By clicking on the "SOC (0-1)" button it displays the following screen (after changing the
display days to 30), which displays the state of charge of the batteries for 30 days. At the bottom
the number of cycles for each depth of discharge interval (DOD) over the entire year is shown.

Next figures correspond to a project different from the previous figures.
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5* Graph

SOC batteries

Y

January

3 Back

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 283 29 130

r

Cycles 0-16%D0D0: 306: 15-26%D00: 54; 25-35%000: 9; 35-45%D00: 10: 45865000 2: 85-65%000: 1: 65-75%D0D: 1: 75-85%0D00: 1; 85-100%00D: 0

30

Days displ.

By clicking the "T. full charge" button the following screen appears, in which 100 days are

displayed. The number of days since the last complete charge (SOC> 0.95 by default but can

be changed on the battery screen) of the batteries (green curve) and the number of complete

cycles (blue curve) are displayed.

# Graph /

(=] [

Days and full equivalent cycles since last full charge (SOC>0.95) in order to start the generator

A A A A A A A A A

January - April

Days since last full charge | Full squivalent cycles since last full charge |

[ BAck

DR
Days displ.

Below the simulation chart, it informs about the components and the control strategy. It also

informs of the months and specific days in which the demand load could not be covered in full.

“Hourly values separately” tab:

This tab shows the hourly values for the different energies of the system, each in a different

graph.
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Hourly simulation  Houry values separately | Manthly and Snnual &verage Power ] ranthly Energy } Annual Energy ] Hydrogen-detailed ] AL Generator-detailed ] “water load

HOURLY POWER DURING THE YEAR (MW}, ENERGY IN (MWWh)

Total Load PV Generator Wind Turbines
i B 0§ &8 & & 8 ¢ 404---- e AR i B B & & &8 ¢
0 : 0
A 201 A
T T r T - 0 T T T T r
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 3,000 0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000
Hydro Turbine AC Generator Export
0 R B 0 " R R B
T T T T T T T T T T T T T T T T
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 3,000 0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 3,000 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000
Fuel Cell Electrolyzer Energy (HHV of H2) in H2 tank, end of the month
0 — T 1 0 — 5 1 z
T T r T r T T T - r
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 3,000 0 1,000 2,000 3,000 4,000 5,000 5,000 7,000 3,000 0

Battery bank Charge

R IR

Battery bank Discharge

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 3,000 0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 3,000
Unmet load (by the standalone system) Purchased from AC grid
U RS R R L R R R
0 1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000 0 1.000 2.000 3.000 4.000 5.000 §.000 7.000 8.000

} T T T T T T T T
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000
Sold to AC grid
30
20
10

0
0 1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000

MULTIPERIOD

Simulation step (min.): |60 =

Back

“Monthly and Annual Average Power” tab:

Save datar |4l

| h  Save Simulation Data

This tab shows, for each month (1 to 12) and for the total of the year, the average values of

power (MW) supplied by the different technologies (stacked bars) and average values of load

power, unmet load and energy purchased and sold to the AC grid (in fine columns, without

stacking).

Hourly simulation

(M)

Average Power

Hourly values separately  Monthly and Annual Average Power

Monthly Energy I Annual Energy ] Hydrogen-detailed ] AL Generator-detailed ] ‘Water load | MULTIPERIOD

MONTHLY AND ANNUAL AVERAGE POWER (MW)

T -
G -
5 -
4 -
3 -
2 -
1 -
0 T T T T T T T T T
1 2 3 4 5 6 T 9 YEAR
Month
PV gen. I Wind T O Hydro T./ TEG M AC Gen. X Fuel Cell [ Total Load
[ Unmet load [l E. bought to AC grid Bl E. sold to AC grid [l Electrolyzer

Simulation step [min.). |80 =

“Monthly Enerqgy” tab:

Back

Save data [All

+|h  Save Simulation Data
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This tab displays for each month (1-12), monthly energy values (GWh).

Hourly simulation ] Hourly values separately ] Monthly and Annual dverage Power  Monthly Energy lAmnua\Energy ] Hydrogen-detailed ] AL Generator-detailed I ‘water load | MULTIPERIOD

Total Load

MONTHLY ENERGY (GWh})
PV generator

Wind Turbines

o

Energy in battery bank at the end of the month

0.

0.

0.

00—
000
000

et

Energy purchased from the AC grid

T
2 4 [ 8 10 12

Simulation step [min.). |B0

“Annual Enerqgy” tab:

Save data: |4l

Back

|k Save Simulation Data

This tab displays total annual energy (GWh) for each component

Hourly gimulation } Hourly values separately } Monthly and Annual Average Power I Monthly Energy  Annual Energy ]Hydlogemrdetailed ] AL Generator-detailed | Water load MULTIPEF\IDD]

100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10

Energy [GVWh)

TOTAL ANNUAL ENERGY (GWh)

PV GEN.

Charge BAT. Disch. BAT.

Simulation step [min.); |60 =

Back

Save data |Al v |h  SaveSimulation Data
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Hydrogen - detailed tab:

Values of hydrogen consumed and generated for each month, in t and GWh energy, are
displayed. Also, hydrogen values accumulated in the tank or sold at the end of each month.

(The example figure of this simulation corresponds to a system different from the simulation

seen before).

Huouly simulation | Hourly values separately | Monthly and Annual Average Power | Monthly Energy | Annual Energy  Hydiogen-detailed | AT Generator detailed | Wiater load | MULTIFERIOD

MONTHLY H2 CONSUMPTION AND PRODUCTION (t). H2 STORED IN TANK OR SOLD AT THE END OF EACH MONTH

= = e W e 1140
o bR --F120
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[_1H2 load [ H2 produced by Electrolyzer

[ H2 consumed by Fuel Cell (from Tank}) I H2 consumed by Fuel Cell (extemnal H2)

e H 2 stored in tank / sold at the end of the month

MONTHLY ENERGY PRODUCED BY FUEL CELL AND CONSUMED BY ELECTROLYZER (GWh)
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Month
‘I:I Energy generated by Fuel Cell [ Energy consumed by Electrolyzer I

AC generator - detailed tab:

Showing details on consumption and AC generator power. (The example figure of this

simulation corresponds to a system different from the simulation seen before).

Hourly simulation 1 Hourly values separately ] Manthly and Arnual &verage Pawer I Manthly Energy ] Annual Energy ] Hydrogen-detaled ~ AC Generator-detailed W\I\u’ater load 1 MULTIF‘EHIDD]

AC GENERATOR MONTHLY FUEL CONSUMPTION (x1000litre)
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Energy (G¥wh)
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Ionth

HOURLY FUEL CONSUMPTION BY AC GENERATOR (x1000litre) HOURLY ELECTRICITY GENERATED BY AC GENERATOR. (MWh)

H2 stored in tank or sold (t)

___________________________________

Fuel Consumption
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Water load tab:

In the case that there is water consumption which has previously been pumped to water tank
from river or from waterhole, it shows the values of consumed and pumped water for each

month, in m3 and GWh of energy as well as water accumulated in the tank at the end of each
month. Also shown are the hourly values throughout the year separated. (The example figure

of this simulation corresponds to a system different from the simulation seen before).

Hourly simulation ] Hourly walues separately ] Monthly and Annual Average Power ] tonthly Energy ] Annual Energy ] Hpdrogen-detailed ] AL Generator-detailed  Wwater load |MULTIPEHIDD}

MONTHLY WATER LOAD AND PUMPED (dam3). WATER STORED IN TANK AT THE END OF EACH MONTH

Water in tank {dam3)

Month

Il \V/ater Load I Water Pumped I Water Turbined
VWater in tank at the end of the month

MONTHLY ENERGY OF

E Water in tank (GVWh)

Month
Hourly Water Load (dam3) Hourly Water Pumped (dam3) Hourly Water Stored in Tank (dam3)

40
20
20 |
10
0

Hourly Energy of Water Load (MVWh) Hourly Energy of Water Pumped (MVWh) Hourly Energy of Water Stored in Tank (MVWWh)

O = R e

0

0 1,000 2,000 3,000 4,000 5,000 000 7,000 &000 0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8000 0 1,000 2,000 3,000 4,000 5000 6,000 7,000 8,000

Save simulation data:

The time data represented can be exported to a file by pressing the "Save Simulation Data"
button. If a multiperiod project is shown, the data to be saved will be the data of the year

shown in this moment (you can change the year with the box of the simulation screen

Simulalion multiperiod vear: -

).

You can save all data used in the simulation or in higher
9 Save data:

All
Steps of B min

temporal intervals (if the interval is greater than the one used in

the simulation, the average of the values of that interval is Steps of 15 min
Stepz of 30 min
performed). They are stored in rows (one row for each time g:em DII: 12::
eps 0
interval), in each column the different results of the simulation. EEEEE EE iﬂ

You can choose to save as an Excel file (.xls) or as a text file (.txt). In case of saving as an
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Excel file, once saved, if we open the file with Microsoft Excel, it reports a message, you must

answer “Yes” and it opens correctly.

In Microsoft Excel, you should save the Excel file as xIsx format (in Excel, use “Save As” and
choose file format “xIsx), then the next time you open the xIsx file Excel will not ask you any

question.

After the simulation (one time step in each row), the Excel file displays the monthly and annual
total values of different energies, and the total values of purchase and sale energy to the AC grid
(energy, costs and incomes). Total values also appear for the different time periods defined in
the PURCHASE/SELL tab in the LOAD / AC GRID screen.

[l c o E F 5 H | 1 3 L M N o ¢ a R s

o1 o
0 2108
0s EEEE)

0s 1805
0 198

0
0
[ 0
[ (]
[ 0
[ 0
0
o

0
o7
o7

2 = 0.0 85
3 72 02

Below is displayed the number of cycles for each case depth of discharge (DOD) conducted by
the batteries, using the method "Rainflow" or cycle counting.

If there are days when the whole load is not covered by the standalone system (there is energy
not served by the standalone system, which will be purchased from the AC grid if there is AC
grid and the purchasing is allowed), the days when not all the energy is covered by the

standalone system are shown later.
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3813

3814 | CYCLES OF CHARGE-DISCHARGE OF BATTERIES DURING 1 YEAR:

3815 Range: 0-15%DOD  15-25%DO0OD 25-35%DOD 35-45%DOD 45-55%DOD 55-65%D0OD 65-75%D0OD 75-85%DOD 85-100%DOD
1816/ Cycles: 326 33 o o o o o 1 o
3817

3818

1819 MONTHS WITH UNMET LOAD (NOT ALL THE LOAD CAM BE COVERED BY THE STAND-ALONE SYSTEM):
1820|December

3821

3822 MONTHS WITH UNMET LOAD (NOT ALL THE LOAD CAN BE COVERED BY THE STAMD-ALOME SYSTEM):
1823 |December, day 27

1824 |December, day 28

3825 December, day 29

1826|December, day 30

1827 |December, day 31

1828

3829

4.4.2. Simulation in the case of multiperiod optimization.
If multiperiod optimization was selected (main screen, menu Project-> OPTIONS), an extra tab

(MULTIPERIOD, last tab) is shown in the simulation screen. This tab will show the results of
the energy of the different years of the simulation:

1 SIMULATION = ol x|

Hourly simulation | Hourly values separately | Manthly and Arnual Average Power | Monthly Energy | Annual Energy | Hydrogen-detailed | AC Generatordetailed | Waterload  MULTIPERIOD }

MULTIPERIOD SIMULATION. ENERGY DURING EACH YEAR (kWh)
Total Load PV Generator Wind Turbines
15004 oo AHAT I 2000 {[[THIN ; BN H ; ;
1,000 o
- 1,000
L e S an u o T - T T T T T T
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
Hydro Turbine AC Generator
0 0———
1'0 1‘5 ZID 2‘5 é 1'0 1'5 ZID 2‘5
Fuel Cell Electrolyzer
) NN SN N R | N_— d d d i Save Multiperiod data
T = s = 2 T = i & =
Elaltery bank Charge Battery bank Discharge Hydrogen tank cap. or H2 sold (kg)
1,000 800 7 ; ; ;
| | 800 : : : :
400 0
200 ' '
0 T T T T T
5 15 5 10 15 20 25 5 10 15 20 25
Unmet load (| bylhe standalnne syslem) Purchased from AC grid Sold to AC grid
o}—— 0
1b 1'5 ZID .25 é 1'0 1'5 ZID 2‘5 EI 1b 1‘5 2‘0 2‘5

Simulation step (min ] {60 Simulaltion multiperiod vear. |Average v Save data: [All v |h  Save Simulation Data

COMPONEMNTS: P generator of 2400 Wi (100% PY#1: slope BO0°, azimuth 0°). Battery bank of 18720%h, Inverter of 16004,

STRATEGY: LOAD FOLLOWING. SOC min.: 20 %

Months when it is not supplied the whole load by the standalone system: January November December

Days when it is not supplied the whole load by the standalone system: 171 2/1 371 4/1 541 /1 7/1 841 941 1041 1171 1271 1371 1441 1541 1641 1771 1841 194 2041 214 221

| | 2l

By clicking in the button “Save Multiperiod data” (middle right zone of this tab) you can save
the Excel file with the annual data of the different variables involved in the multiperiod
simulation.

In the saved file you can see the annual values of energies, costs (cash flows, not present values),

emissions, etc.
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B8

EEEE

10839

11157 11157 100 100

11268 1268 100 100

15495 11855 100 w0
1161 1181 100 100

LIE43 11843 100 100
11281 11361 100 100

12202 1202 100 100
1324 L3 100 1

§

g
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s s 100 100
136,97 1657 100 10

The rest of the tabs, when simulating a multiperiod projects, show the year selected in the box

Simulaltion multiperiod year: g -
under the graphs: {—"

4.4.3. Simulation in case of probability analysis.

If we performed the optimization with the option of probability analysis, in the simulation
screen is will be displayed the case that we have chosen on the screen of probability analysis

(see next figure and end of section of probability analysis).

In the zimulation, show the case obtained with the following data;
Load: Irradiation: Wind Speed: W ater flow:

Average - Average - Average -

Lide hourly wvariability

Awerage + Std, Dey,

Average + 35td, Dew,
In Awerage - Std. Dev. in the last two charts, show the probability distribution of;

-"-"-VBTGEIB - 35td. Dew. L T T U N O |

By clicking on "SIMULATE", the N series are calculated and also other 5"umber_of_probability
-variables additional series (characteristic cases, combinations of average, average + Std. Dev.,
average + 3Std. Dev., average - Std. Dev, average - 3Std. Dev. of different variables taken into
account in the probability anaylsis), where number of probability variables is the number of
variables included in the probability analysis (this is a number between 1 and 4, the variables
can be load, solar irradiation, wind speed and water flow or fuel price inflation). For example,
if the number of series for the probability analysis is set in N=500 and the variables to analyze
are load and irradiation (2 variables, 52 = 25 additional series), the total number of series
analyzed when clicking SIMULATE button are 500 (or less if the stopping criterion of the
Monte Carlo simulation was reached before the 500 combinations were performed) +25

characteristic cases.
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——
Frobability series # 136 of 500+25

Cancel

You can cancel by clicking “Cancel” button. If it is not cancelled, the results of the row are
updated with the average of the 500 series. In the simulation screen the case corresponding to
the options chosen in the probability analysis screen is shown. For example, if we have chosen
for the Load the Average + Std. Dev. data and for the Irradiation the Average — Std. Dev. data

(next figure), the simulation screen is shown below.

In the simulation, show the case obtained with the following data;
Load: [radiation;

Awerage + Std. Dev. - fverage - Std, Dew, -

Hourly simulation | Howrly values separately ] Manthly and Annual Average Pawer ] Manthly Energy ] Annual Energy ] Hydrogen-detailed 1 AL Generator-detailed | ‘Waterload | MULTIPERIOD

Prob: Irrad. Av.; Inf.F. Av.; Load Av. Simulation of 1 year, all the years the same.

|-17,000
=0 16,000
= 454 15,000
= F14,000 2
= =
=40 |-13,000 -
=
[ 12,000 &
g 35 =
E 11,000 W
3o d ol 10,000 o
5 o000 =
z2 Fa000 B
g1 7,000 o
EZU 6,000 =
& 15 Fs000 %
= f2,000
o 3,000 E
'\__\__ f2.000 @
[ SR )
|-1,000
U AN 1
0 3 3 9 12 15 18 pea| DU
1 January
L1 S
POWER CONSUMED OR SUPPLIED (Mw) - e ||: SeeOver  Daysdisplay
8 v Plim Charge
v [v Batter bank Discharge P2 BATTERY ENERGY [Miwh)
- - r . [v Electrolyzer % soc
- - [~ E. max. disch. batt ¥ E.HZ2tark HHYH2) W B [~ P1 W SOC limits
[¥ Export Energy [¥ Battery bank Charge = ™ P critical Gen. [ Cap. Max.
™ Et Iy FC iti
v - r - @ Sk ATy I~ P critical Fuel Cel ™ SOC setpoint Gen.
Wind Turb.
v r fne fur r ™ S0 setpoint FT
¥ ‘water Punp r " E bought to AC gid [~ Praax
v AL Generator ¥ E zold o &C arid W Proax . -
™ Pmax. input [nverter ™ P max. Gen g [~ H2 TANK setpaint [HHY HZ] SOC@1]] T fullcharge
Simulation step (min ] |B0 - i ‘g Save data: |4l w|h  SaveSimulation Data | Save Prob. Data

COMPOMEMTS: P generator of 70 kwp [100% PYH1: slope 352, azimuth 08, 3 « AC Generatar of 2 MYA. Electralyzer of 10 M B attery bank of 85 Mwh. Inverter of 20 MYA.

STRATEGY: LOAD FOLLOWIMG. F. lim. charge: INF kfw. P1gen: INF M. Pmin_gen: 0.6 MW, Peritical_gen: 0 . SOC stp gen: 10 %. SOC min.: 10 %,

The whole load iz covered all the hours of the year

If you click the button "Save Prob. Data", the results of the N-+5numPer probability variables garjag gre

saved in Excel format.

If you open the file with Microsoft Excel, it reports a message, you must answer “Yes” and it
opens correctly. In Microsoft Excel, you should save the Excel file as xIsx format (in Excel,
use “Save As” and choose file format xIsx”), then the next time you open the xIsx file Excel

will not ask you any question.
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The Excel shows the results for each of the N series (or less if the stopping rule is reached
before) (cases prob. numbers 0 to N-1, in the example cases 0 to 499) and for each of the cases
pnumber of probability variables (compinations of average, average + Std. Dev., average + 3Std. Dev.,
average - Std. Dev, average - 3Std. Dev. of different variables taken into account in the
probability anaylsis, cases numbers N to N-+5"umper of probability variables _1 iy the example cases 500
to 524). It also shows the minimum, maximum, average and standard deviation of each result

variable.

A ] e o [ ' ] H [ 1 E L " ) © ] a [ ] T u v w
1 [Project: sm. Feneration w1
2 COMPONENTS: P generator of 7MW |100% PVR1: siope 359, azimuth 09). 3 x AC Generator of 2 MVA. Electrolyzer of 30 MW.Battery bank of 85 MWh. Inverter of 20 MVA.
3 STRATEGY: LOAD FOLLOWING. P. lim. charge: INF MW, P1gen: INF M. Pmén_genc 0.6 MW, Poritscal_gen: O MW, SOC 5tp_gen: 30 %. 50C min. 10 %

3
5 RESULTS FOR THE DIFFERENT COMBINATIONS OF THE PROBABILITY AMALYSIS:
& Fast 500 the res gio . Mot 12 Mt pond 10 the case shown in simulation. Finally MINIMUSM, MAXIVIM, AVERAGE and STOLDEV. of the results of the 500 random series are shown:

L}
& Results comesponding bo random data series:

9 |Case prod. No. Rad.{wh/m2/day| Tambac] Tamin[3c] wind{m's| W Flow{mas or in. fuel Load{GWh/day| Totad NPC (Me] LCOE{ME/ewn) Emission{kCO2fyear)  Unmet(%) Fenew.| %}
10 ] ass 139 538 841 000 o1 7 0.268 72 [ a1
" ase 137 B a4l avET o1 198 0.289 &4 [ [TE]
12 2 4% 1.1 B a4 0005 01z 2y 0.7 ¥ [] ns
18 3 511 1236 1 e 008,07 o1 1.3 028 73 [] a1
" 4 531 w4 T 841 v o1 1.7 0.243 72 [] 0y
15 s am 147 B a4l 500037 o1 2014 0282 75 [ ”y
18 ] am 2. B a4 amay 0.1 1.7 0m 58 [] "
i 7 aas un 1 e vy onr 1517 6302 28 [ e
1" 8 500 14 FT 841 v o4 o.M 1.4 [ 823
1% 5 ase .y B a4l vt 0.1 02 54 [ "y
® ] 436 e) B a4 000,85 [F 0308 9 [] T
n 1 502 127 1 e 008,19 013 [r 0 [] LT
2 2 an 128 T 841 s 0.3 0.268 ] [] g
B a8 127 B a4l avxr 0.0 0281 a1 [ ”y
1 4 ass 1136 B a4 a7 o1 [ 108 [] [T
" " 531 128 1 e 000,11 oo 0251 44 [] ”
L % 528 17 s 841 00047 011 .25 ? o A
" ? n TR B a4l 000,68 012 03 T} [ na
" ] as 128 B a4 000,88 o oM 75 [] 224
" o 49 1.6 1 e 50007 [Th 0Im &8 ] "
» 0 5 nm B 643 5000.53 01 06 58 ] 951
n n 486 JER:] B &3 239565 o1 0287 74 0 92
7 n 501 1515 B 643 49571 51 0.265 58 ] 383
o n 47 1.5 L] 643 50001 o1 0 n ] a6
H EY s 155 X ] £43 259596 01 0.8 56 ] 954
5 3 am ET] B &3 5000.74 o1 027 &3 0 44
® E 51 1345 B 643 439528 01z D284 25 ] s
w n 436 1253 L] 643 23957 016 0.293 153 1 822
B » am ER] B £43 259557 o 08 75 ] 95
& ] c ] £ F G H ' i [ L M N [ a R 5 T u v w
s 2] 468 e 35 841 a5 008 [ $ ] o0
02 & 4 0.3 Feh 641 300 o 034 14 ] 229
513 & an 0.3 595 B41 500 o1 o3 0.5 ] wy
54 s 4 0.3 95 841 5000 0? 0937 179 3 s
515 C] a5 03 35 643 S0 (1] (£ 16 ] 363
516 L] a5 03 =8 643 S5m0 oo [E™ 28 ] 100
57 05 415 3 =35 643 0005 on 0305 74 ] %29
518 505 a3 103 F-U] 643 0005 o LT} s ] w7
518 a7 a1 03 =35 643 0005 oxr 037 s 3 s
520 03 435 n3 35 843 0005 oo 0302 45 ] 964
21 & ax 0.3 95 841 0005 008 [T 28 ] 10
o) 40 4z 8.3 95 841 0015 o 0304 74 ] 229
52 811 4z 1.3 98 841 0015 o o3 08 ] CL
[ 612 4 8.3 395 841 0005 or [r) 179 3 LT
e 61 a1 1.3 95 841 0015 0o e 46 ] 204
525 14 an w3 =35 841 0005 oo [E™ 28 ] 100
57 15 -] 03 =95 643 45995 o 0305 74 ] %29
] 15 4 03 F-1] 643 49995 o 031 s ] 7
] 617 135 13 335 543 5.5 oz 0327 s 3 s
s 613 4 03 =35 841 995 o 03 46 ] 964
531 13 an 03 735 643 5595 s a3s 28 ] 0
m &0 am 0.3 95 841 a5 o 219 0.304 74 ] 229
5 61 4 0.3 Feh 641 4.5 o1 25 o3 108 ] wy
] [ an 0.3 595 B41 s 0r nst 0 178 3 s
) &2 4z 1.3 95 841 a5 oo 20 [T 46 ] 2%
[ & am 0.3 295 841 a5 008 FTTEY [ 28 ] 200
537 vt cormesaonding to case shown in simulation
53| Case prob, Mo, R {2/ dary} Tambisc) TamiN[3c) Windimy's] WFlow{ma/s} or Inf. fued Loaci G, day) Total NPC [ LCOEME/kWh] Emissiond1C02/year]  Unmeti%) Resew. %)
539 ] 485 13 395 643 5000 on 1545 07 72 ] 922
B
541 Vatots MINIMUIM, MAXIMUM, AVERASE and STD. DEV. of each result sotained in the 500 serves:
542/ Case peoh, b Rat fmm /o) Tambisc) Taeminiv{ac) Windim's] WFlowm/s) or inf. fusd LoacEwh/day) Total WC(ME LEOEMEWh Emivuon{iiCORymar]  Unmet{%) Ronew, (%)
B3 wasEM: an 1018 mes 841 anrss .04 113965 o3t 2822 ] LY
S nxTMU 547 8.3 98 B3 500115 0189 W7.07 oM 169 2 200
proferes e 1.3 F 841 awn o 195,88 0.2% 2 031 0.5
5481570, 04V, 019 100 ] [ 85 0or 1y [t m o9 18
“

4.4.4. Simulation in the case of “Schiffer” lead-acid battery model

In the case of using the battery model "Schiffer”" (for lead-acid batteries), the simulation is
performed until the end of the lifespam of the batteries. For example, in the case of the figure

below, the batteries lifespam is 9.31 years.
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Simulation of the first 10 years. The first change of batteries is Year no. 10, April 23. Batteries lifetime: 9,31 years

1.400 ] [-15.000

1.300 1 [-14.000

1.2001 [13.000
g“””' 12,000 =
5 1.000 11,000 g
3
£ 90 1 o
i 10000 @
F 8o e ——— L o000 2
o ] ]
g T [2.000 o
= s00] w
u [7.000 &
S 5004 w
a [s.000 |
5 4001 <
=] [s.000 @

O 3004
[-4.000
200
100 [ 3.000
0 N 2.000
3 12 18 0

1/ January year 1

The following figure shows the simulation of the first 10 years (3649 days display). You can
see how in the year 10, on April 23, the maximum capacity of the battery (brown curve) has
dropped to 80% of its nominal value (9360Wh * 80/100 = 7494 Wh), indicating that battery
has exhausted its useful life and must be replaced. This day the batteries are replaced.

Simulation of the first 10 years. The first change of batteries is Year no. 10, April 23. Batteries lifetime: 9,31 years

1.400 15.000

1.3004 14.000

1.2004 13.000
gmun- 12.000 =
5 1.0004 11.000 g
3
2 ot - - | - - = - ) - ey
& 10.000 @
Z a0 2.000 =
w w
g T 8000 o
& e w
u 7000 @&
S 500 w
a s000 E
= 4004 =T
=] 5000 @

© 304
4.000
200
100 3.000
0 2000

January year 1 - December year 10
<« [ + 3649

By clicking on the buttons on the right of the screen simulation, different variables appears in

a new simulation screen:

BATTERIES ENERGY [Wwh)

@ soc

SOC limits
Cap. Max.
SOC zetpoint Gen.
- - ’ .
setpoint
Bad Ch.

[soc] [ 7. fillchage | [ Resist

- SOC(0-1): SOC of the battery bank, in per unit (in Figure 10 years displyed, 3649 days):
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# Graph

s0C

05
0,45

SOC batteries

January year 1 - December year 10

BACK |

s j3643

Drays displ

- T. full charge: Time and equivalent cycles since the last full charge

# Graph

—

—

Days and full equivalent cycles since last full charge

January year 1 - December year 10

| = Diay's since last full charge Full equivalent cycles since last full charge

3

3643

Days dizpl
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- V Battery: Battery voltage and cutting limits (in Figure 1 days display):

¥ Graph =ANC X
Battery voltage and cut limits

25

2,45 A A
2.4
2,35
2.3
2,25
= 22
2,15
21
2,05
2]
1,95
1,9

L] 12 18 0
1 January year 1
——— Battery vultage| Lower cut limit | —— Higher cut limit
4 S
[3 BACK [ aps displ.

- Capacity. Is displayed (in Figure 10 years displayed, 3649 days):

aﬁ‘Graph = | =] ﬁ

Battery max. capacity, capacity loss by corrosion and loss by degradation

January year 1 - December year 10

Maximum capacity Capacity loss by corresion Capacity loss by degradation

{ ¢ 3649

Coar limit = 0,674 4 Days dizpl.
Cdeq limit = 0,342 [3 BaCk

Batteries lifezpam = 81552 hours [9. 31 pears)

It is shown the maximum capacity in brown, with the end of lifespan when it reaches 80%, the
loss of capacity for degradation (green curve) and the loss of capacity due to corrosion (blue

curve). It is noted that, in this case, the capacity loss due to corrosion is far greater than by
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degradation. This is only taken into account by the Schiffer model and not by another model of

batteries, making it much more accurate than the other  models.

- | battery: current (A) in each individual battery is displayed (in the figure, 10 days displayed):
3# Graph E@éj

—

Current in each individual battery; | first hour discharge after full charge

35

30

25

20

1 2 3 4 5 [ T a 9 10
January year 1

| first hour discharge after ful charge

Current in each individual battery

1 CRRET]

@ BACE Days displ.

It is shown the current for each individual battery (green curve) and the discharge current for
the first hour after full charge (blue curve), very important parameter for calculating the
current factor and quantify the effect of sulfation and its degradation effect.

- Factors: factors used in the Schiffer model (in figure display 100 days):
FSOC, FI, Facid, Fplus, Fminus
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¥ Graph =RN X

Factors of SOC, of current. and acid

EH M

6|
4
2]
0
January - April year 1
= FS0C [—FI — Facid Fplus Fminusg
4 ¢ 100
@ BACK Days displ.

- Cycles: full cycles performed by the batteries (in the figure, displayed 10 years):

It is shown the cycles without weight factors (curve green) and the weight cycles (blue curve).

BK‘ Graph = | Bl |t j
Number of cycles
1.800
1.600
1.400
1.200
1.000
800
600
400
200
e,
January year 1 - December year 10
Cycles without weight factnrsl Cycles with weight factors
1 L 3643
@ BACK Dayps displ.

- Bad ch.: Number of bad recharges (not achieved 99% of SOC) (in the figure, displayed 10

years):
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riﬁ Graph — = | [Ely i

Number of bad recharges (not achieved 99%)

&

30
28|

24

20
18|
18
14]
12]

=S I )

=

January year 1 - December year 10

< b 3649

Days displ.

[ ¥

- Resist.: Resistances (charge, discharge and and corrosion layer) (in the figure, 10 years of

viewing):
¥ Graph — = | /]
Resistence of charge, discharge and corrosion layer
2]
S
E 1
[=]
0
January year 1 - December year 10
Resistence of charge, ro_C ——  Resistence of discharge, ro_D
Resistence of corrosion layer, ro_con
<[l P 3649
Days displ.
Corrosion resistence = 2 561 ohrréh

The simulation results shown in the other tabs of the simulation screen (separate hourly values,
etc.) refer to last year of the simulation.
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4.4.5. Changing Values in the Results Table.

Some values of the control variables in the result table can be changed. Although this modifies
the results obtained, it can be useful to see how a parameter affects the simulation of the system
and the different energy and economic results. For example, we can modify the resources or the
characteristics of the elements on their screens, and then if clicking on any cell if the results

table MHOGA will take into account the changes in that row.

4.4.6. Report.
Click on the “REPORT...” column in the results table to display a report for each solution.
Details are provided in the report on System Components (with a power chart), Control Strategy,

Annual Energy Balance, and NPC or NPV values (with charts).

If multiperiod optimization was selected (Project-> Options), annual values of energies shown
in the annual energy balance are the average values of all the years of the simulation. For
example, if the lifetime of the system is 25 years, in each cell of annual energies it shows the
average of the 25 years. The NPC or NPV cells show in that case the NPC or NPV obtained
considering the present costs and incomes of each year. At the end of the report, it shows the
energy of the different components during the years.

The menu at the top provides the following options: Print, Open, Save, Find, Zoom, and others.
Reports may be saved in pdf format using Adobe Acrobat and the Print option. If you have

installed in your computer Adobe Acrobat or a PDF virtual printer (for example, free software

doPDF, http://www.dopdf.com/es/), by clicking in the printer = button there appears a
window where you can choose as printer name the PDF virtual printer, then clicking in OK it

generates the report as a pdf file, which can be saved.
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When closing the report, a message appears asking us if we want to save the report in a .rtf file

(which can be open by Microsoft Word or other text processors).

Extra Report in the case of probability analysis: Only in PRO+ version
If we performed the optimization with the option of probability analysis, the results of the
general report are the average values of the results (average values of the results corresponding
to the N series of simulations performed in the probability analysis). When closing the general
report, the probability analysis report is automatically opened. Data and results more relevant
appear in graphical probability distributions.

This report has multiple pages (bottom left of the page informs where we are). Clicking on the

(0]
t0p|M41 3 b M

, we move through the different pages of the report. On the first
page there are the most important results with their probability distribution graphs. On page 2
it is reported the mean and standard deviation of the other results, and the report of the most
important results of the characteristic cases combinations (5"umper of probability variables | combinations
of average, average + Std. Dev., average + 3Std. Dev., average - Std. Dev, average - 3Std. Dev.
of different variables taken into account in the probability analysis: load, solar irradiation, wind

speed and water flow or fuel price inflation, if applicable).
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This report can be printed (a printer or PDF) in the same way as explained for the general report.
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When we close the probability report, a screen appears asking if we want to save the results of
the analysis of probability as Microsoft Excel file (same Excel file as the one which is saved

when clicking the button "Save Prob. Data" in the simulation window shown in section 4.4.2).

4.4.7. System Costs.

Clicking on the “COSTS...” cell of the result table corresponding to the row of the solution you
want to study, a report shows the cash flows of the different components of the system
throughout the years of the life of the system. In minimization of NPC projects, costs are
considered positive values (+) and incomes are considered as negative values (-); in
maximization of NPV projects, the contrary, incomes + and costs -. You can see how some
components have an income cash flow at the end of the lifetime of the system (income is
obtained by the sale of the component at the end of the lifetime of the system, with value

proportional to the remaining life of the component).

Please, note that the cost of the electricity bought to the electrical grid includes the cost of the
availability of the power.

This report can be printed (in a printer or in PDF format) in the same way as explained in the

previous section.
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Project: 1. Solution # 1

BLUE: O&M. Currency: M£,

TOTAL MNPY: 68.683 M€
3

2
1
0

002 4 6 810 13 16 19 22 25
Total Cost of PV Generator (WPV): -68.54 M€

u
-20
-40
-60

Total Cost of Hydro (MPV): 0 M€

024681 13 16 19 22 25

Total Cost of Inverter (MPV). -0.684 ME

0
0.2 I
0.4 I

0246 810 13 16 19 22 25

Total Cost of Electralyzer (MPV): 0 M€

024681 13 16 19 22 2

Total Cost of H2 Tank (MPV): 0 M€

0246810 13 16 19 22 25

Total Cost of External Fuel for FC (NPV) 0 M€

0246 810 13 16 19 22 25

N memme |

I[] I2|4|E5|81|[] I1I3I I |1|8I I I1|9 2|2 2|5
Total Incomes of E sold to AC grid (NPV). 155.755 M€

Distribution of Incomes (+) and costs (-), NPV, during the years. RED: acqu. costs, replac. costs and incomes for final sale.

Total NPV: 68.683 M£, IRR =14.4 %. Inversion cost: 77.5 M€, Loan of 100 %, int. 7% in 25 yr., quota: 6.65 ME€/lyr.

Financial Cost (NPV): initial payment + annual guotas:-77.5 ME€

U
-2
4
-6

0246810 13 16 19 22 25
Total Cost of Wind Turbines group (MPV): 0 ME

I0 I2:‘-1|5|81|0 I I1I3I I I1IGI I |1|9 2IE 2|5
Total Cost of AC Generator (MPV): 0 M€

IU I2:!1IESIEE1IU I I1I3I I I1IEI I |1I9 2:2 ZIS
Total Cost of Batteries Bank (MPV): -2.339 M€

0
I I ]

-1

0246810 13 16 19 22 25
Total Cost of Fuel Cell (NPY): 0 ME

IU |2:4|8|81|[J I |1|3| I I1IGI I |1|9 2|2 2|5
Total Cost of AC Gen. Fuel (MPY) 0 M€

I[J I2|4|5|Ei‘1|£] I |1|3| I I1IEI I |1I9 2|2 2IE
Total Cost of E purchased from AC grid (MPV). 0 M€

I[J I2|4|E5|81|[] I1I3I I |1|8I I I1|9 2|2 2|5
Total Incomes of HZ sold (NPV): 0 M€
|

When you close the report a screen appears asking if you want to save the results of the cash

flows in the form of Microsoft Excel.

Save Data

]

Do you want to save cash flow?

Si
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If you click “Yes”, you save the file and, when you open it, the cash flow of costs (+ or -,
depending on the project type) and incomes (- or +) of the years of the system lifetime are shown
for each component, and also for purchasing or selling energy from the AC grid, etc. For each

cost or income, for each year it is shown the cash of the year and the actualized cash (NPC or

NPV). Also, total values for each component and for each year are shown.

In Microsoft Excel, you should save the Excel file as xIsx format (in Excel, use “Save As” and
choose file format *“.xlIsx”), then the next time you open the .xIsx file Excel will not ask you any

question.

4.5 Zooming on Charts.

The “zooming” option is available for the graphical data on algorithm evolution, Pareto
representation, simulation, load, and resources (irradiation, wind and hydro). Draw a window

with your mouse over the area to be enlarged (click from top left to bottom right).

To undo the zoom window, click and drag from bottom right to top left.

4.6 Save project as the default project.

Once we have calculated a project, we can save it as a default project, so that from then on

when a new project is created, it will be created based on this project.
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1l Project: D:\PROYECTOS IHO
Project Data Calculate Datal
O Mew

[& Open

E Save Ctrl+5
ﬂ Save as

Save as Default Project

OPTIONS

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

B exit

You can save another project as a default project later.

4.7 Sensitivity Analysis.

If the sensitivity analysis is performed, i.e. if cases have been entered on the sensitivity analysis
screen, MHOGA calculates each sensitivity analysis project, i.e. each combination of sensitivity
analysis cases. For example, if we have fixed 3 cases of wind, 2 of irradiation, 3 of load, 2 of
interest and inflation, 2 of fuel price inflation of generator AC and 3 of prices of components,
the number of sensitivity analyzes (the number of optimizations) that MHOGA will perform is
3X2x3x2x2x3 = 216 projects.

The figure below shows the results of the optimization in which the number of optimizations
(sensitivity analysis number) is 6. Upon completion all the sensitivity analysis, it is shown in
the table of results the results of the analysis No. 1 (the basis of all cases), next figure.
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¥ Project: DAZm.mho

Project Data Calculate

+ LOAD /ACGRID

RESOURCES

~f SOLAR
~ WIND

COMPONENTS
o P GEM.

~+f WIND TURE
+ BATTERIES
«f IMYERTER/CHAR

f BACKUFGEN. |

Data Base

Report  Help

GEMERAL DATA | OPTIMIZATION | CONTROL STRATEGIES

M biecti € ensitivil Ty

FINANCIAL DATA RESULTS CHART

No. 1. Total No. of cases evaluated: 360. Time: 15"

Tatal Cost (NPC) (M€)

Solution # (sorted from best to worst)

w HZ[F.C. - Elyzer)

‘water Pump in Load/4C grid

DC Valtage |1 Ky [T 50Cd
ACVoltage 200 KV

PRE-SIZING

Energy starage: ,1_ dapz auton.
[~ Max bat. parallel -» Cn min.

[ Max Py gen. parallel -> P min.
[ Max'wind T. parallel -> P min

[~ MarAC Gen. parallel -> Pmin

Sensitivity Analysis
Frobahility Analysis

45 CALCULATE
REPORT

|Sensitivity Analysis # 1 j

[ Show diagram

|wind.1: 6.43m/s | [Rad.1: 4.85kwh/m2 ~|[Load.1: 0.11GWh/day x| [(-00: 72-2%

jllnf.FJ:Base

lelJ: wl a1 a1 a1 j

No. | Total Cost (NPC)ME|Emission (+C02/) [UnmetiGwhyn | Unmetz) | D.aut | CrtwhlAFpy+Pwi] Reniz) [LODE £ kwh)

mulate Report A

0 10232 27.93 0.3m 06 INF
1 102.682 27.86 0.3m 0E INF
2 104.112 27.82 0.3m 0E INF
3 105.939 28.43 0 0 INF
4 106.309 28.35 1) 0 INF
5 107.429 27.49 0.30m 06 INF
E 107.739 28.32 0 0 INF
7 107.825 27.42 0.3m 0E INF

<

1]

o oo aooaoo

E1.5
E1.E
E1.7
E1.5
ELE
E1.2
E1.7
E1.3

014

014 SIMULATE..
015 SIMULATE..
015 SIMULATE..
015 SIMULATE..
015 SIMULATE..
015 SIMULATE..
015 SIMULATE..

W REPDRT
REPORT...
REPORT...
REPORT...
REPORT...
REPORT..
REPORT...
REPORT...

>

(014 €/kh)

Sensitivity Analysis Summary |

COMPOMENTS: PV gen: PA10- (20 Mwip)e 7 (1003 PVET: slope 358, azimuth 0%) /4 B atteries BatShwh (5 kah] Tz 2 1p /7 4 w AC Gen. Dissel2b\Ww 2 bva, /1
wiind Turb, w/indT1(2 Mw at 14 m/z) /¢ Electraliz. Elpzer] 0w of 10 b 47 Inverter [ny-Chati of 5 MYA 47 Unmet load = 0.6 % /7 Total Cogt [MPC) = 102312 ME

STRATEGY: LOAD FOLLOWING. P. lim. charge: IMF. P1gen: IMF. Prain_gen: 0B M\, Poritical_gen: 0 M, S0C setpoint_ger: 10 %, SOC min.: 10 % H2ZTANK atp.:
tHZ.

Save Excel table

We can see the results of any other analysis by selecting the number of analysis down or

selecting each individual case analysis variables. For example, in the following screen it is
selected Sensitivity Analysis # 3 (corresponding to Wind.1, Rad.1, Load.1, (I-g) 1, Inf.F.3, Pr.1,

and results are shown in the table (next figure).




MHOGA V. 3.4

User’s manual

249

GEMERAL DATAI OFTIMIZATION | CONTROL ETRATEGIES ] FINANCIAL DATA RESULTS CHART

Mono-objective optimization. Sensitivity analysis Ho. 3. Total Ho. of cases evaluated: 360. Time: 15"

Total Cost (MPC) (ME)

C 02 Emissions (ktiyr)

Solution # (sorted from best to worst)

|Sensilivil_l.| Analysis # 3

[

[~ Show diagram

|wind.1: 6.43m/s ~||Rad.1: 4.85kwh/m2 _~||Load.1: D.11GWh/day »|[0-g)1: 7%-2%

=|[infF.3: 1%

j|Pr.1: #1 x1 x1 x1 j

No._|Total Cost [NPC)ME|Emission (kiCO2/y] [UrmetiGiwh/u | Unmet(z)| D.aut |Crfwh)/iPpv+Pwil| Reniz) |LCOEEAWh]_|Simulate | Report
0 76.991 27.93 0.301 08 INF GE 0.11 SIMULATE.. REPORT...
1 77.44 27.86 0.301 06 INF 0 B 0.11 SIMULATE.. REPORT...
2 78.907 27.82 0.301 08 INF 0 B17 0.11 SIMULATE.. REPORT...
3 80.069 28.43 0 0 INF 0 B85 0.11 SIMULATE.. REPORT...
4 80.518 28.35 0 0 INF R 0.11 SIMULATE.. REPORT...
5 81.888 27.49 0.301 06 INF 0 B2 0.12 SIMULATE.. REPORT...
g 81.985 28.32 0 0 INF 0 B7 0.11 SIMULATE.. REPORT...
7 82.358 27.42 0.301 06 INF 0 613 0.12 SIMULATE.. REPORT...

£

~

[0.11 £/Kwh)

OtH2.

COMPOMEMTS: PV gen: P10 (20 Mwp)s 7 [100% PYH1: slope 352, azimuth 0°] /4 Batteries Batbbwh (5 kah) 1s 2 1p. /4 4 2 AC Gen. Diesel2bw 2 Mya, 241
"WwWind Turb, WindT1[2 MW at 14 mds) ¢ Electroliz. Elpzer] Ok of 10 M 27 Inverter Ir-ChBkW of 5 MYA A Unmet load = 0.6 % /¢ Total Cost [NPC) = 76.991 ME

STRATEGY: LOAD FOLLOWING. P. lim. charge: IMF. P1gen: INF. Prain_gen: 0.6 M. Peritical_gen: 0 MW SOC setpaint_gen: 10 %, SOC min: 10 % H2TANE stp.
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4.8 Summary of the sensitivity analysis.

Once the sensitivity analysis is done (once all optimizations have been performed, one for each
combination of sensitivity analysis cases), by clicking on the "Sensitivity Analysis Summary"
button on the main screen (bottom), it is shown, for each sensitivity analysis, the optimal system

found.

For example, the following figure shows the summary of the sensitivity analysis of a project in
which the number of sensitivity analysis cases is 6. A graph that represents the NPC (red, based
on the left vertical axis) and CO2 emission (green, based on the right vertical axis) for each
number of sensitivity analysis is shown. Below the chart there is a box where you can choose
other representation. Below there is the summary text of the best solution found for each
sensitivity analysis.

VW Sensitivity Analysis Summary - O X

NPC/{NPY and CO2 Emissions of the best solution found for each sensitivity analysis

TOTAL NFC / NPV (M€)
-
]
"
€02 EMISSIONS (ka/yr)

Sensitivity analysis #

Display in graph:

[ Back @ NPCand COZ emissions (NPT () COZ2Emissions () CO2 Emissions-NPC () Unmatload - NPC REEail

Save Exce Save Word

Best solution found for each sensitivity analysis:

SEMNSIT. ANALYESIS #1 (Rad.1: 486kvh/me; Load. 1. 0GWh/day: (FgE)1: 7%-3\3%; IntF.1:Base; Pr.a:x1 x1 «1 x1):
NP = 68.663 ME. CO2 Emissions = 1.943 kifyr. Unmetload = 0 Giwhiyr (0%). IRR = 14.38 %. Investment = 77.5 ME. LCOE = 0.074 £/k\wh
Components: P Generator B0 Mivp (1002 PV#1: slope 352, azimuth 02) Invarter b k.

SEMNSIT. ANALYSIS # 2 (Rad.1: 486kWh/mz; Load. 1. 0GWh/day: (FgE)2Z: 4%-1%; IntF.1:Base; Pr.1. «1 x1 x1 x1)
MNP = 54,957 ME. CO2 Emissions = 1.943 kifyr. Unmetload = 0 Giwhiyr (0%). IRR = 11.99 %, Investment = 77.6 ME. LCOE = 0.1 £/kwh
Components: P Generator B0 Mywp (100% PV#T: slope 352, azimuth 02) Inverter 5 by,

SENSIT AMALYSIS # 3 (Rad.2: 6 32kWh/m2: Load 1 DGWh/day: [-gE): 7%-3\3%: Inf F.1:Base: Pr1:x1 x1 1 x1)
NP = 89,655 ME. CO2 Emissions = 1348 kiyr. Unmetload = 0 GWhiyr (0%). IR = 16.37 %. Investment = 77.5 ME, LCOE = 0.066 £/kWh
Companents: P Generatar B0 Miwp (100% PV#1: slope 35¢, azimuth 02) Inverter § MW/

SEMNSIT. ANALYSIS # 4 (Rad.2: B.32kWh/mz: Load 1: 0GWh/day: (FgE)2: 4%-1%. IntF.1:Base: Pr1:x1 x1x1 x1)
MNPV = 79.64 ME. CO2 Emissions = 1.624 kifyr. Unmetload = 0 GWhyyr (0%2). IRR = 15.36 % Investment = 65 ME, LCOE = 0.081 £/kiwh
Components: P Generator 50 Mywp (100% PV#1: slope 352, azimuth 02).Inverter 5 bW,

By clicking on the "Report" button on the screen of sensitivity analysis summary, it displays a
report that can be printed or saved as pdf (if we have a virtual pdf printer installed on the

computer). In this case, the report occupies 1 page.
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Projoct: 1
SENSITIVITY ANALYSIS

DATA fvs, sensiivity analysis 0);

Average Dally Irradiation (KWhImZ): Avernge Wind Spead (mis):
N |
55 L |
1 2 3 4 1 2 3

Average daily Load [GWhid):

Fuol inflation (%)

Pr. PV, Wind, Bat, H2 [xfactor):

1 2 3

BESULTS {ve, sensitivity analysis 0

Total NPV {ME): Emis.COZ [kuyr):
w 19
80 —
T e
— )
&0 = E
1 2 3 4 1 2 3
Unmat laad (%) IRR [%):
0

16 A ——
1% -

13 T

= -

Optimal solution found for sach case of the sensitivity analysis:

SENSIT. ANALYSIS # 1 (Rad 1. 4 86k\Wh/m2, Load. 1. 0GWh/day, (I-gE)1. T%-313%, Inf F 1. Base, Pr.1. x1 x1 x1 x1)
NPV = 63 683 ME CO2Z Emissions = 1.843 kb'yr Unmet lead = 0 GWhiyr . l: renewable = 0%
775 ME LCOE = 0.074 kAN, E. 50 1o AC gd (NPC) = 155 755 b

of demand. Invest ment =

SENSIT. ANALYSIS # 2 (Rad 1. Jﬁl\\n‘ ll‘? Lead. 1 BLV”\M I-ﬂl:]d A%-1% I’VH' 'I Hsﬂ I T x1 5¢ x1 5¢ ]
NP\" 54957 ME. CO2 Emigssons 3 ktfyr, Unmet e hiyr (0%). IRR = 11,99 %, E. renewable
demand. Irestment TT M‘ LCDE 0.1€%KWh. E. = IJ w N: gnd (NFC) = 172 051 ME

SENSIT. ANALYSIS # 3 (Rad 2. 6. 32kWh/m2, Load. 1. 0GWh/day, (I-gE)1. T%-313%. InfF_1.Base, Pr.1. x1 x1 x1 x1),
NPV = §3 658 ‘M [=er I:'msa ons = 1.94% ktyr. Unmet lead = 0 GWhiyr (0%). IIJ! 1637 % l: renewable = 0%
of damand. Investment = 77 5 ME LOOE = 0,066 €kWh £ sold to AL gnd (NFT) = 176 993 ME

SENSIT. ANALYSIS # I Hsdz 6.32kWh'm2; Lead. 1: 0GWhicay:, (HELR: 4%-1%: InlF.1:Base. Irl xH xH]
HPY = 79,64 ME. COZ Emissions 1,624 Ku'yr. Unmed load = 0 GWhiyr (0%). IRR = 15.36 %. . E n
demand. Investment 55H€ LCDE 0.081 €%Wh. E. sold 10 AC gnd (NPC) = 178,063 ME

Clicking on the button "Save Excel™ on the screen of the summary of the sensitivity analysis, a
detailed table with the results of the sensitivity analysis (best combination found for each
sensitivity analysis) can be saved in format .xlIs or format .txt. If we keep it as. .xIs, when
opening the file with Microsoft Excel it shows a message, then you must answer “Yes” and it
opens correctly. In Microsoft Excel, you should save the Excel file as .xlsx format (in Excel,
use “Save As” and choose file format “.xlIsx”), then the next time you open the .xIsx file Excel

will not ask you any question.

A B € D E F G H 1 K L M N
1 |Project: Em._best system found for each case of the sensitivity analysis
2 |Sens.# wind {m/s) Rad(kwh/m2/d) Load(GWh/d) Interest(%) Inflation{%) Infla.Fuel{%)
3 1 6.43 4.85 0.11 7 2 Base
4 2 6.43 4.85 0.11 7 2 4
5 3 6.43 4.85 0.11 7 2 1
B 4 6.43 4.85 0.14 7 2 Base
7 5 6.43 4.85 0.14 7 2 4
8 6 6.43 4.85 0.14 7 2 1
a

By clicking in “Save word” button we can save the report in .rtf format, which can be open by

Microsoft Word, for example:




MHOGA V. 3.4 User’s manual 252

R BRI SRR ECRTEEEE BRI SRR SRS BRI B R R SR IR R R RN i
Projcct: 8m. Optimal solution found for each sensitivity analysis:

SENSIT. ANALYSIS # 1 (Wind.1l: 6.43m/s; Rad.l: 4.85kWh/m2; Load.1l:
0.11GWh/day; (I-g)l: 7%=-2%; Inf.F.l:Base; Pr.l: x1 x1 x1 x1):

NPC = 102.312 ME. CO2 Emissions = 27.928 kt/yr. Unmet load = 0.301
GWh/yr (0.6%). Days auton. = INF. E. renewable = 61.5% of demand.
Levelized cost of energy = 0.144 €/kWh

Components: PV Generator 140 MWp (100% PV#1: slope 35°, azimuth
0°).Wind Turbines group AC of 2 MW. 4 x AC Generator of 2 MW. Electrol.
10 MW. H2 Tank of 731 t. Inverter 5 MW.

SENSIT. ANALYSIS # 2 (Wind.l: 6.43m/s; Rad.l: 4.85kWh/m2; Load.l:
0.11GWh/day; (I-g)l: 7%-2%; Inf.F.2: 4%; Pr.l: x1 x1 x1 x1):

NPC = 117.903 ME. COZ2 Emissions = 27.928 kt/yr. Unmet load = 0.301
GWh/vyr (0.6%). Days auton. = INF. E. renewable = 61.5% of demand.
Levelized cost of energy = 0.166 €/kWh

Components: PV Generator 140 MWp (100% PV#1: slope 35°, azimuth
0°) .Wind Turbines group AC of 2 MW. 4 x AC Generator of 2 MW. Electrol.
10 MW. HZ2 Tank of 731 t. Inverter 5 MW.

SENSIT. ANALYSIS 4 3 (Wind.1l: 6.43m/s; Rad.l: 4.85kWh/m2; Load.1l:
0.11GWh/day; (I-g)l: 7%=-2%; Inf.F.3: 1%; Pr.1l: x1 x1 x1 x1):

NPC = 76.991 ME. CO2 Emissions = 27.928 kt/yr. Unmet load = 0.301
GWh/yr (0.6%). Days auton. = INF. E. renewable = 61.5% of demand.
Levelized cost of eneraov = 0.108 €/kWh
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5. FREQUENTLY ASKED QUESTIONS

1. What components should be selected and how to select its maximum number in

parallel?

This choice will depend on: load consumption, design, available renewable resources, and the
commercial models to be used of each component. If there is load consumption, PRE-SIZING
button helps you to choose the maximum number of components in parallel. If there is no load
consumption (generating systems), the designer must decide the maximum number of

components in parallel.

2. After | select a certain component, how can | enable the option to include/exclude the

component in/from the system?

You can import from the database the “Zero” component. It inserts an additional row into the
component table, assigning zero value to power, cost, and operating and maintenance costs.

This allows the hybrid system to use (or not) the component, since this has 0 power and 0 cost.

3. When saving or opening a project, the following error message is displayed: “File name

is too long for a Paradox version 5.0 table”.

The Paradox tables used by MHOGA accept a maximum number of 70 for the characters to be
used on the access path defined by the user. Note that around 10 characters are already used by
several tables (table folder + table name), so the maximum number of characters for any project
directory and folder should be limited to 60. As an example, for a project saved with the name
“Test” in “My Documents” under Windows XP, the access path would be C:\Documents and
Settings\Rodolfo\My Documents\Test, with 55 characters. Any longer names for the project
would result in problems. It is recommended that all projects be saved to a folder in the root

directory, rather than to the “My Documents” folder.

4. What values should be assigned in the genetic algorithms for the following parameters:

number of generations, population, mutation rate, crossing rate?
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In many cases you will not have to use genetic algorithms. If you allow enough computation
time for the optimizations (default 15”), in most of the cases the total number of combinations
of components and control strategies will be evaluated in less than that time. However, if you

allow less time or the number of combinations is high, MHOGA will use genetic algorithms.

MHOGA can select the parameters of the genetic algorithms, this is recommended. If you want
to select them yourself, you must know that this basically depends upon the time available and
on the accuracy required for calculation of results. Better solutions will be obtained for larger
population sizes and number of generations, at the expense of longer calculation times. In
general terms, the best choice is a large population rather than a large number of generations.
For populations of a small size, it will be difficult to find an optimum system, regardless of the

number of generations used.

For the main algorithm, these values must depend on the component variability: number of
components considered for each component type and maximum number of components in
parallel allowed (PV generators, batteries, wind turbines and AC generators). For larger

component variability, large populations are necessary.

For the secondary algorithm, this depends on the control variables to be optimized and on the
degree of accuracy required for the optimization process. For a large number of variables, a
larger population will be required. For higher accuracy, a larger population will also be required,
since many values will be available for each variable (as an example, for a value of 50 in

accuracy, variables will take 50 discrete values in 2 % steps).

Number of generations should be around 15. Population must be greater than 0.003% of all the
combinations (Bernal-Agustin & Dufo-Ldpez, 2009a).

Mutation rates are usually within 0,5-1 %. Crossing rate is usually 70-90% (Bernal-Agustin &
Dufo-L6pez, 2009a).

5. NCP is displayed with a value of infinite (INF), and a screen is shown at the end saying

“No solution fulfills system requirements”

In this case (minimization of NPC project), the system cannot find any solution which meet all

constraints.
If the unmet load constraint is not achieved, there are several likely reasons for this:

e The diesel generator cannot work at certain hours (for example during the night, if you

have specified that option) and therefore cannot supply the load during those hours.
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e The system includes H> load, but no electrolyzer is accounted for. Include this

component in the system.

e If you want to consider the possibility to buy the unmet load to the AC grid, don’t forget
to select this (LOAD / AC GRID -> PURCHASE / SELL E tab).

e The electrolyzer power consumption when it is not running (in standby) must be covered

as the defined load. Maybe grid-connection should be defined.

o Either the size or the maximum number of components (PV gen., batteries, wind turbines
or AC backup generator) allowed is too small. In this case, the system cannot deliver
enough energy to meet the energy demand. Increase the power or the maximum number

of system components allowed.

e The search space may be too small for some of the algorithms (small population and/or
few generations), so no system can be found that meets the criterion for Maximum

Allowed Unmet Energy Allowed. Increase population size and number of generations.

6. | have a system that includes an electrolyzer, and in the simulation screen I see that in
some hours there is excess energy but this energy is not used in the electrolyzer, why?
The electrolyzer has a minimum operating power, defined in its characteristics, but its income
electrical power must be higher than the minimum energy required to start generating hydrogen
(B-Pn) (see section of hydrogen components). If the excess energy is not sufficient to start

generating the hydrogen, electrolyzer is not used, i.e. it does not operate.

If the hydrogen tank is full (in the simulation it has reached the limit set on its size), the

electrolyzer will not work (hydrogen will not be generated as it cannot be stored).

7. 1 have a system that includes fuel cell and in the simulation screen | see that in a certain

time the fuel cell should be used but it is not used, why?

The fuel cell needs a minimum hydrogen mass flow to start generating electrical power output.
If the amount of hydrogen available in the tank is not enough to cause the minimum mass flow

during that time, the fuel cell is not used, i.e. it does not work.

8. Which battery model should I select?

LEAD-ACID BATTERIES:
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For lead-acid batteries, you should use Schieffer 2007 for the battery model and Schieffer
ageing model for the ageing model. This way, MHOGA will use the Schieffer et al., 2007 model,

which is the best model to estimate the lead-acid batteries.

B atteries bModel
£ Ah ¥ Limodel &h

" EiBaM [Marwel-tcGowan 1993)
" Copetti 1994 Contral D ata
[ {« Schiffer 2007 Schiffer bat. data

Lead-acid battery model l Li-ion battery madel ]

" Rainflow [cycle counting)

" Equivalent full cycles

{* Schiffer ageing model

You must ensure that all the lead-acid batteries of the battery screen table are of the same type
(all OPZS or all OGI), then you click on the button “Schiffer bat. data” and select OPZS or OGlI

in the top left of the window that appears:

Il Aging batteries model data

gwx in (Schiffer et al., 2007)

Batteries data: i35

Open-circuit woltage at full charge, UO: ’T W

Gradient af change in OCY with state-of-charge, g |0.1 W

Initial effective intemal resistance (charge), ro_c_0: ,W chmr sk

Initial effective intemal resistance [discharge). ro_d_0: ,W ohimrish

Resistance representing charge-transfer process which depends on S0C, Mc: ’W

—

LITHIUM-ION BATTERIES:

alHEA battene sat-tretia e-¢ame family, voltage data refered to 2 ¥ cells|:

For lithium-ion batteries, for the battery model you should select “Li model Ah” because it is

the most simple and adapts correctly to lithium-ion batteries.

B atteries Modgl
" Ak [+ Limodel sh ]

" KiBatd [Marwel-tchowan 1993)
(" Copetti 1994 Contral Data

* Schitfer 2007 Schiffer bat. data

For the ageing model, you can select several models: Wang, Grot or Naumann for LiFePO4,

Saxena for LiCoO2 or generic models (Full equivalent cycles or Rainflow).
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It is important to say that Wang, Grot, Naumann and Saxena models were obtained by
researchers by testing specific commercial batteries, so these models are only adequate for those
commercial batteries tested and for the conditions they were tested. If you are not sure about if
your battery is similar to the ones tested by these models, it would be better to select a generic

model (Full equivalent cycles or Rainflow).
Lead-acid Aging battery model Li-ion Aging battery model

()wang et al., 2011 (LiFeP04)
() Grot et al., 2015 (LiFeP04)
() saxena et al., 2016 (LiCo02)
() Full equivalent cycles

(@) Rainflow (cycle counting)
() Naumann (LiFePo4 cyc+cal)

Parameters

Full equivalent cycles or Rainflow models are generic models, and they consider the number of

cycles to failure of the battery data.

After you select the model, click in “Parameters” button and you should be sure that the
calendar ageing model is included, then 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

[—g_gnclude calendar agein ©P9tﬂEt al., 2016 [ I limit (cycle / calendar): C* ]

inWang and 5 dal I ;
(N VVANG BNE SEXENA MOREE () swigrczynski et al., 2015

Include Calendar in Full eq. cycles and Rainflow models

Data (Petit et al.. 2016): Data [Swiejczynski etal., 20151
Cfade(%)=B"exp[-A/(RT)]"t"z Cfade(%)=(a-S0C"b+c) (d" T e+)t"g
S0C  30% 65% 100% a |D-019 | b |D.823 |
B |734E3 | [6753 | [21883 | c [o5195 | d [3.258 |-10%0
A [73389 | [60804 ||56937 ‘ . |5_E,8? | ¢ |u.295 |
z |u.943 ||0.9 ||D.683 | :
graph T(°C): graph: T(°C): SOC(%]:
= _ 40
g 2 4 £
é‘ 1 E 24
g 8 4‘:.5" 16
S 0 a
0 5 10 15 20 25 s B8
Time (years) 0

0 10 20

— S0C 30% — SOCGB5% — SOC100% EOL P
Time (years)

= }

You should set a threshold limit to consider cycle or calendar ageing, by default a C-rate of 0.05

is the limit. In the time steps when the C-rate is lower than this value calendar ageing will be
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considered and when it is higher cycle ageing will be considered. Then click OK to save the
changes.
It is also important to select the checkboxes “Cycle life depends on T and “Capacity depends

on T”, to consider the cycle life dependence on temperature and also the capacity dependence

on temperature during each time step. With the button “Data” you can change that dependence.

Temp. ) [18 F[18 M[20 af20 w20 of22 ME'EE'” (L]

ec) J[22 af22 s[zz ofao w[1e Dfis o

v Ewcept Schiffer n_'u:u:lel, conzider L:_ HSLr:r.
Trean:=T float life

Float life reduces B0 for every IF T increaze ﬁ T Graph

(v Cycle life depends u:nn'] Data

Data

\IF Capacity depends on T

14. How can | update MHOGA?

https://ihoga.unizar.es/en

https://personal.unizar.es/rdufo/



https://ihoga.unizar.es/en
https://personal.unizar.es/rdufo/
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ANNEX 1. Genetic Algorithms.

Genetic algorithms are used in computers to carry out simulations for breeding, mutation, and
selection that are present in nature. All possible solutions provided by genetic algorithms to any
given problem are thus presented as “individuals” within a certain species. Each individual is
actually a combination of the variables (“genes”) to be optimized (in our case, the variables or
“genes” correspond to the hybrid system components and to the variables utilized for the system
control strategy). Our variables or genes are integers (number of PV modules, codes for panel
types, ...). The structure of the variables or genes is called “genotype”, whereas any concrete

combination of variables or genes in the genotype is called individual or “phenotype”.

The first “generation” includes a random set of individuals, which we call “population”. These
individuals are *“crossed” (that is, they mix with each other, with a higher probability of
reproduction for the best individuals, those with the lowest NPC or the highest NPV, depending
on the type of project, i.e. the best fitness). New individuals are generated by reproduction
(“children”), thus replacing the worst “parents”, and creating a new generation. Some
individuals “mutate” (values for variables or genes are randomly altered). The process repeats
itself, with more and more new generations, and better solutions provided as the algorithm

progresses.
MHOGA makes use of two genetic algorithms, the main algorithm and the secondary algorithm.

The main algorithm provides an optimum configuration for the PV modules, the wind turbines,
the hydraulic turbine, the batteries, the AC generator, the fuel cell, the electrolyzer, and the
inverter, in order to minimize total system costs. These are calculated for the total system
lifespan, and updated with respect to the initial time, i.e. to the Net Present Cost (NPC) or Net
Present Value (NPV) for the system, in mono-objective optimization (for multi-objective
optimization MHOGA will seek solutions with low NPCs as well as low CO, emissions or

unmet load or it can consider other objectives).
The genotype for the main algorithm includes 11 genes, all of them integers:
- Number of PV generators in parallel
- Type of PV generators
- Number of Wind Turbines in parallel
- Type of Wind Turbines
- Type of Hydraulic Turbine.
- Type of Fuel Cell
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- Type of Electrolyzer

- Number of Batteries in parallel
- Type of Batteries

- Type of Inverter

- Type of AC Generator

Code types for all different elements are integers (e.g. solar panel 0, solar panel 1, solar panel
2,...).

It is not possible to optimize the number of PV modules and batteries connected in serial. These
variables are fixed, and depend on the DC bus voltage, and on the nominal voltage of the panel
and the battery.

The user decides whether the inverter may be optimized or it has a fixed value (with its rated
power higher than the maximum AC load power). All remaining elements (battery charge
regulator, rectifier, hydrogen tank) are optimized by MHOGA with respect to each other and to

the control variables in use.

The secondary algorithm obtains the most appropriate control strategy (combination of control
variables) for minimum costs, and for any given component setup provided by the main

algorithm.

The secondary algorithm genotype includes 12 genes, all of them being system control variables

and integers.

Plim_charge, Plgen, PlFC, P2, Pmin_gen, Pmin_FC, Socmin, Pcritical_gen, PcriticaI_Fc, Socstp_gen, Socstp_Fc,
HZTAN Kstp

The total cost may thus be calculated referred to the initial installation time (NPC) for each

possible solution obtained from both algorithms.

Main algorithm (optimization of components)

On the MAIN ALGORITHM (OPTIMIZATION OF COMPONENTS) box, the user must
decide if the optimization method is GENETIC ALGORITHM or EVALUATE ALL COMB.
In the first case numeric values must be provided for a number of system parameters. For each
given genetic algorithm to be used for optimizing the physical system components, the numeric
values to be provided include: the number of generations, the population, mutation and

crossover (breeding) rates and uniformity in mutation.
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For uniform mutation, the value for each mutated gen or variable is selected at random. For
non-uniform mutation, the value is also selected at random, but there is a higher degree of

probability that this mutated value is close to the original one.

MAIN ALGORITHM (OPTIMIZATION OF COMPONENTS)
OPTIMIZATION METHOD:

(+ GEMETIC ALGORITHM " EWALUATE ALL COMB.

GEMETIC ALGORITHM:

Generations: |15 Population: 1480

Croszover Rate: (90 3 Mutation Rate: |1 % [ Mutation Uriform

STOPPING CRITERION:

Stop execution of secondary algaorithr if after |20 generations
it cannat improve |1 Zin |9 generations
100

The solutions obtained will be more representative for larger populations and larger numbers of
generations, where the genetic algorithm will provide an optimum solution more easily.
However, when both values are high, a longer time will be necessary for the simulation (this
time is proportional to the population and the number of generations included, for both the
principal and the secondary algorithm). A balance must be reached between the required

accuracy and the time available for execution.

For large differences in maximum and minimum values for batteries, PV modules, and wind
turbines in parallel, many combinations will be available for the “sizes” of solar and wind
turbines, as well as batteries. For very low maximum values, problems may arise when catering
for energy demand (unless additional sources are available, such as a diesel generator, a fuel

cell, etc).

The number of cases to evaluate in order to optimize component combinations using genetic
algorithms will be given by:
Combinations_main_alg =

[Population_main+(Generations_main- 1)*Population_main*(Crossover_Rate_main/100+Mutation_Rate_main*long/100)]*

*Combinations_secondary_alg

For all possible component combinations, select “EVALUATE ALL COMB.”. This will apply
forced optimization (evaluating all the combinations), with no genetic algorithms. For a large

number of combinations, execution times may increase enormously.
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The number of possible combinations (when all components are selected) will then be:
Combinations_main_alg=
= No._Pv_Gen _Types*(1+No._max_Pv_Gen_parallel- No._min_Gen_parallel)*
*No._Wind_T_types*(1+No.max_Wind_T_parallel — No.min_ Wind_T_parallel)*
*No._battery tpes*(1+No.max_batteries _parallel — No.min_batteries_parallel)* No._AC_gen_types*No.

Hyd T _types*No._electroliz_types*No._Fuel_Cell_types*Combinations_secondary_alg

A criterion may be specified to halt the genetic algorithm. Once a certain number of generations
has been produced (e.g., 20), the algorithm will stop if no improvements are made on the

objectives.

In the example shown above, the algorithm continues provided system costs for generation 25
are less than 99% of those for generation 20 (mono-objective optimization), as this implies that
results may be further refined. If the value is over 99% the algorithm will stop (an optimum

state has been reached, or near it)

Check boxes related to the genetic algorithm are disabled when “EVALUATE ALL COMB.”
is selected. In this case, a check box is enabled to select the number of best possible solutions
to be shown. If a very large number of solutions is possible, the application may use a large
proportion of memory, or it may even block. Solutions to be shown are the best ones available,
including the optimum fit, so the number of solutions selected should not be too large, unless

many combinations are required.

In the message box shown below information will be provided here on the number of cases to
be evaluated. This number depends on the user selection: GENETIC ALGORITHM or “EVAL.
ALL” for both algorithms. (this message box is also displayed towards the central part of the
main screen whenever the cursor is moved over the optimization parameters or maximum and

minimum components or the control variables areas).

There are 4 possible combinations (option 1 through option 4, with the option selected
highlighted in red). Figures are displayed for the number of cases to evaluate, and the time
estimated for the simulation, provided the speed test has been carried out beforehand (press
CALCULATE and CANCEL after a few seconds):

Secondary algorithm (optimization of control strategy)

On the SECONDARY ALGORITHM (OPTIMIZATION OF CONTROL STRATEGY) box,

numeric values must be provided for a number of system parameters. For the genetic algorithm
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to be used for optimizing the system control variables, the numeric values to be provided

include: number of generations, population, mutation and crossover (breeding) rates, and
uniformity of integers mutation.

SEC. ALGORITHM [OFTIMIZATION OF CONTROL STRATEGY)
OPTIMIZATION METHOD:

(+ GENETIC ALGORITHM " EVALUATE ALL COME.

GEMETIC ALGORITHM:

Generations: |15 Population: (10

Crozsover Rate:|30 % Mutation Rate; |1 % v Mutation Urifarm
STOPPIMG CRITERION:

Stop execution of secondary algorithrn if after (15

it cannat improve |1 Zin |B generations

generations

100

For optimization of the control strategy using genetic algorithms, the number of combinations
will be given by:

Combinations_secondary_alg =Population_sec+(Generations_sec-1)*Population_sec*(CrosoOver_rate_sec/100+Mutation_rate_sec*long/100)

As explained above for the main algorithm, for all possible component combinations,

“EVALUATE ALL COMB.” must be selected. This will apply forced optimization, with no
genetic algorithms.

In this case, the number of possible combinations is given by:
Combinations_secondary_alg =(Variable_accuracy+1)Ne-variables_to_optimize

For large numbers of variables to optimize, an extremely high value may result. This will render
the optimization process unfeasible.
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ANNEX 2. Control Strateqies for systems with load consumption.

Global strateqgy and its variables ONLY HAVE SENSE IN SYSTEMS WITH LOAD
CONSUMPTION. These strategies are not used for systems without load consumption (grid-

connected generating systems).

Control strategies utilized by MHOGA are based of the strategies described by Barley and Winn
(Barley & Winn, 1996) in 1996, and of those developed by the HOMER application. The current
version of the programme uses a more complex and accurate global strategy (Rodolfo Dufo-
Lopez, Bernal-Agustin, & Contreras, 2007), developed by the authors, and optimized by means

of genetic algorithms. There are 12 control variables.

Once the values have been estimated for all variables for each hour, the system control is subject
to certain conditions in order to minimize total system cost (for the case of mono-objective
optimization), or to minimize both costs and levels of CO. or unmet load (for multi-objective
optimization).

As a fundamental premise for control, the energy produced from renewable sources
(photovoltaic, wind-based and/or hydraulic) will be used to feed the loads, as this energy is free
(once the components have been purchased). Besides, preference will be given for every energy
source, renewable or otherwise, to feed the loads on their voltage bus (DC or AC). External
consumption of Hz will be covered by the H, tank. Should this not be enough, additional energy

may be generated with the electrolyzer.

Should more energy be produced from the renewable sources than that which is needed for
consumption, the remaining energy will be used to pump water to the water tank as much as
possible (if water consumption from water tank, previously pumped, is modelled in the project).
Once the remaining energy has been used in pumping water, if there is remaining energy, this
energy (which we will call Pcharge), Would be used to charge the batteries or to generate Hz in
the electrolyzer. This process will be called CHARGE. The choice will depend on the “cycling”

costs of the energy in the batteries and on the electrolyzer.

The cycling cost for an energy accumulator (batteries or electrolyzers) is the total cost of storing
energy within the component, for later supply to the system, as needed. This cost includes
operation and maintenance, proportional tear and wear, and replacement costs. Cycling costs
are approximately proportional to the power in the case of batteries, and approximately constant
for electrolyzers, as shown in the figure below. The point of intersection of both straight lines

(Piim_charge) Will be then used as a reference to determine surplus energy in the system at any
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given time. If the surplus energy is below this point, it will be cheaper to use this to charge the
batteries, whereas if the surplus energy is above it, it will be more convenient to use it for

generation of Hz in the electrolyzer.

Cost of ‘r
cycling
energy

®

electrolyzer-
fuel cell
atteries

v

I:’Iim_(:harge P (kvw

Cost of cycling energy

The Charge Strategy will thus be:

e For Pcharge < Plim_charge the batteries will be charged to their maximum, and any surplus

energy will be used to generate H in the electrolyzer.

e For Pcharge > Plim charge @S much hydrogen as possible will be generated in the

electrolyzer, and any surplus energy will be used to charge the batteries.

In case the renewable sources alone do not have the capacity to generate all of the energy
required for consumption, the rest of the required energy (which we will call Pgischarge) Will be
supplied by the batteries, the AC generator, or the fuel cell. This process will be called
DISCHARGE.

MHOGA will determine the cost of energy supply for each element (the batteries, the AC
generator, or the fuel cell). This cost depends on replacements, useful lifespans, fuel prices (as
for the AC generator), etc. The figure below shows an example of costs associated to energy

supply for different elements, as a function of power.

Cost 4
(€)
AC Gen.

FC

[
»

|:;]_=+ Plgen Paischarge
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Costs of supplying energy (DISCHARGE process)

In the example provided by the figure above, the optimum discharge strategy will be as follows:

For Pdischarge < P1 it will be best to supply energy with the batteries. Should these not have
enough capacity for all of Pgischarge, the rest, Piack = Pdischarge — Pbatt Will be supplied by the AC

generator provided Piack < P2. Otherwise, energy will be supplied by the fuel cell.

For P2 > Pischarge > P1, energy should be supplied from the generator. Should this not have
enough capacity for all of Pdischarge, the rest, Piack = Pdischarge — Pgen Will be supplied by the batteries

provided Piack < Plcen . Otherwise, energy will be supplied by the fuel cell.
For Pdischarge > P2 it will be best to supply energy from the fuel cell. Should the cell not have
enough capacity for all of Pdischarge, the rest, Piack = Pdischarge — Pcen Will be provided by the AC
batteries, provided Piack < P1lgen. Otherwise, energy will be provided by the AC generator.
From a general standpoint, the Discharge Strategy will be provided as follows:

- For Pudischarge < P1, energy will be supplied by the batteries

- For Pl < Pdischarge < P2, energy will be supplied by the element with lowest P1(AC

generator or fuel cell)

- For Pdischarge > P2, energy will be supplied by the element with highest P1(AC generator

or fuel cell)

- In case the system element selected can not supply all of the required Pdgischarge, an

additional element must be chosen to provide the rest (Piack) at the lowest possible cost

- When the 2" element cannot supply the rest of the power, a 3™ element must be selected

Calculation may not be carried out accurately for Piim charge, Plgen, Plrc, P2, as no data is
available beforehand (such as battery lifespan, etc). Therefore, “optimum” values for the
variables do not necessarily match those values provided by the calculation. The final optimum
values for all the variables in order to minimize the system's NPC will be found through the

secondary genetic algorithm, which optimizes correction factors for those variables.

Details are provided below about the remaining system variables used for the system's control
strategy.

Pmin_gen and Pmin_rc represent the minimum operating power for the AC generator and the fuel

cell, as provided by manufacturers. However, AC generators usually show a high specific




MHOGA V. 3.4 User’s manual 267

consumption for low powers. Higher power values may contribute to lower the system's NPC.

Fuel cells have a more constant consumption, though this may increase for low powers.

SOCnmin represents the minimum state of charge allowed for the batteries. Though this is
provided by the manufacturer, higher values may be better.

Pcritical_gen, PcriticaI_FC, SOCstp_gen, SOCstp_FC , and HZTANKstp are control variables for the AC

generator and the fuel cell.

Since AC generators have a higher specific consumption for low powers, under the critical value
(Pecritical_gen), 1t may be interesting to make them deliver higher power values. The rest may then
be used to charge batteries until a certain state of charge (SOC) is reached, called SOC generator
setpoint, and represented by SOCstp_gen . H2 could also be produced in the electrolyzer until a
certain level of charge is reached within the H; tank, called Ho-.TANKGs (in kg of H). The order
in which the excess energy is used (charging batteries to reach SOCstp gen Or generating Ho to
reach HoTANKGsp) will depend on the amount of excess energy itself. If this is less than
PLim_charge, batteries will be charged first, and any remaining energy would be used to generate

Ha. If the excess energy is more than Plim_charge, the process order will be inverted.

The same holds for the fuel cell, so the paragraph above applies here, replacing Pcritical_gen With
Peritical_Fc and SOCstp_gen With SOCsip rc. However, H-TANKSsyp would not be applicable if the

fuel cell uses up H> from the H> tank (previously produced by the electrolyzer).

When the power required by the loads from the AC generator is less than Pecritical_gen, the
operating power for the AC generator will equal the minimum power to supply the power still
not delivered to the loads, plus the power required to bring the batteries up to SOCstp_gen , and
the power needed by the electrolyzer to produce H until HoTANKs is reached, with no energy
lost. In some cases the minimum power from the AC generator will be over Pcritical_gen, SO €nergy

will be lost.

The same is true for the fuel cell.
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