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1. INTRODUCTION AND OVERVIEW
1HOGA (improved Hybrid Optimization by Genetic Algorithms) is a software developed in

C++ for simulation and optimization of Hybrid Renewable Systems. There may be load
consumption of electrical energy (DC and /or AC) and/or Hydrogen load (for external
consumption), as well as load of water form a reservoir, previously pumped. The program can
simulate and optimize systems of any size up to 5 MW (for higher power you will need
MHOGA software). It can also simulate and optimize systems connected to the AC grid,

and generation systems.

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.

1.1 Modifications in this version (4.0).
February 26™, 2025:

- NASA changed the format of the irradiation / wind speed / temperature download file.
NASA data acquisition has been updated.

January 29™, 2025:

- For the comparison with AC ONLY systems (which would supply all the load only
with AC conventional grid), included the possibilty to add the power cost (previously it
was included in the O&M cost of the AC ONLY system).

- Fixed minor bugs.
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January 16™, 2025:

- Fixed bug of error in unmet load in some cases with priority to supply energy not

covered by renewables using AC grid.
- Fixed minor bugs.
December 211, 2024:
- Improved probability analysis, adding more results variables.
- Fixed bugs in probability analysis in NPV minimizing systems.
- Added more options for PHS to supply reserve capacity.
- Improved calculation speed.
- Fixed minor bugs.
EDU VERSION:

- Now DC load, H2 load, water load and AC grid tabs of LOAD / AC GRID window

not available in EDU version.

- Now hourly download of irradiation, wind speed and temperature not available in EDU

version.
- Now hydro not available in EDU version.

- Now forcing AC gen. to run all the time and AC gen. injecting power to AC grid in

NPV systems not available in EDU version.

1.2 Modifications in previous version.
November 7, 2024:
- Now minimum number of diesel generators in parallel can be 0.

- Total tax for electricity sold now is used to reduce electricity incomes due to selling
electricity to the grid (before it was considered to increase incomes). Projects created
with previous versions, when opened, will have the sign of this data changed, so that the

results are not modified.
- In the report, added percentage of total load energy self-consumed.

- LCOE now has 4 decimal positions.




iHOGA v. 4.0 User’s manual 8

- Added LCOH and LCOS results in the Excel file of the costs.

- In NPC optimization systems, added calculations of annual savings and IRR of the
savings (comparing our system with the system to supply all the load only with AC grid)

in the Excel file of the costs.
- In NPV optimization systems, added calculations of IRR in the Excel file of the costs.

- In NPC optimization systems, added the possibility to optimize by maximizing the IRR
of the savings (comparing our system with the system to supply all the load only with

AC grid).

- Added the possibility of considering the loan in payback calcualtions (before it was not

considered).

- Added the possibility of considering the loan in IRR calcualtions (before it was not

considered).
- Improved calculation of the pump efficiency (if variable pump efficiency)

- Fixed bug when in particular cases when using variable losses in hydraulic pipelines

using Haaland equation for Colebrook approximation.

- Fixed bug when in particular cases

- Fixed bug when considering minimum time of running the backup generator.
- Fixed bugs in the calculation of payback period in the case of multiperiod.

- Fixed bug when calculating E back-up charge (self-consumed energy) in grid-

connected sytems with batteries.
- Fixed minor bugs

October 3", 2024:

- Fixed bug when calculating Export (excess) energy in some cases when charging

batteries due to the grid limitation.

- Added losses in wire and transformer in Energy purchased to the grid (if the user selects

this option).

- Subtracted losses in wire and transformer in Export energy and in Bach-up charge

energy (if the user selects these options).

September 12, 2024:
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- Added variable head for turbine and pump in PHS (considering variable height of the

reservoirs).
- Added variable losses in penstock (turbine and/or pump)

- Added optimization of minimum power (%) of the turbine to be used primarily to supply

the load.

- Added the possibility to consider the water tank or reservoir CAPEX (capacity x specific
cost), in PHS systems.

- Added optimization of the water tank or upper reservoir in PHS.
- Added cost due to the starts of hydro turbine and of pump.
- Added variable O&M for turbine and for pump.

- Added the possibility to calculate the water tank or reservoir capacity as the maximum

obtained in the simulation, with specific limits (in PHS systems).
June 11%, 2024:

- Fixed bug related to extra cash flow. If you open a previous project where you added

"Extra cash flow", check the value of the last year.
- Fixed bug of the cash flow Excel file generated in build 20240526.
- Fixed minor bugs.
June 3", 2024:
- Fixed minor bugs.
May 26™, 2024:

- Added the possibility to import a file with the hourly values of the whole year for the

grid power limit.
- Added another optimization option: minimization of payback period.
- The user can choose to calculate simple payback period or discounted payback period.

- In NPC minimization projects, the payback period is calculated comparing our system
with to the only AC grid system, taking into account the difference in investment costs

and the savings.
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- In NPV minimization projects, the payback period is calculated considering the initial

investment of the system and the net incomes.
- In the report and in the cash flow Excel file, the payback period is shown.
- In the report, added levelized cost of storage (LCOS) of the batteries.

- Added the possibility to generate or import PV maintenance shutdown and wind

turbines maintenance shutdown hourly files.

- Added the option not update or not the component when we click in the components'
table, if there is a component with the same name in the database (before it was done

always, now it is an option in Project->Options, not done by default).
- Improved speed when opening a project.
- Fixed bug when using option of electrolyzer at full load.
- Fixed minor bugs.
April 30, 2024:

- In NPC minimization projects, PHS AC hydro turbine (different machine from pump)

creates operational reserve, added to diesel, grid and fuel cell.

- In NPC minimization projects, during each time step, if there is AC capacity shortage,
added the option to run the PHS AC hydro turbine (different machine from pump) and,
if not enough, the backup generator(s) to increase operating reserve and reduce capacity

shortage.
- Added minimum backup generator running time.

- In the Excel of the simulation results, shown required operational reserve DC and AC

and real reserve DC and AC.
- Fixed bug when calculating IRR in systems with fixed initial CAPEX.
- Fixed minor bugs.
April 24" 2024:
- In NPC minimization projects, added the constraint of the maximum capacity shortage.

- Added Power Purchase Agreement (PPA) specific price for the PV energy injected to
the grid. Also PPA for the Wind turbines generation injected to the grid.




iHOGA v. 4.0 User’s manual 11

- Fixed bug when using PHS storage to supply electrical load.
- Fixed bug when using backup generator to create grid reference.
- Fixed minor bugs.
March 27", 2024:
- Reduced height of some screens in order to improve visualization in laptops.
- Added checked legend to some graphs.
- Improved PDF graphs of the PDF tab of the simulation screen.
- Fixed minor bugs.
March 20", 2024:

- In NPV maximization projects, added constraint of maximum unexported energy (%).
Unexported energy (%) defined as: (Exported_energy-
Sold_energy)/Exported energy*100.

- In systems without load consumption, added the option to evaluate the performance of
a new power generating system to be added to a previous existing PV system
(LOAD/AC GRID->PURCHASE/SELL E->"-Ppv" checkbox). For example, if you

have a grid-connected PV generator and you want to consider to add some wind turbines.

- In systems without load consumption, added the option to evaluate the performance of
a new power generating system to be added to a previous existing Wind turbines system
(LOAD/AC GRID->PURCHASE/SELL E->"-Pwt" checkbox). For example, if you

have a grid-connected wind farm and you want to consider to add a PV generator.

- Added the option to compare with the system without generation, that is, a system
where all the load is consumed from the AC grid (LOAD/AC GRID-
>PURCHASE/SELL E->"-Load cost" checkbox). The cost of supplying all the load by
the AC grid (buy price + access price) will be subtracted from the NPC.

- Added graphs for the visualization of the daily difference between maximum and

minimum hourly prices (purchase / sell electricity prices).

- Added Probability Density Function (PDF) graphs for the hourly purchase / sell

electricity prices.
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- Added Probability Density Function (PDF) graphs for the main results of the

simulation.
- Improved calculation of lifecycle CO2 emissions in multiperiod simulation.
- Now all the simulation graphs can be copied to clipboard (right button click).
- Improved vertical axis visualization in some graphs.
- Fixed minor bugs.
March 13", 2024:

- Added a button to import load consumption tables (a button for each table consumption

type: AC, DC, H2)

- Improved visialization of the simulation and the graphs of renewable sources and load:

added grid, scroll options...
- Added an option to check for updates at the start without asking.

- Improved speed when calculating projects with water pumping and in multiperiod

projects.

- In multiperiod optimization, if load increase is fixed, the first year load is not increased

(it is the defined in the LOAD screen).
- Changed the checkbox named "(sell price)" to "(comapre with sell price)".
- In the simulation graph added visualization of the battery auxiliary load.

- Fixed bug for maximizing NPV projects, when CAPEX is 0 there was an infinite loop
for calculating IRR.

- Fixed bug when saving a project as the default project.
- Fixed bug in some cases when using battery Schiffer model with backup generator.
- Fixed bug in some cases in cycle charging strategy with SOC setpoint.
- Fixed bug to run the fuel cell if electrolyzer standby power is higher than 0.
- Fixed bug in optimization of temporary installations.
- Fixed minor bugs.
January 18™, 2024:

- Corrected bug in some cases in simulation of projects with water pump and batteries.
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- 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.

- 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.
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:
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- Fixed bugs of previous build when changing default currency.
November 8, 2023:

- Fixed bugs.
November 2", 2023:

- 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 problem to visualize worst month method results (in iHOGA low power

projects) when opening.

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

refference)

- Corrected error in iHOGA some cases when opening a project after another one is

open.
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).
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- 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 20, 2023:

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

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

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

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

(simulation screen)

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

PV due to its own inverter.

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

tracking.
-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 (Pmax=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.
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- 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.

- In load window the graph includes the water load (in energy pumped) and shows the

total average daily energy for each month.

- In iIHOGA high power projects and in MHOGA, added the possibility to connect PV

generator and wind turbines to the DC bus.

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

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

- 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 when showing unmet load in multi-objective optimization.
- Corrected bugs related to systems with hydrogen load consumption.

- Fixed minor bugs.

1.3 Software versions.

PRO+ version (full profesional version):

The PRO + version can be used without any limitation, in any field.

The PRO + version includes all the features of the program.

EDU version (educational, free):
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EDU version can only be used in training or educational fields. The use of EDU version is not
allowed in engineering works, simulation or optimization of installations, etc., and, in general,
in any case in which there are derived economic transactions. Nor is it allowed to be used in

research projects such as the development of doctoral theses, etc.
In EDU version the average total load consumption is limited to 7 kWh/day.
EDU version includes all program features except the following:

* High power projects

* Multiperiod simulation and optimization

» Maximization of net present value (NPV)

* In load consuming systems, different options from minimization of net present cost

(NPC)

* DC load

* Hydrogen load

» Water load

* Buy/sell electricity to the AC grid.

* Hydro turbine

* TEG generator

* Download hourly irradiation, wind speed and temperature

* Pumped Hydro Storage (PMH)

* Options for the contracted power in grid-connected systems
* PV generator divided in two zones at different slope and azimuth
* Bifacial PV

* Concentrating PV (CPV)

* Sensitivity analysis

* Probability analysis

* Copetti and Schiffer lead-acid battery models

* Lithium-ion battery models
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* Battery maximum capacity dependence on temperature

* Battery cycle number dependence on temperature

» Net metering or net billing in buying / selling power to the AC grid

* Hydrogen

* Hourly price of electricity to buy / sell to the AC grid

+ Simulation steps lower than 1 h

* MPPT Photovoltaic

* PV generator connected to AC bus

* PV solar tracking (1 or 2 axes)

* Battery charge / discharge control on systems connected to the AC grid
* Periodic charging of the batteries through the AC generator

* Multiple AC generators in parallel

* Variable efficiency for water pump

* Choose power limit for priority to use surplus energy in pump or in batteries
» Wake effect in wind turbines

* Minimization of the weight to be transported or of the cost of operation in temporary

transportable installations

* Control strategy "Cycle charging" and optimization of control variables
* Get latitude, longitude and altitude of the locality in web map

* Import wind data from Windfreedom

* Obtain optimal PV modules slope / optimize panel slope together with all other

variables to be optimized
* Export the results of the simulation

* Possibility to choose priority for supplying the energy not covered by renewables

through the AC grid.
* AC grid time availability.

* DC voltage dependence on batteries SOC.
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1.4 Conditions for using iHOGA.

Conditions for all versions:

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-Lépez, 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.

4. Data of commercial components of the databases have been obtained on the manufacturers
websites and costs have been obtained from online shops at a certain date. Current costs 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.
Additional conditions (only for EDU version):
6. The publication of results obtained by iHOGA must include a reference to iHOGA.

7. You agree to use this software only in the field of education or training. You agree not to use
this software in any other area, including business, research or commercial areas (for these areas

must purchase the license PRO+).
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1.5 Software overview.

1HOGA 1is a simulation and optimization software of electric systems based on renewable

energies, off-grid (stand-alone systems) or grid-connected systems.

1.5.1 Types of systems.

Two different kinds of projects can be simulated and optimized: low power or high power

systems.
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Low power systems:

The default values for low power systems are typical for households or other oft-grid or grid-
connected systems, where the load is not too high and we want to cover the electrical demand
at the minimum cost. The system can be DC or AC coupled. Power is measured in W, monthly

or annual energy in kWh and costs in the monetary unit (Euro, Dollar or any other).

High power systems:|Only in PRO + version|

The default values for high power systems are for grid-connected systems, where a high load
must be covered (for example a big farm or a village), where we want to cover the demand at
the minimum cost, or generator systems (without any load) where we want to maximize the
benefits of selling electricity to the grid. The system is AC coupled. Power is measured in kW,

monthly or annual energy in MWh and costs in kilo monetary units (k€, k$ or any other).

1.5.2 Optimization.

In the systems where we want to cover the load demand, optimization is achieved by minimizing
total system costs throughout the whole of the useful lifespan of the system, where those costs
are referred to or updated for the initial investment (Net Present Cost, NPC), this is the default

optimization in low power projects.

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 in high power projects. Only in PRO + version|.

Default optimization is therefore financial (mono-objective). However, the software allows for
multi-objective optimization, where additional variables may also be minimized: equivalent
CO> 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.

In low power projects, we can also include in the multi-objective optimization Human

Development Index (HDI) and job creation (these two objectives are maximization).

There is also the possibility of optimizing temporary installations (which are used only for a

period of time, with the need to transport, assemble and dismantle them), minimizing the
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associated cost (transport + operation and maintenance + degradation) or the weight to be

transported.

The program can optimize the combination of elements and also the control stratetgy (which
determines when batteries or diesel genset must supply the load, to what level the batteries

should be charged, ...).

1.5.3 Possible components of the system.
The hybrid system can include the following components:
* Photovoltaic modules (including bifacial and concentrating PV, CPV)
* Wind Turbines
* Hydro turbine (PHS can be considered)
* Fuel cell
* H2 tank
* Electrolyzer
* Batteries (lead-acid or lithium-ion)
* Battery Charge Controller

¢ Inverter (DC/AC converter), rectifier (AC/DC converter) or bi-directional converter

(inverter/charger, which includes inverter, rectifier and controller)
» AC backup generators (gasoline, diesel ...)
* Thermoelectric generator (TEG)

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 FElectric AC loads: electric devices using AC electric energy.
e Electric DC loads: electric devices using DC electric energy.

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

fuel-cell vehicles).| Only in PRO+ version|

e Water pumping load.
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The photovoltaic (PV) generator can be connected to the DC bus (by default, DC coupling) or
to the AC bus (with its own inverter, AC coupling). Wind turbines can also be defined in AC or
DC. The hydrogen components (fuel cell and electrolyzer) can also be connected to the DC bus
(by default) or to the AC bus (with their respective inverter and rectifier). For example, the

following is an scheme where all the components are on the AC bus:

Charge l

Rey. ,‘J
[ o

DC DC
AC AC

e

In high power systems all the components are AC coupled.
1.5.4 Grid connection.

The software allows for selling AC electric energy to the grid (surplus unused energy),
purchasing AC electric energy to the grid (unmet load) or selling surplus hydrogen,
produced in the electrolyzer and stored in the tank. Simulation and optimization is also possible
for feasibility studies of zero or low consumption renewable energy generators connected to the
grid. 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). The sale to the AC grid can be of any excess energy or not exceeding the energy
purchased annually or monthly (Net Metering of energy, annual or monthly, with or without

hourly periods). You can also define the Net Billing, i.e. to take into account, instead of the

energy balance, the economic balance. [Net Mettering only in PRO + version|

It can also be considered the case of systems with batteries connected to the AC grid,
optimizing the periods of charging (purchase of network energy) and discharge (supply the

consumption load by means of the battery, which can even inject energy into the AC grid to sell
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it). The strategy of storing energy in Pumped hydro storage (PHS) can also be optimized, and

also the strategy for generating hydrogen in the electrolzyer.
1.5.5 Energy storage.

Energy storage is usually carried out using batteries, usually lead-acid batteries in off-grid
systems, but in the last years li-ion batteries are being also installed. The most suitable lead-acid
batteries in off-grid systems are tubular batteries optimized for solar systems: OPZS (flooded
electrolyte) and OPZV (gel, maintenance free). Lead-acid classical OGi batteries (flat-plate with
a flooded electrolyte, electrodes are thicker than for automotive batteries) are also usually used,

their lifespan is lower but they are also cheaper.

Lithium-ion batteries (the most common LiFePO4) can be an economical alternative (they

support many more cycles than lead-acid) depending on their cost of acquisition.

Pumped hydro storage (PHS) can also be defined. Moreover, storage in hydrogen can also be

considered in iHOGA.
1.5.6 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 or gasoline). It is the system most widely
used as an auxiliary system for periods of low irradiation or to cover certain high power
consumption. However, AC generators have the environmental disadvantage of generating

toxic and greenhouse gases.
1.5.7 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. However, the low energy efficiency of electricity-hydrogen-
electricity conversion (around 30%), as well as the high prices of these equipments, mean that
at the moment they are not competitive with battery storage. (with much lower prices and much

higher efficiencies, of the order of 80% or higher).

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

has been purchased externally.
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Also the generation of hydrogen in the electrolyzer for external use (to be sold) can be

considered, without fuel cell.
1.5.8 Thermoelectric generator.

Thermoelectric generator (TEG) can be a good option in places with very low irradiation in
winter, where heating is needed (Champier, 2017) (Dufo-l6pez, Champier, Gibout, Lujano-
rojas, & Dominguez-navarro, 2019). Also in off-grid systems where a stove is used, for heating
or cooking (see figure), TEG can use the residual heat of the stove to produce electricity (with
a low efficiency, around 5%). The TEG is usually composed by several thermoelectric modules
(TEM) in serial or parallel. The hot side of the TEM is connected to the combustion exhaust hot
gasses of the stove and the cold side is connected to the ambient temperature or to a cooling

circuit.
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A DC voltage appears in the TEM that is proportional to the difference of temperatures. If the
TEM is connected to the electrical load (or to the battery bank to store the electricity produced)
by means of a MPPT system (so that the load connected to the TEG is always the same as the
internal resistance, that is, matched load), the output power of the TEG will be the maximum.
In places with very low irradiation in winter, where heating is needed, or in off-grid systems
where there is a stove for cooking or heating, TEG can be part of the optimal solution to supply

the electricity.
1.5.9 iHOGA exclusive features.

Unlike other commercial hybrid optimization software, iHOGA uses advanced models in the
simulations: variable inverter efficiency (dependant on the inverter output power), advanced
battery lifetime models, advanced grid-connected storage control and advanced grid options

(hourly electricity purchase price, hourly sell price, hourly periods and optimization for the
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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, iHOGA 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 maximizing NPV) or multi-objective (economical

optimization and also minimization of emissions and/or unmet load).

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 modules, wind turbines, hydraulic
turbine, batteries, AC generator, fuel cell, electrolyser, inverter 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 tools for the simulation and optimization of hybrid systems (Bernal-
Agustin & Dufo-Lopez, 2009¢)(Rodolfo Dufo-Lopez, 2007)(Rodolfo Dufo-Lopez & Bernal-
Agustin, 2011), but none uses advanced optimization algorithms except iHOGA. Other
programs (eg HOMER) 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. In addition, the control
strategies are too simple, and no in-depth optimization is possible as in iIHOGA. Other
advantages of iHOGA are in the models used, more precise than in HOMER, in the components
as well as in the economic calculations, besides functionalities like the pre-sizing, the
optimization of the slope of the photovoltaic modules, the probability analysis, the advanced

battery ageing models, multi-objective optimizations, etc.

1HOGA uses Genetic Algorithms (GA), see Annex 1 for more info, and references (Bernal-
Agustin & Dufo-Loépez, 2009a)(Rodolfo Dufo-Lopez, 2007)(Rodolfo Dufo-Lopez & Bernal-
Agustin, 2011)(Rodolfo Dufo-Lopez & Bernal-Agustin, 2005)(Rodolfo Dufo-Lépez, Bernal-
Agustin, & Contreras, 2007)]). GA are used to perform the optimization, for the combination

of the components (main GA) and also for the control strategy (secondary GA). Genetic
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algorithms allow to obtain satisfactory solutions when applied to problems with a great level of
complexity, and with very low calculation times. If the number of possible combinations is very
high, using a population of 0.003% of the possible combinations, with 15 generations, i.e.
evaluating approximately 0.04% of the possible combinations, there is a very high probability
of obtaining the optimal or a solution very close to the optimal one (Bernal-Agustin & Dufo-
Lépez, 2009a). That is, the optimization time can be reduced to less than 0.1% with great

probability of obtaining the optimal solution or a very close solution.

1HOGA also has the possibility to evaluate all possible combinations of components and control
variables of the strategy, i.e. optimization according to the enumerative method, without genetic
algorithms. This possibility is feasible if only the combination of components is optimized,
since the number of possible combinations is usually not very high. However, on other
occasions (if you want to optimize components and control strategy simultaneously or if the
time step is low or if multi-period is selected) this possibility is not feasible, since the number
of combinations of components and strategies can be enormous, and calculation times can be
made unfeasible, needing many days). Genetic algorithms allow finding very close to optimal
solutions with very low calculation times (Bernal-Agustin & Dufo-Lopez, 2009a)(Rodolfo

Dufo-Loépez, 2007)(Rodolfo Dufo-Lopez & Bernal-Agustin, 2011).

In summary, iHOGA is a computer tool for the optimum dimensioning of hybrid installations
contemplating the possibility of including solar, wind and hydraulic renewable energies,
together with support systems based on storage (batteries), back-up generators (AC generators),
and fuel cell (combined or not with electrolyzer and hydrogen tank), including the possibility
of AC grid connection (purchase and sell electricity to the AC grid) and also the possibility to
generate hydrogen to be sold. To do this efficiently, it can use genetic algorithms, which obtains
the optimal combination of components and control strategies (see Annex 2 for more

information on control strategies for off-grid systems).
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1.6 System optimization.
In Annex 1 there is more info about the Genetic Algorithms used in the optimization.

1HOGA 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, the inverter
and / or the TEG, 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.

In off-grid systems where optimization is applied through iHOGA, cash flows are usually expenses only
(purchasing, replacement, maintenance, and fuel costs, etc), with no income. The different costs throughout the
whole of the study period are referred to the initial time of the investment using the discount rate (approx. interest
rate minus inflation rate), thereby producing the NPC. The lower the NPC value, the better the investment .

It is possible to use the option in iHOGA to sell surplus hydrogen or to sell electric energy to the AC grid (it is also
possible to purchase energy from the grid to compensate for unmet load by the hybrid system). In those cases, if
calculating NPC, sales are accounted for within iHOGA as negative values, since they must be subtracted from
component acquisition costs, replacement, and maintenance expenses. We may thus achieve an income from
energy sales which is higher than system costs, resulting in a negative value for “NPC”. This means that our facility
will achieve a net benefit (positive values mean expenses, i.e. costs). A larger negative value for our “NPC” will
indicate a more profitable system.
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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 H» generated (if any).

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.

The equations for the NPC calculation are detailed in (Rodolfo Dufo-Lopez, Cristobal-Monreal,
& Yusta, 2016a).

In stand-alone systems, NPC of each combination of components i and control strategy k
(NPC; ) 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 Cost; as the acquisition cost of component j (year 0), NPCy e j the sum of the
replacement costs of component j during the system lifetime converted to the initial moment of
the system (year 0), Cosfosm j the annual O&M cost of component j in year 0, Costr y 1s 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, Incomessel g _y is the income
due to the electricity sold to the AC grid during year y, Incomessen n2 y is the income due to the
hydrogen sold for external use during year y and Cos#inst 1s the installation cost (engineering,

terrain, cabling...). NPC is calculated as follows:
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Lifeys y Lifens
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where Infeen 1s 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, PrFuely the

fuel cost of the year 0 (monetary unit / fuel unit) and /nfr the annual expected fuel inflation.

The sum of replacement costs during the system lifetime is the total replacement cost of

component j:
rep_j (1 n Inf})m.l’ifej
NPCrep_]' = Z COStj (1 n I)m-Life]-
m=1
(1 = (ifens — Noay Life)) (1 + inf) 7"
—L_Los j

Life; (1 + I)Lifens
where Life; (years), Inf; and N, ; are, respectively, the lifespan of component j, the annual
expected inflation of its acquisition cost and Ny, ; the number of times it is replaced during the

system lifetime (Lifens):

Npep j = Integer(LifeHS/Life]-)
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,
Sy [RE8 B y (6) - (1 + Infyen)” /(1 + D]

LCOE;;, =

where Eload y (t) 1s the consumption load during each time step of year y supplied by the off-grid

system plus the load supplied by the AC grid. The term (1 + Infgen)y/ (1+1)Y can be
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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 & during system lifetime (€/kg) is calculated
as follows:

NPC;y
LTS [ZEZ60 H2 1000y (8) - (14 Infyen)” /(1 + 1)

LCOHi'k =

where H210ad y (1) is the hydrogen consumption load (kg) during each time step of year y supplied
by the system.

The levelized cost of storage (LCOS), for batteries, is shown in the report of each solution. It is
calculated as the net present cost of the battery bank divided by the discharge energy during the

system lifetime:
NPC bati,k

LCOS;; = 5
lfeHS [28760h Edischarge_batt_y (t)]

The user can decide to include in the denominator the ratio (1 + In fgen)y /(1 + 1) as shown
for LCOE and LCOH:

NPC_bat;
2y L (SR8 Eaischarge bate y (£) - (1 + fgen)” /(1 +1)7]

LCOS;, =

The simple payback period (years) in NPC minimization projects is calculated considering the
savings when comparing our system with an only AC grid system (system where all the load is
supplied by the AC grid and there is no own generation or storage system, data in LOAD / AC
GRID window, PURCHASE / SELL E tab, right bottom corner): difference in investment cost

divided difference in costs of year 1:

Investment dif ference Investment;;, — Investmentggp

Payback;; = - =
Y L Savings year 1 Costerip_year 1 — COStik year 1
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Where Investment; ;, is the investment cost of our system (sum of the acquisition cost of all
the components plus installation cost; loan is not considered), Investmentggr;p is the
investment cost of the AC grid only system, CoStggip yeqr 1 1S the cost of the year 1 of the AC

grid only system (O&M cost and cost of purchasing all the load consumption to the grid) and

Cost; is the cost of the year 1 of our system (O&M cost plus fuel cost plus cost of
i,k_year_1 Y Y p p
purchasing electricity to the grid minus incomes due to selling electricity to the grid minus
incomes due to selling hydrogen, note that some of these concepts can be 0).
Costgrip year 1 = COStogm grip.1 + COStyyren £ GRID 1
Costik year 1 = CoStogm 1 + Costp, + CostpurchE1 - IncomessellE1 - Incomesseuﬂ21

By default, iHOGA calculates the discounted payback time or period is calculated considering

discount cash flows (https://www.wallstreetprep.com/knowledge/discounted-payback-period/)

It is calculated considering the discounted cash flow (savings of our system compared to the
only AC grid system) for each year. The cash flow of each year is the saving of each year,
compared to the only AC grid system: it is the cash flow cost of the AC only grid system of that
year minus the cash flow cost of our system of that year. In the year O (the beginning of the
system) the cash flow is the opposite to the investment difference (negative value). The first
year when the cumulated discounted cash flow is negative and the next is positive is the “Years
Until Break-Even”. The payback is that value plus the portion of the next year needed to cover

the negative value of the cumulated discounted cash flow.

Maximization of NPV:

If the optimization is the maximization of NPV (gird-connected systems with no load or very
low load), in its calculation incomes are positive (selling electricity to the AC grid and/or selling

hydrogen for external use) and costs are negative. It is calculated as follows:

Lifeys Lifegs Lifeys
NPV = Z (Incomesse”_EJ,) 4 Z (Incomesse”_m_y) B Z (Costpurch_E_y>
b 1+ 1+ 1+
y=1 y=1 y=1

Life

" (1 + Infyen)”

—_ Z Costj + NPCyep ; + z COStO&M‘j(l-I-—I)y
J y=1

Lifeys

Costg 4
Z ((1 n 1)y> ~ Costinsr

y=1
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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 Esell,(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 0, Infsen £ and Infpurch 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; PrH2selly is price of selling

hydrogen at year 0 and Infpurch 12 1S 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 & 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):

LCOE;) =

Total Present_Cost

Solens | (S8760% Esell, (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), ».525°" Esell,, (t)) is the energy injected in the AC grid during year y,
H24014 y 1s 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).
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Total_Present_Cost =

Lifeys

— Z (COStpurch_E_y)
a+nYy

Lifeys

y
1+In
+Z Cost; + NPCpep ; + Z <Cost0&M_j((1+—’;g’)ey”))
7

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-Lopez, 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
y
ZLlfeHS [(28760h stoldy) . (1 + Inf:gen) /(1 + I)y]

LCOHi'k =

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).

Total Present Cost H2 =

Life Life
) ZHS M _ ZHS (InCOmeSsell_E_y>
- ary 1+

y=1 =

Lifeys Y
) c (1 + Inf:gen)

+ . COStj + NP rep_j + OStO&M‘j (]-‘l‘—l)y

j =

Lifeys

Costp ,,
+ Z ((1 n 1)3’) + Costyst

The LCOS for batteries is calculated as shown for minimization of NPC projects.

The payback time (years) in NPV maximization systems is calculated as the ration between the

investment cost and the net incomes of the first year (incomes minus costs):
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Investment;

ayback Net_incomes_year_1

Where Net_incomes_year_1 is the amount of the net incomes of the year 1 (incomes of selling
electricity plus selling hydrogen minus O&M costs minus fuel cost minus purchasing electricity

to the grid cost, all of year 1; note that some of these concepts can be 0):

Netmco,,,wsyear1 = IncomessellE1 + Incomesse”ml — Costogy 1 — Costp, — Cosi:I[,uth1

By default, iIHOGA calculates the discounted payback period is calculated considering discount

cash flows (https://www.wallstreetprep.com/knowledge/discounted-payback-period/)

It is calculated considering the discounted cash flow for each year. The cash flow of each year
is the incomes of each year minus the costs of each year. In the year 0 (the beginning of the
system) the cash flow is the opposite to the investment cost (negative value). The first year when
the cumulated discounted cash flow is negative and the next is positive is the “Years Until
Break-Even”. The payback is that value plus the portion of the next year needed to cover the

negative value of the cumulated discounted cash flow.

Multi-objective optimization:

For multi-objective optimization (Bernal-Agustin, Dufo-Lopez, & Rivas-Ascaso,
2012)(Rodolfo Dufo-Lopez & Bernal-Agustin, 2008)(Bernal-Agustin & Dufo-Lépez,
2009b)(Rodolfo Dufo-Lopez et al., 2011) (Rodolfo Dufo-Lopez, Cristobal-Monreal, et al.,
2016a)(Coello, Veldhuizen, & Lamont, 2002)(Zitzler & Thiele, 1999), iHOGA looks for
solutions with low NPC and low CO» and/or low unmet load by the stand-alone system. Also
there are two other possible objectives to maximize: Human Development Index (HDI) and Job

Creation.

1HOGA 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 CO> cycle life emissions are also obtained, including those generated by the AC generator
fuel (usually diesel or gasoline), as well as those generated in the manufacture, transportation

and recycling of the components of the system, and those generated in the electricity purchased
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from the grid, if applicable (Rodolfo Dufo-Lopez et al., 2011). The result is obtained in kg or t
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).

Optimization of temporary installations:

There is the possibility of optimizing the cost or the weight of the system in temporary
installations (Cristobal-Monreal & Dufo-Lopez, 2016) (to be transported, assembled and at the
end of their period of use, must be dismantled and transported back to the origin). In such cases,
if the cost is optimized, the transport, operation and wear costs of the system are minimized
during use (the NPC is not calculated since the costs are not updated since the duration is less
than one year). In the case of minimizing the weight, the total weight to be transported is

minimized, including going and return.

Probabilistic optimization:

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

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.

1.7 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, new feature in version 3.0), in

time steps from 1 minute to 1 hour.
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1.7.1 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 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.

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% or nominal). From that moment, the cycle is repeated.

1.7.2 Multiperiod simulation |Only in PRO+ version|.

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.
1.7.3 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, iIHOGA 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 (both AC and DC)
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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 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).
Using PRO+ version, we can calculate the irradiation over the back surface of the PV modules,
using 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 11: Theory. Version 7.1, 2015).

Regarding the wind speed, if no measured values are available, iIHOGA 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 II: 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
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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 of the system. In the first versions of the software it
was estimated according to the simplified method of Equivalent Cycles to failure (used by other
optimization programs like HOMER). It is possible to choose between this method 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), used by other
software programs more accurate (as HYBRID2) (Green & Manwell, 1995). In version 2.2 it
was added 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, & Keer, 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, IHOGA knows the different parameters that will determine the NPC of the
system over its useful life: fuel consumption, energy cycled by the batteries, operating hours of
the different components, CO; emissions, etc. With these data, iIHOGA can know the annual
cost of the fuels and the cost of operation and maintenance, in addition to the initial cost of
acquisition of the elements and, if there is AC grid, costs of purchasing and incomes of selling
electricity, and incomes of selling hydrogen, in its case. 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 of the system is obtained.
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2. INSTALLING AND RUNNING THE APPLICATION

2.1 Installation

To run the software 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 (however new version adapts to

any screen size and DPI).

To install the application double click on the auto-installable file called iHOGA with the version

and build number and follow the steps.

1HOGA 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

If you want to install the irradiation and wind speed local database (in the case NASA online

database fails), you must download (https://ihoga.unizar.es/en/descarga/) and execute the

“RESOURCES-ENG.exe” self-extracting compressed file and install the database into the
iHOGA installation folder (into a subfolder called “RESOURCES”).

2.2 Running the Application

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

e From the Desktop, double click on iHOGA.



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

A welcome screen is shown when the programme is open.

W HOGA - o x
Project Dota Colculste DataBase Report Help

iHOGA (v. 3.0 - PRO+)

improved Hybrid Optimization by Genetic Algorithms
Unlimited license

S
inverter
5
+Grid connection
+Net metering
+Hydro
4 Fuel cell

+ Electrolyzer

Authorized user.
Fito
License never expires

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
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changed the currency and/or the components of the database, because you would loss

these changes.

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. Ifyou changed the components of the databases (do it for both types of projects,
low and high power projects):

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 (names are Tl-date for low power projects and

TM-date for high power projects).

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).

5. Ifyou changed the components of the databases (do it for both types of projects,
low and high power projects): 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).
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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).

Il iHOGA

Project | Data (Calculate Data Base
) New
& Open
=
=

E exit

PRO+ version licensing:

The first time we run iHOGA PRO+ version, 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

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

The first time you create a new project (menu Project->New), iHOGA asks if you want to

change the default currency, i.e., if you want to use as default a currency different from Euro

(€).

W iHOGA

Project Data Calculzste DataBase FRe

N

= Open
L
L

B Exit
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Confirm x

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

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

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

cance'

iHOGA 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.

1 CHAMNGE DEFAULT CURREN.. — O >

DEFAULT CURREMCY TO BE USED BY HOGA:

1S Dollar [$) w
Equivalence between currencies: 1€ = S

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.

I CHAMNGE DEFAULT CURREN.. — ] >

DEFAULT CURREMCY TO BE USED BY iHOGA:

& niokher [define) L BsF

rencies: 1€ = BsF

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.
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If we click "OK", the new currency will be the one that will use iHOGA 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.

1 iHOGA
Project Data Calculate Data Base
D
= Open

=

&

B it

iIHOGA type of project

 LOW POWER PROJECT: load in ¥W. energy in k¥h, currency in its m_u_ (_hoga project);

" HIGH POWER PROJECT: load in k¥, energy in M¥Wh, currency in k m.u. (.kho project)

(0] Cancel

w = —_—

First, we must select the type of project. By default, low power project is selected.

High power projects only in PRO+ version

After selecting the type of project and clicked OK, the Windows save window appears to select

the name and folder where the project will be created.
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Bibliotecas

L

Este equipo

@ s

Red

Nombre: [P o] [Comda ]

Tipo: Propecto HOGA (*hogal v Cancelar

If low power project was selected, the file of the project will have .hoga extension. However, if

high power project was selected, the extension will be .kho.

Once pressed "Save" button, the program will create a file with the name that we have given to
the project plus “.hoga” or plus “.kho”, depending on the type of project, 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.

1f, 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 .hoga or .kho 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:\

If the low power project was selected, the default values are for a PV-diesel-battery off-grid
system, with a specific load and irradiation of Zaragoza, Spain. Of course, the user can change

any data.

1 Project D\l hoga - o x
Project Data Calulte Datase Reperi Help
J LOAD /ACGAID GENERAL DATA | OPTIMIZATION | CONTROL STRATEGIES | FINANCIAL DATA | RESULTS CHART

RESOURCES COMPONENTS - MINAND MAX, No COMPONENTS IN PARALLEL—|  -DFTIMZATION PARAMETERS SELECTED BY:
o souR

© useR

COMPONENTS:
f PYMODULES

o
/ INVERTERS
 ACGENERATOR

" R e ey

+f CHARGE BAT

i, P J
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If the high power project was selected, the default values are for a PV-battery grid-connected

generator, with no load. The user can change any data.

dculste DetaBase Report Help
f LOAD /ACGRID GENERAL DATA | OPTIMIZATION | CONTROL STRATEGIES | FINANCIAL DATA | RESULTS CHART

RESOURCES: COMPONENTS MIN. AND MAX. LEL: BY.
s0LR

# ¥ PV Gen. Batenes in parallel: M. [1 Max. [1
L e P o n ol i[5 M [
COMPONENTS I Hydro T.
 PVGEN
¥ Battery bank
o | Sy St
__wwRours | [0 =] houfd dw[i menni
7 BATTERES. ]

T
X Conpare wih W Month ethod (P bot
f IWVERTER/CHAR 5 EAGR T € I~ Conpa T

Dcvasge[i8 v I socd -
ACVerege [i0 v

PRESIZING

Erergy

alysis
b CALCULATE

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 .hoga or .kho, depending on the type of project).

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, iIHOGA creates both
the .hoga or .kho file and the folder with the same name) . In the following figure it can be seen
that we opened a low power project, the project "pv-diesel", marking the file pv-diesel.hoga,

and it is observed that in the same directory there is a folder also called pv-diesel.

Open E]@

Buscar en | ) Propectos ~ e BB

: __JEstrat-Multiob
_._) ) GeneracionH2
Docn!manlus C)Pueblo
recientes pv-diesel

7 ;} %] Estrat-Multioh
ﬂGeneramonHZ
Escritorio #|Pueblo
i el
Mis documentos
8
Mi PC
9 |
Mis sitos dered  Nombre:  |pv-diesel . -

Tipa [HOGA project (* hogs) | Cancela
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3.1 Main screen and main options of the project

The main screen of the program looks like this

If we selected Low power project:

¥l Project: D\1.hoga

RESOURCES
& SOLAR

COMPONENTS

ACWolage [230 ¥

-

=]

Project Date Calculate

" LOAD / AC GRID

_ v |
[ wwomn |

- P MODULES
§ T BATTERIES
 INVERTERS
~f ACGENERATOR

DataBase Report Help

GENERAL DATA IOPT\M\ZAT\ON ‘ CONTROL STRATEGIESI FINAMCIAL DATA‘ RESULTS CHART

COMPONENTS

¥ PV modules

[~ Wind Turbines &)

I~ Hydro T. # ~ TEE”

[ Battery bank |
¥ AC Generator [} 4
[ Inverter (B

[~ H2 (F.C. - Elyzer ]

MIN. AND M. No COMPONENTS IN PARALLEL:

Bateries in parallel Min. |1 Max |1

PV mod. in parallel Min. (0 Max |2
1 1
AL Gen. in parallzl Min, |1 Max |1

CONSTRAINTS:

Maximum Unmet Load allowed; |1 % antual
Unmet load refers to:
f* E. not supplied by the stand-alone system

" E. not supplied by the system nor by the AC gid

More Constraints:

OPTIMIZATION PARAMETERS SELECTED BYv:

* HOGA " USER
Maximum execution time:

o h. |15 min. Farameters

IV Mimimum time: for the Genetic Algorithms

Simulation
Step[min  Simulation starts

e - hour [0 dap [t month1

[~ Compare with Worst Month Method (FY-bat]
i

+f CHARGE BAT,

DCWoltags [48 ¥ [~ S0Cd

FRE-SIZING

Energy storage: ]T daps auton,
I~ Max bat paiallel > Cn min
I~ Max PV mod. parallel - P min

[ MaxAC Gen. parallel -3 Pmin
HDI and Jobs
Sensitivity Analysis
Probability Analysis

B CALCULATE
__@reroRT |

harge
Reg.

If we selected High power project:

Al Project: DAZkho

Project Data Calculate

«f LOAD /AC GRID

RESOURCES
~ S0LAR

L ww |
S |

COMPONENTS

PV GEN

~f INVERTER/CHAR,

Water Pump in Load/AC grid

DCVoltags [48 v [~ S0Cd

AC Volage [400 ¥

PRE-SIZING

Eneray storage: IT days auton,
[ Max bat. parallel -» Cn min,
I~ Max P/ gen. parallel > P min

-
-

Sensitivity Analysis
Probability Analysis
8% CALCULATE

S

DataBsse FReport Help

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

COMPONENTS
PV Gen_

Wind Turbines

Hydro T

Backup Gen.

v
-

-

¥ Battery bank
-

¥ Inverter/cha
-

H2 [F.C. - Elyzer.]

MIN. AND Max. Mo COMPONENTS IN PARALLEL:

Bateries in parallel: Min. ]17 Ma. ]17
PV gen. in parallel: Min, ]ui Max. ]37
I -
e

Canstraint under NPV maximization

Max. investment cost [1E10 kE

OFTIMIZATION PARAMETERS SELECTED BY:

= HOGA  USER
Maximum execution time:

0 h. |19 min. Parameters

¥ Minimum time for the Genetic Algorithms

Simulation:

Step(mink  Simulation statts

B0~ hou [0 day[T month[1

I~ Compate with Warst Month Method (PY-bat ]
e

AC
InverteriCharger

(Bi-directional
inverter) De

3

Battery

AC
Load/
grid




iHOGA v. 4.0 User’s manual 51

The scheme of the system is different, as the low power project allows to have DC or AC
coupled system while the high power system just allows AC coupled. Also, by default, the low
power system does not include grid-connection while the high power system includes it.

The main screen shows menus and buttons. All of them 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:

1l Project: DAPROYECTOS IHOG.

Project Data Calculate Data
[ Mew

& Open

& Save Ctrl+5
E Save as

Save as Default Project
OPTIOMS

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

B 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,...).

|Multiperiod only in PRO+ versi0n|

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), default for low power projects. We can select minimization of
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Or

period (comparing to the only AC grid system). (Only in PRO+ version).

of IRR and the minimization of the payback period.

MAIN OPTIONS:

Sirmulation and optimization:

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

Economic optimization:

(@) Min. NFC
(O Min. LCOH
(O Min. Payhack period

(@) Minimize MNet Present Cost (NPC), usually for offgrid systems and high load on-grid >

() Maximize Met Present Walue (MP), usually for low load or no-load on-grid systems
b, NP

tin. LCOE
kdin. LCOH
Max. Cap.F. min. LCOE
e, [RR
[J¥hen saving the project update all the results of the table to the present conditions in. Payback period

[ the simulation window, show the probability density function (PDF) of the main results

[wwhen clicking a componentin a table, update the component with the values of the database

Mumber of decimal places in results of costs 1 ~
Mumber of decimal places in results of energy 1 ™
oK

NPC, minimization of LCOH (if there is hydrogen load) or minimization of payback

Maximization of the net present value (NPV) \Only in PRO+ versi0n| (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

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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If we select the box “In the simulation window, show the probability density function (PDF)
of the main results”, in the simulation window the third tab will be visible and it will show the
probability density functions of many results. However, in cases of multiperiod simulation
and/or small time steps, it can take a high extra time to show the simulation screen, so this option
is by default unselected.

If we select the box “When clicking a component in a table, update the component with the
values of the database”, if a component has the name of a component stored in the database,
when we click in the component (in the table), it is updated to the values of the database. If it is

not selected, the component won’t be updated.
Also the number of decimal places of the results must be settled.

In the case of high power projects, in this window there is an extra checkbox:

[ ]DC renewahble include own charger and controller

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.

By selecting Multiperiod (]Multiperiod only in PRO+ version|) the number of years of the

system lifetime must be indicated (by default 25 years) and a button appears to select several

options:

irmulation and optimization;

F 7 Simulation of the 1styear and extrapalate resulis

( Y
& Multiperiod: simulate all the vears of the system lifelime [|25 yearg)  Options ]

\ AN

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

e 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.

e 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




iHOGA v. 4.0 User’s manual 54

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”).
As all the payments and incomes are supposed to be done at the end of each year, the
inflation will also affect the first year: the first year the payments and incomes will be

the defined plus the inflation.

e 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 first year of
the simulation uses the data introduced, therefore, if “Fixed”, the first year the load will

not be increased; however, if not fixed, you can define an increase for the first year.
e The annual decrease (%) for the different technologies of generation.
e The battery end of life capacity reduction.

e 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.

e 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.
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MULTIPERIOD SIMULATION AND OPTIMIZATION OPTIONS: T R s PURCHASE E. price inc. v | Average (%) Std. dev. (%)
Show in the simulation during one year. Obtain random values for Irradiation variation over ave | AVErage (%) D Std. dev. (%):
® Aerage year Annual increase in prices and load (%) / Variation over average in resources (%) / O&M PV - WT (%):
Year Purch.E. SellE SellH2 Inc. AC Inc. DT Ine.H2 e W Irrad, Wind - OMP. Ok, ~

(Crvear number 1

Fixed
(iffixed, same values as price inflations of LOADAAC GRID)

AC grid Electricity: Pun:hase % Sell
H2 sold %

Annual increase in electricity and H2 price,

D Each year diff. hourly sell price

I:‘ Hourly buy price = sell x
[“]Fixed

oo [T %

[T

Annual increase in load consumption

1
2
3
4
Data 5
3
7
8
9

Water

Forvariahle unselect "Fixed"
Annual decrease in generation 11

P 1styear: g3 D%
‘Wind Turbines: %
Hydro Turbines: El%

ather years:

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

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 vear diff. hourly 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”.

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

Hourly pice files for each year of the system lifetime (E/kWh)

Graph
@ Importthe hourlyfiles (one for each year ofthe system lietime) atthe sametime | Impart Graph | @ Hours ofthe year
O Average hours ofthe day

(O Generate the haurly files

[Prices imported/ generated will b referred to their own yesr. Calculate annusl increass and update in the table (not fixed)

0K

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 et al., 2023):

PrEsell(hﬁ J’) = PrEsell(hﬁ 0) (1 - (FPVG(h' 1) + Fw) (Lij‘/es—l)> (1 + Ian‘rE)y' vis y < Llfes

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,,,inq (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, ¢ 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:

Hourly pice files for each year of the system lifetime (E/kH) Groph

(@ Hours ofthe year

O Importthe houry files {one for sach year of the system lifstime) atthe same fime | o Graph
(O Average hours of the day

(@ Generate the hourly files

[[JPrices imported/ generated will be referred to their own year. Calculate annual increase and update inthe table (not fixed)

Factor P (%) Factor Wind (%)

[JScale to the last year average hourly price (E/VWh)
0-ih 1-2h 2-3h 3-4h 4-5h 56h 6-7h 7-8h 8-h 910h  1041h  T1-zh

12-13h 13-14h 14-15h 15-16h 16-17h 17-18h 18-18h 19-20h  20-21h 21-22h 22-23h 23-24h

Graph
Generste Groph | @ Hours of the year
(O Average hours of the day

0K

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

~"  Check for updates at the start
Check for updates without asking

If “Check for updates without asking” is checked, at the start the software will check for updates

automatically, without any asking.

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 6 tabs where data must be entered (in the 6™ tab we can see the

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

- RESULTS CHART

In next sections, in general we will show the screens of the low power system project. The
high power system project screens are similar, usually with less options. For example, in low
power projects the PV generator can include or not MPPT, so there are options to select it, while

in high power projects the PV generator always include MPPT so this option is not available to
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be changed and therefore these options are not visible.

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 allowed in parallel for some components.

- Constraints that must be met.

- Maximum execution time and the way to select the optimization parameters (iIHOGA or user).

Also indicated:

- The time steps of the simulation and the date and time of the beginning of the simulation.

- The comparison with the worst month method of photovoltaic-battery systems.

GENERALDATA  OPTIMIZATION CONTROL STRATEGIES FINANCIAL DATA Maintenance shutdown RESULTS CHART

COMPONENTS
PY modules

(
[ | wind Turbines %

[ |Hydro T. #

Battery bank | ]

] AC Generator 'y |
: )
Inverter i-;'

[ IHZ {F.C. - Elyzer) |'-.§,:
|

COMPONENTS:

The default hybrid system is PV-Diesel, with batteries. To add or remove components, select

them on "COMPONENTS.

MIN. AND bAR Na COMPONENTS IN PARALLEL:

Eateries in parallel: Min. hax.
P mod. in parallel: Min. D b,
1 1

AC Gen. inparallel Min. Max.

COMNSTRAINTS

Maximum Unmet Load allowed: % annual
Unrnet load refers to:

(@ E. not supplied by the stand-alone system

() E. not supplied by the systam nar by the AC grid

More Constraints

OPTIMIZATION PARAMETERS SELECTED BY:

(@ HOGA UsER
Maximum execution time:
D h. E min_ Parameters
Minirmum time forthe Genetic Algorithms
Simulation
Step (min.): Simulation starts:
ED hDurEIday mDnth

|:| Compare with Worst Manth Method (PY-bat)
4
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COMPOMENMTS

PY panels

[]wind Turbines C%
[JHydro T. # [JTEG £ ’

Battery bank -l

AL Generator -
Inverter E.—!—f

CIH2(F.C. - Elyzer) 5

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.

[Hydrogen components (Fuel cell — electrolyzer) only in PRO+ version|

MINIMUM AND MAXIMUM NUMBER OF COMPONENTS IN PARALLEL:

Minimum and maximum number allowed for batteries, PV modules, wind turbines and AC

generators parallel must be provided.

I, ARD b, Mo COMPORENTS IN PARSLLEL:

B ateriez in parallel: kin. [ ES
P pan. in parallel: kin. EI [ ES
1 1

AC Gen. in parallel: Min. bd 2.

In section 3.16 PRE-SIZING it is shown that iHOGA can help to decide the maximum values.

Note: The parallel connection of more than two batteries is in some cases problematic, in those
cases the maximum number allowed in parallel battery should be 1 or exceptionally 2 (unless

you have multiple controllers for different battery banks).

[The availavility of several AC generators in parallel only in PRO+ version|

CONSTRAINTS:

In NPC minimization projects, in CONSTRAINTS, user must determine maximum
percentage of annual Unmet Load allowed (100 - annual Unmet load / Total annual Energy

Required by the system).
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COMSTRAIMTS:

M axiriurn et |oad allowed: % annual

Unmet load refers to;
(®) E. not supplied by the stand-alone system
(JE. not supplied by the spstem nor by the AC grid

b are Constraints

The Unmet Load can be referred as:

E. not supplied by the stand-alone system (default): The energy demanded by the load

that is not supplied by the standalone system (energy not served by all the components
of the standalone system, including the renewable sources, the batteries, the AC

generator and the fuel cell), but not including the AC grid.

In this case, it will be possible to purchase energy from the AC grid in some cases, to
compensate for unmet load by the stand-alone system (this option is shown within the
“LOAD / AC GRID” screen, section 3.2). In these cases, we may select a maximum
percentage of energy to be purchased from the grid. This value must be introduced in

the field defined as “Maximum Unmet Load allowed*.

E. not supplied by the system nor by the AC grid: The energy demanded by the load

that is not supplied by the standalone system (energy not served by the standalone
system, including the renewable sources, the batteries, the AC generator and the fuel
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 0.01%. Leaving this parameter at 0%

1s 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:
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) CONSTRAINTS - O >

If & combination of components and strategy does not meet any of the following restrictions, this solution will be discarded ifor that combination it is
assigned infinite cost):

kaximum Unmet Load allowed: % of annual load

(Mex energy not supplied by the stand-alone system. This Energy can be purchased fram the AC grid if such AC grid exists and also the purchase is
allowed on the LOADSAC GRID screen)

Minirnum number of days of autonaormy (batteries+hydrogen) days

{[v]ifthere is AC generator or fuel cell using external fuel or purchasing unmet load from AC grid is allowed, number of days of autonarmy = infiniturn)
Maminal capacity of batteries bank (Wh) < x (peak power of PY generator + max. power fram Wind Turbines group) (W)

( ifthere is AC generator or fuel cell using external fuel or purchasing unmet load from AC grid is allowed, do nottake into accountthis constraint)

Minimum renewable fraction: EI %

haxirnum Lesvelized Cost of Energy: £/kMh

Maxirmum annual capacity shortage: % Data-» AChus: Load operating reserse (%) EI Peak load operating reserve (34)
P power oper. reserve (2] EI YWind power oper. reserve (32)

DCbus: Load operating reserse (%) EI Feak load operating reserve (34)
FY power oper. reserse (%4 EI Wind power oper. reserve (3]

NN

During each time step, battery | PHS provides reserve capactiy considering S0C/ resrvoir discharged in (min): |15

[T cap. shortage, try to obtain real AC operating reserve to meetrequired reserve using PHS and backup generatars

OK.

- 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
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.
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- 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.

- Maximum Capacity Shortage (% of total load) |Only in PRO+ versior. Maximum allowed

for the annual total reserve capacity shortage in percentage of the total annual load. (You must
take into account that, in some specific cases, the capacity shortage can be higher than 100%
of the load; in these cases, if you set the maximum to 100%, this constraint won’t be met).
During each time step, the capacity shortage is calculated for both buses, AC and DC. For each
time step and for each bus, it is calculated as the subtraction between the required reserve
capacity and the real reserve capacity. The total reserve capacity shortage is the total amount of
the capacity shortage of both buses. The required reserve capacity is needed to supply the
sudden increase in load and to compensate the sudden decrease in renewable power (PV and
wind), avoiding stability and frequency problems. For each time step, the required reserve
capacity (of AC or DC bus) is calculated considering a percentage of the load of the time step
plus a percentage of the maximum load during the year plus a percentage of the PV power
generated during the time step plus a percentage of the wind power generated during the time
step. These percentages are defined by the user, for AC and for DC buses, near the maximum
capacity shortage defined by the user. The real reserve capacity is supplied by the sources which
can instantly supply the sudden fall of renewable generation or increase of load: the AC grid,
the batteries, the hydro turbine in PHS (if different than pump), the fuel cell and the AC backup
generators which are running during the time step. A backup generator (diesel, gasoline...) can
only supply capacity reserve if it is running during the time step; if it is stopped, it does not
supply reserve capacity because during a renewable generation sudden decrease or during a load
sudden increase, the diesel generator could not supply the load instantly, as it should start and
reach the working temperature during several minutes. For each time step, the real reserve
capacity (of AC or DC bus) is calculated considering the available power from the batteries
(maximum available power from the batteries, considering the discharge from the present SOC
in the minutes set by the user, default 15 min, minus battery discharging power during the time
step), plus the maximum AC grid power minus the electricity purchased to the grid during this
time step, plus the available power from the PHS turbine (if different machine than pump) if it
is running, plus the rated power of the backup generators which are running during the time step
minus the power they are generating, plus the rated power of the fuel cell minus the power it is

generating during the time step. In AC bus the real reserve capacity obtained from the DC
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components is limited by the inverter maximum power, while in DC bus the real reserve
capacity obtained from the AC components is limited by the charger maximum power.

If you check the box “If cap. shortage, try to obtain real AC operating reserve....”, during each
time step, if there is AC capacity shortage, the software tries to run the PHS AC hydro turbine
(different machine from pump) and, if not enough, the backup generator(s), to increase

operating reserve and reduce capacity shortage.

[ If cap. shotage, try to obtain real AC operating reserve to mest required reserve using PHS and backup generators

Capacity shortage is considered as a constraint in the publication (Dufo-l6pez & Lujano-rojas,

2025) (https://www.mdpi.com/2313-0105/11/2/70).

In projects of minimization of NPC, iHOGA 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, where there is typically no load (grid-connected

generators so sell the electricity to the AC grid) there can be three constraints:

Constraints under MPY maximization:

hax. Investmentcost  [TE1D hAE

bdin. Capacity Factar |0 2 [ ] Prex_sell
kdin. Renew. Fraction 0 e

bdae. Unmet load 100 %

bdaw. Uinexpored E. 100 kS

e The maximum investment cost (by default a very high value, that is 1E10 M€, so by

default this constraint is not considered).

e 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.

e 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
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energy injected to the grid by the fossil fuel generator, divided by the annual energy
injected to the grid.

e The maximum unmet load (by default 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.

e The maximum unexported energy (by default 100%, so by default this constraint is not

considered %). Unexported energy (%) 1id defined as: (Exported energy-
Sold energy)/Exported energy*100.

iHOGA assigns a -infinite value to every element combination that does not meet the three

constraints.

SELECTION OF THE PARAMETERS OF THE OPTIMIZATION.

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

optimization (default 15 min).

OPTIMIZATION PARAMETERS SELECTED B

(®) HOGA (_JUSER

Maximum execution time:

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

Minimurm time for the Genetic Algonthrms

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.

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
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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: 50 cazes/recond

Elisl all POP._[ZALL] GEM. &LG. [%all]
MAIN ALG. [COME. COMPOMEMTS): 64300 203 [0.31%) 2385 (4.61%)
(1=E4800)
SEC. ALG. [COME. STRATEGIES): 1 3 [300%] 41 [4100%)
MaIMALG.  SEC ALG.  MWUMBER OF CASES b4 TIME EXPECTED
OPTIOM1:  EMAL ALL  EWAL ALL. 64300 100 % Ok 21" 36"
OPTION 2: EVAL ALL  GEM.ALG. 2656300 400%  14h 45
COPTION 3:  GEM. ALG.  EWVAL ALl 2333 461 % Oh 0° 60™
OPTION 4 GEM. ALG.  GEM. ALG. 122508 1891 %  Oh40°50"

O ptimization of the combination of components by means of Genetic Algorithms.
It iz not guaranteed to obtain the optimal combination of components, but thiz iz probable to obtain the optimal or
a zolution near the optimal

Notes:

If the 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 iHOGA 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 iHOGA.

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.

1t is advisable to let iIHOGA select the parameters of the optimization.

However, if the maximum execution time we allow is too small, iHOGA 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.
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The user can decide himself the parameters of the optimization by selecting "USER" instead of

"IHOGA”.

If the time allowed by us is lower than the time needed for the enumerative method, iHOGA
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 optimial
solution by mans of the genetic algorithms, IHOGA will take the minimum time that it considers
correct to run the genetic algorithms (as, by default, the checkbox

o | Mini time: far th hic: algorith . . . .
i fme Tor e geEnete FAE s selected). If this checkbox is not selected, the time allowed

will always be the time used by iHOGA, 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

GEMETIC 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 EXFECTED

Computation speed: 50 cazes/second

EVAL ALL  POP [2A4ll] GEM ALG [ 411

MAIN ALG. (COME. COMPONENTS) £4800 203(0.31%) 2988 [4E1%)
[1x64300)

SEC. ALG. [COME. STRATEGY): 1 3(300%) 41 [4100%)

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.

It is recommended that the user allow the parameters of the optimization to be selected by
iHOGA. However, more details about genetic algorithms and selection of optimization

parameters are explained in Annex 1.
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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;
hn:nur|EI |u:|a_l,l|1 |mn:|r'|th|1 |

are with *»orth Month Method [P-bat.]
4

i
It is common to use the 60 minute 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.

Simulation time steps of less than 60 minutes only in PRO+ version|

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 3.12). 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 3.16) 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.

THE WORST-CASE METHOD (PV-ONLY SYSTEM): SETTING COMPARISONS

An option is available to compare the results obtained in the optimisation of the system and
those provided by a pure Photovoltaic system (PV-only) calculated according to the Worst-Case
Method.
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[ ] Compare with warth Month b ethod [PY-bat. |
4

For this option, a number of days of autonomy must be introduced for the battery to supply the

load. Please note that PV modules and batteries must be selected for this option to be available.

3.1.2 OPTIMIZATION tab.

In this tab the TEMPORARY INTERVAL must be chosen first: Fixed installations (the entire
useful life of the system is considered, which will be set in the tab "Financial data" tab) or
temporary installations that are transported from one place to another (where only considers a

certain operating time).

TEMPORARY INTERVAL: ALL USEFUL LIFE OF THE SYSTEM (FIXED
INSTALLATIONS).

This is the option marked by default. The entire useful life of the system is considered (the study

period marked in the tab "Financial data" tab, default 25 years). You must choose between

optimization MONO-OBJECTIVE (economic) or MULTI-OBJECTIVE (several objectives).
GEMERAL DATA OPTIMIZATION CONTROL STRATEGIES FINANCIAL DATA RESULTS CHART

OPTIMIZATION TYPE:
@) TEMPORARY INTERVAL: ALL USEFUL LIFE OF THE SYSTEM (FEED INSTALLATIONS]

(®) MOMND-OBJECTIVE [Cost] (O MULTI-OBJECTIVE Parameters
; ; Dizplay only non-daomin,
Cost - COZ Emiz. Triple 200 5
Cost - Unmet load Another = Expart Paretos

() TEMPORARY INTERMWAL: LESS THAN OME YEAR [TRANSPORTABLE FACILITIES, OMLY FOR PV-DIESEL-BATTERIES]

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
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(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-Lopez et al., 2011)
(Rodolfo Dufo-Lopez, Cristobal-Monreal, et al., 2016a)(Coello et al., 2002)(Zitzler & Thiele,
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. Other types of optimization can be defined, including the Human

Development Index (HDI) and/or Job Creation (maximizing them).

If "Another" is selected, a panel appears to the right, where you can define double or triple

multiobjective optimization.

OFTIMIZATION TYPE:

@® TEMPORARY IMTERVAL ALL USEFUL LIFE OF THE SYSTEM [FIXED INSTALLATIONS] tulti-objective
(OMOMND-OBJECTIVE [Cost] (@ MULTI-DBJECTIVE Parameters ODauble @ Triple
Dizplay only non-domin,— Save Pareto even P
. g Ohjective 1
(O Cost-COZEmis. (O Triple % sobre coste min. | 300 |5 |gen. |M'l imize Total Cost INFC] |
R Inimize Total Cost e
O Cost - Unmet load @) Another M2 max. Mo dom: |50 Export Paretos

() TEMPORARY INTERVAL: LESS THAN ONE YEAR [TRANSPORTABLE FACILITIES. ONLY FOR Py Dbisctive 2

|Minimize CO2 Emizzsions ~ |
Objective 3
|Ma:<imize Human Development Index w |

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 (or highest HDI or highest job creation, depending on
the objectives selected to be optimized). 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
or higher HDI or higher job creation, depending on the objectives selected to be optimized).
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.
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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 € 100,000. If the percentage specified by the user is 60%, all non-dominated solutions
with NPCs above € 160,000 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
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 ASCII file, by clicking on “Export Paretos”.
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TEMPORARY INTERVAL: LESS THAN ONE YEAR (TRANSPORTABLE
FACILITIES, ONLY FOR PV-DIESEL-BATTERIES): [Only in PRO+ version]

In the case of selecting this type of optimization, it would be for transportable systems that are
installed temporarily in a certain place, and that we want to minimize the weight to be
transported (round trip) or we want to minimize the total cost of operation + maintenance +
transport (round trip) + degradation, according to the methodology set out in the reference

(Cristébal-Monreal & Dufo-Lopez, 2016).

(® TEMPORARY IMTERYAL: LESS THAM OME YEAR [TRAMSPORTABLE FACILITIES, OMLY FOR PY-DIESEL-BATTERIES]

(®) MINIMIZE TRANSPORT WEIGHT (O MINIMIZE COST [TRANSPORT+...]

Interval ztarts: Mn:-nth: Dray: ' MNumber of days: Diztance: km
Diezel densiby:; kgdm3; Min. to tranzpork: {100 litrez; Transport u:u:ust: £/tondkm

Extra ageing: P panels:a; Batteniesz: (15 |%; Generator: [0 % Inwverter;

This type of optimization can only be done for photovoltaic-diesel-battery systems (or

photovoltaic-diesel, or photovoltaic-batteries, or diesel-batteries).

It must be set the following data: time when the temporary installation begins, the number of
days that it works, the distance to which the installation is to be transported, the diesel density
(kg/m3), if there is a minimum amount of litres of diesel fuel wants to set, the transport cost in
the monetary unit per ton and km, as well as the extra ageing (degradation) of the PV modules,
batteries, AC generator and inverter in percentage (extra deterioration due to transport, assembly

and disassembly of the components).

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).
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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 30C 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
F1_gen
D -5 PFC e . I:‘Elatterles can inject electricity to the AC grid
[ |s0Cstn_gen SOCst_FC [ ] =0Crmin
11 day atlow SOC-> charge battery v B il
[ Periical_gen Foritical_FC Flim_charge cENEs avliEoliy

DWhen batteries are off, compensate autodisch.

[Js0Cmeax | Fixvariables Variahles accuracy’ =100%

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

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).

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):

o0 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 |Only in PRO+ version, 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 to 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.
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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, Pecritical gen, SOCstp FC and
H2TANKSstp , as they are no longer required.

Load following strategy:

If you choose the strategy "Load following", Pcrtical gen and Pcritcal FC variables are
set to 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:

- 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: \Only in PRO+ versinon\

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:
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- 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 |Only in PRO+ version‘:

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

case, Pcritical gen and Peritical Fc may not be optimized.

Variables to optimize relative to the global strategy |0nly in PRO+ version\

Of the variables allowed to be optimized, we can choose all or only some (in this case the
variables not chosen will not be optimized). If we do not mark as optimizable the variables
Plimit_charge, P1 gen, P1 FC or P2, 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,
iHOGA will need a high time to perform the optimization. Combinations of components are

usually more important than control strategies in the Net Present Cost.

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.
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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.

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

Yalues of Power in'w, H2 in kg

Pmin_ger Prin_FC H2TANKstp_gen

(* Pmin recommended by manufact ; O} ')

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

F1_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 =

" Setwvalue to: 1000 " 1000 @) 1000

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. Only in PRO#

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
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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. There are two options:

o Charge / discharge batteries when the price is lower / higher than certain fixed

values.
o Optimize the 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.

ENERGY ARBITRAGE: System with batteries and grid connected
Batt. charged by the AC grid /f discharged if: (alsofarElyzer->H2) [ ]Ehzer. full load

Price E<= |0 ::}\/h } Price E>= IH@ h []D-% (Compare with Sell priu:e)]

[ ] Optimize strategy of grid-conneted batteries:

Batteries can inject electricity to the AC grid

Batteries availability
[ Jwhen batteries are off compensate autodisch,
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By default, in low power projects, these values are 0 (in high power projects defaults are
different, see previous figure), 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). For example, let’s suppose that in our case we have three hourly periods for the
electricity cost 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 ensure that the “(Compare with Sell price)” checkbox is unchecked (to

consider the purchase prices, if it was checked sell prices would be considered).

Batt. charged by the AC grid jf discharged if. (also for Elyzer-» HZ) D Elyzer. full load

Frice E< € Iiwvh ff Price E>=| |07 [e/down [0~ [D [Compare with Sell priu:e)]

Then, 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.

This option is appropriate if we have an electricity price tariff such that the price curve is
the same for all days, but with valleys and peaks within the day (for example in Spain the
supervalley tariff, see figure below). The methodology is set out in article (Rodolfo Dufo-
Lopez & Bernal-Agustin, 2015b).

Electricity price (€/kWh) On-peak: Dish argT. batt. to supply load
02 I |

0,15
Off -peak:

Charge bai.at low price

01 | |

005

0 1 2 3 4 5 B 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Hour of the day

Fig. Z. Hourly price of a TOU tariff used in the example of Section 4,

All the options related to the battery control strategy will be applied the same if we have

pumped hydro storage. In the example, the same strategy would be applied if we had pumped
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hydro storage: when the sell price is lower than 0.07, water is pumped with the renewable
sources to store energy in pumped water; when the sell price is higher than 0.17 €/kWh the
hydro turbine works with the stored water, supplying the load.

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).
[vw [alzofor 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:

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.

[ ] Ebyzer. 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 Dift>=(01  &/kwh: % aound |10 W D%

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
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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%.

Batteries can inject electricity to the AC erid:

If the checkbox “Batteries can inject electricity to the AC grid” is selected, the batteries,
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.).

[v Batteries can inject electicity to the AC gnid

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 “(Compare with Sell price)”. Also,
if “(Compare with 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 price is lower than the limit (or
when the power from the renewable sources is higher than the maximum power that can be
injected in 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.
(Compare with Sell price)

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

the AC grid.

HOGA x

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
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Other options:

If the box [11dayatlow SOC > chaige battety i gelected, 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 autodis {5 selected, if the batteries are not charging nor

discharging, the self-discharge is compensated.

Optimize strategy of grid-connected batteries:

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".

Optimize strategy of grid-conneted batteries:

@ 3 variables: X1 (dif), ®2(54), X3(%). 1 min. |0 | e |0 | emwh
(O 2 variables: price E. min. and max,  Min> 0135 Maxc 0165 £/kwh  [] Prch<PrD

This optimization can be useful for grid-connected systems where the hourly price of energy is
different every hour (real time pricing, RTP), as in Spain. 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 iHOGA allows (photovoltaic modules, wind turbines ...).

AC GRID
FPrivate facility
{consumer is the owner of
KWh the storage system)
|7 pr——— a ' .
| AC bus : Bi-directional
i jconverter
I [~_.~1Rectifier ~ I
: | ;= (Batt. Charger) S inverer :
i — |
R -3 sz 1 :
L s DChus s |

r
t
k.
=
Battery Bank

.
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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(%), X3(%).

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:

e Xl1: 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.

e 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_elecy, (€/kWh)

0,15 - Pr_elec; 3y > Pr_elec,,, 13— DISCHARGE: 51 OFF, 52 ON
. —(Pr_elecy,y 13- Pr_elecy, 13)-X3/100 ]
I 3 o F 3
X1>Pr_elecy 12—
—Pr_elecyyn 12
0,1
X1<Pr_elecia 13—
- Pr_elecy, 13
3
» Pr_ EJIEC,:B”h] < Pf_ EIECMin_IZ +
DJDS ‘--H:Pf'_ E‘J'BCMEI_H- Pr_eFECMLn_L;]‘)Qflm A 4
L
CHARGE: 51 ON, 52 OFF
| I\
f I
day d=12: BATTERY BANK OFF day d=13: BATTERY BANK READY
0

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

- 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 Batteries availability 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
[v]February  [F]2-3h 1 [v]February [“2-3h 1
i-ah 1 3-4h 1|
[ kdarch [Z]4-5h 1 [w] tarch [£14-5n 1
) [#]&-&h 1 E-Bh g
[ April [6-7h 1 [ i Me-7h 1
[#17-8h 1 7-8h 1
FMay Hle-sh 1| [ My Me-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 Arz-1an August A
il Aug &4-150 1 i [Z14-150 |1
[~] September 15-16h 1 [v]september [15-16h |
[1e-170 1 [16-17h |1
HAoceber  [A17-180 {1 [Flocober  EA17-180 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
[l Charge batteries atthe selected hours [ Discharge batteries 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 [fthe 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 [fthe 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 batteries atthe selected hours
only fram renewables, not from AC gnd {'(Sell prica)’). injecting power to the AC grid, at C-rate,
regardless of the price of electricity regardless of the price of electricity
[regardless of arbitrage]. regardless of arbitrage).
Fest of the time available for charge (arbitrage) Fest of the time bat. available for 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)
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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 (nominal 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 Maintenance shutdown RESULTS CHART

ECONCOMIC DATA

MNaorinal interest rate (capital cost): EI %
(nominal discount rate)

1896 %% . P
Amount of loan %
Annual inflation rate (0&h..): % EI

In LCOE / LCOH include real disc. rate in Energy of the initial cost of investment

- 25 In maximize NPY systermns use Inf. sell f H2
Study perod (ystemlfeime) (25| years [ in rnasc. NPV, LCOE caleulated with Esell+Eload Laan Interest %

[«] At the end of the stuchy period consider the residual cost of the compaonents
Duration of loan years

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

Currency |Eura (£) ~ Discounted Payhack period
Installation cost and variable inftial cost | 300 £ Fix + % of intial cost

If in & year costs¥incomes, teces=0 that year Extra Cash Flow
Corporate taxes (%) El

MNegative taxes accumulate and are offset later when taxes >0

If the checkbox In LCOE / LCOH include real disc. rate in Energy g checked, LCOE, LCOH
and LCOS will be calculated as shown in section 1.5, 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;y
LCOEi,k = W
Zyzl Eloady
-If maximizing NPV:
Total Present_Cost
LCOEi'k =

I
ZnyHS(Einjected_y + stold_y : 39-4)

In maximizing NPV projects, if the checkbox L/IInmaximize NPV systems use Inf. sell fHZ g
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. NPY, 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.

If the checkbox At the end of the study period conzider the residual cozt of the components is checked, it is

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).

If the checkbox [¥IDiscounted Payback period i checked, the payback will be calculated as the
discounted payback. If “Discounted Payback period” is not checked, the payback calculated
will be simple payback.

The calculation of the payback and of the IRR can consider or not the loan (by defatult, not

considered):
Consider loan: [_|for payback [ ]farIRR

Corporate 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
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(considering also interest payment, depreciation and amortization), and will be added to the

total cash flow of the year.

e EI Ifin & wear costs>incomes, taxes=0thatwear
Megative taxes accumulate and are offset [ater when taxes >0

If the checkbox [Mlfinayearcosts>incomes, taxes=Oihatyear i 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).

If the checkbox [+ Negative 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:

Eur [£
US Dollar 3] P
Arother

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

Currency

[hztallatio

currency.

Eequivalence between curencies:
1€= |13 S
kultiply cogts by conversion factor

Cummulative 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
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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.

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.

V. Project: C:\Users\Rodolfo\Drop

Project Data Calculate DataB
O New
[= Open
E Save Ctrl+S
H 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, 80% 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:
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i
i
iy

[

Where Co is the total financed cost, i is the interest rate of the loan and 7 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.

ADD EXTRA CASH FLOW COST.
If, for example, there is an existing generating systern with rermaining costs:

Here you should enter the exira net cash flow to be added to the NPC ar NPV of the project
{values 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) a
Calculate extra cash flow during system life: ] 0
Using an initial {year 0) cash flow of 1 0

ME (+ costs; - incomes) P Il

with annual increment rate of

4 0
Calculate 5 0
[ 0
7 0
8 0
9 0
1o 0
1l 0
12 0
OK 13 0
14 0
15 0
16 0
17 0
18 0 W

3.1.5 Maintenance shutdown tab Only in PRO+ version.

The shutdown (parcial or total) of the PV generator and of the wind turbines group, due to

maintenance or failures, can be defined in this tab.
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GENERAL DATA QPTIMIZATION CONTROL STRATEGIES FINANCIAL DATA Maintenance shutdown RESULTS CHART

By AND WIND TURBINES SHUTDOWMN DUE TO MAINTENANCE OR FAILURES:

P maintenance shutdawn: Generate randomly Total shutdown time (% of the year): Steps 0-1: |2 (0-1) ™

(@) Generate randomly

(O Import hourly file (8760 1) Duration (hours): Average: Std. dew. = Graph
[“]W.T. maintenance shutdown: @ Generate randomly Generate randomly Total shutdown time (% of the year): Steps 0-1: [11{0-0.1.. ~
(O Import hourly file (870 h) Duration (hours): Average Std. dev 4= Graph

If we check the box “PV maintenance shutdown”, we can generate randomly or import a hourly

file with the data of the shutdown of the PV of a whole year.

Generate randomly: we must define the total time (% of the year) there is shutdown, the average
duration (hours) and its standard deviation. Also, in the “Steps 0-1” we must select the number
of steps between 0 and 1 for the calculation of the factor which by which the PV generation will
be multiplied. For example, if we select “2 (0-1)”, the hourly generation of the shutdown will
be between 2 possible values: 0 or 1, that is, for each hour, the PV generation will be normal or
0. If, for example, we select “11”, the hourly generation will be of 11 values between 0 and 1:
0, 0.1, 0.2, .... 1, that is, for each hour, there will be a partial shutdown (only some strings of
the PV) and the PV generation will be a fraction between 0 and 1 of its normal operation.
Clicking in the button “Generate randomly”, we will obtain the hourly file, which can be shown

with the button “Graph™:

All PV generator ok: 1; Some PV strings shutdown: < 1 (The PV generator output will be proportional to this value)

1
0.9
0.8

0.7

06

MY

0.5

04

0.3

02

0.1

0

11 151 12 152 13 153 14 154 15 155 16 156 7 157 8 158 19 15/9 110 15/10 111 1511 112 1512
January-December

< > |365]

Haurs PV shutdawn: 811 haurs (9.25 %) [Horizontal Grid - [_JAIL []Vertical Grid Days display

Scroll change (days)-> small: large:

For each hour of the year, in the simulation of each combination of components and control, the

PV generation will be multiplied by the value corresponding of that hour.
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We can import the hourly file of a whole year (for each hour, 0 for complete shutdown, 1 for
normal functioning, a value between 0 and 1 means partial shutdown), selecting “Import hourly

file (8760 h)” and clicking in the corresponding button.

We can do the same for the wind turbines shutdown.

3.1.6 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).

3.1.7 System DC and AC Voltage.

System DC and AC voltage must be introduced on the main screen (bottom left). The DC
voltage is common to be a multiple of 12 V, choosing 12 V for systems with very little power

consumption and increasing the DC voltage as the system consumption increases.

DCYaltage |48 W []50Cd.
AC Valtage | 2300 |

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.

iHOGA x

Verify that components are suitable for the DC Yoltage 12V

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

between the nominal voltage of the battery.

With respect to photovoltaic modules, the serial number shall be the division of the DC voltage
between the nominal voltage of the panel, unless otherwise defined in the PV panel window

(section 3.8). In the event that the photovoltaic generator is connected to the AC bus through its
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own inverter (defined in section 3.8), the voltage of the PV generator and the number of modules

in series are defined in said section 3.8.

The box [IS0Cd (Only in PRO+ version)) indicates whether we want to consider the

dependence of the DC voltage vs. the state of charge (SOC) of the battery bank, 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).

3.1.8 Buttons and menus on the Main Screen

i Project DA\1hogs Several menus are available on the main screen (top left): Project, Data,

Project Data Caleulste Dati (Calculate, Database, Report, Visual, Help and License.
« LDAD /4C GRID |

A number of buttons is available (left) for Load/AC grid (loads and

RESOURCES
¥ SOLAR | options to buy and sell energy to AC grid and to sell hydrogen),
|| Resources (Irradiation, Wind, Hydro), and Components, as well as for
COMPONENTS Pre-sizing, HDI and Jobs, Sensitivity Analysis, Probability Analysis,
o P PRNELS Calculate, and Report (for the best solution, once this has been
calculated). Buttons are enabled only for components already selected
=/ BATERIES (see section 3.1.3. above, on Selecting Components).

«f ACGENERATOR Once a screen has been accepted, a validation sign is shown for buttons

and submenus: ¥ for buttons ¥ for submenus.

|
|
|
|
+f INVERTERS |
|
|
|

o EHARGE BAT

DCvohage 48 |V After all the required screens are accepted for all components selected,
AL Vaoltage |230 |V

the Calculate button and menu are enabled. Once the system is
PRESIZING |

Energy storage: days autan.
[ tdax bat. parallel-3 Cr min.
[1tax PY pan. parallel -> P min.

tax wind T. parallel -> P min.
[ tdax AC Gen. parallel -3 Pmin

HDI and Johs
Sensitivity Analysis
Frobahility Analysis

8 CALCULATE

REFPORT

calculated, the Report button and menu are enabled (report for the best

solution)
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1l Project: DAPROYECTOS IHC

The options available under the “Project” menu are: New (create new

| Project | Data Caleulate Data  project), Open (open an existing project), Save (save the current

1 New |

4 & Open Project, shortcut Ctrl+S), Save As (save the current project with an
= s Ctrl+S§ . . .
o 5::;5 r alternative name), Save as Default Project (save the current project as

Save as Default Project
OPTIONS

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

F Exit

= and exit.

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

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

The tables mentioned above
are the tables used in the
windows where the Load,
Wind, PV modules, Wind
Turbines, Hydraulic
Turbines, Batteries,

Inverters, AC Generators,

AC LOAD (W) DC LOAD [w) HZ LOAD (ka/h)  WATER (n
Manth | oth | 120 | 230 | 34nh | 45h | 56k |
JANUARY 22 22 22 22 22 22

| |FEBRUARY | 22 22 22 22 22 22

| |MARCH 22 22 22 22 22 22

| |aPRIL 22 22 22 22 22 22

| |MaY 22 22 22 22 22 22
JUNE 22 22 22 22 22 22

- [sury 22 22 22 22 22 22

H> (Fuel Cell and Electrolyzer) are defined, and also the table of results (once the system has

been calculated).

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.

1 Load and options of Selling / Purchasing Energy from the AC grid - O X

=3 =3 I
Export

D ata source:

7 7
= L

i+ Monthly Average © Load Profle  Import File [w/, kgH2/h, m3/h)

AC LOAD (W) ] DCLOAD (W) | H2LOAD (kgH2ih) | WATER (m3(day) FROM WATER TANK | PURCHASE / SELLE |
Manth | oth | 120 | 230 | 3ah [ 48 | 56h [ &7h | Fen [ 89k | saon | 1otk | 112k | 1293k [ 13740 | 14950 [I5180 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
| [mar 22 22 22 22 22 22 | 110 176 132 | 110 | 110 | 308 308 220 176 | 15
JUNE 22 22 22 22 22 22 | 110 176 132 | 110 | 110 | 308 308 220 176 | 15
[ |ouy 22 22 22 22 22 22 | 110 176 132 | 110 110 | 308 308 220 176 | 15
| |aususT 22 22 22 22 22 22 | 110 | 176 132 | 110 | 110 | 308 308 220 176 | 15
SEPTEMBER 22 22 22 22 22 22 | 110 176 132 | 110 | 110 | 308 308 220 176 | 15
| |ocToBER 22 22 22 22 22 22 | 110 176 132 | 110 110 | 308 308 220 176 | 15
NOVEMBER = 22 22 22 22 22 22 | 110 | 176 132 | 110 | 110 | 308 308 220 176 | 15
22 22 22 22 22 22 10 | 176 | 132 | 110 | 110 | 308 308 220 | 176 | 15
£ >
Scale factor for Monday to Friday: ’1_ Scale factor for the weekend: ’1_

AVERAGE LOAD IN DECEMBER
[ W 2 (HHY)

Add load profile

W ariability a0 | A0

DC H2 200
Dalyvaiabiiy |0 % [0z [0z -
Hourly % ariability ’D_ % ’D_ % ’D_ % 200
Minutes Variabily |90 % [0 % [0 g 2 150
Correlation minutes ’F 100

Generate AC load power factor [cos fil[1 0
0 [ 12 18
Add load of 1] WAC | duing |5 min

from: min0 hour ’D_ day"l_ manth ,1_ r H"?ﬂ;\’e'}' AC ma. hourly active power load in the year [inc. AC purmping]: 3028 W Max. in 1/2 b intervals: 373.9%
s Average hourly AC power: Active 151.2'; Aparent 151.2 V4
ﬁ O |m min. D max. howrly power load in the year: 0% DC power hourly average 0%

Average daily load = 3.63 K\wh/day

hour

Average hourly value of [Energy_DC_hourly/Energy_Total_hourly): DC Factor = 0%

The default load corresponds to a house of low consumption in AC, in average monthly values.

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.

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

e IMPORT HOURLY DATA FILE
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Monthly Average data:

1 Load and options of Selling / Purchasing Energy from the AC grid - O X

Data source: - ™l ™l v

-
% Monthly Average ¢ Load Profile © Import File [, kgHZ2/h, m3/h) ? 1 - Expart

Ar L AAn nan e |y Y | e ————

The default option is “Monthly Average”. 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 watts
and kg Ha per hour). Three load tables are available, for AC, DC, and H: (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 H» loads in red (the latter are shown as power,
multiplying by the HHV value of 39400 Wh/kg for H»). Also, water consumption from water

tank previously pumped can be defined.

AC LOAD (W) tab:

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

AC LOAD (W) DC LOAD (W) H2 LOAD (kgH2/h) WATER (m3/day) FROM WATER TANK ~ PURCHASE / SELL E

Maonth 0-h 1-2h 2-3h 3Fh 4-5h 5-6h B-7h 7-8h B-9h 9-10h 10-11h 11-12h 12-13h 13-14h 14-15h 15-16h -1 A
JANUARY 22 22 22 22 22 22 110 176 132 110 110 308 308 220 176 154
FEBRUARY 22 22 22 22 22 22 110 176 132 110 110 308 308 220 176 154
MARCH 22 22 22 22 22 22 110 176 132 110 110 308 308 220 176 154
APRIL 22 22 22 22 22 22 110 176 132 110 110 308 308 220 176 154
MAY 22 22 22 22 22 22 110 176 132 110 110 308 308 220 176 154
JUNE 22 22 22 22 22 22 110 176 132 110 110 308 308 220 176 154
JULY 22 22 22 22 22 22 110 176 132 110 110 308 308 220 176 154
AUGUST 22 22 22 22 22 22 110 176 132 110 110 308 308 220 176 154
SEFTEMBER 22 22 22 22 22 22 110 176 132 110 110 308 308 220 176 154
OCTOBER 22 22 22 22 22 22 110 176 132 110 110 308 308 220 176 154
NOYEMBER 22 22 22 22 22 22 110 176 132 110 110 308 308 220 176 154
» DECEMBER 22 22 22 22 22 22 110 176 132 110 110 308 308 220 176 154
~
< >
Import AC tahle Scale factor for Monday to Friday: Scale factor for the weekend

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 500 W, 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
0-1h will take the same value (500 W).

You can also import the table from a .txt file with 12 rows (one fore each month) and 24 tab
separated columns (one for each hour). For example, if you have the AC load profile in an Excel

file (next figure).
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© consum

Archivo UIGEM Insertar  Disefio de pagina  Férmulas  Datos  Revisar  Vista  Desarrollador  ACROBAT  Power Pivot

= I :
0 3 Cortar Calibri -1 P Ajustar texto General - r iz Normal Bueno Incorrecto (e éx n = A QY p
Bp Copiar ~ 3 <’ - -| BB E [3] Rellenar -
Pegar NKS-|E- = [ Combinary centrar - G~ % oo | €3 g8 Formato  Darformato | Neutral Célculo X . ertar Eliminar Formato o Ordenary  Buscary
- Copiar formato condicional ~ como tabla ~ e = - - filtrar ~  seleccionar
AL o Je | 585
e —_—,—— s
] e i — - — — —— - — — i — . s = e o &
5 900 850 800 800 780 760 750 840 870 880 890 895 920 1000 1010 1010 1010 1010 980 970 960 950 930 900)
e —,,——
e e S - B s B
e e - B e B e - s
e B e | B B e e B e 1 1
e —
L B e B 1 B ™ - B B~ <
5
Select the data of the table, copy it and paste in Notepad (next figure).
/| LOAD.txt: Bloc de notas - [m} X
Archivo Edicién Formato Ver Ayuda
585 552.5 520 520 507 494 487.5 546 565.5 572 578.5 581.75 598 650 656.5 656.5 656.5 656.5 637 630.5 624 617.5 604.5 !
405 382.5 360 360 351 342 337.5 378 391.5 396 400.5 402.75 414 450 454.5 454.5 454.5 454.5 441 436.5 432 427.5 418.5
540 510 480 480 468 456 450 504 522 528 534 537 552 600 606 606 606 606 588 582 576 570 558 !
828 782 736 736 717.6 699.2 690 772.8 800.4 809.6 818.8 823.4 846.4 920 929.2 929.2 929.2 929.2 901.6 892.4 883.2 874 855.6 H
900 850 800 800 780 760 750 840 870 880 890 895 920 1000 1010 1010 1010 1010 980 970 960 950 930 ¢
81e 765 720 720 702 684 675 756 783 792 801 805.5 828 900 909 909 909 909 882 873 864 855 837
81e 765 720 720 702 684 675 756 783 792 801 805.5 828 900 909 909 909 909 882 873 864 855 837 H
630 595 560 560 546 532 525 588 609 616 623 626.5 644 700 707 707 707 707 686 679 672 665 651 ‘
720 680 640 640 624 608 600 672 696 704 712 716 736 800 808 808 808 808 784 776 768 760 744
450 425 400 400 390 380 375 420 435 440 445 447.5 460 500 505 505 505 505 490 485 480 475 465
405 382.5 360 360 351 342 337.5 378 391.5 39 400.5 402.75 414 450 454.5 454.5 454.5 454.5 441 436.5 432 427.5 418.5
324 306 288 288 280.8 273.6 270 302.4 313.2 316.8 320.4 322.2 331.2 360 363.6 363.6 363.6 363.6 352.8 349.2 345.6 342 334.8

Save the file (.txt) and then, in iIHOGA, import that .txt file with the button “Import AC table”:

Irmpart AC table

You will obtain the AC table in iIHOGA:

AC LOAD (W) DC LOAD (W) H2 LOAD (kgH2/h) WATER (m3/day) FROM WATER TANK PURCHASE / SELLE

tdanth 0-1h 1-zh 2-3h 34h 4-Bh 5-6h B-7h 7-8h &-9h 9-10h 10-11h 11-12h 12-13h 13-14h 1416k 15-16h -1 A
» JANUARY 585 5525 520 520 507 484 4875 546 565.5 572 5785 58175 598 650 656.5 656.5
FEBRUARY 405 3825 360 360 351 342 33758 378 3918 396 4005 402.7% 114 450 4545 4545
MARCH 540 510 480 480 468 456 450 504 522 528 534 537 552 600 606 606
APRIL 828 762 736 736 176 699.2 690 7728 800.4 809.6 618.8 823.4 846.4 820 9292 9292
MAY 900 850 800 800 780 760 750 840 870 880 890 895 920 1000 1010 1010
JUNE 810 765 720 720 702 664 675 756 763 792 801 8055 828 900 909 909
JuLy 810 765 720 720 702 684 675 756 783 792 801 8055 828 00 909 909
AUGUST 630 595 560 560 546 532 525 588 609 616 623 626.5 644 700 707 707
SEPTEMBER 720 b0 640 640 624 608 600 672 696 704 1z 716 736 ilili] 608 808
OCTOBER 450 425 400 400 390 380 375 420 435 440 445 4475 460 500 505 505
NOVEMBER 405 3825 360 360 351 34z 3375 378 39156 396 4005  402.75 114 450 4545 4545

DECEMBER 324 306 288 268 2808 2736 270 302.4 3132 316.8 3204 3222 3312 360 3636 363.6

Scale factor for the weekend:

Impor AC table Scale factor for Monday to Friday:

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

DC LOAD (W) tab:| Only in PRO+ version|
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ACLOAD (W)  DCLOAD (W)

tdanth 0
JANUARY
FEBRUARY
MARCH

APRIL

MAY

Hh 1=
0
0
0
0
0
JUNE 0
0
0
0
0
0
0

=

JULY
AUGUST
SEFTEMBER
QCTOBER
NOVEMBER
» DECEMBER

o oo o oo oo D S e e

Import DC tahle

H2 LOAD (kgH2/h)

o=

=

3

=

4

=

[ =

=

cC oo oo e o0 R e e g
cC oo o ocoooD oo e
cocoocooo oo e e b
cCoococ o0 o000 DO 4

Scale factor for Monday to Friday

B

c oo oo e o0 e e e

=

-~

coococooococooo b

Scale factar for the weekend

WATER (m3/day) FROM WATER TANK

=

&

-4
0
1]
o
0
1]
o
0
1]
o
0
1]
1]

h 9-10h

1}

coocococooo0 oo

10-11h

0

cCoocoocoooD oo

T1-12h

PURCHASE / SELL E

0

cCoocoocoooD oo

12-13h

1}

coocococooo0 oo

13-14h

i}

c oo oo e e e

14-15h

0

cCoocoocoooD oo

15-16h 1 A

i}

oo oco oo oo s o

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

You can import the DC table in a similar way as explained for AC. Scale factor must be entered,

one for weekdays and another one for weekend.

H2 LOAD (kg/h) tab:

Only in PRO+ version|

In this table you must enter the H2 load (kg/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 a hydrogen car), not to be

sold, it will be used by our company without any charge. You can import the DC table in a

similar way as explained for AC. Scale factor must be entered, one for weekdays and another

one for weekend.

ACLOAD (W)  DC LOAD (W)

kanth 0
JANUARY
FEBRUARY
MARCH

APRIL

MAY

-1h 1-
0
0
0
0
0
JUNE 0
0
0
0
0
0
0

=

JULY
AUGUST
SEPTEMBER
OCTOBER
NOVEMBER
» DECEMBER

CoD o0 o000 D000 g

Import H2 table

Load Profile data:

D ata source:

" Monthly Average («

H2 LOAD (kgH2/h)

2.

=

3

=

4

=

5

=

cCooDocoo oo 0 oo e
coooc oo oo oo e L
c oo e e @ e S &
cCooDoc oo o000 oo e 4

Scale factor for Monday to Friday

" Import File [/, kgH2/h, m37/h)

(S

cooocoo0oo0 000 g

=

7

cCooDocoo oo 0o oo 4

WATER (m3/day) FROM WATER TANK

=

PURCHASE / SELLE
-9k 4-10h 1011k 11-12h

0 0 0 o
0 o 0 1]
0 o 0 1]
0 0 0 o
0 o 0 1]
0 o 0 1]
0 0 0 o
0 o 0 1]
0 1] 0 1]
0 0 0 o
0 o 0 1]
0 1] 0 1]

Scale factor for the weekend:

808 O]

0

cCooDoc oo o000 oo

12-13h

0

cCooD oo 0000 oo

13-14h

i}

coeeoe e o @ e

14-15h

0

cCooDoc oo o000 oo

15-16h -1
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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 Default profile). Additional preloaded profiles are available by clicking

on the dropdown menu, which is displayed under the tables.

Load prafile: |Default j

Y ariahility

] .| Corventional Residential AC load
D aily W ariabi Ll;uw AT load
Huawrly % arial High AC load
] | Office AC load
Minutes Wari| Medium AC load e

—

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 far Manday ta 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.

Another function of the scaling factor is to easily enter large consumption data, e.g. to enter the

data in kW, we place in all scaling factors AC and DC factor 1000.

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 (m3/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]:

This tab displays the following:

AC LOAD (W) DC LOAD (W) H2 LOAD (kgH2/h) WATER (m3/day) FROM WATER TANK  PURCHASE / SELL E

DALY WA TER CONSUMPTION im3/de) HOURLYWATER CONSUMF’T\ON (IN % OF DAILY CONSUMPTION]
January [0 ] (0 k=) July [P ke 10h
Fobruary |(0 ke August [0 | @kemeey - - - - - - - - - - 5] El DEFINE v

12h 13h 14h 15h 16h 17h 18h 18h 20k 21h 22h 23k Total

(
1 { i
March D 0 Kiwhy/day) Septemhellil (0 Kivhfday)
O S Gy O O OO
( )
(

{
i

April EI (0 kihiday!
i

HOURLY WATER CONSUMPTION (% OF THE DAY
May D 0 khiday) November EI 0 kivhyclany) ( )

10
June [0 ](0khiday) December (1| (0kiwhday) 5| [I[I [l“ D D |
Scale factor for Monday - Frichay: Forthe Weekend: 0 “ariability minutes (%):

0 6 18

WATER TANK: hour
YWater tank capacity: 40 m3: min. EI ELECTRICAL PUMP:
Capacity atthe begining of the simulation (% UD P
PU;MKG - gining - [Jinlet Hydro res Pump elechical rated pUWEf'EI W Fump minimum pUWEr.EI % of rated
e (recommended 0'W for Bh/day) Priority to pump if surplus E > El % P. pump

i jft: |30 ’
Elevation head + suction lift: m Exira pump

Tatal pump sficiency: % [IVar. Fump el Pumpvolkage: DS >

Friction Losges: %

In which we must define different data:
e The DAILY WATER CONSUMPTION of each month (m3/day)
e Its HOURLY 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 (m3), 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, which could be
variable with the button “H var.”), friction losses (%, which could be variable if selected the
checkbox “Var.”), pump rated electric power (W) (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 we want to consider variable head, click in “H var.” button, the next window appears 1

lin PRO+ version):

Data for the variable head:

If selected the wariation in upper reservaoir height, pump elevation head and turbine head are defined:
-For uppertank ar resersoir empty and

-For lower tank or resersair full

[]considervariation in water height in upper reservair or tank

oK.

To consider variable head, you must click in “Consider variation in water hieght in upper
reservoir or tank” checkbox. When considering variable head, the variation in upper reserovir
heith, pump elevation head and turbine head must be defined for upper tank or reservoir empty

and lower tank or reservoir full.

Then, new data must be set:
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Data for the variable head:

If selected the wariation in upper reservair height, pump elevation head and turbine head are defined:
-For uppertank or reservoir empty and

-For lower tank ar reservoir full
Considervariation inwater height in upper reservoir or tank

(@) Fixed value for the area (m2) of the upper reservoir

(O Define height (volumefarea) (m) of the upper reservoir when itis full

Upper reservoir or tank area (mz): 40000 -> Reservoir artank water height fval farea):

[ ]Considerwariation in water height in lowsr resensoir ar tank

“ariation in upper resersairimplys inverse wariation in lower resensairin (32):

Do not consider lower resersoir heightwariation in the turbine head

OK

We must define the area of the upper reservoir (m?), by default, or the height (m) when it is full.
Also, we can consider the variation in water height in lower reservoir or tank (checking its
checkbox), setting the inverse variation in lower reservoir (%) related to the variation in upper
reservoir. Also, by default, the lower reservoir height variation in the turbine head is consider

(to not consider this, uncheck its checkbox).

If we want to consider variable friction losses in the penstock between pump and water tank or

reservoir, we must select the “Var” checkbox close to the Friction Losses data (Only in PRO+

version):

Friction Losses: | % [w|Var | Losses

Then, click in “Losses” button:
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Calculation of friction losses:

Dynamicviscosity of water (Pa-s): |0.00088

[ 1Dep. on T

‘Water density (kgfm3): |1000

Pump -tank or reservoir losses:

Pipe diameter between pump and tank ar reservair (rnm): 1000 Diameter = 1000 mm
[J This diarm. is the mesc Min: Calculate diameter for speed (m/s) 40D _’7/.-"" 60
Fipe length betwveen purnp and tank or resenair (m) £ —T 50
P i} pump 2 300 "//_,, e “E
Absolute roughness (mm) i _— 20 =
200 o @
K fitings g ," n&
= 100 T
Colebrook approximation: - o 10
(@ Prandt, von Karman and Nikuradse (PKN) 0
() Haaland 0 10 20 30 40 50
(O Bath Flow (m3/s)
oK — -
| Loss Speed / Diam. | —

We must set the dynamic viscosity of water (Pa-s), which can be dependant on water

temperature by checking the “Dept. on T(°C)” checkbox. Alos water density must be set.

Losses in the penstock between the pump and the tank or reservoir depend on the pipe diameter,
which must be set (mm). If we check the option “This diam. is the max; Min:....”, the diameter
set is the maximum to be considered, the minimum is set as a percentage of that maximum, and
the real diameter for each case will depend on the rated nominal pump flow so that the nominal

water speed is the value set (by default 2 m/s).

We must also set the pipe length (m) from pump to tank or reservoir and the absolute roughness
of the pipe (mm). The coefficient resistance of the fittings (K) to consider the losses in the
fittings must also be set. Finally, we must choose the equation for the approximation to
Colebrook equation (Prandtl, von Karman and Nikuradse PKN, by default, Haaland or the use
of both equations). For more info the reader is referred to the publication (Rodolfo Dufo-Lopez

& Lujano-Rojas, 2024) (https://www.mdpi.com/2076-3417/14/16/7033).

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

variable efficiency % vs. max. flow rate % (Only in PRO+ version)

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



https://www.mdpi.com/2076-3417/14/16/7033

iHOGA v. 4.0 User’s manual 104

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

0% 0% 2% 0%  40% BD%  B0%  70%  80% 0%  100%
o e s s e ez s fls [ [z |7 |

If rewversible pumpfturbine. ma. flow rate of the turbine.
If different machines, using pump of 0 ' -> Max. flow rate 0 |/5 for elevation head + losses of 33 m with 78 %
efficiency at meax flow

OK

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). If “Opt” is checked, this variable will be optimised.

Priority to pump if surplus P> |0 % P. pump. [ ]opt

The optimization of this variable is considered in the publication (Dufo-l6pez & Lujano-rojas,

2025) (https://www.mdpi.com/2313-0105/11/2/70).

Next to the box of the daily flow of each month appears in brackets the daily energy in kWh/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 iIHOGA 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 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 DC or AC

loads (depending on the type of pump, DC or AC).

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).
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Just 1 pump can be conzsidered. 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
- With the button below, import the hourly water supplied by the pumps to the tank dunng 1 pear

Import houlry water supplied byt he other pumps [dam3)

ﬁ Graph

Awerage hourly water supplied by the other pumps: 0 dam3

Fesat

B3 |
Cloze

Button “Generate”:

By clicking on the "Generate" button iIHOGA 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, from 1 to 30) consumption data for a whole

year.

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 (W in low power project, kW in high power project), DC
(W in low power project, kW in high power project), H2 (kg/h in low power project, t/h in high
power project) and/or Water load (m3/h in low power project, dam3/h in high power project),

by selecting their checkboxes.

Then click on the "Import" button, opening a dialog where it asks for the location of the file.
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V| Load and options of Selling / Purchasing Energy from the AC grid - O X
Dele sae & Hows ¥ AC ¥ DC ¥ H2 [7 Water

" Monthly Average  Load Profile & ir -1 = m:nﬂt:z ?aDCE": r‘oox' inTIoM  ppat Expart

The file must have the following format: the hourly consumption values, in W, 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 W, the second row is the AC load of January Ist, 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 (W), then the 8760 rows of hourly consumption
of H2 (kg/h) and finally the 8760 rows of water consumption from tank (m3/h). The separation

decimal point should always be dot (.), not comma.

B consumo.txt - Bloc de notas

Archivo Ediddn Formako Wer  Avuda

o0, 0000
G000, 0000
00, 0000
500, 0000
&00, 0000
00, 0000
B0, 0000
SO0, 0000
1200. 0000
1200. 0000 Jdanuary 1st
1850, 0000

1550, 0000
3300. 0000
4250, 0000
2500, 0000

1000, 0000
1000, 0000
B0, 0000
00, 0000
00, 0000
B0, 0000
00, 0000
00, 0000
B0, 0000
700, 0000
1300 D660 January nd

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 }E 'Iv Jinute: (default 1 minute, that is, 60 data per hour)
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and we can choose "Minutes - each hour in a row" or "Minutes -1 per row", depending on which

type of file we have.

I Load and options of Selling / Purchasing Energy from the AC grid - O *
Dele sae  Hous ¥ AC ¥ DC @ H2 [@ Water

£ Monthly Average  Load Prafile % Import File (w/, kaH2/h, m3/h] Eli ] OIS (e Export

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).

7 consumo.txt: Bloc de notas -
Archivo  Edicion Formato Ver Ayuda

26.758 26.247 27.740 26.177 25.766 25.516 25.766 27.439 27.750 26.247 25.456 25.225 24.414 23.993 23.853 26.157 25.346 26.397 28.181 29.764 20.603 28.401 29.122 28.211 28.401 27.209 25.366 23.793 23.402 24.20 A
28.942 28.480 29.045 30.567 30.207 29.313 28.786 29.415 29.271 27.925 28.089 29.066 30.187 31.307 30.258 28.243 29.241 27.984 28.634 28.788 30.053 29.611 28.634 31.071 31.811 31.688 29.385 27.287 26.843 23.90
23.587 22.582 23.656 23.457 22.999 23.845 24.999 26.612 29.210 29.628 28.354 27.647 25.906 25.328 25.318 23.646 24.393 24.662 25.806 23.786 24.701 25.388 25.687 25.955 25.766 25.249 25.935 25.597 27.239 26.33
26.242 27.474 27.098 28.743 29.928 31.291 31.037 32.288 31.432 31.404 29.796 30.567 30.717 30.567 29.702 29.354 28.094 27.361 28.499 28.301 28.202 27.126 27.699 26.684 26.308 25.095 24.503 24.578 24.070 23.84
23.479 23.654 24.519 26.821 23.955 25.063 25.228 27.142 27.278 27.180 27.346 26.219 25.490 25.976 25.879 25.121 25.480 25.568 25.704 25.432 26.199 24.936 25.004 24.810 25.714 23.994 25.393 25.636 26.209 27.14
28.448 30.134 29.774 30.124 30.044 28.847 28.268 28.677 28.149 26.543 26.513 25.834 25.735 25.326 25.994 26.473 26.573 28.647 28.178 28.947 28.986 27.899 26.313 26.263 24.338 23.570 25.286 23.351 23.820 23.05
36.296 51.983 69.638 76.313 81.961 90.453 107.200 108.574 109.115 121.913 115.238 121.091 133.770 129.919 133.099 137.492 143.864 145.887 141.581 139.450 139.807 135.231 128.631 131.790 128.707 120.344 121.167 124.996 128.209 125.0
244.324 263.407 265.151 275.612 293.442 297.365 291.857 289.848 305.923 321.445 322.009 316.969 308.262 293.920 296.344 392.074 301.713 299.491 313.790 329.036 219.861 223.869 225.219 218.468 212.706 188.041 200.448 191.751 179.153 189.7
184.326 180.276 185.355 181.565 186.644 181,969 175.448 177.121 181.681 183.220 190.251 188.347 187.577 174.938 175.544 179.738 169,667 159.981 154.440 158.673 156.883 158.874 156.239 152.545 150.371 147.082 147.274 157.384 150.044 150.6
145.570 136.456 133.809 134.204 128.713 124.605 125.237 127.617 120.863 117.446 124.191 125.198 120.566 119.283 112.153 119.411 121.337 122.630 121.672 120.379 127.143 125.267 130.471 126.304 124.556 120.013 124.694 125.010 119.569 122.7
160.408 158.909 151.731 146.801 144.583 137.384 130.134 126.304 128.655 134.324 147.572 147.099 143.762 147.746 156.948 157.584 153.343 140.126 147.654 152.593 153.014 147.705 146.904 143.515 141.092 137.436 137.436 133.256 129.200 126.1
174.567 174.733 208.041 188.124 216.458 208.967 210.713 241.943 262.445 299.691 303.917 317.796 328.086 342.774 346.588 337.683 334.864 345.583 353.923 356.215 367.451 387.825 413.448 401.275 415.720 411.555 392.614 415.662 427.483 441.0
409.977 422.698 440.887 433.717 414.812 465.706 485.130 506.910 532.103 531.978 547.272 513.021 524.912 533.047 534.603 543.952 529.374 521.882 529.861 529.467 518.396 553.404 544.917 524.611 524.839 540.881 574.260 604.309 637.077 645.6
424.039 398.362 386.394 366.061 348.899 332,802 328.233 321.824 319.868 301.500 294.092 280.035 295.182 293.884 280.126 294.800 278.728 277.704 279.152 261.674 264.887 252,144 240.476 237.521 251.379 258.129 233.726 237.463 244.354 228.3
272.530 277.909 27.388 260.521 262.477 258.546 256.150 249.901 247.544 233.520 225.736 219.526 221.766 215.565 222.509 221.951 209.600 216.759 210.803 230.968 234.968 230.322 223.937 221.296 209.933 207.341 199.752 212.025 210.177 209.0
201.907 197.189 191.629 197.511 198.876 179.764 172.607 189.420 182.384 183.117 176.090 181.732 193.205 188.417 186.068 182.354 183.147 183.859 178.550 169.405 173.390 176.903 185.044 192,592 194.981 181.420 179.202 177.636 181.621 167.4
197.578 196.870 191.366 188.513 180.986 187.977 188.321 190.314 182.585 170.110 166.235 160.600 155.815 163.119 163.018 160.792 159.184 159.740 163.453 164.627 162.603 157.433 142.804 147.357 141.671 127.780 128.245 136.845 135.348 134.3
131.507 139.338 150.746 149.744 162.256 168.614 174.962 176.383 189.947 200.609 207.110 203.614 196.888 201.049 198.411 199.438 202,817 196.111 195.089 187.923 178.069 184.458 201.355 204.228 204.115 231.010 237.501 239.893 251.679 253.5
258.941 275.088 288.548 292.573 297.893 292,673 285.860 301.189 290.804 289.919 277.864 362.029 305.325 298.811 299.574 314.582 318,641 314.317 309.395 295.781 294.243 289.167 281.691 287.010 289.565 282.509 273.009 272,047 293.624 288.3
230.314 233.287 247.978 253.631 265.924 271.899 257.943 232.501 229.599 241.207 261.561 280.524 279.497 279.396 280.404 287.951 276.131 275.043 267.828 296.213 301.241 305.725 294.631 288.989 286.580 304.123 307.448 315.781 343.925 369.3
439.491 450.844 497.357 405.768 415.337 378.554 361.784 390.512 387.387 430.744 429.760 429.100 442,670 454.725 451.038 416.083 423.165 444.464 435.036 398.405 407.379 422.570 471.246 454.999 474.965 456.812 439.480 476.803 471.419 482.5
434.120 425.690 427.515 421.522 408.219 384.356 375.537 374.092 376.167 376.261 368.339 345.671 340.512 346.292 322.253 321.540 313.453 301.067 314.018 310.803 297.593 290.655 279.020 294.221 275.639 273.573 266.384 286.051 282.596 279.3
284.826 287.098 302.304 298.852 286.225 315.323 310.424 300.808 288.315 276.043 277.788 288.565 278.603 289.197 289.571 285.257 292.409 286.398 278.939 275.411 278.968 284,490 285.401 308.094 311.766 295.353 291.566 272.592 271.374 276.2
208.941 193.354 182.256 174.077 160.931 157.344 154,228 149.322 145.908 137.424 136.513 127.966 122.056 116.538 106.806 104.820 106.366 101.225 101.618 105.103 101.382 100.291 106.468 104.820 106.037 102.175 98.714 95.519 94.091 93.24
67.051 62.385 57.987 53.275 50.265 46.873 44.553 41.21 38.366 36.509 34.866 32.875 30.254 28.028 26.218 25.045 24.066 23.939 23.711 24.013 22.344 21.566 21.868 21.774 22.424 22.799 21.975 21.754 21.204 21.13
27.688 25.989 25.406 25.031 25.287 26.344 26.631 26.137 26.246 27.026 28.152 29.120 28.271 28.132 26.907 27.224 24.784 26.19% 26.809 27.461 27.194 26.651 25.307 25.989 27.332 26.384 26.661 26.661 24.507 25.67
26.739 26.983 27.295 26.476 27.149 26.876 28.173 29.861 28.3d9 27.832 26.300 27.364 27.022 27.764 27.100 25.198 25.813 26.369 25.276 26.895 25.052 24.359 26.086 27.091 27.803 28.593 28.720 29.607 28.359 26.95
23.337 23.202 23.233 21.819 23.233 23.504 23.296 24.544 26.166 26.561 27.601 27.726 27.841 28.392 27.924 27.841 28.849 26.832 26.041 25.303 25.625 24.981 24.585 25.584 25.251 25.469 26.489 27.300 25.499 24.71
26.407 26.786 25.916 26.469 27.778 26.325 27.533 27.676 29.477 28.443 27.543 27.420 27.47L 27.175 28.505 28.187 26.049 24.975 26.295 26.305 27.952 29.200 27.932 28.505 28.228 27.758 27.717 29.763 29.497 29.66
23.623 25.493 27.292 26.814 26.682 29.010 29.081 28.705 28.837 27.536 24.639 22.738 20.390 18.134 19.262 20.441 20.441 21.193 22.311 23.186 23.653 22.677 23.846 24.192 26.001 25.158 25.564 25.036 25.371 25.72
37.565 43.474 45.857 60.660 69.700 72.457 71.479 82.652 98.007 101.731 102.813 110.584 120.873 126.282 125.981 134.210 133.554 142.209 144.883 136.998 143.760 140.223 138.121 138.901 133.866 129.050 130.673 133.929 132.119 136.4
259,938 268.378 268.964 257.512 260.986 284.579 284.826 288.506 300.750 37.391 307.730 302.251 318.966 311.873 317.815 323.572 314.422 312.726 296.350 299.331 195.312 193,903 195.466 198.478 190.912 184.189 187.437 173.086 174.556 167.1
219.512 216.090 201.875 200.351 196.151 196,363 186.398 179.180 178.493 169.781 164.319 157.262 156.262 153.769 145.733 140.119 129,569 132.850 128.075 132.436 133.951 126,984 129.125 134.163 131.538 126.339 124.986 134,789 144.360 148.1
139.426 137.158 135.154 133.028 133.359 138.849 146.448 144.567 140.787 135.797 136.222 135.674 137.101 133.113 138.840 142.356 131.988 134.568 134.729 133.037 137.167 137.139 142.951 140.267 140.626 145.455 143.716 143.565 149.311 146.5
130.482 136.293 129.799 131.090 139.807 147.610 143.017 146.928 135.924 134.365 134.835 135.841 131.026 125.408 127.936 123.628 131.985 127.687 131.339 137.077 140.711 143.395 137.575 135.804 134.245 133.756 129.458 125.731 124.458 125.2
185.546 212.447 222.070 262.922 253.243 249.794 259.450 254.133 253.921 295.630 333.444 334.067 338.439 329.595 332.565 333.767 355.094 384.998 406.270 413.501 428.642 439.267 460.026 474.267 498.408 459.437 430.433 415.070 435.551 434.2
433.653 450.910 475.439 463.898 470.922 472,845 488.287 499.525 471.419 506.462 517.473 488.967 481.684 498.574 525.977 522.368 546,054 560.987 556.579 603.173 594.053 585.214 509.002 567.438 569.848 551.165 556.643 577.682 613.049 587.3
446.753 422.014 402.672 379.775 357.050 346.051 321.955 321.852 322.340 322.948 300.188 291.682 293.721 287.185 280.538 262.326 238.838 238.273 241.648 250.360 250.497 257.264 250.120 245.811 240.012 231.960 229.484 232.465 228.867 222.7
252.443 251.638 246.838 245.820 218.290 208.477 200.699 196.482 201.427 189.121 201.931 199.827 193.912 189.616 199.982 199.090 192.806 206.266 202.862 202.387 207.730 201.214 201.020 203.211 205.577 224.894 219.231 217.156 215.682 216.5
224.973 205.484 200.279 189.982 188.712 193.659 194.723 188.743 171.485 166.135 174.511 175.017 177.279 188.712 185.872 179.716 198.048 199.360 198.472 190.003 188.949 191.149 191.346 175.957 172.673 182.443 180.501 186.429 175.823 181.2
169.552 164.670 173.835 175.427 177.519 173.246 179.169 171.694 178.266 174.965 177.440 182.480 185.152 178.158 169.405 174.140 175.476 171.360 166.144 163.275 151.526 151.880 150.475 143.039 140.347 140.347 143.609 135.730 140.622 134.4
179.306 188.159 194.822 206.558 206.889 196.349 196.008 179.648 170.005 169.813 164.484 153,677 148.477 156.635 169.001 179.733 177.523 186,920 201.753 214.909 211.396 206.516 204,963 195.367 197.738 205.736 205.821 205.181 211.844 209.4
231.352 235.042 239.602 230.335 253.577 261.398 281.170 292.010 291.999 293.845 290.595 313.900 291.549 289.441 281.610 247.067 250.275 267.132 285.877 282.061 272.238 266.818 266.357 273.758 280.761 278.612 283.707 280.813 277.406 257.6
339.247 317.628 319.882 335.384 340.673 335.546 342.226 350.175 359.637 352.561 345.861 358.855 366.084 357.728 373.332 369.332 384.936 386.642 354.703 332.318 331.069 343.658 348.561 337.384 316.186 326.024 326.592 329.973 326.663 328.2
277.161 305.875 314.664 340.720 344.567 345.735 343.005 368.710 377.365 392.492 403.680 432.476 418.207 417.256 387.126 406.813 432.880 447.862 465.978 467.27 452.980 446.063 477.713 454.097 491.000 496.025 509.260 493.409 484.620 489.9
365.171 375.050 377.080 365.541 359.467 356.664 370.727 383.343 374.615 360.477 353.984 345.872 347.351 328.636 327.856 307.908 304.160 296.236 295.299 294.995 273.033 278.417 289.562 300.280 303.749 321.979 323.220 314.951 307.455 310.3
334.848 332.297 325.050 310.025 315.009 320.345 317.650 317.822 313.712 318.299 321.923 316.145 307.772 298.407 297.235 273.584 276.721 296.009 286.689 297.848 297.253 293.972 273.097 282.399 264.120 270.862 259.802 283.967 296.451 385.0
199.853 188.468 176.970 172.473 167.756 160.166 150.427 143.064 133.857 129.388 126.090 121.983 116.124 107.158 103.973 100.774 98.873 96.988 95.922 95.688 94.610 92.127 90.361 89.184 95.234 93.078 94.177 92.702 93.9%65 95.76
62.814 56.754 53.095 49.283 45.488 42.314 39.072 36.899 34.351 32.257 29.550 27.333 26.535 25.829 23.674 23.367 23.416 22.784 21.495 19.948 19.966 19.598 18.167 16.927 15.785 15.527 15.509 14.950 14.889 13.69
20.261 20.802 21.19 21.121 20.147 21.008 22.057 21.533 22.984 21.570 22.899 22.160 20.943 22.506 21.064 21.551 21.261 21.205 21.870 20.344 20.334 19.464 19.295 19.744 19.623 19.978 19.595 20.241 21.280 21.46
23.449 23.907 22.412 21.670 21.568 21.873 22.544 21.517 22.656 22.138 20.256 20.531 20.409 20.124 19.423 20.267 21.863 22.067 22.982 23.033 22.636 21.558 21.080 20.867 21.507 21.28¢ 20.195 19.473 19.585 20.10
21.747 22.469 23.586 23.287 23.547 21.544 21.592 21.063 20.273 19.695 20.620 22.305 21.400 21.005 21.824 21.486 22.777 22.623 23.470 23.133 22.921 21.342 21.255 19.724 19.724 20.157 20.225 20.437 18.867 18.96
21.234 21.580 22.215 22.561 22.648 22.186 23.215 23.234 22.215 22.792 22.292 21.253 20.686 20.715 19.955 21.147 21.474 22.475 22.032 22.744 23.167 23.398 24.013 22.321 22.19% 21.272 21.417 20.744 20.782 20.38 v
< >
100%  Windows (CRLF)

P Escribe aqui para buscar Spotify Premium

L]

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
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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 of", where the consumption to be added must be specified (see figure

following).

v Fepeat event
ffl:IITI: |Tlir| |:| hl:luf IE_ da_'r'|3_ ml:lnth|1_ o F' .................... -l'j !

l'l_ dayz

In the example, when you click on "Add load of" iHOGA will add 100 W 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.

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:

Only in PRO+ version|

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).

AC LOAD (W) DC LOAD (W) H2 LOAD (kgH2/h) WATER (m3/day) FROM WATER TANK ~ PURCHASE/ SELL E

AC GRID AVAILABILITY

[] Purchase from AC grid Unmet Load (Non Served [] Sell Excess Energy to AC grid
Energy by Stand-alone system) Priority to supply E not covered by renewables:
Fixed Sell P (£/k\wh 012 i - (@)
Fixed Buy Price (£/kih) Hourly Prics xed Sell Price (£/KWh) Hourly Prica @ Storage/Generator  (JACGrid [ Opt.
. [ Pr.sell = pr. buyx Sto /Gen priority if PrbuyE »= 0
Annual Inflation (%) Emission (kgCO2/k\h):
-3 0.4 - Annual Inflation (%).-3 [] Sell surplus H2 in tank (difierence
- EnfieEre ¢EtE between the H2 in the tank at the end
Fixed Prmax (ki) Fixed Cost P (£/WAT) Max Power(ki) 10 =Prax buy of the year and at the beginning)
Options D Haurly Values Energy Generation Charge (Transter Charge) Price (EAWWh)
Access Charge Price (A Fixed Transfer price £/kKwWh) l:l Haurly Price 10 3
Fixad Access price (E/kWWh) l:l Houry Price Self-consumption and Net Mettering: Sell anly
Back-up Charge Price (£/kiWh ‘Nn net mettering v|
Fixed Back-up price [£/Wh) l:l Haourly Price Cost of net metering senvice E/kdwh) |0
ill be added to the E purchased .
o P ) [JAdd negative gen charge Buy-back: ExportE is paid at (£/kiwh) D
Toatal tax for electricity costs (buy + charges) (%) ICI Totaltax for electricity sold (%) 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 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
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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
hydro turbine runs with the stored water to supply the load and, if allowed, energy is injected

into the grid.

- AC grid availability(| Only in PRO+ version):

On the right there is the button AL GRID AVAILABILITY

By clicking this button, the next window appears:

AC GRID HOURLY AVAILABILITY
AL Grid Availability D ata
(®) Hourly, all daps the same
() Fram file (8760 haurly values. Each row: 1-> availabe; 0> not available] 51

(") Random generation of non-availability:

0-1h M1-2h 2-3h 13-4h [14-5h [5-Eh ME-Th 7-8h
[~18-9h 9-10h  [A10-11h [I11-12h [112-13h [113-14h [114-15h  115-16h
W16-17h [17-18h [118-19h [119-20h [120-21h [121-22h [122-23h 123-E24h

CJIF pricrity is AC grid and the max. power of the renewable source is lower than 3’3 of the masimum load,
when the AC gird iz available, fully charge the batteries

ﬁ Diraw 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.
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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: MHon-avalialbiity during % of time Generate

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

that means:

[ 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.

In EDU version the AC grid availavility is at every time (and it cannot be modified).

- Priority to supply E not covered by renewables (| Only in PRO+ version)|:

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

[ ] StofGen. priorityif PrE >= |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).
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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 [ ]5to /Gen. priority if PrE >= \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).

- Purchasing from AC grid Unmet Load (Non Served Energy):

By checking this option, when doing the simulation, if the AC grid is available, all the energy
load that cannot be supplied (unmet load) by the renewable sources and by the storage, generator
and fuel cell will be purchased from the AC grid. However, it must be taken into account that
in the case of H2 loads, if the electrolyser nominal power is lower than the power required to
supply the H2 load that could not be covered from the H2 tank, the difference cannot be obtained
anywhere. In that case the energy not served will be higher than the one purchased to the AC
grid. It may also happen that the unmet load during a time step is greater than the maximum
power that can be purchased from the grid Pmax (kW), in that case it will not be possible to

cover all the unmet load from the AC grid.

Purchase from AC grid Unmet Load (Non Served
Fnergy by Stand-alone system)
Fixed Buy Price (£/Kwh) Haourly Price

Annual Inflation (>2): Emission (kgCO2/kMh):

_ Er Emissions data

Fixed Pmax (ki) Fixad Cost P (£ )
Optians D Hourly Yalues

Access Charge Price (£/kWh)
Fixed Access price ([£/kWwWh) I:l Hourly Frice

Back-up Charge Price (£/k\Wh

Fixed Back-up price (£/kWh) D Hourly Frice

il be added to the E purchased

) [ ]Add negative gen. charge
Total tax for electricity costs (buy + charges) (%) El

When you check the option, if in the main window the unmet load is defined as the energy not

covered by the stand-alone system, a window will appear indicating the maximum unmet load
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allowed (defined in "Constraints"), which will be the maximum energy that can be purchased

from the AC grid.

IHOGA X

Maximum allowed value for Unmet load (maximum energy which can be bought from the AC grid = maximum unmet load by the stand-alone system) is 1 % of the whole load.

You can modify this value in the main window of the software, section 'Constraints’

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 (€/kWh)"):

Fixed Buy Price £/ h] 015 Haourly Price

Or set a price for each hour or by hourly periods (Only in PRO+ versionl), if the indicated

Haurly Price

checkbox is not checked, the 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 (kgCO2kh):

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
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. COZ emissions (26)

Current emissions costs (£ COZ ton): l:l
Expected annual variation in ernissions costs (%)

0K

If the "Fixed Buy Price” checkbox is deselected, the button | o Fice

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).
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HOURLY PRICE OF THE ELECTRICITY PURCHASED FROM THE AC GRID

Hourly Price Data (B4 h]
(®) Hourly, all daps the same

() Fram file (8760 hourly values) Impart ﬁ Draw

() Hourly Perinds

Hourly price_ all davs the same:
0k 12k 23h 34k 4Bk EEh  B7h 78k 8Gh  Bddh 1041k 112k
015 jpas Joas J[ars ffars Jfoas  [ars [[ars J[ars [[ois J[ois [os |

1213h 1314k 1418k 1596k 1617h 1718k 1849k 1920k 2021k 21.22h 2223 2324k
[015 |jpas  |oas  Jois [o1s [[o1s [[ors [[ars [fors [[ois Jjois J[ors |

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

™ From file [8?8[] hiourly values) ﬁ Drraw

¥

Hourly Periods: .
T Mumber of Hourly Periods: |3 «| | & Summer®inter  © Mon-Frifw'eskend © Hourly (from file]
Summer calendar: Period F1 Price:  |0.15

From day If month ,3_ Period F2 Price:  |0.12
To day If month lW Period P3 Price:  |0.08

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 iIHOGA
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

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.
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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
‘439,.
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.
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Hourl Periods: .
DR TRrncs Murber of Hourly Periads: |3 = | | Summer®inter © MonFritveskend & H

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 “Graph” button

and we can see the hourly price of the electricity.

{= Graph {= D mas-min

{=PDF | I=FPDFD.mrm

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.
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1l Graph — O ®

Price of the electricity PURCHASED from AC grid

1 2 3 4 5 6 7 8 9 10 11 12 13 14
January

Purchase price: Average 0106 £/kMWh; Max 015 £40h; Min: 0.08 £/kMWh. D ayz display

If the option “From file (8760 hourly values)” is selected, you must import the hourly price

file (8760 columns, in monetary unit / kWh) by clicking the button “Import hourly price”:

HOURLY PRICE OF THE ELECTRICITY PURCHASED FROM THE AC GRID

Hourly Frice Data (£/kWh)
(O Hourly, all days the same

© Fromill2 (7 2 row;7 el nse) Import hourly Price Hypothetical_hourly_pirce. bt

(O Houtly Petiods

= Graph

= POF

{= D mavemin

1= PDF D.r-m

Once imported, the file name is shown.
With the button “Graph” it shows the hourly price during the year.

Price of the electricity PURCHASED from AC grid

034
032
03
028
0.26
024
022

0.18
0.16
014
0.12

Price per kWh

0.08
0.06
0.04
0.02

0 1 2 3 4 5 6 7 8 9 o n 12 13 14 15 16 17 18
20 January

< > [
Purchase price: Average 0.0688 £/kwh: Max: 0.3286 £/kvh; Min: 0.0008 £/kiwh [Horizontal Grid [JAr []vertical Grig Daws display

Seroll change (deys)> small Jarge:

19 20 1 2 23 0

With the button “PDF” it shows the probability density function (PDF) of the price, showing

also (below the graph) the mean and standard deviation (and, with these values, it shows in

green the Gaussian curve). Next figure shows an example, where most of the time price is near
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0, and also there is a lot of hours with price around 0.06 €/kWh; the Gaussian curve does not fit

well in this case (that is, the original data does not follow a Gaussian normal PDF).

¥ B Data M= Gaussian

Probability Density Function
o

0 0.05 0.1 0.13 02 0.25 0.3
Purchase pirce

Purchase pirce -> Mean: 0.0598; Std. dev: 0.056 £/kvwWh

QK

With the button “D.max-min” it shows, for each day, the difference between the maximum
price and the minimum price of that day. This graph is interesting to see the daily price
difference (max.-min.), important for arbitrage energy cases (for example, charging batteries at
low price hours and discharging during hours at high price hours). Showing 365 days display,
se can see many days, in this example of prices, the difference is higher than 0.2 €/ kWh, which

could make profitable (in some cases) the energy arbitrage:

Daily max.-min. Price of the electricity PURCHASED from AC grid

0.32

0.3
0.28
0.26
0.24
0.22

0.2
0.18
0.16
0.14
0.12

01
0.08
0.06
0.04

Price per kWh

11 151 /2 152 U3 1573 14 154 15 155 16 15/6 17 157 /8 15/8 19 15/9 1/10 1510 /11 1511 1712 15/12
January-December

< > (365
Deaily max.-min. diff. of Purchase price: Average 0181 £/kiWh; Mex: 0.3218 €/Wh; Min: 0.0293 £/kwh [JHorizontal Grid  [JAk []Vertical Grid_ Days display

Sclleionge Fryes et I s
With the button “PDF Dm-m” it shows the probability density function (PDF) of the previous
graph (values of difference between the maximum price and the minimum price of that day),
showing also the mean and standard deviation (and, with these values, it shows in green the
Gaussian curve). In next figure we can see that, in this case, the most of the values (difference
between max. and min. price for each day) is around 0.18 €/kWh, and the PDF curve is not very

different from a Gaussian PDF curve.
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|I7. Data W= Gaussian

w o =

Probability Density Function

[ N S = T -1

0 0.05 01 0.15 0.2 0.25 0.3
Purchase pirce: Daily max.-min. difference

Furchase pirce: Daily max-min. difference -> Mean: 0187, Std. dew: 0.0485 £/d4h

0K

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 (kW) 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 Fised Pras [kw Fixed Cost P [E/Ww A

IW Options IEIi

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:

| Fised Pmas [khw] Fised Cost P £/ Ao

00 optiens | [0  Hourly Values |

By clicking in the “Hourly values” button we can set the maximum grid power by periods or

hourly for all the year.

- By periods: 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.




iHOGA v. 4.0 User’s manual 120

Define Maximum Grid Power:

() Hourly (impart for all the year) (@ Houtly periods

= Graph
Hourly periods same of energy hourly price periods
Pz (M) Cost of Power ([£/kW i)
Period P1
Period P2
Period P3 |10
Period P4
Period P5  |100
Period P& [100 6]

oK

- Hourly: importing the hourly file (8760 rows) with the grid power limit (kW) for each
hour of the year. We must also define the annual cost of power (€/yr for low power

systems and k€/yr for high project systems).

Define Maximum Grid Power:

(@ Hourly (import for all the year) () Hourly periods

Impart hourly file (k) Cost of Power (£ D

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 before) 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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L ) Trip curve
Lirritation of the Prnas:
1 min, > |21 Py
€™ Shaving peak in the: presert time step mn R mas
; ; in - |1.8
& Power contral switch ip curve, disconnects nest |3 7| 'min of next time stegd Zmin. > i
3min. -» IT % Prnax
4 mhin. -» IT % Prnax
B min. -» IT % Prnax
10 min. - IT % Prna
18 min. > |1.22 4 Pmax
30 min. - IT % Prna
ok, B0 min. -+ |'|1— % Prna

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.

Access Charge Price £/ h]

Fiwed Acceszs price [E/kMh) Haourly Price

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 (£/k4h

Fixed Back-up price ([£/k\h) D Hourly Price

il be added to the E purchased
o P ) [ ]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 will be an income, and this income will be added (in negative value) to the back-up charge.

Substract the cost of supplying the load consumption by the AC grid (to compare with the

system without generation):
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If you check the box “-Load cost” (upper right area of the purchase; be aware with this
option!!!), the cost of supplying all the load consumption by the AC grid (buy price + access
price) will be subtracted from the NPC. This way, you can see the extra cost of your system
compared to the system without power generation. In this case, the cost of the availability of

the AC grid power should be set to 0.

[ ] Purchase from AC grid Unmet Load {Non Served
Energy by Stand-alone system) 1

This option can be set even if the option of purchasing from AC grid is not selected.

- 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, the electrical energy that can

not be used by the standalone system will be attempted to evacuate to the AC grid.

sell Excess Energy to AC grid

Fixed Sell Price (£/kWh) 0z Haourly Price

[] Pr.sell=pr. buyx
Annual Inflation (32):
hdeo. Fawer(hdh) D =Pmax buy

Energy Generation Charge (Transfer Charge) Price (£/kWh)

Fixed Transfer price (£/kWh) I:l Hourly Price

Sel-consurnption and Net Mettering: Sell only

|ND net mettering v|

Cost of net metering service ([£/kKWh) El
Buy-back: Export E is paid at (£/kWh)

Tuotal tax for electricity sold (341 D Loss

The excess energy (called “export energy”) in DC is converted to the AC bus by means of the

inverter, which introduces losses. Therefore if there is excess energy in the DC bus the energy
that is sold to the grid will be less than the export energy. It must be taken into account that if
the excess power in the DC bus is higher than the maximum power of the inverter, the difference
cannot be converted to the AC bus and cannot be sold. In that case the energy sold may be much

lower than the excess energy.

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 =

n

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".
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Fized Sell Price [£/R) |02 Haurly Price

[] Pr.zell=pr. buy= |1

The expected annual inflation for this sell price will also have to be fixed.

Power Purchase Agreement (PPA) specific price can be considered for the PV generation
injected to the grid (checking the box “PPA PV”). Also PPA for the Wind turbines generation
injected to the grid (checking the box “PPA WT”).

[ |PPAPY:
[ JPPAMWT:

Use the first option if you want to consider a special PPA price for the PV generation injected
to the grid. In this case, it will be supposed that the electricity injected to the grid minus the PV
generation will be valued at the normal sell price, and the PV generation will be valued at the
PPA price. It is not valid for net metering or net billing. It will be considered in the economical
results (NPC / NPV, LCOE, etc.), but IT WON'T BE SHOWN IN THE EXCEL OF THE
SIMULATION RESULTS (there you will see all the injected energy at the same sell price).
Use the second option if you want to consider a special PPA price for the wind generation
injected to the grid.

If both PPA for PV and for Wind are selected, during the time steps when total generation is

higher than maximum grid power allowed, priority for energy injection will be for PV.

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 (kW)", by default the same as the maximum

Power limited for the purchase (checked the “=Pmax buy” checkbox).
Maw. Powerkiw] (100 W =Pmax buy [ -Pp [ ]-Put

In grid connected systems, there is the option to evaluate the performance of a new power
generating system to be added to a previous existing one. For example, if you have a grid-
connected PV generator and want to consider to add some wind turbines, you can select “-Ppv”:
during each time step, the maximum power limit that can be injected to the grid will be reduced
by the existing PV generation, this way we can evaluate the energy that will be injected to the
grid by the new power generating system; the existing PV generating won’t be considered (its
power won’t be used by the system neither injected to the grid).

In the same way, if you have an existing grid-connected wind farm and you want to consider

adding another generating sources, you should select “-Pwt”.
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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 (£44M4h

Fixed Transfer price (£/kMh) I:l Haourly Price

Cal-rrrncnrmntimn snd Mot kdatarinm: |7| Sell Dnl"}-"‘

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. (Only in PRO+ version|

As default, No Net Metering is selected. However, you can choose up to 4 cases of Net Metering

(Rodolfo Dufo-Lopez & Bernal-Agustin, 2015a).

Self-consurnption and Met Mettering:

Mo net mettering

MHet Mettering: Energy. Annual [1 year raling credit]

Met Mettering Enengy, Maonthly [fio rolling credit]

Met Mettenng: Cost, Annual [Met billing, 1 vear roling credit]
Met b ettering Cosgt, Mu:unthl_l,l[Npt hilling, no ralling 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 metering: 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 metering:

Cost, Monthly (Net billing, no rolling credit).
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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.

Self-consurption and Met Mettering:

Met Meterng, 1 vear raling credit
Met Metenng, no rolling credit
MHet Billing, 1 wear raling credit
1Met Billing, no ralling credit

|Met Metenng, 1 pear, PERIODS
MHet Meterng, PERIODS

Met Biling, 1 year, FERIODS
Met Biling, 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 [EA5) [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:

Tatal tax for electricity costs [buy + charges) [%]: D Tatal tax for electricity sold [ 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).




iHOGA v. 4.0 User’s manual 127

- Selling surplus H; in tank:

That is, selling H> stored in the H» tank, resulting from the difference between the end and the

start of the year. Purchase price and inflation rates must be introduced.

Sell surplus H2 in tank
[difference between the H2 in
the tank at the end of the year
and at the beginning]

Price £/ka]  Annual lnflation [Z);
I e E

- Data to Compare with AC grid supply only (NPC minimization projects):

D ata to compare with electrical supply
ol from AC conventional grid: [] Add P. Cost

Tatal cost ingtallation of AC grid:| 3000 £

Q&b annual cozt of grid: £

These data are taken into account to compare with the hypothetical case in all the energy was
purchased from the AC grid (i.e., the installation has only load, no generation and no storage,
AC only system). The hypothetical initial total cost of the AC mains installation, as well as the
annual maintenance cost, must be indicated. It should be borne in mind that these costs have
nothing to do with the studied system itself, only serve to compare with a case in which a
generation system was not acquired, but the only thing that was done was to connect to the AC
grid and consume all the load from the AC grid. The cost of the purchase of the electricity to
the AC grid will be the energy load multiplied by the electricity purchase cost, including the
access charge. If the checkbox “Add P. Cost” is checked (as by default), the cost of the power
contracted will also be added to the cost of the AC only system. With this data, iHOGA
calculates the total cost (NPC) and the levelized cost of energy for that hypothetical case, and
shows it in the REPORT to compare with our cases. It also calculates the payback period of our

system and the IRR compared to the system of supply only from AC grid, and it is shown in the
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REPORT and in the cash flow Excel file. In the cash flow Excel file you can also see its broken

down costs.

- Losses in wire and transformer:

We can consider losses in wires and transformer so that the electricity injected to the AC gird

(sold electricity) will be reduced in this percentage:

Losses in wire and transf. (%): |0l [ ]Buy [ |Export [ Back-up

If the option “Buy” is selected, the energy bought to the grid will be incremented in the same
percentage. If the option “Export” is selected, the export energy (excess energy that cannot be
used by the system) will be reduced in the same percentage. If the option “Back-up” is selected,
the back-up energy (self-consumed energy to which is applied the "back-up charge") will be

reduced in the same percentage.

Button “Graph in steps of”:

In the LOAD / AC GRID window, at the bottom left there is the button

I Graphinstepsof [0 fnin , with which, once the loads of the year are generated (or
imported), a screen with the annual load chart appears in Watts, 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 (kg/h) although the data entered are in kg of H2, to be able to
represent it together with the electrical consumptions, it is converted to energy (Wh) by
multiplying by the Higher Heating Value of H2 (HHV), roughly 39,000 Wh/kg and then divided
by the time step in hours it its converted to power in W. In water consumption (m3/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), default 1 day. You can see the
horizontal grid by clicking on the “Horizontal grid” checkbox. Horizontal axis labels can be
seen in alternate positions by clicking on “Alt” checkbox (if you have select less than 60 min.
for the graph, you will see the hours and the half hours). Vertical grid is shown by clicking on
“Vertical grid” checkbox. Scroll change in days can be set for small changes (changes in the
screen when you click in the arrow of the scroll) and for large changes (changes in the screen

when you move the scroll cursor or when you click in the scroll bar).




iHOGA v. 4.0 User’s manual 129

W Graph - O X

LOAD
600

350
500
450
400
350

250
200
150
100

50

0 1 2 3 4 5 6 7 8 g 1 11 12 13 14 15 16 17 18 19 20 21 22 23 0
1 January

M — ACload [# — DCload ¥ — H2 (n HHV) ¥ — WATER (in pump E) |

[ JHorizontal Grid  []at [ ]verical Grid  Days display

Scroll change (days)-» small: large:

Back

You can zoom in the graph (draw a window with your mouse over the area to be enlarged: click

from top left to bottom right).

LOAD
540

520
500
480
460

420
400
380
360
340

9 10 1 12 13
1 January

W — ACload [¢ — DCload [¥ — H2 (in HHV) [ — WATER (in pumpE) |

) B
[“IHorizontal Grid [ Al [v]Vertical Grid Days display

Scroll change (days)-> small: large:

To undo the zoom window, click and drag from bottom right to top left.

By clicking the right button on the graph shows a menu where you can select "Copy" (to the

clipboard) or "Save Picture".
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You can also export the time values generated (or imported) by pressing the "Export" button

(up right).

& Hows ¥ AC b DC v HZ v 'Water
i Minutes [each hour in 1 row) Lo
- 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
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 LOAD (W) DC LOAD (W) H2 LOAD (kg/h)  WATER [m3/day) FROM WATER TANK [PREVIOUSLY PUMPED)  PURCHASE / SELL E
Month | oth | 120 | 230 | 340 | a8h | seh | e7h [ 7eh [ 8oh [ s1on [ 100th | 11azh | 12930 | 13040 | 1445 [i5180 A
JANUARY 22 22 22 22 22 22 110 | 176 | 132 | 110 | 110 | 308 308 220 176 15
FEBRUARY = 22 2 2 2 2 2 110 | 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 2 2 2 2 2 22 110 | 176 | 132 110 | 110 | 308 308 220 176 15
MAY 22 22 22 22 22 22 110 | 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
JuLy 2 2 2 2 2 2 110 | 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 SRS 176 | 132 | 110 | 110 308 308 220 176 15
NOVEMBER = 22 22 22 22 22 22 110 176 | 132 | 110 110 308 308 220 176 15

DECEMBER 22 22 22 22 22 22 110 176 132 110 110 308 308 220 176 15

w LI T T [T T T T 711

>
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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
[ —C [E— s [ TP |

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
(RESOURCES), or selecting “Solar” within the “Data” menu. Irradiation data is used for
calculation of the energy produced by PV modules / generators (also bifacial PV or CPV can be
defined).

VI SOLAR RESOURCE

Latitucle (8 (+h.-5); | 4166 T e i G (2 el Slerma () - P emels Adim e ) El

Longitude (%) (+E. ). Dawnload hourly data
PV gen_#1: - Ground Reflectance D
| b, .
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)
i ! (ti e 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 | OLiuaJordan (Erbsetal
av. harz. s ane tilt s
Factar F(l} far the back albedo (@) Collares-Pereira & Rabl (_) Graham
JImuERy 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 6.77 434 KyWhm2 Dy

of month

Winter:

August 5.00 Kiwh/m2
September & kiwhima2 Official hour advances:

October  [3.03 422 Khjm? blizislaghoy

Mewermber 3 45 ki MONTH Import from hourly file:
Official hour
Decamber -1 59 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, you must define 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”).
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3.3.1. PV generator divided in two zones.

PRO+ version allows the PV generator divided in two zones at different slope and azimuth.

\PV generator divided in two zones at different slope and azimuth only in PRO+ version|

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%. 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. -S):  |41.66 (Get data from local DB ‘
Longitude [2) (+E, W) : [-D. 86

Download hourly data ‘

Locate on map§ Update coord. Download MASA monthly data ‘

ILocate on map only in PRO+ versi0n|

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?hI=EN

It is important not to include any restrictions on the API key, because if you introduce any

restrictions it may not work in iHOGA.

The first time you click on "Locate on map" the following panel appears:



https://developers.google.com/maps/documentation/javascript/get-api-key?hl=EN

iHOGA v. 4.0

User’s manual

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).

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=ALl
</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
\

\ SR
5 G
Mapa  Satélite - ; | &
s g |
2 . . \
Mauritania \
\
\
\
|
Nuakchot \‘
sl \
| -
\ Mali
\
BN 5 L
/ ‘}(agg\& 5 Gz
< /
Saint Louis \ i L / -
N i e /
Dakar Touba i\\ i V o~ dAn
B e 0 Kayed Mopti e )
i Senegal 0 % {
sy 9 Y o \
Google _ Tambagounda { Y
S AT i Seqi -~ uhigouya
Latitude (°) 18,27
Longitude () -12,091

Confirm

After clicking "Confirm" on the web, we return to iHOGA and click on "Update coord.", then
the latitude and longitude are updated. After that, the “Update coord.” button is disabled.

134
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A SOLAR RESOURCE

Latitude (2] [+N, -S): [18.27 Get data from local DB |
Longitude (%) (+£. ‘W) :|-12.091 Download hourly data |

Locate on map | ‘ 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.
iHOGA 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 (Only in PRO+ version|:

-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 [Only in PRO+ version

- Download NASA monthly data

1 SOLAR RESOURCE

Latitude [®) [+M. -5): |18.27 Get data from local DB
Longitude [8) [+E, ) : I-12.EIE|1

Dowrload hourly data

‘Locate on mapi| Update cuurd.| Download NASA monthly data



https://power.larc.nasa.gov/
https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
https://www.renewables.ninja/
https://power.larc.nasa.gov/
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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

e

Latitude (%) (+N, 5): |18.27 Get data from local DB |
Longitude () (+£. W) :|-12.091

Data to download: Year | 2019

v Monthly Average Inadiation

[v Monthly Average Temperature | FornBat.

[v Monthly Average \Wind Speed
[v At10mheight [v Consider roughess
[~ At 50 m height

[v 'wind Speed Weibull Shape Factor

Alitude above sea level

Download hourly data |

Locate on map | Update coord.‘ ‘ Download NASAmonthly dataI

Data source

f+ Monthly Average ¢ |mport fram File

Data Source for Monthly Average Daily liradiation: | R adiation Horizontal Suwi

Irradiation  lrradiation .
ay. honz. s. av. hilt s. Pl IE oK Cancel

Januany | 1.88 3.44 K'wWhim?2

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 irradiation

screen.

Average monthly temperature (°C) -> Data will be updated on the screens of photovoltaic
modules and wind turbines, to take into account the effect of temperature on photovoltaic
and wind 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 iHOGA 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
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
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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 iHOGA (you must have
previously installed the database by downloading from iHOGA web and executing the self-
extracting .rar file “RESOURCES-ENG.exe”, installing into the iHOGA installation folder,
subfolder “RESOURCES”. Available in:

https://www.dropbox.com/s/p3sd0t3rul 9lros/ RESOURCES-EDU-eng.exe?e=1&d1=0.

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 [Only in PRO+ version|

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.
A SOLAR RESOURCE

Latitude (%) (+N. -5):  |18.27 Get data from local DB |
Download from: | * PYGIS -Year |2015 ~

Longitude (7] (+E. 4w/ :|-12091 [
[ | Download houry dota ] (" Renewable Ninja [year 2019)
Locate on map | Update cnord.| Dowrload HASA monthly data | " NASA - Year |2020 rl
Data source v Houily lrradistion
(* Monthly Average ¢ Import from File v Hourly Temperature for: v PV ¥ WindT.[” Batt.

¥ Hourly Wind Speed

Data Source for Monthly &verage Daily Iradiation: | Radiation Horizontal Surl

Irradiation lrradiation . :
av. horiz. 5. av. Hilt . P Tracking System: |Nn

oK Cancel



https://www.dropbox.com/s/p3sd0t3ru19lros/RESOURCES-EDU-eng.exe?e=1&dl=0
https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
https://www.renewables.ninja/
https://power.larc.nasa.gov/
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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 modules 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 PVGIS 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.

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").

[rat
ata sounce Steps

o Monthly dverage ¢ Import from File Ol o o,

s

Monthly average data:



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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In the first case (by default), we can choose the format of the monthly average daily data in the

dropdown menu:

Data Source for Monthly Average Daily Iradistion: | Badiation Harzontal Suface [kKadhdm2) j
Irradiation  lrradiation

Clearness [ndex
:Hadiation Honzontal Surface [k
Peak Sun Hourz

av. horiz. = av. tilt s hmé|

Januarp 415 5.52 kwhim2

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 far Hourly [radiation:
(" Li & Jordan {JErbs et &l

(®) Collares-Pereira & Fiabl () Graham

Once the hourly irradiation data have been obtained, the global irradiance G (kW/m?) over the
tilted surface of the PV generator in I-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 (Gnoursty and Dhours(t)) are obtained
by means of linear interpolation between hourly values. Then a first order autoregressive (AR)

function (7(t)) is obtained, which is used to calculate the G, that cannot be lower than the

diffuse component:
— 2
Yoy = ¢167/(t—4t) +N (0' o |1 = 96 > €y

G(t) = max (Dhours(t): GhouTS(t) (1 + y(f))) )

Where ¢, . is the correlation factor, g is the standard deviation and N(a, b) is a random number

following normal distribution with mean a and standard deviation b.

The
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iHOGA calculates the direct normal irradiation over the tilted surface. It will be needed if we

consider concentrating PV generators (CPV).

1HOGA 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(l) that multiplies the albedo

irradiation over the back surface must be set in the software:

Factor F() for the back albedo —
(hifacial modules) (Durusoy 2020);  |0.33

Data from file:

In the case of “Import from File” data, we can choose among three format files:

[rat
ata sounce Steps

f* Monthly &verage © Import from File O + t“'“
s |
- Hours (horiz. surf. or Tilt surf., depending on the selection in the right - Herz £ Tt [
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 Ist 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
1 to 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 kW/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 e ). The irradiance

data for each minute will be for the tilted surface, in kKW/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 ! =~ ). The irradiance data for each time step will be for the tilted surface, in
kW/m?.
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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).

For each range of azimuth. indicate elevation of obstacles [*] and the percentage of reduction in direct irradiation:

Form [% -180(M) -
To (9 -1E5

Obstacles elevation (%) EI EI EI EI l%l EI EI EI EI EI EI

Reduction in direct iradiation (%) a0 o0 a0 a0 a0 a0 100 | |100 a0 a0 a0

Azimuth:

From [ 0[5) 15 a0
To [f 15 30 45

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

Azimuth:

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
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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”. |Only in PRO+ version|

Note that it can only work if you have the following data:

- Monthly average data

- Montly data downloaded from NASA

- 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”.

D ata source
Steps
& Monthly Average ¢ Import from File FROM PYGIS pear 2007 O
[ Generation of PY gen. [MW] normalized to 1 kMwp & 1 -
[equivalent toiradiance k' m2 « PR] )

Data Source far Monthly Average D aily [rradiation: |Hau:|iatiu::n Hornizontal Surface [kw'hi/mz) ﬂ

Irradizhinn Irradiahinn

- 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.
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1Vl Optimal slope for PV panels - m} X

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

Azimuth (0% is optimal for nothern latitudes

Fad. 0 [kKwh/day]|Rad. 15° (Kwh/day]| Rad. 30° (kwh/day)| Rad. 45° (Kwhiday]l(Rad. 602 (kWwh/day)| Rad. 752 (kwh/day)| Rad. 90 [kw’h/day]|5\upe Opt. [ |F|ad. Slope Opt. [Kwh/d4

January 438 {603 5.57 595 B.02 5.59 468 55 6.04
February 5.4 . E04 6.51 E7B EE3 6.08 497 43 6.8

March B4 2] o 7m EE7 5.83 453 37 7.04
April 72 718 704 E72 B12 81 37 Ll 713
May 7.3 703 6.7 B2 5.43 444 319 0 EEcll
June 723 %=1 6.44 53 513 a2 319 0 723
July B3z EES 631 588 528 436 328 0 6.92
August EES ES 6.33 E.07 5B 475 356 4 6.56
September E.02 E23 6.31 E.27 5.96 522 4.07 el 6.31
Octaber 534 682 618 B35 B.22 562 4.55 43 6.36
Miovember 453 523 575 E12 E15 BE3 474 54 £18
December 3487 456 507 f.d44 553 518 434 56 .54
WHOLE YEAR 594 E17 B.2E E22 59 516 406 34 £.27

tonth of lowest iradiation over horizontal surface is DECEMBER
Optimal glope to maximize the iradiation in DECEMBER [fised P modules) is 56 2

Optimal slope taking into account the ratio load/irradiation’ over tilted surface [fiked PY dules] i1s b0

Month of worst ratio 'load/irradiation” for that optimal slope of 50" is DECEMBER with equivalent DC load of 4.39 kWh/day and iradiation over tilted surface 50" is 5.51
kWh/m2/day

[3 Back

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

part of the computer screen) and the screen shown below will appear.

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.

1HOGA 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
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(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 modules will be a variable to be optimized, like the number of modules,

panel type, etc. |0nly in PRO+ version|

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 PY#1 panels slope during the optimization of the systemn

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
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
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Also, do not use the Graham method for the calculation of hourly irradiation (because this
method introduces random variability).

Calculation kMethod for Hourly [radiation:
" Liu & Jardan " Erbs et al

v Collares-Pereira & Babl © 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 in steps of ‘ B0 *|min
TILT ANGLE: |3EI! A

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 selar hour
From day
of month

To day
of month

Winter:
Official hour advances:

h to solar hour

Import from haurly file:
Official hour

The irradiation will be converted to official hour (in the simulation, everything is in official

hour).
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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 Elclnudy conzecutive dayz [only difuse iradiation] in manth

3.3.11. Minute irradiation variability

iHOGA 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, iIHOGA
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:

Wariability minutes: carrelation factarn: ; ztd. dev.:

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.
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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 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
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.
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: M‘\ ‘\N it

600

WW/m2

500
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\

100 L™
0 r MWWMMM
0 3 6 9 12 13 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 iHOGA calculated, using the buttons "Export G.
tilted" or "Export G. horiz".

' e . oA
Steps Lhrecttor CEY: 4712 kvwhime /1304

Hours | Import Direct (hourly, tilt)
1 ~ Minutes (each hourin 1 row)

Minutes (1 daturm per row) e

Export G. tilted Export G. horiz.

(0] 8 Cancel
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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 iHOGA to calculate the generation of the PV modules.

Scale factor [x 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} X
. . o
Latitude [%) [+M, 5] |18.27 Get data from local DB , e i
Longitude (2] (+E, w) {12,091 B e (e Anemometer Height | @& Monthly Average Speed
10 m " Night speed, Amplitude, F Factor and Hour max speed

Locate on map ‘ Update coord | Download NASA Monthly data |

Surface Roughness

Data source Grene Class I—:l1 ~] Length I—l o
(& Monthly Average " Import data file (in m/s) f(: Agricultural open area without fences
-l = neither hedges and with very dispersed
Input Data buildings. Only smoothly rounded hills
Month | Av. wind [m/s) I ~

»| JBNUARY 327 s

|| FeBRUARY 348 327

| marcH 336 e

] arAL 344 3.38

[ war 308 SiH £

] June 297 e 8

| oy 294 297 2

|| aususT 274 EEL z

| |sEPTEMBER 274 274 L T SRR RIS

| ocToeen 268 27 o)

" |novEMBER 329 CEE z

[|oecemeen 318 e F

- y 318 £

Hourly wind sp. data: Shape factor (b): | 0.ez

Calculation of wind speed for each minute: std. dev. 1 mis
Force |0 consecutive days with wind ¢ |3 mds in month  |January -
Calculate | s ‘ B0 *|min A, yeat [m/s) Info time: of calm wind

an Calm is considered
Gl h_ S;;Iad bverage Speed [m/s |:|

0
Wind speed (m/s)

<3 mis

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 T
P

f* Monthly Average " Impart data file [in mi's) ~
1 =
~

Download wind data:

As in the case of irradiation, you can import the average monthly data from the NASA website
(and also the Weibul form parameter) using the button "Download NASA monthy data" (if
NASA database fails, click button “Get data from local DB” to use local database), of hourly




iHOGA v. 4.0 User’s manual 151

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
neither 0.5 and with very dispersed

buildini‘ﬁmmthl}l rounded hillz

2

25
3
35
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 (only
available from local database), 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.

Data to download: Year [2018

v Monthly Average liradiation

v Monthly Average Wind Speed
[v &t10m height v Consider roughness
[™ At50m height

v 'Wind Speed Weibull Shape Factor

Iv Altitude above sea level

0K ‘ 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 Renewable Ninja (at any height) of from PVGIS (data
only for 10 m height) or from NASA (only at 10 or 50 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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Download from: | ' PYGIS -Yea

(" Renewable Ninja [year 2019)

(+ NASA - Year ,m
[v Houry lradiation
Iv Hourly Temperature for: v PV v Wind T.| Batt
¥ Houly'wWindSpeed & 10m ¢ 50m

[v Altitude above sea level

1] 8 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.

Anermameter 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 wnu at the hub height of the wind turbine (zhw),

considering the roughness length zo.

Whubt) = W) *

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 [+ by):
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Data from file:

If we have hourly data (m/s) or even minutes or other time step data, we will introduce them

from the file:

Data zource e

: : : ) - l—_l Minutes- each hourin 1 row  Import
[ Generation of wind turb. [KW] nomalized to 1 kW rated p. ~ 1= Minutes- 1 per row

" Manthly 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.

e Files obtained through Windfreedom software, * .txt files |Only in PRO+ version\: 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.windygrid.org/software/#page=pagel). The wind data for 1

full year must be downloaded using Windfreedom, starting at 0:00 am on January Ist

and ending at 24:00 on December 31. This .txt file can be opened directly by iHOGA.

o * dat files (SCRAM files): These files are available on the US EPA website.



http://www.windygrid.org/software/#page=page1
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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.

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.

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
Steps
{+

o Monthly Average " Import data file [in m/s)

C ] _mear |
[~ Generation of wind turtb. [lW] nomalized ko 1 k! rated p. ol LI

PR

Monthly values can be:
- Monthly Average Speed Values
- Monthly Average Nigtht speed, Amplitude, F Factor and Hour Max. Speed.

bonthly Awverage Data:
(®) Maonthly Average Speed
() Might speed, 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.

Hourly wind sp. data: Shape factar [b]: |2 Cormelation factor: | 0.82
Calculation of wind zpeed for each minute: std. dew. mi's
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When pressing “Calculate” button, the software calculates the hourly and minutes wind speed

(it takes some seconds).

¥l WIND RESOURCE - O X
Latitude (2] [+N. -5): |41.65 Get data from local DB Morihl &verage Data
Longitude (%) (+E, /) |-0.86 Download hoully data Anemometer Height || & Monthly Average Speed
—— 0 m " Might speed, Ampltude, F Factar and Hour mas speed
Lovate on map fra s | DowrlosdNssA data |
Surface Roughness
Lot Steps s |1 7| Lengh 003
(¢ Monthly Average (" Import data file (in m/s) ? gricultural open area without fences
I Generation of wind tuh (kW) nomalized a1 K/ ratedp. ¢~ [1 =] neither hedges and with very dispersed
buildings. Only smoothly 1ounded hils
Input Data
Month |_Av. wind (mss) | A | by sp fmds
|| Janusry 3.27 Jar 357
|| FEBRUSRY 348 Feb: 3.48
|| MARCH 33 Mar: 3.35
| PRI 344 Ao 344
L] may .08 May: 2,08
L] une 297 Jun 297
L oy 294 Juk 294
|| suGust 274 fug 274
|_|sEPTEMBER 274 Sep 2.74
| | ocroger 288 Oct 288
|_|movEMBER 329 Nov: 3.28
»| DECEMBER FAE] Dic: 318
v
Hourly wind sp. dats: Shape factor (b} 2 Correlalion factor: [082
Calculation of wind speed for each minute: std. dev. |1 ms .
0 5 10 15 20 25 30
Foce [J consecutive days with wind < [3 s in menth [January - [RRR ER R
TEaiculate | 1 Braphin steps of [80 =] i Export | Avvealmi] Info time of calm wind
& Calm s considersd
Scale by (sby). [1 iﬁamw[m—m oK Fotm factor of the wind speed seriak 2.1 <3 mes

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-Loépez & 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).
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V[ WIND RESOURCE - o X
Latitude (31[+N, 5): [4186 Get data from local DB Oy B
Longitude (2] (+€. W) :|-0.86 Download houtly data Anemameter Height | | Manthly Average Speed
mom & MNight speed. Amplitude. F Factar and Hour ma speed
Locate on map fro NASA ‘ Dourload NASA data |
Suface Roughness
BRI Steps Class [T =] Length 002
@ Monihly Average (" Impert data ik m/s) “ RGeS
™ Genersiion of wind tub. (6W) romalzed io1 ki atedp. £ |1 =] neither hedges and with very disperse
buidings. Oy smoathiy rounded hils:
Input Data
Month [ Night speed (ms][Ampltude [m/s] F Factor [Hourmaw sp/ A | Av s m/s
|| Janvary 32 3 006 1 Py
|| FeBRUSRY 348 1 006 16 Febr 371
| MaRCH 33 2 0.06 16 Mar 4 o I
I PR 344 2 0.06 16 Ao 408 024
T may 308 2 0.08 16 Maza72 | 502
L] June 297 1 006 18 Jun 22 i
oy 234 2 0.0 16 wrssa | 2018
|| aususT 274 1 006 18 fug gy | €016
| lsePTEMBER 274 1 0.8 18 Sep 29§ 014
| ocroeer 288 2 008 1 o3z |z 2
|| NOvEMBER 32 1 006 16 Wowis | 5 DUD; 1
»| DECEMBER 213 2 006 18 v | Die3s2 | £
I N 2006
0.04
Houly wind sp. data Shape factor (b [2 Comelation factor: [082 75
Calculation of wind speed for each minute: std. dev. [1 més 0
0 H 10 15 20 2 30
Foce [0 tive days withwind < [3 m/sinmonth [January - Wind speed (m/s}
12 Graphin steps of |[80 | min, Export o, vt [mds)
383 I Visuslizz monthy wind speed [night speed, amphude..)
Scalebylsby [1 4°‘—L‘—'2°;3'“A“'5 el oK Form factor of e wind speed seriak 2

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.

JANUARY

Wind speed {mis)
W

L L L L L L B L L L L L B LA M A L L
0123456723809 101112131415161718192021222324
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
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speed, but with Form Factors of 1.5 and 2.5. Hence, lower b values correspond to wider

distributions, as shown below.

0,2
048
046
014
0412
0,1 -
008
006
o004
002

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 preceding time interval. Lower values indicate a more random variation of wind speeds,
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.

g gy o

SF -

SmmMoe

-
-

mn/'s)

D1234567 8 a1011121314151617 1819 2021 22 23
HOUR
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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.

@ N @ ©

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.
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1l Graph — O >
WIND SPEED
22
20
18]
18
14
]
r 12
10
g
[
4
2
0
January
‘ | [
Days dizplay

Info time of calm wind:

Click “Info time of calm wind” to see the information about calmness (low wind speed periods)

for each month.

|nfa time of calm wind |

Calm iz conziderad

< |3 s
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1l Calm winds time (<3m/s) - O

JAMUARY: 261 hours of calm winds during the whale manth [355% of time, 10.9 dayz). Masimum number of
conzecutive hours with calm winds is 15 hours (0.6 congecutive daps)

FEBRUARY: 355 houwrs of calm winds during the whale month [52% of time, 14.8 daps]. Maximum number of
conzecutive hours with calm winds is 33 hours (1.4 consecutive days)

MARCH: 286 hawrs of calm winds during the whale manth [39% of time, 11.9 daps]. Masimum number of
conzecutive hours with calm winds is 44 haurs (1.8 consecutive days|

APRIL: 382 hours of calm winds during the whole manth [51% of ime, 15.9 days). Maximum number of
conseculive hours with calm winds is 51 hours (2.1 consecutive days)

bt 457 hours of calm winds during the whole month [637% of time, 19 daps). Maximum number of consecutive
hours with calm winds is 47 hours [2 congecutive daps)

JUME: 575 hours of calm winds during the whale month (795 of time, 24 days]. Masimum number of congecutive
hours with calm winds is B8 hours [2.7 consecutive daps)

JULY: 457 hours of calm winds during the whole month [B1% of time, 19 days]. Maximum number of consecutive
haurs with calm windz is 23 hours [1 consecutive daps)

AUGUST: 559 hawrs of calm winds during the whale manth [75% of time, 23.3 daps]. Masimum number of
conseculive hours with calm winds is 44 hours (1.8 consecutive days)

SEFTEMBER: 590 hours of calm winds during the whole month [817% of time, 24.6 days). Maximum number of
conzecutive hours with calm winds is 64 hours (2.7 consecutive days)

OCTOBER: 424 hourz of calm windz during the whole manth (563 of time, 17.7 days). Maximum number of
conzecutive hours with calm winds is 33 hours (1.4 congecutive daps|

MOVEMBER: 464 hours of calm winds during the whale manth [647% of time, 19.3 dayz). Maximum number of
consecutive hours with calm winds is 41 hours (1.7 consecutive daps]

DECEMBER: 333 hours of calm winds during the whale manth [44% of time, 13.9 days]. M aximunn number of
conseculive hours with calm winds is 20 hours (0.8 consecutive days]

+ Info

+ Info

+Info

+Info

+Info

+ Info

+Info

+Info

+Info

+ Info

+Info

+Info

More info can be seen clicking the button “+Info” for each month.

Click on “OK” to return to the main screen.
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3.5 Hydraulic resource |Only in PRO+ version

The Hydraulic resource screen may be accessed by clicking on “Hydro” (Resources area), or

selecting “Hydro” in the Data menu.

1l HYDRO - O ®
Head [Vertical change in elevation between the head water level and the tailwater level]. H: N m
Loszes in power canal and draft tube: |2 m

Available head, H' = H - losses =28 m

Laszes in Penstock: IS %

Estimated Tatal Efficiency Turbine - Generator: |75 %, just for the estimation of the max. gererator output power

"Flow Diata [I/s]

% Monthly average  © Import hourly data file (145) | Import |

Y ariability
FLOW(lis) ’7

Daily % ariability IU 4 Horly % ariability IU 4

January I?
February I?
HYDRO
March I? 7
[}
April I? -
=5
by I? % 4
June I? E 3
=
July I? g 2
August I?
0
September |7 E F M A M J J A 5 0O N D
e MONTH
Oectaber I?
Max. flowe: 7 175 Average flow: 7 145
November I_"f Max. generator output power: 1326.7 '
[ecember I?

o | oo |

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.

1HOGA 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
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
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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 I/s in low power projects, in m?/s in high power

projects), can be in Monthly Average data, or an Imported Hourly Data File.

Flow Drata [I4/3]

(* Monthly average " Import hourly data file [142)

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 (kW) =9.81 - H*” (m) * Qmax (I/S) * Nmains * Neurb-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 iHOGA.

Click on “OK” to return to the main screen.
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3.6 TEG temperatures |Only in PRO+ version

If the system includes thermoelectric generator (TEG), the temperatures of the hot source (from
the combustion exhaust gas) and of the cold source (where the cold side of the TEG is

connected) are needed.

We suppose that the energy supply for the TEG (that is, the hot source temperature) is free of
charge (no cost related to the hot source), as it is the residual exhaust gas of the combustion that
was used for heating or cooking (example in next figure, where TEG is included in a multi-

function heating+cooking stove)

Electric fan

Forced draft

Smoke box

Pyrolysis Mixing  Combustion
chamber zone chamber
(mixer)

The TEG is composed by several thermoelectric modules (TEM) that can be connected

electrically in serial or parallel.

For each time step (1 hour or less) of the year, it must be known the data of the temperature of

the two sources: hot source Tecold st) and cold source Teold s(t)-
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W TEG TEMPERATURES - [m] >
Data source ~
(®) Monthly Average Hours [2 per rave, one far hat and other for cold, separated by tag.] (8760 rows) Impoit
y Minutes (2 per row, one for hot and oter for cold, separated by tab.] (525600 rows)
) Impart data file Celsius Felvin Steps of 10 seconds during one day (2 per row, for hat and cold, separated by tab.) (3640 raws]

Temperature of HOT source (0] Temperature of COLD sowce [°C)

Marth oth | 12h [ 23h [ 34h [ a5k [ s6h [ B7h [ 78h | 8ok [ 310n [ 104tk [ 1172h | 1213k [ 13740 [ 1415k IS8 A
¥ 20 20 20 20 20 20 | 600 600 GO0 | 20 20 20 20 20 20 2
FEBRUARY | 20 20 20 20 20 20 | 60D | 600 | GOD | 20 20 20 20 20 20 2
| |MARCH 20 20 20 20 20 20 | 600 | 600 | 60D | 20 20 20 20 20 20 2
APRIL 20 20 20 20 20 20 | 600 600 | 600 | 20 20 20 20 20 20 2
| |mar 20 20 20 20 20 20 | 60D | 600 | GOD | 20 20 20 20 20 20 2
| |ouNE 20 20 20 20 20 20 | 600 | 600 | 60D | 20 20 20 20 20 20 2
JuLy 20 20 20 20 20 20 | 600 600 | 600 | 20 20 20 20 20 20 2
| |auusT 20 20 20 20 20 20 | 60D | 600 | GOD | 20 20 20 20 20 20 2
| |SEPTEMBER 20 20 20 20 20 20 | 600 | 600 | 60D | 20 20 20 20 20 20 2
OCTOBER 20 20 20 20 20 20 | 600 600 | 600 | 20 20 20 20 20 20 2
| |noveEmBER | 20 20 20 20 20 20 | 600 | 600 600 | 20 20 20 20 20 20 2
| |DECEMBER | 20 20 20 20 20 20 | 600 | 600 | 60D | 20 20 20 20 20 20 2,
< >

Set all Hot source values equal to ' Change values equal to first value to second one Lo T

Rise Fall

Tirne constant min. mir.
“Yariability That Teold Generate % EQ mir.

Horly ¥ ariability El k- El 4
Minutes W ariability k4 %

Correlation minutes (0.9 ng w

i

Data source of the temperature can be from Monthly Average values (hourly values for each
day, all the days of the months the same, in °C) or it can be imported (in different formats, in °C

or in K).

Drata source

(®) Manthly Average Hours [2 per row, ane far hat and other for cald, separated by tag.] (3760 raws) Irnport
. . . Minutes (2 per row, ane far hot and ater for cold, separated by tab.] (525600 ravs)

O Import data file Celsius | Kelvin Steps of 10 seconds during one day (2 per row, for hot and cold, separated by tab.] (3640 rows]

If we use the monthly average values, the table must be filled (there is a tab for HOT and another
one for COLD temperature). After changing the value of january for a specific hour, if you click

in an adyacent row (righ or left), all the column is changed.

You can set all values of the hot temperature to a specific value:

Set all Hat source values equal to °C

You can also change all the fields equal to a specific value by another value:

Charge values equal ta first walue to second one L =3 *C

Time constant for the rise of the temperature and for the fall (in minutes) must be set, so that

when the temperature in steps of 1 minute is generated they are considered.

Rize Faill

Time constant min. miiF.
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Variability for hours and minutes must be set. Also the correlation for the calculation of the

values in steps of one minute.

Wariability That Teold

Houry Variabilty |0 % (0 %

=,
=3

Minutes Yarabilty |10 | % |9
Correlation minutes | 0.9 039

Then we can click the button “Generate” to obtain the hot and cold source temeprature values

of the whole year.

By clicking in the button “Graphs in step of”... we obtain the plot of the temperatures (in the

example in steps of 1 minute), in Kelvin (K).

i Graph - O X

Temperature hot and cold sources

0 3 L] 9 12 15 18 2 0
1 January
—HoT
< >

Back | Days digplay
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3.7 Data bases

1HOGA 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”.

1l Project D:\1.hoga

Project Data Calculate Data Base FReport Help

+f LOAD /AC GRID Components Data Base

Then, clicking on “Components Data Base” iHOGA shows the database of the components.

The commercial components are in tables, each type in a tab.

1l Databases of compenents - [m} X
PV modules | Wind turbines | Batteries | AC Generators | Inverters and Bi-di converters | Hydro turbines | Electrolyzers | Fuel cells | PV Batt. Charge Controller ]
| fr|#] =] o]~ 5] e]
Name [Imae)  [videminty) |videmastv) [4eq. costig) [mPeT| ~
| |STECA PR 1515 15 12 24 113 ND
STECA: PR 2020 20 12 24 122 ND
:‘STEDS« PR 3030 an 12 24 147 ND
| |STECA TAROM 235 3 12 24 237 MO
| |STECA TAROM 245 45 12 24 278 ND
| |STECA TAROM 440 40 48 48 298 NO
| |STECA P TAROM 2070 7o 12 24 1320/ND
STECA P TAROM 2140 140 12 24 1700/ ND
: STECA: P TAROM 4055 55 48 48 1500/ ND
| |STECA: P TAROM 4140 143 48 48 2215/ N0
| |STECA: 2% F TAROM 4740 292 48 48 4430/ ND
| |STECA: 3« F TAROM 4740 447 48 48 EE45 ND
| |STECA TAROM MPPT B000 B0 48 43 206 0K
| |STECA: SOLARMICMPPT 2010 20 12 24 206 0K
|_|VICTRON: BLUESOLAR MPPT 70/15 15 12 24 90/0K
|_|VICTROM: BLUESOLAR MPPT 40 40 12 24 273 0K
|_|VICTROM: BLUESOLAR MPPT 75/50 50 12 24 35 0K
|_|VICTRON: BLUESOLAR MPPT 150/70 7o 12 43 800 0K
MORNINGSTAR: TRI STAR MPPT 45 45 12 43 528 0K
EMDHN\NESTAH TRI STAR MPPT 60 B0 12 48 643 0K v
Multiply costs of P4 Batt, Ch, Controller by factor ‘ 1
Clone selected component Add components from the project ‘ P Batt. Charge Controller table ~
e

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:
I || 4| B | B3| = a|»| x|

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 (-) TOWS.

Also, when we edit any box (changing its value), we can click on it twice, so the number moves

F-

to the left side of the box, and appears with a blue background, or by clicking on . When

v x
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 modules", "Wind Turbines" and "Batteries" should be arranged by families,
because, in this way, then you can import entire families when you define the components used
in the optimization. For iHOGA 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. For
example, the modules “SiM12-Atersa: A10J” and “SiM12-Atersa: A20J” are two modules of
the same family “SiM12-Atersa ".

Sitd12-Abersa: A0 12 0653 10 B4
SiM12-Aberza; A20J 12 1.32 20 103

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”

Multiply costs of P Panels and 0%k by Factor 1

Calculate battery cycles vs. DOD:
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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
value, considering that the overall energy the battery can cycle during its lifetime is the same

for any DOD.

Calculate Cycles v DOD from the value at 305

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”.

Add componentz from the project | PV Panels table -
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3.8 Photovoltaic modules
The photovoltaic modules screen may be accessed by clicking on “PV MODULES”

(Components area), or by selecting “PV modules” in the Data menu.

The software allows the user to modify, eliminate, or add PV modules to be considered in the

optimization.
A PV MODULES - O X
Add PV madule [SiM1 2-Alersar A2 |
RN - |||
Add Py modules family ‘S‘MW 2-Alarsa ™ ‘
PHOTOVOLTAIC MODULES DATA:
MName Maom. Walt.(v) (=] Power(Wp) Cost(E) C.O&MEMNT  Lifelyears) MNOCT(®C)  PowerT. coef(3:/2C) BIFACIALITY(0-1) CF
HiaSilZSchott ASINO0 12 6.79 100 10 11 25 19 02 0 Nt
< >
Fixed Operation and
Effi duetod il f th dules, | . dlirt ls, etc.
iciency due to degradation ofthe modules, losses in wires. dirtin panels, etc. WE———
Standard conditions e

1P inverter ar battery charge regulator includes Maximum Power Point Tracking (MPFT)

[CIPv generator is connected to AC bus (it has its own inverter) —> 4 FY inverter data,
Annual Inflation Rate far PY = . Max. Variation of P gen. Cost (e.g.. for an expected 70%
Generator Cost = recuction on current P gen. cost, introcluce "-70%"): %

Lirnit is reached in 59.6 years

0K

By default there is a single PV module, which can be modified or deleted, or you can add other

ones.

PV modules data:

Each panel that will be considered in the optimization is parameterized in a line of the table.

The parameters are:
e Name

e The nominal voltage, Vn (V). Typically, the modules used in stand-alone systems are
composed of 36 photovoltaic cells in series, giving an open circuit voltage of about 21
or 22 V and a maximum power voltage of the order of 17 V. These modules have a

nominal voltage of 12 V.
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Although many manufacturers supply the value of the nominal DC voltage, it can be
calculated as the nearest 12 V multiple below the maximum power voltage, leaving a
certain margin. For example, if the maximum power voltage is 34 V, the nominal voltage
will be 24 V, the nearest multiple of 12 below. However, if the maximum power voltage
is 36.5 V, the nominal voltage will not be 36 V, but 24 V, as there must be some voltage

difference for the modules to charge the batteries without problems.
The nominal voltage can also be obtained as a function of the open circuit voltage:
o Open circuit voltage is between 20 and 40 V -> Vnominal =12 V
o Open circuit voltage is between 40 and 60 V -> Vnominal =24 V
e The short-circuit current, Isc (A)
e Peak nominal power under standard test conditions (STC) Pn (Wp)

e The acquisition cost (€), where the proportional cost of the mounting structure where

they are mounted must be included.

e The unit cost of operation and maintenance (O&M) (cost per module of the photovoltaic
generator, apart from the fixed cost for the whole set of modules of the generator, in

€/year)
e Expected life (usually 25 years)

e NOCT (normal operating temperature of the cell, in °C). It is only necessary if we want

to consider the effect of temperature.

e Coefficient of variation of the power with the temperature, Ct (%/°C). Necessary if we

want to consider the effect of temperature in the power.

e BIFACIALITY (0-1) [Only in PRO+ version): 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 0 (typically > 0.6). In bifacial modules, the short-
circuit current Isc (A) and the peak nominal power under STC Pn (Wp) set in the table

must be the values for the front surface.

e CPV \Only in PRO+ version|: if the PV is the type “Concentrating PV”, it must be “OK”,

if not “NO”. CPV converts only direct irradiation in electricity.
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e Emissions of CO; in manufacturing, transport and recycling (kg CO> equivalent per
kWp of power, depending on module 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.
o  Weight (kg).

The nominal voltage must be chosen from a drop-down menu that appears when clicking on the

box. Any value can also be written directly.

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:

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 modules from database:

Modules can be added from the database: individually or a whole family of modules, by
selecting the panel from the drop-down menu and clicking the button “Add PV panel” or by
selecting the family and adding it by clicking the lower button.
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| Add P panel | Zero -
[ AddPY panels family | Sikd12-Akerza -

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:

Fised Operation and ~ Additional data must be introduced for fixed operating and maintenance

M aintenance Cost

and costs for maintenance material are included, regardless of the size of the generator.

(O&M) costs (€/yr). These costs are independent of the number and the type

of the PV modules used for the photovoltaic generator. Fixed operator cost

The total cost for operation and maintenance of the PV generator will be the fixed costs plus the

individual cost of PV modules multiplied by the number of modules in the PV generator.

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 (7c_ref) must be set (default STC,
irradiance 1000 W/m? and cell temperature 25°C).

For CPV, direct irradiance (Bref) and cell temperature (7c_ref) (default direct irradiance 900
W/m? and cell temperature 20°C); and also the optics efficiency 7,y (default 80%) and the
thermal conductivity in natural convection u (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 (#C): Cell Temperature (*C); |20

Optics efficiency (%4):

Thermal conductivity (Am2K):  |b
(natural corvection)

0K
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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 irradiance and short-circuit current (if there is no maximum
MPPT tracking) or peak power (if MPPT exists). 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.

Efficiency due to degradation of the modules, losses in wires, dirt in panelz, etc.

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. Therefore this factor should be much higher than 0.8 in that case.

Maximum Power Point Tracking (MPPT): (Only in PRO+ version|

The user must define whether the inverter or the battery charge controller will include MPPT

or not.

[ ] PV irvverter or battery charge regulator includes b asimum Power Point Tracking [MPPT]

Output power:

If the MPPT box is not selected:

If the box corresponding to MPPT is not selected, the voltage set by the batteries (DC bus
voltage) is considered, so that the voltage on the photovoltaic generator will be the nominal of
the system (Viuspc), that is, that of a module multiplied by the number of modules in series.

Therefore the number of serial modules required is:
Nmodules serial= Viuspc/Vn_panel
Where Vn_panel is the nominal voltage of the PV module (typically 12 or 24 V).

In this case the current that a photovoltaic panel generates is calculated as follows (see figure

below, left graph, obtained from (Rodolfo Dufo-Lopez et al., 2014)):
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G(t)

Ipy(t) = Isc - ————
it = 1k‘u"luf_,f'n12

Where G(?) is the irradiance over the tilted Surface of the PV modules, in kW/m? and Isc (A) is
the shortcut current of the PV module.

The power produced by the PV generator (composed by Nmodules serial®* Nmodules parallel)

during time ¢ is, taking into account the reduction introduced by the efficiency defined
previously (Eff):

P@t)=Isc*G(t)*Vn_panel* Nmodules serial* Nmodules parallel* Eff

PV output PV output
Current, lv (A) Thevenin equivalent Current, lev (A)
Iy PV cell temperature: Tc =256C / (batt+cables) 'y Irradionce G=1 kw/m?
Isc
Isc ~ ~
1
—| 1 kwfm? <
B 0.75 kwifm?
0.75-15C - )}

| 0.5 kw/m2
0.51s¢c g r

0.2kw/m* |
0.2-1s¢

N 1 5
0 2 4 6 8 10 12 14 16 18 20 22 24' 0 2 4 6 B 10 12 14 16 18 20 22 24 26
Voltage (V) Voc Voltage (V)

Fig. 2. Intersection of the |=f{V) curve of the PV generator and Thévenin equivalent that it sees when the battery is fully charged. Left: Curves for a constant PV cell
temperature (T, =25 °C) and irradiance G variable. Right: Curves for a constant G =1 kW/m? and T, variable,

In this case the power depends little on the ambient temperature (except for extreme temperature

values, see figure above, right graph, obtained from (Rodolfo Dufo-Lopez et al., 2014):).

If the MPPT box is selected: [MPPT only in PRO+ version|

In this case the inverter or the charge controller of the batteries has MPPT, so at each instant the
PV modules 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:
Pt)=Pn*G(t)/Gref*Nmodules serial*Nmodules parallel* Eff

Where Pn is the nominal power (peak power, Wp) of the PV panel and Gref (kW/m?) is the

global irradiance under the PV were tested.

If the PV generator is bifacial, the power generated in the rear surface Praci(?) will be added to

the power generated by the front surface:
Praci(t) =Pn*Bif*Gpack (1)/Gref*Ngen_parallel* Eff
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Where Bif'is the bifaciality (0-1) and Gpaex (2) is the global irradiance over the back surface of
the PV generator (kW/m?).
In the case of concentrating PV (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.

A small screen appears to be able to consider the effect of the temperature, since in this case the

PV generation is modified according to the ambient temperature.

Calculation of number of modules in series taking into account the maximum power

voltage instead of the nominal voltage of the PV modules:

In small PV systems with storage (batteries), the number of modules required is calculated
according VbusDC/Vn_panel, where VbusDC is the rated voltage DC (fixed by batteries) and
Vn_panel is the PV module rated voltage (typically 12 or 24 V).

In systems with high power which include DC/DC conversion and MPPT (grid-connected
systems...) normally the number of PV modules in series is calculated as
VbusDC/Vmax_p_panel, where Vmax p panel is the voltage of maximum power of the PV
panel. In this case, you must check the "Calculate the number of modules in serial as:..." shown
in the figure below, and indicate the value of Vmax p panel / Vn_panel so that iIHOGA will
know the value of Vmax_p_panel from Vn_panel. Normally, for PV modules rated voltage 12
V, the voltage of maximum power is about 17 or 18 V. For example, if it is 17.7 V, the ratio

will be 17.7 / 12 = 1.475, this would be the value that must be introduced.

P irvverter or battery charge regulator includes Mavimum Power Paint Tracking (MPPT)

Calculate nurmber of P4 panels in seieal as: Ybus_dc / Ymas_p_panel  [grid-connected spstems...) Data: Y¥mas_p_panel / Yhominal_panel = |[1.475
Consider effect of Temperature

Data of ambient ture [2C)
@;I:Isn;:: ;ir;razn;pem u Erbs model d FMEI'A MJ J A SDNEID

() From file [8760 hourly walues] % Graph

Efect of ambient temperature:
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The effect of ambient temperature Tamb (°C) can be taken into account by checking the box
“Consider effect of Temperature” and entering monthly average data or by importing data from
file (8760 values), including files generated with Windfreedom software. Data can be
downloaded from PVGIS or Renewables Ninja (when downloading data from the irradiation or

wind speed windows).

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).

Al Graph - o x

Ambient Temperature

< 2

@ pack Days display

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 (tn/s] at the height of the CFY for the calculation of the TPV cell temperature:

Data of wind spead (mfs)
6$§n:::;azzre;gems 2 Flz Mz Jal ImMz Julz b[z Jale sz Jol2 |mnz [p]e ]

(O Fram file (8760 hourly values) Import 1= Graph

oK

PV generator:

Considering the effect of temperature, the internal cell temperature Tc for PV is calculated by:
Te(t)=Tamb(t)+G () *(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).
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After calculating the internal temperature of the cell, the power generated by the PV generator
is calculated by:

Pt)=Pn*Gt)/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() will be added to

the power generated by the front surface:

Prack(t) =Pn*Bif*Gpack (1)/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):
Te(t)=Tamb(t) + B(t)*1000* 1op:*0.75/u(t) + 5
Where 7,p¢ 1s the optics efficiency and u(2) is function of the coolant, of the exchange surface,
and of the wind speed (W5s).
u(t) = u + 2.5%ws(t)

where u 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: |Only in PRO+ version|

You can define that the PV generator is connected to the AC bus (by means of its own grid

inverter) by checking the chekbox:

P generator is connected to AC bug (it has its own inverter] ->  Mumber of PY panels in zernial: P inwverter data
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The number of serial modules in this case must be defined here, it does not have to be the same

as if the PV generator was connected to the DC bus.

The data of the own inverter of the photovoltaic generator are shown with the button "PV

inverter data":

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

64

32

Efficiency (%)

0

0 20 40 60 80 100
Qutput power (%)

0K

By default, the cost of the inverter must be included in the photovoltaic generator. If instead of
defining a photovoltaic generator we define individual modules, the proportional cost of the

inverter must be included in the cost of the panel.

If you uncheck the box “PV inverter cost included in the PV cost;...”, the following appears:

PY inverter cost included in the PY cost: PY inv. replacement
included in O&M PV cost

Cost of the PV inverter = % of PV cost Life: 10 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 modules price inflation:
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Prices for PV modules 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 modules,
including an upper limit for those. iIHOGA will then use this data to calculate the number of
years required to reach the price limit. Once this value has been reached, PV modules will be
assumed to see their prices increased in line with general inflation. This calculation is used to
estimate the price of the PV modules when 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 PV modules will

be replaced, the replacement cost will be calculated using the explained procedure.

Annual Inflation Rate for P taw, Wariation of P Panelz Cogt [e.q.. for an expected 70% reduction on current Py
B 2 . " .g.. P 4 )
Panels Cost : - & panels cost, intraduce ' FO0%"). %

Limit iz reached in 59.6 years

Clicking on “OK” we return to the main screen of iHOGA.

Cases of very high load:

When very high loads are present (for supply to a town or a city for example), it may be best to
introduce data for “photovoltaic generators” on each row, i.e. sets of PV modules in series and
in parallel, instead of data for discrete modules. In this case, each table row corresponds to one
photovoltaic generator. An example could include one 1 kWp generator, one 2 kWp generator,

etc.
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3.9 Wind turbines

The Wind Turbines screen may be accessed by clicking on “WIND TURBINES” (Components

area), or selecting “Wind Turbines” in the Data menu.

W WIND TURBINES / GROUPS OF WIND TURBINES - O X
Add a'wind Tubine Zero - “wfind Turbines connected to bus
| =l "‘|“‘*|”|"‘|—|‘| | ‘°'| @ DefinedinType ¢ Allto DT bus ™ Alto AC bus
Add a'Wind Turbines family |Southwest j
GENERAL DATA Output Power (W) vs Wind Speed
Name | Type | Costigl | © Repl i) [C 0&M 4l | Lifespan [y Height fmi] Emis.CO2(kal [| Tmés | 2mss | 3mss | dmes [ Gmss | Bmss | 7mis | Brss [Gmis| A
L Zeio oC ] 0 ] 100 10 i ] ] 0 ] ] ] 0 ] ]
SouthwestAlRX | DO | 345 630 50 10 ] 350 1] 1] 3 13 28 | B0 | 83 | 116 165
perl DS 2315 85 15 1 850 1] 1] 2 /55 100 | 192 | 284 442
v
< >

Controller and tower are included therefore their cost Southwest:WhispermO Fixed Operation and
must be included. For a DC-type wind turbine with

Maintenance Cost
voltage different fram 48 DC. losses at the DCADC

converter will be included in the power curve 8004 i~ e ' N e S ’U— £lyear
Surface Roughness oot - i g ..

Class |1 = Length |0.03 m §4UU___1__ L
agricultural open area without fences neither 4
hedges and with very dispersed buildings. Only s0gd oioi

smoathly rounded hills

drtrinrrh et e e ——
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
WIND SPEED (m/s)

Power curve measured at air density [kg/m3] [1.225
Height avobe sea level: |247 m
Air density at that height is [154] 1.196 kg/m3 |

P. in standard conditions (sea level, 15°C), 1.225 kgim3
P. at alttude of the place (247 m), 1.196 kg/m3

Iv Consider the effect of temperature

“When simulating, adjust power curve with air density: Ambient Temperature at hub height 0}

(* Jse height avobe sea level and temp oo & Monthly average | Erbs model Jj4 FI5 M3 AT MIE JJ21 U230 AlZ3 5019 0Of14 N3 DB
rapl L
€ Import air density (kg/m3) " File with 8760 hourly values E Graph

[~ Do nat consider reduction in Pover after: Annual Inflation Rate expected for Wind ’1— . Mar. Yariation of "Wind Turbines Cost expected [e.0., for an expected 35% T -
14mis = | [check if wind t. are pitch contralled) Turbing Costs: = reduction on current wind Turbines cost, introduce "-35%"): %=

Limit iz 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 3.8.

Wind turbines data:

General data are: Name, Voltage Type (DC or AC, in a pop-up menu), Acquisition Cost,
including the tower (€), 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 for each generator (currency/yr), Useful Lifespan (yrs), Height of the Hub

(m) and CO» emissions in manufacturing, recycling etc. (kg).

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 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
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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

Fower curve measured at air denzity [ka/m3): |1.225

). This curve is represented in the graph at the bottom,
in red color. For DC wind turbines (including the ones which generator is AC but it is non-
regulated and it converts to DC regulated voltage in the controller), the losses in the controller
must be included in the output power. If the DC output voltage is different from the voltage for
the system's DC bus, losses must also be accounted for at the DC/DC converter, which connects

the wind turbine to the DC bus.

DC turbines will be connected to the DC bus, and AC wind turbines will be connected to the
AC bus. In the diagram of the main screen the wind turbine appears always represented in the
DC bus, although this is only a representation, i.e. if the chosen wind turbine is AC it will of

course on the AC bus.

Wind turbines connected to bus:

We can define for each turbine which bus is connected to (default option), or we can force all

turbines considered in the system to be at DC bus or at AC bus:

YWind Turbines connected to bus:
@ Defined in Type Al ta DC bug All ta AC busg

If all of them are connected to the AC bus, in the scheme of the system the wind turbine will be

seen connected to the AC bus.

Add or remove wind turbines:

We can add or remove turbines, as shown for photovoltaic modules in previous section. We can

also add individual turbines from the database or entire families.

Fixed Operation and Maintenance (O&M) cost:

Fised Operation and ~ Additional data must be introduced for fixed operating and maintenance

M aintenance Cost

maintenance material are included, regardless of the group of wind turbines.

(O&M) costs (€/yr). These costs are independent of the number in parallel

and the type of the wind turbine. Fixed operator cost and costs for
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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.

Use the pop-up menu on the left to select the type of ground rugosity (Class 1 by default).
1HOGA 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 above sea level |247 i
Air denzity at that height i= [1I54] 1.198 kg/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 above sea level 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:

&M

. RL
Pop (l_ﬂj

o

P-M

P =1000RT
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where:
T Temperature (K)
P Pressure (Pa)
P Density (kg/m?®)
H Height above sea level (m)
P, Standard pressure at sea level, 101325 (Pa)
T Standard temperature at sea level, 288.15 (K)
g 9.80665 (m/s?)
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:

29|~
~ |3

Po

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:

M

ﬁ_( ﬂj T,
Py 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/ py.

Effect of Ambient temperature:

During the simulations, if we want to consider the effect of ambient temperature on air density,

Conzider the effect of temperature . .
the ckeckbox g must be checked. 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 modules, 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 Renewable Ninja has been previously
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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).

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/py is calculated as follows:

M
ﬁz I_LH RL- %
100 To Tamb

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/py. 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/m?). 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” 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/ py and the original output power values of the curve will remain.
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[~ Do not consider reduction in Power after:
|14 md's j [check. if wind t. are pitch controlled)

Wake effect for wind turbines in differen rows:

If “Wake effect” is selected, this effect will be considered in the wind farm.

[Jwake 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 (Gonzalez-Longatt, Wall, & Terzija, 2012). It will be assumed that the wind

turbines are distributed in the number of rows shown.

Thrust coefficient (Ct
WAKE EFFECT: : ©y
(Gonzalez-Longatt, et al,, Renewable Energy, 2012)

08

Wind turbines divided in number of rows: 0.6

0.4

Distance between rows / rotor diameter: -
alpha coefficient: 0

0 2 4 6 8 10 12 14 16 18 20 22 24 26

Wind turbines thrust coefficient (Ct): 'WIND SPEED (m/s)

im/s 2m/s 3m/s 4m/s Sm/s 6m/s 7m/s Bm/s 9m/s 10m/s 1im/s 12m/s 13m/s

b Jb b Jpse Jose Jo Jon | pre |l |7 loss s |pse |

14mfs 15m/s 16m/s 17mfs 18m/s 19m/s 20mf/s 2lmfs 22mfs 23m/s 24mfs 25m/s 26m[s

o | o35 1oz Jfoze Jfous fuss Jfoss ] ous Jfuss Jfoaz |fin Jos o |

oK

Wind turbines price inflation:

As explained in the screen of the PV modules, 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.

Cases of very high load:

As mentioned above, when very high loads are present for the hybrid system (for a town or a
city, for example), it may be best to introduce data for “wind turbine sets” on each row, i.e. sets
of wind turbines in parallel. Thus, each table row would correspond to one wind turbine set,
e.g., one group of 100-kW, another group of 200-kW, etc. In this case, the following values

would be introduced on the main screen: Wind Turb. in parallel, Min 1, Max 1.

Press “OK” to return to the main screen.
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3.10 Hydro turbines |Only in PRO+ version

The Hydraulic Turbines screen may be accessed by clicking on “HYDRO TURB.”

(Components area), or selecting “Hydro Turbines” in the Data menu.

1l HYDRO TURBINES - O X
Add from Database Zein - H|1|P|H|+|—|A‘ | |("|
HYDRO TURBINE GENERAL DATA EFF. TURBINE (%) vs. FLOW (% of F nom.)
Name Type [Promikiw] | Max fiowilés) [Min. height [m)|Maw. height im) | Cost (€] [Lifespan | C. 08t i | 0% | 105 | 20% | 30% [ 40% | 502 | 603 | 7ox | sox | 90z | 100%
» TuwgeBlD  AC 7 12 18 1480 0 150 0 0| 0|0 0 0|0 48 48 48 485

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
If you want to consider Pumped Hydro Storage, check one of the check box below [reversible
pump-turbine or pump and turbine different machines). Turgo500. F=7lis. Pnom=0.5kW; Pmax (max. height 18m}=0.4TkW

I that case, data from HYDROD resaurce will nat be considered. " ater tank and purping data
[elevation head, friction losses, pumping efficiency and pump minimumn load] considered will be the 90 --4
anes shown in the LOAD/AC GRID window [\ ater tab].

fw/ater will be pumped from rezervair when there is renewable eneigy or when settled by the contral
strateqy: turbine will generate elechricity when water consumption of when seftled by control strategy

™ Reversible Pump-Turbine, data here. Same height and friction losses (data in LOAD /AT grid, water]
™ Pump machine and pumping data in LOADAAC grid window. Turbine data here:

EFFICIENCY (%)

204--
Multiplier Gearbox E fficiency: |38 4 104
Electrical Generator Efficiency: |30 4 0

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
% MAX. FLOW

Emissions CO2 equiv. [manufacturing ] |5 g COZ equiv. ! Kwh generated

The table may be accessed as explained in previous sections.

Hvdro turbines data:

The general data for each turbine include: Name, Voltage Type (DC or AC, in the pop-up menu),
Maximum Flow (I/s), Minimum pressure height (m), Maximum pressure height (m),
Acquisition Cost (€), Useful Lifespan (years) and Operation and Maintenance Costs (€/yr) for

each 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.

If the turbine voltage is DC, it will be placed on the DC bus (with or without DC / DC converter),

whereas if it is AC it will obviously go on the AC bus. In the diagram of the main screen, the

turbine is always represented on the AC bus, although this is only a representation, i.e. if the
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turbine chosen in a certain combination of components is DC it will of course be connected to

the DC bus.

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

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 Fumped Hydro Storage, check one of the check box below (revversible
pump-turbing or pump and turbine different machines).

Inthat case, data from HYDRO resource will not be considered. Water tank and pumping data
(elervation head, fiction losses. pumping efficiency and pump minimum load) considered will be the
ones shown in the LOADYAC GRID window [wWater tak).

Waterwill be pumped from reservoir when there is renewahble energy orwhen setfled by the control
strateoy; turbine will generate electricity when water consumption arwhen setled by contral strateoy

[ |PHS: Reversible Pump-Turhine. data here. Same height and friction losses (data in LOAD/AC grid, water)
[ ]PHS: Purnp machine and pumping data in LOADAS 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-Turking, data here. Same height and friction losses (data in LOAD/AC grid, water)

When checking the checkbox, this message appears:
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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 for 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 hydra turb. are suitable for the elevation head shown in the LOAD/AC GRID window (Water tab) 30 m

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, checking the checkbox “PHS: Pump machine and pumping data...”

[ ]PHS: Reversible Purmp-Turbine, dats here. Same height and friction losses (datain LOADAC grid, water)
FHS: Purnp machine and pumping data in LOADSAC grid window. Turbine data here:

Awailable head: m; Penstock losses % DVariable friction losses

When checking that checkbox, available head and penstock losses for the turbine
appears under the checkbox (if we want to consider variable friction losses in the
penstock between the turbine and the water tank or reservoir, check the “Variable
friction losses” and set the data with the button “Losses” which appears). Also, this

message appears:

HOGA X

Pump data (pump power, efficiency and minimum power, elevation head, friction losses and water tank capacity) are in LOAD/AC GRID window (Water tab)
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

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
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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 also applied for the turbine when
it is in the “discharge” mode of the PHS in energy arbitrage. If “Optimize” is checked, this
variable will be optimized when running the optimization. The optimization of this variable is
considered in the publication (Dufo-l6pez & Lujano-rojas, 2025) (https://www.mdpi.com/2313-
0105/11/2/70).

If the checkbox “Consider this % as min. turbine...” is checked, that percentage will be
considered 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, see the publication
(Rodolfo Dufo-Lopez & Lujano-Rojas, 2024). In these cases, if we didn’t 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.> % [ | Also for arb.
Consider this %% as min. turhine p. if buy to grid not allowed, no baft. and no gen. Optimize

DWaterTank capacity the maximum capacity obtained in the simulation {in mulliperiod, 1 stwear). With the limit:
<than defined in LOAD/AC GRID  []<than duration (h:
[ ] Define Water Tank capacity for EI h. duration (Turbine max. flow x h dur)

[ ] Optimize Water T. capacity. with a max. duration (h): Optimization steps:
Cost of the Water Tank or Reservoir (£/m3): El -» Residual cost atthe end of the study period (34); El

If we check the box “Water Tank capacity is the maximum capacity...”, after the simulation
of each combination of components and control strategy, the water tankc capacity will be set as
the maximum obtained, with the limit selected (limit to the value defined in the LOAD/AC
GRID or limit of a specific duration in h).

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).

If we check the box “Optimize Water T. capacity, with a max. duration...”, the water tank
capacity will not be a fixed value, it will be optimized, considering a maximum duration, and

the optimization steps.



https://www.mdpi.com/2313-0105/11/2/70
https://www.mdpi.com/2313-0105/11/2/70
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The cost of the water tank or reservoir in €/m? and its residual value in % must also be set (by

default 0 if we consider water tank cost is included in the turbine cost).

More data:

Additional data must be set: the efficiency of the multiplier gearbox, and of the electric

generator.
Also, varaible O&M costs and start-up costs, for turbine and for pump, must be set (Only in

[PRO* version).

If the turbine is DC voltage, and its voltage is different from that of the DC bus of the system,
the performance of the electric generator must include losses in the DC/DC converter that will

connect the turbine to the DC bus.

Above the graph, the nominal power and its maximum power, calculated in kW
[9.81*Available head(m)*Flow max(l/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 CO2
equivalent per each kWh of energy generated. However, this value is usually very low, close to

0.

3.11 TEG |Only in PRO+ version

The Thermoelectric generator screen may be accessed by clicking on “TEG” button.

The TEG is composed by several modules (TEM) that are connected to the hot source and to

the cold source by means of heat exchangers:

I Cold exchanger |--N

TE modules
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The thermal circuit for each TEM is shown in next figure, where the thermal resistance
(measured in K/W) of the TEM is Ru teEm(), while the thermal resistance of the hot and cold
exchangers are, respectively R notty and R _coldt)- They depend on the time step as they depend

on temperature (they are not fixed values).

We will always suppose that the TEM modules are connected to MPPT DC/DC converters so
that the resistance conntected to them is always the same as their internal resistance (matched

load), therefore the maximum power is extracted from the TEM (matched output power).

During the simulation of a specific combination of components, for each time step (t) the hot
source and cold source temperatures are known (data) (Thot st), Zcold s(t)), the problem is to find
the hot and cold temperatures of the TEM (Thott), Tcoldr)). After calculating them, it can be

calculated the open circuit voltage of the TEM and its output power.

Tcoldfs ) Cold source
Ry corart Cold exchanger
Tcold (t)
4_
Rth TEM (t) TEM
Pelec (t) Thot (t)

Rthfhot(t) Hot exchanger

Thot s Hot source

The screen of the TEG window is the following:
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1\l THERMOELECTRIC GENERATORS - ] >

Matched lnad, output power of 1 moduls Sesbeck coefficient, thermal and electrical conductivities

Use this power curve -

Interpol. Seeb. s = Tcold= 30°C
[ fram M = =Teold= 50°C
[] That, Teald using cire. H i = Tcold= SUDE
Z at 300K [x1E-3 K1) 210 Teold= 120°C
Zat 500K [HIE-3KA) 3 ol
60 80 100 120 140 160 130 200 220 240 280 280 300 320 340 360 330 400 420 440 460 430 500 520 540 580 580 500 620 540
|:| Consider 2 in M Temperature of hot side (°C)
T hot  60°C 10 150C 200°C 25090 300°C 380°C 400°C  450°C  GO0C g50°C  BOD'C E50°C
@]~ 0 J[e J[s J[er J[ez ][ J@ J@ @ Jo J= = ] ]
T cold ) > Oulput power stmatched [0 | [1 e N N
load, 1 madule [W]:
’ L Jpo Jhe Jle J[ ][z Js Jpe J(e J[s Jpe [z J[= ]
N - LTk J0 Tk _JF _JF _Jp Jl& JE Je & JE&_JE_]
Increase of thermal conductivity of hot heat exchanger with temperature (/K]
Increase of thermal conductivity of cald heat exchanger with temperature [%/K] FactorVoc
Thermal resistance of ceramics and contacts of the module (% of tatal Rith) _ ‘ | . | - | o | _ | . | ‘ | o |
Inertial Time Congtant [min]:
Losses due to Thomson effect and others (%) Parameters of 1 module
Mame | Powerw) | Coste) [ Mmodules | N couples [ Refahm) | Rthikw-1) | That (C) | Teald (0) | Rth-esch Hotlkw-1) | Rth-sxch Coldiw-1) | Lifetimefyr) | A
(M TEGIXE 48 850 ] 63 0.8 0.675 300 30 0.8 0.2 15 WEET off
| |TEGO 0 1] 1] 1 0.1 0.1 300 30 0.1 0.m 15 .
| |TEG1 8 150 1 63 0.8 0.675 300 30 0.8 0.2 15 Calculation of Thot,
Teold of the module:
Max. difference (%]
v Man Ierations:
?Eréuacla\:tflalion Riate for % L"ji‘.;ﬁ'?%”&”ﬁfﬁ&ﬁﬁéfa [ﬁ-?n' /fni an expected 70 reduction on 5

Limit is reached in 11.4 years

During the simulation of each combination of components, for each time step the software will

use the TEG standard simplified model (including the temperature dependance of the Seebeck
coefficient and the thermal and electrical conductivity) to calculate the temperatures of the hot

and cold side of the TEM: Thott), Tcold().
Then, after knowing the temperatures of the hot and cold side of the TEM:

e We can use the matched load output power curves of the TEM modules datasheet (by

default) to obtain the output power (if the uper left “Use this power curve->" checkbox

is selected b Use this power curve >) Thijgs option was used in the paper (Dufo-16pez et al.,

2019).

e Or we can use the matrix equations of the simplified model (Favarel, Bédécarrats,
Kousksou, & Champier, 2016) to calculate the open circuit voltage and the ouptut
power calculation. The matched load output power (W) of the TEM is
Poy=Voey*/(4Re(v), Where Voc(r) is the open circuit voltage (V) and Re) () is the internal
electrical resistance of the TEM. (If the uper left “Use this power curve->" checkbox is

unselected).

Voe=N-0tt)'( Thot(t) - Teoldr)) Where N is the number of thermocouples of the TEM and
oy 1s the Seebeck coefficient of the thermocouple, which depends on the average

temperature of the thermocouple.
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Usze this power curve ->

Interpol. Seeb. g2 = Tcold= 30°C
|:|| from M = : : - - - - - - - == Tcold= 50°C
[ That, Teold using circ. ; o= T — — — - — Teold= BUDE
Z at 300K (x1E-3KA) 2 109 Tcold= 120°C
Z st SO0 K [41E-3 K-} 3 ol e e SN SN NS TN SN SN N T TN NS N N S N S T S S S S -
60 B0 100 120 140 160 180 200 220 240 260 2680 300 320 340 360 380 400 420 440 460 4B0 500 520 540 560 580 600 620 640
D Consider 2 in M Temperature of hot side (°C)
T hat BT 10080 160RC 2000 2500 T /RS 400C 40RC OO0 EROSC  GOORC  BGOEC
oI 7200 0 0 | 0 2
T coid 2] > Outpul power at matched [0 | [ [faz | [z ] 22 | 7 7 e pr e e 7 \
[ S O O B I S O T | CEN R CENO | CER T | O O
LU 0 Jl J0 Tk JF Jk I Tl J& JB I ] B ]

In order to interpolate and extrapolate output values from the curves, we can consider that output
power is proportional to [0y (Thot(t) - Teold)]*/Re(v (default, checkbox [l Intemol. Seeb. checked)

or we can neglect the dependance on oyt and Re) (checkbox unchecked).

The output current of the TEM can be calculated using the output power (default, checkbox

(11 from M unchecked) or considering the current calculated from the matrix equations of the

simplified model (checkbox checked).

If the checkbox LThet Teoldusingeire. unchecked, Thott), Tcoldry are calculated by using the

matrix equations of the standard simplified model.

If that checkbox is checked, Thott), Tcold(t) are calculated by using the thermal resistances of the
thermal circuit shown before, including the dependence of the TEM conductivity on current and

on ZT (Goupil, Ouerdane, & Apertet, 2013):

A

I _ 1
KC'{H= Kf:[l[-l-'—‘(c_ ZT i

c 4

If the checkbox [ConsiderZinM ig checked, the previous relation will also be considered in the

matrix equations of the standard simplified model.

The increase of thermal conductivity of the hot and cold exchangers (%/K from 30°C) must be
set. Also, if we don’t use the matched load output curves of the TEM, we can specify a value
for the thermal resistance of ceramics and contacts of the TEM (%). A intertial time constant

can be set (min, default 0) and additional losses due to Thomson effect can be set (default 0).

Increase of thermal conductivity of hat heat exchanager with temperature (/6]

|ncrease of thermal conductivity of cold heat exchanger with termperature [Z/5]
Thermal resistance of ceramics and contacts of the module [% of total Rth) _

Inertial Time Congtant [min]: D

Loszes due to Thomson effect and others [%) IEI

. . FactorWVoc |1
A factor for the correction of the open circuit voltage can be set (default 1):
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Several TEG can be considered. For each one, the total nominal (peak) power of the TEG must
be set (Power (W)), the total cost (€) (including installation, thermal exchangers and MPPT),
the number of modules (Nmodules). And also the parameters of each TEM (for 1 module):
number of thermocouples (N couples), internal electrical resistnace (Re (ohm)) and thermal
resistance (Rht(KW)) for the values of Thot(C) and Tcold(C); also the thermal resistance of
the hot and cold exchangers (KW') at 30°C for each TEM module (for example, if 2 TEM are
connected to one exchanger, the thermal resistance of the exchanger set in the table must be 2

times the total resistance of the exchanger). Finally the expected lifetime (years) of the TEG

must be set.
Losses due to Thomson effect and athers (%) |0 Parameters of 1 module
Name | Powerw) | Coste) | Mmodules | M couples | Refohm) | Rth(kwi1) [ Thot (0] [ Teold (C) | Rth-exch Hotikiw-1) | Rthexch.Cold(wi1) | Lifetimefy) | A
 [TEG1xX6 48 850 6 63 0.8 | 0675 300 30 0.8 0.2 15
 |TEGD 0 0 0 1 0.1 0.1 300 30 0.1 0.01 15
| TEG 8 150 1 63 0.8 | 0675 300 30 0.8 0.2 15

By clicking on the “MPPT eff.” Button the efficiency of the MPPT DC/DC conversor must be

MPPT eff.
set:

The cost of the MPPT converter must be included in the cost
of the TE generator

Fiated power of the inverter = # Peak power of the TEG
MPPT converter efficiency [%] output power [% of rated]:

0% 2% 3% 4% 5% 0% 0% AWz
o J[w J[o J[o o Jles Jlez Jlee |

0% 50%  GO¥  7O0%  B0%  90%  100%
EEEENEE R

Efficiency (%)
M e oo

coo oo

RS RAAS A s s A REAS nass
0 10 20 30 40 50 &0 70 &0 90 100
Output power (%)

0K

Thott), Teoldy are calculated by using the matrix equations of the standard simplified model,
which imply iterative calculations until a maximum difference between two iterations in Tho),
Teolay and current is lower than a specified maximum difference (%) or until the maximum

number of iterations is reached:

Calculation of That,
Tcold of the module:

tax. difference [%]:

b &=, [berations:
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There is a tab “Seebeck coefficient, thermal and electrical conductivities” where the
dependende on that values vs. temperature must be set. By default the values of Bi;Tes-based

ingots used in the thermocouples of a specific manufacturer are shown.

Matched load, output power of 1 module Seebeck coefficient, thermal and electrical conductivities

= = =

Z E E

= = @

2 400 [ allescdosodbossbosadocadbancbosabons = 100,000 4 -7

g ~ o '

E 300 = = 30,0004---

% o00l. i d 60,0004 ---

Z - T 400004

§ 100 8 & 200004---
. o

E 0 AL AS La s s E o SBARRRNANAMSES RN Ly ey 2 ] UL A L an AR Raa L

300 320 340 350 380 400 420 440 450 420 500 2 300 320 340 350 380 400 420 440 480 430 500 w 300 320 340 350 380 400 420 440 450 430 500

=

Average Temperature (K) Average Temperature (K)

Average Temperature (K) D Sh 00K
o >

0k I/OK 400K 40K 500K
Sesbeck cosficient of the couple (PN (microv/k): (436 | [a2 | [s38 | [a00 | [3:18 | )
Theml conductiviy Pay2 (wimdky [198 | [1438 | [188 | [t | [225 | Properties of the materials of the couples of the modulss
|

Electical conductiviy [P+N)/2 (5/m; (113000 | [s3750 | [737s0 | [e6250 | (64250

All the values are for the average temperature of the thermocouple (Tav=(Thot+Tcold)/2), in
K.

For Seebeck coefficient, the total value of the thermocouple must be set (a=op - o) in pV/K.
For thermal and electrical conductivity, the average value of the thermocouple (value of P +

value of N divided 2) must be set.
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3.12 Batteries

The “Batteries” screen may be accessed by clicking on “BATTERIES” (Components area), or

selecting “Batteries” in the Data menu.

A BATTERIES

Add Battery Zem z
) Add B atteries Family OFZS-Hawker -

BATTERIES DATA:

| o] r] ] =] o] e

Float life at |20 °C Cyeles to Failure vs. Depth of Discharge (%)

Batteries Modet
& ah

[v Limodel Ah

" KiBah [Marwel-4 oG owan 1333)
" Copetti 1994

" Schiffer 2007

Fixed Dperation and Maintenance Cost: |50 £hr

Temp.y 18 F[18_W[20Af20 [0 J[z2 (k)
at.
[eC) J|22  af2z 5|22 020 N1 D18
@ Mon,

v Except Schiffer model, consider CH

Trears=THoat life our
Float lite reduces 50% for every (10 °C increase ﬁ T Graph
Jw Cypcle life depends on T Data

¥ Capacity depends on T Data

Lead-acid battery model I Lisicin battemy model 1

[~ Modified

* Rainflow [cycle counting]

" Full equivalent cpcles

Remaining capacity at battery end of life (%] ;|80
[ Ifthere iz an AC Gen., every W days o |8— equivalent full cycles

charge battery bank at leastup to |95 %

119

Equivalent COZ emissions [manufactuing...): |55 kg CO2 equiv / K'Wh capacity

S0OC at the begining of simulation: [100° % of S0Cmax

OPZS-Hawker:TVS-5 of 330 Ah

12,000 = £
: :
g 1000 x
- =4
il z oL —
= . & el A
o - a ==
2 65,0004 - 8 '\l v
- [}
W00 s .
g w
S 20m S
i
0 TR =
0 10 20 30 40 50 60 70 &0 S0 100

DEPTH OF DISCHARGE (%)

MNumbert of full equivalent cycles 1254.3

Max. Variation of Wind Batteries expected [e.q., for an expected B0

Annual Inflation Rate expected far -
2 # reduction on curent Batteries cost, introduce "60%"]

Batteries Costs:

-5l 4

Limit is reached in 45.4 years

Name: [ Crom.ievhy [ Vol | Costie] [ C.08MiEA) [ S0CminGz) [Sel_dizs/mon i Imania) [ Efitz] [ Floatn] 10% [ 20% [ 30% | 40% [ s0% [ eox [ 7oz [ aox [ sox JTere]d ~
OFZ5 HawkerTLS 3 | 180 2 127 1.27 20 3 3 | 85 | 18 12000 ESO0 4350 | 300 2500 | 2050 1800 | 1600 1500 LA
a7 2 178 178 n 3 54 | 85 | 18 12000 EBON | 4350 | 300 2500 | 2050 | 1800 | 1600 1800 LA
280 2 | 1648 185 n 3 78 | 85 | 18 12000 EBON | 4250 | 300 2500 | 2050 | 1800 | 1600 1EO0 LA

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.

3.12.1. General data

General data for batteries includes:

-  Name

- Nominal Capacity (Cn) in A-h (in high power projects, Cn unit is kAh) 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
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C10. If the batteries are expected to be discharged at a slower rate (the usual in PV off
grid systems), we would choose C20 or even C100.

- Nominal Voltage (Vn)

- Energy rated (nameplate) capacity, in Wh, will be: Cn(Wh) = Cn(A-h)-Vn(V). In high
power projects, Cn(kWh) = Cn(kA-h)-Vn(V)

- Acquisition Cost (€)

- Operation and Maintenance Costs (€/yr) 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. The maximum power (for charge
and for discharge) will be Pmax=Imax-Vn.

- 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 “Li1”, and in the ageing model, select “Rainflow” (explained later).

Data must be provided for each battery on the number of life cycles to failure (Cicles;) for each

depth of discharge percentage (DOD; en %), displayed in red.

OPZ5-Hawker:TVS-5 of 390 Ah

1,000
222221900
300
700
500
z2:§500
B
--300
--f200
100

CYCLES TO FAILURE

} } } } } } } } } 0
0 0 20 30 40 50 60 TF0O &0 S0 100
DEPTH OF DISCHARGE (%)

LIFETIME CYCLED ENERGY (kW)

Some manufacturers of 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 Ciclesk = 2000 for DODx = 80% (k = 8), the rest of the

data of Cicles; (i =1 ... 9) can be obtained according to:
Cicles; = Ciclesr - DODy. / DOD;

In this example:
Cicles; = Cicless - DOD s / DOD ; = 2000*80/10=16000
Cicles> = Cicless - DOD g / DOD > = 2000*80/20=8000
Cicless = Cicless - DOD s / DOD 3 = 2000*80/30=5333
Cicles4 = Cicless - DOD g / DOD 4 = 2000*80/40=4000
Cicless = Cicless - DOD g / DOD s = 2000*80/50=3200
Cicless = Cicless - DOD g / DOD s = 2000*80/60=2666
Cicles7; = Cicless - DOD s / DOD 7 = 2000*80/70=2285
Cicless = Cicless - DOD s / DOD s = 2000*80/80=2000
Ciclesyg = 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 3.7.

1HOGA calculates the cycled energy throughout battery lifetime for each DOD:
Ecyctea i (kWh) = Cn (4h) - Vi (V)- DOD; (%) / 100 - Cycles; / 1000

This value is displayed in green.

The number of equivalent cycles is calculated as:

Neq_cycies = Ecycled_average (KkWh) <1000/ (Cn (Ah) - Vn (V)

Where:

Ecycied average = 2 Ecyeled i (KWh)/9;

This value is displayed under the chart.

Mumber of full eguivalent cycles 1254.3

We can import individual batteries or entire families from the database.
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Add Battery (Zern v|
Add Batteries family | OFZ5-Hawker v |

An estimation can be carried out of fixed Operation and Maintenance Costs (€/yr) for the battery
set to be used by the hybrid 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 Cast: (50 £/

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.. cans. AC (34 of max. Py |0
|:|DC cons.

Battery temperature:

Temp.J[18 F[1e M[20 afe0 mf20  Jfz2 ME‘EC"” (L

o) J[22 a2z sz ofa0 wf1e Df1s o

[v Ewxcept Schiffer n_'u:u:lel, consider L:_ H;:Ir.
Tmear:=T float life

Float life reduces B0% for every IW iC increasze ﬁ T Graph

v Cyclelife depends on T Data
v 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 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.

Temp. ) [18 F[18 M[20 afeo w20 a2z MEEDE'” (]
at.
(0] Jfe2 al2z s|2z 020 N8 Df1s

fo bian
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If we select “Hour” 2 it s 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 IOOC) Float life reduces 50% for every |10 2C increasze

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 model, consider
Tmean>=Tfloat 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 ol apeies i ﬁ is selected (as default in PRO+ version), 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”:

lin PRO+ version|
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Cycles to failure (%) vs Temperature (°C): (forfull eq. cycles and Rainflow models)

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

100 : - :
et N — T T
a-ftez g B0 T
g 40§ RREEEREEE 2--T dbazooeeee
b =[-0.0354 TS TR S SR —

ok ¢ : :
c=|0.0002 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

If yvou are using PRO+ version, it is very important that vou select this option when using

li-ion batteries or for lead-acid if vou 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 |'F EE=EE e R | ﬁ is selected (as default in PRO+ version),

the available battery capacity for each hour will be obtained considering the data shown by

clicking button “Data”: Only in PRO+ version|

Capacity (%) vs Temperature {2C)

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

a=|08
=001z .
o= [-0.00011 n{

u t t
-20 o 20 40
Temperature (°C)

Capacity (%)
@
=

As explained in the previous sections, if you want to know the overall life cycle emissions, you
must introduce (above the graph) equivalent CO2 emissions due to the manufacture of the

batteries, in kg of CO, equivalent per kWh of capacity.



https://midsummer.ie/pdfs/fronius-performance-solar-battery.pdf
https://midsummer.ie/pdfs/fronius-performance-solar-battery.pdf
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Equivalent CO2 emissions [manufacturing...]: |55 kg COZ2 equiv / kKMWh capacity

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 ’— o tax. Yanation of "Wind B attenes expected [e.g.. for an expected B0% .
Batteries Costs: 2 * reduction on current Batteries cost, introduce "-60%"; &l -

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 SOCmax

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-ion batteries maximum S0 | 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] ;|20

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 |E_ equivalent full cycles
charge battery bank at leastupto |95 &

In the same way that we have commented on photovoltaic modules and wind turbines, if the
hybrid system must supply very high loads, it may be better, instead of entering the discrete
battery data, to enter in each row the data of "banks of batteries", that is to say, data of sets of
batteries in series and parallel. Thus, each row of the table would indicate a bank of batteries.

For example, in a row a group of 120 V 500 Ah, in another row a group of 120 V 1000 Ah, etc
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(in this example the system DC voltage would be 120 V). In this case in the main screen of the

program we would place: Batteries in parallel: Minimum 1, Maximum 1.

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.

3.12.2. 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
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: Only in PRO+ version|

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 Model

() &h Li model Ah (O &sh Li model Ah

(O KiBaM [Marwel-Mei owan 1993 (I KiBakd [Marmsel-tcGowan 1993
(®) Copetti 1994 Contral Data () Copetti 1954 Contral Data

() Schiffer 2007 (®) Schiffer 2007 Schiffer bat. data
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By pressing the "Control Data" button (Only in PRO+ versionl), 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).

1l Battery Charge Controller Data - O X

TOBE APPLIED OMLY IN COPETTI OR SCHIFFER MODELS
REFERED TO 2V CELLS

(®) COMTROL Pt
() CONTROL OMNJOFF

OVER-CHARGE PROTECTION [Fuwid]:

Float Charging voltage:
Boost Charging voltage: | 2.4 OVER-DISCHARGE PROTECTION:
Boost duration: |2 h Low Viltage Disconnect [L\-"D]: Y
Boost activated if SOC< | 70 £ Low Yoltage Reconnect [LVR]| 2 W
i |30 =
E qualization Charging woltage: Low SOE Disconnect 2
. . Low 50C Reconnect: |50 A
E qualization duration; |2 h
Equalization activated if SOC< (40 % [JUse az Low SOC for Dizconnect the value of SOC min. use
Equalization activated if no equalization i the optimization ahd uze a3 Low SOC for Reconnect same

nor boost charge during days SOC min plus a 4
Temperature compensation [only far Copetti model]: v 20

[T1f there is an &C Generator, every da_l,ls ar equivalent full cycles, generator charges batteries at least up to Z

0K

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: |Only in PRO+ version
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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
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):

[ 11f there iz an AC Generator, every da_l,ls ar equivalent full cocles, generatar charges batteries at leazt up to X

3.12.3. 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 iHOGA obtain the

parameters needed for the model, or “Data”, for direct data introduction.

K.iB atd model:
(®) Calculate

() Data

New columns are displayed when “Calculate” is selected (see figure below, right hand side):
C100, C20, and C10 (all of them in Ah). 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. iHOGA calculates discharge intensities (in A) 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.
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il BATTERIES - O X
Add Battery Zemn V
Add Bateries farily OPZS Haker - o I T I PN B S E
. KiBaM Model
C.nom. ¥n 2:; E;ni‘l]&M 'Sn?nc dS:'I:L Imax r’gﬂiﬁ'?:c Cycles to Failure ¥s. Depth of Discharge £100 £20 C10 Cchage
Mame [ ikl [ 00 [ @) [ @ [ e Jemon] i | iz [ i [ 0w [ 2o [ a0 | a0 [ sox [ eox [ o [sox [a0x [ an [ an [ sk Jean[ma

PPZS-HawkerTLS-D 180 2 127 127 20 3 36 a5 18 12000 B500 4350 00 2600 2050 1800 | 1600 1B00 240 | 203 180 1 L2
PPZ5-Hawker TLSE 270 Z 178 1.78 20 3 54 85 18 12000 G500 4350 | F00 2500 | 2050 1800 | TG00 1500 353 | 308 2V0 1L
S 390 2 1649 165 20 3 78 65 18 12000 6500 4250 100 2500 | 2050 1800 | 1600 1500 @ 520 | 452 390 1 L2

v
< >
Batteries Model Fixed Dperstion and Maintenance Cost: £y E quivalent CO2 emissions [manufacturing . ): kg CO2 equiv / kiwh capacity
Osh Li model & KiBaM model S0C st the begining of simulatior: % of 50Cmax
KiBah [Manwell-Mclowan 1333
g ! ! ® Calcuiate OPZS-Hawker:TVS.5 of 390 Ah _ OPZS-Hawker:TVS-5 of 390 Ah
Copetti 1934 12,000 = o <
() Data o E o H
) Schiffer 2007 1 10,0001 b pres
g - 2 ze00d----
2 80004 [ Saso]
I cJ (18 |F[18 |M{20 |A|20 (M|{20 |J|22 = -- s > 3008 ----
T 2 eantrs 5 sano]i: 2 £ 3oy
o 20 = <
Except Schiffer model, consider Tmean >= T flotat lfe g = 150§ -
o zooof:- g LS
Lead-acid battery model Li<ion hattery madel .- = 504 -
0 t + t = 0 t t t
0 20 40 B0 &0 100 - o 10 20 30 40
® Rairflow (cycle counting) [ Modified DEPTH OF DISCHARGE (%) DISCHARGE CURRENT (A)
= 0.374 k= 0426
(O Equivalent full cycles MNumber of full equivalent cycles 12543 ©

Crnax = 540,327

[C11f there is an AC Gen., every days or Equivalan[ full cycles Annual Inflation Fate expected for P I ax. Yariation of ‘wind B atteries expected [e.q., for an expected B0% %

Batteries Costs: teduction on current B atteries cost, introduce "-80%"):
charge battery bank. at least up to Z

oK Limit iz reached in 45.4 years

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 columns C100, C20 and C10, we will have k (1/h), c and Cmax (Ah), besides the
fourth column, which is maintained. In this case, the battery manufacturer should have provided

these values.

3.12.4. Schiffer model. \Only in PRO+ version

Using PRO+ version, we encourage you to use Schiffer model for lead-acid batteries, 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.




iHOGA v. 4.0 User’s manual 207

1l Aging batteries model data - m} *

dainglbatier=sinodellshowalinl(Schiffegetalia2007) Patential of reference electrode Ha/Hg2504: [0B16 |y

Batteries data: 0pPz5 ~
[all LA batteries must be from the same family, voltage data refered to 2 ¥ cells]: Curve of Corrosion speed vs. potential of positive electiode [vs. Ha/Hg2504 ref.):
u f. Hg Corosi d k
Open-circuit volkage at full charge, U W c’c;rs[\f']$| & Tw‘e s
Gradient of change in OCV with state-of-charge, g: W
Initial effective internal resistance [charge), ro_c_0: |0 ohmah
|
Iritial effective intenal resistance [discharge], ro_d_0: ohmrah l:l E |
Resistance representing charge-tranzfer process which depends on SOC, Mc: 1933 -
’ 1.1 85 2 gf
Fiesistance representing discharge-transfer process which depends on SOCC, Md: 5 g '
il |
Momalized capacity of battery, charge, Cc:|1.001 E :
Momalized capacity of battery, discharge, Cd0) 1.642 3 '
Momnalized reference current for curent factor, lref: Afth 1 '
Height of battery, z cm ?. 24 ‘ : . . 4 ; t t
. 06 07 03 09 1 11 12 13 14
Corasion voltage of fully-charged battery without current flav, Ucon0 V = Potential of positive electrode (V) ve ref. HoHg2504
Mominal Yoltage for Gassing, Ugas: W -

Mommalized G assing Cunent, lgas: |20 e AT004

SOC for congidering full charge in order to get froc=1 and obtain curent for factor f []'when Max Capacity < Nominal Capacity, use this S0C in terms of Max, Capacity
Hinirurn state-of-charge for bad charges, SOChmit | 0.999
S0C to reget Mumber of Bad Recharges:

End of batteriez lifetime wil be considered when Max. Capacity is % of nominal capacity

Cornosin speed during floating life

(®) Corrosion speed for folating ife [data)

(O Calculate

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:

0PZS

all LA batteries m

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
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 OGI, and you select in this window only the type of battery, if you do not

know the specific parameters.
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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 commozion frente al potencial del electrodo positivo
Ueor [) we ref. Hg T aza de corosidn ks | Fuestschi 2004 - K5 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):

Cormaozin epeed during floating life

(®) Corosion speed for folating lfe [data):

() Calculate

Or calculate the parameter of the corrosion rate for floating life:

Eorsin speed during floating lf= Obtain floating life corosion speed coefficient from Lander
() Canasion speed for folating ife [data): 2 (® Polarization of positive electrod (1]
® Caloulate () Floating voltage [+ 221

Potential of positive electrode: 1.831 ¥ [1.215 'V ws. Hg/Hg2504 ref. electrode). Corrosion speed coefficient: 2.242 micrad/cm2

3.12.5. 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. In the first versions
of the program it was estimated according to the simplified method of Equivalent Full Cycles.
It is possible to choose between this method 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), used by other software programs with more precise simulation
(HYBRID2) (Green & Manwell, 1995). In version 2.2. we added the Schiffer model (Schiffer
et al., 2007), much more 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).
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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 ’ Hodtee [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:

Cr1 =F(CF - CF.R}+ Crr

Where Crr is the reference line of the figure.
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1400 )
Cycles 3
Original curve
1200 \
\
1000  Lower \
limit O\
curve N\ N
800 RN
~
\\\i\
- A
600 _
Lower reference T~ TEe— e
400, —— T —
0.0 0.2 0.4 0.6 0.8 1.0

Depth Of Discharge DOD (per unit)

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.

3.12.6. Lithium-ion batteries lifetime models. |0n|y in PRO+ version

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 small window appears where you can see (in different tabs)

and edit the parameters of the different models (Wang, Grot, Naumann or Saxena).

Wang Grot Saxena Calendar ageing Naumann

[l Include calendar ageing @ Peti -
. Petit et al., 2016 I limit (cycle / calendar): C*
Wang and S del ’ )
[0 ENG SNE SEXENBMBEREE (™) Syrierczynski et al., 2015

Include Calendarin Full eg. cycles and Rainflow models

Data (FPetit et al. 2016): Data (Swierczynski etal., 2015):
Cfade(%)=B"exp[-A/(RT)]'t"z Cfade(%)=(a-50C b+c)-(d" T e+)t g
SOC 30% 65% 100% a |D-019 | b |U.823 |
B |?34E3 ||6?5E3 H218E3 | c |0_5195 | d |3_253 |-10A-g
A [73369 | [6ss04 [56937 | e [5o87 | f [o295 |
7 |0.943 ||n.9 Hu.ss3 | 0
graph T(°C): graph: T(°C): SOC(%]:
£ _ 40
g { < =
é‘ 1 E 24
E 8 '? 16
S 0 3
0 5 10 15 20 25 s 8
Time (years) 0

0 10 20

[~ soc30% — socess — sOC100% — EOL | .
Time (years)

oK
The default tab shows the calendar ageing model included in Wang and Saxena models (it can
be included or not, by default included):

Include calendar ageing
inang and Saxena modelz
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There is another tab that shows the calendar ageing model or not in full eq. 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, & Ker, 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 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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3.13 Auxiliary equipment for the charge/discharge of the batteries

In the case of low power projects, the screen of the auxiliary equipment for charging/discharging
the batteries may be accessed by clicking on “CHARGE BAT.” in the components area, or
selecting “Charge Bat.” in the Data menu. Auxiliary equipment includes the PV Battery Charge
Controller and the Rectifier (also called “Battery charger”, it is an AC/DC converter, usually

used by the diesel or gasoline generators to charge the batteries).

In high power projects, we assume the battery controller and the rectifier are included in the

inverter/charger (next section).

1 PVBATTERY CHARGE CONTROLLERS AND BATTERY CHARGER - O X

PY BATTERY CHARGE CONTROLLER 48 Vv

Addfrom data bass | [STECA: PR 1010 ] H|4| | |+|_|A| ‘ ‘e‘
Include only WD C suitable and MPPT as selected from family: STECA ™
Name [Imaw (#)[VDEmin ()] WD Cran pA[Cost €] [MPPT [ A Acquisition cost (€]
N STECA: TAROM 440 40 48 48 298 NO -m w[7 0 iegmanial
STECA: P TAROM 4055 55 48 43 1500 MO

STECA: P TAROM 4140 149 48 43 2215 NO [IF the contraller i included in the bidi inverter,
the controllers of this screen will not be
considered and suthomatically the cost of the
controller will be considered 0]

Lifespan: years

Control data.

[1P¥ charge contiollers include MPPT [] Consider only first one of the table

All the P charge controllers muts be of the same family [same control data)

RECTIFIER (BATTERY CHARGER) {CONY. AC/DC) 230 Yac / 18 Vdc
Acquisition cost [£): + * Priom [kiw] (If battery charger is included in inverter, this cost wil

authomatically be 0; if the battery charger is inchuded in

Wiz oEETs i % the AC generator, you must indicate here O for costg]

DK

PV Battery Charge Controller:

The photovoltaic charge controllers to be considered must be indicated in the table (it is assumed
that the wind turbines are fitted with their own controller). In the case of bi-directional
controllers (inverter-chargers) that include charge controller, it will be indicated in the
“Inverters” screen (see section 3.14) and, if an inverter-charger of this type is used in a certain
combination of components, the charge controllers of this table will not be considered, as the

charge controller is included in the inverter.

Once simulated each combination of components and strategy, for each case iHOGA chooses
the minimum controller such that its maximum nominal current is higher than the maximum

that is expected obtained in the simulation.
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If there is no controller in the table that comply it, it will be considered a generic one with the

cost obtained with the data on the right side of the table:

Acquizition cost [£]:
|E |+ |T-" |" e, rnas (&)

If the checkbox B st o (et o o o (el is selected, then iIHOGA will only consider

the first charge controller of the table, so its current will be the limit current for the charge of
the battery bank (except if the battery bank is being charged by the AC generator, in that case

the limit will be the one of the inverter-charger, if that device includes charger).

You can add database controllers, individually (button "Add from database"). You can also,
using the button "Include only VDC suitable and selected MPP from family", force the
controllers of the table to be only those of a particular family, which comply with the nominal
DC voltage of the system and whether or not they include MPPT (depending on what has been
marked below the table).

The characteristics of the control of the charge and discharge of the batteries are displayed by

clicking on "Control Data" (Only in PRO+ version)): if the control used by the charge controller

and by the rectifier is PWM or ON/OFF (the two components, charge controller and rectifier

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

set (those of the manufacturer of the controllers or rectifiers to be used, which must be suitable

for the batteries to be used).

In the case of PWM regulation, the data for the charge in several stages (typically 3 stages: bulk,
boost or absorption, float) and also the data of the equalization or compensation load 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)

Rectifier (battery charger, AC/DC converter):

AC /DC converters (rectifiers or battery chargers, usually auxiliary elements of AC generators)
are selected, for each combination of components and strategy, after simulating the system, so
that the power required in the rectifier is the one chosen (if there is AC generator, the minimum

power of the rectifier is the nominal power of the AC generator). Their costs are modeled as
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linearly dependent on power (within limits), fixed at the bottom of the screen. The efficiency is

usually high, of the order of 90%, and little dependent on the power of the converter.

If the rectifier is included in the cost of the AC generator, here we must set the costs to 0. If the

rectifier is included in the bi-directional inverter, its cost will automatically be set to 0.
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3.14 Inverters and inverter-chargers (bi-directional converters).

The “Inverters and inverter-chargers” screen may be accessed by clicking on “INVERTERS”

(Components area), or selecting “Inverters” in the Data menu.

The inverter is a are a very important component, with a considerable influence on the operation
and total cost of the system. Inverter performance is heavily dependent upon power at any time
(apparent power).

Some commercial components include inverter (DC/AC converter) and battery charger (AC/DC

converter), called inverter-charger or bidirectional converter

) INVERTERS AND BI-DI CONVERTERS - m} X
Add from Database |ZERO v (@ 'without Rectifier (charger)
ORemmerwfnP\/baﬂ contraller (|4 BBl *||=a|+ x|
Include only VDG suitahle from family: |STECA \/| + O Rediifier + MPPT PV batt controller
GENERAL DATA EFFICIENCY (%) vs. QUTPUT POWER (%) ->
Mams Power(VA) Lilespan (yr) Cost(£) Bat Charger Imex_ch_DC(A) Ef_charger(%) Vdcmin(v) Vdcmax() PVbatt controller Pmax_ren(W) 0% 2% 3% ©
b STECA xPC1600-48 1600 10 1440 OK 2n 98 45 45 NO 1E15 0 30 80

<

If bi-di inverters include hattery charge regulator. all of them must be of the same family (same control data)

Contral Data CIMPPT STECA: XPC 160048 Max. output power in sumultaions of

30 minutes: % higher than nominal
80 15 minutes: % higher than nominal
72

10 minutes: “/o higher than nominal

<=5 minutes: % higher than nominal

Selectthe minimum inverter reguired
to supply the maximum AC load

Selectinverter

EFFICIENCY (%)
&

= - h - It P. max, renewable DC > P. max, ren.
™ | 32
e,
_— = () Lirit P fram renew. DG 1o P max. ren
16
8 (@ Discard that combination
I:‘Propomona\ to 1stone: 0 L
0 10 20 30 40 50 60 70 80 90 100 [JOnlyin bidi converters

Inverter rated power for
batt. duration (hours):

Maximum power demanced by load is 370.4 VA
Awverage power is 9.4% of rated power of the selected inverter. Inverter average efficiency considered will be 92,1 %

QUTPUT POWER (% OF RATED)

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 (VA)
e Lifetime (years)

e Acquisition cost (€)
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e [fitincludes a battery charger (bi-directional inverter or inverter-charger), select in the
drop-down menu in the "Batt.. Charger" column “OK” option. In this case, the value of
the maximum charge current that can be supplied to the batteries must be set in the
following column "Imax ch.DC (A)" and the efficiency of the charger in the next

column.

¢ Minimum and maximum operating DC voltage. The nominal DC voltage of the system

set in the main screen must be between these two values.

e [fit includes PV battery charge controller: inverter-chargers or bi-directional inverters
can include the controller for the charge of the battery bank from renewable PV and/or
wind power sources, in which case you must select OK in the drop-down column "PV
batt. controller". The controller can include MPPT, then select MPPT instead of OK. In
that case, in the next column you must set "Pmax_ren (W)" the maximum input power

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. The last column shows the weight (kg).
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, and that also comply with the table on the right: without rectifier (charger) or rectifier
without PV batt. controller or rectifier with batt. controller (MPPT or not, depending on what is

indicated in the Checkbox "MPPT" below the table).

Select the Minimum Inverter required to Supply the Maximum AC Load:

If the checkbox “Select the Minimum Inverter required to Supply the Maximum AC Load” is
checked, iIHOGA will select the inverter with lowest power that can supply the maximum AC

load, and it will use only this type in the optimization.

[w Select the Minimunm [nverter required

to Supply the Masimum AC Load

Select inverter
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In this case, you must click on “Select Inverter” before clicking on “OK”. Under the efficiency
graph it is shown the AC power required by the loads, as well as the power of the inverters

selected. A warning message will be displayed when no inverters meet the power requirements.

In addition, under the graph also we are informed of the average hourly power consumption
AC, what percentage has respect to the nominal power of the selected inverter, and therefore
what average efficiency will give the inverter. This value is used by the program in the
calculation of some parameters of the control strategy. However, for the calculation of the
energy balances of the system during each time step of the simulation, the program uses the
actual efficiency of the inverter, depending on the output power according to the efficiency

curve.

I, on the other hand, we have not activated the "Select the Minimum Inverter required to Supply
the Maximum AC Load " box, the program in the optimization of the hybrid system will test
combinations with the different inverters, i.e. in principle it will consider them all equally. Low
power inverters will likely in some cases give solutions that are not useful, as they will probably

imply unmet load due to the limitation of the inverter.

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

(W)" will be discarded (infinite cost will be assigned).
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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.
[f P. maw. renewable DC = P. max. ren.

" Limit P. from renew. DC to P max. ren.

f* Dizcard that combination

[ Only in bi-di corverters

By default this applies to any kind of inverter. If you want to apply this condition just to

inverters / chargers (bidirectional converters), check the option "Only in bi-di converters".

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 VAfinan will be the battery capacity in Wh 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:
Iverter rated power for

batt. duration (hours); |4

OK
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3.15 AC backup generators (diesel, gasoline...)

By clicking on “AC GENERATOR” (Components area), or selecting “AC Generator” in the
Data menu the screen of the AC backup generators appears.
AC 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 GENERATORS - O X
Add from Database qafp [Pl | ®|=||a|v x| o
FUEL
GENERATORS DATA:
MName Power(kivA) CostE) C.O&MEM) Life(h)  Pmin (%Pn) Fueltype FUnit Fcost@luni Foinflat(®) Emis.(kg CO2/unif)  Aflunitkidth)  Blunithkish)  Meight (ko) ~
Diesel 1.9kVA 14 800 014 10000 30 Diesel litre: 13 5 35 0.246 0.08145 1
L4 W P2l — ; 0 0 8 100000 30 Diesel litre 8 8 0 0.248 008145
v
< >
Extra ageing and O&M when running out of
B0 () Pz () = l:' optimal conditions (50-80%)

Equivalent COZ emissions (geneartar manufacturing..): kg CO2 equiv. { KNvA rated power —Factorfor 30%

-Factorfor 100%

D Generator runs all the time

(AC grid reference) Fuel consumption (litre/h) = Pn (kW) - B + P (kW) - A WMaximum autaut power in sumulations of
[ISpinning reserve: (+1 gen] Zero fuel Diesel 30 minutes: % higher than nominal
[l anly if partial load » Prmin
— 15 minutes: % higher than nominal
=
AC Generator Availahility E 10 minutes: % higher than norminal
[Jin NPY maximizing systems. 5 <=5 minutes: % higher than nominal
generator supplies power to I 0
the AC grid until the injected =
power is the maximum of the a
grid x =
(=3
Only during hours when control

strategy is to inject to the grid
[] Only it P needsd >Pmin gen 0

OUTPUT POWER (kW)

Each start is considered that consumes

minutes of lifespan

0K

AC Generators data:

The following data must be introduced for each generator: Name, Rated Apparent Power (kVA),
Acquisition Cost (€), 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 H>), Fuel
Units (litre, kg, m® Normal), Fuel Price (€/unit), Annual Inflation Rate for Fuel Prices (%), CO2
emissions (kgCO»/fuel unit), and Consumption Parameters: A (fuel unit’/kWh), 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) = P,(kW)-B + P(kW)-A,
where P, 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 (Inffel) is an important parameter, and can be different
to the general expected inflation rate (Infeen) 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 CO2 emissions in the

manufacturing of the generator, recycling, etc. (kg CO2 per kVA of rated power).

Equivalent COZ2 emizsions [geneartor manufactuning... ) 215 kg COZ2 equiv. # kVA rated power

Force the generator to run all the time: |Only in PRO+ VGI’SiOl’1|

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 [1Spinning reserve [+1 gen) during each time step an extra generator will be

on (to increment spinning reserve). If the checkbox [10nly i pattial load > Prin ¢ 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 J[0-1h
V[1-2h V[1-2h
V|2-3h J[2-3h
V[3-4h V[3-4h
V[4-5h J[4-5h
V|5-6h J|5-6h
V|E-Th V[B-7h
J|7-8h J|7-8h
J|a-9h J[8-9h
V[9-10h V[9-10h
J[10-11h J[10-11h
M[11-12h Y11 -12h
¥[12-13h J[12-13h
¥[13-14h J[13-14h
V|[14-15h J[14-15h
V[15-16h J[15-16h
JI16-17h V[1E-17h
V[17-18h Y17 -18h
/[18-13h V[18-19h
V¥[19-20h VJ[19-20h
Jan-21h J20-21h
VM21-22h VJ|21-22h
J22-23h V|22-23h
V|23-24h V[23-24h

0K

Inject power to the AC grid: Only in PRO+ version|

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).

[ ]1n NPY maximizing systems.
generator supplies power to
the AC grid until the injected
power is the maximum of the
grdx |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 define hourly periods for the
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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 . stratedyistoinjecttotheand 5 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 1 Only itF needed >Pmingen checked, 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. Also, a minimum running hours (Only in PRO+ version)) can be

set (the backup generator, when it starts running, it will be running at least the number of hours

set).

Each start is considered that consumes

b minutes of lifespan

bdinimurn running haurs |0

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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3.16 Fuel Cells and Electrolyzers.
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Only in PRO+ version

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, i.e. there are three screens in one.

1 H2 COMPONENTS O

Fuel Cells  Electrolyzers H2 Tank

Generation of Electrical Energy by Hydrogen

(BBl *|=]alv x|
Name Pot. Nom(ki) Acg. cost (£) C.O&M (E/h) Lifespan (h) A dkg/kivh) B (kgfkidehy Prnax_ef (% Pn)  Fef P.min. (%)~
Zero i} i} i} 100000 0.06 i} 20 1 1n
» FC1 1 7000 nez 15000 008 0.004 20 1 1o

If output pawer (P} is lower than Pmax_ef (% Pri: H2 consumption (kg/h) = B-Frld) « AP (k)
If output pawer (P} is higher than Pmax_sf (% Pn): H2 consumption (kg/h) = B-Pn + AF-(1 + Faf{F/Pn - Pmax_sff100))

! = FCA1. Consumption{kg/h) and Efficiency(%LHV) Electricity DC LHW H2 = 33.3k\Whkg
£ oos 0%
5 ooee 0%
E & Fuel Cell
z o0 20 C:; ‘ - «
3 0032 5 i H,
3 0ot 02 2
= &
¢ 0 0 Fuel fram
C e OUTDP‘tJT POWER“(EWJ e t @ H2 produced by electrolyzer
() External

Mominal Power = 1 ki Itis needed at least 0.004 kgH2/h to generate electrical power

Equivalent COZ emissions (manufacturing fuel cells and electrokyzers) kg CO2 equiv. f KWW rated power
c i i ion (kWh icity per kg H2):

FUEL CELL ELECTROLYZER + HZ TANK

Annusl Inflation Rate for Fuel Cells, Electrolyzers and Max. Wariafion of Fuel Cells, Electrolyzers and H2 Tanks Cost (e.q., for an
H2 Tank Cost: % expected 30% reduction on current cost, introduce "-30%¢") %
Lirnitis reached in 21.9 years

[[]Fuel Cell and Electrolyzer are connected to AC bus (b means of their inverter and reciiier respectivelly) | [nverier and rectiier data

In the “Fuel Cells” tab, you can choose several configurations for the fuel cell fuel consumption:

Fuel cell that consumes the H2 produced in the electrolyzer (and accumulated in the H2

tank).

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.
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Fuel fram

* H2 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.

[] FUEL CELL ELECTROLYZER + H2 TAME

Note that when we have selected that we want fuel cell and in addition the origin of the fuel is
H2 produced in the electrolyzer, 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.

As explained in the PV panel 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.

In low power projects, by default fuel cell and electrolyzers are connected to the DC bus. At the
top bottom of the screen there is a box where we can indicate that the fuel cell and the
electrolyzer are connected to the AC bus of the system. In this case a button is enabled which

indicates the efficiencies of the electrolyzer rectifier and the fuel cell inverter.

[] Fuel Cell and Electralyzer are connected to AT bus [by means of their inverter and ractifier respectivelly) lrverter and rectifier data

3.16.1 Fuel Cell

By clicking on the tab "Fuel Cells" the fuel cells window appears, where we can add, delete or

change data.

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 Pn rc (kW), Acquisition Cost (€), Operating and
Maintenance Cost (€/h), Consumption parameters: Arc (kg / kWh) and Brc (kg / kWh). Prax_ef

(%) 1s the power of maximum efficiency, it is applied the correction factor Fer (for consumption
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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 rc < P max_ef (%):
Consyec = Bic "B pe + Ay P

If P/PN_FC >P max_ef (%):

P F max_ef (%)
R ke 100

Consye = By By pe + Ae P 1+ Fy

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.

1 H2 COMPONENTS - [m] x
Fuel Cells  Electrolyzers H2 Tank
o . .
Add from Dalabase Zero » on of Electrical Energy by Hydrogen
DEEEOEEEEE
Name [Pot. Nom. (kW[ Acq. cost (€] [C. 0&M (€/h)] Litespan (h)[A (ka/kwh)[B (ka/kwh) [Pmax_ef (% Pnl] Fef [P. min. (% ~
Zero 0 0 0 100000 0.06 0 20 1 1
» FC1 1 7000 0.2 15000 0.05 0.004 20 1 10
v
< >
Equivalent CO2 emissions (manufacturing fugl cell: and electrolyzers): kg CO2 equiv. / KW rated power
IF output power (P is lower than Pmax_ef (% Pn): H2 consumption (kgh) = B-Pnlkive) + &P [kKw)
IF output power (P) is higher than Pmas_ef [% Pr): H2 consumption (kash) = B-Pr + &P[1 + Fef [P/Pn - Pmax_ef/100]]
= FC1. Consumption{kg/h) and Efficiency(%LHV) Electricity DC LHY H2 = 33 3kwhrka
H =
=]
= = FLel Cell «
g H
§ | H° ¢
£
w Fuel from
. g i (®) HZ produced by electrolyzer
OUTPUT POWER (kW)
Mominal Power = 1 k'w'; It is heeded at least 0.004 kgH2/h to generate electrical power O Esternal
FEAFUEL CELL ELECTROLYZER +H2 TANK
Annual Inflation Fate for Fuel Cells, Electiolyzers and Max. Variation of Fuel Cells, Elechiolyzers and H2 Tanks Cost [e.g.. for an
H2 Tank Cost: % expected 30% reduction on current cost, intoduce "-307%"; k4
Limit iz reached in 21.9 pears
Fuel Cell and Electralyzer are connected ta AT bus [bu means of their inverter and rectifier respectivelly) Inwverter and rectifier data

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 (kW) 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 0.004 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
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given hour there is no more than 0.004 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).

FC1. Consumption(ka/h) and Efficiency(%LHV)

= 0.08 =
= —
2 po6t--; °
B =
= 0.04 43 =
2 :
0.02} 2z
o
o =
[ 0 -
I

OUTPUT POWER: (KW}

Maorminal Pawer = 1 kMW [t iz needed at least 0.004 kaH 2/ bo aenerate electrcal oower

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 CO2 per kW of nominal power. It

depends on the technology.

Equivalent CO2 emizzions [manufacturing fuel cell: and electolyzers): kg COZ equiv. / kN rated power

You can define the months and hours of the day when the fuel cell is available with the button

Availability

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 electralyzer
() Extemal

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 H» tank. In this case, the fuel used by the fuel cell (H or
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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

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 CO:2 emissions from the fuel used by the fuel cell (kgCO- / kgFuel).

Svstems which include Electrolyzer but do not include Fuel Cell:

Uncheck the “Fuel Cell” check box when no fuel cell is required (e.g., when an electrolyzer is

present, but only Hy is used for external use).

v FUEL CELL

3.16.2 Electrolyzer

By clicking on the tab "Electrolyzers" the electrolyzer window appears.
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V' H2 COMPONENTS - a X
Fuel Cells Electrolyzers H2 Tank

Data to modify the consumption and efficiency curves:

Generation of H2 by electrical energy Curves change in H2 mass flow limit (% of rated)]
’ (& ofratedy{10_]
Factor_efficiency: |0.45
-« 4 PR - - x [ ] - Y-
Name Pot Nom(kKW) — Acq cost{f)  C O&M(EAn) Lifespan(yr)  A(KWika/h) B (KWikgh)  Pot min (%) ~
Zero a a n oo 40 10 a
» Elect 1 7200 800 20 40 10 20

v

Power consumption in stand-by: % of nominal power | Availability
Elec1. Consumption(kW) and Efficiency{*%HHV) Water cost (€/kg_H2) El

5 _

= =

5 o - = Stack replacement cost (% of acq. cost):

g - B Cold start time (miny:[20 | - Each cold start equiv. to extra ageing (i) 100 |

= PR

3 £ Lifetime and O8M costs data: -

Z 5 Electricity DC

g 0 20 £ @ years and £y

T 0

0 0.009 0.01 0.013 0.02 OHours and &/h
H2 OUTPUT MASS FLOW (kg/h) Electrolyzer
N
Narminal H2 mass flow = 0.02 keyhy: tis needed st loast 0.2 kW to generate H2 HHY ot H2 is 33.4 Kibh/kg 2 Hy0
Equivalent CO2 emissions (manufacturing fuel cells and electrolyzers) kg CO2 squiv. /KW rated power
c (kWh icity per kg H2)
FUEL CELL ELECTROLYZER + H2 TANK
Annual Inflstion Rete for Fuel Galls, Elschiolyzers and - Max, Varition of Fuel Cells, Electolyzers and H2 Tanks Cast (e.g. foran
H2 Tank Cast % expectd 30% reduction on cunrent cost,intraduce *30%" %
Limitis reached in 21,9 years
[]Fuel Cell and Electrolyzer are connected 1o AC bus (ay means of their inverter and recifier respedtivelly) e rar and reciier data

Data that must be introduced: Name, Nominal Power (kW), Acquisition Cost (€), Operation and
Maintenance Cost, 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).

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, P (kW) depends on the hydrogen
production H2p04 (kg/h) following the next equation, where At is the time step in hours,
H 2prod ratea 18 the rated hydrogen mass flow of the electrolyzer (kg/h), H 2prod_timit (kg/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).



https://doi.org/10.1016/j.ijhydene.2023.08.273
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Hzprod (t)-A

) = At + H2prod ratea " B, V' H2pr0a(t) < H2proa timic * At
A2p0a® _
- d l. .
Hzprod(t) A |1+ F- At i prod_limit
Hzprod_rated /
PE (t) ) At + Hzprod_rated

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 2 prodym = 20
of rated hydrogen mass flow and factor F = 0.45, values which fit with the efficiency of a 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
Aadfom Databess g eorrateals |
Factor_efiiciency:
|4l plpiffe]=allv|x|e - ¥
MNarne Pat. Namikih) Acg.cost()  C.O&MIENT  Lifespan () A (kg B (ko) Pot. min. (%) ~

Zero 0 0 0 100 40 10 0
I Elecl- 1 7200 800 2n 3 20

Elec1-. Consumption{kW) and Efficiency{%HHWV)

2 70 <
S 0.768 T
= 50 5
= £
= 0512 40 =
% 30 §
o 0.296 20 5
= 10 o
L

" 0 0

0 0.002 0.004 0.006 0.008 001 0012 0.014 0.016
H2 OUTPUT MASS FLOW (kg/h)

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
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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 acquisition cost) 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): . Each cold start equiv. to extra ageing {min}

Availability

With the button you can select the months and the hours of the day the electrolyzer

is available:

ELECTROLYZER HOURLY AVAILABILITY

“o-1h [“]1-2h [“]2-3h [“]3-4h [¥]4-5h [#]5-6h “]6-7h [¥]7-8h
[~]&-9h [«]9-10h [«]10-11h [«]11-12h [“]12-13h [«]13-14h [~]14-15h [“]15-1Bh
[«]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.

[ Mot available during no sun hours ifthere is PY generator

[INot available if calm wind during E}:Dnsecutive hours and there is Wind turbine

Ok 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
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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 electricity consumption and efficiency of the electrolyzer that is selected
in the table. Below the graph it shows the nominal H2 mass flow (kg/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 0.2 kW to begin generating hydrogen. In the simulation, if
during a given time no more than 0.2 kW of power is available to operate the electrolyzer, it

cannot generate hydrogen during that time (and therefore it will not work during that time).

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 electrical
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
Ha Tank Cost: % expectad 90% reduction on current cost, introcuce "-90%" 22

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
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3.16.3 H: tank.

When iHOGA 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, iHOGA 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).
By clicking in the “H2 Tank” tab, we can see:

Fuel Cells Electrolyzers H2 Tank

Acguisition cost, 1000 £/l of mex. cap.

Faxirmum allowed size: ‘1 a ‘ kg Finimum lewvel of HZ (% of max. size):
(Fuel Cellwill not run if tank, level lower)

[ JHZ tank size is the maximurm allowed size

Capacity at the beginning of the simulation: l:l ki
Litespan years
03M Cost Evr

[]In 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. 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 0, but it can be changed to a different percentage. If the tank is below that level,

fuel cell will not work.
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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 kg, as well as of the expected lifespan and the operation and maintenance

costs for the tank.

Green H2 generating systems:

If the following checkbox is checked (default in high power projects), all the data disappears:

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 fuel 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 iHOGA, 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 iHOGA, 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).
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1l HZ COMPOMENTS - m} *

Electrolyzers H2 Tank

I¥ in H2 generating systems, do not consider H2 tank (costs 0, infinite allowed sizef
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3.17 PRE-SIZING.

After setting the load, resources and types of PV modules or 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:

iHOGA >

RECOMMEMNDED MAXIMUM POWER:
PV Generator 2.9 kWp

Wind turbines group 3.7 kW

AC Generator 0.4 kKVA

Inveter 0.4 kVA

Electrolyzer 3.7 kW: Fuel Cell 0.4kW

ELECTRICITY STORAGE FOR 4 DAYS AUTOM.:
(EMAX.DAY.DC*1.2 = 5.4 kWh/day):
Batteries bank capacity 737 Ah (36.4 kWh)
H2 tank size: 2.4 kg

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.

- IHOGA 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
photovoltaic modules, losses in wires, etc. defined in the PV window; if there is no MPPT an
extra factor of 1.3 is added). This peak power (in the example 2.9 kWp) should be the maximum
power of the photovoltaic group that iHOGA can be allowed for optimization. For example, if
we use 100 W, 12 V modules, and the DC voltage of the system is 48 V (so there will always

be 48/12 = 4 modules in series), in the main screen, where we select the maximum allowed
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number of Modules in parallel, we should not put a number much higher than 2900 / (100 - 4)

= 7.25, for example, we could set 8 as the maximum number of parallel modules allowed.

-IHOGA 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 3.7 kW, so in the wind turbine screen we could include a wind turbine of around 1
kW and some other of around 2 kW, 3 kW and 4 kW but not much more power as it probably

would be unnecessary.

- 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 photovoltaic 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.

iHOGA 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.
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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.

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, iHOGA informs you of the maximum numbers of allowed

components being updated on the main screen.

IHOGA X

Max. nurnbers of components in parallel allowed have been updated:

Max. no. of batteries (of type of HIGHEST capacity) in parallel: 2
Max. no. of PV panels (of type of HIGHEST power) in parallel: &
Mazx. no. of Wind Turbines (of type of HIGHEST power) in parallel: 4

OK

The updated values appear in red:

MIN. AND Maed No COMPOMEMTS N PARALLEL:

Bateries in parallel Min. |1 | b ax. |2 |
P pan. in parallel: Min. |I:I | Max. |B |
Wind T_in parallel: Min. |1 | Max |4 |

AL Gen. in parallel: Min, |'| | b . |1 |
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3.18 HDI and Job creation

Pressing the "HDI and Jobs" button accesses the screen where you can enter the data for the

calculation of the Human Development Index (HDI) and Job Creation of the different

technologies.
1 HDI and Job Creation - O X
HUMAN DEVELOPMEMNT INDEX: JOB CREATION OF DIFFERENT TECHHOLOGIES:
Mumber of persons [NP]:E Number of jobs created per GWh of energy generated:
IDH = |0.0978 | x LN [Eperson] - |0.0319 [Rajas, 2012) 0.87 AL Generator:
Eperzonfliwhdyrl: Tatal load per person and year 0.17 Fuel Cell:
Epersanikwh/ur] = [EtotalEUnmet+EboughtCarid]/NF Minihpdro: AC Grid:

Etotal [k:\hdur]: Total expected Load in the year
EUnmet (kher): Unmet Load [not covered by the standalane system) 0t
EboughtaCand [k hiwr): Energy bought to AC grid D:T— ]
064-1
0.54%-1
0.44-1
0.34-1
35 p24-

T T T D.1+-4

i - b i i 0 T
I (,-f-’_"f PV Wind Hyd.  Gen FC Grid

[THDI considering excess E; Factor of usable excess, FE: 20 %

Empleos/GWWh

z
: ' ' : : Jobs created per MW of maximum power:
" 5,000 10,000 15,000 20,000 Photovoltaic:(3 |
Total load per person and year (kWh/personlyr) Wind: I:I

Eperzon maw. (considering Unmet load by the stand-alone system 0%) = 265 kwhipe
> HDI maxirmurm = 0.51373

(]9

On the left side (HDI), you must enter the number of persons of the community from which the

installation is to be supplied, in addition to the parameters for calculating the HDI.

The HDI can be calculated considering the use of excess energy, considering a usable excess
factor (by default 20%) and a maximum usable (default 35% of total load), following the
methodology set out in the article (Rodolfo Dufo-Lopez, Cristobal-Monreal, et al., 2016a).

In the right part, the job creation data of each technology (number of jobs per GWh of generated

energy) is entered.

The default data were obtained from the doctoral thesis of Juan Carlos Rojas Zerpa (Rojas-
Zerpa, 2012). Employment created by photovoltaic and wind power by default is considered in
jobs per MW of peak power, as was considered in (Rodolfo Dufo-Lopez, Cristobal-Monreal, et
al., 2016a).
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3.19 Sensitivity analysis. |Only in PRO+ version

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):

V[ Sensitivity Analysis - O X

Wind Solar Load Interest and Inflation AC gen. fuel inflation Components cost

SENSITIVITY ANALYSIS OF LOAD

Loadl: Case base: Average Daily Total Load: 3.63 kwh

Add Remove last one = Graph

The screen has 6 tabs where you can enter the data so that iHOGA 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.1 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. iHOGA 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) iHOGA 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 iHOGA 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 iIHOGA 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

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

diation over the zurf 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 (I) and inflation rate (general or electricity cost), (I-g)x.

In the 4th tab we accede to cases of sensitivity analysis of the economic parameters to calculate

the NPC: annual interest rate, I (%) 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).




iHOGA v. 4.0 User’s manual 243

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.

3.20 Probability Analysis. |Only in PRO+ version

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) - o x

(® 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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1l Probabilistic analysis of variability of load, irradiation, wind speed and/or water flow (or fuel price inflation) — O hat
() DO NOT PERFORM PROBABILITY ANALYSIS (®) PERFORM PROBABILITY ANALYSIS
Humber of zeries to I each hination of tz and control strategy: ;l)opping e in Monte Can EI
Confidence level [%] * | fior max. ermar of the mean (%
Monte Carlo simulation with stopping rule < el
() Relative standard error lower than [%) EI
[] Analyze variability of the average value of load [] Analyze variability of the average value of irradiation
DAILY LOAD &VERAGE YALUE IRRADIATION AVERAGE WWALLIE
Mean: 263 kiwh/day 2z 1 1 Mean: 4.51 kwh/mz/day & ol I
3 : : 5 ion02 | kwhimzidey | B
- ool I tandard Deviation: | 0.
Standard Deviation: | 0.2 kiafhAd, = 1 ! z E
o3 | = a : Mean = 4.512,5td Dev. = 0196 kwhim2/day| §
Mean=3.637, Std. Dev. = 0.307 kiwhid . .
ea.n ] B = = - tagimurn = 512, Min = 3.89 kiwh/m2/day s 0-
S Averi e Load [k‘\t‘rn day) ity ek i e % Aver:ge Irrad. (KWh 'mg'day]
= |/ . . e il
Haurly variability in the series: EI % o : Y Std. deviation for temperature; i
Analyze variability of the average value of water flow
[ Analyze variability of the average value of wind speed [ Analyze variability of the average value of fuel price inflation. Average [%):
WIND SPEED AVERAGE YALUE AVERAGE FUEL PRICE INFL(SUP. 5%)
Mean: 2.44 m/s 2
2 : ; Mean: 5 % & R
Standard Deviation: miz 3 24 =
o ; H Standard Deviation: | 0.5 % ]
Mean = 2.424, Std. Dev. = 0183 ms 'E {qp==e=sd R - - - - - 'E
| Mean=5.016, Std. dev. = 0.492 %
Masimum = 2.98, Min. = 1.95 m/s = o hl e =
Hourly variabilty in the series: B Averazge wind speed [m%s] Masimam =64 Hin, = 369 Average fuel price infl.{%)
Std. deviation for termperature: |1 °C = Hourly wariabilty in the series: D %
[] Consid ion b the vari Correlation data
In the simulation, show the case obtained with the following data;
Load: liradiation: Wind speed Fuel inflation
|Average - | |Average w | |Average w | |Average b |
[ln the case of the simulation, inclde hourly variabiity
In the probability analysis report. in the last two charts. show the probability distribution of;
|H0urs unning AC Generator [hayr) ~ | |Annua\ cost of fuel of AC Generator [curency/vr] B |
[(J*when clicking at any cell of the results table, do ot update results
[J'when clicking on simulation button_ do nat consider the charactenistic cases E ach year different mean value
oK

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-Lopez, Cristobal-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 backup 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:

N - 1 P n R - Stopping rule in Monte Carlo Simulation
of series to lyze each of p and strategy: _E-
X X i R (® Confidence level (%) for max. enor of the mean (%] EI
Monte Carlo simulation with stopping rule
(O Relative standard error lower than [%) EI
[ Analyze variability of the average value of load 4] Analyze variability of the average value of irradiation
DalLY LOAD AVERAGE WAl UE IRRADIATION AVERAGE WALUE
Mean: 3.63 Kwh/day - 3 Mean: 451 kw'h/m2/day z 64
Brf = E Standard Deviation: Kwhimz2/da E 4
Standard Deviation: | 0.3 Kwihid gz - " =
N = 24 Mean = 4.43, Std Dev. = 0,16 kwh/m2/day | 5 2
Mean= 3.662, 5td. Dev. = 0.33 kKwh/d. . .
eaii ) = = =0 M asimum = 4.77. Min. = 415 kiw'h/m2/day o
Mawimurn = 4.35, Min. = 2.91 kw'h/day a Load (kWhiday) Hourly variability in the series: % ﬁ:erage Irrad. (KWhim2 IUE:]
s verage Loa Vhida - . (KWh/m2/
Hauly variability in the series: EI % L 5 Std. deviation for temperature: '
Analyze vanability of the average value of water flow
[ Analyze variability of the average value of wind speed [ Analyze variability of the average value of fuel price inflation. Average (%)
WIND SPEED AVERAGE YALUE AVERAGE FUEL PRICE INFL[SUP. 5%]
Mear: 2.44 mds 2,
g Mean: 5% £
Standard Deviation: mi's = 4 51} 4 -
] Standard Deviation: |0.5 % N T T
Mean = 2.368, Std. Dev. = 0.209 m/z 'E 23 'E
Masimum = 2.8, Min. = 201 més = o Mean=5.024. 5td. Dev. = 0573 % = ol
inaneily ety s et = Average wind speed (m/s) Masiman .= 882 Min. = 3..?? : . Average fuel price infl.(%)
Std. deviation for temperature: |1 L' Hourly variability in the series: EI 4

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%.

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).
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Conszider comrelation between the vanables Correlation data

Covariances matrix: Cholesky matrix
Temperature *ind Irradiatian Load Temperature ‘wind Iradiation Load
Temperature | |1 Temperatura 1
wind b ] vz wind i 05
Iradiation | 0 | | 0 | 0.04 Iradiation 0 0 0.2
Load |0 | [o | [0 0.03 Lad 0 ] a 03

0K

If the box 5 Ezelares e nzm e is selected (down right), and the Schiffer model of

batteries is selected, as the simulation is done for several years, each year will have a different

mean value, as was done in (Rodolfo Dufo-Ldépez, Cristobal-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.

Iumhb

of series to lyze each

bination of ts and trol strategy: Stopping rule in Monte Carlo Simulation
i R i K (® Confidence level (%) for max. ermor of the mean [%) EI
Monte Carlo simulation with stopping rule
(O Relative standard error lower than (%) EI

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).
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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.

iHOGA 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:

Load: 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:

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 []Inthe caze of the simulation, include hourly variability 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.

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:
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In the probability analysis report. in the last two charts. show the probability distribution of;

|H0uls nning AL Generator [hdyr] e | |.t’-‘-.nnua| cozt of fuel of AC Generator [cumency/yr] v |

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 characternistic 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.

Cenfirm *

|'é'| The constraints (3) to be considered are:

1- Maximum Unmet Load allowed: 1% of total annual load.
(There is no AC grid or it is not allowed to buy Unmet load to AC grid)

Fa

- Minimum number of days auton.: 3 days.
(If there is AC generator or fuel cell using external fuel er 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 (Isc PY 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)

4- Minimum Renewable Fraction: 0%.

5- Maximum levelized cost of energy: 100€/kWh.

To change these constraints, press 'Cancel'. Do you watn to continue with the optimization 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 b4

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 iHOGA, 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

cannot be resumed, but a new calculation must be started.

4.1 Mono-objective optimization using genetic algorithms.

In the case of the mono-objective optimization there is a unique objective: minimize NPC or

maximize NPV.

The following screen shows an example of mono-objective optimization. In this example the
components of the system are photovoltaic modules, batteries, auxiliary (PV batt. charger,
rectifier), inverter, AC generator and fuel cell (with electrolyzer). In addition, the maximum
execution time has been set at 1 minute, but the number of possible combinations would take in
evaluating 8'38", so that the genetic algorithm method is used to find the optimum without
evaluating all combinations, and the best solution found for each generation is being shown
during the optimization (in the figure it have already passed 4 generations of a total of 15 to be

executed).
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NUMBER OF CASES AND TIME EXPECTED

Computation speed: 50 cases/secand

EvAL ALL FOP. [ZALL] GEM. ALG. [ZALLY
MaIMN ALG. [COME. COMPONENTS): 25920 207 [0.8%) 28989 (11.53%)
[1=25320)
SEC. ALG. [COMB. STRATEGIES) 1 3 [300%) 41 (4100%)
MAIN ALG.  SEC.ALG. MUMBER OF CASES 4 TIME EXPECTED

OFTIOM 1. EWAL ALL  EvAL ALL. 25320 100 % Oh &' 38"
OPTIOM 20 EVAL ALL  GEMW.ALG. 1062720 4100%  Bh 54
OFTIOM 3 GEMW. ALG.  EwAL ALL 2333 11.5% Dh O° 60"
OPTIOM 4 GEM.ALG. GEN. ALG. 122543 4728%  Oh40 0"

Dptimizalion of the combination of components by means of Genetic Algarithrms.

It iz hot guaranteed ta obtain the optimal combination of companents, but this is probable to obtain the aptimal ar

a zolution near the optimal

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".

1l Project: D:\1.hoga

_toeosscen |

RESOURCES

COMPONENTS

L evems |
__ wmnomwee |

DC Yaoltage V
AC Valtage W

_ pesenG |

[[] Max bat. parallel > Ch min
[ Maxr PV pan. parallel - P min,
baw Wind T. parallel -» P min.
[ Max &C Gen. parallel -» Pmin
HOI and Jabs
Sensitivity Anahssis
Frobahility Analysis

(S

Project Data Calculate DataBase Report Help

— [m] hed

GENERALDATA OPTIMIZATION CONTROLSTRATEGIES FINAMCIAL DATA RESULTS CHART

Mono-objective optimization. Total No. of cases evaluated: 804. Time: 24"

115,000 § - - "o~

€)

Z 110,000}

NPT

< 105,000 1

Total Cost

100,000 4

95,000 1+

COZ Emissions{kar)

GENERATIONS

] Show diagram

Gen | Total Cost (NPCJ(€]| Emission (kaC02/yr) [Unmetkiwh/y) [UnmetiZ) | D.aut |Snfahl/lpw+wiia] [Reriz)|Cost E.Awhl [Simulate

‘ Report ~

Erergy storage: days autan.

7
2
3
4

116670.7 840 14.9 01 67 122 98 0.35 SIMULATE.. REPORT....
99363.8 683 34 03 56 72 W7y 0.3 SIMULATE.. REPORT...
95824.5 748 0.6 0 48 32 1m0 0.29 SIMULATE.. REPORT....
92282.4 1065 0 032 12,100 0.2 SIMULATE.. REPORT...

I CANCELAR

Cases evaluated: 879 of 2389 (29%]. Time elapsed: 26". Remaining time: Oh 1' 6"

_SaveEroel it |

Each row of the table collects the best solution found during each generation.

At the end of the simulation the panel disappears with the progress bar and instead the

description of the best solution found (the best of the last generation) appears.

In the case of minimization of NPC project, the graph shows the total cost (NPC) of the system

(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) for the

best solution of each generation. In the table, in blue it is shown the unmet load (in kWh/year

and in %), the days of autonomy (of daily average annual load), the value of the division
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between the nominal capacity of the battery bank and the sum of the short-circuit current of the
photovoltaic generator and the DC current produced by the group of wind turbines at 14 m/s,
Cn (Ah)/(Ipv+Iw) (A), the renewable fraction covering the demand load (%). Also levelized
cost of energy (€/kWh) is shown. These values, besides many others, are also observed in the

table.

If the optimization type is Maximization of NPV, the NPC column is replaced by the NPV,
some restriction columns disappear and appear columns of IRR (internal rate of return) and

Investment.

In the case of any row (or all) in the column of Total Cost (NPC) (€) the INF value is shown, it
means that this combination of components and control strategy does not comply with the
constraints we have indicated (maximum unmet load, minimum autonomy, nominal battery
bank capacity > N times Isc PV generator, minimum renewable fraction or maximum cost of
energy) and iHOGA penalizes that solution, giving it infinite cost (1E10). If any row has this
value, it means that in its generation no solution evaluated comply with all the constraints. This
usually occurs when loads are high and the elements of the system are "small". It is represented
graphically with total cost (NPC) = 0. If the optimization type is Maximization of NPV, if a
solution does not match with the constraint (max. investment), its NPV is assigned a —infinite

value (represented graphically with total NPV = 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 [ 3how diagram

Il Project: DAlhoga - O x
Project Data Calculste DataBase Report Help

+f LOAD / AC GRID

RESOURCES
+f SOLAR

COMPONENTS =
f P PANELS 5
S oso004
5
__AwAniues | :
+ INVERTERS
+ AL GENERATOR
< H2[F.C. - Ebzarl
~ CHARGE BAT

DCVoltage[48 |V Gen
oy —— 5 84135.8 924
3 84135.8 924
10 841358 924
% 1 83457.7 911
Energy storags. days auton, 12 83457.7 an
] M bt el Cr i 3 S3an7 7 an
[ et PV pan. parall > P in 14 93457.7 a1 1145 03 a2 167 991 025 SIMULATE.. REPORT... |

Il . el P e 15 83457.7 an 1145 [EINEF] 167 991 0.25 SIMULATE.. REPORT... |
[] Maw AL Gen. parallel - Prin v

GENERAL DATA OPTIMIZATION CONTROLSTRATEGIES FINANCIAL DATA RESULTS CHART

Mono-objective optimization. Total No. of cases evaluated: 2993. Time: 1' 24™

CO2Emis

8
GENERATIONS

[ Show disgram

[Report ~
REPORT... |
REPORT... |
REPORT___ |
REPORT___ |
REPORT___ |
REPORT___ |

Total Cost (NPCJ(E)] o020 [Unmnetiiwihdyr] [Unmnet(221[D.aut | Enfoh)lipy+lwlia) [Ren:) [ Cast E.EAWh [Simulate
61.9 05 32 162 995 0.26 SIMULATE..
61.9 05 32 162 995 0.26 SIMULATE..
619 05 32 162 935 0.26 SIMULATE .

11456 0a 3z 167 951 025 SIMULATE

11456 0a 3z 167 951 025 SIMULATE

1145 s 3z 1E7 951 025 SIMULATE

< >
HDI and Jabs
COMPOMENTS: PV panels a5i12-Gchatt ASHO0[100Wp): 4s. » J1p. [slope 60%) 4/ B atteries OPZS-Hawker TVS-5 (390 A-hl: 24, « 9p. /¢ Inventer STECA XPC
Sensifivity Analysis 1600-45 of 1600VA 2 P batt. charge contraller Genesic of 274 A /7 Unmet load = 0.9 % 27 Total Cost (NPC) = 83457 £ [0.25 £/4/h]
Probability Analysis

BralcULTE |

STRATEGY: LOAD FOLLOWING. SOC min: 20 %

REPORT

Save Erxcel table
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In the case we have selected in the main screen, in the tab "GENERAL DATA" the field
"Comparing with Worst Month Method (PV-only)", it also shows the characteristics of the

photovoltaic-battery calculated according to the method of the worst month.

Calculation with probability analysis: Only in PRO+ version|

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.

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:
A1 - fr | project:1
A B C D E F G H | J K L M N Q
1 |Prujec‘t: 1l
2 |Gen.# NPC(€) Em.CO2{kg/yr) unmet{kwh/yr) unmet(%) Days auton. cn(Ah)/(IscHdc)(A) Renew;
4 o 116670.7 840.27 14.91 0.11 6.68 12.18
5 1 99363.8 683.81 33.96 0.26 5.63 7.18
6 2 95824.54 748.34 0.61 o 4.93 3.19
7 3 92282.37 1065.2 ] ] 3.15 12.02
8 4 86393.77 962.8 0 o 3.15 14.77
9 5 86393.77 962.8 0 o 3.15 14.77
10 6 84195.8 924.4 61.86 0.47 3.15 16.15
1 7 84195.8 924.4 61.86 0.47 3.15 16.15
12 8 841595.8 924.4 61.86 0.47 3.15 16.15
13 9 84195.8 924.4 61.86 0.47 3.15 16.15
4 10 83457.68 911.6 114.49 0.86 3.15 16.68
5 11 83457.68 911.6 114.49 0.86 3.15 16.68
6 12 83457.68 911.6 114.49 0.86 3.15 16.68
13 83457.68 911.6 114.49 0.86. 3.15 16.68
8 14 83457.68 911.6 114.49 0.86 3.15 16.68
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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, iHOGA asks if

we are sure, since the previous results will be lost.

Confirm b4

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.

4.2 Mono-objective optimization evaluating all the combinations.

There are two genetic algorithms (main to optimize the combination of components, and
secondary to optimize the control strategy). 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".

In this case, the maximum allowed time for the execution of the optimization is the default that
appears in the software (15 min), however, in 2 seconds all combinations of components and
control strategies are evaluated (there are "few" possible combinations, only 54), so the

enumerative method is used.
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OPTIMIZATION PARAMETERS SELECTED BY:

(®) HOGA (JUSER

Maximum execution time:

o s e

binimum time far the Genetic Algorithms

NUMBER OF CASES AND TIME EXPECTED
Computation speed: 25 cases/second

EVAL AlLL POP [ ALL] GEM. &LG. [¥ AL

MAIN ALG. [COMB. COMPOMEMTS): 54 10 [18.52%) 140 (259 26%)
(1454)
SEC. ALG. [COMB. STRATEGIES): 1 30 (3000%) 408 (40300%)
MalM alG.  SEC. ALG.  MUMBER OF CASES 4 TIME EXPECTED

OPTIOM 1: EWal ALL  EWaL ALl 54 100 % Oh 0° 2
OPTION 20 EMaL ALL  GEM. ALG. 22032 40800 % 0Ok 14" 41"
OPTION 3:  GEM.ALG.  EWaL ALL. 140 2893% 0OhO'B"
OPTION 4 GEM.ALG.  GEM.ALG. 57120 1057778 %0h 38" 4"

zolubion

Optirmization by means of enumerative method [evaluating all combinationz]. |t iz guaranteed to obtain the optimal

If we check the "EVALUATE ALL COMB." Option of the main genetic algorithm (in the

secondary we also mark it), or if the maximum execution time we allow is sufficient and iIHOGA

selects the enumerative method (evaluate all the combinations), the system performs all possible

combinations of components, and for each one of them it looks for the strategy, by means of the

secondary algorithm if it has not been marked the option of "EVALUATE ALL COMB." for

the control strategy or evaluating all the possible strategies if that option has been marked. In

any case, at the end of evaluating all the combinations, the best N combinations of components,

ordered from lowest to highest cost, each with their best strategy, are represented in the table

and in the graph. If N is very high, it can take a long time to represent all the solutions. However,

since the first solutions represented are the lowest cost and therefore the best solutions, it can

be cancelled by the corresponding button, and the representation is stopped.

The following figure shows an example.
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W Project: D:\1.hoga — O *
Project Data Calculste DataBase Report Help

~f LOAD / ACGRID GENERALDATA CPTIMIZATION CONTROLSTRATEGIES FINANCIALDATA RESULTS CHART
RESOURCES

Mono-objective optimization. Total Mo. of cases evaluated: 54. Time: 2™

+ SOL4R
_ o |
_ oo |

COMPONENTS

" P PAMELS
-+ BATTERIES
~ INVERTERS
- AC GENERATOR
[ Show diagram
-+ CHARGE BAT.

02 Emissions (kgiyr)

Solution # (sorted from best to worst)

DCVohage[48 |¥ Ne [ Total Cost (NPC)E]|Emission (ka0 2l [Unmetikiwhivr) [Unmetiz)| D aut [Crighiipyhalia) [Reniz) |Cost E Awh) [Simulate  |Report ~
A Vohage [230 |V 0 18060.2 121 13 ES 115 99 (.55 SIMULATE_. REPORT._ |
1 182017 304 0 0 INF 144 923 (.55 SIMULATE.. REPORT.._ |
S— 2 18650.8 134 0 0 a5 96 100 (.56 SIMULATE.. REPORT.._ |
__ PResiang | 3 186516 321 0 0 INF 66 911 (.56 SIMULATE.. REPORT.._ |
ST S Hagsialion 4 19405.8 125 0 0 INF 44| 937 0.59 SIMULATE.. REPORT... |
[ Max bat. paralll > Cn i, 5 19436.6 310 0 0 INF 53 916 0.59 SIMULATE.. REPORT... |
[t P el P 8 19567.9 134 0 o INF 36 1m 053 SIMULATE. REPORT_._ |
Max'w/ind T. paralel = P min. 7 19634.3 170 0 0 INF 115 981 (.59 SIMULATE.. REPORT.._ |
[ Max AC Gen. parallel -> Pmin "
HD! and Jobs < ’
. 8 COMPOMNEMTS: P panels a5i1 2-Schott: AS1100 (100'Wp]: 4s. « Bp. [slope BO9) 4/ Batteries OPZS-Hawker TVS-5 [390 Ach): 24z, 1 1p. 4/ Inwerter STECA: WPC
Sensitivity Analysis 160048 of 1B00%4 // Py hatt. charge controller, STECE: P TAROM 4055 of 55 & // Unmet load =1 % £/ Tatal Cast [NPC] = 18060 £ [0.55 £/Kwh]
Probability Analysis STRATEGY: LOAD FOLLOWING. SOC min. 20 %
48 CALCULATE

] REPORT Save Excel table

Solutions that do not comply with the constraints (maximum allowed unmet load or other
constraints) are assigned the infinite NPC value (1E10). However, to represent graphically it is

done with NPC = 0.

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.

iy CALCULATE | |

REPORT | See best | [100

4.3 Multi-objective optimization.

In the case of multi-objective optimization, it is intended to minimize (or maximize) different

objectives.

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).
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If we do not select it, we will see all the evaluated solutions of the main algorithm, sorted by

the number of solutions that dominate 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) or other type including the

objectives of maximizing the HDI or job creation.

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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1l Project: D:\1.hoga

Project Data Calculate
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GENERALDATA OPTIMIZATION CONTROL STRATEGIES FINAMCIAL DATA RESULTS CHART

L d Pareto of Gen. 1. Total cases evaluated: 54
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18,600

[ Show diagram

days autan.

#  [Dam by: [Total Cost (NPC)E€)|Emission (kaC024] |Unmet[kudhiyr) |L|nmet[/]\0aut [criahpperiwiia) [Reniz) [Cost E.f@kwh) |Simulate  |Report
1 18060.2 121 13 35 115 99 0155 SIMULATE . REPOF
2 0 20193 119 i} n INF = 061 SIMULATE.. REPOF
£ >

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 Ist 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 I 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 vear: 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 (kWh or MWh/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 (NPCIE€)| Emission (kaCO2/yr) [Urmetkwhiyr) | Unmet(3] | D.aut | Criah)/lipv+w)is) |Ren(z) | Cost E.E/kwh) |Simulate  |Report A
H 53786 2221 0 0 INF 72| 723 0.54 SIMULATE.. REPORT .. |
1 56887.5 2246 0 0 INF 33 721 0.57 SIMULATE.. REPORT... |
2 56973.8 2237 0 0 INF 5 722 0.57 SIMULATE.. REPORT... |
3 62329.7 2845 0 0 INF g2 631 0.63 SIMULATE.. REPORT... |
4 65406.7 2866 0 0 INF 57 63 0.66 SIMULATE.. REPORT... |
5 65695 2881 0 0 INF 38 623 0.66 SIMULATE.. REPORT... |
B £9998.7 3494 0 0 INF 95 538 0.7|SIMULATE.. REPORT... |1
7 71988.9 3500 0 0 INF BB 537 0.72 SIMULATE.. REPORT... |
L
£ >

- Maximization of NPV: in blue there is the unmet load (kWh or MWh/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 (€ or k€, which must comply with the

constraint) and the LCOE (€/kWh).

Next on the right are the "SIMULATE", "REPORT" and "COSTS" cells that, when clicked, the
simulation, report or cost screens are accessed. Next are the results of Human Development
Index (HDI) and Jobs created during the life of the system. Then there are the characteristics of
the components of each solution (number of modules in series x parallel x power of each panel;
slope of the PV modules; number of batteries in series x parallel x capacity of each battery,

number of AC generators in parallel x power of each generator, etc).

Simulate  |Report  [Costs  |HDI  |Jabs |P. P pan. (wipl |Slopei®  |CnBat. [ah] [P Gen pia] [Poin rv) [P wind T. pud A
SIMULATE.. REPORT... COSTS... | 06212 0.0093 4x8+100 B0 24x1%390 151900 1600 140
SIMULATE.. REPORT... COSTS... | 06212 0.0098 4x8x100 B0 24x1x180 141900 1600140
SIMULATE.. REPORT... COSTS... | 06212 0.0098 4484100 B0 24w14270 141900 1600 140
SIMULATE.. REPORT... COSTS... | 06212 0.0086 4474100 B0 24x1%390 11900 1500 140
SIMULATE.. REPORT... COSTS... | 06212 0.0086 4x7x100 B0 24x1x270 141900 1600140
SIMULATE.. REPORT... COSTS... | 06212 0.0036 4474100 B0 24w1+180 141900 1600 140
SIMULATE.. REPORT... COSTS... | 06212 0.0075 4x6+100 B0 24x1%390 11900 1500 1400
SIMULATE.. REPORT... COSTS... | 06212 0.0075 4x6+100 B0 24x14270 11900 1600 140

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) (€) ", there is the column "C. Sec. (€)", which
gives an idea of the variable costs that depend on the control strategy (costs of
replacement of batteries, AC backup generator, etc., costs of operation and maintenance,

fuel ...), that is, costs that are not fixed but depend on the control strategy.
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Csecl8) |STRATEGY Plim_charge |P2 (w) _|P1gen (W) |P1FC (W) |Pmin_gen (w)|Pmin_FC (W) |Disch-FC-first |Peri_gen (v ~
37033 LOAD FOLLOWING INF 925 INF INF 570 0 0
41356 LOAD FOLLOWING INF 925 INF INF 570 0 0
39799 LOAD FOLLOWING INF 925 INF INF 570 0 0
46167 LDAD FOLLOWING INF 925 INF INF 570 0 0
48823 LOAD FOLLOWING INF 925 INF INF 570 0 0
50754 LOAD FOLLOWING INF 925 INF INF 570 0 0
54532 LOAD FOLLOWING INF 925 INF INF 570 0 0
56100 LOAD FOLLOWING INF 925 INF INF 570 0 0
W
£ >

- 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.

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 (kWh/year or MWh/year), in blue: Total
energy consumed by the load (Etotal), energy generated by renewable sources (Eren) (in low
power projects it is not the same as the renewable energy that covers the demand, since the
energy generated by renewables can be higher, as there are losses due to efficiencies and
conversion from DC to AC), Energy generated by photovoltaic modules (Epv), Energy
generated by wind turbines (Ew), Energy generated by the hydraulic turbine (Et), Energy that
could be exported to the grid (or energy in excess, 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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Etotalkwhsy)  |Erenfiiwthiy)  [Epvikwhsn [Ewlkwhsn]  [Etikwhi)  |E encess (Kwhiw) [E Sell kwhai) | Bup kwhdaw)  |E oh bat kwhiy | »
3974 3574 3574 15
3974 3574 3574 15°
3974 3574 3574 15°
3974 3127 3127 12
3974 3127 3127 12
3974 3127 3127 12
3574 2630 2630 10

2974 2680 2680 10
v

£ >

[ R e R o T o A o Y o R o e |
[ R e R e R e R e TR e T e e
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o i e i e [ e [ e [ e [ e |
[ R e R o T o A o Y o R o e |

It should be noted that sometimes not all excess (export) power can be sold to the AC grid, since
some of that excess power may be on the DC bus and the inverter is not enough to evacuate it
all to the AC bus. Also the maximum power that can be injected in the grid can be 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.:
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- 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).

- 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 Gen. |Bat.lifely]  |Hours Ch. Bat.|Hows Disch. Bat, [Hours FC |Hours Elyzer. [C. Fuel Gen g |C FuelFoin  |E Buy £ [E 5el| &
244437 1305 4257 4298 0 0 72058 0 0
246033 5.29 4263 4292 0 D 725 58 0 0
245273 B22 4260 4295 0 0 72359 0 0
EIEAL 1668 4102 4316 0 0 35262 0 0
3196.89 947 4103 4313 0 D 956.08 0 0
32035 564 4107 4209 0 D 957.07 0 0
393643 16.28 3751 4501 0 0 118629 0 0
3944 56 11.41 3763 4435 0 D 1188.43 0 0
L
< >

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) (€/year or k€/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. Fuel Gen £/ |C. Fusl FCE/u)  [E Buy £ [Eselienn  [selHzien) | PvNPDIE) [CBat (NPD) ]| C dux (NPC) () [T Inv] &
72088 0 0 0 0 4995 7467 4550
72558 0 0 0 0 4335 10504 4360
72359 0 0 0 0 4935 10435 4550
56262 0 0 0 0 4463 £779 430
555.08 0 0 0 0 4453 5703 4360
557.07 0 0 0 0 4459 10084 4550
1186.23 0 0 0 0 3942 £828 291
1188.43 0 0 0 0 3942 E6E5 291

v

< >
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Next are the columns also in red that indicate the total present cost or total present value
associated to each of the elements of the system, transferred to the initial moment of the
investment (NPC or NPV). If minimization of NPC, all these columns are called “C” (of cost)
+ the element + (NPC)(€ or k€), if maximization of NPV all these columns are called “NPV”+
the element + (€ or k€).

For example, in the case of minimization of NPC, “C PV (NPC) (€)” is the total cost (NPC) of
the PV generator, C Bat. (NPC) (€) 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) (€)” 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 because they are revenues and not costs. In the case of net metering actually

the cost for the producer-consumer will be the subtraction of both columns (E buy - E sell).

C PV NPC) €] |C Bat (NPC]E]|C Aux NPT E] | C Irw. (NPCIEN|C Gen (NPC) () |C WwindT [NPC) |C. Hydio (MPC) )| C. FC MPC] €] [T Elyz. (NPC)IE)] T A
4395 TAE7 4560 3159 10763 i i o o
4395 10504 4560 3159 10827 i i o o
4395 104395 4560 3159 10801 0 0 o o
4459 6779 4560 3159 14009 0 0 ] ]
4459 9709 4560 3159 14040 0 0 ] ]
4469 10034 4860 1159 14076 0 0 o o
3542 523 291 1159 17262 0 0 o o
3942 8555 3291 3159 17285 i i o o
W
€ >

4.4.1. Simulation screen.

We can visualize the simulation of each solution found by iHOGA, by clicking, in the row

corresponding to the solution that interests, in the box “SIMULATE...”.

Simulate |Flepurt |Eusts |HDI |.J|:|I:|s |F'. P pan. [wpl
SIMULATE.. REPORT... COS5TS... | 0E212 00038 4=2x100
SIMULATE.. REPORT... COSTS... | 0E212 0.0098 4=8x100
SIMULATE.. REPORT... COSTS...  0E212 0.0098 4=2x100
SIMULATE.. REPORT... CO5TS... | 0E212 00086 4=7=100

It shows a screen where the results of the system time simulation appear in 8 tabs.

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.
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“Hourly simulation” tab.

1l SIMULATION - ] X
Hourly simulation ]Hourly walues separately ] tonthly and Annual Average Power ] tonthly Energy ] Annual Energy ] Hudragen-detailed ] AC Generator-detailed ] Whater load ] MULTIFERIOD I
Simulation of 1 year, all the years the same.
= 1500 20,000
= 1,400 19,000
= 1,3nn--=__—_'__‘_‘—\.__/_ \'13-“““ z
g b17.000 £
= 1,200 =
] [ 16,000
- 1,100 >
B | 15,000 O
< 1,000 F1e000 5
= !
E 9004 13,000 &
= 800 f12,000 X
2 7004 11,000 E
= 5004 10,000 &
w 5004 fo.000 &
E 400 F8,000 ':
@ 200 | 7,000 3
w |-5,000
= 200
3 e |-<.000
5 100 4,000
0 P ol A AN '
3 [ 9 12z 15 138 21 0
1 January
‘ DR
POMWER COMSUMED OR SUPPLIED [w) F Days dizplay
f I [~ Plim Charge
v ¥ Batter bank Discharge BATTERY ENERGY [whi
r r [ [~ Electrolyzer - P2 v s0C
r - [~ E. max. disch. batt [ E.H2tank HHYH2) [~ R [ P1 [V SOC limits
) Bt B W B'_altel_v bank Charge I L - (I l::.n.llcal Gen. [ Cap. Max.
P T - 0 sUpply [ P ciitical Fuel Cel ™ SOC setpoint Gen.
r r ne b X r [ SOC zetpoint FC
™~ Water P r ™ E bought to AC giid [~ Praax
ater Pump )
[~ AC Generator [7 E zoldto &C gid [~ Pmax W
[ Pmax. input Iméerter ™ P rmax Gen g [~ H2 TANE setpoint [HHY H2) SOCE | T.ful chage

Simulation step [min) |60 Save data: |al | h  Save Simulation Data ‘

COMPOMENTS: P generatar of 2400 %/p [100% PY#1: slope B0%, azimuth 07) Battery bank of 18720 h. Inverter of 1600 A,

STRATEGY: LOAD FOLLOWING. SOC min: 20 %,

Months when it ig not supplied the whole load by the dal spztem: D b

Days when it is not supplied the whole load by the standalone system: 27/12 28/12 29/12 3012 3112

If the battery model is not the Schiffer model, the simulation is seen during 1 year in the time
steps that have been used in the optimization. If the model is Schiffer, the simulation is seen

during the life of the batteries.

In PRO+ version you can change the simulation time step (under the legend, left):
Simulation step [min] |60 - |

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).
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The power consumed or supplied of all elements of the system refer to the left axis of the graph
(power, W). The state of charge (SOC) of the batteries refers to the right axis (energy in the
battery bank, Wh).

In the case of consumption of H2, the energy of the H2 tank in each moment (Wh) is displayed
(referred to the left axis), converted to energy by multiplying by the available H2 kg at each
moment by 39400 Wh/kg, this value being the H2 HHV. In this case the value of the variable
H2TANKSstp, also converted to Wh, 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.

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. If the time step is 1 h and for
example on January Ist at 0 h the AC generator supplies 0 W and at 1 h supplies 2000 W (ie
2000 W for 1 h), this is represented by a ramp, which leaves from 0 W to 0 h and reaches 2000
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 2000 W.

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 (Wh) 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.
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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

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 P1, E H2 tank and H2 TANK

setpoint). In that case, deselect the box corresponding to that variable to better observe the other

variables.

The following figure shows the 10-day display.

1 SIMULATION — O %
ourly simulation ourly values separately onithly and Annual Average Power onithly Energy nrual Energy pdrogen-detaile enerator-detaile ater loa
Houl lati Hourly wal | Maonthly and & | A P Maonthly E A | E| Hyd detailed  ACG detailed  Water load
Simulation of 1 year. All the years are the same
1700 20,000
1,600 19,000
1,500 4 |18,000 =
1,400 17000 5
1,300 4 |- 16,000 5
1,200 4 |-15,000 g
§1,1UD- | 14,000 W
=
= 1,000 4 |13,000 W
E 500 4 |12,000 =
=z
3 800 4 |11,000 =f
o 7004 |-10,000 2
6004 [ 9,000 o2
5001 F3,000
4001 7,000 E
3004 F6,000 0O
2004 5,000
1004 4,000
0 1 2 3 4 6 T 8 9 10
January
‘ >
POWER CONSUMED OR SUPPLIED (W} — Ep— Daps display
. im Charge . e
Batter bank Discharge [ ENERGI& DE L&S BATERIAS [whi
O O O Electrolyzer P2 soc
0 [ E. max. disch. batt. E. H2 tank [HHY HZ) e SOC limits
Excess Energy T;‘llely bank Charge . - Oe [:.ll.lll:al Gen. Cap. Max.
T -to sLpply P critical Fuel Cell [] SOC setpoint Gen.
ind Turbines O
SOC setpaint FC
\iater P E bought to AC grid P
ater Pump .
] AC Generator E zald ta AL grid X
[ Pmax. input Inverter [ F max. Gen H2 TANK. setpaint (HHY H2) SOC(01)] | T. full charge
3 Back Save data: h | Save Simulation Data Save Prob. Data
COMPOMEMTS: P4 generator of 3200 Wp [slope B8], 1« AC Generator of 1900 VA, Battery bank of 18720 Wh. Inverter of 16004, Rectil. of 493w,
STRATEGY: LOAD FOLLOWING. P1gen: IMF . Pmin_gen: 570, S0C stp_gen: 20 %, S0C min.: 20 %.
The whole load is covered all the hours of the year




iHOGA v. 4.0 User’s manual 268

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.

# Graph i = | B |Se|
SOC batteries
1 Y — ¥ oy = =

y Rl I
039 V
0,85
0.8]
0,75
0,7]
0,85|

§ 0.§]
0,55}
0,5
0,45|
0.4
0,35}
03]
0,25}

1.2 3 4 5 6 7 & 9 10 11 12 13 14 15 16 17 18 18 20 21 22 23 24 25 26 27 28 29 3N
January
‘ ET
@ BACK, Days displ.
Cycles 0-15%000: 306; 15-25%000: 54; 25-35%000: 9; 35-45%D00: 10; 45-55%000: 2; 55-65%000: 1; 65-75%000: 1; 75-85%000: 1; 85-100%000: 0

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 /. e x|

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 |

[ Beck 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.
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“Hourly values separately” tab:

This tab shows the hourly values for the different energies of the system, each in a different
graph.
(This example of simulation corresponds to a system different from the simulation shown

before)

Hourly simulation Hourly values separately  Monthly and Annual Average Power Monthly Energy Annual Energy Hydrogen-detaled AL Generator-detailed W ater load
HOURLY POWER DURING THE YEAR (kW)
Total Load PV Generator Wind Turbines
0.3 T e e T T T T
0.2 N
0.1
T T T T T T T T o T T T T T T T T T T T T T T T T
0 1,0002,000 3,000 4,000 5,000 6,000 7,000 8,000 0 1,0002,000 3,000 4,0005,0006,000 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 Excess Energy
4 4 4 8§ 4 4 § 4 0
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 2,000 0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 2,000 0 1,0002,000 3,000 4,0005,0006,000 7,0008,000
Fuel Cell Electrolyzer Energy (HHV of H2) in H2 tank, end of the month
0 . . . r r r . . 0 - - - - - - - - 0
T T T T T T T T 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 ,000 7,000 8000 0 1,000 2,000 3,000 4,000 5,000 5,000 7,000 8000 0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000

Battery bank Charge Battery bank Discharge Energy in Battery bank

03 R
06%-
0.2
0.4
0.2 0.1
o o r U u u u u u u U
0 1,0002,000 3,000 4,0005,0008,0007,0008,000 0 1,000 2,000 3,000 4,000 5,0006,000 7,000 8,000 0 1,0002,000 3,0004,0005,00086,0007,0008,000
Unmet load (by the standalone system) Energy purchased from AC grid Energy sold to AC grid
0.15] T T T T T T T T T T T T T T
I R e 0 0
0.05
o T u u U u T T T u u u u u T u u T T T T T T T T
0 1.0002.000 3.0004.0005.0006.000 7.000 8.000 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 &.000

“PDE” tab:
This tab shows the probability density function (PDF) graphs vs. power during the year or vs.

energy during the year, for the different power and energy of the components.

By default, this graph is not shown. To show this, go to the OPTIONS (main menu of the
software, Project -> OPTIONS) and check the box “In the simulation window, show the

probability density function (PDF) of the main results”:
In the simulation window, show the probability density function (FDF) of the main results
In multiperiod simulation and/or small time steps, it can take a high extra time to show the

simulation screen, this is why this option is by default unselected.

When this option is selected, we see something like this in the third tab of the simulation screen:
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Hourly simulation  Hourly values separately  FDF

PROBABILITY DENSITY FUNCTION (PDF) VS. POWER (MW) OR VS. ENERGY (MWh) DURING THE YEAR

Total Load power. PDF

PV generator power. PDF

Monthly and Annual Average Power  Monthly Energy  Annual Energy  Hydrogen  AC Generator Water load / PHS  MULTIPERIOD

Mumber of columns:

[“] Show PDF firstcal.  [#] Show PDF last col
Wind turbines power. PDF

02
01

0

e e e —

0
Power. Mean: 0; Std. dev: DMWY
Hydro turbine / TEG power. PDF

0

10 20 30 40
Power. bean: 11.362; Std. dev. 14636
AC generator power. PDF

0
Power. Mean: 0; Std. dev: DMWY
Fuel Cell power. PDF

0
Power. Mean: 0 St dew: Oy
Electrolyzer power. PDF

0

Power, Mean: 0; Std. dev: Dk
Export power. PDF

0.2
01
0

0 10 20 30 40

Power. Mean: 11.633; Std. dev: 14816MW
Energy in H2 tank // accum. Sold. PDF

0
Power. Mean: 0; Std. dev: DMWY
Battery bank Charge power. PDF

0
Power. Mean: 0 St dew: Oy
Battery bank Discharge power. PDF

0

Energy. Mean: 0; St dew: Obvh
Energy in Battery bank. PDF

6
4
2
0 -

6
4
2
0

3

2

1

0 L e | |
1

0 1 2
Power, Mean: 0.163; Std. dew: 0.576MWY
Unmet load (by the standalone syst.) power. PDF

0

1 2
Power. Mean: 0.151; Std. dev: 0545k
Purchased from AC grid power. PDF

0
Power, Mean: 0; Std. dev: Ok

0
Power, Mean: 0; Std. dev: OMW

2 3 4

Energy. Mean: 1.286; Std. dew: 1.543Mwwh
Sold to AC grid power. PDF

0.3
02
0.1
: |
0 5

10 15 20 25
Power. Mean: 10.266; Stdl. dev. 12.617hW

For each component, its power (or energy in the case of the energy in battery bank and energy

in H2 tank) during the year is shown in probability density terms (bottom axis is power or

energy, left axis is probability density). Of course, as every PDF graph, the integral of each

curve is 1 (full probability). Under each graph, the mean of the power or energy during the year

and its standard deviation are shown.

In the upper right area, you can change the number of columns to be shown in each graph and

you can set the options to show the first column and the last column of each graph.

Mumber of columns: [20 Show FOF first caol. Show PDF last col.

For example, if you uncheck “Show PDF first col.”, for the PV generator it won’t show the

first column (which includes the values of power 0, that is, it won’t show the column of the

night hours).

PROBABILITY DENSITY FUNCTION (PDF) VS. POWER (MW) OR VS. ENERGY (MWh) DURING THE YEAR

Total Load power. PDF

PV generator power. PDF

Mumber of calumns:

il

[,

10 20 30 40

“Monthly and Annual Average Power” tab:

[]Show PDFfirst ool [v/] Show PDF last cal
Wind turbines power. PDF

This tab shows, for each month (1 to 12) and for the total of the year, the average values of

power (kW) supplied by the different technologies (stacked bars) and average values of load




iHOGA v. 4.0 User’s manual 271

power, unmet load and energy purchased and sold to the AC grid (in fine columns, without

stacking).

Hourly simulation Hourly values separately HMonthly and Annual Average Power tdonthly Energy Annual Energy Hydogen-detaled AL Gererator-detalled  “w/ater load

MONTHLY AND ANNUAL AVERAGE POWER (kW)
03] : : : : : :

0.261-
0.264-
024]
0224

0184 |

0 " " " " " " " " " 7 .
1 2 3 4 5 6 7 8 9 10 1 12 TEAR
Month

Average Power (kW)

PV gen. B Wind T O Hydro T W AC Gen [ Fuel Cell [ Total Load
[ Unmet load [ E. bought to AC grid lll E. sold to AC grid

“Monthly Energy” tab:

This tab displays for each month (1-12), monthly energy values (kWh).

Hourly simulation Hourly values separately  Monthly and Annual Average Power Monthly Energy Annual Energy Hydrogen-detailed  AC Generator-detailed W ater load
MONTHLY ENERGY (kWh)
Total Load PV generator Wind Turbines
100 - - 1 HH FEH [ 2004 --- = = B 4=9 g g ! ! ! i
- - - - - - | - - b Hﬂ- -HHH-HHH-HHH- N : _i_ : -__i_ : __%_-
0 " r r r r T 0 r r r r r r r r r r r T
2 4 [ 8 10 12 2 4 [ 8 10 12 2 4 [} 8 10 12
Hydro Turbine AC Generator Excess energy
I IR of SR
o e —a— I L 40
1 1 1 1 1 1 1 1 1 1 1 1 20
r r r r r r r r r r r r 0
2 4 [ 8 10 12 2 4 [ 8 10 12 2 4 1 8 10 12
Fuel Cell Electroyzer Energy (HHV of H2) in H2 tank, end of the month
= | 4=
2 4 s 8 10 12 2 4 s s 10 12 1. 2 3 4 5 6 7 8 9 10 11 12
Battery bank Charge Energy in battery bank at the end of the month
. 154 ] 1
104 H
2 4 [ 8 10 12 1 2 3 4 5 6 7 8 9 10 11 12
Energy purchased from the AC grid Energy sold to the AC grid
R e e e o L S e e e S
2 4 (] 8 10 12 2 4 6 8 10 12

“Annual Energy” tab:
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This tab displays total annual energy (kWh) for each component

Hourly simulation Hourly values separately  Monthly and Annual Average Power Monthly Energy Annual Energy Hydrogen-detailed  AC Generator-detailed  “Water load

TOTAL ANNUAL ENERGY (kWh)

2200
2,100
2,000
1,9004---
1,8004---
1,700
1,600
1,5004---
1,400
1,300
1,200
1,1004-----
1,0004-----
900{------
800{------
7004 ------
600
500 ------
4004-----
3004------
200%-----
1004------

Energy (kVWh)

LO;'\D UNMET EXCESS PV (IBEN. Charge BAT. Disch. BAT.

Hvdrogen - detailed tab:

Values of hydrogen consumed and generated for each month, in kg and kWh 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).

Hourly simulation I Houwrly values separately | Monthly and annual Average Power I Monthly values IAnnuaI values ‘ Hydragen - detailed |AC Generator - detailed | “water load |

)

MONTHLY HYDROGEN CONSUMPTION AND PRODUCTION (kg) AND H2 STORED IN TANK AT THE END OF EACH MONTH

Hydrogen mass (kg

Month

[1H2 Load I H2 produced by Electrolyzer
[ H2 consumed by Fuel Cell (from H2 tank) I H2 consumed by Fuel Cell (external hydrogen)
= H2 in tank at the end of the month

MONTHLY ENERGY PRODUCED BY FUEL CELL AND CONSUMED BY ELECTROLYZER (kWh)

— 150

Energy (k¥vh

Manth

|- Energy produced by Fuel Cell [ Energy consumed by Electrolyzer I
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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 gimulation } Hourly values separately I Monthly and Annual Average Power ] Monthly Energy ] Annual Energy ] Hydiogen-detailed  AC Generator-detailed ]W’ater load ] MULTIF’EHIDD]

AC GENERATOR MONTHLY FUEL CONSUMPTION (x1000litre)

.5 B T T L LTt T P PP SRR SRS PP

B

£

S oppd- N L ldldllil

w

| =

o

Q S

) H

=] '

L T

5 6 T 8
Manth
MONTHLY ELECTRICITY GENERATED BY AC GENERATOR (GWh)

&

-

o

o

C

[im|

Month
HOURLY FUEL CONSUMPTION BY AC GENERATOR (x1000litre) HOURLY ELECTRICITY GENERATED BY AC GENERATOR (MWh)
S T B
Qo = ' i H H i
E £
=1 (V) 3
= >
8 2 2
E i 1
[T
0 u T T . 0 T T
1] 1,000 2,000 3,000 4,000 5000 6,000 7,000 8,000 0 1,000 2.000 3.000 4,000 5,000 6,000 7.000 8.000
Hour of the vear Hour of the vear
Simulation step [min.) |60 = :..@.E? Savedata: |Al »|h  Save Simulstion Data

COMPOMENTS: PV generator of 70 MWwp (1007 PYE1: slope 358, azimuth 0%, 3 x AC Generator of 2 My, Electrolyzer of 10 M. B attery bank of 85 Mwh. Inverter of 20 My,

STRATEGY: LOAD FOLLOWING. P. lim. charge: INF Mw. Flgen: INF MW, Pmin_gen: 0.6 Mw. Pcritical_gen: 0 M. SOC stp_gen: 10 % S0C min.: 10 %,

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 dam3 and MWh 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).
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Hourly gimulation I Hourly values separately I Monthly and annual Average Power I tonthly values I Annual valugs I Hydragen - detailed I AL Generatar - detaled | water load

MONTHLY WATER CONSUMPTION, WATER PUMPED (m3) AND WATER STORED IN TANK AT THE END OF EACH MONTH

3)

1.500 c
o N =
E 1.0004-- c
- s
B 5004-- E
= 5

e
10 1 =
Manth
||:| Water Load I V/ater pumped Water in tank at the end of the month I

MONTHLY ENERGY OF WATER LOAD, WATER PUMPED ( kWh)AND WATER STORED IN TANK AT THE END OF EACH MONTH §

§ 150 R -£a ;
= o
— = g = == == = [u]
5 : r. . 6
< == 55 T o
E - - -F3.4 §

1 2 3 4 5 G 7 10 11 12 i

Month

Hourly Water Pumped (m3)

Hourly VWater Load (m3)

T T T T T T T T
0  1.000 2.000 3.000 4.000 5.000 6.000 7.000 &.000

0

1.000 2.000 3.000 4.000 5.000 6.000 7.000 &000

30
e

T T T T T T T T
0 1.000 2.000 3.000 4.000 5.000 6.000 7.000 6.000
Hourly Energy of Water Stored in Tank (KWh)

Hourly Energy of Water Load (kVWh)

e

0,2

Hourly Energy of Water Pumped (kWh)

1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000

—— —— " ——r " 0
0 1.000 2.000 3.000 4.000 5.000 6.000 7.000 &.000 0 1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000 0

Only in PRO+ Version|

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 ot s

temporal intervals (if the interval is greater than the one used in

Steps af B mik
Steps of 15 min
Stepz of 30 min

the simulation, the average of the values of that interval is

performed). They are stored in rows (one row for each time EEEDS 'I'IE 12::
&ps 0
interval), in each column the different results of the simulation. g::Ez EIE EE

You can choose to save as an Excel file (.xls) or as a text file (.txt). In case of saving as an
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 “x1sx”), then the next time you open the .xlsx file Excel will not ask you any

question.
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. 3 MW o MicosorEcd Ol R b el | |t

Disefio de pagina ~ Formulas  Datos  Revisar  Vista  Acrobat @ - = x
= . — [ =] = === 3 Aut 3
& Calibri MR SN ‘@Ajustartem General - ﬁ E==t] . utasuma ? [?a
= o £ : 5] e == (9] Rellenar -
Pegar N &£ § - -|[&- A= Combinary centrar - ||E3~ % 000| %3 ,%|  Formato  Darformato Estilos de || Insertar Eliminar Formato Ordenar  Buscary
Cle | 5 | )| G- | =2 = I Pt i - - - 2 Bermar~  yfiltrar - seleccionar ~
Portapapeles Fuente ] Alineacién ] Niimero ] Estilos Celdas Modificar
Al - (@ fe ‘ Project: 1.hoga. Solution #0 E
A B C D E F G H [} i) K L M N o
1 |Project: 1.hcka. Solution #0

2

3 |[COMPOMNENTS: PV generator: 3240 Wp (slope 602). Wind turbines group DC: 546 W. AC Generator: 1900 VA. Batteries bank: 9360 Wh. Inverter: 500 VA. Rectifier{ AC/DC): 496 W.

4 |ESTRATEGY: LOAD FOLLOWING. P1gen: INF W. Pmin_gen: 570 W. SOC stp_gen: 20 %. SOC min.: 20 %.

5

6 |ENERGY HOURLY VALUES. All hourly values of energy are expressed in Wh (H2.Load in HHV of H2). Fuel consumption of AC Generator (Fuel.Gen) is expressed in litre. Prices of selling and purchasing E fo,
7 |Cost of AC Generator fuel (Cost.Fuel), and cost of external fuel for Fuel Cell (C.fuel.ext_FC) and incomes of selling E and costs of buying E to the AC grid {Inc.Sell and Cost.Buy) are expressed in &.

8 |Load of Hydrogen (H2_kg.load), H2 used by fuel cell, from H2 tank (Fuel.FC) or externally purchased (Fuel.ext_FC]), hydrogen generated by the electrolyzer (Prod_H2) and hydrogen stored in H2 Tank (HZ

9 Date Hour Load AC_load DC_load H2_load H2_kg.load Water_| PV Wind Hydro Gener. Fuel.Gen. Cost.Fuel. F.C. Fuel.
10 0l-ene 0:00 69.96 22 0 o o 47.96 0 61.63 o 0 o o 0
11 01-ene 1:00 69.96 22 o o o 47.96 o 35.93 o o o o o
12 01-ene 2:00 69.96 22 o o o 47.96 o 18.33 o o o o o
13 0l-ene 3:00 69.96 22 0 o o 47.96 0 9.2 o 0 o o 0
14 0l-ene 4:00 69.96 22 o o o 47.96 o 19.72 o o o o o
15 01-ene 5:00 69.96 22 o o o 47.96 o 10.92 o o o o o
16 0l-ene 6:00 349.8 110 0 o o 239.8 0 7.04 o 0 o o 0
17 0l-ene 7:00 295.9 176 0 o 0 119.9 0 24.61 0 0 o 0 0
18 01-ene 8:00 251.9 132 o o o 119.9 56.87 12.23 o o o o o
13 0Ol-ene 9:00 181.94 110 o o o 71.94 309.42 8.59 o o o o o
20 0l-ene 10:00 181.94 110 0 o o 71.94 57172 5.77 o 0 o o 0
21 01-ene 11:00 403.92 308 o o o 95.92 787.64 211 o o o o o
22 01-ene 12:00 427.9 308 o o o 119.9 909.31 0.26 o o o o o
23 0l-ene 13:00 411.84 220 0 o o 191.84 909.31 o o 0 o o 0
24 0l-ene 14:00 367.84 176 o o o 191.84 787.64 o o o o o o
25 01-ene 15:00 273.9 154 o o o 119.9 571.72 0.3 o o o o o
26 0l-ene 16:00 203.94 132 0 o o 71.94 309.42 o o 0 o o 0
27 0l-ene 17:00 223.96 176 0 o 0 47.96 56.87 0.66 0 0 o 0 0
28 01-ene 18:00 289.96 242 o o o 47.96 o o o o o o o
23 0Ol-ene 13:00 383.9 264 o o o 119.3 o 18.37 o o o o o
30 0l-ene 20:00 453.86 286 0 o o 167.86 0 11.67 o 0 o o 0
31 01-ene 21:00 431.86 264 o o o 167.86 o 14.22 o o o o o
32 0l-ene 22:00 337.92 242 o o o 95.92 o 7.95 o o o o o
33 0l-ene 23:00 135.96 88 0 o o 47.96 0 2.96 o 0 o o 0
34 02-ene 0:00 69.96 22 o o o 47.96 o 0.93 o o o o o
35 02-ene 1:.00 69.96 22 o o o 47.96 o o o o o o o
36 02-ene 2:00 69.96 22 0 o o 47.96 0 0.9 o 0 o o 0
37 02-ene 3:00 69.96 22 o o o 47.96 o o o o o o o
38 02-ene 4:00 69.96 22 o o o 47.96 o o o o o o o
War M| 2] [N m

Listo

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.
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A B c D E F G H ] [ K L ™M N o P o R
8772 TOTAL MONTHLY VALUES AND TOTAL ANUAL. All energy values are in kWh. Fuel consumption of AC Gen. is expressed in litre. H2 load, H2 used by fuel cell (external or from H2 tank) and H2 generation by electrolyzer are in kg. C¢
8773 MONTH Load AC_load  DC_load  H2_load  H2_load_kg Water_| PV wind Hydro Gener. Fuel.Gen. CostFuel F.C Fuel FC  Fuelext_FC C.Fuelext
8774 1 1869 1125 0 o ] 743 1821 149 o 108 5.6 a5 ] o ]
8775 2 168.8 1016 0 0 o 67.1 2089 143 0 o 0 o o 0 o
8776 3 1869 1125 0 0 o 743 3011 125 0 o 0 o o 0 o
8777 4 180.8 108.9 0 0 o 719 302.7 14 0 o 0 o o 0 o
8778 5 224 1125 0 0 0 1115 299.7 6.9 0 0 0 0 0 0 0
8779 5 25238 1089 0 0 o 1439 2965 45 0 o 0 o o 0 o
8780 7 2984 1125 0 0 o 1858 3226 6 0 o 0 o o 0 o
8781 8 298.4 1125 o 0 0 185.8 3438 59 0 0 0 0 0 0 0
8782 9 216.8 108.9 0 0 o 107.9 358 5 0 o 0 o o 0 o
8783 10 186.9 1125 0 0 0 743 340 8.9 0 0 0 0 0 0 0
8784 11 1808 1089 0 0 o 719 2348 96 0 o 0 o o 0 o
8785 12 1869 1125 0 0 o 743 1612 155 0 313 16.2 274 o 0 o
8786 YEAR Load AC_load  DC_load  H2_load  H2_load_kg Water_| PV wind Hydro Gener. Fuel.Gen. CostFuel F.C Fuel FC  Fuelext_FC C.Fuelext
8787 TOTAL 2568.3 13249 0 0 0 12434 33515 119 0 222 218 369 o 0 o
8738
8789
8790
8791 Mettering energy purchased and sold to AC grid: No Net Mettering
8792
8793 RESULTS FOR HOURLY PERIODS OF PURCHASING AND SELLING ENERGY TO THE AC GRID:
8794
8795 HOURLY PERIOD P1.
8796 MONTH Unmet Load Excess E. Sell E to AC grid Purchase E from AC grid Incomes selling E Cost purchasing E
8797 1 o 1.26 ] ] o o
8798 2 0 2484 o o 0 0
8799 3 0 1005 0 0 0 0
8800 4 0 112.05 o o 0 0
8801 5 0 58.39 0 0 0 0
8802 5 0 2469 o o 0 0
8803 7 0 555 o o 0 0
8804 8 0 2624 0 0 0 0
8805 9 0 12233 o o 0 0
8806 10 o 136.85 o o o o
8807 11 0 3797 o o 0 0
8808 12 0 0 o o 0 0
8809 YEAR Unmet Load Excess E. Sell E to AC grid Purchase E from AC grid Incomes selling E Cost purchasing E
8810 TOTAL 0 65065 o o 0 0

ar11

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.

3813

1814|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 | MOMNTHS WITH UNMET LOAD (NOT ALL THE LOAD CAM BE COVERED BY THE STAND-ALONE SYSTEM):
1823 |December, day 27

1824 |December, day 28

1825 |December, day 29

1826|December, day 30

1827 |December, day 31

1828
1829
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4.4.2. Simulation in the case of multiperiod optimization. Only in PRO+H

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:

1t SIMULATION N=1F

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
ts0ofs I 200|111 ‘ T ; i i | |
1,000 o H ; ; ; i
500 Wi : i i i i
0 " 0 L - R T T T T T
25 5 10 15 20 2 5 10 15 20 25
AC Generator
« N . H i N H i == i i i i i
s 10 [ 20 25 s 10 15 20 2
Fuel Cell Electrolyzer
of : ) — 5
s 10 1= 20 2 5 10 15 20 2
Battery bank Charge Battery bank Discharge Hydrogen tank cap. or H2 sold (kg)
1,000 o [ 800 H T T f f
| | | 00 g . . i i
500 400 O ; b b 1 1
| Il 20 R
0 0 T T T T T
5 10 15 20 25 5 10 15 20 25 s 10 15 20 25
Unmet load (by the standalone system) Purchased from AC grid Sold to AC grid
00~ === ; 7 7 7 ; ; ; ;
o= b i i i i i i i i i i i
11 ] s s S O
oL ‘nnnnhﬂﬁﬂ'nvﬂﬂﬂ'”ﬂ' i : ; : : j i i i i -
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
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
. | i

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.

A 8 c [} 3 F G H ) K L M N o 3 a R s T Y v w
1 |Project: 1. Solution # 1. Multiperiod
2

3 |Costs and incomes are cash flow of each year (not present value)

4
5 |vear Cum. Inf. Purch. (%) Cum. Inf. Sell E(%) Cum. Inf. SellH2(%)  ACload(%) DC load(%) H2 load(%) Water load(%) Irrad (%) Wind(%) V(%) Wind T(%)

6 1 104.09 103 103 100 100 100 100 100 100 100 100
7 2 108 106.09 106.09 101 101 101 101 100 100 97 99
8 3 128 109.27 109.27 10200 10200 10200 10200 100 100 9% £
9 a 1474 112555 112555 103.03 103.03 103.03 103.03 100 100 95 97
10 s 12017 11593 11593 10406 10406 10406 10406 100 100 9 9%
n 6 12394 119.41 119.41 1051 1051 1051 1051 100 100 £ 95
12 7 127.45 12299 12299 106.15 106.15 106.15 106.15 100 100 92 9
13 8 129.05 12668 12668 107.21 107.21 107.21 107.21 100 100 91 £
1 9 13264 13048 13048 108.29 108.29 108.29 108.29 100 100 % 92
15 10 135,64 134.39 134.39 109.37 109.37 109.37 109.37 100 100 89 91
16 1 139.79 13842 13842 110.45 110.45 110.45 110.45 100 100 88 %
7 12 14442 14258 14258 11157 11157 11157 11157 100 100 87 89
18 13 149.83 146.85 146.85 112568 112568 112568 112568 100 100 86 88
19 1 152.83 15126 15126 13.81 13.81 13.81 13.81 100 100 85 87
20 15 158.1 1558 1558 11495 11495 11495 11495 100 100 8 86
2 16 163.02 160.47 160.47 161 161 161 161 100 100 8 85
2 7 167.97 165.28 165.28 117.26 117.26 117.26 117.26 100 100 82 8
23 18 17051 170.24 170.24 11843 11843 11843 11843 100 100 81 8
2 19 179.07 17535 17535 119.61 119.61 119.61 119.61 100 100 80 82
25 20 1839 180.61 180.61 120.81 120.81 120.81 120.81 100 100 79 81
% 2 188.02 186.03 186.03 12202 12202 12202 12202 100 100 B 100
27 2 191.82 19161 19161 12324 12324 12324 12324 100 100 7 99
) 3 199.07 19736 19736 12447 12447 12447 12447 100 100 76 £
29 2 20646 203.28 203.28 12572 12572 12572 12572 100 100 7 97

30 2 212.65 209.38 209.38 126.97 126.97 126.97 126.97 100 100 7 9%
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The rest of the tabs, when simulating a multiperiod projects, show the year selected in the box

Simulaltion multiperiod year: g -
under the graphs: Th—

4.4.3. Simulation in case of probability analysis.| Only in PRO+ version|

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 5number of probability
_variables 5 qditional 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 analysis), 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, 5% = 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.

——
Frobahility 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.
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In the simulation, show the case obtained with the following data;
Load: [rradiation:

Awerage + Std. Dey, - fverage - Skd, Devw, -

— S — - =REN X

- —

Hauily simulation | Hourly values separately | Monthly and annual Average Power

¥ SIMULATION

| tanthly values |Annual values I Hydrogen - detailed |AE Generator - detailed |Water load |

Prob: Irrad. Av.-SD; Load Av.+5D; Simulation of 1 year. All the years are the same

2500 10,000
Fos00
4.000 e L9.000
- 2500
gs.sou 000 g
5 7500 =
&= 2000 broo0 &
&
= boso0 W
@ 2500 lenoo
I3 w
Z 2000 500
=z Fson 2
o
£ 1500 fesoo |
3 =4
=1 4000
© 1000 |-3.500
2.000
500 |2 500
——— %_’ e} 2000
"0 3 12 iH 0
11 January

< Fi1

COMPONENTS EMERGY (wh Days displ.
Discharge Batteries Plimit Charge BATTERIES ENERGY [wh}
) ] (] Electiolyzer P2 50C
B ) [C] E max. disch batt E. H2 tank [HHV H2] El P, SOC hmits
Excess Encrgy Charge Batteries [ P critical Gen. Cap. Max.
E_| ; E.to supply FC P ciitical FC [C] SOC setpoint Gen.
Wind Turbines ] SOC setpaint FC
Waler pump AC Generator E Sc::gl:txioczgdg”d
[ Proe. input Irwetter [ P ma. Gen. HZ TANE setpoint [HHY H2)

Back [ save Simuiation Data | [ Save Piob. Data

COMPOMNEMTS: P generator: 3240 Wp (slope B02). Wind turbines group DC: 548 W, AC Generator: 1500 VA, Batteres bank: 9360 Wh. Inverter: 500 Vi, RectfiefAC/DC): 496 W,

ESTRATEGY: LOAD FOLLOWING. P1gen: INF W, Pmin_gen: 670%/. S0C stn_ger: 20 % S0C min.: 20 %

The whole load is covered all the hours of the pear

If you click the button "Save Prob. Data", the results of the N-5umber probability variables sorjoq are
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.

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
Snumber 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, cases numbers N to N+5number of probability variables _1 'i5 the example cases 500

to 524). It also shows the minimum, maximum, average and standard deviation of each result
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variable.
Al - C‘ S | Project: 1.hoga. Solution #0
A B C D E F G H [} J K L M N o '
1 |Project: 1.hdga. Solution #0
2 COMPONENTS: PV generator: 3240 Wp (slope 602). Wind turbines group DC: 546 W. AC Generator: 1300 VA. Batteries bank: 9360 Wh. Inverter: 500 VA. Rectifier(AC/DC): 436 W.

3 ESTRATEGY: LOAD FOLLOWING. P1gen: INF W. Pmin_gen: 570 W. SOC stp_gen: 20 %. SOC min.: 20 %.

4

5 RESULTS FOR THE DIFFERENT COMBINATIONS OF THE PROBABILITY ANALYSIS:

6 | First 500 rows are the results corresponding to random data series. Next 25 rows correspond to characteristical cases. Next row correspond to the case shown in simulation. Finally MINIMUM, MAXIMUN,

7

8 Results corresponding to random data series: |

9 Case prob.# Rad.(kWh/m2/day) ‘Wind{m/s) W_flow(l(s) Load(kWh/day) C.total{NPV)(S) Energy_cost($/kwh) Emission(kgCO2/y
10 o 4.65 3.32 3 7.04 28915.1 0.45 299.8
11 1 4.91 3.32 3 7.04 28143.2 0.438 273.5
12 2 4.91 3.32 3 6.77 274734 0.445 252.7
13 3 4.7 3.32 3 6.85 28272.6 0.452 2777
14 4 4.55 3.32 3 7.39 314834 0.467 385
15 3 4.82 3.32 3 7.54 30027.8 0.436 335.7 !
16 6 4.52 3.32 3 7.03 29560.9 0.461 319.5 '
17 7 4.63 3.32 3 6.87 28525.8 0.455 286.5
18 g 4.44 3.32 3 7.11 30513.5 0.471 352
13 9 4.63 3.32 3 6.31 27192.8 0.473 243
20 10 4.76 3.32 3 7.2 294324 0.442 315.5
21 11 4.48 3.32 3 6.45 27856.1 0.474 265.6
22 12 4.86 3.32 3 6.98 281364 0.442 273.4 t
23 13 4.73 3.32 3 6.89 28302.8 0.45 278.7
24 14 4.72 3.32 3 7.52 30735.1 0.443 361.6
25 15 4.8 3.32 3 7.38 29578.8 0.44 320.1
26 16 4.65 3.32 3 7.26 297915 0.45 3274
27 17 4.43 3.32 3 6.98 29683.5 0.466 325.8
28 13 4.86 3.32 3 7.13 28500.1 0.438 285.6
29 19 4.81 3.32 3 7.17 28784 0.44 295.2
30 20 4.64 3.32 3 6.83 28356.2 0.455 280.8
31 21 4.54 3.32 3 7.38 31544.8 0.468 387.3
32 22 4.78 3.32 3 6.92 28204.2 0.447 275.6
33 23 4.48 3.32 3 6.76. 28744.3 0.466 294
34 24 4.64 3.32 3 6.54 27604.4 0.463 257
35 23 4.35 3.32 3 6.71 28355.3 0.463 280.7
36 26 4.58 3.32 3 7 29104 0.456 306.1
37 27 5.06 3.32 3 7.03 27691.6 0.432 258.3
38 28 4.69 3.32 3 6.79 28171.7 0.455 274.2
e ] 3k AFD A [
Listo |
a1 ~Q x| Project: 1.hoge. Solution #0
Ty B & D E F G H 1 J K L M N o =
509 499 4.45 3.32 3 7.34 32187.2 0.481 408.7
510 Results corresponding to characteristic cases (combinations of data: AVERAGE, AVERAGE+StdDv, AVERAGE+35tdDv, AVERAGE-StdDv, AVERAGE-35tdDv):
511 Case # Rad.(kWh/m2/day) ‘Wind{m/s) W_flow(l(s) Load(kwh/day) C.total(NPV)(S) Energy_cost($/kwh) Emission(kgCO2/y
512 500 4.65 3.32 3 7.04 28915.1 045 299.8
513 501 4.65 3.32 3 7.34 30204.3 0.451 341.5
514 502 4.65 3.32 3 7.94 35763.6 0.494 526.4
515 503 4.65 3.32 3 6.74 28078.9 0.457 273.1
516 504 4.65 3.32 3 6.14 27007.7 0.482 236.6
517 505 4.85 3.32 3 7.04 28276.3 0.44 277.9
518 506 4.85 3.32 3 7.34 29184.8 0.436 306.8
519 507 4.85 3.32 3 7.94 32599.8 0.45 420.9
520 508 4.85 3.32 3 6.74 27542.7 0.448 254.8
521 509 4.85 3.32 3 6.14 26751 0.478 228
522 210 2.25 3.32 3 7.04 27255.8 0.424 245.2
523 511 5.25 3.32 3 7.34 27308.7 0.417 265.2 |
524 512 5.25 3.32 3 7.94 29621.7 0.409 321.9 '
525 513 5.25 3.32 3 6.74 26949.8 0.438 234.4
526 514 5.25 3.32 3 6.14 259115 0.463 219.4
527 515 4.45 3.32 3 7.04 30002.7 0.467 334.7
528 516 4.45 3.32 3 7.34 32187.2 0.481 408.7
529 517 4.45 3.32 3 7.94 39263.6 0.542 643
530 218 4.45 3.32 3 6.74 28776.2 0.468 295 t
531 519 4.45 3.32 3 6.14 27225.7 0.486 244.1
532 520 4.05 3.32 3 7.04 35469.5 0.552 518.5
533 521 4.05 3.32 3 7.34 39035.6 0.583 637.5
534 522 4.05 3.32 3 7.94 47546.6 0.657 904.7
535 523 4.05 3.32 3 6.74 31968.1 0.52 401.6
536 524 4.05 3.32 3 6.14 28364.6 0.507 282.7
537 Results corresponding to case shown in simulation:
538 Case # Rad.(kwh/m2/day) ‘wind(m/s) w_flow(l(s) Load(kwh/day) C.total(NPV)($) Energy_cost($/kwh) Emission(kgCo2/y
539 525 4.45 3.32 3 7.34 32187.2 0.481 408.7
540
541|values MINIMUM, MAXIMUM, AVERAGE and STD. DEV. of each result obtained in the 500 series:
542 VALUE Rad.(kWh/m2/day) Wind{m/s) W.flow(l(s) Load(kWh/day) C.total(NPV)(3) Energy_cost($/kWh) Emission(kgCO2/y
543 | MINIMUM: 4.03 3.32 3 6.09 26845.8 0.417 231.2
544 MAXIMUM: 5.19 3.32 3 7.99 37378.2 0.571 5811 %
545|AVERAGE: 4.67 3.32 3 7.03 29215.5 0.455 309.5
546|STD.DEV.: 0.19 0 0 0.3 1598.2 0.017 52.9
M oAb M 3ks ED [

Listo |
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4.4.4. Simulation in the case of “Schiffer” lead-acid battery model.Only

in PRO+ version|

In the case of using the battery model "Schiffer" (for lead-acid batteries), the simulation is

performed until the end of the lifespan of the batteries. For example, in the case of the figure

below, the batteries lifespan is 9.31 years.

1.400
13004
12004

= 1.1004

COMPONENTS ENERGY (Wh

4

1.000

Simulation of the first 10 years. The first change of batteries is Year no. 10, April 23. Batteries lifetime: 9,31 years

|-15.000
|-14.000
|-13.000
|-12.000

)

{Wh

|-11.000

500

=
=
=
=]

800
7004
6004
500
4004
300

200
100
g‘=/\ /\

————— 9,000
[ 5.000

[ 12 18
1/ January year 1

|-4.000
|-3.000
2.000

1]

|-7.000
|-6.000

BATTERIES ENERGY

|-5.000

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.

COMPONENTS ENERGY (Wh

Simulation of the first 10 years. The first change of batteries is Year no. 10, April 23. Batteries lifetime: 9,31 years

1.400 4
1.300 4
1.200
1.1004
1.0004

s004+

00
700
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400
300
200
100

o [

January year 1 - December year 10

15.000
14.000
13.000

12.000 =

{Wh

11.000
10.000
5.000
8.000
7.000
6.000

BATTERIES ENERGY

5.000
4.000
3.000
2.000

b 3648

By clicking on the buttons on the right of the screen simulation, different variables appears in

a new simulation screen:
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—BATTERIES ENERGY fwh)—
soc

SOC limits
Cap. Max
7] SOC setpoint Gen.
_
SOC zetpoint FC
Bad Ch.

[soc@)] [ 7 fullcharge | [ Fesist

- SOC(0-1): SOC of the battery bank, in per unit (in Figure 10 years displyed, 3649 days):
* Graph — E@u

—

SOC batteries

s0C

0,45

January year 1 - December year 10

[« lal v he4g

BACK. | Drays displ

- T. full charge: Time and equivalent cycles since the last full charge
* Graph — E@g‘

—

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

[« [ v 349

Days dizpl




iHOGA v. 4.0 User’s manual 283

- V Battery: Battery voltage and cutting limits (in Figure 1 days display):
3* Graph = |- =] ﬂh

Battery voltage and cut limits
2.5
2,45 A A
2.4

2,35
23]

2,25]

2,15]
21

2,08]

1,95

19

L] 12 18 0
1 January year 1

——— Battery vultage| Lower cut limit | —— Higher cut limit

BACK Drays displ.

- Capacity. Is displayed (in Figure 10 years displayed, 3649 days):

# Graph == &

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 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.

- I 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

Current in each individual battery | first hour discharge after ful charge

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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3 Graph - = | Bl

Factors of SOC, of current. and acid

EH M

6|
4
2]
0
January - April year 1
= FS0C [—FI — Facid Fplus Fminusg
1 ¢ 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).

# Graph - =RREn X 1
Number of cycles
1.800
1.600
1.400
1.200
1.000
800
600
400
200
0 R,
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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rEKGraph — = | [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

1 C 3649

Days displ.

[ ¥

- Resist.: Resistances (charge, discharge and corrosion layer) (in the figure, 10 years of

viewing):
¥ Graph — = | (Sl | S
Resistence of charge, discharge and corrosion layer
2]
S
E 1
o
0
January year 1 - December year 10
Resistence of charge, ro_C ——  Resistence of discharge, ro_D
Resistence of corrosion layer, ro_con
<« 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 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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ﬁPreview
S EFHEH® R 700 QE|E D F| K 4L of3k N Close
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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

M 41 a3z M
top

, 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

5number of probability Varlables, combinations

important results of the 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 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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9006 9264 9554 9627 10133 10455 00000000000000000000

Page 1 of 12

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 (-);
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.

Please, note that the cost of the electricty bought to the electrical grid includes the cost of the

availability of the power.
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This report can be printed (in a printer or in PDF format) in the same way as explained in the

previous section.

W Preview - o X
SEBEMA| Qe QT @D EHEH|K <1 ot r N Cose

Project: 1.hoga. Solution # 1

Distribution of costs (+) and incomes (-), NPC, during the years. RED: acquisition costs, replac. costs and incomes for
sales. BLUE: O&M. Currency: €.
Total Cost (NPC): 14656.4 € (0.57 €/kWh). Initial cost of investment: 7904.7 €. Loan of 80 %, int. 7% in 10 yr., quota: 900.4 €/yr.

TOTAL COST (NPC): 14656.4 € Financial Cost (NPC): initial payment + annual quotas: 8883.7 €
2,000 I- 1,500
lommnonmnall____L0___ .00
-l 500
AL LA A R T T Y
0246 81 13 16 19 22 25 02 46 810 13 16 19 22 25
Total Cost of PV Generator (NPC): 2889.7 € Total Cost of Wind Turbines group (NPC): 0 €
1,000j| o~|
024681 13 16 19 22 25 024681 13 16 19 22 25
Total Cost of Hydro (NPC): 0 € Total Cost of AC Generator (NPC): 0 €
()|vv||||!||!| &|vv|||v||1||
02 46 81 13 16 19 22 25 0246 81 13 16 19 22 25
Total Cost of Inverter (NPC): 3159.3 € Total Cost of Batteries Bank (NPC): 6525.5 €

4,000
1,000
1o, =]
1 ]

When you close the report a screen appears asking if you want to save the results of the cash

Page 10f 1

flows in the form of Microsoft Excel.

| Save Data H

Do you want to save cash flow?

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.
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Al @ fr‘ Project: 1.hoga. Solution #0 E
A B c D E F G H 1 J K L M N o P Q R i
1 [Project: 1.hdea. Solution #0
2
3 | CASH FLOW THROUGHOUT SYSTEM LIFETIME.
4 | CASH FLOW OF COSTS (+] AND INCOMES (-}:
5 |Initial cost of investment: 15884,3 S{included installation and initial variable costs of 693,8 §). Loan of 80 %
& |All values in currency: 5. Costs +, Incomes -. For each component cahs flow includes initial acquisition cost (year 0), replacement costs (years when the component must be replaced) and incomes of selling the component at th
7 |YEAR Costs PV Gen. O&M PV Gen. Costs Wind T. O&M Wind T Costs Hydro T. O&M Hydro T Costs AC Gen. ORM AC Gen Costs Ir]
& cashyear NPC cashyear NPC cashyear NPC cashyear NPC cashyear NPC cashyear NPC cashyear NPC cashyear NPC cashye
El 0 86424 86424 o o 12415 12415 0 0 0 0 0 o 1040 1040 o o
10 1 0 [:} 1412 135.8 [:} 0 663 638 [} [} [} o [:} [:} 167 16.1
11 2 0 ol 144 1332 ol 0 676 625 o o o o ol ol 17 158
12 3 0 o 1469 1306 o o 69 613 o o o o o o 17.4 155
13 a 0 o 149.8 128.1 o 0 704 60.1 0 0 0 o o o 177 15.2
14 H 0 o 152.8 1256 o 0 718 59 0 0 0 0 o o 18.1 149
15 5 0 ol 1559 1232 ol 0 732 579 o o o o ol ol 18.4 1456
16 7 0 o 159 1208 o 0 747 567 [} [} [} o o o 188 143
17 8 0 o 1622 1185 o 0 76.2 556 0 0 0 0 o o 19.2 14
18 9 0 o 165.4 1162 o 0 777 546 0 0 0 o o o 195 138
19 10 0 ol 168.7 114 7407 500.4 792 535 0 0 0 o ol ol 20 135 5
20 1 0 ol 1721 1118 ol 0 808 525 o o o o ol ol 204 132
21 12 0 o 17556 1097 o o 824 515 o o o 0 o o 208 13
22 13 0 o 179.1 107.5 o 0 841 505 0 0 0 o o o 212 127
23 14 0 o 1825 105.5 o 0 858 295 0 0 0 0 o o 2156 125
24 15 0 ol 1863 1034 ol 0 875 4856 o o o o ol ol 22 122
25 16 0 ol 190 1015 ol 0 892 476 o o o o ol ol 225 12
26 17 0 o 1938 995 o o o1 467 o o o [ o o 229 118
27 18 0 o 197.7 97.6 o 0 92.8 4538 0 0 0 o o o 23.4 115
28 19 0 ol 2017 95.7 ol 0 947 449 0 0 0 o ol ol 239 113
29 20 0 ol 2057 939 669.9 305.7 966 441 o o o o ol ol 243 111 7
30 21 0 o 2098 921 o 0 985 432 [} [} [} o o o 248 109
31 22 0 o 214 90.3 o 0 1005 224 0 0 0 o o o 253 107
32 23 0 o 218.3 88.6 o 0 1025 a16 0 0 0 0 o o 258 105
33 24 0 ol 2226 86.9 ol 0 1045 4038 o o o o ol ol 263 103
34 25 0 ol 227.1 852 -3185 -1135 1066 40 o o o o ol ol 269 10.1 -4
35 | TOTAL Costs PV Gen. O&M PV Gen. Costs Wind T. O&M Wind T. Costs Hydro T. O&M Hydro T Costs AC Gen. OBM AC Gen Costs Ir]
36 |NPC 86424 2715 1928.1 12749 0 o 1040 321.3
37
38 | TOTALCOST [NPC)=294415 §
39 |LEVELIZED COST OF ENERGY = 0,46 5/kWh
20
a1
a2
a3
2
] 4 T T m
Listo

a1 - @ f«| project: 1.hoga. Solution #0 =
AK AL AM AN AD AP AQ AR AS AT AU AV AW AX AY AZ BA Bﬂi
B
2
3
4
5
13
7k O&M H2 Tank Costes Fuel of AC. Gen Costs ext. Fuel for F.C. Costs Purchasing Eto AC Incomes Selling E to AC gi Incomes Selling H2 Financial Costs TOTAL{Costs-Incomes)
8 |npC cashyear NPC cashyear NPC cashyear NPC cashyear NPC cashyear NPC cashyear NPC cashyear NPC cashyear NPC
9 o o [s] [s] [s] ) o o o o [s] [s] [s] 31769 31769 31769 31769
10 o o [+ 496 47.7 o o o o o [+ [+ [+ 1809.2 17397 21777 20939
11 o o [} 54.6 50.4 a o o o o [} [} [} 18092 16728 2189 20239
12 o o 0 60 533 a o o o o 0 0 0 18092 1608.4 2201 19566
13 o o o B6 564 0 o o o o o o o 1809.2 15466 22136 18922
14 o o [+ 72.6 59.7 o o o o o [+ [+ [+ 1809.2 1487.1 2227 1830.4
15 o o [} 79.9 63.1 ) o o o o [} [} [} 1809.2 14299 22411 17712
16 o o 0 879 66.8 a o o o o 0 0 0 18092 13749 22562 17145
17 o 0 o 96.6 7086 0 o o o 0 o o o 1809.2 1322 22721 1660.2
18 o o [+ 106.3 747 o o o o o [+ [+ [+ 1809.2 12712 2289.1 1608.3
19 o o [} 1169 79 o o o o o [} [} [} 1809.2 12223 48639 32859
20 o o 0 1286 836 a o o o o 0 0 0 a o 5173 336
21 o o o 1415 884 0 o o o o o o o 0 o 5379 336 g |
22 o o [+ 155.6 93.5 o o o o o [+ [+ [+ o o 560 3363
23 o o [+ 1712 98.9 o o o o o [+ [+ [+ o o 5836 337
24 o o 0 1883 1046 a o o o o 0 0 0 a o 609 3382
25 o o 0 2072 1106 a o o o o 0 0 0 a o 6363 3397
26 o o [+ 2279 117 o o o o o [+ [+ [+ o o B65.6 3417
27 o o [+ 250.7 123.7 o o o o o [+ [+ [+ o o 697.1 3441
28 o o 0 2757 1309 a o o o o 0 0 0 a o 26227 12449
29 o o 0 3033 1384 a o o o o 0 0 0 a o 36513 1666.4
30 o o [s] 3336 14564 ) o o o o [s] [s] [s] ) o B807.4 3543
31 o o [+ 367 1549 o o o o o [+ [+ [+ o o 850.2 358.8
32 o o [} 4037 1638 a o o o o [} [} [} a o B96 6 3638
33 o o 0 4441 1732 a o o o o 0 0 0 a o 9468 3694
34 o o o 4885 1832 0 o o o o o o o 0 o -17035 -639
35k O&M H2 Tank Costes Fuel of AC. Gen Costs ext. Fuel for F.C. Costs Purchasing E to AC Incomes Selling E to AC gi Incomes Selling HZ Financial Costs TOTAL{Costs-Incomes)
36 o [} 25329 o o [} [} 178515 294415
37
38
39
40
41
4z
43
44
e I OE!
Listo

In Microsoft Excel, you should save the Excel file as xIsx format (in Excel, use “Save As” and
choose file format “.x1sx”), then the next time you open the .xIsx file Excel will not ask you any

question.
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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).

Optimizacion monoobjetivo. Total de casos evaluados: 12400. Tiempo: Oh 11° 1

205.000
204.000 F -
203.000
2020004 -

= 2010004 --

gzumuu- -
199.000 4 -

— 193,000 $#£-:C

= 197 0004 - -

w

= 195.0004 - -

(=]

21950004 --
1940004 - -
193.0004 - -
192.000 4=+
191 000 4

EMISICNES COZ (katafio)

GEMERACIONES

[~ Esquema

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.

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.
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4.7 Sensitivity Analysis.

If the sensitivity analysis is performed, i.e. if cases have been entered on the sensitivity analysis
screen, IHOGA 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 analysis (the number of optimizations) that iHOGA will perform is

3x2x3x2x2x3 = 216 projects.

The figure below shows a screen during the course of the calculation in which the number of
optimizations (sensitivity analysis number) is 6. At that time it goes through the sensitivity
analysis number 2 (corresponding to Wind.1, Rad.1, Load.2 (I-g)l, Inf.F.1, Pr.1), in that
analysis in that moment it is in generation Sth of the genetic algorithm. Between the figure and
the table it shows the number of the sensitivity analysis being carried out at that moment and

the combination of the sensitivity cases.

* Project: EALhoga - W - - _o‘ '_; - ' -:-Ehg

Project Data Calculate DataBase Report Help

Mono-Obejclive optimization. Sensilivity analysis #f 2. Total No. of cases evaluated: 302. Time: 13"
102
o i - .

RESOURCES 129504+ _ikor

F F100
12.900
@
= 128501+
o -

T
5
g
=
E]
o . =
< 128004 (% g
15} 3 Fos o
S 127504 e 2
COMPONENTS © %
2 12700 o3 &
2 Foz 5
12.650 for ©
% 12,600 B
: Fao
12,550 -
I 1 2 3 4 5
I GENERATIONS l
Sengitity Analpsis i 2 [ Sketch Chart

Windl: 3.32m/s Rad.1: 4. 65kWh/m2 Load2: 2, 18kWh/day 0-g)1: 43%-2% Inf_.F.1:Base Pr.1: =1 x1 1 x1

Gen. | Total Cost (NPC)(€] [Emission (kgC02/pr) [Unmet fkwhdyr] [Unmet (%) [D.range [Cnighilceie)|Fieniz [Cost Efeskwh)_[Simulate  |Report -
1 12987 87 1] [ INF 11100 0,65 SIMULATE.. REPORT...
2 12987 87 0 0 INF 1M1 100 065 SIMULATE.. REPORT...
3 12987 87 0 0 INF 11100 0,65 SIMULATE.. REPORT...
DCvolage 24V 1 12552 1m 0 i INF 133 985 063 SIMULATE.. REPORT...
5 12552 10 i} 0 INF 133 985 1] SIMULATE . REPORT ..

ACWoltage 230 W

[ wecne

Energy Storage: 4 days range L5

[ Max bat. parallel. >Ch min

[ Max P\ pan. paralel. -> P min |TD +
bz wind t. parallel -» P min.

mn

‘ -— | | CANCELAR
Sensitivity analysis # 2 of B Mo, of cases evaluated: 312 (23%). Elapsed time: 14", RBemaining time: Oh 0' 45"
|

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.




iHOGA v. 4.0 User’s manual 294

# Project: EALhoga TR P ———

Project Data

-+ LOAD

RESOURCES

-+ SOLAR
)
= 18200
g
£ 18.000
é = 17.800
[=]
S 17.6004
2 17.4004+
= :

Calculate Data Base Report

Help

Mono-Obejctive optimization. Sensil 1356. Time: 40"

COMPONENTS

- PV PANELS

0 1 2 3 4 5 6 7 8 9 10 1 12 13 14
- BATTERIES GENERATIONS

-+ INVERTERS

[Sen:itily Analpziz #t 1 v]

[7] Sketch

Chart

[wind1: 3.32m/s  ~|[Rad.1: 4.65kwh/m2 ~|[Loadl: 3.63kwh/dia +|[(l-a)1: 42-2%

- ][Inf,F,I:Base

v][PlJ: xl x1 %1 %1

-+ AC GENERATOR

Gen. [Total Cost (NPC)(€] [Emission [kat02/1) [Unmet kiathdyr] [Unmet (%] [Drange  [Crighllocis)|Ren(z) [Cost E€/wh]_[Simulate  [Report
5 16693 173 0 0 INF 04 6 05 SIMULATE.. REPORT ..
7 QTS [T 7 16693 173 0 0 INF 04 76 05 SIMULATE.. REPORT...
8 16483 179 0 0 INF 71 968 015 SIMULATE . REPORT __
E] 16483 179 i} 0 INF 71 S6E 015 SIMULATE.. REPORT...
DCWoltage 24 W
Vel Y 10 16483 179 i} 0 INF 71 S6E 015 SIMULATE.. REPORT...
cltage 230 1 16483 179 0 0 INF 71 %8 05 SIMULATE.. REPORT...—
12 16483 179 i} 0 INF 71 G968 05 SIMULATE.. REPORT...
HEESIZHG 12 16483 179 0 0 INF 71 % 5 SIMULATE.. REPORT...
Enerqy Storage: 4 days range 14 16483 179 0 0 INF 71 s6.3 S SIMULATE.. REPORT...
[ Max bat. parallel. +Cr min. o
[T Max P pan. parallel. -> P min 1 L
Mas wind t. parallel -> P i Sensitivity analysis # 1 (base case). Hybrid system. Best solution;

Sensitivity Analysis

#2 CALCULATE ‘

% //NPC = 16483 € (0.5 £/k'wh]
STRATEGY: LOAD FOLLOWANG. Plger: INF. Pmin_gen: 1200 . Peritical_gen: 0'W. 50C setpoint_gen: 20 %. 50C min.: 20 %.

REPORT ‘

Save Table az Excel

Sengitivity Analysiz Summary |

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.2, Load.1, (I-g) 1, Inf.F.1, Pr.1,

and results are shown in the table (next figure).
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# Priect ErLhogs T -~ R o o T s e

Project Data Calculate DataBase Report Help

- LOAD |

rRESOURCES

+ SOLAR |

WIND |

HYDRO |

~COMPONENTS———

-+ PV PANELS |

WIND TURB. |
HYDRO TURB.

+ BATTERIES |

M ono-Obejcti ptimi

Sensitivi lysis # 3. Total No. of cases evaluated: 1356. Time: 40"

y y

CO2 EMISSIONS (kafyear)

Iz wind t. parallsl -> P min,

Sensitivity Analysis

i CALCULATE |

REPORT |

GENERATIONS
+ INVERTERS | [ Sensitity Analysis # 3 - [7]Sketch ] Chart
v [wind1: 3,32m/e  ~|[Rad.2: 5,58kwWh/m2  ~|[Loadl: 3.63kwh/dia_~|[(-g)1: 4%-2% ~|InfF1:Base  ~|Prl:xlmixial <]
AC GENERATOR |
Gen [ Total Cost [MPC)(€) [Emission (kaC024r) [Unmet (kahipn) [Urmet (%) [Diange [Criahidccis)|Renlz) [Cost EEkwh]_|Simulate  [Report | »
wl 3 14520 105 0 i INF 52 1 01,44 SIMULATE.. REPORT ...
+ OTHERS IAUX) | 7 14520 105 i} 0 INF 53 1 0,44 SIMULATE.. REPORT ...
] 14520 105 i} 0 INF 53 100 044 SIMULATE.. REPORT ..
] 14520 105 0 0 INF 53100 01,44 SIMULATE.. REPORT__
DCWaltage 24 W
10 14520 105 0 0 INF 53 100 01,44 SIMULATE.. REPORT...
ACVolage 230 ¥ 1 14520 105 0 0 INF 53 100 0,44 SIMULATE.. REPORT...[—
12 14520 105 i} 0 INF 53 1 0.44 SIMULATE.. REPORT...|
&l 13 14520 105 0 0 INF 53 100 044 SIMULATE.. REPORT...|
Energy Storage: 4 days range 14 14520 L 0 0 INF 53 100 0,44 SIMULATE__|REPORT .
[ Max bat. parallel -»Cr min. 57
[ Max PV pan. paraliel. -> P min. 1 D G

Sensitivity analysis # 3. Hybrid system. Best solution:
COMPOMENTS: 2s. % 9p. P panels of 135 %W [slope B0%) /4 125, » 1p. batteries of 390 A-h A/ AC Generator 4 kK& 2/ Inw. BO0YWA A/ Unmet load = 0% 2/ NPC =

14520 £ (.44 £/wh)

STRATEGY: LOAD FOLLOWING. P1gen: INF. Pmin_gen: 1200/ Peiitical_gen: 0. SOC setpoint_gen: 20 % S0C min.: 20 %

Sensitivity Analysis Summary Save Table az Excel

—_—
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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 9. 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. Scrolling with the vertical scroll you can see all 9 results in text.

A Sensitivity Analysis Summary - O X
NPC{NPY and CO2 Emissions of the best solution found for each sensitivity analysis
264
19,456 256
248
18,944 240
232
18,432 224
= 216 =
2 1ra20 28 8
= 200 2
5 17.408 192 ©
g 184 &
2 16.:8% 15 =
5 168 ¢y
= 16,384 160 S
152
15,872 144
136
15,360 128
120
14,848 112
1 2 3 4
Sensitivity analysis #
Display in graph
B3 Back ©NPC and CO2 emigsions ONF’C OCOZ Emissions OCOZ Emigsions - NPC OUnme\ load - NPC Repon
Best solution found for each sensitivity analysis: SeEE Save Word
SENSIT. ANALYSIS # 1 (Rad.1: 4.46kiwh/m2; Load.1: 3.63kWh/day; (Fg)1: 4%-2%; IntF.1:Base; Pri:xl «1 x1 x1)
NPC = 146664 €. CO2 Emissions = 108.4 kgfr. Unmet load =119 kiwhAer (0.8%). Days auton. = 35 E. renewable = 89.1% of demand. Levelized cost of enargy = 0 568 £/kKWh
Components: Pv Generator 1600 \Wp (100% Pv#1: slope B02 azimuth 0%). Batteries bank of 18720 Wh. Inverter 1600 W, Rectif. 0 Y.
SENSIT. ANALYEIS # 2 (Rad.1: 4.46kiWh/m2; Load.2: 5.08kWh/day; (Fg)1: 4%-2%: InftF.1:Base; Pr1:x1 x1 x1 x1)
NPC =13877.7 £ COZ Emissions = 149.836 kgpyr. Unmetload = 0 KiWhir (0%). Days auton. = INF. E. renewakble = 99.6% of demand. Levelized cost of energy = 0,546 £/kiWh
Compaonents: PV Generatar 2400 W (100% PV#1: slope B0, azimuth 0%).1 x AC Generator of 1900 W. Batteries bank of 18720 Wh. Inverter 1600 W, Rectif. 528 W,
SENSIT. ANALYSEIS # 3 (Rad.2: 5.36kWh/m2; Load 1: 363kWhiday, (g)1: 4%-2%: IfF.1:Base; Pr1:x1 x1 x1 x1)
NPC = 14656.4 £. COZ Emissions = 108.4 kghyr. Unmet load = 0 kKwhper (0%). Days auton. = 3.5, E. renewable = 100% of demand. Levelized cost of energy = 0.564 £/kvwh
Compaonents: Py Generator 16800 Wp (100% PV#1: slope B0¢, azimuth 0%).EBatteries bank of 18720 Wh. Inverter 1800 W, Rectif. 0 W,
SEMNSIT. ANALYSIS # 4 (Rad.2: 5.36kWh/m2; Load 2: 5.08KWh/day: (g)1: 4%-2%: IfF.1:Base; Pr1:x1 «1 x1x1)
NPC =17928.8 £ COZ Emissions = 268.775 kgpyr. Unmetload = 0 KiWhir (0%). Days auton. = INF. E. renewakble = 95.6% of demand. Levelized cost of energy = 0.493 £/kiWh
Compaonents: PV Generatar 1600 W (100% PV#1: slope B0, azimuth 0%).1 x AC Generator of 1900 W. Batteries bank of 18720 Wh. Inverter 1600 W, Rectif. 528 W,

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).
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Project: 1.hoga
SENSITIVITY ANALYSIS

DATA [vs. sensitivity analysis #]

]

Average Daily Irradiation (KWh/m2}.

Average Wind Speed [m/s);

31|

1 z 1 2 3 4
Average daily Load {kWhid: Interest (%) and Inflation (3):
N 25
5 3}
25
1 2 1 2 a 4
Fuel inflation {3} Pr. PV, Wind, Bat, H2 (xfacior)
:1 |
o
1 2 1 2 ! +
ss
Total NPC (£} Emis.CO2 (kaiyr):
20
13,000 20
16,000 1%0
1 2 1 2 2 4
Unmet load [%) Days autonomy (ifINF > shown ‘0';
n E;I
1 2 1 2 2 4
Investment (€} € Bought / E Sold | HZ Sold (NPGINPV] (€}
2,500
5,000
8,500
2,000
1 2 1 2 2 4

Optimal solution found for sach case of the sensitivity analysis:

SENSIT. ANALYSIS# 1 (Rad.1: 4 486Wh/m2, Losd.1: 3.83Whiday; {I-g)1: 4%-2%; InfF.1Base; Pr.1: x1x1 xl x1):
NFG = 148564 £ CO2 Emissions = 108.4 kg/yr Unmet load = 11.9KWhiyr 0.9%] Deys auton. = 3.5. E. enewable =
99.1% of demand. Investment = 7888.4 €. LCOE = 0.569 €4/h

SENSIT ANALYSIS# 2 (Rad 1: 4 488Mh/m2. Losd 2: 5 086Whiday; {I-g}1: 4%-2%; InfF 1:Base; Pri:xtx1 xd x1)
NPC = 19877.7 € CO2 Emissicns = 142,526 kgiyr. Unmet load = 0 kWhyr {0%). Dejs suton. = INF. E.renewable =
28 6% of demand. Investment = 58332 €. LOOE = 0.545 €/h

SENSIT ANALYSIS# 2 (Rad.2: §386Wh/m2, Losd.1: 3 83V hiday; (-g)1: 4%-2%; InfF.1Base; Prt: xi x1 xl x):
NFG = 14856.4 € GO2 Emissions = 1084 kgiyr. Unmet load = 0 KWhyr {0%). Days suon. = 3.5 E. renewable =
100% of demand. Investment = 7888.4 € LCOE = 0.564 €/Wh

SENSIT. ANALYSIS# 4 (Rad.2: 5.284Wh/m2 Load.2: 5.084Whiday; {I-g)1: 4%-2%; InfF. 1:Base; Pri: x1 x1 x1 x1):
NFC = 17828 & £ CO2 Emissions = 358 775 ky'yr. Unmet load = 0 kWhiyr {0%). Deys auton. = INF. E. renewable =
95.6% of demand. Invesiment=8914.2€. LOOE = 0.493 £4/h

2of2

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. .xls, 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 “.xlsx”), then the next time you open the .xIsx file Excel

will not ask you any question.

By clicking in “Save word” button we can save the report in .rtf format, which can be open by

Microsoft Word, for example:
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5. FREQUENTLY ASKED QUESTIONS

1. Can iHOGA only be used to simulate and optimize 'small', low consumption systems?
No, you can simulate and optimize systems of any size up to 5 MW. For high power projects,

when creating a new project, select that option.

2. Does iHOGA only serve to simulate and optimize stand-alone (off-grid) systems?

No, you can also simulate and optimize systems connected to the AC grid, with or without
energy storage. If AC grid is available, and the option to buy the unmet load from the AC grid
is selected, the unmet load (energy that cannot be supplied by the stand-alone system) is
purchased from the AC grid. If the option to sell the excess energy (energy produced by the
renewable sources and not consumed by the load nor stored) to the AC grid is marked, all the
energy that cannot be used by the load or by the storage is sold to the grid. Both options are
independent, can be marked only one or both. It is also possible to take into account net
metering, annual or monthly, so that it will only be allowed to sell to the AC grid at most the
energy purchased from the grid, annually or monthly. There are up to 8 possible options for the

net metering, depending on the legislation in place at the installation site.

There is also the possibility to simulate and optimize systems with battery storage and connected
to the AC grid, so that the batteries can be charged with electricity from the AC grid (when the
price is cheap) and discharged by supplying the load when the price of the electricity from the
AC grid is expensive (we can even model the batteries to inject them into the AC grid at those

times).

In systems where there is no load consumption (generating installations connected to the AC
grid, where the energy consumption of the installation is 0 kWh or a low value compared to the
energy injected to the AC grid), you should select the project type of Maximization of NPV
(menu Project->Options), in that case the optimization tries to obtain the system with highest

NPV (you could select to minimize LCOE instead of maximize NPV).

3. What components should be selected and how to select its maximum number in

parallel?
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This choice will depend on: load consumption, design, available renewable resources, and the
commercial models to be used of each component. PRE-SIZING button helps you to choose the

maximum number of components in parallel.

4. After I select a certain component, how can I 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.

5. 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 iHOGA 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.

6. Where can I obtain data on system components, such as characteristics, prices, etc?

1HOGA includes a database, but you can add more components. Apart from iHOGA databases
and manufacturers' web sites and renewable energy shops, you may download Retscreen

http://www.retscreen.net where information is available on the characteristics, estimated costs,

... for different renewable-energy components.

7. What values should be assigned in the genetic algorithms for the following parameters:

number of generations, population, mutation rate, crossing rate?



http://www.retscreen.net/
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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, iIHOGA will use genetic algorithms.

1HOGA 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 modules, 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-Lopez, 2009a).

Mutation rates are usually within 0,5-1 %. Crossing rate is usually 70-90% (Bernal-Agustin &
Dufo-Loépez, 2009a).

8. 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, 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 Ifyou 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.

e Either the size or the maximum number of components (PV modules, batteries, wind
turbines or AC 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.

9. I 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 3.16.2). 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, see section

3.16.3), the electrolyzer will not work (hydrogen will not be generated as it cannot be stored).

10. I have a system that includes fuel cell and in the simulation screen I 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. See section 3.16.1.

12. How to optimize systems selling electricity to the AC grid, without load consumption?
In systems where there is no load consumption (generating installations connected to the AC

grid, where the energy consumption of the installation is 0 kWh or a low value compared to the
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energy injected to the AC grid), you should select the project type of Maximization of NPV
(menu Project->Options), in that case the optimization tries to obtain the system with highest

NPV (you could select to minimize LCOE instead of maximize NPV).

In the window of load consumption “LOAD/ AC GRID”, choose for data source "Load profile",
and select the profile "Zero" (no load). On the same window, tab “PURCHASE/SELL E” check
the "Sell excess energy to AC grid".

13. Which battery model should I select?

LEAD-ACID BATTERIES:

For lead-acid batteries, you should use Schieffer 2007 for the battery model and Schieffer
ageing model for the ageing model (only in PRO+ version). This way, iHOGA will use the

Schieffer et al., 2007 model, which is the best model to estimate the lead-acid batteries.

Batteresz Model
" Ah Iv Limodel fsh

" EiBaM [Marwel-tcGowan 1933
" Copetti 1994 Contral Data

[ (¥ 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 OGI
in the top left of the window that appears:

Il Aging batteries model data

howy in (Schiffer et al.. 2007)

Batteries data:
siHEA-batternermust-betis e—¢ame family, voltage data refered to 2 ¥ cells]:
Open-circuit waltage at full charge, UD: 'T W

Gradient of change in 0CV with state-of-charge, g |0.1 i

Initial effective intamal resistance (charge). ro_c_0: ’W ohmih

Initial effective intemal resistance [discharge). ro_d_0: ’W ohimrih

Resiztance representing charge-transfer pracess which depends: on SOC, Me: ’W

—

LITHIUM-ION BATTERIES:
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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 attenes Model
" Ah [v Limodel sh ]

" KiBatd [Marwel-tchowan 1993)

" Copetti 19394 Contral D ata

{* Schiffer 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).

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 (LiFePO4)
() Grot et al., 2015 (LiFeP04)
() saxena et al., 2016 (LiCo02)
() Full equivalent cycles

(@) Rainflow (cycle counting)

() Naumann (LiFePo4 cyc+cal)

Farameters

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.
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Wang Grot  Saxena Calendar ageing Naumann

[—g_gnclude calendar agei ©P9tﬂ9t al., 2016 [ Llimit (cycle / calendar): C* ]

in'Wang and S clel ] ]
(VY ANg BNE SEXENA MOREs () Swigrezynski et al., 2015

Include Calendar in Full eq. cycles and Rainflow models

Diata (Petit et al., 2016): Data (Swiejczynski etal., 20151
Cfade(%)=Bexp[-A/(RT)]"t"z Cfade(%)=(a S0C b+c) (d' T e+f)t g
soc  30% 65% 100% a [0.019 | b [o823 |
B [74E3 | |675E3 | [21883 | c [o5195 | d [3.258 |00
A [73369 | [69804 |[s6937 \ e [fos7 | ¢ [o295 |
z |u.943 ||0.9 ||D.683 | 0
graph T(°C): graph: T(°C): SOC(%]:
£ _ 40
g 4
z " £,
E 8 '? 16
S 0 s
0 5 10 15 20 25 g 8
Time (years) 0

0 10 20

- S0C30% =-— SOCB5% =-— SOC100% EOL Ti
ime (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
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.
Tmeanz=Tfloat life

Float life reduces B0 for every IF T increaze ﬁ T Graph

(¥ Cycle life depends an T Data
JF Capacity dependsz on T Data

14. How can I update iHOGA?

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.
1HOGA 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) ? for the

system, in mono-objective optimization (for multi-objective optimization iHOGA will seek

2 In most cases where optimization is applied through iHOGA, cash flows are usually expenses only

(purchasing, replacement, maintenance, and fuel costs, etc), with no income. The different costs throughout the
whole of the study period are referred to the initial time of the investment using the discount rate (approx. interest
rate minus inflation rate), thereby producing the NPC. The lower the NPC value, the better the investment .

It is possible to use the option in iHOGA to sell surplus hydrogen and electric energy to the AC grid (it is
also possible to purchase energy from the grid to compensate for unmet load by the hybrid system). In those cases,
sales are accounted for within iHOGA as negative values, since they must be subtracted from component,
replacement, and maintenance expenses. We may thus achieve an income from energy sales which is higher than
system costs, resulting in a negative value for “NPC”. This means that our facility will achieve a net benefit
(positive values meant expenses, i.e. costs). A larger negative value for our “NPC” will indicate a more profitable
system. However, if you select in the menu Project-> Options to maximize NPV, it calculates the NPV where
incomes are positive and costs negative values.
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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 modules in parallel
- Type of PV modules
- Number of Wind Turbines in parallel
- Type of Wind Turbines
- Type of Hydraulic Turbine or TEG (not possible using in the same project hydro turbinte
and TEG).
- Type of Fuel Cell
- 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 iHOGA 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.

Plimﬁcharge, Plgen, PIFC, P2, Pminﬁgen, PminﬁFC, SOCmin, Pcriticaligen, Pcn'ticaliFC, SOCstpigen, SOCstpiFC,
HZTANKstp
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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.

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
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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.

The number of possible combinations (when all components are selected) will then be:
Combinations_main_alg=
= No. Pv_Panel Types*(1+No. max Pv _Modules parallel- No. min_Modules 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
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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
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
STOPFING CRITERION:
Stop execution of secondary algorithrn if after (15 generations

it cannat improve |1 Zin |B 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)No-ariables_to_optimize
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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 Strategies for systems with load consumption.

Global strategy and its variables ONLY HAVE SENSE IN SYSTEMS WITH LOAD

CONSUMPTION. These strategies are not used for systems without load consumption

(erid-connected generating systems).

Control strategies utilized by earlier versions of HOGA made use 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 et al., 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 CO2 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 H, 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 H; 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 H» in the electrolyzer.

Cost of ‘r
cycling
energy

®©

electrolyzer-
fuel cell
atteries
PllmﬁCharge P (kW)
Cost of cycling energy

The Charge Strategy will thus be:

o For Peharge < Plim_charge the batteries will be charged to their maximum, and any surplus

energy will be used to generate H> in the electrolyzer.

o For Pcharge > Plim charge as 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.

1HOGA 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

[
»

P1=Plgen Puischarge
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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 Puischarge < 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 — Poart Will be supplied by the AC
generator provided Piack < P2. Otherwise, energy will be supplied by the fuel cell.

For P2 > Pugischarge > P1, energy should be supplied from the generator. Should this not have
enough capacity for all of Pdischarge, the rest, Pack = Pdischarge — Pgen Will be supplied by the batteries

provided Piack < Plcen. Otherwise, energy will be supplied by the fuel cell.

For Puischarge > 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, Plack = Pdischarge — Pcent Will be provided by the AC

batteries, provided Piack < P1gen. Otherwise, energy will be provided by the AC generator.
From a general standpoint, the Discharge Strategy will be provided as follows:
- For Puischarge < P1, energy will be supplied by the batteries

- For Pl < Paischarge < P2, energy will be supplied by the element with lowest P1(AC

generator or fuel cell)

- For Puischarge > 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 Puischarge, an

additional element must be chosen to provide the rest (Pici) 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 Prim 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
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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, Peritical Fc, SOCstp gen, SOCstp rc , and HoTANKGy, 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
(Pcritical_gen), it 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 SOCsy gen - H2 could also be produced in the electrolyzer until a
certain level of charge is reached within the H» tank, called H-TANK, (in kg of Hz). The order
in which the excess energy is used (charging batteries to reach SOCsgp gen Or generating Ho to
reach H>TANKGsp) 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

Ho. 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
Peitical Fc and SOCsgp gen With SOCsyp rc. However, Ho TANK, would not be applicable if the
fuel cell uses up Hz from the H» tank (previously produced by the electrolyzer).

When the power required by the loads from the AC generator is less than Peritical 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 SOCsgp gen , and
the power needed by the electrolyzer to produce Hz until H;TANKS, 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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