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EXECUTIVE SUMMARY

Over the past few decades, electric power systems in many countries have experienced a significant
increase in the installation capacity of renewable distribuggherators (DGs). The rapid growth in DG
installed capacityand the trend of displacement of fos$ilelled and nuclear power plants are imposing
additional stress on the preservation of stable and secure power system operation. In order to increase the
efficiency of a power system with large amounts of renewables and reduce the cost of electricity
generation, transmission and distribution, while simultaneously maintaining system stability and security,
advanced methods for controlling the intermittency BfGs will have to be employed. Hybrid renewable
energy source dispatchable unitdRESDUS) consisting of differengeneration andstorage technologies,

have been recognized as a potential solution for providing more stable and controllable power ootput fr
renewable energy sources (RE&#)lization of synergies between different technologies for contributing

to the alleviation of the issues in power system operation, as well as for the optimisation of investments
and increase in the competitiveness dE$S, is possible only through the implementation of an adequate
control system of the whole HRIE&). Dueto complementary properties of different sourcasd a single
control system of the whole planHRESDUs can behave as dispatchable power plants atphint of
common coupling, and thus participate in the provision of the grid regulation services traditionally provided
by conventional power plants.

The aim of theWork Package 5 (WP5) is to suggest solutions to the identified challenges in existing and
future transmission network operation, relying on efficient utilisation of HRBS. The WP will study the
integration of nondispatchable and dispatchable RESs along Widttiery energy storage technologies
under an advanced control system in order t@yide flexible and firm electricity supply to transmission
and distributionsystem operators. The result of this WP will be a techno economic framework, algorithms
and feasibility analysis of the use oRBSDUs in improvement of the operation of power &m®s with a

large share of DGs.

This deliverable represents the first step towards the developmenHRESDU control system that is,
Manager of Energy for Hybrid PlanMIE4HP) tool.The document introduces a twlevel library of
simulation models oHRES5 | Q& A Y RA @A RdzI t (SO kyelkdngishsioSsiatic modelS T A N
suitable for the prediction of technology power output on the basis of variable weather inputs and basic
technology parameters. The models have been validated against thdtseobtained within a similar
H2020 project (GRIDSOL project), relevant commercial software packages and/or real historical operation
data. On the other hand, the second level of gimulationmodel library is comprised of dynamic models

that are adequge for representing the analysed technologiedange transmission system stability studies.
These dynamic models represent the foundation for developing an equivalent dynamic model of the whole
HRE®U, required to assess the combined contribution ofrallvidual technologies to system operation.

In the following phases of the WP, both static and dynamic models will be integrated into common
optimization algorithms and control techniques that will enable the adaptatiotHRESDU to system
operatorrequirements in terms of power, voltage, frequency, etc.

The WP will focus on electricity production, although cost estimation and material consumption will be
the outputs of the high level model libraries that will be developgedng the next stages of WRPherefore

the report presents the analysis on the major economic costs associated with the application of the
analysed renewable generation and storage technologies. Finally, the deliverable defines the main
requirements for the design of the graphicaar interface for ME4HP system.

According to the originaDescription of Actionsthe report should contairan overview of the available
storage technologiethat could be combinedvith RES technologies in order énsurestable and reliable
power output fom HRE®Us. However, the comprehensive analysis has already Ipeevided in
RSt ADGSNI of S / Anblsi§ of lexisting mfdastructiire and feasibility of cross border energy

D5.1 Modelling of nomlispatchable RES and analysis on storage alternatives to support Hybrid RES



G;Sbow CROSS BOrder management of variable renewable energies

and storage units enabling a transnational Wholesale market

storage Pherefore this deliverable will not provide the review of stomdgechnologies, and the future
work inWP5 will rely on the findings presented in D6.1
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1 INTRODUCTION

1.1 PURPOSE OF THE DOCUMENT

The main objective oWork Package (WP5 CROSSBOW Hybrid Renewable Energy Source Dispatchable
Unit (HRE®U)is the integration of nortdispatchable and dispatchablenewable energy sourceRE®
technologies alng with energy storage units under an advanced control system in order to obtain a
dispatchable, firm and fullflexible power plant capable of meeting the requirements imposed by
transmission system operator§ %O} The combination of nodispatchable RE such as wind plants and
photovoltaic (PV) systems, with dispatchable RES (biogas, biomass anédoyapo technology) and
battery energy storage systems (redbaw and lithiumion batteries), should provide more secustable

and cleaneelectricity supply.

This document sets the foundation for the development of the control and management system of the
whole HRESDU, i.e.,Manager of Energy for Hybrid PlantgE4HR, as well as the equivalent dynamic
model of the hybrid plantThe report is focusedn the modelling of the individual technologies that will be
integratedin HRESDU. Furthermore, the document includes the analysighe main economic costs of

the consideredechnologies angbrovidesthe initial graphical user interface5U) design foME4HP

1.2 SCOPE OF THE DOCUMENT

The document introduces static and dynamic models of renewable generation and storage technologies
that will be included in the model of HRB® in WP5. The core components of the static models that
providethe forecast oftechnology productiorievelon the basis of variable weather inputdpng withthe

tests illustrating the functionalities of the models, are presented in detail. In addition to that, the static
models have been validated against the performance of the model®loped within a similar H2020

LIN2 2SO0 o6DwL5{h[ LINR2SOG0X O2YYSNOAIf az2Fdeél NB LI
report also provides a comprehensive description of the dynamic madétglividual technologies that are
recommended I relevant technical committees. The models are suitable for the representation of the
dynamic behaviour of HRES! Qa 1Se& SIljdzZA LIYSy i Ay G NI afidirdpleseatihe y ae
foundationfor deriving the equivalent dynamic modef the wholeHRE®U. Furthermore, the document

includes the economic analysis ¢he generation and storage technologies, whisha basis for the
development of algorithms for the optimal design of a eeffective HREBU capable of meeting grid and

market requirenents. Following this, thpreliminary desigrof the GUI for ME4HR presented

1.3 STRUCTURE OF THE DOCUMENT

The document is organised into seven sections. This section (section 1) is the introductory section,
providing the overview of the deliverable, focogion the scope of the document.

Section 2 describes the core functionalities of static models of renewable generation and storage
technologies that will be included in the model of HRES

Section 3 presents the results of the validation process oktagc models introduced in Section 2.

Section 4 introduces the dynamic models of the analysed technologies, adequate for large power system
stability studies.

Section 5 gives the analysia the main economic costs associated with the application ofdbesidered
generation and storage technologies.

Section 6 specifies software requirements for GUI for ME4HP and preliminary GUI design.

Section 7 provides a summary with concluding remarks.
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2 STATIC MODEINGOFRENEWABLGENERATIOAND STORAGE
TECHNOLOGIEN HYBRIORESDU

2.1 Nondispatchable Renewable Technologies
2.1.1 Wind Technology

2.1.1.1 Introduction

In order to reduce the carbon footprint of the electricity sector, many countries throughout the world
introduced various measures to facilitate and encouragesiREyration in their respective electric power
systems. Besides the hydro power, which is a conventional RE$#ants and wind power plants (WPPSs)

are the most popular RES and their ratiepenetration has been exponentially growing for the last 20
years. Acording to the International Renewable Energy Agency (IRENA), wind power installed capacity in
the world was 513.5 GW in 2017, and PV installed capacity was 384.6 GW ifilRQh7the European

Union (EU), wind power accounted for 153 GW or 16% of total electricity capacity in 2016, while solar
accounted for 103 GW or 10%4]. However, since the sun and wind are intermittent sources and not
always available at all times, the total net electricity generation is lower: arounddi0#nd and 3.5% for

solar in the EU for the year 201.§.

Therefore, wind power plays and will continue to play an important role in electricity generation. In order
to increase the efficiency of a power system with large amounts of renewables and reduce the cost of
electricity generation, transmission and distribution, while simultaneously preserving the system stability
and reliability, advanced methods of operation andhizol will have to be employed in order to reduce the
effects of intermittency such as weather forecasting and optimization of generation dispatching.

2.1.1.2 Wind Power Plant Modelling :ad Methodology

A wind power plant consists of several wind turbine generatormected to the grid through a singbeint

of common coupling RCE A wind turbine generator is a complex electromechanical system which
interconnects aerodynamic, mechanical and electrical phenomena. Almost all wind turbines today for bulk
electricity generation are horizontadxis variablespeed wind turbines. Variable speed is achieved by
employing power electronic converters. Variable speed operation increases the aerodynamic efficiency
over a wide range of wind speeds, thus increasing the eneelg. FHigure2.1 and Figure2.2 show the two
variablespeed concepts used today.

Power

Generator

Transformer system

GEARBOX

3| = |

Power converter

Figure 2.1 Partial scale converter wind turbine generator (DFIG)
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Power

Transformer system

EEDIONO

Power converter

Generator

Figure 2.2 Full scale converter wind turbine generator
Figure2.1 shows the topology with a partiagicale converter employing a wound rotor induction generator.
This type is most often calletbubly-fed induction generator (DFIG). The power converter transfers around
30% of the maximum stator powefkigure 2.2 shows the topology with a fulicale converter. This
converter transfers the full rated power of the turbine carcompletely decouples the wind energy
conversion system from the grid.

Each of the subsystems above can bedelled in more or less detaildepending on the applicatiof].

For example, the turbine rotor sweeps a large area and this cannot be realistically described by a single
value of wind speed. Wind speed profile will watong the blade length and height and the turbulence also
varies with the type of terraifib]. Furthermore, wind turbines are geogtapally dispersed inside the wind

park in order to maximize the wind capture and reduce the wake effect between the specific turbines.
Moreover, wind changes direction and the yaw of the nacelle is continuously positioned into the wind.
Basically, eachwit (0 dzNDAYS gAff casSSé || RAFTFSNByld SFFSOGAQ
blade element theory are used to investigate the wind turbine performance, but these models are
computationally intensive and require a lot of parameters which are knowly to the manufacturer.
Meanwhile, to analytically descrilibe power production of a generic wind farm accurately is very hard, if

not almost impossible since the conditions are constantly changing. Such models must be developed on a
per plant basisad based on historical data, perhaps employing machine learning algorithms.

Therefore, for power system studies, simplified models are used since the available amount of information
and measurements is limited. These expressions are derived from basicgbiprénciples and provide a
good enough estimate of the actual wind turbine behaviour with the available limited amount of data.

Wind power plant mdel for the purpose®f HREDU is relatively simple. The purpose of the model is
using it in economic digtch optimization framework. The time step of the simulation model is 15 min or 1
hour. Therefore, all the electromechanical dynamics can be neglected since they are finished way before
the next time sted5]. The model outputs the available wind power based on the weather measurements
FYR GKS YIydzZFlI OGdzNBENRa St SOGNROIT LI2GSNI Jadhesg AyR
rotor swept area all the time and the wind turbine nacelle is continuously yawed into the wind. Since the
changes of wind direction are much faster than the yawing of the nacelle, there will always on average exist
a small yaw angle error which redues the wind power output by a factor & I € However, the
measurements of the yaw angle error are not available and the exact wind direction at each turbine is also
unknown, so the impact of the wind speed direction is neglected. Wind speed isuradast the hub

height using a weather station which is located at some location in the wind park. The measured wind
speed and wind direction do not have to correspond to any effective wind speed at each turbine hecause
as explained before, we are talkiagout turbulent fluid dynamics over a relatively large geographic area.

Therefore, the wind direction is neglected and the measured wind speed at the weather mast is taken as
the input wind speed to the model. The weather station also measures the asyme, temperature and
humidity which mpactthe air density and therefore the wind power output.

Wind power from the kinetic energy of the wind is calculated2¥)(5]:

5 2g 2.1)
C
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" is the air density (kg/M); 6 is the rotor swept area (fyandd is the wind speed (m/s). Wind turbine can

only extract a fraction of this wind power which is taken into account with the aerodynamic power
coefficentd (2.2). The theoretical maximum value & is 0.59 andtisOl £ £t SR . SiGT Qa f AYAQ
coefficient is around 0.4fb]. The value of this coefficient depends on the turbine rotozegh wind speed

and pitch anglg5]:

5 Pwus 0 (2.2)

The CROSSBOWiInd power plant model calculates the wind turbine power output based on the
Y ydzF I O dzNBS Naba singli2tértSniBiglrezR)1D S
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Figure 2.3 Wind turbine power curve [6]
However, this curve is given for standard conditions (air temperature 15 de@regir pressure 1013 mBar
and air density of 1.225 kgfin The density of the air changes with the temperature, air pressure and
humidity, all of vhich are measured at the weather mast. The density of the humitl as calculated with

23)[7]:

ool &

. P h " )
'—'chébu'Y wtp TTIpH T XM TT N v (2.3)

where "Yis the air temperature in degrees §;is the total measured air pressure in Rais the relative
humidity in p.u. (%/100)Y and’Y are the gas constant®r dry air and wger vapor, (287.09/(kg K) and
461.495 J/(kg K), respectively).

In order to account for the variable air density, the following formulation is applied in the model:Het
the ratio between the air density of humid dir and stamard air density p& ¢ kg/m*

| P (2.4)

Then, equationZ.2) can be written as2(5) by substituting for " :
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0 5/\/\460 6 (2.5)

In order to calculate the available wind power for the whole wiravpr plant, the power for a single
turbine from the power curve is multiplied by the number of wind turbines currently online since all the
wind turbines are aggregated into a single machine:

0 € 0 (2.6)

2.1.1.2.1 Active and ReactivaPower Control

The wind plant model takes into account the actitA gnd reactive @) power setpoints. The active power
setpoint is checked against the available wind power plant power based on wind speed and the reactive
power capability charfrom the manufacturer. The reactive power capability of a wind turbine depends on
the active power output and the grid voltagEdure 2.4). The final output power of the wind power plant
depends on the active and reactive powetmoints and constraint2(7)¢(2.8).

. 0 h O
V) ¥ 5
U U

Ca Cx

2.7)

0 h
0

S
S

The wind power plant normally operates ipriority mode, that is, the reactive power output is set based

on active power output and voltage. However, there is &gmiority mode where the reactive power is set

first according to the reactive power lirsitcalculated from the grid voltage. Then, the active power is set
based on the voltage and reactive power setpoint. Active power losses are also taken into account in the
model, but they depend on the wind park topology and transformers/cables loading.

. Sy
U] & (2.8)

C1 CH
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Figure 2.4 Reactive power capability chart of a wind turbine [8]

2.1.1.3 Model Sructure

The wind power plantmodel developed for the purposes of the CROSSBOW projatsists of several
MATLAB .m files and functionEhe developed model is valid for all types of wind turbine generatore sinc

it is based on the manufacturer data for specific wind turbifiése model reads input data from specifically
formatted Excel files and outputs the results into an Excel file. The model consists of the following MATLAB
files:

1 readWindPlantParameters.m T MATLAB function which reads the wind power plant and
wind turbine parameters from an Excel file and stores them in the workspace. This function takes
the parameters file location as an input.

1 readWeatherData.m 1 MATLAB function which reads the weather foreadata from an Excel
file and stores them in the workspace. This function takes the weather file location as an input.

1 readOperatorRequest.m T MATLAB function which reads the operator request (active
reactive power/setpoint, grid voltage) from an Excel fileastores them in the workspace. This
function takes the setpoint file location as an input.
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1 windPowerForecastm 1t MATLAB script which reads the required plant and forecast data,
parses the weather forecast inmimation to discard the missing data, calculaté®e normalized
wind speed according to the weather data and outputs the wind power plant forecast according to
the powerwind speed curve. If there are missing measurements from the weather file, those
timestamps and rows are discarded. If the first maasuwent is missing (the one considered as the
current time step), then the script outputs the last wind plant output as the forecast of the current
time step.

1 windPowerSetpoint.m T sets the wind power plant active and reactive power output for the
current time step according to the operator request data and measured grid voltage.

o If the flag is set to O, then the active power takes priority: wind power plant active power
output is set first according to the setpoint and available wind power, then the reactive
power limits are calculated, and the reactive power output is set according to the setpoint
and the limits.

o |If the flag is set to 1, the reactive power output takes priority: reactive power is set
according to the setpoint and the voltagmposed limits ad then the maximum active
power limit is calculated. Output active power is set according to the setpoint, maximum
active power limit and the available wind power.

o0 The sript also calculates the active power reserve (e.g. if the setpoint is 10 MW and the
available wind power is 15 MW, the reserve will be 5 MW). Likewise for the reactive power
(both reactive power generation and absorption reserve).

1 WindPowerOutput.m Tt prepares the calculated output data and writes into the excel file
WPPoutput.xlsx

1 runWPPmael.m t runs the wind power plant model scripts in the correct order. Run this file to
run the whole model.

The model consists of the following input filseeTable2.1 for description of the input and output dataf
the model)

1 PBetpoints.xlIsx T active andreactive power setpoints (in M\@nd Mvar, respective)y grid
voltage (in p.u. of rated voltageRYQ priority flag (Gactive power prioity,1-reactive power
priority);

WeatherData.xlsx 1 weather forecast data;

1 WindTurbineParameters Xlsx 1 various wind plant and wind turbine parameters necessary
for the model and for the calculations: number of online turbines, nominal active power, losses and
hub height, power curve, reactive power capability chart.

1 SimulationSetup.xlsx ¢ if wind spea@ is measured near ground level, in this file the
following parameters are set: height above ground level at which the wind speed is measured,
surface roughness and zero plane displacement. There is also an option whether to use fixed air
density or estimge it from weather data.

=

The model consists of the following output file:

1 WPPoutput.xlsx T output file: timestamp, wind power forecast, current active power output,
current reactive power output, active power reserve, inductive reactive power reserve, tigpaci
reactive power reserve.

The input files are located in tH@ata subfolder of thewind power plant model folder by default. All

these files must exist for the model to run successfully. You can see how the input data is structured in the
files themseles and the model only knows how to read files that are structured the way they are. The
location of the input file can be changed in the scriptwindPowerSetpointm ;
windPowerForecast.m

Neither electromechanical dynamics nor aerodynamisstaken into acount in this wind power plant
model because all those phenomena (milliseconds to seconds) and control actions withdevinished
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by the next timestep of the simulation (10 minutes or morgy]. Based on the weather forecast data and

calculated operational limits, it outputs the requested active and reactive power setpoints. If the setpoints
arelargerthan the limits, then the modeoutputs the maximum limits.

The model is not fast since reading and writing iBtoel files is not very efficient, especially when you have

several thousand lines of weather forecast data. For the existing weather forecast file whicnobas
4,500 rows of data, it takes 120 seconds for the model to run.

Table 2.1 CROSSBOW wind power plant model input/output data

Weather data (input)

Data

Unit

Comment

Timestamp

YYY¥M-DD HH:MM:SS

String data type, aibrary
resolution (10 minutes/15
minutes/1 hour)

Ambient temperature Celsius From measurements

Wind direction Degrees From measurements

Relative humidity Percentage From measurements

Air pressure hPa From measurements

Wind speed m/s From measurementst hub
height

Wind speed base m/s From measurements, near

ground level

Active and reactive power setpoints (input)

Data Unit Comment

Active power P MW For the whole wind farm,
operator/supervisory control
request

Reactive power Q Mvar For the whole wnd farm,

operator/supervisory control
request

Grid voltage at point of commo
coupling

Per unit or nominal bus voltage

Measured data or estimated dat

P/Q flag 0/1 0 for active power priority, 1 for

reactive power priority
Wind turbine parameterginput)

Data Unit Comment

Nominal power kw Single turbine

Number of turbines # Number of turbines in the wind
farm

Number of online turbines # Number of online turbines in
wind farm

Losses kw Single turbine power losses

Hub height m From manufacturer data
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Wind turbine power curve

Wind speed (m/s) and power
(kw)

From manufacturer data

Reactive power chart

P (kW), voltage (p.u.) and Q (kya

From manufacturer data

Simulation setup(input)

Data

Unit

Comment

Fixed air density

kg/m®

estimated/measured

Height above ground level g m from weather station data
which the wind speed i
measured, z1
Surface roughness z0 m estimated
zero plane displacement, zd m estimated
Wind power plant output(output)
Data Unit Comment
Timestamp YYY¥IM-DD HH:MM:SS Stringdata type, arbitrary

resolution (10 minutes/15
minutes/1 hour)

Power forecast

MW

calculated by model

Active power output

MW

calculated by model

Reactive power output Mvar calculated by model
Active power reserve MW calculated by model
Reactive power generation| Mvar calculated by model
reserve
Reactive power consumptio| Mvar calculated by model
reserve

Figure2.5 shows an example of the weather measurement file that is taken as an input to the model.

Home Insert Page Lay
T b cut Calibri
Paste EE Copy ~ P
- Format Painter -
Clipboard 15
H2 - I
A B

1 |TimeStamp T2 (°C)
2 |2018-01-01 00:00:00 4,32918
3 |2018-01-01 00:10:00 4,60277
4 |2018-01-01 00:20:00 4,75357
5 |2018-01-01 00:30:00 4,71493
6 |2018-01-01 00:40:00 4,74069
7 |2018-01-01 00:50:00 4,62047
8 |2018-01-01 01:00:00 4,54695
9 |2018-01-01 01:10:00 4,52666
10 |2018-01-01 01:20:00 4,45982
11 |2018-01-01 01:30:00 4,31478
12 |2018-01-01 01:40:00 4,29549
13 |2018-01-01 01:50:00 4,35368
14 |2018-01-01 02:00:00 4,46646
15 |2018-01-01 02:10:00 4,4758
16 |2018-01-01 02:20:00 4,54567
17 |2018-01-01 02:30:00 4,50913
18 |2018-01-01 02:40:00 4,51648
19 |2018-01-01 02:50:00 4,18373

out Formulas Data Review View Add-ins Help Team £ Tell me whe
- - === 8- 25 Wrap Text General - E
SRR === == Merge & Center - E-% 9 <82 Cond
Forme
Faont = Alignment = Mumber [F]
2,12245
C D E F G H
Wind Preassure
direction (°) Humidity (%) (mmHg)} Rainfall wWind speed (m/s) Wind speed Base (m/s)
299,767 54,0104 972,005 o 3,65571' 2,12245'
297,423 53,1956 971,957 o 3,33351 2,30536
308,453 51,9941 971,877 o 3,30705 2,48198
308,960 52,0172 971,786 o 2,95125 2,31037
299,898 51,5478 971,769 0 3,01781 2,32402
310,932 51,8312 971,638 i} 3,75198 2,46079
317,277 52,303 971,604 o 4,56631 2,43889
323,438 52,4981 971,596 o 5,36944 2,71309
317,747 52,8829 971,62 o 5,24114 2,85760
319,776 53,7971 971,583 0 5,44394 2,87798
319,54 54,1456 971,559 0 5,62912 2,93817
329,789 53,9003 971,556 o 5,46616 2,6711
335,249 53,1886 971,623 o 4,94772 2,84676
333,791 53,1956 971,553 o 4,92476 2,76797
333,109 52,955 971,51 0 4,79198 2,94634
340,438 52,9559 971,485 0 3,64074 2,74116
356,696 52,4685 971,445 o 3,29253 1,90944
18,8973 52,6873 971,389 o 3,04896 0,376141

Figure 2.5 Example of the weather measurement input file
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2.1.1.4 Code Kamples

In this section, main parts of the wind power plant model MATLAB code will be shown. Not all code is
shown.

2.1.1.4.1 Reading Weather Data a&d Wind Turbine / Wind Power [Bnt Parameters
WindPowerForecast.m

This part of the script reads both the weather forecast parameters and wind plant data from Excel. Data is

organized into data structures called cells.

%READS WIND TURBINE/WIND POWER PLANT PARAMETERS AND WEATHER DATRGM EXCEL

%FILES

windPlantData = readWindPlantParameters( './Data/WindTurbineParameters.xlIsx' );

weatherData = readWeatherData( './Data/WeatherData.x|Isx' );

nTurbines = cell2mat(windPlantData{1,1}(2,1));

nTurbinesOnline = cell2mat(windPlantData{1,1}(2,2));

powerCurve = cell2mat(windPlantData{1,3}(2:end,1:2));

PturbRated = cell2mat(windPlantData{1,2}(2,1));

Losses = cell2mat(windPlantData{1,2}(2,2));

2.1.1.4.2 ExtractingMeasurement Datadr Calculations

Here, the different weather data is divided into corresponding argyessure, wind speed, temperature,
etc. which facilitates calculations:

%EXTRACT MEASUREMENT DATA FOR CALCULATIONS

timestamp = weatherData(2:end,1);

airTemp = weatherData(2:end,2);

relHumidity = weatherData(2:end,4);

pressurePa = weatherData(2:end,5) ;
hubWindSpeed = weatherData(2:end,7);

2.1.1.4.3 Calculation of theAvailable Wind Power

Firsty, the density of humid air is calculated based on air temperature, air pressure and humidity. This air
density is normalizedrtjoAirNorn) to the standard air density (cffecient | from (2.4)). Then, the
normalized wind speechbrmWindSpeexis calculated. This normalized wind speed is used to calculate the
available wind power of the plant based on the number of turbines online and the power curve. Linear
interpolation is used fopower output calculation using the power curve. Extrapolation is set to Qjfi.e.

the wind speed is larger than 25 m/s the output powerzexo since that is the cubut wind speed.
Likewise, if the wind speed less than zerpthen the output power iszero since wind speed cannot be
negative(more preciselynegative wind speed records are possible since the wind speed is a vector, but
this negative sign is usually corrected for in data proce}sing

%CALCULATE AIR DENSITY BASED ON WEATHER DATA AND THE NORMALIZED WIND SPEED

rhoAirNorm = (1./(airTemp+273.15).*(pressurePa./Rd +

relHumidity.*100.*¥6.1078.*10./(7.5.*airTemp./(237.3+airTemp)).*(1/Rv - 1/Rd)))./1.225;

normWindSpeed = rhoAirNorm.”(1/3).*hubWindSpeed,;

%CALCULATE WIND PLANT AVAILABLE POWER IN MW

win dPlantAvaPower =
nTurbinesOnline/1000*interp1(powerCurve(:,1),powerCurve(:,2),normWindSpeed, linear' ,0);

2.1.1.4.4 Setting thePlant Output Based o Operator Request

Here, the operator (supervisory control algorithm) request is read from an Excel file: powemséav),
reactive power setpoint (Mar), voltage at the point of common coupling (p.u.) and the flag for
active/reactive power priorityKigure2.6).
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A B C D E
1P Q U p/Q priority (0/1)
2 25 30 1,05 0
3
: [ 1]
5
6

Figure 2.6 Setpoint request

%This script loads the operator setpoints from and .xls file and calculates
%the wind power plant output active and reactive power for the current time
%step based on the setpoints and if it is possible to achieve them

%Pset = Active power setpoint in MW

%€Qset = Reactive power setpoint in MW

%VPCC = Grid voltage at PCC in per - unit
%flag = Active power priority/Reactive power priority (0/1)

PQsetpoint = readOperatorRequest( ' /Data/PQSetpoints.xlIsx’' );

Pset = PQsetpoint(1);
Qset = PQsetpoint(2);
Vpcce = PQs etpoint(3);
flag = PQsetpoint(4);

Reactive power capability chart is constructed and scaled to the plant level:

QcapabP = cell2mat(windPlantData{1,4}(2:end,1))*nTurbinesOnline/1000;
QcapabU = cell2mat(windPlantData{1,4}(1,2:end))’;

[Pmesh, Umesh] = meshgr id(QcapabP, QcapabU);

QcapChart = cell2mat(windPlantData{1,4}(2:end,2:end))*nTurbinesOnline/1000;
QindChart = cell2mat(windPlantData{1,5}(2:end,2:end))*nTurbinesOnline/1000;

Wind power plant active and reactive power outputifdPlantP windPlantQ is setaccording to the
requested setpoints and constraints:

switch  flag
case 0 %Active power priority
%if the power setpoint is less or equal available power,
%output power is set according to the setpoint.
%0Otherwise, it set to the maximum available power
windPlantP = min(Pset,windPlantAvaPower(1));
%Calculate the reactive power capability limits based on the grid
%voltage and current active power output
maxQind = interp2(Pmesh,Umesh,Qind Chart',windPlantP,Vpcc);
maxQcap = interp2(Pmesh,Umesh,QcapChart',windPlantP,Vpcc);
if Qset>=maxQcap && Qset <= maxQind
%Set the reactive power output according to the limits and the
%0Q setpoint
windPl antQ = Qset;
else
if Qset<O0
windPlantQ = maxQcap;
else
windPlantQ = maxQind;
end
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end
case 1 Yoreactive power priority
QindRange = zeros(length(QcapabP),1);
QcapRange = QindRange;
%Calculate reactive power capability based on the grid voltage
for i=1l:length(QcapabP)
QindRange(i) = interp1(QcapabU,QindChart(i,:),Vpcc);
QcapRange(i) = interp1(QcapabU,QcapChart(i,:),V pco);
end
maxQind = QindRange(1);
maxQcap = QcapRange(1);
minQind = QindRange(end);
minQcap = QcapRange(end);
%Set the reactive power output according to the limits and the
%0Q setpoint
if Qset >= maxQcap && Qset <= maxQind
windPlantQ = Qset;
else
if Qset<O
windPlantQ = maxQcap;
else
windPlantQ = maxQind;
end
end
%Calculate the active power capability according to the output
%reactive power
if (windPlantQ >= 0 && windPlantQ <= minQind) || (windPlantQ < 0 && windPlantQ >=
minQind)
Pmax = Prated*nTurbinesOnline/1000;
elseif (windPlantQ >= 0 && windPlant Q > minQind)
Pmax=interp1(unique(QindRange),QcapabP((length(QcapabP) -
length(unique(QindRange))+1):end),windPlantQ);
else
Pmax=interpl(unique(QcapRange),QcapabP((length(QcapabP) -
length(unique(QcapRange))+1):end),windPlantQ);
end
%set the active power output according to the available wind and
%active power setpoint
windPlantP = min(Pmax,windPlantAvaPower(1));
end

windPlantP = windPlantP - Losses*nTurbinesOnline/1000;
Finally, theactive and reactive power reserves are calculated

Pres = windPlantAvaPower(1) - windPlantP;
Qresind = maxQind - windPlantQ;
Qrescap = maxQcap - windPlantQ;

2.1.1.5 Simulation Eamples

2.1.1.5.1 Example 1
Figure2.7 shows the forecasted maximum dlable power output of a 16x2.3 MW wind powplant on a
low wind day Figure2.8 shows the same output of the same wind plant but on a windy day.
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Figure 2.7 Wind power plant output on alow wind day
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Figure 2.8 Wind power plant output on a windy day

2.1.1.5.2 Example 2

In the current time step (first timestamp in the weather data), the wirmvpr plant receives a request
(Figure2.9) to work with 25 MW of active power and0 Mvar reactive power (absorption). Flag is setto 0
(active power priority). Since there is very little wind power available, the setpoint is bigger than the
available power and cannot be achievedheilefore, the model outputs the maximum available power.
Because the plant operates with low active power, there is a lot of reactive power capability ag)l the
setpoint can be easily reacheBigure2.10). Since the plant is opeiag at the maximum available active
power, there is no active power reservi@.t= 0). Reactive power production can be increased by 24rM

(Q production reserve) and reactive power consumption can be increased byw&i M
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P Q u P/Q priority (0/1)
25 -10 1,05 0

Figure 2.9 Operator request

A B c D E F G
Timestamp (yyyy-mm-dd hh:mm:ss) Power forecast (MW) Active power output (MW) Reactive power output (Mvar) Active power reserve (MW) Reactive power generation reserve (Mvar) Reactive power absorption reserve (Mvar)
1.1.2018 0:00 1,017483414 1,017483414 -10 0 24,29965033 -31,264
1.1.2018 0:10 0,511402498

1.1.2018 0:20 0,468963643| 1

1.1.2018 0:30 0
1.1.2018 0:40 0,01645145
1.1.2018 0:50 1,165430666
1.1.2018 1:00 2,564415041
1.1.2018 1:10 4,309431542
1.1.2018 1:20 3,970634856
1.1.2018 1:30 4,510389199
1.1.2018 1:40 5,001428867
1.1.2018 1:50 4,568636777
1.1.2018 2:00 3,247219509
1.1.2018 2:10 3,205849172
1.1.2018 2:20 2,967581216
1.1.2018 2:30 0,991828586
1.1.2018 2:40 0,446974176
1.1.2018 2:50 0,067790097
1.1.2018 3:00 0,839796895

Figure 2.10 Wind plant output file
2.1.2 PVTechnology

2.1.2.1 Introduction

A PV system or solar power system is a power system designed to supplyalsatslepower bymeans of
photovoltaics. It consists of an arrangement of several components, including:

1 solar panels to absorb and convert sunlight into electricity;
9 asolarinverter to change the electric current from DC to AC;
1 mounting, cabling, and other electricatcessories to set up a working system.

It may also use a solar tracking system to improve the system's overall performance and include an
integrated battery solution, as prices for storage devices are expected to decline.

Different approaches (methodologg) in PV generators modelling, i.e., PV output power/energy
calculation, may be found in the available literature. To that end, methodology based on using of solar
radiation data: direct radiatiof9], diffuse radiatior{10] or both of them[11], is widespread. On the other
hand, papers on energy potential in certain areas with the target of estimating incident energy radiated
(kwh/m?) can also be found. These researches are based on mathematical surface fi@d&8, climatic

data simulations[14], geographic information systems (GI&pB-17], and photovoltaic geographical
information system (PVGIR)g].

However, at the mment engineers as well as scientific workers, for the calculation of PV output power
often use some of many programs, suchHBSMER, System Advisor Model (SAM), PVSYS and ghailar.
example, HOMER software is the global standard for optimizing micrdgsidn in all sectors (from village
power and island utilities to gridonnected campuses and military bases). On the other hand, PVSYS is a
powerful software specially designed for photovoltaic systewtsje the SAMs a techneeconomic model
designed tdacilitate decision making for people involved in the renewable energy industry.

The developed simulation model of the PV generator withROSSBOW projastaimed at providing®V
output power forgiven input data, which includsolar irradiation and ambnt temperature.The input data
will be measurednd available in every hour affecting the final form of the simulation model. Namely, due
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to pretty wide time step between input data, it is not necessary to obtain the model which would be
capable to recogize or deal with transient processes occurred within very short timeframes.

2.1.2.2 Model of the PV plant

The starting point for developing this model is basedtiom HOMER methodology. In order to be more
precise, the output power of the model is calculated gsifOMER PV array output power equation.

Generally, HOMER is a program devoted to simulation and optimization of hybrid power systems including
conventional power sources aridGsbased on renewable energy sources. A user can create different
scenarios foa system and HOMER optimizes the system by comparing each scenario and finding the most
costeffective solution for the given conditions such as weather (solar radiation, temperature) and energy
cost. More information about HOMER can be foum{lL9].

The essence of the HOMER methodology is the following equation:

. 0
0 O Q= p Y Y (2.9
Op

where:

0 - output power of the mode[kW];
@ ¢the rated capacity of the PV array, meaning its power output under standard test condkiafhs
"Q ¢ the PV derating factor [%];

"O ¢ the solar radiation incident on the PV array in the current time st&Wifix’];
Oy ¢ theincident radiation at standard test conditiona\fkm?;

| ¢the temperature coefficient bpower [%/°C];

“Y ¢ the PV cell temperature in the current time step [°C];

Yy  ¢the PV cell temperature under standard test conditions [25°C].

The cell temperaturéY can be calculated in the following way:

= hO 0 f po || Yh

(2.10)

where:
“Y ¢ the ambient tempeature [°C];

“Yi ¢ the ambient temperature at which th@ormal operating cell temperature (NOC§)defined
[20°C];

— i ¢the maximum power point efficiency under standard test conditions [%];
0¢ the solar transmittance of anyoger over the PV array [%];
| ¢the solar absorbance of the PV array [%].

Therefore, according to the HOMER methodology the whole process of the PV power output calculation
relies on theequations 2.9) and (210). The parameters i(2.9) and (210) are kown either as input data
or as data which can be found on the PV array name plate.

However, the calculation of total irradiation on the collector is based on SAM Photovoltaic Model Technical
Referencd20].

For defining irradiation, the primarmgoncernis making assessment of the sun position.
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2.1.2.2.1 SunPosition

The pocess of precise assessment of sposition is based on couple of step§he frst step is
determination of effective time in hours for the current time stdfpllowing thissun angles calculated
andthe calculation of the extraterrestrial radiation for the current hasdeterminedat the end

i Effective Time

Effective time is represented with equatio?.{1) [20]:

. . wi WT W
QO 0 QOE WP o P DI p WT w+ QQS(%— VPULTU (2.11)

where variableQo & 1©éhé Julian date of the preceding noon plus the number of hours since then. The
Julian day is defed as the number of days §incecm on January 1, 2000. Variakdeirepresent yearp
Aa 201 GA 2y QR4sihe Yukan dag of the yeay, R

1 Sun Angles

The sun angles, whidre used for designing this model, are the altitude arigleleclination angle and
zenith argle Z Also, as irf20], this model includes the equation of sun azimuth angter use in the
incidentirradiance calculations.

The sun angle calculation for a given dirstep is based on determinirthe ecliptic coordinates of the
location. The ecliptic coordinate variables are the mean longitude, mean anomaly, ecliptic longitude, and
obliquity of the edptic, which are describeby equations 2.12-2.15):

Gt aéecQuame MoPuv QOE T QHE (2.12)
whered ¢ a ¢X38Q YSIy f2y3aAihdzes<860y RSIANBSaA 60X
dédbééélp—w]gua(c PP L @ RITQOE (2.13)
whered ¢ @& & @& YSIY | y2YIdeehiAédd BT RA L ya o nX
QG "Q ﬁ%éc‘xéép&péééé e ¢ a8t QEJat 0t € a (2.14)
whereQ o & §s8)® A LG A O f 2y INDARE " RTY NI RAIFYy & 061X
é&d'%ﬁaowrﬁtnnnbdxd'mbé (2.15)
where¢ @ ai€abliquity of edptic in radians.
The right ascension in radians is calculated as follows:
ATOOaQFQO A £ £Q

- I,”AOA:OHAl‘Q)’(x)GAETE‘ Q QN Qwa € £T1IQ 015
Vo o OLPOUARIOAEE D P e QEDHG £ &7
Cp Al QOwae e Q
The solar declination angle is descritisdthefollowing equation:
1 AOAOEIOGEEM O ¢ ¢ Q (2.17)
[20Ff YSIYy aAARSMKMBKENGXYS Ay K2dzNB 051X
aai 0Qai o? : (2.18)

whered € ig longitude in degrees, an@a i iothe Greenwhich mean sidereal time in hours:
"QGi 0pH o X 0 XTBT @ U X TT WAHCOT 'R £ (2.19
The hour agle is calculated in radians (fO< 0 Y
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O pu—aai oo
pum (2.20)
"On w Ch "Q’m : .
° &% b -
where"O0is variable for hour angle.
The sun zenith angl®is describedy thefollowingequation:
@ | (2.20)

C
 Extraterrestrial Radiation

Extraterrestrial radiatiofiOis the solarradia A 2y | G GKS (2L 2F (K$tcaBbaNI KQA&

calculated as followg0]:

O o T8t cm—é—o e &
PO P o UTO QU
20 ATdOQ® & i EOD 2.2)
0o 0O QQ m

TR mm @MY <

2.1.2.2.2 Surface Angles

Tilt anglg and azimuth anglg¢ define the surface orientation. The sucta angles depend on whether
the subarray is fixed, or mounted on cwae&is or tweaxis. Surfaces with oraxis trackers have a third
surface angle defining its rotation around the tracking axis.

1 Incidence Angle

The angle of incidence is the sun incideaogle defined as the angle between beam irradiance and a line
normal to the subarray surface. It can be calculated usj@y and/ :
® OKIATIO 1 OEBET ATAIiro
0@ o
500 mMQ@Q ph GEIOXTAGEOAAEET C
i VP ® p

2.23)

where AOlis angle of incidence.

Asthe surface azimuth and tilt angle values depend on the tracking options of the PV model, there are
some differences in equatiorier different tracking systems:

1) Fora fixed surface:

_ (2.24)
2) Forone-axis tracking:
[
- (2.5)
3) For twoaxis tracking:
f )
(2.2%%)
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2.1.2.2.3 Incidence Irradiance
The incident irradiance is the solar irradiance incident onplame of the photovoltaic array in a given time
step. For each time step in the simulation, the incident irradiance algorithm stej@@re

1. Calculate the angle of incidence.
2. Calculate the beam irradiance on a horizontal surface.
3. Check to see if the beam irradiance on a horizontal surface exceeds the extraterrestrial radfiation.

beam irradiancen horizontal surfacés higher tharextraterrestrial radiation, model will generate an error
flag that terminates the calculation process.

4. Calculate the incident beam irradiance.

5. Calculate the sky diffuse horizontal irradiance using one of theetlsky diffuse irradiance
methods.

6. Calculate the groundeflected irradiance.

The incident beam irradiance is solar energy that reaches the surface in a straight line from the sun and it is
calculatedusingthe following equatiorf20]:

"0 Oméi 6060 (2.27)
Incident sky diffuse irradianc® is solar energy that has been scatteredrbglecules and particles in the
SINIKQa FGY24LIKSNBE 0ST2NB NBIFOKAy3a (GKS adaNFI OS 27F
There are three different sky diffuse irradiance models. In our case Perez model is used for this calculation
(Table2.2) [20].

Table 2.2 Perez sky diffuse irradiance model coefficients

fu fiz Sz fai n s
£ <1.065 | —0.0083117 0.5877285 —0.0620636 | —0.0596012 0.0721249 —-0.0220216
<123 0.1299457 0.6825954 —0.1513752 | —0.0189325 0.065965  —0.0288748
e<1.3 0.3296958  0.4868735 —0.2210058 0.055414  —0.0639588 —0.0260542
£<1.95 0.5682053 0.1874525 —0.295129 0.1088631 —0.1519229 —0.0139754
e<28 0.873028 —0.3920403 —-0.3616149 0.2255647 —0.4620442 0.0012448
<45 1.1326077 —1.2367284 —0.4118494 02877813 —0.8230357 0.0558651
£<6.2 1.0601591 —1.5999137 —0.3589221 0.2642124 —1.127234 0.1310694
£>6.2 0.677747 —0.3272588 —0.2504286 0.1561313 —1.3765031 0.2506212

The @mrametersa andb describe the view of the sky from the perspective of the surface:
“w | Agfwéi 600

B A m o m e u (2.28)
w | Adedivhbe i 000
¢KS aile Of 5538k 8and the suh kehitk angl@in degrees:
O O ..
"o ® (2.29)
P
The absolute optical air mass with the incidence abgead sun zenith anglgin degrees:
60 wéi AMpuvw@s o 8 (2.30)
The sky clearnegsassumes an extrateestrial irradiance value of 1.36%/m?:
. .. 00D (2.31)
POGX
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The coefficients/, and F, are empirical functions of the sky clearnessind describe circumsolar and
horizon brightness, respectively. The sun zenith adggdan radians:

i Agh'Q -
0 0 -

-
yQ

yQ -

&0
&Q -

2.2)

For calculating coefficient§, and F, this model uses valuegivenin Table2.2. Firsty, it is necessary to
calculate sky clearness coefficientand thento determinate the value of thd from Table2.2.

The isotropic, circumsolar, and horizon brightening components of the sky diffuse irradiance

0

i DE i
de WP JO pT"&"@)‘@J O wmEOT ODT i

o (2.33)

0

Tt

L8

2.3)

The incident groundeflected irradiance is solar energy that réas the array surface after reflecting from

wE
O O0p O p
»
O 0O0-=
w
O OO0 Q&r
The Perez incident diffuse irradiance:
O O O
the ground.
O "O0Méi ®

p

C

T 2.%)

It is a function of the beam normal irradiance and sun zenith angle, sky diffuse irradiance, and ground

reflectance (albedo).

Now, the sadr radiation incidence on the PV array can be calculated as the sum of beam, diffuse and

groundreflected irradiance:

© 0 O ©

2.1.2.3 Model Configuration

(2.3)

In order to calculate output power, simulations are carried out in Matlalbveari.

The main parameters of the PV power plant are givefMable2.3 and are representd in anExcel file.The

parameters correspond to a relife PV plant.

Table 2.3 Input parameters of the PV power plant

Distance between centers of the panels in one row [m]
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INVERTER
Efficiency 0.97 0.0 0985 0098 0.98d 0.987 0.98§
Power 100| 200| 450] 650] 1100 1800 2309
PV VALUE

Rated capacity of the PV array 2.178

PV derating factor 0.97

Incident radiation at standard test conditions [W/m”2] 1000

PV cell temperature under standard test conditions [*0C] 25

Solar radiation at which the NOCT is defined [W/m”2] 800

Ambient temperature at which the NOCT is defined [*0C] 20

Temperature coefficient of power [1/20C] 0.0041

Nominal operating cell temperature [*0C] 45

Maximum power point efficiency under standard test conditions [%]0.1697

Product of solar transmittance and solar absorbtance 0.9
Jan Feb Mar
0.57 0.56 0.53
Apr May Jun

Clearness index 0.56 0.6 0.62
Jul Aug Sep
0.66 0.64 0.61
Oct Nov Dec
0.6 0.57 0.58

Slope of the surface ["0C] 20

Albedo 0.2

Longitude -1.4

Latitude 37.96

Time zone in hours 1

Azimuth of the surface 0

Length of the module [m] 1.96

Width of the module [m] 0.992

Distance between rows [m] 7.5
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By using previously described mathematical equation for PV output power calculation, we dev#ieped
corresponding Matlab programen

The comparison between calculated PV output powsing the developed modednd output power
obtained by using PY$tis presented irFigure2.11 and Figure2.12. Both input data andneasured PV
output data relate to the same\Psystem connectetb the grid. Figure2.11 and Figure2.12 confirm high
level of matching of the calculated and measured PV output power,adequacy of the developed PV
model. In order to achieve more accurate calculation of power outpuhdsspeed and oneand two-axis
tracking will be taken into account in the next model development phase.

# ; — —f— - Estimated Values
18 __ : ;a v 1 e o L Measured alues
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Figure 2.11 PV output power: the comparison between calculated and measured values
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Figure 2.12 PV output power: the comparison between calculated and measured values for different
periods of the year
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2.2  Dispatchable Renewable Technologies

2.2.1 Biogas Power Plant Gas Turbine

2.2.1.1 Introduction

Gas turbine technologysianother welknown and mature technology that has found its application in
many industries: from jet engines to petrochemical industry to power industry. There are different gas
turbine designs depending on the applicationgawer systems with differentange of efficiencies and
powers. Size range of modern gas turbines is between 500 kW an¥s@nd the efficiency ranges
between 2@ and 50% for simple cycle gas turbirj@g]. This efficiency can increase up to¥660r even

70% for combined cycle gas planjfl]. Simple cycle gas turbine produces electricity using only a gas
turbine driven generator. Combined cycle (cogeneration) plant uses gas turbine exhaust gases to heat
water to drive a steam tuibe which in turn drives another generator which increases overall thermal
efficiency of energy conversion. Generally, the efficiency is greater the bigger the power plant, e.g. 519 MW
GE 9HA.01 heaxguty gas turbine has approximately 43% efficiencyniglsi cycle operation, while in the
combined cycle operation the net efficiency increases to approximately [@2p6On the other hand, a

small aeroderivative gas turbine such a KW GE LM2500 has an efficiency of approximately 35% in
single cycle operation and 52% in combined cycle oper§#ign

An advantage of modern gas turbines is that a singleimgrlcan run on a variety of fuels (e.GE gas
turbine portfolio[22]). These fuels can be divided into gaseous and liquid. Some examples of gaseous fuels
are:

liquefied petrolaim gas (LPG);
natural gas;

liquefied natural gas (LNG);
syngas;

landfill/digester gas (biogas).

=a =4 -4 -8 -9

Some examples of liquid fuels are:

1 Dbiodiesel;

1 alcohols (ethanol, methanol);
T kerosene/jet fuel,

1 gasoline;

9 crude oils.

It should be noted that a lot of (small) wer plants that run on biogas do not actually use gas turbines, but
something akin to conventional internal combustion engines that can run on gas produced by
decomposition of bio waste.

Gas turbines are often called mass flow devices due to the factlilegttake in significantly more air than

is required for stoichiometric combustid23]. Therefore, the thermal efficiency of a gas turbine depends
on the compressor pressure ratithe firing temperature and the inlet air characteristics. More specifically,
inlet air characteristics are the pressure, temperature and humidity which can significantly change the
performance of the turbing21]. This is why the geographical location is an important parameter when
choosing an appropriate gas turbine (hot/cold climates, elevation alse@elevel). Furthermore, efficiency
also depends on the loading of the power plant. The plant is the most efficient at full load and efficiency
drops when working with partial log@3].

Gas turbines often operate as peaking plants in power systems that do not have adequate hydro power
resources. Gas turbine can go from shutdown to full load inside 15 minRBsand their ramp rate is
several tens of MW/min depending on the plant size.
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2.2.1.2 Biogas Plant Modelling and Methodology

Gas turbines can achieve any desired setpoint between the minimum and maximum operating power and
the amount of fuel necessary foombustion will depend on the operating point. Calculation of the fuel
consumption of the plant is shown later in this section. Power output of a biogas plant is calculated
accordingo (2.37):

(2.37)

Ca Cca
Ca Ca

Minimum and maximum power limits depend on the turbine limitations. If the maximum turbine power is
greater than the rated (hominal) turbine power, dh the turbine can produce moe power than the

nominal power depending on the inlet air conditions. Rated power of the turbine is defined for the
standard ISO conditions for gas turbirff@d]: 15 degrees Celsius, sea level elevation pressure (1013 hPa)
and 60% relative humidity. Therefore, depending on the inlet air characteristics the ambient conditions will
deviate from the standard ISO conditions and theximaum available power that can be produced has to

be calculated by correcting the rated power using temperature, humidity and pressure correction factors
GKAOK Ydzad oS 200FAYSR FTNBY (KS YIydzZFlI OGdzNtBidD & R
can often be neglected2l], therefore some manufacturers only give correction by temperatune a
elevation, e.g.[23] (seeFigure2.13andFigure2.14).

Net Power vs. Ambient Temperature at Sea Level

250

Power Limited by
Gas Microturbine

/ Operational

/ %
Power Limited by 1SO Basis of

200

i 150 Power Electronics Nameplate
5 Current Capability Rating
E
o
o
2 100

50

0
10 20 30 40 50 60 70 80 20 100 110 120

Ambient Temperature [°F]

Figure 2.13 Net power vs. ambient temperature curves for a 200 kW microturbine
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Nominal C200 Engine
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Figure 2.14 Impact of elevation on gas microturbine performance
However, in the proposed model relative humidity effects have also been takeadntmunt. Temperature,
humidity and air pressure effects have been taken as mutually independent correction factors that multiply
the rated power to obtain the maximum obtainabpewer (238). Overallrelationship between gas turbine
efficiency and ambientonditions is such that the efficiency is decreased for increased temperature,
increased relative humidity and decreased air pres$ig

0 0-— Y- - YO (2.38)
An example of correction factorsis shown irFigure2.15.

Ambient temperature (C) Temperature correction factor Relative humidity (%) Humidity correction factor Ambient air pressure (hPa) Pressure correction factor

-20,000 1,15 0 1 800 0,7783
-19,000 1,15 5 0,9998995 810 0,78867
-18,000 1,15 10 0,999798 820 0,79904
-17,000 1,15 15 0,9996955 830 0,80941
-16,000 1,14 20 0,999592 340 0,81978
-15,000 1,14 25 0,9994875 850 0,83015
-14,000 1,14 30 0,999382 860 0,84052
-13,000 1,13 35 0,9992755 870 0,85089
-12,000 1,13 40 0,999168 830 0,86126
-11,000 1,13 45 0,9990595 890 0,87163
-10,000 1,12 50 0,99895 500 0,882

-9,000 1,12 55 0,9988395 910 0,89237

-8,000 1,12 60 0,998728 920 0,90274

-7,000 1,11 65 0,9986155 930 0,91311

Figure 2.15 Ambient conditions correction factors
Thefinal maximum output power limit depends on the minimum of available power and the mechanical
maximum of theurbine 2.39).

0 i ED M (2.39)
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2.2.1.2.1 Fuel Consumption

Fuel consumption of a gas turbine dapls on the loading of the turbine. Generally, gas turbines are more
efficient at rated load than at partial load. This model calculates the fuel consumpti@ased on active
power setpoint and the ambienveather .40) [21]:

0
- Y- n- YO 0

Example of a turbine efficency vs loading of a 140 MW gas turbine is shéiguie2.16.

o) (2.40)

0.43 \ T T —

042} /

0.41

T
e

0.4
0.39
0.38
0.37 [

0.36 [

0.35 ! I I I ! I I !
50 60 70 80 90 100 110 120 130 140

Figure 2.16 Efficiency t| || ® Vs. loading | * ™MW) of a gas turbine

2.2.1.2.2 Active and Reactive Power Control

The gas turbine model takes into account the act®eahd reactive@) power setpoints. The active power
setpoint is checked against the calated constraints which have been explained in the previous section.
The reactive power capability depends on the output active power and terminal voltage. The reactive
power capability chart is a classical chart of synchronous generators.

2.2.1.3 Model Structue
The model consists of the following MATLAB {igeeTable2.4 for input/output dataof the model)

1 Biogas_modelm 1 MATLAB script which reads input files, calculates new set points and
creates new output file with them;

1 readBGPParameters.m 1 MATLAB function for redny input data from Excel files;

1 weathe rDataParser.m T MATLAB script which parses the weather measurement data
similar to the wind power plant model. It removes missing data, etc.

Biogas power plant (BGPP) is desatlilvith the following parameters iBiogasPlantData.xIsx

 Generator data

9 Turbine data

I Temperature, humidity and pressure correction factors

9 Turbine gross efficiency with respect to turbine loading

1 Reactive power limits as function of active power étp and grid voltage

Current (starting) setpoint is defined BiogasCurrent  .xIsx :

1 Active power generation
1 Reactive power generation

Operator request is acquired froBiogasRequest.xlsx which contains
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1 Active power request
1 Reactive power request
1 Assumed or measured terminal voltage

Whenthe operator (upper control algorithm) sesnew set point in the request, it should avoid infeasible
requests (ramp constraint, minimal active power etc.) but this model will also verify it and calculate
obtainablesolution in the following steps:

1 Determine maximal generator active power based on ambient conditions and other constraints
1 Determine active power setpoint by verifying:

o If requested power is lower than minimal power

o If requested power is bigger than maal power

o If ramp constraints are satisfied
1 Determine reactive power capabilities for active power setpoint

Output fileBGoutput.xlsx  contains following information:

Timestamp

Available maximum power based on weather forecast without technical cantsdra
Available maximum power based on weather forecast with technical constraints
Active power

Reactive power

Active power reserve

Inductive reactive power reserye

Capacitive reactive power reserve

= =4 -8 4 -8 _a_a_2

The input files are located in tHeata subfolderof the Biogas power plant model folder by default.
All these files must exist for the model to run successfully. You can see how the input data is structured in
the files themselves and the model only knows how to read files that are structured the wagrde

Neither electremechanical dynamics nor thermodynamare taken into account inte CROSSBONIbgas
power plant modelbecause these phenomena are much fasfgd] (seconds to minutes) than the
simulation time step (15 minutes to 1 howhd gas turbines are very faghey can go from shutown to

full power inside 15 minutef22]). Based on the weather forecast data and calculated operational limits, it
outputs the requested active and reactive power setpoints. If the setpoints are bigger than the limits, then
the modd outputs the maximum limits.

The model is not fast since reading and writing iBtoel files is not very efficient.
Table 2.4 CROSSBOW biogas power plant model input/output data

Weather data (input)

Data Unit Comment

Timestamp YYY¥IM-DD HH:MM:SS String data type, arbitrary
resolution (10 minutes/15
minutes/1 hour)

Ambient temperature Celsius From measurements

Relative humidity Percentage From measurements

Air pressure hPa From measurements

Active and eactive power setpoints (input)

Data Unit Comment

Active power P MW operator/supervisory control
request
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Active and reactive power setpoints (input)

Data

Unit

Comment

Reactive power Q

Mvar

operator/supervisory control
request

Grid voltage at point otommon
coupling

Per unit or nominal bus voltage

Measured data or estimated dat

Biogas plant parameterénput)

Data Unit Comment

Time step min Simulation time step
Turbine rated power MW Manufacturer data
Turbine minimum power MW Manufacturer data
Turbine maximum power MW Manufacturer data
Ramp up constraints MW/min Manufacturer data
Ramp down constraint MW/min Manufacturer data

Reactive power chart

P (kW), voltage (p.u.) and Q (kvg

Manufacturer data

Temperature correction factors

Ambient temgerature (C) vs
correction factor (p.u.)

Manufacturer data

Humidity correction factors

Relative humidity (%) vs.
correction factor (p.u.)

Manufacturer data

Pressure correction factors

Air pressure (hPa) vs correction
factor (p.u.)

Manufacturer data

Grosdoad efficiency correction

Output power (MW) vs.
correction factor

Manufacturer data

Biogas plant outputoutput)

Data

Unit

Comment

Timestamp

YYY¥M-DD HH:MM:SS

String data type, arbitrary
resolution (10 minutes/15
minutes/1 hour)

Active power forecst with no| MW calculated by model
technical limits
Fuel consumption forecast with MW calculated by model
technical limits
Active power forecast with MW calculated by model
technical limits
Fuel consumption forecast witf MW calculatedby model
technical limits
Active power output MW calculated by model
Fuel consumption MW calculated by model
Reactive power output Mvar calculated by model
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Biogas plant outputoutput)
Data Unit Comment
Active power reserve MW calculated by model
Reactive power geaaration | Mvar calculated by model
reserve
Reactive power consumptio| Mvar calculated by model
reserve

2.2.1.4 Code Examples
In this sectionthe main parts of the biogas model MATLAB code will be shown. Not all code is shown.

2.2.1.4.1 Reading Biogas Plant Parameters an@é&ther Data
%Plant parameters

BiogasPlantData = readBGPParameters( './Data/BiogasPlantData.xIsx' );
tau = cell2mat(BiogasPlantData{1,1}(1,2)); %min

Pturnom = cell2mat(BiogasPlantData{1,1}(2,2)); %MW

Pgen_min = cell2mat(BiogasPlantData{1,1}(3,2)); %MW

Pgen_max = cell2mat(BiogasPlantData{1,1}(4,2)); %MW

dPgen_up = cell2Zmat(BiogasPlantData{1,1}(5,2)); %MW/min
dPgen_down = cell2mat(BiogasPlantData{1,1}(6,2)); %MW/min

%Q capability curves Q=f(P,U)

QcapabP = cell2Zmat(BiogasPlantData{1,2}(2:end,1));
QcapabU = cell2mat(BiogasPlantData{1,2}(1,2:end))’;
[Pmesh, Umesh] = meshgrid(QcapabP, QcapabU);
QcapChart = cell2mat(BiogasPlantData{1,2}(2:end,2:end));
QindChart = cell2mat(BiogasPlantData{1,3}(2:end,2:end));

%Biogas output power correction factors for temperature, humidity and
%pressure of ambient air at the inlet

%These are lookup tables

corrT = cell2mat(BiogasPlantData{1,4}(2:end,1:2));

corrH = cell2mat(BiogasPlantData{1,5}(2:end,1:2));

corrP = cellzmat(BiogasPlantData{1,6}(2:end,1:2));

2.2.1.4.2 Calculation & Maximum Active Power Forecast Based on Weather Data and Calculation of
Active/Reactive Power Setpoints

Here the maximum available biogas power is based on weather forecast of ambient air at the gas turbine

compressor inlet. The actual maximum is cal®daaccording toexpression(2.39). Constraintsare also

based on up and down ramp constraints.

%calculate power correction factors temperature, humidity, pressure

eta_t = interp1(corrT(:,1),corrT(:,2),airTemp, 'linear' ,'extrap'  );
eta_h = interpl(corrH(:,1 ),corrH(:,2),relHumidity, 'linear' ,'extrap’  );
eta_p = interpl(corrP(:,1),corrP(:,2),pressurePa, 'linear' , 'extrap’  );

%calculate available biogas power forecast based on correction factors
%impose output power limits on available power

biogasAvaPower = Ptu rnom.*eta_t.*eta_h.*eta_p;
biogasAvaPowerWithLim = min(max(biogasAvaPower, Pgen_min),Pgen_max);

for i=1:length(Preq_array)
Preq = Preq_array(i);
Qreq = Qreq_array(i);

Vpcc = Vpcce_array(i);
Pgen_max = biogasAvaPowerWithLim(i);
%OUTPUT POWER CALCULATION BASED ON PQ REQUEST

if Preq == Pinit
Pset = Preq;
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elseif (Preq < Pgen_min)
Pset = 0;

elseif Preq > Pgen_max
Pset = Pgen_max;

else
dPreq = Preq - Pinit; %requested active power ch ange
if dPreq > dPgen_up*tau
dPset = dPgen_up*tau; %max available up
elseif dPreq < - dPgen_down*tau
dPset = dPgen_down*tau; %max available down
else
dPset = dPreq;
end
Pset = Pinit + dPset;
end

% calculate new available reactive power
Qmax = interp2(Pmesh,Umesh,QindChart',abs(Pset),Vpcc);
Qmin = interp2(Pmesh,Umesh,QcapChart',abs(Pset),Vpcc);
if  Qreq < Qmin % repeat
Qset = Qmin;
elseif Qreq > Qmax
Qset = Qmax;
else
Qset = Qreq;
end

%Fill the output arrays P, Q, volume, Q reserves
Pout(i) = Pset;
Qout(i) = Qset;

Pres(i) = Pgen_max - Pset;
Qindres(i) = Qmax - Qset;
Qcapres(i) = Qmin - Qset;
%Reinitialize for the next time step
Pinit = Pset;

Qinit = Qset;

end

2.2.1.5 Simulation Examples

2.2.1.5.1 Example 1

The model reads weather forecasFigure 2.17) and requested setpoints for a cemainumber of
timestamps Figure2.18). The nodel outputs available biogas power without technical constrafRrigue
2.19), available biogas power with technical constrairEsy(re2.20) and active/reactive power output
(Figure2.21). Biogas plant is a 140 MW plant with 15 MW/min ramp constraint based on manufacturer
data for a GE GT13E2 gas turbine fi@%. Correction factors have been arbitrarily generated based on
numerical approximations frof21] because tkse data weraot available
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A B c D
Preassure

1 |TimeStamp T2 {°C) Humidity (%) (hPa)
2 |2018-01-01 00:00:00 4,32918 24,0104 972,005
3 |2018-01-01 00:10:00 4,60277 53,1956 971,957
4 |2018-01-01 00:20:00 4,75357 51,9941 971,877
5 | 2018-01-01 00:30:00 4,71493 52,0172 971,786
6 |2018-01-01 00:40:00 4,74069 51,5473 971,769
7 | 2018-01-01 00:50:00 4,62047 51,8312 971,638
8 |2018-01-01 01:00:00 4,54695 52,303 971,604
9 |2018-01-01 01:10:00 4,52666 22,4381 971,596
10 (2018-01-01 01:20:00 4,45982 52,8829 971,62
11 |2018-01-01 01:30:00 4,31473 53,7971 971,583
12 |2018-01-01 01:40:00 4,29549 54,1456 971,559
13 |2018-01-01 01:50:00 4,35368 53,9003 971,596
14 |2018-01-01 02:00:00 4,46646 53,1886 971,623
15 (2018-01-01 02:10:00 44758 53,1956 971,553
16 (2018-01-01 02:20:00 4,54567 22,935 971,31

Figure 2.17 Input weather data for gas turbine

Figure 2.18 P and Q setpoint request

Figure 2.19 Biogas maximum available power forecast without constraints
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