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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 distributed generators (DGs). The rapid growth in DG 
installed capacity and the trend of displacement of fossil-fuelled 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 of DGs will have to be employed. Hybrid renewable 
energy source dispatchable units (HRES-DUs), consisting of different generation and storage technologies, 
have been recognized as a potential solution for providing more stable and controllable power output from 
renewable energy sources (RESs). Utilization 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 of RESs, is possible only through the implementation of an adequate 
control system of the whole HRES-DU. Due to complementary properties of different sources and a single 
control system of the whole plant, HRES-DUs can behave as dispatchable power plants at the point of 
common coupling, and thus participate in the provision of the grid regulation services traditionally provided 
by conventional power plants.  

The aim of the Work Package 5 (WP5) is to suggest solutions to the identified challenges in existing and 
future transmission network operation, relying on efficient utilisation of HRES-DUs. The WP will study the 
integration of non-dispatchable and dispatchable RESs along with battery energy storage technologies 
under an advanced control system in order to provide flexible and firm electricity supply to transmission 
and distribution system operators. The result of this WP will be a techno economic framework, algorithms 
and feasibility analysis of the use of HRES-DUs in improvement of the operation of power systems with a 
large share of DGs.  

This deliverable represents the first step towards the development of HRES-DU control system, that is, 
Manager of Energy for Hybrid Plants (ME4HP) tool. The document introduces a two-level library of 
simulation models of HRES-5¦Ωǎ ƛƴŘƛǾƛŘǳŀƭ ǘŜŎƘƴƻƭƻƎƛŜǎΦ ¢ƘŜ ŦƛǊǎǘ ƭƛōǊŀǊȅ level consists of static models 
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 the results obtained 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 the simulation model library is comprised of dynamic models 
that are adequate for representing the analysed technologies in large transmission system stability studies. 
These dynamic models represent the foundation for developing an equivalent dynamic model of the whole 
HRES-DU, required to assess the combined contribution of all individual 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 adaptation of HRES-DU to system 
operator requirements in terms of power, voltage, frequency, etc.  

The WP5 will focus on electricity production, although cost estimation and material consumption will be 
the outputs of the high level model libraries that will be developed during the next stages of WP. Therefore, 
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 graphical user interface for ME4HP system. 

According to the original Description of Actions, the report should contain an overview of the available 
storage technologies that could be combined with RES technologies in order to ensure stable and reliable 
power output from HRES-DUs. However, the comprehensive analysis has already been provided in 
ŘŜƭƛǾŜǊŀōƭŜ /wh{{.h² 5сΦм άAnalysis of existing infrastructure and feasibility of cross border energy 
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storageέΦ Therefore, this deliverable will not provide the review of storage technologies, and the future 
work in WP5 will rely on the findings presented in D6.1.  
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1 INTRODUCTION 
 

1.1 PURPOSE OF THE DOCUMENT 

The main objective of Work Package 5 (WP5) CROSSBOW Hybrid Renewable Energy Source Dispatchable 
Unit (HRES-DU) is the integration of non-dispatchable and dispatchable renewable energy source (RES) 
technologies along with energy storage units under an advanced control system in order to obtain a 
dispatchable, firm and fully-flexible power plant capable of meeting the requirements imposed by 
transmission system operators (TSOs). The combination of non-dispatchable RES, such as wind plants and 
photovoltaic (PV) systems, with dispatchable RES (biogas, biomass and pumped hydro technology) and 
battery energy storage systems (redox-flow and lithium-ion batteries), should provide more secure, stable 
and cleaner electricity supply.  

This document sets the foundation for the development of the control and management system of the 
whole HRES-DU, i.e., Manager of Energy for Hybrid Plants (ME4HP), as well as the equivalent dynamic 
model of the hybrid plant. The report is focused on the modelling of the individual technologies that will be 
integrated in HRES-DU. Furthermore, the document includes the analysis on the main economic costs of 
the considered technologies and provides the initial graphical user interface (GUI) design for ME4HP. 

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 HRES-DU in WP5. The core components of the static models that 
provide the forecast of technology production level on the basis of variable weather inputs, along with the 
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 models developed within a similar H2020 
ǇǊƻƧŜŎǘ όDwL5{h[ ǇǊƻƧŜŎǘύΣ ŎƻƳƳŜǊŎƛŀƭ ǎƻŦǘǿŀǊŜ ǇŀŎƪŀƎŜǎ ŀƴŘκƻǊ ǊŜŀƭ ǇƻǿŜǊ ǇƭŀƴǘǎΩ ƻǇŜǊŀǘƛƻƴ ŘŀǘŀΦ ¢ƘŜ 
report also provides a comprehensive description of the dynamic models of individual technologies that are 
recommended by relevant technical committees. The models are suitable for the representation of the 
dynamic behaviour of HRES-5¦Ωǎ ƪŜȅ ŜǉǳƛǇƳŜƴǘ ƛƴ ǘǊŀƴǎƳƛǎǎƛƻƴ ǎȅǎǘŜƳ ǎǘŀōƛƭƛǘȅ ǎǘǳŘƛŜǎ and represent the 
foundation for deriving the equivalent dynamic model of the whole HRES-DU. Furthermore, the document 
includes the economic analysis on the generation and storage technologies, which is a basis for the 
development of algorithms for the optimal design of a cost-effective HRES-DU capable of meeting grid and 
market requirements. Following this, the preliminary design of the GUI for ME4HP is 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, focusing on 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-DU.  

Section 3 presents the results of the validation process of the static 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 analysis on the main economic costs associated with the application of the considered 
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 MODELLING OF RENEWABLE GENERATION AND STORAGE 
TECHNOLOGIES IN HYBRID RES-DU 

2.1 Non-dispatchable 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 encourage RESs integration in their respective electric power 
systems. Besides the hydro power, which is a conventional RES, PV plants and wind power plants (WPPs) 
are the most popular RES and their rate-of-penetration has been exponentially growing for the last 20 
years. According 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 in 2017 [1]. In the 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% [2]. However, since the sun and wind are intermittent sources and not 
always available at all times, the total net electricity generation is lower: around 10% for wind and 3.5% for 
solar in the EU for the year 2016 [3]. 

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 and control 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 and Methodology 

A wind power plant consists of several wind turbine generators connected to the grid through a single point 
of common coupling (PCC). 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 horizontal-axis variable-speed 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 energy yield. Figure 2.1 and Figure 2.2 show the two 
variable-speed concepts used today. 

 

Figure 2.1 Partial scale converter wind turbine generator (DFIG) 
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Figure 2.2 Full scale converter wind turbine generator 

Figure 2.1 shows the topology with a partial-scale converter employing a wound rotor induction generator. 
This type is most often called doubly-fed induction generator (DFIG). The power converter transfers around 
30% of the maximum stator power. Figure 2.2 shows the topology with a full-scale converter. This 
converter transfers the full rated power of the turbine and completely decouples the wind energy 
conversion system from the grid.  

Each of the subsystems above can be modelled in more or less details, depending on the application [4]. 
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 vary along the blade length and height and the turbulence also 
varies with the type of terrain [5]. Furthermore, wind turbines are geographically 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, each winŘ ǘǳǊōƛƴŜ ǿƛƭƭ άǎŜŜέ ŀ ŘƛŦŦŜǊŜƴǘ ŜŦŦŜŎǘƛǾŜ ǿƛƴŘ ǎǇŜŜŘΦ /ƻƳǇǳǘŀǘƛƻƴŀƭ ŦƭǳƛŘ ŘȅƴŀƳƛŎǎ ŀƴŘ 
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 known only to the manufacturer. 
Meanwhile, to analytically describe the 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 basis and 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 basic physical principles and provide a 
good enough estimate of the actual wind turbine behaviour with the available limited amount of data. 

Wind power plant model for the purposes of HRES-DU is relatively simple. The purpose of the model is 
using it in economic dispatch 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 step [5]. The model outputs the available wind power based on the weather measurements 
ŀƴŘ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ŜƭŜŎǘǊƛŎŀƭ ǇƻǿŜǊ ǾǎΦ ǿƛƴŘ ǎǇŜŜŘ ŎǳǊǾŜΦ ²ƛƴŘ ǎǇŜŜŘ ŎƘŀƴƎŜǎ ŘƛǊŜŎǘƛƻƴ ǊŜƭŀǘƛǾŜ ǘƻ the 
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 ɾ which reduces the wind power output by a factor of ÃÏÓɾ. 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 is measured at 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 because, 
as explained before, we are talking about 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 air pressure, temperature and 
humidity which impact the air density and therefore the wind power output. 

Wind power from the kinetic energy of the wind is calculated by (2.1) [5]: 

ὖ
ρ

ς
”ὃὺ  (2.1) 
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” is the air density (kg/m3); ὃ is the rotor swept area (m2) and ὺ  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 
coefficient ὅ (2.2). The theoretical maximum value of ὅ is 0.59 and it is ŎŀƭƭŜŘ .ŜǘȊΩǎ ƭƛƳƛǘΦ Lƴ ǇǊŀŎǘƛŎŜΣ ǘƘƛǎ 

coefficient is around 0.44 [5]. The value of this coefficient depends on the turbine rotor speed, wind speed 
and pitch angle [5]: 

ὖ
ρ

ς
ʍὃὺὅ ὖὅ (2.2) 

The CROSSBOW wind power plant model calculates the wind turbine power output based on the 
ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇƻǿŜǊ ŎǳǊǾŜ of a single turbine (Figure 2.3). 

 

Figure 2.3 Wind turbine power curve [6] 

However, this curve is given for standard conditions (air temperature 15 degrees C, air pressure 1013 mBar 
and air density of 1.225 kg/m3). The density of the air changes with the temperature, air pressure and 
humidity, all of which are measured at the weather mast. The density of the humid air ” is calculated with 
(2.3) [7]: 

”
ρ

Ὕ ςχσȢρυ

ὴ

Ὑ
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Ὑ 

Ȣ
Ȣ

 (2.3) 

where Ὕ is the air temperature in degrees C; ὴ is the total measured air pressure in Pa; ὼ is the relative 
humidity in p.u. (%/100); Ὑ  and Ὑ  are the gas constants for dry air and water vapor, (287.05 J/(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: let ɻ be 
the ratio between the air density of humid air ” and standard air density ” ρȢςςυ kg/m3: 

‌
”

”
 (2.4) 

Then, equation (2.2) can be written as (2.5) by substituting ” for ”: 
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ὖ
ρ

ς
ʍɻὃὺὅ (2.5) 

In order to calculate the available wind power for the whole wind power 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: 

ὖ ὲ ὖ  (2.6) 

2.1.1.2.1 Active and Reactive Power Control 
The wind plant model takes into account the active (P) and reactive (Q) power setpoints. The active power 
setpoint is checked against the available wind power plant power based on wind speed and the reactive 
power capability chart from the manufacturer. The reactive power capability of a wind turbine depends on 
the active power output and the grid voltage (Figure 2.4). The final output power of the wind power plant 
depends on the active and reactive power setpoints and constraints (2.7)ς(2.8). 

ὖ
ὖ ȟὖ ὖ

ὖ ὖ ὖ
 (2.7) 

ὗ
ὗ ȟ ὗ ȿὗ ȿ

ὗ ὗ ȿὗ ȿ
 (2.8) 

The wind power plant normally operates in P priority mode, that is, the reactive power output is set based 
on active power output and voltage. However, there is also Q priority mode where the reactive power is set 
first according to the reactive power limits calculated 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. 
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Figure 2.4 Reactive power capability chart of a wind turbine [8] 

2.1.1.3 Model Structure 

The wind power plant model developed for the purposes of the CROSSBOW project consists of several 
MATLAB .m files and functions. The developed model is valid for all types of wind turbine generators since 
it is based on the manufacturer data for specific wind turbines. The 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: 

¶ readWindPlantParameters.m τMATLAB 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. 

¶ readWeatherData.m τMATLAB function which reads the weather forecast data from an Excel 
file and stores them in the workspace. This function takes the weather file location as an input. 

¶ readOperatorRequest.m τMATLAB function which reads the operator request (active 
reactive power/setpoint, grid voltage) from an Excel file and stores them in the workspace. This 
function takes the setpoint file location as an input. 



CROSS BOrder management of variable renewable energies 
and storage units enabling a transnational Wholesale market 

 

 

D5.1 Modelling of non-dispatchable RES and analysis on storage alternatives to support Hybrid RES 22 

¶ windPowerForecast.m τMATLAB script which reads the required plant and forecast data, 
parses the weather forecast information to discard the missing data, calculates the normalized 
wind speed according to the weather data and outputs the wind power plant forecast according to 
the power-wind speed curve. If there are missing measurements from the weather file, those 
timestamps and rows are discarded. If the first measurement 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. 

¶ windPowerSetpoint.m τsets 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 0, 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 voltage-imposed limits and 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. 

o The script 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). 

¶ WindPowerOutput.m τprepares the calculated output data and writes into the excel file 

WPPoutput.xlsx . 

¶ runWPPmodel.m τruns 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 files (see Table 2.1 for description of the input and output data of 
the model): 

¶ PQSetpoints.xlsx τactive and reactive power setpoints (in MW and Mvar, respectively), grid 
voltage (in p.u. of rated voltage), P/Q priority flag (0-active power priority,1-reactive power 
priority); 

¶ WeatherData.xlsx τweather forecast data; 

¶ WindTurbineParameters .xlsx τvarious 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. 

¶ SimulationSetup.xlsx  ς if wind speed 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 estimate it from weather data. 

The model consists of the following output file: 

¶ WPPoutput.xlsx τoutput file: timestamp, wind power forecast, current active power output, 
current reactive power output, active power reserve, inductive reactive power reserve, capacitive 
reactive power reserve. 

The input files are located in the Data  subfolder of the wind 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 way they are. The 
location of the input file can be changed in the scripts windPowerSetpoint.m ; 
windPowerForecast.m . 

Neither electro-mechanical dynamics nor aerodynamics is taken into account in this wind power plant 
model because all those phenomena (milliseconds to seconds) and control actions will have been finished 
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by the next time-step of the simulation (10 minutes or more) [5]. Based on the weather forecast data and 
calculated operational limits, it outputs the requested active and reactive power setpoints. If the setpoints 
are larger than the limits, then the model outputs the maximum limits. 

The model is not fast since reading and writing into Excel files is not very efficient, especially when you have 
several thousand lines of weather forecast data. For the existing weather forecast file which has around 
4,500 rows of data, it takes 15-20 seconds for the model to run. 

Table 2.1 CROSSBOW wind power plant model input/output data 

Weather data (input) 

Data Unit Comment 

Timestamp YYYY-MM-DD HH:MM:SS String data type, arbitrary 
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 measurements, at 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 wind farm, 
operator/supervisory control 
request 

Grid voltage at point of common 
coupling 

Per unit or nominal bus voltage Measured data or estimated data 

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

Wind turbine parameters (input) 

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 (kvar) From manufacturer data 

Simulation setup (input) 

Data Unit Comment 

Fixed air density kg/m3 estimated/measured 

Height above ground level at 
which the wind speed is 
measured, z1 

m from weather station data 

Surface roughness z0 m estimated 

zero plane displacement, zd m estimated 

Wind power plant output (output) 

Data Unit Comment 

Timestamp YYYY-MM-DD HH:MM:SS String data 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 
reserve 

Mvar calculated by model 

Reactive power consumption 
reserve 

Mvar calculated by model 

Figure 2.5 shows an example of the weather measurement file that is taken as an input to the model. 

 

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

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 and Wind Turbine / Wind Power Plant 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 DATA FROM EXCEL 
%FILES 
windPlantData = readWindPlantParameters( './Data/WindTurbineParameters.xlsx' );  
weatherData = readWeatherData( './Data/WeatherData.xlsx' );  
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 Extracting Measurement Data for Calculations 
Here, the different weather data is divided into corresponding arrays: pressure, 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 the Available Wind Power 
Firstly, the density of humid air is calculated based on air temperature, air pressure and humidity. This air 
density is normalized (rhoAirNorm) to the standard air density (coefficient ɻ from (2.4)). Then, the 
normalized wind speed (normWindSpeed) is 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 for power output calculation using the power curve. Extrapolation is set to 0, i.e., if 
the wind speed is larger than 25 m/s the output power is zero since that is the cut-out wind speed. 
Likewise, if the wind speed is less than zero, then the output power is zero since wind speed cannot be 
negative (more precisely, negative wind speed records are possible since the wind speed is a vector, but 
this negative sign is usually corrected for in data processing). 

%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 the Plant Output Based on Operator Request 
Here, the operator (supervisory control algorithm) request is read from an Excel file: power setpoint (MW), 
reactive power setpoint (Mvar), voltage at the point of common coupling (p.u.) and the flag for 
active/reactive power priority (Figure 2.6). 
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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.xlsx' );  

  
Pset = PQsetpoint(1);  
Qset = PQsetpoint(2);  
Vpcc = 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 output (windPlantP; windPlantQ) is set according 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.  

            %Otherwise, 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  

            %Q setpoint  

            windPl antQ = Qset;  

        else  

            if  Qset < 0  

                windPlantQ = maxQcap;  

            else  

                windPlantQ = maxQind;  

            end  
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        end  

    case  1  %reactive power priority  

        QindRange = zeros(length(QcapabP),1);  

        QcapRange = QindRange;  

        %Calculate reactive power capability based on the grid voltage  

        for  i=1:length(QcapabP)  

            QindRange(i) = interp1(QcapabU,QindChart(i,:),Vpcc);  

            QcapRange(i) = interp1(QcapabU,QcapChart(i,:),V pcc);  

        end  

        maxQind = QindRange(1);  

        maxQcap = QcapRange(1);  

        minQind = QindRange(end);  

        minQcap = QcapRange(end);  

        %Set the reactive power output according to the limits and the  

            %Q setpoint  

        if   Qset >= maxQcap && Qset <= maxQind  

            windPlantQ = Qset;  

        else  

            if  Qset < 0  

                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=interp1(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, the active and reactive power reserves are calculated: 

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

2.1.1.5 Simulation Examples 

2.1.1.5.1 Example 1 
Figure 2.7 shows the forecasted maximum available power output of a 16x2.3 MW wind power plant on a 
low wind day. Figure 2.8 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 a low wind day 

 

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 wind power plant receives a request 
(Figure 2.9) to work with 25 MW of active power and -10 Mvar reactive power (absorption). Flag is set to 0 
(active power priority). Since there is very little wind power available, the setpoint is bigger than the 
available power and cannot be achieved. Therefore, the model outputs the maximum available power. 
Because the plant operates with low active power, there is a lot of reactive power capability and the Q 
setpoint can be easily reached (Figure 2.10). Since the plant is operating at the maximum available active 
power, there is no active power reserve (Pres = 0). Reactive power production can be increased by 24 Mvar 
(Q production reserve) and reactive power consumption can be increased by 31 Mvar. 
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Figure 2.9 Operator request 

 

Figure 2.10 Wind plant output file 

2.1.2 PV Technology  

2.1.2.1 Introduction 

A PV system or solar power system is a power system designed to supply usable electric power by means of 
photovoltaics. It consists of an arrangement of several components, including:  

¶ solar panels to absorb and convert sunlight into electricity;  

¶ a solar inverter to change the electric current from DC to AC; 

¶ mounting, cabling, and other electrical accessories 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 (methodologies) 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 radiation [9], diffuse radiation [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/m2) can also be found. These researches are based on mathematical surface models [12, 13], climatic 
data simulations [14], geographic information systems (GIS) [15-17], and photovoltaic geographical 
information system (PVGIS) [18]. 

However, at the moment engineers as well as scientific workers, for the calculation of PV output power 
often use some of many programs, such as HOMER, System Advisor Model (SAM), PVSYS and similar. For 
example, HOMER software is the global standard for optimizing microgrid design in all sectors (from village 
power and island utilities to grid-connected campuses and military bases). On the other hand, PVSYS is a 
powerful software specially designed for photovoltaic systems, while the SAM is a techno-economic model 
designed to facilitate decision making for people involved in the renewable energy industry. 

The developed simulation model of the PV generator within CROSSBOW project is aimed at providing PV 
output power for given input data, which include solar irradiation and ambient temperature. The input data 
will be measured and 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 recognize 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 based on the HOMER methodology. In order to be more 
precise, the output power of the model is calculated using HOMER PV array output power equation.  

Generally, HOMER is a program devoted to simulation and optimization of hybrid power systems including 
conventional power sources and DGs based on renewable energy sources. A user can create different 
scenarios for a system and HOMER optimizes the system by comparing each scenario and finding the most 
cost-effective solution for the given conditions such as weather (solar radiation, temperature) and energy 
cost. More information about HOMER can be found in [19]. 

The essence of the HOMER methodology is the following equation: 

ὖ ὣ Ὢ
Ὃ

Ὃȟ
ρ ‌ Ὕ Ὕȟ  (2.9) 

where: 

ὖ  - output power of the model [kW]; 

ὣ  ς the rated capacity of the PV array, meaning its power output under standard test conditions [kW]; 

Ὢ  ς the PV derating factor [%]; 

Ὃ  ς the solar radiation incident on the PV array in the current time step [kW/m2]; 

Ὃȟ  ς the incident radiation at standard test conditions [kW/m2]; 

‌  ς the temperature coefficient of power [%/°C]; 

Ὕ ς the PV cell temperature in the current time step [°C]; 

Ὕȟ  ς the PV cell temperature under standard test conditions [25°C]. 

The cell temperature Ὕ can be calculated in the following way: 

Ὕ
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 (2.10) 

where: 

Ὕ ς the ambient temperature [°C]; 

Ὕȟ  ς the ambient temperature at which the normal operating cell temperature (NOCT) is defined 
[20°C]; 

– ȟ  ς the maximum power point efficiency under standard test conditions [%]; 

ὸ ς the solar transmittance of any cover over the PV array [%]; 

‌ ς the solar absorbance of the PV array [%]. 

Therefore, according to the HOMER methodology the whole process of the PV power output calculation 
relies on the equations (2.9) and (2.10). The parameters in (2.9) and (2.10) are known 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 
Reference [20]. 

For defining irradiation, the primary concern is making assessment of the sun position. 
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2.1.2.2.1 Sun Position 
The process of precise assessment of sun position is based on couple of steps. The first step is 
determination of effective time in hours for the current time step. Following this, sun angle is calculated, 
and the calculation of the extraterrestrial radiation for the current hour is determined at the end. 

¶ Effective Time 

Effective time is represented with equation (2.11) [20]: 

ὮόὰὭὥὲσςωρφȢυ σφυώὶρωτω
ώὶρωτω

τ
ὮὨέώ

ὸ

ςτ
υρυτυ (2.11) 

where variable ὮόὰὭὥὲ is the Julian date of the preceding noon plus the number of hours since then. The 
Julian day is defined as the number of days since noon on January 1, 2000. Variable ώὶ represent year, ὸ  
ƛǎ ƭƻŎŀǘƛƻƴΩǎ ǘƛƳŜ ȊƻƴŜ ŀƴŘ ὮὨέώ is the Julian day of the year. 

¶ Sun Angles 

The sun angles, which are used for designing this model, are the altitude angle ,h declination angle ɻ and 
zenith angle Z. Also, as in [20], this model includes the equation of sun azimuth angle  ɹ for use in the 
incident irradiance calculations. 

The sun angle calculation for a given time step is based on determining the ecliptic coordinates of the 
location. The ecliptic coordinate variables are the mean longitude, mean anomaly, ecliptic longitude, and 
obliquity of the ecliptic, which are described by equations (2.12-2.15): 
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where άὲὰέὲὫ ƛǎ ƳŜŀƴ ƭƻƴƎƛǘǳŘŜ ƛƴ ŘŜƎǊŜŜǎ όлҖάὲὰέὲὫ<360°); 
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where έὦὰὩή is obliquity of ecliptic in radians. 

The right ascension in radians is calculated as follows: 
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 (2.16) 

The solar declination angle is described by the following equation: 
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where ὰέὲ is longitude in degrees, and Ὣάίὸ is the Greenwhich mean sidereal time in hours: 

ὫάίὸφȢφσχσχυπȢπφυχπωψςτςὮόὰὭὥὲὸ  (2.19) 

The hour angle is calculated in radians (-ˉғὌὃ<ˉύΥ 
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where Ὄὃ is variable for hour angle. 

The sun zenith angle ὤ is described by the following equation: 

ὤ
“

ς
‌ (2.21) 

¶ Extraterrestrial Radiation 

Extraterrestrial radiation Ὄ is the solar radiaǘƛƻƴ ŀǘ ǘƘŜ ǘƻǇ ƻŦ ǘƘŜ ŜŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊŜ ƛƴ ²κƳ2. It can be 
calculated as follows [20]: 
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2.1.2.2.2 Surface Angles 
Tilt angle ‍ and azimuth angle ‎ define the surface orientation. The surface angles depend on whether 
the subarray is fixed, or mounted on one-axis or two-axis. Surfaces with one-axis trackers have a third 
surface angle „ defining its rotation around the tracking axis. 

¶ Incidence Angle 

The angle of incidence is the sun incidence angle defined as the angle between beam irradiance and a line 
normal to the subarray surface. It can be calculated using ,ɹ Z, ̡  and ‎: 

ὥ ÓÉÎὤÃÏÓ‎ ‎ ÓÉÎ‍ ÃÏÓὤÃÏÓ‍ 

(2.23) 
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where AOI is angle of incidence. 

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

1) For a fixed surface: 

‍ ‍ 
(2.24) 

‎ ‎ 

2) For one-axis tracking: 

‍ ‍ 
(2.25) 

‎ ‎ 

3) For two-axis tracking: 

‍ ὤ 
(2.26) 

‎ ‎ 
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2.1.2.2.3 Incidence Irradiance 
The incident irradiance is the solar irradiance incident on the plane of the photovoltaic array in a given time 
step. For each time step in the simulation, the incident irradiance algorithm steps are [20]: 

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 radiation. If 
beam irradiance on horizontal surface is higher than extraterrestrial 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 the three sky diffuse irradiance 
methods.  

6. Calculate the ground-reflected irradiance.  

The incident beam irradiance is solar energy that reaches the surface in a straight line from the sun and it is 
calculated using the following equation [20]: 

Ὅ ὉὧέίὃὕὍ (2.27) 

Incident sky diffuse irradiance Ὅ is solar energy that has been scattered by molecules and particles in the 
ŜŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊŜ ōŜŦƻǊŜ ǊŜŀŎƘƛƴƎ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ ǎǳōŀǊǊŀȅΦ 

There are three different sky diffuse irradiance models. In our case Perez model is used for this calculation 
(Table 2.2) [20]. 

Table 2.2 Perez sky diffuse irradiance model coefficients 

 

The parameters a and b describe the view of the sky from the perspective of the surface: 

ὥ ÍÁØ πȟὧέίὃὕὍ 
(2.28) 
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¢ƘŜ ǎƪȅ ŎƭŜŀǊƴŜǎǎ ʶ ǿƛǘƘ k=5.534×10ҍ6 and the sun zenith angle Z in degrees: 
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The absolute optical air mass with the incidence angle b and sun zenith angle Z in degrees: 

ὃὓ ὧέίὦπȢρυωσȢωᴈ ὤ Ȣ  (2.30) 

The sky clearness ɲ assumes an extraterrestrial irradiance value of 1.367 W/m2: 

Ў Ὁ
ὃὓ
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 (2.31) 
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The coefficients F1 and F2 are empirical functions of the sky clearness  ʁ and describe circumsolar and 
horizon brightness, respectively. The sun zenith angle Z is in radians: 

Ὂ ÍÁØ πȟὪ ‐ ЎὪ ‐ ὤὪ ‐  
(2.32) 

Ὂ Ὢ ‐ ЎὪ ‐ ὤὪ ‐ 

For calculating coefficients F1 and F2 this model uses values given in Table 2.2. Firstly, it is necessary to 
calculate sky clearness coefficient ,ʁ and then, to determinate the value of the f from Table 2.2. 

The isotropic, circumsolar, and horizon brightening components of the sky diffuse irradiance are: 
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The Perez incident diffuse irradiance: 

Ὅ Ὀ Ὀ Ὀ  (2.34) 

The incident ground-reflected irradiance is solar energy that reaches the array surface after reflecting from 
the ground. 

Ὅ ”ὉὧέίὤὉ
ρ ὧέί‍

ς
 (2.35) 

It is a function of the beam normal irradiance and sun zenith angle, sky diffuse irradiance, and ground 
reflectance (albedo) ́. 

Now, the solar radiation incidence on the PV array can be calculated as the sum of beam, diffuse and 
ground-reflected irradiance: 

Ὃ Ὅ Ὅ Ὅ (2.36) 

2.1.2.3 Model Configuration 

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

The main parameters of the PV power plant are given in Table 2.3 and are represented in an Excel file. The 
parameters correspond to a real-life PV plant. 

Table 2.3 Input parameters of the PV power plant 

 

INVERTER

Efficiency 0.97 0.98 0.985 0.986 0.988 0.987 0.986

Power 100 200 450 650 1100 1800 2300

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/^0C] -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

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

Distance between centers of the panels in one row [m] 10

Clearness index 
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By using previously described mathematical equation for PV output power calculation, we developed the 
corresponding Matlab programme.  

The comparison between calculated PV output power using the developed model and output power 
obtained by using PVSyst is presented in Figure 2.11 and Figure 2.12. Both input data and measured PV 
output data relate to the same PV system connected to the grid. Figure 2.11 and Figure 2.12 confirm high 
level of matching of the calculated and measured PV output power, i.e., adequacy of the developed PV 
model. In order to achieve more accurate calculation of power output, wind speed and one- and two-axis 
tracking will be taken into account in the next model development phase. 

 

Figure 2.11 PV output power: the comparison between calculated and measured values 

 

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 ς Gas Turbine  

2.2.1.1 Introduction 

Gas turbine technology is another well-known 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 application in power systems with different range of efficiencies and 
powers. Size range of modern gas turbines is between 500 kW and 450 MW and the efficiency ranges 
between 20% and 50% for simple cycle gas turbines [21]. This efficiency can increase up to 60% or even 
70% for combined cycle gas plants [21]. 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 turbine 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 heavy-duty gas turbine has approximately 43% efficiency in single cycle operation, while in the 
combined cycle operation the net efficiency increases to approximately 63% [22]. On the other hand, a 
small aeroderivative gas turbine such as 22 MW GE LM2500 has an efficiency of approximately 35% in 
single cycle operation and 52% in combined cycle operation [22]. 

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

¶ liquefied petroleum gas (LPG); 

¶ natural gas; 

¶ liquefied natural gas (LNG); 

¶ syngas; 

¶ landfill/digester gas (biogas). 

Some examples of liquid fuels are: 

¶ biodiesel; 

¶ alcohols (ethanol, methanol); 

¶ kerosene/jet fuel; 

¶ gasoline; 

¶ crude oils. 

It should be noted that a lot of (small) power 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 fact that they take in significantly more air than 
is required for stoichiometric combustion [23]. Therefore, the thermal efficiency of a gas turbine depends 
on the compressor pressure ratio, the 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 turbine [21]. This is why the geographical location is an important parameter when 
choosing an appropriate gas turbine (hot/cold climates, elevation above sea level). 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 load [23]. 

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 minutes [22] and their ramp rate is 
several tens of MW/min depending on the plant size. 



CROSS BOrder management of variable renewable energies 
and storage units enabling a transnational Wholesale market 

 

 

D5.1 Modelling of non-dispatchable RES and analysis on storage alternatives to support Hybrid RES 37 

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 for combustion 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 
according to (2.37): 

ὖ 
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 (2.37) 

Minimum and maximum power limits depend on the turbine limitations. If the maximum turbine power is 
greater than the rated (nominal) turbine power, then the turbine can produce more 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 turbines [24]: 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 the maximum available power that can be produced has to 
be calculated by correcting the rated power using temperature, humidity and pressure correction factors 
ǿƘƛŎƘ Ƴǳǎǘ ōŜ ƻōǘŀƛƴŜŘ ŦǊƻƳ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ Řŀǘŀ ǎƘŜŜǘΦ LƳǇŀŎǘ ƻŦ ǊŜƭŀǘƛǾŜ ƘǳƳƛŘƛǘȅ ƛǎ ƛƴǎƛƎƴƛŦƛŎŀƴt and 
can often be neglected [21], therefore some manufacturers only give correction by temperature and 
elevation, e.g., [23] (see Figure 2.13 and Figure 2.14). 

 

Figure 2.13 Net power vs. ambient temperature curves for a 200 kW microturbine 
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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 taken into account. Temperature, 
humidity and air pressure effects have been taken as mutually independent correction factors that multiply 
the rated power to obtain the maximum obtainable power (2.38). Overall relationship between gas turbine 
efficiency and ambient conditions is such that the efficiency is decreased for increased temperature, 
increased relative humidity and decreased air pressure [21]. 

ὖ ὖ– Ὕ– ὴ– ὙὌ (2.38) 

An example of correction factors ́ is shown in Figure 2.15. 

 

Figure 2.15 Ambient conditions correction factors 

The final maximum output power limit depends on the minimum of available power and the mechanical 
maximum of the turbine (2.39). 
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2.2.1.2.1 Fuel Consumption 
Fuel consumption of a gas turbine depends on the loading of the turbine. Generally, gas turbines are more 
efficient at rated load than at partial load. This model calculates the fuel consumption F based on active 
power setpoint and the ambient weather (2.40) [21]: 

Ὂ
ὖ
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 (2.40) 

Example of a turbine efficency vs loading of a 140 MW gas turbine is shown in Figure 2.16. 

 

Figure 2.16 Efficiency Ɫ╟╟
▫◊◄ 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 active (P) and reactive (Q) power setpoints. The active power 
setpoint is checked against the calculated 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 Structure 

The model consists of the following MATLAB files (see Table 2.4 for input/output data of the model): 

¶ Biogas_model.m  τ MATLAB script which reads input files, calculates new set points and 
creates new output file with them; 

¶ readBGPParameters.m  τ MATLAB function for reading input data from Excel files; 

¶ weathe rDataParser.m  τ 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 described with the following parameters in BiogasPlantData.xlsx : 

¶ Generator data;  

¶ Turbine data; 

¶ Temperature, humidity and pressure correction factors; 

¶ Turbine gross efficiency with respect to turbine loading; 

¶ Reactive power limits as function of active power setpoint and grid voltage. 

Current (starting) setpoint is defined in BiogasCurrent .xlsx : 

¶ Active power generation; 

¶ Reactive power generation. 

Operator request is acquired from BiogasRequest.xlsx  which contains: 
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¶ Active power request; 

¶ Reactive power request; 

¶ Assumed or measured terminal voltage. 

When the operator (upper control algorithm) sets a new 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 
obtainable solution in the following steps: 

¶ Determine maximal generator active power based on ambient conditions and other constraints; 

¶ Determine active power setpoint by verifying: 
o If requested power is lower than minimal power; 
o If requested power is bigger than maximal power; 
o If ramp constraints are satisfied; 

¶ Determine reactive power capabilities for active power setpoint. 

Output file BGoutput.xlsx  contains following information: 

¶ Timestamp; 

¶ Available maximum power based on weather forecast without technical constraints; 

¶ Available maximum power based on weather forecast with technical constraints; 

¶ Active power; 

¶ Reactive power; 

¶ Active power reserve; 

¶ Inductive reactive power reserve;  

¶ Capacitive reactive power reserve. 

The input files are located in the Data  subfolder of 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 way they are. 

Neither electro-mechanical dynamics nor thermodynamics are taken into account in the CROSSBOW biogas 
power plant model because these phenomena are much faster [21] (seconds to minutes) than the 
simulation time step (15 minutes to 1 hour) and gas turbines are very fast (they can go from shut down to 
full power inside 15 minutes [22]). 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 model outputs the maximum limits. 

The model is not fast since reading and writing into Excel files is not very efficient. 

Table 2.4 CROSSBOW biogas power plant model input/output data 

Weather data (input) 

Data Unit Comment 

Timestamp YYYY-MM-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 reactive 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 of common 
coupling 

Per unit or nominal bus voltage Measured data or estimated data 

Biogas plant parameters (input) 

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 (kvar) Manufacturer data 

Temperature correction factors Ambient temperature (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 

Gross load efficiency correction Output power (MW) vs. 
correction factor 

Manufacturer data 

Biogas plant output (output) 

Data Unit Comment 

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

Active power forecast with no 
technical limits 

MW calculated by model 

Fuel consumption forecast with no 
technical limits 

MW calculated by model 

Active power forecast with 
technical limits 

MW calculated by model 

Fuel consumption forecast with 
technical limits 

MW calculated by model 

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 output (output) 

Data Unit Comment 

Active power reserve MW calculated by model 

Reactive power generation 
reserve 

Mvar calculated by model 

Reactive power consumption 
reserve 

Mvar calculated by model 

2.2.1.4 Code Examples 

In this section, the 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 and Weather Data 
%Plant parameters  

BiogasPlantData = readBGPParameters( './Data/BiogasPlantData.xlsx' );  

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 =  cell2mat(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 = cell2mat(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 = cell2mat(BiogasPlantData{1,6}(2:end,1:2));  

2.2.1.4.2 Calculation of 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 calculated according to expression (2.39). Constraints are 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 = interp1(corrH(:,1 ),corrH(:,2),relHumidity, 'linear' , 'extrap' );  

eta_p = interp1(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 = Vpcc_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 forecast (Figure 2.17) and requested setpoints for a certain number of 
timestamps (Figure 2.18). The model outputs available biogas power without technical constraints (Figure 
2.19), available biogas power with technical constraints (Figure 2.20) and active/reactive power output 
(Figure 2.21). Biogas plant is a 140 MW plant with 15 MW/min ramp constraint based on manufacturer 
data for a GE GT13E2 gas turbine from [22]. Correction factors have been arbitrarily generated based on 
numerical approximations from [21] because these data were not available. 
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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 


















































































































































































































