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Introduction	
 
This document focuses on the modeling of the Renewable Energy Technology (RET) devices 
within a small-scale micro-grid [1], suitable for supplying the residential users with clean but 
also reliable source of energy. Although the renewable energy systems were not 
economically justifiable at first, having in mind the initial price of equipment as well as 
operational costs resulting in a very high Cost of Electricity (COE) their implementation in 
the non-urban areas, where no power grid was available was inevitable. However, with 
nowadays increase of the governmental subsidies for the purchase of the RET equipment as 
well as the increasing price of the electricity generated from the fossil fuels, the use of RET 
sources even in the urban areas became more and more attractive and economically viable. 
Therefore, as the RETs became widely used a need for more thorough research on the 
operation of such systems was required. 
 
One of the acknowledged approaches to the analysis of such systems is through the 
simulation of the RET devices based on the state of the art mathematical models. Therefore, 
the main objective of this task was to define and develop the hourly-based mathematical 
models, thus providing the means for a generic simulation environment suitable for testing 
and validation of different system architectures. Furthermore, the RET models will also 
enable  the testing of various operational algorithms which would maximize the utilization of 
the renewable energy sources, thus minimizing the kWh costs, while preserving the reliability 
of the system at the same time in the grid-connected system. 
 
The developed RET models will help the building designers and engineers define the energy 
savings, potentially achieved, by RETs and enable their implementation within a web-based 
decision support system for selection of appropriate RET configuration as well as 
performance calculations and controller switching schemes for any existing configuration. 
 
RET	models	
	
To model the energy performance of the individual RET devices, an initial study of RES and 
storage devices has been performed, including reference to EU or international standards for 
determination of device performance. Where standards were not available, calculation models 
and reasonable estimations are being developed. 

Solar	photovoltaic	(PV)	panels	
Solar PV panels are manufactured from silicon which is widely used in the electronics, 
computing industry as it is a superb semi-conductor and it is this that is used as the basis of 
all solar PV modules. Solar PV modules are classified as a form of thin film, crystalline or a 
combination of the two. The most well know types of Solar Photovoltaic (PV) modules are 
listed below. 
AMORPHOUS is a dark matt color and performs well in low light conditions. Amorphous 
technology has a low efficiency level, so requires a much larger roof area than all other 
technologies, making it ideal for large barn conversions and other roofing projects. 
Amorphous products do not have glass cover and are suitable for areas where there is a 
possibility of damage or vandalism. 
POLYCRYSTALLINE uses silicon cells to produce electricity. It is easily recognizable by its 
color, usually blue, but also in other colors. This is most common in panels available from a 
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range of manufacturers. The efficiency of the cells largely depends on the production 
processes used. 
MONOCRYSTALLINE also uses silicon cells to produce electricity. The cell itself 
resembles a square with the edges diagonally cut off. The cells are usually blue to black in 
color. 
HYBRID combines a layer of amorphous PV and monocrystalline cells in one panel, thus 
exploiting the benefits of both and providing a high performance panel. The panel looks 
entirely black and provides more output per square meter than any other panel available in 
the UK. This panel is excellent where roof area is limited and high output desirable. 

Model	characteristics 

The developed photovoltaic module model is based on the hourly weather data of solar 
radiation (global, direct and diffuse), temperature and ground reflectance. If the data are 
available for a different time step, a pre-processing is needed. 
The formula retrieved from 2 is a product of four basic factors. The first factor is the rated 
capacity of the PV. The second one is its derating factor, used for modelling the effect of 
dust, snow, aging or other non-modelled parameters that affect the PV performance 
(obviously <1). The third factor is the dependency from the solar radiation. The fourth and 
final factor is the dependency from the PV cell temperature ( Pa  is <0 because power output 
decreases with increasing cell temperature). The output of the model is an hourly value of 
number of kWh gained from total solar irradiation. 

Wind	Turbine	
The use of small wind turbines in building environment with non-ideal situations does not 
always give high performances. In a recent study of BRE 3 in UK it has been found that 
within large urban areas the wind resource may be too low for any practical installations to be 
viable but in optimum locations CO2 payback could be less than a year, and in certain cases a 
few months. Wind turbines can rotate about either a horizontal or vertical axis, the former 
being more common. 

Horizontal axis 

Components of horizontal axis wind turbine are gearbox, rotor shaft and brake assembly, 
being lifted into position. Horizontal-axis wind turbines (HAWT) have the main rotor shaft 
and electrical generator at the top of a tower, and must be pointed into the wind. Small 
turbines are pointed by a simple wind vane, while large turbines generally use a wind sensor 
coupled with a servo motor. Other types are currently available in the market such as the 
swift or venturi. Most have a gearbox, which turns the slow rotation of the blades into a 
quicker rotation that is more suitable to drive an electrical generator. Since a tower produces 
turbulence behind it, the turbine is usually pointed upwind of the tower. Turbine blades are 
made stiff to prevent the blades from being pushed into the tower by high winds. 
Additionally, the blades are placed a considerable distance in front of the tower and are 
sometimes tilted forward into the wind a small amount. Downwind machines have been built, 
despite the problem of turbulence (mast wake), because they don't need an additional 
mechanism for keeping them in line with the wind, and because in high winds the blades can 
be allowed to bend which reduces their swept area and thus their wind resistance. Since 
cyclic (that is repetitive) turbulence may lead to fatigue failures most HAWTs are upwind 
machines. 
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Vertical axis 

Vertical axis wind turbines (or VAWTs) have the main rotor shaft arranged vertically. Key 
advantages of this arrangement are that the turbine does not need to be pointed into the wind 
to be effective. This is an advantage on sites where the wind direction is highly variable. 
Common subtypes of the VAWTs are the Darrieus, Giromill and Savonius wind turbine (see 
Error!  Reference  source  not  found.). With a vertical axis, the generator and gearbox can be 
placed near the ground, so the tower doesn't need to support it, and it is more accessible for 
maintenance. Drawbacks are that some designs produce pulsating torque. It is difficult to 
mount vertical-axis turbines on towers, meaning they are often installed nearer to the base on 
which they rest, such as the ground or a building rooftop. The wind speed is slower at a lower 
altitude, so less wind energy is available for a given size turbine. Air flow near the ground 
and other objects can create turbulent flow, which can introduce issues of vibration, including 
noise and bearing wear which may increase the maintenance or shorten the service life. 
However, when a turbine is mounted on a rooftop, the building generally redirects wind over 
the roof and this can double the wind speed at the turbine. If the height of the rooftop 
mounted turbine tower is approximately 50% of the building height, this is near the optimum 
for maximum wind energy and minimum wind turbulence. 

Model	characteristics 

The developed wind turbine model is meant to work with hourly meteorological data. Other 
options provided to the user are daily (manually inserted by the user or file), monthly 
(manually inserted by the user) or yearly using the Weibull distribution and typical hourly 
data for a few days per season as measured with anemometer (manually inserted by the user). 
Having in mind the wind velocity as input data for the model, adjusting the wind speed data 
gained from the anemometer have to match the speed at the turbine hub height. Therefore 
both the power law profile and the logarithmic profile are considered [4]. Furthermore, air 
density ratio calculation is performed to include the effects of decreasing air density with the 
increase oh turbine height. The surface roughness length is a parameter also added to the 
model that characterizes the roughness of the surrounding terrain [5]. The hourly output of 
the model is a number of kWh gained from wind energy. 

Battery	
The most common batteries used in RET systems are lead acid batteries. Lead-acid batteries, 
invented in 1859 by French physicist Gaston Planté, are the oldest type of rechargeable 
battery. Despite having a very low energy-to-weight ratio and a low energy-to-volume ratio, 
their ability to supply high surge currents means that the cells maintain a relatively large 
power-to-weight ratio. These features, along with their low cost, make them attractive for 
such applications. 

Model	characteristics 

The developed model aims at the calculation of the amount of energy present in the battery at 
any given time. This amount of energy could also be normalized to its nominal energy 
capacity value in order to obtain the battery’s state of charge (SOC). To do this we use the 
Kinetic Battery Model [6], which models the battery as a two-tank system. The first tank is 
the available energy tank and the other is the bound energy tank. It is important to note that 
power input to the battery is limited by the allowable range for the power into or out of the 
battery bank. To calculate this range the maximum amount of power that the battery can 
absorb or discharge over a specific length of time was utilized. This is achieved by finding 
the minimum of three dynamic parameters, i.e. maximum battery charge power limitation due 
to the kinetic battery model, maximum battery charge power limitation due to the maximum 
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charge rate and maximum battery charge power limitation due to the maximum charge 
current. 

It should be noted that temperature effects are not modelled. In cases where temperature is 
important (when batteries are not inside a conditioned building) constants corresponding to 
the expected mean temperature should ideally be obtained.  

Temperature actually can have a significant effect on the battery’s available energy ( 1Q  of the 
Kinetic Battery Model) and also to its lifetime. This is why a temperature sensor should be 
available near the battery. 

Finally, several input parameters are added to the model to provide for external control. This 
is because they do not directly affect the battery’s charge or discharge procedure but they are 
important for the general SOFIA system simulation.  The lifetime of battery and performance 
ration parameters should be use for calculating when the battery should be changed. These 
values do not represent the total death of the battery but when the battery reaches these levels 
its capacity falls under the 80% and total death is close. 

For the same reason the battery’s minimum SOC is provided. This is the level below which 
the battery bank shall never be drawn. This is because most batteries are not meant to be fully 
discharged. The model does not take it directly into account because such a control may not 
be used. Nevertheless this information should be provided as input to the model in case the 
control is implemented in the complete system. 

DC/AC	inverter	
An inverter is an electrical device that converts direct current (DC) to alternating current 
(AC). Different techniques have been followed in the electronics design in order to achieve 
this conversion, but exceed the scope of this document. For RET applications and especially 
PV systems the most common inverters can be divided in three major categories: 

 Stand-alone inverters, used in isolated systems where the inverter draws its DC 
energy from batteries charged by photovoltaic arrays and/or other sources, such as 
wind turbines, hydro turbines, or engine generators. Many stand-alone inverters also 
incorporate integral battery chargers to replenish the battery from an AC source, when 
available. Normally these do not interface in any way with the utility grid, and as 
such, are not required to have anti-islanding protection. 

 Grid tie inverters, which match phase with a utility-supplied sine wave. Grid-tie 
inverters are designed to shut down automatically upon loss of utility supply, for 
safety reasons. They do not provide backup power during utility outages. 

 Battery backup inverters. These are special inverters which are designed to draw 
energy from a battery, manage the battery charge via an onboard charger, and export 
excess energy to the utility grid. These inverters are capable of supplying AC energy 
to selected loads during a utility outage, and are required to have anti-islanding 
protection 

Model	characteristics 

The developed DC/AC model is developed using solely the converter’s efficiency and no-
load power losses. Therefore the output of this model is a ratio which can be applied to the 
input power/energy. 
The expected lifetime parameter is provided as an input and should be used as an external to 
the model control in order to indicate when the inverter shall stop operating (or shall operate 
with an unacceptable performance ratio). Furthermore, not all inverters can operate in parallel 
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with other power producing devices (for example, a diesel engine). This is why the Switch 
Mode Capability parameter is introduced. An inverter must have synchronizing capability for 
both independent and parallel operation to be possible. This shall also be controlled 
externally to the model. 

DC/DC	converter	
A DC to DC converter is an electronic circuit which converts a source of direct current (DC) 
from one voltage level to another. They can be divided into three categories: 

Linear 

Linear regulators can only output at lower voltages from the input. They are very inefficient 
when the voltage drop is large and the current high as they dissipate as heat power equal to 
the product of the output current and the voltage drop; consequently they are not normally 
used for large-drop high-current applications. 
The inefficiency wastes power and requires higher-rated, and consequently more expensive 
and larger, components. The heat dissipated by high-power supplies is a problem in itself as it 
must be removed from the circuitry to prevent unacceptable temperature rises. 
They are practical if the current is low, the power dissipated being small, although it may still 
be a large fraction of the total power consumed. They are often used as part of a simple 
regulated power supply for higher currents: a transformer generates a voltage which, when 
rectified, is a little higher than that needed to bias the linear regulator. The linear regulator 
drops the excess voltage, reducing hum-generating ripple current and providing a constant 
output voltage independent of normal fluctuations of the unregulated input voltage from the 
transformer / bridge rectifier circuit and of the load current. 
Linear regulators are inexpensive, reliable if good heat sinking is used and much simpler than 
switching regulators. As part of a power supply they may require a transformer, which is 
larger for a given power level than that required by a switch-mode power supply. Linear 
regulators can provide a very low-noise output voltage, and are very suitable for powering 
noise-sensitive low-power analog and radio frequency circuits. A popular design approach is 
to use an LDO, Low Drop-out regulator that provides a local "point of load" DC supply to a 
low power circuit. 

Switched-mode conversion 

Electronic switch-mode DC to DC converters convert one DC voltage level to another, by 
storing the input energy temporarily and then releasing that energy to the output at a different 
voltage. The storage may be in either magnetic field storage components (inductors, 
transformers) or electric field storage components (capacitors). This conversion method is 
more power efficient (often 75% to 98%) than linear voltage regulation (which dissipates 
unwanted power as heat). This efficiency is beneficial to increasing the running time of 
battery operated devices. The efficiency has increased since the late 1980's due to the use of 
power FETs, which are able to switch at high frequency more efficiently than power bipolar 
transistors, which have more switching losses and require a more complex drive circuit. 
Another important innovation in DC-DC converters is the use of synchronous rectification 
which replaces the flywheel diode with a power FET with low "On" resistance, thereby 
reducing switching losses. 
Most DC to DC converters are designed to move power in only one direction, from the input 
to the output. However, all switching regulator topologies can be made bidirectional by 
replacing all diodes with independently controlled active rectification. A bidirectional 
converter can move power in either direction, which is useful in applications requiring 
regenerative braking.  
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Drawbacks of switching converters include complexity, electronic noise (EMI / RFI) and to 
some extent cost, although this has come down with advances in chip design. DC to DC 
converters are now available as integrated circuits needing minimal additional components. 
DC to DC converters are also available as a complete hybrid circuit component, ready for use 
within an electronic assembly. 

Magnetic 

In these DC to DC converters, energy is periodically stored into and released from a magnetic 
field in an inductor or a transformer, typically in the range from 300 kHz to 10 MHz. By 
adjusting the duty cycle of the charging voltage (that is, the ratio of on/off time), the amount 
of power transferred can be controlled. Usually, this is done to control the output voltage, 
though it could be done to control the input current, the output current, or maintain a constant 
power. Transformer-based converters may provide isolation between the input and the output. 
In general, the term "DC to DC converter" refers to one of these switching converters. These 
circuits are the heart of a switched-mode power supply. Many topologies exist. 

Model	characteristics 

The developed DC/DC model is developed using solely the converter’s efficiency and no-
load power losses. Therefore the output of this model is a ratio which can be applied to the 
input power/energy. 
The expected lifetime parameter is provided as an input and should be used as an external to 
the model control in order to indicate when the inverter shall stop operating (or shall operate 
with an unacceptable performance ratio). Converters are supposed to work at almost full load 
capacity for efficiency and temperature dissipation issues. If this is not the case, the 
efficiency will be different than the rated one, but this is not modeled here. The rated power 
is listed in the inputs for this exact reason. If rated power is much higher than the input power 
then the efficiency can drop significantly. 

SOLAR‐THERMAL	
A solar collector is a heat exchanger that transforms solar radiant energy into heat. Many 
classifications for solar collectors can be found in the literature. A general classification is 
non-concentrating and concentrating. According to their concentrating degree, collectors are 
divided to no concentration (flat plate and evacuated tube), medium concentration (parabolic 
cylinder) and high concentration (parabodial). Other classifications include the number of 
covers and the position in relation to the sun. Furthermore, collectors are classified according 
to the heat transfer medium to liquid heaters and air heaters. 
 
Flat plate collectors are the most widely used kind of collectors in the world for domestic 
solar water heating and solar space heating. These units use both beam and diffuse radiation 
and require little maintenance. Flat–plate collectors are mechanically simpler than 
concentrating collectors, and they are mainly used in solar water heating, space heating and 
industrial process heat. They are generally designed for applications requiring energy 
delivery in moderate temperatures, up to perhaps 100 degrees Celsius above ambient 
temperature. In the cases where higher temperatures are required, flat plate collectors are not 
suitable -because of their high heat loss coefficient- and so concentrating collectors are used. 
Flat-plate collectors demonstrate a good price-performance ratio, as well as a broad range of 
mounting possibilities, and consequently, this type was selected for the modeling section 
presented in this study. Evacuated tube collectors are also covered from this model as they 
represent the second most widely used type of collector.  
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The basic elements in solar water heating systems can be arranged in several system 
configurations. In passive systems, the tank that stores the water is located above the 
collector, and water circulates by natural convection whenever solar energy in the collector 
adds energy to the water and so establishes a density difference. The density difference is a 
function of temperature difference, and the flow-rate is then a function of the useful gain of 
the collector which produces the temperature difference. 
In the forced-circulation system a pump is required. It is controlled by a differential 
thermostat turning on the pump when the temperature at the top header is higher than the 
temperature of the water in the bottom of the tank. In climates where freezing temperatures 
occur, nonfreezing fluids are used in the collector. Ethylene-glycol water and propylene–
glycol water solutions are common antifreeze liquids. 
 
Current standards [7] classify solar domestic hot water systems by seven attributes, each 
divided by two or three categories. 

Model	characteristics 

As pointed out in CEN/TS 12977/2:2010, the Flat Plate Collectors should be tested and 
modeled according to EN 12975-2. All data for dynamic simulation of the thermal behavior 
of the collector should be determined, as listed below: 

 Standard Collector efficiency parameters (see below) 
 Collector heat capacity 
 Incidence angle modifier for beam and diffuse irradiance (biaxial, if relevant) 
 Wind speed dependence of the collector heat loss coefficient (e.g. for unglazed 

collectors) 
 Influence of flow rate, if relevant 
 Influence of collector tilt angle, if relevant 

The method below is based on standard tests that a manufacturer performs according to 
current European relevant standards, (EN 12975-2 2006) which, in turn, are based on classic 
literature on the subject [8]. 
A basic method of measuring the performance of a collector used was to expose the operating 
collector to solar radiation and measure the fluid inlet and outlet temperatures. 

The performance of the system was calculated for each day of the year based on: 

 Climatic data for the day 
 Volume of hot water consumption for the day (user input) 
 Energy in the storage tank carried over from the previous day. 

With regard to the last one, energy may be carried over from one day to the next either 
because only a small volume of water has been drawn off during the day, or because mixing 
has taken place in the tank during the draw-off. Part of this energy will be lost during the 
night as a result of tank heat losses, but it is still likely to cause the system storage to start the 
next day with an initial temperature above that of the mains cold water. 

The calculation procedure employs the data from the system performance test, and so the 
predictions apply only for a single draw-off at six hours after solar noon. The long-term 
performance of the system is found by summing the performance of the system for each day 
over the period of days under consideration. 
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CONCLUSION	
This document contains the descriptions of the mathematical models of the Renewable 
Energy Technology (RET) devices within a small-scale micro-grid that will be addressed 
within the SOFIA framework. 

The current state of the art related to each renewable technology is presented along with the 
model specific characteristics. Namely, the two energy domains, both electrical and thermal, 
were addressed and the corresponding devices were modeled. 

The developed models are able to operate with hourly resolution, or higher, depending on the 
resolution of input meteorological data. Furthermore, the developed models require the same 
set of dynamical parameters as the one that will be included within the SOFIA framework 
and monitored in real-time. Therefore, verification of the models as well as their calibration 
during the lifetime of the project is enabled. 
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Review of technical solution 
MICRO-GRID ELEMENTS MODELS FOR PRODUCTION OF 

ENERGY FROM RETs 
 

 
This technical document focuses on the modeling of the Renewable Energy Technology (RET) devices 
within a small-scale micro-grid that will be used in the SOFIA framework. More precisely, the 
developed models were adapted to suit the needs of the hourly-based simulation which presents the basis 
of the SOFIA’s micro-grid simulator (µGS).  
 
The developed models include mathematical representation of processes within the two basic categories, 
depending on the type of energy they produce, i.e. electrical and thermal. The group of devices for 
production of electricity consists of photovoltaic, wind turbine and fuel-cell, whereas for thermal it 
consists of solar collector and geothermal pump. The special emphasize was put on the group of devices 
responsible for storing the energy and again the same distinction between the type of energy produced is 
made. Therefore, for the purposes of storing the electricity the electric battery, ultra capacitor and 
hydrogen storage were included, whereas for thermal the boiler and phase changing materials were 
addressed. 
 
All the models are able to operate with hourly resolution, or higher, depending on the resolution of input 
meteorological data. Furthermore, it should be emphasized that all the models require the same set of 
dynamical parameters as the one that is envisioned to be monitored in real-time, within the SOFIA 
framework, thus enabling the model verification as well as their calibration during the lifetime of the 
project.  
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