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ABSTRACT

Many of todays innovations in technology concern sustainability. The
energy sector is one of the major sectors in which the biggest steps
towards a sustainable future can be taken. One of these steps is the
smart grid.
The smart grid, the idea of a smart distributed energy system with
variable energy tariffs, changes the way consumers manage their energy needs. These variable energy tariffs are based on the local availability of energy and help maintain the balance inside the electrical
grid. The smart grid also accommodates new and efficient ways for
the integration of private renewable energy sources through smart
meters, enabling the production and sharing of each others own energy.
One step further is the connection of every electrical and electronic appliance inside a building through embedded systems. The so-called
smart environment gives consumers insight into their energy use and
automatic control over the appliances. Based on that information,
combined with the dynamic pricing and the integration of renewable
energy sources, the use of electronic devices can be managed more
efficient.
A lot of research is done in the field of smart environments and managing the efficiency of energy usage. The smart grid provides additional means to reduce the operating costs of a smart environment.
However, with the exception for a few small pilot projects, the smart
grid is not realised yet and only exists on paper.
In this thesis we examine the possibilities of developing a simulation
model of the smart grid. This model provides the end user realistic data that, for instance, can be used to test cost efficient schemes
within a smart environment. The simulated data from our model is
compared with real data to determine its accuracy.
Keywords: smart grid simulation, dynamic pricing, renewable energy, smart environment
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1
INTRODUCTION

Due to the growth of the world economy and population [47] combined with the improving standard of living in developing countries,
the world energy consumption is growing and will keep growing at
least for the next 20 years [22]. The growing need for energy, contrasted with the public awareness of environmental concerns and the
need to reduce CO2 emissions, has lead to increasing innovation in
the energy market. The Energy Information Administration (EIA)
estimates that about 19% of the electricity generated globally comes
from renewable energy sources, and this will increase to 23% in the
year 2035 [1].
Renewable energy has become more popular among people. Environmental issues play a large role, but there is another key motivator:
money. People tend to take certain actions more easily if they are
rewarded. Consuming renewable energy from corporate energy suppliers will not reduce the electricity bill. However, this kind of energy
can also be generated at home. Solar panels on the roof, or a wind
mill in the garden requires an investment, but this investment will be
profitable after approximately 12 years [21].
Renewable energy installations and their increasing popularity do
have a serious drawback. This kind of energy generation is often
weather dependent, making it potentially unreliable. The variability
of energy generation output and the increase of private energy generation changes the energy system from a demand-driven to a supplydriven system in which flexibility is crucial. With the rise of these new
systems the consumer also takes on the role of producer. Changing
the electrical grid as we now know it from a one-way communications
grid to a two-way communications grid, in which electricity flow is
bidirectional.
The current electrical grid has been around for decades. The Pearl
Street Station was the first central power station in the USA. The station started producing electricity on September 4th 1882. This was
the beginning of what we call the modern electrical grid. It initially
served 85 customers, providing electricity to 400 lamps [25]. In 1886
Willem Benjamin Smit founded the first central power station in the
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Netherlands, called: N.V. Electrische Verlichting Kinderdijk [18]. It
started with 350 connections. The grid has since evolved and there
are now 7,51 million households in the Netherlands connected to the
grid [7].
The current electrical grid is an old and static system. It provides oneway communication and lacks fault detection and proper self-healing
capabilities. With the increasing variability of energy generation and
the growing need for electricity, the current grid does not provide
the reliability and sustainability that is required of it. The smart grid
is a concept of a modernized electrical grid to enable flexibility and
accommodate local energy generation. One of its key features is dynamic pricing. These variable energy tariffs are based on the local
availability of energy and help maintain the supply and demand balance in the network. Most providers already support on/off peak
hours, dividing the energy price into two categories. The smart grid
offers current pricing, hourly forecasts predicting energy costs in the
near future and supply information. Dynamic pricing helps to reduce
demand during high peak periods. This is an important feature because the costs of increasing the energy supply to match demand is
not a linear function [34].
People buy and install electrical and electronic appliances like electric cars or refrigerators which can be controlled. The so-called smart
homes can regulate the use of these devices automatically. Dynamic
pricing and real-time choice of operator creates new opportunities to
reduce the energy bill within such a smart environment. There are
many scientific papers that describe simulations or implementations
of smart homes. One of these papers describes control schemes to reduce the energy bill without losing comfort in a smart environment,
with the help of a smart grid [15]. The focus of this work lies on the
different kinds of control schemes. Its research is tested on a simulation model of the smart grid created by one of the authors, Andrea
Pagani. It uses a real market source to simulate dynamic pricing and
real-time choice of operators. The work also takes into account the
use of renewable energy installations. This is simulated by using data
of real renewable energy installations in the USA.
There are several smart grid simulation applications, but none of
those publicly available offer the simulation of dynamic pricing, realtime choice of operator and renewable energy installations. The simulation model build by Andrea is a good basis for the development of
a new, realistic, and accessible simulation model. The development
of the simulation model is based on the following research question:
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“Can we create a realistic smart grid simulation model, which offers smart grid functionality that can be used in smart home or
other smart environment research?”
To get an answer to the research question we first split the main question into two sub questions:
• What data is useful to simulate?
• Can we generate realistic location specific data?
In this thesis we develop a smart grid simulation model. The simulated data can be used to model energy costs reduction within a smart
environment. In Chapter 2 we discuss and compare several existing
solutions. Chapter 3 describes the concept of the smart grid and outlines which functionalities are simulated in our model. The chapter
also explains how the data is simulated. In Chapter 4 we present the
context and the architecture of the model. Chapter 5 describes the
implementation of the model and which tools and libraries are used.
In Chapter 6 we evaluate the model, and explain the rationale behind
certain design choices. We also have a look at the functionality of
the model and the data simulated. The thesis concludes with a discussion and a conclusion in which we evaluate the model as a whole
and suggest future work.
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2
R E L AT E D W O R K

There is a lot of research being done in the field of smart grid and
home automation control. In this chapter we discuss some of the
ideas of the smart grid and existing simulation solutions. In Section
2.1 we look at the definition of the smart grid and its current standards. Section 2.2 discusses some of the existing smart grid ideas
and simulation tools. In the last section, Section 2.3 we discuss all
the existing solutions and conclude where the simulation model proposed in this thesis fills in the gaps.
2.1

smart grid definition

The smart grid describes an idea of a modernized electrical grid. This
grid provides two-way communication in the generation, delivery
and consumption of electricity with the help of communications and
information technology. With the increasing amount of renewable
energy installations as well as the energy consumption of large electrical devices like electrical cars, the energy spikes sent through the
grid are highly variable. This can ultimately result in a less reliable
electricity infrastructure. These energy spikes require a sophisticated
control system. With the help of information communication technology these spikes can be controlled better. This modernized version of
the electrical grid will support the idea of a free market of electricity
in which consumers can buy and sell electricity.
The market feature the smart grid provides is an interesting option
for the development of smart homes. More and more electrical devices offer the option to be controlled automatically and also provide
information about their energy use. This, combined with the price
forecast a smart grid would provide, creates the option to schedule
certain tasks. An electric car could, for example, be charged during
low-price hours, resulting in a lower energy price for the consumer.
This also results in fewer devices consuming energy during peak time.
The latter is important for the smart grid, since it results in a more
reliable energy distribution over the network.
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Figure 1.: NIST conceptual model.
2.1.1 IEEE
IEEE stands for the Institute of Electrical and Electronics Engineers.
It is the largest technical professional association dedicated to the
advancement of technology [19]. The IEEE has a wide variety of
expertise and resources which allows it to create a realistic and innovative vision of the smart grid. Having that much expertise and
being the largest technical professional association makes it an excellent organization to create standards for the smart grid [20]. The
IEEE uses the smart grid conceptual model provided by the National
Institute of Standards and Technology (NIST), the model and NIST
is discussed in Section 2.1.2. This conceptual model is divided into
seven domains. The IEEE splits each domain into three foundational
layers: (1)the Power and Energy layer, (2)the Communication Layer
and (3)the IT/Computer Layer. The layers 2 and 3 enable infrastructure platforms in the first layer. The use of the latter two layers is
what makes the electrical grid a “smart grid”.
2.1.2 NIST
The NIST is a scientific institute which is a part of the US Government. It dedicates its work to creating standards for innovative new
technology.
As shown in Figure 1 the conceptual model of the smart grid created
by NIST, consists off seven domains: Bulk Generation, Transmission,
Distribution, Customer, Operations, Markets and Service Provider.
Each individual domain contains essential smart grid elements that
are connected to each other by linking information technologies to
the electric power grid.
The Bulk Generation domain contains everything that is related to
generating energy in large quantities. It is the first step of getting
energy to the customer. The energy generated can be from renew-
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able energy sources, such as solar and wind, as well as from nonrenewable energy sources like nuclear energy, coal and gas.
The Transmission domain is responsible for the transfer of large quantities of energy to the Distribution domain.
The Distribution domain distributes the energy from the Transmission domain to the Customer domain. It is also responsible for the
distribution of energy, generated by the customer, to the smart grid.
The Distribution domain also communicates with the Markets and
the Operations domain, containing much more monitoring and control devices than the normal grid would have, to improve the reliability of the grid.
The Customer domain is where the end user is connected to the smart
grid through a smart meter. It communicates with the Distribution,
Operations, Markets, and Service Provider domains. The Customer
domain enables customers to manage their own energy generation
and usage.
The Operations domain controls and manages the energy flow inside
the smart grid.
The Markets domain is responsible for the management of buying
and selling of energy within the power system. It includes pricing
and coordination of all participants in the electricity market within
the smart grid.
The Service Provider domain includes all third-party services to electrical customers and utilities.
2.2

existing solutions

There are a lot of papers and tools created for the simulation of the
smart grid. In this section we discuss some of these solutions. Section
2.2.1 describes an existing power simulation software. Section 2.2.2
and 2.2.3 describes a report which proposes a concept of a service
oriented architecture for the smart grid. In Section 2.2.4 a report is
presented which provides a simulator for the interaction between the
communication and power systems. In the last section of this chapter,
Section 2.2.5, we discuss the report [15] which describes a smart grid
simulation model based on local market and weather data, given the
location of a user.
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2.2.1 NEPLAN
NEPLAN [6] is a power system analysis tool and simulation software.
Previous versions of NEPLAN were desktop applications, however,
NEPLAN released a new version which is accessible through web
services. The tool is widely used for power system analysis and also
provides simulations. With the planning tool renewable energy systems can be monitored, controlled and optimized in smart grid applications. However, the tool does not provide smart grid simulation
functionality such as dynamic pricing and real time choice of operators. The tool also lacks forecast simulations based on actual weather
conditions.
2.2.2 Web services for integration of smart houses in the smart grid
The report [51] describes the integration of smart houses in the smart
grid. According to the report the integration of the smart houses will
rely heavily on ICT. Therefore an architecture has to be developed to
take advantage of the latest developments in ICT. The report proposes
the concept of a service oriented architecture for the smart grid. This
proposed concept supports autonomy and heterogeneity by providing a common framework that allows data to be shared and reused
across the whole smart grid. The report defines and describes the
most important factors of the smart grid: dynamic pricing, real-time
choice of operators and the inclusion of renewable energy installations. However, it lacks the actual implementation of these services.
2.2.3 Energy services for the smart grid city
The report also describes the importance of an architecture based on
services. Users that can fit into the role of both producers and consumers i.e., Prosumers have to communicate and interact with other
stakeholders. The report proposes to use RESTful (Representational
State Transfer) web services instead of the typical heavyweight SOAP
(Simple Object Access Protocol) web services to simplify the use of
the API (Application Programming Interface) and its implementations. The services are described in detail by the report and cover the
main functionalities of the smart grid. However, there is almost no
description of the actual implementations. The data sources needed
for implementation are also not described.
2.2.4 Architectures for smart end-user services in the power grid
The paper [49] presents a service architecture that integrates with
the power grid. The architectural design allows new services to be
plugged in easily. Such services can be the remote deployment of
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smart energy end-user applications, control algorithms that manage
renewable energy installations or end-user services like billing processes, hybrid car charging coordination, dynamic load shifting of
smart devices, etc. The smart grid simulator presented by this paper
provides a framework for the interaction between the communication
and power systems. The framework which is implemented in OMNeT++ [48] contains two components which play a major role in the
simulator: the power grid and ICT grid control components. The user
can simulate the smart grid by calling the right interfaces. The simulator provides a good and detailed simulation of the smart grid as a
whole. However no real time market data and weather information
is used to create realistic location specific simulations.
2.2.5 Optimizing Offices
An important part of the smart grid is the integration of smart homes.
Smart homes offer the possibility to be controlled and managed automatically through the use of embedded systems. This possibility
of management is used to make life more efficient and also enables
the means to conserve energy. The use of renewable energy sources,
like wind and solar power installed at smart environments combined
with the smart grid, if managed properly, can lead to a significant
reduction of the energy bill.
The report [15] proposes a system that controls and manages a smart
environment, in this case, an office environment with renewable energy sources, to minimize energy costs of operating office equipment.
As explained earlier a smart environment is an environment in which
electrical appliances can be controlled with the use of embedded
systems. The idea is to schedule the operation of electrical devices
according to policies without the loss of comfort and productivity.
These policies can be defined by a user or the system can learn how
a user operates the equipment and then create policies based on that
information. To schedule the operation of devices in an order that
the energy costs are the lowest, the system has to be connected to
the smart grid to retrieve a pricing forecast. However, this will not
be possible for some time because the smart grid is an idea which is
not implemented yet. Therefore Andrea Pagani created a simulation
model for the smart grid, which includes dynamic pricing, real-time
choice of operator and the use of renewable energy.
Andrea his simulation model is based on real market values gathered
from the PJM Interconnection, which is a regional transmission organization in the United States that is responsible for moving electricity
over large interstate areas [26]. The data obtained from the PJM Interconnection is the day-ahead pricing for the USA market. The simu-
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lation model also includes data from real energy generation installations. The data used to simulate renewable energy is obtained from
a photovoltaic solar installation in New York at the Dalton School in
Manhattan and the current wind speed measured by an anemometer
at the top of the same building [9].
The simulator is a good basis for the simulation model proposed in
this thesis. It contains the essential functionalities like dynamic pricing, real time choice of operator and the use of renewable energy
installations. The data generated by the simulator is based on real
market and weather information. However, the simulation model is
not freely accessible over the internet and the data used to simulate
renewable energy is from one static location in the USA.
2.3

discussion

According to the reports [51], [27] and [49] the communications within
a smart grid should have a service oriented architecture, based on
the latest developments in ICT. Each report describes an architecture
based on services. However, the reports [51] and [27], which offer
most functionalities like dynamic pricing etc, do not contain the actual implementations of these services. The report [49] presents an
architecture in which new services can be easily integrated. The report contains the actual implementation of a smart grid simulator.
However, the simulator does not use real market and weather information. Therefore the simulated data can not be used to test the
dynamical aspects of a smart grid, for instance, the renewable energy
production, which is based on local weather.
The report [15] shows a promising simulation model, which takes
the dynamical aspects of the smart grid into account. The model
simulates the dynamic pricing, real time choice of operators and local energy generation by using real market and weather information
gathered from external web services. However, the simulation model
does have some drawbacks:
• The market data used is from the USA market.
• The photovoltaic solar simulation is based on history data from
one real installation.
• The wind turbine simulation uses a static air density.
• The simulation model is not accessible as a web service.
The simulation model proposed in this thesis fills in the gaps by providing an actual implementation that simulates the main features of a
smart grid: dynamic pricing, real time choice of operators and renewable energy generation. The dynamic pricing is based on the Dutch
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market and the production of renewable energy is simulated using
complex algorithms based on the location provided by a user, which
can be for any location in the Netherlands, the date of the request
and the renewable energy installation parameters also provided by
the user. The model is implemented as a RESTful web service, and
therefore easily accessible via the internet.
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CONCEPT

The smart grid, the idea of a modernized electrical grid, promises twoway communication, self-healing capabilities, dynamic pricing, realtime choice of operator, digital metering and the inclusion of local
renewable energy generation. This chapter describes the concept of
the smart grid and the scope of the simulation model developed in
this report. In Section 3.1 we discuss the concept of the smart grid
and some its components. We have a look at the requirements of the
smart grid and decide which are useful to simulate. Section 3.2 talks
about the scope of the simulation model and how the features of the
model will be implemented.
3.1

smart-grid

The current old and static electrical grid is under pressure by the increasing demand and variability of electricity. Providing a sustainable
and stable supply of electricity is crucial. These challenges define the
need for an evolution of the electrical grid. The so-called smart grid
uses ICT and provides:
• Efficiency
• Reliability
• Sustainability
Efficiency: The smart grid provides new ways of increasing the efficiency of power generation and reducing losses in the distribution
and consumption of electricity like dynamic pricing and the real-time
choice of operators. Dynamic pricing helps reducing the load-balance
during demand peaks by offering variable energy tariffs depending
on the local availability of electricity. The real-time choice of operator,
which is the possibility of switching from energy provider real-time,
also increases the efficiency of the network by offering available electricity from local suppliers.
Reliability: The reliability of the network will be improved by including technologies and new design concepts in system components like
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transformers and circuit breakers that improve fault detection and
allow self-healing (self-diagnosing and automatic taking the appropriate actions needed to restore the network). The network will also
be better balanced and therefore more reliable due to the dynamic
pricing and real-time choice of operators.
Sustainability: The flexibility of the smart grid allows the accommodation for highly variable energy sources such as solar and wind
power. The integration of these renewable energy sources need smart
grid technology to manage the rapid fluctuations due to variable
weather conditions.
3.2

simulation model

The simulation model proposed in this thesis is based on the smart
grid services provided to the end user such as:
• Dynamic pricing.
• Real time choice of operators.
• The integration of renewable energy sources.
The smart grid simulation model offers these features by simulating:
• Market information
– Energy tariff forecast
– Price and supply forecast
• Renewable energy generation
– Wind turbine
– Photovoltaic solar installation
The simulations are based on local market and weather data and can
be requested for any location in the Netherlands.
3.2.1 Market
The Market simulation is one the key features of the model proposed
and offers dynamic pricing and real-time choice of operator. Based
on the simulations a smart environment is able to schedule energy
consuming tasks on specific times to optimize the overall energy costs.
The simulation of the market includes:
• Energy tariff forecast
• Price and supply forecast of multiple providers
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3.2.1.1

Energy tariff forecast

The energy tariff forecast contains the location, the current energy
tariff and a list with the energy tariff per hour for the current and
next day as shown below.
• Location of the user
name
country
latitude
longitude
• Current energy tariff.
energy tariff
• List of the energy tariff per hour
date
energy tariff
The energy tariff is calculated using the average cost price of energy
per hour taken from a real wholesale market. Each cost price is multiplied with 10 to create the hourly tariffs which would be close to
prices paid by a customer. The energy tariff forecast also contains the
current energy tariff. This tariff is based on the current date and time
and is calculated as a linear interpolation between the energy tariff of
the previous and the energy tariff of the next hour.
3.2.1.2 Price and Supply forecast
The price and supply forecast contains a list with the price and supply
quantities for multiple providers per hour as shown below.
• Location of the user
name
country
latitude
longitude
• List of the current prices and supplies from each provider
provider ID
price
amount available
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• List of the supplies per date
date
List of the price and supply from each provider
provider ID
price
amount available
To simulate the price and supply forecast we need:
• Amount of providers in the simulation
• Maximum kW provided per hour by one provider
• Energy tariff per hour
The amount of providers in the simulation is determined by the user.
The supply quantity of a provider is a random number between 0
and the maximum energy required in kW, which can also be set by
the user. The prices per hour of each provider are simulated using
a Gaussian distribution in which the standard deviation is calculated
as a percentage of the energy tariff, and the mean is calculated using
the energy tariff plus a standard deviation variable per provider.
P=G

A
S
+A+
D
0.67448
100

In which:
P :price of energy
G :random Gaussian number with a mean of 0 and a standard
deviation of 1
S :standard deviation (is divided by 0.67448, to let 50 % of the
results fall within the deviation)
A :energy tariff
D :deviation variable per provider (in percentage)
The standard deviation is calculated as:
S=

A
V
100

In which:
S :standard deviation
A :energy tariff
V :hourly price variation (in percentage)
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The hourly price variation is a variable stored in the applications configuration file and can be changed manually to change the average
price difference between hours of a provider.
The deviation variable per provider, is calculated once at the beginning of the simulation using a Gaussian distribution in which the
mean is zero, and the standard deviation is a variable stored in the
applications configurations file.
D=G

V
0.67448

In which:
D :deviation variable
G :random Gaussian number with a mean of 0 and a standard
deviation of 1
V global price variation in percentage (is divided by 0.67448, to let
50 % of the results fall within the deviation)
The global price variation can be changed manually to change the average price difference of all providers compared to the energy tariffs.
3.2.2 Renewables
The use of renewable energy installations is growing [1]. Therefore it
is interesting to use this data inside the simulations to optimize the
energy costs of a smart environment even more. The model created
by Andrea is using a real photovoltaic solar installation on a school
in Manhattan New-York. The model is also using the average and
current wind-speed of New York to simulate a wind-mill installation
[9]. This data is very realistic, however, it is confined to that specific
location. The simulation model proposed in this thesis does not use
data from real installations but instead uses local weather data gathered from locations in the Netherlands. Therefore it is possible to
simulate the energy output of a renewable energy installation for any
location within the Netherlands.
At this time we restrict the use of renewable energy installations to a
wind turbine and a photovoltaic solar installation.
3.2.2.1 Wind turbine
Wind turbines work by converting kinetic energy from the wind into
rotational kinetic energy in a wind turbine. The kinetic energy is
then converted by an electrical generator into electrical energy. The
amount of electricity generated is dependent on four things:
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• Wind speed at the location of the wind turbine
• Area swept by the wind turbine
• Air density at the location of the wind turbine
• Efficiency of the wind turbine
The formula to compute the energy output of a wind turbine [39]:
P=

1
ρAV 3 C p
2

Where:
ρ :air density
A :area swept by the turbine blades (m2 )
V :wind speed
C p :power coefficient
The area swept is calculated by using the rotor size of the turbine [39]
as shown in Figure 2:
A = πr2

Figure 2.: Area swept by the wind turbine.
The size and the efficiency of the turbine is input given by the user.
The speed of the wind is dependent on the location of the user. For
calculating the energy output from the wind turbine we also need
the air density. In wind power literature the air density is usually
considered as a constant in time, with the standard value ρ = 1.225
kg/m3 [24]. The simulation model from [15] also uses this value to
generate their results. However, studies show that considering the
variation of the air density in the calculation of the energy output can
increase the accuracy with 16% [12]. We therefore compute the air
density ourselves by using the temperature and air pressure [5]:
ρ=

P
0.378 ∗ Pv
∗ (1 −
)
Rd T
P

In which:
ρ :density of humid air (kg/m3 )
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Pd :partial pressure of dry air
Pv :pressure of water vapor(Pa)
P :Pd + Pv , total air pressure
Rd :specific gas constant for dry air, 287058 J/(kg*K)
T :temperature in K
The partial pressure of dry air is calculated by:
Pd = P − Pv
In which:
Pv :pressure of water vapor(Pa)
P :absolute pressure
The vapor pressure of water is calculated by using the saturation vapor pressure and relative humidity :
Vp = φPsat
In which:
Vp :vapor pressure of water
φ :relative humidity
Psat :saturation vapor pressure
The saturation vapor pressure is calculated by using temperature [4]:
Psat =

eso
P8

In which:
Psat :saturation vapor pressure
eso :6.1078.
P : (c0 +T*(c1 +T*(c2 +T*(c3 +T*(c4 +T*(c5 +T*(c6 +T*(c7 +T*(c8 +T*(c9 ))))))))))
T :temperature in Celsius
c0 :0.99999683
c1 :-0.90826951*10−2
c2 :0.78736169*10−4
c3 :-0.61117958*10−6
c4 :0.43884187*10−8
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c5 :-0.29883885*10−10
c6 :0.21874425*10−12
c7 :-0.17892321*10−14
c8 :0.11112018*10−16
c9 :-0.30994571*10−19
3.2.2.2 Photovoltaic Solar Installation
Photovoltaic solar energy installations work by converting sun light
directly into electricity by the use of solar cells. These cells convert
the energy of light by the photovoltaic effect i.e., the creation of an
electrical current by exposing light in a material [36]. The calculations needed to simulate the energy output of such an installation are
far more complex than that of a wind turbine. The electricity generated by a photovoltaic module is not only dependent on the power
contained in the sun light, but also on the angle between the module
and the sun. The power density on the surface is at its maximum
when the module and the sun are perpendicular to each other. The
power density decreases when the angle changes.
For calculating the energy output of a photovoltaic solar installation
we need:
• Solar irradiance
• Position of the sun
• Tilt of the installation
• Direction of the installation
• Size of the installation
• Efficiency of the installation
The formula to compute the energy output of a photovoltaic solar
installation [46]:
E = A ∗ r ∗ H ∗ PR
Where:
E :energy (kWh)
A :total solar panel area (m2 )
r :ratio solar panel yield
H :solar irradiance
PR :performance ratio
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The solar panel area is input given by the user. The ratio solar panel
yield is calculated by dividing the maximum power yield in kWp
of the modules, which is user input, by the total solar panel area.
The performance ratio accounts for the variety of losses. These losses
include: cable losses, weak radiation, temperature, cloud coverage etc
and can be calculated as:
L = 1 − 0.14 − C − T
Where:
L :total loss
C :loss through cloud coverage
T :loss through temperature
The 0.14 accounts for losses through cable, weak radation, etc. Cloud
coverage is variable and can decrease the performance ratio with 4070%, which is an industrial standard confirmed by Lave’s research
[30]. Based on that information the loss through cloud coverage is
calculated as:
C = 0.7/100 ∗ p
Where:
C :loss through cloud coverage
p :percentage cloud coverage
The loss through temperature is also variable. Temperature increase
above 25 degrees celcius can decrease the performance of the solar
panels and is calculated as:
T = ( A − 25) ∗ 0.05
Where:
T :loss through temperature
A :temperature in Celcius
The solar irradiance incident on the photovoltaic modules is dependent on the angle between the module and the sun and can be calculated as shown in Figure 3.
The solar irradiance incident on the module can be calculated using
the following formula [10]:
Smodule = Sincident [cos α sin β cos(ψ − φ) + sin α cos β]
Where:
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Figure 3.: Solar irradiance incident on tilted surface.
Smodule :solar irradiance incident on module
Sincident :solar irradiance perpendicular to the sun
α :sun elevation angle
β :module tilt angle
ψ :azimuth angle the module faces
φ :sun azimuth angle

Figure 4.: Position of the sun in: azimuth and altitude.
The module tilt angle and the azimuth angle of the module (direction
the module faces) is input given by the user. The position of the sun
given as the elevation and azimuth angle as shown in Figure: 4 is
calculated by using the Solar Positioning Algorithm (SPA) created by
the National Renewable Energy Laboratory (NREL) [44].
The complex algorithm uses the GPS coordinates given by the user
in combination with the date and time to compute the position of the
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sun with an uncertainty of 0.003.
Solar irradiance forecast data is not yet implemented in the weather
APIs used in this thesis. We therefore compute the irradiance ourselves.
The intensity of the sunlight (irradiance) can be computed as a function of air mass by using the following formula [32]:
S = 1.353 ∗ 0.7( AM

0.678 )

Where:
S :solar irradiance perpendicular to the sun
1.353 :solar constant kW/m2
0.7 :radiation transmitted to the earth
AM :air mass
0.678 :empirical fit to observed data
The air mass is computed by normalizing the path length the sun
light takes through the atmosphere to the shortest path length possible as shown in Figure 5. To calculate the air mass with respect to the
curvatures of the earth the following formula is used [28]:
AM =

1
cos θ + 0.50572(96.07995 − θ )−1.6364

Where:
AM :air mass
θ :the elevation angle of the sun
The numerical values in the air mass formula are used to account for
the curvatures of the earth.

Figure 5.: The air mass normalized to the shortest path possible.
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4
SYSTEM DESIGN AND ARCHITECTURE

Any system to be developed needs a good architecture to ensure the
reliability and maintainability of such a system. Developing a good
design improves coding standards. This chapter describes the system
design and architecture. In Section 4.1 we have a look at the context
of the system. Section 4.2 describes four primary use cases of the
main functionality of the simulation model and one additional use
case to maintain the system. Section 4.3 gives us the functional and
non-functional requirements of the application and in Section 4.4 we
have a look at the complete model of the system and elaborate the
rationale of each component.
4.1

system context

The smart grid simulation model is developed to simulate realistic
functionality of what a smart grid would provide to a smart environment. It can be used for the development and testing of services
inside a smart environment based on smart grid functionalities as explained in Chapter 3.
The simulation model is accessible via the internet. The requests
made by the user include at least a GPS location and dependent on
the function call other variables like the parameters of a renewable
energy installation.
The output created by the simulation model is based on local market and weather data. To ensure the responsiveness and reliability of
the application, the simulations are not directly linked to the external
sources. Instead, the application uses its own databases. The applications main database contains locations inside the Netherlands, from
which the necessary data is gathered on specific time intervals. Every
request uses the GPS coordinates provided by a user to retrieve the
data closest to its location.
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4.2

use cases

Figure 6 shows the primary use cases for the smart grid simulation
model. Five basic use cases are shown which represent the functionalities of the application and one additional use case which is used
to manage the application and start the updating of local market and
weather data. Each use case is described in Table 1.
Code
UC1

Use Case
Show market data

UC2

Show price forecast

UC3

Simulate wind turbine

UC4

Simulate solar panels

UC5

Manage application

Rational
Market data is simulated by the application. The data returned is dependent on the parameters given
by the user.
The application returns the hourly
pricing forecast of the location
given by the user.
The current and future energy output of a wind turbine is simulated
using local weather data from the
location given by the user combined with the wind turbine parameters also provided by the user.
The current and future energy output of a photovoltaic solar panel installation is simulated using local
weather data and the position of
the sun given by the user combined
with the parameters of the solar installation also provided by the user.
The administrator can manage the
application by changing the configurations file and (re)starting the
scheduler. The administrator can
also add new locations to the
database.

Table 1.: Use cases

4.3

requirements

In this section the non-functional and functional requirements are
described.
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Figure 6.: Primary use cases.
4.3.1 Non-functional requirements
Below is a list of the non-functional requirements of the system.
• The data simulated should be realistic.
• The data returned should by clearly structured.
• The simulation model must be easily accessible.
• The simulation model must be well documented.
• The simulation model must be easy to use.
• The system should be maintainable.
4.3.2 Functional requirements
The functional requirements of the application are listed below.
• The system should return the data in either JSON or XML.
• A user is able to request the current energy tariff and a forecast
for the current and next day.
• A user can use longitude and latitude as location coordinates.
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• A user is able to simulate the energy output of a wind turbine
installation on a given location.
• A user is able to simulate the energy output of a photovoltaic
solar installation on a given location.
• A user is able to request a pricing and supply forecast dependent on his/her location.
• A user is able to contact the simulation model as a web service.
4.4

system model

As shown in Figure 7 the system contains six external components:
End User, NOAA Weather service, Weather Underground, Open Weather
Maps, APX Endex and PJM Interconnection. Five of these components are used for data retrieval. The sixth, End user, is the user i.e.,
a smart environment which makes function requests.
The internal system is divided into four modules: Renewable, Smart
Grid, Web service and the Market module. Each internal module is
responsible for specific functionalities of the smart grid.
The Web Service module handles all communication between the external component, the End User, and the smart grid simulation model.
The Smart Grid module handles the incoming requests from the Web
Service module and coordinates all functionalities of the smart grid.
The Renewable module is responsible for gathering weather data
from its external components, the weather services. It also simulates
energy forecast data from either a wind turbine or a photovoltaic solar installation. The Market module is responsible for gathering real
market data from its external components. It also creates the appropriate market simulations on request.
4.4.1 Smart Grid
The Smart Grid module is the main component which couples all the
separate modules. The module is responsible for the coordination of
incoming request from the Web Service module. The module is also
responsible for triggering the updating of local weather and market
data, which is done through the applications scheduler. Figure 8
shows the architecture of the Smart Grid module, the components
are further explained in the sections below. A full description of each
class in the diagram is explained in Appendix A.1.
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Figure 7.: System architecture.

Figure 8.: Class diagram Smart Grid module.
4.4.1.1

User request

Each request made by a user is accompanied with GPS coordinates.
These coordinates given by the user can be the longitude and latitude
for any location in the world. The Smart Grid module then calculates the nearest location which is present in our database using the
Haversine formula [45]. The Haversine formula is an equation used
in navigation. The output of the formula is a great-circle distance between two points on a sphere. The first step in getting the distance is
computing the central angle between both points by using the following equation [45]:
!
r
∆φ
∆λ
∆σ = 2arcsin
sin2 (
+ cosφ1 cos φ2 sin2 (
))
2
2
In which:
∆σ :central angle between both points
∆φ :absolute difference between latitudes
∆λ :absolute difference between longitudes
φ1 :latitude of the first location
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φ2 :latitude of the second location
λ1 :longitude of the first location
λ1 :longitude of the second location
With the result of the previous equation we can calculate the difference between both points by multiplying the central angle with the
earth’s radius which is around 6.371km.
d = r∆σ
In which:
d :distance between both points
∆σ :central angle between both points
r :earth’s radius, given: 6371 km
Dependent on the function call, the Smart Grid module forwards the
request to either the Market or Renewable module.
4.4.1.2

Scheduler request

The Scheduler, a singleton observable instance which is created by the
SmartGrid class and runs during the entire lifetime of the application,
is responsible for triggering time specific functions. These functions
update either the weather or market data used in the simulations.
The SQLite databases used for data storing, locks the database for
other writers when an insertion takes place. Therefore it does not
support multiple objects inserting data at the same time. The singleton observable architecture used for the scheduler, makes sure the
scheduler is the only instance that can request the insertion of data in
the designated databases. All these schedulers execute on one thread
to prevent multi-threading insertion through the database managers.
When the Scheduler is created, the SmartGrid instance registers itself
as an observer. The class contains three schedulers:
• Market scheduler
• Weather forecast scheduler
• Weather history scheduler
Market Scheduler
The market Scheduler fires a notification to the SmartGrid instance at
every whole hour. The SmartGrid instance then compares the current
time with the market update time, which is a variable in the applications configuration file. When the times are equal, an update market
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request is sent to the Market module.
Weather forecast Scheduler
The Weather forecast Scheduler fires a notification to the SmartGrid
instance at every whole hour. The SmartGrid instance then compares
the current time from every location in the database with the weather
forecast update time, which is a variable in the applications configuration file. When the times are equal, an update weather data request
is sent to the Renewable module.
Weather history Scheduler
The Weather history Scheduler fires a notification at a specific rate
as noted in the configurations file of the application. This rate is the
maximum request limit from the Weather Underground API, which
is 500 calls per day. When this scheduler triggers the update history
function, the SmartGrid instance requests the Renewable module to
update one location with an incomplete weather list.
4.4.1.3

Smart Grid Data

The applications main database contains all the locations that have
weather and market data. Every user or scheduler request is coupled
to a location in the database. Based on this location the right data
is used in the simulations. The application database manager is the
communication layer of the main SQLite database and contains all
the SQL statements needed.
4.4.2 Market Module
The Market module is responsible for the energy tariff and the price
and supply forecast, that simulates the dynamic pricing and real time
choice of operators within a smart grid. Figure 9 shows the architecture of the Market module, which is further explained in the sections
below. A full description of each class in the diagram is explained in
Appendix A.2.
4.4.2.1

Market Simulation

The dynamic pricing and real time choice of operator is simulated by
the use of two functions: the energy tariff forecast and the price and
supply forecast.
Energy tariff forecast
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Figure 9.: Class diagram Market module.
The energy tariff forecast as explained in Section 3.2.1 is simulated using the average cost price of energy per hour taken from real wholesale markets. These values are stored in the Market database and
gathered on request. The cost price of energy per hour is multiplied
with 10 to create realistic energy tariffs. This value is in the configurations file and can be changed manually. The output of the function
is a MarketPrice object, which contains the forecast energy tariff per
hour and a current energy tariff.
Price and supply forecast
As explained in Section 3.2.1 the price and supply forecast is simulated based on variables provided by the user, the energy tariff forecast and variables in the configurations file. The variables provided
by the user are: the amount of providers simulated and the maximum kW a provider can supply per hour. The output of the function
is a MarketSimulation object which contains the price and supply per
hour and a current price and supply of multiple providers.
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4.4.2.2

Market Data

To simulate realistic electricity prices, real data is gathered from wholesale markets. The data retrieved is a list with the average cost price of
energy per hour. This list is saved in the Market database and can be
retrieved through the Market database manager. The manager is the
communication layer and is responsible for all the communications to
and from the SQL Market database. The Market databases contains
the following data:
• Date timestamp
• Average cost price
4.4.2.3 Market Parser
To create realistic market information, data from real markets is integrated within the simulation model. For the Dutch market the APXEndex is used. The APX is the power spot exchange house for gas and
power contracts in the United Kingdom, Belgium and in the Netherlands. All the gas and electricity being exchanged is done through
the APX. This makes the APX an excellent source to get realistic market data for our simulations. Every day around 15 o’clock the website
of the APX provides a data file as shown in Figure 10 that contains
twenty four index prices, each for one hour of the next day. This
index price, called the APX-Index, is based on the two-side auction
model. Demands and supplies from submitted orders are compared
on a daily basis, resulting in one price expressed as Euro/MWh for
every hour of the next day. The file is downloaded and parsed every
day. The data returned is stored in the Market database.
4.4.3 Renewable Module
The use of renewable energy installations can optimize the energy bill
up to 35 percent [15]. Therefore the inclusion of renewable energy
installations is an important feature of our model. Figure 11 shows
the architecture of the Renewable module, which is further explained
in the sections below. A full description of each class in the diagram
is explained in Appendix A.3.
4.4.3.1 Energy output simulation
Most common sources of renewable energy in households are the use
of wind turbines or solar energy installations. Our model can simulate the presence of both of these installations.
Wind turbine
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Figure 10.: XML-file APX-Index.
The energy output of a wind turbine can be calculated as discussed
in Chapter 3.2.2.1. The input of the formula needs: wind speed, the
area swept by the rotor in square meters, the power coefficient which
is usually between 0.35-0.45 and the air density. Most common calculations use a standard air density of 1.225 kg/m3 . Which is the
density at sea level at 15 C according to ISA (International Standard
Atmosphere) [24]. To be more accurate we compute the air density
ourself using the temperature, air pressure and humidity. The user
provides us with their location, the rotor size of the windmill and
the power coefficient of the windmill. The other data needed for the
simulation is taken out of the database from a location nearest to the
GPS coordinates provided by the user.
The data returned by the database is a list with the wind speed, temperature, air pressure and humidity per hour. The algorithm uses all
the data and calculates the energy output in watt per hour. This data
is returned to the user in a list containing the energy output with the
appropriate times.
Solar panels
The calculations of the energy output of a solar panel are more complex than that of a windmill and is explained in Section 3.2.2.2. The
parameters needed for the calculations are: solar irradiance, the tilt
of the panel, the direction the panel faces and the position of the sun.
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Figure 11.: Class diagram Renewable module.
4.4.3.2

Weather data

To calculate the energy output of renewable energy installations, local
weather data is needed. The database is a SQLite file, which is only
called from the Weather database manager. This communication layer
contains all the SQL statements needed for the storing and retrieval
of weather data. The data stored for the simulations is:
• Date timestamp
• Temperature (Celcius)
• Wind speed (m/s)
• Cloud coverage (percentage)
• Pressure
• Humidity
4.4.3.3 Weather parsing
The weather database used in the simulation model contains up to
date local weather forecasts for a couple of days, with an one hour
interval. For testing purposes the database also contains the hourly
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weather data from a couple of moths ago. The data is retrieved from
three weather services:
• NOAA weather service
• OpenWeatherMaps weather service
• Weather Underground service
The NOAA Weather service provides weather forecast data from the
USA. The OpenWeatherMaps weather service provides weather forecast data for The Netherlands. And as last the Weather Underground
service is used to retrieve history weather data.
The NOAA Weather service provides a SOAP based web Service: the
National Digital Forecast Database (NDFD). Through this web service
we can request weather data from the National Weather Service’s digital forecast database [38]. The service returns the requested information in XML (Extensible Markup Language) format. The service uses
a SOAP server for the communication and the protocol is defined in
the WSDL (Web Services Description Language) file provided by the
NOAA Weather service website. There are several functions which
can be called in the web service. For our application we call the
“NDFDgen()” function accompanied with the longitude and latitude
from the location of which we want to receive data and the data parameters we want to retrieve which are: Temperature, cloud coverage,
wind speed and the humidity [37]. Unfortunately the pressure values
needed to calculate the air density are not present in the web service.
The data returned is a XML-file containing weather data with a three
hour interval.
The OpenWeatherMaps API provides free weather forecast data for
any given location in the world [42]. We use this API to get weather
data for locations in the Netherlands. The API provides a RESTprotocol endpoint. It can be called from a URL using the right query
parameters. To get the weather forecast of a specific location we call
the following URL:
"http://api.openweathermap.org/data/2.5/forecast?lat=...&lon=
...&mode=...&APPID=..."
Where:
lat :latitude of the location to get weather data
lon :longitude of the location from which to get weather data
mode :return format requested, can be either json or xml
appid :personal key used for the web service(which is optional)
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The web service can either return the weather forecast in XML or
JSON (JavaScript Object Notation format. We use the returned JSON
object, and parse this data to create a new weather object. The data returned in the JSON object contains the: temperature, cloud coverage,
wind speed, pressure and the humidity. This data is also provided
with a three hour interval [43].
The Weather Underground web service provides the weather history
and forecast data with a free or a paid license [53]. The free licence
has a request limitation of 500 calls per day, where the paid licence
upgrades this limitation based on the price paid. The service provides weather data for any location in the world given the longitude
and latitude. API requests are made over HTTP using REST protocol.
We use this API to get the history data of any missing date in our own
database up to two years in the past. The data returned can either be
XML or JSON, in our application we request the JSON objects. The
provided data contains the: temperature, wind speed, pressure and
the humidity. The object returned contains data on a hourly basis [52]
and can be requested by using the following URL:
"http://api.wunderground.com/api/key/history_datestring/q/
latitude,longitude.mode"
Where:
datestring :date string in the format YYYMMDD
latitude :latitude of the location
longitude :longitude of the location
mode :return format requested, can be either JSON or XML
key :personal key used for the web service
The simulation model needs data on a hourly basis. However, both
the NOAA weather service and the OpenWeatherMap provide data
with a three hour interval. To solve this problem a linear interpolation function is used. This function is called each time when data
from these weather APIS is retrieved and fills in the hourly gaps by
interpolating with data from the previous and next hour.
N = Vp +

Vp − Vn
Tp − Tn

In which:
N :new interpolated value
Vp :value of a previous known hour
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Vn :value of the next know hour
Tp :previous hour with a known value (time)
Tn :next hour with a known value (time)
4.4.4 Web Service
The simulation model is implemented as a RESTful web service and
is accessible over the internet via HTTP request:
http://129.125.84.116:8080/SmartGrid/functionCall?parameters=
...
In which the IP address is from the server provided by the RUG.
The “smartgrid” invokes the smart grid simulation application. The
functionCall refers to the function the user wants to call. There are
four functions available with each its own parameters:
• Market
[lat] :Latitude of the location
[lon] :Longitude of the location
[prov] :Amount of providers in the simulation
[maxkw] :Maximum kW supplied per energy provider
[format] :Return format in XML or JSON
• Price
[lat] :Latitude of the location
[lon] :Longitude of the location
[format] :Return format in XML or JSON
• Windturbine
[lat] :Latitude of the location
[lon] :Longitude of the location
[eff] :Efficiency of the wind turbine
[size] :Size of the rotor
[format] :Return format in XML or JSON
• PV
[lat] :Latitude of the location
[lon] :Longitude of the location
[wp] :Maximum yield of the solar panels
[dir] :Direction of the solar panels
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[tilt] :Tilt of the panels
[height] :Height above sea level
[size] :Size of the panels
[format] :Return format in XML or JSON
Every request made by the user is pre-processed by a servlet filter.
This filter takes the Query Parameter “format” and redirects accordingly to either the XML or JSON function.
@Path (”/ w i n d m i l l f o r e c a s t / j s o n ” )
@Path (”/ w i n d m i l l f o r e c a s t /XML” )
Dependent on which format the user request the output is set by:
@Produces ( { MediaType . APPLICATION JSON } )
@Produces ( { MediaType . APPLICATION XML } )
All user requests invoke the Smart Grid module to return specific
data. This data returned by the Smart Grid module is converted into
an object with XML elements. Dependent on which format the user
specified the data object is returned in either XML or JSON format.
Administrators can change application configurations by changing
values in the configuration file. They can also change data in the
main applications database like the adding or removing of locations.
Adding more locations to the database increases the accuracy of the
weather data used for the simulation of renewable energy installations. But it also means that more weather data needs to be retrieved
from the external components.
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I M P L E M E N TAT I O N

The system proposed in this report is implemented as a RESTful web
service which is hosted on a server provided by the RUG. This chapter describes the implementation of the application. In Section 5.1 we
have a look at the primary functionality of the model explained with
sequence diagrams. These diagrams are the result of the use cases as
described in Chapter 4. Several development tools and libraries were
used to realise the implementation of the simulation model. These
tools and libraries are described in Section 5.2 and 5.3. In Section 5.4
we explain the singleton and observer pattern which are used in the
software design.
5.1

sequence diagrams

In this section the implementation of the use cases as described in
Chapter 4 is explained using sequence diagrams.
5.1.1 Price forecast

Figure 12.: Sequence diagram price forecast - UC1.
Figure 12 shows how a price forecast request is handled by the simulation model. The Web Service module handles the incoming request
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from the user. First, the request is pre processed by a servlet filter,
to call the right function with the specified return format. The Web
Service module then forwards the request to the Smart Grid module.
This module uses the GPS coordinates from the request to query the
closest location in the database, using the Haversine formula as explained in Chapter 4. The request is then forwarded to the Market
module accompanied with the closest location. This module queries
the Market database to get the most recent pricing for the given location. These prices are returned to the Web Service module, which
converts the prices into the specified return format. The Web Service
module then returns the prices to the user.
5.1.2 Market Simulation

Figure 13.: Sequence diagram market simulation - UC2.
Figure 13 shows how a market simulation request is handled by the
system. The Web Service module handles the incoming request from
a user. First, the request is pre processed by a servlet filter, to call
the right function with the specified return format. The Web Service module then forwards the request to the Smart Grid module.
This module uses the GPS coordinates from the request to query the
closest location in the database, using the Haversine formula. The
request is then forwarded to the Market module accompanied with
the closest location and function parameters. This module queries
the Market database to get the most recent pricing for the given location. These prices and the function parameters are then used to
simulate the price and supply quantities for a specified amount of
providers. This simulated data is then returned to the Web Service
module, which converts the data into the specified return format. The
Web Service module then returns the simulated data to the user.
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Figure 14.: Sequence diagram wind turbine - UC3.
5.1.3 Wind turbine simulation
Figure 14 shows how a wind turbine simulation request is handled
by the system. The Web Service module handles the incoming request from a user. The request is pre processed by a servlet filter,
to call the right function with the specified return format. The Web
Service module then forwards the request to the Smart Grid module.
This module uses the GPS coordinates from the request to query the
closest location in the database, using the Haversine formula. The location with the request is then forwarded to the Renewable module.
This module queries the Weather database to get the weather forecast
for the given location. This data is used to predict the energy output from a wind turbine using parameters specified by the user. The
simulated data is then returned to the Web Service module, which
converts the data into the specified return format. The Web Service
module then returns the simulated data to the user.
5.1.4 PV Simulation

Figure 15.: Sequence diagram solar panels - UC4.

47

5.1 sequence diagrams

Figure 15 shows how a solar panel simulation request is handled by
the system. The Web Service module handles the incoming request
from a user. The request is first pre processed by a servlet filter, to
call the right function with the specified return format. The Web
Service module then forwards the request to the Smart Grid module.
This module uses the GPS coordinates from the request to query the
closest location in the database, using the Haversine formula. The
location with the request is then forwarded to the Renewable module.
This module queries the Weather database to get the weather forecast
for the given location. This data combined with the position of the
sun is used to predict the energy output from a PV installation using
parameters specified by the user. The simulated data is then returned
to the Web Service module, which converts the data into the specified
return format. The Web Service module then returns the simulated
data to the user.
5.1.5 Update Market

Figure 16.: Sequence diagram update market - UC5.
Figure 16 shows how the system handles an update market request.
The Smart Grid module contains a time scheduler which triggers the
update market function at specific time intervals. When the function
is triggered, the Smart Grid module queries the main database and
checks for every market if the local current time is equal to the market
update time. The update request with the markets that should be
updated are forwarded to the Market module. This module then
downloads and parses the right files to get real market data. This
data is stored in the Market database.
5.1.6 Update Weather Forecast
Figure 17 shows how a weather update request is handled by the
simulation model. The Smart Grid module contains a time scheduler
which triggers the update weather function at specific time intervals.
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Figure 17.: Sequence diagram update local weather - UC6.
When the function is triggered, the Smart Grid module queries the
main database and checks for every location if the local current time
is equal to the weather update time. The update request with the
locations that should be updated are forwarded to the Renewable
Module. This module then connects to the weather web services and
requests the weather data. This data is then stored in the Weather
database.
5.2

development tools

The simulation model is programmed in the JAVA programming language [33]. The code is developed using Eclipse as Integrated Development Environment (IDE) [13]. The end product is deployed on
a Linux server provided by the RUG. On this web server Tomcat
Apache [2] is used to run the simulation model and coordinate the
interaction between the end user and the application.
Name:
Type:
Version:
Rational:

Java
Programming language
1.6
Java is an object oriented programming language
which is mostly based on c++ (also an object oriented
programming language). Java runs on a Java Virtual
Machine which is available for every operating system, making Java platform-independent. Java is used
to program the main components of the Smart Grid
Simulation Model.
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5.3

Name:
Type:
Version:
Rational:

Eclipse
Java EE IDE for Web Developers.
Helios Service Release 2
Eclipse is an open-source framework for software development environments. Eclipse has a small kernel
and all other functionality is implemented through
plug-ins. This way a user can extend the functionality by installing new plug-ins. Eclipse supports most
programming languages by the appropriate plug-ins
but it is mostly used as an IDE for Java. Eclipse is
used as the development environment to develop the
simulation model.

Name:
Type:
Version:
Rational:

Tomcat Apache
HTTP Web server
8.0
Tomcat Apache is an open source web server and
servlet container developed by the Apache Software
Foundation (ASF). A servlet is a small Java program
that runs within a web container on a server. Tomcat
runs servlets and Java Server Pages (JSP) and provides
a Java HTTP web server environment for Java code to
run in. In this project Tomcat is used as the web server
that runs the simulation model.

external libraries

Several external libraries are used to extend the functionality of Java.
In the project Gson [16] is used on multiple occasions. The Weather
Underground web service and the Openweathermap web service both
are RESTful services which return either XML or JSON objects. The
simulation model requests return data from these services as JSON
objects, and these objects are converted by the Gson library.
The day ahead market file provided by the APX Endex is an Excel file
containing the day ahead prices for every hour for the next day. The
Java Excel library [29] is used to parse the file and extract the hourly
prices.
The weather and market data gathered from external sources are
stored in the application databases. The database managers responsible for the interaction with the SQLite files make use of the SQLite
library [17].
The data in the application databases is used in simulations requested
by a user. These requests are done through the RESTful web service,
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the Jersey library [8] is used to develop these services.

5.4

Name:
Type:
Version:
Rational:

Gson
JSON library
2.2.4
Gson is an open source Java library developed by
Google. It is used to convert Java Objects to JSON format or to convert a JSON string to an equivalent Java
Object.

Name:
Type:
Version:
Rational:

Java Excel
Excel library
2.6.12
Java Excel is an open source Java library. The API
allows developers to read, create and write to Excel
spreadsheets dynamically.

Name:
Type:
Version:
Rational:

SQLite
Database management
8.0
SQLite is a relational database management system
that uses SQL. The SQLite engine does not communicate with the applications through stand-alone processes like many other database management systems.
Instead a small C programming library is linked in
the application itself. SQLite implements most of the
SQL standards and can be used according to ACIDprotocol. The entire database is stored as a single platform independent file. SQLite is used in the simulation
model for storing application’s data, weather forecasts
and real market data.

Name:
Type:
Version:
Rational:

Jersey
RESTful library
2.2
Jersey is an open source library for developing RESTful web services in Java. The goal of the library is to
simplify the development of RESTful web services and
their clients in Java. The framework is an JAX-RS reference implementation but provides additional features
and utilities.

design patterns

This section describes which design patterns are used for the development of the application.
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5.4.1 Singleton
The Singleton is a creational design pattern. Creational design patterns deal with class instantiation, trying to create objects in a manner which is suitable to the situation. Object creation can result in
design problems and can add more complexity to the design. Creational design patterns can solve these problems by controlling the
object creation in a specific manner [14].
The singleton pattern ensures that only one instance of a particular
class can be created. All other attempts to instantiate the class will
return the same reference to the underlying instance. This is useful in
situations in which there should only exist one instance of a certain
class. For example, when a single global point of access to a limited
resource is required. Using a global variable can lead to inconsistencies when the variable is copied.

Figure 18.: UML Singleton.
The singleton is implemented by using a static method “getInstance”
as shown in code 5.1. This method creates an instance of the class
when called for the first time. All next calls will return the private
instance variable. The constructor of the class is private to ensure no
other classes can create a new instance of the singleton class.
The simulation model uses the singleton pattern in the scheduler
class. This class is a timer that triggers the update functions of specific data. Updating the data should only happen on certain time
intervals. Creating multiple schedulers will result into duplicate update actions which will decrease the performance of the application.
It will also increase the amount of requests to external web services.
Since these web services have request limitations the creation of multiple schedulers is prohibited.
There is another reason why the singleton pattern fits as a solution
in the scheduler class. Each web service request opens a new thread
in which it handles the request. Once this request is done the thread
will be closed. But the scheduler should run and coordinate updates
during the entire lifetime of the application. Using a singleton time
scheduler ensures that once it is instantiated the scheduler keeps running until the web service is stopped.
p r i v a t e DataScheduler ( ) {}
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p r i v a t e synchronized s t a t i c void c r e a t e I n s t a n c e ( ) {
i f ( i n s t a n c e == n u l l )
i n s t a n c e = new DataScheduler ( ) ;
}
public s t a t i c DataScheduler g e t I n s t a n c e ( ) {
i f ( i n s t a n c e == n u l l )
createInstance ( ) ;
return ins tance ;
}
Listing 5.1: Singleton code.

5.4.2 Observer
The Observer is a behavioural design pattern. Behavioural design patterns describe the way objects and classes communicate, interact and
divide responsibilities amongst themselves. By using a behavioural
design pattern we can increase flexibility in carrying out the communication between classes.
The observer pattern allows a single object called the observable to
publish changes in its state. Other objects called observers who are
subscribed to the observable are automatically notified when this happens. The pattern supports loose coupling and is mainly used in distributed event handling systems. The Observer pattern is also a key
part in the model view controller pattern [14].

Figure 19.: Observer pattern.

The SmartGrid class contains the logic to create and control the scheduler. It can stop and start the timer on request, making it possible
to change the parameters in the configuration file which affect the
timer, without the need to redeploy the whole web application. As
explained in Chapter 4 the scheduler triggers update functions on
specific time intervals as noted in the configurations file. To do so,
the Observer pattern is used. When the scheduler is instantiated by
the SmartGrid instance, it will register it self as an Observer, as shown
in code 5.2. Whenever the timer hits a specific time interval it will notify the SmartGrid instance to take a certain action.
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public S t r i n g c r e a t e S c h e d u l e r ( ) {
DataScheduler s c h e d u l e r = DataScheduler . g e t I n s t a n c e ( ) ;
i f ( ! s c h e d u l e r . isRunning ( ) ) {
s c h e d u l e r . addObserver ( t h i s ) ;
scheduler . startScheduler ( ) ;
r e t u r n ” Sche duler s t a r t e d ” ;
} else {
r e t u r n ” Sche duler i s running ” ;
}
}
Listing 5.2: Scheduler code.
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E VA L U AT I O N

The smart grid simulator aims at delivering realistic values for each
of the simulations. In this chapter the evaluation of the project and
the rationale of the design decisions is discussed. To evaluate the
project, the accuracy of the simulated data is tested by using data
of real energy installations. In Section 6.1 we have a look at some
design choices we faced during the development of the project. In
Section 6.2 we evaluate the project based on the requirements as described in Chapter 4, and we test the accuracy of the simulated data
by comparing it with data taken from real energy installations.
6.1

design decisions

During the development of the simulation model we had to make
certain design choices. This section describes which decisions are
taken and explains the rationale behind each decision.
6.1.1 Databases
The application gathers weather and market data from external sources
and stores this data to be used in the simulations. In Table 2 we compare some of the database solutions we considered for the development of the system.
By using a flat Text-file as database we gain full control over the implementation. All the read and/or write functions will have to be
implemented by ourselves. By doing so we can add any database
feature needed for the simulation model at the cost of extra development time and effort. Since there are other free off the shelf database
implementations which serve the needs for this project, the use of a
flat text-file is not an option.
MySQL is not very hard to set up, but tweaking the database to get
good hardware performance requires additional MySQL knowledge.
Using MySQL would grant every necessary feature needed by the
simulation model and many more features that are not needed, like
multi-user input. MySQL if tweaked properly is a good option.
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Text-file

Advantages

Disadvantages

• Full
control

• Extra development time
• Complexity
• Performance

implementation

MySQL

• A lot of functionality
• Performance

• Learning-curve
• Security
• Hardware requirements

SQLite

• Easy to set up
• Small
• Simple to back up

• Lack of multi user input

Table 2.: Database comparison.
SQLite is light weight and easy to set up. It is small and since it is
a single file database backing up the data only requires copying the
file. The only downside of SQLite is that it does not provide good
support for multi-user input. But since the simulation model is the
only application writing to the database this will not be a problem.
Because of the simplicity of the data used in the simulations SQLite
fits the project perfectly.
6.1.2 Weather API
For the inclusion of location specific simulations for renewable energy
installations, local weather data is used. The data needed depends
on the renewable energy installation that is simulated. According to
the formulas as described in Chapter 3 for the simulation of a wind
turbine the following weather data is needed:
• Temperature
• Wind Speed
• Pressure
• Humidity
The formulas for the simulation of a solar energy installation are more
complex. The calculations are based on the position of the sun. Which
is calculated using longitude, latitude, date and time according to the
SPA algorithm. For the simulation of a solar energy installation the
following weather data is used:
• Solar irradiance
• Cloud coverage

56

6.1 design decisions

Solar irradiance is not yet available in the weather services used in
the simulation model. Therefore other data is needed to estimate the
solar irradiance. As described in Chapter 3, the solar irradiance is
calculated as a function of air mass by using the elevation angle of
the sun.
The external weather services should provide the data needed for the
simulations. They should also provide certain requirements.
• The service should provide a free license.
• The service should have a high or unlimited request limit.
• The service should provide data in a one hour interval.
• The service should include history weather data.
• The service should provide the weather forecast for a couple of
days.
Based on these requirements several popular weather services are examined: Open Weather Maps, Weather Underground, NOAA Weather
service and World Weather Online. Google also had a free undocumented weather service which could be suitable, however Google
removed the service at the beginning of this master thesis.
Looking at Table 3 we can see that none of the examined weather
services provides the full package. The solar irradiance, needed for
the simulation of solar panels, is absent in every weather service. The
Weather Underground service has a history function and provides
data with a one hour interval. However, the requests possible are
limited up to 500 calls per day.
The Open Weather Maps and World Weather Online are comparable
services if you look at the requirements. Both provide data on a three
hour basis and have no history function. The open weather maps has
a request limit of 30.000 calls per minute, which we will not exceed.
The World Weather online has a request limitation of 500 calls per
hour, which is also enough to sustain the simulation model.
The Weather Underground is the only service that offers a history
function. Therefore this service is used to fill in the history gaps
in the database. Unfortunately the cloud coverage needed to simulate a solar energy installation is absent in the history function. The
development team of the Weather Underground service already announced that it will be added in the next release.
The Open Weather Map has a high request limitation and according
to the development team, Solar irradiance will be included in the
weather forecasts in the near future. Therefore Open Weather Map is
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Free version
Location
Request limit
Data interval
Protocol
Return format
History
Temperature
Wind speed
Cloud coverage
Pressure
Humidity
Solar Irradiance

Open Weather Maps
Yes
World Wide
30.000 p/m
3-hour
REST
XML/Json
No
Yes
Yes
Yes
Yes
Yes
No

Weather Underground
Yes
World Wide
500 p/d
1-hour
REST
XML/Json
Yes
Yes
Yes
Yes/No
Yes
Yes
No

NOAA Weather service
Yes
USA
No
3-hour
SOAP
XML
No
Yes
Yes
Yes
No
Yes
No

World Weather Online
Yes
World Wide
500 p/h
3-hour
REST
XML/Json/CSV
No
Yes
Yes
Yes
Yes
Yes
No

6.1 design decisions

Table 3.: Weather service comparison.
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used to gather data from the Netherlands.
The gathering of weather data for locations in the USA is an integrated part of the simulation model developed by Andrea Pagani [15].
Since the main focus of this master thesis lied in developing a simulation model for the Netherlands, we still use the NOAA Weather
service. However, looking at Table 3 we can see that the service does
not provide the pressure data needed for the calculation of the energy
output of a wind mill.
6.1.3 REST vs SOAP
The simulation model should be easily integrated in other applications via the internet. For this reasons we decided to publish the
simulation model as a web service.
In the early days of web services SOAP [50] was used for communications. SOAP uses a WSDL file to describe the interfaces of the web
application. The main advantage of SOAP is that it provides a mechanism to describe themselves and advertise their existence to users.
Nowadays the focus of web service protocols seems to shift to the
newcomer REST [23]. This uses an unique URL to represent an object. With REST you need to document and publish the web services
yourself.
For the development of the simulation model REST is used for communication. It is more light-weight which increases performance and
has a smaller learning-curve. The disadvantage that documenting the
web services needs to be done manually is not considered a problem.
Since REST protocol uses a simple URL for the function requests it
also simplifies the use of the web service for the end user.
6.2

project evaluation

The non-functional requirements as described in Chapter 4 specify
criteria that can be used to judge the operations of the simulation
model. In this section we have a look at functionality of the application and the evaluation of these criteria.
6.2.1 Requirement satisfaction
In Chapter 4 we discussed the standards of the project.
• The project should be available over the internet.
• The project should be easily usable.

59

6.2 project evaluation

• The project should include smart grid functionality useful to
simulate.
• The project should return data in XML or JSON formats.
• The data returned by the simulation model should be location
specific.
• The data returned by the simulation model should be realistic.
The project should be available over the internet.
The web application runs on a Linux server provided by the RUG.
It is accessible through HTTP request by invoking: 129.125.84.116/SmartGrid
The project should be easily usable.
The simulation model is a RESTful web application accessible through
HTTP request. Thanks to using REST principles the simulation model
can be easily invoked by using a simple URL. The URL contains the
function call, the parameters needed for the call and the return format preferred by the user.
The project should include smart grid functionality useful to simulate.
The key features of the smart grid are dynamic pricing and the realtime choice of operators. The application provides these features by
simulating the energy tariff forecast and the price and supply forecast
of multiple energy providers.
As an additional feature the simulation model can also simulate the
presence of renewable energy installations by using local weather
data.
The project should return data in XML or JSON formats.
Most popular data return formats are XML and JSON. The web application is able to return either formats by user preference.
The data returned by the simulation model should be location specific.
The latitude and longitude of the user’s GPS coordinates are two of
the parameters needed for every request. These coordinates can be
for any location in the world. The applications uses the data from a
location in our database which is closest to the given coordinates.
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The data returned by the simulation model should be realistic.
The simulation model simulates three different kinds of data: market,
windmill energy output and solar energy output data. Real world
data is used to create results that should be realistic. The evaluation
of the return data is discussed in the next sections.
6.2.2 Market
The main function of the application is the market simulation, which
offers dynamic pricing and the real time choice of operators. The
market is divided into two sub-functions:
• Energy tariff forecast
• Price and supply forecast of multiple providers
The energy tariff forecast returns the current and hourly forecasts of
the energy tariff. These prices are based on real market values. The
PJM interconnections [26] and the APX-Endex [3] both provide the
average cost prices per hour taken from real markets in the USA and
the Netherlands. These values give us a good indication to compute
the realistic hourly prices that a smart grid would provide.
The price and supply simulation returns the simulated price and supply quantities per hour from multiple providers. The amount of
providers in the simulation is defined by the user. As described in
Chapter 3 the price per hour of each operator is calculated by using a Gaussian distribution. The mean of the Gaussian distribution
is based on the energy tariff plus a standard deviation variable per
provider, which is also calculated by using a Gaussian distribution.
To compute a realistic standard deviations we examine the files provided by the PJM Interconnections. The file as shown in Figure 20
provides a list of every energy operator who bought large quantities
of electricity and its price per hour. From this list we can calculate
statistics needed for the settings of the Gaussian distributions.

Figure 20.: CSV-file PJM.

• Hourly price variation
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• Global price variation
The hourly price variation is the average relative difference between
the hourly prices provided by the providers. The variation is calculated as:
V=

1 n
f (i )
n i∑
=1

In which:
V :hourly price variation
n :total amount of providers
f (i ) is defined as:
f (i ) =

1 h −1
|(| Pj − i j |) − (| Pj+1 − i j+1 |)|
h − 1 j∑
=1

In which:
h :amount of hours examined
Pj :energy tariff provided by the PJM on hour j
i j :price of provider i on hour j
The global price variation is the average difference between the energy tariffs and the prices provided by the providers. The variation
is calculated as:
1 n
G = ∑ x (i )
n i =1
In which:
G :global price variation
n :total amount of providers
x (i ) is defined as:
x (i ) =

1
h

h

∑ | Pj − i j |

j =1

In which:
h :amount of hours examined
Pj :energy tariff provided by the PJM on hour j
i j :price of provider i on hour j

62

6.2 project evaluation

Global price variation
6.4%

Hourly price variation
1.6 %

Table 4.: Results market PJM.
6.2.2.1

Results

Several files from the PJM are used to compute the results shown in
Table 4. Table 4 shows that the average price difference compared to
the energy tariffs provided by the PJM is 6.4 percent. Table 4 also
shows that the average relative price difference between hours from
one operator is 1.6 percent. These values are used in the price simulation to compute realistic prices.

Figure 21.: Market simulation.
There are no real hourly prices to compare the simulated results with.
However, using real market values from the PJM and APX-Endex ensures us that the simulated values are realistic.
Looking at Figure 21 we can see that the simulated results hover
around the prices taken from the APX-Endex. Using a Gaussian
Distribution with the deviations calculated from real market values
ensures the prices to be realistic. We can also see that the simulated prices vary significant throughout the day. In the morning and
evening the prices are almost doubled compared to the prices at night.
This dynamic pricing can be used for the creation of cost efficient
schemes to schedule energy consuming tasks, like the charging of an
electric car.
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6.2.3 Wind Turbine energy output
For the simulation of a wind turbine we use: the wind speed, the
area swept by the rotor, the efficiency of the wind turbine and the air
density. The area swept and the efficiency of the rotor are given by
the user. The wind speed is extracted from external weather services.
The NOAA Weather service used for the simulations inside the USA
does not provide the air pressure data needed for calculating the air
density. Therefore the standard air density of 1.225 kg/m3 [24] is
used for locations in the USA. Taking into account the variation in
air density can increase the accuracy of the simulations. The Open
Weather Map does provide the air pressure, therefore it is used in
combination with the temperature to calculate the air density.
6.2.3.1

Simulation set-up

The Entrance project [41] is an Energy Transition Centre located on
the Zernike complex in Groningen. The project focusses on new technologies in the field of energy and is a combined effort from: BAM,
GasTerra, Gasunie, Hanzehogeschool Groningen and Imtech. On the
premises are multiple wind turbines from which the data is stored
and shared through the i-share project [40]. This data can be used
to evaluate the wind turbine simulation algorithm developed in this
thesis. The wind turbine and its parameters used for the simulation
are described below.
Name
Type
Diameter
Efficiency
Start date
End date
Longitude
Latitude

6.2.3.2

Ampair
600
1.76m
0.2
11-12-2013
20-12-2013
53.246985
6.52933

Results

Table 5 shows the accuracy of the wind turbine simulation compared
to real data taken from the EnTranCe project [41]. The table includes
the: energy output and the wind speed from the simulation as well
as the real installation. The table also includes the error rates which
is the average deviation between measured values and is calculated
as:
E=

1 n
| Si − R i |
n i∑
=1

In which:

64

6.2 project evaluation

E :error rate
Si :measured value from the simulation at hour i
Ri :measured value from the real installation at hour i
n :total amount of hours

Wind turbine
Wind speed

Average simulation
107 Wh
6.3 m/s

Average real
33.4 Wh
3.6 m/s

Error rate
74.5 Wh
2.9 m/s

Table 5.: Wind turbine simulation accuracy.
When we take a look at the results in Table 5 we can see that the
accuracy of our simulation is model is not good. With an average
deviation of 74.5 Wh the simulation is more than 200% off compared
to the average energy output from the real installation. Table 5 also
directly explains why this is the case. The wind speed taken from
the weather API has an average deviation of 2.9 m/s compared to the
wind speed measured at the EnTranCe location. Which is 80% from
the average wind speed of 3.6 m/s.
To explain why the simulated energy output is more than 200% off
compared to the 80% from the wind speed deviation, we have to
take a look at the formula as explained in Section 3.2.2.1. When the
wind speed increases, the energy output increases almost exponentially. This explains why a small deviation in the wind speed can
create a large deviation in the energy output.
Having inaccurate data does not classify the simulator as being unrealistic. A factor of being realistic is to create data with a realistic
pattern. Figure 22 shows the energy output from the simulated data
as well as the real installation.

Figure 22.: Energy output in Wh of a wind turbine.
When we take a look at Figure 22 we can see that the simulated and
the data from the real wind turbine follow the same irregular pattern.
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However, the simulated data has mostly higher values and is less irregular than the data from the real wind turbine.
The more steady pattern can be explained by the linear interpolation method used to create hourly weather data. Data from the open
weather map API has an interval of three hours. When we interpolate
the values to create hourly data, the values have a gradual increase
or decrease every three hours.
As we have already shown in Table 5 the wind speed used in the
simulation is on average higher than the wind speed at the location
of the EnTranCe project. In Figure 23 we take a look at the wind
speed of the simulation compared to the actual wind speed.

Figure 23.: Wind speed comparison in m/s.
Figure 23 shows that where our simulation simulates more electricity
than the real installation, the wind speed used in the simulation is
also higher than the actual wind speed at the location of the wind
turbine. To be able to evaluate the algorithm of the simulation we
have to take a look at those points where the wind speed of the simulations is the same as the wind speed at the wind turbine. We can see
that where the gathered wind speed is lower or equal to the actual
measured wind speed the simulated energy output is also lower or
equal to the actual energy output from the real wind turbine.
The simulated data follows the same pattern as what can be expected
from a real wind turbine. Therefore simulating the energy output of
a wind turbine based on the weather forecast can create realistic data.
6.2.4 Photovoltaic solar panels energy output
For estimating the energy output of a photovoltaic solar installation
the position of the sun is very important. The position of the sun combined with the position and tilt of the panels decide the angle from
which the sun light hits the panels. When the sun is perpendicular to
the panels the energy output is the highest. When the angle between
the sun and the panels becomes steeper the generated energy will

66

6.2 project evaluation

decrease. Having the exact position of the sun increases the accuracy
of the simulations.
6.2.4.1

SPA
PSA

Position of the sun
Accuracy
0.0003%
0.5%

Years
2000 BC / 6000
1999 / 2015

Table 6.: Solar positioning algorithms comparison.
Looking for algorithms to calculate the position of the sun we came
across two common solutions: Solar Positioning Algorithm (SPA) [44]
and Plataforma Solar de Almera (PSA) [11]. When we compare the
two algorithms in Table 6 we can see that the SPA algorithm is far
more accurate and can be used for a longer period than the PSA
algorithm. However the SPA algorithm is also more complex. Since
the simulation model runs the calculations on our own server, the
resources needed for the calculations are not considered a problem.
Therefore we have chosen to use the SPA algorithm to calculate the
position of the sun.
6.2.4.2

Simulation set-up

The project ’Smart grid: profitability for everyone’ [35] is developing
and testing series of new and scalable services for a futuristic electricity network. The testing of these services takes place in two districts
in Amersfoort and Utrecht with both around a hundred households.
All kinds of data is being gathered from electronic devices in these
households. Some of the houses in Amersfoort have 21 solar panels installed on the roof, producing around a total of 3450 Wp per
household. The energy output per hour of each household is being
monitored and stored. We can use this data to compare and evaluate
our photovoltaic solar simulation algorithm.
Watt Peak
Size
Tilt
Start date
End date
Longitude
Latitude

6.2.4.3

3450
23m2
0.35
01-11-2013
01-12-2013
52.205664
5.37254

Simulation results

Table 7 shows the accuracy of our simulation model compared to
the data provided by the smart grid pilot project in Amersfoort [35].
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The table shows the energy output from the simulation and real solar
panels. The table also includes the error rates which is the average
deviation between measured values and is calculated as:
E=

1 n
| Si − R i |
n i∑
=1

In which:
E :error rate
Si :measured energy output from the simulation at hour i
Ri :measured energy output from the real installation at hour i
n :total amount of hours

Solar panels

Average simulation
83.3 Wh

Average real
51.2 Wh

Error rate
48.4 Wh

Table 7.: Solar panels simulation accuracy.
As shown in Table 7 the simulation simulates on average more electricity than the real installation produces. The error rate of 48.4 Wh,
which is 94% of the average produced electricity, is not very good.
There are two main factors that have an impact on the daily patterns
of the electricity generated. First, the position of the sun, which is
dependent on the time of the day. Second, the performance ratio,
which is mainly dependent on cloud coverage. Cloud coverage is
highly variable and location specific, especially on partly cloudy days.
Therefore, using data from a weather station nearby the solar panels
will produce similar but not exactly the same results.
To get a better understanding of the accuracy of the model we have
to take a look at the measurements per hour as shown in Figure 24
and 25

Figure 24.: Energy output solar panels in Wh.
The position of the sun used in the simulation is the most important
factor of the daily patterns of the simulated and measured data. If
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we take a look at Figure 24 We can see that both lines follow a very
similar pattern. The simulation and the real installation both generate
electricity between sunrise and sunset. When the angle between the
sun and the module becomes more perpendicular both lines climb to
higher values.
Cloud coverage also has a big impact on the daily patterns of the
energy generated by the solar panels. It can decrease the amount of
electricity generated, which explains why on some days the energy
is lower than on others. In our simulation we use the percentage of
clouds combined with the industrial standard confirmed by Lave’s
research [30] to decrease the performance of the solar panels by 70%.
When we take a look at the data from the real installation we can
see that the performance of the panels can go down to at least 95%.
This means that the lower boundary of the performance ratio in our
simulation model is too high. With the inaccurate lower boundary
the model simulates too much electricity on cloudy days.

Figure 25.: Energy output solar panels on 25-11-2013 in Wh.
Figure 25 shows a more detailed comparison of one day. The patterns
from the simulated and real data are similar. But as Figure 25 shows,
they are not 100% accurate. The simulation on this day starts producing electricity at sunrise, but the real solar panels start producing
electricity approximately an hour after sunrise. This difference can
be explained by heavy cloud coverage in the morning and the inaccurate performance ratio used in the simulation model. The deviation
during the rest of the day can be explained by the variability of cloud
coverage.
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7
DISCUSSION AND CONCLUSION

This thesis promises and provides a smart grid simulation model that
is accessible, easily usable and provides useful smart grid functionality.
7.1

market

The main features of the smart grid: dynamic pricing and real-time
choice of operator is provided by simulating realistic prices and supplies with the use of real market data. The average cost price per hour
of energy traded in real markets is used as an indication to compute
the hourly energy tariffs. As discussed in Chapter 6
7.2

renewable energy

The simulation model also includes the use of renewable energy installations. The energy output of a wind turbine and a photovoltaic
solar installation is simulated by using local weather data combined
with installation details given by the user. In Chapter 6 we discussed
the accuracy of the energy generation data. We concluded that the
patterns of the simulated energy are similar to the data taken from
real energy installations. This is most important since the simulations
do not have to be 100% accurate, as long as they create realistic data.
Since the weather data used is not exactly the same compared to the
real weather data, the simulations will also not be exactly the same.
7.3

future works

Future works on the simulation model can be divided into two categories:
• Improve accuracy
• Expand functionality
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7.3.1 Improve accuracy
There are three types of simulated data, the energy output from a
wind turbine, the energy output from a photovoltaic solar installation and the simulated market data. The wind turbine simulations
consider most of the aspects which can influence the energy output.
The only way we can improve the accuracy of the wind turbine is by
improving the accuracy of the weather data. For the simulations of
a photovoltaic solar installation and the simulations of the markets
more can be done.
7.3.1.1

Weather data accuracy

At the beginning of this thesis the open weather map API had a low
request limitation. Therefore we developed the system to gather the
weather forecast per location once a day at midnight. Because the
open weather map API recently upgraded their request limitations,
we no longer have to worry about exceeding our request limit. Therefore we can increase the accuracy of the weather forecast by updating
it more frequent. Open Weather Map also announced that version 3.0
and future versions will include weather data on a hourly basis [31].
7.3.1.2 Market accuracy
The market data is simulated using the average cost price of energy
traded through the APX. This data is gathered from an Excel file, uploaded daily on the APX website. The average cost price of energy
is used in the Gaussian distributions, to simulate the hourly prices
from multiple providers. These simulated prices are realistic. However, the prices are still simulated. When a real connection to the APX
market is made, we can retrieve the real hourly cost prices from every
provider in the market. Then based on the location of the provider
compared to the location of the end user, we can generate an even
more realistic price by looking at the distribution costs and profit
rate.
7.3.1.3 Photovoltaic solar installation accuracy
The photovoltaic solar installation considers most aspects needed to
predict the energy output. The most important factors are the solar
irradiance incident on the module and the clouds blocking it. The
solar irradiance is estimated as a function of air mass as described in
Chapter 3.
To simulate cloud coverage we use the percentage of clouds provided
by the weather API in combination with the industrial standard of
40-70% to decrease the performance of the solar panels. However, as
we have shown in Figure 24 the industrial standard has proven to be
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inaccurate compared to real data. Especially on very cloudy days the
performance ratio can decrease dramatically with at least 95%. Due
to this difference the simulation generates on average more electricity than the real installation, 83.3 Wh compared to 51.2 Wh. More
research has to be done to fully understand the impact clouds have
on the performance of the solar panels. When we use an improved
model for the performance ratio, the lower boundary of our simulation will be more accurate and generate overall more realistic results.
To improve the total accuracy of our model we first have to recalibrate
how the thickness of the clouds affect the performance ratio of the solar panels. Secondly we have to improve the accuracy of the weather
data.
To get a reliable view on how clouds affect the performance ratio of
the solar panels, we have to gather more data from different solar
panels or solar irradiance sensors combined with accurate weather
data.
One way of improving the accuracy of the weather data is by creating
or using a cloud simulator. This simulator should include the thickness, size, direction and speed of the clouds above the Netherlands.
Then based on the location of the user and the location of the sun, the
simulator can accurately predict which clouds are blocking the solar
panels.
7.3.2 Expand functionality
The wind turbine and solar panels are two renewable energy installations simulated. However, there are more energy installations that
can be used inside a smart environment. For future versions we can
expand the functionality of the simulation model by including more
energy installations like, a hydro power installation or fuel cells.
7.4

conclusion

The smart grid simulation model developed in this thesis delivers all
the features promised. It is easily usable and accessible as a web service. Although the market function can be improved by using real
market data from the APX instead of a simulation based on market
statistics, the prices and supplies simulated are realistic.
The renewable energy generation simulations can also be improved
by using more accurate local weather data. The wind turbine and
photovoltaic solar installation simulations are with an average deviation of 74.5 and 48.4 Wh, due to the use of inaccurate weather data
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and a wrong performance ratio, slightly inaccurate. However, the
patterns of the simulated data are very similar and therefore realistic
compared to the data of the real installations.
The goal of this thesis was to create a simulation model that provides
realistic smart grid data that, for instance, can be used for the testing
of smart environment services. The simulator provides realistic market data which simulates the dynamic pricing and real time choice of
operators from the smart grid. These variable energy tariffs can be
used in the testing of smart home services like the use of cost efficient
schemes. The simulator can also simulate energy generation by the
use of a wind turbine or photovoltaic solar installation based on local
weather data. Although the accuracy of the renewable energy simulations can still be improved they already provide data with a similar
pattern as the real installations.
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A
C L A S S S P E C I F I C AT I O N S

a.1

smart grid module

Name
SmartGrid

Scheduler

AppDatabaseManager

Rational
The SmartGrid class is the main class off the application. The class contains all the logic to coordinate every request made by either the user
or by the scheduler.
The scheduler is a singleton object which is
instantiated once by the SmartGrid class and
runs until the web service is shut down. The
scheduler class contains logic needed to trigger
time-specific actions.
The AppdatabaseManager is the class that contains all logic needed to query the applications
main database.
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a.2

market module

Name
Market

MarketSimulator
MarketSimulation
MarketHour

Provider

MarketDatabaseManager

MarketPrice

Rational
The Market class contains the logic to coordinate the interaction between the Market and
the Smart Grid module.
The MarketSimulator contains all the logic
needed to create a market simulation.
The MarketSimulation class is the data object
of a simulated market.
The MarketHour class is a data object which
contains data for one hour on a simulated market.
The Provider class is a data object which contains the supply and price information of one
energy provider.
The MarketDatabaseManager class contains
all logic needed to query the Market SQLite
database.
The MarketPrice class is a data object which
contains data from real markets.
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a.3

renewable module

Name
Renewable

RenewableSimulator
WindMillCalc

PVCalc

WeatherDatabaseManager

Weather

WeatherUpdater
WeatherParser

NOAAParser

OWMParser

WunderGroundParser

Rational
The Renewable class contains all the logic
needed to coordinate requests to and from the
Renewable module.
The RenewableSimulator class coordinates the
renewable energy simulation request.
The WindmillCalc class contains the logic
needed for calculating the energy output of a
wind turbine.
The PVCalc class contains the logic needed for
the calculating the energy output of a solar energy installation
The WeatherDatabaseManager class contains
all logic needed to query the Weather SQLite
database.
The Weather class is a data object. It contains
the hourly weather forecast from a specific location.
The WeatherUpdater class contains the logic
for coordinating a weather update request.
The WeatherParser is an interface, which has
two subclasses: The NOAAParser and the
OWMParser.
The NOAAParser class is an implementation
of the WeatherParser interface. The class contains the logic to make a connection with the
NOAA Weather service, which is based on
SOAP-Protocol.
The OWMParser class is an implementation of
the WeatherParser interface. The class contains
the logic to make a connection with the Open
Weather Maps web service, which is based on
REST-Protocol.
The WunderGroundParser contains the logic
to make a connection to the Weather Underground web service, which is based on RESTProtocol.
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