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1 Introduction

In Denmark, the electricity companies measure the power consumption of consumers with power consumption less than 100.000kWh once a year. These are called small consumers [ 1 ].
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Figure 1.1
Consumers with consumptions less than 100.000 kWh are called small consumers. Their meters are red once a year

Actually, a consumer reads his own meter and reports the result to the electricity company.  This means that the electricity company does not have measurements of the consumption during a day or the whole year. The consumption is estimated from the size of the consumption for a whole year and what type of consumer it is [ 2 ].  
Consumers that have power consumption more than 100.000kWh are called big consumers. Then the consumption is measured every hour and some every 15 min. The small consumers pay the same electric price the entire year, but big consumers can get more of a marked price through an electric trade company, because of the electric trade company have more knowledge about the consumption and because amount power they use. Big consumers are typical industries, big office buildings, big super markets or big farms. 

The meters for the big consumers are read remotely. This means the electricity company can read and control the meter from the control room. This also means that the electricity company has measurement for the whole year for the consumer.

In the last years some electricity companies have installed meters that measure every hour also for small consumers with power consumption under 100.000kWh. There are several reasons for this. Some distribution system companies would like to help the customers to get better overview of their consumption. If there are problems with payment from a consumer, it is convenient for a distribution system company to turn off the power to that customer, because the system operator can do it from the control room and do not have to go to the customers’ house. 
The remote read meters can also be used in a smart grid where the consumers will adjust their consumption so that there will be at a better connection between consumption and production of electricity. 
The electricity companies have planned to put up 1.5 million remote read meters in Denmark. On figure 2.3 the electricity companies that are planning to put up meters are marked red. 
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Figure 1.2
In Denmark, many electricity companies are planning to put up remote read meters at small consumers within the near future. The figure shows these companies. They are marked with red. The numbers on the figure is the company number [ 4 ].
However SydEnergi has already installed meters in their area, and have readings from 2008 and forward. This means there are data of the consumption that have not been available before. It could be interesting to analyze if it is possible to use the new data from the small consumer in the network planning. Therefore the initial objective for this project is:
“Can the meter data from small consumers be uses to improve the network planning?”

2 Pre-analysis
To answer initial objective knowledge about the procedures for the network planning today is necessary. 
This pre-analysis is divided into two parts, one describes the network planning today and second part describes other methods of modeling the consumer on the base of the meter data and doing network planning.  The purpose of this chapter is to give the reader an insight into how the Danish distribution net on 10-20 kV is designed. It is not all aspect of the net planning that are discussed, only that have relevance for this project. More aspects of the net planning can be fund in “Netanalyser på 10-20 kV distributionsnet” [ 2 ]. This chapter is written on the basis of “Elektriske fordelingsanlæg” by S. Vørt [ 5 ] and the note “Netanalyser på 10-20 kV distributionsnet” [ 2 ].
2.1 Procedure for network planning

Network planning is used in the daily operation of the 10-20 kV and when the electricity companies are expanding their net or building new net.  Every decision they make is based on an analysis of technical and economic aspects. Figure 2.1 shows the sequence of the procedure of a network planning issue.
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Figure 2.1 Procedure for network planning
When a network planning issue is stated a technical analysis is made based on network data, load data, the conditions of the existing net and etc. This leads to more solutions and then an economical analysis is made to determine the cost of the different solution. The results from the technical and the economical analysis are evaluated and a solution is selected. 
The electricity companies’ uses computer programs to help them with the technical analysis. The most common used programs in Denmark are Netbas, Neplan and CymeDist [ 2 ]. The programs are used to calculate the voltages and the losses in the network. Then the operator/ engineer can then evaluated results and select the best solutions for the problem. The network planning is done by a deterministic approach. This means that the network is design so it can withstand the maximum load for all consumers at the same time. On figure 2.2 the procedure is shown.
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Figure 2.2 Electricity companies use computer programs for their network planning
The programs are based on database containing network data, the load data and other measurements made in the network. The network data consist of cross section, length and material of cables and 50-60/10-20 kV and 10-20/0.4 kV transformer sizes. The load data consist of registered consumption from consumers and the production from wind turbines and small-scale combined heat and power plants. Every consumer is registered in a consumer category and which 10-20 kV transformer they are connected to.
There are to types of net planning the short term and the long term. The short term net planning evaluates the network today or in a year. The long term evaluations the network in 20 to 40 years and uses estimates consumption of that time. The operator/ engineer used the programs to determined if a cable or transformer is too small for a given load situation and period. 
2.1.1 Standards and recommendations 

When the operator/ engineer do the net planning the network has to live up to standards and recommendation for the voltage level. 

· According to DEFU recommendation RE21 “ Spændingskvalitet i mellemspændingsnet” from 1995 the voltage level of 10-20 kV should be between UN ± 10% and the voltage level on 0,4 kV should be between -5% and 6 % of UN [ 6 ].
· According to DEFU’s committee report KR-88 “Nettilslutning af decentrale produktionsanlæg” from 1991 the voltage level is not allowed to rise 1 % when wind turbines or small-scale combined heat and power plants are connected [ 7 ].
2.1.2 Description of how load data are obtained

Today the load of a 50-60/20-10 kV transformer is measured every 15 min.  This means the electricity company has a good overview of the load on the 60-50 kV net. 
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Figure 2.3
The electricity companies’ measure load of the transformer every 15 min and some companies measured the maximum load for 10-20/0.4 kV transformers ones a year.
Only some electricity companies measure the load on 10-20/0.4 kV transformer and they only register the maximum load. The electricity companies that do not measure the maximum load 10/0.4 kV use a estimate of the load on the basis of the power consumption of the whole year and the type of consumer. 
The electricity companies register the consumption from the consumers in different categories.  It is different what categories the different companies have. Some categories could be homes, farming, industry, trade & service, holiday homes, homes electrical heating ect. On figure 2.4 the Danish consumption a weekday and a weekend day in January and June is shown.
[image: image6.emf]
Figure 2.4
The Danish consumption a weekday and a weekend day during summer and winter [ 8 ]
The consumption is divided in 6 categories; network losses, residential, manufacturing industry, commerce and service, public services, agriculture.
The electricity companies estimate the consumption by using Velander-method. The Velander-method is a correlation between the yearly consumption and the maximum consumption. The electricity companies know the yearly consumption and can use that to estimate the maximum consumption. On figure 2.5 the correlation between the yearly consumption and the maximum consumption is shown.
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Figure 2.5 The maximum load as a function of the yearly power consumption [ 2 ]
Velander-method states that the correlation between the yearly consumption and the maximum consumption expressed in equation.
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In the Danish distribution from the K1 and K2 has been estimate to K1=0.25 and K2=2.2. However if energy consumption for a substations needs to estimate is gives a better result to divide the consumer in to categories an use the K1 and K2 fro table 1.
Table 2.1 K1 and K2 values for different categories [ 2 ]
	Categories 
	K1
	K2

	Homes
	0.290
	2.090

	Holiday home
	0.490
	2.930

	Electric heating
	0.240
	1.290

	Farming
	0.150
	3.130

	Industry
	0.320
	2.840

	Trade & service 
	0.200
	2.550

	Others
	0.240
	2.310


The electricity companies can measure the maximum load for the main station and estimate the load for the substations, but when the yearly maximum load for the main station occurs the load is not known for the substations. If all the maximum loads for the substations are summed, then the maximum load for the main station will be too big compared to measured value. Therefore the maximum loads for the substations are reduced with a factor, so it will match the measured maximum load for the main station. This is shown in the following example. 
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Figure 2.6 An example of yearly maximum load for main station and substation on a feeder
Example:

Sum of yearly maximum for substations = 2000 kW
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2.1.3 Descriptions of how cable and transformer sizes are selected
The technical analysis of the network planning can detect that the load on an existing cable or transformer will become too small. This means a bigger cable or transformer size has to be selected.  If the technical analysis is made on a new network the load on the cable or transformer will determine the selection of the size. 
When a cable or transformer size is selected the costs are considered. For cables there are to types of cost, the investment costs and the cost of the power losses in the cable doing operation.  This can be shown in following equation.
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The investment costs include the cost of the cable, the cost of the mounting the cable and the cost of maintenance of the cable. 
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Where,
Cmat is the cost of the cable or transformer[kr./m]

Cmoun is the mounting cost:  [kr./m]

Cmain is the maintenance cost [kr./m and year]

The maintenance cost has to be discount and summed for the number of years the analysis covers.

In the same way as with selecting cables the technical analysis can show that a transformer needs to be bigger or if it is a network the transformer needs to match the load. The same cost has to be considered. 
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The losses for the transformer are calculated differently compared to losses for cables. For transformer the cost of the losses include losses from load situation and losses from no-load situation as shown in following equation.

Closs=Cload + Cno-load                                                                    ( 2.5)                                                                                                
On figure 2.7 the connection between investment costs and cost of the power losses.
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Figure 2.7 Cost of the cable as a function of the cross section
The figurer shows the cost in kr as a function of cross section. It shows that the investment costs increase and cost of the losses decrease when the cross section increases.  The optimum cable size will be there the overall cost is the lowest.  Cables are only produced specific sizes and therefore it will always be an evaluation selecting the optimum size. On figure 2.8 overall costs for cables with different cross sections are shown in function of the current.
[image: image20.emf]
Figure 2.8 The summed cost for different cable sizes as a function of the current

It shows that for small currents the 50 mm2 cable is the least expensive and when the current is larger then I1 the 95 mm2 cable is the least expensive. When the current becomes larger that I2 the 150 mm2 cable is the optimum size.
2.2 Discussion of alternative approach to network planning
The network planning is done after a deterministic approach, but there are several other methods of modeling the consumers and doing network planning. In this section three alternative approaches will be discussed. The methods are neural network, Fuzzy logic and probabilistic load flow.
2.2.1 Neural network

Neural networks are typical used in unlinear modelling. There are two types a neural network can learn, supervised and unsupervised. Supervised is e.g. if the data from the meters are dived up in to groups before training of the neural network. Unsupervised is if the neural network dives data in to group by it self doing the training. This means that the neural network will distinguish which day resemble other days. I practice the unsupervised neural network is most common[ 11 ]. 
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Figure 2.9 A simple neural network [ 10 ]
Neural networks are used in a board range of applications including; pattern classification, pattern recognition, optimization, prediction and automatic control. In area of the power systems neural networks are most used for forecasting, but also area such as economic dispatch of power plants and alarm processing/ fault diagnosis neural network has been used [ 12 ]. One advantage with the method is very good at forecasting data. A disadvantage with the method s it requires a large amount of data for training. 
2.2.2 Fuzzy logic

Fuzzy theory holds that all things are matters of degrees. Some statements can be classified as true (1) or false (0) e.g.  “It rains today”, this statement is either true or false. But for a lot of statements this is not sufficient e.g. if there is a big mount of sand and you remove one grain of sand it is still a mount of sand. But if keep removing grains of sand, it will not keep on being a mount of sand. It is necessary to grade the statement.

In fuzzy logic an indicator function defines the extent of how much a fuzzy variable belongs to A.
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 is called the membership function.
Connection between fuzzy variables and fuzzy values is called the rule. The rules are based on expert knowledge.  I fuzzy system can also be adaptive and can change the rules. Then the rules will start with being some rule of thumb and then rules will change through training.

Within power systems the rule could be the account the operator gives about what he normally will do.
An example of fuzzy logic uses in the distribution systems is the article “Distribution System Load Estimation and Service Restoration Using Fuzzy Set Approach” from 1993 [ 13 ] [ 14 ].  The article treats restored of the distribution network after a fault. The operator isolates the fault and restores the electricity supply in the unfaulted areas. The article describes a method where a program calculates if there is necessary capacity to restore the supply.  The article describes how to calculate the current, which will determine if it is possible to restore the supply. Based on the operators experience the current of the load is divided in to 5 fuzzy values, i.e. very small (VS), small (S), medium (M), large (L) and very large (VL) for every hour for a day and also for different consumer categories. 
[image: image25.emf]
Figure 2.10 Simple network with 6 radial feeders.
By means of the membership function the current are estimated. Due lake of data for the load the method is not used on an actually case. 

2.2.3 Probabilistic load flow
The probabilistic load flow is based on the deterministic approach and uses multiple power flow studies are carried out using different sets of input data. The various sets of input data are typical obtained from random number generators to correspond to some desired statistical distributions

A example of the probabilistic load flow is the article “Probabilistic Load Flow for distribution Networks with Photovoltaic Generators Part 2: Application to a Case study” from 2007[ 15 ]. There the approach is used on a study case that is a network on low voltage level on a radial with only residences that have photovoltaic. The method is used to simulate a network with both consumption from the residence and power production from the photovoltaic. The simulation is done for different case and an analysis of if there occur overvoltage is done.
Another example of the approach is the article “Probabilistic Load Flow Calculation using Monte Carlo Techniques for Distribution Network with Wind Turbines” from 1998[ 16 ]. In this the method is on a distribution network with wind turbines. The method is used to calculated the total number of hour per where will occur voltage. This is used to evaluate disconnecting of wind turbines in the distribution network as an alternative to reinforcement.
2.3 Summary  

Neural network needs a lot of data to train the network and there is only data for one year, there will not be data enough, therefore is this method not chose. In the same way as in the article described in the section about fuzzy logic the operator could divide loads in for different fuzzy value after cross-section of the cable.

The probabilistic approach could be used to determined the 
Afhænger af indledning of foranalyse
3 Problem formulation

The preanalysis has shown that the electricity companies measure the load at 50-60/ 10-20 kV transformers every 15 min, but only some electricity companies measure the load on 10/0.4 kV transformer and they only register the maximum load.
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Figure 3.1 Today the load is measured every 15 min at the 60/10 kV transformer station. Only some electricity companies measure the load on 10/0.4 kV transformer and they only register the maximum load

The electricity companies that do not measure the maximum load 10-20/0.4 kV use a estimate of the load on the basis of the power consumption of the whole year and the type of consumer. This means that there is not a good overview of the load on 10-20 kV. Therefore the network planning is made with deterministic approach this means that the network can withstand the sum of maximum load at each 10-20/0.4 kV transformer. 

When remote read meters are put up at all consumers on radial, it will be possible to add up all the consumption from the consumers under a 10/ 0.4 kV transformer. This means that the electricity company will know the hourly load as shown in figure 3.2.
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Figure 3.2 The consumption from the small consumers can be added together, so it is possible to know what the load is on the 10/0.4 kV transformer hour for hour.

Maybe it is possible to use this new knowledge in network planning on 10-20 kV. It could be interesting to analyze if it is possible design the net more to the limit and that way more cost effective by using the new data and other approach then deterministic method. This means that the electricity companies could save money when they build new net construction or they can wait to expand old net construction.  The design should still meet the recommendation for the voltage level on 10-20 kV and 0.4 kV. It should also meet the recommendation on connection of wind turbines and small-scale combined heat and power plants.

According to DEFU recommendation RE21 “Spændingskvalitet I mellemspændingsnet” from 1995 the voltage level of 10-20 kV should be between UN ± 10% and the voltage level on 0,4 kV should be between -5% and 6 % of UN.  According to DEFU’s committee report KR-88 “Nettilslutning af decentrale produktionsanlæg” from 1991 the voltage level is not allowed to rise 1 % when wind turbines or small-scale combined heat and power plants are connected. 

It is not possible to get small consumer data and network data from the same network therefore is it not possible to use the small consumer data in short term and long term network planning in an existing network. It is still interesting to analyze if there will be a different between using the small consumer data and not using the consumer data in the network planning. It could be interesting to analyze if knowledge the small consumer bring will make the electricity companies able to select a smaller cable and transformer size. 
Since KR-88 is only used when a network is extend with wind turbines or small-scale combined heat and power plants and not when new networks are built therefore will it KR-88 not be taking in to account in this project. But recommendations for the voltage level will be used in this project.
The objective for this project is:

Is it possible to design the 10-20 kV distribution system more cost effective by using the meter data from small consumers where the consumption is measured every hour and still live up to the power criteria stated in RE21? 

In order to answer problem formulation following problems needs to be addressed:

1. Is it possible to select a more cost effective cables size for a network by using the hourly meter data from consumers?

To answer this, a comparison of the deterministic and probabilistic approach needs to be made.  First the comparison will be made on a single cable to determine if there is a difference between the chose of cable by using the two methods. Then a study case will be made. The study case is a radial feeder from EVS network. 
3.1 Delimitation for the project
1. The project will only analyze the Danish approach to network planning

2. Reserve situation will not be taking into account 

3. Der regnes kun på vindmøller og ikke decentral kraftvarmeværker

3.2 Methodology

3.2.1 Choice of program
A program that can do probabilistic load flow has to be made. There many programs that can calculate load flow. In the following four method of making a probabilistic load flow program will be discuss.

· One way of calculating the load flow is to make a program yourself in C. This is an extensive method. It has the advantage the user has fund knowledge about what the program can do and knowledge about what method a used, but it will take time to make the program.
· Another way is using the Mathworks-Matlab. MATLAB® is a high-level language and interactive environment that enables the user to perform computationally intensive tasks faster than with traditional programming languages such as C, C++, and Fortran[ 17 ]. It has the advantage that there is a load flow program available for Matlab and this can be use together Matlab code, which allow the user make a new program. 
· Another way is using Digsilent power factory which is a preferred tool for solving problems related to distribution-, transmission or industrial power systems[ 19 ]. It can do a lot of power system analysis functions, some examples of these are Load Flow, Daily/weekly/yearly load profiling, Reliability, Cable sizing. The advantage is that many of the elements of the program are already implement in the program. The disadvantage is to do the programs in power factory in programmer need to be skilled in who to program in powerfactory and this is a lot more complicated then programming in C or Matlab.
· Net bas is one of the most used network planning programs in Denmark. It has the advantage that it is easy get data in to the program because it can kommuniked with the electricity companies other system. It is also possible to do programs en Net bas, but is also more complicated then programming in C or Matlab.  
The advantage of programming the program yourself is that the user will have full knowledge about the method used. The disadvantage is getting the data in to the program extensive procedure, but because program only will be used on a few cases this will not be a big problem. Because load flow program already is made for Matlab and Matlab also have a lot of statistic function, it is chosen.  
3.2.2 Choice of method for calculation of voltages in network
In a distribution system the size of the production is known and the consumption of the consumers and is known or can be estimated.  The losses and the voltages are not known, only the voltage at the 50-60/10-20 kV station is measured. To calculate the losses and the voltages different method can be used. Vørts’s 2. case is one of them[ 5 ]. It is used on stationary analysis. P and Q are known on the load side. The voltage in known on the supply side and the impedance between is known.  
With this method the voltage on the load side is “guessed” and then the voltage on the supply side in calculated and compared with the actually known voltage. By using the difference between the calculated value and the known value a new “guess” is made. This iterative process continuous until the difference between the calculated value and the known value is allowable small.  This way the voltage on the load side is calculated. Then the losses in the impedance can be calculated.

It is possible to calculate all voltage and losses in a radial network using this method. First the voltage on the second point in the network is calculated then this is used to calculate the voltage in the third point in the network and etc. 

Another method is to calculate the voltages and losses is load flow. Load flow is also an iterative method used on stationary analysis. Load flow uses admittance matrix consisting of impedance and admittances in the network to calculate the voltages. To calculated the voltages the load flow method distinguish between 3 types of busses; Slack bus, load bus, voltage-controlled bus. 
The slack bus is used as a reference to calculate all the other voltages in the network. The load buses represent the load from consumers and the voltage-controlled buses represent the production in the network. The value known and calculated for the different busses are:
· Slack bus, the voltage is typical decided to 
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· Load bus, P and Q are known and the voltage is calculated

· Voltage-controlled bus, 
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A further description of load flow can be fund in appendix A. Like the Vørts method the losses can be calculated on the base of the voltages.
The advantage with the Vørts method is it relative simpler then the load flow method, the disadvantage is it can only be used on radial networks. The load flow method can be used on all types of the network. H. Saadat has developed a Matlab program that calculated load flow, so Matlab program for load flow does not need to be developed. Therefore the load flow method is chosen. This means that the method can be used on all types of networks. 
3.2.3 Choice of load flow algorithm

There are different methods of load flow, different numeric method are used. The most used are Gauss-Seidel and Newton-Rahpson. Gauss-Seidel uses rectangular coordinates. It calculates until the voltages at the busses are the same as the iteration before with a given tolerance.  Newton- Raphson uses polar coordinates and it calculates until the difference ΔP and ΔQ is smaller then a given tolerance[ 20 ]. 
Gauss-Seidel is a more simple method then Newton-Rahpson. It uses less equations butit also more needs iterations. The number of equations increases more with number voltage point in the network with the Newton-Rahpson method then with the Gauss-Seidel method.  The Newton-Rahpson method converges faster. H. Saadats load flow Matlab program can use Gauss-Seidel and Newton-Rahpson and because the Newton-Raphson is faster and the number of equation is not a problem the Newton-Raphson is chosen. The H.Saadat program can be fund the book “Power system analysis”[ 18 ].

3.2.4 Outline of the report
In Chapter 1, an introduction to the initial objective.
In Chapter 2, a description of the network planning in Denmark and a discussion of alternative approaches used to network planning.

In Chapter 3, The objective for the project, limitations and methodology.

In Chapter 4, the probabilistic load flow is presented, including both analytical approach and numerical approach.

In Chapter 5, Model for residence based on meter data from SydEnergi, Model for other consumer categories based data from Elforbrugspanel data, Model for wind turbine based on Weibull distribution
In Chapter 6, Comparison of the deterministic and probabilistic approach in an analysis of the optimum cable size

In Chapter 7, Study case on a radial feeder in ESV network

In Chapter 8, Summary and conclusion for the project

In Chapter 9, Future work, a description of improvement of the models and alternative used of the probabilistic approach

4 Probabilistic load flow
On order to analyze the objective of this project, the deterministic approach will be compared with the probabilistic approach, therefore the probabilistic approach will be described in this chapter. This chapter is mainly based on chapter 10 in “Probability concepts in electric power systems” by G. J. Anders, chapter 20 in “Probabilistic Methods for Planning and Operational Analysis” by G. T. Heydt, “Power systems” by P. W. Sauer and chapter 3 in “Stochastic modeling and analysis of power system with renewable generation” by P. Chen[ 21][ 22][ 31].

There are two main probabilistic approaches for load flow calculations, the numerical approach and the analytical approach. The relationship between the different approaches can be seen in Figure 4.1.
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Figure 4.1 The relationship between the different approaches

The numerical approach is also called Monte Carlo load flow. In Monte Carlo load flow studies, multiple power flow studies are carried out using different sets of input data. The various sets of input data are typical obtained from random number generators to correspond to some desired statistical distributions. A problem regarding the Monte Carlo approach is to determine the number of samples that are sufficient to properly represent the variations in the uncertain parameters. The approach normally requires a large number of samples. Another problem associated with the Monte Carlo method is the large computational burden required to study a large number of samples.
The analytical approach is also called convolution method. In the probability theory, convolution is a procedure for the calculation of probability density of two independent variables. The procedure for the method is first to linearize the load flow equations, then to use convolution to get the result (distribution of load flow and voltages) from the input data (distribution of consumer’s power and generated power). A weakness with the method is that it is only valid for small variances of nodal power, another weakness is that the nodal powers are not mutually independent [ 23]. 

Since the Monte Carlo approach has no particular requirements with regards to the probabilistic distribution of nodal powers or concerning the correlation between active and reactive power of the same node, this method is chosen. However it is assumed that the larger computational burden will not result in impractical long-lasting calculations.

In the following sections the Monte Carlo approach will be described in more details. Since the Monte Carlo approach is based on the deterministic load flow, a description of the deterministic approach will be made first, followed by a description of the Monte Carlo approach.

4.1 Deterministic load flow 

The deterministic approach is a widely used tool for analysis for both planning and operations. There are three main features for the approach:

· Power flow analysis is the computation of steady-state conditions for a given set of loads P (active power) and Q (reactive power) and a given system configuration (interconnecting lines/transformers)

· Active- power generation and bus voltage magnitudes are specified at the generator buses

· Power flow analysis gives a solution of system states, mainly bus voltage, phase angles (δ) and magnitudes (V)

Additions like tap-changing on transformer are often added to the description. On Figure 4.2 description of conventional Newton-Raphson load flow is shown.

[image: image35.emf]
Figure 4.2 Conventional Newton-Raphson power flow study[ 22 ]

Often a more simple method is used called Newton-Raphson decoupling. The method uses the natural weak coupling between real power and voltage magnitude (P and V) as well as coupling between reactive power and voltage angle (Q and δ). The method is used because it is faster than the conventional Newton-Raphson method. On Figure 4.3 a description of a decoupled Newton-Raphson is shown.
 [image: image36.emf]
Figure 4.3 Decoupled Newton-Raphson power flow study [ 23]

The H. Saadat load flow program uses conventional Newton-Raphson load flow therefore this will be used for the analysis.
4.2 Monte Carlo load flow

In Monte Carlo load flow the load flow calculations are carried out multiple times for different sets of input. The input data are typical obtained from random statistical sampling. The Monte Carlo approach is based on the fact that if a random variate U follows a uniform distribution in the interval between [0,1], the random variate has a continuous cumulative probability distribution function F(x) [ 24 ]. This means a random number U between [0,1] can be used to determine a random sample x from a stochastic variable X. The method is called: “Inverse transform method” which generates a random sample from the inverse cumulative distribution function of a random variable. On Figure 4.4 the method is illustrated.

 [image: image37.emf]
Figure 4.4 Inverse transform method [ 24 ]

In case of only observations or numerical data points are available, empirical distribution function of the observations can be derived and the method can still be used to generate the random samples. Matlab provides pseudo-random number generators that can be used in Monte Carlo simulations.

On Figure 4.5 a description of the Monte Carlo load flow approach is shown.   

[image: image38.emf]
Figure 4.5 Monte Carlo load flow [ 24 ]

Multiple power flow studies can be used to compute the variations of system bus voltages throughout the day, week, or year as the load varies. E.g. if there was an interest in computing the line flows for every hour of the day for one year (assuming all load and generation data are known for each hour), this would require 8760 power flow studies (one per hour). If the distribution of load is Gaussian, the mean and the standard deviation can be fund. This means that the cumulative distribution function can be calculated and used to generate random samples for the load, which can be used in the load flow calculations. 

5 Models of consumers and wind turbines
Two sub-objectives will be analyzed in this project. First a comparison of the deterministic and probabilistic approach of the optimum size of a single cable is made. Second a comparison of the two mentioned approaches is made on a study case of radial feeder in ESV’s network. The radial feeder consists of four wind turbines and residence, industry and farming load. Models for each element will be created.

As described in the introduction the consumers are divided into four main consumer categories; “farming”, “industry”, “trade & service” and “residence”. The study case does not include trade & service consequently no model will be made for this category. However the procedure would have been the same as for farming and industry. The model for residence will be based on meter data from the electricity company SydEnergi. Models for the other two consumer categories will be based on data from Elforbrugspanel. Finally one of two possible methods for modeling the wind production will be selected and following the model created.

In the analysis of optimum cable size for a single cable, two types of load will be investigated. The motivation for this is to explore if there is a difference between a load- and a production situation. First a general model for the residence load will be developed, followed by the creation of a model for the production from a wind turbine. On the load side, residence load has been chosen, as the data for this model is considerably better then for other consumer categories.

The wind turbines which are dealt with in the study case, is of an old origin (fixed speed and only 750 kW). Therefore a specific model for this type of wind turbines has to be created for use in the study case. Another model dealing with more modern wind turbines (variable speed and 2 MW) will be created for use in the analysis of the optimum cable size for a single cable.

5.1 Model of residence load

The model for residence load is based on meter data from the electricity company SydEnergi’s residential customers. SydEnergi is one of the first companies to install remote read meters for small consumers. SydEnergi has installed over 200.000 meter among their customers. On Figure 5.1 the remote read meter installed in SydEnergi can be seen.

[image: image39.jpg]



Figure 5.1 Meter installed by SydEnergi [ 25 ]

The data from the remote read meter is imported to a main computer. The communication route is shown on Figure 5.2. The main computer is able to communicate with the remote read meter and request meter data. When a meter is requested to forward data to the main computer, the data is first sent to a concentrator by PLC (Power Line Communication). The concentrators are typically placed in a 10-20/0.4 kV transformer station and are collecting data from the associated consumers. The concentrator will pass on the data through radio, text-message or fiber-net to the main computer.
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Figure 5.2 The communication route for the meter data [ 26 ]

The data received from SydEnergi consists of measurements from 1017 residences. The sample period was October 2008 - October 2009 and consists of hourly measurements of consumption. The data provided by SydEnergi appears consistent and without flaws, and does not require any repair before use. 

The data was imported from an Access database to an Excel spreadsheet. As this process was proven to be complicated and rather time-consuming, only data from 750 residences was used. This limitation is presumed not to have a negative impact at the end result. 

5.1.1 Grouping the data

When modeling the residence load probabilistically the data needs to be divided into time buckets in order to enable calculation of the mean μ and standard deviation σ. For the entire sampling period, the data is summarized per hour. On Figure 5.3 the result can be seen.

The sampling period start date is October 1st 2008. The figure shows that the consumption rises until approximately hour 2200 which is the end of December. Afterwards the consumption decreases until approximately hour 6000 which is the beginning of June. 

The consumption varies during the entire year and to ease the analytical work, it is decided also to divide the data into monthly buckets. As the figure shows the data has several noticeable spikes, however the biggest one is at approximately 2000 which is Christmas Eve. The impact of this specific spike on the μ and the σ for December has to be evaluated and the size of cables and transformers has to be able to withstand the load of this specific spike.
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Figure 5.3 Sum of the load for 750 residences for a whole year

The consumption does not only fluctuate doing the year, it is also varies over the period of just one day Figure 5.4 shows the first 600 hours of the period. It shows that the consumption varies in the same pattern day after day, but there is a difference between a weekday and a weekend day with regards to the amplitude. The first day in the data period is a Wednesday, the fourth and fifth day is therefore Saturday and Sunday, and those two days appear bigger than the first three periods. The same pattern can be seen for the following weeks therefore the data is also divided into weekdays and weekend days.
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Figure 5.4 Sum of the load for 750 residences for the first 600 hours

5.1.2 Calculation of μ and σ

The previous mentioned data from the residences is exported from Excel to Matlab. By the use of the Matlab program “sorting_residence.m” the μ and the σ are calculated for every hour, every month and for weekdays and weekend days. This is done individually for meter data from 30, 100 and 200 residences to find out how big a difference, if any, the sample size makes. The results for a weekday in April are shown in Table 5.1.

Table 5.1 Mean and standard deviation for 30, 100 and 200 residence for a weekday in April
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Analyzing the outcome in the column “μ-2*σ” it appears that the standard deviation for the individual consumptions from the individual residences is too big to be used in the desired model. The result of the expression μ-2*σ (mean subtracted two times the standard deviation) is negative. If this is used in a model, the outcome would be a residence with a negative consumption (the residence would have become a power provider). 
The data has also been analyzed to see if the distribution is Gaussian. This is done by making a histogram and investigating if the distribution looks Gaussian. The data for a weekday in April at 0000 has been isolated in the file “sorting_residence.m” and exported to the excel file “0100weekdayapril.xls”, where a histogram is made. The histogram is shown in
Figure 5.5
. and indicates that the distribution is not Gaussian. This is another reason that disables the possibility of modeling a single residence load.

Unfortunately for the above reasons it is not possible to model a single residence load.
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Figure 5.5 Histogram for a weekday in April

5.1.3 Regroup data and recalculate μ and σ

The desired model should be used for designing the 10-20 kV network. This kind of network often has a group of residence consumers reasoning that it could also be interesting to model the residence load as groups of residences. In this new attempt to create a model the data is summarized in groups of 20 and 30 residences for every hour.

Table 5.2 The mean and standard deviation for groups of 20 and 30 for a weekday in April
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These data is again exported from Excel to Matlab. By the use of the Matlab program “sorting_residence.m” the μ and the σ are calculated for every hour, every month and for weekdays and weekend days. The results for a weekday in April are shown in Table 5.2.

Analyzing the outcome in the column “μ-2*σ” it appears that the standard deviation for the groups of 20 and 30 residences is small enough to be used in the desired model. The result of the expression μ-2*σ (mean subtracted two times the standard deviation) is now positive. The table only reveals the results for one weekday in April. Nevertheless the results of the expression “μ-2*σ” is positive for all other months and for both weekdays and weekend days. The results for the groups of 30 residences can be seen in the file “30residencemeanandstd.xls”.  

Consequently the model for groups of 20 as well as 30 can be used for the planning purpose. The number of residences connected to a transformer station can be between 1 and 50, but for a “typical” residence area there are 30 residences, therefore 30 are used in the analysis of the optimum cable size.
The data for the 30 residences is also analyzed to see if the distribution is Gaussian. The procedure is the same as for model for the single residence. On the 
Figure 5.6
 the result is shown. 
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Figure 5.6 Histogram for the weekday in April for the 30 residences

The distribution appears not to be entirely Gaussian, but it is a lot better than the distribution for the model for the single residence load. The result is assessed to be acceptable. It is assumed that the distribution for the other groups, meaning both weekdays and weekend days in all the other months will also be acceptable Gaussian.

In the study case the consumption related to one transformer is represented as one consumer category. In the file “sorting_residence.m” the μ and σ for every hour, every month and for weekdays and weekend days are calculated. These are used to generate a probabilistic model by sampling a value for a given μ and σ for a whole year.

In Matlab the function “normrnd” is used. It generates a random value with a given μ and σ. E.g. a weekday in December; “normrnd(mean_dec_weekday,std_dec_weekday)”, the mean and standard deviation for a weekday in December are used. The simulation is carried out 10 times and the results loaded to the file “yearly_consumption_residence.xls”. Following the calculated consumptions for a whole year are summarized and compared to the actual yearly consumption for the transformer. The value that comes closest to the actual value is chosen. The sample size of only 10 can be justified, by the fact that the results turns out to be very close to the actual value.

5.2 Models of industry and farming load

In this section the models for the industry and farming categories are described. These models will also be used in the study case. As SydEnergi have not registered any meter data from the other consumer categories, data from Elforbrugspanel will be used. 

5.2.1 Elforbrugspanel

Elforbrugspanel is a co-operation between Energinet.dk and Dansk Energi and is used to observe and analyze the development of the consumption from the different consumer categories. The Elforbrugspanel was originally two separate projects; one initiated in 1994 in western Denmark and the other one in 1997 in eastern Denmark. They merged in 2001 into what we today know as Elforbrugspanel.
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Figure 5.7 The figure shows consumer categories applied by Elforbrugspanel [ 28 ]

The Elforbrugspanel have data for every hour of the whole year for all the different consumer categories. There are four main categories:

1. Residence

2. Farming

3. Industry

4. Trade & service

However, the data concerning residences is limited compared to the new meter data gained by SydEnergi. 

Each main category is divided into a number of sub categories as shown on Figure 5.8.
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Figure 5.8 Sub consumer categories in Elforbrugspanel [ 8 ]

5.2.2 Usage of Elforbrugspanel’s data

As for the residence category, the possibility for making general models for each of the two remaining consumer categories farming and industry based on individual meter data is explored. Dansk Energi has published calculated μ and σ for the three main categories industry, farming and trade & service. Figure 5.9, Figure 5.10 and Figure 5.11 displays the results, and they indicate that the standard deviation is rather big, as seen for the residences. Again the result of the expression μ-2*σ (mean subtracted two times the standard deviation) will become or be close to negative. Thus it is not possible to make a general model based on individual meter data for these three other consumer categories either.
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Figure 5.9 
Load curve for industry a weekday in April based on data from individual meters [ 29]
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Figure 5.10 
Load curve for farming a weekday in April based on data from individual meters [ 29]
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Figure 5.11
Load curve for trade and service a weekday in April based on data from individual meters [ 29 ]

5.2.3 Reading the data from Elforbrugspanel

While exploring the data from Elforbrugspanel, the main consumer categories’ individual parts of the consumption in an individual hour compared to the total yearly consumption are revealed. E.g. the 1-01-2009 between 8:00 and 9:00 the data value for farming is 0.00003375. This means that for a farm with a yearly consumption of 100,000 KWh the typical consumption at this specific hour is 100.000*0.00003375KWh or 3.375 KWh. For the same hour the value for the industry is 0.0000459258. This means for a factory with a yearly consumption of 500,000 KWh the typical consumption at that hour is 500,000*0.0000459258 KWh or 23 KWh.

The data tables for the main consumer categories can be fund in the file “consumer_curves.xls” on the attached CD.
In the study case the consumption associated to a transformer is limited to only representing one consumer category. In the files “yearly_consumption_farming.xls” and “yearly_consumption_industry.xls” the hourly values for a whole year is calculated by multiplying the consumption associated to transformer with the data value from each specific consumer category. These files can be found on the attached CD as well.
5.3 Model of the wind power production

The objective of this section is to make a model of the wind production that can be used in probabilistic network planning. There are many ways of making a model of the wind production dependent on what the model will be used for. Currently when a model is used to design the network, a deterministic method is often used. The deterministic load flow uses only the maximum value for the production to design the network. 

In the future a probabilistic load flow could be used for planning purposes. For a probabilistic load flow the model needs to be more detailed. A probabilistic model of a wind turbine can be based on measurements of the wind speed or be based on measurements of the wind power production from a wind turbine, as shown on Figure 5.12. The figure is based on a more detailed figure in the PhD “Stochastic modeling and analysis of power system with renewable generation” [ 31 ].
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Figure 5.12 Methods of simulating the wind power production for a wind turbine

A probabilistic model based on measurements of the wind speed can be based on measurement from the site of the wind turbine or it can be based on data from national or research & development organizations that have measured wind speed in many years at many sites. In the European wind Atlas wind speed data from many places in Europe can be found [ 33 ]. The probabilistic wind speed model is transformed through the wind turbine model and data for the wind power production is achieved. Necessary input to the model is data for the type of wind turbine as well as data for wind speed.

The model based on measurements of wind power production is obviously dependent on the possibility of getting measurements from actual production. This means that this method can be used on:

· Existing networks where the wind turbines have already been installed and the power production has been operating and measured
· New installations, by the use of data from similar wind turbines already installed in similar areas under similar conditions

An example of this method can be seen in “Stochastic modeling and analysis of power system with renewable generation” [ 31 ]. In this PhD a stochastic model of a wind farm is developed and used together with measurements from a 165.5 MW win farm. It is possible to use the model and scale the results to match a different power capacity, but the model can only be used if the wind turbines or wind farm are of the same type and are placed in similar areas as the one in question.

The model based on measurements of the wind speed can be used in almost all sites and for all types of wind turbines. For that reason, this method is chosen for this project.

5.3.1 Model of the wind power production based on wind speed

Developing the wind power production model is a two step process. First the wind speed model has to be created. Subsequently the make of the wind turbine model has to be done. The process is shown on Figure 5.13.
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Figure 5.13 Procedure for designing the model for simulating wind power production

First a model of the wind speed is made by using Weibull distribution. For the model of the wind turbine there will be made two approaches, one based on the physical factors for the wind turbine and another one based on wind speed- wind power production curve as stated in the data sheet for the wind turbine. Both models will be implemented and simulated in Matlab.

5.3.2 Using Weibull distribution

The Weibull distribution is widely used in wind data analysis [ 32 ]. The Weibull probability density function is given by:
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Where


v is the wind speed


k is the shape coefficient


c is the scale coefficient

For a given k and c it is possible to simulate the wind speed v. c is similar to mean wind speed, it indicates how windy the site is on average. k is how often the distribution peaks, i.e. if the wind speeds always tend to be very close to a certain value, the distribution will have a high k value [ 32 ].  

In the European wind Atlas k and c can be fund for many sites [ 33 ]. The coefficients depend on the terrain in which the wind turbines are installed. This is characterized in roughness classes, where class 0 is water areas, class 1 is open areas with a few windbreakers, class 2 is farm land with windbreakers and class 3 is forests or farm land with many windbreakers.  It is chosen to use roughness class 2 in this project since wind turbines installed in the 10-20 kV networks often are installed in open farm land with a few windbreakers. However, this has to be subject to an evaluation on a case to case basis. The coefficients depend on the height of the wind turbine and the level of the terrain. 

The coefficients also depend on where in the country the wind turbines are installed. E.g. the coefficients in 50 m are as follows: In Aalborg c=7.7 and k=2.06, in Kastrup c=7.8 and k=2.35 and in Rønne c=7.0 and k=2.01. There are more sites in Denmark where the coefficients are stated, but since the study case is made on a radial near Aalborg, parameters for Aalborg are used.

5.3.3 Model of wind speed 

The wind turbine in the study case is of an older origin. Therefore the first analysis will be in a height of only 50 m.

The model is developed in Matlab. Matlab has a function that gives a random sample for a Weibull probability density function “wblrnd(c,k)”. It uses the parameters k and c as explained in the previous chapter. In the Matlab program “windpowerproduction.m” the wind speed is determined. Figure 5.14 shows the result of a simulation for a whole year.
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Figure 5.14 Wind speed for every hour for a whole year for height of 50 m

The figure shows that the wind speed varies between 0 and 24 m/s. The result is for one wind turbine, however if more wind turbines are installed at the same site, the results will differ. This will not be taking into account, as it is presumed not to influence the result significantly.

Newer wind turbines are taller. Therefore this second analysis will be for a height of 100 m. The Weibull coefficients in Aalborg are c=9.1 and k=2.26. On Figure 5.15 the result is shown.
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Figure 5.15 Wind speed for every hour for a whole year for a height of 100 m

As expected the figure shows that the wind speed is slightly higher at 100 m than at 50 m.

5.3.4 Model of wind turbines

In this section a model for the wind turbine dealt with in the study case needs to be made. This wind turbine is an older type and therefore a model for a more modern wind turbine also needs to be made for use in the analysis of the optimum cable size.
The models for the wind turbines are created according to two different approaches. The first one is modeling the wind power based on a wind speed-power curve from the data sheet for the specific wind turbine. The other approach is based on chapter 3 in the PhD “Optimization of electrical system for offshore wind farms via a genetic algorithm approach” [ 32 ]. 

There are two main types of wind turbines; fixed speed and variable speed. Diagrams for the two types of wind turbines are shown on Figure 5.16.
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Figure 5.16 Models of fixed speed and variable speed wind turbines [ 34 ]

Fixed speed wind turbines were the first generation of wind turbines. There are still a lot of these fixed speed wind turbines installed in the Danish electricity grid, but new wind turbines installed today are of the variable speed type.

The approach based on chapter 3 in the PhD “Optimization of electrical system for offshore wind farms via a genetic algorithm approach” [ 32 ]  focuses only on variable speed wind turbines. The active power for a variable speed wind turbine Pvar is given by:
Active power model
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Where 
[image: image58.wmf])
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is the wind power for a variable speed wind turbine at wind speed v.


vi is the cut-in wind speed 


vr is the rated wind speed


vo is the cut-out wind speed


Pr is the rated power of a wind turbine


a is the bias value


b is the gradient value

The constants; a and b, are given by:
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On Figure 5.17 the definition of cut-in speed, rated wind speed, cut-out speed and rated power can be seen.
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Figure 5.17 Definition of cut-in, rated speed, cut-out and rated power

The values for cut- in, rated speed, cut-out and rated power are shown in the data sheet for the wind turbine.

Reactive power

For the fixed speed turbine with fixed capacitors the reactive power consumed by the induction generator is estimated by [ 32 ] 
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Where


Pwt is the active power of the generator


Vwt is the terminal voltage of the generator


Xc is the reactance of the capacitors


Xm is the magnetizing reactance


X is the sum of the stator and rotor leakage reactance

5.3.5 Method implemented in Matlab

The wind speed model and the two approaches for the model for the wind turbine are implemented in Matlab in the program “windpowerproduction.m”. Before running the program the user has to state one parameter. This parameter is “windpowermode” and can be 1 or 2. If it is 1 the program will run the simple data sheet approach and if it is 2 the program will run the other approach. The procedure for the program is as follows:

1. All parameters are initialized

2. The program determines if “windpowermode” is 1 or 2 and carries out that part of the program

3. A random wind speed is generated
4. If “windpowermode” is 1, the program round off the value for the wind speed to an integer value and determines the wind power production by a look up in a table
5. If “windpowermode” is 2, the program uses the equations described in the previous section 5.3.4 to determine the wind power production 

6. Wind power production is plotted as a function of the wind speed

5.3.6 Results

In this section the results from three examples will be shown. The first two examples is based on the data sheet approach. One with a fixed speed wind turbine used in the study case and another with a variable speed wind turbine of the same size. The third example is the approach based on the equations in section 5.3.4.
Data sheet approach 

The data for the two wind turbines are shown in Table 5.3 and Table 5.4. The first one is the wind turbine from the study case. The wind turbine is of the type Micro M1500 and produces 750 kW. It is a fixed speed wind turbine and its data can be seen in appendix ??. 

Table 5.3 Power curve for the wind turbines in the study case. The wind turbine is of the type micro M1500 and produces 750 kW. The wind turbine is a fixed speed. The data can be seen in appendix ??
	Power Curve 

	Wind speed

[m/s]
	Power output

[kW]

	3
	0

	4
	5

	5
	33

	6
	71

	7
	128

	8
	201

	9
	287

	10
	377

	11
	460

	12
	555

	13
	645

	14
	712

	15
	743

	16
	752

	17
	748

	18
	732

	19
	713

	20
	706

	21
	706

	22
	711

	23
	710

	24
	709

	25
	706

	>25
	0


Table 5.4 Power curve for a wind turbine of similar size as the wind turbine from the study case. The wind turbine is a Vestas V52 and can produce 850 kW and is a variable speed wind turbine [ 35] 

	Power Curve 

	Wind speed 

[m/s]
	Power output

[kW]

	3
	0

	4
	10

	5
	80

	6
	120

	7
	200

	8
	300

	9
	400

	10
	510

	11
	680

	12
	770

	13
	810

	14
	840

	15
	850

	16
	850

	17
	850

	18
	850

	19
	850

	20
	850

	21
	850

	22
	850

	23
	850

	24
	850

	25
	850

	>25
	0


The second wind turbine is of the similar size as the wind turbine from the study case. It is a variable speed wind turbine and can produce 850 kW. The wind turbine is of the type V52 and the value for power output can be red from a power curve figure in the data sheet for the wind turbine [ 35].
On Figure 5.18 the result from the first wind turbine is shown. It shows a typical curve for a fixed speed wind turbine. The curve is discrete due to the integer values for the wind speed.
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Figure 5.18 Wind power production for the fixed speed wind turbine from the study case

On Figure 5.19 the results for the other wind turbine is shown. The figure shows a typical curve for a variable speed wind turbine. This curve is also discrete due to the integer values for the wind speed.

.
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Figure 5.19 Wind power production for the variable speed wind turbine V52
Approach based on equations described in section 5.3.4
The data for the example is shown in Table 5.5. The data is from a variable speed wind turbine in IEEE 14-bus system. The wind turbine can produce 2MW and have a cut-in speed on 4 m/s, a rated wind speed on 12.5 m/s and a cut-out wind speed on 20 m/s.
Table 5.5 Parameters for the IEEE 14-bus system.[ 32 ]
[image: image65.png]Parameter Value Parameter Value
= 0.94090 Rated power 2MW
X 0.07710 Rated voltage 690 V

= 1.04930 Rated wind speed 12.5 mis
Cut in wind speed amis Cut out wind speed 20mis





On Figure 5.20 the results of the simulation a shown. The curve is also discrete, but the steps are 0.1 m/s instead of 1 m/s.
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Figure 5.21 Wind power production as a function of wind speed for IEEE 14-bus stem

5.3.7 Choice of wind turbine models

The model for the wind turbine in the study case is done according to the data sheet approach. The result of the wind production for every hour for a whole year from the wind turbine can be fund in file “yearly_production_750kW.xls”.  It is chosen to use 2 MW wind turbine from the IEEE 14-bus system to represent production in the analysis of the optimum cable size. The result for the wind production for every hour for a whole year from the wind turbine can be fund in file “yearly_production_2MW.xls”.

5.4 Summary 

This chapter describes the models which will be used in the analysis of the optimum cable size as well as in the study case. Models are made for the residence, farming, industry load and models for both an older and newer type of wind turbine has been created. The model for residences is based on meter data from the electricity company SydEnergi and the model for industry and farming are based on data from Elforbrugspanel. The models for the wind turbines are based on data from the data sheet and the wind speed is estimated by using the Weibull distribution.

6 Analysis of optimum cable size
This chapter describes how to determine the optimum cable size for a specific load. The analysis is done according to both the deterministic and the probabilistic approach. The calculations used for choosing the optimum cable size with regards to the two approaches will be explained in details. The description of the deterministic approach is based on chapter 5 in “Netanalyser på 10-20 kV distributionsnet” and the description of the probabilistic approach is based on chapter 6 in “Stochastic modeling and analysis of power system with renewable generation” by P. Chen [ 2][ 31]. 

After the descriptions of the approaches the prerequisite for the analysis is discussed. The prices for cables, the cost of mounting cables and energy price are based on prices from “Udligningsordningen”. The prediction of the annual increase in load is based on data from Energinet.dk [ 39]. 

In the analysis of the optimum cable size, the model for the 30 residences is used for representing the load situation and the 2 MW wind turbine is used to represent the production situation. The 2 MW wind turbine model is chosen, as it is representative for the wind turbines that are installed in the distribution network today.

The calculations for determining the optimum cable size are implemented in Matlab and simulations for a large number of different loads are carried out, in order to create curves where readings of the shifts in the economical cable size can be taken.

The difference in results from the deterministic and the probabilistic approach will be outlined. Following the sensitivity of the prerequisites (such as payback time, predicted annual increase of load and development of energy prices) for the calculations is tested through a number of cases. The influence on the test outcomes from changing the prerequisites will be discussed and concluded.

6.1 Choosing the optimum cable size

The difference between the deterministic and the probabilistic approach is in the way the losses in the cables are calculated. The deterministic approach uses a utilization time which is calculated by dividing the yearly consumption by the maximum load. The probabilistic approach calculates the losses for a whole year by doing summarized load flow calculations for every hour for a whole year. In the following sections the calculations for the two approaches will be explained in details.
6.1.1 Deterministic approach
When a cable size is selected the costs are considered. For cables there are to types of cost, the investment costs and the cost of the power losses in the cable during operation.  This can be illustrated by the following equation:
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The investment costs include the cost of the cable and the cost of the mounting and maintaining the cable. 


Cinv= Cmat + Cmoun + Cmain 
(6.2)
Where

Cmat is the cost of the cable [kr./m]

Cmoun is the mounting cost [kr./m]

Cmain is the maintenance cost [kr./m and year]

The maintenance cost has to be discounted and summarized for the number of years the analysis covers “N”.  The discount is done with an interest rate which is adjusted for inflation. In the following equation this has been taken into account:
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(6.3)

r is the interest rate. Generally maintenance costs for oil cables are bigger then for PEX cables. For oil cables the maintenance consists of refilling the cable with oil. For oil cables at higher voltage levels there are equipment attached to the cables that measure the pressure of the oil. This equipment requires maintenance as well. For long cables on high voltage levels it can also be necessary to do a cross bonding of the shield for the cables. The cross bonding is done in a cable well, this well also requires maintenance. For PEX cables on 10-20 kV there are no maintenance done at all.
For the deterministic approach the yearly cost of the power losses can be calculated as shown in the following equation:
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Where

R is the resistance per phase [Ω/m]

I is the current [A]

Q is the power cost [kr./kW]

q is the energy cost [kr./kWh]

t is the utilization time of the losses [hours]

Q is a historical value. Q was used when the distribution companies had to pay the transmission companies for peak loads. This is not done any more. Therefore the Q value is 0.  

If Ct is defined as 
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The cost of losses for the full period which the analysis covers can be expressed as shown in the following equation:
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(6.6)

Where I1, I2 …IN is the size of the current each year and r is the interest rate.

If the load is expected to rise or fall exponential, then the cost of the losses for the whole period can be illustrated by the following equation. S is the exponential rise in percent [ 2].
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This means that the total cost for a cable when using the deterministic approach will be as expressed in the following equation:


[image: image79.wmf](

)

(

)

(

)

(

)

]

/

.

[

1

1

1

1

1

q

t

Q

3

1

1

C

 

C

2

2

2

_

mat

cable

m

kr

s

r

r

s

I

R

r

r

C

C

N

p

N

oneyear

main

moun

+

-

+

÷

÷

ø

ö

ç

ç

è

æ

+

+

-

×

×

+

×

×

×

+

+

-

×

+

+

=

-


(6.8)

Calculations are done for different cross sections of a cable and the results for the total cost are compared. On 



Figure 6.1
 the relationship between investment cost and cost of the power losses is shown.
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Figure 6.1 Cost of the cable as a function of the cross section
The figure shows the cost in kr. as a function of the cross section for a cable. It shows that the investment costs increase and cost of the losses decrease when the cross section increases. The optimum cable size will be found, in the bottom of the “valley” of the total cost. 
Figure 6.2 shows the overall costs for cables with different cross sections as a function of the current.


[image: image81.emf]

Figure 6.2 The summed cost for different cable sizes as a function of the current

It appears that for small currents the 50 mm2 cable is the least expensive and when the current is larger then I1 the 95 mm2 cable is the least expensive. When the current becomes larger that I2 the 150 mm2 cable is the optimum size. The curves can also be made with the power instead of the current, as it will be done in this project.

6.1.2 Probabilistic approach

The probabilistic approach is applied in the same way as the deterministic; the only difference is how the losses are calculated as explained earlier.

For the probabilistic approach the production or load is converted into p.u. The yearly cost is calculated by the use of load flow calculations based on the consumption or production for ever hour for a year. The losses are summarized and used in the calculations of the total cost. This is done for many different values of the power, which create a curve for the total cost as a function of power. By doing this for different cross sections of a cable it is possible to determine the optimum cable size, in the same way as for the deterministic approach.

Total cost for a cable when using the probabilistic approach will be as expressed in the following equation.
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6.2 Prerequisite for the analysis

In this section the prerequisite for the analysis will be outlined. The prices for the cost of the cable, the cost of mounting the cable and the energy price is based on “Udligningsordningen” and the size of the annual rise of the load is based on calculations from Energinet.dk.

When a wind turbine farm or a combined heat and power plant (CHP) is established the network may have to be extended to match the new load situation. The cost of the expansion and the cable connecting the network is paid for by PSO. PSO stands for Public Service Obligations and is a tariff which is collected through the consumer’s electricity bills. The national parliament of Denmark introduced the PSO tariff as an extra tariff on the electricity bill at the time of the liberalization of the energy market in 1998 [ 37 ].
The PSO include the costs incurred by Energinet.dk in its efforts to pursue the objectives specified in the Danish Electricity Supply Act which are to:

· Provide subsidies for renewable energy (RE), i.e. wind turbines and other RE facilities 

· Provide subsidies for local CHP production 

· Conduct research and development of environmentally-friendly power generation and efficient electricity use 

· Pay other costs

Subsidies for renewable energy constitute by far the largest share of the PSO tariff [ 38 ].
A committee called “Udligningsordningen” manages the payment for connecting wind turbine farms and CHPs to the network. It pays the electricity companies for the cost they have for connecting wind turbine farms and CHPs to the network. The prices are determined by the committee and are based on costs from different electricity companies. These are the prices which will be used in this project [ 36].

The committee calculates with a 20 years investment period (payback time), an interest rate of 3% and an energy price of 0.455 kr. /kWh [ 36]. The investments cost for the cable is determined from the cross section of the cable. In Table 6.1 the price for different cross section are shown.
Table 6.1 Price for cables with different cross section [ 36]
	Cross section
	Price [kr./m]

	50  mm2
	77

	95  mm2
	101

	150 mm2
	119

	240 mm2
	166

	300 mm2
	208


Mounting cost includes cost for digging, ploughing, collections, planning, documentation, laying out the cable. The “Udligningsordningen” have two separate prices for the digging part of the work; one for digging in the countryside and one for the city. If the cable is laid out in the countryside the dig price is 180 kr./m and if the cable is laid out in the city the dig price is 400 kr./m. as seen in Table 6.2.
Table 6.2 Dig price in different zones [ 36]
	Dig price
	Price [kr./m]

	Countryside zone
	180

	City zone 
	400


“Udligningsordningen” gives a subsidy of 30 kr./m for the next cable that are laid out in the dig groove regardless if it is a countryside or city zone.

In Table 6.3 the resistances for the different cable cross sections are shown. In the selection process of the cable cross section, it is only the resistance for the cable which is used in the calculations. The table also shows maximum current and maximum power for cable cross sections.
Table 6.3 Resistance for the different 3-core cable cross section. [ 36]
	Cross section
	Maximum current
	Maximum power
	Resistance

	50 mm2
	170 A
	3,030 kW
	0.641 ohm/km

	95 mm2
	240 A
	4,277 kW
	0.321 ohm/km

	150 mm2
	310 A
	5,525 kW
	0.207 ohm/km

	240 mm2
	400 A
	7,129 kW
	0.127 ohm/km

	300 mm2
	450 A
	8,020 kW
	0.103 ohm/km

	2x240 mm2
	800 A
	14,258 kW
	0.064 ohm/km

	2x300 mm2
	900 A
	16,041 kW
	0.052 ohm/km

	3x240 mm2
	1200 A
	21,387 kW
	0.042 ohm/km

	3x300 mm2
	1350 A
	24,061 kW
	0.034 ohm/km

	4x240 mm2
	1600 A
	28,516 kW
	0.032 ohm/km


The annual increase of the load is calculated by Energinet.dk in co-operation with Risø (Danish National Laboratory for Sustainable Energy). The calculations are based on the Danish statistic model EMMA. The calculations determine that the residence load will increase approximately 0.4% for the next 20 years and the farming load will grow around 0.5%. The increase of the industry load is bigger, the expectations are 1.7% and trade & service 1% [ 39].
The cost of the maintenance will not be used in this project, because the cables are PEX cables. Therefore the maintenance cost will be zero.

6.3 Calculation implemented in Matlab program

The Matlab program “deterministic_cost.m” calculates the optimum cable size for the deterministic approach and the Matlab program “probabilistic_cost.m” calculates the optimum cable size for the probabilistic approach. Both programs generate curves which are the total cost as a function of the load or production.  For the probabilistic approach changes to the file “lineflow.m” from H. Saadat’s program is made. The changed “lineflow.m” file will also be included on the CD.

It is decided only to do the simulations for a single cable. This means that there will be done simulations for five different cable cross sections. On 
Figure 6.3
 the total cost as a function of the consumptions for the five different cross sections are shown.
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Figure 6.3 Total cost as a function of consumptions for different cross sections

The figure shows the result of the deterministic approach carried out on the base case. The base case parameters are:

· Payback time 20 years

· Energy price at 0.455 kr

· Interest rate at 3%

· Annual increase in load at 0.4% 

· Length of cable 1 km

· Digging price at 180 kr.

The figure show that when the consumption is less than 745 kW the 50 mm2 cable is the cheapest and when the consumption is less than 1081 kW and more then 745 kW the 95 mm2 cable is the cheapest. When the consumption is less then 2087 kW the 150 mm2 cable is the cheapest and then consumption is less then 3602 kW the 240 mm2 cable is the cheapest. If the consumption more then 3602 kW the 300 mm2 cable is the cheapest. This method of reading the curves is used for all the cases dealt with in this chapter. 
6.3.1 Deterministic approach

The deterministic approach uses the utilization time for calculating the total cost. For the 2 MW wind turbine the utilization time is fund by dividing the yearly production equal to 5,987 MWh with 2 MW. This means that the utilization time is 2994 h.

To be able to calculate the utilization time for the 30 residence, the maximum consumption needs to be calculated. This is done with the “Velander method” after the method described in the pre-analysis. The yearly consumption for 30 residences is 111 MWh, which gives a maximum consumption on 54.3 kW when using the “Velander method”. By using the yearly consumption and the maximum consumption the utilization time is calculated to 2050 h.

6.3.2 Probabilistic approach

The probabilistic approach uses the hourly consumption for a whole year in p.u. For the 30 residences the values in p.u for the active power for a whole year are calculated in the file “yearly_consumption_residnece.xls” and for the 2 MW wind turbine the p.u values are calculated in the file “yearly_production_2MW.xls”.

On Figure 6.4 the hourly consumption for a whole year is shown. The interval is from January 1st. to December 31st. 
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Figure 6.4 The hourly consumption for 30 residences for one year

On Figure 6.5 the hourly wind production from a 2 MW variable wind turbine is shown. The active power is calculated in p.u.
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Figure 6.5 Hourly wind production for a 2 MW variable wind turbine for one year
Figure6.6 shows an extract of Figure 6.5 – the range from 0 hour to 900 hour.
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Figure6.6 Hourly wind production for a 2 MW variable wind turbine.

The H. Saadat load flow program uses the impedances in p.u, therefore the resistance for the cable is converted to p.u value with a base of Sbase=10MVA and Vbase=10,5kV. 

In 
Table 6.4 the used conversions are shown.


Table 6.4 Resistance for the different cables sizes in p.u

	Cross section
	Resistance
	Resistance [p.u]

	50 mm2
	0.641 ohm/km
	0,1743

	95 mm2
	0.321 ohm/km
	0,0873

	150 mm2
	0.207 ohm/km
	 0,0564

	240 mm2
	0.127 ohm/km
	0,0345

	300 mm2
	0.103 ohm/km
	0,0279


6.4 Simulations

In this chapter various simulations will be described, and the outcome discussed. First a comparison of the results of the simulations for the deterministic and the probabilistic approach will be made, in order to get an overview of the initial difference between the two methods.

This pair of simulations will then be used as a baseline for comparison with the following simulations of base case variations:

Case 1: Wind turbine

Case 2: Use of π-model

Case 3: Variations of the number of years

Case 4: Variations of the annual increase in load

Case 5: Variations of the interest 

Case 6: Variations in energy prices

Case 7: Variation in digging price

The above test cases will be carried out, in order to investigate the magnitude of the sensitivity of the prerequisites, compared to the differences between the deterministic and the probabilistic approach.

6.4.1 Base case

First the difference between the deterministic and the probabilistic approach will be explored. Two simulations with equal prerequisite parameters will be carried out, and the results of the simulations will to be evaluated. The prerequisite parameters which are chosen for these simulations are the same as the ones used by “Udligningsordningen” (as explained in section 6.2).

These parameters are as shown below:

L =
1 km

Years =
20 years

R =
3 %

Energy price =
0.455 kr.

Increase in load =
0.4 %
Digging price =
180 kr.

Only exception is the digging price. In “Udligningsordningen” the digging price is the actual digging price, based on the present distribution between country zone and city zone for the area for the actual planned cable installation. In the base case the digging price for country side has been chosen. One of the test cases, will concern changing the digging price to the one for the city zone.

Initial simulations

The initial simulations of the deterministic and probabilistic approach can be seen on Figure 6.7.
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Figure 6.7 Comparison of the deterministic and probabilistic approach, Pmax Velander
It was expected to see the shifts in the optimum cable size to be at higher load levels (more to the right in the above figure) according to the probabilistic approach in comparison to the equivalent shifts according to the deterministic approach. The initial thoughts, which initiated this project, was that future network planning based on a probabilistic approach, in general would result in smaller dimensions (smaller cable cross sections) and therefore reduced costs.

Examining the figure, the cable with a cross section of 240 mm2 appears to be cheaper at higher load levels according to the deterministic approach than the probabilistic approach. E.g. at the load of 3500 kW the deterministic approach determines the 240 mm2 to be the cheapest cable, while the probabilistic approach recommends the 300 mm2. This is the very opposite of what was expected. An explanation for this shall be searched for.

Uncertainties regarding Velander

The Velander correlation is a method of estimating the maximum load, based on a yearly consumption. The tool is most accurate at higher loads i.e. higher than e.g. 100,000 MWh. The 30 residences used to simulate the residence load, had a yearly consumption of only 111 MWh. As it is obvious by glancing at Figure 6.8, the consumption of only 111 MWh is a very small consumption compared to the “comfort zone” of the Velander method. It is predictable that the Velander method can be uncertain or even very uncertain in the load range in which the residence model is operating.
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Figure 6.8 Uncertainties regarding the Velander method

The maximum load estimated by the Velander method is Pmax Velander = 54 kW as outlined earlier in this section. Exploring the actual values for the maximum load, however, we find that Pmax actual = 44 kW as seen in the file ”yearly_consumption_residence.xls”. 

Looking at the Figure 6.9, we will experience the result of a too high maximum load as being a utilization time which is too small (to short).
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Figure 6.9 Shows a duration curve
As shown in the below equation the calculation of the cost of losses in the cables will become too small, if a too small utilization time has been inserted to the equation. Therefore using a too small utilization time, will make cables with smaller cross section, appear economical recommendable at higher loads, than shifting to cables with a higher cross section but also higher investment cost.
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In short, the criticism of the Velander method concerns: At low load ranges, a too high estimation of the maximum load, will result in a too low estimation of the utilization time, which again will result in a to low calculation of the losses in the cables, which will make the cables with smaller cross sections appear more economical than they are in reality, consequently the recommended shifts in cross sections, will appear at higher load levels than they should.
Simulations with the actual maximum load
Figure 6.10 shows the new simulations based on the lower maximum load, and following a higher utilization time.
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Figure 6.10 Comparison of the deterministic and probabilistic approach, Pmax actual
The figure shows what was expected by the initial simulations. The shifts in the optimum cable size is at higher load levels according to the probabilistic approach compared to the equivalent shifts according to the deterministic approach. The differences in the actual values as well as in percent can be found in Table 6.5.
Table 6.5 Differences in load levels for the shift points between the two approaches

	Cross section shift
	Deterministic load level
	Probabilistic load level
	Difference between approaches

	50  mm2 - 95  mm2
	674 kW
	941 kW
	267 kW
	40 %

	95  mm2 - 150 mm2
	978 kW 
	1,241 kW
	263 kW
	27 %

	150 mm2 - 240 mm2
	1,886 kW
	2,114 kW
	228 kW
	12 %

	240 mm2 - 300 mm2
	3,255 kW
	3,419 kW
	164 kW
	5 %


From the table it emerges that the differences between the two approaches are rather significant. However it is also seen that the differences are more distinct at the low ranges/ shift points between the two smallest cables with up to 40% difference compared to the highest range with only 5 % difference.
As the simulations based on the actual maximum load appear to express the expected difference between the two approaches best, this pair of simulations will be used as “base case”, when going through the later test cases.

6.4.2 Case 1: Wind turbine 
In this section an analysis of optimum cable size with the 2 MW wind turbine is done. The simulation is done with deterministic and probabilistic approach for the same parameters as for the base case. On Figure 6.11 the results are shown.
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Figure 6.11 Economical loading ranges for the wind turbine

The figure does show that the shift points for the wind turbine are at lower load levels than the equivalents for the base case. However the interesting observation is that the shift pattern is the same as for the residence base case. The below Table 6.6 indicates that the differences between the wind turbine case and the residence base case is only 4 percent point where the difference is the biggest. This means that independently of the load profile, the same difference between the deterministic and probabilistic approach is achieved.

Table 6.6 Differences in load levels by various payback times

	Cross section shift
	Determ. load level
	Probabi. load level
	Difference      between    approaches
	Base case

	50  mm2 - 95  mm2
	482 kW
	695 kW
	213 kW
	44 %
	40 %

	95  mm2 - 150 mm2
	700 kW
	909 kW
	209 kW
	30 %
	27 %

	150 mm2 - 240 mm2
	1,350 kW
	1,471 kW
	121 kW
	9 %
	12 %

	240 mm2 - 300 mm2
	2,330 kW
	2,454 kW
	124 kW
	5 %
	5 %


6.4.3 Case 2: Use of π-model

The deterministic and the probabilistic approach only uses the resistance to represent the cable. In this section an analysis of what the cable size will be if a π-model for a cable is used instead of just the resistance.

[image: image94.emf]
Figure6.12 π-model for a cable

The value for the resistance is based on data from “Udligningsordningen” and since they only use the resistance there are no values for reactance or the capacitance. In the study case network many types of cables are used and one of them has the exact value for the resistance. 

The cable is of the type 12 kV PEX-S-AL. Therefore this data for the reactance and capacitance is used in this analysis. The data sheet only contain data for cables with a cross section of 50 mm2, 95 mm2,150 mm2 and 240 mm2. There are no data for 300 mm2, so this cable cross section will not be used in the analysis. In Table 6.7 the resistance, reactance and capacitance pr phase for a PEX-S-AL for different cable cross sections can be seen. The data can also be fund in appendix ??. 

Table 6.7 Data pr phase for a PEX-S-AL for different cable cross sections

	Cross section
	Resistance R
	Reactance X
	Capacitance C

	50 mm2
	0.641 ohm/km
	0.10 ohm/km
	0.27 μF/km

	95 mm2
	0.321 ohm/km
	0.088 ohm/km
	0.36 μF/km

	150 mm2
	0.207 ohm/km
	0.081 ohm/km
	0.44 μF/km

	240 mm2
	0.127 ohm/km
	0.075 ohm/km
	0.53 μF/km


Since the H. Saadat program uses p.u values, the value are converted into p.u with a base of Sbase=10MVA and Vbase=10,5kV. The admittance is calculated by
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. The p.u values can be seen in Table 6.8.

Table 6.8 ZT and Ye/2

	Cross section
	ZT
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	50 mm2
	0.1743 + 0.3000i
	1.2724e-004

	95 mm2
	0.0873 + 0.2640i
	1.6965e-004

	150 mm2
	0.0564 + 0.2430i
	2.0735e-004

	240 mm2
	0.0345 + 0.2250i
	2.4976e-004


The analysis is made for 1 km cable, since all the cables in the study case is less then 1500 meters. The results are shown in Figure 6.13,
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Figure 6.13 Economical loading ranges with and without use of the π-model

The figure show that there all most no difference between the methods. The shift in load level between the cable with a cross section of 50 mm2 and 95 mm2 without the use of the π-model is 941.1 kW and with used of the π-model it is 941.5 kW. With a higher load the difference is slightly higher. Shift point between 150 mm2 and 240 mm2 for the analysis without π-model is 2113.5 kW and with the π-model is 2114.1 kW. 

When the length of the cable is only 1 km the difference between using the π-model and just using the resistance is almost unnoticeable. Therefore the following test cases will be performed by using the resistance only.
6.4.4 Case 3: Variations of the number of years

In this first case an analysis of optimum cable size as a function of different lengths of payback times is done. The simulation for the deterministic and probabilistic approach is carried out for 10, 20 (base case) and 30 years. This is done by changing the variable “years” in the files “deterministic_cost.m” and “probabilistic_cost.m”. Figure 6.14 shows the results.
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Figure 6.14 Economical loading ranges by variations of the payback time

The figure shows that the longer the payback time is (increase in years) the more economical attractive it becomes to install cables with higher cross sections by lower load   ranges. This is seen in the figure by the shifts in colors which appear further to the left the more years the analysis is covering.

The reason behind this is that the cost of the losses in cables with smaller cross sections, gets cumulative higher, the more years the analysis is covering, compared to cables with larger cross sections. Therefore the more years the analysis is covering, the more cost effective the cables with larger cross sections becomes, despite the bigger investment.

Table 6.9 Differences in load levels by various payback times
	Cross section shift
	Payback time

10 year – 20 year
	Payback time

20 year – 30 year
	Difference between approaches     by 20 years

	Probabilistic
	
	
	
	
	

	50 mm2 – 95 mm2
	223 kW
	24 %
	1,065 kW
	31 %
	40 %

	240 mm2 – 300 mm2
	95 kW
	10 %
	439 kW
	13 %
	5 %


Cross section shift between 50 mm2 and 95 mm2
For the load level shift point between the cables with cross sections 50 mm2 and 95 mm2 the difference between 10 - 20 years is 24 % and for 20 - 30 years is 31 %. The difference between the deterministic and probabilistic approach is 40 %. The sensitivity from changing the payback times seem less than the influence of shifting between the deterministic and probabilistic approach when working on small cross section cables.
Cross section shift between 240 mm2 and 300 mm2
For the load level shift point between the cables with cross sections 240 mm2 and 300 mm2 the difference between 10 – 20 years is 10 % and for 20 – 30 years is 13 %. The difference between the deterministic and probabilistic approach is only 5 % when dealing with the large cross section cables. The sensitivity from changing the payback times is higher than the influence of shifting between the deterministic and probabilistic approach when working on large cross section cables.

Collectively

The length of the payback time has a proven great effect on the load levels for shifting from one cross section to the next. However, while the influence from changing the payback time is greater than the difference between the two approaches when working with large cross section cables, the influence of switching between the two approaches is still bigger when working on the smaller cross section cables. 
6.4.5 Case 4: Variations of the annual increase in load

In this section an analysis of optimum cable size with different value for the annual increase in the load is done. The simulation for deterministic and probabilistic approach is carried out for 0.2%, 0.4 % (Base case) and 0.8% increase in the load. This is done by changing the variable s in the files “deterministic_cost.m” and “probabilistic_cost.m”. On Figure 6.15 the results are shown.

[image: image99.png]Deterministic iner. 0.2%
Base Deterministic incr 04 %

Deterministic incr. 0,8 %

Probabilistic incr. 02 %
Base Probabilistic incr. 0,4 %

Probabilistic incr. 08 %

W50 mm* @95 mm* 0150 mm* 0240 mm* 0 300 mm*

W

1000KN 2000 KW 3000KW  4000KW 5000 KW




Figure 6.15 Economical loading ranges by variations of the annual increase in load

The figure shows if the load should increase the economical load range is move “slightly” to the left. This is because a load increase will result in growing losses and naturally also the cost of total losses the also increase.
Table 6.10 Differences in load levels by variations of the annual increase in load
	Cross section shift
	Increase in load

0.2 % – 0.4 %
	Increase in load

0.4 % - 0.8 %
	Difference between approaches     by 0.4 %

	Probabilistic
	
	
	
	
	

	50 mm2 – 95 mm2
	10 kW
	1.1 %
	26 kW
	2.8 %
	40 %

	240 mm2 - 300 mm2
	54 kW
	1.6 %
	107 kW
	3.1 %
	5 %


The Table 6.10 shows that the variances of the estimated annual load increase do not influence the load level shift points between the different cross sections, as much as the difference between the two approaches. Consequently it can be stated that the simulations are not particularly sensitive towards variances of the annual load.
6.4.6 Case 5: Variations of the interest 

In this case an analysis of selection of optimum cable size, is made with various interest rates. The simulation for the deterministic and probabilistic approach is carried out for 1%, 3% (base case) and 5 %. This is done by changing the variable “r” in the files “deterministic_cost.m” and “probabilistic_cost.m”. Figure 6.16 shows the results.
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Figure 6.16 Economical loading ranges by variations of interest rates
The figure shows if the interest should increase the economical load range is move to the left. This is again because the cost of the loss will increase, if the interest rate should increase.

Table 6.11 Differences in load levels for variations of interest rates
	Cross section shift
	Interest rates

1.0 % – 3.0 %
	Interest rates

3.0 % - 5.0 %
	Difference between approaches     by 3.0 %

	Probabilistic
	
	
	
	
	

	50 mm2 – 95 mm2
	56 kW
	6.0 %
	57 kW
	6.1 %
	40 %

	240 mm2 - 300 mm2
	293 kW
	8.6 %
	295 kW
	8.6 %
	5 %


The Table 6.11 shows that the variances of the interest rate influence the load level shift points between the different cross sections a little bit more than the difference between the two approaches do when dealing with larger cross section cables. However when working with small cross section cables, the sensitivity from a fluctuating interest rate can be neglected compared to the big influence of the difference between the two approaches when working with smaller cross section cables. The sensitivity towards variances of the interest rate is overall moderate.
6.4.7 Case 6: Variations in energy prices

In this section an analysis of optimum cable size for different energy prices is done. The simulation for deterministic and probabilistic approach is carried out for an energy price of 0.2275 kr, 0.455kr and 0.91 Kr. This is done by changing the variable q in the files deterministic_cost.m and probabilistic_cost.m. On Figure 6.17 the results are shown.
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Figure 6.17 Economical loading ranges by variations of the energy price

The figure shows if the energy price should increase the economical load range is move to the left. The figure also shows that the energy prices effects the chose of the cross-section of the cable a lot.
Table 6.12 Differences in load levels for variations of the energy price

	Cross section shift
	Energy price
0.23 – 0.46 kr/kWh
	Energy price
0.46 – 0.91 kr/kWh
	Difference between approaches     by 0.46

	Probabilistic
	
	
	
	
	

	50 mm2 – 95 mm2
	274 kW
	29 %
	206 kW
	22 %
	40 %

	240 mm2 - 300 mm2
	1,276 kW
	37 %
	911 kW
	27 %
	5 %


The Table 6.12 shows that the expectations for the energy price have a huge effect selection dimensions for cables. for smaller dimensions however, the influence is a little smaller than the influence on choosing between the two approaches. But for larger cross section cables, the influence from changing energy prices is several times higher than the difference in the two approaches. Therefore the sensitivity of the models towards the energy price is very high.
6.4.8 Case 7: Variation in digging price

In this section an analysis of optimum cable size for different digging prices is done. The simulation for deterministic and probabilistic approach is carried out for digging prices of 180 kr/m for country zone and 400 kr/m for city zone. This is done by changing the variables in the matrix cable in the files “deterministic_cost.m” and “probabilistic_cost.m”. On Figure 6.18 the results are shown.
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Figure 6.18 Economical loading ranges by variations of the digging price

The figure shows there are no difference between the results for deterministic approach using a digging price of 180 kr./m and 400 kr./m. The situation is seen for the probabilistic approach. The reason for this is illustrated on Figure 6.19.

[image: image103.png]Cost [kr]

14

12

10

x10 Total cost as a function of the power

Digging Price
400Kr/m

Digging Price
180kr/m

500 1000 1500 2000 2500 3000
[kw]




Figure 6.19 intersection points cross sections of 50 mm2 and 95 mm2
Because the digging price is the same for all the cross-section of cables it has no impact on the load level shift point between the different cable cross sections. The digging price only affects the total cost, and not the selection of cross section.
6.5 Discussion of results

In this analysis a comparison of the deterministic and the probabilistic approach for the optimum cables size has been made. The comparison has been made on seven test cases and one base case. In six cases and the base case the load is represented with the model for the 30 residences and in the last case the production is represented with the 2 MW wind turbine. 

The deterministic approach is based on the maximum load calculated by “Velander method” that is used to calculate a utilization time that is used in the calculation of the total cost for the cable.  The “Velander method” is used on model of the 30 residences and the maximum load is determined to 54 kW, but the actual maximum load for the model of the 30 residences is 44 kW.  

Tabel 6.13 Parameters’ and methodologies’ influence on selection of cross section

	High
	Moderate
	Low

	Change in payback time
	Choice of approach
	Using the π-model

	Change in energy prices
	Change in interest rate
	Change in digging price

	
	
	Change in increase of load


The results of the initial comparison of the two approaches the deterministic approach chooses a smaller cross-section compared to the probabilistic approach at high load, but if the actual maximum load is used the results shows for all intersection point for the chose of the cable cross-section is always to the left of the economic range. This means that the deterministic approach will recommend a bigger cross-section compared to the probabilistic approach if the actual maximum load is used.

The difference between the two approaches in the intersection point for the chose of a cable with a cross-section of 50 mm2 and 95 mm2 is 267 kW or 29%. The difference between the two approaches in the intersection point for the chose of a cable with a cross-section of 95 mm2 and 150 mm2 is 262 kW or 22%. The difference between the two approaches in the intersection of 150 mm2 and 240 mm2 is 227 kW or 11% and for the intersection point between 240 mm2 and 300 mm2 the difference is 163 kW or 5%. From this it can seen that the difference between the two approaches becomes less for bigger loads.
In the case analysis’s sensitivity of the parameters in the equation for the total cost has also be analyzed. Analysis of the sensitivity of the payback time, increases in load, interest, energy price and the digging price is made.  The results shows that for the increase in load, interest and digging the difference between deterministic and probabilistic is bigger then difference between different values for the for the increase in load, interest and digging. 

The parameters that have big impact on intersection point are payback time and the energy price. For payback time the intersection point for 50 mm2 and 95 mm2 the difference between 10 and 20 years is 20 % and for 20 and 30 years it is 11%. The difference between the deterministic and probabilistic approach in the intersection point between 50 mm2 and 95 mm2 is 29%. The difference between the intersection point for the cable with a cross-section of 240 mm2 and 300 mm2 for the probabilistic approach for a payback time at 10 years and 20 years is 24%. The difference between 20 and 30 years is 13 %.  This shows that the sensitivity for the payback time is bigger then the difference between the deterministic and probabilistic approach.

For the energy price the intersection point between 50 mm2 and 95 mm2 the difference for the probabilistic approach is 23 %. The difference between the probabilistic and deterministic approach for this intersection point is 29%. For intersection point between 240 mm2 and 300 mm2 the difference is 31 %.  Compared to the difference between the deterministic and the probabilistic is 5% for that intersection point, the impact of the different energy price is big. This shows that the sensitivity for the energy price is bigger then the difference between the deterministic and probabilistic approach.

The analysis has proven that there is a difference in the result of the deterministic and probabilistic approach. The economical range for the probabilistic approach is move to the right compared to the deterministic approach. This means that cables with smaller cross-section become more cost-effective at higher loading compared to the deterministic approach.  

The analysis has also proven that the impact of change in the payback time and the energy price is bigger then the difference between the deterministic and probabilistic approach. This means that application of the probabilistic approach in instead of the deterministic is cost-effective solution, but the uncertainty of the payback time and the energy price and therefore the impact of these are bigger then the difference between the two approach. It is therefore concluded that probabilistic approach is not alternative to the deterministic approach. The probabilistic approach has no practical value compared to the deterministic approach.

There is a big difference between if the different electricity companies used analysis of the optimum cables when a part of the network is design. A lot of companies only use an analysis of the optimum cable size when a radial with wind turbine is design, because production will change for the analysis period. For other radial without production the radial is design of the rule of thumb the cross-section for the cables between main stations is 150 mm2 and cross-section for the cables in the rest of the radial is 95 mm2. This means that a lot of the Danish distribution is oversize for the current consumer load.
7 Study case
In this chapter a study case on an actual network is preformed. This is done to show the probabilistic approach on an actual network. The optimum cable size for all cables are determined according to the probabilistic approach and compared with the cables in the existing network.
7.1 Existing network
The study case is based on a specific radial feeder from the ESV network. All data for the radial feeder is from the report “Load flow anvendt på distributionsnet med viklingskobler” written during ninth semester [ 40]. The report can be fund on the CD. On the Figure 7.1 a diagram of the radial feeder is shown.

[image: image104.emf]
Figure 7.1 Radial feeder with wind turbines in the ESV network [ 40] 

The radial feeder consists of four wind turbines with transformers and ten other transformers. In the following sections a description of all the transformers, cables, wind turbines and consumer loads will be made.
7.1.1 Transformers 
The radial feeder consists of 14 transformers. The 60/10 kV is a tap changing transformer with 19 steps which allow the transformer to change the voltage from 54/11 kV to 72/11kV. Each taps is equal to 1 kV. On Figure 7.2 the 60/10 kV transformer can be seen.
[image: image105.emf]
Figure 7.2 60/10 kV transformer by Vodskov

In this study case the 60/10 kV transformer will not be modelled as a tap changing transformer, but only as the single tap transformer.

In Table 7.1 voltage levels for all transformers are shown. The number of the transformer is show together with the location of the transformer.
Table 7.1 Voltage levels for transformers [ 40]
[image: image106.png]Trf. nr. Primary | Secondary Name
voltage voltage Location
[kV] [kV]
VOD 63 11 Vodskov station
649 10.5 0.4 Vodskov Industri
1142 10.5 0.4 Reerupsminde
655 trf. 1 10,5 0,42 Pumpestation Raerup
655 trf. 2 10,5 0,42 Pumpestation Raerup
1082 10.5 0.4 Skakkebaek
1021 10 0,4 Rarup
1115 10 0.4 Vesterladen Mark
707 10 0.4 Reno Nord
447 10 0.4 Vesterladensvej
147 10,5 0,69 Fjordvang
158 10.5 0,69 Hammereng
716 10.5 0,69 Reerupgard
742 10,5 0,69 Fjordeng





All 10/0.4 kV transformers have the possibility of changing the primary voltage ±2*2.5%. This means that the voltage level can be changed from 9.5-10.5/0.4kV. In the actual network transformer 655.1, 1021, 1115, 447 and 707 is positioned in the +2*2.5% step therefore this will be used in the study case.

Station 655 has two transformers and normally only one is used, so there will only be used one in the study case. The transformers for the four wind turbine are 10.5/0.69 kV transformers. On Figure 7.3 such transformer is shown.
[image: image107.emf]
Figure 7.3 Transformer station at 147 Fjordvang.
The H. Saadat program uses the π-model to simulate transformers therefore the model for the transformers needs to be a π-model. In the report “Load flow anvendt på distributionsnet med viklingskobler” the transformer is first modelled as a T-model and then the model is transformed to a π-model. The results are shown in Table 7.2.

Table 7.2 Impedance and admittance for all transformers 
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Transformer Impedance Zp PU Admittance g PU

VOD 0,005449310 + 0,078914412j | 0,000162116 - 0,000366752;
147 0,020909192 + 0,538114112j | 0,000034102 - 0,000091123;
158 0,020909192 + 0,538114112j | 0,000034102 - 0,000091123;
716 0,020909192 + 0,538114112j | 0,000034102 - 0,000091123;
742 0,020909192 + 0,538114112j | 0,000034102 - 0,000091123;
649 0,208248787 + 0,966568417j | 0,000021729 - 0,000144450;
1142 0,209536067 + 0,984892198j | 0,000019753 - 0,000102640;
1082 0,607754727 +1,910272219j | 0,000008231 - 0,000017108;
1021 0,428234033 +1,272975143j | 0,000010315 - 0,000054905j
1115 1,334749140 + 3,249086897] | 0,000005989 - 0,000012417;
447 1,378329715 + 3,212879710j | 0,000006594 - 0,000013691]
707 1,225322629 +2,711600934; | 0,000007775 - 0,000045169;

i

o

o

RR

0,144623448 + 0,80414819
0,144623511 + 0,8041483

0,000014843 - 0,000020359;j
0,000014816 - 0,000020558;





The results will be used to model the transformers in the study case. The values for the impedance and the admittance is calculated to p.u value with Sbase=10MVA and Vbase=63 kV and Vbase=11kV.
7.1.2 Cables

There are 12 cables in the network. Basically they consist of two main types APB-AL and PEX-S-AL from NKT. The length and the type for all cables are shown in Table 7.3. 
Table 7.3 Overview of the types and lengths of cables in Figure 7.1. Cable 9 and cable 14 is used for reserve, so they will not be used in this study case[ 40].
[image: image109.png]Cable number From trf. Totrf. | Length [m] Cabletype
01 Vodskov station | 649 320 3x150/0 AL/APB
02 649 142 815 3x150/0 AL/APB
03 1142 655 278 3x150/25 AL/CU PEX
04 655 147 406 3x150/25 AL/CU PEX
05 147 082 375 3x150/25 AL/CU PEX
06 147 158 265 3x95/25 AL/CU PEX
07 158 716 75 3x50/16 AL/CU PEX
08 716 742 205 3x95/25 AL/CU PEX
10 1142 021 450 3x150/0 AL/APB
11 1021 115 1535 3x95/25 AL/AL PEX
12 1115 447 675 3x50/16 AL/CU PEX
13 1115 707 930 3x50/16 AL/CU PEX





In this study case the optimum cable size for all cables needs to be determined, therefore it is chosen only to use one type of cable; the PEX-S-AL. The PEX-S-AL is also used in the previous analysis of the optimum cable size and has the same resistance as the cable in the “Udligningsordning”. The parameters for the PEX-S-AL cable are shown in Table 7.4.
Table 7.4 Resistance, Reactance and capacitance pr phase for a PEX-S-AL
	Cross section
	Resistance R
	Reactance X
	Capacitance C

	50 mm2
	0.641 ohm/km
	0.10 ohm/km
	0.27μF/km

	95 mm2
	0.321 ohm/km
	0.088 ohm/km
	0.36 μF/km

	150 mm2
	0.207 ohm/km
	0.081 ohm/km
	0.44 μF/km

	240 mm2
	0.127 ohm/km
	0.075 ohm/km
	0.53 μF/km


In the study case the cable will be modelled as a π-model in p.u value. The base value used for the transformer is Sbase=10MVA and Vbase=11kV, therefore these values be used for the cables. In Table 7.5 the results is shown for 1 km.
Table 7.5 ZT and Ye/2 pr km
	Cross section
	ZT
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	50 mm2
	0.1913 + 0.3293i
	1.3965e-004

	95 mm2
	0.0958 + 0.2897i
	1.8619e-004

	150 mm2
	0.0619 + 0.2667i
	2.2757e-004

	240 mm2
	0.0379 + 0.2469i
	2.7411e-004


The model for the cable will be scaled after the length of the specific cable. 

7.1.3 Wind turbine

The four wind turbines in the network are of the type Micon M1500 and can produce 750kW. The wind turbines are phase compensated with a capacitor battery, which means that cos Φ is compensated to be 0.97. On Figure 7.4 a photo of M1500 is shown.
[image: image111.emf]
Figure 7.4 Wind turbine M1500 can produce 750kW

In chapter 5 “Models of consumers and wind turbines” a model of the wind turbine is described. The results can be fund in the file “yearly_production_750W”, where calculations for the reactive power can be found as well. The results for the wind power production for every hour for a whole year is exported to Matlab and used in the simulations.
7.1.4 Consumer load
An analysis is made of which consumer categories the load at the different transformers belongs to e.g. if the load for at a given transformer only consist of a farming load. After this analysis the models for the load at different transformers are made. 

On Figure 7.1 the radial feeder is shown. The radial feeder has one wind turbine on 750 kW at each of the 4 busbars 147, 158, 716, 742.  The busbar 649 called Vodskov industri is mainly various industries. For busbar 1142, 1021, 1115 and 447 the consumer category is unknown, but there are no trade & service companies in the area, so this category will not be used in this study case. The busbar 655 called Pumpestation Rærup is a pump station for the district heating. Busbar 707 is called Reno Nord. Reno Nord is the name of a power plant that produces power from waste.
In Table 7.6 the size of the transformer, maximum power and the yearly consumption for all the transformers on the radial are shown.  
Table 7.6 Size, maximum power and yearly consumption for all the transformers
	Transformer number
	Name
	kVA
	Max Load
 [kW]*
	Yearly consumption 2005

[kWh]

	447
	Vesterlandenvej
	100
	50
	29460

	649
	Vodskov Industri
	400
	198
	588660

	655
	Pummpestation Rærup
	630
	306
	127620

	707
	Reno Nord
	200
	70
	156900

	1021
	Rærup
	200
	60
	164091

	1082
	Skakkebæk
	200
	30
	59070

	1115
	Vesterladen Mark
	100
	60
	149370

	1142
	Rærupminde
	400
	110
	231520

	147,158,716,742
	Wind turbines

Skakkebæk vindmøllepark
	
	
	Production

4238760


*Maximum load is calculated in the network planning program
The maximum load is calculated in the network planning program. It is calculated based on the consumption and the consumer category. As described in chapter 2 “Pre-analysis” the consumers are registered into different categories with different “Velander constants”. In the following equation the “Velander method” is shown. The “Velander method” calculates the maximum power consumption based on the yearly consumption.
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(7.1)
The “Velander constant” can be seen in Table 7.7 for the different consumer categories.
Table 7.7 K1 and K2 values for different consumer categories [ 2 ]
	Categories 
	K1
	K2

	Homes
	0.290
	2.090

	Farming
	0.150
	3.130

	Industry
	0.320
	2.840


By calculating the maximum loads for all the transformers for each of the three consumer categories; residence, farming and industry, it is possible to compare the results with the given maximum load for the transformers. By doing this it is possible to determine if the load at a transformer belongs to a specific consumer category. In Table 7.8 the maximum load for all transforms are calculated if the whole power consumption where residence, farming and industry.
Table 7.8  Maximum load for different transformer for residence, farming and industry
[image: image113.png]Transformer [ Yearly consumption | Residence | Farming | Industry Maximum load

number 2005 [kWh] Pmax [kW] | Pmax[kW] | Pmax [kW] kW] *
447 29460 20 21 25 50
649 288660 21 164 257 198
655 127620 61 55 7 306
707 156900 72 63 86 70
1021 164091 74 65 89 60
1082 59070 3 33 41 30
1115 149370 69 61 83 60
1142 1520 99 82 117 110




*Maximum load is calculated in the network planning program

The table shows that none of the categories fits the load on transformer 447. The load on 649 matches residence best, however the name of the busbar “Vodskov industri” indicates that it should be industry. The load on transformer 655 does not fit at all with any of the categories. The load on transformer 707 fits residence the best, but the name indicates that it is a power plant that produces power from waste. The load on transformer 1021 fits farming best. The load on 1082 fits both residence and farming. The load on 1115 fits farming best. The load on 1142 fits residence and industry just as good.
The table shows that a lot of the loads at the transformers do not fit one category. That is because there can be different sub categories of consumers with very different load patterns associated to the same transformer. Therefore it is chosen to define which consumer category the consumption for a transformer belongs to. Since the study case is used to explore the probabilistic approach this is acceptable.
This means that Skakkebæk 1082, Vesterladen mark 1115 are selected to be farming loads. Pumpestation 655, Reno Nord 707, Vodskov industri 649 are selected to be industry loads and Rærupminde 1142, Rærup 1021 and Vesterladensvej 447 are residence loads.
For the farming and industry load the model for the consumption for every hour for a year is calculated by multiplying the yearly consumption with the value from the Elforbrugspanel value for that hour as described in the chapter “Models of consumers and wind turbines”. The results for the farming loads can fund the file “yearly_consumption_farming.xls” and the results for the industry load can be fund in file “yearly_consumption_industry.xls”. ESV has given the information that cosΦ for one radial is 0.95. The reactive power is also calculated in the files. All the data is exported to Matlab and used in the simulations.
The residence load is calculated by scaling the mean from the data for the 30 residences. The standard deviation is kept the same. Then data for every hour of the year is calculated in the file “sorting_residnece.m” and exported to the excel file “yearly_consumption_residnece.xls”. Here the reactive power is calculated with cosΦ=0.95. The result for all three transformers are exported to Matlab and used in the simulations.
7.2 Procedure for analysis
The procedure of the analysis is to determine the optimum cable size one cable at the time. First a Monte Carlo load flow is done on one cable and the optimum cable size is determined. Then a second cable is added to the network and a Monte Carlo load flow is done on the network to determine the optimum cable size of the second cable. This procedure is done until the optimum cable size for the whole network is determined. The simulations are based on the “base case” as described in chapter 6 “Analysis of optimum cable size”.
Following the voltages on the 10.5kV busbars are checked to see if they are in compliance with DEFU recommendation.  According to DEFU recommendation RE21 “ Spændingskvalitet i mellemspændingsnet” from 1995 the voltage level of 10-20 kV should be between UN ± 10% and the voltage level on 0,4 kV should be between -5% and 6 % of UN [ 6 ].  Therefore the voltage should be between 0.90 and 1.10 in p.u.

After checking the voltages for the first year of the analysis, the loads for the last year in the analysis are calculated. This is done after the following equation.
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(7.2)

Where s is the increase in the load pr year and N is the number of years the analysis is made for.

The annual increase of the load is calculated by Energinet.dk in co-operation with Risø (Danish National Laboratory for Sustainable Energy). The calculations are based on the Danish statistic model EMMA. The calculations determine that the residence load will increase approximately 0.4% for the next 20 years and the farming load will grow around 0.5%. The increase of the industry load is bigger, the expectations are 1.7% and trade & service 1% [ 39].
The results of the increase in loads after 20 years are used in a new simulation of the network and the voltages are checked again.
7.3 Evaluations of results
All the models for the transformers, cables, wind turbines and consumer loads are implemented in the file “study_case.m”. The simulations are done after the procedure described in the previous section.  The results can be seen in Table 7.9 compared to the actual network.
Table 7.9 Result from the analysis of the optimum cable size for all cables

	Cable number
	Optimum cable

Cross section
	Original cable

Cross section

	01
	150 mm2
	150 mm2

	02
	150 mm2
	150 mm2

	03
	150 mm2
	150 mm2

	04
	95 mm2
	150 mm2

	05
	50 mm2
	150 mm2

	06
	95 mm2
	95 mm2

	07
	50 mm2
	50 mm2

	08
	50 mm2
	95 mm2

	10
	95 mm2
	150 mm2

	11
	95 mm2
	95 mm2

	12
	50 mm2
	50 mm2

	13
	50 mm2
	50 mm2


The table shows that there are four cables where the optimum cable cross section is different from the actual cable. 
Cable 4 is simulated to have an optimum cable size at 95 mm2, where the actual cable has a cross section of 150 mm2 and cable 5 is simulated to have an optimum cable size at 50 mm2 where the actual cable has a cross section at 150mm2. Both cable 4 and cable 5 will be used in a reserve situation at “Net 691 Engholmstand”. The reason for the differences in the cross sections is that the cables are designed with reserve purposes in mind. 
In this project the reserve situation has not been taken into account. However DEFU recommendation contain the following reserve criteria: The maximum load of a reserve cable should not exceed 110 %, during the reserve situation, the voltage drop should not exceed 10 – 14 % [ 2]. It would require knowledge of the load levels in the neighbor radials to prove that the actual cross sections live up to the recommendations for reserve function installations, however proving these speculations is not in scope of this project.
Cable 10 is simulated to have an optimum cable size at 95 mm2, where the actual cable has a cross-section of 150 mm2. The reason for this relative big difference is also the design for reserve purposes. The cable should be able to supply the “Net 669 Stue Mark” in case of a reserve situation.

Cable 8 is simulated to have an optimum cable size at 50 mm2, but the actual cable has a cross section of 95 mm2. It has not been possible to find any logical nor technical network planning reasons for this.

What puzzles the mind is the fact that the neighbour cable 7 has a cross section of 50 mm2 and the next neighbour cable 6 has again 95 mm2. Why is this piece of the radial, where the serial connection of cable 6, 7 and 8 (cable 8 being the end), dimensioned with the cross sections 95, 50, 95! See Figure 7.5 for overview
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Figure 7.5 Piece of radial with thought provoking dimensions
One thought could be that in order to avoid too high voltage in the radial because of a lot of wind power production, then a higher dimension of cross section could have been chosen. However this fact can not be confirmed by the analysis done in the study case. It is though reasonable to question the simulation results. The simulations could have errors or flaws not yet found, with the consequence of the model not entirely reflecting the reality.
No matter what the reason for the questionable dimension of cable 8 is, it can not be used as a confirmation of the difference between dimensioning using the probabilistic approach compared to the deterministic approach. If this had been the case, cable 7 would have been dimensioned to 95 mm2 as well.
As cable 8 is the very end of this part of the radial it is difficult to find other reasons, for the surprising jump in dimension.
Summarizing the results of this chapter, nine out of 13 cables was dimensioned in the same way, as the probabilistic approach would have done. Three cables had a higher dimension than suggested by the probabilistic approach however this was done for enabling a reserve function. The last cable dimensioned higher than the probabilistic approach, can not be explained by logical or technical network planning reasons, or by the difference which would be experienced by using the probabilistic approach rather than the deterministic approach.
7.4 Challenges
In this study case the results for optimum cable sizes, are compared with the actual network. There are a couple of challenges with this approach, which should be outlined.
One challenge is the lag of insights to the actual network planning process for the specific net. There is no knowledge about the decisions made during the network planning which makes it difficult to determine if a specific cable size is selected by the deterministic approach or selected for some other reasons.
Another challenge with the approach is the consumer load. The original network consists of many different consumer categories at the transformers. In this study case it has been decided to limit the load at a transformer to deal with only one consumer category. 
In order to enable comparison of the deterministic and the probabilistic approach a deterministic analysis should be made with the same conditions as the probabilistic approach. Unfortunately due to limitations this has not been done as a part of the project.
8 Conclusion

Husk skalerings model for resindence
9 Future work

In this chapter ideas for future work will be presented. First ideas for improvements of the models will be discussed and afterwards alternative ways of using of the probabilistic approach will be outlined.
9.1 Improvements of model for residence load

For the model for the residence load the data was divided into hours and split into groups of weekdays and weekend days in monthly buckets. The mean and standard deviation was calculated for all groups and was used to generate random samples for every hour for a whole year. This was done to simulate the residence load. 

An improvement of the model could be to analyze if another way of grouping the input-data, would create better simulations of the output-data. On Figure 9.1 the consumption for 750 residences hour for hour for a whole year is shown. The figure shows that there are significant “peaks” in the consumption during the year. These will not be simulated by the way the data is grouped in this report.
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Figure 9.1 Sum of the load for 750 residences for a whole year

The first “peak” which is marked at the figure is Christmas Eve. If data for several years where at hand, a model only concerning this day could be made. The second peak which is chosen to be marked is the Easter holiday and again with data from more years a model for the different days in the Easter holiday could be created. Maybe splitting the data into groups of “holidays” and “non-holidays” would simulate a better model for the residence load.

Another improvement of the model could be made if detailed consumer data was available for the sub categories instead of only the main consumer categories.  E.g. the residence model is a model that covers all types of residences. If information for each sub category was available, it would be possible to make models for each of the sub categories and then summarize the data afterwards. Since the distribution of the consumption for the different sub categories are not the same, this would create a more accurate model, i.e. a better reflection of the real residence load.

9.2 Improvement of model for wind power production

The model for the wind power production consists of two parts; a model for the wind speed and a model for the wind turbine. The model for the wind speed is based on the Weibull distribution and the coefficient is fund in the “European wind atlas”[ 33]. The coefficient represents the distribution of the speed for a whole year, but the “European wind atlas” contains coefficients for every month. 
An improvement of the model for the wind speed would therefore be to make a model using monthly coefficients instead of yearly, and following simulate monthly data instead of yearly. This would give a more detailed model for the wind speed and the wind power production, and it would be a reasonable improvement as also the consumer models, are in monthly buckets.

9.3 Analysis of optimum transformer size

The same analysis which is made for the optimum cable size could be done just as well for transformers. E.g. in case of purchases of new transformers, but also for better use of existing transformers by exchanging transformers to better fit the current load situation.

The procedure for choosing the optimum transformer size is almost the same as for choosing the optimum cable size, but for transformers the idle running loss has to be taken into account as well.

As with the cable calculations the total cost consists of investment cost and cost of losses.


Ctransformer=Cinv + Closs
(9.1)

The investment costs include the cost of the transformer, mounting and maintaining the transformer. The future maintenance cost has to be discounted and summarized for the number of years “N” the analysis covers, just like what was done when selecting a cable. The discount is done with an interest rate which is adjusted for the inflation. The investment cost can be expressed as in the following equation.

Cinv= Cmat + Cmoun + 
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(9.2)

The losses for transformers are calculated differently compared to losses for cables. For transformers the cost of losses includes losses from load situation and losses from no-load situation.


Closs= Cload + Cno-load
(9.3)
For the deterministic approach the cost of losses during the load situation are almost calculated in the same way as losses for cables. The only difference is the Rf factor, which is the likelihood of a specific transformer to be in use [ 41].
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(9.4)

Where r is the interest and s is the exponential rise in the load during the period. Q is a historical value. Q was used when the distribution companies had to pay the transmission companies for peak loads. This is not done any more. Therefore the Q value is 0.  

The no-load losses are calculated the same way regardless of the approach which is used; deterministic or probabilistic. The no-load losses do not take the rise in the load into account. If the transformer is used the whole year the cost of the no-load will be:
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(9.5)

Pnoload is the idle running loss.

This means that the total cost for the deterministic approach for a transformer can be expressed by the following equation. The cost will be in [kr./m].
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Where
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The load losses for the probabilistic approach will be calculated the same way as for the probabilistic approach used on cables. Where the losses for a whole year are calculated with load flow calculation and summarized.
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9.4 Dynamic loading capability

The Monte Carlo approach could be used to perform dynamic loading. The concept behind dynamic loading is that it is possible to overload components for a short period of time, if the component was loaded with a relatively small load the time just before the overload. 
The Monte Carlo approach will give a better overview of the loading of a cable or a transformer and this knowledge could be used to safe overload cables or transformers for short periods of time. A cable and a transformer are designed for a specific load situation and the critical factor when a cable or transformer is overloaded is the temperature. If a cable or transformer was only loaded with a relative low load before an overloading situation occurs it would take a longer time for the component to overload. 
This concept could be used in a fault situation. After isolating a fault, the reserve radial could be overloaded in order to supply the failed radial for a short period of time.

9.5 Loss distribution

The Monte Carlo approach can be used to determine the losses for every single component in a network, which then again can be used to create a loss distribution in the components in the network. This will give the operator a better overview of where the losses in the network occur. This could in theory give input to an evaluation regarding if a component should be changed, but in reality, it is more likely to give valuable input to the process of designing or redesigning other radials.

9.6 Optimum position of the switch gears regard to losses

The Monte Carlo approach can be used to determine the losses for different network configurations, which can be used to decide the optimum position of the switch gear in the network with regards to losses. The Danish distribution network is actually divided into masks (mask network), but is operated as a radial network. This means that it is possible to switch a part of the consumers to another radial. If the consumption of this group of consumer varies a lot over time, for instance a garden centre that have a lot of greenhouses. The consumption in the summer will be relatively low, but in the winter the greenhouses need heating, and consequently the consumption will be relatively high during the winter. By switching the consumption from one radial in the summer to another one in the winter the overall losses could be less then if the consumers where just on one radial the whole year.
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11 Appendix
11.1 Appendix A: Wind turbine data
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11.2 Appendix B: Cable data
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Comfort zone for the Velander method





Yearly consumption of the 30 residences was only 111 MWh
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