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Preface 
 

The 10th International Conference on Sustainable Energy and environmental Protection – 

SEEP 2017 was organised on June 27th – 30th 2017 in Bled, Slovenia, by: 

 

• Faculty of Chemistry and Chemical Engineering, University of Maribor, 

Slovenia,  

• University of the West of Scotland, School of Engineering and  

 

The aim of SEEP2017 is to bring together the researches within the field of sustainable 

energy and environmental protection from all over the world. 

 

The contributed papers are grouped in 18 sessions in order to provide access to readers 

out of 300 contributions prepared by authors from 52 countries. 

 

We thank the distinguished plenary and keynote speakers and chairs who have kindly 

consented to participate at this conference. We are also grateful to all the authors for their 

papers and to all committee members. 

 

We believe that scientific results and professional debates shall not only be an incentive 

for development, but also for making new friendships and possible future scientific 

development projects.  

 

 

 

General chair 

Emeritus Prof. dr. Jurij Krope 
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Plenary Talk on 

Energy Footprints Reduction and Virtual Footprints 

Interactions 

 
JIŘÍ JAROMÍR KLEMEŠ2& PETAR SABEV VARBANOV 

 
Increasing efforts and resources have been devoted to research during environmental studies, 

including the assessment of various harmful impacts from industrial, civic, business, 

transportation and other economy activities. Environmental impacts are usually quantified 

through Life Cycle Assessment (LCA). In recent years, footprints have emerged as efficient 

and useful indicators to use within LCA. The footprint assessment techniques has provided a 

set of tools enabling the evaluation of Greenhouse Gas (GHG) – including CO2, emissions 

and the corresponding effective flows on the world scale. From all such indicators, the energy 

footprint represents the area of forest that would be required to absorb the GHG emissions 

resulting from the energy consumption required for a certain activity, excluding the proportion 

absorbed by the oceans, and the area occupied by hydroelectric dams and reservoirs for 

hydropower. 

 

An overview of the virtual GHG flow trends in the international trade, associating the GHG 

and water footprints with the consumption of goods and services is performed. Several 

important indications have been obtained: (a) There are significant GHG gaps between 

producer’s and consumer’s emissions – US and EU have high absolute net imports GHG 

budget. (b) China is an exporting country and increasingly carries a load of GHG emission 

and virtual water export associated with consumption in the relevant importing countries. (c) 

International trade can reduce global environmental pressure by redirecting import to products 

produced with lower intensity of GHG emissions and lower water footprints, or producing 

them domestically.  

 

To develop self-sufficient regions based on more efficient processes by combining 

neighbouring countries can be a promising development. A future direction should be focused 

on two main areas: (1) To provide the self-sufficient regions based on more efficient processes 

by combining production of surrounding countries. (2) To develop the shared mechanism and 

market share of virtual carbon between trading partners regionally and internationally.
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Plenary Talk on 

Renewable energy sources for environmental protection 
 

HAKAN SERHAD SOYHAN4 

 

Development in energy sector, technological advancements, production and consumption 

amounts in the countries and environmental awareness give shape to industry of energy. 

When the dependency is taken into account in terms of natural resources and energy, 

there are many risks for countries having no fossil energy sources. Renewable and clean 

sources of energy and optimal use of these resources minimize environmental impacts, 

produce minimum secondary wastes and are sustainable based on current and future 

economic and social societal needs. Sun is one of the main energy sources in recent years. 

Light and heat of sun are used in many ways to renewable energy. Other commonly used 

are biomass and wind energy. To be able to use these sources efficiently national energy 

and natural resources policies should be evaluated together with the global developments 

and they should be compatible with technological improvements. Strategic plans with 

regard to energy are needed more intensively and they must be in the qualification of a 

road map, taking into account the developments related to natural resources and energy, 

its specific needs and defining the sources owned by countries. In this presentation, the 

role of supply security was evaluated in term of energy policies. In this talk, new 

technologies in renewable energy production will be shown and the importance of supply 

security in strategic energy plan will be explained.
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Smart Grid Power System Condition Monitoring Using 

Gas Nano-Sensor 
 

HATTAB GUESMI 6 

 
Abstract Stability and reliability of a grid power system in many respects 

depend on the condition of power transformers, whose failures and damage 

may cause the outage of a power system. The traditional power grid in 

many countries suffers from high maintenance costs and scalability issues 

along with the huge expense of building new power stations, and lack of 

efficient system monitoring that could increase the overall performance by 

acting proactively in preventing potential failures. Recently, wireless 

sensor networks (WSNs) have been recognized as a promising technology 

to achieve seamless, energy efficient, reliable, and low-cost remote 

monitoring and control in smart grid power system applications. The real-

time information gathered from these sensors can be analyzed to diagnose 

problems early and serve as a basis for taking remedial action. The paper 

presents an online diagnostic system based on smart nano-sensors based on 

ZnO thin film which can record the temperature and measure the 

concentration of some dissolved gases in transformer oil. Different faults if 

they are occurring inside the transformer can be predicted from the sensed 

data using dissolved gas analysis (DGA) method. ZnO thin film was the 

most appropriate sensor exhibits good sensitivity, stability and linearity for 

hydrocarbon gases dissolved in power transformers oil. 

 

Keywords: • WSN • DGA • gas sensor • condition monitoring • smart grid •
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1 Introduction 

 

The advances in wireless communication and highly integrated electronics devises have 

allowed the conception of low cost, low-power, and multifunctional sensors. The 

development of wireless sensor networks is a result of the deployment of these devices. 

A next-generation electric power system, called the smart grid, has been proposed as an 

evolutionary system for power generation, transmission, and distribution. In these 

systems, the required information can be provided to electric utilities by wireless sensor 

systems to enable them to achieve high system efficiency [1]. These unique features make 

WSN a promising platform to implement an online power transformer fault diagnosis 

systems. The gas nano-sensor uses thin film ZnO to capture the five dissolved gases in 

the oil for diagnosing major faults occurring inside the transformer. To determine the 

condition of the transformer it is required to capture samples continously using gas nano-

sensor wireless network. Then DGA methods are applied to determine the condition of 

the power transformer. The condition of these equipment have to be known, in order to 

avoid any possible outage and to choose the appropriate maintenance should be done to 

minimize the risk of failures, so a fault is avoided before it makes a catastrophic failure. 

In traditional maintenance experts take sample from transformers periodically and grid 

system is turned-off to verify the transformers condition [1, 2]. An important predictive 

maintenances is required for power transformer health assessment has conduct to the 

online condition monitoring systems using smart nano-sensors. The dissolved gases in 

the transformer oil are extracted, separated, identified and quantitatively determined [2, 

3]. The principle advantage of DGA method is to detect an incipient fault before it leads. 

In a tradition manner  this method was performed out with acquiring an oil sample from 

the equipment, then taking it to the laboratory to determine the results of fault diagnosis 

process. Samples must be taken at separated intervals decided by the operator. Until now, 

the main method to analyse the captured gases are carried in laboratories. However, given 

results varies from one laboratory to another and from one sample to another due to the 

dynamic behaviour of the captured gases which needs continuously monitoring. The 

present work develop a smart nano-sensor for online condition monitoring power 

transformers to overcome these short comings. The proposed nano-sensor based on gas 

sensors is fabricated by nanotechnology. The semiconductor metal oxide sensor 

sensitivity varies due to the resistance. The nano-sensor based on ZnO present a high 

selectivity for hydrocarbons gases (hydrogen, methane, ethane, acetylene and carbon 

monoxide) at many sensing work temperature. Despite, samples captured from 

transformer present many dissolved gases that will be controlled by nano-sensors. The 

main hydrocarbon gases sensed are hydrogen, methane, ethane, acetylene and ethylene 

[4, 5, 6]. This work propose and develop a wireless sensor network using a gas nano-

sensor fabricated by nanotechnology for online condition monitoring of smart grids.  
 

2 Fault diagnosis methods based on DGA 

 

The well-used techniques for fault diagnosis in power transformer is the dissolved gas 

analysis (DGA) method. The DGA method tests, analyses and interprets the acquired gas 

concentration from transformer which are used to conclude the fault situation with 

periodically samples. Hydrocarbon oils are used as insulating fluids in power 
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transformers because hydrocarbon oils have high dielectric strength, chemical stability 

and heat transfer properties. The insulating fluid used in power transformer decompose 

under the stress caused by thermal and electrical over load [7]. This decomposition 

generates dissolved gases in transformer oil. C2H2, C2H4, CH4, H2 and C2H6 are the most 

gases generated and dissolved in oil of the transformer. The detection of an incipient fault 

on the power transformers based on DGA method starts with the increase of the generated 

gas rates that exceed the normal quantities. IEC Publication 60599 gives a list of faults 

that can be detected by DGA method. Generally, the dissolved gases used for fault 

diagnosis by DGA are H2, CH4, C2H2, C2H6, and C2H4 [8, 9]. DGA methods uses the 

ratios of these dissolved gases for faults detection. There are many ratio analysis methods 

used, but we have studied only the gas key, Doernenburg ratios method and Rogers ratios 

method. These methods are applied to detect the incipient faults in power transformer 

[10, 11]. The type of faults in the power transformer studied in this work are: Partial 

discharge (PD), Low energy discharge (D1), High energy discharge (D2), Low 

temperature thermal T < 300 °C (T1), Medium temperature thermal 300 < T < 700 ºC 

(T2) and High temperature thermal T > 700 ºC (T3). 

 
3 WSN for condition monitoring of power transformer 

 

3.1 Thin film ZnO for power transformer gas sensing 

 

Many nano-sensors have been appeared in the recent years fabricated with many 

technologies such as metal oxide semiconductor, polymer and carbon nanotubes. These 

sensors are used to sense gases dissolved in transformer oil. Metal oxide semiconductor 

is the most advantage sensing technology, which gives sensors that have many 

advantages such as low cost, high sensitivity, simple fabrication process and long service 

life. Sensors fabricated with metal oxide semiconductor method are well used to capture 

dissolved gases through the redox reactions between the dissolved gases and the sensor 

surface [12, 13]. 

 

Thin film ZnO is one among all nano-sensors fabricated with metal oxide semiconductors 

which have relative high sensitivity so, it is well used in many domains. However, thin 

film  ZnO has a high sensitivity due to its high working temperature. Its working 

temperature range varies from 25°C to 500°C [14]. Figure 1 shows the relationship 

between gas concentration and sensitivity for the sensor. It presents that the sensor 

exhibits a good selectivity and sensitivity to the transformer oil dissolved gases.  
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Figure. 1. sensor sensitivity variation with respect to temperature for dissolved gases[14] 

 

The rates of gas evolution depend to the volume of oil in the system. The gases are 

measured in terms of concentration in parts per million (ppm) and the gases generated by 

a fault depend on the volume of oil. A moderate accumulation of generated dissolved 

gases during an interval can indicate an incipient fault, at the same time a rapid 

accumulation of generated gases can indicate an active fault. Regarding to the properties 

of the thin film ZnO, that show a high selectivity for methane, hydrogen, ethane, 

acetylene and ethylene at different sensing temperature but they also present fairly 

significant cross-sensitivities [15, 16]. Despite, transformer oil contains some dissolved 

gases that can be captured by thin film ZnO, the main dissolved gases studied in this work 

are : methane, hydrogen, acetylene, ethane and ethylene. 

 

3.2 The proposed smart sensor for power transformer condition monitoring 

 

The fault diagnosis process for power transformer is implemented in the smart sensor to 

be installed at the transformer side. The proposed methodology of online fault detection 

based on DGA method uses a nano-sensor to measure the key gas concentrations (ppm) 

dissolved in the power transformer oil. The measured concentrations are acquired through 

a connected Data Acquisition Card then, the signal is conditioned to the wright form. 

Subsequently, the acquired signal is converted from analogue to digital at the converter 

block (ADC). The digital data is fed to the smart processor that is in charge to verify the 

acquired signal and to apply the fault detection process then to send the fault to the 

monitoring centre via WSN. Fault detection scheme is presented in figure 2. When the 

concentration of each key gas is correctly received from the converter block, then the 

ratio of CH4/H2, C2H2/CH4, C2H6/C2H2, C2H4/C2H6, and C2H2/C2H4 are calculated and 

stored in a FIFO. Then DGA method is applied to determine the incipient fault. finally, 

the radio is switched on to send the data to the monitoring centre, then the radio is 
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switched off if the data is sent with no error to the monitoring center and to the remote 

user via WSN network [17]. 

 

The smart sensor architecture is composed of three basic components : sensor unit, 

processor unit, power source unit, and a network interface unit. They may also have 

application dependent additional components such as a location finding system. The 

sensor unit is in charge of acquiring data from the power transformer, it is made up of 

two subunits: nano-sensors and ADC converter. Sensors sense the concentrations of each 

key gas. The acquired signals by the nano-sensors are converted to digital signals with 

the ADC subunit, and then passed into the processor unit. The processor unit manages 

the procedures that make the sensor node collaborate with the other nodes to carry out 

the assigned sensing gases which is usually involve with a small memory. However, in 

our proposed architecture the processor unit manages the communication procedure and 

the fault detection procedure, so it is also associated with a fault detection unit. The fault 

detection unit is composed of : 

 

- One memory RAM (128 Kbytes) is used to store the measured data, the calculated 

increase rate  for each key gas and the thresholds related to typical value of a 

healthy transformer and DGA methods. 

- Concentration converter algorithm used to convert the sensed electrical signal to 

ppm concentration of each key gas based on the cross-sensitivity of the thin film 

SnO2 nano-sensor. 

- The DGA processor implements the DGA algorithm used for fault detection such 

as Rogers ratio method, or Doernenmberg ratio method. 

- The delay to the next data acquisition algorithm determine the delay for the next 

data acquisition based on the comparison of sensed data and the stored threshold 

data and the increasing rate of each gas concentration.  
 



6 10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), POWER DISTRIBUTION 

H. Guesmi: Smart Grid Power System Condition Monitoring Using Gas Nano-Sensor 

 

 
Figure. 2. Sensor fault detection scheme 

 

The fault detection unit automatically makes the transformer condition diagnosis based 

on the output of the DGA algorithm. The network interface executes procedures that 

interconnect the nano-sensor node to the network. the power source unit carried the 

alimentation to the sensor node which is considered as the most important components. 

Power source units may be supported by a power scavenging unit such as solar cells. 

Smart sensor architecture composed also with other units which are application 

dependent. Many sensor nodes use the location finding system because when they 

execute network routing techniques and sensing tasks they require to know the location 

of other nodes with high accuracy [18]. 

 

4 Implementation of the WSN architecture 

 

The proposed wireless system based on smart sensor follows a sensor fusion approach 

for condition monitoring and provides early warning of impending problems. It provides 

a low-cost alternative, and their key performance objectives are [19, 20]: 
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- Detect faults in power transformer with a probability of 75%. 

- Produce false alarm no more than 0.1%. 

- Have high accuracy (> 99%) of correctly identifying the nature and severity of the 

fault.  

 

Our proposed solution is a smart WSN system for online and continuous real-time 

condition monitoring of power transformer which is shown in figure 3. The proposed 

system employs multiple gas nano-sensors and a temperature sensor mounted on a 

common wireless sensor platform with the capability of installation inside the 

transformer. Every smart sensor attached to the transformer continuously collects and 

performs data at a sampling rate equals one sample every day. When the concentration 

of the hydrocarbon gases passed the threshold the sampling rate is changed based on the 

increase of each gas concentration. The same time is used to carry correctly the gathered 

data from the smart sensor node and to send the results to the monitoring center in the 

form of packets. When all packets are sent out and the sampling time is arrived, the smart 

sensor node starts to collect data again. Each packet consists of the sensor node ID and 

the packet number ID followed by the processing data. In the data area, 114 byte is used 

for the fault nature and one additional byte is used to mark the Cyclic Redundancy Check. 
 

 
Figure. 3. Online framework for overall scheme of transformer fault diagnosis system.  

 

5 Experimental results and discussions 

 

The proposed system is fully implemented in a single FPGA, in order to maintain low 

cost of the architecture and to comply with the processing speed requirements. All the 

system was fully developed using Lab View description. Nano-sensor platform is 

developed to capture the key gas concentration based on thin film ZnO and to apply DGA 

method for fault diagnosis, then to send the fault nature to the monitoring center. The 

input applied to our model is the electric signal received from each nano-sensor. The 

smart nano-sensor platform outputs are waveform graph which present the evolution of 

the key gas concentration samples, and the fault nature. After training the architecture 

simulations results are presented in figure 4 and 5. Figure 4 shows that there is no fault 

for the transformer however, the key gas concentrations is above the typical value for a 

healthy transformer and the delay to the next acquisition is equal to 12 hours. Figure 5 

shows a healthy transformer where the key gas concentration rate increases then 10% 
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which fix the delay to the next acquisition to 12 hours, also the key gas concentration 

exceed the typical value at the seventh sample.  

The simulation results indicate that the developed preprocessing approach can 

significantly improve the fault diagnosis system for power transformer fault diagnosis. 

The other advantage is that the model is practically applicable and will be utilized for an 

automated power transformer diagnosis for smart grids. Finally, to improve the fault 

detection accuracy we can implement an intelligent classification method at the smart 

sensor platform. 
 

 
Figure 4: Historical evolution of sensed gas concentration for a tested transformer. 
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Figure 5: Historical evolution of sensed gas concentration for a second tested transformer. 

 

6 Conclusions 

 

The fault diagnosis of power transformer are estimated based on only gas concentration 

data using DGA methods. In this paper, The gas sensors fabricated by nanotechnology 

are developed for dissolved gas sensing in power transformers to detect and warn 

incipient fault when it occurs. From the study performed, we conclude that the thin film 

ZnO is the most suitable gas sensors will be used to sense the dissolved gases in power 

transformer because it has a high and linear sensitivity for hydrocarbon gases. The 

proposed method has a large potential in practice for smart grids. The fault diagnosis 

based on DGA approach using nano-sensors provides a very useful and accurate 

maintenance tool to solve problems in power transformer faults detection. The power 
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transformer fault diagnosis using DGA methods has good reliability and requires few 

samples and training time, also it is very suitable for fault diagnosis of transformer.  
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Abstract This paper proposes a network reconfiguration algorithm for 

active distribution systems (DSs). The proposed algorithm determines the 

optimal day-ahead reconfiguration schedule considering the forecasted 

data for load demands and renewable distributed generators (DGs). The 

objective of the proposed algorithm is to minimize the day-ahead energy 

losses of the DS. Due to the presence of the binary variables that represent 

the reconfiguration decisions, as well as the nonlinear power balance 

equations, the algorithm is formulated as a mixed-integer nonlinear 

problem. The algorithm also takes into account the maximum number of 

switching operations for each controlled switch as well as for each hour in 

the day-ahead. The proposed algorithm was employed to find the optimal 

day-ahead reconfiguration schedule for a medium-voltage DS that included 

different types of renewable DGs. The results obtained from the algorithm 

were compared to the base-case solution in order to evaluate the benefits 

provided by the proposed algorithm. 
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1 Introduction 

 

The increased environmental concerns as well as the depletion of fossil fuel resources 

have motivated all nations to increase electric power production from renewable 

distributed generators (DGs), such as photovoltaic (PV) panels and wind DGs [1], [2]. 

Integrating these technologies into the distribution systems (DSs) creates the notion of 

smart active DSs. Although the renewable DGs provide economical and environmental 

benefits, they will pose more complexity in the operation of active DSs due to their 

intermittent nature. 

 

Remotely controlled switches are used in active DSs for reconfiguration management. 

The network reconfiguration is the process by which the open/closed status of the 

sectionalized (or tie) switches are controlled to achieve optimal operation schedule for 

smart DSs. Several studies have discussed the DS reconfiguration techniques. For 

example, the authors of [3] have proposed an operational planning strategy for smart 

active DSs. The objective of the strategy is to minimize the day-ahead operation costs 

considering the hourly reconfiguration capability of the DS network. In two further 

studies [4], [5], the authors have proposed reconfiguration algorithms for distribution 

networks. The studies revealed that the use of the reconfiguration strategy has provided 

several benefits, including reduction in the DS power losses as well as improvement in 

the DS voltage profile. In order to achieve maximum power loss reduction for DSs, the 

authors of [6] and [7] have proposed a simultaneous reconfiguration and DG allocation 

algorithms to minimize the DS power losses and to improve the voltage profile. In [8] 

and [9], optimal reconfiguration strategies have been proposed to minimize the power 

losses in the distribution networks. The authors of [10] have introduced a concurrent 

approach to the network reconfiguration and DG allocation for balanced and unbalanced 

DSs. The approach uses a genetic algorithm (GA) and aims to improve the power losses, 

voltage profile, voltage unbalance, and current unbalance of the DS. In another study 

[11], a mixed-integer conic programming algorithm for DS reconfiguration in the 

presence of DGs was proposed to minimize the active power losses of the DS. The work 

reported in [12] introduced an optimal power flow strategy for DS reconfiguration. The 

strategy takes into consideration the capability of controlling different DS components, 

such as DGs, capacitor banks, and transformer taps, in order to determine the optimal 

operating conditions for DSs. However, the methods presented in [4]–[12] have not 

studied the day-ahead reconfiguration schedule for DSs, and so they have not taken the 

maximum limit of daily switching operations into account. In addition, these methods do 

not incorporate the renewable-based DGs and their variations in the operation of DSs. 

 

This paper introduces a day-ahead network reconfiguration strategy for DSs with 

renewable DGs. The accurate day-ahead forecasted data for load demands and renewable 

DGs are assumed to be available. The objective of the proposed algorithm is to determine 

the optimal day-ahead reconfiguration schedule that minimizes the day-ahead energy 

losses of the DS. The proposed algorithm was successfully employed to find the day-

ahead operation schedule for a case study of a medium-voltage DS that included PV 
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panels and wind DGs. The benefits provided by the algorithm were verified through a 

comparison between the algorithm’s solution and the base-case results. 

 

The remainder of the paper is organized as follows: Section 2 presents the formulation of 

the reconfiguration algorithm. Section 3 presents the test system used for evaluating the 

effectiveness of the proposed reconfiguration algorithm. Section 4 summarizes the 

conclusions of the paper. 

 

2 Formulation of the reconfiguration algorithm 

 

The main goal of the proposed algorithm is to find the optimal day-ahead reconfiguration 

schedule that minimizes the DS energy losses. The network configuration is described by 

the connection matrix U (N×N). The elements of U represent the binary decision variables 

of the reconfiguration algorithm. The element Unm is equal to 0 if the line connecting 

buses n and m is open, and equal to 1 if the line connecting buses n and m is closed. The 

proposed reconfiguration algorithm is a mixed-integer nonlinear optimization problem, 

which is solved using the MATLAB GA. The formulation of the proposed 

reconfiguration algorithm is described in the following subsections. 

 

2.1 The Objective Function 

 

The objective function is to minimize the day-ahead energy losses, as follows: 
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2.2 The Constraints 

 

The constraints of the optimization problem can be classified as follows: 
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1) Network Topology Constraints: 

 

These constraints are divided into a) the integer constraint (4) for the binary variables of 

the connection matrix U, and b) the radiality constraints (5)-(6) that are used to guarantee 

the radial operation of the DS. 
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2) Switching Constraints:  

 

The switching constraints (7)-(8) are used to guarantee that the switching actions will not 

violate the maximum allowable limits. The constraint (7) is used to limit the number of 

daily switching actions for each controlled switch, while the constraint (8) is used to limit 

the number of switching actions per hour. 
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4) Network Security Constraints:  

 

The network security constraints include the limits for voltage magnitudes, voltage 

angles, and line capacities. These constraints are given by 
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5) Generator Constraints:  

 

The active and reactive power limits for the system generators are expressed as follows: 
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dc

dc

jG

dc

jG

dc

jG JjPPP   ,maxmin
     (15) 

 

ac

ac

iG

ac

iG

ac

iG IiQQQ   ,maxmin
     (16) 

 

3 Case study 

 

This section presents the case study that was used for evaluating the effectiveness of the 

proposed reconfiguration algorithm. 

 

3.1 Description of the Test System 

 

The modified IEEE 33-bus DS shown in Figure 1 was used for the case study. The 

network impedances are shown in Table 1. The data given for the system loads and energy 

resources are listed in Table 2 and Table 3, respectively. The base values used for this 

distribution system are Sbase = 10 MVA and Vbase = 12.66 kV. The efficiency of each PV 

inverter is given as 95 %. The DS under study includes 37 sections; each can be open or 
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closed. The maximum number of switching actions per hour is given as six, while the 

maximum number of daily switching actions for each controlled switch is given as four 

[3]. 
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Figure 1. Modified IEEE 33-Bus DS. 
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Table 1. Impedances of the 33-Bus DS 

R * 

(Ω) 

X  * 

(Ω) 
 

Section 

No. 

0.0922 0.0470  S20 

0.4930 0.2511  S21 

0.3660 0.1864  S22 

0.3811 0.1941  S23 

0.8190 0.7070  S24 

0.1872 0.6188  S25 

0.7114 0.2351  S26 

1.0300 0.7400  S27 

1.0440 0.7400  S28 

0.1966 0.0650  S29 

0.3744 0.1238  S30 

1.4680 1.1550  S31 

0.5416 0.7129  S32 

0.5910 0.5260  S33** 

0.7463 0.5450  S34** 

1.2890 1.7210  S35** 

0.7320 0.5740  S36** 

0.1640 0.1565  S37** 

1.5042 1.3554   
*  R and X are the resistance and reactance of each section. 
** Tie lines (i.e., normally open sections). 
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Table 2. Load Data for the 33-Bus DS 

Bus 

No. 

ac

LP   

(kW) 

ac

LQ   

(kVAr) 

 Bus 

No. 

ac

LP   

(kW) 

ac

LQ   

(kVAr) 

02 100 60  18 90 40 

03 90 40  19 90 40 

04 120 80  20 90 40 

05 60 30  21 90 40 

06 60 20  22 90 40 

07 200 100  23 90 50 

08 200 100  24 420 200 

09 60 20  25 420 200 

10 60 20  26 60 25 

11 45 30  27 60 25 

12 60 35  28 60 20 

13 60 35  29 120 70 

14 120 80  30 200 600 

15 60 10  31 150 70 

16 60 20  32 210 100 

17 60 20  33 60 40 

 

Table 3. Data for the Energy Resources 

DG 

No. 

Resource 

Type 

max

GP   

(MW) 

min

GP   

(MW) 

max

GQ   

(MVAr) 

min

GQ   

(MVAr) 

G1 DSS, AC 10.0 1.0 5.00 0.50 

G2 Wind DG, AC 0.50 ˗ ˗ ˗ 

G3 PV DG, DC 0.25 ˗ ˗ ˗ 

G4 PV DG, DC 0.25 ˗ ˗ ˗ 

G5 PV DG, DC 0.25 ˗ ˗ ˗ 

G6 Wind DG, AC 0.50 ˗ ˗ ˗ 

G7 Diesel DG, AC 0.50 0.05 0.25 0.05 

 

3.2 Forecasted Day-ahead Data for the Stochastic Variables in the System 

 

The day-ahead variations of the system’s stochastic variables (load demands, PV DGs, 

and wind DGs) are shown in Table 4 and Figure 2 [13]. These variations are percentages 

of the maximum value of each variable. 

 

3.3 Simulation Results 

 

Table 5 shows a comparison between the results obtained from the proposed algorithm 

and those obtained from the base-case system. The open switches in the base-case are 
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S33, S34, S35, S36, and S37. The value of the day-ahead energy losses was found to be 

1636.276 kWh for the base-case system and was reduced to 1215.699 kWh when the 

proposed reconfiguration algorithm was employed. The comparison therefore revealed 

that the proposed algorithm successfully achieved a significant reduction of 420.577 kWh 

(i.e., 25.7 %) in the day-ahead energy losses, for the DS under study. 
 

Table 4. Forecasted Day-Ahead Data 

Hour 
Load 

Demand 

PV DG 

Output Power 

Wind DG 

Output Power 

1 64.00 0.00 94.92 

2 60.00 0.00 97.97 

3 58.00 0.00 100.00 

4 56.00 0.00 96.45 

5 56.00 0.00 93.91 

6 58.00 0.71 91.88 

7 64.00 10.03 89.85 

8 76.00 29.28 84.77 

9 87.00 54.24 75.13 

10 95.00 73.86 67.01 

11 99.00 89.22 59.90 

12 100.00 100.00 55.84 

13 99.00 99.69 60.91 

14 100.00 99.10 66.50 

15 100.00 90.39 71.07 

16 97.00 71.25 76.14 

17 96.00 53.82 65.48 

18 96.00 26.27 64.97 

19 93.00 9.80 70.05 

20 92.00 2.07 72.59 

21 92.00 0.00 71.07 

22 93.00 0.00 72.59 

23 87.00 0.00 78.68 

24 72.00 0.00 82.23 
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Figure 2. Forecasted Day-Ahead Variations for a) Load Demand, b) PV-DG Output 

Power, and c) Wind-DG Output Power. 
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Table 5. Simulation Results 

Hour 

The Base Case The Proposed Algorithm 

Power Losses 

(kW) 

Open  

Switches 

Power Losses 

(kW) 

1 27.237 12, 33, 34, 36, 37 19.695 

2 26.082 12, 33, 34, 36, 37 18.795 

3 25.993 12, 28, 33, 34, 36 16.934 

4 24.946 12, 28, 33, 34, 36 16.124 

5 24.424 12, 28, 33, 34, 36 15.899 

6 24.724 12, 28, 33, 34, 36 16.556 

7 29.773 12, 28, 33, 34, 36 21.908 

8 48.598 12, 28, 33, 34, 36 37.538 

9 72.322 13, 28, 31, 33, 34 56.673 

10 92.267 13, 28, 31, 33, 34 71.994 

11 104.387 13, 28, 31, 33, 34 81.795 

12 109.030 13, 28, 31, 33, 34 86.127 

13 105.737 13, 28, 31, 33, 34 83.787 

14 106.626 13, 28, 31, 33, 34 84.212 

15 104.388 13, 28, 31, 33, 34 81.722 

16 94.378 13, 28, 31, 33, 34 73.008 

17 92.625 13, 28, 31, 33, 34 70.134 

18 91.376 13, 28, 31, 33, 34 66.373 

19 82.825 13, 28, 31, 33, 34 58.961 

20 79.900 13, 28, 31, 33, 34 56.214 

21 80.265 13, 28, 32, 33, 34 54.084 

22 82.338 13, 28, 32, 33, 34 55.409 

23 67.258 13, 28, 32, 33, 34 45.271 

24 38.777 13, 28, 32, 33, 34 26.486 

Total 

Losses 

1636.276 

kWh 
 

1215.699 

kWh 

 

4 Conclusion 

 

This paper presents a reconfiguration algorithm for DSs with renewable DGs. The 

proposed algorithm determines the optimal day-ahead reconfiguration schedule that 

minimizes the DS energy losses. The algorithm takes into consideration the maximum 

number of switching operations for each controlled switch in the network as well as for 

each hour in the day-ahead. The proposed algorithm was tested on a case study of a 

medium-voltage DS with different types of DGs, including PV panels and wind DGs. In 

order to assess the effectiveness of the proposed algorithm, the solution obtained from 

the algorithm was compared to the base-case solution. The comparison between the two 

solutions demonstrated that the proposed algorithm successfully achieved a significant 

reduction in the DS energy losses, which reveals the efficacy of the proposed algorithm. 
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Nomenclature 

 

nmB  Susceptance of the line connecting buses n and m, 

p.u. 

nmG  Conductance of the line connecting buses n and m, 

p.u. 

acI  Number of AC generators in the system. 

dcJ  Number of DC generators in the system. 

max

,tSWN  Maximum number of switching actions at time t. 

max

,sSWN  Maximum number of daily switching actions for 

switch s. 

N  Number of buses in the network. 

tTGP ,  Total active power generated at time t. 

tTDP ,  Total active power demand at time t. 

nmP  Active power transmitted from bus n to bus m. 

dc

nGP  Output power of the DC DG at bus n. 

ac

nGP  Active power of the AC DG at bus n. 

dc

nLP  Power demand of the DC load at bus n. 

ac

nLP  Active power demand of the AC load at bus n. 

Qnm Reactive power transmitted from bus n to bus m. 

 
ac

nGQ  

 

Reactive power of the AC generator at bus n. 

ac

nLQ  Reactive power demand of the AC load at bus n. 

nmS  Apparent power transmitted from bus n to bus m. 

NS  Set of the network sections that have the flexibility 

to be either open or closed. 

CNS  Set of the network sections that are permanently 

closed. 

T Set of the day-ahead time intervals. 

Δt Duration of each time interval,  Δt = 1 h. 

Unm Binary element of the line nm in the connection 

matrix U. 

Vn Voltage magnitude at bus n, in kV or p.u. 

θn Voltage angle at bus n, in rad or degrees. 

θnm Voltage angle difference (θnm = θn ˗ θm). 
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ni  Efficiency of an inverter at bus n, as a %. 

nr  Efficiency of a rectifier at bus n, as a %. 

ts ,  Status of the switch s at time t. It is equal to 0 if 

switch s is open, and equal to 1 if switch s is 

closed. 

♦ max Maximum limit of the variable ♦. 

♦ min Minimum limit of the variable ♦. 
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Abstract Due to intermittency of wind and solar generating resources, it is 

very hard to manage renewable energy resources in system operation and 

planning. In order to incorporate higher wind and solar power penetrations 

into power systems maintaining a secure and economic power system 

operation, the accurate estimation of wind and solar power outputs is 

needed. As wind and solar farm outputs depend on natural resources that 

vary over space and time, spatial analysis is also needed. Predictions about 

suitability for locating new wind and solar generating resources can be 

performed by optimal spatial modelling. In this paper, we propose a new 

spatial prediction of renewable energy resources for reinforcing and 

expanding power grids. Capacity factors of renewable energy resources for 

long-term power grid planning are estimated by optimal spatial modelling 

based on Kriging. The proposed method is verified by empirical data from 

industrial wind and solar farms in South Korea. 
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1 Introduction 

 

As global economic recession is persistent and oil prices are increased, the concern of 

variable energy has grown rapidly over the past decades. The expansion of variable 

generating resources has experienced an important boost in recent. In case of wind power 

generation, total accumulated wind power capacity reached 319 GW in 2013. The 

worldwide total of wind power capacity was 432.9 GW in 2015 [1]. And wind power 

capacity is expected to increase consistently, to the point where wind power will generate 

4,337 TWh in 2035. In case of solar power generation, it is expected to provide 11% of 

the global electricity consumption in 2050 [2]. High penetration of renewable energy into 

grids are challenging to balance due to variable generation weather dependent energy 

resources. For this reason, wind and solar power prediction which is a technique to 

determine the quantity of outputs is becoming a salient point of research. Prediction of 

variable generation are proven methods for reducing the need for scheduling of ancillary 

generation and mitigating resource uncertainty. Therefore, it is essential for considering 

the variability, reducing the uncertainty and penetrating variable energy resources into 

power system. Especially, when we construct new variable generation, we need to predict 

outputs of variable generation for reinforcing and expanding power grids. Many 

approaches to predict variable energy have been proposed to increase reliability of 

prediction values. Most of approaches to predict variable energy are based on time series 

such as Auto Regression Moving Average (ARMA) / Auto Regression Integrated Moving 

Average (ARIMA)[3-4]. However, wind and solar farm outputs depend on natural 

resources that vary over space and time, spatial analysis and modelling is also needed. 

Time series prediction requires existing data which to predict outputs of unknown 

variable energy resources, and cannot be applied to predict in new areas without current 

measured data. However, spatial modelling prediction [5] does not require existing data 

and can be applied to predict variable generating resources in new areas. Therefore, we 

propose ordinary kriging (OK), a popular spatial model system, to predict variable energy 

resources. OK is an advanced prediction model where the estimation is not biased and 

error variance is minimized by linearly combining two or more variables. We used 

empirical data from wind and solar farms in Korea to predict variable generating 

resources at area of interest in a number of regions. 

 

2 Capacity prediction of variable emergy 

 

In this chapter, we explain database (DB) and spatial modelling, and provides the 

prediction results. 

 

2.1 DB modelling for predicting capacity factor of variable generating 

resources 

 

Before predicting the capacity factor, we model the DB of variable generating resources 

capacity and locational data for 2014–2015 from Korea. 
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1)Existing variable generating resources 

 

To apply spatial modelling, we constructed a DB of the current variable generating 

resource hourly capacity and locational data for 2014–2015 in Korea, summarized in 

Table 1, and Fig. 1. 
 

Table 1. Wind and solar farms in Korea, 2014–2015 

Type Year The number of farm 

Solar farm 

2014 40 

2015 69 

Wind farm 

2014 39 

2015 48 

 

2) New area locational data 

 

After constructing DB about existing variable generating resource’s hourly capacity 

factor and locational data, we make additional DB about new area’s locational data for 

predict capacity factor of new areas which are primary points for integrating renewable 

energy resources. The locational data of new areas are represented in Table 2. 
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Table 2. Location details for new areas of renewable energy resources 

Area Zone Latitude(°) longitude(°) 

Capital A s/s 37.2248 126.7263 

Middle B s/s 36.7420 126.2875 

Jeju 

Island 
C s/s 33.4010 126.2720 

South-

west 

D s/s 35.4545 126.4470 

E s/s 35.2813 126.4875 

South-

East 

F s/s 36.5362 129.0768 

G s/s 36.4412 129.8348 

H s/s 36.7089 129.4336 

East 

I s/s 37.3682 128.6848 

J s/s 37.1954 128.8701 

K s/s 37.2333 129.0400 

L s/s 37.6772 128.6720 

M s/s 37.7174 128.6759 

N s/s 37.4946 128.1751 

 

The locational data of existing wind, solar farm and new area are represented in Figure 

1. 
 

 
Figure 1. Location details for existing wind and solar farms, and new areas in Korea 

2014–2015 
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As shown in Figure 1, The locational data of existing wind, solar farm are represented by 

turbines and PV panels. And the locational data of new area are represented by red circles. 

In this paper, we predict capacity factor at red circles by using the spatial correlation 

between existing wind and solar farm's capacity factor and locational data. 

 

2.2 Spatial modelling 

 

Time series models are commonly used to predict outputs of variable generation 

resources. However, time series prediction requires a mathematical model to describe the 

sequence, which must be developed from previous known values [6]. Thus, time series 

prediction requires known past data train patterns and provide forecast values.  

 

However, wind and solar farm outputs depend on natural resources that vary over space 

and time, and we must consider spatial characteristics. Spatial modelling analyzes data 

which has spatial correlations, and has the advantage that it does not require past data to 

predict outcomes for new areas. 

 

Therefore, we propose spatial modelling to predict variable generating resources. We first 

need to define the sample spaces of variables of interest. Then collect data for these 

sample spaces and analyze the spatial correlations between areas. Where correlations 

between resource and spatial data exist, we can predict outcomes for new areas using 

geostatistics. Most representative method of spatial modelling is kriging which is based 

on the probability theory. This method predicts values which are expectation at the point 

of interest by combining nearby measured values. In this paper, the proposed method is 

verified by empirical data from industrial wind and solar farms in South Korea. 

 

1) Variograms 

 

The variogram is a basic geostatistics tool, and represents spatial correlations between 

data which are keeping a certain distance. From it one infers the model form that is 

applicable to the kriging. The equation of variogram can be expressed as: 
 

 
2

2 ( ) ( ) ( )d E z x d z x         (1) 

 

In the equation (1), x is the interested point and d is a separation distance. The variogram 

is a expectation which is gained by calculating values at point x and point x+d. z  is 

actual value at the point of exist. Generally, we can get small variogram values when the 

distance is close. The semi variogram is a value that is half of variogram. It is used to 

calculate real variogram for convenience in calculation. The semi variogram is 

represented as: 
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 
2

( ) ( )
( )

2

E z x d z x
d

 
       (2) 

 

To adapt the kriging method, we analyze spatial correlation between measured data using 

the experimental variogram. After calculating experimental variogram, we find the 

theoretical variogram and accomplish modelling. For adapting the theoretical variogram, 

we must define parameters those are called sill, nugget and range. The sill is the value at 

which the model first flattens out, this parameter give us information about point of loss 

of spatial correlation. The nugget is the distance at which the model first flattens out, that 

means the value at sill. And the nugget is the value which means uncertainty of data at 

which the semi variogram intercepts the y-value. After defining the parameters, we adapt 

the variogram model which is the most suitable. 

 

There are several different possible variogram models, including linear, spherical, 

exponential, and Gaussian, as shown in Fig. 2. 
 

 
Figure 2. Possible variogram models 
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Linear models are simple and easy to use, but are difficult to contain data deviation. 

Spherical models are represented by tertiary polynomials, and commonly used. 

Exponential models have the advantage that with increasing d, the predicted values 

converge to sill. Gaussian models are used when the data has high correlations over small 

distributed distances. 

 

2)Ordinary Kriging 

 

Kriging [7] is a spatial modeling technique that predicts characteristic values of points of 

interest using already known spatial data. The basic kriging model can be expressed as: 
 

*

1

n

k k

k

z z


         (3) 

 

where 
*z  is the expectation and kz  is actual value at the point of exist, k  is the applied 

weight, and k is the number of data points used in the prediction.  

 

There are many kriging models [8], but five types are typically used, as shown in Table 

3. 
 

Table 3. Typical kriging methods 

Method Description 

Simple 

Kriging 

(SK) 

Calculate the estimated value by 

linearizing combination of known 

values and minimizing variance 

Block 

Kriging 

(BK) 

Create a single kriging equation for 

the desired point and predict values 

Co Kriging 

(CK) 

Two or more variables are combined 

to predict the value at the specific 

point 

Universal 

Kriging 

(UK) 

Compute the weight of kriging 

without removing the average which 

is given specific tendency of the space 

Ordinary 

Kriging 

(OK) 

The equation of estimate is not biased 

and error deviations are minimized 

 

Ordinary kriging is a technique that improves the disadvantages of simple kriging[9]. 

because the estimate is not biased and error deviations are minimized [10]. To preventing 

bias, the sum of deviations is defined as 1. Thus, we use OK to predict capacity for 
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renewable energy resources in new areas. In this paper, we use ordinary kriging for 

predicting capacity factors of renewable energy resources. 
 

3 Case studies : renewable energy resources in Korea 

 

The capacity represents the efficiency of renewable energy. Accurate estimation of wind 

and solar capacity is essential to incorporate higher wind and solar power penetration into 

power systems while maintaining secure and economic operation. Therefore, we propose 

to predict wind and solar farm capacity using spatial modelling. 

 

1) Prediction of Wind Farm’s Capacity Factor 

 

We used measured capacities from 2014–2015 and location data to predict wind farm 

capacities for new zones in each area, and the largest predicted capacity for each month 

was selected as the representative value for the corresponding area. Predicted values are 

shown in Table 4, and representative (maximum) capacities are shown in Fig. 3. 
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Table 4. Predicted values of wind farm 

Capital 

Month Jan Feb Mar Apr May Jun 

2014 22.07 13.72 22.42 13.81 20.02 9.56 

2015 25.56 20.09 23.87 17.53 16.35 9.95 

Month Jul Aug Sep Oct Nov Dec 

2014 12.44 13.24 8.99 15.71 20.79 31.67 

2015 14.18 13.11 10.63 21.46 19.94 14.77 

Middle 

Month Jan Feb Mar Apr May Jun 

2014 29.79 14.45 28.17 12.24 25.71 11.55 

2015 32.12 32.13 28.17 24.44 20.49 7.57 

Month Jul Aug Sep Oct Nov Dec 

2014 16.65 17.67 11.56 17.07 23.92 37.64 

2015 20.81 15.06 15.02 24.23 23.94 17.35 

East 

Month Jan Feb Mar Apr May Jun 

2014 45.82 18.56 43.69 23.10 41.64 13.94 

2015 43.38 23.38 45.74 38.33 32.83 15.23 

Month Jul Aug Sep Oct Nov Dec 

2014 33.73 25.18 14.29 28.88 33.01 48.25 

2015 32.02 22.13 14.37 38.70 24.06 45.88 

South- 

West 

Month Jan Feb Mar Apr May Jun 

2014 28.09 21.42 29.45 16.52 23.57 10.64 

2015 38.85 36.52 28.75 23.81 22.20 17.04 

Month Jul Aug Sep Oct Nov Dec 

2014 15.23 16.93 12.02 19.06 25.94 40.51 

2015 20.85 14.91 13.98 25.41 24.52 32.68 

South- 

East 

Month Jan Feb Mar Apr May Jun 

2014 40.60 25.05 33.15 25.71 32.82 15.65 

2015 37.81 40.59 36.78 32.14 26.47 13.52 

Month Jul Aug Sep Oct Nov Dec 

2014 22.33 22.18 15.61 29.47 28.58 46.07 

2015 26.92 16.19 16.57 28.70 26.23 41.53 

Jeju 

Island 

Month Jan Feb Mar Apr May Jun 

2014 33.27 36.18 34.29 22.72 19.28 11.86 

2015 40.06 33.68 26.37 22.02 16.19 13.50 

Month Jul Aug Sep Oct Nov Dec 

2014 14.52 20.36 15.61 27.68 23.85 40.38 

2015 19.43 13.53 15.75 21.64 22.73 30.60 
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After performing prediction, we select maximum capacity factors at each region. Then 

selected wind power capacity factors are becoming representative values. This is 

represented in Figure 3. 
 

 
Figure 3. Predicted values of wind farm  
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These values can provide the information which are represented values when we installed 

wind turbines at each region. By using these data, we can plan reinforcing and expanding 

power grid pursuant to spread of supply of wind power generator. The predicted values 

allow better planning to expand the power grid using wind power generators.  

 

2) Prediction of Solar Farm’s Capacity Factor 

 

We predicted solar farm capacity using measured capacity for 2014–2015 and location 

data. The prediction method for solar farm capacity for each zone was the same as for 

wind power generation. Predicted results are shown in Table 5, and representative 

(maximum) capacities are shown in Fig. 4. 

 

Table 5. Predicted values of solar farm 

Capital 

Month Jan Feb Mar Apr May Jun 

2014 28.42 29.17 33.05 33.71 34.46 28.36 

2015 32.53 30.36 38.53 31.68 36.97 30.63 

Month Jul Aug Sep Oct Nov Dec 

2014 25.02 21.70 29.57 34.03 26.43 21.29 

2015 27.11 31.25 33.69 35.57 19.00 27.62 

Middle 

Month Jan Feb Mar Apr May Jun 

2014 28.21 29.12 33.47 33.31 35.45 31.75 

2015 30.00 30.26 40.53 32.26 37.14 32.40 

Month Jul Aug Sep Oct Nov Dec 

2014 26.96 23.15 32.20 35.24 25.32 20.85 

2015 27.32 31.68 34.92 34.23 16.37 23.56 

East 

Month Jan Feb Mar Apr May Jun 

2014 27.54 32.05 32.74 35.37 39.77 29.89 

2015 25.13 31.40 40.65 31.97 39.06 34.27 

Month Jul Aug Sep Oct Nov Dec 

2014 29.57 24.81 31.20 32.83 27.49 27.02 

2015 27.35 31.13 34.76 34.50 16.67 22.89 

South- 

West 

Month Jan Feb Mar Apr May Jun 

2014 30.47 27.85 33.05 33.13 36.53 29.14 

2015 26.08 28.17 37.15 29.35 34.34 26.89 

Month Jul Aug Sep Oct Nov Dec 

2014 24.10 22.35 30.54 34.50 26.13 21.33 

2015 25.49 29.01 32.05 33.69 15.73 20.15 

South- 

East 

Month Jan Feb Mar Apr May Jun 

2014 27.72 28.77 30.15 31.73 36.93 27.81 

2015 26.72 30.87 35.94 27.66 34.65 27.91 

Month Jul Aug Sep Oct Nov Dec 

2014 27.77 22.17 30.13 33.96 26.66 25.99 

2015 25.26 28.82 30.24 33.64 17.77 23.70 
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The same as wind power, we select maximum capacity factors of solar farm at each 

region. This is represented in Figure 4. 
 

 
Figure 4. Predicted values of solar farm 

 

These predicted capacities provide representative for installed PV power generators at 

each region, allowing better planning to expand the power grid using PV generators. 
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3 Conclusion 

 

With increasing penetration of renewable energy resources into power grids, prediction 

of renewable energy capacity is becoming an important issue for grid integration. We can 

establish reasonable augmentation plans for electrical facilities and operate power system 

safety by accurately predicting output capacity.  

 

Since wind and solar farm outputs depend on natural resources that vary over space and 

time, spatial analysis is required. Prediction of location suitability for new wind and solar 

generation can be provided by optimal spatial modelling.  

 

We predicted renewable energy resource capacity using ordinary kriging spatial 

modelling, providing useful inputs for long-term power grid planning. This will allow 

higher wind and solar power penetration into power systems, while maintaining secure 

and economic power generation. We can also develop forward plans to reinforce and 

expand the power grid utilizing renewable energy resources 
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