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EDITORIAL
The first paper is “The Impact of Residential Optimally Designed Rooftop 
PV System on Libya Power Shortage Case”. This study focuses on the 
potential of hybrid rooftop PV solar systems in Libya, where the avera-
ge yearly hours of sunshine is 3200 hours and solar irradiance ranges 
from 6 to 7 kWh/m2/day. The aim is to mitigate the consequences of 
load shedding due to power shortages. A proposed 5.65 kWp PV solar 
system is suitable for Libyan households, aiming to gradually reduce re-
liance on oil for electricity generation. The benefits, simulation summary, 
and implementation approach are discussed. The significance of the 
proposed rooftop system is examined in Misrata, the third largest city in 
Libya. The simulation shows the peak load hitting 464 MW on Septem-
ber 9, 2019. PVsyst software is used for the simulation, considering that 
the grid compensates for energy shortages. 

The second paper is “MAAP 4.07 Analysis of Long Term Containment 
Heat Removal after Reactor Vessel Failure (DEC-B) for Nuclear Power 
Plant Krško (NEK). This paper discusses the analysis of containment 
heat removal following reactor vessel failure caused by the initial Sta-
tion Blackout (SBO) accident. Various mitigation measures are exami-
ned, including the use of alternative equipment such as the Alternative 
Residual Heat Removal (ARHR) pump and heat exchanger, as well as 
the Alternative Safety Injection (ASI) pump. The analysis follows the NEK 
Severe Accident Mitigation Guidelines (SAMG). Different options for heat 
removal from the containment are explored, depending on the availabi-
lity of water sources and suitable heat exchangers. The results demon-
strate that heat removal can be achieved through either injection to the 
Reactor Coolant System (RCS) or spraying the containment. The paper 
highlights the importance of early active containment heat removal to 
prevent fission product release. 

The third paper is “Electric Vehicle Charging Infrastructure in Croa-
tia – First-Hand Experiences and Recommendations for Future Deve-
lopment”. This paper addresses the issues with electric vehicle (EV) 
charging infrastructure, including the lack of charging points and the-
ir inadequate power capacity. Additionally, the technology itself faces 
challenges due to insufficient testing, immaturity, and irregular handling. 
The study presents firsthand experiences of long-range EV trips origi-
nating from Zagreb, Croatia, in 2022. During the specific long-range 
trips, a Hyundai IONIQ 5 EV was used, covering distances that varied 
from 340 km to over 600 km. These trips predominantly took place on 
fast highways. The assessment focuses on the locations, power, and 
availability of charging points. Based on these experiences, the paper 
suggests possible directions for the further development of EV charging 
infrastructure in Croatia.

The fourth paper is “TARGET – Development of Submersible ROV 
System for BMN Inspection”. This paper presents guidelines that en-
compass both visual and periodic non-visual nondestructive examinati-
ons to detect signs of service-induced cracking. Most pressurized water 
reactors (PWRs) utilize nickel-based Inconel Alloy 600 for in-core nuclear 
instrumentation penetrations in the reactor pressure vessel (RPV) lower 
heads. However, operating conditions in PWR plants can lead to primary 
water stress corrosion cracking (PWSCC) of these nickel-based alloys. In 
response to this issue, various inspection and evaluation guidelines have 
been developed, such as EPRI MRP-206, which provides guidelines for 
inspecting bottom mounted nozzles (BMNs) and detecting service-indu-
ced degradation. Mockup evaluations were conducted to further validate 
the UT technique and probe design. The results indicate that INETEC’s 
system meets the requirements for flaw detection and characterization.

The last paper is „Bus Split Contingency Analysis Implementation in the 
NetVision DAM EMS”. This paper describes the implementation of bus 
coupler outage scenarios in the NetVision DAM energy management 
system (EMS) contingency analysis. The existing topology processor 
was upgraded to identify bus coupler branches in the network model 
using a topological algorithm. Calculation subnodes were created based 
on the topology analysis results, and the calculation model was modified 
to include the bus couplers and subnodes as new calculation objects. 
These modifications are crucial for incorporating bus coupler outages 
in the contingency analysis. The mathematical analysis of the bus co-
upler outage scenario involves modifying input matrices and vectors to 
accommodate the increased number of calculation nodes. While refac-
torization of Jacobi matrices is necessary, it is a more efficient solution 
compared to creating a new calculation model from scratch. The impli-
cations of bus coupler outages on the load flow mathematical model 
are discussed, and the paper presents the implemented NetVision DAM 
solution for analyzing such outage scenarios.
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The Impact of Residential Optimally Designed Rooftop 
PV System on Libya Power Shortage Case

Saleh Eshtaiwi, Mustafa Aburwais, Osama Elsanusi, Mustafa Elayeb, Mohamed Shetwan

Summary — The average yearly hours of sunshine in Libya re-
aches 3200 hours and solar irradiance rate approximately ranges 
from 6 to 7 kWh/m2/day. However, small solar parks projects are now 
undergoing and some are lately under cadastral and field survey. In 
meanwhile, $922.7M is the average annual government fund paid for 
electricity generation sector. It thus results in Tariff of 0.082 $/kWh. 
This paper studies the potential of hybrid rooftop PV solar systems 
to supply household appliances and then proposes a 5.65 kWp PV 
solar system appropriate for Libyan home’s rooftop to mitigate the 
consequences of load shedding due to electric power shortage. Accor-
dingly, oil uses in electricity generation will be gradually reduced as a 
result to rooftop PV systems widely spread. Finally, the overall bene-
fits, simulation summery and implementation approach are provided.

Keywords — hybrid, load shedding, PV solar system, rooftop, uti-
lity grid. 

I. Introduction

The Libyan power plants rely only on conventional fuel such 
as heavy oil, light oil and natural gas. Those power plants are 
the main electricity supplier to the Libyan grid. The average 

efficiency of 6.4 GW generated power of aforementioned power 
plants is about 33% [1]. This much of energy requires about 3.5 
million m3/year of heavy and light oil in addition to 6,531,492,999 
m3/year of natural gas [1]. 

The fuel costs the government about $4.5 million per day [2].  
As a result, the government is selling the electricity energy at a 
Tariff of 0.083 $/kWh. The government is funding and supporting 
the burned fuel by about 655-1,318 million dollars annually depends 
on oil and natural gas national prices [1], [2], [3].

       Fig. 1 illustrates the amount of fuel that is consumed in the 
Libyan power plants in a period of 2013-2021 [4].

Throughout Libyan sectors, the residential sector has been fo-
und consuming the most see Fig. 2.

Fig. 1. The fuel consumption in power plants in Libya 

At the residential sector, Population growth and high standard 
living achieved in the last decade could be the main reason of high 
percentage of electric energy consumption. The higher consumpti-
on of electric power increases the power demand to around 8 GW 
with an estimated shortage of 1.6 GW [4].

Fig. 2. The electricity energy consumptions of Libyan sectors

 Formerly, the country vision was only limited to found new 
conventional power plants, which necessitates a great investment 
as well as long time is required, while no serious effort toward the 
available sustainable energy resources. However, Libya has eleva-
ted solar irradiance  reaches 2300 kWh/m2/year and sunshine du-
ration is near 3200 hr/year [5], compared to other world countries, 
who has smaller amount and have made a great trade in the field. 
For instance, China vision by 2030 is to exceed 26% of renewa-
ble energy sources [6]. Meanwhile the United States of America 
goal is to achieve 22% of their generated power from renewable 
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energy resources [7], [8]. In Libya, the current instability in a po-
litical environment have posed a great challenge to the General 
Electricity Company of Libya (GECOL) who became unable to 
overcome the escalated growth in power demand. Therefore, GE-
COL is daily scheduled a load shedding during summer season as a 
precaution to prevent a complete blackout. Nowadays, the GECOL 
has lately started an investment in PV solar parks. It newly has si-
gned agreements and contracts with some international companies, 
such as TotalEnergies and EG. TotalEnergies will start a project of 
500 MWp solar park in Sadada region (around 70km east of Misra-
ta city) and a capacity of 200 MWp with the EG company in city of 
Ghadames (300km south of Tripoli) [6]. 

In this study, rooftop PV system is carried out to get it in-
stalled in 100,000 houses all over Libya. The system is going to 
be simulated to supply the residential sector and come over the 
electricity shortages. A case study in the city of Misrata is simula-
ted and analyzed. Misrata is the third largest city after the capital 
city of Tripoli and the second city of Benghazi. Misrata is located 
in northwestern of Libya, situated 157 km to the east of Tripoli and 
825km west of Benghazi on Mediterranean coast. The latitude and 
longitude of the city are 32.4o and 15.1o respectively, and the eleva-
tion is 10m.

II. Rooftop Solar Systems
The residential and general facilities loads exceeds 66% as 

shown in Fig. 2, which is the largest consumers compared to the 
other sectors as revealed in [7], [8]. The potential of installing PV 
systems on house’s rooftop was also discussed. It is a promising 
approach to avoid an expected grid black out because of power 
shortfall in Libya. The solution suggests that the national grid is 
used along with solar panels to feed the household appliances thro-
ugh a hybrid inverter (no power injected into grid) [4]. This is an 
effective scenario since the implementation is going to be easy to 
install, and fast to get it run. It simply guarantees the continuity 
operating of all necessary household loads. Certainly, it will gradu-
ally strengthen the concept of grid independence, actively change 
Libyans’ consumption behavior and encouraging saving the na-
tional resource. It will also localize a new environment-friendly 
technology in addition to limits dangerous spread of backup gene-
rators. Furthermore, in upcoming future, rooftop systems can here-
after sell the electric power to the public grid, whenever an appro-
priate legislation (regulations) and infrastructure become available.

A. Components of Photovoltaic Solar System
In Libya, the available PV panels today have a commercial 

dimension of approximately 2 m2 to produce about 535Wp with a 
lifespan of at least 25 years. Trina Solar has lately revealed a capa-
city of 600Wp [9]. The panels produce a DC, and then an inverter 
is required to run the AC loads. While load shedding, the panels 
should be connected to a battery bank to meet the energy demand 
at night [10], [11], [12]. The process of batteries charging and disc-
harging is usually carried out by means of a controller. In modern 
models, the intelligent controller is integrated into a hybrid inverter 
which can be programmed to set the priority of feeding the load 
whether from PV panels, grid, or batteries as shown in Fig. 3.

B. The Advantages of Rooftop Systems:
• The PV system is only designed to feed the house, so no 

government regulations are needed.

• No land allocation is required from the state of Libya since 

the installation is on house’s rooftop.

• The project (proposal) costs the state of Libya nothing 
neither operationally nor security obligations since it is 
under owner’s care and responsibility.

• The project can noticeably make a change on the owner’s 
life routine since the installation and setup takes a few 
hours, and power supplying will start immediately.

• For installation, no highly proficient technicians from 
abroad are needed, and therefore systems can be installed 
by local technicians after receiving a simple training.

• While backup generators are only start running once load 
shedding scheduled, rooftop systems are designed to 
permanently supply power to household appliances and 
as number of installed systems increase, power shortage 
decreases.

• As much as installed systems rises, the outcome is foun-
ding an equivalent conventional power plant at no go-
vernment fund.

• In a case of citizens’ financial hardship, only part of the 
essential loads can be basically fed, and then rooftop 
system’s size can be expanded later as individual’s econo-
mic conditions might improve, or because of technology 
development, prices may essentially decrease.

• The spread of rooftop systems will absolutely trigger the 
labor market as well as improve local economic conditi-
ons since it will offer more job opportunities in terms of 
installation and maintenance. 

• PV system is confidently not source of noise, air pollution, 
or natural resources depletion, it basically requires a little 
maintenance within 5-10 years.

The battery lifespan varies between 3-5 years depend on the 
DOD% while the lifespan of the inverters has exceeded 15 years 
[4],[13],[14]. The system’s lifespan is more than enough for the 
GECOL to come up with a solution. One of effective solutions is 
approving new legislation that is feeding the grid through bidirec-
tional meters [15]. In reality, new private companies have already 
launched to import and install PV systems besides offering anci-
llary services such as maintenance, developing technology, and 
equipment (modules and batteries) recycling [4].
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III. Typical House Daily Consumption in Libya
Actual measurements were obtained from GECOL based on 

randomly selected Libyan houses and were recorded by using the 
VIP System3- energy analyzer. It measures the actual consumpti-
on of the traditional Libyan houses. Fig. 4 displays real household 
consumption within 24 hrs.

Fig. 4. Actual household consumption during 24 hours (daylight and 
night time)

From Fig. 4,5 and (TABLE I), it can be clearly noticed that the 
total consumed energy is completely unacceptable to get it suppli-
ed by using PV systems due to unconvincing cost, limited rooftop 
area and therefore our proposal is only restricted to the necessary 
household appliances as described in (TABLE III).

The real consumption can be summarized for the selected mo-
del (house), as shown in (TABLE I).

Table I 

Actual Consumption of House on Libya

IV. Sizing Rooftop System
The appropriate size of rooftop solar system should be chosen 

to supply the household loads which are available on the most of 
the Libyan traditional houses. The final selected size should be fe-
asible technically and economically and as a result, three different 
scenarios were studied:

A. Scenario (I):
The PV solar system is sized to supply all household appli-

ances and fulfill the customer needs. The home study model was 
measured by the VIP system3, in (TABLE I).

On (TABLE II) it can be obviously realized that the suggested 
PV system will have a large capacity, and high rate of battery dis-
charge. It results in a high cost and probably becomes impossible 
to install due to limited roof area. Therefore, the model has been 
excluded at this stage.

Table II 

Specification PV System of 1st Scenario

B. Scenario (II):
In this scenario a PV system will supply household basic loads 

and neither an air conditioner nor heating appliances were inclu-
ded. Their power consumption is too high; therefore, an inverter air 
conditioner and domestic water heating are really recommended 
[4]. The details of each PV system components are as shown in 
(TABLE III) [4].

Table III

Specification PV System Of 2nd Scenario

C. Scenario (III) 
In scenario (III), studying the effect of adding only one highly 

efficient inverter air conditioner with a capacity of 12kBtu/h (no 
more than 700W) is analyzed. The consumption will slightly incre-
ase compared to the 2nd scenario, and thus the components of the 
system also increase. They are verified in (TABLE VI), which 
requires an increase in the PV modules and battery’s storage capa-
city. This scenario is providing all household utilities with enough 
energy. However; legislation by government is needed to prevent 
using traditional air-conditioners.

Table IV

Specification PV System of 3rd Scenario.

D. The Proposed PV Rooftop System
Based on the above-mentioned three scenarios, the scenario 

(III) was preferred and selected. The PV hybrid system provides 
the required energy to Libyan household’s appliances. The PV 
system size will be limited to supply loads shown in (TABLE V). 
It reduces the inconvenience in case of scheduled power cut off 
with the possibility of developing, the rooftop system later on to 
be on-grid. 
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and fulfill the customer needs. The home study model was 
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A. Scenario (I): 
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and fulfill the customer needs. The home study model was 
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On (TABLE II) it can be obviously realized that the suggested 
PV system will have a large capacity, and high rate of battery 
discharge. It results in a high cost and probably becomes 
impossible to install due to limited roof area. Therefore, the 
model has been excluded at this stage. 

TABLE II  

SPECIFICATION PV SYSTEM OF 1ST SCENARIO 
System 

Component 
Total 

Capacity 
Qty Note 

PV panels 535W 20 Well-matched system’s 
component should be selected 

and appropriate to Libyan 
environment (temperature, dust, 

wind speed …etc) 

Deep cycle 
batteries (DOD 

60%) 

200Ah, 
12V 12 

Inverter 10 kW 1 

B. Scenario (II): 
In this scenario a PV system will supply household basic 
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The appropriate size of rooftop solar system should be chosen 
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of the Libyan traditional houses. The final selected size should 
be feasible technically and economically and as a result, three 
different scenarios were studied: 

A. Scenario (I): 
The PV solar system is sized to supply all household appliances 
and fulfill the customer needs. The home study model was 
measured by the VIP system3, in (TABLE I). 

On (TABLE II) it can be obviously realized that the suggested 
PV system will have a large capacity, and high rate of battery 
discharge. It results in a high cost and probably becomes 
impossible to install due to limited roof area. Therefore, the 
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B. Scenario (II): 
In this scenario a PV system will supply household basic 
loads and neither an air conditioner nor heating appliances 
were included. Their power consumption is too high; 
therefore, an inverter air conditioner and domestic water 
heating are really recommended [4]. The details of each PV 
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C. Scenario (III)  
In scenario (III), studying the effect of adding only one 
highly efficient inverter air conditioner with a capacity of 
12kBtu/h (no more than 700W) is analyzed. The 
consumption will slightly increase compared to the 2nd 
scenario, and thus the components of the system also 
increase. They are verified in (TABLE VI), which requires 
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effective solutions is approving new legislation that is 
feeding the grid through bidirectional meters [15]. In 
reality, new private companies have already launched to 
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The appropriate size of rooftop solar system should be chosen 
to supply the household loads which are available on the most 
of the Libyan traditional houses. The final selected size should 
be feasible technically and economically and as a result, three 
different scenarios were studied: 

A. Scenario (I): 
The PV solar system is sized to supply all household appliances 
and fulfill the customer needs. The home study model was 
measured by the VIP system3, in (TABLE I). 

On (TABLE II) it can be obviously realized that the suggested 
PV system will have a large capacity, and high rate of battery 
discharge. It results in a high cost and probably becomes 
impossible to install due to limited roof area. Therefore, the 
model has been excluded at this stage. 
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B. Scenario (II): 
In this scenario a PV system will supply household basic 
loads and neither an air conditioner nor heating appliances 
were included. Their power consumption is too high; 
therefore, an inverter air conditioner and domestic water 
heating are really recommended [4]. The details of each PV 
system components are as shown in (TABLE III) [4]. 
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C. Scenario (III)  
In scenario (III), studying the effect of adding only one 
highly efficient inverter air conditioner with a capacity of 
12kBtu/h (no more than 700W) is analyzed. The 
consumption will slightly increase compared to the 2nd 
scenario, and thus the components of the system also 
increase. They are verified in (TABLE VI), which requires 
an increase in the PV modules and battery’s storage 
capacity. This scenario is providing all household utilities 
with enough energy. However; legislation by government is 
needed to prevent using traditional air-conditioners. 
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Table V

The Expected Basic Load for 3rd Scenario

Proposal Hypotheses

• The government needs to fund 100% of system total cost, 
while the ownership is going to be transferred to the citi-
zen within 5 years (which is enough for refund)

• The citizen is encouraged to afford the installation and 
maintenance fees.

• The citizen should change the traditional air conditioner to 
highly efficient inverter air conditioner.

• The citizen will be able to feed the grid once the regula-
tions are approved to allow GECOL to buy the supplied 
energy.

In order to extend system life, it is recommended to literally 
take into account the following points:

1. Directing the consumers towards energy-saving and 
highly efficient appliances to apply the concept of energy 
efficiency. It is highly worth it if current household loads 
are replaced regularly by highly-efficient appliances.

2. Mainly, the daytime is the most appropriate time for con-
sumption thus, the consumers should be aware to have 
most of their activity done at daytime.

3. Avoid excessive consumption, especially during the night 
time, due to side-effect on the battery’s lifespan as long as 
the batteries represent the highest weight in the system’s 
cost.

4. Only operate the recommended appliances and avoid hea-
vily power consuming ones to extend batteries’ life.

V. Case Study
In this paper, the significance of the proposed rooftop system 

will be studied in the city of Misrata, which is the third largest 
Libyan city. It is almost 210 km east of Tripoli and on the southern 
coast of the Mediterranean Sea. The curve shown in Fig. 5 illustra-
tes the loads in Misrata which is daily fed from the GECOL’s utility 
grid during the year of 2019, where it shows the maximum peak 
hitting 464 MW on September 9 of 2019.
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The simulation was carried out by PVsyst software for the pro-
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be noted that the grid is going to compensate the energy needed 
of house utilities whenever a shortage happens of the system. The 
solar fraction in (TABLE 6) confirms that the obtained data can be 
used for economic calculations as well.  
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srata, the latitude is (32.375o, 15.0915o longitude), GlobHor is 1755.3 
kWh/m2 /year, DiffHor is 831.3 kWh/m2/year, clearness index is 
0.556, ambient temperature is 21º C, and wind speed is 4.3m/s.

From the PVsyst software simulation of the third Scenario, the 
total number of required batteries are 4 in order to meet the energy 
demand. The proposed battery is a 200 Ah with a nominal volta-
ge of 12V for each. The battery has coulombic efficiency of 97%. 
Additionally, the batteries are expected to have the capability to 
supply the expected loads for one day. There are 10 PV modules 
to satisfy PV array configuration and used to electrify the loads 
besides charging the required batteries. The PV array is expected 
to generate nominal power around 5.65 kWp. The proposal’s design 
considers that the PV module output changes based on solar irradi-
ance, ambient temperature and load demand. 

In PVsyst software, the inverter and MPPT charge controllers 
are part of the regulator configurations. The nominal voltage is 
48V. The selection is made based on system voltage on the battery 
storage. The controllers can regulate up to 5.65 kW of the maxi-
mum output power received from the batteries. From the simula-
tion analysis results, the average unused energy is 1.1 kWh/kWp/
day, collection loss is 0.71 kWh/kWp/day, system losses and battery 
charging are 0.56 kWh/kWp/day, and energy supplied to the user is 
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 In Fig. 5, the normalized energy production, which is distribu-
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sed energy plainly seen on May, June and July, respectively
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Based on the above-mentioned three scenarios, the scenario 
(III) was preferred and selected. The PV hybrid system 
provides the required energy to Libyan household’s 
appliances. The PV system size will be limited to supply 
loads shown in (TABLE V). It reduces the inconvenience in 
case of scheduled power cut off with the possibility of 
developing, the rooftop system later on to be on-grid.  
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kWh 

Daytime Night Daytime Night 
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Freeze 0.25 1 0.25 6 2 1.5 0.5 

Lamps 0.025 30 0.75 1 3 0.75 2.25 

Washing 
water pump 

iron 
1.5 1 

Programming 
(One per day) 

1.5 
2 - 3 - 

TV/PC/ 
Electric 
intake 

0.1 6 0.6 3 3 1.8 1.8 

Air 
conditioner  0.7 1 0.25 8 - 5.6 - 

Total   3.35   14.5 5.05 

 
Proposal Hypotheses 
• The government needs to fund 100% of system total 

cost, while the ownership is going to be transferred to 
the citizen within 5 years (which is enough for refund) 

• The citizen is encouraged to afford the installation and 
maintenance fees. 

• The citizen should change the traditional air conditioner 
to highly efficient inverter air conditioner. 

• The citizen will be able to feed the grid once the 
regulations are approved to allow GECOL to buy the 
supplied energy. 

 
In order to extend system life, it is recommended to literally 
take into account the following points: 

1. Directing the consumers towards energy-saving and highly 
efficient appliances to apply the concept of energy 
efficiency. It is highly worth it if current household loads 
are replaced regularly by highly-efficient appliances. 

2. Mainly, the daytime is the most appropriate time for 
consumption thus, the consumers should be aware to have 
most of their activity done at daytime. 

3. Avoid excessive consumption, especially during the night 
time, due to side-effect on the battery’s lifespan as long as 
the batteries represent the highest weight in the system’s 
cost. 

4. Only operate the recommended appliances and avoid 
heavily power consuming ones to extend batteries’ life. 

V. CASE STUDY 
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Libyan city. It is almost 210 km east of Tripoli and on the 
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.Fig. 6. Monthly energy production with losses.

Fig. 7 reports the Performance Ratio (PR) within a year. PR is 
the system efficiency during the year and gives information about 
the impact of overall system losses on the rated output. The losses 
include PV module, tilt angle, dust, shade, as well as module tem-
perature losses.

Fig. 7.  Performance ratio and solar fraction using PVsyst.

Results using monocrystalline silicon PV modules indicate 
that throughout a year, the system exhibits a fluctuation, while 
solar fraction has experienced an increasing trend in the first four 
months of the year. Then, it has remained constant for two months 
and a rise in the next two months. Finally, a decreasing trend has 
occurred in the last four months of the year. 

VI. Estimated Costs of the Proposed System
Based on the selected rooftop system the obtained energy from 

a 5.65 kWp PV system is going to be very sufficient with slight 
back-up from grid to compensate any shortages to ensure smooth 
system operation. Therefore, the significant home appliances can 
be supplied via PV system described in (TABLE III), and its esti-
mated cost is roughly $4,300.

VII. Financial Support for solar systems
The paper recommends that $430 million should be annually 

assigned to the total cost of 5.65 kWp rooftop solar systems. It will 
effectively lead to installing a PV system in almost every Libyans 
household within 7 years. It may be useful to establish investment 
fund to support the proposal throughout additional public fund 
from other institutions such as, telecommunications companies, 
banking sector, and heavy power consumers from both public and 

private sectors. It is considered as financial compensation for their 
high consumption of subsidized electricity.

The installation of proposed project will visibly save the go-
vernment support which is frequently paid to fund all kind of fuel 
used in traditional power plants, and it can be partially forwarded 
to yearly support such solar systems proposal.

VIII. The Proposal’s Outline 
The proposal initially aims to install 100,000 systems with a 

capacity of 5.65 kWp within a year at a rate of 400 systems/day. 

It further requires a training of 1056 people for installation pro-
gress. The cost of such systems is estimated to approximately $430 
million. The Libyan government bears 100% of total cost. (TABLE 
VII) summaries the simulation and the study of the proposal.

Table VI

Energy Use

IX. Expected Proposal Benefits 

A. Libyans Citizen’s benefit
Libyans who obtained such a PV system with an installed ca-

pacity of 5.56kWp, are going to offer an annual electrical energy 
of 48.7MWh, which is sufficient to run all of the important appli-
ances in typical Libyan houses, including highly efficient invertor 
air conditioner. The system is hybrid whenever there is no enough 
power at the PV system the grid will feed compensate the loss. Fig. 
8 shows the annual back-up energy that is required from the grid 
compared to the solar power generation. It is clear that the first four 
months and last three months of the year there is back-up needed 
while slight to no back-up is needed for April, May, June, July and 
August. The annual back-up energy is estimated to be 1073 kWh

Fig. 8. The annual back-up energy required for one system compared to 
the solar power generated
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 In Fig. 5, the normalized energy production, which is 
distributed all over the year, is verified. The highest generated 
energy production is up to 6.2 kWh/kWp/day and would happen 
from July and August. The main reason for high consumption 
is the traditional air conditioner as well as water heater. On the 
contrary, the lowest production will happen in winter from 
November to January with amount above 2 kWh/kWp/day. As 
shown in Fig. 6, the most losses of PV modules occur in July, 
and August. Further, the highest unused energy plainly seen on 
May, June and July, respectively. 
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no back-up is needed for April, May, June, July and August. 
The annual back-up energy is estimated to be 1073 kWh 

 
Fig. 8.  the annual back-up energy required for one system 
compared to the solar power generated 

The available annual solar energy of the system is estimated to 
be 9116 kWh while the annual energy need of the user is 
estimated to be 7,017 kWh as shown in Fig. 9. It is clear that 
there is no back-up needed. However; the collection loss, 
system losses and battery charging made the back-up 
compulsory (see Fig.6 and Fig. 10).  

 
Fig. 9.  The available solar energy to energy used of the user 

TABLE VII 

SIMULATION SUMMARY 

No. of installed PV solar Systems per year 100,000 

Total installed power per year (MWp) 565 

The delivered energy per year (GWh) 600.9 

The total supplied energy cost in case of traditionally 
generated 

($ annually) 
132,198,000 

The average decreasing in CO2 emissions per year, in 
case of conventional power plants generation (tons) 390,585 

The average decreasing in CO2 emissions per year, 
when using common backup generators (tons) 480,720  

Averaged daily installed PV systems 
(250 workdays a year) 400 

No. of installation teams 
(3 technicians each team) 

264  
(792) 

No. electric technicians’ team 
(2 technicians each team) 

132  
(264) 

(Job offers, No. of expected trainees  )  1056 

The total PV systems estimated cost 
million Dollar 

 430 
 

Total estimated cost of installation, $ 
(Based on 300 $ each) 30,000,000 

 

Fig. 10. PV system losses diagram 

B. Benefits into GECOL’s Grid 

Installing 100,000 rooftop solar systems means adding 565 MW 
to the installed capacity generated power. According to 
GECOL, the household sector is the largest energy consuming 
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annual installation of 100,000 systems will generate 601 GWh 
of solar energy, which will save the state of Libya an estimated 
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X. The Proposal Implementation Approaches
• Preparing an electronic system, which operates via ship 

that has the owner information, and can be accessed by 
third party authorities. That could be done as following:

	The citizen or beneficiary, announcing to people who are 
willing to acquire the system through a link created for this 
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	Inspection and supervision: Both are a duty of a third party 
who authorized and responsible for pre-inspection, verificati-
on of the systems installation. Accordingly, they are responsi-
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ble for training teams to study and analyze the operation data.  

	Collection: the GECOL is responsible for verifying the 
payment of debts incurred by the costumer.

	The supporter (Libyan government): It should pay the price 
difference, whether in relation to the exchange rate or the su-
bsidy rate.

	Follower (the third party): It is the entity responsible for ma-
naging the process through the electronic system and legal and 
spatial follow-up remotely.

• Public announcement for project applying conditions for 
the solar systems, and inviting people who is willing to own 
one of those system referenced. the people who is willing 
to obtain those systems register through the announced 
link enter their information, including: a username and a 
password, to follow the procedures. Accordingly, they en-
ter to waiting list and they obtain an indication number to 
follow-up with the procedure. Inspection teams commu-
nicate with cases that automatically appear on the side of 
their system, and set an appointment to visit the installation 
site. If the installation site is not valid (no enough space, 
shadow, or any other condition makes the site not valid for 
installation), the case will be removed from the waiting list 
and the system will send an apology letter to the costumer 
via phone. Once site is suitable for installation, the result 
is documented on the system to appear to the rest of the 
parties responsible in the process, hence a message will be 
sent to the customer to review the funding steps.  

• The case remains in the waiting list until the customer 
settles his debts with the GECOL.

• Based on the result of the inspection and collection teams, 
the solar system is initially reserved within the company’s 
list automatically then the process appears on the side of 
the bank’s system and a message is sent to the costumer 
that he has an appointment at the bank.

• The customer contacts his bank to complete the proce-
dures for withholding the price of the system from his 
account, or requesting lending according to the financing 
methods provided by the bank.

• The bank transfers half price of the solar system to the 
company’s account, thus making the final reservation. 
Then, the case appears in the company’s waiting list as 
well as installation teams. The claim is sent to the suppor-
ting party to transfer half of the subsidy value to the 
company’s account, respectively.

• The installation teams receive the solar systems and 
communicate with customers to complete the installation 
process according to the lists that appear to them in the 
electronic system. The installation team submit a report 
about the installation at the electronic system whenever 
they done their job. 

• The inspection team will follow up with the report who 
will be responsible of installation safety and observing the 
operation conditions as well as train the costumer dealing 
with the system.  

• The inspection team has to submit a report to the electro-
nic system once they done with their job. Then, the bank 
and the supporting party have to pay the rest of the dept 
to the company’s account which is going to pay the insta-
llation costs. 

• Finally, the company issues the manufacturer’s warranty 
document for the solar system that starts at installation 

date of receipt and provides the after-sale provision servi-
ces for a period not less than the warranty period.

XI. Conclusion
This paper introduced three Scenario of PV rooftop systems 

appropriate for Libyan household’s appliances. Models of typical 
Libyan homes appliances were considered. It ended up with a pro-
posal of hybrid PV solar system that should be widely installed. 
Therefore, it can be summarized that system with a nominal ca-
pacity of 5.65 kWp and run to supply an annual energy estimated 
at 7.017 MWh, with a solar contribution rate of 84.7%, will clearly 
minimize the consequences of Libya power shortage. Since 100,000 
PV systems are highly recommended to get it installed annually, it 
thus generates 601 GWh every year. Consequently, the project can 
simply reduce CO2 emission by 390,585 ton yearly. Furthermore, 
it will aim to save 132 million US dollar every year which Libyan 
government afford to support GECOL with for burning fuel. The 
growing of PV systems creates power reserve which indirectly 
extend electric grid equipment lifespan. Therefore, the project will 
successfully strengthen the awareness of power grid independency. 
Nevertheless, the Tariff of 0.082 $/kWh should be certainly updated 
in terms of power saving and sustainability enhancement.
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MAAP 4.07 Analysis of Long Term Containment Heat 
Removal after Reactor Vessel Failure (DEC-B) for 

Nuclear Power Plant Krško (NEK)
Robi Jalovec, Srđan Špalj

Summary — The paper presents the MAAP 4.07 analysis of con-
tainment heat removal after reactor vessel failure resulting from the 
initial Station Blackout (SBO) accident. The accident is analysed con-
sidering mitigation measures for heat removal from the containment 
using alternative equipment (Alternative Residual Heat Removal 
(ARHR) pump and heat exchanger (ARHX) and, also, Alternative 
Safety Injection (ASI) pump). The mitigation actions are taken accor-
ding to NEK Severe Accident Mitigation Guidelines (SAMG). There 
are several possibilities to remove the heat from the containment once 
the reactor vessel fails and, for all of them, the necessary condition is 
to have the sufficient source of water (Residual Water Storage Tank 
(RWST), Alternative Boron Water Tank (ABWT) or other) and the 
appropriate heat exchanger available. Two options are presented wit-
hin this paper: Injection to the Reactor Coolant System (RCS) using 
ASI pump and recirculation (sump to RCS) through ARHR system 
via ARHX, and Spraying the containment through Containment 
Spray (CI) system using ARHR pump and, then, recirculation (sump 
to spray) through CI and ARHR systems via ARHX. The results 
show that the containment heat removal can be done with either of 
analysed ways if the water is provided for recirculation (assumed con-
tainment level 3.9 m ~ 760 m3). However, with the fact that the reactor 
cavity is not flooded, the cooling using ASI will initially result in con-
siderable containment pressure increase because the water is spilled 
through the RCS over the hot molten core debris. Therefore, it must 
be stated that the preferable way of containment pressure reduction, 
once the vessel has failed, is by using the containment spray. On the 
other hand, if RWST is not available, then the initial water delivery 
cannot be made from ABWT via CI system because this option does 
not exist. It shall also be pointed out that, if the active containment 
heat removal is started early enough, the Passive Containment Filte-
red Vent System (PCFVS) opening would be prevented and no fission 
products shall be released to environment.

Keywords —  station blackout (SBO), containment heat removal, 
design extension conditions (DEC), MAAP 4.07, Nuclear Power Plant 
Krško (NEK)

I. Introduction

Following the lessons learned from the accident at the nuclear 
power plant Fukushima Daiichi in Japan and according to 
the Slovenian Nuclear Safety Administration (SNSA) De-

cree No.: 3570-11/2011/7 on September 1, 2011 [1] Nuclear Power 
Plant Krško (NEK) decided to take the necessary steps for upgrade 
of safety measures to prevent severe accidents and to improve the 
means to successfully mitigate their consequences. 

The potential plant upgrades of existing structures, systems 
and components (SSC) and other measures and new systems that 
are important to provide nuclear safety during severe accidents are 
focused in the following areas:

1. AC power supply from external and internal sources,

2. Reactor core cooling with primary (injection to primary 
system) and secondary systems (reactor cooling through 
the steam generators),

3. Containment integrity at high temperature conditions, 
overpressure and high Hydrogen concentrations,

4. Controlled releases from the plant to the environment (less 
than 0.1 % of aerosols and particulates from core fission 
products),

5. Core cooling and control during severe accidents from the 
alternative control room and,

6. Alternative cooling of spent fuel pool.

One of the modifications that NEK has implemented is the 
installation of alternative RHR pump and alternative RHR heat 
exchanger (RCS and Containment Alternative Cooling). This mo-
dification, among the other already existing systems, serve for the 
purpose of reactor decay heat removal either from the RCS or from 
the containment once the core and RCS are severely damaged.

This paper presents the analysis of the NEK containment res-
ponse following DEC-B ([2], [3]) accident considering mitigation 
measures for heat removal from the containment. DEC-B (Desi-
gn Extension Condition B), as defined in IAEA SSR 2/1 [2] and 
WENRA RL [3], are those conditions that involve severe damage 
of the reactor core. Presented analysis is focused on containment 
heat removal after reactor vessel failure resulting from the initial 
SBO accident. It also addresses the containment cooling for the pe-
riod before and after reactor vessel failure with the aim to prevent 
the operation of PCFV system.
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The analyses were performed using MAAP 4.07 computer 
code. As a result, the methods of containment cooling are descri-
bed with benefits and possible negative aspects.

II. Methods – Background Information

A Modular Accident Analysis Program (MAAP) 
description

The Modular Accident Analysis Program (MAAP) Version 
4.0.7 is a computer code [4] that can simulate the response of light 
water reactor power plants, like NPP Krško, during severe accident 
sequences, including actions taken as part of accident manage-
ment. The code quantitatively predicts the evolution of a severe 
accident starting from full power conditions given a set of system 
faults and initiating events through events such as core melt, reac-
tor vessel failure, and containment failure. Furthermore, models 
are included to represent the actions that could stop the accident by 
in-vessel cooling, external cooling of the RPV or cooling the debris 
in containment (ex-vessel cooling).

MAAP4 treats the spectrum of physical processes that could 
occur during an accident including steam formation, core heatup, 
cladding oxidation and hydrogen evolution, vessel failure, core de-
bris-concrete interactions, ignition of combustible gases, fluid (wa-
ter and core debris) entrainment by high velocity gases, and fission 
product release, transport, and deposition. MAAP4 addresses all of 
the important engineered safety systems such as emergency core 
cooling, containment sprays, fan coolers, and power operated relief 
valves. In addition, MAAP allows operator interventions and in-
corporates these in a flexible manner, permitting the user to model 
operator behaviour in a general way. Specifically, the user models 
the operator influence by specifying a set of variable values and/
or events which are the operator intervention conditions combined 
with associated operator actions. 

MAAP is fast running code and most of the processes are 
modelled using ordinary differential equations without spatial de-
pendency and phenomenological models were used. Such code is 
capable to predict correct overall behaviour of the system, but local 
conditions are approximate due to both used models and rather 
crude subdivision (nodalization) of the object. Different parts of 
the model, including containment, have recommended ways how 
to prepare subdivision dependent on the type of the plant.

B NEK MAAP model
The plant itself, its systems and regions (nodalization) is mo-

delled through parameter file, described below. The event sequ-
ence is externally controlled through input decks. A structured 
(symbolic) language can be used to model operator actions, con-
trol output of variables or model the deficiencies in the engineered 
safety features.

The MAAP parameter file [5] primarily represents a database 
describing Krško nuclear power plant in some detail. It focuses 
on reactor coolant system, engineered safeguards and containment. 
The second important role of the parameter file is to supply control 
parameters, user and code controlled messages, print file parame-
ters aimed at accurate simulation of plant operation.

In general, the Krško parameter file can be broken into six ma-
jor categories. 

1) Control Parameters

2) Reactor Core Parameters

3) Primary System/Safety System Parameters

4) Containment/Auxiliary Building Parameters

5) Specific Plant Feature Parameters

6) Event Code Parameters

Control Parameters describe input parameters for: model se-
lection and program control; key phenomenological models; de-
fining the thermo-physical properties of concrete; timing control; 
integration control; selection of variables to be written to data files 
for plotting; selection of variables to be written to the tabular and/
or log files.

Reactor Core Parameters describe input parameters for reactor 
core setup and fission products.

Primary System/Safety System Parameters describe input pa-
rameters for: initial conditions; the reactor pressure vessel geom-
etry and setup; pressurizer geometry and setup; steam generator 
geometry and setup; the engineered safeguard safety systems; the 
generalized engineered safety system pump properties.

Containment/Auxiliary Building Parameters describe input pa-
rameters to: assign the compartment indices; assign elevations for 
primary system - containment interfaces; set up the containment/
auxiliary building compartment geometry; set up the containment/
auxiliary building flow paths between compartments; the corium 
debris pools in the containment; heat sink thermal properties used 
for distributed and lumped heat sinks; distributed heat sinks such 
as walls and floors; lumped heat sinks such as structural materials; 
modeling the containment outer wall stress/strain.

NEK containment building is divided into ten compartments: 
Reactor Cavity (1), Lower (2), Upper (3), Annular (4), Steam Gen-
erators (5 & 6), Spherical (7), Sump (9), Pressurizer (10) Com-
partments. The MAAP4 recommendation is to represent the free 
standing steel containment wall and the shield building wall as two 
distinct walls with gap between them modeled as a compartment, 
Annulus (8). 

Figure 1 shows MAAP nodalization of primary, secondary 
and Emergency Core Cooling System (ECCS) for NPP Krško. 
Figure 2 presents containment nodalization scheme for NPP 
Krško used in MAAP code.

For the transient analysis the input file shall also be developed. 
Input file defines the sequence of transient: accident initiators, op-
erator actions, time/sequence control, changes to parameter file, 
file setup, output specification.
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Fig. 2. NPP Krško containment nodalization scheme

III Analysis, Evaluation, Calculation

A. Transient Description
The analyses are focused on long term containment heat remo-

val after reactor vessel failure (DEC-B) resulting from the initial 
SBO accident. SBO scenario involves a loss of offsite power, fa-
ilure of the redundant emergency diesel generators, failure of AC 
power restoration and the eventual degradation of the RCP seals re-
sulting in a long-term loss of coolant. It is assumed that AC power 
exists only on the AC buses powered by inverters connected to the 
station batteries. Loss of all AC power results in unavailability of 
all normal electrical equipment and most of the safety electrical 
equipment. The only possible corrective actions are reactor trip and 
residual heat removal using steam generator (SG) safety and relief 
valves and turbine (steam) driven auxiliary feedwater (TD-AFW) 
pump if available. The loss of coolant increases the probability of 
core melt. The potential locations for coolant losses are primary 
coolant pump seals, letdown relief valve and pressurizer valves.

Following the loss of all AC power the RCP seals would lose 
their cooling support systems and would experience a serious ther-
mal transient. This conservative assumption remains regardless the 
fact that the High-Temperature RCP seals were installed recently. 
The charging and letdown system would not be available so that 
there would be no make-up water supply to the seals. Component 
cooling water to the RCP thermal barrier heat exchanger would 
also be unavailable. Leakage of RCS fluid through the RCP seals 
would be a small LOCA without makeup capability which will 
lead to core uncovery and heat-up, and, possibly, to a core damage. 
Depending of the availability of heat sink and the RCP seal leakage 
rate, the SBO transient can result in vessel and containment failure.
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B. Initial and Boundary Conditions for Long 
Term Station Blackout

The following is the scenario of SBO accident:

− loss of offsite power,
− failure of the emergency diesel generators,
− failure of AC power restoration,
− degradation of the RCP seals resulting in a long-term loss 

of coolant. The seal leakage rate is 21 gpm/RCP,
− letdown line isolation and, consequently, opening of 

letdown relief valve if RCS pressure is greater than 42.2 
kp/cm2.

The main assumptions for the SBO analysis are:

− reactor trip from 100 % power,
− RCPs trip,
− turbine trip,
− main steam line isolation (MSIVs trip),
− feedwater closure (trip of MFW and motor-driven AFW 

pumps),
− RCPs seal flow not available,
− steam dump not available,
− charging and letdown flow not available,
− high pressure injection system (HPIS) not available,
− low pressure injection system (LPIS) not available,
− pressurizer proportional and backup heaters not available,
− SG Power Operated Relief Valves (PORVs) available
− TD AF pump not available (total loss of heat sink is 

assumed)
− Containment spray not available
− Containment fan cooler not available
− 

No operator actions are assumed prior to the core damage and 
are focused on mitigation of consequences in order to prevent the 
containment failure. The following cases were analysed with res-
pect to the operator actions:

1. Mitigation after vessel failure using CI and ARHR 
recirculation

2. Mitigation after vessel failure using ASI injection and 
ARHR recirculation

C. Analysed cases
There are several possibilities to remove the heat from the con-

tainment once the reactor vessel fails and, for all of them, the ne-
cessary condition is to have the sufficient source of water (RWST, 
ABWT or other) and the appropriate heat exchanger (HX) availa-
ble. These possibilities are:

1. Recirculation from sump to reactor coolant system (RCS) 
through RHR system (either standard or alternative path) 
using standard or alternative RHR HX. For this purpose, it 
is necessary to deliver water into containment in either of the 
achievable ways:

a. Injection to RCS using alternative SI (ASI) pump or 
another available pump

b. Containment spray (CI) system
c. RWST gravity drain
d. Injection to containment via dedicated penetration 

(RH-1043-0460).
e. Fire Protection (FP) system using Severe Accident 

Management Equipment (AE), what is already forese-
en as one of the Severe Accident Management action.

1. a
2. Recirculation from sump to Containment Spray (CI) via 

alternative RHR system (ARHR) and alternative RHR heat 

exchanger (ARHR HX). It is also necessary to deliver water 
to the containment at the same way as described above.

3. Recirculation through ARHR HX via penetration RH-1043-
0460. The prerequisite for this action is to have sufficient amo-
unt of water to enter the reactor cavity.

4. Use of containment fan coolers (RCFC). This is DBA 
equipment which is not considered to function under DEC, 
therefore, this option is not relevant.

The analyses presented here were done for containment 
heat removal considering options 1 (RCS – (A)RHR HX) and 2 
(CI – ARHR HX) above. The water was delivered from ABWT 
or RWST via ASI and CI pump, since other options (c, d and e 
above) for water delivery are impossible or rather complicated to 
model within MAAP computer code. The actual characteristics of 
alternative RHR heat exchanger and alternative RHR pump have 
been incorporated into MAAP model. The maximum expected 
ASI flowrate is approximately 285 m3/h (the maximum standard 
SI pump flow rate is ~160 m3/h). In the MAAP model the normal 
spray line-up is used and the characteristics of spray pump is chan-
ged to the characteristics of ARHR pump.

The start of recirculation is assumed at containment water level 
3.9 m (measured with sump level indicators LI 6102 and LI 6103) 
which is SAMG set-point and the corresponding volume is around 
760 m3. To protect the containment vessel against hydrogen burn 
it is necessary to limit the heat removal so the mitigation action is 
stopped at 1.5 kp/cm2 and the heat removal is again started at 3.15 
kp/cm2, (SAMG set-point [6]). This action remained for 2 days af-
ter the recirculation has started (arbitrary) regardless low hydrogen 
concentration. After that period the set-points were changed to -0.1 
kp/cm2 to 0.28 kp/cm2 (all mention set-pints are gauge pressure).

For each of the evaluated options (1 and 2 above) 3 different 
cases, with respect to the mitigation start (regardless of the required 
containment pressure set-point), was analysed:

• mitigation starts at 8 h,

• mitigation starts at 24 h (before the first PCFVS venting),

• mitigation starts at 40 h (after the first PCFVS Venting).

D. Containment heat removal using containment 
spray (CI) aligned to ARHR

Figure 3 to Figure 5 present the comparison of the accidents 
for different start of containment heat removal using containment 
spray (CI). It was assumed that the water is initially delivered from 
RWST using standard CI pump and then recirculated by ARHR 
pump via ARHR HX, as described above. If RWST is not avail-
able, then the initial water delivery cannot be made from ABWT or 
other tank via CI system because these options do not exist.

From the figures below, it can be clearly seen that the heat 
removal is successful. The pressure reduction starts immediately 
after CI initiation. The increase of the pressure, that can be noticed 
(Figure 3) for all three cases, starts around 2.5 hours after beginning 
of spraying and pressure reduction. It is the result of water evapo-
rating after spilling into the reactor cavity though ventilation duct 
over molten core debris. This evaporation results in the second 
PCFVS opening (Figure 3 and Figure 4), for the case when cooling 
starts at 40 h, when pressure rises above set-point of 4.9 bar abs. 
The total release of noble gases is around 40% (Figure 4). For other 
two cases the cooling is effective and there is no PCFVS opening. 
Over the longer time scale the pressure behaviour is dictated by 
the operator actions required in SAMGs [6], as described in the 
above (heat removal cycling between 1.5 kp/cm2 and 3.15 kp/cm2, 
and changed to -0.1 kp/cm2 to 0.28 kp/cm2 two days after recircu-
lation has started). The hydrogen production during Molten Core 
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Concrete Interaction (MCCI) is quite extensive (Figure 5) except 
for the case when spraying starts at 8 hours and the water is spilled 
over the ventilation duct before substantial MCCI begins. It shall 
be mentioned that, for all cases, the MAAP code predicts that the 
MCCI is stopped immediately once the water is spilled over the 
molten core debris.

Fig. 3 Containment pressure – cooling with CI + ARHR

Fig. 4 Noble gases release from containment - cooling with CI + ARHR

Fig. 5: Hydrogen produced during MCCI – cooling with CI + ARHR

E. Containment heat removal using ASI to RCS 
and ARHR recirculation

There is significant difference between heat removal using ASI 
injected to RCS, then recirculated via ARHR, and the cases above 
(CI + ARHR). This is evident from the high pressure peaks in the 
Figure 6 below. These peaks are caused by extensive evaporation 
when the water spills over the hot molten core debris after it is in-
jected to the RCS and exits through the failed reactor vessel. The ca-
pacity of the PCFV system is not sufficient (limited by 4” diameter 
orifice) to prevent pressure rise above 6 bar abs. The containment 
pressure increases far above this point, even over 7 bar abs, highly 
exceeding 5% failure probability at containment fragility curve what 
is required in the design of PCFV system. Only for the earliest injec-
tion (8 hours) the pressure increase is not challenging, and there is 
no PCFVS opening. For other two cases the PCFVS opening results 
in the release of noble gases below 40 % (case 24 h) and around 
60 % (case 40 h). Hydrogen produced during the MCCI (Figure 8) 
is comparable to the case with containment spray initiation, even 
slightly below due to the earlier core debris flooding. Similarly, as 
for the previous case, on the long time scale the pressure behaviour 
is dictated by the operator actions required in SAMGs.

The comparison to the case with CI initiation for start of heat 
removal at 24 hours (Figure 9) shows the clear indication of pres-
sure differences described above. Therefore, it must be stated that 
the preferable way of containment pressure reduction, once the 
vessel has failed, is by using of containment spray. The Fire Protec-
tion (FP) sprays for reactor coolant pumps can also be used for this 
purpose. Using of RCS injection shall be avoided if enough water 
is not assured in the reactor cavity to cover the core debris and/or 
the containment pressure is already high.

Fig. 6. Containment pressure – cooling with ASI + ARHR

Fig. 7. Noble gases release from containment – cooling with ASI + 
ARHR
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pressure reduction starts immediately after CI initiation. The increase of the pressure, that can be 
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3.5 Containment heat removal using ASI to RCS and ARHR recirculation 

There is significant difference between heat removal using ASI injected to RCS, then 
recirculated via ARHR, and the cases above (CI + ARHR). This is evident from the high pressure 
peaks in the Figure 6 below. These peaks are caused by extensive evaporation when the water spills 
over the hot molten core debris after it is injected to the RCS and exits through the failed reactor 
vessel. The capacity of the PCFV system is not sufficient (limited by 4” diameter orifice) to prevent 
pressure rise above 6 bar abs. The containment pressure increases far above this point, even over 7 
bar abs, highly exceeding 5% failure probability at containment fragility curve what is required in 
the design of PCFV system. Only for the earliest injection (8 hours) the pressure increase is not 
challenging, and there is no PCFVS opening. For other two cases the PCFVS opening results in the 
release of noble gases below 40 % (case 24 h) and around 60 % (case 40 h). Hydrogen produced 
during the MCCI (Figure 8) is comparable to the case with containment spray initiation, even 
slightly below due to the earlier core debris flooding. Similarly, as for the previous case, on the long 
time scale the pressure behaviour is dictated by the operator actions required in SAMGs. 

The comparison to the case with CI initiation for start of heat removal at 24 hours (Figure 9) 
shows the clear indication of pressure differences described above. Therefore, it must be stated that 
the preferable way of containment pressure reduction, once the vessel has failed, is by using of 
containment spray. The Fire Protection (FP) sprays for reactor coolant pumps can also be used for 
this purpose. Using of RCS injection shall be avoided if enough water is not assured in the reactor 
cavity to cover the core debris and/or the containment pressure is already high. 
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Figure 4: Noble gases release from containment - cooling with CI + ARHR 
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Figure 5: Hydrogen produced during MCCI – cooling with CI + ARHR 
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Figure 4: Noble gases release from containment - cooling with CI + ARHR 
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Figure 7: Noble gases release from containment – cooling with ASI + ARHR 
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Figure 8: Hydrogen produced during MCCI – cooling with ASI + ARHR 
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Fig. 8. Hydrogen produced during MCCI – cooling with ASI + ARHR

Fig. 9. Containment pressure, cooling start at 24 h, comparison for 
cooling with CI and ASI

IV. Conclusion
This paper presented the analyses of long-term containment 

heat removal after reactor vessel failure (DEC-B) resulting from 
the initial SBO accident. It also addresses the containment cooling 
for the period before and after reactor vessel failure with the aim 
to prevent the operation of PCFV system. The analyses considered 
modification within NEK Safety Upgrade Project - installation of 
alternative RHR pump and alternative RHR heat exchanger.

The containment heat removal was analysed assuming that 
ARHR pump and ARHR HX, and also ASI pump, have the actual 
characteristics as implemented in the plant modifications. It shall 
be pointed out that cooling can be done with either of analysed 
ways - ASI, ARHR pump and ARHR HX or CI, ARHR pump 
and ARHR HX if the water is provided for recirculation (assumed 
3.9 m ~ 760 m3) either from RWST, ABWT or any other availa-
ble source. However, the cooling using ASI will initially result in 
significant containment pressure increase (over PCFVS opening 
set-point) because the water is spilled through the RCS over the 
molten core. Therefore, it must be stated that the preferable way 
of containment pressure reduction, once the vessel has failed, is 
by using of containment spray (CI). On the other hand, if RWST is 
not available, then the initial water delivery cannot be made from 
ABWT or other tank via CI system because these options are not 
foreseen. The Fire Protection (FP) sprays for reactor coolant pumps 
can also be used for this purpose. Using of RCS injection shall be 

avoided if enough water is not assured in the reactor cavity to cover 
the core debris and/or the containment pressure is already high. It 
shall be also stated that if the active containment heat removal is 
started early enough the PCFVS opening would be prevented and 
no fission products shall be released to environment.
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Figure 7: Noble gases release from containment – cooling with ASI + ARHR 
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Figure 9: Containment pressure, cooling start at 24 h, comparison for cooling with CI and ASI 

4 CONCLUSION 

This paper presented the analyses of long-term containment heat removal after reactor vessel 
failure (DEC-B) resulting from the initial SBO accident. It also addresses the containment cooling 
for the period before and after reactor vessel failure with the aim to prevent the operation of PCFV 
system. The analyses considered modification within NEK Safety Upgrade Project - installation of 
alternative RHR pump and alternative RHR heat exchanger. 

The containment heat removal was analysed assuming that ARHR pump and ARHR HX, and 
also ASI pump, have the actual characteristics as implemented in the plant modifications. It shall be 
pointed out that cooling can be done with either of analysed ways - ASI, ARHR pump and ARHR 
HX or CI, ARHR pump and ARHR HX if the water is provided for recirculation (assumed 3.9 m ~ 
760 m3) either from RWST, ABWT or any other available source. However, the cooling using ASI 
will initially result in significant containment pressure increase (over PCFVS opening set-point) 
because the water is spilled through the RCS over the molten core. Therefore, it must be stated that 
the preferable way of containment pressure reduction, once the vessel has failed, is by using of 
containment spray (CI). On the other hand, if RWST is not available, then the initial water delivery 
cannot be made from ABWT or other tank via CI system because these options are not foreseen. 
The Fire Protection (FP) sprays for reactor coolant pumps can also be used for this purpose. Using 
of RCS injection shall be avoided if enough water is not assured in the reactor cavity to cover the 
core debris and/or the containment pressure is already high. It shall be also stated that if the active 
containment heat removal is started early enough the PCFVS opening would be prevented and no 
fission products shall be released to environment. 
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Summary — One of the most serious obstacles to massive de-
ployment of electric vehicles is insufficient and cumbersome charging 
infrastructure. Both the number of charging points and their power 
capacity are often insufficient. On top of that, this new technology of-
ten suffers from many issues related to insufficient testing, immaturity 
and irregular handling. This paper summarizes the issues with the 
electric vehicle charging infrastructure and describes first-hand expe-
riences with long-range electric vehicle trips originating from Zagreb, 
Croatia, during 2022. Issues with the charging points locations, power 
and availability are assessed. Based on these experiences, the paper 
provides some thoughts on the possible directions of the further de-
velopment of the electric vehicle charging infrastructure in Croatia.

Keywords —  electric vehicles, charging infrastructure, range anxiety 

1. Introduction And Literature Review

Even though the very first electric vehicles appeared already 
in the nineteenth century, poor battery performance, large 
weight and short range made them inferior to the internal-

combustion-powered vehicles throughout the twentieth century. 
However, the development of high-capacity and highly efficient 
lithium-ion battery cells (see [1]), increased concern for the envi-
ronment and introduction of renewable energy sources (see [2]), 
and global digitalization of personal transportation systems set 
battery-powered electric vehicles as the main pillar of the futu-
re personal vehicle transport. A survey among early adopters of 
electric vehicles found that the two main reasons for purchasing 
an electric vehicle are care for the environment and vehicle design 
[3]. While studies such as [4] showed that investments in electric 
vehicles in Croatia are profitable, electric vehicle (EV) adoption is 
minimal. The shares of EVs are going to rise, fueled by the abo-
vementioned reasons, but also by European legislation promoting 
cleaner transportation sector. For example, the European Parlia-
ment has in early 2023 approved the law banning new sales of die-
sel vehicles from 2035 [5].

The charging infrastructure, which imposes a massive impact 
on the electric grid, does not develop as rapidly and coherently as 
the electric vehicle owners would prefer. Although only around 
5% of all charging occasions took place at public charging sta-
tions [6], long trips require charging points at relevant locations 
and are important to the users even if such trips occur only a few 
times per year. The charging infrastructure was promoted through 
several legal documents from the Clean Energy Package, such as 
the Energy performance in buildings directive [7] and Renewable 
energy directive [8].  The reasons for insufficient public charging 
infrastructure are both the high investment cost and the high opera-
ting costs, especially for high-power charging stations. In most co-
untries, industrial loads, besides the consumed energy and network 
fees, need to pay for peak load on either monthly or annual basis 
(see [9] for details). Thus, underutilized charging points are not 
profitable, and there is still an insufficient number of EV owners to 
justify such investment. However, Croatia is a tourist country and 
an increasing number of visitors own an EV. For this reason, deve-
lopment of the EV charging infrastructure supersedes the national 
transportation needs. 

The authors in [10] performed a survey during 2018 on the char-
ging infrastructure in the city of Stockholm. The survey aimed at 
providing responses on who, how and where uses this infrastructu-
re and at collecting user experiences. The authors listed five main 
challenges identified from the survey:

1. Better control system for parked cars;
2. Improve information (charger types, signs, payment);
3. Increase number of public charging stations;
4. Integrate payment systems;
5. Charger maintenance and monitoring.

The first challenge mainly refers to the fact that a vehicle can 
be parked at a charging station without charging. This usually 
happens after the charging session has finished, but the owner did 
not move their vehicle. Today this issue is resolved in at least two 
ways. The first one is charging the customers per minute spent at 
the charger, instead of the charged energy. The second one is char-
ging per minute after the charging session had finished. In this case 
the customers are still charged per kWh, which is followed by per-
minute cost upon the vehicle getting fully charged.

Regarding the second challenge, necessity for better informa-
tion sharing and education was recognized by authors in [11] who 
analyzed the challenges for adopting EVs in Croatia. However, a 
big part of the issue has already been solved. Primarily, the charger 
types are standardized. Electric vehicles in Europe predominantly 
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use Type 2 for AC charging and CCS 2 for DC charging, although 
there are some vehicles still using CHAdeMO, e.g. Nissan Leaf. 
On the other hand, the charging stations are highly standardized. 
The most common 50 kW charging stations in Europe include all 
three chargers, i.e. Type 2, CCS2 and CHAdeMO. The road signs 
for charging stations have been standardized as well and there is 
no problem with recognizing them. However, the gas stations, at 
least the ones in Croatia, still do not offer a specialized sign for 
EV charging stations being available at their premises. This ma-
kes EV charging less exposed than gasoline, diesel and liquefied 
petroleum gas (LPG), all of which have a designated sign at the 
gas stations. Furthermore, the information available online are in-
sufficient and unreliable.

The third issue will remain problematic for the foreseeable 
future as the number of chargers and their charging speed highly 
depend on the number of users and their willingness to pay extra 
for high-speed charging. The authors in [12] assessed the attitu-
des toward electromobility in Croatia. They found that neither 
policies aimed at encouraging electromobility, nor the deployed 
infrastructure have had positive impact on the attitudes toward 
electric vehicles. A study on a road and a power system segment 
in Croatia presented in [13] showed that coordination between the 
transport system planners and power system planners is central to 
high adoption of electromobility. The authors in [11] emphasize 
the problem of uneven distribution of charging stations for both 
domestic adoption of EVs and the highway congestion manage-
ment during the tourist season.

Payment systems indeed present deep waters for end users. 
There are numerous applications, usually focused on one country 
or region in Europe at best. When customer faces a new charging 
provider, usually it is required to scan a 2D bar code and input cre-
dit card data to start charging. This is inconvenient and has other 
disadvantages, e.g. trying to obtain a company receipt.

Regarding the final issues related to charging maintenance and 
monitoring, users report often issues with starting the charging pro-
cess. In this case, calling a telephone number listed at the charging 
point can solve the issue. However, the unreliable maintenance 
schedules are still a problem, as are the unavailable call services.

According to [14], range anxiety risk is identified as the se-
cond most critical risk for an uptake of electric vehicles with high 
probability and high impact. Furthermore, the author of [15] states 
that the public EV charging infrastructure has both the functional 
and the psychological purpose. Density and reliability of public 
charging infrastructure increases consumer confidence and reduces 
range anxiety. The author of [15] also emphasizes that the underuti-
lization of public charging infrastructure should not be considered 
an “adoption failure”. Until novel schemes such as charge sharing 
presented in [16] take hold, charging infrastructure is the main 
bottleneck for long-distance EV travel. Lack of such infrastructure 
can be attributed to very high investment and operational costs. On 
top of the physical investment at the premises, the installation of 
EV charging infrastructure also contains connection costs, which 
are not negligible in most countries. During operation, the EV 
charging infrastructure operator is not subject only to the energy 
costs toward its supplier but also to the peak power costs toward 
the system operators. When having only a small amount of energy 
supplied to the EVs, these high peak power costs have a strong 
impact on the per-kWh energy cost.

The main goal of this study is to present specific experien-
ces in taking long EV trips originating from Zagreb, Croatia. By 
summing the number of leading EV charging providers, Croatia 
in 2022 offers over 600 public charging locations with over 1.000 
charging points. We decided to test some of them and describe our 
experiences in using the available public charging infrastructure. 
As all of us are users of conventional vehicles, i.e. petrol- and die-

sel-powered, this study provides indicators on the chance of adop-
ting new driving and charging patterns and expectations. 

II. Trip Experiences

A. Description
We conducted four different trips throughout the year 2022 (see 

Table I). A map of the trips can be found at [17]. All the trips were 
taken using Hyundai Ioniq 5 rear-wheel drive, with a 72,6 kWh 
battery, 160 kW and ULTRA, i.e. the most advanced, equipment 
package. The producer claimed autonomous range of 481 km, 
which is not attainable when driving at high speed on highways.

Table I 

The Trips Taken in Hyundai Ioniq 5

Trip Date One-way distance
Zagreb – Vienna Tuesday, June 21 2022 360 km
Zagreb – Šibenik Tuesday, June 28 2022 340 km
Zagreb – Voštane Tuesday, July 5 2022 430 km
Zagreb – Dubrovnik Sunday, November 6 2022 650 km

The goal was to test various aspects of e-mobility in Croatia, 
such as: number of charging stations in rural area, availability, in-
stalled power capacity, charging speeds, wait times, travel comfort, 
travel speed and EV vs fuel car travel times.

III. Trips

A. Zagreb – Vienna 
The trip started on Tuesday, June 21, 2022 at 11 am with a fully 

charged vehicle. Since the distance to Vienna is just under 400 km, 
the plan was to charge the vehicle before arriving to Vienna. The 
location for charging was the shopping mall City West in Graz. 
The vehicle was charged on a 50 kW CCS2 charger operated by 
Smartics (the reserved amount of money on the credit card was 
one hundred euros, which was consolidated few days later). The 
session lasted for an hour and six minutes, which resulted in char-
ging of 35 kWh for 30 Eur. The trip to Vienna was smooth and the 
final state of charge was 42%. Since this is lower than half of the 
battery capacity, it was assumed that two charging sessions will be 
needed on the way back and that the battery will not last to Graz to 
use the same charger.

The trip back to Zagreb started on Thursday, June 23, around 
17 h. After a cumbersome search, an ultra-high-speed 320 kW 
charging station was identified at Porsche Zentrum Wien-Liesing 
(address Ketzergasse 120, Vienna), which was not on the way and 
caused us a detour. To find this charging station we used the Monta 
app. First try of the charger activation did not work as an error was 
reported just prior to charging. The vehicle was moved to the other 
charger, which worked well. We charged 38 kWh for 15.81 Eur. 
The session lasted 17:25 min. Maximum charging power was 220 
kW, but most of the session the power was in between 120 and 148 
kW. The table below indicates the reduction in state of charge after 
charging above 80%. The charging process was cancelled at 89% 
state of charge, where the charging station reported that additional 
14 minutes were expected to reach the 100% state of charge. This 
ultra-high-speed charging station is located at a secluded location 
and there was literally nothing to do during the charging process 
besides admiring the design and the speed of charging.
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Table II 

Reduction of the charging power at the Porsche Zentrum 
Wien-Liesing charging station

State of charge Charging power 

82% 101 kW
83% 87 kW
84% 83 kW
85% 74 kW
86% 72 kW 
87% 67 kW
89% 55 kW

Fig. 1 Porsche Zentrum Wien-Liesing charging station

After charging to 89%, we went to the shopping mall Westfield 
Shopping City Sud, only few km away from the Porsche Zentrum 
Wien-Liesing. The idea was to take advantage of this and slow-
charge the vehicle to 100%. Even though Westfield Shopping City 
Sud is a huge shopping mall, we were only able to find Type 2 
charging point with an additional regular shuko plug. Since we did 
not have a charging cable, we used shuko plug at 3.3 kW. The reser-
ved amount was 20 Eur, however, no cost was claimed in the end. 
The charging experience at the Westfield Shopping City Sud was 
by far the worst throughout the trip. 

Since we did not have sufficient charge to reach Zagreb, we 
performed one last charging session at Ionity station at Pesnica 
pri Mariboru in Slovenia. We used Monta to perform charging at 
maximum power 220 kW. At 59% state of charge, the charging 
power was 143 kW, while at 64% state of charge the power was 169 
kW. This made us believe that the charging point altered the char-
ging power itself. 39 kWh were charged within 12 minutes. The 
experience was very nice, which is further spurred by an unproce-
ssed payment, second and final one on the trip.

Overall, the trip was pleasant. Although it took a bit of 
planning, we did not make many detours and most of the time felt 
confident about the vehicle’s range. The largest disappointment 
was very basic charging infrastructure at the Westfield Shopping 
City Sud, while the most convenient charging session was the one 
in Slovenia. 

B. Zagreb – Šibenik 
The trip to Šibenik began at about 6 a.m. on Tuesday, June 28th, 

2022. The vehicle had been fully charged the night before at the 
charging station of FER. The stated range of the vehicle was 330 
km when switched on, and the distance between FER and the site 
in Šibenik is 340 km. Therefore, we decided to charge the vehicle at 
the fast-charging station at INA station - Zir zapad - Mogorić 250. 
We arrived at the Zir station with about 20% SoC, connected the 
fast charger and started charging through the ELEN application. 
The charging process started with a power of 161 kW, continued 
with a power of 150 kW up to 80 % charge, and ended with a gra-
dually decreasing power up to 95% battery charge. There was an 
issue with interrupting the charge as I received a mobile phone 
call during the charge: the ELEN app froze and indicated that the 
charge was complete, which was not true as it was continuing. Of 
course, the charging should not be interrupted by disconnecting the 
charging cable, and we did not want to activate the “safety mus-
hroom”, so we called the help-desk telephone number indicated on 
the charger, explained the situation, and they finished the charging 
remotely. Soon we received a receipt in the application. A total of 
57.96 kWh was consumed at a cost of HRK 4.38/kWh + VAT 13%. 
The final cost was 286.85 HRK. Recharging took 28:18 minutes, 
which was not a significant amount of time, nor did it affect the 
comfort of the trip, as it is a normal break taken during trips in a 
conventional car to refuel or for the driver to rest. The feeling was 
compounded by the fact that we were the first in line to recharge, 
even though there is only one fast charger. We reached Šibenik 
with a remaining charge of 55%.

The return trip started at 15:30 from Šibenik and we arrived at 
the INA gas station - ZIR istok - Mogorić 251 with 13% charge. 
On this side of the highway there are only slow chargers, and the 
charging was performed with a power of 48.5 kW. Although we 
were the first in line and there were other non-occupied chargers, 
charging with a slow charger on the highway is a bad and slow 
experience. Charging took 1 hour and 9 minutes, and we intentio-
nally exceeded the charging time of 60 minutes to still have enough 
power for the trip to Zagreb. We charged 53.31 kWh for 69 minutes 
at a cost of HRK 3.10 + VAT 13%. The final electricity cost was 
186.73 HRK, with an additional penalty for overcharging for 9.8 
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was claimed in the end. The charging experience at the Westfield Shopping City Sud 
was by far the worst throughout the trip.  
 
Since we did not have sufficient charge to reach Zagreb, we performed one last 
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charging power was 143 kW, while at 64% state of charge the power was 169 kW. 
This made us believe that the charging point altered the charging power itself. 39 
kWh were charged within 12 minutes. The experience was very nice, which is further 
spurred by an unprocessed payment, second and final one on the trip. 
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and the site in Šibenik is 340 km. Therefore, we decided to charge the vehicle at the 
fast-charging station at INA station - ZIR zapad - Mogorić 250. 
We arrived at the Zir station with about 20% SoC, connected the fast charger and 
started charging through the ELEN application of HEP. The charging process 
started with a power of 161 kW, continued with a power of 150 kW up to 80 % 
charge, and ended with a gradually decreasing power up to 95% battery charge. 
There was an issue with interrupting the charge as I received a mobile phone call 
during the charge: the ELEN app froze and indicated that the charge was complete, 
which was not true as it was continuing. Of course, the charging should not be 
interrupted by disconnecting the charging cable, and we did not want to activate the 
"safety mushroom", so we called the help-desk telephone number indicated on the 
charger, explained the situation, and they finished the charging remotely. Soon we 
received a receipt in the application. A total of 57.96 kWh was consumed at a cost of 
HRK 4.38/kWh + VAT 13%. The final cost was 286.85 HRK. Recharging took 28:18 
minutes, which was not a significant amount of time, nor did it affect the comfort of 
the trip, as it is a normal break taken during trips in a conventional car to refuel or 
for the driver to rest. The feeling was compounded by the fact that we were the first 
in line to recharge, even though there is only one fast charger. We reached Šibenik 
with a remaining charge of 55%. 
 
The return trip started at 15:30 from Šibenik and we arrived at the INA gas station 
- ZIR istok - Mogorić 251 with 13% charge. On this side of the highway there are 
only slow chargers, and the charging was performed with a power of 48.5 kW. 
Although we were the first in line and there were other non-occupied chargers, 
charging with a slow charger on the highway is a bad and slow experience. 
Charging took 1 hour and 9 minutes, and we intentionally exceeded the charging 
time of 60 minutes to still have enough power for the trip to Zagreb. We charged 
53.31 kWh for 69 minutes at a cost of HRK 3.10 + VAT 13%. The final electricity 
cost was 186.73 HRK, with an additional penalty for overcharging for 9.8 minutes of 
9.84 HRK (as shown in Figure 2). We drove to Zagreb at lower speed, less 
acceleration, and we finally reached our destination with a state of charge of 25%. 
 

 
Figure 2 Excerpt from the invoice for charging at ZIR istok charging station 

 
 
Statistics for both trips are shown in the Table III, generously shared by ELEN 
administrators. Interesting detail is that in the 2nd session, the charging duration 
was 65 minutes and 55 seconds (which would mean 5 minutes and 55 seconds or 
5.92 min for penalty interval), but the application charged 69 minutes and 50 
seconds (9.83 min for penalty interval).  
 

Table III  Charging sessions at ZIR zapad and ZIR istok 

Fig. 2 Excerpt from the invoice for charging at ZIR istok charging station
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minutes of 9.84 HRK (as shown in Figure 2). We drove to Zagreb 
at lower speed, less acceleration, and we finally reached our desti-
nation with a state of charge of 25%.

Statistics for both trips are shown in the Table IV, generously 
shared by ELEN administrators. Interesting detail is that in the 
2nd session, the charging duration was 65 minutes and 55 secon-
ds (which would mean 5 minutes and 55 seconds or 5.92 min for 
penalty interval), but the application charged 69 minutes and 50 
seconds (9.83 min for penalty interval). 

Table III  

Charging Sessions at ZIR Zapad and ZIR Istok

Trip Zagreb – Šibenik Trip Šibenik - Zagreb
S-2022/60550
Zir Zapad ultra DC
28.6.2022.
From 28.06.2022. 08:03:08
To 28.06.2022. 08:31:26
Vehicle 80% full at 28.06.2022. 08:21:28

Connected from 28.06.2022. 08:02:40
Connected to 28.06.2022. 08:31:53
Charging with load to 28.06.2022. 
08:30:38
Charging with load duration 00:27:30
Time spent 00:28:18
Energy consumption 57.96 kWh
Max active power 161.26 kW

S-2022/60709
Zir Istok rapidna AC/DC
28.6.2022.
From 28.06.2022. 17:18:06
To 28.06.2022. 18:24:02
Vehicle 80% full at 28.06.2022. 18:23:06
Vehicle full at 28.06.2022. 18:24:02
Connected from 28.06.2022. 17:14:19
Connected to 28.06.2022. 18:24:09
Charging with load to 28.06.2022. 
18:24:02
Charging with load duration 01:05:55
Time spent 01:05:55
Energy consumption 53.31 kWh
Max active power 49.03 kW

Along with the table data for the two sessions, we also received 
a .csv data log of charging power and SoC, which is shown in the 
figure below for both sessions.

a) ZIR zapad ultra-fast DC charger

b) ZIR istok rapid AC/DC charger

Fig. 3. Charging profile obtained from data log

C. Zagreb – Voštane 
The primary goal of this trip was to reach the destination – a 

wind power plant (WPP) named VE Voštane in the south of Croa-
tia, located 430 km from Zagreb, mostly on highway. The V2Load 
function of the vehicle was used to run the electrical equipment 
and a laptop while conducting field work in the wind power plant 
(Fig. 2).

Fig. 4. EV at the wind power plant site

Before starting the trip, a survey was conducted to find suitable 
charging stations at the destination location. There were no char-
ging stations available on the WPP site, in the vicinity of the WPP, 
at the hotel we stayed overnight, and most disappointingly nor in 
the whole town of Sinj. The closest charging station was near the 
highway in Dugopolje. This was considered while planning the 
trip. The trip was started on Tuesday, 5 July 2022, with a fully char-
ged EV. 

The one-way distance via highway was 430 km, while the total 
trip length was 849 km, of which 75% was driven on highways. 
We charged the vehicle four times, for total of 1 h 44 min which re-
sulted in 129.915 kWh of energy. The total price we paid was HRK 
571.46 without tax. The overview of the trip is shown in Table IV.

Table IV 

Voštane trip overview

Feature Trip 1 Trip 2 Trip 3 Trip 4 Trip 5 Trip total

Mileage 213 km 
highway

227 km 
regional 
road

108 km 
highway

216 km 
highway

81 km 
highway

849 km

Cruise 
speed

125 km/h 80 km/h 125 km/h 125 km/h 125 
km/h

Battery 
usage

98% -> 
29%

99% -> 
52%

93% -> 
61%

75% -> 
14%

49% -> 
22%

The first charging point we used was 213 km from Zagreb at the 
Mogorić station. At 125 km/h cruising speed, we arrived with 29% 
battery charge. At the charging station ELEN DC / 178 kW charger 
was immediately available and it took 35 minutes for the battery to 
gain 57.48 kWh. We left the station at 99% state of charge. Figure 5 
shows the charging costs, 4.95 HRK/kWh with VAT.

We charged the vehicle the second time at the beginning of 
our return trip in Dugopolje. The vehicle state of charge was 52% 
after driving for 227 km on regional roads at 80 km/h and using 
the V2Load functionality. The Petrol DC / 160 kW charging stati-
on was available immediately and in 23 minutes we charged 33.05 
kWh into the battery. This resulted in 93% state of charge and cost 
around 5 HRK/kWh (see Figure 6).
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S-2022/60709 
Zir Istok rapidna AC/DC 
28.6.2022. 
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Along with the table data for the two sessions, we also received a .csv data log of 
charging power and SoC, which is shown in the figure below for both sessions. 
 

  
a) ZIR zapad ultra-fast DC charger b) ZIR istok rapid AC/DC charger 

Figure 2 Charging profile obtained from data log 
 
3.2.3 Zagreb – Voštane  
 
The primary goal of this trip was to reach the destination – a wind power plant (WPP) 
named VE Voštane in the south of Croatia, located 430 km from Zagreb, mostly on 
highway. The V2Load function of the vehicle was used to run the electrical equipment 
and a laptop while conducting field work in the wind power plant (Fig. 2). 
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Table IV  Charging sessions at ZIR zapad and ZIR istok 

Trip Zagreb – Šibenik Trip Šibenik - Zagreb 
S-2022/60550 
Zir Zapad ultra DC 
28.6.2022. 
From 28.06.2022. 08:03:08 
To 28.06.2022. 08:31:26 
Vehicle 80% full at 28.06.2022. 08:21:28 
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Charging with load to 28.06.2022. 
08:30:38 
Charging with load duration 00:27:30 
Time spent 00:28:18 
Energy consumption 57.96 kWh 
Max active power 161.26 kW 
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Figure 3 EV at the wind power plant site 

 
 
Before starting the trip, a survey was conducted to find suitable charging stations at 
the destination location. There were no charging stations available on the WPP site, 
in the vicinity of the WPP, at the hotel we stayed overnight, and most disappointingly 
nor in the whole town of Sinj. The closest charging station was near the highway in 
Dugopolje. This was considered while planning the trip. The trip was started on 
Tuesday, 5 July 2022, with a fully charged EV.  
 
 
The one-way distance via highway was 430 km, while the total trip length was 849 
km, of which 75% was driven on highways. We charged the vehicle four times, for 
total of 1 h 44 min which resulted in 129.915 kWh of energy. The total price we paid 
was HRK 571.46 without tax. The overview of the trip is shown in Table IV. 
 

Table V Voštane trip overview 
Feature Trip 1 Trip 2 Trip 3 Trip 4 Trip 5 Trip 

total 
Mileage 213 km 

highway 
227 km 
regional road 

108 km 
highway 

216 km 
highway 

81 km 
highway 

849 
km 

Cruise 
speed 

125 km/h 80 km/h 125 km/h 125 km/h 125 km/h 
 

Battery 
usage 

98% -> 
29% 

99% -> 52% 93% -> 
61% 

75% -> 
14% 

49% -> 
22% 

 

 
The first charging point we used was 213 km from Zagreb at the Mogorić station. At 
125 km/h cruising speed, we arrived with 29% battery charge. At the charging station 
ELEN DC / 178 kW charger was immediately available and it took 35 minutes for the 
battery to gain 57.48 kWh. We left the station at 99% state of charge. Figure 5 shows 
the charging costs, 4.95 HRK/kWh with VAT. 

Hrvoje Pandžić, Bojan Franc, Stjepan Stipetić, Franko Pandžić, Matko Mesar, Marija Miletić, Sara Jovanović, Electric Vehicle Charging Infrastructure in Croatia – First-
Hand Experiences and Recommendations for Future Development, Journal of Energy, vol. 71 Number 3 (2022), 16–23 
https://doi.org/10.37798/2022713414 
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After 108 km of highway at 125 km/h we charged the vehicle for the third time at Nadin North station operated by ELEN. The DC 
charger rated at 50 kW was immediately available and we charged for 14 minutes from 61% to 75%. The energy charged was 12.78 kWh 
and it cost around 3.5 HRK/kWh (see Figure 7).

We charged the vehicle for the fourth time at Vukova Gorica station, after driving on highway for 216 km at 125 km/h. The ELEN DC 
/ 50 kW charger was immediately available and in 32 minutes we charged 26.6 kWh into the battery. This took us from 14% to 49% state 
of charge and at night tariff cost around 2.9 HRK/kWh (see Figure 8).
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Table IX Excerpt from the invoice for the 4th charging station (ELEN, Croatia) 
Item Amount Price 

HRK 
VAT 
rate 

Amount 
HRK 

Delivered electricity charging 
station 50 kW night 

26.5980 2.57 13% 77.25 

Total amount to pay 77.25 
 
 
We charged the vehicle for the fifth and final time in Zagreb, at FER. The charging 
station was occupied for 3.5 hours and our vehicle was third in line. Charging lasted 
over 1.5 hours at 50kW rated charger. The vehicle was charged from 22% to 100%, 
taking in 60.06 kWh. As the charging station is operated by FER, the charging was 
done at no cost. 
 
Generally, all the visited charging stations were operational, providing charge speeds 
as specified. DC chargers of speeds 50 kW (Fig. 14) and more were available at each 
charging points as specified. There were no waiting queues, no technical, software, 
nor any payment issues. Table V gives an overview of the charging data for this trip. 
 

 
 

Table X Voštane trip charging data overview 
Feature Charge 1 Charge 2 Charge 3 Charge 4 Trip total 
Charging 
station type 

ELEN DC / 
178 kW 

Petrol DC / 
160 kW 

ELEN DC 
/ 50 kW 

ELEN DC / 
50 kW 

FER AC/DC 
98 kW 

Figure 4 ELEN 50 kW charging stations along the highway 

Hrvoje Pandžić, Bojan Franc, Stjepan Stipetić, Franko Pandžić, Matko Mesar, Marija Miletić, Sara Jovanović, Electric Vehicle Charging Infrastructure in Croatia – First-
Hand Experiences and Recommendations for Future Development, Journal of Energy, vol. 71 Number 3 (2022), 16–23 
https://doi.org/10.37798/2022713414 
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We charged the vehicle the second time at the beginning of our return trip in 
Dugopolje. The vehicle state of charge was 52% after driving for 227 km on regional 
roads at 80 km/h and using the V2Load functionality. The Petrol DC / 160 kW 
charging station was available immediately and in 23 minutes we charged 33.05 
kWh into the battery. This resulted in 93% state of charge and cost around 5 
kn/kWh (see Figure 6). 
 
 

 
After 108 km of highway at 125 km/h we charged the vehicle for the third time at 
Nadin North station operated by ELEN. The DC charger rated at 50 kW was 
immediately available and we charged for 14 minutes from 61% to 75%. The energy 
charged was 12.78 kWh and it cost around 3.5 kn/kWh (see Figure 7). 
 

 
We charged the vehicle for the fourth time at Vukova Gorica station, after driving 
on highway for 216 km at 125 km/h. The ELEN DC / 50 kW charger was 
immediately available and in 32 minutes we charged 26.6 kWh into the battery. 
This took us from 14% to 49% state of charge and at night tariff cost around 2.9 
kn/kWh (see Figure 8). 
 

Figure 5 Excerpt from the invoice for the 1st charging station (ELEN, Croatia) 

Figure 6 Excerpt from the invoice for the 2nd charging station (Petrol, Croatia) 

Figure 7 Excerpt from the invoice for the 3rd charging station (ELEN, Croatia) 

Figure 8 Excerpt from the invoice for the 4th charging station (ELEN, Croatia) 
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We charged the vehicle for the fifth and final time in Zagreb, 
at FER. The charging station was occupied for 3.5 hours and our 
vehicle was third in line. Charging lasted over 1.5 hours at 50kW 
rated charger. The vehicle was charged from 22% to 100%, taking 
in 60.06 kWh. As the charging station is operated by FER, the char-
ging was done at no cost.

Generally, all the visited charging stations were operational, 
providing charge speeds as specified. DC chargers of speeds 50 
kW (Fig. 14) and more were available at each charging points as 
specified. There were no waiting queues, no technical, software, 
nor any payment issues. Table V gives an overview of the charging 
data for this trip.

Fig. 9. Hyundai IONIQ 5 charging at Janjče ELEN charging station

Fig. 5. Excerpt from the invoice for the 1st charging station (ELEN, Croatia)

Fig. 6. Excerpt from the invoice for the 2nd charging station (Petrol, Croatia)

Fig. 7. Excerpt from the invoice for the 3rd charging station (ELEN, Croatia)

Fig. 8. Excerpt from the invoice for the 4th charging station (ELEN, Croatia)
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Table V 

Voštane Trip Charging Data Overview

Feature Charge 1 Charge 2 Charge 3 Charge 4 Trip total

Charging 
station type

ELEN DC / 
178 kW

Petrol DC / 
160 kW

ELEN DC / 
50 kW

ELEN DC 
/ 50 kW

FER AC/DC 
98 kW

Max power 
rated

178 kW 160 kW 50 kW 50 kW 50 kW

Max power 
measured

158 kW 163 kW 49 kW 49 kW not observed

Energy 
transferred

57.48 kWh 33.05 kWh 12.78 kWh 26.60 kWh not observed

Charge time 35 min 23 min 14 min 32 min not observed

Battery after 
charge

99% 93% 75% 49% 100%

Price 
(without 
13% tax)

4.38 HRK 
/ kWh

4.42 HRK / 
kWh

3.10 HRK / 
kWh

2.57 HRK 
/ kWh 
(night)

571.46 HRK 
(w/o FER)

On the way to the WPP Voštane, the first half of the trip was 
driven using the highway and at highway speed limits. Upon 
exiting the highway, the trip was continued with a fully charged 
EV. The second part of the trip was driven using regional roads at 
lower speeds. This change in driving speeds resulted in a drama-
tical increase of the EV’s range, enabling us to reach the desired 
location with a higher-than-expected battery charge state. Altho-
ugh we started the trip with some range anxiety, due to knowing 
there are no charging points at our destination, after driving the 
regional roads and arriving at the target location with a more than 
50% battery charge state, the range anxiety was completely gone.

On the way back, we charged the EV right away to (almost) 
full charge. The return trip was driven completely on the highway 
at speeds a bit under the speed limits (some experience was gathe-
red on the first trip). Unfortunately, on the way back, in the directi-
on from the Adriatic coast to Zagreb, there are no ultra-high-speed 
charging stations (so the tourists will leave the country after the 
vacation a bit slower than they arrived). All the charging stations 
visited were of max 50 kW DC, CCS2 / CHAdeMO. At the end of 
the trip, although battery charge levels dropped to 14%, there was 
no range anxiety as there are plenty of charging stations with free 
slots available. On the other hand, adding one and a half hour to a 
5-hour trip took its toll and pushed us a step back to the old-fashio-
ned internal combustion engine car.

D. Zagreb – Dubrovnik
The trip started on Sunday, November 6 2022 around 8:50 in 

the morning with 94% of battery charge. This was the longest trip 
we took (around 650 km one-way) which turned out to be the most 
eventful and challenging as well. We tested the battery capacities 
on higher speeds in the first part of the trip so the first mandatory 
stop was Janjče Crodux gas station (Figure 10); 170 km from the 
starting point. The vehicle was charged using 50 kW CCS2 char-
ger operated by ELEN from 16% to 44% battery capacity in 25 
minutes (110 km of range). The whole experience was unpleasant 
as the designated app through which payment is done froze and 
crashed multiple times and emergency eject button had to be used 
to unplug the vehicle. Additional funds were reserved (HRK 400, 
which were subsequently refunded) for restarting the app and repe-
ating the procedure of charging in an attempt to unplug the vehicle 
normally. 

Fig. 10. Hyundai IONIQ 5 charging at Janjče ELEN charging station

The next stop was only 41 km away (gas station Zir) as the 160 
kW ELEN supercharger was available. Everything went smoothly 
and in 20 minutes the battery was fully charged. 

Dugopolje Petrol ABB was the next stop, 180 km away from 
Zir. The charging station was previously used in the Voštane trip 
and we expected good performance from it, which proved to be 
a mistake. Firstly, a new app had to be installed which was essen-
tially the same as every other with a different logo. The charging 
would fail at the very last step where charger-vehicle communica-
tion couldn’t be established. Both 50 kW CCS2 chargers behaved 
the same. For each charging attempt the app would reserve aro-
und HRK 450; in total over HRK 2200 for both chargers without 
actually providing any service. This created an additional problem 
as the funds were not promptly released. Furthermore, we were 
unable to resolve the issue through multiple attempts at contacting 
customer support. The only positive factor of this charging station 
was its close proximity to a shopping mall.

The next nearest charging station was a Tesla station which tur-
ned out to be unusable for other car manufacturers, as this service 
is not available in Croatia. Next, we tried HT Dugopolje charging 
station which either doesn’t exist or was inaccessible, behind a clo-
sed fence. At this point, the battery range had decreased to less 
than 25 km, so extreme measures were taken to conserve power 
and avoid being stranded and further delayed with more compli-
cations. Another HT charging station in the nearby parking garage 
seemed to be the solution. Yet another app needed installing with a 
similar interface but slightly different functionalities. A card depo-
sit of  50, 100, 200 or 500 HRK (only options) needed to be made 
to process eventual payment. Charging (50 kW CCS2) failed at the 
charger-vehicle communication again. This time customer support 
was available. Even though the information available online mar-
ked the station as functional, the support was aware of the issue. 
The customer support directed us to City Center One Split with 
assurance of a working charging station. Furthermore, the alloca-
ted funds through the app (HRK 200) were never refunded.

The City Center One Split charging station wasn’t easy to find 
because of insufficient instructions on the parking lot. It was a 22 
kW output but no charging cable was provided. We used our own 
cable with which we were able to utilize only 11 kW of power. The 
usage instructions were also confusing as it stated requirement of 
another app being installed but turned out to be free of charge. The 
charging time was 1h to gain 11 kWh or 40 km of range (15 to 55 km) 
just to be able to make it to a higher output charger at the highway.

The next station was a much needed 50 kW ELEN charger in 
Dračevac, Split, pictured below. A 30 min charging process was 
enough for additional 167 km of range (19% – 55% of battery char-
ge). The charger was located in the middle of nowhere surrounded 
by what seemed to be a make-shift waste disposal but was easy to 
find using online instructions and was functional. As the destinati-
on was still 250 km away, another stop was deemed necessary to be 
certain and avoid any further unpleasantries.
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Additional funds were reserved (HRK 400, which were subsequently refunded) for 
restarting the app and repeating the procedure of charging in an attempt to unplug 
the vehicle normally.  
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Figure 5 Hyundai IONIQ 5 charging at Janjče ELEN 
charging station 

Hrvoje Pandžić, Bojan Franc, Stjepan Stipetić, Franko Pandžić, Matko Mesar, Marija Miletić, Sara Jovanović, Electric Vehicle Charging Infrastructure in Croatia – First-
Hand Experiences and Recommendations for Future Development, Journal of Energy, vol. 71 Number 3 (2022), 16–23 
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Fig. 11. Hyundai IONIQ 5 charging at Dračevac ELEN charging station

The last stop before the destination was Rašćane Gornje gas 
station back on the highway where another ELEN 50 kW CCS2 
charger was located. The charger was hard to find on the large par-
king lot at night as it wasn’t marked or illuminated in any way. The 
final charge of the trip took 77 mins in total (26 – 81 % in 53 mins, 
81 – 89 % in 9 mins and 89 – 100 % in 15 mins). Upon arriving 
to the destination in Cavtat, the battery charge was 65 % with an 
estimated range of 203 km. The time of arrival was around 22:30 h. 
In other words, a trip of 650 km (with detours and charging) took 
almost 14 hours to complete. On a scale of 0 to 10, we would rate 
the experience as 1 just for the sake of making it to the destination.

Valuable insight was gained during this trip:

• Charging stations in Croatia that are located off the 
highway and outside of peak tourist season are often po-
orly maintained or not maintained at all and are to be avo-
ided if possible.

• Charging stations along the highway seem to be functio-
nal and responsive and are recommended.

• Customer support for some chargers (Petrol) is unavaila-
ble either outside tourist season or on weekends.

• Power consumption must be frugal during long trips with 
electric vehicles, even more than expected.

• ELEN charging stations proved the most trustworthy, but 
the reason might be their placement on the highway, while 
the Petrol and HT stations were located next to shopping 
centers.

• Have trip companions to kill time and have more resources.

IV. Conclusion
This paper provided first-hand long-trip experiences with a 

Hyundai Ioniq 5 with a large-capacity battery in Croatia during 
2022. These trips ranged from 340 km in each direction, i.e. Za-
greb-Šibenik, to over 600 km in each direction when traveling 
from Zagreb to Dubrovnik. The trips predominantly used fast 
highways. We did not experience issues with the vehicle itself, but 
we did experience issues with the charging infrastructure. Our ob-
servations are as follows:

• Croatian highways are equipped with enough charging 

stations. However, more than several charging sessions 
required calling the customers’ service to start the char-
ging process. Such user experience is simply not good 
enough in times when the sales of electric vehicles is 
about to pick up and become predominant. Moreover, fast 
charging stations are available only in one direction of the 
highway which makes the trips from the coast toward Za-
greb slower.

• More serious issues are related to poor directions for re-
aching charging stations located outside the highways 
(both in Croatia and Austria) and communication errors 
making the charging impossible. As opposed to gas stati-
ons, which pretty much always have enough gas to fuel 
any vehicle, which are predominantly open non-stop and 
which have a person operating the station, the fact that the-
re is no live person to help with the EV charging process 
makes drivers uncomfortable and always in need of plan B.

• Charging an electric vehicle at different locations and co-
untries calls for installation and getting used to multiple 
apps, which wastes a lot of the drivers’ time. 

• We did not experience waiting times for a charging station 
to free up, however, that could be a serious issue during 
the tourist season.

• Charging times are still long, even with fast charging sta-
tions operating at 50 kW, which is the most common type 
of stations. For a high-capacity battery this still requires 
over one hour to charge, which is simply a lot, especially 
as there is not much to do while the vehicle is charging. 
An idea might be to couple fast charging stations with en-
tertainment centers, e.g. shopping malls, restaurants, chil-
dren fun centers, etc., to make long waiting times easier 
to handle. 

• Electric vehicle, at least with the current charging infra-
structure, calls for different driving style. Namely, if a 50 
kW fast charging station is the fastest charging option, the 
most time-efficient driving speed is just above 100 km/h. 
Faster driving significantly reduces the range, and since 
the battery takes a lot of time to charge, the overall trave-
ling time is increased. This is a major difference as com-
pared to the petrol or diesel cars.

• Ultra-high-speed charging stations (180 kW and above) 
are a great solution for electric vehicle drivers on highway, 
as the vehicle is charged within 15-20 minutes, which is 
bearable for most drivers. However, such stations are scar-
ce both in Croatia and Austria. In Croatia, currently there 
is only a single ultra-high-speed charging station on the 
highway from Zagreb to the south, and zero in the oppo-
site direction. Similarly, it takes some severe detours in 
Austria to reach ultra-high-speed charging stations. The 
situation is somewhat better in Slovenia, which has few 
ultra-high-speed charging stations at gas pumps located 
on highways.

To conclude, the charging infrastructure requires better 
planning and the current experience is still not satisfactory for a 
regular driver. Focus should be put on high-speed charging stations 
that would make the charging experience very similar to the one 
at the gas stations. However, the development of ultra-high-speed 
charging stations is not economic to the charging point operators as 
the connection costs and peak (monthly) power cost are too expen-
sive to be paid off through an infrequent use of the charging points.
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station as functional, the support was aware of the issue. The customer support 
directed us to City Center One Split with assurance of a working charging station. 
Furthermore, the allocated funds through the app (HRK 200) were never refunded. 
 
The City Center One Split charging station wasn't easy to find because of insufficient 
instructions on the parking lot. It was a 22 kW output but no charging cable was 
provided. We used our own cable with which we were able to utilize only 11 kW of 
power. The usage instructions were also confusing as it stated requirement of another 
app being installed but turned out to be free of charge. The charging time was 1h to 
gain 11 kWh or 40 km of range (15 to 55 km) just to be able to make it to a higher 
output charger at the highway. 
 
The next station was a much needed 50 kW ELEN charger in Dračevac, Split, 
pictured below. A 30 min charging process was enough for additional 167 km of range 
(19% – 55% of battery charge). The charger was located in the middle of nowhere 
surrounded by what seemed to be a make-shift waste disposal but was easy to find 
using online instructions and was functional. As the destination was still 250 km 
away, another stop was deemed necessary to be certain and avoid any further 
unpleasantries. 
 

 
Figure 6 Hyundai IONIQ 5 charging at Dračevac ELEN charging station 

 
 
The last stop before the destination was Rašćane Gornje gas station back on the 
highway where another ELEN 50 kW CCS2 charger was located. The charger was 
hard to find on the large parking lot at night as it wasn’t marked or illuminated in 
any way. The final charge of the trip took 77 mins in total (26 – 81 % in 53 mins, 81 
– 89 % in 9 mins and 89 – 100 % in 15 mins). Upon arriving to the destination in 
Cavtat, the battery charge was 65 % with an estimated range of 203 km. The time of 
arrival was around 22:30 h. In other words, a trip of 650 km (with detours and 
charging) took almost 14 hours to complete. On a scale of 0 to 10, we would rate the 
experience as 1 just for the sake of making it to the destination. 
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TARGET – Development of Submersible ROV System 
for BMN Inspection

Josip Arland, Krunoslav Markulin, Nikola Pavlović

Summary — Most PWRs have penetrations in the RPV lower 
heads for in-core nuclear instrumentation. These penetrations gener-
ally are made of nickel-based Inconel Alloy 600. Weld materials are 
typically Alloy 82/182. Operating conditions of PWR plants are caus-
ing nickel-based alloys cracking through a process called primary wa-
ter stress corrosion cracking (PWSCC). In 2003, the licensee for the 
South Texas Project Unit 1 (STP-1) identified apparent boron deposits 
on the lower RPV head near two bottom mounted nozzles (BMNs). 
The NRC issued Bulletin 2003-02 to obtain information on licensee 
inspection activities and inspection plans for the RPV lower head. 
EPRI issued MRP-206 report that provides inspection and evalua-
tion guidelines for BMNs for PWR plants, including guidelines for 
periodic bare metal visual examination for evidence of primary cool-
ant leakage, or periodic non-visual nondestructive examinations for 
indications of service-induced cracking. The non-visual inspections 
(ultrasonic testing examination) may detect service-induced degrada-
tion before through-wall cracking, leakage, circumferential cracking 
below the bottom of the J-groove weld, release of loose parts, or incipi-
ent boric acid wastage of the low-alloy steel reactor vessel lower head 
material occurs. Therefore, periodic examinations will adequately 
manage potential for cracking by PWSCC and preserve structural 
integrity. INETEC developed TARGET system for BMNs inspection, 
consisted of submersible ROV and specially designed probe, com-
posed of several UT probes. UT system and technique to detect, length 
and depth size the service-induced degradation in the BMN volume 
material is developed. The EPRI NDE Center performed a technical 
review and validated INETEC’s ultrasonic examination technique 
for BMNs. Aforementioned validation was done according to require-
ments defined by: 1) MRP-206, 2) MRP-411.

Keywords — Submersible ROV, BMN Inspection, nondestrucitve 
examination, ultrasonic testing examination, ultrasonic examination 
technique

I. Introduction

Most pressurized water reactor (PWR) type of nuclear power 
plants have penetrations in the reactor pressure vessel 
(RPV) lower heads for in-core nuclear instrumentation. 

The RPV bottom mounted nozzles (BMN) in PWR are fabricated 
from nickel-chromium-iron Alloy 600 [1]. J-groove welds connect 

BMNs to the lower head of the RPV and is usually made from 
Alloy 82 and/or Alloy 182 [1]. These components are susceptible 
to age-related degradation due to primary water stress corrosion 
cracking (PWSCC) [1]. 

In the spring of 2003, the licensee for the South Texas Project 
Unit 1 (STP-1) identified apparent boron deposits on the lower RPV 
head near two BMNs [2]. The NRC issued Bulletin 2003-02 to 
obtain information on licensee inspection activities and inspection 
plans for the RPV lower head [3]. In October, 2013, during a 
scheduled visual examination of the BMNs at Palo Verde Nuclear 
Generating Station Unit 3, white residue around the BMNs were 
identified [1]. Nondestructive examinations confirmed that axial 
cracking at the nozzle weld was responsible for the leakage [1]. 
Periodic visual examinations of the BMNs are specified in ASME 
Code Case N-722-1 [4]. The examination is performed from the 
exterior of the reactor coolant system for evidence of leakage, 
such as boron or corrosion product deposits [4]. In alternative to 
Code Case N-722-1, Electric Power Research Institute (EPRI) 
issued “Materials Reliability Program: Inspection and Evaluation 
Guidelines for Reactor Vessel Bottom-Mounted Nozzles in U.S. 
PWR Plants (MRP-206). This report provides guidelines not 
only for visual examination, but also for periodic non-visual 
nondestructive examinations for indications of service-induced 
cracking. The non-visual inspections such as ultrasonic testing 
examination, may detect service-induced degradation before 
through-wall cracking, leakage, circumferential cracking below 
the bottom of the J-groove weld, release of loose parts, or incipient 
boric acid wastage of the low-alloy steel reactor vessel lower head 
material occurs [2]. Periodic examinations will adequately manage 
potential for cracking by PWSCC and preserve structural integrity. 
Therefore, INETEC developed new system for inspection of 
Westinghouse PWR 2-loop. 3-loop and 4-loop type of BMNs.

II. Bottom Mounted Nozzle
The attachment of the BMN (Figure 1) to the bottom head 

consisted of either Alloy 182 or Alloy 82 weld metal in a prepared 
J-groove, which was machined into the inside surface of the vessel 
adjacent to each previously drilled penetration hole. The design of 
the J-groove was essentially the same for all plants. The BMNs 
examination volume (Figure 2) is 25.4 mm below the lowest 
point of the root of the J-groove weld to the highest point at the 
toe of the J-groove weld. A-B-C-D volume is extent of volumetric 
examination for the tube (base metal) [5].(Corresponding author: Josip Arland)
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Fig. 1. Westinghouse-designed BMN [5]

Fig. 2. BMN examination volume [5]

III. TARGET Inspection System
The TARGET inspection system is designed to perform the 

complete ultrasonic examination of BMNs in reactor pressure 
vessel, which provides probe movement, and with control system 
that controls tool and generates position pulses. Schematic 
description of the inspection system is shown below (Figure 3).

Fig. 3. Schematic description of the TARGET inspection system [5]

A. TARGET
TARGET is remotely operated vehicle (ROV) that is able 

to work underwater. Once underwater, there is no need for any 
type of crane to support the ROV. It has propulsion system using 
thrusters to navigate itself. Bell like design of bottom of the ROV 
facilitates navigation to the top of BMN. Centering and fixating 
of the ROV is done with gripper that is pneumatically actuated 
(Item 3, Figure 4). There are two motor driven axes for the probe 
translation (Item 1, Figure 4) and rotation (Item 2, Figure 4). Both 
axes are have predetermined positions where each axis can be 
calibrated. To avoid any type of accident during scanning, multiple 
safety precautions are introduced. Both mechanical and software 
limits are set to prevent probe from breaking.

Fig. 4. TARGET – Degrees of freedom driven by motors and pneumatic 
cylinders 
1) Probe translation; 2) Probe rotation; 3) Gripper extension/retraction.
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Figure 4. TARGET – Degrees of freedom driven by motors and pneumatic cylinders 

1) Probe translation; 2) Probe rotation; 3) Gripper extension/retraction. 
Neutral buoyancy of the ROV enables easy navigation through the water. On the ROV itself, two 
cameras are placed to help operator navigate the ROV on chosen BMN. Additional camera on side 
of the ROV is placed for the surveillance. 

TARGET is operated through manipulator control software (Figure 5). Manipulator Control 
software supports two modes of operation – the standard mode and the admin mode. The standard 
mode is designed so the ROV can always be driven safely, without the possibility of accidentally 
causing it to behave incorrectly. The admin mode allows the user full control over the ROV and can 
only be accessed with an administrator password. Additionally, for the ease of navigation and 
driving through the water one can initialize joystick controller. 
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Neutral buoyancy of the ROV enables easy navigation through 
the water. On the ROV itself, two cameras are placed to help 
operator navigate the ROV on chosen BMN. Additional camera on 
side of the ROV is placed for the surveillance.

TARGET is operated through manipulator control software 
(Figure 5). Manipulator Control software supports two modes of 
operation – the standard mode and the admin mode. The standard 
mode is designed so the ROV can always be driven safely, without 
the possibility of accidentally causing it to behave incorrectly. The 
admin mode allows the user full control over the ROV and can 
only be accessed with an administrator password. Additionally, 
for the ease of navigation and driving through the water one can 
initialize joystick controller.

B. UT data collection
UT data is obtained via INETEC’s Dolphin 128/128 PR (Figure 

6). It is a phased-array ultrasonic instrument with support for all 
common ultrasonic inspection techniques. It comes in an industrial 
grade housing and easily fit into a multitude of inspection system 
scenarios.

Fig. 6. Dolphin 128/128 
PR UT instrument [5]

INETEC designed new type of probe for the BMN inspection, 
called “PRO ULTRA TARGET”. It has multiple variants 
depending on the ID/OD diameters for different BMN penetrations. 
Each probe is composed of three pairs of time of flight diffraction 
(TOFD) transducers (one axial and two circumferential) and one 
0° longitudinal wave probe.

Fig. 7. “PRO ULTRA TARGET” probe [5]
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probe [5] 
 

 
Figure 8. Scan pattern [5] 

 

Probe is translated and rotated using two motor axes. Scan pattern is shown in the Figure 8. Inside 
the ROV, secondary calibration of the probe could be performed. With this approach it reduces 
unnecessary movement and loss of precious time during inspection. Evaluation of the data is 
performed using INETEC’s SignyOne software. Standard C-scan, B-scan and A-scan combination 
is used for data evaluation. 

4 INSPECTION METHODOLOGY 

INETEC’s approach to ISI of BMNs is result of experience on similar inspections and 
improvements as a result of gathered experience and lesson learned. 

For the BMN inspection remotely controlled TARGET is used. Operator’s workstation is 
situated outside of the reactor building and radiologically controlled area, thus minimizing 
radiological exposure and reducing necessary space reservation inside the containment.  

 

 
Figure 9. Positioning TARGET on top of BMN 

Communication from inside to the outside of the containment is done using fiber optics cables 
through available penetration. TARGET is deployed in water with remote docking tool. It is 
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Figure 8. Scan pattern [5]

Probe is translated and rotated using two motor axes. Scan 
pattern is shown in the Figure 8. Inside the ROV, secondary ca-
libration of the probe could be performed. With this approach it 
reduces unnecessary movement and loss of precious time during 
inspection. Evaluation of the data is performed using INETEC’s 
SignyOne software. Standard C-scan, B-scan and A-scan combi-
nation is used for data evaluation.

IV. Inspection Methodology
INETEC’s approach to ISI of BMNs is result of experience 

on similar inspections and improvements as a result of gathered 
experience and lesson learned.

For the BMN inspection remotely controlled TARGET is used. 
Operator’s workstation is situated outside of the reactor building 
and radiologically controlled area, thus minimizing radiological 
exposure and reducing necessary space reservation inside the 
containment. 

Figure 9. Positioning TARGET on top of BMN

Communication from inside to the outside of the containment 
is done using fiber optics cables through available penetration. 
TARGET is deployed in water with remote docking tool. It is 
pneumatically actuated assembly of rods that are used to transfer 
different INETEC manipulators from their respective stand to the 
water. After the TARGET is submerged into the reactor vessel 
water, remote docking tool is disconnected and the ROV is driven 
down to BMNs by using thruster propulsion system. TARGET 
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VI. conclusion
INETEC developed new remotely controlled TARGET system 

for BMN inspection. Once submerged, it becomes independent 
from polar crane or refuelling bridge, thus reducing unnecessary 
time loss for maintenance operations. Its ease of navigating and 
operating helps it to move quickly on designated BMN. For UT data 
collection, INETEC uses its own Dolphin, phased-array ultrasonic 
instrument with support for all common ultrasonic inspection 
techniques. Furthermore, INETEC developed probe “PRO ULTRA 
TARGET” with multiple variants for different Westinghouse 
type of BMNs. Probe is composed of three pairs of time of flight 
diffraction (TOFD) transducers (one axial and two circumferential) 
and one 0° longitudinal wave probe. Demonstration of examination 
of bottom mounted nozzles was performed and UT technique 
was developed on previously delivered flawed mockups given 
by EPRI. In order to prove theoretical presumptions and newly 
designed probe, INETEC evaluated mockups to document basic 
flaw detection, location capabilities, characterization and length 
and depth sizing on representative mockups. All acquired data 
was evaluated by INETEC and provided to EPRI for independent 
review. Review showed that INETEC demonstrated capabilities 
of the system that satisfied demands for proper flaw detection and 
characterization.
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Bus Split Contingency Analysis Implementation in the 
NetVision DAM EMS

Frano Tomašević, Vlatko Debeljuh, Renata Rubeša, Ana Jukić, Krešimir Mesić, Marko Kodrin

Summary — Implementation of the bus coupler outage scenarios, 
commonly known as bus splitting, in the NetVision DAM energy 
management system (EMS) contingency analysis is presented in this 
paper. In order to identify the bus coupler branches in the network 
model, the existing topology processor was upgraded. The descrip-
tion of the topological algorithm for detection of the bus couplers is 
given. Based on the topology analysis results, calculation subnodes 
are created. Calculation model was modified in order to include the 
bus couplers and the subnodes as the new calculation objects. These 
modifications are fundamental for the introduction of the bus coupler 
outages in the contingency analysis. Implications of the bus coupler 
outages on the load flow mathematical model are discussed. Imple-
mented NetVision DAM solution for the analysis of such outage sce-
narios is presented.  

Keywords —  power system, contingency analysis N-1, bus coupler 
outage, bus splitting

I. Introduction

Reliable security assessment is one of the most important 
tasks in the power system control and planning. Such se-
curity assessments are most often based on the results of 

the contingency analysis calculations for the power system sta-
tionary state. The main objective is the identification of outages 
which could cause the violation of the power system operational 
constraints. Most often the N-1 criterion, in which only the single 
element outages are analysed, is used. However, in certain cases 
multiple outages are also taken into account (N-k criterion), espe-
cially the case of simultaneous outage of two power system objects 
(N-2 criterion).

Contingency analysis is based on the sequential load flow 
calculations for the pre-defined outage scenarios. Generally, such 
scenarios include outages of the overhead transmission lines, high-
voltage power cables, transformers, synchronous generators and 
compensation devices. On the other hand, outages of elements that 
are not explicitly and unambiguously represented in the commonly 
used bus-branch power system calculation model, such as the bus 

coupler circuit breakers, are analysed to a much lesser extent.

The inclusion of the bus coupler outages, also commonly 
known as the bus splitting events, in the contingency analysis 
is becoming more and more important, due to the increasingly 
frequent circuit breakers misoperations [1], [2] or malicious cybe-
rattacks [3] – [7]. The bus coupler circuit breakers states determine 
the topological interpretation of the switchgear, and therefore the 
overall mathematical (calculation) model of the power system [8]. 
The node-breaker representation includes detailed modelling of all 
the substation components. The bus couplers are usually modelled 
as (near) zero impedance lines [9] - [11], and their implementation 
in the contingency analysis is similar to the line outage calculati-
ons. However, the node-breaker model typically involves sparse 
matrices of much larger dimensions due to the significant increa-
se in the number of the nodes [12]. The bus-branch model, on the 
other hand, lacks the detailed substation information, and cannot 
directly include the bus split event in the contingency analysis [12]. 
However, because of its simplicity and efficiency, it is still a most 
commonly used EMS model. 

Additionally, the bus-branch model can be modified in order to 
implement the bus coupler circuit breaker switching actions. The 
bus coupler outage scenario has a specific impact on the mathe-
matical interpretation of the transmission grid topology state (i.e. 
bus admittance matrix), considering it requires the change in the 
number of the bus-breaker model calculation nodes. Therefore, 
the analysis of such scenarios requires the application of different 
mathematical models, in comparison with the conventional outa-
ges, i.e. outages of elements such as the transmission lines or the 
transformers.

Modifications of the topological processor are required in order 
to enable the detection of the active bus couplers, i.e. active circuit 
breakers which represent the connection between the two active 
busbars. If such bus coupler is detected within the station voltage 
level, new subnodes are created and assigned to the corresponding 
calculation node. These subnodes represent only the potential cal-
culation nodes which, in the case of the bus coupler outage, become 
real, and are used as such in the contingency analysis calculations.
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II. Power system modelling
All calculations in the NetVision DAM EMS are based on the 

so-called calculation model, which basically represents the mathe-
matical bus-branch interpretation of a single power system statio-
nary state [13], [14]. The fundamental architecture of such model is 
very simple, as it consists solely of calculation nodes and branches. 
Calculation nodes represent mathematical equivalents of the parts 
of the network which have the same electrical potential. Typically, 
a node represents a substation of a certain nominal voltage which 
includes a group of interconnected sections and fields with the 
substation objects such as busbars, breakers, disconnectors, etc. 
Nodes are interconnected by branches. Branches represent power 
system objects such as the transmission lines, the transformers and 
the high voltage power cables. Other power system elements, such 
as the shunt compensation devices or the fixed impedance loads, 
are also modelled as branches, incident with a single node and the 
ground.

NetVision DAM calculation model is created using the two 
data sources: the network model, and the dynamic data (Fig. 1). 
The network model is a detailed, hierarchical and topologically 
organized representation of all existing power system elements. 
In comparison with the calculation model, it contains significantly 
larger data set. As such, it is generally unsuitable for the direct use 
in the calculations. Therefore, it represents a main source of fixed 
data (parameters) required for the creation of the calculation model 
objects. The dynamic state includes all the real process data, me-
asurements and signals collected from the transmission grid using 
the SCADA system. The working topology of the analysed grid is 
created using the topology processor, based on the collected brea-
ker and the disconnector states. Topology is created using the depth 
first search (DFS) algorithm, firstly on the substation level, and 

then the network level. After the topology is created, the SCADA 
measurements are preprocessed and joined with the corresponding 
calculation model objects. Finally, they are used for the creation 
of the input data vectors for the EMS calculations. Therefore, the 
calculation model is completely defined by the three data groups: 
the topological state, the fixed parameters of the power system ele-
ments, and the input data measurements.

III. Bus coupler identification
The result of the topological analysis is a graph model, which 

is a mathematical model consisting of nodes and branches. Each 
branch connects two nodes, and can be classified as oriented or 
non-oriented. The graph model and the standard graph algorithms 
have been upgraded for the needs of the transmission grid model-
ling and analysis. The basis for all the graph analysis in the NetVi-
sion DAM is the DFS algorithm, which, in its fundamental form, 
detects the connected graph parts, that is the connectivity compo-
nents [16], [17]. The connectivity components are the sets of the 
connected graph nodes, which are used to create the dynamic mod-
el nodes. Modified algorithm detects bridges, separation nodes, 
blocks containing loops, connecting paths, etc.

From each substation voltage level, a corresponding graph is 
formed, in which the circuit breakers and the disconnectors repre-
sent branches connecting the graph nodes (external nodes, ground-
ing, buses, etc.). Unlike the station topology, the network topology 
is defined by the graph in which the branches represent the trans-
mission lines, high-voltage cables and transformers incident with 
the external station nodes. Other objects, such as the generators, 
loads and shunt compensators, are also connected to the external 
station nodes.
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NetVision DAM topology processor has been upgraded in or-
der to detect the bus coupler paths within the substation graph. The 
modified DFS algorithm can be described in two steps:

1. Connection paths from each external connection point to 
busbars are detected. Branches leading from the external 
connection points to the busbars are marked as potential 
bus coupler paths.

2. Using the marked paths (step 1), connection paths from 
each busbar to another are detected. If a path includes a 
circuit breaker branch, it is declared a bus coupler.

First step is necessary in order to detect paths which represent 
disconnectors within bays which are not used as bus couplers.

After the DFS algorithm detects the connection components 
within the substation graph, additional analysis is used for defining 
the calculation subnodes which are connected by the bus coupler. 
Each calculation node with detected bus coupler has at least two 
calculation subnodes.

IV. NetVision DAM contingency analysis
Contingency analysis calculation (N-1/N-2/N-k) is defined as 

a sequence of load flow calculations for predefined outages of a 
single or multiple elements which may endanger the operational 
security of a power system. Taking into account that the number of 
such outage scenarios can be very large, the speed of response can 
be considered as another important criterion, in addition to the ac-
curacy, for the assessment of the quality of the contingency analy-
sis calculations. Therefore, the conventional load flow algorithms, 
such as the Newton-Raphson or the Gauss-Seidel, should not be 
used for such task. In order to satisfy both conditions, modified 
versions of the conventional methods are used, in which the reduc-
tion of the execution time is achieved at the expense of minimal 
accuracy loss. Most often, the fast decoupled load flow (FDLF) is 
used [17].

FDLF is based on several effective simplifications of the stan-
dard Newton-Raphson algorithm, where the differences in the 
models are mostly manifested in the way the Jacobi (sub)matrices 
are calculated [18], [19]. In the FDLF algorithm, the Jacobi matrix 
is calculated only once, at the beginning of the iterative calcula-
tion. With the assumption of the weak coupling between the active 
power and the voltage magnitudes, on the one hand, and the reac-
tive power and the voltage angle on the other, Jacobi submatrices 
J2 (∂P⁄∂V) and J3 (∂Q⁄∂δ) are ignored. In this way the basic load 
flow system of equations can be separated into two independent 
systems. This assumption derives from several characteristics of 
the high-voltage transmission grid. Firstly, the phase angle differ-
ences between two adjacent nodes are very small (cos(δi- δj)≈1). 

Secondly, the resistance and the reactance ratio (r/x), and the con-
ductance and the susceptance ratio (g/b), are also relatively small 
(r⁄x=g⁄b≪1). Additional assumption is that the Gij sin(δi-δj ) ≪ Bij 
and the Qi≪Bii Vi

2. While calculating the voltage angles the voltage 
magnitudes are usually set to the value of 1.0 p.u. Also, the ratios 
of the phase shifting transformers are ignored while calculating the 
voltage magnitudes. The basic mathematical model that follows 
from the above assumptions is given by the following equations:

(1)

(2)

It is important to point out that the Jacobi matrices B’ and B’’ 
are constant, and are calculated and factorized only once in the cal-
culation (for the conventional outage scenarios).

NetVision DAM contingency analysis is calculated for the 
predefined N-1 and N-2 outage scenarios using the FDLF algo-
rithm. The outage scenarios are defined using the appropriate con-
tingency analysis filter, similarly for the on-line and the off-line 
calculations (Fig. 4). Currently, the user can select outages within 
the four groups of the power system elements: transmission lines 
and cables, transformers, generators and bus couplers. The filter 
list contains all the existing transmission grid objects and is cre-
ated from the network model. Therefore, it does not depend on 
the analysed dynamic state. Selected objects which are not active 
in the analysed dynamic state are skipped within the contingency 
analysis. The same applies for the elements for which it is not pos-
sible to obtain the load flow results (i.e. outage of a critical branch 
separating the grid into two islands).

Initial voltage values for each outage are taken from the base 
state (N-0), while the number of the iterations per outage is limited 
by the user settings. If the FDLF does not converge within the set 
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transformers incident with the external station nodes. Other 
objects, such as the generators, loads and shunt compensators, 
are also connected to the external station nodes. 

NetVision DAM topology processor has been upgraded in 
order to detect the bus coupler paths within the substation 
graph. The modified DFS algorithm can be described in two 
steps: 

1. Connection paths from each external connection 
point to busbars are detected. Branches leading 
from the external connection points to the busbars 
are marked as potential bus coupler paths. 

2. Using the marked paths (step 1), connection paths 
from each busbar to another are detected. If a path 
includes a circuit breaker branch, it is declared a bus 
coupler. 

First step is necessary in order to detect paths which represent 
disconnectors within bays which are not used as bus couplers. 

After the DFS algorithm detects the connection components 
within the substation graph, additional analysis is used for 
defining the calculation subnodes which are connected by the 
bus coupler. Each calculation node with detected bus coupler 
has at least two calculation subnodes. 

IV. NETVISION DAM CONTINGENCY ANALYSIS 
Contingency analysis calculation (N-1/N-2/N-k) is defined 

as a sequence of load flow calculations for predefined outages 
of a single or multiple elements which may endanger the 
operational security of a power system. Taking into account that 
the number of such outage scenarios can be very large, the 
speed of response can be considered as another important 
criterion, in addition to the accuracy, for the assessment of the 
quality of the contingency analysis calculations. Therefore, the 
conventional load flow algorithms, such as the Newton-
Raphson or the Gauss-Seidel, should not be used for such task. 
In order to satisfy both conditions, modified versions of the 
conventional methods are used, in which the reduction of the 
execution time is achieved at the expense of minimal accuracy 
loss. Most often, the fast decoupled load flow (FDLF) is used 
[17]. 

FDLF is based on several effective simplifications of the 
standard Newton-Raphson algorithm, where the differences in 
the models are mostly manifested in the way the Jacobi 

(sub)matrices are calculated [18], [19]. In the FDLF algorithm, 
the Jacobi matrix is calculated only once, at the beginning of 
the iterative calculation. With the assumption of the weak 
coupling between the active power and the voltage magnitudes, 
on the one hand, and the reactive power and the voltage angle 
on the other, Jacobi submatrices J2 (∂P⁄∂V) and J3 (∂Q⁄∂δ) are 
ignored. In this way the basic load flow system of equations can 
be separated into two independent systems. This assumption 
derives from several characteristics of the high-voltage 
transmission grid. Firstly, the phase angle differences between 
two adjacent nodes are very small (cos(δi- δj)≈1). Secondly, the 
resistance and the reactance ratio (r/x), and the conductance and 
the susceptance ratio (g/b), are also relatively small 
(r⁄x=g⁄b≪1). Additional assumption is that the Gij sin(δi-δj ) ≪ 
Bij and the Qi≪Bii Vi

2. While calculating the voltage angles the 
voltage magnitudes are usually set to the value of 1.0 p.u. Also, 
the ratios of the phase shifting transformers are ignored while 
calculating the voltage magnitudes. The basic mathematical 
model that follows from the above assumptions is given by the 
following equations: 
 

𝐵𝐵𝐵𝐵′ ⋅ ∆𝛿𝛿𝛿𝛿 =  ∆𝑃𝑃𝑃𝑃 𝑉𝑉𝑉𝑉⁄  (1) 
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It is important to point out that the Jacobi matrices B' and B'' 

are constant, and are calculated and factorized only once in the 
calculation (for the conventional outage scenarios). 

NetVision DAM contingency analysis is calculated for the 

predefined N-1 and N-2 outage scenarios using the FDLF 
algorithm. The outage scenarios are defined using the 
appropriate contingency analysis filter, similarly for the on-line 
and the off-line calculations (Fig. 4). Currently, the user can 
select outages within the four groups of the power system 
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transformers incident with the external station nodes. Other 
objects, such as the generators, loads and shunt compensators, 
are also connected to the external station nodes. 

NetVision DAM topology processor has been upgraded in 
order to detect the bus coupler paths within the substation 
graph. The modified DFS algorithm can be described in two 
steps: 

1. Connection paths from each external connection 
point to busbars are detected. Branches leading 
from the external connection points to the busbars 
are marked as potential bus coupler paths. 

2. Using the marked paths (step 1), connection paths 
from each busbar to another are detected. If a path 
includes a circuit breaker branch, it is declared a bus 
coupler. 

First step is necessary in order to detect paths which represent 
disconnectors within bays which are not used as bus couplers. 

After the DFS algorithm detects the connection components 
within the substation graph, additional analysis is used for 
defining the calculation subnodes which are connected by the 
bus coupler. Each calculation node with detected bus coupler 
has at least two calculation subnodes. 

IV. NETVISION DAM CONTINGENCY ANALYSIS 
Contingency analysis calculation (N-1/N-2/N-k) is defined 

as a sequence of load flow calculations for predefined outages 
of a single or multiple elements which may endanger the 
operational security of a power system. Taking into account that 
the number of such outage scenarios can be very large, the 
speed of response can be considered as another important 
criterion, in addition to the accuracy, for the assessment of the 
quality of the contingency analysis calculations. Therefore, the 
conventional load flow algorithms, such as the Newton-
Raphson or the Gauss-Seidel, should not be used for such task. 
In order to satisfy both conditions, modified versions of the 
conventional methods are used, in which the reduction of the 
execution time is achieved at the expense of minimal accuracy 
loss. Most often, the fast decoupled load flow (FDLF) is used 
[17]. 

FDLF is based on several effective simplifications of the 
standard Newton-Raphson algorithm, where the differences in 
the models are mostly manifested in the way the Jacobi 

(sub)matrices are calculated [18], [19]. In the FDLF algorithm, 
the Jacobi matrix is calculated only once, at the beginning of 
the iterative calculation. With the assumption of the weak 
coupling between the active power and the voltage magnitudes, 
on the one hand, and the reactive power and the voltage angle 
on the other, Jacobi submatrices J2 (∂P⁄∂V) and J3 (∂Q⁄∂δ) are 
ignored. In this way the basic load flow system of equations can 
be separated into two independent systems. This assumption 
derives from several characteristics of the high-voltage 
transmission grid. Firstly, the phase angle differences between 
two adjacent nodes are very small (cos(δi- δj)≈1). Secondly, the 
resistance and the reactance ratio (r/x), and the conductance and 
the susceptance ratio (g/b), are also relatively small 
(r⁄x=g⁄b≪1). Additional assumption is that the Gij sin(δi-δj ) ≪ 
Bij and the Qi≪Bii Vi

2. While calculating the voltage angles the 
voltage magnitudes are usually set to the value of 1.0 p.u. Also, 
the ratios of the phase shifting transformers are ignored while 
calculating the voltage magnitudes. The basic mathematical 
model that follows from the above assumptions is given by the 
following equations: 
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transformers incident with the external station nodes. Other 
objects, such as the generators, loads and shunt compensators, 
are also connected to the external station nodes. 

NetVision DAM topology processor has been upgraded in 
order to detect the bus coupler paths within the substation 
graph. The modified DFS algorithm can be described in two 
steps: 

1. Connection paths from each external connection 
point to busbars are detected. Branches leading 
from the external connection points to the busbars 
are marked as potential bus coupler paths. 

2. Using the marked paths (step 1), connection paths 
from each busbar to another are detected. If a path 
includes a circuit breaker branch, it is declared a bus 
coupler. 

First step is necessary in order to detect paths which represent 
disconnectors within bays which are not used as bus couplers. 

After the DFS algorithm detects the connection components 
within the substation graph, additional analysis is used for 
defining the calculation subnodes which are connected by the 
bus coupler. Each calculation node with detected bus coupler 
has at least two calculation subnodes. 

IV. NETVISION DAM CONTINGENCY ANALYSIS 
Contingency analysis calculation (N-1/N-2/N-k) is defined 

as a sequence of load flow calculations for predefined outages 
of a single or multiple elements which may endanger the 
operational security of a power system. Taking into account that 
the number of such outage scenarios can be very large, the 
speed of response can be considered as another important 
criterion, in addition to the accuracy, for the assessment of the 
quality of the contingency analysis calculations. Therefore, the 
conventional load flow algorithms, such as the Newton-
Raphson or the Gauss-Seidel, should not be used for such task. 
In order to satisfy both conditions, modified versions of the 
conventional methods are used, in which the reduction of the 
execution time is achieved at the expense of minimal accuracy 
loss. Most often, the fast decoupled load flow (FDLF) is used 
[17]. 

FDLF is based on several effective simplifications of the 
standard Newton-Raphson algorithm, where the differences in 
the models are mostly manifested in the way the Jacobi 

(sub)matrices are calculated [18], [19]. In the FDLF algorithm, 
the Jacobi matrix is calculated only once, at the beginning of 
the iterative calculation. With the assumption of the weak 
coupling between the active power and the voltage magnitudes, 
on the one hand, and the reactive power and the voltage angle 
on the other, Jacobi submatrices J2 (∂P⁄∂V) and J3 (∂Q⁄∂δ) are 
ignored. In this way the basic load flow system of equations can 
be separated into two independent systems. This assumption 
derives from several characteristics of the high-voltage 
transmission grid. Firstly, the phase angle differences between 
two adjacent nodes are very small (cos(δi- δj)≈1). Secondly, the 
resistance and the reactance ratio (r/x), and the conductance and 
the susceptance ratio (g/b), are also relatively small 
(r⁄x=g⁄b≪1). Additional assumption is that the Gij sin(δi-δj ) ≪ 
Bij and the Qi≪Bii Vi

2. While calculating the voltage angles the 
voltage magnitudes are usually set to the value of 1.0 p.u. Also, 
the ratios of the phase shifting transformers are ignored while 
calculating the voltage magnitudes. The basic mathematical 
model that follows from the above assumptions is given by the 
following equations: 
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transformers incident with the external station nodes. Other 
objects, such as the generators, loads and shunt compensators, 
are also connected to the external station nodes. 

NetVision DAM topology processor has been upgraded in 
order to detect the bus coupler paths within the substation 
graph. The modified DFS algorithm can be described in two 
steps: 

1. Connection paths from each external connection 
point to busbars are detected. Branches leading 
from the external connection points to the busbars 
are marked as potential bus coupler paths. 

2. Using the marked paths (step 1), connection paths 
from each busbar to another are detected. If a path 
includes a circuit breaker branch, it is declared a bus 
coupler. 

First step is necessary in order to detect paths which represent 
disconnectors within bays which are not used as bus couplers. 

After the DFS algorithm detects the connection components 
within the substation graph, additional analysis is used for 
defining the calculation subnodes which are connected by the 
bus coupler. Each calculation node with detected bus coupler 
has at least two calculation subnodes. 

IV. NETVISION DAM CONTINGENCY ANALYSIS 
Contingency analysis calculation (N-1/N-2/N-k) is defined 

as a sequence of load flow calculations for predefined outages 
of a single or multiple elements which may endanger the 
operational security of a power system. Taking into account that 
the number of such outage scenarios can be very large, the 
speed of response can be considered as another important 
criterion, in addition to the accuracy, for the assessment of the 
quality of the contingency analysis calculations. Therefore, the 
conventional load flow algorithms, such as the Newton-
Raphson or the Gauss-Seidel, should not be used for such task. 
In order to satisfy both conditions, modified versions of the 
conventional methods are used, in which the reduction of the 
execution time is achieved at the expense of minimal accuracy 
loss. Most often, the fast decoupled load flow (FDLF) is used 
[17]. 

FDLF is based on several effective simplifications of the 
standard Newton-Raphson algorithm, where the differences in 
the models are mostly manifested in the way the Jacobi 

(sub)matrices are calculated [18], [19]. In the FDLF algorithm, 
the Jacobi matrix is calculated only once, at the beginning of 
the iterative calculation. With the assumption of the weak 
coupling between the active power and the voltage magnitudes, 
on the one hand, and the reactive power and the voltage angle 
on the other, Jacobi submatrices J2 (∂P⁄∂V) and J3 (∂Q⁄∂δ) are 
ignored. In this way the basic load flow system of equations can 
be separated into two independent systems. This assumption 
derives from several characteristics of the high-voltage 
transmission grid. Firstly, the phase angle differences between 
two adjacent nodes are very small (cos(δi- δj)≈1). Secondly, the 
resistance and the reactance ratio (r/x), and the conductance and 
the susceptance ratio (g/b), are also relatively small 
(r⁄x=g⁄b≪1). Additional assumption is that the Gij sin(δi-δj ) ≪ 
Bij and the Qi≪Bii Vi

2. While calculating the voltage angles the 
voltage magnitudes are usually set to the value of 1.0 p.u. Also, 
the ratios of the phase shifting transformers are ignored while 
calculating the voltage magnitudes. The basic mathematical 
model that follows from the above assumptions is given by the 
following equations: 
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are constant, and are calculated and factorized only once in the 
calculation (for the conventional outage scenarios). 

NetVision DAM contingency analysis is calculated for the 

predefined N-1 and N-2 outage scenarios using the FDLF 
algorithm. The outage scenarios are defined using the 
appropriate contingency analysis filter, similarly for the on-line 
and the off-line calculations (Fig. 4). Currently, the user can 
select outages within the four groups of the power system 

 
Fig. 3. Calculation subnodes for Ernestinovo 400 kV calculation node 

 
Fig. 4. Defining the N-1/N-2 outage scenarios in the NetVision DAM filter 

 
Fig. 5. Contingency analysis parameters in the NetVision DAM 

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

3 

transformers incident with the external station nodes. Other 
objects, such as the generators, loads and shunt compensators, 
are also connected to the external station nodes. 

NetVision DAM topology processor has been upgraded in 
order to detect the bus coupler paths within the substation 
graph. The modified DFS algorithm can be described in two 
steps: 

1. Connection paths from each external connection 
point to busbars are detected. Branches leading 
from the external connection points to the busbars 
are marked as potential bus coupler paths. 

2. Using the marked paths (step 1), connection paths 
from each busbar to another are detected. If a path 
includes a circuit breaker branch, it is declared a bus 
coupler. 

First step is necessary in order to detect paths which represent 
disconnectors within bays which are not used as bus couplers. 

After the DFS algorithm detects the connection components 
within the substation graph, additional analysis is used for 
defining the calculation subnodes which are connected by the 
bus coupler. Each calculation node with detected bus coupler 
has at least two calculation subnodes. 

IV. NETVISION DAM CONTINGENCY ANALYSIS 
Contingency analysis calculation (N-1/N-2/N-k) is defined 

as a sequence of load flow calculations for predefined outages 
of a single or multiple elements which may endanger the 
operational security of a power system. Taking into account that 
the number of such outage scenarios can be very large, the 
speed of response can be considered as another important 
criterion, in addition to the accuracy, for the assessment of the 
quality of the contingency analysis calculations. Therefore, the 
conventional load flow algorithms, such as the Newton-
Raphson or the Gauss-Seidel, should not be used for such task. 
In order to satisfy both conditions, modified versions of the 
conventional methods are used, in which the reduction of the 
execution time is achieved at the expense of minimal accuracy 
loss. Most often, the fast decoupled load flow (FDLF) is used 
[17]. 

FDLF is based on several effective simplifications of the 
standard Newton-Raphson algorithm, where the differences in 
the models are mostly manifested in the way the Jacobi 

(sub)matrices are calculated [18], [19]. In the FDLF algorithm, 
the Jacobi matrix is calculated only once, at the beginning of 
the iterative calculation. With the assumption of the weak 
coupling between the active power and the voltage magnitudes, 
on the one hand, and the reactive power and the voltage angle 
on the other, Jacobi submatrices J2 (∂P⁄∂V) and J3 (∂Q⁄∂δ) are 
ignored. In this way the basic load flow system of equations can 
be separated into two independent systems. This assumption 
derives from several characteristics of the high-voltage 
transmission grid. Firstly, the phase angle differences between 
two adjacent nodes are very small (cos(δi- δj)≈1). Secondly, the 
resistance and the reactance ratio (r/x), and the conductance and 
the susceptance ratio (g/b), are also relatively small 
(r⁄x=g⁄b≪1). Additional assumption is that the Gij sin(δi-δj ) ≪ 
Bij and the Qi≪Bii Vi

2. While calculating the voltage angles the 
voltage magnitudes are usually set to the value of 1.0 p.u. Also, 
the ratios of the phase shifting transformers are ignored while 
calculating the voltage magnitudes. The basic mathematical 
model that follows from the above assumptions is given by the 
following equations: 
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number of iterations, however all the calculated electrical values 
are within the set boundaries, the calculation continues with the 
next outage. If some of the values are not within the set boundaries, 
the calculation continues till the convergence criteria is met. In this 
way, it is possible to quickly check and eliminate those outages that 
do not pose a danger to the system.

Calculation results for the outage scenarios in which some of 
the set constraints are violated are presented in the alarm interface 
(Fig. 6.). The results include the identification data of the outaged 
object, the object with the determined constraint violations, includ-
ing the load flow results before and after the outage.

V. Contingency analysis N-1 for bus coupler 
outages

Bus couplers connect busbar systems in the substation switch-
gear which have double or multiple busbars. The status of the bus 
coupler circuit breaker (active/inactive) defines the topological in-
terpretation of the analysed substation state. In case of the active 
bus coupler (Fig. 7.), the incident busbars W1 and W2 are at the 
same electric potential, so the result of the topological analysis is 
only one computational node – N1, incident with three calculation 
branches L1 – L3.

In case of inactive bus coupler (Fig. 8.), the final result of the 
topological analysis are two separated calculation nodes – N1 and 
N2, where N1 is incident with branches L1 and L3, and N2 with 
branch L2.

N-1 contingency analysis calculations for the bus coupler 
outages require a change in the number of the calculation nodes. 
Therefore, mathematical models are significantly more complex in 
comparison with other outage scenarios. In addition, standard cal-
culation model does not contain the bus coupler as an independent 
calculation object, as it is usually an invisible part of the calculation 
node (Fig. 7.).

Modifications of the NetVision DAM topological processor 
and the calculation model enabled the identification of the bus 
couplers and the creation of calculation subnodes. Calculation sub-
node and the bus coupler data are stored within the extended data 
of the associated calculation node. In case of a bus coupler outage, 
the subnodes are transformed from the potential to the real calcula-
tion nodes, while the original calculation node is removed from the 
calculation model. In this way, all the prerequisites for the contin-
gency calculation are provided directly in the calculation model. 
Bus coupler outages are selected within the filter list, in the same 
way as all the other N-1 objects (Fig. 9.).

A change in the calculation node list requires a significant 
modification of the whole calculation model. Considering the 
implementation issues solely, much simpler approach would be to 
directly change the dynamic state, i.e. the topology state of the net-
work model, and then create the new calculation model [20], [21]. 
However, such approach would be burdensome, and would require 
much longer time of execution. Therefore, it is more acceptable 
to make such changes directly on the calculation model, by resiz-
ing and recalculating (input and output) vectors and matrices Y, B’ 
and B’’. Modifications of the vectors and matrices are additionally 
conditioned by the types of the new nodes (PV, PQ, REF). Modifi-
cations of the FDLF model are illustrated by equations (3) and (4).

In case of the bus coupler outage in the node k (red), two new 
nodes (green) are created from the predefined subnodes, and the 
initial parent node is removed from the model. Initial Jacobi matri-
ces B’ and B’’ need to be modified and refactored, which is the most 
demanding and the most time-consuming part of the calculation.
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elements: transmission lines and cables, transformers, 
generators and bus couplers. The filter list contains all the 
existing transmission grid objects and is created from the 
network model. Therefore, it does not depend on the analysed 
dynamic state. Selected objects which are not active in the 
analysed dynamic state are skipped within the contingency 
analysis. The same applies for the elements for which it is not 
possible to obtain the load flow results (i.e. outage of a critical 
branch separating the grid into two islands). 

Initial voltage values for each outage are taken from the base 
state (N-0), while the number of the iterations per outage is 
limited by the user settings. If the FDLF does not converge 
within the set number of iterations, however all the calculated 
electrical values are within the set boundaries, the calculation 
continues with the next outage. If some of the values are not 
within the set boundaries, the calculation continues till the 
convergence criteria is met. In this way, it is possible to quickly 
check and eliminate those outages that do not pose a danger to 
the system. 

Calculation results for the outage scenarios in which some of 
the set constraints are violated are presented in the alarm 

interface (Fig. 6.). The results include the identification data of 
the outaged object, the object with the determined constraint 
violations, including the load flow results before and after the 
outage. 

V. CONTINGENCY ANALYSIS N-1 FOR BUS COUPLER OUTAGES 
Bus couplers connect busbar systems in the substation 

switchgear which have double or multiple busbars. The status 
of the bus coupler circuit breaker (active/inactive) defines the 
topological interpretation of the analysed substation state. In 
case of the active bus coupler (Fig. 7.), the incident busbars W1 
and W2 are at the same electric potential, so the result of the 
topological analysis is only one computational node – N1, 
incident with three calculation branches L1 – L3. 
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VI. Conclusion
Implementation of the bus coupler outage scenarios in the N-1 

contingency analysis requires specific modifications of the calcu-
lation model. In order to identify the bus couplers in the network 
model, the topology processor was upgraded. If the bus couplers 
have been identified, new calculation objects – subnodes, are cre-
ated based on the topology analysis results. Subnodes are potential 
nodes, which transform into real ones when the incident bus cou-
pler is not active. The basic subnode data (i.e. branch and node 
object incidents) is stored within the calculation node data. In this 
way, just by modifying the existing calculation model, all the basic 
prerequisites for the implementation of the bus coupler outages in 
the contingency analysis N-1 are met. The mathematical analysis 
of the bus coupler outage scenario requires the modifications of the 
input matrices and vectors, whereby their dimensions increase due 
to the increase of the number of the calculation nodes. The need for 
the refactorization of the Jacobi matrices is the main drawback of 
this mathematical approach. However, this solution is superior to 
the alternative in which the calculation model is not modified, but 
instead created from the scratch, with the status of the analysed bus 
coupler set to inactive. This approach would require much longer 
execution time, and as such would therefore be inapplicable.
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selected within the filter list, in the same way as all the other N-
1 objects (Fig. 9.). 

A change in the calculation node list requires a significant 
modification of the whole calculation model. Considering the 
implementation issues solely, much simpler approach would be 
to directly change the dynamic state, i.e. the topology state of 
the network model, and then create the new calculation model 
[20], [21]. However, such approach would be burdensome, and 
would require much longer time of execution. Therefore, it is 
more acceptable to make such changes directly on the 
calculation model, by resizing and recalculating (input and 

output) vectors and matrices Y, B' and B''. Modifications of the 
vectors and matrices are additionally conditioned by the types 
of the new nodes (PV, PQ, REF). Modifications of the FDLF 
model are illustrated by equations (3) and (4). 

In case of the bus coupler outage in the node k (red), two new 
nodes (green) are created from the predefined subnodes, and the 
initial parent node is removed from the model. Initial Jacobi 
matrices B' and B'' need to be modified and refactored, which 
is the most demanding and the most time-consuming part of the 
calculation. 
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∆𝑄𝑄𝑄𝑄1

𝑉𝑉𝑉𝑉1
⋮

∆𝑄𝑄𝑄𝑄𝑘𝑘𝑘𝑘
(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛 1)

∆𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘
(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛 1)

∆𝑄𝑄𝑄𝑄𝑘𝑘𝑘𝑘+1
(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛 2)

∆𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘+1
(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛 2)

⋮
∆𝑄𝑄𝑄𝑄𝑛𝑛𝑛𝑛−𝑔𝑔𝑔𝑔

𝑉𝑉𝑉𝑉𝑛𝑛𝑛𝑛−𝑔𝑔𝑔𝑔

�

�

�

�

 (4) 

 

VI. CONCLUSION 
Implementation of the bus coupler outage scenarios in the N-

1 contingency analysis requires specific modifications of the 
calculation model. In order to identify the bus couplers in the 
network model, the topology processor was upgraded. If the bus 
couplers have been identified, new calculation objects – 
subnodes, are created based on the topology analysis results. 
Subnodes are potential nodes, which transform into real ones 
when the incident bus coupler is not active. The basic subnode 
data (i.e. branch and node object incidents) is stored within the 
calculation node data. In this way, just by modifying the 
existing calculation model, all the basic prerequisites for the 
implementation of the bus coupler outages in the contingency 
analysis N-1 are met. The mathematical analysis of the bus 
coupler outage scenario requires the modifications of the input 
matrices and vectors, whereby their dimensions increase due to 
the increase of the number of the calculation nodes. The need 
for the refactorization of the Jacobi matrices is the main 
drawback of this mathematical approach. However, this 
solution is superior to the alternative in which the calculation 

model is not modified, but instead created from the scratch, 
with the status of the analysed bus coupler set to inactive. This 
approach would require much longer execution time, and as 
such would therefore be inapplicable. 
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