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	This paper introduces a study of utilizing solar energy farm, integrated with the national grid, according to an intensive data availability of solar energy in Jordan. This study discusses the impact and the ability of integrating solar farms into the Jordanian national grid, considering different cases and, various power system studies for connection points of solar farms to medium voltage networks. Among these studies are short circuit level, voltage profile and power losses. The major objective of the study is to analyze the impacts of integration of solar farms on distribution systems in the chosen areas. Photovoltaic (PV) system with varying penetration levels are integrated at different locations (connection points) into the distribution network. Calculations are performed and models are built using real data obtained from the Jordanian power system with PV interconnection. The effects of the short circuit level, voltage profile and power losses in the distribution system are also analyzed. Finally, the most suitable method of connecting the solar farm to the national power network is recommended
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1. INTRODUCTION 
Jordan is a key country in the Middle East region. Much of its budget is intended to import oil from several countries. The problem worsens year after year due to population growth and increasing demand for electricity. Therefore, the search for alternative sources of energy has become an imminent issue in Jordan [1, 2, and 3].
Jordan's current energy production process is highly dependent on fossil fuels. From 2014 the oil reserves of Jordan were estimated to be around 1 million barrels, while natural gas reserves were estimated to be around 200 billion cubic feet [4]. The relatively low fossil fuel resources force the country to import most of the fuel needed for electrical generation; 88% of Jordan's electricity production is supported by importing fossil fuels, while local fossil fuel production accounts for only 2% of the country's demand. The import of fossil fuels has proved to be an exhausting economic burden for Jordan, as it accounts for almost 40% of the country's budget [5]. Due to the ever-changing political situation in the Middle East, the energy security of Jordan is constantly threatened as it imports significant amounts of oil from Iraq And natural gas from Egypt through the Arab Gas Pipeline (AGP) through Sinai and Syria. In recent years, the political instability of Syria and Sinai has led to a dramatic decline in Jordan's gas import from 89 billion cubic feet to 17 billion cubic feet and effectively caused [6, 7]

In line with the global technological advances inexploiting renewable energy resources, the Ministry ofEnergy and Mineral Resources (MEMR) of Jordan is keen tofacilitate the integration of electricity generation using solarand wind energy to the national grid. This is very significantas it will contribute in reducing the reliance on externalenergy sources and creating economically feasiblealternatives to reduce the total energy bill without anyadverse effects on the energy efficiency or the localcommunity [8].
In a conventional large electric power system, the central generatorsfeed the interconnected transmission system through their step-uptransformers and the power being extracted from this high-voltage(HV) network passes through a series of transformers to thedistribution network to ultimately reach the clients demand.Inevitably, these power flows induce important losses that canreach the rate of 13%.Distributed generation (DG) integration, undoubtedly, aims tominimise power losses as it is preferably allocated near thedemand side, whereas nearby nodal voltages are improved withthe reactive power compensation. However, the sizing andallocation of DG technologies into medium and low voltage (MV/LV) grids creates a number of technical issues [9, 10].

The installation and connection of large scale renewable energy plants is not a newly emerged issue in most developed countries. According to the International Energy Agency (IEA), there are about 20 utility-scale plants of over100 MW capacities in the world mostly in China and in the United States. A considerable number of vendors are participating in renovating the technology that converts the solar radiation or the wind potential into useful electrical energy [7]. The market is full of competitors; encouraging vendors looking for a toehold in the market to continuously develop their products toward enhancing the conversion efficiency and the quality of electrical power output. In view of that, different operational performances are expected from different technology providers. Both the provider and the grid operator (transmission or distribution) have to ensure the connection suitability of the PV or Wind plant to the electrical grid. The Transmission System Operator(TSO) in Jordan, as most of the other TSOs worldwide, issues the technical requirements that shall be fulfilled by any renewable energy plants (REPs )willing to connect to the grid. These requirements are usually defined in the ‘Grid Code’ or in a separate connection agreement [8]. To avoid costly design variation after installation, the REP technical performance is simulated and tested to be compliant with  the relevant technical requirements in the design or pre-design phase. The Special simulation software is capable of modeling both the REP and the electrical grid, and thus examines the performance of the plant in advance, prior to the on-site testing during the commissioning phase. [11,12,13,14]. 
In this paper, the impact of connecting large-scale PVPson the grid power losses, voltage profile, and short circuit current levels of the national grid of Jordan are examined. Load flow and short circuit studies have been carried using ETAP software.

2. NATIONAL GRID OF JORDAN
Jordan is interconnected through 400 KV and 132kVnational grid. The 400 KV lines form a long corridor that extends from Aqaba in the South to Irbid in the far North.The 132 KV lines share the routes of the 400 KV lines but is more divergent to reach further areas of Jordan. The demand for electricity reaches more than 50% in the central area of the Kingdom, where congestion in the bulk substations there. While around 25% of the demand is located in the North, around 20% in the south and no more than 5% in the East. Figure 1 shows the Winter, Spring and Summer daily load curves in selected days in the year 2015.[15]The load reaches a minimum value before sunrise, then a morning peak around midday, and an evening peak just after the sunset.
[image: ]
Figure 1.Daily load curves of Jordan System

3. RENEWABLE ENERGY POTENTIALS
Jordan is located in the solar belt of the world, thus it has the potential to generate at least 1000Gwh annually [16].  In a recent report by the International Renewable Energy Agency [17], the cost of electricity generated by concentrating solar power (CSP) could be as low as $0.14/kWh if the storage period is less than six hours. Compare this to a cost of $0.13/kWh for a Conventional natural gas burning combustion turbine, $0.20/kWh for offshore wind turbines and, around $0.1/kWh for advanced nuclear [18]. The low cost of solar power generation paired with Jordan’s solar potential makes Jordan’s reliance on renewable energy feasible [19]. Jordan is renowned by a relatively high solar irradiation that reaches more than 2200 kWh/m2/yr in the southern area of the kingdom and more than 2000 kWh/m2/yr in the eastern area [20].Utility-scale PVPs under such climatic conditions would be able to produce electrical power with a very competitive levelized cost of energy considering system costs and costs of capital. The wind speed potential in Jordan is also of a remarkable interest. The wind speed reaches an average value between 5-7 m/s (at 100m height) in most of the areas, and has its highest values in the southern and eastern areas of the kingdom. Accordingly, the eastern and southern areas fit mostly in terms of solar radiation, wind speed and land availability. Figure 2 shows the solar radiation map of Jordan [21].

This research presents two scenarios with identical PV systems but with different connection points to the distribution network. The first connection was to 33kV Ma'an substation bus, whereas the second two 11kVbus. The different scenarios are simulated using Energy Technology Assistance Program (ETAP), and then the effects of integration the solar farms into the grid are analyzed and evaluated.
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Figure 2. Solar radiation map of Jordan


4. SYSTEM CONFIGURATION MODEL
The system configuration model was built using ETAP 11and it’s shown in Figure 3.
[image: ]
Figure 3. System Model Configuration

The system is composed of electrical grids and PV solar plant. The output of the PV panels is DC, which is then converted to AC using an inverter connected to the AC bus to which the electrical load is connected.

4.1. Solar Data for the selected site
The data obtained is shown in Table 1 and illustrated in Figure 4. The average solar radiation is about 6.2 kWh/m² per day, which is quite high value and suitable for electrical power generation.



Table 1. The monthly average of global horizontal irradiation and air temperature for the considered site in Ma'an

	Month
	Ghm
	Ghd
	Dhd
	T24

	Jan
	115
	3.70
	1.10
	6.5

	Feb
	134
	4.77
	1.36
	7.9

	Mar
	193
	6.21
	1.60
	11.4

	Apr
	213
	7.10
	2.10
	16.6

	May
	249
	8.04
	2.08
	20.6

	Jun
	263
	8.77
	1.73
	23.3

	jul
	264
	8.52
	1.65
	24.7

	Aug
	242
	7.82
	1.76
	24.7

	Sep
	204
	6.80
	1.57
	22.5

	Oct
	164
	5.28
	1.56
	18.9

	Nov
	122
	4.07
	1.18
	13.1

	Dec
	102
	3.28
	0.95
	8.4

	year
	2265
	6.20
	1.55
	16.6




Where (long term monthly averages): Ghm:Monthly sum of global irradiation [kWh/m2] , Ghd: Daily sum of global irradiation [kWh/m2] , Dhd: Daily sum of diffuse irradiation [kWh/m2] , T24: Daily (diurnal) air temperature [°C]
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Figure.4. The monthly averages of global horizontal irradiation and air temperature for the site in Ma'an

4.2 PV system Description
The Suniva solar module ART245-60-3-1PV was chosen for modeling, since it is well suited for traditional applications of photovoltaic systems [20]. The key specifications are shown in Table 2 below.

Table 2 SunivaPanel characteristics (Suniva ART245-60-3-1PV Panel data sheet)
	UNIT
	VALUES
	The SunivaART245-60-3-1 PV DATA

	W
	239.7
	Nominal power [Pnom]

	V
	30.65
	Voltage at Nominal Power [Vmpp]

	A
	7.82
	Current at Nominal Power[Impp]

	V
	37.08
	Open-circuit Voltage[Voc]

	A
	8.33
	Short-circuit Current[Isc]

	% /C°
	-0.332
	Voltage Temperature Coefficient

	% /C°
	0.036
	Current Temperature Coefficient

	%
	14.9
	Module Efficiency

	Cm
	165.3
	Length

	Cm
	98.2
	Width

	m²
	1.62
	Area



This PV solar system consists of 18PV arrays. Each array contains 6969 solar panels, with output 239.7 watt for each panel connecting 23 solar panels in series which is called string to get 704.95 V and 303 in parallel to get 1670 kWDC and current with 2369.46 A. These data are used in the SMA central inverter with 2000 KVA and unity power factor output. Table 3shows the technical data for the inverter.

Table 3. Technical data for MV power station 2000sc
	UNIT
	VALUES
	The SMA central inverter data

	kW
	2244
	Max. DC power

	V
	1000
	Max. input voltage

	V
	688
	Rated input voltage

	A
	3270
	Max. input current

	KVA
	2000
	Output rated power

	kV
	6.6-35
	Nominal AC voltage

	Hz
	50
	Ac power frequency

	A
	64
	Max. output current at 20 KV

	%
	97.6
	Max. efficiency




The inverters connected to 33kV bus bar which is suitable to their output voltage.The PV- power plant with output 30 MVA at unity power factor is connected to the national power grid to 33 kV Ma'ansubstation.

4.3Distribution Network Description
The distribution network of Ma'an is fed from the power grid of 132kV through three 16MVA step down transformers (132 /33 kV) to supply the town's load.





5. SIMULATION USING ETAP

	Energy technology assistance program (ETAP) is used to simulate the PV solar system integrated with the grid [23]. ETAP is the most comprehensive analysis platform for the design, simulation, operation, and automation of generation, distribution, and industrial power systems. In this paper three cases are studied and analyzed

5.1. Case I: Electrical Distribution Network without PV Solar System

Case I considers Ma'an electric distribution network which is fed from the transmission grid operated by NEPCO [24]. Figure 5 shows the single line diagram of electric distribution network
[image: ]
Figure 5. Single line diagram of Ma'an distribution network

[image: ]The load flow of the distribution network is shown in Figure 6:
Figure 6. Load flow of the distribution network of Ma'an

5.1.2 Case II: PV Solar System is connected to 33kV Bus Bar at Average Load.

[image: C:\Users\ahmad\Desktop\New folder\photos\14.PNG]Case II consists of the distribution system with the solar plant 33 kV bus bar near the grid. Figure 7 shows the single line diagram of this case: 

Figure7. ETAP single line diagram for case II.

[image: C:\Users\ahmad\Desktop\New folder\photos\15.PNG]The load flow for the transformers and distribution lines is shown in Figure 8.

Figure8. ETAP load flow diagram for case II


5.1.3 Case III: PV Solar System is connected to 11kV Bus Bar at Average Load. 

	Case III consists of the distribution system with solar plant connected to the side of 11 kV bus bar and Figure 9 shows the single line diagram of this case.
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Figure 9. ETAP single line diagram for case III

[image: C:\Users\ahmad\Desktop\New folder\photos\17.PNG]The load flow for the transformers and distribution lines is shown in Figure 10.

Figure 9. ETAP load flow diagram for case III.


6.  RESULTS AND ANALYSIS

6.1 Impact of PV System on Power Losses Values
	A large penetration ofdistributed PV solar generation can be used to alleviateoverloads on highly loaded distribution feeders and releasecapacity on these feeders and substation transformers. This allows distribution planners to defer capital investments toother areas. Total distribution power losses can be minimized. [25, 26] According to the analysis of simulated results, the total power losses through the branches are shown in table 4 for the three cases. In case of connecting solar plant to the 33 kV bus bar, the power losses are decreased slightly compared to the normal system's losses, and when connecting the solar plant on 11 kV bus bar, the total losses decrease clearly with comparison to the normal system's losses. Figure 11 illustrates the power losses versus the penetration rate of the solar PV system.

Table 4: Power losses of the power network for different cases
	Penetration rate %

	Active power losses, 33kV connection point [MW]
	Active power losses ,
11kV connection point [MW]

	0
	55.68
	55.68

	16
	55.518
	55.496

	33.3
	55.37
	55.34

	50
	55.236
	55.21

	66.6
	55.115
	55.106

	83
	55.007
	55.028

	100
	54.912
	54.978





Figure11.Active power losses versus penetration rate of PVs.

6.2 Impact of PV system on voltage Variation

	Due to the high penetration of the solar  PV system poses a major concern on distribution network  is high steady state voltage generation. Depending on the network characteristics and the location of the PV system ,the effect of the voltage varies.[27,28,29]
In this paper, a load flow analysis of the distribution network is performed for various cases (3cases). Table 5 shows bus voltages in percentage of the distribution network for the three different cases. Figure 12 illustrates the voltage profile versus the penetration rate of the solar PV system.

Table 5: Bus voltages in percentage of the distribution network for different cases
	Penetration rate %

	Load bus voltage%  ,33 kV connection point
	Load bus voltage%,11kV
connection point

	0
	96.890
	96.890

	16
	97.209
	97.491

	33.3
	97.506
	97.980

	50
	97.78
	98.359

	66.6
	98.032
	98.629

	83
	98.261
	98.791

	100
	98.468
	98.842





Figure 12. Voltage profile with various PV installation capacities.

6.3 Impact of the installation PV system on the short circuit current level

	Distribution network with the presence of solar PV sources is subject to some protection problems such as variations in the short circuit current levels, fault currents magnitudes and directions. [30, 31, 32].According to the short circuit calculations the peak and steady state values of three phase short circuit current are determined. The results are shown in Tables6 and 7 in the studied cases.Figures13 and 14 illustrate the short circuit current levels before and after a PV system connection on 33kV and 11kV buses. 

Table 6: the short circuit current levels before and after PV system connection with  33kV buses.
	

	Bus ID
	
Nominal kV
	
Peak Value[kA]
	
Steady State [kA]

	Original system
	Ma'an Bus 33KV
	33
	13.706
	5.527

	After adding solar farm ,33kv connection point
	Ma'an Bus 33KV
	33
	13.617
	5.638

	After adding  solar farm ,11kv connection point
	Ma'an Bus 33KV
	33
	14.139
	5.917





Table 7: the short circuit current levels before and after PV system connected with  11kV buses.
	 
	Bus ID
	
Nominal kV  
	
Peak Value[kA]
	
Steady State [kA]

	Original system
	Bus 3
	11
	19.003
	7.56

	After adding solar farm ,33kv connection point
	Bus 3
	11
	18.993
	7.647

	After adding solar farm ,11kv connection point
	Bus 3
	11
	19.502
	8.435






Figure 13. Short circuit current levels before and after PV system connection to 33 and 11kV buses.




Figure 14. the short circuit current levels before and after PV system connection on 11kV buses.  


7. 	Conclusion
	This paper discusses electricity production in Jordan, using renewable energy sources in distributed generation systems. The system was designed and simulated using ETAPsoftware. Also in this paper, the impact of connecting large scale solar PV energy plants to the national grid of Jordan has been investigated. Load flow analysis has been carried out.The effect of increasing the penetration levels of solar PVs , during normal conditions, on the voltage profile ,power losses and the short circuit current level under faults  has been analyzed and evaluated. After selecting the suitable site for PV solar plant presented by Ma'an town, A PV plant of 18 arrays with (6969) panels for each array were needed in order to cover the demand of the loads connected to the system. Implementation of PV solar system slightly reduces the power losses and hence can be benefited from all of the systems produced energy. It provides a better network voltage profile on the distribution network elements, especially when the PV solar system is connected to the grid near the center of electrical loads. This is important for improving the voltage stability of the system, especially during deep reactive power consumption. The addition of PV system reduces the chance of voltage collapse.  The short circuit current levels are slightly increased in the grid.and should be considered for protection settings.
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Steady State [KA]	
original system	after added solar farm ,33kv connection point	after added solar farm ,11kv connection point	5.5269999999999975	5.6379999999999955	5.9169999999999998	

Steady State [KA],11kv shorted bus
Steady State [KA]	
original system	after added solar farm,33kv connection point	after added solar farm,11kv connection point	7.56	7.6469999999999985	8.4350000000000005	
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