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Abstract:



Underwater grounding methods could be applied in deep water for grounding a floating PV (photovoltaic) system. However, the depth at which the electrodes should be located is a controversial subject. In this study, grounding resistance was measured for the first time by analyzing the water temperature at different water depths in an area where a floating PV system is installed. The theoretical calculation of the grounding resistance has a maximum error range of 8% compared to the experimentally measured data. In order to meet the electrical safety standards of a floating PV system, a number of electrodes were connected in parallel. In addition, the distance between electrodes and number of electrodes were considered in the test to obtain a formula for the grounding resistance. In addition, the coefficient of corrosion was obtained from an electrode installed underwater a year ago, and it was added to the formula. Through this analysis, it is possible to predict the grounding resistance prior to installing the floating PV system. Furthermore, the electrical safety of the floating PV system could be achieved by considering the seasonal changes in water temperature.
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1. Introduction


Photovoltaic (PV) systems have become one of the major sustainable energy resources as a practical solution to environmental problems. The energy generated by PV systems have played an important role over the last decade in the evolution of the electricity field, offering a unique opportunity for the growth of mixed production of electricity on a large scale [1,2,3]. The energy produced by PV systems in Europe, which currently amounts to 4% of the peak demand on the continent (with 51 GW installed), could reach a maximum of 25% of European demand in 2030, contributing significantly to the reduction of greenhouse gas emissions and decreasing use of fossil fuels [4,5]. When a PV system is installed in structures on land, there are critical issues such as choosing the location, ensuring structural safety, and considering the interference of shadows. In addition, it is necessary to address public concerns as well as resolve potential licensing issues for installations in areas such as farmlands or forests. Therefore, a floating PV system on a water surface has been recently suggested as an alternative [6]. The floating PV is a new concept and is not at the commercial stage at present. Only some demonstrator projects are currently being installed worldwide [7]. In a floating PV system, the PV module is installed and operated in humid areas (on bodies of water or in wetlands) and the electricity produced is transmitted to the power grid for end users. The installation of the system is understandably more difficult compared with land-based PV systems; however, the power generation efficiency of a floating PV system is 10–15% higher than that of a land-based PV system because of the ambient temperature drop, which is caused by the absorption of the evaporation heat and reflection of light from the water surface [8,9,10,11,12]. There is also a positive effect on the proliferation of green algae [13]. In Australia, it was reported that 40% of the water in a reservoir could be lost through evaporation [14]. A floating PV system could prevent this phenomenon and manage water resources more efficiently. Despite the rapid increase in the number of PV power stations, their safe grounding system design is rarely analyzed in the literature [15]. A grounding system must be installed to prevent possible damage by lightning or current leakage. Furthermore, it allows for the flow of normal or fault currents into the earth without exceeding operating and equipment limits or affecting service continuity in an adverse manner [16]. Any form of physical contact made with improperly grounded lightning currents could be extremely dangerous to human life. The steep rise in lighting current within microseconds, coupled with the inductance of the object it strikes, could generate step or touch potentials with values well above the safety limit that the human body can endure. Lightning has been acknowledged as a primary source of power quality degradation in power systems [17]. There have been an enormous amount of studies conducted on various aspects of the grounding system, with the most recent ones as found in the literature [18,19,20,21]. The specifications for the safe design of a PV system are currently defined by International Standards: NEC (National Electrical Code) 2011 [22] and UL (Underwriters Laboratories Inc.) 1741 for the countries of North America [23]. Lightning and surge protection is the main issue of the standard IEC (International Electrotechnical Commission) 62305 (parts 1 to 4). Each part provides basic criteria for the protection of structures and services, risk management methods, lightning protection system (LPS), and protection against lightning electromagnetic impulse (LEMP), respectively [24,25,26,27]. It is common knowledge that the grounding resistance should be less than approximately 10 Ω, as required by the electrical utility laws. Unfortunately, grounding methods for floating PV systems are not clearly established yet. Under these circumstances, there have been some experimental studies concerning grounding safety in a floating PV system [28]. It is possible to draw grounding cables to the surface in a shallow reservoir or lake and hook them up in the same manner as performed in land-based PV systems. It would be very inefficient to install the grounding cable on land outside a deep lake or dam. This paper presents an underwater grounding method that uses the water resistivity instead of earth resistivity to calculate the theoretical resistance, which was predicted and validated by measuring the grounding resistance and temperature variations associated with water depth.




2. Calculation of Grounding Resistance


2.1. Measurement of Grounding Resistance


The fall-of-potential method is widely used to measure grounding resistance. E is the electrode to be measured, and C is the electrode used to apply a current, as shown in Figure 1. P is the electrode used to measure the potential difference at E. The power source is connected between E and C, and the current is passed through the earth to obtain the potential difference between E and P. When the current I (A) flows to the earth, the potential difference between E and P is V (V). The grounding resistance is then obtained, assuming that P and C are at equal potentials.


Figure 1. Fall-of-potential method.



[image: Energies 10 01304 g001]







2.2. Equivalent Resistance of Multilayer Resistance


The most practical measurements of the earth’s resistivity utilize a formula that assumes that the earth is made of homogeneous layers. However, in the case of non-homogeneous layers, the resistivity of each layer should be substituted with the equivalent resistivity.



The equivalent resistivity [image: there is no content] can be calculated assuming that the resistivity of each layer is connected in parallel with [image: there is no content], [image: there is no content], [image: there is no content], as shown in Figure 2a:


[image: there is no content]



(1)






Figure 2. Equivalent resistivity of a multilayer. (a) Without driven rod; (b) with driven rod.
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When the driven rod is grounded to the earth as shown in Figure 2b, the equivalent resistivity ([image: there is no content]) can be expressed as given in Equation (2):


[image: there is no content]



(2)









3. Modeling of Multilayer Resistance According to Water Temperature


3.1. Measurement of Water Temperature According to Water Depth


The water resistivity is divided into zones in deep water. The different resistivity of each layer results from the variation in water temperature with depth. This experiment was conducted at the Hapcheon Dam, located in the southern part of the Korean peninsula. The dam is used to control floods and consists of 790 km3 of pondage, and has a total area of 925 km2 and an average water depth of over 30 m. The variations in water temperature with depth were measured at every 1 m from 1 m to 30 m below the surface. The monthly averages were then calculated from the daily data to compare and analyze the seasonal variations.



It is known that the water temperature decreases as we go deeper below the surface of the water, as shown in Figure 3a–c. Figure 3a shows the variations in water temperature in spring and fall, respectively. Figure 3b,c indicate the variations in water temperature in the summer and winter, respectively. In the summer, there is a considerable difference of more than 20 °C between the temperatures at the surface and 30 m below the surface, as shown in Figure 3b. Therefore, a difference in resistivity between layers is expected. On the other hand, there is little difference in the water temperature with changing water depth in the winter. Accordingly, no major difference in resistivity would be found between the layers. Figure 3d shows a graph of the monthly average air temperature and the highest and the lowest water temperature for each month. The highest water temperature recorded tends to be greater than the average air temperature. It also shows that the difference between the highest and the lowest water temperatures is smallest in the winter (January) while it is the largest in the summer (August) reaching around 22 °C. It is therefore expected that the resistivity of water will show huge differences at the surface of water and in deeper water.


Figure 3. Seasonal water temperature against water depth at Hapcheon Dam (a) in spring and fall; (b) in summer; (c) in winter; and (d) monthly water temperature and average temperature.
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According to observations made over a period of one year, the temperature of the water dropped during the winter, began to rise steadily in the spring, and reached a maximum in the summer, before gradually decreasing throughout the fall and winter. The water temperature at approximately 30 m below the surface shows little difference over the year.




3.2. Experiment on Water Resistivity According to Temperature


Generally, the resistivity of materials tends to increase as the temperature increases. The electrical resistivity was corrected for the soil temperature and referenced to 25 °C, as shown in Equation (3) [29]:


[image: there is no content]



(3)




where [image: there is no content] is the electrical resistivity at temperature T (in °C), [image: there is no content] is the electrical conductivity at T, σ25°C is the electrical conductivity at 25 °C, and α is the correction factor per °C accounting for the linear increase in soil conductivity with temperature. Water samples were taken from places such as rivers, reservoirs, and the Hapcheon Dam, where a floating PV system could be installed in order to measure the water resistivity according to the variations in water temperature. The water samples were set in a thermo-hygrostat and the resistivity was measured by controlling the external temperature. A conductivity meter was also used for measurements at every 5 °C for the whole range of 5–30 °C, as well as for resistivity measurements required to reduce errors.



The experimental results in Figure 4 illustrate that the resistivity of water ranged from 15–35 Ω·m with a reference temperature of 25 °C, and tended to increase with decreasing temperature.


Figure 4. Resistivity of water from various sources against temperature.
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The results obtained from the experiment were remarkably consistent with the theoretical value calculated from Equation (3), with 0.39% error. The temperature coefficient calculated based on the above experiment was used for modeling the grounding resistivity.




3.3. Modeling Grounding Resistivity for a Floating PV System According to a Multilayer Structure


The underwater grounding for a floating PV system must be installed at a specific water depth, in contrast to a land-based PV system, as shown in Figure 5. In this case, the system can be divided into three main sections: the first section between the surface and top of the electrode, the second section including the electrode, and the third section between the bottom of the electrode and the bottom of the water body. Each section has a different resistivity; therefore, a different formula should be used to calculate the total equivalent resistivity instead of the existing formula.


Figure 5. Design for an underwater grounding system for a floating PV (Photovoltaic) system.
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The resistivity for the section above the electrode (ρup) of length l (m) located between sections i and k in a multilayer structure can be obtained with


[image: there is no content]



(4)




where hx is the distance between the layers and ρx represents the resistivity of the layers. On the other hand, the resistivity of water for the section including the electrode with length l (m) is given by


[image: there is no content]



(5)







Finally, the resistivity of the water for the section between the bottom of electrode and the bottom of the water body can be expressed as (A = water depth)


[image: there is no content]



(6)







Therefore, the total resistivity of the water is ρtotal = ρelectrode + ρdown, which can be calculated by adding Equations (4)–(6) as shown below:


[image: there is no content]



(7)







In conclusion, final grounding resistance in the floating PV system is shown in Equation (8) by substituting Equation (11) into basic grounding resistance equation:


[image: there is no content]



(8)







If the sections are infinite, it is possible to analyze by integral. To use this method, variation of water temperature according to depth of water should be indicated as a formula.





4. Simulations and Experiments for the Measurement of Grounding Resistance


MATLAB simulations and measurements of grounding resistance in this study were conducted to validate the proposed equation. The resistivity of water was 19.66 Ω·m when the water temperature reached the reference temperature (25 °C) in the experiment. The distance between layers was set as 0.5 m considering the minimum length of the electrode.



The values shown in Table 1 were used to simulate Equation (8). An experiment was performed at the Hapcheon Dam in order to verify the results of this simulation. The grounding resistance was measured every 1 m by lowering the electrode until it reached the maximum depth of 30 m. A standard electrode was used for the simulation and an M-1000U was used to measure variations in the temperature of the water at different depths. Grounding resistance was measured by the KEW 4106 (Kyoritsu), which has 0.1 Ω of resolution and ±2%rdg of accuracy. The prime parameters in this study are the water temperature and the consequent variations in water resistivity. Therefore, in order to obtain accurate results, the electrode was located at the measuring depth for 5 min as a stabilizing time until the temperature of the electrode was the same as that of the water.



Table 1. Simulation parameters for the grounding resistance.







	
Parameter

	
Value






	
Resistivity of water 25 °C

	
19.66 Ω·m




	
Length of electrode

	
0.5 m

	
1 m

	
1.8 m




	
Diameter of electrode

	
12 mm

	
14 mm

	
16 mm




	
Distance between the layer

	
0.5 m




	
Depth of water

	
40 m











5. Considerations for the Design of a Grounding System for Floating PV Systems


Unlike land-based PV systems, there are three important considerations for the design of a grounding system for floating PV systems: (1) the coefficient of parallel connection; (2) corrosion of electrodes; and (3) coefficient of seasonal variation. These factors should be considered in case the grounding system is installed underwater.



5.1. Coefficient of Parallel Connection


In general, the electrodes are connected in parallel to obtain a grounding resistance that meets standards. For instance, in the case where two electrodes with grounding resistance R (Ω) are connected in parallel, the equivalent resistance would be R/2 (Ω) ideally. However, in reality, the coefficient of parallel connection is added, as shown in Equation (9):


[image: there is no content]



(9)







R is one grounding resistance and Z is the number of electrodes and η is the coefficient of parallel connection. The coefficient of parallel connection has been determined experimentally and can be applied to a floating PV system.



Figure 6 shows the coefficient of parallel connection for grounding resistance, which was calculated by changing the number of electrodes and the distance between electrodes. Based on the five equations in Figure 6, the final calculated coefficient of parallel connection is given by Equation (10):


ηf = [−06068 ln(l) + 0.1613] ln(Z) + 0.0068l + 0.9495.



(10)






Figure 6. Coefficient of parallel connection vs. the number of electrodes (floating PV system).
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5.2. Coefficient of Corrosion


There should be corrosion on the electrodes installed underwater for long periods and it increases the grounding resistance. To confirm the tendency of increasing grounding resistance, electrodes have been installed in the dam and reservoir for a year. Measurements were carried out once every three months, and the results are indicated in Figure 7 after temperature correction. In order to see difference by environment clearly, temperature condition was adjusted equally in this paper even though two installing areas have similar temperature.


Figure 7. Grounding resistances of floating PV systems at the dam and reservoir (temperature corrected).
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Based on the measured values above, theoretically calculated coefficients of corrosion are given in Table 2; coefficients of corrosion for the dam and reservoir are marked separately since these places have different installation environments.



Table 2. Coefficients of corrosion.







	

	
Coefficient of Corrosion (Ω/Month)




	
Cu

	
Stainless






	
Dam

	
1.20

	
0.50




	
Reservoir

	
0.74

	
0.57











5.3. Coefficient of Seasonal Variation


The resistivity of water varies remarkably for each season. This indicates that the grounding resistance depends on the depth at which the electrode is installed underwater. Figure 8 shows the variation in water temperature by water depth for a year.


Figure 8. Monthly temperature changes by water depth.
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The most significant change in temperature occurs on the water surface, which implies that the grounding resistance on the surface will undergo the largest change. The grounding resistance was calculated basis variation of water temperature as shown in Table 3.



Table 3. Coefficients of variation by season.







	
Depth of Water (m)

	
Maximum Difference of Water Temperature (°C)

	
Coefficient of Variation by Season (Ω)






	
1~5

	
23

	
15.513




	
6~10

	
19

	
12.815




	
11~15

	
17

	
11.466




	
16~20

	
15

	
10.117




	
21~25

	
12

	
8.094




	
26~30

	
7

	
4.721












6. Results and Discussion


Simulation results show that the grounding resistance of a 1.8 m length electrode is the smallest at 48.36 Ω. The shorter the length and diameter of the electrode, the higher the grounding resistance. The smaller surface area indicates that the amount of current required to discharge is relatively small. The deeper the burial depth, the greater the grounding resistance, as shown in Figure 9; this tendency is contrary to the distribution of the water temperature with respect to water depth. Figure 10 shows both the theoretically calculated values and practically measured values of the grounding resistance. The maximum errors between the theoretical and measured values were ±8.14, ±8.88, and ±6.45%, for electrodes with lengths of 0.5 m, 1 m, and 1.8 m, respectively. It was difficult to predict an accurate grounding resistance because water is a fluid.


Figure 9. Comparison between grounding resistance and water temperature.



[image: Energies 10 01304 g009]





Figure 10. Theoretical and measured values of grounding resistance.
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Furthermore, Figure 9 shows that the error increases with decreasing electrode length because electrode resistance is less affected by the multilayer structure of water, which is a theoretical division made for predictions.



In the case of a floating PV system, an additional coefficient should be applied to Equation (9) considering the aforementioned three factors as below in Equation (11):


[image: there is no content]



(11)







Equation (11) contains coefficient α(t) and β(t), which should be applied for floating PV system particularly. R0, η, R, Z mean the total combined resistance, coefficient of parallel connection, grounding resistance for a single electrode, and the number of electrodes, respectively. α(t) indicates increasing grounding resistance over time. β is the coefficient of seasonal variation and it means the grounding resistance varies with season. Grounding resistance has been measured to verify Equation (11) at the Hapcheon dam, and the results are as shown in Figure 11.


Figure 11. Comparison between grounding resistance and electrode gap.



[image: Energies 10 01304 g011]






The errors between theoretical values and the test results ranged from −1.13 to 1.38 Ω for two electrodes, −1.28 to 1.35 Ω for three electrodes, and −1.33 to 1.19 Ω for four electrodes, respectively. The average percentage error was 1.2% for two electrodes, 1.7% for three electrodes, and 2.3% for four electrodes, respectively. Figure 11 was calculated based on data of water resistivity as per depth of water in May 2017. Rg in Equation (8) constantly changes, so date of measurement should be indicated together with grounding resistance.




7. Conclusions


Grounding involves connecting a conductor to the earth to protect electric circuits or electric equipment. The grounding method for a floating PV system is slightly different from the grounding method for a PV system on land. This is because it is difficult to install a grounding system outside or at the bottom of a body of water where the floating PV system is located. Therefore, direct underwater grounding methods need to be considered for these systems. Such underwater grounding methods offer benefits in terms of cost; however, the grounding resistance is difficult to estimate. Therefore, the temperature of the water should be measured according to its depth in the area where the floating PV system is installed in order to predict the temperature-dependent resistivity of the water. Grounding resistance is then calculated by modeling the resistivity based on the position of the electrode in the water. The electrical safety of the floating PV system, which is critical in protecting it against environmental conditions, can be achieved throughout the grounding resistance design process and its verification.
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