
 

Comparison between pipe-type grounding electrode systems 
installed vertically versus horizontally 

Horia Beleiu 1*, Virgil Maier 1, Sorin Pavel 1, and Ionuț Bențea 1 

1Department of Power Engineering and Management, Technical University of Cluj-Napoca, Romania 

Abstract. The application of optimality criteria to the sizing of earth grounding systems (EGR) employing 

pipe-type electrodes has led to the accumulation of a substantial body of significant data [1,2], enabling a 

comparison between two design alternatives determined by the vertical versus horizontal placement of the 

electrodes. The first premise motivating this approach is the fact that near-surface soil may be modeled as 

an “infinite conducting half-space,” in which the flow of conduction current from the EGR is also influenced 

by the skin effect. Consequently, the tendency to use relatively long tubular electrodes installed vertically 

[3] may reduce the economic efficiency of the EGR. Without seeking to justify a preference for either of the 

above constructive alternatives, the present research aims to identify the domains of applicability in which 

each variant proves more advantageous. In this context, it is reiterated that the physical models of both EGR 

types considered herein are those specified in standards and regulations [3–5]. Moreover, the following four 

principal optimality (minimization) criteria were proposed and applied: ground footprint area (denoted AP), 

total volume occupied by the EGR (VP), metallic mass of the electrodes and interconnecting conductors 

(MP), and the total investment cost of the EGR (IP). 

1 Introduction 

The current issues associated with EGR installations 

arise from two main aspects, briefly outlined as follows: 

• The developed theory for EGR modeling and 

calculation has been incorporated into 

standards and technical regulations, and the 

experience gained in EGR design and 

implementation has confirmed the validity of 

the underlying physical models, at least for the 

most frequently used configurations, such as 

vertical pipe-type electrodes. Consequently, 

specialists in this field may be regarded as 

satisfied with the calculation relationships and 

recommendations provided by normative 

documents. The general preference for EGR 

using vertically installed pipe-type electrodes 

is justified both by the existence of a 

comprehensive physical model and by the fact 

that pipe semi-finished products are 

manufactured in a wide range of dimensions at 

affordable prices, while also exhibiting good 

mechanical resistance during installation in 

soil by driving. 

• Since 2016, studies have emerged on the 

definition of optimality criteria for EGR sizing. 

These studies provide analytically expressed 

objective functions related to ground footprint 

area, total EGR volume, metallic material 

mass, and total EGR investment cost. This 

development fundamentally changes EGR 

design methodology by conferring uniqueness 

to the final solution. 

Manufacturers of EGR electrodes are among the 

promoters of these innovations, introducing new 

electrode types (e.g., the “cross-shaped” electrode) as 

well as electrode lengths predominantly in the range 

ℓ[0.5÷1.5] m, i.e., values for which certain optimality 

criteria can be satisfied. 

Figure 1 illustrates the construction and characteristic 

dimensions of EGR, vertical and horizontal, employing 

pipe-type electrodes (1) of diameter d and length ℓ, 

arranged in both cases at a spacing 𝑎relative to the 

adjacent electrode. The upper parts of the EGR are 

assumed to be located at the frost depth q, specific to the 

geographical area in which the respective EGR is 

installed. The upper ends of the electrodes in vertical 

EGR, and the ends located on the same side of the 

electrodes in horizontal EGR, are interconnected by a 

connecting conductor (2). In the drawing of the 

horizontal EGR (Fig. 1. b), the quantity termed the 

“ground footprint area” for this type of installation is 

indicated by the notation APh, which also constitutes the 

characteristic quantity for the first optimality criterion.
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a            b 

Fig. 1. Construction and characteristic dimensions of EGR installations, vertical and horizontal, using pipe-type electrodes: (a) vertical 

EGR, (b) horizontal EGR; 1–pipe electrode; 2–connection; 3–soil; 4–connection to the protected/served installation. 

2 Theoretical background 

2.1 Physical models 

In a concise formulation, the physical model of an EGR, 

irrespective of the type of electrodes used, provides an 

analytical description of how the electrodes interact with 

the soil in order to dissipate the fault current [6]. 

The approach of proposing optimality criteria and 

identifying the corresponding minima is grounded in the 

recognition of the validity of the physical models 

established in standards and technical regulations. Table 

1 presents a comparative overview of the calculation 

relationships that constitute the physical models of EGR 

with pipe-type electrodes for the two most 

representative and most frequently used installation 

configurations: linearly arranged vertical electrodes 

(middle column) and horizontal electrodes (right 

column).

Table 1. Physical models of EGR with pipe-type electrodes installed vertically in-line arrangement or horizontally. 

Design parameter 

EGR with pipe-type electrodes 

vertically installed, in-line 

arrangement 
horizontally installed 

Dispersion resistance of a 

simple EGR, Ω 
𝑟𝑝𝑣 = 0,366𝜌
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𝑢ℎ = (25,5𝑎 − 1,11ℓ)10−3 + 0,664 

(5) 

Dispersion resistance of a 

multiple EGR, Ω 
𝑅𝑃𝑣 =

𝑟𝑝𝑣

𝑢𝑙∙𝑛𝑒
 (6) 𝑅𝑃ℎ =

𝑟𝑝ℎ

𝑢ℎ∙𝑛𝑒
 (7) 

 

The meanings of the quantities in Table 1 are as 

follows: 𝜌–soil resistivity, in Ω ⋅ m; ℓ–electrode length, 

in m; 𝑑–diameter of the pipe-type electrode, in m; 𝑡–
distance from ground level to the midpoint of the 

vertical electrode length, in m; 𝑞–burial depth of the 

upper part of the vertical electrode, in m; 𝑢𝑙–utilization 

coefficient of multiple EGR with vertically installed 

electrodes, in-line arrangement; 𝛽–design parameter, 

given by Eq. (4); 𝑢ℎ–utilization coefficient of multiple 

EGR with horizontally installed electrodes; 𝑎–spacing 

between electrodes, in m; 𝑛𝑒–number of electrodes. 

Equations (1)–(4), (6) and (7) comply with the 

applicable standard [7], [10–13], whereas (5) is 

proposed in [8]. It can be noted that (6) and (7) are 

similar, while the remaining relationships of the 

physical models differ substantially. 

2.2 Optimality criteria 

As previously stated, current standards and technical 

regulations provide a physical design approach for EGR 

without reference to specific optimality criteria; the only 

guidance in this direction is the recommendation to use 

electrode spacings as large as possible in order to obtain 

higher values of the utilization coefficients 𝑢𝑝. Although 

a higher value of this coefficient leads to a lower 

dispersion resistance for multiple EGR, studies aimed at 

identifying optimal solutions [9] have not revealed any 

relationship between such solutions and the values of the 

utilization coefficients. Lacking economic significance 

or relevance to land use, material consumption, or labor, 

the utilization coefficient is rather a dimensionless 

design parameter, of secondary importance in defining 

an advantageous solution for EGR of any type. 
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The dependencies highlighted by (1) and (2) show, 

by their monotonic nature, that optimality criteria cannot 

be applied to the sizing of the dispersion resistances 

𝑟𝑝𝑣and 𝑟𝑝ℎfor vertical or horizontal EGR with a single 

electrode. Therefore, it becomes necessary to define 

overall characteristic quantities that are meaningful for 

the beneficiary and that enable the formulation of 

(minimization) optimality criteria. In [6], the following 

characteristic quantities of EGR were proposed, whose 

mathematical expressions constitute the objective 

functions for the optimality criteria: 

• the ground footprint of the EGR, characterized 

by its area, 𝐴𝑃; 

• the total EGR volume, 𝑉𝑃; 

• the mass of active (conductive) materials, 𝑀𝑃, 

used to construct the EGR; 

• the EGR investment cost, 𝐼𝑃, expressed in 

monetary units (m.u.). 

Table 2 presents the objective-function expressions 

for the four optimality criteria for both types of EGR 

with pipe-type electrodes: vertically installed (middle 

column) and horizontally installed (right column). Most 

characteristic quantities for these EGR types were 

explained in connection with the relationships in Table 

1, while the additional quantities used in Table 2 have 

the following meanings: 

𝛾𝑚–density of the metal used for electrodes and 

connecting conductors, in kg/m3; 𝑔–wall thickness of 

the pipe semi-finished product, in m; 𝑆𝑏–cross-sectional 

area of the connecting conductor, in m2.

Table 2. Objective functions of the optimality criteria for EGR with pipe-type electrodes, vertically and horizontally installed. 

Optimality criteria 
EGR with pipe-type electrodes 

vertically installed horizontally installed 

Ground footprint area, m2 𝐴𝑃𝑣 = 𝑛𝑒 ∙ 𝑎
2  (8) 𝐴𝑃ℎ = (𝑛𝑒 − 1) ∙ 𝑎 ∙ ℓ  (9) 

Total EGR volume, m3 𝑉𝑃𝑣 = 𝐴𝑃𝑣 ∙ (ℓ + 𝑞)  (10) 𝑉𝑃ℎ = 𝐴𝑃ℎ ∙ 𝑞  (11) 

Mass of active conductive 

materials, kg 
𝑀𝑃𝑣 = 𝛾𝑚[𝜋𝑔(𝑑 − 𝑔)ℓ𝑛𝑒 + (𝑛𝑒 − 1)𝑎𝑆𝑏] 

(12) 
𝑀𝑃ℎ = [𝜋𝑑𝑔ℓ𝑛𝑒 + 𝑎𝑆𝑏(𝑛𝑒 − 1)]𝛾𝑚  

(13) 

Total investment cost, m.u. ( ) ( ) PaqebemP CMMMCCI +++++=  (14) 

 

For the objective function 𝐼𝑃, a single relationship 

(14) is provided, given the general structure common to 

investment expenditures for the two EGR types 

analyzed. The components of the investment costs are as 

follows: 

• 𝐶𝑒𝑚 −cost of the materials from which the 

electrodes are manufactured, including minor 

auxiliary materials; 

• 𝐶𝑏 −cost of the interconnecting conductor 

(e.g., steel strip) between the EGR electrodes; 

• 𝑀𝑒 −labor costs for fabrication, installation 

(e.g., driving), and interconnection (e.g., laying 

and welding) of the electrodes; 

• 𝑀𝑞 −labor costs for excavation along the 

electrode route, required to place them at the 

specified depth 𝑞; 

• 𝑀𝑎 −labor costs for backfilling/covering the 

completed EGR; 

• 𝐶𝑃 −cost of the land area occupied by the EGR; 

• m.u.–monetary unit (RON, EUR, etc.) in which 

costs are expressed. 

A detailed breakdown of the cost components should 

be carried out with respect to the specific EGR type, 

taking as reference the relationships given in [1,2]. In 

addition, it is emphasized that, to ensure a more 

consistent comparison of results, the unit costs were 

adopted at identical values for all EGR types. 

Accordingly, designers are advised to run the design 

programs using unit-cost data specific to the location 

and time at which the design is developed. 

2.3 Soil-contact area 

The soil-contact area of an EGR represents the cross-

sectional area associated with the EGR dispersion 

resistance, at least at the end adjacent to the 

user/installation. The larger the contact area between the 

metal and the soil, the more readily the current can 

dissipate into the ground at lower current densities, 

resulting overall in a lower dispersion resistance. It is 

also possible that the effective cross-section within the 

soil through which the EGR current flows is larger than 

the metal–soil contact area, given the much higher 

resistivity of the soil compared with that of the metal 

used for the electrodes and interconnecting conductors. 

For the calculation of the soil-contact area 𝐴𝐷𝑃of a 

multiple EGR consisting of several pipe-type electrodes, 

the following expression is used:  

 
   𝐴𝐷𝑃 =πdℓ𝑛𝑒 + (𝑛𝑒 − 1)𝑎𝑝𝑏, 𝑚

2  (15) 

 

where 𝑝𝑏  denotes the perimeter of the interconnecting 

conductor between electrodes, and the other quantities 

have the meanings previously defined. 

Although in [8] the contact area of the metallic 

grounding installation with the soil—also termed the 

dispersion area—was included among the optimality 

criteria, the present study does not analyze this criterion, 

pending a deeper examination of the significance of this 

quantity for the EGR dispersion resistance. 
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3 Comparative aspects 

3.1 Reference values 

To compare the results for EGR implemented with pipe-

type electrodes installed vertically versus horizontally, 

we considered the data obtained using the Excel-based 

programs run for the two EGR types [1,2]. In an effort 

to reduce the amount of data subject to comparison 

while preserving its representativeness, the following 

distinct or averaged values are proposed for each applied 

optimality criterion: 

• the minimum value identified for each 

criterion; 

• the mean of the minimum values, computed as 

the arithmetic mean of values differing by at 

most 25% from the minimum; 

• the mean of the maximum values, computed as 

the arithmetic mean of values differing by up 

to 25% from the maximum recorded value; 

• the maximum value determined for each 

optimality criterion. 

Using these values, the dataset in Table 3 was 

compiled, which serves as the basis for comparing the 

two EGR types. For brevity, the acronym EGRV is 

introduced for vertical EGR with pipe-type electrodes, 

and EGRH for EGR with electrodes installed 

horizontally (Table 3). In addition, for a complete 

reference to the solutions, they are characterized by the 

triplet (ℓ, ne, a), in this order, in accordance with the 

proposal in [1]. 

Before populating Table 3 with data, it was 

anticipated that EGRV would rank first, at least with 

respect to the ground footprint area criterion (𝐴𝑃), since 

penetration into deeper soil layers should, in principle, 

ensure the required dispersion resistance with a minimal 

occupied area in plan view. In practice, however, the 

best-performing solutions from this perspective are 

PPH: the minimum AP = 1.51 m2 is 31.8% lower than 

the corresponding minimum for EGRV, 1.99 m2 (Table 

3).

 

Table 3. Comparative data for the objective functions of EGR with pipe-type electrodes installed vertically or horizontally. 

EGR 

type 

Optimality criterion 

AP, m2 VP, m3 MP, kg IP, m.u. 

EGRV 1.99 5.7 71.04 167.8 4.08 11.59 112.1 370 14.96 24.59 46.5 59.36 476 1108 5597 9413 

EGRH 1.51 4.08 14.56 22.5 1.2 3.26 11.64 18 19.45 28.34 74.2 154.1 389 680 6057 6932 

The differences become more pronounced for the 

mean minimum and mean maximum values, while the 

maximum ground footprint areas reach a ratio of 

(167.8: 22.5) = 7.46, being 7.46 times larger for 

EGRV than for EGRH. Hence, a key observation is that 

EGRH provides substantially smaller ground footprint 

areas than EGRV for the same total dispersion 

resistance. It is also worth noting the characteristic 

triplet (ℓ, ne, a) = (0.5; 10; 0.34) for the EGRH solution 

with the smallest ground footprint area, which may 

serve as a design target when required by the 

application. 

Regarding the second criterion, the total volume 

𝑉𝑃of the EGR, the minimum values are (4.08:1.2) = 3.4 

times higher for EGRV than for EGRH; a similar ratio 

is observed for the mean of the minimum values, 

(11.59:3.26) = 3.55. These significant differences in 

𝑉𝑃between vertical and horizontal EGR can be 

explained by the smaller footprint areas of EGRH and 

by the fact that EGRH does not have a notable vertical 

dimension (Figure 1. b). 

With respect to the criterion of the mass 𝑀𝑃of active 

(conductive) materials (Table 3), the balance shifts in 

favor of EGRV, for which 𝑀𝑃values are lower than 

those of EGRH in all four distinct cases considered. 

While for the minimum values the differences lie in the 

range of approximately 15–30%, for the recorded 

maximum values the differences are much larger (about 

160%). 

The three optimality criteria 𝐴𝑃, 𝑉𝑃, and 𝑀𝑃are 

reflected, through their combined effects, in the 

investment-cost criterion 𝐼𝑃(Table 3), resulting in an 

interesting “competition” between the two EGR types 

examined. First, it can be observed that the differences 

in 𝐼𝑃values between the two types are not particularly 

large (up to about 60%), unlike the first two criteria. 

Second, EGRH exhibits lower total investment costs for 

three of the characteristic values (Table 3), in cases 

where the horizontally occupied space and the absence 

of deep-soil work appear to have been decisive. The fact 

that the mean of the maximum values is lower for EGRV 

than for EGRH may be due to the lower cost of active 

metallic materials within the overall expenditures (MP = 

46.5 kg for EGRV versus MP = 74.2 kg for EGRH), 

consistent with the data associated with the 𝑀𝑃criterion 

(Table 3). 

The data presented for the four optimality criteria – 

usable for identifying the most advantageous EGR 

solutions – together with the interconnections among the 

calculation elements underlying their values, underscore 

how compelling the recommendation is for designers to 

set EGR unit costs at realistic values corresponding to 

the specific location and time of implementation. 

3.2 Technological aspects 

The comparison between the two EGR types—vertically 

installed, in-line and horizontally installed—is 

complemented by their specific constructive and 
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technological aspects. The major differences arise from 

the installation method of the pipe-type electrodes: 

driving/pressing is used for EGRV, whereas EGRH 

requires placement in excavated trenches. In both cases, 

trenches must be excavated for the interconnecting 

conductors between electrodes, at a depth 𝑞specific to 

the geographical area in which the EGR is installed. 

Soil type and stratification exert a significant 

influence on the technological aspects, affecting the 

selection of pipe length, wall thickness of the pipe and 

steel-strip semi-finished products, and the determination 

of the number of electrodes required to achieve the 

target dispersion resistance. The wall thickness of the 

semi-finished products, as well as their corrosion 

protection, are determined by the required service life of 

the EGR under the necessary electrical performance 

conditions. Electrode length may be subject to an upper 

limit, particularly for EGRV, due to the presence at 

depth of mechanically resistant layers (e.g., rock or 

gravel), as well as layers with high electrical resistivity 

(electrically insulating). 

4 Conclusions 

If the design of EGR based on optimality criteria can be 

regarded only as a preparatory stage for selecting the 

final EGR solution, the most important stage proves to 

be the comparison among different EGR types. This 

comparison was initiated in the present paper by 

evaluating EGRV, with electrodes installed in-line, 

against EGRH, both using pipe-type electrodes. 

Based on a dataset covering the practical range of 

characteristic parameters relevant to EGR construction, 

it was shown that EGRH is markedly more 

advantageous in most situations. However, recalculation 

of the objective-function values is essential, through 

updating the unit costs of investment expenditures to 

reflect the specific location and time of implementation 

for each concrete EGR. 

As previously noted, for certain reasons, EGRV has 

been preferred by most EGR designers, and abandoning 

this established habit and practice will be difficult. 

Nevertheless, the use of optimality criteria in EGR 

sizing is the only approach capable of convincing both 

designers and beneficiaries to broaden the solution 

space and, with full awareness of the trade-offs, to select 

the optimal solution for a given application. 
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