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Microalgae are a renewable source of dietary supplements, bioactive
compounds, and potential energy. Once harvested, the microalgal
medium is dewatered to form a slurry for downstream processing. This
article outlines a process design for pumping the microalgae slurry. The
pump requirements for delivering the Chlorella slurry with 5, 10 or 20 wt%
solids at one tonne per hour (1,000 kg/h) and 10 bar were calculated. The
5 wt% microalgae slurry is a Newtonian fluid with a viscosity of 1.95 mPas.
The 10 wt% and 20 wt% microalgae slurries are non-Newtonian fluids,
whose viscosity depends on the shear rate (). The viscosity of 10 wt%
and 20 wt% microalgae slurries is 1.504 ( = 50 s-1)/1.155 ( = 100 s-1) and
1.844 ( = 50 s-1)/1.219 ( = 100 s-1) mPas, respectively. The pump power
requirements are mainly governed by the delivery pressure. The effect of
the pipe length and the number of elbows is negligible. The effective power
of the pump is calculated as 0.267-0.275 kW. To fulfill this duty, a ZGB
type single-stage single-suction centrifugal slurry pump can be selected,
which would provide enough shear rate to reduce the viscosity of the
microalgae slurry and give required shaft power.
Keywords: Microalgae Slurry; Slurry Pump; Process Design; Viscosity; Pump Power

Introduction
Microalgae are a source of dietary supplements, bioactive compounds, and
potential energy, which have been invested extensively [1, 2]. Generally, the microalgal
culture has a very dilute concentration of 0.1-0.5 wt% dry solids [3]. Currently, the
proposed harvesting process is using a series of mechanical unit operations to dewater the
microalgae medium to a level of ~20 wt% dry solids [4], which is considered as a less
energy intensive processing option than completely drying microalgae [5]. The slurry after
dewatering is considerably more viscous, but it is still a flowable slurry. Thus, it only needs
to be transported to downstream processing facility using a slurry pump. Downstream
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processing of microalgae may include drying [6], extraction to yield biochemicals [7], and
hydrothermal liquefaction [8] or pyrolysis to produce bio-fuels [9, 10]. The slurry pump is
the key equipment for transporting the feedstock.
This paper provides a simple process design for pumping microalgae slurry. The
purpose is to provide a tutorial for calculating the power requirement for pumping of
various microalgae slurries, and provide data support when selecting pumps. The effect of
the pipe length and the number of elbows was also discussed.

Methodology
Process Description
A microalgae flow is pumped by a slurry pump from a storage tank to the
downstream processing facility. The process is illustrated in Figure 1, in which the
processing facility is assumed to be a drying unit. The calculation of the drying process is
not within the scope of this article.
The flow rate of the microalgal slurry is 1,000 kg/h, and the solid content is 5 wt%,
10 wt% or 20 wt%. The temperature of the slurry is 25°C and the pressure is 1 bar. The
duty of the slurry pump is to pressurize the flow to 10 bar, and the efficiency of the pump
is 70%. The slurry is delivered through 100 meters of PVC pipe (diameter 0.1 m) and three
90°elbows to the top of the dryer.

Figure 1. Process for microalgae pumping and drying

Microalgae
Green microalga Chlorella sp. is assumed to be grown autotrophically, harvested,
and concentrated to a solid content of up to 20 wt% via a series of dewatering processes.
The detailed design of the dewatering process can be found in the literature [3]. The
elemental composition and biochemical components of Chlorella sp. have been
summarized in our previous study [11].
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Results and Discussion
Viscosity of 5, 10, and 20 wt% Microalgal Slurry
The Chlorella slurry with a solid content of 5 wt% is a Newtonian fluid. The
viscosity can be calculated by the following formula [12]:
𝜇𝑒𝑓𝑓 = 1.9 × 10−5 × 𝐶 + 1.0 × 10−3
(1)
where μeff (Pas) is the effective viscosity, and C is the microalgae concentration and its
unit is (kg/m3). Assuming the 5 wt% concentration is the percent weight/volume (% w/v),
Equation 1 becomes:
𝜇𝑒𝑓𝑓 = 1.9 × 10−5 × 50 + 1.0 × 10−3 = 1.95𝑚𝑃𝑎 ∙ 𝑠
(2)
The Chlorella slurry with a solid content higher than 6 wt% is considered as nonNewtonian fluid. Its viscosity depends on the shear rate and follows the Herschel-Bulkley
model:
𝑛−1

−1

𝜂 = 𝐾|ϒ|
+ 𝜏𝑦 |ϒ|
(3)
where  is the viscosity, y is the yield stress, K is the consistency, n is the flow index, and
 is the shear rate [s-1]. The Herschel-Bulkley parameters for the Chlorella slurry can be
found in the literature as follows [13]:
Table 1. Herschel-Bulkley parameters for the Chlorella slurry
Solid content
10%
50.56
y (mPa)
0.103
K (MPaSn)
n
1.4

20%
80.1
0.011
1.79

For the 10 wt% microalgal slurry, when  is 50 s-1,
 = 0.103 501.4-1 + 50.56  50-1 = 1.504mPa  s
(4)
-1
When  is 100 s ,
 = 0.1031001.4-1 + 50.56 100-1 = 1.155mPa  s
(5)
-1
For the 20 wt% microalgal slurry, when  is 50 s ,
 = 0.011 501.79-1 + 80.1 50-1 = 1.844mPa  s
(6)
-1
When  is 100 s ,
 = 0.0111001.79-1 + 80.1100-1 = 1.219mPa  s
(7)
Therefore, the viscosity of 5, 10, and 20 wt% Chlorella slurries was 1.95 mPas,
1.155 mPas (at  =100 s-1), and 1.219 mPas (at  =100 s-1), respectively. The viscosity of
the microalgae slurry mainly depends on the fluid type.
Slurry Pump Design
This section calculates the power and equipment selection of the slurry pump. The
calculation considers three kinds of algal slurry concentration, 100 meters of pipeline
length, 10 meters of tower height, and three 90° right angle elbows. The density of
Chlorella slurry is not available in the literature. Therefore, it is assumed that the density
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of Chlorella slurry is similar to that of Nannochloropsis salina [14]. Therefore, the density
of 5, 10, and 20 wt% microalgae slurries are 1,009, 1,020, and 1,042 kg/m3, respectively.
5 wt% Microalgae Slurry
The volumetric flow rate is calculated as:
q
qv = m = 1000
= 0.991m 3 / h
(8)

1009
Flow velocity in the pipe is:
q
0.991
u= v =
= 126.188m / h = 0.0351m / s
(9)
 2 
2
d
 0.1
4
4
Because the 5 wt% microalgal slurry belongs to Newtonian fluid, the viscosity is
constant. So, Reynolds number (Re) is calculated as
du 0.1 0.03511009
(10)
Re =
=
= 1813.728  2000

0.00195
Reynolds number is less than 2000, so the fluid is a laminar flow. Friction
coefficient is
64
64
=
=
= 0.0353
(11)
Re 1813.728
According to the Chemical Engineering handbook [15], for the 90° elbow, the
coefficient of local resistance and the equivalent length ratio are:
 = 0.75
(12)
le
(13)
= 35
d
The total resistance of the pipeline is:
  li
 u2 
 0.03512
 100 


h
=

+

=
0
.
0353

+
3

0
.
75
= 0.0231J / kg


 f  d  i 2 

0
.
1
2







h

(14)

0.0231
= 0.00236m
(15)
g
9.81
Assuming the horizontal pipe is the datum, Bernoulli equation is listed as:
2
u
p
u2 p
z1 + 1 + 1 + H e = z 2 + 2 + 2 +  H f
(16)
2 g g
2 g g
where, z2-z1 =10 m, u1 = 0, u2 = 0.0351 m/s, P1 = 1 bar, P2 = 10 bar
Pump head is calculated as
0.03512
9 105
(17)
H e = 10 +
+
+ 0.00236 = 100.927m
2  9.81 1009 9.81
The effective power of the pump is
0.991
Pe = qv gH e =
1009 9.81100.927 = 0.275kW
(18)
3600

H

f

=

f

=
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The pump shaft power is
P 0.275
(19)
P= e =
= 0.393kW

0.7
10 wt% Microalgae Slurry
The volumetric flow rate is
q
qv = m = 1000
= 0.98m 3 / h
(20)

1020
Flow velocity in the pipe:
q
0.98
u= v =
= 124.891m / h = 0.0347m / s
(21)
 2 
d
 0.12
4
4
Because the 10 wt% microalgal slurry is non-Newtonian fluid, when
-1
=50
s
, the viscosity  is 1.504 mPa∙s. Reynolds number is

du 0.1 0.03471020
(22)
Re I =
=
= 2353.32  2000 ，

1.50410−3
Reynolds number is higher than 2000, so the fluid is a turbulent flow. Then, the
modified Blasius equation can be applied:
a
(23)
=
b
Re I
where turbulent constants a and b are the function of the flow behavior index (n) with
a = 0.3104n 0.105，b = 0.2495n −0.217 , and n=1.4. Substitute these values into the equation to
obtain a=0.3216, b=0.232, and  =0.0531.
The total resistance of the pipeline is:
  li
 u2

 0.03472
 100 


H
=

+

=
0
.
0531

+
3

0
.
75


 f  d  i  2g 
  2  9.81 = 0.00339m
0
.
1






(24)
Bernoulli equation gives the pump head as:
0.03472
9 105
(25)
H e = 10 +
+
+ 0.00339 = 99.948m
2  9.81 1020 9.81
The effective power of the pump is
0.98
Pe = qv gH e =
1020 9.81 99.948 = 0.272kW
(26)
3600
The pump shaft power is
P 0.272
(27)
P= e =
= 0.389kW

0.7
When  =100 s-1, the viscosity  is 1.155 mPa∙s. Reynolds number is
du 0.1 0.03471020
(28)
Re I =
=
= 3064.42  2000

1.15510−3
The fluid is a turbulent flow. The modified Blasius equation gives
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a
, a = 0.3104n 0.105，b = 0.2495n −0.217 , n=1.4. Substitute these values into
b
Re I
the equation to obtain:
a=0.3216, b=0.232,  =0.0499
(29)
The total resistance of the pipeline is:
  li
 u2 
 0.03472
 100 


 H f =   d +   i  2 g = 0.0499  0.1  + 3  0.75  2  9.81 = 0.00321m





=

(30)
Bernoulli equation gives:
0.03472
9 105
H e = 10 +
+
+ 0.00321= 99.948m
2  9.81 1020 9.81
The effective power of the pump is
0.98
Pe = qv gH e =
1020 9.81 99.948 = 0.272kW
3600
The pump shaft power is
P 0.272
P= e =
= 0.389kW

0.7

(31)

(32)

(33)

20 wt% Microalgae Slurry
The volumetric flow rate is
q
qv = m = 1000
= 0.96m 3 / h
(34)

1042
Flow velocity in the pipe is
q
0.96
u= v =
= 122.254m / h = 0.034m / s
(35)
 2 
2
d
 0.1
4
4
Because the 20 wt% microalgal slurry is non-Newtonian fluid, when
 =50 s-1, the viscosity  is 1.844 mPa∙s. Reynolds number is
du 0.1 0.0341042
(36)
Re I =
=
= 1921.25  2000

1.84410−3
Reynolds number is less than 2000, so the fluid is a laminar flow. Friction
coefficient is
64
64
=
=
= 0.0333
(37)
Re 1921.25
The total resistance of the pipeline is:
  li
 u2 
 0.0342
 100 


H
=

+

=
0
.
0333

+
3

0
.
75


 f  d  i  2g 
  2  9.81 = 0.00209m
 0.1 




(38)
According to the Bernoulli equation, the pump head is
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0.0342
9 105
(39)
+
+ 0.00209 = 98.048m
2  9.81 1042 9.81
The effective power of the pump is
0.96
Pe = qv gH e =
1042 9.81 98.048 = 0.267kW
(40)
3600
The pump shaft power is
P 0.267
(41)
P= e =
= 0.382kW

0.7
When  =100 s-1, the viscosity  is 1.219 mPa∙s. Reynolds number is
du 0.1 0.0341042
(42)
Re I =
=
= 2906.32  2000

1.21910−3
Then, the modified Blasius equation is applied:
a
, a = 0.3104n 0.105，b = 0.2495n −0.217 , n=1.79. Substitute these values into
=
b
Re I
the equation to obtain a=0.33, b=0.22, and  =0.0571.
The total resistance of the pipeline is
  li
 u2 
 0.0342
 100 


H
=

+

=
0
.
0571

+
3

0
.
75


 f  d  i  2g 
  2  9.81 = 0.0035m
 0.1 




(43)
Bernoulli equation gives the pump head as:
0.0342
9 105
(44)
H e = 10 +
+
+ 0.0035 = 98.05m
2  9.81 1042 9.81
The effective power of the pump is
0.96
Pe = qv gH e =
1042 9.81 98.05 = 0.267kW
(45)
3600
The pump shaft power is
P 0.267
(46)
P= e =
= 0.382kW

0.7
H e = 10 +

Table 2. Power requirements for microalgae slurry pump
10 wt%
Parameters
5 wt%
 = 50 s-1  =100 s-1
1.95
1.504
1.155
Viscosity (mPas)
Effective power (kW) 0.275
0.272
0.272
Shaft power (kW)
0.393
0.389
0.389

20 wt%
 = 50 s-1
1.844
0.267
0.382

 = 100 s-1
1.219
0.267
0.382

Table 2 summarizes the calculation results. For the above-mentioned fluid that
requires high-lift delivery, a ZGB type pump can be used, which is a single-stage singlesuction centrifugal slag/slurry pump. The typical processing shear rates of centrifugal
pumps are within a range of 5 to 300 s− 1 [16], which will help reduce the viscosity [17].
Because the diameter of the pipeline is 100 mm, the 100ZGB type slurry pump can be
selected.
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Effect of Pipe Length on Pump Power
It is assumed that the 20 wt% microalgae slurry was pumped from the storage tank
to the facility. This section discusses the effect of the pipe length on the power requirement
of the pump, as the length of the pipe increases to 500 meters and 1,000 meters.
When  is 50 s-1 and the pipe length is 500 m, the total resistance of the pipeline is:
  li
 u2 
 0.0342
 500 


H
=

+

=
0
.
0333

+
3

0
.
75


 f  d  i  2g 
  2  9.81 = 0.00994m
 0.1 




(47)
Pump head is calculated as:
0.0342
9 105
(48)
H e = 10 +
+
+ 0.00994 = 98.056m
2  9.81 1042 9.81
The effective power of the pump is
0.96
Pe = qv gH e =
1042 9.81 98.056 = 0.267kW
(49)
3600
When the pipe length is 1000 m, the total resistance of the pipeline is:
  li
 u2 
 0.0342
 1000 


H
=

+

=
0
.
0333

+
3

0
.
75


 f  d  i  2g 
  2  9.81 = 0.0198m
 0.1 





(50)
Head developed is
0.0342
9 105
(51)
H e = 10 +
+
+ 0.0198 = 98.066m
2  9.81 1042 9.81
The effective power of the pump is
0.96
Pe = qv gH e =
1042 9.81 98.066 = 0.267kW
(52)
3600
When the pipeline length is increased to 500 meters or 1000 meters, it does not
have much impact on the pump power.
Effect of Number of Elbows on Pump Power
This section discusses the effect of the numbers of elbows on the power requirement
of the pump, as the numbers of elbows increases from 3 to 10. It is assumed that the 20 wt%
microalgae slurry was pumped from the storage tank to the facility through 100 m pipe and
elbows.
When  is 50 s-1 and the number of 90°right angle elbows is 10, the total resistance
of the pipeline is:
  li
 u2 
 0.0342
 100 


H
=

+

=
0
.
0333

+
10

0
.
75


 f  d  i  2g 
  2  9.81 = 0.0024m
0
.
1






(53)
Pump head is
0.0342
9 105
H e = 10 +
+
+ 0.0024 = 98.049m
2  9.81 1042 9.81
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The effective power of the pump is
0.96
Pe = qv gH e =
1042 9.81 98.049 = 0.267kW
(55)
3600
When the number of 90-degree elbows is increased from 3 to 10, it does not have
much impact on the pump power requirements.

CONCLUSIONS
The pump requirements for delivering the Chlorella slurry with 5, 10, and 20 wt%
solids at 1,000 kg/h and 10 bar were calculated. The 5 wt% microalgae slurry is a
Newtonian fluid with a viscosity of 1.95 mPas. The 10 wt% and 20 wt% microalgae
slurries are non-Newtonian fluid, whose viscosity depends on the shear rate (). The
viscosity of 10 wt% and 20 wt% microalgae slurries are 1.504 ( = 50 s-1)/1.155 ( = 100
s-1) and 1.844 ( = 50 s-1)/1.219 ( = 100 s-1) mPas, respectively. The pump power
requirements are mainly governed by the delivery pressure. The effect of the pipe length
and the number of elbows is negligible. The effective power of the pump is calculated as
0.267-0.275 kW, and the shaft power at 70% efficiency is 0.382-0.393 kW. To fulfill this
duty, a ZGB type single-stage single-suction centrifugal slurry pump can be used.
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On the basis of the initial Statistical Hybrid Model (iSHM), the iSHM class
maps, which are 2D contour plots and may graphically classify the real
and virtual OV LV BPL topologies into five class areas, are upgraded in
this paper by exploiting the third dimension of the capacity so that the
upgraded class maps can provide additional information concerning the
inner class area capacity distribution. The comprehension of the
behavior of the inner class area capacity distribution is critical in order to
deeper understand the extent and the position of iSHM class map
footprints when various operation conditions of OV LV BPL topologies
occur. Two inner class area capacity distribution rule of thumbs that deal
with the OV LV BPL topology classification and capacity estimation are
proposed thus supporting the management information system of
OV LV BPL networks.

Keywords: Smart Grid; Broadband over Power Lines (BPL) networks; Power Line Communications
(PLC); Distribution and Transmission Power Grids; Capacity, Statistics; Modeling; Management
Information Systems; Data Science

1. Introduction
Broadband over Power Lines (BPL) technology can be considered to be one
among the communications solutions, such as Radio Frequency (RF) mesh, modified
Long Term Evolution (LTE), Code Division Multiple Access (CDMA) at sub GHz
bands, dedicated fiber along high voltage lines and 5G communications, that is going to
help towards the transformation of the existing power grid into an advanced IP-based
communications network enhanced with a plethora of broadband smart grid applications
[1], [2].
Since BPL technology exploits the available power grid infrastructure (i.e.,
Multiconductor Transmission Line (MTL) configurations and related power devices),
which is anyway designed to deliver power rather to support communications, high and
frequency-selective channel attenuation remains as one of the critical deficiencies of the
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BPL signal propagation and transmission. Among the different categories of BPL channel
models, a great number of statistical BPL channel models, has been proposed in a variety
of BPL technology application fields [3]-[14]. SHM that has been recently proposed in
[7]-[9] is based on the Deterministic Hybrid Model (DHM), which has been exhaustively
tested in transmission and distribution BPL networks [15]-[17], and is hereafter applied
as the required SHM system input procedure. Actually, initial Statistical Hybrid Model
(iSHM), which is one of the two supported versions of SHM and is employed in this
paper, offers simulation results that are treated as the statistically processed DHM
numerical results through a set of appropriate Channel Attenuation Statistical
Distributions (CASDs); say, Gaussian, Lognormal, Wald, Weibull and Gumbel CASDs.
Until now, the impact of a variety of parameters on the iSHM simulation results has been
investigated so far such as the topology length, the interconnections between branches /
main lines, branch lengths, distances between branches, branch terminations and channel
attenuation measurement differences between the theoretical and practical results due to
the real operation conditions [8], [18], [19]. Apart from the impact of the aforementioned
intrinsic parameters, critical events during the operation of power grids, such as branch
line faults and hook-style energy thefts, can be detected even if real operation conditions
occur by exploiting the class maps footprints of iSHM [20], [21]; here, it should be
reminded that a class map is a 2D contour plot that: (i) graphically classifies real and
virtual BPL topologies in terms of their CASD Maximum Likelihood Estimator (MLE)
parameter pairs and capacity; (ii) illustrates the borders between the BPL topology
classes; and (iii) corresponds each CASD MLE parameter pair to its BPL topology
subclass average capacity for given power grid type, CASD, coupling scheme, Injected
Power Spectral Density Limits (IPSD) limits and noise Power Spectral Density (PSD)
levels; while class map footprints are the graphical correspondence of CASD MLE
parameter pair with the capacity that are represented on the class maps and may assess
the impact of the intrinsic parameter change or the existence of critical events during the
power grid operations. As the OV LV BPL topologies are examined in this paper, when
changes of intrinsic parameters or the aforementioned critical events occur the respective
CASD MLE parameters of the modified OV LV BPL topologies tend to change their
iSHM footprint locations on the class maps following patterns of the same capacity
behavior as presented in [20], [22]. In this paper, the inner class area capacity distribution
of the iSHM class maps of OV LV BPL topologies is first investigated while the
differences between the capacity of the aforementioned modified OV LV BPL topologies
and the respective BPL topology subclass average capacities, which are used in class
maps, for given CASD MLE parameter pairs is computed. On the basis of the findings of
the inner class area capacity distribution of the iSHM class maps of OV LV BPL
topologies and by exploiting the data science, the management information system of the
BPL networks is further enhanced with two newly presented rules of thumb that allow:
(i) the capacity assessment and the classification of OV LV BPL topologies by studying
their CASD MLEs parameter pairs; (ii) the stability of the power grid; and
(iii) the surveillance and monitoring of the power grid in order to identify possible critical
events.
The rest of this short paper, which may act as a companion paper of [18], [20],
[22], [23], is organized as follows: Section 2 briefly presents the theory concerning the
iSHM class maps and iSHM class map footprints of OV LV BPL topologies.
In Section 3, the simulation results regarding the inner class area capacity distribution are
demonstrated as well as and the capacity differences between the modified OV LV BPL
Tr Ren Energy, 2020, Vol.6, No.3, 245-265. doi: 10.17737/tre.2020.6.3.00122
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topologies and the respective BPL topology subclass average capacities of iSHM class
maps. The two rules of thumb concerning the monitoring and surveillance of the OV LV
BPL networks are here presented.

2. iSHM Class Maps and iSHM Class Map Footprints
Prior to numerically investigate the inner class area capacity distribution in iSHM
class maps, brief details concerning the definition of iSHM class maps, the iSHM class
map footprints of OV LV BPL topologies and the need for this capacity distribution
study of class maps are here given. Note that the values of the required operation
parameters for the interconnection and the fine application of DHM, iSHM, the iSHM
class maps and the iSHM class map footprints of OV LV BPL topologies are reported in
[22], [23].
2.1 iSHM Class Maps
Already been mentioned, SHM consists of two versions; say, iSHM and mSHM.
With reference to the BPMN diagrams of iSHM [7], [23], iSHM that is the SHM version
of interest in this paper consists of six Phases. The input parameters of iSHM, which
coincide with the ones of DHM, are the topological characteristics of the examined real
indicative OV LV BPL topologies, the applied coupling schemes, IPSD limits and noise
PSD levels while the output of iSHM is the capacity range of each OV LV BPL topology
class for given CASD. Also, iSHM supports five CASDs with their corresponding MLEs
(i.e., Gaussian, Lognormal, Wald, Weibull and Gumbel CASDs). According to [20], each
iSHM CASD exhibits different performance depending on the input parameters but
Weibull CASD performs the best performance among the available ones in terms of the
performance capacity metrics of the absolute threshold of percentage change and the
average absolute percentage change when OV LV BPL topologies are examined. Hence,
the CASD approximation accuracy to the real capacity results of [20] mandates the use of
Weibull CASD for the further analysis of OV LV BPL topologies in this paper, which is
anyway reevaluated for its accuracy during the critical events assumed in this paper.
To enrich the five OV LV BPL topology classes, which are straightforward
defined after the initial selection of the five respective real indicative OV LV BPL
topologies of Table 1 of [23], with other OV LV BPL topologies, the iSHM definition
procedure, which has been proposed in [24], statistically defines virtual indicative OV
LV BPL topologies by using iSHM CASD MLE parameter pairs and inserts the virtual
topologies to the existing five OV LV BPL topology classes. The flowchart of the iSHM
definition procedure for OV LV BPL topologies is given in Fig. 3(a) of [23]. Class maps
are the output of the iSHM definition procedure where: (i) each CASD MLE parameter
pair is corresponded to its OV LV BPL topology subclass average capacity;
(ii) CASD MLE parameter pairs can describe real and virtual OV LV BPL topology
subclasses; (iii) OV LV BPL topology class areas may be illustrated with respect to the
computed capacity borders between the OV LV BPL topology classes; and
(iv) with respect to the capacity borders of OV LV BPL topology classes and the
Weibull CASD capacity performance, OV LV BPL topology subclasses can be arranged
on the class maps by exploiting their CASD MLE parameter pairs.
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2.2 iSHM Footprints on Class Maps
iSHM footprints that are added on the class maps as groups of white spots can
graphically assess the impact of the intrinsic parameter changes or the existence of
critical events during the power grid operation and can help towards the quick
identification of the critical events for future actions by the management information
system of the smart grid. The theoretical definition of iSHM footprints has been
presented in [23] while a variety of applications of iSHM footprints has been presented so
far, such as the iSHM footprints of the real OV LV BPL topologies, of the OV LV BPL
topologies with a sole branch line fault and of the OV LV BPL topologies with a single
hook for energy theft [20]. By studying iSHM footprints of OV LV BPL topologies,
it is clear that the iSHM footprint extent, size, white spot positions and white spot group
direction with respect to the real indicative OV LV BPL topologies may imply the
intrinsic parameter change or the nature of the occurred critical events during the power
grid operation.
Until now, Weibull CASD is applied during the preparation of iSHM footprints of
OV LV BPL topologies due to the best performance among the available supported
iSHM CASDs in terms of the performance capacity metrics of the absolute threshold of
percentage change and average absolute percentage change when the indicative real OV
LV BPL topologies have been assumed [20]. The goal of this paper and of the following
Section is to assess the capacity estimation accuracy of iSHM footprints for given
Weibull CASD MLEs that come from the OV LV BPL topologies that suffer from
intrinsic parameter change or critical events, briefly denoted as modified OV LV BPL
topologies, and, hence, justifies the white spot positions and directions of the respective
iSHM footprints on the iSHM class maps. The aforementioned assessment can be
accomplished either qualitatively by further investigating the inner class area capacity
distribution of the iSHM class maps or quantitatively by comparing the capacity of the
modified OV LV BPL topologies with the average capacity of the OV LV BPL topology
subclass of iSHM class maps whose CASD MLE parameter pair is the same with the one
of the examined modified OV LV BPL topology.

3. Numerical Results and Discussion
In this Section, numerical results that investigate the inner class area capacity
distribution of the iSHM class maps of OV LV BPL topologies are first demonstrated so
that a clearer image of the relation between Weibull CASD MLE parameter pair and the
OV LV BPL topology subclass average capacity can be shown. This study allows the
easier matching between the Weibull CASD MLEs of the examined modified OV LV
BPL topologies and the capacity as defined by the iSHM class maps. Then, for the cases
of: (i) arbitrary real OV LV BPL topologies; (ii) real indicative OV LV BPL topologies
with arbitrary branch line faults; and (iii) real indicative OV LV BPL topologies with
arbitrary hook-style energy thefts, their capacities are reported and are compared against
the average capacity of the OV LV BPL topology subclass of iSHM class maps whose
CASD MLE parameter pair is the same with the one of the examined modified OV LV
BPL topology.
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3.1 iSHM Class Maps of OV LV BPL Topologies
Already been mentioned, iSHM class maps of Weibull CASD are the basis where
iSHM footprints of Weibull CASD are applied onto when the modified OV LV BPL
topologies are going to be examined by the management information system of the smart
grid. In accordance with [20], the iSHM class map of OV LV BPL topologies is plotted
Weibull
Weibull
in Fig. 1(a) with respect to 𝑎̂MLE
and 𝛽̂MLE
for the default operation settings of [23]
when the average capacity of each OV LV BPL topology subclass is considered.
Note that as the spacings of the horizontal and vertical axes are concerned, they are
assumed to be equal to 50 instead of 10 of [23] so that a clearer image of the iSHM class
maps and the following iSHM footprints can be examined. The respective isodynamic
capacity chart of Fig. 1(a) is plotted in Fig. 1(b) without considering the borderlines
between OV LV BPL topology classes.
With reference to Figs. 1(a) and 1(b), several interesting remarks can be pointed
out concerning the location of the modified OV LV BPL topologies and the inner class
area capacity distribution of the iSHM class maps, namely:
• By comparing Fig. 1(b) with Fig. 3(a) of [20], it is evident that the iSHM footprint
of OV LV BPL topologies with one branch is clearly constrained in the rural class
area while the majority of the cases examined are approximately located at the
same isodynamic capacity curve with small right or left deviations. Here it should
be reminded that the OV LV BPL topologies with longer branches tend to present
Weibull
Weibull
increased values of 𝑎̂MLE
and 𝛽̂MLE
and thus are located to the upper right
part of the isodynamic capacity curve while a small right shift from the
isodynamic capacity curve is expected since the OV LV BPL topologies with
longer branches are characterized by relatively lower capacities in comparison
with the real indicative OV LV BPL rural case. The opposite situation holds for
the OV LV BPL topologies with one short branch. In the case of OV LV BPL
topologies with two branches, similar observations can be made but for the
suburban class area and for its isodynamic capacity curves.
• As the effect of branch line faults is examined and the potential of the branch line
fault detection is discussed, the iSHM footprint of OV LV BPL topologies with
one branch line fault is not strictly located at adjacent isodynamic capacity curves
as shown by comparing Fig. 1(b) with Fig. 5 of [20]. In fact, the identification of
the OV LV BPL topologies with branch line faults of short length becomes easier
since their corresponding iSHM footprint violates the class area borders in
accordance with [20]. The violation of the class area borders is anyway an easy
task for the management information system of the smart grid to detect.
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Fig. 1. (a) iSHM class map of OV LV BPL topologies when 3-30MHz frequency band, 0.1MHz frequency
subchannel spacing, WtG1 coupling scheme and FCC Part 15 are assumed [20]. (b) Isodynamic capacity
chart of Fig.1(a) with isodynamic capacity curves.

•

The same result is reached by comparing the location of white spots of the iSHM
footprint of OV LV BPL topologies with one branch line fault with the
isodynamic capacity curves.
As the effect of single hooks for energy theft is examined and their detection
potential is studied, the iSHM footprint of OV LV BPL topologies with one hook
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for energy theft is significantly right shifted from the real indicative OV LV BPL
topology of reference. Since the vast majority of the white spots of the iSHM
footprint of OV LV BPL topologies with one hook for energy theft is dislocated
and approximately located on an isodynamic capacity curve far right, this implies
that the detection of energy thefts is far easier by the management information
system than the detection of branch line faults.
With reference to Fig. 1(b), it is clearly shown that the inner class area capacity
distribution of the iSHM class maps remains zonal and solid without islands of capacity
changes. The violation of isodynamic capacity curves helps towards the identification of
a critical event during the operation of the power grid while the Weibull CASD MLE
parameter pair can help towards the exact location of the critical event when the nature of
the critical situation is identified by the management information system given the low
intensity of the measurement differences.
But the aforementioned identification and classification of the critical situation
presumes that the capacity of the modified OV LV BPL topology that suffers from the
critical event is equal to the capacity of the applied isodynamic capacity curve which is
plotted on the basis of the average capacities of the OV LV BPL topology subclass of
Weibull CASD iSHM class map. For that reason, the capacity of the modified OV LV
BPL topologies is compared with the average capacity of the OV LV BPL topology
subclass of Weibull CASD iSHM class maps whose CASD MLE parameter pair is the
same with the one of the examined modified OV LV BPL topology.
Note that the presentation of the topological characteristics of OV LV BPL
topologies of the following Sections in this paper is made on the basis of the scheme of
the typical OV LV BPL topology that is illustrated in Fig. 1(b) of [23]. Also, the
topological characteristics of the five indicative OV LV BPL topologies, which act as the
representative topologies of the respective classes and their main subclasses, are reported
in Table 1 of [23] and on that basis the presentation of the topological characteristics of
the arbitrary OV LV BPL topologies of the following Sections is given in the following
Tables.
3.2 iSHM Footprints and Capacity Differences of the Real OV LV BPL Topologies
for the Default Operation Settings
In Sec.2.4 of [20], the footprint of the real OV LV BPL topologies has been
illustrated on the iSHM class maps where real OV LV BPL topologies have been
retrieved by the Topology Identification Methodology (TIM) database of [25].
As the applied TIM BPL topology database specifications are concerned, they have been
reported in [25] for the database preparation. For the further analysis of this Section,
12 arbitrary real OV LV BPL topologies of one branch and 16 arbitrary real OV LV BPL
topologies of two branches, which are reported in Table 1 and 2, respectively, are
assumed.
As the iSHM footprint parameters of the arbitrary real OV LV BPL topologies
Weibull
with one branch are concerned, Weibull CASD MLE parameter pairs (say, 𝑎̂MLE
and
Weibull
̂
𝛽MLE ) of each of the 12 arbitrary real OV LV BPL topologies of one branch are
reported in Table 1 as well as the capacity of the examined OV LV BPL topology.
Also, the average capacity of the OV LV BPL topology subclass of Weibull CASD
iSHM class map for given arbitrary real OV LV BPL topology of one branch is

Tr Ren Energy, 2020, Vol.6, No.3, 245-265. doi: 10.17737/tre.2020.6.3.00122

251

Peer-Reviewed Article

Topology
Number
(l)

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12

Trends in Renewable Energy, 6

Table 1
Real OV LV BPL Topologies of one Branch, Weibull CASD MLEs and Capacities
Length of
Length of
Weibull CASD MLEs
Capacity of the
Average
Distribution
Branchess
examined OV LV Capacity of the
Lines
BPL Topology
Respective OV
LV BPL
Topology
Subclass of the
Weibull iSHM
Class Map
(Mbps)
(Mbps)
Weibull
Weibull
̂
C
C2
1
𝑎̂MLE
𝛽MLE
L1=10m,
Lb1=1m
0.188
1.071
385.938
385.936
L2=990m
2.559
0.596
352.727
353.143
L1=10m,
Lb1=10m
L2=990m
L1=10m,
Lb1=50m
2.366
0.61
355.149
356.458
L2=990m
L1=10m,
Lb1=200m
2.837
0.739
356.145
356.761
L2=990m
L1=200m,
Lb1=1m
0.188
1.071
385.938
385.936
L2=800m
L1=200m,
Lb1=10m
2.559
0.596
352.727
353.143
L2=800m
2.366
0.61
355.149
356.458
L1=200m,
Lb1=50m
L2=800m
L1=200m,
Lb1=200m
2.837
0.739
356.145
356.761
L2=800m
L1=850m,
Lb1=1m
0.188
1.071
385.938
385.936
L2=150m
L1=850m,
Lb1=10m
2.559
0.596
352.727
353.143
L2=150m
L1=850m,
Lb1=50m
2.366
0.61
355.149
356.458
L2=150m
2.837
0.739
356.145
356.761
L1=850m,
Lb1=200m
L2=150m

Tr Ren Energy, 2020, Vol.6, No.3, 245-265. doi: 10.17737/tre.2020.6.3.00122

Capacity
Difference

(Mbps)
C1-C2
0.002
-0.416
-1.308
-0.616
0.002
-0.416
-1.308
-0.616
0.002
-0.416
-1.308
-0.616
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Table 2
Real OV LV BPL Topologies of two Branches, Weibull CASD MLEs and Capacities
Length of
Length of
Weibull CASD MLEs
Capacity of the
Average
Distribution
Branchess
examined OV LV Capacity of the
Lines
BPL Topology
Respective OV
LV BPL
Topology
Subclass of the
Weibull iSHM
Class Map
(Mbps)
(Mbps)
Weibull
Weibull
̂
C
C2
1
𝑎̂MLE
𝛽MLE
L1=10m,
Lb1=15m,
9.081
0.903
304.988
303.73
L2=150m,
Lb2=3m
L3=840m
L1=10m,
Lb1=15m,
6.888
0.83
319.504
320.204
L2=150m,
Lb2=20m
L3=840m
L1=10m,
Lb1=50m,
8.624
0.864
305.426
306.208
L2=150m,
Lb2=3m
L3=840m
L1=10m,
Lb1=50m,
6.418
0.794
321.92
323.018
L2=150m,
Lb2=20m
L3=840m
L1=10m,
Lb1=15m,
9.112
0.91
305.488
303.69
L2=300m,
Lb2=3m
L3=690m
L1=10m,
Lb1=15m,
6.919
0.835
319.464
320.144
L2=300m,
Lb2=20m
L3=690m
L1=10m,
Lb1=50m,
8.767
0.888
304.868
305.882
L2=300m,
Lb2=3m
L3=690m
L1=10m,
Lb1=50m,
6.563
0.811
321.449
322.38
L2=300m,
Lb2=20m
L3=690m
L1=550m,
Lb1=15m,
9.081
0.903
304.988
303.73
L2=150m,
Lb2=3m
L3=300m
L1=550m,
Lb1=15m,
6.888
0.83
319.504
320.204
L2=150m,
Lb2=20m
L3=300m
L1=550m,
Lb1=50m,
8.624
0.864
305.426
306.208
L2=150m,
Lb2=3m
L3=300m
L1=550m,
Lb1=50m,
6.418
0.794
321.92
323.018
L2=150m,
Lb2=20m
L3=300m
L1=550m,
Lb1=15m,
9.112
0.91
305.488
303.69
L2=300m,
Lb2=3m
L3=150m
L1=550m,
Lb1=15m,
6.919
0.835
319.464
320.144
L2=300m,
Lb2=20m
L3=150m
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Capacity
Difference

(Mbps)
C1-C2
1.258

-0.7

-0.782

-1.098

1.798

-0.68

-1.013

-0.931

1.258

-0.7

-0.782

-1.098

1.798

-0.68
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2.15

2.16

L1=550m,
L2=300m,
L3=150m
L1=550m,
L2=300m,
L3=150m

Lb1=50m,
Lb2=3m

8.767

0.888

304.868

305.882

-1.013

Lb1=50m,
Lb2=20m

6.563

0.811

321.449

322.38

-0.931

demonstrated as well as the capacity difference between the examined OV LV BPL
topology and the average capacity of the OV LV BPL topology subclass of Weibull
CASD iSHM class map of the same Weibull CASD MLE parameter pair with the one of
the examined OV LV BPL topology. In Table 2, the same analytics with Table 1 are
shown but for the case of the 16 arbitrary real OV LV BPL topologies of two branches.
By analyzing Tables 1 and 2, several important observations can be made
concerning the iSHM footprints of the real OV LV BPL topologies and the inner class
area capacity distribution of the iSHM class maps, namely:
• With reference to Weibull CASD MLEs, all the arbitrary OV LV BPL topologies
of Table 1 and 2 are located at the rural and suburban class areas, respectively.
This quantitative observation agrees with the graphical findings of iSHM
footprints highlighted at Figs. 3(a) and 3(b) of [20].
• In Table 1, all the capacities of the arbitrary OV LV BPL topologies of one
branch remain comparable except for Topologies 1.1, 1.5 and 1.9, which are
characterized by the short branches of 1m. The almost equal capacities of the
aforementioned arbitrary OV LV BPL topologies imply that their iSHM footprint
lies near the same isodynamic capacity curve of 355Mbps. Same capacity results
occur in Table 2 where the arbitrary OV LV BPL topologies of two branches are
grouped to three isodynamic capacity curves.
• In accordance with Table 2 of [20], Weibull CASD succeeds in satisfying the
strict capacity performance criteria of absolute threshold of percentage change
and average absolute percentage change for the five indicative OV LV BPL
topologies. In Table 1, it is shown that the capacity of the examined arbitrary OV
LV BPL topology with one branch is approximately the same with the average
capacity of the respective OV LV BPL topology subclass of the Weibull iSHM
class map of Fig. 1(a) (say, capacity differences that range from -1.308Mbps to
0.002Mbps) that entails that Weibull CASD can accurately approximate the
capacity of each OV LV BPL topology of one branch given the Weibull CASD
MLEs. Same results can be observed in the case of OV LV BPL topologies with
two branches where the capacity differences range from -1.098Mbps to
1.798Mbps. Therefore, Weibull CASD can produce successful capacity
estimations for any OV LV BPL topology that lies at the rural and suburban class
area given the Weibull CASD MLEs.
It is evident from the analysis of this Section that a direct correspondence can be
assumed between Weibull CASD MLEs of an examined OV LV BPL topology,
its position on the class map, its position on the isodynamic capacity curves and its
capacity. Combined with the zonal capacity distribution behavior of class maps,
it is shown that OV LV BPL topologies with one, two and three and above branches are
expected to be located at rural, suburban and urban class areas, respectively.
Tr Ren Energy, 2020, Vol.6, No.3, 245-265. doi: 10.17737/tre.2020.6.3.00122
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3.3 iSHM Footprints and Capacity Differences of the Real OV LV BPL Topologies
with One Branch Line Fault for the Default Operation Settings
In Sec.2.5 of [20], the footprint of the real OV LV BPL topologies with one
branch line fault has been illustrated on the iSHM class maps where the real indicative
OV LV BPL urban case A has acted as the reference topology. Actually, Fault and
Instability Identification Methodology (FIIM) database of [25] has been exploited so that
all the possible real OV LV BPL topologies with one branch line fault can be retrieved by
the real indicative OV LV BPL urban case A. For the further analysis of this Section,
6 arbitrary real OV LV BPL topologies of one branch line fault, which are based on the
topological characteristics of the real indicative OV LV BPL urban case A, are reported
in Table 3. Note that two different branch line fault lengths are assumed per each of the
three branch lines of the real indicative urban case A.
As the iSHM footprint parameters of the arbitrary real OV LV BPL topologies
with one branch line fault are concerned, Weibull CASD MLE parameter pair of each of
the 6 arbitrary real OV LV BPL topologies of one branch line fault is reported in Table 3
as well as the capacity of the examined OV LV BPL topology. Similarly to Tables 1 and
2, the average capacity of the OV LV BPL topology subclass of Weibull CASD iSHM
class map for given arbitrary real OV LV BPL topology of one branch line fault and the
capacity difference between the examined OV LV BPL topology and the average
capacity of the OV LV BPL topology subclass of Weibull CASD iSHM class map of the
same Weibull CASD MLE parameter pair with the one of the examined OV LV BPL
topology are also given.
With respect to Figs. 1(a), 1(b) and Fig. 5 of [20], Table 3 may offer valuable
information towards the detection of the critical event of branch line faults during the
operation of the power grid by exploiting the iSHM footprints of the real OV LV BPL
topologies and the inner class area capacity distribution of the iSHM class maps. More
specifically:
• Similarly to Tables 1 and 2, the capacities of the examined arbitrary OV LV BPL
topologies with one branch line fault remain approximately the same with the
average capacities of the respective OV LV BPL topology subclasses of the
Weibull iSHM class map of Fig. 1(a) (say, capacity differences that range from 3.604Mbps to 1.959Mbps). The capacity differences are small enough in
comparison with the achieved capacities of the examined OV LV BPL topologies
that again entails that Weibull CASD can accurately approximate the capacity of
each OV LV BPL topology of one branch line fault given its Weibull CASD
MLEs.
• Since a direct correspondence between the Weibull CASD MLE parameter pair
and the capacity of an examined OV LV BPL topology with one branch line fault
is verified, there is no need for depicting the Weibull CASD MLE parameter pair
of the examined OV LV BPL topology on the class map since a simple check of
the achieved capacity of the examined OV LV BPL topology by the management
information system with the capacity borderlines of a class area can assure if its
location lies inside the class area or not.
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Table 3
OV LV BPL Urban Case A with one Branch Line Fault, Weibull CASD MLEs and Capacities
Length of
Length of
Weibull CASD MLEs
Capacity of the
Average
Distribution
Branchess
examined OV LV Capacity of the
Lines
BPL Topology
Respective OV
LV BPL
Topology
Subclass of the
Weibull iSHM
Class Map
(Mbps)
(Mbps)
Weibull
Weibull
̂
C
C2
1
𝑎̂MLE
𝛽MLE
L1=500m,
Lb1=3m,
14.446
1.127
264.515
266.916
L2=200m,
Lb2=13m,
L3=100m,
Lb3=10m
L4=200m
L1=500m,
Lb1=5m,
13.038
1.272
280.149
279.677
L2=200m,
Lb2=13m,
L3=100m,
Lb3=10m
L4=200m
L1=500m,
Lb1=8m,
14.423
1.045
262.214
265.818
L2=200m,
Lb2=3m,
L3=100m,
Lb3=10m
L4=200m
L1=500m,
Lb1=8m,
11.446
0.796
279.445
281.260
L2=200m,
Lb2=8m,
L3=100m,
Lb3=10m
L4=200m
9.993
0.987
299.801
298.681
L1=500m,
Lb1=8m,
L2=200m,
Lb2=13m,
L3=100m,
Lb3=2m
L4=200m
L1=500m,
Lb1=8m,
14.737
1.255
268.326
266.367
L2=200m,
Lb2=13m,
L3=100m,
Lb3=4m
L4=200m

•

•

Capacity
Difference

(Mbps)
C1-C2
-2.401

0.472

-3.604

-1.814

1.120

1.959

Since the real indicative OV LV BPL urban case A acts as the basis for the study
of single branch line faults of this Section, the capacities of the class area capacity
borderlines are equal to 254Mbps and 298Mbps. By examining the Table 3, it is
evident that Topology 3.5 presents capacity that is equal to 299.801Mbps and
exceeds the upper capacity borderline of the urban case A class area. If a branch
line fault is suspected during the operation of the power grid, this exceedance may
be an alert for the management information system. Indeed, the capacity
borderline violation remains the safest way to detect a potential branch line faults
as also explained and depicted in Fig. 5 of [20].
In accordance with Table 1 of [20] and Fig. 1(a), the real indicative OV LV BPL
Weibull ̂ Weibull
urban case A is characterized by 𝑎̂MLE
, 𝛽MLE
and capacity that are equal to
13.29, 1.11 and 275Mbps, respectively. As the OV LV BPL topologies of Table 3
Weibull
Weibull
are regarded, their 𝑎̂MLE
and 𝛽̂MLE
range from 9.993 to 14.737 and from
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0.796 to 1.272, respectively, while their capacities range from 266.367Mbps to
298.681Mbps. Since branch line fault reforms the existing affected branch line of
the OV LV BPL topology to a shorter one, capacity fluctuations can be observed
while a movement across the isodynamic capacity curve is expected due to the
Weibull
Weibull
fluctuations of 𝑎̂MLE
and 𝛽̂MLE
.
As the violation of class area capacity borderlines and of the isodynamic capacity curves
is an evidence for the existence of a branch line fault when no measurement differences
are assumed, FIIM, which is analyzed in [25], can be then activated so that the branch
line fault can securely identified through its supported repertory of faults and instabilities.
Anyway, FIIM is a part of the management information system of the smart grid and here
its performance is enhanced. As already been identified, the detection of branch line fault
of short length becomes an easier task since violation of the capacity borderlines of the
corresponding class area is more expected.
3.4 iSHM Footprints and Capacity Differences of the Real OV LV BPL Topologies
with One Hook for Energy Theft for the Default Operation Settings
In Sec. 2.6 of [20], the footprint of the real OV LV BPL topologies with a single
hook for energy theft has been shown on the iSHM class maps where the real indicative
OV LV BPL suburban case has acted as the basis topology. In accordance to [26], Hook
Style energy theft DETection (HS-DET) method may generate all the real OV LV BPL
topologies with a single hook for energy theft that are based on the OV LV BPL suburban
case but for the sake of the analysis of this Section, 9 arbitrary real OV LV BPL
topologies of one hook for energy theft, which are based on the topological
characteristics of the real indicative OV LV BPL suburban case, are reported in Table 4.
As the iSHM footprint parameters of the arbitrary real OV LV BPL topologies
with one hook for energy theft are concerned, Weibull CASD MLE parameter pair of
each of the 9 arbitrary real OV LV BPL topologies of one hook for energy theft is
reported in Table 4 as well as the capacity of the examined OV LV BPL topology.
Similarly to Tables 1-3, the average capacity of the OV LV BPL topology subclass of
Weibull CASD iSHM class map for given arbitrary real OV LV BPL topology of one
hook for energy theft and the capacity difference between the examined OV LV BPL
topology and the average capacity of the OV LV BPL topology subclass of Weibull
CASD iSHM class map of the same Weibull CASD MLE parameter pair with the one of
the examined OV LV BPL topology are also given.
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Table 4
OV LV BPL Suburban Case with one Single Hook for Energy Theft, Weibull CASD MLEs and Capacities
Length of
Length of
Weibull CASD MLEs
Capacity of the
Average
Capacity
Distribution
Branchess
examined OV LV Capacity of the
Difference
Lines
BPL Topology
Respective OV
LV BPL
Topology
Subclass of the
Weibull iSHM
Class Map
(Mbps)
(Mbps)
(Mbps)
Weibull
Weibull
̂
C
C
C1-C2
1
2
𝑎̂MLE
𝛽MLE
L1=1m,
Lb1=3m,
13.564
1.057
272.983
272.305
0.678
L2=499m,
Lb2=50m,
L3=400m,
Lb3=10m
L4=100m
L1=1m,
Lb1=15m,
11.463
1.006
287.521
287.316
0.205
L2=499m,
Lb2=50m,
L3=400m,
Lb3=10m
L4=100m
L1=1m,
Lb1=100m,
11.196
1.078
291.723
291.085
0.638
L2=499m,
Lb2=50m,
L3=400m,
Lb3=10m
L4=100m
L1=200m,
Lb1=3m,
13.501
1.069
273.302
272.997
0.305
L2=300m,
Lb2=50m,
L3=400m,
Lb3=10m
L4=100m
11.289
0.998
288.358
288.498
-0.140
L1=200m,
Lb1=15m,
L2=300m,
Lb2=50m,
L3=400m,
Lb3=10m
L4=100m
L1=200m,
Lb1=100m,
11.053
1.057
292.244
291.770
0.474
L2=300m,
Lb2=50m,
L3=400m,
Lb3=10m
L4=100m
L1=500m,
Lb1=50m,
13.438
1.044
272.895
272.996
-0.102
L2=200m,
Lb2=3m,
L3=200m,
Lb3=10m
L4=100m
11.271
0.977
287.904
288.103
-0.199
L1=500m,
Lb1=50m,
L2=200m,
Lb2=15m,
L3=200m,
Lb3=10m
L4=100m
L1=500m,
Lb1=50m,
11.170
1.092
292.164
291.580
0.585
L2=200m,
Lb2=100m,
L3=200m,
Lb3=10m
L4=100m
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With respect to Figs. 1(a), 1(b) and Fig. 7 of [20], Table 4 verifies the
convenience to detect the energy theft by the management information system of the
smart grid. Since the hook of energy theft may be treated as an additional branch line to
the existing ones of the examined OV LV BPL topology, this implies the transition of the
examined OV LV BPL topology from the existing topology class to the one more
aggravated; say, in the case of this Section, the original OV LV BPL topology is located
at the suburban class area while the modified ones after the insertion of hook
(i.e., Topologies 4.1-4.9) are located at the class area of the urban case A. By taking into
account the capacity of the modified OV LV BPL topologies, the low capacity
differences and the capacity borderlines of the urban case A class area, it is evident that a
steep decrease of the capacity that occurs due to the insertion of the hook means a
possible energy theft if all other critical events are eliminated. Another iSHM footprint
characteristic that has been highlighted in Table 4 is the steep and steady increase of
Weibull
Weibull
𝑎̂MLE
with respect to 𝑎̂MLE
of OV LV BPL suburban case, which is equal to 6.62 as
Weibull
reported in Table 1 of [20]. Also an increase of 𝛽̂MLE
can also been observed in
modified OV LV BPL topologies but this occurs in the majority of the cases as presented
Weibull ̂ Weibull
in Fig.7 of [20]. Due to the generalized differentiation of 𝑎̂MLE
, 𝛽MLE
and capacity,
the detection of the hook style energy theft remains easier than the one of branch line
fault while the application of HS-DET method as analyzed in [26] may allow the location
determination of any hook style energy theft in OV LV BPL networks.
3.5 Weibull iSHM Class Maps and Inner Class Area Capacity Distribution Rules
of Thumb
As already been mentioned for Figs. 1(a) and 1(b), first, either Weibull iSHM
topology class borderlines or isodynamic capacity curves create solid capacity zones
without capacity islands on them. Second, it has been proven in Tables 1-4 that the
capacity of the examined OV LV BPL topologies remains almost equal to the average
capacity of the respective OV LV BPL topology subclasses of Weibull CASD iSHM
class map for given Weibull CASD MLE parameter pair. Third, either Weibull iSHM
topology class borderlines or isodynamic capacity curves can be satisfactorily
Weibull
Weibull
approximated by equations that involve 𝑎̂MLE
and 𝛽̂MLE
thus clearly defining the
limits so that (i) the examined OV LV BPL topology can be grouped among the available
topology classes through its Weibull CASD MLE parameter pair; and (ii) the capacity of
the examined OV LV BPL topology can be estimated through its Weibull CASD MLE
parameter pair. For clarity issues, the following approximation analysis is focused:
Weibull
Weibull
(i) between the 𝑎̂MLE
and 𝛽̂MLE
graphical limits of Figs. 1(a)-(b); and
Weibull
Weibull
(ii) the between the 𝑎̂MLE
and 𝛽̂MLE
limits where topology class borderlines and
Weibull
isodynamic capacity curves remain smooth without breaks; say, 𝑎̂MLE
ranges from 2 to
Weibull
20 and 𝛽̂MLE
ranges from 0.2 to 1.2.
More specifically, let assume that Weibull iSHM topology class borderlines of
Fig. 1(a) and Weibull iSHM isodynamic capacity curves of Fig. 1(b) may be
approximated through quadratic regression equations that are detailed in Tables 5 and 6,
respectively. Now, let assume arbitrary OV LV BPL topologies, say, Topologies 1.1, 2.1,
Weibull
Weibull
3.1 and 4.1, whose 𝑎̂MLE
and 𝛽̂MLE
are alredy reported in Tables 1-4, respectively.
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OV LV BPL
Topology Class
(Capacity of the
Right Borderline
in Mbps)
Rural
(341)
Suburban
(298)
Urban Case A
(254)

Capacity in
Mbps of the
Isodynamic
Curve
360

Table 5
Quadratic Regression Equations of iSHM Topology Class Borderlines of Fig. 1(a)
Right Borderline Equation

2

Weibull
Weibull
Weibull
𝑅5.1 = 𝛽̂MLE
− {[0.0236 ∙ (𝑎̂MLE
) ] + [0.0304 ∙ 𝑎̂MLE
] + 0.2174}
2

Weibull
Weibull
Weibull
𝑅5.2 = 𝛽̂MLE
− {[0.0133 ∙ (𝑎̂MLE
) ] + [−0.05 ∙ 𝑎̂MLE
] + 0,1943}
2

Weibull
Weibull
Weibull
𝑅5.3 = 𝛽̂MLE
− {[0.0089 ∙ (𝑎̂MLE
) ] + [−0.1116 ∙ 𝑎̂MLE
] + 0.3324}

Table 6
Quadratic Regression Equations of iSHM isodynamic capacity curves of Fig. 1(b)
Isodynamic Capacity Curve Equation

Weibull
Weibull 2
Weibull
𝑅6.1 = 𝛽̂MLE
− {[0.1228 ∙ (𝑎̂MLE
) ] + [−0.1581 ∙ 𝑎̂MLE
] + 0.3878}

340

Weibull
Weibull 2
Weibull
𝑅6.2 = 𝛽̂MLE
− {[0.0391 ∙ (𝑎̂MLE
) ] + [−0.0703 ∙ 𝑎̂MLE
] + 0.3144}

320

Weibull
Weibull
Weibull
𝑅6.3 = 𝛽̂MLE
− {[0.0198 ∙ (𝑎̂MLE
) ] + [−0.0387 ∙ 𝑎̂MLE
] + 0.2319}

300

Weibull
Weibull
Weibull
𝑅6.4 = 𝛽̂MLE
− {[0.0141 ∙ (𝑎̂MLE
) ] + [−0.0608 ∙ 𝑎̂MLE
] + 0.2419}

280

Weibull
Weibull 2
Weibull
𝑅6.5 = 𝛽̂MLE
− {[0.0112 ∙ (𝑎̂MLE
) ] + [−0.0696 ∙ 𝑎̂MLE
] + 0.1897}

260

Weibull
Weibull 2
Weibull
𝑅6.6 = 𝛽̂MLE
− {[0.0081 ∙ (𝑎̂MLE
) ] + [−0.0715 ∙ 𝑎̂MLE
] + 0.1553}

2
2

Table 7
OV LV BPL Topologies and Quadratic Regression Equations of iSHM Topology Class Borderlines of
Table 5
Topology
Weibull CASD
Capacity of
iSHM Topology Class Right Borderline
Number
MLEs
the examined
Equation
(l)
OV LV BPL
Topology

1.1
2.1
3.1
4.1

Weibull
𝑎̂MLE

Weibull
𝛽̂MLE

(Mbps)
C1

0.188
9.081
14.446
13.564

1.071
0.903
1.127
1.057

385.938
304.988
264.515
272.983

𝑅5.1
(Rural / 341)
0.847051
-1.53663
-4.45457
-3.91472

𝑅5.2
(Suburban /
298)
0.88563
0.065971
-1.12054
-0.90606
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𝑅5.3
(Urban Case A /
254)
0.759266
0.850105
0.54946
0.600902
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Topology
Number
(l)

1.1
2.1
3.1
4.1

Table 8
OV LV BPL Topologies and Quadratic Regression Equations of iSHM Isodynamic Capacity Curves of
Table 6
Weibull CASD
Capacity
iSHM Isodynamic Capacity Curve Equation
MLEs
of the
examined
OV LV
BPL
Topology

Weibull
𝑎̂MLE

Weibull
𝛽̂MLE

(Mbps)
C1

0.188
9.081
14.446
13.564

1.071
0.903
1.127
1.057

385.938
304.988
264.515
272.983

𝑅6.1
(360)

𝑅6.2
(340)

𝑅6.3
(320)

𝑅6.4
(300)

𝑅6.5
(280)

𝑅6.6
(260)

0.649783
-8.23454
-22.6624
-19.8381

0.636234
-2.12957
-6.4637
-5.62975

0.630976
-0.82496
-2.89254
-2.50752

1.014192
0.109542
-2.01022
-1.49095

0.637089
0.164835
-0.65145
-0.50615

0.637556
0.437729
0.022925
0.089971

Weibull
Weibull
On the basis of 𝑎̂MLE
and 𝛽̂MLE
of each of the aforementioned four topologies,
the computation results of the application of iSHM topology class right borderline
quadratic regression equations R5.1-R5.3 are demonstrated in Table 7 as well as the
capacity of each OV LV BPL topology. Similar results with Table 7 are given in Table 8
but for the case of iSHM isodynamic capacity curve quadratic regression equations
R6.1-R6.6.
By observing Tables 7 and 8, two rules of thumb that are based on the inner class
area capacity distribution are first presented in the following analysis. In order to define
these rules of thumb, an evidence that is very useful during the following analysis is the
last positive value of quadratic regression equation results per each row (i.e., per each
examined OV LV BPL topology) from right to left that is filled with green color in
Tables 7 and 8. As for the two rules of thumb that are proposed, the first one has to do
with the classification of OV LV BPL topologies while the second one has to with the
approximate computation of the OV LV BPL topology capacity, namely:
• First rule of thumb concerning the OV LV BPL topology classification: As the
inner class area capacity distribution suggests, the class areas are solid and are
bounded by borderlines approximated by the equations of Table 5. In accordance
with Table 7, the positive values for given OV LV BPL topology imply that the
respective quadratic regression equations lie below the Weibull CASD MLEs of
the examined OV LV BPL topology. The opposite fact holds when negative
values occur. Since quadratic regression equations of Table 7 describe the right
borderlines of the class areas and, hence, the respective lower capacity bounds of
the class areas, the last positive value per row in Table 7 determines the OV LV
BPL topology class of the examined topology. Therefore, Topology 1.1, 2.1, 3.1
and 4.1 are members of the rural, suburban, urban case A and urban case A OV
LV BPL topology classes, respectively. The last remark is easily verified by
comparing the capacity of the examined topology with the capacities of right
borderlines of the OV LV BPL topology classes that are reported in Table 7;
e.g., Topology 1.1 capacity is equal to 385.938Mbps that is greater than the lower
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capacity bound of rural class, which is equal to 341Mbps, and lower than the
“LOS” class capacity of 387Mbps, which is presented in Fig. 1(a) and only
consists of the “LOS” case. Same observations stand for the Topologies 2.1, 3.1
and 4.1 as well as for the vast majority of the OV LV BPL topologies described
by Weibull CASD MLEs.
Second rule of thumb concerning the capacity approximation of OV LV BPL
topology: Similarly to the first rule of thumb, isodynamic capacity curves bound
compact capacity areas while the equations of the iSHM isodynamic capacity
curves are given in Table 6. In accordance with Table 8, the positive values for
given OV LV BPL topology imply that the respective quadratic regression
equations lie below the Weibull CASD MLEs of the examined OV LV BPL
topology while the negative values imply that the respective quadratic regression
equations lie above. Similarly to the first rule of thumb, the last positive value per
row in Table 8 may approximate the OV LV BPL topology capacity with lower
and upper capacity bounds the capacity of the current isodynamic capacity curve
of the last positive value and the capacity of the next isodynamic capacity curve,
respectively. The last approximation is easily verified by comparing the capacity
of the examined topology with the capacities of the isodynamic capacity curves
that are reported in Table 8; e.g., Topology 2.1 capacity is equal to 304.988Mbps
that is greater than the lower capacity bound defined by the isodynamic capacity
curve 𝑅6.4 , which is equal to 300Mbps, and lower than the upper capacity bound
defined by the isodynamic capacity curve 𝑅6.3 , which is equal to 320Mbps.
Same observations stand for the Topologies 1.1, 3.1 and 4.1 as well as for the vast
majority of the OV LV BPL topologies characterized by Weibull CASD MLEs.

4. Conclusions
In this paper, the study of the inner class area capacity distribution of Weibull
iSHM class maps has allowed the better understanding of the relation between Weibull
CASD MLEs and the capacity of the OV LV BPL topologies. Actually, regardless of the
operation conditions of the OV LV power grid (either normal operation or faulty
operation), Weibull CASD MLEs permit the capacity estimation of the examined OV LV
BPL topologies. By exploiting the solid capacity areas of the Weibull iSHM class maps
and iSHM footprints of the OV LV BPL topologies during their fault operation,
critical events such as the branch line faults and the energy thefts can be easily detected
through the careful consideration of iSHM footprints of the modified OV LV BPL
topologies by the management information system of the OV LV BPL networks.
Going one step further, two rules of thumb have been proposed that allow the
classification and the capacity approximation of the OV LV BPL topologies by
exploiting class area borderline and isodynamic capacity curve quadratic regression
equations, respectively.
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In order to realize the best practices to allow the individuals participate in
renewable energy production, a collection of legislation was ratified, and a
set of decisions was introduced to encourage the prosumer concept. This
notion, which is called Net Metering (NEM), is a billing mechanism that
credits PV solar system owners for the energy injected to the grid.
Lebanon adopts the NEM policy to reduce the demand and boost the grid
through increasing the generation capacity. The decline of solar
equipment cost encourages people to subscribe to the NEM service by
utilizing the PV solar systems. The implementation of the NEM service
provides the customers with leverage over their electricity bills. However,
connecting the home micro grid into the vast grid is not easy. It imposes
many technical challenges which are discussed in this article.
Keywords: Net Metering; Solar PV System; Renewable Energy Resources; Sustainable Energy; On-Grid
System; Hawaii Back Feed Problem

1. Administrative Requirements
A major support for the expansion of solar energy in Lebanon is the Net Metering
NEM policy which has been adopted and approved by the Electricite du Liban (EDL)
through Decision No. 318-32 / 2011. Its advantages include legal and technical simplicity,
in addition to the free installation of the meter by EDL.
The currently available Net Metering scheme implemented in Lebanon allows the
subscribers to reduce the monthly bills through ‘net consumption’ payments which are
rolled over to the next billing cycle – in case of surplus – until the end of the fiscal / calendar
year. And then EDL will reset the counter to zero to start all over. In this case, any energy
surplus is not financially remunerated, but is considered as a contribution to EDL’s
electricity production [1]. This implies that oversizing of the solar Photo Voltaic (PV)
system to more than the average annual energy consumption will increase its initial cost,
while the return will remain constant, subsequently raising the system's payback period.
1.1 Subscription
Any electricity subscriber can apply for energy NEM by filling out the net metering
interconnection application (at the EDL website), and uploading it with all required
documentation. Apart from the personal information, the application form includes the
name of manufacturer and supplier, technical details of the components planned to be
installed, as well as the contractor’s name. Finally, the site drawing, single line diagram,
and equipment data sheet are attached.
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2. Technical Overview of NEM
The useful benefit of the Renewable Energy System (RES) system is its capability
to connect with the general electrical grid, which allows the owner to transfer surplus
energy directly to the utility by using the NEM (Figure 1). All that you need in addition to
the PV system installation is to replace the old unidirectional electromechanical meter with
a new electronic bi-directional meter, which mounted by EDL after you have subscribed
to this service.
Each installation can differ depending on the RES used (such as PV, wind, biomass,
and hybrid).

Figure 1. Residential Grid-Connected PV System with Net Metering
(www.slideshare.net/RaghavGupta20/zero-energy-building, Public Domain)

3. Applicable Standards
In order to ensure the installation’s protection and safety from hazards, in addition
to proper performance and efficiency, the PV installations should be in compliance with
regulations (national or international regulations) and comply with different standards
according to the country/region in which it is used. In the Lebanese context, inverters made
in Europe are more common. However, a review of the applicable standards will help
inform the decision-making process [2]. Lebanon has adopted the European standards that
cover all issues related to PV systems and the NEM, such as the safety of power converters,
environmental testing, measurement of photovoltaic current-voltage characteristics, the
procedure for measuring efficiency, and characteristics of the utility interface (Figure 2).
Lebanon implemented the following European Standards (EN), VDE (part of the
German standards collection) and IEC (The International Electro Technical Commission):
✓ IEC 61683: Photovoltaic systems – Power conditioners – Procedure for measuring
efficiency.
✓ IEC 61727: Photovoltaic (PV) systems – Characteristics of the utility interface.
✓ IEC 62109-1-2: Safety of power converters for use in photovoltaic power
systems.
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✓ IEC 62116: Utility-interconnected photovoltaic inverters – Test procedure of
islanding prevention measures.

Figure 2. Single line diagram for NEM interconnection with no battery backup

✓ IEC 60068-2-5: Environmental testing – Part 2-5. Simulated solar radiation at
ground level and guidance for solar radiation testing.
✓ IEC 60364-7-712: Electrical installations of buildings – Part 7-712. Requirements
for special installations or locations – Solar photovoltaic (PV) power supply
systems.
✓ IEC 60904-1: Photovoltaic devices – Part 1. Measurement of photovoltaic
current-voltage characteristics.
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✓ IEC 61683: Photovoltaic systems – Power conditioners – Procedure for
Measuring efficiency
✓ IEC 61000-4-30: The method of measurement of grid quality parameters:
frequency, voltage, harmonics, unbalance and flicker.
✓ IEC 61724: Photovoltaic system performance monitoring – Guidelines
for
measurement, data exchange and analysis.
✓ IEC 61727: Photovoltaic (PV) systems – Characteristics of the utility interface.
✓ IEC 61730-2: Photovoltaic (PV) module safety qualification – Part 2. Requirements
for testing.
✓ IEC 61730-2: Photovoltaic (PV) module safety qualification – Part 2. Requirements
for testing.
✓ IEC 62670-1: Photovoltaic concentrators (CPV) – Performance testing – Part
1.Standard conditions.
✓ IEC 62670-2: Photovoltaic concentrators (CPV) – Performance testing – Part 2.
Energy measurement.
✓ VDE V 0126-1-1: Automatic disconnection device between a generator and the
public low-voltage grid.
✓ EN 50438: Requirements for micro-generating plants to be connected in parallel
with public low-voltage distribution networks.

4. Controllers
If you install an off-grid Renewable Energy System (e.g., wind and PV) with a
battery attached, you will need a charge controller. In our study, we mainly refer to PV
charge controllers or solar charge regulators. The purpose of using them is to control the
power from the solar array entering the battery bank. For this function, the controller is one
of the most critical components in any power system.
The controllers protect the batteries from:
✓ Over Charging: A PV controller prevents overcharging of batteries by reducing the
flow of energy to them (i.e., opening the circuit between the battery and the PV
array). Once a certain preset voltage is reached, this predetermined voltage can be
adjusted by some types of controllers. If the voltage drops when the load increases,
the controller will allow charging, which is known as voltage regulation.
✓ Over Discharging: Low Voltage Disconnect (LVD) circuit (included in the
controller) will disconnect all loads when the battery discharges about 80% of its
total capacity. This feature protects the batteries from complete discharge which
damages them and reduces their lifespan. At night, in the absence of solar
irradiation, the controller intervenes to prevent the current from flowing in the
reverse direction, causing the batteries to drain.
Before purchasing a new controller, you may try to select it according to:
Adjustable set points – over current protection - reverse current protection – high /
low voltage warning and protection, etc.
When a homeowner decides to install an on-grid PV solar system with a storage
battery bank, there is no need to install a charge controller. Because the Grid-Tie Inverter
is sufficient to direct the excess charge to the grid and protect the batteries from
overcharging.
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For the off-grid system, there are two types of charge controllers to consider: Pulse
Width Modulation (PWM) controllers, and Maximum Power Point Tracking (MPPT)
controllers.
4.1 Pulse Width Modulation (PWM) Technique
The Pulse Width Modulation (PWM) charge controller is used instead of the OnOff charging mode (old idea) which causes the battery plates to sulfate and reduces the
nominal battery capacity by 55% to 60% after one year of usage. Sulfation happens inside
lead–acid batteries when the electrolyte starts to break down due to incorrect charging
levels and settings.
PWM charge controllers are solid state controllers that use a semiconductor
switching element between the PV array and the battery. This element is switched on/off
by PWM at a variable frequency determined by the variable duty cycle to maintain the
battery at or very close to the voltage regulation set point. At this point the charging
algorithm slowly reduces the charging current to avoid heating and gassing of the battery
[3]. The charging cycle process continues to provide the battery with the full amount of
energy in the shortest possible period. This results in improved overall performance, and a
healthy battery with a longer life span.
PWM controllers are ideally suitable for small solar systems with a few low voltage
PV solar panels and a small battery. They are simpler than MPPT controllers, and therefore
typically less expensive.
4.2 Maximum Power Point Tracking (MPPT)
The extraction of the maximum available power from a photovoltaic module and
substantially increasing the efficiency can be done by using the Maximum Power Point
Tracking (MPPT) Controller [4]. Solar MPPT charge controllers are DC to DC converters
that detect and convert the PV generated voltage to a more suitable one in real time basis.
This operation can be achieved by tracking the maximum voltage-current (VI) value so
that the system can charge the battery bank with the optimum power output (Figure 3).

Figure 1. Current-Voltage-Power Characteristic Curve of a PV Module
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The output power from the PV system is influenced by the weather conditions (i.e.,
MPP is not fixed), and the maximum power varies proportionally with solar radiation and
inversely with ambient temperature (non-linear relation). The MPPT charge controller is
more effective and provides more power under these conditions:
✓ Cloudy or hazy ambient (very low irradiance).
✓ Cold days.
✓ The solar cell temperature is below 45°C or above 75°C.
As a result, using the MPPT controller gives you a 20% to 45% power gain in winter
and 10-15% in summer and cost more money.
4.3 MPPT vs. PWM Controllers Economic Evaluation
The function of the solar charge controller is to regulate the power provided to the
batteries from the PV panels. Overloading batteries can reduce the battery life and in some
cases destroy them. PWM and MPPT solar charge controllers are commonly used to charge
batteries with the solar power.
In the example below, a common 60 cell Polycrystalline Silicon PV panel with an
operating voltage of 31.1 V and current 8.37 A is connected to a 12 V battery (Figure 4).
To compare the performance of different types of controllers, we will use:
➢ PWM charge controller (1st case), with a price of 45$ in the Lebanese market.
➢ MPPT charge controller (2nd case), with a price of 140$ in the Lebanese market.

Figure 2. Polycrystalline Silicon PV panel

1st Case: PWM
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Using the PWM charge controller (Figure 5), the panel voltage drops to 12 V to
match the battery voltage, and as a result the power output is reduced to 8.37 A × 12 V =
100 W.

Figure 5. Power Drawn from PV Panel when Using PWM Controller.

2nd Case: MPPT
Using the MPPT charge controller, the PV panel can operate at its maximum power
point (MPP), and produce much more power (Figure 6).
The power drawn from the panel is 8.37 A × 31.1 V = 260 W.
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Figure 6. Power Drawn from PV Panel when Using MPPT Controller

To compare the obtained results, some assumptions are made (Table 1):
• The PV panel is in full sun.
• Controllers run with the maximum capacity.
• Ignore the presence of wires voltage drop.
• Continuous loading prevents the battery from a full charge.
• No maintenance needed for the controllers.
• The average daily sun is 6 hours (daily charging time).
• Sunny days are 300 days/year.
Daily ∆𝑃 =

(100𝑊∗6ℎ𝑜𝑢𝑟𝑠)/1000
(260𝑊∗6ℎ𝑜𝑢𝑟𝑠)/1000

× 100 = 38.4%

The MPPT controller is better than the PWM controller by 38.4%.
Annual energy charged to the battery (PWM) = 100 W × 6 hours × 300 days = 180 kWh.
Annual energy charged to the battery (MPPT) = 260 W × 6 hours × 300 days =468 kWh.
Average EDL electrical energy price = 9.5 cent/ kWh.
Energy savings per year = 468 kWh – 180 kWh = 288 kWh annually.
Annual Savings = 288 kWh × 9.5 cent/ kWh = 27.36 $ annually.
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑒𝑚𝑒𝑛𝑡
120 $
Simple Payback Period (SPB) =
=
≅ 4.4 years.
𝐴𝑛𝑛𝑢𝑎𝑙 𝑁𝑒𝑡 𝑆𝑎𝑣𝑖𝑛𝑔𝑠

27.36 $
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The latter analysis clearly indicates that using an MPPT controller improves energy
harvesting by 38.4%. The MPPT controller may be a little bit expensive, but it does have
a better efficiency, resulting in a valuable savings of about 27.36 $/year. Finally, the 4.4
years SPB indicates that this investment is feasible, knowing that the average lifespan
period of the system is 25 years.
Table 1. Comparing MPPT and PWM controllers.

5. Inverters
There are two main operation modes of inverters, namely stand-alone (or off-grid)
inverter, and grid connected (or grid-tie) inverter.
5.1 Stand-Alone Inverter
The stand-alone or off-grid power inverter is an electronic device that converts
direct current (DC) from the battery to alternating current (AC) used by common
appliances. Their size and rating range from a few hundred watts (small appliances) to
megawatts, depending on the intent of use.
The main function of the inverter is to keep a constant voltage on the AC side and
convert the input power, Pin into the output power, Pout with the highest possible efficiency
[5], given by:
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𝑃𝑜𝑢𝑡 𝑉𝑎𝑐 𝐼𝑎𝑐 cos 𝜑
=
𝑃𝑖𝑛
𝑣𝑑𝑐 𝐼𝑑𝑐

where
cos(φ) = power factor.
Idc = current required by the inverter from the DC side, i.e., controller (A).
Vdc = input voltage for the inverter from the DC side, i.e., controller (V).
The quality of the inverter output waveform determines its performance. Normally, a
sinusoidal waveform provides the best efficiency. There are three major different types of
inverters, based on the shape of their output waveform:
✓ Square Wave Inverter.
✓ Modified Sine Wave Inverter.
✓ Sine Wave Inverter.
.
Square Wave Inverter
The square wave inverter is the simplest among all types. It is also the cheapest
type of inverters, and least used. A simple oscillator can be used to produce square wave
voltage. This waveform can run simple devices with a universal motor.
Most of the appliances are designed to use the sine waveform supply. If they are
powered by a square wave, they can:
Get hot– buzz or make annoying humming noise – operate with very high losses - may be
damaged. For these reasons, the square wave inverters are banned in a few European
countries.
Modified Sine Wave
A modified sine wave or quasi sine wave inverter is designed to simulate a real sine
wave, since the generation of the sine waves is expensive. It has a waveform more like a
square, but with an extra step. It can operate most appliances but with reduced efficiency.
Most motors will use about 20% more power and may create humming noises.
Sine Wave
“Pure” or “real” sine wave inverters are capable of simulating precisely the AC
power that is generated by rotating AC machinery and are therefore supplied by the local
utility company. This waveform is ideal for transforming the AC power with minimum
harmonic distortion. The main benefit of this inverter is that most electrical and electronic
appliances and equipment are designed to work well using sine-wave. Generally speaking,
because of the additional circuitry, sine wave inverters are usually more costly (from 2 to
3 times) than other types.
Sizing Stand-Alone Inverter
The size of the stand-alone (off-grid) inverter depends on the total power of the
connected appliances, which can be achieved by simply adding the rating of each
connected device. If an electrical motor is attached, a high starting current is drawn for a
limited time interval, so this should be taken into consideration when choosing the correct
inverter protection. It shall be known that they are designed to withstand a surge for a few
seconds.
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5.2 Grid-Tie Inverter (GTI)
Unlike the stand-alone solar systems, on-grid PV systems are connected to the
public network without the need for electrical storage devices (i.e., virtually the grid is your
battery). Any excess power that is not consumed by your electrical loads is exported into
the utility company grid, which causes the meter to spin backward. Usually, you get returns
for this energy.
The key role of the grid-interactive or synchronous inverters or simply the grid-tie
inverter (GTI) is to synchronize the phase, voltage, and frequency of the power line with
that of the grid (50 Hz grid frequency and 220 V root mean square voltage – nominal values
of Lebanon electrical grid). When this matching happens, you can never notice anything.
Similar to any dynamic system, the power system is continuously subjected to
perturbations and experiences transitions from one operating point to another in the form
of oscillations. Voltage stability, frequency stability, and inter-area oscillations have
become greater concerns than in the past [6]. At any moment, the output voltage remains
slightly higher than the grid voltage, so that excess electricity flows towards the grid.
A high-quality modern GTI has a fixed unity power factor, which means its output
voltage and current are perfectly lined up and its phase angle is within 1 degree of the AC
power grid. The GTI has an on-board computer that senses the current AC grid waveform,
and outputs a voltage to correspond with the grid [7]. For these reasons, GTIs have various
technical specifications and a complex constructional architecture that justifies their high
price which is about three times the stand-alone inverter.
Installation Location
Like all electronic devices, GTIs run more efficiently in a cool environment. In
order to optimize its lifetime and performance, the installation place should have the
following specifications:
➢ Easily accessible cool spot.
➢ Away from direct sunlight
➢ Good ventilation.
➢ Away from moisture (dry place).
➢ Dust-free locked room.
Most of these mentioned requirements are not always available. As a result, the
majority of GTIs are designed for outdoor use, with protection from rain, sleet, snow, water
splashing, dust, and corrosion with optimum Ingress Protection (IP 65)1. Ingress Protection
rating, which is established by international standards, describes the level of sealing
effectiveness of the enclosure against foreign bodies such as moisture and dust.
Sizing Grid-Tie Inverter
The size of the Grid-Tie inverter can be determined by knowing how much power
will be drawn from PV panels or other RES such as wind turbines. It should take into
consideration the surge (peak power produced by the solar system), which accounts for
around 25% of the total power of the solar array.
There is no need to install charge controllers or battery banks in a grid-tied network
but use GTIs instead. They are connected directly to the main grid and transform the DC
power from a PV system to the AC power, thereby supplying power to the main grid and
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reducing the electricity extracted from it. Some GTIs are hybrids which inject power to the
grid and charge a battery bank for energy back up.
The output of a solar PV varies depending on the weather condition, irradiation,
angle of incidence, and cell temperature. In order to maintain the efficient operation despite
environmental variations, one approach is to use a maximum power point tracking (MPPT)
algorithm to dynamically tune either control current or voltage to the maximum power
operating point [8]. This feature is employed to optimize the system to work always at its
maximum efficiency under any weather condition.
5.3 Total Harmonic Distortion (THD)
The phrase “Power Quality” has been widely used during the last decade and
includes all aspects of events in the system that deviates from normal operation. However,
it is more correct to distinguish between voltage and current quality, rather than power
quality [9]. To improve the reliability of the grid, the wave distortions should be prohibited,
which increase the peak current, reduce the power factor, and thus result in lower efficiency
due to higher temperature.
In normal conditions, the output voltage form is a sinusoidal wave where THD is
close to or equal to zero. THD is the percentage value between the total components of
harmonics (voltage or current) with its fundamental components. The greater the
percentage of THD, the greater the risk of equipment damage [10].
ℎ

𝑇𝐻𝐷 = √ ∑ (
ℎ=2

=

𝑄ℎ 2
)
𝑄1

√(𝑉2 + 𝑉3 + 𝑉4 + ⋯ … 𝑉ℎ )2
∗ 100%
𝑉1

where
Q represents either current or voltage.
Q1 = r.m.s. value of the fundamental component.
h = harmonic order. Harmonic: is a multiple of the basic frequency 50 Hz; the 2nd
harmonic is at 100 Hz; the 3rd harmonic at 150 Hz, etc. These harmonic waveforms are
added to the basic which creates a distorted sine wave.
Qh = r.m.s. value of the harmonic component of order h.
The nominal output voltage waveform of the PV power Plant shall be of 230/400
V, 50 Hz, with a sinusoidal waveform complying with a THD < 5%. For plants with an
output current I ≤ 16 A per phase, the harmonic components of the current produced and
measured at the output terminals shall comply with the standard IEC 61000-3-2
“Electromagnetic compatibility (EMC) - Part 3-2: Limits - Limits for harmonic current
emissions (equipment input current ≤ 16 A per phase)”. The limitation of voltage
changes, voltage fluctuations, and flicker shall comply with the standard IEC 61000-3-3.
For all the plants connected to the low voltage (LV) grid, the voltage quality measured at
the Point of Connection shall be in accordance with the IEC 61000-2-2 “Compatibility
levels for low-frequency conducted disturbances and signaling in public low-voltage power
supply systems” and IEC/TR 61000-3-14 [2].
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5.4 Islanding
Distributed Generation is a system that produces electricity near the consuming
area. The condition of “Islanding” in Distributed Generators (DGs) is an electrical
phenomenon that occurs when the energy supplied by the power grid is interrupted due to
various factors and the DGs continue energizing some or the entire load. Thus, the power
grid stops controlling this isolated part of the distribution system, which contains both loads
and generation [11]. Islanding is often considered as an undesirable event because of the
potential damage to existing equipment, utility liability concerns, reduction of power
reliability, and power quality [12].
For these purposes, DGs systems must sense islanding and automatically (fast
response time) detach it from the circuit; this is referred to as anti-islanding. GTIs were
equipped with anti-islanding features to easily and quickly disconnect DG from the grid in
order to reduce risks when the power grid goes down (blackout). It will shut down quickly
to stop the electricity from passing through it to avoid harming any maintenance worker
who is repairing the power grid and has the ability to restore its normal operation when the
main grid is switched on again.
To prevent islanding, several detection methods have been used to monitor
over/under voltage and over/under frequency. The European general practice is to keep PV
inverters connected during minor faults in order to support the grid riding through voltage
dips and operating at variable reactive power levels to maintain normal grid voltage [13].
According to the country or region, different standards have been adopted. The European
standard is the guide in Lebanon. The licensed inverter should be compliant with the IEC
62116 standard (Utility-interconnected photovoltaic inverters – Test procedure of islanding
prevention measures) and can be configured with the following parameters [14]: Loss of
main detection limit of 300 ms.

6. Hybrid Solar Systems
Most NEM subscribers do not use batteries, as the output of excess power
generation goes to the grid. If the grid goes into power outage or becomes unstable (case
repeated in Lebanon every day), your home will lose power, because the GTI will shut
down entirely for safety reasons. To overcome the utility power failure problem, you can
use a backup battery bank, and get power temporarily from batteries in a battery ready
system.
Hybrid solar systems take the benefits of both grid-tied (NEM) and off-grid (battery
bank charging) solar systems. To do so, you will need a special hybrid solar inverter or just
connect a charge controller to the system. This type of inverter is capable of prioritizing
various loads and different sources simultaneously (i.e., feeding the load and charging the
battery at the same time).
Hybrid solar system’s advantages:
➢ Less expensive than the off-gird solar system since the capacity of the battery
bank can be less than the peak requirements.
➢ Keeping the power uninterrupted after the main grid failure (i.e., continuous
power supply).
➢ Benefits from the RES to the fullest because there is no waste of excess energy at
the time of the blackout.
Hybrid solar system’s disadvantages:
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Higher initial cost of batteries and hybrid solar inverter.
Higher maintenance expenses due to the presence of batteries.
Longer payback period after the relative rise in CAPEX and OPEX.
More complicated installation and wiring (need more room space).

7. Energy Metering
NEM allows energy to flow in two directions, i.e., from the customer side to the
grid when the supply is excessive and from the grid to the customer side when the demand
is greater than the RE production. Bidirectional utility meters adopted for the NEM service
are capable of recording how much net power consumed from the EDL grid, but cannot
tell users how much power consumed from the PV solar system. To know the quantity of
power generated from the solar system, another separated energy meter is required to be
installed at the PV panels output. In this case, a dual energy metering system is
implemented.
7.1. Standards and Norms
The EDL accepted meters shall be designed, manufactured and tested in conformity
with the latest IEC standards and/or the corresponding national standards. In case of any
deviation, the vendor/manufacturer may propose equipment/material conforming to
equivalent national standards. However, the provisions of following specifications shall
supersede the provisions of these standards in case of any conflict.
IEC-62052-11: Electricity metering equipment (a.c.)- General requirements, tests
and test conditions.
IEC-62053-21: Electricity metering equipment (a.c.)- static meters for active
energy(classes 1and 2).
IEC-62054-21: Electricity metering – Tariff and load control – Particular
Requirements for time switches.
IEC-62056-21: Electricity metering - Data exchange for meter reading, tariff and
load control –Direct local data exchange.
IEC-60695-2-10: Fire hazard testing. Part-2 test methods glow wire test and
guidance.
IEC-60947-7-1: Test requirements of Terminal Blocks.
IEC-62056-62: Electricity metering - Data exchange for meter reading, tariff and
load control –Interface classes.
IEC-62056-42: Electricity metering - Data exchange for meter reading, tariff and
load control –Physical layer.
IEC-62056-46: Electricity metering - Data exchange for meter reading, tariff and
load control –Data link layer.
IEC-62056-53: Electricity metering - Data exchange for meter reading, tariff and
load control –COSEM Application layer.
IEC-62056-61: Electricity metering - Data exchange for meter reading, tariff and
load control –Object identification system (OBIS).
IEC-61334-4-41: Distribution Automation Using Distribution Line Carrier
Systems–Part4.
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7.2. Technical Specifications of Approved Energy Meter
EDL approved the installation of the electronic energy meters (Circutor –
CIRWATT B series, made in Spain) into the NEM service customers system. These meters
are intended for indoor installation and have the following specifications:
1. Single phase multi-function, multi tariff static meter with not less than four tariffs
for kWh (daily, weekly, seasons, etc.), used for low voltage direct connection
1×230 volts 15/60 A, class (1) according to IEC 62053-21.
2. The meter has a reasonably dust-proof case, which can be sealed in such a way that
the internal parts of the meter are accessible only after breaking the seals. The meter
cover shall not be removable without removing seals and the use of a tool, and the
base and cover materials should be quality insulating material (polycarbonate).
3. Minimum ambient temperature - 10°C, maximum ambient temperature 45°C, and
95% humidity.
4. Rated frequency 50 Hz, Rated voltage 230 volts, voltage variations 0.85 / 1.15 of
rated voltage, and rated current up to 60 A.
5. The meter conformed to the degree of protection IP 51, as given in IEC 60529; the
meters are well protected against moisture and direct entry by an excellent system
of seals, gaskets, interlocking grooves, and channels moldings.
6. The meter data stored in non-volatile memory (EEPROM: Electrically Erasable
Programmable Read-Only Memory) and can be read manually from the meter with
a portable PC or a hand-held terminal. The meter has a memory sufficient to store
at least 90 days of Load profile.
7. The meter incorporates a digital display unit, which displays: import active energy
kWh, export active energy kWh, current in Amp, Voltage, error code, date and time.
8. The configuration software runs on windows operating environment. This software
has two level of permissions:
• Administrator level: the administrator can do all tasks and define Users and
give them the permissions and tasks.
• Operator level: the operator can do only tasks determined by administrator.

8. Summary and Technical challenges
EDL is unable to meet the demand because of insufficient generation capacities,
especially during peaks. Since it has high solar energy potential due to irradiation levels,
Lebanon adopts the NEM policy to reduce the demand and boost the grid through
increasing the generation capacity. The decline of solar equipment cost, encourage people
to subscribe to the NEM service by utilizing the PV solar systems. The implementation of
the NEM service gives the customer some leverage over his electricity bill, but too many
administrative and financial steps are required to apply. Connecting your home micro grid
into the vast grid is not easy; but rather imposes many technical challenges.
8.1. Frequent Power Outages
When the grid goes into power blackout, your home will lose power, which is the
main issue that concerns NEM customers. Due to the frequent blackouts in the national
electricity network, backup batteries are needed and are considered essential to the
functioning of net metering in Lebanon [15]. Because of this, hybrid solar systems take the
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advantages of both grid-tied (NEM) and off-grid systems and are recommended to be used
in Lebanon to overcome the problem of Frequent Power Outages.
A dual-type inverter with special settings harmonized with the Lebanese grid
parameters is needed to implement a hybrid solar system. The transfer relay that
disconnects and reconnects the inverter to the grid can be either internal or external (Table
2). The dual inverter accepts a wider fluctuation of grid voltage and frequency than a purely
grid-dependent inverter [13].
Table 2. Recommended settings for grid tied Inverter - CEDRO Project [13].

8.2. Frequency Fluctuations
Frequency drift, upwards or downwards, in a power system is the main indicator of
the momentary imbalance between generation and demand. If at any instant, power demand
exceeds supply, then the system frequency falls. Conversely, if the power supply exceeds
demand, the frequency rises. The system frequency ﬂuctuates continuously in response to
the changing demand and due to the practical impossibility of generation being controlled
to instantaneously track all changes in demand [16]. Future power system security will be
challenged by the increasing penetration of non-synchronous RES. With high penetration
levels of RES, the power system’s dynamic complexity increases, and the system
frequency control becomes a challenging task [17].
In the case of Lebanon, the frequency of the grid is always fluctuating due to high
demand and lack of electricity supply. The National Control Center (NCC) dispatchers in
EDL often seek to manually handle and monitor grid frequency variations by switching on
and off some medium voltage feeders. These interventions from the dispatchers are
relatively slow and cause some disturbances to the electrical network. Any severe or
sudden increase or decrease in frequency will cause a partial or total collapse of the grid
(total blackout).
8.3. Voltage Instability
Voltage stability of networks is still a major issue with major blackouts having
recently occurred. Voltage stability refers to the capability of the power system to sustain
constant voltage at all buses after being subjected to a disturbance from a given initial
operating point [18].
Voltage disturbances are swings in supply voltage, which may be small due to
marginal load switching and may be significant due outage of generation machine or
presence of traveling surge on the power lines. Such changes would negatively affect the
performance of the appliances (like light dimming or inability of starting an induction
motor). The effect depends mainly on the value and the duration time of the change.
8.4. Electrical Back Feed (Hawaii Case)
The incentive policy of Hawaii Electrical CO. has set up a generous NEM program,
which leads to the overbuilding of PV systems. Because the peak solar power production
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occurs around mid-day between 10:00 and 14:00, causing the grid to be flooded with solar
electricity. The grid is not designed to deal with such a situation. In 2013, Hawaiian
Electrical network is experienced enough PV solar coming onto an increasing quantity of
circuits to back-feed power into their distribution grid on sunny days, and to drive systemwide demand curves below zero on peak days. Excess energy from a high influx of PV can
back-feed into the circuits, causing overvoltage, reverse overloading, and other problems
[19]. This over generation increased the voltage on the power lines and caused disturbances
on household appliances and the utility's equipment.
This drop in demand highlighted the solar surplus that was sent to the grid, showing
the difference in electricity demand and the supply from solar energy throughout the day.
Solar generation in several US states (California and Arizona etc.) has started to cause
significant variations in supply and demand curves. The result is drawing a “duck curve”
(sometimes the duck's belly hits bottom).
In 2015, the Hawaiian Electric Co. decided to stop offering the state's most popular
solar incentive program of NEM, which credits solar owners the full retail rate for any
excess energy their systems send to the grid and replaced the NEM program with less
attractive options [20].
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