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Abbreviation
O&M Operation and maintenance
PV Photovoltaic
DT Digital Twin
ART Active Repairment Time
FIFO First-in-First-out
CBA Cost-Benefit Analysis
RxM Prescriptive maintenance

Note: Mathematical symbols and terms are explained directly in the corresponding sections.
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EXECUTIVE SUMMARY

Deliverable 6.1 titled “Cost-Benefit Analysis” includes the cost-benefit analysis of O&M optimization tool as
developed and described in Deliverables 3.3 and 3.4. The deliverable consists of two main parts. The first part
includes the description of the examined test case. In the second part, the cost-benefit analysis is presented
based on the results of the former.
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1 Introduction

The European Union has set a goal to become carbon neutral by 2050, with a focus on all areas including
energy, transport, financing, and trade [1]. The European Commission has introduced the "REPowerEU Plan"
to reduce dependence on fossil fuels, increase the use of renewable energy sources, and lower energy prices
over time. The plan aims to raise the capacity of renewable energy sources to 45%, with a specific focus on
solar power through the "EU Solar Energy Strategy" [2]. The goal is to have 320 GW of new solar capacity by
2025 and nearly 600 GW by 2030.

As more photovoltaic (PV) systems are installed, the demand for operation and maintenance (O&M) services
increases. Investors in PV systems need to guarantee their reliability and profitability over their lifetime, which
is why they often hire specialized O&M contractors for maintenance. The scope of the O&M services offered
will vary based on the contract, and can include predictive, corrective, and preventive maintenance. Predictive
maintenance has gained significant attention over the last years [3]. It refers to the development of accurate
fault identification algorithms to minimize the time between fault occurrence and fault detection. Thus, this
type of maintenance depends on the system’s monitoring and does not require any action from the technicians.
In contrast to predictive maintenance, preventive and corrective maintenance involve the technicians’ actions.
However, the existing predictive and corrective maintenance models aim to improve only the efficiency of
individual systems and do not take into account the perspective of the O&M contractor. This includes the
availability of technicians and the burden of maintenance activities.

The scheduling of O&M activities is the responsibility of the O&M contractor, but this can become
complicated as more PV systems are installed and the number of O&M activities increase. Prioritizing
corrective and preventive activities depends on various factors such as weather, the severity of faults, and
energy losses. The increasing number of PV systems will put additional pressure on O&M contractors, who
will need to handle a larger number of maintenance activities. Statistics from the Solar Bankability project
show that over a 2.3-year period, 1,066,536 issues were detected in 772 PV plants with a total installed capacity
of 442 kWp.

Given these challenges, it is important for O&M contractors to use advanced methodologies to improve the
efficiency of their companies and optimize the scheduling of O&M activities. These methodologies fall under
the category of RxM and facilitate the decision-making processes [4]. In terms of PV O&M, the primary
decisions to be made are: a) how to allocate human resources and b) the order in which systems should be
repaired.

During this project, a RxM tool has been developed in order to optimally schedule the O&M activities and
minimize the O&M cost. The implementation of the model is described in deliverables 3.3 “Multicriteria-
Decision analysis and results” and 3.4 “Integrated Optimization Tool”. The purpose of this deliverable is to
present the cost-benefit analysis of the developed O&M optimization tool.
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2 Examined test case

The effectiveness of the proposed O&M optimization tool is verified on a test case consisting of twenty random
fault scenarios. The main difference among them is the number and types of faults. The following subsections
explicitly describe the formulation of the implemented fault scenarios.

2.1 Photovoltaic systems

The scenarios have been developed considering that the O&M company, located in c1, is responsible for 20
PV plants. The locations of the plants are presented in Figure 1. The data of the six PV plants (c2 -c7) have
been provided by INSOS side. Still, to test the efficiency of the implemented tool, PV systems ¢8-c21 are
assumed to be located in nearby areas. The coordinates of the PV sites, i.e., longitude and latitude, are included
in Table 1. Additionally, the distance and the travelling time between the locations are presented in Table A-1
and Table A-2 of Appendix A, respectively.

;;;;;

Figure 1. Locations of PV plants.

The installed capacity of each system is 999kW,. However, details about their structure, i.e., number of
inverters, strings per inverter, etc., are not available. Therefore, considering the structure of Jupiter, Merkur
and Ser systems, we make the following assumptions:

e Each plant consists of 16 inverters
e 12 strings are connected to each inverter
e Each sting comprises of 18 panels

Deliverable D5.2 — Field Test Result 8 | 32
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Table 1. Coordinates of PV systems.

PV system Longitude Latitude PV system Longitude Latitude
37.34734 32.72938 37.17096 33.23273
37.23105 32.67684 37.07138 32.63707
37.23105 32.67684 37.10808 32.66187
37.34734 32.72938 37.10937 32.54779
37.60378 32.57206 37.45415 32.92917
37.32117 32.53972 37.72698 32.3364
37.32117 32.53972 37.65452 32.56837
37.36949 32.54859 37.39458 32.64472
37.36369 32.40309 37.15626 32.34735
37.53329 32.66036 37.17677 32.57403

2.2 Description of faults

During the project, a DT model has been developed able to detect system’s anomalies. The DT is able to detect
different types of faults, such as sensor and inverter issues. These types of faults are presented in Table 2 and
are indexed as F3, F4, F5 and F6. Additionally, based on Solar Bankability project we included faults F1 and
F2 for the formulation of scenarios [5]. The ART of faults F1 and F2 is based on the Solar Bankability project
[5]. The ART of the rest faults has been defined considering the affected component and results of the Solar
Bankability project.

In general, the selected faults refer to different components of the system: a) inverter, b) string and c) sensors.
In case of sensor issues the PV power production is not affected. Therefore the losses rate (%) is set equal to
zero. The loss rate of faults F1 and F5 is assessed by (1), considering that one of the inverters is out of service.
The loss rate of fault F4 is assessed according to (2) considering the affected component and the peak
production of the inverter. Finally, the loss rate of F2 is estimated by (3), considering that we have six strings
out of service.

Table 2. Types of faults.

Component ART (h) | Losses (%0)

F1 Switch failure/damage Inverter 4 6.25 Solar Bapkab llity
project
E2 Six broken/burned String 25 3125 Solar Ba_nkablllty
connectors project
Inverter produces 20% of its Irradiation
F3 Peak production more than S 1 0.0 DT
T : ensor
the digital twin
Inverter produces 20% of its
F4 peak production less than Inverter 05-2 1.25 DT
the digital twin
Daily sum(AC
F5 production)== Inverter 4 6.25 DT
6 There is no irradiation Sensor 2 0.0 DT
Sensor.
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Loss Rate = 1 : (D)
Number of inverters

Loss Rate=0.2- 1 - 2
Number of inverters

1
Number of inverters x Number of strings

Loss Rate =

2.3 Implemented scenarios

The assignment of the faults at each scenario has been implemented based on the uniform distribution. Table
3 includes a brief description of each scenario, i.e., faulty systems and type of faults. The detailed description
of the scenarios is provided in Appendix B. From Table 3 it is clear that the number of faults, the type of faults
and the faulty systems vary among the scenarios, while the detection time also differs (Appendix B).

Table 3. Short description of the scenarios.

Scenario | Faulty systems Types of faults

#1 6, c7,cl0, c11, c14, c15, c20, c21 F3, F5, F3, F3, F2, F6, F6, F3

#2 c2,c4,c5,c6,c8,cl2,cl3, cl5 F5, F3, F1, F5, F5, F3, F4, F6
#3 c2,c4,c5,c7,cl10,cl12, c13,cl6, cl18 F6, F4, F1, F4, F6, F2, F4, F6
#4 ¢5, ¢6, c7, c9, cl14, c15 F6, F4, F6, F4, F1, F6

#5 c2,c3,c4,c6,c8,c9,cl5,cl7,c18,c20 F3,F1, F4,F3, F4, F5, F5, F4, F1, F3
#6 c2,c4,c6,c7,cll, cl2, cl6, c20, c21 F6, F1, F5, F2, F6, F4, F4, F5, F2
#7 3, ¢5,c6,c7,cl2,cl4, cl6,cl7, cl9 F1, F3, F1, F4, F1, F4, F6, F5, F5
#8 c2,c7,c8,c9, cll, cl5, cl6, c18, c20 F4, F5, F2, F4, F6, F3, F3, F4, F6
#9 c7,¢8,c9,cll, cl2,cl18, 19, c20, c21 F4, F4, F3, F6, F3, F3, F3, F6, F3, F2
#10 c2,c3,c4,c6,c7,c8, cl4d, clo F3, F2, F6, F6, F4, F2, F5, F6
#11 c5, ¢7,cl10, c14, c15, 18, 21 F2, F2, F5, F1, F4, F5, F1

#12 c3,c5,c8,cl1,cl12,cl6,c17,¢18,c20 F2,F2,F5,F2,F5,F2, F2,F3, F5
#13 c2,c5,c7,c8,¢9, cll, c13,cl8 F5, F2, F3, F5, F6, F2, F2, F3
#14 c2,c3,c7,c10,cl12, c13,cl4, c18 F5, F2, F3, F5, F2, F2, F3, F1
#15 c4, c5,c6, c8, c11, c17, c20, c21 F4, F4, F6, F2, F5, F1, F2, F1
#16 c5, ¢6, c10, c11, c20, c21 F4, F6, F5, F5, F2, F1

#17 c2,c4,c6,c9,cll, 12,15, c21 F1, F5, F6, F5, F3, F6, F1, F2
#18 c2,c3,c6,c9, c13, cl4, cl6, c20, c21 F6, F2, F6, F1, F6, F2, F2, F2, F2
#19 c3,c7,cl0, c11, c13, cl14,c18 F2, F3, F5, F5, F6, F2, F1

#20 C5, ¢7,c10, c12, c15, c21 F3, F3, F5, F4, F2
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2.4 O&M company

At this examined scenario the O&M company has three teams consisting of two experts each. The main
difference between the teams is the level of expertise, as presented in Table 3. Table 3 also includes information
about the hourly payment of the personnel. The hourly wage of the experts has been defined according to their
expertise. Additionally, considering the overtime hours, the overtime rate has been set equal to 20%.

Table 4. Personnel information.

Overtime pay

Team index Expertise Wage (€/h) (€/h)

Expert

Novice

Competent

Deliverable D5.2 — Field Test Result 11 | 32
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3 FIFO O&M scheme

To compare the efficiency of the proposed O&M tool, a FIFO O&M scheme has been set as the baseline. FIFO
is a method of inventory management and cost accounting that assumes that the first items received or produced
are the first items to be sold or used. In our case, FIFO O&M scheme is used to define the prioritization of the
systems’ repairment considering the time the tickets open. The sooner a ticket opens the sooner the repairment
is scheduled.

An example of the FIFO process is illustrated in Figure 3. In this example we assume that five faults are
detected in systems c2, c3, ¢4, ¢5 and c6 at times 07:45, 08:00, 10:00, 9:35 and 13:00, respectively. Based on
the time the ticket opens the repairment order of the systems is defined as c2, ¢3, c5, c4 and c6.

System Ticket time

Repairment order

I::> c2->c3->chb->c4->cb

Figure 2. Example of FIFO process

The planning of O&M activities takes place at the end of each day and schedules the O&M activities within
the next two days. The two-day scheduling period has been selected for this specific test case, meaning that
the scheduling period can be adjusted according to the preferences of the O&M company. Additionally, the
end of the day depends on the opening hours of the O&M company. At this test case, we assume that the
opening hours of the company are between 07:00 — 20:00. The process is presented in Figure 2.

Ticket Ticket O&M activities
opens opens sceduling

00:00 ... 07:00 08:00 09:00 ... 20:00 ... 23:00

Ticket Ticket
opens opens

Figure 3. Timeline of O&M activities scheduling.
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4 Experimental results

The O&M cost consists of: a) the labor cost, b) the cost of energy losses and ¢) the fuel cost. Based on the
results of the FIFO O&M scheme, the labor cost constitutes the largest part of the total cost on average, i.e.,

70% (Figure 3). Therefore, the proper human resources assignment through prescriptive maintenance tool is
essential to achieve O&M cost reduction.

= Power Losses cost
= Labor cost

Fuel cost

Figure 4. Participation rate of the individual costs.

Figure 5 presents the total O&M cost of the proposed optimization tool and FIFO O&M scheme for all
scenarios. Based on Figure 5 it is clear that the proposed O&M optimization tool achieves lower O&M cost in

all scenarios compared to the FIFO O&M scheme. The percentage of reduction is presented with the black line
and varies between 7.25% and 27.44%.

I Proposed optimization tool ? L27.5
[ FIFO O&M scheme !'l‘
—-e- Cost reduction (%) FR
500 - ;o F25.0
!
r
1 ! F22.5
]
400 4 i !
©w \ 12008
7 i 5
e £
= 300 F17.5 8
%] -
< g
1 -
200 - [/ v
/ 1
\ F12.5
100 - F10.0
7.5
0 A
#1  #2 #3 #4 #5 #6 #T #8 #9

#10 #11 #12 #13 #14 #15 #16 #17 #1B #19 #20
Scenarios

Figure 5. Total O&M cost of the proposed optimization tool and the FIFO O&M scheme.
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The individual costs, i.e., energy losses cost, labor cost and fuel cost, are presented in Figures 6, 7 and 8. From
Figure 7 we can observe that the proposed optimization tool cannot assure lower energy losses compared to
the FIFO O&M scheme. Specifically, for the 60% of the implemented scenarios the cost of the energy losses
is higher. On contrary, based on Figure 7 and Figure 8, we can conclude that the labor and the fuel cost decrease
with the employment of the proposed optimization tool.

Focusing on the labor cost, which has the highest participation rate at the total O&M cost, the proposed model
achieves more than 15% cost reduction at the 70% of the implemented scenarios (Figure 7). Additionally, in
scenarios #13, #16 and #20 the cost reduction is higher compared to the rest scenarios, i.e., higher than 25%.
This pattern is also observed at the reduction of the fuel cost (Figure 8). On contrary, a slight increment of
energy loss cost is observed at scenario #14 and #16 (Figure 6).

+80
140 4 I Proposed optimization tool
[ FIFO O&M scheme
—e&- Costreduction (%)
120 A | 60
100 A
o
=
Q 804 k<]
o
=
60 4 20 E
(@]
40
O
20 A
0- --20
#1  #2 #3 #4 #5 #6 #7 #B8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20
Scenarios
Figure 6. Energy loss cost of the proposed optimization tool and the FIFO O&M scheme.
Il Proposed optimization tool
350 { 0 FIFO O&M scheme
-&- Cost reduction (%) r30
300 -
F25
250 =
L] il
=
— A [=]
E 200 4 \\ ,’ r 20 t)‘
= \ Il S
[} / =
] / e
150 o %
L15 @
100 A
F10
50
0 4

#1  #2 #3 #4 #5 #6  #T7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20
Scenarios

Figure 7. Labor cost of the proposed optimization tool and the FIFO O&M scheme.
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Figure 8. Fuel cost of the proposed optimization tool and the FIFO O&M scheme.
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5 Cost-Benefit Analysis

The results of the examined test case highlight that the developed O&M tool can alleviate the O&M cost per
17.15%. Specifically, Table 5 includes the average cost reduction achieved by using the proposed optimization
tool in comparison to the FIFO scheme. The results indicate that the optimization tool can lead to a reduction
in energy loss costs, although there may be instances where the cost may be higher than the FIFO method.
Nevertheless, we can conclude that the employment of the proposed optimization can assure the total cost
reduction, considering that the minimum decrement among the implemented scenarios is positive. An average
cost decrement is also achieved at fuel, labor and energy loss cost.

Table 5. Information of the scenarios regarding the energy losses cost, the labor cost, the fuel cost and the total cost.

Average | Min

loss cost
Labor cost
Fuel cost
Total cost

In general, the proposed optimization tool improves the efficiency of the PV O&M process and can increase
the satisfaction of the customers. Specifically, it optimally schedules the O&M actions as derived by the
predictive, corrective and preventive models in order to minimize the total O&M cost. The proposed O&M
optimization tool provides the ability to O&M contractor to effectively allocate its personnel to different
maintenance tasks, based on their level of expertise. This is obvious considering that the model can reduce the
labor cost from 6.71% to 32.19% (Table 5). Additionally, the tool takes into account the severity of fault and
the economic effect, i.e., cost of energy losses. In this way, the faults that lead to extensive power losses may
be prioritized. The developed O&M tool can reduce the total O&M cost by up to 27.44%. Therefore, the
satisfaction of the customers will be increased. Afterall, the customers’ satisfaction mainly depends on systems
profitability and maintenance cost. Considering these, the competitiveness of the O&M company will increase.
The O&M contractor will have the ability to provide high-standard O&M services to the customers, by
improving the O&M scheduling process.

The costs and the benefits of the employment of the developed O&M optimization tool are presented in Table
6. It should be noted that the only cost that may occur is the requirement of more qualified employees,
dedicated to the utilization of the developed prescriptive maintenance tool.
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Table 6. Benefits and costs of the developed O&M tool.

Benefits Description

Facilitating the decision-making process The scheduling of O&M activities can be extremely
difficult procedure when the O&M company has to
handle several tickets. Proper scheduling of O&M
activities can help to reduce costs associated with
energy losses, labor, and fuel. It also helps to
improve the availability of resources, such as
technicians, and minimize downtime due to
maintenance.
Optimal allocation of human resources The proposed O&M optimization tool provides the
ability to O&M contractor to effectively allocate its
personnel to different maintenance tasks, based on
their level of expertise. This means that the
personnel with the most knowledge and experience
are assigned to the tasks that require the most skill,
while less experienced workers are assigned to
simpler tasks.
Increment of the competitiveness of the company In today's fast-paced and highly competitive
business environment, companies need to be flexible
and efficient in order to stay ahead of their
competitors. By optimizing the O&M scheduling
process the O&M company can decrease the O&M
cost and increase the profitability of the systems. As
consequence the customers’ satisfaction is increased
by providing high O&M standards.

Costs Description
New employees might be required The utilization of the proposed prescriptive

optimization tool may require more qualified
employees with programming skills.
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6 Conclusion

At this deliverable we presented a CBA of the developed O&M optimization tool. To test the efficiency of the
proposed tool and conduct the CBA, we formulated a test case consisting of twenty different scenarios. The
type and number of faults among the scenarios varies. Additionally, a FIFO O&M scheme has been set as a
baseline scenario.

Based on the results the proposed O&M tool can reduce the total O&M cost, i.e., labor cost, fuel cost and cost
of energy losses, from 7.25% to 27.44%. The proposed O&M tool has the ability to optimally allocate the
available human resources, facilitate the decision-making process and increase the competitiveness of the
O&M company. Therefore, it can assure not only the viability and profitability of PV systems’ investment but
also assure the reliability and profitability of the O&M company.
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Appendix A

Table A- 1. Travelling distance (km) between the locations.

cl 0 6.3 6.3 0] 522 | 273 | 273|283 |475| 27.2 53| 555 | 325 431 | 277 | 759 | 443 20| 56.9 31 44
c2 6.3 0 0 63| 524 | 264 | 264|423 |61.7 | 427 | 529 | 423 | 193 | 299 | 432 | 914 | 598 | 279 | 435| 17.8| 50.2
c3 6.3 0 0 63| 524 | 264 | 264|423 |61.7 | 427 | 529 | 423 | 193 | 299 | 432 | 914 | 598 | 279 | 435| 17.8| 50.2
- c4 0 6.3 6.3 0] 522 | 273 | 273|283 |475| 27.2 53| 555 | 325 431 | 277 | 759 | 443 20| 56.9 31 44
€S 522 | 524 | 524 | 522 0] 46.2| 46.2|36.1 553|139 | 813 | 848 | 708 | 724 | 38.6 42 171 ] 343 | 863 | 603 | 722
BN 273 | 264 | 264 | 273 | 46.2 0 0| 84]1285)| 369 | 794 | 585]| 53.6 46| 579 | 674 | 499 | 176 | 404 34| 703
c7 273 | 264 | 264 | 273 | 46.2 0 0] 84|285]369| 794 | 585 | 536 46 | 579 | 674 | 499 | 176 | 404 34| 703

c8 283 | 423 | 423 | 283 | 36.1 8.4 8.4 0197291 ] 729 | 603 | 554 | 479 | 501 | 586 | 421 98| 404 | 358 | 6338
c9 475 | 61.7| 617 | 475] 553 | 285 | 285]19.7 0] 401 | 922 | 796 | 748 672 | 713| 469 | 59.2| 292 | 435 551 | 832
IO 272 | 427 | 427 272 | 139| 369 | 36.9 | 29.1 ] 40.1 0 70| 727 | 59.8| 603 | 317 | 52.6 21| 222 | 742 | 482 | 612

cll 53| 529 | 529 53| 813 | 794 | 794729922 70 0| 993 | 788 ]| 894 | 547 122 | 90.3 | 66.3 103 | 773 | 28.6
A 555 | 423 | 423 | 555 | 848 | 585 | 585|603 ]79.6 | 72.7 | 99.3 0] 119 129| 832 123 91| 58.7| 455 | 335]| 90.2
Gl 325 ] 193] 193 | 325| 708 | 536 | 536|554 |748 | 598 | 788 | 119 0 43| 60.3 108 | 76.9 54| 56.9 22| 673
VR 431 | 299 | 299 | 431 | 724 46 46 | 479 | 672 | 603 | 894 | 129 43 0] 709 110 | 786 | 464 | 331 ] 211 | 779
N 277 | 432 | 432 277 | 386 | 579 | 579|501 |713 | 317 | 547 | 832 ] 603| 709 0| 738 | 445 | 379 | 847 | 58.7| 271
G 759 ] 914 ] 914 | 759 42| 674 | 674586 |46.9 | 52.6 122 123 108 110 | 73.8 0] 374 | 69.9 1241 97.9 110
Oy 443 | 59.8| 598 | 443 | 171 | 499 | 499|421 |59.2 21| 90.3 91| 769 | 786 | 445]| 374 0] 40.7| 926 | 66.6 | 782
cl8 20| 279 | 279 20| 343 176| 176 | 98|29.2 ] 222 | 66.3| 58.7 54| 464 | 379]| 699 40.7 0 59 33| 54.2
N 569 | 435| 435| 569 | 863 | 404 | 404|404 | 435 | 742 103 | 455 | 569 | 331 | 847 124 | 92.6 59 0] 372 916
c20 31| 178 | 1738 31| 60.3 34 34 1358|551 | 482 | 773 ] 335 22| 211 | 587 | 979 | 66.6 33| 372 0] 657

c21 44 | 50.2 | 50.2 44| 722 | 703 | 703|638 832|612 ] 286] 902| 673| 779| 271 110 782 ] 542 | 916 | 657 0
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Table A- 2. Travelling time (h) between the locations.

(8 0.000 | 0.200 | 0.200 | 0.000 | 0.717 | 0.683 | 0.683 | 0.433 | 0.683 | 0.333 | 0.650 | 0.850 | 0.467 | 0.600 | 0.400 | 1.100 | 0.533 | 0.317 | 0.750 | 0.383 | 0.550
o288 0.200 | 0.000 | 0.000 | 0.200 | 0.683 | 0.650 | 0.650 | 0.533 | 0.800 | 0.567 | 0.767 | 0.733 | 0.333 | 0.467 | 0.600 | 1.300 | 0.750 | 0.483 | 0.567 | 0.283 | 0.700
I 0.200 | 0.000 | 0.000 | 0.200 | 0.683 | 0.650 | 0.650 | 0.533 | 0.800 | 0.567 | 0.767 | 0.733 | 0.333 | 0.467 | 0.600 | 1.300 | 0.750 | 0.483 | 0.567 | 0.283 | 0.700
Bz 0.000 | 0.200 | 0.200 | 0.000 | 0.717 | 0.683 | 0.683 | 0.433 | 0.683 | 0.333 | 0.650 | 0.850 | 0.467 | 0.600 | 0.400 | 1.100 | 0.533 | 0.317 | 0.750 | 0.383 | 0.550
(s 0.717 | 0.683 | 0.683 | 0.717 | 0.000 | 0.667 | 0.667 | 0.517 | 0.767 | 0.283 | 1.033 | 1.250 | 0.933 | 0.967 | 0.633 | 0.917 | 0.300 | 0.483 | 1.033 | 0.733 | 0.917
O0R 0.683 | 0.650 | 0.650 | 0.683 | 0.667 | 0.000 | 0.000 | 0.217 | 0.483 | 0.533 | 1.167 | 1.083 | 0.833 | 0.800 | 0.900 | 1.183 | 0.667 | 0.383 | 0.633 | 0.600 | 1.100
(Ja 0.683 | 0.650 | 0.650 | 0.683 | 0.667 | 0.000 | 0.000 | 0.217 | 0.483 | 0.533 | 1.167 | 1.083 | 0.833 | 0.800 | 0.900 | 1.183 | 0.667 | 0.383 | 0.633 | 0.600 | 1.100
el 0.433 | 0.533 | 0.533 | 0.433 | 0.517 | 0.217 | 0.217 | 0.000 | 0.300 | 0.383 | 1.033 | 0.933 | 0.733 | 0.683 | 0.767 | 1.100 | 0.533 | 0.217 | 0.650 | 0.467 | 0.967
(e 0.683 | 0.800 | 0.800 | 0.683 | 0.767 | 0.483 | 0.483 | 0.300 | 0.000 | 0.567 | 1.283 | 1.217 | 1.000 | 0.933 | 0.950 | 0.867 | 0.767 | 0.500 | 0.833 | 0.733 | 1.267
(08 0.333 | 0.567 | 0.567 | 0.333 | 0.283 | 0.533 | 0.533 | 0.383 | 0.567 | 0.000 | 0.883 | 1.050 | 0.767 | 0.783 | 0.500 | 0.850 | 0.317 | 0.300 | 0.867 | 0.550 | 0.733
N8 0.650 | 0.767 | 0.767 | 0.650 | 1.033 | 1.167 | 1.167 | 1.033 | 1.283 | 0.883 | 0.000 | 1.400 | 1.017 | 1.150 | 0.783 | 1.667 | 1.117 | 0.900 | 1.250 | 0.950 | 0.500
(¥ 0.850 | 0.733 | 0.733 | 0.850 | 1.250 | 1.083 | 1.083 | 0.933 | 1.217 | 1.050 | 1.400 | 0.000 | 0.417 | 0.300 | 1.233 | 1.867 | 1.217 | 0.900 | 0.900 | 0.650 | 1.317
N 0.467 | 0.333 | 0.333 | 0.467 | 0.933 | 0.833 | 0.833 | 0.733 | 1.000 | 0.767 | 1.017 | 0.417 | 0.000 | 0.650 | 0.833 | 1.533 | 1.000 | 0.700 | 0.750 | 0.417 | 0.917
%8 0.600 | 0.467 | 0.467 | 0.600 | 0.967 | 0.800 | 0.800 | 0.683 | 0.933 | 0.783 | 1.150 | 0.300 | 0.650 | 0.000 | 0.967 | 1.500 | 0.967 | 0.633 | 0.650 | 0.383 | 1.083
58| 0.400 | 0.600 | 0.600 | 0.400 | 0.633 | 0.900 | 0.900 | 0.767 | 0.950 | 0.500 | 0.783 | 1.233 | 0.833 | 0.967 | 0.000 | 1.183 | 0.700 | 0.600 | 1.033 | 0.783 | 0.467
(58 1.100 | 1.300 | 1.300 | 1.100 | 0.917 | 1.183 | 1.183 | 1.100 | 0.867 | 0.850 | 1.667 | 1.867 | 1.533 | 1.500 | 1.183 | 0.000 | 0.667 | 1.050 | 1.583 | 1.300 | 1.500
yA 0.533 | 0.750 | 0.750 | 0.533 | 0.300 | 0.667 | 0.667 | 0.533 | 0.767 | 0.317 | 1.117 | 1.217 | 1.000 | 0.967 | 0.700 | 0.667 | 0.000 | 0.500 | 1.067 | 0.767 | 1.303
el 0.317 | 0.483 | 0.483 | 0.317 | 0.483 | 0.383 | 0.383 | 0.217 | 0.500 | 0.300 | 0.900 | 0.900 | 0.700 | 0.633 | 0.600 | 1.050 | 0.500 | 0.000 | 0.750 | 0.450 | 0.767
(88 0.750 | 0.567 | 0.567 | 0.750 | 1.083 | 0.633 | 0.633 | 0.650 | 0.833 | 0.867 | 1.250 | 0.900 | 0.750 | 0.650 | 1.033 | 1.583 | 1.067 | 0.750 | 0.000 | 0.567 | 1.233
o708 0.383 | 0.283 | 0.283 | 0.383 | 0.733 | 0.600 | 0.600 | 0.467 | 0.733 | 0.550 | 0.950 | 0.650 | 0.417 | 0.383 | 0.783 | 1.300 | 0.767 | 0.450 | 0.567 | 0.000 | 0.867
(¥48 0.550 | 0.700 | 0.700 | 0.550 | 0.917 | 1.100 | 1.100 | 0.967 | 1.267 | 0.733 | 0.500 | 1.317 | 0.917 | 1.083 | 0.467 | 1.500 | 1.303 | 0.767 | 1.233 | 0.867 | 0.000
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Appendix B
Table B- 1. Fault Scenario #1.

Detection | Detection Time | Maintenance Time | Severity of Fault LOsS Upe s
Rate Fault
cl 0 0 0 0 0 0
c2 0 0 0 0 0 0
c3 0 0 0 0 0 0
cd 0 0 0 0 0 0
c5 0 0 0 0 0 0
c6 1 34 1.2 1 0 F3
c7 1 65 4 3| 0.0625 F5
c8 0 0 0 0 0 0
c9 0 0 0 0 0 0
c10 1 58 1.2 1 0 F3
cll 1 58 1.2 1 0 F3
cl2 0 0 0 0 0 0
cl3 0 0 0 0 0 0
cl4 1 53 3 3] 0.03125 F2
cl5 1 74 2.4 1 0 F6
cl6 0 0 0 0 0 0
cl7 0 0 0 0 0 0
cl8 0 0 0 0 0 0
cl9 0 0 0 0 0 0
c20 1 29 2 1 0 F6
c21 1 73 1.1 1 0 F3
Table B- 2. Fault Scenario #2.
Detection | Detection Time | Maintenance Time | Severity of Fault O Type of
Rate Fault
0 0 0 0 0 0
1 59 4.8 3| 0.0625 F5
0 0 0 0 0 0
1 37 1 1 0 F3
1 36 4.4 3| 0.0625 F1
1 80 4.8 3| 0.0625 F5
0 0 0 0 0 0
1 49 4.4 3| 0.0625 F5
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 59 1.1 1 0 F3
1 61 05 2| 0.0125 F4
0 0 0 0 0 0
1 31 2.4 1 0 F6
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
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cl
c2
c3
c4
c5
c6
c7
c8
c9
c10
cll
cl2
c13
cl4
c15
cl6
cl7
c18
c19
c20
c21

@ PANAMA
Table B- 3. Fault Scenario #3.
Detection | Detection Time | Maintenance Time | Severity of Fault =0 Ve e
Rate Fault
0 0 0 0 0 0
1 80 2.4 1 0 F6
0 0 0 0 0 0
1 33 05 2| 0.0125 F4
1 55 4.4 3| 0.0625 F1
0 0 0 0 0 0
1 57 0.5 2| 0.0125 F4
0 0 0 0 0 0
0 0 0 0 0 0
1 65 2.4 1 0 F6
0 0 0 0 0 0
1 48 2.75 3 0.03125 F2
1 36 4 3| 0.0625 F1
0 0 0 0 0 0
0 0 0 0 0 0
1 37 05 2| 0.0125 F4
0 0 0 0 0 0
1 72 2.4 1 0 F6
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
Table B- 4. Fault Scenario #4.
Detection | Detection Time | Maintenance Time | Severity of Fault Loss | Type of
Rate Fault
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 60 2.2 1 0 F6
1 71 0.6 2| 0.0125 F4
1 55 2 1 0 F6
0 0 0 0 0 0
1 64 0.6 2| 0.0125 F4
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 77 4.8 3| 0.0625 F1
1 47 2.4 1 0 F6
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

Deliverable D5.2 — Field Test Result
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Table B- 5. Fault Scenario #5.
Detection | Detection Time | Maintenance Time | Severity of Fault LOss Type of
Rate Fault
cl 0 0 0 0 0 0
c2 1 61 1.2 1 0 F3
c3 1 33 4.4 3| 0.0625 F1
cd 1 64 0.5 2| 0.0125 F4
c5 0 0 0 0 0 0
c6 1 37 1.2 1 0 F3
c7 0 0 0 0 0 0
c8 1 80 0.55 2| 0.0125 F4
c9 1 40 4.8 3| 0.0625 F5
c10 0 0 0 0 0 0
cll 0 0 0 0 0 0
cl2 0 0 0 0 0 0
c13 0 0 0 0 0 0
cl4 0 0 0 0 0 0
c15 1 71 4.8 3| 0.0625 F5
cl6 0 0 0 0 0 0
cl7 1 37 0.55 2| 0.0125 F4
c18 1 79 4.8 3| 0.0625 F1
() 0 0 0 0 0 0
c20 1 54 1 1 0 F3
c21 0 0 0 0 0 0
Table B- 6. Fault Scenario #6.
Detection | Detection Time | Maintenance Time | Severity of Fault LOSS WEe ey
Rate Fault
0 0 0 0 0 0
1 61 1.2 1 0 F3
1 33 4.4 3| 0.0625 F1
1 64 05 2| 0.0125 F4
0 0 0 0 0 0
1 37 1.2 1 0 F3
0 0 0 0 0 0
1 80 0.55 2| 0.0125 F4
1 40 4.8 3| 0.0625 F5
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 71 4.8 3| 0.0625 F5
0 0 0 0 0 0
1 37 0.55 2| 0.0125 F4
1 79 4.8 3| 0.0625 F1
0 0 0 0 0 0
1 54 1 1 0 F3
0 0 0 0 0 0

Deliverable D5.2 — Field Test Result
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Table B- 7. Fault Scenario #7.

PRESCRIPTIVE SOLAR ANALYTICS &
ADVANCED WORKFORCE MANAGEMENT

Loss Type of

Detection | Detection Time | Maintenance Time | Severity of Fault
REL Fault
cl 0 0 0 0 0 0
c2 0 0 0 0 0 0
c3 1 76 4.4 3| 0.0625 F1
c4 0 0 0 0 0 0
c5 1 52 1.1 1 0 F3
c6 1 63 4.8 3| 0.0625 F1
c7 1 33 0.5 2| 0.0125 F4
c8 0 0 0 0 0 0
c9 0 0 0 0 0 0
cl0 0 0 0 0 0 0
(o 0 0 0 0 0 0
cl2 1 58 4.4 3| 0.0625 F1
cl3 0 0 0 0 0 0
cl4 1 36 0.6 2| 0.0125 F4
cl15 0 0 0 0 0 0
cl6 1 35 2 1 0 F6
cl7 1 34 4.4 3| 0.0625 F5
cl8 0 0 0 0 0 0
cl19 1 41 4.4 3| 0.0625 F5
c20 0 0 0 0 0 0
c21 0 0 0 0 0 0

Table B- 8. Fault Scenario #8.

Loss Type of

Detection | Detection Time | Maintenance Time | Severity of Fault
Rate Fault
0 0 0 0 0 0
1 58 0.6 2| 0.0125 F4
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 38 4 3| 0.0625 F5
1 52 2.75 3| 0.03125 F2
1 53 0.6 2| 0.0125 F4
0 0 0 0 0 0
1 47 2.4 1 0 F6
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 45 1.2 1 0 F3
1 37 1 1 0 F3
0 0 0 0 0 0
1 63 0.6 2| 0.0125 F4
0 0 0 0 0 0
1 74 2 1 0 F6
0 0 0 0 0 0

Deliverable D5.2 — Field Test Result
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Table B- 9. Fault Scenario #9.

Detection | Detection Time | Maintenance Time | Severity of Fault

cl 0 0 0 0 0 0
c2 0 0 0 0 0 0
c3 0 0 0 0 0 0
c4 0 0 0 0 0 0
c5 0 0 0 0 0 0
c6 0 0 0 0 0 0
c7 1 78 0.5 2 0.0125 F4
c8 1 35 11 1 0 F3
c9 1 66 2.4 1 0 F6
cl0 0 0 0 0 0 0
(o 1 68 1.2 1 0 F3
cl2 1 53 1.1 1 0 F3
cl3 0 0 0 0 0 0
cl4 0 0 0 0 0 0
cl15 0 0 0 0 0 0
cl6 0 0 0 0 0 0
cl7 0 0 0 0 0 0
cl8 1 58 1.2 1 0 F3
cl19 1 77 2.2 1 0 F6
c20 1 52 1 1 0 F3
c21 1 54 2.75 3| 0.03125 F2
Table B- 10. Fault Scenario #10.

Detection | Detection Time Severity of Fault

cl 0 0 0 0 0 0
c2 1 35 1.2 1 0 F3
c3 1 29 2.75 3| 0.03125 F2
c4 1 55 2 1 0 F6
[3) 0 0 0 0 0 0
c6 1 44 2.4 1 0 F6
c7 1 51 0.5 2 0.0125 F4
c8 1 72 2.75 3| 0.03125 F2
c9 0 0 0 0 0 0
c10 0 0 0 0 0 0
cll 0 0 0 0 0 0
cl2 0 0 0 0 0 0
c13 0 0 0 0 0 0
cl4 0 0 0 0 0 0
c15 0 0 0 0 0 0
cl6 0 0 0 0 0 0
cl7 0 0 0 0 0 0
c18 0 0 0 0 0 0
cl9 1 56 2.2 1 0 F6
c20 1 38 2.5 3| 0.03125 F3
c2l 0 0 0 0 0 0

Deliverable D5.2 — Field Test Result 26 | 32



PRESCRIPTIVE SOLAR ANALYTICS &
ADVANCED WORKFORCE MANAGEMENT

SQ;LQR-enn.neT

Table B- 11. Fault Scenario #11.

Detection | Detection Time | Maintenance Time | Severity of Fault

cl 0 0 0 0 0 0
c2 0 0 0 0 0 0
c3 0 0 0 0 0 0
c4 0 0 0 0 0 0
£ 1 75 2.75 3| 0.03125 F2
c6 0 0 0 0 0 0
c7 1 57 2.5 3| 0.03125 F2
c8 0 0 0 0 0 0
c9 0 0 0 0 0 0
c10 1 63 4.8 3 0.0625 F5
cll 0 0 0 0 0 0
cl2 0 0 0 0 0 0
c13 0 0 0 0 0 0
cl4 1 67 4.8 3 0.0625 F1
cils) 1 30 0.6 2 0.0125 F4
cl6 0 0 0 0 0 0
cl7 0 0 0 0 0 0
c18 1 73 4.8 3 0.0625 F5
cl9 0 0 0 0 0 0
c20 0 0 0 0 0 0
c21 1 42 4.4 3 0.0625 F1

Table B- 12. Fault Scenario #12.

Detection

Severity of Fault

cl 0 0 0 0 0 0
c2 0 0 0 0 0 0
c3 1 79 2.75 3| 0.03125 F2
c4 0 0 0 0 0 0
c5 1 50 2.75 3| 0.03125 F2
c6 0 0 0 0 0 0
c7 0 0 0 0 0 0
c8 1 57 4.4 3 0.0625 F5
c9 0 0 0 0 0 0
c10 0 0 0 0 0 0
cll 1 63 3 3| 0.03125 F2
cl2 1 78 4.4 3 0.0625 F5
c13 0 0 0 0 0 0
cl4 0 0 0 0 0 0
() 0 0 0 0 0 0
cl6 1 40 2.5 3| 0.03125 F2
cl7 1 35 2.75 3| 0.03125 F2
c18 1 57 1.2 1 0 F3
cl9 0 29 2.75 3| 0.03125 F2
c20 1 33 4 3 0.0625 F5
c2l 0 0 0 0 0 0

Deliverable D5.2 — Field Test Result
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Table B- 13. Fault Scenario #13.

Detection

Detection Time

Maintenance Time

Severity of Fault

PANAMA

PRESCRIPTIVE SOLAR ANALYTICS &
ADVANCED WORKFORCE MANAGEMENT

cl
c2
c3
c4
c5
c6
c7
c8
c9
c10
cll
cl2
c13
cl4
c15
cl6
cl7
c18
c19
c20
c21

0 0 0 0 0 0
1 57 0.6 2 0.0125 F5
0 45 4.4 3 0.0625 F2
0 0 0 0 0 0
1 45 4.4 3 0.0625 F2
0 0 0 0 0 0
1 69 4 3 0.0625 F3
1 29 2.75 3| 0.03125 F5
1 61 3 3| 0.03125 F6
0 31 4.8 3 0.0625 F3
1 56 1.2 1 0 0
0 0 0 0 0 0
1 44 0.5 2 0.0125 F2
0 0 0 0 0 0
0 65 3 3| 0.03125 F4
0 0 0 0 0 0
0 0 0 0 0 0
1 42 3 3| 0.03125 F3
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

Table B- 14. Fault Scenario #14.

Detection

Detection Time

Severity of Fault

cl
c2
c3
c4
c5
c6
c/
c8
c9
c10
cl1
cl2
cl13
cl4
c15
c16
cl7
c18
c19
c20
c21

0 0 0 0 0 0
1 63 4.8 3 0.0625 F5
1 61 2.75 3| 0.03125 F2
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 79 1 1 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 73 4.8 3 0.0625 F5
0 0 0 0 0 0
1 62 2.75 3| 0.03125 F2
1 71 2.5 3| 0.03125 F2
1 42 1.2 1 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 75 4.8 3 0.0625 F1
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

Deliverable D5.2 — Field Test Result
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Table B- 15. Fault Scenario #15.

Detection

Detection Time

Maintenance Time

Severity of Fault

PRESCRIPTIVE SOLAR ANALYTICS &
ADVANCED WORKFORCE MANAGEMENT

cl
c2
c3
c4
c5
c6
c7
c8
c9
c10
cll
cl2
c13
cl4
c15
cl6
cl7
c18
c19
c20
c21

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 52 0.5 2 0.0125 F4
1 41 0.55 2 0.0125 F4
1 30 2.4 1 0 0
0 0 0 0 0 0
1 70 2.75 3 0.03125 F2
0 0 0 0 0 0
0 0 0 0 0 0
1 32 4.8 3 0.0625 F5
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 55 2 1 0 0
1 74 44 3 0.0625 F1
0 0 0 0 0 0
0 0 0 0 0 0
1 50 2.5 3 0.03125 F2
1 32 44 3 0.0625 F1

Maintenance Time

cl
c2
c3
c4
c5
c6
c7
c8
c9
c10
cll
cl2
c13
cl4
c15
cl6
cl7
c18
c19
c20
c21

Severity of Fault

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 2 0 F4
1 54 11 2 0 F4
1 51 4.8 1 0.0625 0
0 0 0 0 0 0
0 0 0 3 0 F2
0 0 0 0 0 0
1 43 3 0 0.03125 0
1 74 1.2 3 0 F5
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 1 0 0
0 0 0 3 0 F1
0 0 0 0 0 0
0 0 0 0 0 0
1 41 2.5 3 0.03125 F2
1 58 11 3 0 F1

Deliverable D5.2 — Field Test Result
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Table B- 17. Fault Scenario #17.

Detection

Detection Time

Maintenance Time

Severity of Fault

PANAMA

PRESCRIPTIVE SOLAR ANALYTICS &
ADVANCED WORKFORCE MANAGEMENT

cl
c2
c3
c4
c5
c6
c7
c8
c9
c10
cll
cl2
c13
cl4
c15
cl6
cl7
c18
c19
c20
c21

cl
c2
c3
c4
c5
c6
c/
c8
c9
c10
cl1
cl2
cl13
cl4
c15
c16
cl7
c18
c19
c20
c21

0 0 0 0 0 0
1 43 4.8 3 0.0625 F1
0 0 0 0 0 0
1 47 2 1 0 F6
0 0 0 0 0 0
1 40 2.4 1 0 F6
0 0 0 0 0 0
0 0 0 0 0 0
1 51 4.8 3 0.0625 F5
0 0 0 0 0 0
1 61 1.2 1 0 F3
1 66 2.2 1 0 F6
0 0 0 0 0 0
0 0 0 0 0 0
1 69 4.8 3 0.0625 F1
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 56 2.75 3 0.03125 F2

0 0 0 0 0 0
1 63 2.4 1 0 0
1 68 2.75 3 0.03125 F2
0 0 0 0 0 0
0 0 0 0 0 0
1 54 2.4 1 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 48 4.8 3 0.0625 F1
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 31 2 1 0 0
1 67 3 3 0.03125 F2
0 0 0 0 0 0
1 38 2.5 3 0.03125 F2
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 61 2.5 3 0.03125 F2
1 39 2.75 3 0.03125 F2

Deliverable D5.2 — Field Test Result

30|32



S@LQR-enn.ne‘r

Table B- 19. Fault Scenario #19.

Detection | Detection Time

Maintenance Time

Severity of Fault

®

PANAMA

PRESCRIPTIVE SOLAR ANALYTICS &
ADVANCED WORKFORCE MANAGEMENT

cl 0 0 0 0 0 0
c2 0 0 0 0 0 0
c3 1 72 11 1 0 F2
c4 0 0 0 0 0 0
£ 0 0 0 0 0 0
c6 0 0 0 0 0 0
c7 1 57 4 3 0.0625 F3
c8 0 0 0 0 0 0
c9 0 0 0 0 0 0
c10 1 73 2.4 1 0 F5
cll 1 46 4.8 3 0.0625 F5
cl2 0 0 0 0 0 0
c13 1 37 4 3 0.0625 F6
cl4 1 79 3 3 0.03125 F2
cils) 0 0 0 0 0 0
cl6 0 0 0 0 0 0
cl7 0 0 0 0 0 0
c18 1 52 2.4 1 0 F1
cl9 0 0 0 0 0 0
c20 0 0 0 0 0 0
c2l 0 0 0 0 0 0

Table B- 20. Fault Scenario #20.

Detection | Detection Time

Severity of Fault

cl 0 0 0 0 0 0
c2 0 0 0 0 0 0
c3 0 0 0 0 0 0
c4 0 0 0 0 0 0
c5 1 57 11 1 0 F3
c6 0 0 0 0 0 0
c7 1 72 2.5 3 0.03125 F3
c8 0 0 0 0 0 0
c9 0 0 0 0 0 0
c10 1 32 1.2 1 0 F5
cll 0 0 0 0 0 0
cl2 1 48 11 1 0 F2
cl3 0 0 0 0 0 0
cl4 0 0 0 0 0 0
c15 1 38 0.6 2 0.0125 F4
cl6 0 0 0 0 0 0
cl7 0 0 0 0 0 0
c18 0 0 0 0 0 0
cl9 0 0 0 0 0 0
c20 0 0 0 0 0 0
c2l 1 73 2.2 1 0 F2
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