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Abstract: The objective of this work is to propose and apply a methodology to obtain the cost of
industrial process shutdowns due to voltage sag and short interruption. A field survey, aided by a
specific questionnaire, was carried out in several industries connected to medium voltage networks,
in the states of Espírito Santo and São Paulo in Brazil. The results obtained were the costs per event
and the costs per demand in a total of 33 companies in 12 different types of activities. It is noteworthy
that this survey brings a relevant technical contribution to the electricity sector, helping to fill, even
partially, an existing gap in both national and international literature.
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1. Introduction
1.1. Relevance

Voltage sags and short interruptions are the power quality disturbances that most
affect industrial consumers and are caused by the occurrence of short circuits, especially in
aerial transmission and distribution networks that are exposed to various climatic events
and environmental effects, such as atmospheric discharges, gales, burning, and vandalism,
which can cause temporary or permanent outages in the network.

Voltage sags and short interruptions can influence the operation of various equip-
ment and result in serious consequences, especially for those consumer units that have
sensitive loads.

Due to the advancement of the electronic area, the equipment brings in its technologi-
cal support devices with great sensitivity so that the voltage sags and short interruptions
can impact the operation of the industries. The effects result in losses due to production
stoppages, losses of raw material, damage to equipment, delays, and fines for non-delivery
of products, and even lost profits [1].

In this context, the main objective of this work is to propose and apply a survey
methodology to obtain the cost estimate of industrial process shutdowns due to the occur-
rence of voltage sags and short interruptions.

1.2. State of Art

A search for published articles on the costs of process shutdowns due to voltage
sags and short interruption was carried out, and a summary of the main works found is
presented below.

In [1], research showed the possibilities to mitigate the voltage sags with some ap-
plications of technologies for the industry and presented the cost per voltage sag of US
$5000.00 for industry in general.

Energies 2021, 14, 2874. https://doi.org/10.3390/en14102874 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-5890-7033
https://orcid.org/0000-0003-1609-4868
https://www.mdpi.com/article/10.3390/en14102874?type=check_update&version=1
https://doi.org/10.3390/en14102874
https://doi.org/10.3390/en14102874
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14102874
https://www.mdpi.com/journal/energies


Energies 2021, 14, 2874 2 of 21

In [2], a survey was carried out by sending a questionnaire in three districts in Italy, to
which 93 industries from 18 different types of activity responded. The results indicated
that the processes were susceptible to certain power quality disturbances, these being: 84%
due to voltage sags and short interruption, 8% due to transient overvoltage, 6% due to
voltage fluctuation, and finally 2% due to harmonics. Qualitatively, 89% of the companies
answered about the annual economic impact due to power quality problems, these being:
8% despised it, 28% as a minimum, 20% as low, 25% as medium, 16% as high, and 3% as
very high. Only 10 industries in the sample reported the average annual cost, with 7 of
them indicating an average economic loss of up to US $20,000.00; in another, the cost varied
between US $20,000.00 and US $50,000.00, and for 2 of them, the value varied between US
$50,000.00 and US $250,000.00 per year.

In the research [3], a method was presented to estimate the number of voltage sags
and the resulting costs through a study of five electricity utilities in Finland. For this
purpose, the number of occurrences of voltage sag was estimated using the fault position
method. Data regarding permanent faults in the network were used, as well as a correction
factor being applied to consider temporary faults of the different types (single-phase, two-
phase, three-phase). The economic consequences were assessed considering the number
of process shutdowns, the costs involved and the number of customers affected. Annual
costs due to voltage sags were €530,000.00 for 500 industries in Rural area 1; €270,300.00 for
150 industries in Rural area 2; €8,474,700.00 for 1950 industries in Rural area 3; €1,038,800.00
for 1400 industries in the Urban area 1 and €519,400.00 for 700 industries in the Urban
area 2.

In [4], a method was used to calculate the cost of process shutdowns for small indus-
trial plants caused by voltage sags and interruptions in Italy. The formulation of the cost
of process shutdowns includes loss of production, loss of raw material, imperfections in
production, damaged equipment, extra maintenance, and finally, the process stop times.
The methodology was applied in a plastic company supplied at medium voltage and which
experienced an annual average of 25 to 30 process shutdowns due to voltage sags. The
analysis was performed on four types of process machines that are sensitive: injection,
compression, polymerization, and molds. Considering their average production resump-
tion times and with their cost parameters linked to each type of machine, a cost per voltage
sags was reached with a variation of €300 to €550, between the stop times (0 sec to 1 h).

In the work of [5], a study was carried out in a generic distribution network consisting
of 295 buses, 296 transmission lines, and a large number of switches and circuit breakers
in order to allow changing the network topology to obtain better system reliability. The
methodology used to assess the financial losses suffered by the consumer as a result of
voltage sags was the fault position method. Various types of fault were applied at different
points in the network according to the probability of occurrence of each one of them.
Thirty-seven industries with high sensitivity to voltage sags were chosen and the Monte
Carlo method was used to perform the simulations. Ten thousand tests were simulated to
verify the variation in the number of process shutdowns, considering different categories
of industries, classified into 3 groups: group I for high loads (>2 MW); group II for medium
loads (1 MW to 2 MW) and group III for small loads (up to 1 MW). The costs obtained for
the industrial processes shutdowns were £1000.00 for small loads, £16,300.00 for medium
load industries, and £581,000.00 for large industrial loads.

In [6,7], a methodology was proposed to estimate financial losses due to supply
interruptions and voltage sags by means of a probabilistic assessment, applicable both for
the evaluation of individual consumer losses and of the total system losses. For economic
losses, it was considered that every shutdown of the plant requires 24 h to resume normal
production and that the costs of various types of activities are those of interruption due to
voltage sags. The estimated cost for the class of industrial consumers was US $19,594.00
per event.

In article [8], a practical implementation of a stochastic assessment of financial losses
due to voltage sags was used. The study characterized the process shutdown by a cumula-
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tive probabilistic equation based on the study of [6,7] and took into account the sensitivity
and the interconnection of equipment present in a given process, as well as the types of
consumers and their location in the distribution network. The simulated network con-
sisted of a distribution system of 29 bars, 28 lines, and 11 transformers, using the Monte
Carlo method. The loads were classified into three categories: group I (>20 MW); group
II (between 5 and 20 MW); group III (up to 5 MW). For all categories, costs per process
shutdown due to voltage sags were from Rs 46,300.00 to Rs 781,000.00 (US $648.00 to US
$10,934.00) per event.

Reference [9] presents the methodology used and the main results of a survey carried
out in Norway on short-term interruption costs, based on questionnaires about direct
costs and the consumer’s willingness to pay to avoid voltage variations or to accept them.
The results are normalized and standardized by the energy not supplied, in kWh, in the
case of interruptions lasting more than three minutes, and by the power, in kW, for short
interruptions and voltage sags less than or equal to three minutes. The results showed that
the cost per interrupted demand due to voltage sags in industrial consumers was between
US $3.34/kW and US $5.18/kW.

In [10], the study presented the cost estimate due to the occurrence of voltage sags
based on the momentary reduction of the power flow and of the energy not supplied. As a
case study, real measurements made in a transmission system in Brazil were used. The costs
obtained were due to 37 events considered significant and ranged from US $510.00/event
to US $772,800.00/event, considering that the voltage sag was proportional to the energy
not supplied and that the costs were more concentrated in values below US $50,000.00
per event.

In work [11], a hybrid method was used to assess risks linked to interruptions in sensi-
tive processes due to faults in the electrical distribution system. For each consumer, indices
related to voltage sags are determined, such as the frequency of occurrences classified in
ranges of magnitude and duration, as well as the impacts on industrial processes fed by
the distribution system used as a test case. The average annual cost due to voltage sags for
industrial consumers was U$ 64,417.00.

In [12], researchers presented a methodology for cost-benefit analysis aimed at mitigat-
ing short-term voltage variation in a cement factory, considering the probability of process
shutdown. The cost per voltage sag reported by the cement industry was Rs 750,000.00 or
US $13,385.00 per event.

In [13], a study was carried out to assess the level of power quality in Malaysia, as
well to estimate the cost associated with the occurrence of voltage sags. The events were
captured by meters installed at appropriate locations on the power grid. The costs per
event vary according to the type of activity of the consumer unit, with the lowest cost being
found at US $24,124.00/event (commercial sector) and the highest at US $723,729.00/event
(semiconductors sector); glass/stone/clay/cement, ceramic and tiles the cost was US
$96,500.00/event; metal/aluminum/copper products, US $168,700.00/event. Also, in
this reference is shown the cost per voltage sag of US $5000.00 at the plastics industry in
the USA.

In [14], the impact of voltage sags on consumer units in China was discussed and the
method of calculating losses resulting from voltage sags was through questionnaires or
personal interviews. The results show that there is a great variation in the cost per voltage
sags according to the industrial sector, mainly due to the added value of the final product;
for the chemical fiber industry they ranged from US $29,000.00 to US $172,000.00, while for
the semiconductor industry the costs were between US $574,000.00 and US $3,585,000.00.

In [15], costs were assessed due to the occurrence of voltage sags in a distribution
system typical of a chemical industry, considering five types of sensitive equipment in-
stalled in the industrial process. The cost considered was US $1893.00 per event (voltage
sag), including labor costs, unfinished product costs, losses of raw materials, among others.
The results obtained with the simulations vary with the bus where the sensitive loads are
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installed. The number of estimated shutdowns ranges from 24 to 344 per year, resulting in
losses ranging from US $380.80 to US $12,128.20 per year.

In [16], an investment analysis study was carried out to minimize losses due to the
occurrence of voltage sags and short interruptions. Using the Monte Carlo simulation
method for stochastic simulation of voltage sags for a period of 30 years, the Modified RBTS
Bus 2 test system was used. To validate the simulation data, the costs considered were
obtained from reference [13], in the plastic and automotive industries as US $48,920.00 and
US $56,142.00, respectively, representing an average of US $52,531.00 per event. For the
analysis, two types of systems were considered, overhead lines and underground cables.
The best result was obtained when you chose to change a total of 4 overhead lines to
underground cables.

In [17], the importance of assessing financial losses in industrial consumers due
to voltage sag and short interruptions was mentioned. The authors proposed a new
model for assessing the impact of voltage sags using voltage tolerance curves (VTC)
associated with a truth table to characterize the logical relationship of sensitive equipment
with the production process. The model is applied in a production process of TLT-LCD,
whose estimated annual loss due to voltage sags was US $776,439.00 per year. The case
study also showed that the proposed model had better adaptability in relation to the
conventional model.

1.3. Contributions

The bibliographic research carried out included about two decades of work and aimed
to verify the existence of works related to process shutdown costs due to voltage sags
and short interruption. Directly related to the theme, several procedures were used to
obtain cost estimates, namely: conducting surveys through forms, conducting stochastic
simulations of voltage sags, and conducting measurements. Among the main countries
where the costs were assessed, the following stand out: Italy, China, India, Finland, Brazil,
Malaysia, and Norway. In general, cost estimates were presented on an annual basis,
per event and per interrupted kW. Despite the significant number of types of activities
surveyed in the publications, it was observed that the costs obtained in different countries
were very different for the same productive sector. It was also found that most publications
were old and few of them were in journals. In the specific case of Brazil, the works found
were generic and did not quantify costs by type of activity. In this context, this work
aims to fill the gaps identified by conducting direct surveys, in a total of 33 companies in
12 different business areas, supplied at medium voltage (11.9/13.8 kV) by the company
EDP in the states of Espírito Santo and São Paulo in Brazil.

2. Theory
2.1. Voltage Sag and Short Interruption

The IEEE 1159-2009 defines voltage sag as being a decrease between 0.1 and 0.9 p.u.
in rms voltage and with a duration from 0.5 cycles to 1 min [18]. Figure 1 shows the
representation of voltage sag and is characterized by sag magnitude and duration. The
sag magnitude is defined as the lowest rms voltage of the three phase voltages during the
sag event, and its duration is the time that the voltage is lower than the 0.9 p.u. threshold
in all three phases. Usually, voltage sags and short interruptions occurred due to power
system faults.

Table 1 shows the category, the type of event, and the duration of each one. The
information contained in the table was adopted from [18].

2.2. Overview of Equipment and Process Sensitivity

Each piece of equipment has a behavior in terms of voltage sags, which can be rep-
resented by a tolerance curve, which is usually rectangular and presents the thresholds
of magnitude and duration. For example, Figure 2 shows the rectangular voltage toler-
ance curve indicating that when the voltage sags are longer than the duration threshold
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(Tmax) and deeper than the voltage magnitude threshold (Vmin), the equipment will trip
(or malfunction).

Table 1. Category of event, duration, and voltage magnitude.

Category Transitory Duration Voltage Magnitude

Short-time
duration

Instantaneous Voltage sag 0.5→to 30 cycles 0.1 to 0.9 pu

Momentaneous
Interruption 0.5→to 30 cycles <0.1 pu
Voltage sag 30 cycles to 3 s 0.1 to 0.9 pu

Temporary Interruption 3 s to 1 min <0.1 pu
Voltage sag 3 s to 1 min 0.1 to 0.9 pu
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Sensitivity curves are often used to assess the impact of voltage sags on industrial
loads and processes. However, these curves do not have a single pattern of behavior, and
there may be significant variations due to differences in manufacturer, model, hardware
topology, software configurations, loading, among others [5,19]. Two others important
characteristics of the voltage sags, in addition to the magnitude and duration of the voltage
sags already mentioned are:

• point on wave—which corresponds to the phase angle of the instantaneous voltage at
the sag initiation.

• phase–angle shift—the difference between the voltage phase angle at the pre sag
moment and during the event.

The equipment most used in the industries and which were also found during the
field survey carried out were: programmable logic controller—adjustable speed drive—
ASD [20], PLC [21], contactor and [22–24].

2.2.1. Adjustable Speed Drive—ASD

ASDs are equipment widely used in industries to drive induction motors for better
process control. In addition to reducing thermal and mechanical stress during starting and
breaking the motors, they optimize the use of energy in applications that require variable
torque or reduced speeds [20].

To evaluate the performance of a three-phase equipment, it must be taken into ac-
count that different types of voltage sags results and their different effects on their opera-
tion [20,25]. Figure 3 shows sensitivity curves obtained from ASDs, referring to the type I
event (most severe reduction in voltage in one of the phases). It can be seen in Figure 3 that
the ASDs had different levels of sensitivity.
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2.2.2. Programmable Logic Controller—PLC

The programmable logic controller—PLC, is a digital system that performs control
and monitoring functions through a set of instructions previously defined by the user. The
basic structure of its circuit is formed by: power supply, processing unit (CPU), and signal
input and output modules, which can be digital or analog [21].

Figure 4 shows the sensitivity curves obtained through tests on several PLCs, illus-
trating the “worst case” and “best case”. In the worst case, the sensitivity of the PLC was
0.75 p.u.
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2.2.3. Contactor

The contactor is an electromechanical device that controls loads from a command cir-
cuit, it is one of the most used devices in the industry [22–24]. The starting point of the event
is also an important parameter in evaluating the performance of this equipment [19,22–24],
as shown in the sensitivity curve of Figure 5.
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3. Methods

The methodology used in the research adopted a procedure similar to that used
in [2,9,14] and was divided into four stages:

• Preparation of the survey form;
• Selection of companies;
• Field survey;
• Analysis of the results.

3.1. Preparation of the Survey Form

The form was prepared with the objective of obtaining detailed data on:

• Type of industrial activity, contracted demand, supply voltage, installed loads;
• Industry opening hours, number of employees;
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• Critical parts of the process, identification of sensitive equipment, number of process
shutdowns, types of losses, and critical period of the day;

• Overtime to recover lost production, lost raw material, investments to mitigate shutdowns.

The proposed form contained 19 questions, the content of which was prepared on
the basis of Annex 2 of [26,27]. The questions contained in the survey form and their
justifications are shown in Appendix A.

Therefore, it is noteworthy that this form was intended to obtain, in a more realistic
way, the data necessary for the survey of process shutdown costs for each industrial activity
due to the occurrence of voltage sag or short interruption.

3.2. Selection of Companies

The energy distributor that financed the research project (EDP), together with the
researcher, generated a list of companies that could participate in the survey, from a total
of 70 industries.

The selection criteria were: companies that “most complain” about process shutdowns
due to the occurrence of events in the concessionaire’s network; to contemplate in the
research the largest possible number of types of activities; geographic location of the
consumer units and to select from the sample companies located in two different states,
the state of São Paulo and Espírito Santo.

Among the 70 selected industries, the established goal is to obtain at least 30 re-
sponses, considering that some would not be interested in participating in the survey due
to confidentiality issues or because they do not have data available to be provided.

3.3. Field Survey

As a general strategy for conducting the visits, the following procedure was adopted:

• Schedule visits in advance with the assistance of the electric utility;
• Clarify the client about the survey objectives and send the survey form in advance to

be evaluated and filled out.

As an operational strategy, visits should be carried out as follows:

• The researcher was always accompanied by an EDP representative. On the day of the
visit, the objectives of the survey were explained again and its importance clarified,
both in relation to the academic sphere, as well as the business aspect of customer
service;

• When possible, the plants of the companies’ production process were visited, in order
to understand the manufacturing process, identifying the critical parts of the process,
in order to better understand the causes of the shutdowns due to the occurrence of
voltage sags and short interruptions.

An important point of the survey was to have the survey form filled out by the techni-
cian responsible for the visited company. If the questions were not answered previously,
the researcher must ask the questions verbally in the meeting on the day of the visit, in
order to obtain the necessary data to complete the form.

3.4. Analysis of the Results

The results obtained with the application of the survey forms were treated statistically
and organized into tables and graphs in order to facilitate the display, interpretation,
and analysis.

4. Case Study
4.1. Results

Among the 70 pre-selected companies, 11 withdrew from the survey, so 59 were visited
between May and November 2019 and 33 responded in full to the survey form.

Table 2 shows the list of companies containing the type of activity, the size of the
company, and a column of observations that presents some additional information.
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Table 2. Company identification.

Number Activity Type Company Size Observation

1 Plastic Big (1000 employees) Plastic film for food area
2 Automotive Medium (560 employees) Locks and door handles
3 Tires Big (1000 employees) Tires for cars
4 Tires Big (1000 employees) Tires for cars
5 Commercial Medium (300 employees) Space lease
6 Commercial Small (150 employees) Space lease
7 Wallpaper Medium (300 employees) Wallpaper
8 Metallurgical Small (170 employees) Aluminum profiles
9 Toys Small (190 employees) Toys

10 PVC Plastic Medium (400 employees) Plastic film for food area
11 PVC Plastic Medium (800 employees) Plastic film for food area
12 Electroplating Small (35 employees) Pieces and parts
13 Extrusion Small (49 employees) Metallurgical
14 Textile Small (120 employees) Wool fiber
15 Textile Small (70 employees) Dyeing clothes
16 Glass Small (80 employees) Glass for boxing, doors of residences
17 Extrusion Medium (500 employees) Use in deep sea waters
18 Plastic Medium (300 employees) Packaging for food area
19 Foundry Small (50 employees) Freight train parts—Vale do Rio Doce
20 Rock mining Small (45 employees) Granules for civil industry
21 Glass Small (60 employees) Glass for boxing, doors of residences
22 Food Small (250 employees) Pulp juices
23 Furniture Medium (300 employees) MDF boards
24 Furniture Medium (300 employees) MDF boards
25 Animal food Small (50 employees) Animal food
26 Stones and granites Small (250 employees) Manufacturing granite and marble sinks
27 Chips cards Small (200 employees) Card for banks and general trade
28 Plastic Small (100 employees) Plastic packaging for food industry
29 Metallurgical Medium (300 employees) Vertical, horizontal movements
30 Commercial Big (1000 employees) Space lease
31 Fertilizer Small (100 employees) Packaging
32 Automotive Medium (500 employees) Bus assembler
33 Petroleum Big (1000 employees) Onshore oil prospecting

Table 3 shows, for each company, the sensitive equipment used in its processes, the
average number of monthly shutdowns, and the average time to resume production when
the process stops.

Table 3. Sensitive equipment, event history and breakdown time.

Number Activity Type Sensitive Equipment Event History Breakdown Time

1 Plastic ASD, PLC 2 events/month 120 min
2 Automotive ASD, PLC, Robot 4 events/month 60 min
3 Tires ASD, PLC 2 events/month 120 min
4 Tires ASD, PLC, Electronic cards 3 events/month 60 min
5 Commercial Computer, No break 7 events/month 15 min
6 Commercial Building Manag. System, No break, Computer 4 events/month 20 min
7 Wallpaper ASD, PLC 5 events/month 30 min
8 Metallurgical ASD, PLC 2 events/month 60 min
9 Toys ASD, PLC 8 events/month 45 min

10 PVC Plastic ASD, PLC, electronic cards 10 events/month 30 min
11 PVC Plastic ASD, PLC, electronic cards 10 events/month 30 min
12 Electroplating Contactor 1 event/month 10 min
13 Extrusion ASD, PLC 3 events/month 15 min
14 Textile ASD, Contactor 2 events/month 30 min
15 Textile ASD, PLC, Electronic cards 6 events/month 40 min
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Table 3. Cont.

Number Activity Type Sensitive Equipment Event History Breakdown Time

16 Glass ASD, PLC not available 10 min
17 Extrusion ASD, PLC, RX SCANNER 30 events/month 60 min
18 Plastic ASD, PRINTER 25 events/month 60 min
19 Foundry ASD, PLC 1 event/month 60 min
20 Rock mining ASD, PLC not available 20 min
21 Glass ASD, PLC not available 20 min
22 Food ASD, PLC not available 360 min
23 Furniture ASD, PLC, UV lamp 8 events/month 60 min
24 Furniture ASD, PLC, UV lamp 8 events/month 30 min
25 Animal food ASD, PLC 8 events/month 30 min
26 Stones and granites ASD, PLC 4 events/month 30 min
27 Chips cards Printers machines 8 events/month 120 min
28 Plastic ASD, PLC 4 events/month 15 min
29 Metallurgical ASD, PLC 4 events/month 15 min
30 Commercial Computers, Servers, Elevators, Escalators 5 events/month 10 min
31 Fertilizer ASD, PLC, Contactor, Elevator not available 10 min
32 Automotive Laser, Tube Bender, Welding Robot 30 events/month 20 min
33 Petroleum ASD, PLC 18 events/month 60 min

Table 4 shows, for each company surveyed, the demand, the cost per event, the cost
per demand, and other information about additional costs such as payment of fines, rework,
and repairs of equipment damaged by the occurrence of voltage sag or short interruption.

Table 4. Cost per event and cost per kW.

Number Activity Type Demand
(kW)

Cost/Event
(US $)

Cost/kW
(US $/kW) Other Information

1 Plastic 3000 4190.30 1.40 US $3286.50 equipment damage
2 Automotive 2500 6847.00 2.74 Damage to some equipment
3 Tires 2900 6003.00 2.07 US $12,005.00/month (scrap reprocessed)
4 Tires 1700 6000.00 3.53 US $18,000.00/month (scrap reprocessed) + 2096.00 maintenance
5 Commercial 1200 2717.00 2.26 US $76,070.00/month of penalty (12 h no energy)

6 Commercial 1300 6851.00 5.27 US $261.00 in damaged equipment and 1 h no monitoring
Investment—US $227,718.00 in 8 generators, 2018/Jan.

7 Wallpaper 1700 9667.00 5.69 US $2370.00 equipment damage
8 Metallurgical 1400 2071.00 1.48 -
9 Toys 1200 3657.00 3.05 US $740.00 equipment damage

10 PVC Plastic 500 1640.00 3.28 US $2368,00 equipment damage
11 PVC Plastic 1350 6056.00 4.50 US $7130,00 equipment damage
12 Electroplating 350 556.00 1.60 US $470,00 equipment damage
13 Extrusion 500 1811.00 3.62 -
14 Textile 950 1501.00 1.67 -
15 Textile 450 1509.45 3.35 US $2841,00 equipment damage
16 Glass 410 1437.00 3.51 Loss of 1 oven due to an 8-h interruption
17 Cables Extrusion 850 52,800.00 62.18 Loss of umbilical tubes up to 2 km
18 Plastic 2400 5690.00 2.37 -
19 Foundry 850 4773.00 5.61 Scraps are reprocessed
20 Rock mining 2000 4085,00 2.04 Loss of particle size
21 Glass 405 2161.00 5.33 Scraps are destined for beverage factories
22 Food 700 5145.00 7.35 5 no breaks—800 kVA
23 Furniture 760 7238.00 9.52 Damage of UV Lamps
24 Furniture 800 7153.00 8.94 Damage of Transformer and track rollers
25 Animal food 1000 650.00 0.65 Refused feed is recycled in the process
26 Stones and granites 3150 11,130.00 3.53 Imperfect granite slabs are reprocessed
27 Chips cards 500 6613.00 13.26 -
28 Plastic 400 2031,00 5.08 Material is recycled and reprocessed
29 Metallurgical 500 2715.00 5.43 -
30 Commercial 6000 9311.00 1.55 Investment in harmonic filter
31 Fertilizer Chemical 250 4565.00 18.26 Refuse is reprocessed
32 Automotive 2500 13,049.00 5.22 Investment in no breaks, generator
33 Petroleum 2500 41,414.00 16.57 -
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4.2. General Analysis

Considering all the companies surveyed, boxplots were generated for the number of
employees, number of events per month, breakdown time, demand for electricity, cost per
event, and cost per demand.

Figure 6 shows the boxplot of the number of employees; in this case, there were no
data considered to be outliers. The average value of the number of employees found was
349 and the boxplot demonstrates that, in general, the research was focused on small and
medium-sized companies.
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Figure 7 presents the boxplot of the number of voltage sags or short interruptions
per month, as noted, there are 4 companies with a number of events considered to be
outliers. In average terms, there are approximately 8 events per month, which can be
considered a high value, since depending on the type of product manufactured, a single
process shutdown can generate major losses.
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Figure 8 shows the boxplot for the breakdown time, which corresponds to the time
necessary for the company to resume production when a process shutdown occurs. There
is only one outlier, most companies had a breakdown time between 10 min and 60 min,
and the average was 50.76 min.
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The graph in Figure 9 corresponds to the boxplot of electricity demand, which pre-
sented a discrepant value (company 30). The average demand for electricity is 1423.48 kW,
with a large concentration of companies in the range from 500 kW to 2500 kW, reinforcing
that the majority of companies surveyed were small and medium-sized.
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Figure 10 shows the boxplot of cost per event, it was observed that there were two
outliers, companies 17 and 33, that presented a cost per event much higher than the other
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companies surveyed due to the high added value of the product. It was also noted that the
average cost related to the occurrence of voltage sag and short interruption was US $7364.75,
with the minimum and maximum values being US $556.00 and $13,049.00, respectively.
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Figure 11 presents the boxplot of costs per demand, where companies 17, 27, 31, and
33 were characterized as outliers. It was observed that the average found was US $6.72/kW
and that there was a large concentration of companies in the range of US $2.00/kW to US
$6.00/kW.
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It is worth mentioning that considering the average values found for the number of
events per month (8) and the average cost per event (US $7364.75), there was an estimate
of the average annual cost due to voltage sags and short interruption of US $707,016.00.
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The magnitude of this value shows the importance of assessing the economic impacts of
these events and when viable to use energy conditioners to mitigate these costs.

Another analysis that can be done is whether the company’s electricity demand
correlates with the cost per event or the cost per demand. The graph in Figure 12 shows
the dispersion and the correlation coefficient between cost per event and demand, while
Figure 13 shows the same information between the variables cost per demand and demand.
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Due to the low correlation coefficient found in both cases (r = 0.22 and r = −0.13
respectively), it can be concluded that demand did not affect the cost per event or cost
per demand, probably the main variable that influences costs was the added value of the
product generated.
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4.3. Analyzes by Type of Activity

Among the 33 companies analyzed, 12 different types of activities were identified.
Table 5 presents the demand, cost per event, and cost per demand, data obtained for the
different types of activity. The foundry, galvanizing, aluminum extrusion, and umbilical
cable industries were included in the metallurgical activity, since they produce products
designed for this purpose. The toy industry was considered in the activity of the plastic
industry, since they are manufactured by polymer injection machines.

Table 5. Costs by type of activity.

Number Demand (kW) Cost/Event (US $) Cost/kW (US $/kW)

Plastic—Total Companies: 8—24.24%

1 3000 4190.00 1.40
7 1700 9667.00 5.69
9 1200 3657.00 3.05
10 500 1640.00 3.28
11 1350 6056.00 4.50
18 2400 5690.00 2.37
27 500 6613.00 13.26
28 400 2031.00 5.08

Range 400 to 3000 1640.00 to 9667.00 1.40 to 13.26
Average 1381.25 4943.00 4.83

Automotive—Total Companies: 4—12.12%

2 2500 6847.00 2.74
3 2900 6003.00 2.07
4 1700 6000.00 3.53
32 2500 13,049.00 5.22

Range 1700 to 2900 6000.00 to 13,049.00 2.07 to 5.22
Average 2400 7974.75 3.39

Commercial—Total Companies: 3—9.09%

5 1200 2717.00 2.26
6 1300 6851.00 5.27
30 6000 9311.00 1.55

Range 1200 to 6000 2717.00 to 9311.00 1.55 to 5.27
Average 2833.33 6293.00 3.03

Glass—Total Companies: 2—6.06%

16 410 1437.00 3.51
21 405 2161.00 5.33

Range 405 to 410 1437.00 to 2161.00 3.51 to 5.33
Average 408 1799.00 4.42

Metallurgical—Total Companies: 6—18.18%

8 1400 2071.00 1.48
12 350 556.00 1.60
13 500 1811.00 3.62
17 850 52,800.00 62.18
19 850 4773.00 5.61
29 500 2715.00 5.08

Range 350 to 1400 556.00 to 52,800.00 1.48 to 62.18
Average 741.67 10,787.67 13.26

Mining—Total Companies: 1—3.03%

20 2000 4085.00 2.04
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Table 5. Cont.

Number Demand (kW) Cost/Event (US $) Cost/kW (US $/kW)

Food—Total Companies: 2—6.06%

22 700 5145.00 7.35
25 1000 650.00 0.65

Range 700 to 1000 650.00 to 5145.00 0.65 to 7.35
Average 850 2897.50 4.00

Furniture—Total Companies: 2—6.06%

23 760 7238.00 9.52
24 800 7153.00 8.94

Range 760 to 800 7153.00 to 7238.00 8.97 to 9.52
Average 780 7195.50 9.23

Stones and Granites—Total Companies: 1—3.03%

26 3150 11,130.00 3.53

Chemical—Total Companies: 1—3.03%

31 250 4565.00 18.26

Textile—Total Companies: 2—6.06%

14 950 1501.00 1.67
15 450 1509.45 3.35

Range 450 to 950 1501 to 1509.45 1.67 to 3.35
Average 700 1505.23 2.51

Petroliferous—Total Companies: 1—3.03%

33 2500 41,414.00 16.57

Table 5 shows that the largest number of visits were made to the plastics industry,
corresponding to 24.24% of the total number of companies visited whose costs per event
and cost per demand ranged from US $1640.00 to US $9667.00 and US $1.40 to US $13.26,
respectively. This wide range of values is due to the fact that the types of products produced
have different aggregate values. The average cost per event found was US $4943.00 and
the cost per demand was US $4.79.

The automotive industries represented 12.12% of the total visited companies and their
costs were very close to each other, ranging from US $6000.00 to US $6847.00 for auto parts,
although each company manufactures a specific product, and US $13,048.00 for the au-
tomaker. Average costs per event and demand were US $7947.50 and US $3.39, respectively.

The commercial activity sector had three companies visited, representing 9.09% of
the companies, and the costs per event obtained ranged from US $2717.00 to US $9311.00,
presenting an average of US $6293.00, while the average cost per demand was US $3.03. In
this activity, 2 shopping centers and 1 storage shed were grouped.

The two glass industries had an average cost per event of US $1799.00 and the cost
per demand of US $4.42, remembering that the glass companies visited were destined to
the construction sector.

Metallurgical industries accounted for 18.18% of the visits and presented cost values
per event from US $556.00 to US $52,800.00, with an average of US $10,787.67. In this
activity, small metal smelting and galvanizing companies were grouped, which produce
raw materials for metallurgical industries. The extruded umbilical optical cable industry
was also grouped, for its use in deep waters, for the extraction of oil, whose cost of
production shutdown is high.

In the food industries, it was observed that the costs per event were very different. The
factory dedicated to animal feeding had a lower value, while the beverage manufacturer
had a higher cost. In the latter case, the operation of resuming the unit was complex, since
there was a need to wash the production lines, increasing the time to resume the process.
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The two companies in the furniture sector had the cost per event values very close
with an average of US $7195.50 and cost per demand of US $9.23, demonstrating that
possibly this value is typical in this type of activity.

The textile industries also had very close costs per event, ranging from US $1501.00 to
US $1509.45. The average cost per demand obtained was US $2.51.

The rest of the activities surveyed, that is, mining, chemistry, stones and granites, and
oil prospecting, had only one company in the sample and it was not possible to make a
comparative analysis. However, it is noted that there was great variability in the values of
cost per event in these industries, mainly due to the added value of the product that each
company produces.

Figure 14 shows a graphical comparison between the average values of the cost per
event of the types of activities surveyed. It should be noted that, with the exception of the
petroliferous sector, the other sectors had an average cost close to each other and around
US $6000.00. Therefore, the size of the company is probably a variable that also affects the
cost per event.
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4.4. Difficulties

The main difficulties faced in carrying out this survey were:

• Planning visits, scheduling difficulties, and delay in responding to the interest in
participating in the survey;

• Difficulty in logistics and locomotion to visit companies. The distance between the
city of São Paulo, where the researcher resides, and the companies chosen in this state
was around 150 km. Regarding the state of Espírito Santo, travel is only viable by air,
since the distance between São Paulo and Espírito Santo is 1100 km.

Besides, during the field survey, it was noted the concern of the interviewees in
not being able to provide their costs in detail, possibly due to fear of speculation from
competing companies in the market. In general, companies consider costs to be a strategic
part of business, even though the researcher had guaranteed data confidentiality and that
the name of the company would not be disclosed.

Of the 59 companies visited, 13 did not respond to the questionnaire claiming that
they had not received authorization from the board, in 9 companies it was not possible to
obtain the data requested in the questionnaire during the visit, and 4 companies gave up on
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the survey. In summary, 26 companies did not participate in the survey, which represented
44% of the total visited.

Of the 33 companies visited, 10 medium-sized companies requested that their names
be kept confidential. In small companies, almost all agreed to have their names revealed,
including allowing costs to be disclosed. However, for reasons of consistency, the authors
chose not to disclose the name of any researched company.

5. Conclusions

The literature review presented in Section 1.2 proves that in fact, several types of
industries installed in different countries face problems of loss of production due to the
occurrence of voltage sags and short interruptions. It was found that several procedures
are used to obtain an estimate of these costs, which are: conducting research through
forms, conducting stochastic simulations, and conducting measurements. Cost estimates
are presented on an annual basis, per event, and per interrupted kW. Despite the significant
number of branches of activity surveyed in the publications, it was observed that the costs
obtained in different countries for the same productive sector are very disparate.

This work presented and applied a survey methodology with the objective of evalu-
ating the financial impact of voltage sags and short interruptions on industrial and com-
mercial consumers. The methodology is based on conducting on-site visits and applying a
specific questionnaire containing a total of 19 questions.

The survey results made it possible to quantify the losses involved in 33 small and
medium-sized companies, with an average number of 349 employees, grouped in 12 busi-
ness areas, all supplied in medium voltage networks (11.9 kV and 13.8 kV). The average
cost obtained was US $7364.75 per event and US $6.72/kW interrupted.

We conclude that this work achieved the objectives initially established, representing
an effective contribution to the electricity sector, especially for the Brazilian sector.

As a proposal to continue this line of research, it is recommended to contemplate other
segments of activities and expand the sample size of the segments already researched (food
industry, furniture, mining, stones and granites, oil).

Regarding the success rate of response to the form, considering that the initial sample
was 70 companies, with 33 responses to the survey form, the rate was 47.1%, however,
considering the sample of 59 companies due to withdrawal of 11 companies, the rate
becomes 55.9%.

As improvements to the procedure used, it is proposed to take actions to publicize
the survey in advance, such as the holding of a workshop with wide participation of
companies, with the objective of attracting and motivating the participation of consumers.
With this attitude, it is believed that the percentage of participation could be improved.
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Appendix A

Following is the survey form:

1. Company name.
2. Main type of activity.
3. Average monthly demand, consumption and supply voltage.

Questions 1 to 3 aim to identify the company, its type of activity, as well as its demand,
consumption, and supply tension.

4. Opening hours of the company.
5. Number of employees of the company.

Questions 4 and 5 seek to obtain the production regime, the number of work shifts
and to identify the size of the company.

6. Types of loads and processes installed.
7. How many processes shutdowns have occurred due to voltage sags and short in-

terruptions in the last 12 months?

Questions 6 and 7 seek to know the purpose of energy use and the types of loads
installed in the industry. It also seeks to identify the number of process stops due to voltage
sag or short interruption.

8. Considering voltage sag and short interruption identify the events that have the
greatest impact (instantaneous, momentary, and temporary).

Question 8 aims to know, in a qualitative way, the interviewees’ perception regarding
process shutdowns, their frequencies and their impacts on the process and to identify the
types of most impactful events.

9. What is the critical period of the day that the occurrence of a voltage sag or short
interruption causes more losses?

10. Which equipment in your company is most sensitive to voltage sag or short inter-
ruption?

Questions 9 and 10 seek to verify, in a qualitative way, if there is a period of the day
that presents a higher frequency of voltage sag or short interruption that directly affects the
company in terms of process shutdowns. In addition, they aim to identify sensitive loads
and the interviewees’ perception of whether these loads have or not correlations with the
process shutdowns.

11. How long would it take to resume production or operation if there was an unex-
pected process shutdown?

Question 11 seeks to determine the time taken to resume the production process.

12. When there is an unexpected process shutdown due to voltage sag or short inter-
ruption, what type of damage or loss does the company have, and to what extent?

This question aims to verify whether it is possible to detail each item that makes up
the total cost of the loss according to the specifics of each industrial activity.

13. Considering a day and a period of high production, what is the estimated cost of
restarting production/operation and the loss of production/operation/billing that
your company would have in that period if there was an unexpected process shut-
down due to voltage sag and short interruption?

Question 13 is complementary to the previous one, in order to verify whether there is
also a lost profit.

14. Does the company pay overtime to employees in order to recover production or
billing losses, even to end interrupted production, due to an unexpected process
shutdown due to voltage sag and short interruption? If so, could the expenditure
on the payment of such overtime be estimated?
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This question aims to verify, in qualitative and quantitative terms, whether there is
payment of overtime to employees due to the occurrence of voltage sag and short interruption.

15. Does your company have raw material, product in process, or finished product
that would be discarded due to an unexpected process shutdown? If so, could you
estimate the cost related to these losses?

This question aims to verify, depending on the company’s activity, if there is a loss of
raw material, finished product or in processing, in addition to obtaining the associated costs.

16. Does the company have expenses for repairs and replacement of damaged equip-
ment due to an unexpected process shutdown? If so, could you estimate the cost
related to this?

Question 16 is intended to verify if there are expenses with repairs and replacement of
equipment damaged due to voltage sag and short interruption.

17. Would the company have, in addition to the factors mentioned above, any other
type of loss if an unexpected process shutdown occurred due to voltage sag and
short interruption? If so, which one? Could you estimate the cost related to this
other factor?

The question aims to verify if there is another type of cost due to an unexpected
process shutdown.

18. Does the company have procedures or equipment to monitor voltage sags and
short interruptions? If yes, detail the type of monitoring.

This question is intended to find out if the company has voltage sag or short interrup-
tion monitoring procedures or equipment.

19. What does your company do to mitigate voltage sag and short interruption? And
what is the investment for that?

This question aims to find out if the company invests in equipment to mitigate voltage
sag or short interruption.
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