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Insights of Sea Buckthorn Extract’s Encapsulation by Coacervation Technique
Reprinted from: Inventions 2021, 6, 59, doi:10.3390/inventions6030059 . . . . . . . . . . . . . . . . 79

Ramona Oana Gunache (Ros, ca), Alexandra Virginia Bounegru and Constantin Apetrei

Determination of Atorvastatin with Voltammetric Sensors Based on Nanomaterials
Reprinted from: Inventions 2021, 6, 57, doi:10.3390/inventions6030057 . . . . . . . . . . . . . . . . 93

Ancut, a Dinu and Constantin Apetrei

Development of a Novel Sensor Based on Polypyrrole Doped with Potassium Hexacyanoferrate
(II) for Detection of L-Tryptophan in Pharmaceutics
Reprinted from: Inventions 2021, 6, 56, doi:10.3390/inventions6030056 . . . . . . . . . . . . . . . . 109

Viorel Minzu, Saïd Riahi and Eugen Rusu

Implementation Aspects Regarding Closed-Loop Control Systems Using Evolutionary
Algorithms
Reprinted from: Inventions 2021, 6, 53, doi:10.3390/inventions6030053 . . . . . . . . . . . . . . . . 123

v
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Nicuşor Baroiu, Georgiana-Alexandra Moroşanu, Virgil-Gabriel Teodor and Nicolae Oancea

Roller Profiling for Generating the Screw of a Pump with Progressive Cavities
Reprinted from: Inventions 2021, 6, 34, doi:10.3390/inventions6020034 . . . . . . . . . . . . . . . . 203
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Editorial for Special Issue “Perspectives and Challenges in
Doctoral Research—Selected Papers from the 9th Edition of the
Scientific Conference of the Doctoral Schools from the
“Dunărea de Jos”

Eugen Rusu 1 and Gabriela Rapeanu 2,*

1 Department of Mechanical Engineering, Faculty of Engineering, “Dunărea de Jos” University of Galat, i,
Domnească Street, 800008 Galat,i, Romania; erusu@ugal.ro

2 Faculty of Food Science and Engineering, “Dunărea de Jos” University of Galat, i, Domnească Street 111,
800201 Galat,i, Romania

* Correspondence: gabriela.rapeanu@ugal.ro

This Editorial is dedicated to the 9th edition of the Scientific Conference organized
by the Doctoral Schools of “Dunărea de Jos” University of Galati (SCDS-UDJG), which
was organized in June 2021 in Galati (Romania). This Special Issue consists of papers from
different research fields, reflecting the sectional talks presented at the SCDS-UDJG. This
Conference and Special Issue aim to bring together new perspectives and challenges and to
share state-of-the-art developments in doctoral research.

In total, 16 papers presented at the SCDS-UDJG conference were included in the
Special Issue, in fields such as mechanical and industrial engineering, food science and
bio-resources engineering, electrical/electronic engineering, systems engineering and infor-
mation technologies, chemistry, electrochemistry, and economic models and strategies.

Most papers published in the Special Issue were devoted to studies in the mechanical
and industrial engineering field, specifically six articles. Articles [1–3] focus on wind power
resources and technologies as the main subject of research. Diaconita et al. (2021) [1]
analyzed the behavior of circular and conical towers under the action of the same en-
vironmental conditions, both located in the Black Sea. The authors pursued the forces
and moments resulting from the interaction of the wind with the towers’ wind turbine.
Girleanu et al. (2021) [2] used in situ measurements and the reanalysis of wind data to
assess the wind energy potential that characterizes the Romanian coastal environment.
Nedelcu and Rusu (2022) [3] also treated the Black Sea as an area of interest, the northwest-
ern coast specifically, to assess an overview of the wind climate, using data from 2015 until
2020 on wind direction, speed, air temperature, and air pressure, provided by the National
Institute of Marine Geology and Geoecology.

In Marcu et al. (2021) [4], the authors measured the impact of administrative bur-
dens identified by ship-owners on technical measures implemented by the European
Commission to optimize the flow of goods on the Danube using the Quality Function
Deployment method.

Articles [5,6] studied the process of profiling in mechanical engineering. Baroiu et al.
(2021) [5] present an algorithm for modifying rollers in order to generate the helical sur-
face of the pump rotor with progressive cavities, utilized in different industries for the
circulation of high-viscosity fluids. Moroşanu et al. (2021) [6] present an overview of
the profiling methods for various tools, using the kinematic and decomposing helical
movement methods.

Last but not least, Mihai and Rusu (2021) [7] present an overview of the actual practice
of heating ventilation and air conditioning systems used on large ships, in the COVID-19
pandemic context.

Inventions 2022, 7, 33. https://doi.org/10.3390/inventions7020033 https://www.mdpi.com/journal/inventions1
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Solcanu et al. (2021) [8] discuss a critical aspect of maritime safety, namely radio
communications. This study focuses on the effectiveness of analog systems with a low
signal-to-noise ratio in high-noise conditions, characteristic of the marine environment,
using analytical and numerical methods. Also in the domain of system, engineering, and
information technologies was the work of Minzu et al. (2021) [9]. This paper addresses the
subject of using a metaheuristic algorithm to solve specific optimal control problems. Thus,
a general harmonization between the controller of the closed loop and the evolutionary
algorithm is needed.

Three articles of this Special Issue are devoted to different biologically active com-
pounds from plants. The extraction optimization of betalain pigments from beetroot is
discussed in Lazăr et al. (2021) [10], while Condurache et al. (2021) [11] and Roman et al.
(2021) [12] consider the problem of the microencapsulation of biologically active com-
pounds from eggplant peels and sea buckthorn fruits. All three studies are based on the
need to replace chemical synthesis additives with natural ones in food and, at the same time,
to close the economic value chain from the food industry by the valorization of different
valuable by-products.

Two articles published in the Special Issue focused on the pharmaceutical field. In the
work of Gunache et al. (2021) [13], using cyclic voltammetry, the electrochemical behavior
of two screen-printed sensors was evaluated, in order to qualitatively and quantitatively
determine the atorvastatin in pharmaceutical products. The study is considered by the
authors to be a first step towards the development of a device for the detection of atorvas-
tatin in biological samples. The work of Dinu et al. (2021) [14] also addresses the issue of
developing a biosensor using cyclic voltammetry, but this time in order to determine and
quantify the essential amino acid L-tryptophan from pharmaceutical products.

In the field of economic models and strategies, Anton et al. (2021) [15] analyzed the
impact of mass tourism on the local community in Constanta, Romania. The economic,
social, and environmental conditions were taken into account. The research continues
with the work of Anton et al. (2022) [16], which aims to introduce an innovative concept
that combines research, governance, and citizenship, using “Living labs” technology and
knowledge to build a bridge between decision makers and stakeholders, promoting a
shared vision of growth and innovation at a community level.

The articles presented above reflect the present state of the art in the research fields of
mechanical and industrial engineering, food science and bio-resources engineering, electri-
cal/electronic engineering, systems engineering and information technologies, chemistry,
electrochemistry, and economic models and strategies. The Guest Editors of this Special
Issue believe it to be a starting point for further studies, with the potential to open new
research directions.

Author Contributions: Conceptualization, E.R. and G.R., validation, E.R. and G.R., resources, E.R.,
writing—original draft preparation, G.R., supervision, E.R.; project administration, E.R. and G.R.;
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Article

An Analysis of the Wind Parameters in the Western Side of the
Black Sea

Laura-Ionela Nedelcu 1,2,* and Eugen Rusu 2

1 Department of Navigation and Naval Transport, Faculty of Navigation and Naval Management,
“Mircea cel Batran” Naval Academy, 1st Fulgerului Street, 900218 Constanta, Romania

2 Department of Mechanical Engineering, Faculty of Engineering, “Dunarea de Jos” University of Galati,
47th Domneasca Street, 800008 Galati, Romania; eugen.rusu@ugal.ro

* Correspondence: laura.nedelcu@anmb.ro

Abstract: In the present research, an overview of the wind climate on the northwestern coast of the
Black Sea basin is assessed, using a total of 6 years of data (2015–2020) provided by the National
Institute of Marine Geology and Geoecology (GeoEcoMar). It is well known that the enclosed/semi-
enclosed basins are complex environments and to accurately represent the features of wind and
wave are necessary high resolution spatial fields. For the Black Sea, which is an enclosed basin with
complicated regional geography, the main weather parameters reported (wind direction, wind speed,
air temperature, air pressure) give a more comprehensive picture of how energetic the area of interest
is, and represent the features of the Black Sea’s diversified marine environment. Finally, the results
obtained in this paper cover a broad range of applications in marine studies, being useful for future
research in the area of wind climate in the Black Sea.

Keywords: Romanian coastal zone; Black Sea basin; wind parameters; historical data

1. Introduction

Renewable sources of energy are not a new topic but it remains a controversial one.
The 20th century energy system based on fossil fuels created an urgent need to experiment
with alternatives leading to a sustainable energy future. Renewables are still far from
overtaking fossil fuels in the global energy system; still, their growth is fast and contributes
to a nascent and uncertain energy transition with major effects in the field of environment,
economy, governance, and society. Renewable energy sources are crucial for long-term
efforts to mitigate climate change and are expected to play a vital role in improving the
entire planet’s energy security [1–3].

According to the European Commission, by 2050, Europe must increase the offshore
wind capacities between 230 and 450 GW. So far, Romania is the leader of Southeast Europe
in terms of onshore developments, with an installed capacity of 3 GW [4]. The development
of onshore wind farms was achieved mainly in the Dobrogea plateau. In this area are
concentrated almost 80% of the existing wind turbines from Romania. The largest onshore
wind farm in Europe is the Fantanele–Cogealac, also established in Dobrogea, having an
installed capacity of 600 MW [5].

On contrary, there is still little information on the energetic offshore potential of the
Black Sea basin. In their studies [6] the authors estimated a total potential natural capacity
of 94 GW, out of which 22 GW could be installed as fixed turbines and 72 GW from offshore
wind farms.

Previous studies based on the Black Sea wave wind conditions indicate that the
western part of the sea is more energetic than the eastern sector [7–12]. Moreover, Onea and
Rusu [13] affirmed that in terms of the spatial distribution of extreme events, most probable
storm conditions occur in the western part, whereas in the eastern sector it is more likely to
happen in a relatively short time window. In their work [7] the authors assessed the largest

Inventions 2022, 7, 21. https://doi.org/10.3390/inventions7010021 https://www.mdpi.com/journal/inventions5
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average power of 7 kW/m in the South Western part of the Black Sea, whereas the average
mean wave power in the eastern part is about 3 kW/m, with a maximum of 4 kW/m. In
terms of wind speed, the western side records significant seasonal variations, while the
eastern area is characterized by more stable conditions [14,15]. In their research [15] the
authors have conducted a comparison between average wind speed from coastal stations
(4.9 m/s) and satellites data (6 m/s). In [16], based on the wind wave conditions evaluated
over 50 years (1958–2007), it is concluded that the wind and wave climate of the western
Black Sea shelf manifests large spatial and seasonal variability. The authors stated that
wind speed exceeded 40 m/s in the open sea and 25 m/s near shore. The analysis made
in [17,18] indicates that the Romanian coastal environment is more energetic during the
winter season, with an average wind speed at 80 m of about 9.7 m/s and a power density
of 870 W/m2. Myslenkov et al. [19] pointed out that during summer months low quality of
wind and wave were observed due to their low and weak speeds. In their work [20], Rusu,
Raileanu and Onea obtained from the Gloria platform values of the wind fields at 10 m
height from 6 m/s to 7 m/s, covering a time period from 1987 to 2009. Diaconita, Rusu,
and Andrei have concluded in their study [21] that the mean wind speed at the height of
10 m was 6.7 m/s. Based on the literature review mentioned above, there is an increasing
interest in marine renewable project development based on the wind and wave resources
located in the northwestern part of the Black Sea.

In this context, the purpose of the present study is to contribute to the characterization
of the wind climate along the western part of the Black Sea Basin over a period of 6 years
(2015–2020) and to estimate ideal areas for exploiting this resource. Consequently, this
study will focus on the wind parameters evolution based on the measurements provided by
the 2 autonomous marine monitoring stations, part of the regional security system EMSO-
EUXINUS. The present research can be considered as a first step for future renewable
energy projects since there is significant growing interest from the Romanian authorities in
energy transition towards renewables.

2. Materials and Methods

2.1. Target Area

The Black Sea represents an inland sea situated between Europe, Anatolia, and Cau-
casus, covering an area of 422,000 km2. The basin is considered a semi-enclosed sea,
connected to the Mediterranean Sea through the Straits of Dardanelles and Bosporus and
to the Sea of Azov through the Kerch Strait. The sea is defined by an irregular shape being
divided between Romania, Ukraine, Russia, Georgia, Turkey, and Bulgaria. The average
water depth is about 1240 m, while a maximum of 2210 m is observed offshore. In terms of
bathymetry, wide shelf area can be noticed that occupies up to 25% of the total seafloor area
and, on average, being restricted to sea depths of 100–200 m and a width of 200 km. The
remaining area is associated with the continental slope and the abyssal plain, where depths
below 2000 m can be found. The configuration of the bathymetric line, the presence of
depressions and canyons, has an important influence on the distribution of water masses,
direction and speed of currents. The bathymetric chart of the Black Sea can be observed in
Figure 1 [22–24].
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Figure 1. The bathymetric chart of the Black Sea.

The wind and wave climate are determined by the geographical position and the
landscape configuration, which have temperate-continental characteristics. During winter
months frequent storms and strong N-NE winds are accompanied by waves 2–4 m high,
but in summer wave heights are generally less than 1 m. The tide is almost imperceptible,
for it reaches scarcely 10 cm in height [23,24].

One of the greatest particularities of the Black Sea is the inability of the water layers
to mix. The hydro-chemical configuration of the sea is primarily influenced by the fluvial
inputs and the basin topography, which result in a strongly stratified vertical structure
and a positive water balance. The first layer, located on the sea surface over 50 m depth,
is generally cooler, less salty, and less dense than the deeper waters, as it is fed by large
fluvial systems. The second area, known as a cold layer, is a sub-surface water mass located
at 50 to 180 m depth [23,24].

The salinity of the Black Sea is determined by the balance between the fresh water
and water exchange through the Bosporus Strait. At the surface water of the Black Sea, an
average salinity of 16–18 PPT (two times less than the salinity of the World Ocean surface
waters) was recorded. The salinity increases to 21 to 22.5 PPT (parts per thousand) at a
depth below 120–200 m. This difference is motivated because the water layers do not mix,
and high salinity water from Mediterranean origin penetrates into the sea through the
Bosporus Strait [25].

The water temperatures vary depending on the season. In summer the surface water
warms to 25 ◦C, (occasional extremes at the shores of up to 28 ◦C). In winter in the open
sea, it gets to 6–8 ◦C. The northwestern coast has ice in the winter while the southeastern
stays around 9 ◦C [26].

The Black Sea is considered a vital connection between Europe and Asia regarding
maritime activities. Most of the research effort is focused on the Romanian coastal zone,
while the eastern side characteristics are less discussed.

2.2. Wind Dataset

In the present work, we will analyze the wind dataset covering a time period from 2015 to
2020 as provided by the National Institute of Marine Geology and Geoecology—GeoEcoMar.

Romania is represented in the European Multidisciplinary Seafloor and Water Column
Observatory-European Research Infrastructure Consortium (EMSO ERIC) through GeoEco-
Mar. The National Institute provides EMSO ERIC real-time data on the physico-chemical
and biological parameters of the water column, at different depths, data on early warning
in case of marine hazards, as well as the experience of the personnel involved in the proper
functioning of the entire system. The data are provided from the EUXINUS network of
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marine and coastal observatories (3 offshore and one coastal observatory), part of the
Black Sea Security System. EMSO-EUXINUS is a regional security system destined for the
Western Black Sea with real-time alerting to marine geo-hazards (e.g., submarine landslides,
active fault movements, submarine earthquakes, tsunami waves, etc.). It monitors the
characteristics and dynamics of coastal water bodies, including several meteorological
parameters. The amount of data is stored within the National Center for Monitoring and
Alarming to Marine Natural Hazards, which operates within the Constanta branch of INCD
(National Center for Research and Development) GeoEcoMar [27].

The monitoring and early warning system consisting of 3 autonomous marine moni-
toring stations (Figure 2) is composed of:

1. Surface buoy:

• solar recharging system for accumulator batteries;
• power supply management system of the station;
• switchable satellite/radio communication system;
• data acquirer with integrated management;
• remote control system and two-way real-time radio/satellite communication;
• weather sensor system;
• active and passive radar system;
• optical signaling system;
• acoustic system for managing the communication and data transmission with

the installed underwater equipment [27].

2. Multiparameter buoy fixed at 5 m depth:

• Doppler sensor for current;
• conductivity sensor;
• temperature sensor;
• pressure sensor;
• oxygen sensor;
• turbidity sensor;
• chlorophyll sensor [27].

3. Multi-parameter buoy fixed to the seabed with bidirectional acoustic communication
modem with surface buoy (approximately 2 years autonomy and remote trigger-
ing system):

• Doppler sensor for current;
• conductivity sensor;
• temperature sensor;
• pressure sensor;
• battery system for powering the sensors with a duration of approx. 1 year.

4. Tsunameter assembled on the seabed, near the buoy:

• anchoring system;
• Tsunameter—positioned on the seabed with two-way acoustic communication

modem with the surface buoy, with approximately 2 years autonomy and remote
trigger system;

• battery system for powering the sensors with approximately 2 years auton-
omy [27].
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Figure 2. The scheme of one autonomous marine monitoring station.

The three complex buoys (EuxRO 1, EuxRO 2, and EuxRO 3) are located on the Roma-
nian continental shelf, in the territorial waters of Romania, at a distance of approximately
160 km from the coast and were approved by the Ministry of National Defense, through the
Romanian Naval Forces, represented by the Maritime Hydrographic Directorate (DHM).
Their location can be seen in Figure 3 and also in Table 1.

 

Figure 3. Positions of the GeoEcoMar buoys in the Black Sea.

Table 1. Positions of the buoys in the Black Sea.

Station Latitude Longitude Altitude

EuxRO 1 ϕ = 44◦42′28.92′′ N λ = 030◦46′46.80′′ E −100 [m]
EuxRO 2 ϕ = 44◦19′37.40′′ N λ = 030◦25′30.63′′ E −128 [m]
EuxRO 3 ϕ = 43◦58′51.14′′ N λ = 029◦56′12.15′′ E −115 [m]
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The transmission of the data collected from the installed sensor systems is acousti-
cally done, in real time. The data are transmitted to the surface buoys, then satellite, to
the National Monitoring and Alarm Center for Marine Natural Hazards EUXINUS, in
Constant,a. The weather station used for measuring the wind parameters is AIRMAR
WHEATHER STATION 200WX, being installed at an approximate height of 2.5 m above the
water. The system is capable of recording the following data: air pressure, air temperature,
water current amplitude, water current direction, water temperate, wind speed and wind
direction, making 24 observations per day, one value of each parameter per hour. EuxRO 2
only records the water current direction, water current amplitude, and water temperature
data. Consequently, this research focuses on the data coming from EuxRO 1 and EuxRO 3
for the period May 2015–December 2020. More details regarding the parameters and the
characteristics of the databases considered in this work are presented in Table 2 [27]. It
is worth mentioning that certain data are missing due to the maintenance periods of the
offshore buoys, unfavorable weather factors or certain technical problems.

Table 2. Characteristics of the datasets considered for evaluation.

EuxRO 1 EuxRO 3

Parameters Recorded/Year Wind Direction Wind Speed Wind Direction Wind Speed

2015 07.05.2015–08.12.2015 09.05.2015–31.12.2015

2016 09.06.2016–30.10.2016
01.01.2016–26.04.2016
09.06.2016–03.11.2016

2017 17.03.2017–31.12.2017 19.03.2017–31.12.2017
2018 01.01.2018–31.12.2018 01.01.2018–31.12.2018
2019 01.01.2019–31.12.2019 01.01.2019–31.12.2019
2020 01.01.2020–24.11.2020 01.01.2020–31.12.2020

3. Results

The study is based on the wind parameters (speed and direction) analysis while
considering the total data for the 6-year period (2015–2020). Figure 4 provides a first
observation of the wind conditions in the Romanian coastal zone. From the analysis of the
mean wind speed computed from the 2 autonomous marine monitoring stations, we may
notice that there are no significant differences in the reported period. From the analysis
performed for each year it resulted that the 2018 year is the most energetic year (7.1 m/s),
whereas the lowest energetic is 2015 (6.3 m/s). From the analysis made in the entire period
recorded, a mean value of the wind speed of 6.7 m/s was obtained, at a height of 2.5 m
above the water.

Figure 4. The evolution of the wind speed considering the GeoEcoMar data for the time interval from
May 2015 to December 2020.
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3.1. Annually Evaluation of the Wind Data

A more detailed analysis for every year can be seen in Figure 5. As it can be observed
from Figure 5a, the wind speed maximum average value is located in December (EuxRo
3–8.0 m/s), which is closely followed by November with an average of 7.8 m/s. On the
opposite, the lowest value is found in July (a mean value of 4.9 m/s). From Figure 5b, a
maximum value of the wind speed of 9.7 m/s in January 2016 can be observed, closely
followed by 8.7 m/s in February, whereas a minimum of 4.8 m/s is seen in July 2016. For
Figure 5c a major value is reported in December, during which an average of 9.6 m/s may
be observed, while a minimum value of 4.9 m/s was found in June. In Figure 5d it is
presented the 2018 year, the most energetic year, where we can witness a maximum average
value of 9.8 m/s in January and a minimum of 3.4 m/s in July. From the values analyzed in
2019 (Figure 5e), it can be noticed that January (9.3 m/s) and February (9.1 m/s) present in
general much higher values compared to July and June, where the values are located in the
range 4.1–4.5 m/s. The 2020 data (Figure 5f) seems to be in good agreement with the data
from above, a maximum average value has been noticed in winter (February—8.9 m/s) and
a minimum in summer (June—4.7 m/s). Based on the analysis made for each month in the
6-year interval considered, it resulted that the greatest average values were encountered in
January 2018—9.8 m/s (Figure 5d), followed by January 2016—9.7 m/s (Figure 5b).

3.2. Maximum Wind Values Recorded per Year

From the amount of analyzed data, the maximum values that were recorded should
be highlighted. In 2015 the maximum wind speed value was registered by the EuxRO 1 on
the 1st of December at 20.00. The wind had a speed of 17.1 m/s and a direction of 340◦.
In the next year, on the 18 January 2016 at 20.00 a value of 18 m/s and a direction of 336◦
were indicated by the EuxRO 3. Further, in the next years, all of the maximum values were
stored by the EuxRO 3. In 2017, a value of 17.3 m/s and a direction of 272◦ were present on
the 30 October. In 2018 and 2019 values over 20 m/s were observed. On 18 January 2018,
wind speed of 22.5 m/s and direction of 327◦ were seen at 19.00, while on the 8 January
2019 at 05.00 the wind speed reached 25.5 m/s and direction 344◦. The last year that was
analyzed shows a maximum wind speed value of 17.2 m/s and a direction of 299◦ on 30
April at 24.00.

3.3. Seasonal Average Values

The seasonal average values of the wind speed were computed by following partitions:
winter—DJF (December-January-February), spring—MAM (March-April-May), summer—JJA
(June-July-August), and autumn—SON (September-October-November). As can be seen from
Figure 6, winter is the most dynamic season. In this season, wind speed values were registered
in the range of 8.6 m/s (December)–9.3 m/s (January). Further, the next season that presents
dynamic variations is autumn. During these months average values of 6.1 m/s in September,
7.0 m/s in October and 8.0 m/s in November were recorded. In spring lower values of the
wind speed were noticed: March—7.4 m/s, April—6.3 m/s, May—5.5 m/s. Nevertheless, the
lowest energetic season is summer. The lowest wind speed average value was recorded in
July (4.6 m/s), which is closely followed by June (4.9 m/s) and August (5.5 m/s).

3.4. Wind Direction

Comparing the average wind direction from the selected buoys, it can be observed
that all the values are in good agreement. The mean value wind direction obtained for the
entire study period is 167.1◦. This result is based on the observation made from the 2 buoys,
being more detailed in Table 3. The annual values are in the same range from 152.8◦ in the
2018 year to 176.9◦ measured in 2017. In terms of monthly average values, the results are
also grouped by seasons with approximately equal directions. During winter, the wind
direction is 191.5◦, followed by autumn with a mean value of 151.9◦. During spring, the
average wind direction obtained is 171.2◦, whereas in summer the direction is 157.7◦.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 5. Annual evaluation of the wind data; (a) 2015; (b) 2016; (c) 2017; (d) 2018; (e) 2019; (f) 2020.

 

Figure 6. Seasonal average values of the wind speed.
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Table 3. Statistics for wind direction (◦).

2015 2016 2017 2018 2019 2020

January - 234.8 - 155.9 200.5 213.1
February - 164.6 - 154.4 178.9 190.4

March - 167.6 189.2 173.1 188.7 160.5
April - 178.1 183.1 141.2 145.7 166.5
May 185.1 - 167 136.4 186.7 200.1
June 188.6 174.1 199 141.7 150.5 181.7
July 177 172.2 161.2 214.9 185.2 162

August 101.8 125.7 133.3 92.6 149.6 128.8
September 111.5 167.2 158.5 170.4 134 140

October 144.1 150.1 192.9 140.7 153.4 183.1
November 217.1 - 152.5 94.1 133.6 142.9
December 219.9 - 232.6 218 201.6 134.6
Average 168.1 170.5 176.9 152.8 167.3 167

4. Discussion

It is highly important to acknowledge that wind resources are directly related to wind
speed not to mention that their productivity will be influenced by the climate. In order to
assess the dynamics of the wind energy resources in the Black Sea, the 6 years of GeoEcoMar
data (2015–2020) were considered for evaluation. To identify relevant trends, analysis of
mean and maximum wind speed, as well as their seasonal variations were conducted.
Moreover, an evaluation of the strongest winds recorded is presented.

In order to highlight the distribution of the strongest winds recorded in the Black Sea
region, the maximum wind speeds were considered for discussion in order to identify some
energetic peaks. On the 18 January 2018, a maximum wind speed of 22.5 m/s was seen at
19.00. Signs of a cyclone were seen on the 9 January when the wind started to blow with
8 m/s from N-NE. On the 11 January, the wind speed was around 14 m/s with a direction
of 67◦–126◦. The wind speed had an average of 13 m/s in this period although the pressure
continued to decrease. On 18th at 19.00 the maximum peak of wind speed was 22.5 m/s,
direction of 327◦ and pressure of 983.7 mbar. On the next day, the average wind speed was
12 m/s from the western sector. On the 20th, 21th, 22th, 23th above-normal wind speed
values were recorded. On the 24 January, the cyclone was no longer present in the western
sector of the Black Sea. To sum up, the cyclone started on the 9 January (8 m/s), had a
maximum peak on the 18th (22.5 m/s) and finished on 24th (12.5 m/s).

Following the same principle, the highest value of wind speed recorded from the
entire study should be detailed. In this instance, the period is much shorter and with not so
many well-defined severe weather parameters. On 8 January 2019 at 05.00, a maximum
value of 25.5 m/s was recorded. Before this day, on the 5th, the wind speed reached a value
of 10.2 m/s. The next day, the wind speed average was 10.375 m/s from the north-western
sector. On the 7th, the wind had a similar direction and a speed average of 13.308 m/s. The
pressure was in standard parameters. On the following day, the wind speed started to rise
substantially, recording an average of 17.9 m/s. On the last day, the wind speed decreased
to usual values resulting in completion of the extreme event reported.

Analyzing the data obtained for the mean wind parameters in the present study, it can
be seen that the overall wind speeds for each year are close, indicating that no significant
variations will be present in the near or distant future, proving that the Romanian coastal
zone can be a reliable solution for the offshore wind farms development.

5. Conclusions

This research paper aimed to analyze the dynamics of the wind parameters along
the west coast of the Black Sea, based on the weather data provided over a 6-year period
(2015–2020) by GeoEcoMar Institute.
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The present study outlines relevant trends in wind dynamics, resulting from the
analysis of mean and maximum values of the wind, but also its seasonal and monthly
variations. Moreover, two periods of severe weather were discussed.

Wind climate was analyzed covering the period 2015–2020. Two offshore autonomous
marine stations data were studied in terms of their wind parameters by computing monthly
and mean wind speed and direction. A mean wind speed value of 6.7 m/s was obtained
from the analysis. Taking into account the seasonal and monthly variation of the wind,
the climatic picture of the Black Sea is divided into two opposite seasons, winter and
summer, the principal cause being the temperature increase or decrease during these
periods. However, the other two seasons give a better transition from one extreme to
another and also acquire some of their characteristics.

The data analyzed in this report support that the offshore regions are suitable for
developing wind farms. Taking into consideration the data recorded from the buoys located
at 160 km from the coast, and the fact that deep-water areas are more satisfactory for wind
farms, it is highlighted that floating turbines are a feasible solution for the northwestern part
of the Black Sea’s offshore development. Moreover, given the fact that wind speeds increase
along with the distance to the shore, and a large part of Romania’s Exclusive Economic
Zone consists of a deep-water area, prove once again that the area discussed represents
a viable solution for the development of offshore wind farms [6]. The results that were
achieved in this study contribute to the wind climate characterization in the discussed area
and represent one of the first steps in future studies related to wind variability considering
various approaches. Finally, it can be concluded that the Black Sea is a dynamic environment
with rich sources for the development of renewable energy projects.
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Abstract: Living Labs are an innovative concept that combines research, governance, and citizens,
using technology and knowledge. Using design thinking techniques as a method of approach, this
innovative idea builds a bridge between decision makers and stakeholders, promoting a shared
vision of growth and innovation at the community level. The coastal zone is an extremely dynamic
area in terms of human and natural activities. This is a particularly sensitive area to climate change,
necessitating ongoing adaptation and mitigating action. This paper aims to introduce the application
of the Living lab concept in the management of the coastal area of Constanta (Romania). The concept
of the Living Lab means involving citizens along with public bodies and research structures. This new
coastal management model will use the design thinking approach and will consider the pressures
that exist between the activities that occur in the examined coastal zone. In the study, “Multi-Criteria
Analysis of the Mass Tourism Management Model Related to the Impact on the Local Community in
Constant,a (Romania)”, published in MDPI Inventions on 28 June 2021, a coastal management model
was built that took into consideration only the data given by the government. In this paper, the
authors aim to expand their research by including data from independent sources, using the concept
of a Living Lab.

Keywords: living labs; design thinking; management model; coastal zone; integrated coastal zone
management (ICZM); Constanta; Black Sea; sustainability

1. Introduction

Unlike the typical structure of global society, the coastline is a vibrant socio-ecological
environment. The purpose of integrated coastal zone management (ICZM) is to design a
sustainable development model that focuses on, surrounds, and incorporates a number of
essential elements (economic, social and environmental). The Romanian Black Sea coast
is currently under threat, mainly due to human pressures that have accumulated over
time. The agricultural and industrial sectors of the economy have often developed in
a chaotic manner. Coastal erosion has now been discovered to be under severe stress,
with the possibility of sea infiltration into land areas. Excessive resource use will result
in the devastation of the natural terrestrial and aquatic ecosystems. In the future, while
addressing the negative effects of climate change, it will be necessary to seek adaptive or
alternative solutions [1–3].

Integrated coastal zone management is a complex strategic management mechanism
that requires the participation of all stakeholders and the general public at the national,
regional, and local levels. The “strategic integration” of coastal development plans will
be established by creating the organizational and legal framework, tools, and procedures
required to ensure the best combination (integration) of coastal development plans.

Integrated coastal zone management (ICZM) is a social, ecological structure with
extremely complex characteristics due to differences in society, culture, finance, nature,
and governance. The ICZM’s mission is to promote integrated coastal zone management
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by investigating the relationship between coastal zone management and governance vari-
ables [4,5].

Traditional coastal management is generally achieved through a linear approach
based on an up–down pyramid decision-making structure. The hierarchical structure is
reduced to governmental political entities, while the other existing actors in the coastal
zone (small and medium enterprizes, academia, research institutes, citizens, etc.) are called
stakeholders, and the way of involving the latter is smaller or larger depending on the
decision of the authorities. The linear approach has a predominantly hierarchical and less
consultative decision-making role. Living labs have emerged in Europe in recent years to
become closer with citizens and to facilitate collaboration between different stakeholder
groups. These mechanisms collect creative ideas and work skills in order to involve
private users, together with public bodies, to improve the environment within communities.
Approaching the concept of a Living Lab in coastal management can be beneficial because
this structure aims to involve citizens along with public bodies and research structures.
Through the design thinking approach technique, coastal Living Labs will identify, define,
develop, test, or validate new development policies, projects, and community strategies.
The implementation framework of a Living Lab in the coastal area is a centric one, starting
from the observations of the citizens and of the scientific environment, which define,
conceptualize, and test the existing vulnerabilities in that area. The role of decision makers is
to take these observations and research results and turn them into public policies. To create
this functional framework, the authors consider it essential to involve citizens, through
the data they provide, both in research and development. A Living Lab implemented
in a coastal area can only benefit the community. As it is currently defined, integrated
coastal management entails a collaboration between the scientific component and the
public/human component. The public policies of the area are created by combining these
two components, and the management component of ICZM is carried out (Figure 1) [6–10].

 

Figure 1. Diagram of the integrated coastal zone management process. Source: author after Rutger de
Graaf-van Dinther (editor), Climate-Resilient Urban Areas’ Governance, Design, and Development
in Coastal Delta Cities.

Romania has taken small steps toward implementing integrated coastal management.
Even though specific legislation has been in place since 2002, the organizational structure
and decision-making process are limited to the adoption of consultative points of view that
use authorities in the decision-making process [11–13]. As a result, establishing a Living
Lab in the coastal area can help in actively involving stakeholders in decision making [14].
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Given the foregoing, we may infer that the stage at which this paper is written repre-
sents a linear approach to integrated coastal management. The gap is the innovative Living
Lab method in Europe, which may fill a void for the Constanta coastal area. The methodol-
ogy we use is the design thinking method, and the innovation consists in enhancing data
collection through citizen science and combining academic research resources as well as
businesses development resources.

2. Materials and Methods

The creation of a “Living Lab” in coastal areas must consider a citizen-centered ap-
proach to research and development, taking into account technological innovations [10,12].
This type of approach will facilitate the interaction between stakeholders, bringing together
all actors in the coastal area, whether we are talking about academia, the civic sector, state
actors, or the business sector. A “Living Lab” is a new and dynamic body that brings
technical research into real-world collaborative environments. The new concept has several
principles by which it is defined [9,15–17], namely:

- Continuity;
- Opening;
- Realism;
- Empowering citizens;
- Spontaneity.

To explain these principles, it must be said that a Living Lab is based on creativity and
innovation, but also on a good multidisciplinary collaboration. The innovative process must
be credible and as open as possible, and at the same time it needs time to be structured.
The multi-criteria approach of the newly created Living Labs is essential to provide a
multi-perspective vision. The central element of the new structures is the citizen and his
involvement in the innovation processes. Users are the ones who benefit from innovations
and guide them to satisfy their own desires and needs. The more inventive the user
communities are, the more efficient Living Labs become at achieving their intended purpose.
Traditional coastal management systems have a linear approach, unlike the Living Labs
structure, which has a centered approach [17]. The analysis of these systems is of mixed
type, having qualitative elements but also emphasizing the quantitative side [18,19]. The
aim of the authors is to show the usefulness of a mixed paradigm in coastal management
research. We aim to maximize our strengths and weaken our strengths through this form of
research and not to replace any of the particularly useful and important forms of classical
research, including both quantitative and qualitative. The paradigm of mixed-method
research, as in this paper, minimizes the schism between qualitative and quantitative
approaches to research.

If we are to better understand this concept of the mixed research method, we can
say that this new type combines methods and techniques, concepts, and qualitative or
quantitative approaches in a single study.

The process involves the combination of three primary factors, namely, induction,
deduction, and abduction. This means, in research practice, that models must be identified
and theories tested, validated, and conceptualized. Therefore, traditional approaches to
integrated coastal management are generally linear and often cyclical (Figure 2). Living
Labs, on the other hand, takes a design-based approach with a focus on loop development
(Figure 3) [20–24].
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Figure 2. The conventional approach to integrated coastal management systems.

 

Figure 3. The in-system loop approach of Living Labs.

Perhaps the most obvious distinction between integrated linear coastal zone manage-
ment and the Living Lab is based on conceptual realism. If the classical linear form has
a theoretical and formal vision, a Living Lab is much more pragmatic, contextualizing
real-world facts and attitudes. Even from the users’ point of view, the two management
systems are fundamentally different [16]. If, in the case of linear vision, users are formal
and well-structured, with clear and precise attributes, in the case of Living Labs, these
users are creative, informal, but deeply rooted in current reality. Therefore, in the case of
Living Labs, users are urged to create in the most authentic contexts, under the observation
of researchers and developers involved in the process [8,10,25]. The paradigm of mixed
research in the case of Living Labs shows that users are considered as partners in the coastal
management process, while in the case of traditional systems, they are considered as actors,
the approach being organizational [26]. This element is a defining one in differentiating
the two systems, showing that Living Labs has, as its central element, the citizen and his
empowerment to the detriment of a formal organization [27–29]. This means that the new
approach of Living Labs emphasizes the spontaneity and inventiveness of the citizens
involved. Another important point is the relationship with the academic environment,
which, in the case of the new approach, is a close one, with citizens using the research
results, while in traditional systems, this type of connection is not always made [30]. That is
why the new structures could use this to investigate both theoretical and practical problems.
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Specifically, research is conducted in the Living Labs environment, while in traditional
classical systems, the academic environment conducts research at the express request of
decision makers, if any [31].

As previously stated, the approach to introducing a Living Lab in the coastal zone is a
design thinking technique. This is also because design thinking involves a human-centered
vision of innovation, which seeks to establish creative ideas and effective business models
that are focused on people’s needs [11,12]. The basic idea behind design thinking is that
you apply designer approaches and methods to the development of innovations (this is
what the word “design” means), while conducting a systematic, fact-based analysis of the
economic feasibility and viability of these innovations—just like a researcher (this is what
the “thinking” part of the term represents).

In the case of Living Labs, the research identifies citizens’ problems or desires and
considers them from the perspective of their target users. Designers use this knowledge to
generate the first user-oriented ideas, visualize their creative solutions at an early stage,
and then create prototypes. They quickly solicit community feedback and modify their
concept as a result. Designers address the best solution for their target users’ step by step.
The project’s approach and individual methods are supplemented by a mindset that inten-
tionally analyzes the product’s feasibility and economic viability during development [13].

To address social challenges such as climate change, population growth, food security,
health, mobility, and energy supply, new ideas are required. These concepts are central
to economic growth. Some ideas become global standards, while others fill niches in
local and regional markets. Design thinking assists coastal managers in creative problem
solving, regardless of the size of the problem. The method can be applied to a wide range
of questions. These may include new products, services, business models, or social and
organizational concepts [9,11].

Several principles must be followed in design thinking to ensure success [10]:

» Developing empathy: Investigating the emotions, thoughts, intentions, and actions of
users;

» Illustration of ideas: Imagining ideas and illustrating them with a prototype for
potential users to try;

» Learning from failure: Creating a culture that recognizes the value of mistakes, so that
they are tolerated and learned from;

» Ensuring diversity: Age, gender, education, culture, and personality type all con-
tribute to diversity;

» Creating creative and team-oriented workspaces: Spaces for individual and group
work, along with spaces for the entire group, must be designed to be adaptable and
inspiring;

» Process flexibility: The design mindset encourages a methodical approach. This
procedure includes steps relating to problem analysis, such as formulating a task,
developing possible initial solutions, testing them, and learning from feedback.

Figure 4 depicts the stages of the design thinking process.
If the design thinking process within a Living Lab can lead to the identification and

evaluation of a coastal activity, these activities must be attributed to economic, social,
or environmental factors. Because of the complexity of coastal areas, some activities are
competitive while others are complementary. This type of activity, as well as the impact it
generates, can be accurately identified using the design thinking process [12].

The basic identification of activities in terms of their social and environmental eco-
nomic factors, in our opinion, is incomplete to carry out an effective analysis that will
serve as the foundation for a sustainable coastal management model. By recognizing the
interaction between indicators, one can demonstrate the dependence of some activities on
others, as well as the areas where the interaction of these activities creates conflict that can
result in coastal zone vulnerability [1,2].
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Figure 4. The stages of the design thinking process. Source: image processed after Christian Müller-
Roterberg—Design Thinking.

We used the concept of a supportability factor to measure the interaction between
these activities. This tool shows the value at which one of the activities can exist without
causing the other to disintegrate. The supportability factor for activities that have affected
each other reaches zero, depending on the greater or lesser impact between the activities.
Furthermore, if one activity had a positive effect on the other, the supportability factor is
also positive, on a scale of 0 to 1 [2–5].

The goal of a supportability analysis is to determine the context of the socio-economic
and environmental conditions against which investment measures will be implemented,
as well as the medium- or long-term evolution of an analyzed situation. These variables
will effectively determine whether the proposed improvements are supportable for the
community, particularly for vulnerable social strata [2].

The calculation of the rate of supportability is made according to the following
formula [1,2]:

Rs =
i (ep)
i (sp)

where Rs indicates the rate of supportability, i (ep) represents the indicator that exerts
pressure, and i (sp) is the indicator that supports pressure.

In the examples below, we will also use the calculation of the general supportability
index, according to the following formula:

Isg =
∑ Rs

n × Is
(1)

where Isg represents the general supportability index, Rs indicates the rate of supportability
of the analyzed indicators, n represents the total number of indicators, and Is represents the
analyzed indicators. Similarly, the supportability index can be calculated on each factor [2].

The hypothesis is represented by the actual state of the pressures existing on the
coastal areas. As we stated before, we will use citizen science in order to identify, test,
and validate the hypothesis. The indicators of supportability were calculated based on a
survey of 30 respondents who were specifically interested in coastal activities. This survey
focused on 16 activities, including 7 economic, 5 environmental, and 4 social activities.
This type of random sampling divided the subjects into two layers, and in each layer, a
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sample of 15 respondents was selected proportionally. The division followed the sizing
of the sample, considering the population structure of the analyzed area. When dividing
into groups, several criteria were considered, such as age, education, social status, religion,
etc. Each subject has been assigned a number. The interviews were structured so that
each subject could identify the interactions between coastal activities and determine the
pressures exerted.

The stratification of the sampling ensured, in the analyzed case, a significant represen-
tation of the population, which determines a decrease of the sampling error. The present
groups were adequately represented, and the division into subgroups led to a more pro-
nounced heterogeneity. However, it must be said that, in this case, we started from a priori
knowledge of the situation, data, and the multicriteria analyses of the coastal management
model made by its classical approach. At the same time, in this case of stratified sampling,
the procedure was more complex than in simple sampling, due to the need to divide the
subjects and divide the subgroups.

3. Results

The implementation of a coastal management model in Constanta by introducing a
Living Labs concept is the main theme of this research. Initially, the management model
was developed in the multi-criteria analysis of the “Mass Tourism Management Model
Related to the Impact on the Local Community in Constanta City (Romania)”, published in
MDPI Inventions on 28 June 2021. In the published paper, the coastal management model
was based on the analysis of official statistical data. In this paper, we intend to put the
Living Labs concept into action by utilizing data and information gathered from citizens.
The hypothesis from which we started the current research is represented by the actual
state of the pressures existing on the coastal areas. As we stated before, we used citizen
science in order to identify, test, and validate the hypothesis. Thus, in Figure 5, you can see
a comparison of the supportability factors related to the indicators provided by the citizens
of Constanta and those provided by official sources. Figure 6 depicts a graphical analysis
of the calculated coefficients of the supportability factors of coastal zone activities.

 

Figure 5. A comparison of the economic, social, and environmental activities that take place in the
Constanta coastal area (Romania).
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Figure 6. A graphical analysis of the activities in the Constanta coastal area (Romania).

Figures 7–9 show the activity analysis for each of the economic, social, and environ-
mental factors.

Figure 10 depicts the share of the supportability factor calculated by citizens as well as
sources provided by public institutions.

 

Figure 7. Analysis of economic activities by calculating the coefficient of the supportability factor.
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Figure 8. Analysis of social activities by calculating the coefficient of the supportability factor.

 
Figure 9. Analysis of environment activities by calculating the coefficient of the supportability factor.
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Figure 10. The share of the supportability factor resulting from the calculation of the two coefficients,
from public sources and from citizen sources.

4. Discussion

This case study refers to the creation of a Living Lab concept in Constanta. The imple-
mentation framework of this new concept starts from the observations of the citizens and of
the scientific environment, which define, conceptualize, and test the existing vulnerabilities
in that area. To create this functional framework, the authors consider it essential to involve
citizens, through the data they provide, both in research and development.

A Living Lab is a physical or virtual space where you can solve the economic, social,
and environmental challenges for coastal areas by involving different stakeholders. The
notion has received increased attention from academia, practitioners, and policymakers
in recent years. Therefore, we conducted a systematic review of the literature on Living
Labs to understand the complex approaches punctuated by the researchers. As mentioned
before, the Living Laboratory is a multidisciplinary “organism” that encompasses multiple
fields of research.

The contribution of the article to the scientific-technical knowledge emphasized in
the multidisciplinary approach of the Living Laboratory that is discussed within the open
innovation paradigms and of the users. Even the literature identifies Living Laboratory
workers differently, who apply different methodologies, business models, or tools. This is
normal, if we refer to the coastal areas and the fact that they differ by their particularities.

The analysis tried to demonstrate the importance of establishing a Living Lab for
the management of the coastal model in Constanta (Romania). The calculation of the
supportability coefficient of the analyzed activities reveals significant differences in many
cases. Thus, when we examined indicators of employability (social) or bathing water quality,
citizens’ perceptions differed significantly from official data (environment). Moreover, in the
case of economic activities, there were significant differences in opinion between authorities
and citizens, particularly regarding the indicators of agriculture/aquaculture/local food
and energy/electricity. It is impossible to say with certainty that one source is more credible
than the other, especially because, in the field of official statistical data, there are frequently
deficient methods of collection or insufficient sources to lend credibility to these types
of data.

Even if the data differs in some cases, the analysis of the supportability factor shows
that the trend is similar, in the sense that if the coefficient of the supportability factor is
increased in the case of some activities or in the case of the analysis of the official data, this
is also found in the case of the coefficient of the supportability factor of the data provided
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by citizens. This demonstrates that both authorities’ and citizens’ perceptions of certain
community themes are similar, with the difference being the prioritization of activities
within community themes.

In terms of the pressure on activities, according to the analysis, citizens believe that
most economic indicators are under more pressure than the authorities believe. In terms
of social indicators, both citizens and authorities believe that there is a lot of pressure on
these indicators, with the exception of employability, where the authorities believe that
jobs are sufficient. Citizens accept this, but believe that employability is not sufficiently
diverse and of high quality. In terms of environmental indicators, official data are much
more pessimistic than citizen trust, with the latter claiming that there is insufficient access
for the cosmos.

A general analysis of the supportability factor reveals that citizens believe that the
pressures exerted on coastal zone activities are significantly higher than what the data
provided by the authorities show, but the difference between these two calculated values is
not very large.

A hypothesis that can be deduced from the analysis made by the citizens, within the
stratified sampling, led to results that can offer working tools and ways to improve the ex-
isting situations to the authorities but also to the researchers. Stratified sampling techniques
are important for researchers who need to understand and design them appropriately. Our
results indicate that, in the resulting coastal management model that is closer to the vision
of the population, there are sometimes substantial differences from the approach of public
institutions. Therefore, the model determined by Living Labs in coastal areas is a viable
comparison model for government actions.

5. Conclusions

The analysis to introduce the application of the Living Labs concept in the management
of the coastal area of Constanta (Romania) shows that these mechanisms can collect creative
ideas and realistic approaches to some of the challenges that communities face. Citizens’
participation in these structures is advantageous since it includes civil society in making
development recommendations in an area. To prove this, we discovered that there were
significant differences in opinion between authorities and citizens, particularly regarding
the indicators of agriculture/aquaculture/local food and energy/electricity. More than
that, a general evaluation of the supportability factor suggests that citizens think that the
pressures exerted on coastal zone operations are substantially larger than what the statistics
given by the government show, although the discrepancy between these two computed
values is not particularly large. From these, we can easily conclude that the Living Labs
concept is a useful approach in coastal management and aims to identify, define, develop,
test, and validate new approaches to community plans and strategies.

The analysis of the integrated management model of the coastal area, based on eco-
nomic, social, and environmental indicators, demonstrates the need for the establishment
of a Living Lab in Constanta. This concept has the potential to lead to the harmonization of
positions between citizens and authorities, as well as the inclusion of all stakeholders, who
can contribute to the creation of a coherent framework in the coastal zone.

Decision makers must use innovative governance and encourage stakeholders and
the general public to share the data they collect and hold in order for this to be possible. In
turn, the authorities must make the databases transparent to citizens and make them easier
to access.

Information and communication technology, as well as infrastructure, are required to
facilitate new forms of collaboration and co-creation of new innovations among stakeholders.
The digitalization of public services can aid in the development of citizen–authority relations.

A coastal Living Lab could be the community’s response to the sensitivities and
vulnerabilities caused by climate change. Following multi-criteria and multi-sectoral
analyses, this new structure can provide dynamic and adequate solutions that are accepted
by the community.
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Abstract: The metal tower, or the pylon, is one of the most important elements in the construction of
a wind turbine. It has the role of supporting the entire wind turbine, and it also allows access for
inspection and conducting planned maintenance and repairs. Moreover, the tower ensures support
for the structure and strengthens the whole assembly. It has a particularly important role, as it has
to face very severe weather conditions. The present study aims to analyze the forces and moments
resulting from the action of the wind on the tower of a wind turbine. Two important load cases are
considered, namely, the load under operating conditions and the ultimate load under 50 year wind
conditions. For this purpose, cylindrical and conical geometric shapes of the tower were chosen.
These were analyzed under the action of both normal and extreme wind speeds. Then, the behavior
of the two towers under the action of the wind speed for a location in the Black Sea was analyzed.
Finally, in an attempt to make the structure more economical, the thickness of the shell was reduced.

Keywords: tower; wind turbine; load; offshore wind; marine renewable energy

1. Introduction

Global warming is a set of changes that affect the planet. Among them is an increase
in temperature, especially in polar areas, where such an increase has exceeded 3 degrees
Celsius since 1906, while for the rest of Earth, it increased by approximately 0.9 degrees
Celsius [1]. Climate change leads to melting glaciers, the occurrence of extreme weather
events, rising water levels, impacts on animal habitats, the extinction of several animal
species, and many other effects. In addition to the negative effects on the environment,
greenhouse gas emissions also harm human health [2], resulting in respiratory diseases
caused by pollution and smog [3].

Reducing greenhouse gas emissions is a point of interest in the 21st century because
of the negative effects caused by the exploitation of conventional resources to produce
electricity. Carbon dioxide is responsible for approximately three-quarters of greenhouse
gas emissions, which can remain in the atmosphere for thousands of years. These emissions
have gradually increased, and in 2021, they reached a value of 33 Gt CO2, despite the
significant decrease that was noticed in 2020 (having a value of 31.5 Gt CO2), which was
considered the largest decrease recorded globally, even exceeding the decline in 2009 when
the global financial crisis hit [4]. Due to the pandemic, not only have CO2 emissions
decreased, but energy demand has also fallen the most since World War II and to date,
decreasing by approximately 4.5% [5].

One of the best ways to eliminate greenhouse gas emissions is to replace the sources
that produce the highest amounts of CO2. Globally, the sources producing the highest
amounts of CO2 emissions are the burning of materials such as coal, oil, gas, and wood
to obtain energy. Therefore, attention has focused on renewable resources [6] that have
lately gained increasing importance. According to the International Renewable Energy
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Agency (IRENA) [7], the installed capacity from renewable sources increased by 10% in
2020, having the largest increase so far despite the COVID-19 pandemic. Currently, the
total installed capacity reaches a value of 2799 GW, the highest percentage of which is
allocated to the hydraulic renewable energy sector (approximately 44% of the total installed
capacity) [8]. This spectacular growth makes the renewable energy sector the new normal in
the 21st century, and it is expected to add more than 280 GW by the end of 2021. In addition,
the energy generated in the first quarter of 2021 sustains the idea of eliminating conventional
sources, and energy from fossil fuels and that from renewable sources recorded the same
value of 34.7 TWh [9]. In terms of wind energy, this was doubled in 2020 compared to 2019
due to the technological advances in wind turbines. The offshore industry aims to exploit
deeper waters where wind speeds are higher. Currently, there are wind farms located with
the help of floating structures in waters with depths over 100 m [10]. Apart from the desire
to advance as far as possible, the design of higher capacity turbines is also expected with
the largest offshore turbine being Haliade-X at 14 MW. Obtaining high power is closely
related to turbine components such as large rotors and high towers. Compared to onshore
wind turbines, offshore wind turbines do not require very high towers, for instance, a
height of 22 m between the lowest point of the rotor sweep and the average height of
the water springs is quite enough [11]. On the other hand, the towers placed offshore
are much more exposed to water corrosion and, for this reason, they must meet specific
standards. Through the technological development of wind turbines, such as the growth
of the rotor [12,13] and the tendency to place it in the deepest possible waters, the field
of offshore renewable energy attracts increasing amounts of investments. Each location
implies certain costs; therefore, it is necessary to consider a site-specific design so that the
structure lasts approximately 25 years and, thus, the LCOE for each farm may vary [14].
The optimization of a wind turbine according to the weather conditions at a specific location
takes into account two aspects. The first aspect is related to the behavior of the structure,
and the second aspect refers to the identification of the optimal design variables [15]. In
order for wind energy to be competitive with renewable energy sources, the trend is to
optimize these already developed structures so that costs are minimized [16]. Among the
methods for optimizing the tower of a wind turbine is the replacement of conventional
materials, i.e., steel with carbon or glass fiber. These materials improve fatigue performance
and have better corrosion resistance [17–19]. Another method of minimizing costs is to
reduce the thickness of the shell and reduce the number of ring-stiffeners [20].

Since the towers for wind turbines of no more than 4 MW have diameters between
3 and 5 m, the present study aimed to analyze the behavior of two types of towers, one
circular and one conical, under the action of the same environmental conditions. The forces
and moments applied on the two towers were given only by the wind speed and the weight
of the components that were part of the wind turbine, and those given by the waves were
omitted. The structure was divided into four sections of different thicknesses. In addition,
we considered the wind speed from a location in the west of the Black Sea, close to the
Romanian nearshore. For this purpose, the wind data were taken from the EURO-CORDEX
database and then processed using a MATLAB computational environment. From this data,
the maximum and average wind speeds were taken into consideration to provide a more
comprehensive image of the wind potential from the reference point considered. Then, a
study was performed to analyze the behavior of the two structures under the action of the
maximum wind. The possibility of reducing the thickness of the two towers by 25% and
50%, respectively, was also considered.

Similar studies were conducted by Lin Wang et al. [21] in a paper entitled “Structural
Optimization of Wind Turbine Towers Based on Finite Element Analysis and Genetic Algo-
rithm”, and they conducted a structural analysis on an 87.6 m tower using as a reference the
5 MW turbine designed by NREL (National Renewable Energy Laboratory) [22], with the
final goal of this work being to optimize the tower. Another study dealing with this subject
is that of Zhu Rensheng et al. [23], who performed a finite element analysis on a turbine
with a horizontal axis of 1.5 MW with the tower having a conical construction. A similar
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study was conducted by Chile Li and Limin Ren [24], who carried out a finite element
analysis also for a 1.5 MW turbine. The two cases studied took into account both normal
and storm conditions to establish whether the structures were safe. The analyses showed
that the structures were sufficiently secure, and there was no strength failure. Yadneshwar
S. Joshi and Pratibha Alandkar [25] conducted a study with the purpose of performing a
finite element analysis of the tower but also of the connections between the sections of the
tower in order to understand exactly how these connections behave under the action of
environmental forces. The analysis was performed on a conical tower that was divided into
16 sections and which had a height that was considered to be 80. For this study, a Suzlon
S88-2.1 MW turbine was considered.

2. Materials and Methods

2.1. Characteristics of the Wind Turbine and Tower

The turbine chosen for this study was a Vestas V112-3 MW which corresponds to IEC
Class I. This type of wind turbine has a horizontal axis, with an upwind orientation. The
turbine is equipped with a rotor with three blades that are controlled by a microprocessor
pitch control system. The characteristics of the turbine are presented in Table 1 and Figure 1.

 
(a) (b) 

Figure 1. 2D model of the wind turbine with a (a) cylindrical tower; (b) conical tower.
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Table 1. Wind turbine characteristics.

Properties Values

Rated capacity 3 MW
Wind class IEC Ia

Rotor diameter 112 m
Swept area 9852 m2

Mass (blades, rotor, nacelle) 155 t
Hub height 84 m

Material Steel S355JR
Type of tower Cylindrical Conical

Tower diameter 4.176 m 6 m at base
3.87 at top

The material characteristics of the Vestas V122-3 MW turbine tower are given in
Table 2.

Table 2. Vestas V122-3 MW material characteristics.

Properties Values

Young’s modulus (E) 200·103 MPa
Density (ρ) 7800 kg/m3

Poisson’s ratio (ν) 0.3

The power curve and the thrust coefficient are presented in Figure 2. The power curve
shows how much power can be generated under the action of a certain wind speed. The
power curve in Figure 2 was obtained using a quadratic equation that is related to the wind
speed [26,27].

Pwg(V) =

⎧⎨
⎩

q(V)
Pr
0

Vcin< V <Vrat
Vrat< V <Vcou

V ≤ Vcin and V ≥ Vcou

q(V) = Pr
V2−V2

cin
V2

rat−V2
cin

(1)

where V (in m/s) is the wind speed at the height of 84 m, Vcin (in m/s) is the cut-in wind
speed (having the value of 3 m/s), Vcou (in m/s) is the cut-out wind speed (having the
value of 25 m/s), Vrat (in m/s) is the rated wind speed (having the value of 12 m/s), and Pr
is the rated power in MW.

Figure 2. Power curve and thrust coefficient of the turbine Vestas V112-3 MW.

34



Inventions 2022, 7, 11

2.2. Basic Assumptions

• The tower was considered to be a cantilevered beam that was fixed to the structure. At
the top, a mass was applied that was equal to the mass of the nacelle, blades, and rotor;

• The material of the tower was considered to be isotropic and homogeneous. One tower
had a constant circular section along the height, and the other one had a decreasing
section from the base to the top, and both of them featured small wall thicknesses;

• The secondary effects (such as axial and shear deformations and moment of inertia)
were neglected;

• The aerodynamic distributed loads were caused only by drag forces.

2.3. Loads Calculation

The main loads acting on the tower were gravitational loads and aerodynamic loads
given by the action of the wind, which can be drag and lift forces. The aerodynamic loads
were grouped into two categories: those that act directly on the tower and those that act
on the rotor and are further transferred to the upper part of the tower [28]. The forces and
moments acting on the turbine are illustrated in Figure 3.

Figure 3. The forces and moments considered in this study.

2.3.1. Gravitational Loads

The gravitational loads are given by the weight of the supported components. These
components are the nacelle, rotor, and blades. Their approximate weight was 155 tons. This
load contributed to the compression loads on the tower’s structure. The representation was
made with the help of a mass point at the top of the tower.

2.3.2. Aerodynamic Loads

The wind loads acting on the tower arise due to the airflow and its interaction with
the wind turbine tower. The distributed wind load along the tower height per unit length,
z, can be calculated using the following formula (Figure 4) [29,30]:

Fd =
1
2
ρV(z)2CdD(z) (2)

where ρ is the air density (having the value of 1.225 kg/m3), V(z) is the wind velocity at
height z (in m/s), Cd is the drag coefficient (this parameter has a value of 0.7).
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As the wind speed varies along the tower height, under normal wind conditions, the
wind will be calculated using the following formula [31]:

V(z) = Vhub

(
z

zhub

)α

(3)

where Vhub is the reference wind speed in m/s at height zhub (the hub height), and α is the
power law exponent (this parameter is also known as the Hellman exponent) [32,33]. The
value of this coefficient was estimated to be 1/7 (approximately 0.143) [34] and evaluates
the wind profile under normal weather conditions.

For the extreme wind model, the wind was calculated using the formula below, which
was according to the IEC 61400-1 standard [35]:

Ve50 = 1.4·Vref (4)

Offshore wind turbines are classified depending on wind speed and turbulence pa-
rameters, according to the IEC standard. In the above formula, Ve50 is the expected extreme
wind speed with a recurrence time interval of 50 years (in m/s). The chosen turbine belongs
to class IEC Ia, and according to the standard, the reference speed Vref is 50 m/s.

Using the wind profile power law, the equation above becomes:

V(e50)z
= 1.4· Vref

(
z

zhub

)α

(5)

The Hellman exponent in this case had a value of 0.11 [36], because the value of
0.143 can cause computational errors when it comes to the field of offshore wind energy;
therefore, the value of 0.11 was much more suitable for open water.

Figure 4. The pressure applied along the two towers.

Apart from the loads that were given by the wind on the tower, its upper part was
also affected by a series of forces and moments given by the action of the wind on other
components of the turbine assembly [37]. The IEC61400-1 [35] design standard defines
twenty-two load cases for turbine design, covering all operating conditions, from start-up
to extreme conditions. The typical cases used were those in extreme wind conditions and
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those in normal operating conditions. The aerodynamic force given by the action of the
wind on the rotor can be calculated using the formula [24,38]:

Fx =
1
2

CTρV2A (6)

where CT is the thrust coefficient, ρ is the air density (having the value of 1.225 kg/m3), V
is the wind speed in m/s, and A is the swept area in m2.

2.4. Analysis of the Behavior of the Two Towers in a Location in the Black Sea and Possibilities to
Reduce the Thickness of the Shell

In the study in [39], conducted on the potential of the Black Sea for renewable wind
energy, it was established that of the six points analyzed, the highest wind speeds that were
interpolated at a height of 80 m were for the point that is represented in Figure 5.

Figure 5. The location of the chosen point.

The algorithm used in Reference [39] was also considered in this case, but the inter-
polation was made at a height of 84 m. All calculations were conducted using MATLAB
software. The data used to obtain wind speed at 84 m were obtained from the EURO-
CORDEX database, and the period analyzed was over 30 years, from 1 January 2021 to
31 December 2050. The location chosen has an elevated percentage of high wind speed
occurrence, which correspond to wind class 7 (this class is recommended for the offshore
industry), which is approximately 34%, and 30% of speeds were lower but still suitable
for extracting renewable energy. Wind speeds in the Black Sea are not strong, and for this
reason there are currently no wind farms. The highest wind speeds are to be found on
the west coast of the Black Sea near Romania. We further considered the maximum wind
speeds in these areas and analyzed the behavior of the two towers, simulating the forces
and moments given by them. The location and wind characteristics for the chosen point
are presented in Table 3.

Table 3. Data regarding the chosen location.

Data Values

Location Black Sea
Longitude (◦) 30.62
Latitude (◦) 44.68
Depth (m) 75.29

Maximum wind speed (m/s) 27.17
Mean wind speed (m/s) 8.00

Annual energy production (MWh) 11,712
Capacity factor (%) 45
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Since the chosen reference point had a maximum wind speed value of 27.17 m/s,
we tried to reduce the tower wall thickness, once by 25% and once by 50%, to see what
would happen.

3. Results and Discussion

The most common method of designing wind turbine towers is by manufacturing
sections between 20 and 30 m coupled with flanges at both ends and then bolting them
to the location. In this paper, only the sections of the tower were considered without
simulating the connections. The towers were divided into four sections, three of which
had a length of 20 m and one with a length of 24 m. Each section had a certain thickness
allocated, starting from 50 mm at the bottom and reaching 19 mm at the top. The two
towers were modeled as shell structures in ANSYS. The main characteristics are detailed in
Tables 1 and 2. The thickness of the two towers are indicated in Table 4. The 3D model is
presented in Figure 6.

Table 4. Tower wall thickness.

Segment Thickness

Segment 1 50 mm
Segment 2 30 mm
Segment 3 19 mm
Segment 4 19 mm

 
(a) (b) 

Figure 6. Tower geometry: (a) cylindrical; (b) conical.

The mesh was generated through quadrilateral elements, as they best reproduce the
stress distribution, and the results given by the finite element analysis are dependent on
the chosen discretization solution. The size of applied quadrilateral elements was 0.5 m.

To determine the size of the mesh elements, a mesh sensitivity study was performed.
For this, the two towers were fixed at the bottom and allowed to vibrate freely with-
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out adding forces and moments. The results obtained for the six modal frequencies are
presented in Table 5.

Table 5. The modal frequencies for the four sizes of the mesh elements.

Type of Tower
Modal Frequencies

(Hz)

Mesh Size

2 m 1 m 0.5 m 0.25 m

Cylindrical

1 0.35984 0.36079 0.36082 0.36084
2 0.35985 0.36079 0.36082 0.36084
3 2.97390 2.91420 2.90540 2.90390
4 2.97410 2.91750 2.90670 2.90450
5 3.13870 2.97780 2.97790 2.97790
6 3.15560 2.97780 2.97790 2.97790

Conical

1 0.50980 0.51150 0.51194 0.51206
2 0.51066 0.51174 0.51199 0.51207
3 2.89480 2.79470 2.79080 2.79140
4 2.95560 2.79860 2.79230 2.79200
5 3.45660 3.36670 3.36330 3.36410
6 3.51160 3.37100 3.36490 3.36480

For the meshes of 0.5 (Figure 7) and 0.25 m, respectively, for both the cylindrical
and conical towers, the differences were imperceptible. For the cylindrical structure,
the difference between the natural frequency for mode 1 for the 0.5 and 0.25 m mesh
was approximately 0.006%. For the conical structure, the difference between the natural
frequency for mode 3 for the mesh of 0.5 and 0.25 m was approximately 0.023%.

  
(a) (b) 

Figure 7. The mesh for the two towers: (a) cylindrical tower with 4368 elements; (b) conical tower
with 5344 elements.

To avoid resonance caused by the vibrations, the frequency of the tower must be
different from the harmonic vibrations associated with the rotor. The rotor had a value
of harmonic vibrations between 1P = frot·Sf and 3P = 3·frot

Sf
, which corresponded to the
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frequency of the rotor. 1P is the primary excitation frequency of the rotor caused by the
rotor spinning at a given velocity which induces mass imbalances. The second excitation
frequency was caused by the blade passing the tower; this wind turbine had three blades,
so it is written as 3P. This interdependence can be expressed by the inequality below. This
range is a soft–stiff one and represents the optimum range for the best possible design [40]:

frot·Sf ≤ ftower ≤ 3·frot

Sf
(7)

where Sf is the safety factor for frequency (has the value of 1.05 according to the GL
standard [41]), ftower is the first natural frequency of the tower, and frot is the frequency
associated with the rotor. Vestas V112-3 MW has a rotor rotational speed of 12.8 rpm, which
corresponded to the frequency of 0.213 Hz.

Thus, the values obtained for the first natural frequency of the tower must be between
the values:

0.244 ≤ ftower ≤0.640 (8)

As shown in Figure 8, the first frequency mode for the cylindrical structure was
0.361 Hz, and for the conical structure, it was 0.512 Hz. Both values were within the range
of 0.224–0.640 Hz.

Figure 9 illustrates the two deformed towers under the action of the forces and mo-
ments in normal wind conditions. A tower is considered safe when the maximum de-
formation (marked with dmax) does not exceed the allowable deformation (marked with
dallowable). It is considered that the structure is globally stable and is out of any danger
when the following relationship is fulfilled [21]:

dmax ≤ dallowable (9)

The allowable deformation can be calculated with the formula [42]:

dallowable= 1.25· L
100

(10)

where L is the height of the tower and is measured in m.

   
(a) (b) (c) 

Figure 8. Cont.
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(d) (e) (f) 

Figure 8. Vibration modes of the wind towers: (a) cylindrical tower—first mode; (b) cylindrical
tower—third mode; (c) cylindrical tower—fifth mode; (d) conical tower—first mode; (e) conical
tower—third mode; (f) conical tower—seventh mode.

 
(a) (b) 

Figure 9. Total deformation for the two structures in normal wind conditions: (a) cylindrical tower;
(b) conical tower.

From the above equations, the value of 1.05 m for the admissible deformation was
obtained. The deformations obtained for the two geometric shapes of the tower were below
this value (Figure 9). The cylindrical structure had the maximum deformation at the top of
the tower, and its value was approximately 0.44 m, while the conical structure was much
smaller, i.e., approximately 0.24 m. Thus, the two structures avoided excessive motion.
These values were much lower than the allowable value, which indicates that the structure
was sufficiently rigid.

Figure 10 illustrates the deformation of the two towers under the action of forces and
moments in extreme conditions. The maximum deformation for the cylindrical tower was
1.8907 m, which exceeds the value of the allowable deformation. This result indicates that
the structure was not sufficiently rigid for these conditions. The maximum deformation of
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the conical tower was 1.0229 m. This value was 2.7% lower than the allowable value and
indicates that the tower was sufficiently stiff and would not experience large deformations.

 
(a) (b) 

Figure 10. Total deformation for the two structures in extreme wind conditions: (a) cylindrical tower;
(b) conical tower.

The von Mises stress, σ, generated by the loads cannot exceed the allowable stress.
This can be expressed in the following inequality forms:

σ ≤ σallowable (11)

The allowable stress is given by:

σallowable =
σy

γm
(12)

where σy is the yield strength, and γm is the material safety factor.
The material yield strength for S355 Steel is 335 MPa for thicknesses of 40 ≤ t ≤ 63 mm,

and for thicknesses of 16 ≤ t ≤ 40 (mm), the yield strength is 345 MPa. In the case of the
chosen towers, we considered the yield strength at the upper thickness to ensure that they
met all the desired conditions.

The value of the safety factor was chosen as 1.1 [35]. This value is minimal compared
to those used in practice but is a reference value that takes into account the instability of
the material. For this reason, the values obtained from the calculation may be higher than
the actual ones.

Using Equations (11) and (12), we obtained the value of the allowable stress of 305 MPa.
The values of the von Mises stresses in the case of the cylindrical and conical structures
under normal operating conditions were 100 and 65 MPa, respectively (Figure 11). These
values are below the allowable stress value.

Figure 12 illustrates the distribution of von Mises stress in extreme wind conditions.
We can see that the cylindrical tower had a von Mises stress value of 423 MPa; this exceeds
the allowable value such that the cylindrical structure was not safe. The value of the conical
tower had a von Mises stress of 277 MPa. The conical structure was safe both in normal
operating conditions and in extreme conditions.
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(a) (b) 

Figure 11. Distribution of von Mises stresses on the two structures in normal wind conditions:
(a) cylindrical tower; (b) conical tower.

 
(a) (b) 

Figure 12. Distribution of von Mises stresses on the two structures in extreme wind conditions:
(a) cylindrical tower; (b) conical tower.

Figures 13 and 14 illustrate the total deformations and von Mises stresses. From them,
it can be observed that the results are similar to those in Figures 9 and 11; this is because
the wind speeds were also close.
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(a) (b) 

Figure 13. Total deformation of the two structures under the conditions of the Black Sea: (a) cylindrical
tower; (b) conical tower.

 
(a) (b) 

Figure 14. Distribution of von Mises stresses on the two structures under the conditions of the Black
Sea: (a) cylindrical tower; (b) conical tower.

As we reduced the thickness, the overall mass of the two towers reduced too, along
with their frequencies. From Table 6, we can observe that there was a tendency for the
natural frequencies to reduce as the thickness decreased too. For vibration mode 1, all of the
values obtained relative to all of thicknesses were in the range mentioned in Equation (8),
which means that the resonance effect was avoided regardless of the chosen thickness. In
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addition, the deformations tended to increase with the reduction in the tower’s thickness,
but no value exceeded the maximum allowable limit of 1.05 m. The highest value was
obtained in the case of the cylindrical tower where the thickness was reduced by 50%. The
von Mises stress also had an increasing tendency as well as deformations, but even these
did not exceed the allowable limit established with the help of Equations (11) and (12).

Table 6. The results obtained for the three types of thicknesses.

Type of Tower Parameters Baseline
25% Thickness

Reduction
50% Thickness

Reduction

Cylindrical
Maximum total deformation 0.46946 m 0.62205 m 0.92772 m
Maximum von Mises Stress 105.88 MPa 138.39 MPa 200.88 MPa
Minimum von Mises Stress 0.16311 MPa 0.38075 MPa 0.56118 MPa

1st Natural frequency 0.36082 Hz 0.32099 Hz 0.26951 Hz

Conical

Maximum total deformation 0.25226 m 0.32420 m 0.50011 m
Maximum von Mises Stress 69.086 MPa 97.276 MPa 144.02 MPa
Minimum von Mises Stress 0.10357 MPa 0.23201 MPa 0.20016 MPa

1st Natural frequency 0.51194 Hz 0.45413 Hz 0.38008 Hz

4. Conclusions

This study aimed to evaluate two towers of a wind turbine: one with a cylindrical
shape and the other one with a conical shape. The reference parameters were adopted from
the Vestas V112-3 MW offshore wind turbine and are shown in Figure 1. The virtual models
of the two towers were built using the ANSYS software.

Following the modal analysis, a 0.5 m mesh size was adopted, because the difference
between the 0.25 m mesh and the 0.5 m mesh was almost imperceptible. The natural
frequency for the cylindrical tower was 0.361 Hz, and for the conical tower it was 0.512, with
both frequencies being between 0.224 and 0.640 Hz; thus, the resonance effect was avoided.

A static analysis was performed for two cases: when the turbine was operating in
normal conditions, up to a cut-out speed of 25 m/s; when the turbine was no longer
functional and the wind speed was 50 m/s. The forces applied on the tower, both for the
normal case and the failure case, were given by the thrust force provided by the wind
and acting on the blades, the bending moment of the blades, the distributed wind load on
the tower, the gravitational force given the weight of the supported components (nacelle,
blades, and rotor) and the weight of the tower.

The deformations of the two towers in normal operating conditions were below
the allowable value, being smaller by more than 50%. In extreme wind conditions, the
deformations for the conical structure were close to the admissible limit, and those for the
cylindrical tower exceeded this admissible limit. The maximum deformations for both the
conical and the cylindrical tower were located at the upper part of the tower, at a height of
84 m. If we consider a diameter for the cylindrical tower that is equivalent to the conical
structure, the deformation obtained had a value of 1.18 m, a value that still exceeds the
allowable deformation. Thus, the conical structure exhibited better resistance than the
cylindrical one. The optimal diameter for the structure to deform below the allowable limit
was 5.2 m (for this diameter, a maximum deformation of 1.02 m was obtained) a difference
of 1 m from the diameter chosen for this work.

The von Mises stresses for the two towers under normal operating conditions were
below the allowable value, the allowable stress being 305 MPa and those obtained for the
cylinder and conical tower were 65 and 100 MPa, respectively; these values were four and
three times lower than the allowable stress. In extreme wind conditions, the cylindrical
structure exceeded the allowable value by approximately 118 MPa, while the conical tower
was still below the allowable value. The highest stresses were identified in the coupling area
of the tower sections, especially at the transition area from the wall thickness of 30–19 mm
(at a height of 40 m). High stresses were also found at the junction between the 50 and
30 mm thick sections (at a height of 20 m). The reason why the stresses were found in these
areas and not at the bottom of the tower, as would have been normal, is that the two towers
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were designed without flanges. If we consider the same diameter of 5.2 m, the von Mises
stress would be below the allowable value, having a value of 287 MPa.

To validate the model in the paper, we compared the results obtained with the ref-
erence [43], which performed measurements on a turbine with a pillar that had a height
of 80 m. This study consisted of placing sensors at different heights (on four levels, from
level 0 to level 3) and measuring several types of signals, which were acceleration, strain,
temperature, and inclination. The paper also presented a finite element model made with
the help of the LUSAS software. This model was developed to determine whether it was
viable and could be used in further analyses. The conclusion was that the results could be
interpreted and computed using FE models. Following the study, a value for the natural
frequencies for mode 1 was obtained being close to the value of 0.340 Hz. The values ob-
tained from this paper were 0.361 Hz for the cylindrical tower and 0.512 Hz for the conical
one. These differences were due to the thicknesses of the plates, which for the current study,
were larger than those in the reference study; Table 6, however, showed a tendency of these
frequencies to decrease with the decrease in thickness. Moreover, the differences are given
by the diameters chosen for the towers. Taking into account all these aspects, we can say
that the towers had similar frequencies, and the reference paper can serve as a method
of validating the model developed in this paper. In addition, the value of the maximum
stresses under the action of a wind speed of 25 m/s was approximately 70 MPa, and those
for the towers in the study were approximately 100 and 65 MPa, respectively.

Following the study, a possible direction was identified towards the efficiency of this
type of turbine, taking into account the possibility of placing it in the Black Sea, where the
wind speed does not have such a high intensity, but the productivity of such a turbine can
be approximately 45%. It was observed that by reducing the thickness of the sheets, the
turbine would be strong enough for this location.
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Abstract: The European Union has emphasized the creation of an appropriate framework to optimize
the internal market and inland transport waterways, and remove barriers to their wider use. Ad-
ministrative barriers in the logistics of goods on the Danube waterway and its navigable tributaries
constitute a significant obstacle to the efficient and sustainable use of the Danube as the region’s
central transport hub. The approach proposed in this paper was designed to identify and analyze
the relationship between the main variables leading to problematic inland waterway traffic, in this
case, on the Danube, and the measures taken by the European Commission to improve it. In terms of
the applied research method, “Quality Function Deployment” (QFD), we assign global (overall) and
local priority degrees. The proposed framework for adapting QFD as a tool for improving quality
and, therefore, performance, aims to identify and prioritize directions for this improvement. The
House of Quality (HOQ) is the tool that links areas for improvement to technical requirements. The
disclosure of these connections helps identify and prioritize the technical features that will generate
the most significant improvements.

Keywords: navigation conditions; Danube River; management tool; quality function deployment;
house of quality

1. Introduction

A single European transport area should facilitate the movement of citizens and
freight transport [1], reduce costs, and increase the sustainability of European transport [2].
Regarding maritime transport, the existence of a “Blue Belt” in European seas will simplify
formalities for ships traveling between European Union (EU) ports. It is necessary to
establish an appropriate framework for European inland waterway transport. Market
access to ports needs to be improved further.

Water transport accounts for 90% of world trade, and cargo ships are part of the
backbone of the global economy. Internationally, it has been found that transported goods
have an estimated annual value of USD 4.5 trillion, and this value is expected to increase
by about 4.7% in coming years, according to the Water Quality Assurance Union (2020) [3].

In addition, specialists have indicated that this means of transport is not exploited to
its true potential [4]. Inland waterways transport should be developed because it plays a
significant role in environmental protection and developing small enterprises [5]. However,
this is a challenge for shipowners, and progress can be made only with the help of the
European Commission.

International trade undertaken on the water is essential to provide direct links. Inland
waterways are essential for the European States [6] because they connect these States,
and for import–export activities to and from Asia. It is a significant priority for the
European Commission to develop a unified navigation system to connect and maximize
trans-European navigation potential.
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The significant advantage of river navigation is the capability to transport a large
quantity of heavy and oversized goods, simultaneously with price advantages [7]. Consid-
erations of operationality also concern the estimated travel time and the related time costs.
When calculating the estimated time, it is essential to consider crew costs, fuel, docking,
transshipment, waste discharging, waiting times for customs formalities, and waiting times
for unloading–loading. Economic conditions and territorial aspects can stimulate water
transport [8], and these two factors must be in concordance with the needs of shipowners.
The primary conditions for efficient water transport can be improved, and the bottlenecks
addressed, by the relevant authorities.

The abundance of administration burdens reduces the economic and environmental
potential of water transport, thus harming the economic growth and social welfare of the
entire region. The international legal regulation of rivers represents one major problem [9].
Mitigating significant administrative barriers in a transnational coordinated manner is
the primary step towards better governance of this mode of transport, and reduces the
logistical costs of large industries that depend on inland waterway transport. The European
Commission has sought to address administrative barriers and derivatives, and reduc-
tion of these factors is a significant priority in the agenda of its current transport policy.
Consultation between the Directorate General for Mobility and Transport of the European
Commission, which is responsible for the EU’s mobility and transport policy (DG MOVE),
and the Department of the European Commission, which is responsible for the EU policy
on the development of European regions and cities (DG Regio), led to the development
of a program for the implementation of the EU Strategy for the Danube Region (and its
priority area 1a). This implementation—the Transnational Danube Program—is a platform
on which stakeholders can efficiently identify essential, concrete, and specific solutions to
the many existing barriers.

The European institutions responsible for the Danube Region have developed many
strategies and projects in order to improve shipping quality. We consider that it is essential
to prioritize the measures implemented by the European Commission considering the
bottlenecks identified by the shipowners, as presented in Section 3 of this paper.

Quality Function Deployment (QFD) was selected for the analysis in this study. This
method was used to measure the impact of administrative burdens identified by shipown-
ers on technical measures implemented by the European Commission to optimize the flow
of goods on the Danube. Implementing the quality function is an approach to quality
assurance in the product development process, but is not necessarily applied at every
stage [10].

Quality Function Deployment is an instrument that is used in many fields, including
maritime transport. Many studies have been conducted to help decision makers to improve
their activities. Zeiner Sener and Ece Ozturk (2015) proposed the use of QFD to select
an appropriate ship considering the company’s needs [11]. Ship routing is another vital
element related to water transport. Many experts have used QFD for selecting suitable
routes for the successful transfer of goods and passengers [12–14].

The results of the applied methodology indicate the essential point of intervention. In
this study, we developed a set of recommendations to improve the navigation conditions
on the Danube River.

2. Materials and Methods

Developed in Japan in 1960, Quality Function Deployment (QFD) was introduced into
the United States in the early 1980s, and was adopted due to its popularity and history of
success in the automotive industry [15]. Copying the model from manufacturers such as
Toyota and Mitsubishi, the “Big Three” United States car manufacturers used QFD to better
meet customer requirements in their industry. Once adopted, this method significantly
shortened the design cycles and reduced the total number of employees required in the
design process. Subsequent to its success in Japan, this method has been extensively
developed [16,17].
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The new standard of the International Organization for Standardization (ISO)
16355 -2015 [10] defines and demonstrates the dynamic nature of a customer-based ap-
proach. Since its establishment in 1966, the quality function has expanded and deepened
the methods and tools to respond to changing business conditions of QFD users, manage-
ment, customers, and products. Those who used QFD older models will find that these
improvements QFD easier and faster to use. Methods and tools presented in the standards
represent decades of improvements QFD list is neither exhaustive nor exclusive.

ISO 16355 describes the process of implementing the quality function, its purpose,
users, and tools. It is not a standard management system, and it does not provide re-
quirements or guidance for organizations to systematically develop and manage their
policies, processes, and procedures to achieve specific objectives. Users of this part of ISO
16355 will include all organizational functions necessary to ensure customer satisfaction,
including business planning, marketing, sales, research and development (R&D), engi-
neering, information technology (IT) [18], production, procurement, quality, production,
services, packaging and logistics, support, testing, regulation and other phases in hardware,
software, services, and system organizations.

The primary tool developed in this method is the House of Quality. The “House of
Quality” is obtained through the development of matrices that allow the identification of
areas for improvement, their classification, and their weighting in a final matrix [16,19].
The quality house (HoQ) is the essential tool by this method [20]. The house consists of a
matrix that links the input and output data [16]. This stage is the most important. Over
time, this method has been applied and adapted in various products, tourism, medical
services, electricity, and transportation.

The traditional HoQ matrix is composed of seven major parts, including shipowners’
requirements (CR), priority requirements, technical measures (TM), correlation matrix,
relationship matrix (between TM and CR), the sum of products of priority degrees and
degrees of relationship, and, finally, the degree of priority of TMs [21]. With the help of
this graphic representation, the needs of the shipowners concerning the technical measures
will be visible.

In practice, it is both difficult, and unnecessary to include all HOQ elements and build
different HOQ models involving different elements. The simplest but most widely used
HOQ model contains only customer needs and their relative importance, technical mea-
sures and the relationships between the two elements, and assessments of the importance of
technical measures. Some authors add correlation matrices to this simple model [22]. Fewer
models include technical competitive assessment because this information is challenging to
treat. As such, the objectives and probability factors for technical measures are rare in HOQ
studies—even if they are included, they are challenging to incorporate into the calculation
of importance ratings, which does not refer to the competitive technical assessment.

To avoid inconsistencies and facilitate applications, we propose in this paper a unified
HOQ model in 5 steps (Figure 1 House of Quality) after the model of Chan and Wu [23] con-
tains the frequently used HOQ elements. The needs of customers, in our case shipowners,
which are listed in the left column and are connected to the technical requirements, in our
case to the action pillars, listed at the top, completing the section called the Rij relationship
matrix [24]. Here, the weighted matrix of customer requirements is used to determine the
weighted characteristics of the product.
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Figure 1. House of Quality.

The model applied by us have five steps presented in Figure 1 and detailed below:

(a) The left side is represented by the voice of customers (CR), in our specific case by the
administrative barriers identified by the shipowners, detailed in Section 3.1.

(b) It is necessary to calculate a priority degree of shipowner’s needs (di), detailed in
Section 3.2. By prioritizing them, we can find out that the most critical shipowners’
needs are not the most important regarding the technical measures taken.

(c) The roof is represented by the Technical Measures (TM) and is detailed in Section 3.3.
(d) Rij: This matrix is a systematic means of identifying the relationship level between CR

and TM. Usually, these relationships are measured by the following scale (1), which
places more weight on the solid relationship [25,26].

Without relationship Low relationship Moderate relationship Strong relationship
0 1 5 9 (1)

Either R or the matrix of the relationship between CR and TM, the element Rij indicates
the level of impact of TM on CR satisfaction.

The correlation matrix allows the identification of conflicting design requirements,
i.e., the rows or columns that remain blank indicate that there are no relationships between
them. This means that shipowners’ requirements do not affect any performance indicator
selected. That step is detailed in Section 3.4. The numerical process for assigning the
priority degree of TMs is as follows:

• Let m be the requirements of the shipowners indicated by CRi, (i = 1, 2, ..., m) and n
technical measures indicated by TMi (i = 1, 2, ..., n).

• Let di (i = 1, 2, ..., m) be the priority degree of i between the whole set of CR, while we
(j = 1, 2, ..., n) which indicates the relative weight of the importance j TM, is determined
by the relationship between CR and TM.

The sum of the product of the priority degree, di and Rij is calculated as follows:

wj =
m

∑
i=1

diRij J = 1, 2, . . . , n (2)
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So, barriers identified by shipowners will be marked with CR. The priority level of
a requirement is derived through the sum-product measures the relative weight of the
European Commission in terms of performance and degree of relationship corresponding
technical measures provided. The pillars of the European Commission’s action will be
marked with TM (technical measures). A normalized value of the result will show the
relative weight (the priority) technical measure to satisfy the need of the shipowner.

This method offers us an appropriate approach to prioritize the technical measures
(TM). By developing this research method in this paper, we have the entire decision-making
problem process and the possibility of prioritizing the best solution and even offering a
set of recommendations by using a one-to-one relationship [27]. One of the most common
issues in the decision-making process is the connectivity with the customers’ desires
(CR). After we browse all the steps mentioned in Figure 1, the technical measures will be
prioritized by their impact on the system. We will have an objective point of view that will
give the action direction.

3. Results

3.1. Administrative Barriers Identified

Ensuring clear visibility throughout the supply chain is vital to ensure safe and
appropriate timely delivery from end to end. Without it, organizations can become victims
of countless inefficiencies, leading to delays, transport damage, or loss.

The purpose of the project Improving Administrative Procedures and Processes for
IWT Danube (DANTE), founded by the Transnational Danube, was to identify and elimi-
nate administrative barriers that prevent the development of inland waterway transport
(IWT) its full potential. Through this project was developed a global online reporting of
administrative barriers. According to IWT Administration Danube Strategy and Action
Plan [28], developed within the mentioned project, the main variables that determine the
delay of freight on the Danube are presented in Table 1. Furthermore, the identified barriers
received an identification number for better recognition in Appendix A.

Table 1. Presentation of the main administrative barriers and competent authorities.

Responsible Authority Barrier Identified
Identification Number in

Appendix A

Border police, taxes and customs Misconduct of staff; 1
Difficult formalities at the RO-BG border; 2

Lack of software applications in the customs sector; 3
Delayed transit in the Serbian area 4

Navigation/traffic control authorities Communication with the police on public channels; 5
Radio signal and speed issues; 6

Temporary canal closures; 7
Lack of maintenance work-depth; 8

Port authorities/administrations Large number of documents requested in RO; 9
Non-professional staff (RO; BG; RS); 10

Additional taxes in RO; 11
Theft/Smuggling in RO/RS; 12

Unknown authority / multiple
authorities involved Forms with the same content in each country; 13

Additional border controls with BG; 14
2017, 7 additional documents; 15

Uploading data to BULRIS—additional delay; 16
Waterway and canal management Low water level reported in HU; 17

Radar signals from HU buoys; 18
High taxes through the Danube–Black Sea Canal; 19
Lack of coordination between RO-RS dispatchers; 20

Source: Danube IWT Administration Strategy & Action Plan, 2019.
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3.2. Prioritization of Administrative Barriers

First of all, we identified the main factors that determine the delays in freight trans-
port. The shipowner’s requirements were the most important. The next step was to
prioritize them by the multicriteria analysis method. This method is often used in transport
problems [29]. After prioritizing the variables, the matrix analysis can be done.

Analytic hierarchy priority (AHP) is made using the online software provided by
Business Performance Management Singapore, available at https://bpmsg.com (accessed
on 10 May 2021). Klaus D. Goepel [30] implemented a free online AHP system with notable
features, allowing detailed analysis of decision-making issues. The author intended to
provide a complete and free software tool for education and research the calculations and
algorithms are well documented, and all input data and results can be exported in an open
format for further processing or presentation [30].

The resulting weights, presented in Appendix A (Normalized matrix) are based on
the principal eigenvector of the decision matrix. A number of 190 comparisons were
made, with the CR consistency ratio equal to 8.1%, which demonstrates the coherence
of the judgment, which means that the AHP process was correctly performed and can
be continued. The resulting weights for the criteria based on pairwise comparisons are
presented in Table 2. It can be seen that the main barriers leading to traffic delays on the
Danube are: lack of software applications, complex formalities at the RO-BG border, as
well as inappropriate staff behavior, problems related primarily to the border police, taxes,
and customs.

Table 2. Priority ranking of the variables.

Category Priority Rank

Inappropriate staff behavior 10.3% 3
Difficult formalities at the RO-BG border 11.4% 2

Lack of software applications in the customs sector 13.7% 1
Delayed transit in the Serbian area 7.4% 4

Communication with the police on public channels 1.4% 20
Radio signal and speed problems 1.5% 19

Temporary channel closures 7.3% 5
Lack of maintenance work-depth 6.1% 6

Large number of documents requested in RO 4.1% 11
Non-professional staff (RO; BG; RS) 5.6% 8

Additional taxes in RO 4.4% 10
Theft/Smuggling in RO/RS 5.9% 7

Forms with the same content in each country 2.5% 14
Additional border controls with BG 3.0% 12

2017, 7 additional documents 2.3% 16
Loading data in BULRIS—additional delays 2.3% 15

Low water level reported in HU 5.0% 9
Radar signals from HU buoys 1.7% 17

High taxes through the Danube-Black Sea Canal 2.8% 13
Lack of coordination between RO-RS dispatchers 1.5% 18

3.3. Technical Measures for Streamlining Freight Transport on the Danube

The Danube region can become a safe area where conflicts, marginalization, and crime
are adequately addressed. According to European Commission directives, all citizens of
this region should enjoy better prospects for higher education, employment, and prosperity
in the areas where they live. The Danube Strategy should make this region, which truly
belongs to the 21st century, safe and confident in its strengths and one of the most attractive
in Europe [31]. The pillars of action proposed by the authority mentioned above are
presented in Table 3, and in this research, technical measures are called, as they have the
functional role of responding to the immediate needs of shipowners.
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Table 3. Technical measures taken by the European Commission to streamline freight traffic on the
Danube.

Main Objective Proposed Measure

Connecting the
Danube Region Improving mobility and intermodality

Building prosperity in
the Danube Region

Development of society through research, education and
information technology

Supporting the competitiveness of enterprises, including
cluster development

Investing in people and skills
Environmental

protection in the
Danube Region

Restoring and maintaining water quality
Environmental risk management

Preserving biodiversity, landscapes, reducing pollution
Consolidation of the

Danube Region
Strengthening institutional capacity and cooperation

Strengthen cooperation to promote security and fight crime
Source: European Union Strategy for the Danube Region.

3.4. Relationship between Administrative Barriers and Technical Measure

The relationship matrix was built on the premise that there is a strong relationship
between “Inappropriate staff behavior” and “Investing in people and skills,” as well as be-
tween “Difficult formalities at the RO-BG border” and “Strengthening institutional capacity
and of cooperation, “respectively” Lack of software applications in the customs sector
“and” Development of society, through research, education and information technology. “

At the same time, we considered that there is a moderate relationship between “De-
layed transit in the area of Serbia” and “Restoration and maintenance of water quality,” as
well as with “Strengthening cooperation to promote security and fight crime.” “Reduced
relationship” was considered between “Communication with the police on public channels”
and “Investing in people and skills,” as well as between “Problems of radio signal and
speed” and “Restoring and maintaining water quality.” The relationships established can
be seen in Appendix B (Relationship between administrative barriers in the navigation
sector on the Danube and the action pillars proposed by the European Commission).

4. Summary and Discussion

Based on the correlation matrix and the prioritization performed on the needs of
shipowners, the relative importance of the technical measures concerning the identified
needs could be determined, applying Equation (2) exemplified above. This set of competi-
tive priority ratings is presented in the last line of Appendix B. The relationship between
administrative barriers in the Danube navigation sector and the action pillars proposed by
the European Commission, presented in Figure 2, from which we note that “Improving mo-
bility and intermodality” is the highest priority, followed by “Developing society through
research, education and information technology” and “Investing in people and skills.

Of the four significant intervention directions in the Danube region, we can see in
Figure 2 that the main direction is towards “Building prosperity in the Danube Region,”
with a need intensity of 45%. According to the measures proposed by European Commis-
sion in “Action Plan- European Union Strategy for the Danube Region”, this direction of
intervention refers primarily to:

1. Smart growth strengthens all three themes of this goal [32]: innovation by improv-
ing the framework conditions to turn ideas into marketable products or services;
education by improving the human capital of the region; and the digital society by
improving internet access and availability of electronic content.

2. Sustainable growth, as innovation and new technologies will help combat climate
change, increase energy efficiency and reduce transport pollution. In addition, the
priority area of business competitiveness will improve the business environment,
especially for SMEs [32].
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3. Inclusive growth strengthens human capital through education and training, and
that issue will be complemented by a better functioning of the macro-regional labor
market. It also emphasizes the fight against poverty, especially against marginalized
communities [32].

Figure 2. Major directions of intervention in the Danube region.

The second most crucial direction of intervention in the Danube Region is represented
by “Consolidation of Danube Region.” The main focus in that direction is to ensure the
most substantial cooperation between institutions and increase security.

A harmonized administrative process will have a substantial contribution in optimiz-
ing the shipping time. Furthermore, in that direction, the European Authorities develop
projects that fight against corruption. They consider that a well-governed and safer region
is more attractive for people, and their standard of living will increase.

Through the research method applied, we have demonstrated that in shipowners’
opinion, the priority directions should be those who have a central focus on the investment
in human capacity and their standard of life. If the water transport is stimulated, the ports
and the cities from riparian states will also be developed like commercial hubs. Part of the
advantages will be:

• The framework conditions will be improved by innovation, the products and services
will be developed in order to be merchandized;

• The education of the human capital will be improved by accessing new technologies
and new markets;

• Sustainable growth will occur because the businesses will be more competitive and
will improve their business environment.

Based on the applied method results, we think it is essential to show through diagrams
the relationship based on the influence degree between the shipowner’s needs and the
authority position. For this, we used two excel tools, a spider chart (Figure 3) and a
histogram chart (Figure 4). We will analyze the first three measures according to their
relationship resulting from Appendix B, with the barriers identified by shipowners. For
shipowner’s needs, we maintain the same numeration as in Table 1.

From Figure 3, we can see the linear relationship between the 3 measures, so there
are no significant differences between them, their degree of priority being similar. In
contrast, from Figure 4, we can see that human resources have the most outstanding
contribution in reducing existing barriers. The main direction of the action “Building
Prosperity in the Danube Region” is given by investing in people’s skills, improving access
to information technology, and raising living standards. Several research projects have
shown that organizational performance is greatly improved by paying special attention
and giving human resources clear work directions.v
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Figure 3. The relationship between technical measures taken by the European Commission.

Figure 4. Contribution measures taken by the European Commission to remove barriers identified
by shipowners.

QFD results lead to preventive action or corrective actions depending on whether
efforts to improve were to address quality problems or improve a product or process. In
case this method has helped to prioritize variables depending on the degree of relationship
with technical measures. The tools used have shown that the main factor that all technical
measures have in common and that could significantly optimize travel time is human
resources. Certain but also uncertain factors are taken into account in the planning of river
transport. Usually, uncertainty is given by weather conditions, but through this study, we
have shown that human resources represent an equally important factor.

5. Conclusions

In this paper, we have prioritized the main measures to be taken in order to take
advantage of the opportunities offered by the Danube River at the international level. These
are in line with the directions set out in the “White Paper Roadmap to a Single European
Transport Area—Towards a competitive and resource-efficient transport system.”

The proposed approach uses the QFD methodology to identify and prioritize areas for
improvement. HOQ links the areas for improvement to the technical barriers mentioned.
The disclosure of these connections helps identify and prioritize the technical features that
will generate the most significant improvement impacts.
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Congestion, in the case of this type of transport, takes place in ports. If the operations
were more efficient in the transit and transshipment points, the planned time and the time
traveled would be the same or the diminished delays.

The main actors involved in the import–export process on inland waterways are
shipowners. Their main objective is to be more efficient considering the travel time and the
quality of the goods. That requirement comes to them from the customers.

Through the applied research method, we met their main requirements, with the
technical measures provided by the European Commission, and thus a prioritization could
be performed. The tools used have shown that the main factor that all technical measures
have in common and that could significantly optimize travel time is human resources.
Certain but also uncertain factors are taken into account in the planning of river transport.
Usually, uncertainty is given by weather conditions, but through this study, we have shown
that also an important factor is human resources. The goals established can be achieved
through programs developed by well-trained and dedicated people. Human resources
constitute an essential factor in improving the value chain process. It has been observed a
necessity to strengthen collaboration through academic entities and shipping companies,
and authorities. It could be necessary to develop specialized training pieces and ensure
a technological transfer from academia to the workplace. The communication between
those entities can be done bidirectional, and the curricula improvement should be made in
partnership.

Another critical point observed in the study conducted in this paper is done by
information technology. Digitalization of the process, considering the border, fiscal, loading,
unloading formalities, will optimize the time spent by a ship in a port. That factor is
essential to connect with the curricula developed to train people with advanced digital
skills.

One of the most urgent demands of the shipowners is to harmonize the legislation in
all Danube countries though the principle if we cross the same river is essential to have
the same rules in all riparian countries. It is mandatory to have more transparent and
efficient border control procedures, which could be achieved through digitalization. The
new direction should be well-trained people in digitalized ports.
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Abstract: In addition to combat missions, military ships often participate in search-and-rescue
missions or interception of ships with refugees or migrants. The communication systems and
modes of work that may be used during these missions will be in accordance with the International
Convention for the Safety of Life at Sea (SOLAS). This paper aims to demonstrate by theoretical
methods (analytical and numerical) the noise stability of communication systems using analog
modulation in high-noise conditions, characteristic of the marine environment. The stability of analog
systems employing amplitude (AM), frequency (FM), and phase (PM) modulations is investigated.
The analyzed systems are currently under use in distress maritime communications.

Keywords: modulation; electromagnetic disturbances; electromagnetic compatibility; military ship;
communication systems

1. Introduction

Radio communications technology was first used in maritime rescue operations in 1899
and since then, tens of thousands of lives have been saved [1]. Organizational deficiencies
in the field of saving lives at sea were brought to light by the tragedy of the Titanic on April
15/16, 1912. The special media impact of this disaster led to the appearance of the first
version of the SOLAS (International Convention for the Safety of Life at Sea) in 1914 [2].
The need for interstate cooperation for the adoption of common rules in the naval field
led to the adoption, at the ONU conference in Geneva in 1948, of the convention for the
establishment of the Inter-Governmental Maritime Consultative Organization—IMCO, a
name that was changed to IMO in 1982. One of the first tasks of the IMO was to adopt
a new version of SOLAS (in 1960), which thus became the most important international
treaty dealing with maritime safety [3].

The current SOLAS convention contains, in 14 chapters, standards considered min-
imum and mandatory for the construction and operation of ships and equipment from
the point of view of maritime safety. Chapter IV—Radiocommunications—incorporates
the Global Maritime Distress and Safety System (GMDSS) which addresses all passenger
ships and all cargo ships with a gross tonnage of over 300 tons sailing in international
waters. The equipment, standards, procedures/protocols, and communication frequencies
provided herein are designed to increase the chances of rescue in the event of a maritime ac-
cident. They were developed through cooperation between the IMO and the International
Telecommunication Union (ITU) [4].

Chapter V—Safety of navigation—provides provisions of an operational nature that
are applicable to all ships on all types of voyage and provides for the obligation of all
ship-masters to provide assistance to those in difficulty. Additionally, in this chapter there
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are established the obligatory navigation safety services that must be provided by the
governments of the signatory states as well as their obligation to ensure that all ships are
efficiently and sufficiently equipped from the point of view of maritime safety [2,5].

A critical aspect of maritime safety is ensuring adequate radio communications in
distress situations, in the conditions of an overcrowded electromagnetic spectrum and a
noisy propagation environment. One proposed solution is the joint use of the communica-
tion and radar spectrum of various services [6]. Another solution signals the necessity of
modernizing the current GMDSS system, by turning from analog to digital communica-
tions, and from voce to data transmissions [7]. This idea is supported by the development
of several maritime safety systems, such as: AIS (Automatic Information System), DSC
(Digital Selective Calling), or VDE (VHF Data Exchange) [7]. Other solutions rely on the
use of artificial intelligence for increasing the quality of maritime communications [8].
However, in the era of digital communications, maritime distress transmissions still use
analog communications, due to the paramount importance of ensuring an efficient com-
munication framework in such situations—voice communications still remain critical in
organizing SAR (search-and-rescue) operations.

Also, another critical aspect supports preserving the use of analog systems in distress
communications, and this is related to the vulnerability to cyberattacks. One of the strongest
cyberattacks was NotPetya and took place in 2017. It caused a total loss of USD 10 billion,
of which USD 300 million was the losses of the shipping company Maersk, which also
lost most of its data. However, in a maritime cyber security survey conducted in 2020 by
Safety at Sea and BIMCO Maritime Cyber Security, only 42% of respondents said their
organizations had taken measures to protect ships from cyber threats. Moreover, with the
onset of the COVID 19 pandemic, the number of cyberattacks increased by 400% [9]. Thus,
although the trend in maritime communications is to modernize the infrastructure to allow
the interconnection of ships and shore facilities through broadband communications, “VHF
voice digitalization, currently under studies, is one more expectation.” [4].

Recent years have witnessed a dramatic increase in traffic and maritime activities,
which has inevitably led to an increase in accidents and distress situations [8,10]. An-
other consequence of this phenomenon is the exponential increase of both functional and
non-functional noise sources, implicitly of the increasing agglomeration of the frequency
spectrum. Given the particular importance of the providing adequate transmission of
distress calls, distress messages, and distress traffic, the question is whether the emission
classes currently used are sufficiently resistant to disturbances or whether other technical
solutions, including the transition to digital communications, must be adopted. This infor-
mation is particularly useful because a possible change must be adopted at the same time
by all states signing the SOLAS convention, for both civilian and military ships, which are
among the first ones to intervene in distress situations. In addition, for these ships, the
bureaucratic circuit of endowment/modification programs is particularly long and difficult.
An optimal planning of the use of electromagnetic spectrum in military naval operations,
requires the knowledge of emission classes and frequencies used in search-and-rescue
communications to eliminate the risk of disrupting these communications both by common
channel, adjacent channel, or secondary reception channel disturbances.

This paper aims to demonstrate by theoretical methods (analytical and numerical) the
effectiveness of using analog systems in high-noise conditions—with a low signal-to-noise
ratio (SNR), characteristic of the marine environment. The stability of analog systems em-
ploying amplitude (AM), frequency (FM), and phase (PM) modulations is investigated. The
analyzed systems are currently under use in distress maritime communications. The paper
is thus structured: Part 2 provides some technical details on how maritime communications
are organized and regulated at international level; Part 3 is the main one and it performs a
thorough analysis from the perspective of interference stability, on the behavior of analog
modulation systems similar to those implemented in the communication systems on board
ships and used in SAR operations. Part 4 verifies the theoretical results by simulating
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the analog systems in the Matlab-Simulink environment. Part 5 comprises the results
discussion and Part 6 provides the paper conclusions.

2. Materials and Methods

2.1. Technical—Organizational Details

Technical details regarding working frequencies, bandwidths, gap between channels, etc.
are established by the radio regulations issued by the ITU. These regulations are updated/revised
every 3–4 years at World Radiocommunication Conferences (WRCs), and their impact extends
over long periods of time, between 10 and 20 years after the conference [10]. The GMDSS
concept from Chapter IV of the SOLAS convention stipulates the obligation to provide ships
with different communications equipment depending on the 4 maritime areas in which they
can sail. These areas are defined according to the radio coverage and illustrated in Figure 1a:

• Sea area A1 is defined as the area covered by VHF radio enabling Digital Selective
Calling (DSC) and Radio Telephone (RT)—up to 20–30 nautical miles from shore;

• Sea area A2—covered by MF radio, also enabling DSC and RT—up to about 150 nautical
miles from shore;

• Sea area A3 is covered by HF radio and Inmarsat geostationary satellite enabling DSC
and satellite communications—global area between 70◦ N and 70◦ S;

• Sea area A4 is comprising polar regions above 70◦ N and below 70◦ S and is covered
by radio communications in the HF radio range with DSC.

In [11–13] there are presented the frequencies, structure, and destination of the radio
channels allocated for the maritime mobile service in the MF, HF and VHF maritime bands
as well as the changes that came into force starting with 1 January 2017. Thus, distress
calls, distress messages, and distress traffic have absolute priority over all other types of
messages/communications. Emergency communications, safety communications, and
other communications follow. Moreover, all ships are required to be able to transmit
distress alerts by at least two independent methods.

 
(a) (b) 

Figure 1. (a) Area of the Global Maritime Distress and Safety System (GMDSS) [14]. (b) The concept of the Global Satellite
System for Search and Rescue [15].

Vessels equipped with DSC systems will transmit distress alerts through this system on
one of the following frequencies in the MF/HF ranges: 2187.5 kHz, 4207.5 kHz, 6312 kHz,
8414.5 kHz, 12,577 kHz, 16,804, 5 kHz using F1B emission class (frequency modulation
with digital information, without a sub-carrier for automatic reception) with a bandwidth
of 300 Hz or in VHF on the frequency 156.525 MHz using G2B emission class with a
bandwidth of 16 KHz. The ETSI EN 300 338-1 V1.4.2 (2017-11) standard stipulates that the
integrated equipment used for communications in the MF/HF range must also be able
to operate in J2B mode (“Single Side Band SSB with digital information, with the use of a
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modulating sub-carrier, with the carrier suppressed to at least 40 dB below peak envelope
power”) [16].

According to Recommendation ITU-R M.489-2 (WRC-07), for ships not equipped with
DSC systems, distress alerts will be transmitted on one of 4125 kHz; 6215 kHz; 8291 kHz;
12,290 kHz; 16,420 kHz using a J3E (single-sideband radiotelephony) emission class with
a bandwidth of 3 kHz or 165.8 MHz using a G3E emission class with a bandwidth of
16 kHz [13].

Additionally, for the transmission of distress and safety messages through narrow-
band direct-printing telegraphy (NBDP) are allocated the frequencies 4177.5 kHz, 6268 kHz,
8376.5 kHz, 12,520 kHz and 16,695 kHz, specifying that the transmission speed is not must
exceed 100 Baud for FSK and 200 Baud for PSK. The bandwidth occupied for NBDP
communications is 304 Hz.

DSC equipment must comply with the standards IEC 61097-3, IEC 61097-8, IEC 62238,
EN 300 338, EN 301 025, EN 301 033 and maritime radiocommunication equipment and
systems must comply with IEC 60,533 (Electrical and electronic installations in ships—
Electromagnetic compatibility), IEC 60945, IEC 61097-7, IEC 61162, ETS 300 162, ETS 300
225 [17].

A special category of signals transmitted by radio waves are location signals. These
signals are issued for the location of ships in distress, lifeboats, or survivors. In this regard
there are: Emergency Position Indicating Radio Beacons (EPIRB), Emergency Locator Trans-
mitters (ELT), Personal Locator Beacons (PLB), and Maritime Survivor Locator Devices
(MSLD). Common frequencies assigned to these devices are:

• 121.5 MHz and 243 MHz with the use of emission class A3X (amplitude modulated
with full carrier and both sidebands) with a modulation factor between 85 and 100%,
not allowing overmodulation and N0N. The carrier must be identifiable separately
from the 2 sidebands and the level of its carrier must be at least 30% above the
sidebands. During the A3X broadcast, depending on the mode of variation of the
audio signals that modulate the carrier, a distinction can be made between EPIRB, ELT,
PLB or MSLD [18];

• 406.025 MHz using G1B emission class (phase modulation using ± 1.1 + 0.1 radians
peak, referenced to an unmodulated carrier) for satellite emergency position indicating
radio beacons [19];

• 156.525 MHz for EPIRBs operating on VHF Channel 70 (G2B).

Communications performed during search-and-rescue (SAR) operations are called
“on scene communication” [20]. The frequencies used for these communications are
2182 kHz (J3E) and 158.6 MHz (G3E). In communications with SAR aircraft, in addition to
the frequencies listed above, the following may be used: 3023 kHz, 4125 kHz, 5680 kHz,
121.5 MHz, 123.1 MHz and VHF channel 6 (156.30 MHz). For passenger ships it is manda-
tory to have radiocommunication equipment that can make calls on the aero-nautical
air/sea VHF frequencies of 121.5 MHz and 123.1 MHz. To perform distress, emergency,
and safety communications with seagoing vessels, aircraft will be able to communicate
in J3E mode when using the carrier frequency 2182 kHz or 4125 kHz and in G3E mode
when using the frequency 156.8 MHz and, optionally, frequency 156.3 MHz. Additionally,
during SAR operations, the aircraft can use DSC equipment on the frequency 156.525 MHz
and automatic identification system (AIS) equipment on the AIS frequencies 161.975 MHz
and 162.025 MHz [17].

2.2. Theoretical Considerations
2.2.1. Formulation of the Problem

One method to analyze the interference resistance of communication systems is to sum
up at the reception, over the signal modulated with modulation signal x(t), a white Gaussian
noise, uncorrelated, with zero mean value z(t) [21–24]. In this sense, the improvement factor
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of the demodulator (IFD) is defined in Equation (1) as the ratio between the SNR (signal-to-
noise ratio) at the demodulator output and the SNR (PSinp/PZinp) at the demodulator input:

ρ = (PSout/PZout) /
(

PSinp/PZinp
)
, (1)

Here, PSout and PZout represent the signal power and the noise power, respectively, at
the demodulator output, whereas PSinp and PZinp represent the signal power and the noise
power, respectively, at the demodulator input. The quantities are noted on the schematic
diagram illustrated in Figure 2.

Figure 2. Equivalent scheme for demodulation analysis in the presence of noise.

The demodulator input noise power PZinp is considered equal to the output noise at the
band-pass filter (BPF) with bandwidth B and the central frequency, fc, i.e., a narrow-band
noise that can be written as Equation (2):

z(t) = n1(t) cos ωct − n2(t) sin ωct, (2)

where ωc is the central angular frequency, t is the time, and n1(t) and n2(t) are white,
Gaussian, uncorrelated, low frequency noises with zero mean value, (n1(t) = 0, n2(t) = 0).
If we denote by N0 the power spectral densities of n1(t) and n2(t), the power of the noise at
the input to the demodulator PZinp can be calculated with Equation (3):

PZinp =
1

2π

ωc+πB∫
ωc−πB

N0dω = N0B, (3)

The signal and noise power at the demodulator output PSout and PZout, respectively,
are evaluated according to the ideal low-pass filter (LPF) with a transfer factor equal to
the unit in the passband and the cut-off frequency equal to the maximum modulation
frequency (fmM). Additionally, in this analysis there is considered that the amplitude of the
signal is higher in relation to the noise for most of the time (with a maximum probability).

2.2.2. Determining the IFD for Emission Classes A3X

If the modulation signal is represented as x(t) = Xm f (t) in which Xm—is the amplitude
of the modulation signal, f (t)—represents the normalized modulation signal with zero
mean value ( f (t) = 0), and m represents the degree or index of modulation, the amplitude-
modulated signal sA3X(t) with double sideband can be described by Equation (4):

sA3X(t) = Ap[1 + m · f (t)] cos ωpt, (4)

where Ap is the carrier amplitude, and ωp is the carrier angular frequency. The signal
power PSinp at the demodulator input is given in Equation (5):

PSinp = s2
A3X(t) =

1
2

Ap
2[1 + m f (t)]2 =

1
2

Ap
2
[
1 + m2 f (t)2

]
, (5)

Considering that the efficiency of the detector (demodulator) is ηd, the following
signal in Equation (6) is obtained at its output:

sout(t) = ηd
[
Apm · f (t) + n1(t)

]
, (6)
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At the output, the signal power, PSout, and the noise power, PZout, are expressed as in
Equations (7) and (8):

PSout = η2
d A2

pm2 · f 2(t), (7)

PZout = η2
d · n2

1(t) = η2
d N0B, (8)

It turns out that the IFD is computed with Equation (9)

ρA3X =
PSout/PZout
PSinp/PZinp

=
A2

pm2 · f 2(t)/N0B

Ap2
[
1 + m2 f (t)2

]
/2NB0

=
2m2 · f 2(t)

1 + m2 · f 2(t)
, (9)

2.2.3. Determining the IFD for Emission Classes J3E and J2B

In the following paragraph, the case of a J3E/J2B signal that uses the upper sideband
is analysed, considering the case of coherent detection (the carrier generated at the receiver
is perfectly aligned in phase with the carrier generated at the transmitter). Therefore, the
signals belonging to these emission classes can be expressed as in Equation (10):

sJ3E(t) = (1/2)x(t) cos ωPt − (1/2) x̂(t) sin ωPt, (10)

where x̂(t)—represents the Hilbert transform of the modulation signal x(t).
The signal power at the input of the demodulator is as follows in Equation (11):

PSinp = s2
J3E(t) = (1/4)x2(t), (11)

At the output of the product detector (with the same efficiency ηd as in the previ-
ous case), a signal proportional to the amplitude of the phase component is obtained in
Equation (12):

sout(t) = ηd[(1/2)x(t) + n1(t) cos πBt − n2(t) sin πBt], (12)

such that the output signal power is expressed in Equation (13):

PSout = (1/4)η2
d x2(t), (13)

At the demodulator input, PZin is expressed according to Equation (3), and PZout is
given by Equation (8). Therefore, IFD can be deducted as mentioned below in Equation (14):

ρJ3E = (PSout/PZout) /
(

PSinp/PZinp
)
=

[
(1/4)η2

dx2(t)/η2
d N0B

]
/
[
(1/4)η2

dx2(t)/N0B
]
= 1, (14)

2.2.4. Determining the IFD for Emission Classes G3E, G2B and G1B

The following notations are made: KMG is the slope of the phase modulator, the phase
deviation and Δϕ = KMG ·Xm is expressed as product between the phase modulator slope
KMG and the modulation signal amplitude Xm, and f (t) is the normalized modulation signal
with zero mean value (the same quantities as in Section 2.2.2). Thus, the phase-modulated
signals can be expressed as in Euation (15):

sMG(t) = Ap cos
[
ωpt + ϕ(t)

]
= Ap cos

[
ωpt + KMGx(t)

]
= Ap cos

[
ωpt + Δϕ · f (t)

]
=

Ap cos
[
ωpt + KMGXm f (t)

] (15)

Because the actual information is contained only in the received signal phase ϕ(t),
before demodulation the signal is passed through an amplitude limiter. Therefore, at the
demodulator input the limited signal power PSMG is expressed with Equation (16):

PSMG = s2
MG(t) = A2

p/2, (16)

and the noise power is the same as in relationship (3).

70



Inventions 2021, 6, 72

The shape of the noise-affected signal can be described by Equation (17):

sMG(t) = Ap cos
[
ωpt + ϕ(t) + ϕz(t)

]
= Ap cos

[
ωpt + Φ

]
, (17)

where φz(t) is the noise component in the total phase of the signal Φ. The demodulated
signal will be proportional to Φ = ϕ(t) + ϕz(t). Thus, the signal and noise power, respec-
tively, will depend on the phase modulator slope KMG and/or the phase demodulator
slope KDG, as seen in Equations (18) and (19):

PSoutG3E = K2
DG · K2

MG f 2(t), (18)

PZoutG3E =
K2

DG
A2

p
· 1

2π

ωc+πB∫
ωc−πB

N0dω = 2
K2

DG
A2

p
N0B. (19)

The result for G3E and G2E is an IFD expressed by Equation (20):

ρG3E =
PSout/PZout
PSinp/PZinp

=
K2

DGK2
MG f 2(t)

2
(

K2
DG/A2

p

)
N0B

· 2N0B
A2

p
= K2

MG · f 2(t), (20)

2.2.5. Determining the IFD for Emission Classes F1B and F2B

Denoting KMF the modulator frequency conversion constant, and Δω = KMFXm—the
angular frequency deviation, the general form of these frequency-modulated signals is
described by the following Equation (21):

sMF(t) = Ap cos
[
ωpt + ϕ(t)

]
= Ap cos

[
ωpt + Δω

∫ t

0
f (τ)dτ

]
Δω

∫ t

0
f (τ)dτ, (21)

In the case of F1B and F2B emission classes, the actual information is transmitted by
varying the frequency of the carrier signal. Therefore, an amplitude limiter is inserted
before the demodulator. The power of the input signal will be given by the relation (16)
and that of the input noise by the relation (3).

The demodulated signal will be proportional to the time variation of the signal’s total
phase dΦ/dt. If we note with KDF the demodulator constant or efficiency, the respective
powers of the output signal and the output noise are given by Equations (22) and (23):

PSoutF1B = [ΔωM f (t)]2 = Δω2
M f 2(t) = K2

DFK2
MFX2

m f 2(t), (22)

PZoutF1B =
K2

D
A2

p
· 1

2π

ωc+πB∫
ωc−πB

ω2 · N0dω =
2
3

K2
D · N0B3

A2
p

. (23)

The result for the improvement factor is expressed by relationship (24):

ρF1B =
K2

DFK2
MFX2

m f 2(t)

(2/3) ·
(

K2
DF · N0B3/A2

p

) · 2N0B
A2

p
= 3 · K2

MFX2
m

B2 · f 2(t) = 3 · D2 · f 2(t), (24)

where D is the deviation ratio.

2.2.6. Comparison of IFD (with the Use of Mathcad)

Figure 3 illustrates the IFD for all the modulated signals discussed above, depending
on the modulation index m/slope K/deviation D, and the normalized modulation signal
power f2(t). Therefore, the blue dash-dotted line represents ρa3x—the IFD of a Double
Sideband Amplitude-Modulated signal according to A3X emission class, computed with
Equation (9) and depending on the modulation index m; the continuous red line represents
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ρj3e—the IFD of a Single-Sideband Amplitude-Modulated signal according to J3E emission
class and computed with Equation (14); the red dotted line represents ρg3e—the IFD
of a phase-modulated signal according to G3E emission class, depending on the phase
modulator shape KMG and computed with Equation (20); and finally, the black dashed
line represents ρf1b—the IFD of a Frequency-Modulated signal according to F1B emission
class, depending on de frequency deviation ratio D, and computed with Equation (24).
Three values of the normalized modulation signal power f2(t) were considered 0.3, 0.5,
and 0.8, respectively, and thus three graphs were drawn.

ρ

ρ

ρ

ρ

, , ,  

ρ

ρ

ρ

ρ

, , ,  

ρ

ρ

ρ

ρ

, , , 

(a) (b) (c) 

Figure 3. IFD values plotted based on the relationships (9), (14), (20) and (24) for different values of the normalized

modulation signal power f2(t): (a) 0.3; (b) 0.5; (c) 0.8.

By analysing Equations (9), (14), (20) and (24) implemented in the Mathcad software
and the graphs drawn in Figure 3, we can state that:

• IFDs are constant and do not depend on the parameters of the modulating signal or of
the modulation stage only for the analysed emission classes J3E and J2B;

• For small values of the standard modulator signal power, of the slope of the phase
modulator for G3E and of the deviation ratio for F1B (default for small occupied
bandwidths), IFD for emission classes J3E and J2B are clearly superior to all other
classes. Additionally, in this case, the superiority of IFD of A3X class over those of
G3E, G2B and G1B is found;

• A constant IFD of 1 for J3E and J2B could mean that we can recover the signal even if its
power is equal to the noise power; thus, it is not depending on the standard modulating
signal power, which gives these emission classes a special stability to disturbances;

• For the emission classes G3E, G2B G1B, and especially for F1B, F2B, IFD classes, the
obtained values are much higher than those of the other classes, but only for high val-
ues of the normalized modulation signal power, and of the deviation ratio or the phase
modulator slope, respectively, which rise as the modulated signal band increases.

2.3. Verification of Results Using the Matlab—Simulink Simulation Program

To verify the analytically obtained results, and starting from the equivalent noise
demodulation schematic diagram presented in Figure 2, a block diagram of four types
of demodulators was designed and implemented in the Matlab-Simulink programming
environment. The diagram is shown Figure 4 and it describes the following demodulators:
Double Sideband Amplitude Modulation (DSB AM) demodulator representing the A3X
class, Single-Sideband Amplitude Modulation (SSB AM) demodulator representing the
J3E class, frequency modulation (FM) demodulator respresenting the F1B class, and phase
modulation (PM) demodulator representing the G3E class. Gaussian white noise was
introduced through the “AWGN Channel” blocks.

Figure 5 illustrates five signals, listed from top to bottom: the modulation signal x(t)
created by the waveform generator, and the signals obtained at the output of the following
demodulators: DSB AM (A3X class), SSB AM (J3E class), FM (F1B class), and PM (G3E
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class). The scales of the signal graphs are different and illustrated on the left side of each
oscilloscope channel. All five signals were determined for various values of the SNR and
the phase deviation Δϕ (in the case of the PM demodulator).

 

Figure 4. Schematic diagram used in the Matlab-Simulink software for verifying the stability to disturbances of the main
emission classes used in search-and-rescue communications at sea.

(a) (b)

(c) (d)

Figure 5. Cont.
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(e) (f)

Figure 5. Simulation results using the diagram in Figure 4, for different values of the noise signal ratio (SNR) at the
demodulator input port: (a) SNR = 20 dB, for MP Δϕ = π/2; (b) SNR = 20 dB, for MP Δϕ = π/3; (c) SNR = 10 dB, for MP
Δϕ = π/3; (d) SNR = 3 dB, for MP Δϕ = π/3; (e) SNR = 0 dB, for MP Δϕ = π/3; (f) SNR = −3 dB, for MP Δϕ = π/3.

3. Results and Discussion

Comparison of the results in Figure 5a,b provides an insight into the performance of
the PM demodulator depending on the phase deviation value Δϕ = π/2 in (a) as opposed
to Δϕ = π/3 in (b), for the same SNR = 20 dB. The following subfigures (c) to (f) maintain
the same phase deviation Δϕ = π/3 that yielded proper noise stability results of the PM
demodulator, while varying the SNR, and in this case, an adequate comparison between
various demodulator types can be carried out. Therefore:

• Emission classes that use phase modulation have been shown to be more resistant to
interference when a π/3 phase deviation has been used, which is much more resistant
than those that use frequency modulation.

• For emission classes using frequency modulation, at SNR values below 10 dB (consid-
ered to be the full improvement threshold) the actual signal shape can no longer be
recognized—the effect of signal captured by noise occurs.

• Emission classes using DSB AM showed similar resistance to disturbance using SSB
AM, so that, for both, the useful signal can be recognized even in the conditions of an
SNR of −3 dB.

When comparing the simulation results in Figure 5 to those obtained analytically
and illustrated in Figure 3, it is noted that the demodulating systems ranking from the
perspective of noise stability is similar only for the situation of a high SNR = 20 dB
(Figure 5b), and for small values (below 1) of the corresponding dependence parameters
m, K, D in Figure 3. In this case, the J3E system (SSB AM) yields the highest stability in
terms of both simulation results and IFD value. However, there is a notable difference
for the DSB AM system (A3X class) compared to the FM system (F1B class): although the
simulation in Figure 5 indicates a low performance of the F1B class system compared to
the A3X one, the analytical calculations give high IFD values for the F1B, regardless of the
normalized modulator signal power, the modulation index m, or the frequency deviation
D. G3E (PM) systems yield the lowest performance in both cases.

Table 1 presents a comparative situation between the results obtained by the two
methods adopted and the conclusions formulated in the specialized technical literature
and the bibliographic references.
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Table 1. Comparison of analog system stability to disturbance results obtained from both research method and from
technical literature.

SNR
Emission Classes
Used in Distress
Communications

Stability to Disturbances

IFD Conclusions Simulink Conclusions

Conclusions from the
Technical

Literature/References
[21–24]

>10 dB

A3X

Depending on the modulation index
m and the normalized modulation

signal power f2(t). Performances for
m < 1 are below F1B, J3E but

above G3E.

Very good. Similar
performance as J3E and

higher than F1B and G3E.

Good. According to [23]
the poorest performance.
According to [24] poorer

performance than J3E.

F1B

Depending on the deviation ratio D,
and the normalized modulation

signal power f2(t). For low values of

D and f2(t) performing below J3E.

Very good.
Very good. Acording

[21–23] the
best performance.

J3E IFD = 1—good Very good. Good.

G3E

Depending on the phase modulator
slope KMG and the normalized

modulation signal power f2(t). It
has performance over J3E and A3X

only for high values of KMG

and f2(t).

Depends on the phase
deviation; very good for
phase deviation = π/3.

Very good. According to
[21,23,24] better

performance than J3E
and A3X.

3–10 dB

A3X

N/A—we considered that the
amplitude of the useful signal is
higher in relation to the noise for

most of the time

Very good

Good only for case of
coherent detection,

unacceptable for system
with envelope detection.

F1B

N/A—we considered that the
amplitude of the useful signal is
higher in relation to the noise for

most of the time

Unacceptable

Very low below the SNR
threshold of 10 dB [21].
Can be improved with

preemphasis/deemphasis
systems [22–24]. According

to [24] better than A3X
and J3E.

J3E IFD = 1—good for case
of coherent detection. Very good. Good for case of

coherent detection.

G3E

N/A—we considered that the
amplitude of the useful signal is
higher in relation to the noise for

most of the time.

Acceptable for phase
deviation = π/3 (can be

improved using additional
processing methods).

Good. According to [24]
better than F1B for most

practical signals.

0–3 dB

A3X Similar to case 3—10 dB. Good Unacceptable

F1B Similar to case 3—10 dB. Unacceptable Unacceptable [21].

J3E Similar to case 3—10 dB. Good Good for case of
coherent detection.

G3E Similar to case 3—10 dB. Bad, can be improved with
additional processing

According to [24] better
than F1B.
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Table 1. Cont.

SNR
Emission Classes
Used in Distress
Communications

Stability to Disturbances

IFD Conclusions Simulink Conclusions

Conclusions from the
Technical

Literature/References
[21–24]

0–(−3)
dB

A3X Similar to case 3—10 dB. Good Unacceptable

F1B Similar to case 3—10 dB. Unacceptable Unacceptable

J3E Similar to case 3—10 dB. Good Unacceptable

G3E Similar to case 3—10 dB. Unacceptable Unacceptable

4. Conclusions

The paper presents a comparative analysis of analog (de)modulation systems em-
ployed in maritime communications for search-and-rescue operations. The noise stability
of the following systems is investigated: DSB AM (A3X class), SSB AM (J3E class), FM
(F1B class), and PM (G3E class). The analysis is carried out through analytical calcu-
lation of the improvement factor of the demodulator (IFD), and by implementing the
modulator-demodulator systems in the Matlab-Simulink simulation environment. The
research method employed in the two-phased analysis is scientifically accurate and thor-
ough. For particular value ranges of the modulation parameters, the two phases of the
analysis yield similar results. However, one drawback of the research method employed in
the analysis is that it needs to be supplemented by experimental validation. Based on the
results discussion in the previous section, several conclusions regarding the deployment of
analog communication system in SAR operations communications can be formulated.

For radio communications allocated to MF/HF and VHF maritime bands, systems
using emission classes related to linear modulations (in amplitude) prove to be more
resistant to disturbances than systems using emission classes related to phase and frequency
modulations. This is true for all radio communications in environments affected by noise
and in which we cannot provide a proper signal-to-noise ratio (over 10 dB).

Keeping the J3E emission class for the maritime MF/HF range, both in ordinary
communications and especially in distress communications, for the next at least 10 years is
a perfectly justified thing due to:

• The constructive simplicity of the radio stations that use it;
• Resistance to disturbances;
• Very small occupied bandwidth, (default and lower transmission power);
• Efficient use of the electromagnetic spectrum;
• Propagation of HF waves at very long distances and on multiple paths, which leads to

the summation at the input terminals of the receiver of both the multiple signals from
the transmitter being worked with and from other transmitters;

• The multitude of users of this range and the very high requirement of allocated
frequencies/channels.

The advantages listed above make the emission classes that use SSB modulation partic-
ularly attractive for terrestrial radiocommunications or fiber optic communications [25–29].

Taking into consideration that in ETSI EN 300 338-1 V1.4.2 (2017-11) standard it is
provided that the integrated equipment used for communications in the MF/HF range
must be able to operate and in J2B mode, it is very possible that in the future it will be
introduced the obligation to transmit distress alerts via DSC in the MF/HF ranges in
J2B mode.

The use of phase modulation for distress communications is possible only in the VHF
range where with the assurance of a higher bandwidth (16 kHz) better performance of
this modulation can be obtained and with the imposition of restrictions/communication
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disciplines (during communications any other type of communication that may interfere
with them is prohibited).

Because the impact of the WRC extends over long periods of time, between 10 and
20 years after the conference, the emission classes analysed in this paper will certainly be
used for distress maritime communications for at least the next 10 years [30]. Moreover,
because one of the basic principles of SOLAS is the transmission of distress alerts by
at least two independent means, the introduction of digital modulations in naval radio
communications will not lead to the disappearance of communications using analog
modulations, especially when the risk of cyberattacks is on the rise.
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Abstract: Sea buckthorn (Hippophae rhamnoides L.) represents a valuable source of biologically active
compounds such as carotenoids and polyphenols. High amounts of these substances are found
in its fruits, bark, and leaves. However, their bioavailability is limited and must be increased in
order to benefit from the properties they exert. Therefore, the purpose of this study was to increase
the stability and bioavailability of sea buckthorn fruit’s bioactives. The sea buckthorn’s bioactive
compounds were extracted with a solvent combination between glacial acetic acid, acetone, and
water on one side and water only on the other side. Afterward, the phytochemicals from the
extracts were encapsulated using the coacervation technique, followed by freeze-drying in order
to obtain stable powders. The powders were characterized in terms of antioxidant activity, total
carotenoids, β-carotene, lycopene, total polyphenol, and total flavonoid content, color, structure, and
morphology. The phytochemical stability of the powders and their antioxidant activity was assessed
during 270 days of storage at 4 ◦C. Moreover, the bioavailability of phytochemicals was measured
during in vitro simulated digestibility. Our findings provide insights to promote carotenoids and
polyphenols from sea buckthorn as bioactive ingredients with multiple purposes.

Keywords: Hippophae rhamnoides L.; bioactive compounds; carotenoids; flavonoids; antioxidant
activity; microencapsulation

1. Introduction

Sea buckthorn (Figure 1) represents an ancient versatile plant that has been used for
centuries in the daily life of people for a variety of purposes (animal fodder, treatment for
several diseases, firewood, or even decorative elements), according to Olas [1].

Figure 1. Sea buckthorn fruit [2].
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Its fruits, leaves, seeds, and oils are sources of many biologically active substances,
such as flavonoids, carotenoids, organic acids, unsaturated fatty acids, vitamins, proteins,
amino acids, and minerals [3,4]. The average composition of sea buckthorn biologically
active compounds is presented in Table 1, according to Ciesarova et al. [4].

Table 1. Composition of sea buckthorn.

Components Fruits Pulp Oil Leaves

Vitamin C (g/kg fw) 0.2–30 - -
Total Flavonoids (g/kg fw) 1.6–10.0 - -

Quercetin (mg/kg dw) 40.0–375.0 - 332–1381
Kaempherol (mg/kg dw) 102.0 - 2.8–4.1
Isorhamnetin (mg/kg dw) 103.0–964.0 - 270.0

Gallic acid (mg/kg dw) 1.0–15.9 - 19.7–79.1
p-coumaric acid (mg/kg dw) 1.4–22.3 - 8.4–13.4

Salicylic acid (mg/kg dw) 21.0–47.5 - -
Total carotenoids (mg/kg fw) 15.0–185.0 303–21,400 35.0–42.0

Lycopene (% from total carotenoids) 1.4–4.3 nd nd
B-carotene (% from total carotenoids) 4.6–26.0 5.5 29.0–48.0

Linolenic acid (% fatty acids) - 0.4–10.0 -
Linoleic acid (% fatty acids) - 4.4–15.0 -

Oleic acid (% fatty acids) - 10.0–26.2 -
nd—not detected; fw—fresh weight; dw—dry weight.

These substances and their free radicals scavenging activity endow sea buckthorn
with health benefits. There are various studies suggesting that the consumption of sea
buckthorn bioactives can promote health effects, such as neuroprotective effects, inhibition
of cardiac cell destruction, anticoagulant effects, protection of the liver from oxidative
stress, antiulcer, anticancer, antimicrobial effects, etc. [1,4,5].

The major compounds of scientific interest from sea buckthorn fruits are the carotenoids
and flavonoids. Carotenoids represent lipophilic pigments with tetraterpenoid structure
and colors including yellow, orange, and red. The most important biological activity
associated with the carotenoids is provitamin A [6]. Flavonoids are secondary sea buck-
thorn metabolites and are a part of the polyphenols class, also having yellow and orange
colors. Due to their colors and biological activities that can promote health effects, these
compounds are suitable for use in food, nutraceutics, cosmeceutics, and pharmaceutics
industries. However, the use of carotenoids and flavonoids as functional ingredients is
limited due to their chemical instability, poor bioavailability, and bioaccessibility. There-
fore, alternatives should be developed to increase the stability and bioavailability of these
valuable bioactive compounds. The microencapsulation technique represents a valuable
solution to these problems.

Nowadays, many encapsulation techniques are available, each with its advantages
and disadvantages. The encapsulation method choice depends on both the properties of
the bioactive compounds and encapsulating material, but also the desired final product [7].
Moreover, the encapsulation time, cost, and steps required, the volume of production,
market requirements, and current legislation must be taken into account [7].

Coacervation is a superior technique to other microencapsulation techniques due
to the advantages provided [8]. Depending on the amounts of polymers applied in the
process, the coacervation technique could be simple or complex. The complex coacervation
is based on the electrostatic attraction between the oppositely charged molecules. This at-
traction produces a complex with two distinct phases. One represents a polymer-rich phase
(also named coacervate) and the other one is the solution solvent [9]. The biopolymer’s
interaction is influenced by the biopolymer’s type, the pH, the ionic strength, the polymer’s
concentration, and the ratio between the biopolymers [10]. Natural biopolymers, such as
proteins and polysaccharides, are widely used to create a variety of delivery systems to
protect the biologically active compounds from environmental factors. The encapsulation
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of the biologically active compounds leads to the production of functional ingredients that
can then be used in a variety of ways [11].

This study aimed to extract and microencapsulate by coacervation the biologically
active compounds from sea buckthorn fruits. Biopolymer composite matrices were formed
by whey protein isolate (WPI) in combination with carboxymethyl cellulose (CMC). Two
resulting powders, coded P1 and P2, were characterized for their phytochemical profile and
encapsulation efficiency, with emphasis on carotenoids, polyphenols, antioxidant activity,
and in vitro digestibility. Further, the structure and morphology of the powders were ana-
lyzed using the confocal laser scanning microscopy technique (CLSM). The obtained results
could provide evidence concerning how targeted biologically active compounds from sea
buckthorn can be used in developing functional ingredients for multiple applications. The
powders that we have obtained exert biological activities demonstrated in this study and
these make them suitable for multiple applications as natural antioxidants. In addition to
the role of natural antioxidants, our powders can also act as natural dyes. They are suitable
for the food industry, textile, nutraceuticals, cosmetics, and pharmaceutics industries.

2. Materials and Methods

2.1. Chemicals

Hexane, acetone, glacial acetic acid, ethanol and methanol HPLC-grade, sodium
carbonate (Na2CO3), 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS), 2,2-diphenyl1-picrylhydrazyl (DPPH), Folin–Ciocalteu reagent, gallic acid
solution, hydrochloric acid (HCl), sodium nitrite (NaNO2), aluminum chloride (AlCl3),
sodium hydroxide (NaOH), Trolox solution, whey protein isolate (WPI), and carboxymethyl
cellulose (CMC) were purchased from Sigma Aldrich (Steinheim, Germany).

2.2. Materials

Sea buckthorn fruits were purchased from a local market named “December 30 market”
in Galati, Romania, September 2018. The sea buckthorn berries were washed, frozen, and
then lyophilized at −42 ◦C with a pressure of 0.1 mBar for 48 h (Alpha 1-4 LD Plus, Christ,
Osterode am Harz, Germany). Dried sea buckthorn fruits were stored in plastic bags with
a lid at room temperature until extraction.

2.3. Extraction of the Biologically Active Compounds from Sea Buckthorn

The biologically active compounds from sea buckthorn fruits were extracted with
different solvent mixtures, using the ultrasound-assisted extraction method (UAE). Polar
solvents like acetone, glacial acetic acid, and water were used. Two separate extractions
with different solvent mixtures were performed using the same lyophilized matrix. On one
hand, 5 g of sea buckthorn was mixed with 20 mL of glacial acetic acid/acetone/water
(0.35/20/80 ratio), with the extract encoded E1. On the other hand, 5 g of sea buckthorn
was mixed with 20 mL of water, with the extract encoded E2. Both extractions took place
using an ultrasonic water bath (Smart MRC LTD, Holon, Israel) for 20 min at 40 ◦C and a
frequency of 40 kHz. Further, the extracts were centrifuged for 10 min at 5000 rpm and
4 ◦C. The supernatant was collected and concentrated to dryness under reduced pressure
at 40 ◦C (AVC 2-18, Christ, Osterode am Harz, Germany). Finally, the obtained extracts
were phytochemically analysed by solubilization in the extraction solvent.

2.4. Phytochemical Profile of the Sea Buckthorn Extracts

The phytochemical profile of both extracts was analysed in terms of lipophilic com-
pound and hydrophilic compound contents, using spectrophotometric methods. The
lipophilic compounds content quantified in our extracts were the lycopene (LC), β-carotene
(βC), and total carotenoids (TC). The hydrophilic compounds analysed were flavonoids
(TFC) and polyphenols (TPC). For both extracts, the antioxidant activity against ABTS and
DPPH free radicals was measured.
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2.4.1. Total Carotenoid Content

The lycopene, β-carotene, and total carotenoid contents were measured and calculated
using the spectrophotometric method described by Rodriguez-Amaya and Kimura [12].
Briefly, the extracts were solubilized in the same extraction solvent and the absorbance of
the mixture was read at λ = 470 nm for total carotenoids, λ = 450 nm for β-carotene, and
λ = 503 nm for lycopene. The results were expressed as mg/g of dry weight (dw).

2.4.2. Total Polyphenol Content (TPC)

The colorimetric Folin–Ciocâlteu method, described by Turturica et al. [13], was used
for the TPC quantification. Briefly, 0.20 mL of extract solution were mixed with 15.8 mL
of deionized water and 1 mL of Folin–Ciocâlteu reagent. After 10 min of rest, 3 mL of
Na2CO3 20% was added to the mixture and vigorously shaken. The resulting mixture was
kept for 60 min in the dark at room temperature. Finally, the absorbance of the mixture was
measured at 765 nm. The results were expressed as mg Gallic acid equivalents (GAE)/g dw,
using a calibration curve.

2.4.3. Total Flavonoid Content (TFC)

The total flavonoid content was determined using a spectrophotometric method based
on the reaction between the aluminum chloride (AlCl3) and phenolic compounds, described
by Turturica et al. [13]. Briefly, 0.25 mL of extract solution was mixed with 2 mL of distilled
water and 0.075 mL of NaNO2 5% solution. After 5 min of rest, 0.15 mL of AlCl3 10%
solution were added, and the mixture was allowed to rest for another 6 min. Finally, 0.5 mL
of NaOH (1 M) solution was added and the absorbance of the mixture was immediately
measured at 510 nm. The results were expressed as mg catechin equivalents (CE)/g dw,
using a calibration curve.

2.4.4. Antioxidant Activity

The antioxidant activities of the extracts were tested against ABTS [14] and DPPH free
radical [13], the results being expressed as radical scavenging activity percentage (%).

For the DPPH scavenging activity, 3.9 mL of free radical solution 0.1 M in methanol
were mixed with of 0.20 mL of extract solution (Af) and kept for 30 min at room temperature
in the dark. Finally, the absorbance was recorded at λ = 515 nm against a blank (methanol
instead of extract—A0).

For the ABTS scavenging activity, 1 mL of free radical stock solution 7 mM (in ethanol,
mixed with 2.45 mM potassium persulfate) were mixed with 0.10 mL of extract solution
(Af). The absorbance of the solution was measured at 734 nm after 1–6 min against a blank
(ethanol instead of extract—A0).

The radical scavenging activity percentage (%) was calculated as follows:

Radical scavenging activity percentage (%) =
A0 − Af

A0
× 100 (1)

2.4.5. Chromatographic Analysis of the Carotenoids

The separation, identification, and quantification of the carotenoids from sea buck-
thorn extracts was performed using High-performance liquid chromatography (HPLC)
as described by Mihalcea et al. [15] with slight modifications. Briefly, a Thermo Finnigan
Surveyor HPLC system with Xcalibur software (Finnigan Surveyor LC, Thermo Scientific,
Waltham, MA, USA) was used. The carotenoids were analyzed at 450 bn and 30 ◦C on
a Lichrosorb RP-18 (5 lm) Hibar RT 125-4 column. The elution solvents used were 90%
acetonitrile (A) and 100% ethyl acetate (B). Thus, 0.02 mL of extract was injected into the
column and the flow was maintained at 0.500 mL/min. The identification and separa-
tion of the compounds were achieved based on their standard curves using ethyl acetate
as solvent.
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2.5. Microencapsulation of the Bioactive Compounds from Sea Buckthorn and
Powder Characterization

Both extracts were encapsulated in a matrix formed by 2% WPI and 2% CMC, using
the complex coacervation method, as described by Mihalcea et al. [15]. The wall materials
were dissolved in distilled water in a 1:1 ratio (w/w) on a magnetic stirrer at 300 rpm and
25 ◦C, until fully hydrated. Prior to the addition, 5 g of the concentrated extract were
mixed with 5 mL of sunflower seed oil and subjected to ultrasound for 1 h at 40 kHz. To
begin the coacervation process, the pH of the solutions was adjusted to 3.75 with 1 N HCl
solution, under constant mechanical stirring at 300 rpm. Subsequently, the reaction mixture
was allowed to separate in a funnel. The separated phases were collected and stored at
−20 ◦C for 24 h. Subsequently, the frozen coacervates were lyophilized (Alpha 1-4 LD plus,
CHRIST, Osterode am Harz, Germany) at 42 ◦C, under a pressure of 10 Pa for 48 h. Finally,
the powders were collected, packed in metallic bags, and stored in the refrigerator at 4 ◦C
until further analysis.

2.5.1. Encapsulation Efficiency and Powder Characterization

To determine the carotenoids encapsulation efficiency, the slightly modified method
of Mihalcea et al. [15] was used. For the total carotenoids, 100 mg of encapsulated powder
was dissolved in 6 mL of 10% NaCl: methanol (1:1 ratio), followed by 30 min of rest to
break the microcapsules. A volume of 30 mL of hexane was further added. The samples
were treated with ultrasounds for 40 min at 50 ◦C and then centrifuged at 6000 rpm for
10 min. The TC of the supernatant were analysed. The LC, βC, TFC, TPC, and antioxidant
activity were also quantified from the same supernatant, using the methods described
above to characterize the powders.

The same procedure was used for the surface carotenoids. Approximately 100 mg
of powder was weighed, and 30 mL of n-Hexane was added. This mixture was vortexed
for 2 min and then centrifuged at 6000 rpm for 10 min at 10 ◦C. Finally, the resulting
supernatant was analysed in terms of SC.

EE (%) = (TC−SC)/TC × 100 (2)

EE—encapsulation efficiency, %;
TC—total carotenoids, mg/g dw;
SC—surface carotenoids, mg/g dw.
The encapsulated powders were evaluated regarding the encapsulation efficiency

during storage at 4 ◦C in hermetically closed glass tubes with light protection after 180 days
and 270 days of storage.

2.5.2. Colorimetric Analysis

For the color analysis of powders, a CR 410 Chroma Meter (Konica Minolta, Hino,
Tokyo Japan) was used to appreciate the selected coordinates such as:

L*—clarity (=0 black)/(=100 white);
a*—shade of green (<0)/red (>0);
b*—shade of blue (<0)/yellow (>0).

2.5.3. Confocal Laser Scanning Microscopy (CLSM)

The CLSM technique has been used to observe the morphology and structure of the
powders at a high resolution [15]. A Zeiss confocal laser system (LSM 710, (Carl Zeiss,
Oberkohen, Germany) with a diode laser (405 nm), Ar-laser (458, 488, 514 nm), DPSS laser
(diode-pumped solid-state e 561 nm), and HeNe-laser (633 nm) were used. The powders
were stained with Red Congo (40 μM) and the distribution of the sea buckthorn bioactives
into the matrices was observed using a Zeiss Axio Observer Z1 inverted microscope with a
40× apochromatic objective (numerical aperture 1.4). Moreover, for the analysis, the FS49,
FS38, and FS15 filters (Carl Zeiss, Oberkohen, Germany) were used. Finally, ZEN 2012
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SP1 software (black edition, (Carl Zeiss, Oberkohen, Germany) was used to analyse the
3D images.

2.5.4. In Vitro Digestion

The method described by Oancea et al. [16] has been used to evaluate the in vitro
digestibility of the carotenoids from the obtained powders. The digestion was simulated
using simulated gastric fluids (SGF) and intestinal fluids (SIF). Briefly, 200 mg of the
powders mixed with 20 mL SGF (20 mg pepsin in 0.1 M HCl, pH 2.0) were incubated at
37 ◦C using an orbital shaking incubator (Medline Scientific, Oxon, UK) at 150 rpm, for 2 h.
Afterward, in addition to the 15 mL of SGF which remained after digestion, 20 mL of SIF
(40 mg pancreatin in 0.9 M baking soda, pH 7.8) were added and incubated for another 2 h
at 150 rpm. Aliquots (1 mL) of each sample were taken every 30 min, diluted with 2 mL of
n-hexane, and the absorbance was read at 450, 470, and 503 nm, respectively. Samples were
prepared in duplicate (n = 2).

2.6. Statistical Analysis

The statistical analysis of the data was performed using Minitab 17 and the One-way
ANOVA test. The experimental data were expressed as the mean of duplicate ± standard
deviation.

3. Results and Discussion

3.1. Evaluation of the Phytochemical Profile of the Sea Buckthorn Extracts

The bioactive compounds from the freeze-dried sea buckthorn were extracted with
different mixtures of solvents using the UAE method. Polar solvents, such as acetone and
water, were used. Two extracts were obtained and the phytochemical contents of both are
presented in Table 2.

Table 2. Phytochemical profile of the sea buckthorn extracts.

Phytochemical Content/Extracts E1 E2

Lycopene content (mg LC/g dw) 1.69 ± 0.01 a 0.87 ± 0.01 b

β-carotene content (mg βC/g dw) 2.79 ± 0.02 a 1.38 ± 0.02 b

Total carotenoid content (mg TC/g dw) 3.30 ± 0.03 a 1.60 ± 0.01 b

Total flavonoid content (mg CE/g dw) 310.06 ± 6.01 a 127.80 ± 2.41 b

Total polyphenol content (mg GAE/g dw) 1023.50 ± 5.51 a 368.12 ± 5.37 b

ABTS antioxidant activity (% inhibition) 4.36 ± 0.01 a 3.81 ± 0.02 b

DPPH antioxidant activity (% inhibition) 92.00 ± 0.42 a 61.01 ± 0.42 b

For each phytochemical and extract tested, the values from the same row that do not share a lowercase letter are
statistically different at p < 0.05 based on the Tukey method and 95% confidence.

The addition of acetone and glacial acetic acid into water led to a significant increase
in the phytochemical content from sea buckthorn (p < 0.05) for both lipophilic and
hydrophilic compounds (Table 2). This may be due to the stronger breaking of the cell
walls. Thus, E1 presented a 1.69 ± 0.01 mg LC/g dw and E2 0.87 ± 0.01 mg LC/g dw
lycopene content. In terms of β-carotene, E1 showed a 2.79 ± 0.02 mg βC/g dw and
E2 1.38 ± 0.02 mg βC/g dw. Our results obtained are comparable to other studies.
Ursache et al. [17] reported 38.34 ± 5.71 mg βC/g dw in the sea buckthorn extract.

Regarding the hydrophilic compounds, 310.06 ± 6.01 mg CE/g dw were found in E1 and
127.80 ± 2.41 mg CE/g dw in E2. The TPC of the extracts was 1023.50 ± 5.51 mg GAE/g dw
and 368.12 ± 5.37 mg GAE/g dw for E1 and E2, respectively. Lower polyphenol contents in
the sea buckthorn were reported by researchers like Korekar et al. [18], with values ranging
from 9.64 to 107.04 mg GAE/g dw.

The antioxidant activity of the evaluated extracts was also different, the best results be-
ing obtained with acetic acid, acetone, and water for both free radicals. Thus, E1 presented
a 4.36 ± 0.01 % inhibition against the ABTS free radical and 92.00 ± 0.42 % inhibition
against DPPH. For E2, significantly lower inhibition results were highlighted (p < 0.05)
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such as 3.81 ± 0.02 % inhibition against ABTS and 61.01 ± 0.42 % inhibition against DPPH.
Ursache et al. [17] reported lower DPPH inhibition with values of 33.7 ± 0.29 % for sea
buckthorn extracts.

The extraction solvent choice represents a decisive step in the extraction of biologically
active compounds from sea buckthorn, from both contents of the bioactive compounds
and antioxidant activity point of view. In our study, the combination of acetic acid, acetone,
and water provided the extract with the highest content of biologically active compounds
and antioxidant activity.

In order to characterize the carotenoid profile from the extracts obtained, the analysis
of the chromatographic profile was performed by HPLC (Figure 2).

Figure 2. Chromatographic profile of carotenoids from sea buckthorn E1 (a) and E2 (b): peak 1—astaxanthin; peak
2—zeaxanthin; peak 3—β-cryptoxanthin; peak 4—lycopene; peak 5—β-carotene.

The HPLC technique allowed the identification of five compounds in both extracts
(Figure 2). The difference between the chromatographic profiles of the two extracts consists
in the amount of compounds quantified. Thus, E1 presented 0.81 mg/g dw astaxanthin,
5.11 mg/g dw zeaxanthin, 0.43 mg/g dw β-cryptoxanthin, 0.96 mg/g dw lycopene, and
2.71 mg/g dw β-carotene (Figure 2a). For E2, almost half of the amounts of E1 were
quantified as follows: 0.56 mg/g dw astaxanthin, 4.74 mg/g dw zeaxanthin, 0.55 mg/g dw
β-cryptoxanthin, 0.98 mg/g dw lycopene, and 1.31 mg/g dw β-carotene (Figure 2b). Our
results are in agreement with Mihalcea et al. [15] and Ursache et al. [17], who also identified
these compounds in sea buckthorn extracts. However, while Ursache et al. [17] reported
zeaxanthin as the major compound from sea buckthorn extracts as we did, Mihalcea
et al. [15] reported β-carotene and zeaxanthin palmitate as major compounds.

3.2. Evaluation of the Phytochemical Profile of the Powders

In this paper, the bioactive compounds from sea buckthorn were encapsulated by
complex coacervation, using whey proteins and CMC. The choice of wall materials is
justified by the fact that they are effective carriers for bioactive compounds, fats, oils, fatty
acids, and flavors [19].

For both powders, the same amount of 0.5 g extract was used. For a better compound
dispersion and taking into account their lipophilic profile, the extracts were mixed with
sunflower oil. The characterization of the microencapsulated sea buckthorn extract was
performed by quantifying the LC, βC, TC, TFC, TPC, and antioxidant activity. The results
obtained from these experiments are shown in Table 3.
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Table 3. Phytochemical profile of the powders obtained by the microencapsulation of the sea
buckthorn extracts.

Phytochemical Content/Powders P1 P2

Encapsulation efficiency (%) 52.20 ± 1.60 a 87.23 ± 0.05 b

Lycopene content (mg LC/g dw) 1.22 ± 0.01 a 0.86 ± 0.02 b

β-carotene content (mg βC/g dw) 0.63 ± 0.03 a 0.98 ± 0.05 b

Total carotenoid content (mg TC/g dw) 2.13 ± 0.03 a 1.14 ± 0.04 b

Total flavonoid content (mg CE/g dw) 219.86 ± 5.71 a 154.68 ± 10.36 b

Total polyphenol content (mg GAE/g dw) 529.84 ± 10.54 a 319.14 ± 7.37 b

ABTS antioxidant activity (% inhibition) 6.67 ± 0.38 a 7.09 ± 0.01 b

DPPH antioxidant activity (% inhibition) 93.05 ± 0.77 a 74.90 ± 0.99 b

For each phytochemical and powder tested, the values from the same row that do not share a lowercase letter are
statistically different at p < 0.05 based on the Tukey method and 95% confidence.

The encapsulation efficiency is an important parameter that provides information
about the delivery system. In our study, the extracts were encapsulated in CMC and WPI
using the coacervation method, followed by freeze-drying to obtain stable powders. The
encapsulation efficiency of P1 was significantly lower compared to P2 (p < 0.05). Our
results are comparable to those reported by other researchers. Ursache et al. [17] reported
an encapsulation efficiency of 56.16 ± 1.24% after the microencapsulation of sea buckthorn
extract in WPI and acacia gum (1:1).

However, P1 presented the highest LC, TC, TFC, TPC, and DPPH antioxidant activity.
The β-carotene content, on the other hand, was higher in P2, as the antioxidant activity
against ABTS. Our results are in agreement with Ursache et al. [17] who reported values
of 2.82 ± 0.17 mg/g dw for total carotenoids content after the microencapsulation of the
sea buckthorn extract in a WPI and acacia gum matrix (1:1). Laos et al. [20] reported
11.12 mg/100 g of β-carotene content in sea buckthorn juice microspheres obtained by
ionotropic gelation. Interesting results were also published by Neagu et al. [21]. They
encapsulated the sea buckthorn extract obtained with supercritical fluids in WPI and casein
using different encapsulation methods. They obtained values in the range of 302.98 ± 2.30
to 352.90 ± 1.02 mg/g dw for the total carotenoid contents. The results from our study
demonstrate that the use of WPI and CMC as wall materials is suitable for the sea buckthorn
phytochemical encapsulation.

The encapsulation efficiency over time can predict the stability of the compounds
inside the encapsulation matrix. Table 4 shows the variation of encapsulation efficiency
during 270 days of storage at 4 ◦C in the dark.

Table 4. Initial encapsulation efficiency of the powders obtained by the microencapsulation of the sea buckthorn extracts
and its stability during 270 days of storage.

Powders
Initial Encapsulation

Efficiency, (%)
Encapsulation Efficiency after

180 Days, (%)
Encapsulation Efficiency after

270 Days, (%)

P1 52.20 ± 1.60 a 49.20 ± 0.02 b 48.88 ± 0.01 b

P2 87.23 ± 0.05 a 80.45 ± 0.03 b 76.43 ± 0.01 c

For each storage time and powder tested, the values from the same row that do not share a lowercase letter are statistically different at
p < 0.05 based on the Tukey method and 95% confidence.

A slight decrease over time in the encapsulation efficiencies can be observed for both
powders (Table 4). Thus, the encapsulation efficiency of P1 is 7% lower after 270 days
of storage than the initial encapsulation efficiency. P2 showed a 12% decrease in the
encapsulation efficiency after 270 days of storage.
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3.3. Colorimetric Analysis of the Powders and Its Stability

The results of colorimetric analysis conducted with the powders are reported in
Table 5. The lightness (L*), the redness (a*), and the yellowness (b*) were the parameters
analysed during 270 days of storage.

Table 5. Colorimetric parameters of the powders obtained by the microencapsulation of the sea buckthorn extracts and its
stability during 270 days of storage.

Storage Period, Days

P1
Colorimetric Parameters

P2
Colorimetric Parameters

L* a* b* L* a* b*

0 80.90 ± 2.11 a 7.26 ± 0.011 a 32.39 ± 1.50 a 86.37 ± 0.12 a 7.67 ± 0.21 a 38.33 ± 1.91 a

180 89.41 ± 5.25 b 8.18 ± 0.21 b 30.20 ± 0.49 b 90.80 ± 3.41 b 9.11 ± 0.34 b 36.70 ± 0.44 b

270 109.61 ± 6.20 c 8.21 ± 0.57 b 29.13 ± 2.11 c 95.21 ± 1.21 c 10.62 ± 1.60 c 29.60 ± 0.73 c

For each storage time, colorimetric parameter, and powder tested, the values from the same column that do not share a lowercase letter are
statistically different at p < 0.05 based on the Tukey method and 95% confidence. L*—lightness, a*—redness, b*—yellowness.

The b* values presented in Table 5 suggest a high initial yellowness for both powders
due to the carotenoids and flavonoids from the extract, but higher for P2. Our results
are in agreement with those of Ursache et al. [17], who also reported a high yellowness
for the powders obtained by the microencapsulation of the sea buckthorn extract in WPI
and acacia gum. The color measurements over time show a significantly decrease for the
yellowness parameter (p < 0.05), which can be correlated with the encapsulation efficiency
variation over the same time. This may be due to the release of the compounds from the
matrices which led to degradation and lower color intensities.

3.4. The Confocal Laser Scanning Microscopy (CLSM)

The biochemical complexity of the sea buckthorn fruits has been proven by numerous
studies. The remarkable content of carotenoids (β-carotene, lycopene, lutein, zeaxanthin),
vitamins (A, B, C, E, K), flavonoids (quercetin, kaempferol, catechin, isorhamnetin, etc.), and
mono- and polyunsaturated fatty acids recommend this fruit as a food-medicine [17]. De-
pending on the variety, the climatic conditions, the time of harvest but also on the extraction
method used, the proportion of biologically active compounds can differ considerably [22].
The confocal analysis of the two samples (Figures 3 and 4) aimed at clarifying the morpho-
logical and structural aspect of the powders depending on the extraction method. For the
excitation of the samples, the following lasers were used: Ar laser (458, 488, and 514 nm)
and DPSS (561 nm pumped solid-state diodes) because the data from the literature indicate
for the carotenoids’ absorption range the wavelengths of 448, 476, and 505 nm [23,24].
The studies by Llansola-Portoles et al. [25], conducted on an in vitro carotenoid assembly,
recommend the excitation at 532 nm to obtain the full set of transient absorption signals.
The complex aggregates of carotenoids and flavonoids microencapsulated in the polymer
matrices showed an autofluorescence in a fairly wide range 530–630 nm, and sometimes it
could be observed that the spectrum shifts to red (685–750 nm) upon the aggregation [23,25].
The carbohydrate biopolymers that have been introduced into the microencapsulating
matrices displayed the maximum absorbance between 300 and 400 nm which have been
excited by the diode laser (405 nm).

The images acquired by point-by-point laser scanning (Figure 3) revealed a scalariform
appearance of the microcapsules. The fine biofilms (in blue or green depending on the ratio
between the WPI and the polysaccharide biopolymer) were formed. Within the biopolymer
matrix, several plant pigments can be seen (in yellow-orange) microspherosomes (1–2μm)
that are anchored. The interaction between the vegetal pigments from sea buckthorn fruits
with the polysaccharide compounds from the microencapsules did not cause modifications
on the absorbance pattern of the spectrum. The strong linkages are usually established
between carotenoids and polyphenols, and these preserve the UV absorption capability of
the pigments in time [26].
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Figure 3. The confocal laser scanning microscopy (CLSM) images of the unstained native powders.

Figure 4. The confocal laser scanning microscopy (CLSM) images of the fluorophore dyed powders.

The confocal analysis of the samples after the fluorescent staining with Red Congo
revealed the biologically active compounds from sea buckthorn fruit extracts in the form of
spherosomes (in green) with different diameters between 3.83 and 215.78 μm. The Congo
red dye binds the intact β-d-glucans from the biopolymer matrices [27] as well as the
peptides from the WPI, marking them in orange (Figure 4). Small spherosomes (<25 μm)
are visualized in P1, while in P2 they are of medium size. P2 displayed a large number of
spherosomes of medium size, well individualized, with a tendency to group in clusters
and well stabilized in the WPI and CMC matrix. Similar results were previously obtained
by Mihalcea et al. [15], who use WPI and acacia gum as the encapsulation material, and by
Neagu et al. [21], who compared the native sea buckthorn extract with the cross-linked one
mediated by transglutaminase.
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3.5. In Vitro Digestion

The in vitro digestibility of the encapsulated powders was also studied. Figures 5 and 6
represent the release percentage of TC, βC, and LC from both powders at the gastric and
intestinal level.

Figure 5. Lypophilic compounds content release from P1 (a) and P2 (b) during the in vitro gastric digestion.

Figure 6. Lypophilic compounds content release from P1 (a) and P2 (b) during the in vitro intestinal digestion.

The results obtained for the in vitro digestibility in simulated gastric conditions
showed that the coating materials presented a protective effect on the lipophilic compounds,
especially in P1. However, a slight release of the lipophilic compounds was observed for
both powders. Among the investigated lipophilic compounds, in P1, the lycopene content
presented the highest release from all compounds up to 11.33 ± 0.11% after 120 min of
digestion (Figure 5a). The β-carotene and total carotenoids released up to 8.12 ± 0.1% and
6.33 ± 0.12%, respectively after 120 min. In P2, the β-carotene presented the highest release
from all compounds up to 27.97 ± 0.26% after 120 min (Figure 5b). The lycopene and total
carotenoids were released up to 18.90 ± 0.14% and 20.17 ± 0.20% after 120 min. For all
that, P2 showed the highest release percentages for all lipophilic compounds.

In simulated intestinal conditions, the results show that the maximum amount of
lipophilic compounds is released during 120 min of digestion and are recorded for P2
(Figure 6). Thus, in P1 release, values of 55.59 ± 0.99%, 63.14 ± 1.3%, and 68.36 ± 0.62%
were achieved for βC, TC, and LC, respectively, after 120 min (Figure 6a). P2 presented
higher release values, i.e., 68.98 ± 0.41 % of the βC, 73.86 ± 1.03% of the TC, and
78.01 ± 0.91% of the LC released after 120 min of digestion (Figure 6b). Our results are in
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agreement with other studies. In research conducted by Neagu et al. [21], a 10% release
of the carotenoids in gastric juice was reported for the microencapsulated sea buckthorn
extract in WPI and casein matrices. They also reported that, in simulated intestinal juice,
the release increased significantly up to 65%.

4. Conclusions

This study aimed to increase the stability and bioavailability of sea buckthorn fruit’s
bioactives. For this purpose, the biologically active compounds from Hippophae rhamnoides L.
fruits have been extracted using the ultrasound-assisted extraction method. Different polar
solvents have been used to extract as many bioactive compounds as possible. On one
side, a combination between glacial acetic acid, acetone, and water was used (E1), with
water only on another side (E2). By adding acetic acid and acetone into the water, the
highest phytochemical content was obtained. The chromatographic profile of both extracts
revealed the presence of five compounds, with zeaxanthin being the major one. Further,
to increase the bioactive’s stability and bioavailability, both extracts were encapsulated
in a matrix composed of CMC and WPI. The coacervation technique was used, followed
by freeze-drying. Different analyses have been made to test the functionality of the ingre-
dients. The phytochemicals characterization revealed that both powders presented high
phytochemicals content. Although the powder with E2 presented the highest encapsulation
efficiency, the one with E1 showed the highest phytochemical content and encapsulation
efficiency stability. P2 highlighted the highest amount of yellowness, being correlated with
the high content of phytochemicals. The CLSM images revealed that the coacervation led
to the scalariform appearance of the microcapsules. The bioactives from sea buckthorn are
observable as yellow-orange microspherosomes. Small spherosomes were visualized in P1,
while in P2, they were of medium size. Both powders had a substantially higher release of
the biologically active substances in the simulated intestinal juice, but the best transmission
of the target substances has P2. This research suggests that, despite the differences between
the powders, both could be used in food applications as targeted delivery vehicles for
carotenoids and polyphenols as bioactive ingredients.

Author Contributions: Conceptualization, D.R., N.N.C. and G.R.; methodology, D.R.; software, E.E.
and V.B.; validation, E.E, V.B. and I.A.; formal analysis, D.R.; investigation, D.R.; resources, G.E.B.;
data curation G.R. and N.S.; writing—original draft preparation D.R. and N.N.C.; writing—review
and editing, G.R. and N.N.C.; visualization, N.S.; supervision, G.E.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author (G.R.) upon reasonable request.

Acknowledgments: The results of this work have been presented to the 9th edition of the Scientific
Conference organized by the Doctoral Schools of “Dunărea de Jos” University of Galati (http://www.
cssd-udjg.ugal.ro/ (accessed on 5 August 2021)), that was held on 10–11 June 2021 in Galati, Romania.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
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CLSM Confocal Laser Scanning Microscopy
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CMC Carboxymethil cellulose
DPPH 2,2-diphenyl1-picrylhydrazyl
dw dry weight
fr fresh weight
GAE Gallic Acid Equivalents
HCl hydrochloric acid
HPLC High Performance Liquid Chromatography
LC Lycopene Content
Na2CO3 sodium carbonate
NaCl sodiul chloride
NaNO2 sodium nitrite
NaOH sodium hydroxide
nd not detected
P Powder
rpm rotations per minute
SGF Simulated Gastric Fluid
SIF Simulated Intestinal Fluid
TC Total Carotenoid Content
TFC Total Flavonoid Content
TPC Total Polyphenol Content
UAE Ultrasounds Assisted Extraction
E Extract
WPI Whey Protein Isolate
βC Beta carotene Content
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Abstract: This paper presents an accurate and fast electrochemical method for atorvastatin deter-
mination in pharmaceutical products. Two screen-printed sensors, one—carbon based (SPCE) and
one based on carbon nanotubes and gold nanoparticles (AuNP-CNT/SPCE) were used during the
electrochemical analyses. At all experimental stages, cyclic voltammetry was employed, both for
the characterization of the sensors and their electrochemical behavior, and for quantitative deter-
minations. AuNP-CNT/SPCE has showed an extended active area, higher intensity peaks, better
reversibility and lower background current than the unmodified sensor. For atorvastatin quantifi-
cation, a calibration curve has been developed within the 1.2–606.25 μM concentration range. A
linearity relation between the current of the anodic peak and concentration has been obtained in
the range 1.2–53.33 μM for both sensors. With the AuNP-CNT/SPCE sensor, low values of limit
of detection, LOD (1.92 × 10−7 M) and limit of quantification, LOQ (6.39 × 10−7 M) have been
obtained, which demonstrates the feasibility of the method of determining atorvastatin from real
samples. Atorvastatin amount has been successfully determined from pharmaceutical products
using AuNP-CNT/SPCE. The results were similar to the manufacturer’s specifications regarding the
dosage per tablet and to the concentrations obtained by applying the FTIR spectrometric method.

Keywords: atorvastatin; sensor; cyclic voltammetry; carbon nanotubes; gold nanoparticles

1. Introduction

Hyperlipidemia is a chronic condition manifested through the increase of the triglyc-
eride levels in blood. The most effective and widely used medication for the treatment
of hyperlipidemia is statins. Atorvastatin falls in this category, being an inhibitor of
HMG-CoA reductase (an enzyme indispensable for cholesterol biosynthesis in liver) with
significant anti-hypercholesterolemic effects [1]. Structurally, atorvastatin is an aromatic
amide, a monofluorobenzene derivative, a dihydroxy monocarboxylic acid and a pyrrole
derivative. Atorvastatin is also a derivative of heptanoic acid [2] (Scheme 1).

Scheme 1. Chemical structure of atorvastatin.
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This compound reduces the cholesterol quantity in blood, lowering the risk of car-
diovascular diseases and cerebrovascular accidents. It is generally administered in the
form of atorvastatin calcium trihydrate, in doses of 10 to 80 mg per day. As any drug,
atorvastatin may have some side effects, such as muscular or hepatic problems or increased
glycemia [3]. Consequently, monitoring the atorvastatin concentration in pharmaceutical
formulation may have an extremely significant role in adjusting the administered dose [4].

Up until now, researchers have applied more techniques for the analytical determi-
nation of atorvastatin both in drugs and biological samples, such as: liquid chromatogra-
phy [5,6], high performance liquid chromatography [7,8], spectrophotometry [9,10], but
also electrochemical techniques [11–13]. Even though the chromatographic and spectropho-
tometric methods provide precise results, they require using expensive instruments and
devices, and additional stages of sample pretreatment, which increase both the cost and
time of the analysis. On the other hand, the electrochemical methods require the use of
electrodes modified with various nanomaterials, which present multiple advantages, such
as short response time, selectivity, sensitivity, precision and, above all, the possibility of
miniaturizing [14–18].

Among nanomaterials, carbon nanotubes (CNT) are frequently used for the modifica-
tion of screen-printed sensors, owing to their mechanical properties, remarkable electrical
conductivity, optimal surface, high chemical resistance and stability [19,20].

In addition, in the last few years, metallic nanoparticles have drawn the scientific
community’s attention with their chemical and physical particularities, which make them
suitable for electrochemical sensors modification [21,22]. Special attention was granted
to gold nanoparticles (AuNP) because of their good biological compatibility, excellent
conductibility and high surface-volume ratio. Modifying the sensor surface with AuNP has
increased the value of electrochemical tests [23,24]. The combination of CNT with AuNP
with a view to modifying the screen-printed sensors may positively influence the detection
process, favoring the transfer of electrons and selectivity [25].

This study aims at evaluating the electrochemical behavior of two screen-printed
sensors, the former, carbon-based (SPCE) and the latter, based on gold-particles modified
carbon nanotubes (AuNP-CNT/SPCE) and the qualitative and quantitative determination
of atorvastatin in a pharmaceutical product. The AuNP-CNT/SPCE is different as design,
materials and detection technique comparing with other sensors reported in literature [26].
The electrochemical method applied for detection will be cyclic voltammetry. The quan-
titative results obtained with the AuNP-CNT/SPCE sensor using voltammetry will be
subsequently compared with the ones obtained using the FTIR method.

The novelty of this study is the development of a novel electroanalytical method based
on AuNP-CNT/SPCE sensor for the sensitive and accurate determination of atorvastatin
in real samples.

2. Materials and Methods

2.1. Reactives and Solutions

All reactives have been used without additional purification, as they presented an-
alytical purity. The studies on the characterization of electrodes and optimization of the
experimental parameters were conducted in potassium chloride 10−1 M and potassium
ferrocyanide 10−3 M, the compounds having been purchased from Sigma—Aldrich (St.
Louis, MO, USA). All solutions were prepared with MilliQ ultrapure water (resistivity
18.2 MΩ × cm) obtained from a Milli-Q Simplicity® water purification system. For the
atorvastatin detection studies, real samples, purchased from local pharmacies, were used.

2.2. Electrochemical Measurements

All electrochemical determinations using cyclic voltammetry were conducted using
an EG&G potentiostat/galvanostat (Princeton Applied Research, Oak Ridge, TN, USA)
controlled by a Windows-operated computer with an ECHEM software, used for character-
izing the electrodes signals and for atorvastatin electroanalysis. A classical three-electrode
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system was employed. The working electrode is the carbon screen-printed electrode (SPCE)
or the one modified with carbon nanotubes and gold particles (AuNP-CNT/SPCE) from
Metrohm-Dropsens. The reference electrode was the silver/silver chloride electrode, and
the counter electrode was a platinum wire. The working electrode unmodified and modi-
fied with nanomaterials have a surface of 0.1256 cm2. The electrochemical measurements
are repeatable, the sensors could be used more than 100 measurements without losing their
sensitivity. All potentials indicated in this study refer to the Ag/AgCl reference electrode.

The electrochemical method employed in all experimental analyses was cyclic voltam-
metry. In this study, for the stabilization of the sensors’ electrochemical signal, 6 successive
cycles with a 0.1 V/s scan rate were recorded using cyclic voltammetry. After that, 2
successive cycles at the same scan rate were also recorded, and the second cycle was saved
and it is considered the stable signal of the sensor in the tested sample solution.

The FTIR spectra were obtained using a Bruker ALPHA FT-IR spectrometer (BrukerOp-
tik GmbH, Ettlingen, Germany) which uses the OPUS software (BrukekrOptik GmbH,
Ettlingen, Germany) within the 4000–500 cm−1 range (32 scans, resolution 4 cm−1) in the
attenuated total reflection (ATR) mode. Between measurements, the ATR ZnSe crystal was
cleaned with ultrapure water and isopropanol. The spectra were recorded towards the air
as background.

2.3. Analysis of Phramaceutical Samples

The sensors’ applicability was studied by atorvastatin detection analysis in PRF (i.e.,
medical prescription withheld in the pharmacy) pharmaceutical products (Sortis 20 mg,
Sortis 10 mg). Sortis is one of the medicaments known as statins, which act towards lipids
(fats) regulation in the body, being used for lowering the concentrations of cholesterol and
triglycerides in blood.

The stock solution of atorvastatin in the form of atorvastatin calcium was obtained
from pharmaceutical product Sortis. Sortis 20 mg is a filmed tablet whose core contains
atorvastatin calcium trihydrate, alongside other excipients, such as lactose monohydrate
(54.50 mg/cp) and benzoic acid (0.00008 mg/cp), calcium carbonate, microcrystalline
cellulose, sodium croscarmellose, polysorbate 80, hydroxypropyl cellulose, magnesium
stearate.

For the preparation of the stock solution, more tablets of pharmaceutical product were
triturated and dissolved in water. Prior to trituration, the coat on the tablet surface had
been removed by rinsing with double distilled water. After ultrasonication, the respective
mixture was filtered, and the effluent collected. Then, the water was evaporated, obtaining
a solid powder, which was further characterized using FTIR spectrometry. The FTIR
spectrum was similar to the one reported in the literature for atorvastatin calcium [23]. The
required quantity was dissolved in KCl solution of 0.1 M concentration, resulting a stock
solution of atorvastatin with 6 × 10−4 M concentration. The solution was ultrasonicated
using the Elma S10H Elmasonic device for dissolution and homogenization. The stock
solution obtained was appropriately diluted and then introduced into the electrochemical
cell and the three electrodes (working, reference and counter electrode) were connected.

In the validation studies tablets of Sortis 20 mg and Sortis 10 mg were used. The
pharmaceutical samples were analyzed in triplicate.

3. Results and Discussion

3.1. Study of the Electrochemical Behavior of Sensors in KCl Solution and Potassium
Ferrocyanide/KCl Solution

The purpose of the preliminary analyses was the evaluation of the electrochemical
behavior of two screen-printed sensors, the former, screen-printed carbon electrode (SPCE)
and the latter, based on carbon modified with carbon nanotubes and gold nanoparticles
(AuNP-CNT/SPCE).

During the first stage of analyses, an electrochemically inactive KCl 0.1 M was used
with a view to evaluate the active surface of the sensors. The potential range was optimized,
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and the stable signal was obtained in the range from −0.4 to +0.7 V. No peaks were
highlighted in the recorded cyclic voltammograms, which could have suggested a possible
contamination of the sensor surface. The sensors present low background currents, which
guarantees their suitability for further experiments.

In the next stage, the SPCE and AuNP-CNT/SPCE electrodes were immersed in a
solution with electrochemical activity, obtained from potassium ferrocyanide 10−3 M and
KCl 10−1 M, with a view to analyzing the electrochemical behavior of the sensors. The
cyclic voltammograms were recorded at a scan rate of 0.1 V/s, in the potential range
between −0.4 V and +0.7 V. This range was proven stable and optimal for potassium
ferrocyanide/KCl solution too, having been applied in other studies [27].

Figure 1 presents the cyclic voltammograms of the SPCE and AuNP-CNT/SPCE
sensors in potassium ferrocyanide 10−3 M-KCl 10−1 M solution recorded at a 0.1 V/s
scan rate.

  
(a) (b) 

Figure 1. Cyclic voltammograms of the SPCE (a) and AuNP-CNT/SPCE (b) electrodes in 10−3 M of
K4[Fe(CN)6] and 10−1 M KCl solution. Scan rate 0.1 V/s.

As seen in Figure 1, in both cases, the redox of the potassium ferrocyanide ion which
takes place at the sensor surface is obvious, being observed an anodic and a cathodic peak.

The parameters of interest obtained, and the ones calculated following the voltammet-
ric analysis are presented in Table 1.

Table 1. Electrochemical parameters obtained from cyclic voltammograms of the sensors immersed in K4[Fe(CN)6] 10−3 M-
KCl 10−1 M solution.

Sensor Epa (V) Epc (V) E1/2 (V) E (V) Ia (μA) Ic (μA) Ic/Ia

SPCE 0.334 0.118 0.226 0.216 25.95 −21.94 0.84
AuNP-CNT/SPCE 0.272 0.156 0.214 0.116 31.31 −28.02 0.89

Abbreviations: Epa—potential of the anodic peak; Epc—potential of the cathodic peak; Ia—current of the anodic peak; Ic—current of the
cathodic peak; E1/2—half wave potential, E = Epa − Epc.

In the case of AuNP-CNT/SPCE, the peaks are better defined, of higher intensity and
better reversibility (E and E1/2 have lower values). By assessing the values of the principal
parameters in the table, one can contend that the redox process of the ferrocyanide ion is
quasi-irreversible in both cases, and that the sensors present good sensitivity.

In order to calculate the active area of the sensors, the cyclic voltammograms have
been recorded in 10−3 M potassium ferrocyanide—10−1 M potassium chloride solution
at various scan rates between the 0.05 and 1.0 V/s. The results obtained in the case of
AuNP-CNT/SPCE are displayed in Figure 2.
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(a) (b) 

Figure 2. (a) Cyclic voltammograms of the AuNP-CNT/SPCE electrode in solution
10−3 M K4[Fe(CN)6] −10−1 M KCl at various scan rates (0.05–1.0 V/s) (b) Dependence Ipa vs. square
root of the scan rate.

After recording the cyclic voltammograms, one notes that the intensity of currents
corresponding to the redox process of potassium ferrocyanide increases with the scan rate.
By developing the linear regression between the intensity of the anodic current and scan
rate, respectively, square root of the scan rate, one can determine the stage determining the
rate of the oxidation process.

Figure 2b shows good linearity between Ipa and square root of the scan rate, with a
determination coefficient (R2) of 0.9985. This result demonstrates that the electrochemical
process at the level of the working electrode is controlled by the diffusion of the electroactive
species, which concords with the literature [28]. The same type of linearity was also
obtained by SPCE.

The active area of the electrodes was calculated by using the linear dependences
between Ipa and v1/2 and applying the Randles-Sevcik equation [27,29].

Ipa = 268, 600 × n3/2 × A × D1/2 × Cv1/2 (1)

where: Ipa = current of the anodic peak (A); n = number of electrons transferred in the redox pro-
cess; A = electrode area (cm 2); D = diffusion coefficient (cm2/s); C = concentration (mol/cm3);
v = scan rate (V/s).

The diffusion coefficient of the ferrocyanide ion is considered known: D = 7.26 × 10−6 cm2

× s−1 [27].
Table 2 presents the values obtained for the area of active surface and the roughness

factor of the two working electrodes.

Table 2. Geometric area, active surface area and roughness factor for SPCE and AuNP-CNT/SPCE.

Electrode Geometric Area (cm2) Active Area (cm2) Roughness Factor

SPCE
0.1256

0.2836 2.25
AuNP-CNT/SPCE 0.9842 7.84

AuNP-CNT/SPCE displays an active surface approximately 8 times larger than its
geometric area and approx. 4 times larger than the active surface of the SPCE. The high sen-
sitivity of the AuNP-CNT/SPCE modified sensor can be explained by the presence of the
carbon nanotubes and gold particles which, owing to their shape, size and structure, present
good electrical and mechanical properties, favoring the fast transfer of electrons [30,31],
necessary in the case of electrochemical sensors. In addition, the association of carbon nan-
otubes and gold nanoparticles results in good conductibility and electrocatalytic capacity,
thus increasing the sensor’s selectivity, sensitivity and reproducibility [32,33].
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3.2. Study of the Electrochemical Behavior of the Sensors in Atorvastatin Solition (Support
Electrolyte Solution KCl 10−1 M)

During the following stage, the response of the sensors in an atorvastatin solution of
3 × 10−5 M and KCl 10−1 M was analyzed. The purpose of the analysis is to investigate
the oxidation-reduction process of atorvastatin, using the sensors selected for this study.
Furthermore, using cyclic voltammetry the sensitivity and selectivity of the sensors for the
detection of atorvastatin were studied.

For stabilizing the sensors’ responses, 6 cycles in the potential range between −0.4 V
and +1.3 V were necessary. The results presented were obtained after the stabilization of
the voltammetric signal.

Figure 3 presents the cyclic voltammograms of the sensors in atorvastatin 3 × 10−5 M
solution (electrolyte KCl 10−1 M solution).

  

(a) (b) 

Figure 3. Cyclic voltammograms of the sensors: (a) SPCE and (b) AuNP-CNT/SPCE in atorvastatin
3 × 10−5 M solution. Scan rate 0.1 V/s.

Using both electrodes, one notes similar electrochemical behavior. The recorded cyclic
voltammograms highlight two anodic and one cathodic peaks. The second anodic peak
(Epa = 1.004 V, Ipa = 34.208 μA for SPCE and Epa = 1.004 V, Ipa = 51.82 μA for AuNP-
CNT/SPCE) is related to the oxidation process of atorvastatin. The oxidation process is
irreversible, as no cathodic peak associated to the oxidation of atorvastatin is observed.

In the initial phase of the oxidation process, atorvastatin loses one electron to form
a cationic radical, which, in the following stage, loses one proton and one electron, a
quaternary Schiff base being form. The resulting quaternary Schiff base suffers a rapid
hydrolysis, two compounds appearing: the 3,5-dihydroxi-7-oxo-heptanoic acid and the
fenylamide of acid 5-(4-Fluorophenyl)-2-isopropyl-4-phenyl-1H-pyrrole-3-carboxylic. This
mechanism has been suggested by many researchers [10,31,32]. The scheme of the oxidation
process of atorvastatin is presented in Figure 4.

Therefore, the electrochemical process entails the transfer of two electrons and two
protons concomitantly detected by the screen-printed sensors. This electrochemical behav-
ior of atorvastatin obtained with screen-printed sensors is similar to the one reported in the
literature [10,33].

It is noted that the anodic peak related to the oxidation of atorvastatin occurs at the
same potential (at a 0.1 V/s scan rate) for both sensors, but the intensity of current is higher
in the case of AuNP-CNT/SPCE. This difference is given by the modifications of the surface
of the screen-printed sensor. It is known that carbon nanotubes have good mechanical,
electrical and thermic properties [17] and their association with the gold nanoparticles
facilitates, in the case of atorvastatin oxidation, a well-defined electrochemical response,
with higher intensity and lower background current.
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Figure 4. Mechanism proposed for electrochemical oxidation of atorvastatin. Adapted from [34].

According to the literature, rosuvastatin, for example, shows a slight oxidation at a
different potential, usually with a higher value (+1.26 V) [35] (+1.39 V) [36], which is why,
in a simultaneous detection analysis, the signals would not interfere and the selectivity of
the sensor would prove to be optimal. More studies will be needed in this direction.

3.3. Influence of the Scan Rate on the Sensors’ Responses

This section presents the scan rate’s influence over the intensity and potential of the
anodic peak corresponding to atorvastatin oxidation, using, in turn, SPCE and AuNP-
CNT/SPCE. Scan rates varied within a range from 0.1 and 1.0 V/s, modifying the scan rate
gradually with 0.1 V/s at each recording.

Applying gradual increases of scan rates the determining stage of the electrochemical
process was achieved.

The intensity of the anodic peak increases, and the potential reaches higher values
with the increase of the scan rate (Figure 5). This behavior is explained by the irreversible
nature of the oxidation process, as confirmed by other studies [33]. The linear dependence
of the anodic current to the scan rate and to the scan rate square root was also evaluated in
order to determine whether the process is controlled by diffusion or adsorption.

Assessing the two linear dependences, one notes that the better linearity and a deter-
mination factor (R2) closer to 1 was obtained between the intensity of the anodic current
and scan rate, as evident from Figure 6. This trend was observed for both sensors.

The linear regression equations for the anodic current intensity versus scan rate were
as follows:

Ip(μA) = 132.16v(V/s) + 25.357, R2 = 0.9956 (for SPCE)

Ip(μA) = 239.24 v
(

V
s

)
+ 36.527, R2 = 0.995 (for AuNP − CNT/SPCE)

In addition, the equations for the anodic current intensity logarithm versus the scan
rate logarithm were also obtained:

log Ip(μA) = 0.6627 log v(V/s) + 2.1786, R2 = 0.9974 (for SPCE)
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log Ip(μA) = 0.7198 log v(V/s) + 2.4262, R2 = 0.9988 (for AuNP − CNT/SPCE)

  
(a) (b) 

Figure 5. Cyclic voltammograms recorded by (a) SPCE and (b) AuNP-CNT/SPCE in atorvastatin
3 × 10−5 M solution (electrolyte KCl 10−1 M solution) at scan rates ranging from 0.1 V/s to 1.0 V/s.
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Figure 6. Linear dependence of the anodic current dependent on scan rate for (a) SPCE and
(b) AuNP-CNT/SPCE.

The values of the slopes are close to the theoretical value (0.5) which corresponds to
an ideal reaction of the species in solution [34]. Consequently, the oxidation mechanism of
atorvastatin which takes place at the SPCE and AuNP-CNT/SPCE surface is an adsorption-
controlled process [13,35].

However, the graphic between the anodic peak logarithm and the square root of scan
rate logarithm shows a slope of 0.7589 and R2 = 0.9973 for SPCE, respectively, 0.6938 and
R2 = 0.9988 for AuNP-CNT/SPCE, also indicating the presence of a diffusion process.

log Ip(μA) = 0.7525 log v1/2 (V/s) + 1.64, R2 = 0.9973 (for SPCE)

log Ip(μA) = 0.6938 log v
1
2

(
V
s

)
+ 1.6834, R2 = 0.9988 (for AuNP − CNT/SPCE)

In order to investigate more thoroughly the atorvastatin electrochemical process which
takes places at the electrodes surface, 5 cycles were recorded by cyclic voltammetry. The
anodic peak current corresponding to atorvastatin displayed a significant decrease during
the successive recordings (the results are not presented) in the first and the second scanning
cycle, while the other three cycles remained almost unchanged, the signal being stable.
These results confirm that the process that takes place at the surface is adsorption-controlled,
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but the diffusion process also plays an important role. Such electrochemical behavior of
atorvastatin has also been reported in other studies [33].

In order to calculate the concentration of the electroactive species adsorbed on the
active surface of the electrode, Laviron equation was employed [37].

ip =
n2F2ГAv

4RT
(2)

where: Г—surface concentration of the electroactive species, mol × cm−2; ip—current
corresponding to the peak, A; A—electrode supraface, cm2; n—number of electrons trans-
ferred during the redox processes; F—Faraday constant, 96,485 C × mol−1; R—molar gas
constant, 8.314 J/mol K; T—absolute temperature, K; 298 K.

According to the atorvastatin oxidation process, the number of transferred electrons is
2 [10,33].

Table 3 displays the Г values obtained from Equation (2).

Table 3. Equation of the linear regression Ip vs. v, R2 and Г corresponding to the two sensors.

Electrode Equation R2 (mol × cm−2)

SPCE Ip = 1.32 × 10−4 v + 2.53 × 10−5 0.9956 1.11 × 10−11

AuNP-CNT/SPCE Ip = 2.39 × 10−4 v + 3.65 × 10−5 0.9950 4.94 × 10−10

The values obtained for the degree of covering the surface with electroactive species
conform with the values reported by other studies [33].

It can be asserted that AuNP-CNT/SPCE has superior electroanalytical properties
in comparison with SPCE at atorvastatin detection. The presence of carbon nanotubes
and gold nanoparticles ensures better conductibility and selectivity of the sensor in real
samples.

3.4. Calibration Curve and Detection Limit

In optimized experimental conditions, the SPCE and AuNP-CNT/SPCE electrodes
were used for the voltammetric determination of atorvastatin. A calibration curve was
developed to determine the sensor response linearity range towards concentrations and
to calculate the detection and quantification limit. The results are displayed in Figure 7.
For the calibration curve, an atorvastation stock solution was used (6 × 10−4 M), out of
which clearly defined volumes were added to the electrolyte solution of KCl 10−1 M. The
concentration range under focus was 1.2–606.25 μM. A good linearity was obtained in the
1.2–53.33 μM range for both sensors, as shown in Figure 7.

With the help of the linear calibration curve equation and standard deviation, the
values of detection limit (LOD = 3σ/m) and quantification (LOQ = 10σ/m) [38] were
calculated (Table 4)

Table 4. The equations of linear fitting Ipa vs. c, R2, LOD and LOQ values for the two sensors for atorvastatin detection.

Sensor Equation of the Linear Calibration Curve R2 LOD (μM) LOQ (μM)

SPCE Ipa = 0.0383 c + 2.2746 0.9716 6.75 × 10−7 2.25 × 10−6

AuNP-CNT/SPCE Ipa = 0.0252 c + 10.762 0.9892 1.92 × 10−7 6.39 × 10−7
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Figure 7. The linear fitting between Ipa and the atorvastatin concentration for (a) SPCE and
(b) AuNP-CNT/SPCE in the 1.2–606.25 μM concentration range. The inserted figures present the
linear dependence between Ipa and c for (a’) SPCE and (b’) AuNP-CNT/SPCE in the 1.2–53.33 μM
concentration range. Error bars are represented for a standard error of 5%.

SPCE/CNT-AuNP presents low LOD and LOQ values, which indicates high sensi-
tivity. Consequently, the voltammetric method is precise and feasible for qualitative and
quantitative atorvastatin determination. The values obtained are even below the ones
reported in the literature (Table 5), which proves that SPCE/CNT-AuNP has very good
electroanalytical performance for atorvastatin detection.

This study has emphasized the excellent electrochemical properties of the SPCE/CNT-
AuNP sensor, which are the result of the association of carbon nanotubes and gold nanopar-
ticles. These superior properties have been marked out through an extended area of active
surface and low detection limit and quantification values. Therefore, AuNP-CNT/SPCE
has been used for the determination of atorvastatin in real samples.
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Table 5. Sensitive materials, detection technique, linear range and LOD of some sensors used for the detection of atorvastatin.

Sensitive Materials Detection Technique Linear Range (μM) LOD (μM) Real Sample Ref.

PbTe NPs/SPE 1 cronAmp 1–70 0.05 Tablet urine [34]

GCE 2 DPV
1–50

0.2
Tablet [12]SWV 0–3

Fe3O4@PPy/MWCNTs/GE 3 SWASV 0.0314–201 0.0230 Tablet and human serum [38]

AgNWs/Au/GCE 4 CV
DPV 10 × 10−6–1 × 10−3 1 × 10−3 Tablet [14]

EPPGE 5 DPV
SWV

0.0960–5.60
0.0960–7.74

21.0
23.0 Tablet [13]

PPY/CNTs/GCE 6 LSV 0.005–1.0 0.0015 Tablet [39]

ZnO/NS/CPE 7 DPV
SWV

1.00–12.0
0.01–0.1

7 × 10−4

1.2 × 10−4 Tablet and urine [11]

PPY-GNs/GCE 8 DPV 20.0–200 1.20 Tablet [40]
VACNT-GO electrode 9 DPAdSV 0.09–3.81 9.4 × 10−3 Urine and human serum [41]

CPE in the presence of CTAB 10 DPV 0.05–10 4.08 × 10−3 Tablet and urine [42]
1 Lead telluride nanoparticles-modified graphite screen-printed electrodes; 2 glassy carbon electrode; 3 graphite electrode (GE) modified
with polypyrrole-coated Fe3O4 nanohybrid by core-shell structure (Fe3O4@PPy NPs) and multiwall carbon nanotubes (MWCNTs); 4 silver
nanowires/gold-modified glassy carbon electrode; 5 edge-plane pyrolytic graphite electrode; 6 Polypyrrole/Carbon nanotube/Glassy
carbon electrode; 7 zinc oxide nanoparticles and nano-silica carbon paste electrode; 8 polypyrrole functionalized graphene sheets/glassy
carbon electrode; 9 vertically aligned carbon nanotube/graphene oxide; 10 carbon paste electrode (CPE) in the presence of an enhancing
agent, cetyltrimethyl ammonium bromide (CTAB).

For this study, the real samples were pharmaceutical products in the form of tablets.
As can be seen in the Table 5, many authors have determined atorvastatin from various
types of biological samples. Biological samples involve several stages of pretreatment and
storage [43], involving higher costs and a longer time. Moreover, the detection from biologi-
cal samples implies the existence of interferences that can be difficult to control. Metabolites
of other compounds in urine or plasma may significantly impair or alter the sensor signal.
The future step of our research will be the detection of statins in biological samples.

3.5. Atorvastatin Determination in the Pharmaceutical Products

In the next experimental step, the aim is to demonstrate the sensitivity and accuracy
of the AuNP-CNT/SPCE sensor for the qualitative and quantitative determination of the
analyte of interest in a pharmaceutical products. For the determination of atorvastatin in the
pharmaceutical products, AuNP-CNT/SPCE was used, applying cyclic voltammetry. The
potential range was between −0.4 V and +1.3 and the scan rate was of 0.1 V/s. The cyclic
voltammogram points out the peak corresponding to the presence of atorvastatin in the
pharmaceutical products. Taking into consideration the anodic peak intensity, the quantity
of product analyzed and the linear calibration equation, the quantity of atorvastatin in the
pharmaceutical products were calculated.

The results obtained conform to the values reported by manufacturers, which demon-
strates the precision of the AuNP-CNT/SPCE sensor (Table 6).

Table 6. Atorvastatin concentrations in Sortis obtained by voltammetry and, respectively, by FTIR.

Product
Atorvastatin Quantity Reported

by the Manufacturer (mg/cp)
Atorvastatin Quantity Experimentally Determined

CV (mg/cp) method FTIR (mg/cp) method
Sortis 20 mg 20 20 ± 1 21 ± 2
Sortis 10 mg 10 10 ± 0.5 10.5 ± 0.5

The voltammetric method was validated using the FTIR spectrometric method. The
FTIR method presents a considerable potential in medicine quality control, as it is capable
of identifying the chemical structure and the identity of the active substance in various
samples. For this test, a solid standard of atorvastatin-KBr in 10 mg/g concentration
was prepared, and the linear calibration curve was determined based on the absorbers
of the peak at a wave length of 1316 cm−1, specific to the stretching vibration of the C-N
group [44].
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Figure 8 displays the FTIR spectrum of the sample obtained from the pharmaceutical
product Sortis 20 mg.

Figure 8. FTIR spectrum of Sortis 20 mg.

All samples were analyzed in triplicate. The results are outlined in Table 6.
It is noted that the values obtained are similar for both methods. In addition, the

atorvastatin concentrations obtained in this study correspond to the concentration reported
by manufacturer. These results demonstrate the accuracy and precision of the voltammetric
method, as well as the sensitivity and selectivity of the AuNP-CNT/SPCE sensor.

3.6. Recovery Test

The analytical recovery was determined using cyclic voltammetry, after the addition
of clearly determined quantities of pharmaceutical product solutions, more precisely,
3 × 10−6, 5 × 10−6 and 7 × 10−6 M.

Analytical recoveries ranged between 99.4 and 100.9% (Table 7) at approx. 1% RSD
(relative standard deviation). The values of the analytical recovery obtained are related to
the presence of some excipients, which may interfere with the electrochemical response.
The results obtained are positive, and the sensor may be used in pharmaceutical practice.

Table 7. Recovery test at atorvastatin detection.

Atorvastatin Concentration (×106 M) Atorvastatin Quantity (×106 M) Recovery (%) ± RSD (n = 5)

3 3.03 100.5 ± 0.9
5 4.97 99.4 ± 0.8
7 7.06 100.9 ± 0.9

4. Conclusions

This study has characterized the SPCE and AuNP-CNT/SPCE sensors with the pur-
pose of determining the atorvastatin in pharmaceutical products. AuNP-CNT/SPCE
displayed superior electrochemical behavior in comparison with SPCE as early as during
the preliminary experiments. With a wider active surface area, AuNP-CNT/SPCE has
recorded more intense and better defined peaks in the atorvastatin solution, the process
being mainly controlled by the adsorption of the species at the electrode surface. For
the quantification of atorvastatin, a calibration curve was determined and the calculated
LOD and LOQ values proved higher sensitivity for AuNP-CNT/SPCE. In the quantitative
analysis, the atorvastatin concentrations obtained with AuNP-CNT/SPCE are very close
to the ones obtained by spectrometry, and also to the values reported by manufacturer. It
can be thus concluded that the method employed is simple, versatile, precise and entails
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low costs. In addition, AuNP-CNT/SPCE is suitable for the screening analysis of complex
samples that contain atorvastatin.

The present study could be a first step towards the development of a sensitive, portable,
single-use device for the detection of atorvastatin in biological samples. Such a device
could be used at home or in the hospital for the benefit of the patient. By monitoring
the level of atorvastatin in the blood, the dose administered daily can be adjusted, and
thus, liver function would be protected. Furthermore, further research could address the
simultaneous detection of several statins (rosuvastatin or simvastatin), results that could
make important contributions to drug control.
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Abstract: This study describes the development of a new sensor with applicability in the determina-
tion and quantification of yjr essential amino acid (AA) L-tryptophan (L-TRP) from pharmaceutical
products. The proposed sensor is based on a carbon screen-printed electrode (SPCE) modified with
the conductor polymer polypyrrole (PPy) doped with potassium hexacyanoferrate (II) (FeCN). For
the modification of the SPCE with the PPy doped with FeCN, the chronoamperometry (CA) method
was used. For the study of the electrochemical behavior and the sensitive properties of the sensor
when detecting L-TRP, the cyclic voltammetry (CV) method was used. This developed electrode has
shown a high sensibility, a low detection limit (LOD) of up to 1.05 × 10−7 M, a quantification limit
(LOQ) equal to 3.51 × 10−7 M and a wide linearity range between 3.3 × 10−7 M and 1.06 × 10−5 M.
The analytical performances of the device were studied for the detection of AA L-TRP from phar-
maceutical products, obtaining excellent results. The validation of the electroanalytical method was
performed by using the standard method with good results.

Keywords: L-tryptophan; polypyrrole; sensor; amino acid; cyclic voltammetry; chronoamperometry

1. Introduction

Tryptophan (TRP), with the molecular formula C11H11N2O2, is a well-known sub-
stance, being part of the essential AA category that cannot be produced naturally by the
human body [1]. This chemical compound is hardly found in its natural form, which
makes it expensive. TRP is the precursor of the neurotransmitter serotonin, the neurohor-
mone melatonin and niacin (or the PP vitamin) [2]. TRP works as a chemical precursor
for 5-hydroxytryptophan (5-HTP), as well as a coenzyme for the nicotinamide adenine
dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate (NADP) [3]. In
Figure 1, the pathway for the biosynthesis of TRP is presented.

Being a chiral molecule, TRP is found under two isomers—a natural form (L-TRP) and
a synthetic one (D-TRP)—with both forms being almost identical in their physical-chemical
properties, a fact which leads to difficulties in distinguishing them [2,4]. In the literature,
there are multiple methods explained on how to identify enantiomers [5–7]. The chemical
structures of the two enantiomers can be seen in Figure 2.

TRP is most frequently found in food, such as chicken and turkey meat, peanut tofu,
sesame seeds, eggs, sunflower seeds, pumpkin seeds, soy and chocolate, as well as in dairy
products and pharmaceutical products available on the market with different concentra-
tions of TRP [8]. The recommended dose of TRP by the World Health Organization is
4 mg/kg/day [9]. In the case of improper metabolism of TRP, hallucinations and disap-
pointment can take place, which is why a deficiency or an excess of L-TRP could lead to
problems that could affect the nervous system’s health [10]. Additionally, phytoproducts
or nutraceuticals containing TRP can be administered in the case of depression caused
by the new coronavirus (SARS-CoV-2) [11]. For these reasons, L-TRP was selected to be
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detected as fast as possible from pharmaceutics by a new device: a compound which
contributes to preventing neuropsychiatric disorders led by the lack of AA, such as depres-
sion [12], anxiety [13], insomnia [14], attention deficit hyperactivity disorder (ADHD) [15],
the premenstrual syndrome [16] and Parkinson’s disease [17].

Figure 1. The pathway for the synthesis of TRP (adapted from [3]).

 

Figure 2. The chemical structure of the two enantiomers. (adapted from [5]).

The physicochemical properties of TRP are very important, being important features
for accurate detection. Over time, a variety of methods for the detection of L-TRP and its
derivatives were tested, as can be seen in Table 1.

Table 1. Physicochemical methods used for L-TRP detection.

The Detection Method Reference

Chromatography [18]
Spectroscopy [19–22]
Colorimetry [23]
High-performance liquid chromatography (HPLC) [19,21,24,25]
Capillary electrophoresis [26]
Chemiluminescence [27]
Atomic force spectroscopy [28]

These methods proved to be expensive and required time to obtain the results, facts
that led to more versatile methods that were based on electroanalysis using sensors [29] and
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biosensors for the much more simple, sensible and selective detection of TRP from pharma-
ceutical, biological and food products, using electrochemical detection methods such as
CV [30,31], differential pulse voltammetry (DPV) [20,30] and square wave voltammetry
(SWV) [9,32].

The main sensors developed over the years, used for the determination of the L-
TRP quantity, sensitive materials and electroanalytical performance characteristics, are
presented in Table 2.

Table 2. The sensitive material, the detection limit and the linear range of the main sensors for the determination of L-TRP
through electrochemical methods.

Electrode Materials
The Detection

Technique
The Detection Limit The Linear Range Reference

Cu2O-ERGO/GCE (nanocomposite of
cuprous oxide and electrochemically
reduced graphene oxide)

CV 1, SWV 2 0.01 × 10−6 M 0.02–20 × 10−6 M [9]

Nafion-MIP-MWCNTs@IL/GCE
(molecularly imprinted copolymer of
dual functional monomers and ionic
liquid (1-butyl-3-methylimidazolium
hexafluorophosphate) functionalized
multi-walled carbon nanotubes)

LSV 3, DPV 4 6 × 10−9 M 8 × 10−9–26 × 10−6 M [33]

PVP-GR/GCE (glassy carbon
electrode modified with
polyvinylpyrrolidonefunctionalized
graphene/glassy carbon electrode)

CV 0.01 × 10−6 M 0.06–10.0 × 10−6 M and
10.0–100.0 × 10−6 M

[34]

GR/PEDOT:PSS/GCE (glassy carbon
electrode modifed with exfoliated
graphene and poly
(3,4-ethylenedioxythiophene): poly
(styrene sulfonate)

CV 0.015 × 10−6 M 0.1–100 × 10−6 M and
100–1000 × 10−6 M

[35]

PPy/FeCN/SPCE CV, CA 5 1.05 × 10−7 M 3.3 × 10−7 M–
1.06 × 10−5 M

This work

1 Cyclic voltammetry. 2 Square wave voltammetry. 3 Linear sweep voltammetry. 4 Differential pulse voltammetry. 5 Chronoamperometry.

In addition, the novel sensor developed in this study is presented in Table 2, developed
using a conducting polymer doped with an electroactive compound (PPy and ferrocyanide).
The device obtained a lower detection limit and a wider linearity range compared with the
other sensors, proving more sensitive L-TRP detection.

The selected polymer for the modification of the sensor was the PPy so that this
might present a series of characteristics and advantages that led to higher performance of
the sensor, including improved stability and sensibility and high electrical conductivity,
malleability and biocompatibility [36]. The doping of PPy by electropolymerization with
the help of CA is the usual electrochemical synthesis method, used in improving properties
such as stability, conductivity, fast electron transfers and permeability so that this type of
sensor could be applied in multiple fields, such as chemistry, pharmaceutics, medicine, the
food industry and biology [37,38]. In the literature, for the synthesis of PPy and its doping,
certain electrochemical methods were used often, namely CA, CV and chronopotentiometry
(CP) [37]. The doping agent of PPy selected for this study was FeCN, which offered to the
sensor good sensitivity, reproducibility and stability.

The analytical performances of the sensor developed in this study were evaluated in
model solutions and in solutions obtained through pharmaceutical products with distinct
concentrations of L-TRP from different manufacturers, followed by validation with the
standard method based on Fourier-transform infrared (FT-IR) spectroscopy.
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2. Materials and Methods

2.1. Reagents and Solutions

L-TRP (≥98%), potassium chloride (≥99.0%), potassium hexacyanoferrate (II) trihydrate
(≥99.5%) and pyrrole (98%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

All reagents were of analytical grade, and all of the solutions within this study were
prepared in ultrapure water (18.3 MΩ × cm, Milli—Q Simplicity® Water Purification
System from Millipore Corporation) (Bedford, MA, USA).

Potassium chloride (KCI) was used as an electrolyte support, the concentration being
somewhere around 0.1 M in all of the analyzed solutions.

In order to validate the obtained results with the modified sensor, two pharmaceu-
tical products that contained L-TRP—Sleep Optimizer SOLARAY (150 mg tryptophan)
and Cebrium NEUROPHARMA (1.02 mg tryptophan)—were used. The preparation
of the solutions was realized every day, and only freshly solutions were used in the
electrochemical determinations.

2.2. Instrumentation

For the modification and characterization of the sensors, two potentiostats were used: a
model 263A EG&G potentiostat/galvanostat (Princeton Applied Research, Oak Ridge, TN,
USA) controlled by ECHEM software and a Biologic SP 150 potentiostat/galvanostat (Bio-
Logic Science Instruments SAS, Seyssinet-Pariset, France) controlled by EC—Lab Express
software. The first potentiostat was used for modification of the electrodes with PPy
(polypyrrole) through the CA (chronoamperometry) method, and the second potentiostat
was used for obtaining the electrochemical responses of the sensors using the CV (cyclic
voltammetry) method.

The analysis of the obtained data from chronoamperograms and voltammograms was
carried out using Origin (version 6.0) and Microsoft Office Excel (version 2007) software.

The electrochemical cell used had a capacity of 15 mL, and the electrode system was
formed from the reference electrode and the counter electrode integrated into the sensor
device (counter electrode: carbon; reference electrode: Ag/AgCl). The working electrode
was the modified electrode with PPy. For modification, an SPCE (DRP-C110 working in a
solution) was used, which was purchased from Dropsens (www.dropsens.com, accessed
on 20 May 2021).

For the TRP study, the FT-IR method was used with the Bruker ALPHA FT-IR spec-
trophotometer (BrukerOptik GmbH, Ettlingen, Germany), controlled by OPUS software
(BrukerOptik GmbH, Ettlingen, Germany). An Elmasonic S10H ultrasonic bath was used
for the dissolution of the compounds and the homogenization of the solutions. In addition,
analytical balance, volumetric flasks, pipettes and micropipettes were used for weighting
the solid samples and for the preparation of the solutions.

2.3. Preparation of PPy/FeCN/SPCE

For the deposition of PPy on the SPCE, a solution of 0.1 M pyrrole and 0.1 M FeCN
was prepared. Then, 15 mL of the solution was introduced in the electrochemical cell, and
in the solution, the DRP-C110 electrode was immersed, making connections to the EG&G
potentiostat. The deposition of the PPy thin film in the presence of the doping agent was
realized with the help of the CA method, employing the following working parameters: a
potential of 0.8 V and a deposition time of 90 s. The obtained chronoamperograms related
to the electropolymerization processes are presented in Figure 3 in two forms: the current’s
dependence on the time (Figure 3A) and the dependence of the electric charge on the time
(Figure 3B). These chronoamperograms were recorded for three different sensors developed
in the same experimental conditions.
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Figure 3. (A) Dependence of current (I) versus time (t) of curves registered in the electrosynthesis
process of PPy /FeCN films at 0.8 V for 90 s. (B) Charge (Q) versus time (t) when PPy underwent
electrosynthesis in the presence of FeCN for three replicate sensors.

The chronoamperograms presented in Figure 3A,B were compared for the purpose of
determination of the reproducibility of electropolymerization. There were small differences,
with a coefficient of variation of 2.9% between the chronoamperograms of the sensors
prepared in the same conditions.

Additionally, from the chronoamperograms recorded during electropolymerization,
the thickness of the PPy layer deposited on the surface of the carbon electrode was de-
termined with the help of the ratio between the product of the oxidation load (Q), the
molecular mass of the monomer (M = 67.0892 g/mol), the product of the number of elec-
trons (n) involved with the Faraday constant (F = 96,485.33 C/mol), the active surface of the
sensor (A) and the polymer’s density (ρPPy = 1.5 g/cm3) using the following equation [39]:

d = QMw/nFAρ (1)

The value of d obtained for the PPy/FeCN sensor was of 0.203 μm, which demonstrates
that the electrodeposition was facilitated in the presence of the doping agent FeCN, and
the thickness of this film was optimal for the detection of L-TRP.

2.4. Samples Tested

Two pharmaceutical products that one can get without a medical prescription were tested
with the PPy/FeCN sensor. Each one of them had different contents of the AA of L-TRP,
and they came from different manufacturers, such as Cebrium (EVER NEURO PHARMA)
(1.02 mg L-tryptophan per capsule) and Sleep Optimizer (SECOM) (150 mg L-tryptophan per
capsule). Cebrium is a product that contains the following AAs besides L-TRP: glu-
tamic acid, leucine, lysine, aspartic acid, arginine, phenylalanine, serine, threonine, valine,
isoleucine, tyrosine, histidine and methionine.

Using the contents of the capsules mentioned earlier, they were prepared for different
solutions with the purpose of analyzing three different concentrations for every sample,
dissolved in 0.1 M KCl. The electrochemical analysis of the products was realized with the
help of the CV method at a potential range between −1.0 V and +0.5 V at a scanning rate
of 0.1 V × s−1.

The standard FT-IR method was used for validating the obtained results of the electro-
analytical method developed in this study. The IR spectra obtained for the two pharma-
ceutics with the Bruker ALPHA (BrukerOptik GmbH, Ettlingen, Germany) spectropho-
tometer ranged between 4000 and 500 cm−1. The resolution of the recorded spectra was
4 cm−1 within 32 scans. The ZnSe crystals of this spectrophotometer were cleaned with
ultra-pure water and isopropanol before adding the samples to be analyzed, eliminating
possible impurities.

113



Inventions 2021, 6, 56

3. Results and Discussions

The sensor’s analysis was performed with a Biologic SP 150 potentiostat/galvanostat
by the CV electrochemical method in the potential range between −1.0 V and +0.5 V.

3.1. The Electrochemical Behavior of the Unmodified DRP-110 Electrode in 0.1 M KCl–10−3 M
L-TRP Solution

In order to prove the device’s efficiency developed in this study, few preliminary
analyses were carried out. Before the modification, the SPCE was immersed in a solution
of 0.1 M KCl–10−3 M L-TRP, and the cyclic voltamogram was recorded, comparing the
results obtained from the unmodified sensor and the results from the modified sensor with
PPy/FeCN. Using the electrochemical parameters mentioned above, the voltamogram
obtained with the unmodified sensor at a scan rate of 0.1 V × s−1 is presented in Figure 4.

 

Figure 4. The electrochemical behavior of the unmodified sensor in a double solution of 0.1 M KCl
and 10−3 M L-TRP at a scan rate of 0.1 V × s−1.

It can be seen that the unmodified electrode did not show peaks in the studied potential
range, and the background current was reduced. Therefore, the electrode’s modification
was necessary for L-TRP detection.

3.2. The Electrochemical Response of the Modified Electrode with PPy/FeCN in a 0.1 M KCl
Solution and in a 0.1 M KCl–10−3 M L-TRP Double Solution

After the modification with PPy/FeCN, the electrochemical behavior of the sensor
was initially analyzed in a 0.1 M KCl solution to observe the redox processes of PPy and
the ferrocyanide ion included in the polymer matrix. In order to stabilize the sensor’s
signal in the electrolyte solution, six consecutive cycles were recorded. After this stage,
the signal became stable. Using the same electrochemical parameters and going through
the same stages with a scan rate of 0.1 V × s−1 and a potential range between −1.0 V
and +0.5 V, the PPy/FeCN/SPCE sensor was analyzed in a double solution of 0.1 M KCl
and 10−3 M L-TRP, where it was observed that the potentials and currents of the peaks,
as well as their forms, were influenced by the presence of AA L-TRP through shifting the
potentials of the peaks, increasing their currents, especially in the case of cathodic peaks.
Figure 5 shows the stable signal of the modified sensor immersed in 0.1 M KCl overlayed
with the stable signal of PPy/FeCN/SPCE immersed in a double solution of 0.1 M KCl and
10−3 M L-TRP.

Both in the first solution and in the second solution, we can see two pairs of peaks;
the first pair (I) corresponded to the redox processes of the PPy polymer, and the second
pair of peaks (II) was due to the redox processes of the doping ion immobilized in the
polymer matrix (FeCN) [40]. The important difference between the two voltammograms
was represented by the presence of AA L-TRP in the second solution, in which the electrode
was immersed in the 10−3 M L-TRP solution, having as an electrolyte support 0.1 M KCl.
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This difference can be seen in Table 3, which includes the potentials and peak currents for
both redox systems obtained from the cyclic voltammograms recorded with the PPy/FeCN
sensor in the two analyzed solutions.

 

Figure 5. Electrochemical response of PPy/FeCN sensor immersed in a 0.1 M KCl solution (black
line) and in a double solution 0.1 M KCl–10−3 M L-TRP (red line) at 0.1 V × s−1.

Table 3. The potentials and currents of the peaks of PPy-modified sensors and immersed in a 0.1 M KCl solution and in a
double solution 0.1 M KCl–10−3 M L-TRP at scan rate of 0.1 V × s−1.

Sensor Solution

Electrochemical Parameters

Epa
1

(V)
Epc

2

(V)
ΔE 3

(V)
Ipa

4

(μA)
Ipc

5

(μA)
Ipc/Ipa

PPy/FeCN/SPCE 0.1 M KCl
Redox system I −0.27 −0.74 −1.01 6.76 −28.33 4.19
Redox system II 0.16 0.03 0.13 7.07 −4.94 0.69

PPy/FeCN/SPCE 0.1 M KCl–
10−3 M L-TRP

Redox system I −0.31 −0.78 0.47 6.81 −31.24 4.58
Redox system II 0.22 0.06 0.16 9.33 −7.70 0.82

1 Potential of the anodic peak. 2 Potential of the cathodic peak. 3 ΔE = Epa − Epc. 4 Current of the anodic peak. 5 Current of the
cathodic peak.

It was proven by the obtained results that the PPy/FeCN/SPCE sensor could be useful
for the detection of L-TRP, similar to reports from other scientific works, with the mention
that some characteristics of the electrode (such as the electrode’s surface and the modifier
material) and some electrochemical parameters (the potential field and the scan rate) were
not the same.

The TRP showed redox activity, being oxidized to 2-amino-3- (5-oxo-3,5-dihydro-2H-
indol-3-yl) propionic acid, with two protons and two electrons involved in the oxidation
reaction [41]. The mechanism of the oxidation reaction is illustrated in Figure 6.

 

Figure 6. Process of the electrochemical oxidation of L-TRP (adapted from [35]).
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3.3. The Influence of the Scan Rate on the Sensor Responses Immersed in a 0.1 M KCl and 10−3 M
L-TRP Solution

The proposed sensor for L-TRP detection was immersed in the double solution of
10−3 M L-TRP and 0.1 M KCl, recording cyclic voltammograms at 10 different scan rates,
and the results are shown in Figure 7A. The scan rates varied between 0.1 and 1.0 V × s−1.
Playing an important role for the electrochemical measurements, the scan rate influenced
the redox processes. In the case of the intensity of the cathodic peak for the PPy/FeCN
electrode, a linear dependence with the scan rate was observed. That way, the determining
factor of rate could be established. From the linear relationship between the intensity of
the cathodic peak and the scan rate (Figure 7B), it was concluded that the redox process
from the level of the sensitive element was controled by the electron transfer from the
electrochemical reaction. The linear fitting equation was Ipc = 0.87268 × v – 20.486, and
the coefficient of determination (R2) was 0.9901, showing good quality for the linear
regression model.

 

Figure 7. (A) CVs of PPy/FeCN/SPCE sensor immersed in a 0.1 M KCl and 10−3 M L-TRP solution at scan rates between
0.1 and 1.0 V × s−1. (B) The plot of the linear dependence between Ipc and the scan rate.

Laviron’s equation, Ipc = n2 F2 Γ Av/4 RT (where n is the number of transfered
electrons, F is Faraday’s constant (F = 96 485 C mol−1), A is the covered surface expressed in
mol × cm−2, v is the scan rate, R is the universal gas constant (R = 8.314 J mol−1 K−1) and T
is the absolute temperature (T = 298 K)), allowing the calculation of the degree of coverage
on the electrode surface with active centers (Γ), that being 1.76 × 10−10 mol × cm−2,
considering the linear equation between the scan rate and the current of the most intense
cathodic peak. This value was close to the results reported in the literature [42].

In conclusion, the modified elctrode with PPy/FeCN demonstrated a high sensitivity
for L-TRP from the solution to be analyzed, the peaks being more intense with the increasing
scan rate.

3.4. Influence of the Concentration on Responses of the Sensor Immersed in a 0.1 M KCl and 10−3

M L-TRP Solution: Calibration Curve

The concentration of the analyzed solution proved to be important for the electrochem-
ical responses of the PPy/FeCN sensor, used in the present study solutions with different
concentrations of L-TRP dissolved in a solution of 0.1 M KCl. The concentration range
studied was between 3.33 × 10−7 M and 2.72 × 10−5 M, recording the cyclic voltamograms
presented in Figure 8A with a scan rate of 0.1 V × s−1 and in the potential range between
−1.0 V and +0.5 V. Figure 8B presents the most intense cathodic peak currents as a function
of the L-TRP concentration. The calibration curve was obtained from the dependence of
the cathodic current on the concentration (Figure 8C). The linearity range (Figure 8D) was
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observed to be between 3.3 × 10−7 M and 1.06 × 10−5 M, and the calibration equation and
the calculated values of the LOD and LOQ are reported in Table 4.

 

Figure 8. (A) Cyclic voltammograms of the PPy/FeCN sensor immersed in a double solution of 0.1 M KCl and 10−3 M
L-TRP at different concentrations between 3.33 × 10−7 M and 2.72 × 10−5 M. (B) Zoomed in image on the catodic peak
for which the calibration curve was developed. (C) Variation of the current of cathodic peak I with the TRP concentration.
(D) Calibration curve in the range between 3.3 × 10−7 M and 1.06 × 10−5 M.

Table 4. LOD and LOQ obtained with the PPy/FeCN sensor detecting L-TRP.

Sensor LOD 1 (M) LOQ 2 (M)

PPy/FeCN-SPCE 1.05 × 10−7 3.51 × 10−7

1 Limit of detection. 2 Limit of quantification.

The LOD and LOQ were calculated using the slope of the calibration equation and the
standard deviation of the sensor response in a blank solution [38].

The detection limit obtained with the PPy/FeCN sensor was lower than the sensor’s
LODs presented in Table 2, making it possible to be used for the sensitive detection of
L-TRP from pharmaceutical samples.

3.5. Method Precision, Stability and Reproducibility

Precision studies performed for the Ppy/FeCN sensor were performed both interday
and intraday, based on solutions with L-TRP contents alongside the concentration of
5 × 10−6 M. The interday precision was evaluated on 4 distinct days, and the intraday
precision was analyzed in 3 different moments of the day at an interval of 2 h. The relative
standard deviation (RSD (%)) presented the following values: 4.2% interday and 3.8%
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intraday. The good stability of the Ppy/FeCN sensor, both in the short and long term,
was demonstrated by the CV method. In the short term, there were 30 consecutive scans
recorded with the sensor developed in a double solution of 5 × 10−5 M L-TRP–0.1 M KCl,
keeping the intensity of the peaks at 97.8% compared with the initial response. In the long
term, there 96% stability out of the initial response was obtained after 5 days, with the RSD
representing a value of 95%.

In addition, the sensor’s reproductibility was created in a double solution of 5 × 10−5 M
L-TRP–0.1 M KCl, preparing three different sensors. The RSD value for the cathodic peak
observed in all 3 cases was 3.1%.

3.6. Validation of the Modified Sensor by Quantitative Determination of L-TRP in
Pharmaceutical Samples

A series of existing products of the pharmaceutical market contains the active com-
pound L-TRP, which is the subject of the present study. Of these, Cebrium and Sleep
Optimizer were tested for sensor validation using the FT-IR method, as well as comparing
the electroanalytical results with those indicated by the manufacturers. The two pharma-
ceutical products have different compositions, different concentrations of L-TRP and come
from different manufacturers (Cebrium: 1.02 mg L-TRP per capsule, Ever Neuro Pharma;
Sleep Optimizer: 150 mg L-TRP per capsule, Solaray).

The L-TRP from the two products was quantified through two methods—CV and FT-
IR—where CV was the method developed in this study, and FT-IR was the standard method.

Figure 9 presents the responses of the sensor immersed in solutions of L-TRP obtained
from the analyzed pharmaceutical products. The estimated concentration of L-TRP in the
solutions was 5 × 10−6 M. It was observed that the signals were in solutions made out of
pharmaceutical products, which were influenced by the presence of other substances, espe-
cially in the anodic part of the cyclic voltamogram. L-TRP quantification was performed
from the cathodic peak current using the calibration linear equation of I vs. c.

 

Figure 9. Voltammetric responses of the PPy/FeCN sensor in solutions of (A) Cebrium (EVER
NEURO PHARMA) and (B) Sleep Optimizer (SOLARAY).

For the TRP quantification using the FT-IR method, we used the two solid standards
formed of pure TRP and KBr of 1 mg/g and 150 mg/g concentrations, respectively, similar
values with those of pharmaceutical products. The absorbance of the 1650 cm−1 peak
characteristic of the vibration of the N-H group (bending) was used for quantification [43].
The results are presented in Table 5.
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Table 5. Quantitative determination of L-TRP in pharmaceutical products.

Pharmaceutical
Product

L-TRP Concentration
Reported by Producer (mg)

Concentration of L-TRP

Method CV
(1/mg)

Method FT-IR
(2/mg)

Cebrium EVER
NEURO PHARMA 1.02 mg 1.04 ± 0.05 1.06 ± 0.06

Sleep Optimizer
SOLARAY 150 mg 150 ± 3 150 ± 4

1 Cyclic voltammetry. 2 Fourier-transform infrared spectroscopy.

It was observed that the differences between the three sets of values were very small,
demonstrating that the quantification method of L-TRP from pharmaceutical products with
the sensor had a very good accuracy and could be used in laboratory practice.

4. Conclusions

The CA method proved to be efficient for the PPy doped with FeCN deposition
through electropolymerization on an SPCE’s surface. The developed sensor in this study,
PPy/FeCN/SPCE, presents utility in detecting L-TRP both from model solutions and
from pharmaceutical products, showing excellent electroanalytical results, with higher
sensibility, precision and good stability. The fast response, low cost and the variety of
the fields in which this new device could be applied for the L-TRP, namely the medicine,
pharmaceutical, chemistry and food industries, are important advantages for placement in
the commercial market, contributing to the control of pharmaceutical products, monitoring
some effects caused by an L-TRP deficiency or excess and food quality control.
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Abstract: When an optimal control problem requires an important computational effort, a metaheuris-
tic algorithm (MA) can be a useful approach. An MA is conceived to solve a specific optimal control
problem having a characteristic objective function. This algorithm solely yields only an optimal
offline solution. The desideratum to have a closed-loop implementation can be fulfilled through
a supplementary “tool”, the Receding Horizon Control (RHC) structure. This paper addresses a
particular case and integrates Evolutionary Algorithms into the RHC structure. The main objective is
to propose a general harmonization between the Controller of the closed loop and the Evolutionary
Algorithm. Some details concerning the implementation of the closed loop and Controller are de-
scribed. The impact of the RHC’s prediction technique upon the control sequences’ encoding is also
analyzed. Two general structure Controllers are proposed, one of them conceived to cope with re-
strictive time constraints. Practical ideas have been illustrated through a case study: the well-known
optimal control of a fed-batch reactor for ethanol production. This time, our implementation achieves
a closed-loop solution. The results from the programs and simulation series validate the Controllers,
EAs, and the closed-loop structure. Generally speaking, the association between RHC and EA can be
a realistic solution to optimal process control.

Keywords: optimal control; metaheuristic algorithms; evolutionary algorithms; simulation

1. Introduction

Optimal control of a dynamic system is a usual task in process engineering. If the
process has mathematical properties sufficient to apply theoretical control laws, this task
can sometimes be achieved without significant computational complexity. Other times
the computational effort is important, or we do not dispose of known control techniques.
In this case, metaheuristic algorithms integrated within appropriate control structures
constitute a realistic solution. This kind of algorithms (see [1–3]) have been used intensively
in control engineering (see [4–7]) because of their robustness and capacity to cope with big
complexity problems.

A metaheuristic algorithm (MA), like simulated annealing, genetic algorithm, evo-
lutionary algorithm (AE), ant colony systems, particle swarm optimization, etc., is not
by itself prepared to achieve a closed-loop control structure. That is why it needs to be
integrated into a structure like Receding Horizon Control (RHC) (see [8–10]) or Model
Predictive Control ([11,12]). Both structures use prediction techniques that could involve
MAs because prediction is usually optimization.

This work has rather practical relevance because it is first addressed to a practicing
professional engineer who wants to implement an optimal control structure using an
Evolutionary Algorithm (see [11,13–15]). More precisely, there are several requests and
given data that define our work:

Inventions 2021, 6, 53. https://doi.org/10.3390/inventions6030053 https://www.mdpi.com/journal/inventions123
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• A real process has to be controlled over a given control horizon;
• We dispose of a process model (usually nonlinear), usually a set of all algebraic and

differential constraints imposed by the dynamic environment;
• A closed-loop control structure has to solve an Optimal Control Problem (OCP). Its

Controller should optimize an objective function and meet some constraints over
the control horizon. The objective function contains a terminal penalty term, which
renders the prediction of the optimal control sequence a complex task;

• A basic version of the EA can find the optimal value of the objective function over the
control horizon.

The RHC structure is a general and simple control structure involving a prediction
technique that can fit with an evolutionary algorithm. For this reason, the solution proposed
by this paper is based on the RHC structure whose Controller makes optimal predictions
using an EA. The implementation aspects emphasized in our presentation mainly refer to
two topics:

• The harmonization between the prediction RHC structure technique and the EA;
• The implementation of a Controller based on an EA with an acceptable computa-

tional complexity.

Section 2 briefly presents the elements that define an OCP and introduces the notations
used in the next sections.

After recalling the RHC structure, Section 3 proposes the first version of the Controller.
This is organized as a function and includes the slightly modified basic version of the EA.
At each sampling moment, the EA is executed to determine the optimal control sequence
covering the prediction horizon. The Controller takes the first value of this sequence and
makes it its current control output. After that, this value is applied to the process. At each
call, the prediction horizon decreases and keeps the final moment of the control horizon
(see for comparison [9–11]).

In this work, we propose two versions of the Controller. The EA calls for a numerical
integration function using a discretization step equal to the closed-loop sampling period.
Consequently, the encoding of a control sequence uses a number of genes proportional
to the prediction horizon’s length. The greater computation effort of the Controller is
sustained in the first sampling period when the prediction horizon is the largest. Using
simulations, the implementer has to decide whether the Controller’s execution time is less
than the sampling period; that is, the Controller can be implemented.

The second version of the Controller, proposed in Section 4, improves the computa-
tional complexity such that the execution time would be lower than a sampling period.
Regardless of the prediction horizon’s length, the discretization steps’ number is constant.
In other words, the encoding of a control sequence always uses the same number of genes.
If the increase of the discretization steps does not significantly affect the computation
accuracy, this version can improve the computational complexity and assure the feasibility
of the Controller.

Section 5 presents a case study concerning a particular OCP and the controller im-
plementation using an adequate EA. The performance index is a terminal penalty. The
main objective is to show how a peculiar OCP can be solved and implemented using such
a controller. Notice that we do not aim to solve a particular OCP and compare our solution
with other approaches but, rather, highlight some implementation aspects. The resulting
RHC structure will be simulated to validate the quasi-optimal behaviour of the closed loop.

The addressed problem deals with the optimal control of a fed-batch reactor for ethanol
production (OCEP). First of all, an EA is chosen to solve this problem and yield an open-loop
solution. Section 5.1 describes an evolutionary algorithm (EAv0) that solves the OCEP
problem. Although EAv0 does not refer to a closed-loop implementation, it will prove
its capacity to solve the open-loop problem. It also allows us to assess the computational
complexity. A simulation series is conducted to evaluate the performances of a typical
solution and its state evolution.
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The implementation of the Receding Horizon Controller for the OCEP problem is
presented in Section 5.2. EAv0 is slightly modified to obtain EAv1, which is a constituent of
the Controller. The control sequence is encoded by a vector of real values whose dimension
is proportional to the prediction horizon’s length. The closed-loop evolution (Controller’s
outputs and the process’ states) is simulated, considering the real process, which is identical
to the process model. The computation complexity is evaluated on the overall control
horizon, using simplifying hypothesis.

A Controller’s second version—used to solve the OCEP problem—which can improve
the computation complexity, is presented in Section 5.3. Algorithm EAv0 is modified to
generate EAv2, such that a control sequence is encoded by a constant number of real values,
regardless of the prediction horizon’s length. The evolution of the closed loop, including the
new Controller, is simulated. The computation complexity of EAv2 is analyzed in contrast
with EAv1 to prove that the first one is smaller, at least in the first sampling periods.

The results of the simulation series have proved that the RHC structure with the
Controller that is able to integrate an EA is feasible with good quasi-optimal behaviour.

2. Defining Elements of an Optimal Control Problem

In the upcoming sections, we briefly recall the defining elements of an optimal control
problem (OCP) and their usual notations, but we do so in a way that is adapted to the
presentation of the next sections. Let us consider an OCP whose control horizon is finite,
for example [0, H · T], where H is a positive integer and T is the sampling period. The
discrete moments tk = k·T will be specified simply by k = 0, 1, · · · , H.

We suppose that a discrete process model, used to simplify the presentation, is avail-
able and given in Equation (1). An eventual continuous model can always be converted
into a discrete one.

x(k + 1) = f (k, x(k), u(k)); k = 0, 1, · · · , H − 1, (1)

The vectors u(k), x(k) have m and n elements (m, n ∈ N+), respectively, and f is an
n-dimensional vector function with all regularity properties demanded by the calculations.

Any control sequence U0, defined as below, meets certain constraints and determines
the system evolution over the control horizon:

U0
D
= < u(0), u(1), . . . , u(H − 1) > (2)

This system evolution has to be optimal under a performance index. The latter mini-
mizes a specific objective function, which has the discrete form presented in Equation (3).

J(k, x(k), U(k)) =
H−1

∑
i=k

L(i, x(i), u(i)) + TP(x(H)), k = 0, 1, · · · , H − 1 (3)

U(k) D
= < u(k), u(k + 1), . . . , u(H − 1) > (4)

Equation (3) refers to the prediction horizon [k, H] and the state trajectory that starts
with x(k). The system evolution is generated by a control sequence U(k) having the
structure presented in Equation (4). The resulting state trajectory can be denoted by

X(k) D
= < x(k), x(k + 1), . . . , x(H) >; k = 0, 1, · · · , H − 1. (5)

The first part of the sum presented in Equation (3) is a Lagrange-type term that
measures quality along the trajectory of the dynamic system. The scalar value L(i, x(i), u(i))
is the contribution of the interval [i, i + 1] to the quality measure J. The second part is a
Mayer-type term that measures the quality of the trajectory in its final extremity. This term
will be called the terminal penalty in the upcoming sections. The function TP(x) penalizes
the final state x.
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The performance index I0 of an optimal solution over the control horizon minimizes
the objective function J as below:

I0 = min
U0

J(0, x0, U0); x0 = x(0) (6)

Obviously, J’s minimization (or maximization) can be subjected to constraints regard-
ing the control inputs and the state variables.

3. Controller Implementation Using Evolutionary Algorithms

3.1. RHC Using Metaheuristic Algorithms

If problem solving requires an important computational effort, a metaheuristic algo-
rithm can be a useful approach. An MA is conceived to solve a specific OCP having a
characteristic objective function. However, the desideratum to have a closed-loop imple-
mentation can be fulfilled through a supplementary “tool”: the RHC structure.

Figure 1 recalls the principle of the RHC and suggests how it is able to implement the
predictive control technique in a particular case when a metaheuristic algorithm is used.

pcs pss x(k) 

x(k) 

u(k) 

Process Model 

Metaheuristic 
Algorithm 

Receding Horizon 
Controller 

Process 

Figure 1. The principle of Receding Horizon Control using MA.

The objective of RHC is to implement closed-loop control systems under circumstances
involving optimal evolution. The RHC is among the very few control strategies supporting
a closed-loop implementation using an MA. The Receding Horizon Controller uses the MA
to accomplish the prediction technique: it calculates the optimal control sequences (ocs)
that optimize the performance index on the current prediction horizon [k, H].

At moment k, the MA calculates the optimal solution, which is represented by a series
of control inputs, as in Equation (4). We can consider the MA as a generic function that
returns the following optimal solution:

U∗(k) = arg min
U(k)

J(k, x(k), U(k)), k = 0, 1, · · · , H − 1. (7)

The process state x(k) is acquired from the dynamic environment and represents the
initial state for the control horizon [k, H].

We may suppose that the MA is based on a population of solutions because we shall
use an EA in this work. Hence, the MA generates and evolves a population of individuals
within an iterative process for each sampling period. An individual of the population is
represented by a predicted control sequence (pcs). A numerical integration function can use
the process model, the pcs and the current initial state x(k), and return the predicted state
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sequence (denoted by pss). The MA will make an optimal prediction for the interval [k, H]
that becomes the prediction horizon (briefly denoted as Phz) and has H-k sampling periods.
The objective function J over the Phz is optimized and subject to certain constraints through
an optimal control sequence (7).

Finally, the Controller sends to the process the control input u(k), the first element of
the sequence U∗(k). The Controller calls the MA that yields the vector U∗(k) to the first
time at k = 0.

A systematic procedure to implement the control structure depicted in Figure 1 is
presented in [8].

3.2. Controller Using an Evolutionary Algorithm

In the upcoming sections, we shall consider the EA as an MA able to solve this kind
of problem. We will refer to the EA with a large abstraction degree, such that we do not
need to give, for the moment, all of the details concerning its implementation. In this
way, the implementation aspects described below maintain generality. In one way or
another, a particular EA calculates the optimal solution for the considered OCP meeting
the initial conditions.

The considerations made up until now are valid whatever the EA’s implementation
would be (except Equation (7), where the min operator can be replaced by max). We shall
consider a particular implementation called EAv1 (EA version 1), which adopts a natural
solution encoding in the upcoming sections. The control input u(t) is a step function whose
discretization step equals the sampling period. A candidate solution is a sequence (pcs)
that covers the Phz and has the following structure:

pcs =< u(k|k), · · · , u(k + i|k), · · · , u(H − 1|k) >, (8)

where u(k + i|k), i = 0, . . . , H − k − 1 is the predicted value for the control input u(k + i)
based on knowledge up until moment k. The control input u(k + i|k) is kept constant
within the sampling period [k + i, k + i + 1), such that a pcs represents a step function.

Note that:
u(k + i|k) �= u(k + i).

The value u(k + i|k) is a future control input predicted at the present moment, whereas
the value u(k + i) is the future real control input that is unknown at the present moment.
We can assert the same thing for the state variables. Using Equations (1) and (8), the process
model returns the predicted state sequence (pss) as below:

pss =< x(k + 1|k), . . . , x(H |k) >, (9)

where x(k + i|k), i = 0, . . . , H − k is the predicted value of the state x(k + i) based on
knowledge up until moment k.

The EAv1 has now the necessary data to compute the objective function J over the
prediction horizon. At the end of the iterative process, the EAv1 returns to the optimal
control sequence (ocs):

ocs =< u∗(k|k), . . . , u∗(H − 1|k) > . (10)

After that, the Controller will send the first element of ocs sequence, namely u(k) = u∗(k|k) ,
to the process as a real control input for the current sampling period. The Controller then
shifts the beginning of the Phz by one sample and restarts the optimization for the next
interval [k + 1, H].

Table 1 presents an outline of the Controller’s actions for every sampling period. The
execution of the EAv1 is presented in Line #2 as a function call, whose input parameters
are the current sampling period and the process state vector. It returns the ocs over the
interval [k, H] according to Equation (10). Line #3 sets the output of the Controller u(k) at
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the value u∗(k|k) . In Line #2, the function EAv1(k, x(k)) can be replaced by a new version,
EAv2(k, x(k)), developed in the next section.

Table 1. Outline of Receding Horizon Controller using an EAv1.

1 Get the current value of the state vector, x(k).

2 ocs ← EAv1(k, x(k))

3 u(k) ← u∗(k|k)
4 Send u(k) towards the dynamic system

5 Shift the prediction horizon and wait for the next sampling period

Remarks:

1. This work addresses OCPs whose objective function (3) includes a terminal penalty.
The Phz has to be [k, H] even if the integral term is missing. The Phz “recedes” at
each sampling period but keeps the final extremity. Hence, its length decreases by
one unit at each sampling period;

2. For the current sampling period, [k, k + 1), the Phz is [k, H], and its length is H − k.
Consequently, the computational complexity of the EAv1 is variable and depends
on this value: H − k. Let us note that the discretization step used by the EAv1 for
encoding a pcs is equal to the sampling period T. Therefore, the length of the ocs is
variable along the control horizon and decreases at each sampling period;

3. The most restrictive time constraint for the algorithm presented in Table 1 is that the
execution time has to be smaller than the sampling period. The length of the Phz
could be very large at the beginning of the control horizon, especially in the first
sampling period. If the time constraint is met initially, it will also be fulfilled in the
next sampling period because the length of the Phz decreases;

4. The choice of T is related to control engineering aspects, such as continuous signal
discretization and time constants of the considered dynamic system. Therefore, the
increase of T is not an option for solving constraint #3. Before implementation, the
control system designer must verify the fulfilment of this constraint using simulations.
Generally speaking, RHC using an MA is suitable for processes having relatively
large time constants.

4. Controller Implementation with Improved Computational Complexity

The Controller improvement can be done using a new version of the EA. The latter
keeps its general structure and the most parameter values, but it will consider fewer gene
encoding predicted control sequences.

4.1. EA with Variable Discretization Step

This section proposes a version of the EA called EAv2 (version 2), which can reduce the
Controller’s computational complexity compared to the first version. The aforementioned
Remark #2 underlines that EAv1 uses a constant discretization step equal to the sampling
period T.

In the proposed new version, inside the EAv2, the number of discretization steps is
constant and independent of the length of the Phz. Consequently, the discretization step is
variable and, as we shall see, greater than or equal to T.

With h, let us denote the number of the discretization steps. As we already saw, for
the current sampling period [k, k + 1), the Phz is [k, H]. Expressed in time units, the Phz is

[tk, tH ] = [k · T, H · T]

This interval will be discretized using h steps. Figure 2 shows the new discretization
of the Phz in contrast with the old one involved in the sampling period.
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Figure 2. The new prediction horizon’s discretization versus the discretization involved in the
sampling period.

Hence, the EAv2 will use pcs having the form

pcs =< u(τ0|k), u(τ1|k), · · · , u
(
τj
∣∣k), · · · , u(τh−1|k) > . (11)

If the discretization step is denoted by Δ, the discretization moments τj are defined below:

τj = tk + j · Δ; j = 0, · · · , h − 1;τ0 = tk; τh = tH

We recall here that the predicted value for the control input u
(
τj
)

based on knowledge
up until the moment tk is the value

u
(
τj
∣∣k), j = 0, . . . , h − 1.

Because our goal is to reduce the computational complexity of EAv2 in contrast with
EAv1, the following constraint has to be met:

h ≤ H − k. (12)

If the constraint introduced by Equation (12) is met, a smaller number of predicted
values will cover the prediction horizon. A possibility, which also simplifies the implemen-
tation, is to set the number of discretization steps using the rule below:

h =

{
h0, for k = 0, 1, · · · , H − h0
H − k for k = H − h0 + 1, · · · , H − 1

(13)

The value of the constant integer h0 is chosen such that

h0 < H.

4.2. Computational Complexity

This section makes a comparison between the computational complexity of the two
EAs. Usually, an effective way to compare two MAs is to evaluate the calls number of
the objective function. In our work, all the EAs have the structure corresponding to Lines
#9—#19 of the pseudo-code described in Table 2. Hence, the structure of the two algorithms,
EAv1 and EAv2, will basically be the same and only differ by few initializing instructions.
One can count the call number of the objective function:

• μ calls within Line #11: Calculation of the performance indexes for the initial popula-
tion having μ individuals;

• λ calls within Line #14: offspring generation (λ individuals);
• p · λ calls within Line #15: p is the offspring’s probability of undergoing mutation.
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Table 2. Outline of the EAv2 with improved computational complexity.

start EA(k, x(k))

1 /* Initialize the parameters of EA*/

2 if k ≤ H − h0

3 h ← h0 ;

4 Δ ← T · (H − k)/h0 ;

5 else

6 h ← H − k ;

7 Δ ← T ;

8 end

9 Generation of the initial population

10 Calculation of the performance indexes

11 g ← 1 /* g: current generation number */

12 while (g ≤ NGen) /* optimization iterative process */

13 parent selection;

14 offspring generation; /*calculate the performance indexes*/

15 self-adaptive mutation; /*update the performance indexes*/

16 replacement;

17 population sorting

18 g ← g + 1

19 end /*while*/

20 return ocs (the best of the population)

If the iterative optimization process evolves on NGen generations, then the average
call number for J is

Ncalls = μ + NGen · λ · (1 + p). (14)

As such, the call number for J will actually be the same, as we shall confirm using
simulations in Section 6.

The most time-consuming part of the objective function execution is the process model
integration determining the state evolution. The question that one can raise is whether the
integration time is significantly different for the new version. The integration time interval
is [k, H] in both cases. As such, the process model’s integration has the same initial state
and time interval and similar input functions u(t), which are step functions. The different
number of genes involves different step numbers for the two input functions. This fact
has a small influence on the integration time. Simulation tests show that the integration of
input functions takes a similar amount of time while in these conditions.

In conclusion, the computation effort to calculate the objective function is similar for
the two versions of the EA.

On the other side, pcs encoding is decisive for the algorithm’s complexity. EAv1
encodes pcs using H − k real values (genes), while EAv2 only uses h0 values. Since it
holds h0 < H, the EAv2 obviously has a smaller computational complexity for all genetic
operators (selection, crossover, mutation, replacement) and initializations.

Finally, one can say that EAv2 is better than EAv1 from the point of view of computa-
tional complexity. The number of discretization steps is h0, while k ≤ H − h0 and decreases
from h0 − 1 toward 1, for k > H − h0.

NB: If Equation (13) is fulfilled, the implementation issue stated by Remark #3
can be avoided. On the other hand, this value must be a trade-off between the
computational complexity and the ocs accuracy.
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4.3. General Implementation of the EAv2

Equation (13) allows the calculation of the discretization step Δ. Because h has a
constant value for the initial segment, the Δ value will be variable in return. From (11) and
(13), it holds that:

Δ =

{
T · H−k

h0
>T for k = 0, 1, · · · , H − h0 − 1

T for k = H − h0, · · · , H − 1
. (15)

According to Equation (11), a pss will have the form

pss =< x(τ1|k), . . . , x(τh |k) >

The main output of the EAv2 is the ocs for the current Phz, which has the follow-
ing structure:

ocs =< u∗(τ0|k), · · · , u∗(τj
∣∣k), · · · , u∗(τh−1|k) > (16)

Table 2 schematically describes the EAv2 included in a controller with improved
computational complexity. EAv2 has specific parts that cannot be detailed here. Therefore,
the following sketch describes them with a large degree of extraction. The outline only
presents the details allowing the management of the length of the pcs.

The iterative optimization process evolves on NGen generations counted by the vari-
able g. Lines #13–#17 call for functions implementing well-known genetic operators. We
recall here that the offspring generation also calculates the performance indexes of the new
pcs (solutions). The self-adaptive mutation also updates the performance indexes of the
solutions that are subjected to mutation.

Remarks:

5. The encoding of the pcs and ocs according to (11) and (16) can obviously diminish
the computational complexity when generating ocs. However, on the other hand,
the discretization with fewer intermediary points affects the ocs accuracy, that is, its
capacity to represent the optimal solution to our problem. The question is, to what
extent this accuracy is affected? Using simulations, the control system designer must
verify that the ocs representation is not degraded and the quasi-optimality is still kept
before implementation.

6. Equation (15) shows that, for each sampling period, it holds:

Δ ≥ T. (17)

Considering the inequality of Equation (17), the first element of the ocs covers the
sampling period:

[τ0, τ1] = [tk, tk + Δ] ⊇ [tk, tk + T].

Hence, the first ocs value, i.e., u∗(τ0|k), will be sent to the process as the optimal
control input for the current sampling period (as in Line #4 from Table 1).

5. Case Study

This section will present an example of implementing a metaheuristic-based controller
that integrates an RHC structure.

We have considered a well-known problem that has been described in many articles,
among which we recall [16,17]. This problem is known as the optimal control of a fed-batch
reactor for ethanol production (OCEP) and concerns a nonlinear dynamic system. Different
sub-cases are presented in these papers, which differ in control horizon and control bounds.
We have considered the OCEP problem stated in Appendix A, which presents all of the
basic elements. Because our main objective is to construct the Controller using an AE, we
have considered a fixed final time in contrast with other versions of the problem. Keeping
notations, it holds:

n = 4; m = 1; t f = H · T = 54h

131



Inventions 2021, 6, 53

The process model has n state variables x1, x2, x3, x4 representing the cell mass, sub-
strate, product concentration (g/L), and volume (L). The control variable is the feed rate
(L/h) that meets the following constraint:

0 ≤ u(t) ≤ 12

The state variable x4 has to meet the following constraint:

x4(t f ) ≤ 200 (18)

The objective function given below has to be maximized:

J
(

x(t f )
)
= x3(t f ) · x4(t f )

Although this one is a terminal penalty and the integral component is missing, the
implementation maintains its difficulty: the process evolution of the entire control horizon
must be determined when a pcs is adopted.

5.1. Open-Loop Solution Using an Evolutionary Algorithm

In this section, we present preliminary work before constructing the Controller for
the closed-loop control structure. We have implemented and conducted an evolutionary
algorithm (see [1–3]) that solves the OCEP problem. It will be denoted by EAv0 (EA ver-
sion 0) in the upcoming sections. The implementation of the EAv0 and the simulations were
conducted using the MATLAB language and system. We have employed special functions
devoted to integrating the differential equations for the simulation of the process evolution.

Let us recall that EAv0 determines the following quasi-optimal control input because
our problem looks for the maximum value of J:

U∗(0) = arg max
U(0)

J(0, x0, U(0))

This means that the control horizon is [0, H], and the initial state is x0.
This algorithm is the basis for the two versions of EA used inside the Controller. EAv0

is modified and adapted to become part of the optimal Controller.
As mentioned previously, EAv0 uses direct encoding and has the usual characteristics

listed below:

• For each generation, the population has μ individuals;
• The children population has λ individuals (λ < μ);
• The population evolves over NGen generations;
• The selection strategy uses stochastic universal sampling and the rank of individuals.

The latter is scaled linearly using selection pressure (s); see [3] (pp. 205–221);
• A BLX-α crossover operator;
• Inside the mutation operator, the mutation step is subjected to a global variance adap-

tation. This one is conducted according to the “1/5 success rule”; see [1] (pp. 245–274);
• The replacement strategy involves that the children replace the λ worst individuals of

the generation.

The most important parameters are given in Table 3.

Table 3. The main parameters of EAv0.

EAv0
λ μ NGen H s α

20 30 70 20 1.8 0.4

This algorithm yields a solution that is actually a quasi-optimal sequence of control
inputs. It can be only used within an open-loop control structure. For the reasons mentioned
before, this sequence is useless for a closed-loop control structure. Nevertheless, this phase
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is mandatory because it can validate the aptitude of the EA to solve the problem and
evaluate the computational complexity.

The resulting simulation program has a stochastic character; therefore, we cannot
conclude after a single execution. We must repeat the execution more times to confer
consistency to statistical parameters. That is why we have conducted a simulation series
that has repeated times the execution of EAv0 30 times. The results, namely a performance
index statistic, the quasi-optimal control input u(t), and state evolution, are presented in
Table 4 and Figure 3.

Table 4. Results of the open-loop simulation series using EAv0.

Jmin Javg Jmax Sdev Jtypical

18,973.0 19,906.4 20,395.2 312.5 19,885.7

Figure 3. The typical solution given by the EA. (a) The quasi-optimal solution. (b) State evolution in
open loop.

Table 4 shows some statistical parameters characterizing the 30 executions of EAv0.
The minimum, average, and maximum values and standard deviation are indicated for the
performance index. We consider typical execution as the particular simulation among the
30 that produce the values that are the closest to the average performance index. In our
simulation series, there is an execution that yields Jtypical = 19885.7. The quasi-optimal
control input for the typical execution is depicted in Figure 3a, and its state evolution in
Figure 3b.

Further details concerning EAv0 are given in Appendix B.

5.2. Closed-Loop Solution Using an EA with Constant Discretization Step

This section aims to achieve the closed-loop control of the dynamic system involved
in the OCEP problem using the Controller based on EAv1. We have implemented the
Controller and a program that simulates how the closed loop works. The process model
has been used to predict the ocs. We have also considered the same model to simulate the
real process.

The Controller has the same structure as the one presented in Table 1, except that
it includes EAv1 (does not call a function). It is organized as a function called for each
sampling period (see Appendix B).

The Controller has the following characteristics:

• Input parameters: k and x(k);
• Output parameter: u(k) (the first element of the best solution, i.e., u∗(k|k) );
• Control horizon: [k, H], with k = 0, 1, · · · , H − 1; H = 20;
• Number of genes: H − k (see (8));
• Discretization step: T;
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• Other parameters such as those in Table 3.

EAv1—which is included not called by the Controller—has the same structure and
characteristics as EAv0 (given in Section 5.1).

The program that simulates the closed-loop optimal control has the outline presented
in Table 5. Essentially, the closed loop is achieved by a loop that simulates the Controller’s
call for each sampling period and the feedback from the real process.

Table 5. Outline of the closed-loop optimal control using EAv1.

1 Initializations /* for OCEP problem, controller and simulation*/

2 for k = 0, 1, · · · , H − 1

3 u(k) ← Controller_EA(k)

4 Compute the state vector x(k + 1) of the process model using u(k);

5 x0 ← x(k + 1)

6 end

7 display J∗ and u∗(k) ; k = 0, 1, · · · , H − 1

The Controller’s call is done in Line #3. It uses as an input parameter, which is the
initial state that is stored in the global variable x0. The numerical integration of the process
model is accomplished in Line #4. This algorithm is implemented as a MATLAB script.

We conducted a simulation series that executed the script “Closed-loop.m” 30 times.
In our simulation series, there was an execution that yielded Jtypical = 20,153.5. The
performance index statistic, the quasi-optimal control input u(t), and the state evolution
are presented for typical execution in Table 6, Figure 4a,b, respectively.

Table 6. Results of the closed-loop simulation series using the Controller with EAv1.

Jmin Javg Jmax Sdev Jtypical

19,127.7 20,136.7 21,014.9 449.5 20,153.5

Figure 4. The typical solution given by the Controller using EAv1. (a) The quasi-optimal solution
given by the Controller using EA. (b) State evolution in closed loop.

5.3. Closed-Loop Solution Using an EA with Improved Computational Complexity

This section aims to implement the closed-loop control of the dynamic system under
consideration using the Controller based on EAv2. We have implemented the Controller
and a program that simulates the closed-loop working (see “Closed-loop2.m”, inside the
folder “EA_Etanol_loop2”). The latter is basically the same as that described in Table 5,
except for a few initializations.

134



Inventions 2021, 6, 53

The new Controller has the structure that was presented in Table 1, except that it
includes EAv2. It is also organized as a function called for each sampling period (see the
script “Controller_EA2.m”). It has the following characteristics:

• Input parameters: k and x(k);
• Output parameter: u(k) (the first element of the best solution, i.e., u∗(k|k) );
• Control horizon: [k, H], with k = 0, 1, · · · , H − 1; H = 20;
• Number of genes: h0, for the first H − h0 sampling periods, and h0 − 1, · · · , 2, 1 for

the last sampling periods (see (13)); h0 = 10;
• Discretization step: Δ ≥ T variable (see (15));
• Other parameters such as those in Table 3.

The EAv2 algorithm —which is included and not called by the Controller—has the
same structure and characteristics as EAv0 (given in Section 5.1)

Because OCEP maximizes the objective function, the best solution is as below:

U∗(k) = arg max
U(k)

J(k, x(k), U(k)), k = 0, 1, · · · , H − 1.

We conducted a simulation series that executes the script “Closed-loop2.m” 30 times.
In our simulation series, there was an execution that yielded Jtypical = 20319.0. A statistic
of the performance index achieved by the closed loop is presented in Table 7. The quasi-
optimal control input calculated by the Controller for typical execution is depicted in
Figure 5a, and its state evolution is depicted in Figure 5b.

Table 7. Results of the closed-loop simulation series using the Controller with EAv2.

Jmin Javg Jmax Sdev Jtypical

19,497.0 20,323.0 20,982.0 353.0 20,319.0

Figure 5. The typical solution given by the Controller using an evolutionary algorithm with improved
computational complexity. (a) The quasi-optimal solution given by the Controller using EA with a
variable discretization step. (b) State evolution in closed loop.

6. Discussion

We can now verify the statement made in Section 4.2, which was that the Controller
based on EAv2 has a smaller computational complexity than the one based on EAv1.

Table 8 shows the call number of the objective function recorded at the time of the
closed-loop simulations. This number refers to the call of only one Controller, determining
the optimal control input for the current sampling period. Its value is independent of the
prediction horizon’s length. The first three columns represent the minimum, average, and
maximum recorded values. The last column presents the theoretical value calculated with
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Equation (14) and Table 3. The adopted offspring’s probability of undergoing mutation is
p = 0.9.

Table 8. The call number of the objective function.

Nmin Navg Nmax Ncalls

EAv1 2674 2691 2719
2690

EAv2 2666 2690.8 2711

Hence the call number is the same for the two Controller versions.
For the same prediction horizon [k, H], the process model’s integration works over

the same time interval and has similar input functions u(t), which are step functions.
The step number of u(t) is not so important for the integration time. Hence, under these
circumstances, the integration durations are similar.

Considering the two aspects mentioned above, we can conclude that the computational
complexity regarding the objective function evaluation is similar for the two Controllers.

The aspect that makes the difference between the two controllers is related to encoding
a pcs, namely the gene number. The Controller based on EAv1 uses a variable number
of genes: H, H − 1, · · · , 2, 1. Constraint #3 can be prohibitive, especially in the first
sampling period.

The Controller based on EAv2 only has h0 genes and h0 < H. Hence, EAv2 obviously
has a smaller computational complexity for all genetic operators (selection, crossover,
mutation, replacement) and initializations. The confirmation of this statement is given by
Table 9, which gives the execution time for the two controllers. These durations have been
recorded at the time of the closed-loop simulations for each sampling period. The columns
labelled by k give the sampling period rank within the control horizon. The columns
labelled by tv1 and tv2 give the execution times (in seconds) for the Controller based on
EAv1 and EAv2, respectively.

Table 9. Execution time for the two controllers.

k tv1[s] tv2[s] k tv1[s] tv2[s] k tv1[s] tv2[s] k tv1[s] tv2[s]

1 84.4 60.7 6 62.9 36.0 11 53.9 35.2 16 43.1 18.9

2 78.8 51.3 7 62.2 41.3 12 51.8 41.1 17 37.1 20.4

3 91.3 49.0 8 62.0 50.4 13 46.1 25.8 18 26.6 11.9

4 84.6 49.8 9 62.4 38.8 14 44.8 22.7 19 23.1 7.9

5 70.7 55.7 10 59.0 33.8 15 44.8 19.0 20 13.0 7.0

The durations indicated in the two columns show that the Controller based on EAv2
has undoubtedly smaller computational complexity than EAv1.

In our case, because the durations tv1 are less than T, even the first Controller can be
used in a closed-loop control structure. Generally speaking, constraint #3 can be prohibitive
for other OCPs, and the Controller based on EAv2 could be the solution. The price to pay for
this Controller’s computational complexity is underlined by Remark #5. The simulations
should prove that the optimal accuracy of the control sequence is not seriously affected.
In our case, the values of the performance indexes shown in Table 7 prove that the best
solution accuracy is more than acceptable.

The third line of Table 10 proves that EAv2 works very well in a closed loop with only
ten genes.
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Table 10. Performance indexes recorded within the simulation series.

Jmin Javg Jmax Sdev Jtypical

Open-loop
EAv0 18,973.0 19,906.4 20,395.2 312.5 19,885.7

Closed-loop
EAv1 19,127.7 20,136.7 21,014.9 449.5 20,153.5

Closed-loop
EAv2 19,497.0 20,323.0 20,982.0 353.0 20,319.0

The curves depicted in Figures 3–5 have similar aspects. Moreover, Figures 4 and 5
show that the control action is present and the closed-loops work. To facilitate the compari-
son among the performance indexes for the three situations, Table 9 unites Tables 4–6. We
recall that each simulation series has 30 program executions. Some explanations concerning
the differences among the three lines are necessary.

One can remark that the values of J from in the first line are less than those accom-
plished by the two controllers. This explanation is related to the extent of the search
operation. EAv0 searches for the best solution using only 2690 calls (Ncalls) of the objective
function, while the controllers use 20 times more calls (2690 calls for each sampling period).
In other words, the execution of EAv0 is equivalent to the Controller’s call for the first
sampling period.

EAv1 finds the best performance index in the closed loop J = 21,014.9, which is greater
than the corresponding value of EAv2, J = 20,982. This time, the explanation is related to
the bigger number of genes that involve a finer representation of the pcs. From this point of
view, EAv1 is superior to EAv2. More accurate representation leads to better optimization.

At the same time, the bigger number of genes involves a greater explorative character
and a greater representation power for u(t). That is why EAv1 has a standard deviation
greater than the corresponding value of EAv2. In comparison with EAv0, EAv1 has 20 times
more chances to strengthen its explorative character. This fact explains the smaller value of
the standard deviation in the open loop.

Our closed-loop simulations had two entities: the Controller based on EA and the
controlled process. The Controller already uses a process model to implement the RHC
structure (to make predictions). In this work, the real process is also simulated using the
process model. That is a simplification because the real process is almost always affected
by unmodeled dynamics and noises. One may ask: at what extent could the real process
degrade the closed-loop functioning? The answer can always be found through simulation
using a real process model. For example, a real process model could be obtained from
the process model to which a simulated “noise” is added. We have simulated closed-loop
functioning using this technique, but quantitative results are not included in this paper to
avoid a presentation that is too complex.

We can notice a degradation of quasi-optimal behaviour according to the amplitude
of the noise. The increase of the noise implies the decrease of the performance index. The
closed loop does or does not work well depending on whether the performance index
value is acceptable.

Generally speaking, it is relatively easy to deal with the constraints regarding the
control input u(k), k = 0, · · · , H − 1. This can be done when generating new pcs. Finally,
each component belongs to a certain domain, u(k) ∈ Uk, and the construction of a new
pcs could meet this constraint. What is more difficult is the handling of the constraints
regarding the state variables x(k), k = 0, · · · , H − 1. A valid pcs will yield the resulting
state trajectory X(k) defined by Equation (5). For a specific OCP, state path constraints
involving a trajectory that is a pss could be imposed. The most general constraint could
have a form that involves an admissible domain for each k: x(k) ∈ Dk, k = 0, · · · , H. In
our case study, Constraint (18) limits the produced ethanol’s volume in the final state to
the reactor’s volume.
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The pss is calculated through the integration procedure. A good strategy is to verify
if the component of the pss meet the path constraints just after the calculation of the pss
within the objective function. If at least one constraint is not fulfilled, the cause associated
with this effect, namely the pcs, must be moved away. A correct approach is to assign
an infinite value (for minimization) to its performance index. In this way, the MA will
replace the considered pcs, and the stochastic character of the population evolution will
not be corrupted.

At successive time moments, the pcs values are randomly set. Thus, the difference
between two successive values could be quite big in one sense or another. This fact does
not fit with the certain and desired smoothness of the control profile. Actually, this is the
price to pay for the stochastic nature of the EA. The latter can integrate the so-called step
control technique, which implements the following differential constraint:∣∣∣∣du(t)

dt

∣∣∣∣ ≤ Δsmax

The value Δsmax is the maximal accepted slope. If the step control technique is imple-
mented, it will involve a certain smoothness at the level of the state trajectory. Starting from
this remark and assimilating gradient-based optimization with evolutionary optimization,
in principle, we could facilitate the state evolution toward the optimal pcs. Within a future
work, this idea could help to make the control action of the proposed receding horizon
controller more effective.

Besides the EA, other metaheuristic algorithms have been used by the authors to
implement receding horizon controllers. Both population-based metaheuristic methods
(firefly algorithm, harmony search, Gaussian adaptation, memetic algorithm, etc.) and
Swarm algorithms (Ant Colony Optimization, the Artificial Bee Colony Algorithm, the
Bees Algorithm, Cuckoo search, Lévy flights for global optimization, particle swarm
optimization, etc.) have been used to solve OCPs. The communication skills among
agents are not making swarm algorithms always more effective than the population-based
algorithms. Our first perception is that the effectiveness of the Controller mainly depends
on the dynamic process nature. A systematic comparison can be made within a future
investigation, and more implementation aspects could be revealed.

7. Conclusions

This paper presented some implementation aspects regarding the optimal control
of a process using a Controller based on an evolutionary algorithm. This solution is
addressed when other analytical or numerical solutions are not available and when using a
metaheuristic algorithm yields a flexible and robust solution.

Using a metaheuristic algorithm involves a control structure that can use such an
algorithm. The RHC structure is adequate from this point of view because the prediction
technique can fit with an evolutionary algorithm.

We have presented some implementation aspects concerning the harmonization be-
tween the prediction technique and the evolutionary algorithm. Metaheuristic algorithms
are known to have a large computational complexity. This paper has addressed a method
to thwart this drawback and fulfil the time constraint for an evolutionary algorithm.

For the case study presented in this work, we have illustrated the proposed algorithm
using simulation programs. The material attached to this work includes the simulation
programs that show how the RHC structure, Controller, and prediction with an EA can be
implemented with good results.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/inventions6030053/s1, the archive file “CLoop_EA.zip” contains all folders and files described
in Appendix B.
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Appendix A

The Elements of the Optimal Control Problem

Process Model:

dx1
dt = g1(t) · x1(t)− u(t) · x1(t)

x4(t)
dx2
dt = −10 · g1(t) · x1(t) + u(t) · 150−x2(t)

x4(t)
dx3
dt = g2(t) · x1(t)− u(t) · x3(t)

x4(t)
dx4
dt = u(t)

g1(t) =
(

0.408
1+x3(t)/16

)(
x2(t)

0.22+x2(t)

)
g2(t) =

(
1

1+x3(t)/71.5

)(
x2(t)

0.44+x2(t)

)
Control horizon:

0 ≤ t ≤ 54; t0 = 0; t f = 54h

Initial conditions:
x00 = [1. 150. 0. 10.]T

Bound constraints:
0 ≤ u(t) ≤ 12
0 ≤ x4(t f ) ≤ 200

Performance index:

max
u(t)

J
(

x(t f )
)

, with J
(

x(t f )
)
= x3(t f ) · x4(t f )

Appendix B

Appendix B.1. Implementation Details for the Algorithm EAv0

The OCEP problem described in Appendix A has been solved using the evolutionary
algorithm EAv0. The optimal solution can only be used in an open loop. Every chro-
mosome for the solutions population encodes a control profile that is a series of values
u0, u1, · · · , uH−1. We chose H = 20 and T = 2.7 h (the control horizon is 54 h). The
EAv0 was implemented by the script “EA_EtanolP_single.m”. This program was executed
30 times using the script “cycle30single.m” in order to calculate some statistical parameters,
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which are presented in Table 4. The computation of the statistical parameters and the
drawing of Figure 3 was conducted using the script “MEDIERE30single20.m”. All of the
scripts are included in the folder “EA_Etanol_single”, which is attached to this work.

Appendix B.2. Implementation Details for the Controller Using EAv1

The OCEP problem described in Appendix A was solved using the Controller based
on EAv1. It is about a closed-loop solution. The function “Controller_EA.m” implements
a Controller that is called for each sampling period. Every chromosome encodes the
control profile, which is a series of values uk, uk+1, · · · , uH−1. It also holds H = 20 and
T = 2.7 h. The EAv1 is not a distinct function, but it is a part of the Controller. The script
“Closed_loop.m” simulates the control action over the entire horizon control.

In order to calculate the statistical parameters presented in Table 6, the script “Closed_
loop.m” was executed 30 times using the script “ciclu30_loop.m”, which saves the workspace.
After that, the computation of the statistical parameters and the drawing of Figure 4 could
be conducted using the script “MEDIERE30loop.m”. All of the scripts are included in the
folder “EA_Etanol_loop”, which is attached to this work.

Appendix B.3. Implementation Details for the Controller Using EAv2

The OCEP problem described in Appendix A was also solved using the Controller
based on EAv2. The function “Controller_EA2.m” implemented the Controller having a
better computational complexity. This one called for each sampling period. The number
of genes was h0 = 10. Every chromosome of the solution population encoded the control
profile, which was a series of values uτ0 , uτ1 , · · · , uh0−1. The EAv2 is not a distinct function,
but it is a part of the Controller. The script “Closed_loop2.m” simulates the control action
over the entire horizon control.

In order to calculate the statistical parameters presented in Table 7, the script “Closed_
loop2.m” was executed 30 times using the script “ciclu30_loop2.m”, which saves the
workspace. After that, the computation of the statistical parameters and the drawing of
Figure 5 could be carried out using the script “MEDIERE30loop2.m”. All of the scripts are
included in the folder “EA_Etanol_loop2“, which is attached to this work.

The supplementary material “CLoop_EA.zip” includes all of the folders and files
mentioned above.
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Abstract: (1) Background: This study is designed to extract the bioactive compounds from beetroot
peel for future use in the food industry. (2) Methods: Spectrophotometry techniques analyzed the
effect of conventional solvent extraction on betalains and polyphenolic compounds from beetroot
peels. Several treatments by varying for factors (ethanol and citric acid concentration, temperature,
and time) were applied to the beetroot peel samples. A Central Composite Design (CCD) has been
used to investigate the effect of the extraction parameters on the extraction steps and optimize the
betalains and total polyphenols extraction from beetroot. A quadratic model was suggested for all the
parameters analyzed and used. (3) Results: The maximum and minimum variables investigated in the
experimental plan in the coded form are citric acid concentration (0.10–1.5%), ethanol concentration
(10–50%), operating temperature (20–60 ◦C), and extraction time (15–50 min). The experimental
design revealed variation in betalain content ranging from 0.29 to 1.44 mg/g DW, and the yield
of polyphenolic varied from 1.64 to 2.74 mg/g DW. The optimized conditions for the maximum
recovery of betalains and phenols were citric acid concentration 1.5%, ethanol concentration 50%,
temperature 52.52 ◦C, and extraction time 49.9 min. (4) Conclusions: Overall, it can be noted that
the extraction process can be improved by adjusting operating variables in order to maximize the
model responses.

Keywords: beetroot peel; betalains; polyphenols; CCD-RSM

1. Introduction

Beetroot (Beta vulgaris L.) is a plant belonging to Chenopodiaceae’s family that includes
approximately 105 genera with 1400 species [1], which is widely grown in Europe, America,
and Asia [2]. Similarly, red beetroot is perhaps the most generally planted root vegetable in
Southeast Romania. The edible portion of the beets used in the food sector is the tuberous
root. The leaves are also used but are generally considered feedstuff material. Beets are
available mainly in the cold season but are also adapted to high temperatures. The optimum
growth temperature varies between 15 and 19 ◦C, with lower temperatures influencing the
red pigment increase. The beetroot was cultivated especially for medicinal purposes but
was used predominantly for food and drink from the beginning of the third century [3].
The best-known existing species are sugar beet (Beta vulgaris saccharifera), fodder beet (Beta
vulgaris crassa), leaf beet (Beta vulgaris cicla), and garden beet (Beta vulgaris rubra).

In general, beetroot is a vegetable rich in carotenoids, flavonoids, vitamins (niacin,
biotin, pyridoxine), and minerals (such as potassium, sodium, phosphorus, calcium, mag-
nesium, copper, iron, zinc, etc.) [4]. Beetroot is also one of the richest sources of betalains,
which are plant pigments derived from the betalamic acid that are soluble in water and
responsible for an intense red (betacyanins) or yellow color (betaxanthins) [5]. The intensity
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of beet color depends on the ratio between betacyanins and betaxanthins. More than 80%
of all beet pigments are betacyanin compounds [6]. Betalains from Beta vulgaris rubra
are natural food coloring, being antiradical and antioxidant agents capable of protecting
in vivo from disorders caused by oxidative stress. The functions of betalains refer to reduc-
tion of homocysteine concentration, which regulates vascular homeostasis, maintaining
platelet function, thrombotic activity, vascular tone, and delicate stability by the release
of vasodilators and vasoconstrictors. Some effects attributed to these compounds include
antioxidants [7,8], antiproliferative [9], cardioprotective [10], anti-inflammatory [11], and
antimicrobial effects [12].

Betalains found in red beetroot are utilized to color various food items, for example,
frozen yogurt, wine, jams, and yogurt [13]. Extraction is an essential step in the process
of separating biologically active compounds. There are many extraction methods, but the
most used method is conventional solvent extraction. It is widely used due to its efficiency,
short extraction time, and low economic costs despite the disadvantages, such as using
large amounts of solvent [14].

Betalains are usually extracted from plant matrices by conventional solvent extraction
(CSE) methods and Soxhlet extraction [15,16]. In this study, conventional solvent extraction
was used by varying four factors (ethanol concentration, citric acid, temperature, time,
agitation rpm). Furthermore, for more efficient solid/liquid extraction under stirring of
biologically active compounds from beetroot peel, a central composite design (CCD) was
used in order to optimize the extraction procedure to maximize both phenolic compounds
extraction and betalains.

2. Materials and Methods

2.1. Reagents and Chemicals

For the phytochemical characterization of biologically active compounds from beet-
root, peels were used: ethanol of HPLC purity, ethanol, citric acid, Folin–Ciocâlteu reagent,
and gallic acid solution were obtained from Sigma Aldrich (St. Louis, MO, USA).

2.2. Beetroot Peels Powder

A local producer in Galati County provided beetroot. After being thoroughly washed,
the shells were removed with a knife. The resulting beetroot peel was washed with
ultrapure water, wiped, and frozen for drying. Drying was performed by the lyophilization
technique using CHRIST Alpha 1–4 LD. Plus equipment, Germany, at −42 ◦C, under a
pressure of 0.10 mBar, for 48 h. The resulting dry peels had a relative humidity of 1%. They
were grounded and stored in a glass container with an airtight lid at room temperature
and in the dark.

2.3. Conventional Solvent Extraction

The extraction was performed using 1 g of beet peel with 10 mL of ethanol in different
concentrations, respectively 9–60%. The ratio of plant material to the solvent was 1 to 10.
Each extraction was acidified with a citric acid solution using different concentrations of
0.03–2%, in a ratio of 1 to 9. The extractions took place at 3–87 ◦C for 3 to 74 min on an
orbital shaker (SI-300R Medline Scientific, Chalgrove, UK) at 100 rpm. Subsequently, the
samples were centrifuged using Hettich Universal 320R equipment, Germany, for 10 min
at 14,000 rpm, at 4 ◦C, and the supernatant was phytochemically analyzed.

2.4. Determination of Total Betalains (TB) Content

The total betalains (TB) content of the beet peels extract was determined using a spec-
trophotometric method based on absorbance measurement at two different wavelengths,
respectively 480 nm for betaxanthins and 537 nm for betacyanins.
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The total betalains (TB) content was expressed in mg/g DW and was calculated as
the sum of betacyanins and betaxanthins according to Formula (1) as described by Wruss
et al. [2], with slight modifications.

BC[mg/g] =
A·DF·Mw·Vd

ε·L·Wd
(1)

where A is the maximum absorption value of 537 nm for betacyanins and 480 nm for
betaxanthins; DF is the dilution factor; Vd is the volume of dry pulp solution (mL); Wd
is the weight of the dried pulp (g); L is the length of the tank path (1 cm); MW is the
molecular weight of betalains (550 g/mol); ε is the the extinction coefficient of betalain;
ε of 60,000 L/mol cm in H2O were applied to quantify betacyanins, and the quantitative
equivalents of major betaxanthins (Bx) were determined by applying the average molar
extinction coefficient (ε) 48,000 L/(mol·cm) in H2O.

2.5. Determination of Total Polyphenol Content (TPC)

The total polyphenol content (TPC) of the beet peels extract was determined using the
Folin–Ciocalteu (FC) method. The description of this method is based on the redox reaction
between phenolic compounds and a mixture of tungsten and molybdenum in an alkaline
environment. This reaction leads to the creation of a blue complex that was quantified at
765 nm. The results were expressed as mg gallic acid equivalent (GAE)/g DW.

2.6. Statistical Analysis

To analyze the experimental model, we used statistical software Design Expert (v. 13)
from Design-Expert® (Stat-Ease, Inc., minneapolis, MN, USA).

2.7. Experimental Design

Central Composite Design (CCD) has been used to optimize the extraction of betalains
and total polyphenols from beetroot and establish the experimental antioxidant activity.
An experimental factorial model with a central composition with five factors, three central
points, and the design of 19 experimental variants was used. The maximum and minimum
ranges of the variables investigated in the experimental plan in the current form and
the coded form are presented in Table 1. In addition, CCD builds a quadratic model for
response variables.

Table 1. Range factors studied and the corresponding encoded values.

Code Independent Variables Units Minimum Maximum Coded Low Coded High

A Citric acid % 0.03 1.98 −1 ↔ 0.10 +1 ↔ 1.50
B Ethanol % 9.77 60.23 −1 ↔ 20.00 +1 ↔ 50.00
C Temperature ◦C 2.96 87.04 −1 ↔ 20.00 +1 ↔ 60.00
D Time min 3.07 61.93 −1 ↔ 15.00 +1 ↔ 50.00

The software used for testing the experimental conditions can be described by a
second-order polynomial model (2):

R = b0 +
n

∑
i=1

bi·xi +
n

∑
i=1

bii·x2
i +

n

∑
i �=j=1

bij·xi·xj (2)

where R—predicted response, b0—intercept, bi, bii, and bij—regression coefficients, xi and
xj—independent variables analyzed, n—number of factors.

3. Results

In order to determine the optimal parameters for optimization of the extraction process,
a Central Composite Design (CCD) and surface response modeling were used. In addition,
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the BT and TPC contents were measured in response. Table 2 shows the complete CCD
matrix used to optimize the main variables studied and the corresponding values.

Table 2. The CCD matrix with the actual values of the main variables studied.

Run
Factor 1

A: Citric Acid
%

Factor 2
B: Ethanol

%

Factor 3
C: Temperature

◦C

Factor 4
D: Time

min

Response 1
Betalains
mg/g DW

Response 2
TPC

mg GAE/g DW

1 0.80 35.00 40.00 3.07 0.80 2.02
2 0.80 35.00 40.00 32.50 0.98 2.30
3 1.98 35.00 40.00 32.50 1.03 2.38
4 0.10 50.00 20.00 50.00 0.88 2.12
5 0.10 50.00 60.00 50.00 0.70 1.92
6 1.50 20.00 20.00 50.00 0.85 2.00
7 1.50 20.00 60.00 50.00 0.62 1.80
8 0.80 35.00 6.36 32.50 0.65 1.89
9 0.80 35.00 40.00 32.50 1.02 2.28
10 1.50 50.00 60.00 15.00 0.76 1.96
11 0.10 20.00 20.00 15.00 0.78 2.05
12 0.80 35.00 73.64 32.50 0.29 1.64
13 0.03 35.00 40.00 32.50 0.67 1.99
14 0.80 60.23 40.00 32.50 1.44 2.74
15 0.80 35.00 40.00 61.93 1.14 1.87
16 1.50 50.00 20.00 15.00 0.99 2.22
17 0.80 35.00 40.00 32.50 1.10 2.26
18 0.80 9.77 40.00 32.50 0.65 1.81
19 0.10 20.00 60.00 15.00 0.36 1.77

3.1. The Influence of Extraction Parameters on BT

This study aimed to identify the proper optimal pattern of factors for the betalains
extraction from beetroot. The experimental design revealed a variation in betalain content
ranging from 0.29 to 1.44 mg/g DW (Table 2).

The regression equations obtained after the analysis of the ANOVA variance described
the content in BT of the beet extract obtained, depending on the factors of the extraction
environment (Table 3).

The regression model acquired for BT revealed a determination coefficient of R2 =
0.96, suggesting that only 0.04 of the variation of BT cannot be described by the current
model. The Lack of Fit F-value of 1.12 implies that the Lack of Fit is not significant relative
to the pure error. p-values less than 0.0500 indicate that model terms are significant, and in
this case, A, B, C, D, AB, AD, A2, and C2 are significant model terms.

The minor model terms were excluded, and a model reduction was achieved. As a
result, the model equation indicating the relationship between the betalains content (R1)
and variables in coded units is represented in Equation (3). Moreover, the Pred R2 (0.8796)
values were in reasonable agreement with Adj R2 (0.9452).

R1 (BT) = +1.01 + 0.08A + 0.23B − 0.12C + 0.1011D + 0.08AB + 0.14AD − 0.06A2 − 0.19C2 (3)

The b coefficients from the regression equation indicated that the temperature had a
significant negative effect on betalain extractions. In addition, the interactions between
temperature and temperature (C2) have significant negative effects, and quadratic citric
acid concentration (A2) had a more negligible contribution. Furthermore, ethanol concen-
tration (B) and extraction time (D) appreciably positively influenced the BT. The interaction
between temperature and extraction time (AB) moderately affected the extraction, while
citric acid concentration and ethanol concentration (AD) have a better effect.
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Table 3. ANOVA for the reduced quadratic model for BT and TPA extractions.

Total Betalains (TB) Content Total Polyphenol Content (TPC)

Source
Sum of
Squares

df
Mean

Square
F-Value p-Value

Sum of
Squares

df
Mean

Square
F-Value p-Value

Model 1.30 8 0.1625 39.84 <0.0001 a 1.22 9 0.1356 80.87 <0.0001
A-Citric acid 0.0898 1 0.0898 22.02 0.0009 0.0765 1 0.0765 45.61 <0.0001

B-Ethanol 0.3120 1 0.3120 76.50 <0.0001 0.4336 1 0.4336 258.56 <0.0001
C-Temperature 0.2026 1 0.2026 49.67 <0.0001 0.1340 1 0.1340 79.93 <0.0001

D-Time 0.0578 1 0.0578 14.17 0.0037 0.0125 1 0.0125 7.44 0.0233
AB 0.0213 1 0.0213 5.23 0.0453 0.1383 1 0.1383 82.49 <0.0001
AD 0.0687 1 0.0687 16.85 0.0021 0.0345 1 0.0345 20.58 0.0014
A2 0.0567 1 0.0567 13.90 0.0039 0.0097 1 0.0097 5.77 0.0397
C2 0.5475 1 0.5475 134.20 <0.0001 0.4186 1 0.4186 249.63 <0.0001
D2 - - - - - 0.1666 1 0.1666 99.38 <0.0001

Residual 0.0408 10 0.0041 0.0151 9 0.0017
Lack of Fit 0.0333 8 0.0042 1.12 0.5545 b 0.0145 7 0.0021 7.58 0.1215
Pure Error 0.0075 2 0.0037 0.0005 2 0.0003
Cor Total 1.34 18 1.24 18

SS—Sum of Squares, MS—Mean Square; a Significant; b Not significant.

Figure 1a represents the correlation between ethanol and citric acid concentration on
the extraction yield. The betalain content increased as the ethanol concentration increase to
40% and from 1.30% for the citric acid concentration. Betalains extraction was influenced
by the citric acid concentration and extraction time correlative effect (Figure 1b). Extraction
was inhibited both at low concentrations of citric acid (0.10%) and at high concentrations
exceeding 1.50%. Similarly, the extraction time negatively affects the process at values
greater than 50 min and less than 15 min. It can be concluded that by increasing the
extraction time and decreasing the concentration of citric acid in the extraction medium,
the extraction yield decreases significantly.

 

(a) 

 

(b) 

Figure 1. Second-order contour plots (left) and 3D surface plots (right) screening the effect of ethanol
and citric acid concentra-tion (a) and extraction time and citric acid concentration (b) on the extraction
yield of total betalain content (BT).

In analyzing the deviation from the reference point, a slope with a large or curved incli-
nation for a specific factor shows that the response is sensitive in this case, while a relatively
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flat line demonstrates insensitivity to changes in this factor. The main factor affecting BT
extraction is the ethanol (Figure 2a, curve B) followed by temperature (Figure 2a, curve C)
and extraction time (Figure 2a, curve D). Meanwhile, the findings showed that citric acid is
less sensitive (Figure 2a, curve A).

 

(a) (b) 

Figure 2. Graph of perturbations describing the effect of each independent variable (A, B, C, and D) on BT (a) and TPC
(b) extraction.

3.2. The Influence of Extraction Parameters on TPC

Due to the effect of different variables, the yield of polyphenolic varied from 1.64 to
2.74 mg/g DW (Table 2).

The Model F-value of 80.87 implies that the model is significant. The determinant
coefficient of R2 = 0.98 suggests that only 0.02 of the variation of TPC cannot be described
by the current model. Subsequently, from Table 3, it was observed that the Lack of Fit
F-value of 7.58 implies the Lack of Fit lack was non-significant, which showed that the
model is also significant. p-values less than 0.0500 indicate that model terms are significant,
and in this case, they are significant model terms. In this case, A, B, C, D, AD, BD, A2, C2,
and D2 are significant model terms.

The insignificant model terms were ignored, and a model reduction was attained. The
model equation indicating the relationship between the total phenolic content (R2) and
variables in coded units was represented in Equation (4). Moreover, the Pred R2 values
(0.8875) were in reasonable agreement with Adj R2 (0.9756).

R2 (TPC) = +2.28 + 0.11A + 0.27B − 0.99C − 0.30D + 0.20AD + 0.10BD − 0.26A2 − 0.17C2 − 0.11D2 (4)

The b coefficients from the regression equation indicated that the temperature and
time had a minor negative effect on TPC extractions. On the other hand, the extraction time
positively affects the TPC recovery when associated with ethanol and citric acid concentra-
tion. In addition, significant negative effects have the interactions between temperature
and temperature (C2) and time and time (D2). Furthermore, ethanol concentration (B) and
citric acid concentration (A) had an appreciably positive effect on polyphenols extractions.

Second-order contour plots were designed to predict the relationship between the
independent and dependent variables (Figure 3) and to illustrate the synergistic effects of
the independent factors on the TPC. The three-dimensional response area describes the
correlative effect of the selected factors on TPC. The coordinates of the central point in
the contour graph correspond to the optimal concentration of the four components of the
extraction process to obtain a maximum phenolic extraction efficiency.
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(a) 

  

(b) 

Figure 3. Second-order contour plots (left) and 3D surface plots (right) screening the effect of extraction time and citric acid
concentration (a) and extraction time and ethanol (b) on the extraction yield of total phenolic content (TPC).

The effects of varying extraction time and citric acid concentration on the extraction of
phenolic compounds are shown in Figure 3a. The concentration of polyphenols is lower as
the extraction time and the concentration of citric acid increase simultaneously. Figure 3b
confirmed that the extraction was not influenced by time variation but was influenced by
ethanol concentration.

According to the perturbations graph describing the effect of each independent vari-
able, the TPC has strongly influenced ethanol concentration and, to a lesser extent, tem-
perature and time have influenced the concentration as well (Figure 2b, curve B, C, and D).
Thus, a maximum of 2.74 mg GAE/g DW was found at 40 ◦C at the maximum ethanol
concentration (60.23%) in the present study.

3.3. Optimization and Validation of Extraction Parameters

The model suggested the optimal conditions based on the maximization of the re-
sponses desirability to validate the model equation. A value of desirability near 1 (0.956)
suggested that all the selected conditions were in a proper combination (Figure 4, Table 4).

The optimal conditions for the maximum recovery of betalains and phenols were citric
acid concentration 1.5%, ethanol concentration 50%, temperature 52.52 ◦C, and extraction
time of 49.9 min.

The model estimated the maximum concentration of betalains and total polyphenols
of 1.15 mg/g DW and 2.44 mg GAE/g DW, respectively, and the experimental results
indicated immediate responses to those predicted by the model, namely 1.20 mg/g DW
and 2.39 mg GAE/g DW (Table 4).
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Figure 4. Desirability plot of process parameters and responses.

Table 4. Validation of the mathematical model.

Dependent Variable Predicted Value 95% Confidence Intervals Experimental Value

BT (mg/g DW) 1.15 1.06–1.25 1.20
TPC (mg GAE/g DW) 2.44 2.39–2.49 2.39

4. Discussion

The phytochemicals extraction from plant materials relies upon the extraction strategy
being influenced by the extraction parameters used. Moreover, the various polarities of
compounds extracted by applying the experimental model could have an unpredictable
impact on the extraction conditions. Hence, extractions were performed with extractants
having various polarities controlled by adjustments in the water and ethanol. Adding
ethanol to water may increase the betalain extraction yields [17], and the extracts can be
easily used in biological systems. Moreover, the extraction optimization led to adding citric
acid in the extraction mixture to acidify the medium, mainly because the betalains became
stable at pH 3–7 [18].

The results from the CCD indicated that the temperature had a minor negative effect
on TPC extractions. The results agree with [19] that revealed that the temperature does not
bring any significant transformation of betalains content. The CCD matrix revealed that
the low temperature of 6.3 ◦C is insufficient for the total extraction of betalains, and also,
the higher temperatures of 73.54 ◦C have a negative influence on betalains that can lead to
their degradation [20]. The results agree with [21], which achieved the same conclusions at
temperatures of 50 ◦C. In the same pattern the authors of [22] found that the maximum
betalain retention was 25 to 30 ◦C, and by increasing the temperature of extraction, a
decreased in betalain retention was accomplished.

However, a study conducted by [23] to determine the optimization of betalain pig-
ments extraction from xoconostle using RMS methodology found contrasting findings.
The authors obtained a maximum concentration of 0.92 mg/g of fruit at a lower temper-
ature of extraction of 15 ◦C for 10 min using as solvent methanol and a ratio of 20:80
(methanol:water).

The results from the optimization experiment indicate that the factors affecting BT
extraction are the ethanol concentration and time. Since betalains are sensitive to high
temperature and long processing times, we have searched for a possible green method to
keep these compounds in the product. Several authors obtained similar findings [24,25].

150



Inventions 2021, 6, 50

Similar quantities of betalains of 0.8 and 1.3 mg/g juice were obtained by analyzing
different beetroot varieties from Upper Austria [2]. The authors of [26] indicated values
of 0.4–20 mg/g betalains in red beetroot. In addition, in a study conducted by [27] for
different beetroot species, a content of 0.65–0.80 mg/g FM betalain was obtained. Moreover,
in a comparative study that analyzed the different parts and cultivars of beetroot for
betalain profiling, a variation in the content of betalains was observed [28]. The betalains
distribution obtained was from 5.33 to 31.04 mg/g DW for peel, from 0.35 to 8.65 mg/g DW
for the flesh, and 0.85 to 11.10 mg/g DW for the petiole.

The authors of [29] reported lower values of TPC of 1.77 mg GAE/g DW than this
study. Low values were also obtained by [30] that the total polyphenols range from 0.82
to 1.28 mg/g DW for two beetroot varieties. A similar study that analyzed four beetroot
varieties revealed after extraction a phenolic content of 0.365–8.87 mg/g DW using the
following parameters: solvent, 80% ethanol, and 12 h as the extraction time [31]. Another
study [32] achieved a total phenolic amount of between 3.52 and 4.89 mg GAE/g DW for
the red-colored genotypes.

5. Conclusions

CCD-RSM was employed to optimize the solvent extraction process variables to
produce beetroot peel extracts with a high yield of bioactive compounds (citric acid
concentration—1.5%, ethanol concentration—50%, temperature—52.52 ◦C, and extraction
time—49.9 min). In the experiment, the interactions of time, temperature, and acid and sol-
vent concentrations led to the improvement of compounds extraction in terms of the highest
concentration of betalains (1.20 mg/g DW) and phenolic compounds (2.39 mg GAE/g DW).
This study’s novelty is optimizing the extraction protocol using conventional methods
to improve the extraction of bioactive compounds from beetroot peels. Therefore, the
method developed can be successfully utilized as a promising method for the efficient
extraction of betalains and polyphenols from the beetroot peel for its economic utilization.
Due to the significant concentration of valuable bioactive constituents from beetroot peel,
multipurpose applications of these compounds could be found in different food industries
and the pharmaceutical and nutraceutical industries.
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Abstract: In this study, eggplant peel extract was used to obtain hydrogels. Two experimental
variants were realized by varying the wall materials. Whey proteins isolate (WPI), citrus pectin
(P), and sodium carboxymethylcellulose (CMCNa) were used as wall materials. The microcapsules
were obtained by the gelation technique, followed by freeze-drying in order to obtain powders.
Both experimental variants were analyzed in terms of phytochemical content, antioxidant activity,
storage stability, and in vitro digestibility. Additionally, confocal microscopy was used to observe
the encapsulation of the bioactive compounds from the eggplant peel extract into the selected
matrices. The encapsulation efficiency of the powders varied from 64.67 ± 0.68% for variant 1 (V1) to
96.44 ± 3.43% for variant 2 (V2). Both powders presented high bioactive compound content with
high antioxidant activity. V2 showed the highest stability within 28 days of storage, but also in the
simulated digestive system.

Keywords: eggplant peels; bioactive compounds; hydrogels; anthocyanins

1. Introduction

The agro-food industries generate annually overwhelming amounts of wastes by
the processing of various vegetables and fruits [1]. Until a few years ago, food waste
disposal was not a matter of concern. However, the increasing amounts of waste generated
and the environmental issues caused by them have drawn attention. Currently, various
organizations around the world are trying to find solutions to minimize food wastes
with lower economic costs [2]. Due to the high content of proteins, lipids, sugars, fibers,
pectin, or phytochemical compounds, the food wastes can be the ideal source from which
value-added foods can be obtained for feeding the growing population. Their valorization
in value-added food products represents an advantageous way of managing the wastes
problems, turning them from wastes into by-products [1,2].

The fruit and vegetable processing industry generates by-products especially rich in
natural antioxidants, such as polyphenols. These compounds are appreciated for their
nutritional and functional properties. A regular intake of phenolic compounds appears
to reduce the risk for developing coronary heart disease, hypertension, diabetes, obesity,
gastrointestinal diseases, etc. [3]. Their antioxidant activity delays the formation of off-
flavors and rancidity in food products, making them the perfect natural preservatives.
They can also be used as natural pigments for food and beverage coloring or in cosmetics
and nutraceuticals [4].

Aubergine, or eggplant, the name under which it is known worldwide, is a non-
tuberous Solanaceae family vegetable. Solanum melongena is a tropical fruit with multiple
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shapes, sizes, and colors, and is very perishable yet very tasty. The most commercially
important one is the purple variety (Solanum melongena L.) due to the anthocyanins located
in the peels [5].

The anthocyanins are flavonoids with red, blue, and purple colors in fruits, vegetables,
and flowers. Their basic structure is composed of a flavylium cation to which different
sugars, hydroxyl or methoxyl groups are attached [6]. Of all the phenolic compounds,
anthocyanins are the most sensitive. They easily degrade at higher pH, temperatures,
or at prolonged exposure to light, oxygen, enzymes, etc. [7]. The anthocyanins are also
sensitive to the digestive system conditions, especially when consumed separately from
the original food matrix, with only 1–2% of the ingested amount being absorbed [8]. The
latest researches propose encapsulation as a method of increasing the bioavailability and
bioaccessibility of anthocyanins. When choosing the suitable encapsulation method, the
properties of the bioactive compound, encapsulating material, and desired final product
must be taken into account [9].

The present study aimed to obtain functional ingredients from eggplant peels bioac-
tives for food or nutraceuticals applications. To extract the phenolic compounds from the
eggplant peels, the ultrasound-assisted extraction (UAE) method was applied. The extract
was characterized in terms of phytochemical content and antioxidant activity. Further, the
extract was used for encapsulation by the gelation technique, followed by freeze-drying
in order to obtain powders. Sodium carboxymethylcellulose (CMCNa), pectin (P), and
whey protein isolate (WPI) were used as wall materials in different concentrations due to
their ability to form hydrogels with three-dimensional networks. The two experimental
variants resulting were analyzed in terms of encapsulation efficiency (EE), total antho-
cyanin content (TAC), total flavonoid content (TFC), total polyphenol content (TPC), and
antioxidant activity. The microstructure of the powders was analyzed by confocal scanning
laser microscopy (CLSM). The evolution of phytochemicals during the storage stability test
was also monitored for 28 days. The in vitro release profile of the TAC and antioxidant
activity under simulated gastric and intestinal juices was also performed.

2. Materials and Methods

2.1. Materials

Whey protein isolate (protein content of 95%) from Fonterra (New Zeeland). Ethanol
96% (EtOH) from Titolchimica (Italy). HPLC purity methanol (MeOH), 2,2-diphenyl1-
picrylhydrazyl (DPPH), glacial acetic acid (CH3COOH), sodium nitrite solution (NaNO2),
potassium chloride solution (KCl), sodium acetate solution (CH3COONa), aluminum
chloride (AlCl3), sodium hydroxide (NaOH), sodium carbonate (Na2CO3), apple pectin,
sodium carboxymethyl cellulose (CMCNa), 6-hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid (Trolox), Folin–Ciocâlteu reagent, gallic acid, hydrochloric acid (HCl),
sodium bicarbonate (NaHCO3), Trizma buffer, the standards used for the HPLC analysis,
delphinidin 3-O-glucoside, delphinidin 3-O-rutinoside, and cyanidin 3-O-rutinoside were
obtained from Sigma-Aldrich Steinheim, Germany.

2.2. Methods
2.2.1. Biologically Active Compounds Extraction

The Solanum melongena L. autochthonous variety fruits were purchased from a local
market in Galat, i, Romania. The purple outer layer of the fruit were peeled in uniform
strips, washed with ultrapure water, dried with paper towels, and frozen. Subsequently,
the peels were freeze-dried until 90% dry weight (dw), at −42 ◦C, under a pressure of
0.10 mBar, with a CHRIST Alpha 1-4 LD plus equipment (Germany) for 48 h.

The biologically active compounds were extracted using the UAE method described
by Condurache et al. [10]. Briefly, 1 g of freeze-dried eggplant peels was mixed with 15 mL
of a solvent mixture composed of EtOH 96% and glacial acetic acid, in a 4:1 ratio. The
mixture was exposed for 15 min to ultrasounds at a 40 kHz frequency and 25 ◦C on a
Smart sonic cleaner ultrasonic bath (MRC. LTD, Holon, Israel). Further, the extracts were
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centrifuged for 10 min at 14,000 rpm and 4 ◦C. The resulting supernatant was concentrated
to dryness under reduced pressure at 40 ◦C (AVC 2-18, Christ, Shropshire, UK), and finally
phytochemically analyzed.

2.2.2. Extract Characterization

The extract was characterized in terms of yield of extraction, TAC, TFC, TPC, and
antioxidant activity, as described by Turturică et al. [11]. In brief, the TACs of 10 mg/mL
eggplant peels’ extract in ultrapure water were quantified using the pH differential method,
and the results were expressed as mg delphinidin 3-O-glucoside (D3G)/g dw [11]. The
TFC was analyzed using the colorimetric method based on the capacity of AlCl3 to form
stable complexes with the flavones or flavonols. The results were expressed as mg catechin
equivalent (CE)/g dw [11]. The TPCs were quantified using the colorimetric method with
the Folin–Ciocâlteu reagent, and the results were expressed as mg gallic acid equivalents
(GAE)/g dw [11]. The free radical scavenging activity of the extract was measured using
the DPPH, and the results were expressed as mM trolox equivalents (TE)/g dw [11]. The
yield of extraction was calculated using formula (1) as described by Swer et al. [12]:

EY =
extract weight

eggplant peels weight
× 100 (1)

2.2.3. HPLC Analysis of the Anthocyanins

The chromatographic analysis of the anthocyanins found in eggplants, including
separation, identification, and quantification, was made by the slightly modified method
described by Turturica et al. [11]. The used HPLC system was a Thermo Finnigan Surveyor
containing a diode array detector and Xcalibur software (Finnigan Surveyor LC, Thermo
Scientific, Waltham, MA, USA). The volume used for the injection of the samples was
20 μL with a flow rate of 1.0 mL/min. Before the injection, the samples were filtered using
0.22 μm syringe filters. All standard compounds used in this study were acquired from
Sigma-Aldrich (Darmstadt, Germany) and were of high purity (>95.0%).

2.2.4. Encapsulation of the Biologically Active Compounds from the Eggplant Peel Extract

The biologically active compounds from the eggplant peels’ extract were encapsu-
lated in hydrogels using the method described by Serrano-Cruz et al. [13] with slight
modifications. The hydrogels are 3D networks made from polymeric chains cross-linked
by physical or chemical bonds, having a high affinity for water [14]. In our study, two
experimental variants were obtained using CMCNa, P, and WPI as wall material. For the
first variant (V1), 1.5% P, 1.5% CMCNa, and 3% WPI were dispersed in ultrapure water
during the agitation on a magnetic stirrer (IKA RCT Basic, Staufen Germany) for 6 h at
45 ◦C and 450 rpm. For the second variant (V2), 2.25% P, 2.25% CMCNa, and 1.5% WPI in
ultrapure water were also hydrated for 6 h at 45 ◦C and 450 rpm on the heating magnetic
stirrer (Figure 1). Both variants were allowed to stand at 4 ◦C overnight to ensure the
full hydration of the wall materials, after which 25 mg/mL of extract was added in each
mixture and homogenized for 2 h at 25 ◦C and 450 rpm. The measured pH of the mixtures
was 2.5 due to the extract. The samples were frozen at −80 ◦C. Further, the mixtures
were freeze-dried to obtain stable powders with a Alpha 1-4 LD plus equipment (CHRIST,
Osterode am Harz, Germany) for 48 h, at −42 ◦C under a pressure of 0.10 mBar until a
94.37% dw for V1 and 96.31% dw for V2. Finally, the powders were collected and packed
in plastic tubes with light protection and stored at 4 ◦C for later analyses.
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V1 
100 mL ultrapure water 

+1.5% P 
+1.5% CMCNa 

+3% WPI 
 

Solubilization 6 h, 45 °C, 450 rpm 
 

Overnight rest, 4 °C, dark 
 

+ 25 mg/mL eggplant peel extract 
 

Solubilization 2 h, 25 °C, 450 rpm 
 

Freezing 80 °C 
 

Freeze-drying 48 h, 42 °C, 0.10 mBar  
pressure, 94.37% dw. 

V2 
100 mL ultrapure water 

+2.25% P 
+2.25% CMCNa 

+1.5% WPI 
 

Solubilization 6 h, 45 °C, 450 rpm 
 

Overnight rest, 4 °C, dark 
 

+25 mg/mL eggplant peel extract 
 

Solubilization 2 h, 25 °C, 450 rpm 
 

Freezing 80 °C 
 

Freeze-drying 48 h, 42 °C, 0.10 mBar  
pressure, 96.31% dw. 

Figure 1. The eggplant peel extract encapsulation scheme using the gelation technique.

2.2.5. Powder Characterization

The obtained powders were phytochemically analyzed in terms of initial TAC, TFC,
TPC, and antioxidant activity [11]. The encapsulation efficiency (EE) of the anthocyanins
was also calculated by measuring the TAC and the surface anthocyanins content (SAC) as
described by Condurache et al. [15].

To measure the TAC, TFC, TPC, and antioxidant activity, 200 mg of each powder
was mixed with 7 mL of methanol/glacial acetic acid/distilled water (25:4:21 v/v/v). The
mixtures were vortexed for 1 min and sonicated for 30 min at 25 ◦C and 40 kHz using
an ultrasonic bath (MRC. LTD, Holon, Israel). Further, the samples were centrifuged at
14,000 rpm for 10 min at 4 ◦C, and the supernatant was analyzed.

The EE represents the content of anthocyanins encapsulated in the matrix, and it was
calculated as a percentage ratio between TAC and surface anthocyanin content (SAC). The
SAC was measured by mixing 200 mg of each powder with 7 mL of ethanol/methanol (1:1
v/v), vortexing for 1 min, and centrifuging at 14,000 rpm for 10 min at 4 ◦C. The resulting
supernatants were analyzed using the pH differential method [11]. The EE was calculated
using Equation (2).

% EE =
(TAC − SAC)

TAC
× 100 (2)

TAC—Total Anthocyanin Content; SAC—Surface Anthocyanin Content.

2.2.6. Storage Stability

The encapsulated powders were evaluated regarding the TAC, TFC, TPC, and antiox-
idant activity during storage at room temperature in plastic tubes with light protection.
The biologically active compounds were extracted as described in Section 2.2.5. Powder
characterization and the phytochemicals were analyzed after 28 days of storage.

2.2.7. Confocal Laser Scanning Microscopy (CLSM)

The Confocal Laser Scanning Microscopy technique was used to observe the encapsu-
lation process of the eggplant peel extracts’ bioactives within the selected matrices. As an
analysis method, confocal microscopy allows the morphology and structure observation
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without the fragmentation of the targeted microparticles. CLSM was performed using a
Zeiss confocal laser system (LSM 710) equipped with a diode laser (405 nm), Ar-laser (458,
488, 514 nm), DPSS laser (diode pumped solid state e 561 nm) and HeNe-laser (633 nm).
The obtained powders were fluorescently stained with Red Congo (40 μM), and the distri-
bution of the bioactives into the powder matrix was observed using a Zeiss AxioObserver
Z1 inverted microscope equipped with a 40x apochromatic objective (numerical aper-
ture 1.4). Furthermore, the FS49, FS38, and FS15 filters were also used for the analysis.
The 3D images were rendered, classified, and analyzed with the ZEN 2012 SP1 software
(black edition).

2.2.8. Powders Behavior in Simulated Digestion

The simulated gastrointestinal digestion of the powders was performed according to
Oancea et al. [16], at 37 ◦C and 150 rpm on an SI-300R orbital shaking incubator (Medline
Scientific, Chalgrove, UK). The static model that simulates the digestion in the stomach
was performed to measure the bioavailability of the anthocyanins and the antioxidant
activity from the two variants of powders. The gastric digestion was performed for 2 h
using simulated gastric fluid (SGF) that contained porcine pepsin (40 mg/mL in 0.1 M HCl)
at a pH = 2.00. The intestinal digestion was performed using intestinal fluid (SIF) with
2 mg/mL pancreatin at Ph = 5.3. The release was calculated using Equation (3):

% Release =
initial concentration

digested concentration
× 100 (3)

2.2.9. Statistical Analysis of Data

The statistical analysis of data was performed using the Minitab 17 Statistics Software.
The differences between the samples were assessed using the Tukey test with the One-way
ANOVA method. All the experiments were completed in triplicates, and the results were
expressed as average values with a standard deviation.

3. Results

3.1. Eggplant Peel Extract Characterization

Eggplant peels are rich in biologically active compounds, mainly in anthocyanins.
In the present work, the bioactives from the eggplant peels were extracted using the
UAE method, with ethanol as a solvent. This combination between the method, solvent,
and acid had a 74.79% extraction yield. The obtained extract was analyzed in terms of
phytochemical content and antioxidant activity, and the results are presented in Table 1. The
extract highlighted a TAC of 0.35 ± 0.07 mg C3G/g dw, a TFC of 2.99 ± 0.12 mg CE/g dw,
and a TPC of 12.79 ± 0.66 mg GAE/g dw. The DPPH scavenging capacity of the extract
presented 193.14 ± 1.25 mM TE/g dw.

Table 1. The phytochemical content of the eggplant peel extract.

Phytochemical
Content

TAC
mg D3G/g dw

TFC
mg CE/g dw

TPC
mg GAE/g dw

Antioxidant Activity
mM TE/g dw

Eggplant peel extract 0.35 ± 0.07 2.99 ± 0.12 12.79 ± 0.66 193.14 ± 1.25

TAC = total anthocyanin content; TFC = total flavonoid content; TPC = total polyphenol content; D3G = delphinidin 3-O-glucoside;
CE = catehin equivalent; GAE = gallic acid equivalent; TE = trolox equivalent; dw = dry weight.

Hosseini et al. [17] presented a TAC of 0.43 ± 1.24 mg D3G/g fw and a TPC of
2.07 ± 4.20 mg GAE/g fw after the conventional extraction of bioactives from eggplant
peels using water/ethanol/acetic acid in a 50:48:2 ratio. On the contrary, Horincar et al. [18]
reported higher TAC, TFC, and TPC values than ours after using acidified ethanol for the
UAE extraction of the eggplant peels bioactives. However, the antioxidant activity on
DPPH free radical reported by them presented lower values than our extract. Jung et al. [19]
extracted the phenolics from different parts of eggplant and reported a TPC content of
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55.19 ± 1.30 mg GAE/g extract and TFC of 6.19 ± 0.28 mg CE/g extract. The differences
between our results and the other studies’ results are due to the phytochemical variabil-
ity from the raw material and extraction conditions. Though, the obtained data from
Table 1 confirm that the eggplant peels are a rich source of biologically active compounds,
especially anthocyanins.

3.2. HPLC Analysis of the Anthocyanin

In order to achieve the characterization of the eggplant anthocyanin profile a chromato-
graphic analysis was performed by using the HPLC technique (Figure 2). The identification
and the quantification of anthocyanin were made depending on the retention time and by
comparison with the available standards and the data existing already in the literature.
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Figure 2. Chromatographic profile of eggplant peel extracts: Peak 1—delphinidin 3-O-rutinoside-
5-glucoside; Peak 2—5: unidentified; Peak 6—delphinidin 3-O-glucoside; Peak 7—unidentified;
Peak 8—delphinidin 3-O-rutinoside; Peak 9—unidentified; Peak 10—cyanidin 3-O-rutinoside; Peak
11–petunidin 3-O-rutinoside.

The anthocyanin identification was made at 520 nm, and the chromatographic analysis
revealed the presence of 11 compounds: delphinidin 3-O-rutinoside-5-glucoside (Peak 1),
delphinidin 3-O-glucoside (Peak 6), delphinidin 3-O-rutinoside (Peak 8), cyanidin 3-O-
rutinoside (Peak 10), and petunidin 3-O-rutinoside (Peak 11), whereas peaks 2—5, 7, and 9
were unidentified.

The eggplant peel extract (Figure 2) revealed that delphinidin 3-O-glucoside is the
major anthocyanin identified, having a concentration of 82.51%. These results are in agree-
ment with those obtained by Azuma et al. [20]. They managed to identify delphinidin 3-O-
rutinoside and nasunin as being the major compounds found in the eggplant extract. Del-
phinidin 3-O-rutinoside followed delphinidin 3-O-glucoside closely, with a concentration
of 66.94%. The other identified anthocyanin compounds varied in terms of concentration,
such as: delphinidin 3-O-rutinoside-5-glucoside—11.57%, cyanidin 3-O-rutinoside—5.08%,
and petunidin 3-O-rutinoside—2.14%. In their studies, Ferarsa et al. [21], Dranca et al. [22],
and Mauro et al. [23] managed to separate and identify only five anthocyanins from
eggplant peel extracts. In our research conducted so far, we highlighted that the major
anthocyanin found in eggplant is delphinidin 3-O-rutinoside. This study revealed a high
concentration of delphinidin 3-O-glucoside. The difference between the two is explained
by Mauro et al. [23], thereby passing to different stages of ripening, the delphinidin 3-O-
rutinoside concentration in different eggplant cultivars show a significant decrease.
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3.3. Encapsulation Efficiency and Powders Characterization

The encapsulation efficiency refers to the potential of wall material to entrap and hold
the core material inside the capsule [24]. In our study, different wall material concentrations
caused significant differences in the anthocyanin encapsulation efficiencies, as presented
in Table 2 (p < 0.05). Thus, the encapsulation efficiency significantly increased with the
polysaccharides concentration, ranging from 64.67 ± 0.67% for V1 to 96.44 ± 3.43% for
V2 (p < 0.05). Our results are in agreement with other studies. Condurache et al. [15]
reported encapsulation efficiencies of the eggplant peel anthocyanins in CMC, P, and WPI
ranging from 69% to 77%. In this study, an increase in the encapsulation efficiency was also
observed with the increase of the CMC concentration.

Table 2. Characterization of the encapsulated eggplant peels extract.

Phytochemical
Content

TAC
μg D3G/g dw

TFC
mg CE/g dw

TPC
mg GAE/g dw

Antioxidant Activity
mM TE/g dw

Encapsulation
Efficiency %

V1 50.41 ± 2.13 a 1.53 ± 0.06 a 8.03 ± 0.18 a 41.96 ± 0.28 a 64.67 ± 0.67 a

V2 94.94 ± 7.94 b 1.64 ± 0.14 a 7.22 ± 0.18 b 36.60 ± 0.83 b 96.44 ± 3.43 b

For each tested phytochemical and powder variant, values from the same column that do not share a letter are statistically different at
p < 0.05 based on the Tukey method and 95% confidence. TAC—Total Anthocyanin Content; TFC—Total Flavonoid Content; TPC—Total
Polyphenol Content.

Higher CMC and P concentrations also led to higher anthocyanin content entrapped
in the powders. Thus, V2 presented a significantly higher TAC than V1 (p < 0.05). On
the contrary, significantly higher TPC and antioxidant activity values were obtained for
the variant with higher WPI concentration (p < 0.05). The TFC was not significantly
different, regardless of the powder variant (p > 0.05). An opposite behavior was reported
by Stanciuc et al. [25], who obtained higher polyphenol concentrations and antioxidant
activities for higher pectin concentrations in grape skin bioactive-containing powders.

However, from Table 2, it can be observed that both powder variants showed high
encapsulation efficiencies with high antioxidant activities. This leads us to conclude that
the wall material combinations successfully encapsulated the phytochemicals from the
eggplant peel extract.

3.4. Storage Stability of the Powders

The powders were stored at room temperature for 28 days and were characterized in
terms of phytochemical content and antioxidant activity. The changes in TAC, TFC, TPC,
and antioxidant activity of both powder variants during storage are shown in Figure 3.

The TAC and TFC of both powder variants did not significantly change during the
28 days of storage (p > 0.05). Instead, the TPC of V2 presented a significant increase
(p < 0.05), while the TPC of V1 remained constant. Regarding the antioxidant activity, V1
showed significantly lower values after 28 days of storage, while V2 presented significantly
higher values than the initial values (p > 0.05). Similar behavior was also reported by
Moser et al. [26]. They suggested that the microencapsulation of grape juice combined with
storage at low temperatures offered storage stability to the anthocyanins. On the contrary,
Azarpazhooh et al. [27] reported a decrease in the TAC of the pomegranate peels bioactives
microencapsulated powder as the period of storage increased.

However, from Figure 3, it can be observed that both variants showed low antioxidant
activities and phytochemical content variation in time. This leads us to conclude that the
used combination between CMC, P, and WPI successfully encapsulated the anthocyanins
from eggplants peel extract, providing them good stability.

161



Inventions 2021, 6, 47

  
(a) (b) 

  
(c) (d) 

TA
C

, 
g 

D
3G

/g
 d

w

Time, days

TF
C

, m
g 

EC
/g

 d
w

Time, days

TP
C

, m
g 

G
A

E/
g 

dw

Time, days

A
nt

io
xi

da
nt

 a
ct

iv
ity

, 
m

M
 T

E/
g 

dw

Time, days

Figure 3. The TAC (a), TFC (b), TPC (c), and antioxidant activity (d) stability of the encapsulated powders after 28 days
of storage at room temperature. For each tested phytochemical and powder variant, columns that do not share a let-
ter are statistically different p < 0.05. TAC—Total Anthocyanin Content; TFC—Total Flavonoid Content; TPC—Total
Polyphenol Content.

3.5. Morphological Structure of the Powders

Confocal microscopy is an excellent tool to investigate the morphostructural features of
microencapsulated powders. Using the LSM 710 point-by-point scanning equipment, with
the DPSS (561 nm) and HeNe (633 nm) lasers and the corresponding filters (FS38 WF and
FS15 WF, respectively), the samples were analyzed in both their native form (to observe the
autofluorescence emission of the phytopigments from the eggplant extracts) as well as after
staining of the samples with Congo Red, which has an affinity for the protein component
of the microencapsulating matrix. Thus, the bioactives from the eggplant exocarp, by
encapsulation, generated a digitiform, laced appearance in the V1 variant (Figure 4a) or
compact irregular scales in the V2 variant (Figure 4b). Interestingly, the same plant extract
displayed different autofluorescent properties depending on the proportion of biopolymers
used for the microencapsulating matrix, probably due to the transient bonds created. The
higher percentage of WPI in the V1 variant determined a frameshift of the emission to
the range of 640–680 nm, while in the presence of a matrix richer in polysaccharides (V2),
the emission spectrum of the phytopigments in the extract appeared in the green-yellow
domain (520–540 nm). Similar results were obtained by Chanoca et al. [28] in 2016 who
used fluorescence lifetime microscopy to study the subcellular localization of anthocyanins
in plant cells [28]. By labeling with Congo red (Figure 4c,d), the powders formed more or
less homogeneous biofilms. In the WPI network (in red) predominant in the V1 sample
matrix, a large diversity of bioactives (in green) was observed (Figure 4c). As the WPI
content decreased and the content of carbohydrate polymers in the matrix increased, the
powder became more hydrophilic, finer, and more homogeneous, and the fluorescent
labeling with Congo red was weaker.
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Figure 4. Confocal laser scanning images of the microencapsulated powders: V1 ((a)—native, (c)—stained) and V2
((b)—native, (d)—stained).

3.6. Powders Behavior in Simulated Digestion

The anthocyanins have the lowest bioavailability among polyphenols, with only
1–2% of them being absorbed by the human body. Their absorption is affected by the
physicochemical conditions from the gastrointestinal tract, such as pH, enzymes, and
microbiota [29]. The combination between a top-down method such as gelation and a
bottom-up method such as freeze-drying can represent a solution to assure an intelligent
delivery system for the eggplant peel anthocyanins.

In our study, the encapsulated powders’ behavior was studied under simulated
gastric and intestinal conditions. The results obtained for the in vitro digestibility in
simulated gastric fluid (SGF) showed that the encapsulation methods and the selected
coating materials presented a protective effect on the anthocyanin release. In Figure 5a,
we observed a remarkable anthocyanin content stability, with only 3% and 7% release for
V1 and V2, respectively, after 120 min of gastric digestion. After the intestinal fluid was
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added, an accelerated anthocyanin release from the matrices was observed (Figure 5b).
Thus, the anthocyanins from V1 completely released after only 60 min. For V2 instead, the
anthocyanins started to gradually release in time. Thus, after 30 min of digestion, half of
the anthocyanins were released from the matrix, reaching complete release after 120 min of
digestion. It can be noticed a higher anthocyanin protective effect by the matrix containing
higher CMCNa and P concentration.
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Figure 5. In vitro digestibility of encapsulated anthocyanin and antioxidant activity in simulated gastric fluid (a,c) and
simulated intestinal fluid (b,d).

Condurache et al. [15] reported a high protective effect of the anthocyanins from
eggplant peels encapsulated with proteins and polymers, with a maximum of 42% intestinal
release. Instead, Huang and Zhou [30] reported that a complete release of the encapsulated
anthocyanins from black rice occurred after 20 min of intestinal digestion.

In terms of antioxidant activity, there is a release of up to 14% for V1 and 40% for V2
after 120 min of simulated gastric digestion (Figure 5c). If in the anthocyanin’s case, their
complete release in simulated intestinal digestion took place after only 60 min for V1, in
the case of antioxidant activity, a gradual release is observed for both variants (Figure 5d).
Thereby, a 50% release is observed for both variants after the first 30 min of simulated
intestinal digestion. Afterward, the release took place more slowly, reaching full release
after 120 min of digestion. These results may be explained by the phenolic acids formed
during the degradation of the anthocyanins in intestinal digestion [31].

4. Conclusions

This study focused on the obtaining of functional ingredients for food or nutraceuticals
applications by the extraction and encapsulation of phenolic compounds from eggplant
peels, mainly on the anthocyanins. Thereby, the anthocyanins were extracted using the
ultrasound-assisted extraction method and phytochemically characterized. The major an-
thocyanin from the extract is delphinidin 3-O-glucoside. Further, the present study aimed
to compare the impact of the two encapsulation matrices on the stability and controlled
release of the anthocyanins. Thus, the gelation technique combined with the freeze-drying
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technique was used, and the wall materials tested in this study were the CMCNa, P, and
WPI in different concentrations. It has been demonstrated that higher concentrations of
CMCNa and P in the encapsulation matrix resulted in higher anthocyanin retention, encap-
sulation efficiency, and storage stability. The confocal microscopy revealed a digitiform,
laced appearance in the V1 and compact irregular scales in the V2 generated by the eggplant
peels’ bioactives. As the content of polysaccharides increased in the matrix, the powder
became more hydrophilic and homogeneous. The in vitro digestion study indicated that
each type of matrix exhibited a different protection mechanism for the anthocyanin and the
antioxidant activity of the encapsulated powders. A higher polysaccharide concentration in
the matrix provides high anthocyanin stability in the gastric system and a gradual release
in the intestinal system, which can lead to their better absorption.

Our results can be used in formulating new functional foods with high value added.
In this regard, more research will be further addressed.
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Abstract: Traditionally and socially, the tourism in Constanta is considered to be important to the
local economy. Sun and beach locations are both a draw for locals and tourists to the city, on the Black
Sea. However, vacation-oriented activities in the city only have a seasonal cycle. In this paper, we
proposed to analyze the mass tourist activity in Constanta, taking into account economic, social, and
environmental conditions. Additionally, we attempted to build a model based on the data available.
The model was developed using a PESTEL analysis to determine the supportability factor of the
indicators identified. We also set out to create a projection of the activities proposed for analysis
by 2050. To create a model for coastal areas, the data used in this research must be accurate and
consistent. Furthermore, correctly identifying indicators and their relationships is a critical step in
conducting a thorough study. Last but not least, finding the calculation coefficient for the activity in
question is critical, as collecting data from various activities might be challenging when trying to find
a feasible model.

Keywords: mass tourism; management model; Constanta; PESTEL; Black Sea; sustainability

1. Introduction

There is interdisciplinarity in regards to the science that has been carried out in coastal
areas. Due to the interdependence of land and sea, it brings several threats to biodiversity
and quality of life in this coastal area [1]. Understanding both the natural and the systems
processes that keep them in harmony, is a means to understand the complementary nature
of their relationship [2].

Integrative application of pressure appears to be the optimal solution for the coastal
zone’s longer-term growth.

It is particularly significant for the European Union, given that it includes areas of
over 68,000 km of coastline with an integrated approach to management. Even with
these significant disadvantages and weaknesses, the administration looks to be simpler
with respect to land–sea governance because of a lack of medium-term approaches, and
lacks medium data collected and analysis systems. While integrated coastal management
(IZCM), climate planning (CPP), and urban/regional marine special planning (MSP) are
tools that can be useful, they are discussed only at the strategic level and are not sufficiently
implemented at the grassroots level. It is an indisputable fact that the increasing human
impact has left a tangible and visible residual imprint on the Earth’s climate. For scientific
researchers, ‘sustainable development’, ‘climate change’, and ‘environmental protection’
have gained increasing acceptance in recent years, while ‘environmental management’ is
more frequently seen today [3]

The city of Constanta, located in the southeastern part of Romania, on the Black Sea’s
coasts, has as its main goal the growth of tourism, with mass tourism as an option. This
is evident in both the paper Integrated Strategy for Sustainable Tourism Development in
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Constanta County, 2019–2028 [4], and the Master Plan for the Protection and Rehabilitation
of the Coastal Area [5]. The basis for medium- and long-term city development planning
are laid out in these strategic development publications. There are, however, studies that
examine the impacts of mass tourism on a town which draw attention to the traffic and
pollution issues that this activity causes [6]. This paper is structured as follows: Section 2
describes the Constanta area regarding the tourism activity, Section 3 presents the methods
used in this research, followed by results, and the last section presents the conclusion.

2. Case Study

For this study, we focus on the Constanta area of Romania. Constanta is an open
sea city, located in the east of Romania, as shown in Figure 1. Constanta is one of the
most important cities due to national/international tourism to the Black Sea. Due to its
physico-geographical characteristics, the Romanian coastline has benefited greatly from
the largest sums of tourist attention in the first half of the 1960s and in terms of attendance
amenities in this time period. Due to this arrangement, Constanta was found to be the
county with the most structures and the most vacation options. Mamaia is one of the
administrative districts of Constanta and one of the best beach resorts, with a 7 km-long
beach which faces to the east [7].

 
Figure 1. Location of Constanta City in Europe. Source: Google map processed image.

Even if tourism is a significant county-level activity, according to the town halls
(Figure 2), the data indicate that the bulk of the operations are conducted on the shoreline
of the Black Sea in Constanta County. Both the national tourism strategy [8] and the local
strategic documents discussed in the preceding chapter specify a growth in tourism and
accommodation capacity, as well as an improvement in the percentage of nights spent
in accommodation units. This validates the concept of mass tourism as the only viable
alternative for decision-makers. Simultaneously, one of the steps used by the authorities
to enhance the number of tourists is to expand the surface of the beaches by constructing
infrastructure. The formulation of infrastructure works in three phases is anticipated in
the document Masterplan Protection and Rehabilitation of the Coastal Area, with the first
phase already finished (in the period 2013–2015, with the surface of the beaches rising by
over 120,000 square meters). Following that, we will look at the capacity of existing lodging
in the area.
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Figure 2. Localities in Constanta County where tourism is considered a main economic activity.
Source: http://www.cjc.ro/dyn_doc/turism/Strategia_jud.Constanta_Faza2.pdf, accesed on 20
April 2021.

According to data from the National Statistical Institute, the total revenue generated by
hotels, other lodging facilities, restaurants, and tourist agencies totaled RON 1,541,559,560
in 2017, accounting for 3.4 percent of the total revenue generated by all fields of activity in
Constanta County. County-level tourism turnover increased by 56.7% between 2013 and
2017, but total business activity only slightly. If this type of business in 2013 held 2.2% of
the market, it now has 3.4% of the market. (Table 1) [8–11].

Table 1. Turnover of active enterprises in Constanta County, from 2013 to 2017 (RON, 1 USD = 4.04 RON). Source: TEMPO-
Online database (http://statistici.insse.ro:8077/tempo-online/#/pages/tables/insse-table) accessed on 10 June 2021.

2013 2014 2015 2016 2017

Total domains of activity, of which: 44,640,521,503 45,607,349,710 44,166,254,796 42,177,088,057 44,672,535,846
HR domain 983,700,816 1,086,868,232 1,399,752,043 1,460,529,931 1,541,559,560

Tourist structure.

• Tourist reception structures with accommodation functions.
• Tourism benefits from tourist accommodation. This is why the resort’s location mostly

controls the capacity of tourist flows.

Due to its physico-geographical characteristics, the Romanian coastline has benefited
greatly from the largest sums of tourist attention in the first half of the 1960s and in terms
of attendance amenities in this time period. Due to this arrangement, Constanta was found
to be the county with the most structures and the most vacation options [12].

According to the latest official data for 2018, 834 units (9.9% of the national total)
were open in Constanta County with a total of 84,891 places (24.0% of the national total)
(Table 2).
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Table 2. Evolution of accommodation capacity at the level of Constanta County and for the total
country. Source: TEMPO-Online database (http://statistici.insse.ro:8077/tempo-online/#/pages/
tables/insse-table) accessed on 10 June 2021.

Years
Constanta County Romania % of Total Romania

Units Places Units Places Units Places

2012 738 84,690 5821 301,109 12.7% 28.1%
2013 745 85,756 6009 305,707 12.4% 28.1%
2014 746 87,496 6130 311,288 12.2% 28.1%
2015 755 87,848 6821 328,313 11.1% 26.8%
2016 761 85,285 6946 328,888 11.0% 25.9%
2017 838 84,157 7905 343,720 10.6% 24.5%
2018 834 84,891 8449 353,308 9.9% 24.0%

A report by the National Statistical Institute shows the following reality in Constanta
County for the past seven years:

• The number of lodging structures increased significantly in 2018, with 13.0 percent
more units than in 2012.

• The number of available accommodations has remained relatively constant.
• When compared to 2012, operational accommodation capacity (number of places–

days) decreased by 2.0 percent in 2018.

The situation is explained by the fact that the new structures, while more numerous,
are still much smaller in size (pensions, villas) in comparison to the large units that have
emerged from the tourist circuit for various reasons (camping, camps, hotels) [13–15].
Additionally, the reduced capacity in all vacation properties also means reduced availability
of accommodation, and in particular, the large hotels in tourist destinations are made
available for less time in operation year to year. As was researched in Constanta County, the
average duration of accommodation structures was approximately 125.8 days in 2012, and
decreased to 124 days in 2017. By comparison, the national average is about 255 days [16].

Data retrieved from the government tourism agencies are considerably different than
that found in the National Statistical Institute itself. According to the December 2018 data,
there are 1807 tourist reception structures with accommodation functions in Constanta
County, totaling 122,262 places. In comparison to the rest of the country, Constanta County
has 13.4 percent of the total number of accommodation structures and 27.2 percent of the
total number of places to stay, making the county of Constanta, and particularly the seaside
area of the county, the most important tourist destination in the country (Figures 3 and 4).

Figure 3. Number of tourist reception structures with accommodation functions, by county (Decem-
ber 2018). Source: http://turism.gov.ro/web/autorizare-turism/, accessed on 20 April 2021.
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Figure 4. Number of accommodations, by county (December 2018). Source http://turism.gov.ro/
web/autorizare-turism/, accessed on 20 April 2021.

In Table 3 is presented the accommodation capacity of Constanta County. The first
main resorts on the Romanian Black Sea coast by number of places are: Mamaia (20.3%),
Eforie Nord (14.6%), and Costineşti (13.0%).

Table 3. Accommodation capacity in Constanta County, by locality (December 2018). Source:
http://turism.gov.ro/web/autorizare-turism/, accessed on 20 April 2021—processed data.

Localities Accommodation Structures Accommodation Places

Number Percent Number Percent

Constant,a 309 17.1% 28.396 23.2%
Constant,a 87 4.8% 3.519 2.9%

Mamaia 222 12.3% 24.877 20.3%

Mangalia 258 14.3% 32.904 26.9%
Mangalia 29 1.6% 1.683 1.4%

Cap Aurora 7 0.4% 2.184 1.8%
Jupiter 36 2.0% 5.848 4.8%

Neptun-Olimp 88 4.9% 9441 7.7%
Saturn 40 2.2% 6.438 5.3%
Venus 58 3.2% 7.310 6.0%

Eforie 431 23.9% 23.857 19.5%
Eforie Nord 318 17.6% 17.795 14.6%

Eforie Sud 113 6.3% 6.062 5.0%

Costines, ti 355 19.6% 15.850 13.0%

Limanu 127 7.0% 4.177 3.4%
2 Mai 38 2.1% 1.047 0.9%

Vama Veche 88 4.9% 3.084 2.5%
Limanu 1 0.1% 46 0.0%

Năvodari 226 12.5% 13.114 10.7%

Techirghiol 28 1.5% 1.390 1.1%
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Table 3. Cont.

Localities Accommodation Structures Accommodation Places

Number Percent Number Percent

Other localities 73 4.0% 2.574 2.1%
Adamclisi 1 0.1% 30 0.0%

Agigea 10 0.6% 204 0.2%
Aliman 2 0.1% 28 0.0%

Băneasa 1 0.1% 20 0.0%
Cernavodă 4 0.2% 142 0.1%

Cobadin 1 0.1% 10 0.0%
Crucea 1 0.1% 54 0.0%

Cumpăna 1 0.1% 18 0.0%
Lipniţa 2 0.1% 42 0.0%

Lumina 1 0.1% 59 0.0%
Medgidia 6 0.3% 188 0.2%

Mihail
Kogălniceanu 1 0.1% 36 0.0%

Oltina 1 0.1% 16 0.0%
Ostrov 3 0.2% 74 0.1%
Ovidiu 3 0.2% 63 0.1%
Saligny 1 0.1% 12 0.0%
Seimeni 1 0.1% 32 0.0%

23 August 20 1.1% 1.314 1.1%
Corbu 13 0.7% 232 0.2%

TOTAL 1.807 100% 122.262 100%

3. Materials and Methods

The multi-criteria model was applied to mass tourism in Constanta using the PESTEL
technique. This model accounted for the impact of relevant indices on all three major
factors: economic, social, and environmental. These processes can be applied to any
residential or business destination, especially in a touristic or coastal area, identifying the
activities and considering each location’s unique characteristics [17–20].

It is important to run multicriteria analyses over time to identify possible changes in
the factors. The more in-detailed the analysis you give, the more time you have to identify
and reduce security risks that overlap with the various variables.

Indicators of activity in the area, as well as their impact on other economic, social, and
environmental activities, were identified. The different perspectives were evaluated on the
basis of the PESTEL model [21–25]; for Constanta, used three parameters of analysis:

Economic factor: In terms of agriculture and aquaculture, the analysis was carried
out while taking into account local products and their market access. Despite being
a predominantly agrarian country, Romania’s trade balance still favors food imports,
according to existing data at the Institute of Statistics. The occupancy of hotels and
restaurants, as well as the economic use of the coastal beach, were the two indicators
considered in this study. We also considered the activity of retailers in the studied area.
In this chapter, we used data from the retail industry’s turnover and profit from 2011 to
2019. Car traffic, use of local transportation, and electricity consumption are also important
indicators of the stress that the community faces during the summer season. For real-time
traffic monitoring, we used Google Maps’ traffic function, and for relevant traffic data on
the number of vehicles in a given area, we used TOMTOM’s free data.

Social factor: This took into account the social environment and identified the trends
that existed in the analyzed area. To examine this factor, two indicators were developed:
employment and crime.

Environmental factor: This factor referred to the impact of other factors on the envi-
ronment as well as the impact of ecological aspects. The environmental factor includes
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indicators for air, water (sea water and fresh water), waste (food waste and general waste),
and protected areas.

Consideration of only the proposed indicators cannot lead to sustainable tourism
activity. It is important to identify which of the variables add more or less pressure on some
of the other variables. In fact, the supportability factor was applied, taking into account
how the supportability of these activities would compare to each other. The tipping point
occurs where one activity must stop before the other disappears. For activities that harmed
one another, their credibility rating was reduced to zero if the percentage of total activity
was small. Similarly, supportability has an effect on every other activity, and is inversely
proportional to it. A rough estimate of the extent of the damage was based on existing data
from government sources [26].

In the multi-criteria analysis, we used two scenarios: scenario number one, which
refers to a moderate number of tourists, and scenario number two, which depicts the actual
number of tourists. The relationship between the indicators and the number of tourists was
established by using coefficients for the three months of the season under consideration,
namely June, July, and August.

The coefficients added for the summer months were between 1.5 and 2.5, based on the
number of tourists present and the population of the constant city.

In multi-criteria analysis, some of the indicators remained constant. This was due to
the fact that mass tourism had little impact on them. In these cases, the indicators were
labeled with the number 1, indicating that they were at the positive end of the analysis.
For example, if we consider the consumption of local food products, because Romania
is already an importer of food products, it follows that local producers with a limited
stock of products exhaust their stocks regardless of tourist traffic. In general, retailers rely
on suppliers who bring in imported goods to meet their food needs during the summer
season. Furthermore, during the summer season, the workforce is typically relocated
from one unit located in the city to another unit located on the coast, both units belonging
to the same economic agent. The Statistical Institute’s employment figures clearly show
that the unemployment rate does not differ significantly between the seasonal and off-
season months [27,28]. This demonstrates, on the one hand, the relocation of the workforce
between units, and, on the other, the hiring of personnel from outside Constanta, with the
newcomers having a negligible economic impact on the local community.

Returning to the method of calculating the indicators, this took the form of:

imt = iwt × cnt/100 (1)

where:
imt = indicator that supports mass tourism.
iwt = indicator that does not support mass tourism.
cnt = coefficient for the number of tourists.
Another equation was used to calculate the indicator for the retailers’ indicator. This

was:
imt = (Pn/Rn) × cnt (2)

where:
Rn = net result.
Pn = net profit.
cnt = coefficient for the number of tourists.
A linear regression was used to predict the values until 2050 for different factors of

the analyzed model. The values were predicted based on the second variable in the simple
linear regression. The predicted values are presented as a function of the other variable in
the form of a straight line in the simple linear regression of this section. Linear regression
is used to find the right line through the points that is best suited to the data. The best line
is also known as a regression line.
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4. Results

Based on those presented in the previous section, we analyzed the evolution of all
three factors—economic, social, and environment—based on both scenarios—with mass
tourism and without mass tourism—for summer time—months June, July, August—in the
period 2011–2015. To view the future effects on these factors, we extended the analysis
until the year 2050.

Figure 5 depicts the evolution of passenger transportation in the city of Constanta
under scenarios 1 (no mass tourism) and 2 (with mass tourism). There is a noticeable differ-
ence in the efficiency of public passenger transportation during the months when tourists
visit the coast. At this point, we can say that local policies should focus on encouraging
residents to use public transportation more frequently, so that public transportation activity
is more efficient during the off season. This indicator represents a situation in which mass
tourism is a positive factor in the local community’s development.

Figure 5. Local transport activity in the two scenarios.

By projecting local transportation to 2050 (Figure 6), it is possible to see that, based on
the current data introduced into the system, the mass tourism hypothesis is more beneficial,
reaching an optimal around 2039, whereas the assumption without mass tourism reaches
an optimal of 0.84 out of 1 at the level of 2050. The trend is clear in both scenarios, and the
optimization of this activity is at the disposal of the authorities, who can take measures to
stimulate this indicator.
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Figure 6. Forecast of local transport activity by 2050.

Similarly, we have expanded the analysis of economic factors (Figures 7 and 8), social
factors (Figure 9), and environmental factors (Figure 10) to account for the two scenarios,
one with and one without mass tourism.

Figure 7. Analysis of economic factor indicators for the without mass tourism scenario.
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Figure 8. Analysis of economic factor indicators for the mass tourism scenario.

Figure 9. Analysis of social factor indicators for the two scenarios.
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Figure 10. Analysis of environmental factor indicators for the two scenarios.

The evolution of indicators oscillates, with peaks occurring most frequently in August
of each year, with this month being the most dynamic. In the case of the economic
factor under consideration, several relevant indicators were considered, including the
consumption of local products from agricultural or aquaculture sources, the activity of
retailers in public food, the activity of the hotel and restaurant sector, local transportation
and traffic, electricity consumption, and the economic use of the beach. This last indicator
was added because, according to existing studies and strategies, the beach is the primary
destination of seaside tourism, and the Romanian government has invested significantly in
this goal. The best economic use of the beach was calculated based on the number of tourists
and locals who use the beach’s surface. The optimal area required for a beach tourist, which
is 4 square meters, is established by both domestic legislation and international standards.
In these circumstances, the optimal economic use of the beach for us was that the beach
must be suitable in terms of area for the number of existing visitors, with a beach with an
insufficient or excessively large area having a negative impact on tourist activity.

In the case of the social factor, we only looked at two indicators: labor force partici-
pation and criminality during the summer season. As previously stated, we discovered
that the workforce used is especially the one relocated from the city between the units of
the same operator, or the workforce that comes from other localities, by analyzing the data
provided by the Statistical Institute, but also based on other studies and interviews with
factors involved. In terms of criminality, it is high during the summer season but fairly
consistent from year to year.

We considered the air quality, which was primarily related to the increased traffic on
the coast during the summer season, the amount of waste produced (food and general),
the quality of bathing water, the quantity and quality of drinking water, and the impact
of tourists on protected areas. In terms of waste production, the data were incorporated
into the county waste management plan, which shows a significant increase (on average
30 percent) in the amount of waste produced during the summer season, waste produced
by tourists. The Statistics Institute also publishes an annual report on food waste, which
shows how much food each novel wastes each year. In terms of bathing water quality,
the Public Health Directorate’s annual reports to the European Commission show that the
bathing water is in the optimal parameters, with moderate, good, and very good status.
The reduced use of the beach also helped to improve the quality of the bathing water.
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However, it is clear that, while the statistics are positive, more detailed analyses on this
parameter are required, given the numerous cases of pollution and discomfort reported in
recent years. However, these are not the topic of this work. In terms of protected areas, the
most significant protected area within a reasonable distance of Constanta is Lake Siutghiol,
which is an avifaunistic protected area with significant ecological activity, particularly for
migratory birds during the winter. Because the influence of tourist activity during the
summer season is negligible, the indicator does not have extremely low values. We did not
examine the degree of urbanization in the protected area in this paper because we believe
that tourist activity during the summer does not have a significant impact on migratory
bird wintering activity.

By achieving an average of the economic factor indicators (Figure 11) between 2011
and 2019, it can be seen that, while mass tourism was initially more beneficial, the situation
changed in the middle of the period, and the activity without mass tourism became the
better option for the community. A projection of this trend until 2050 (Figure 12) shows that
both options are economically beneficial to the community, because the trend is growing;
however, the growth in the option without mass tourism is more pronounced, reaching an
optimal around 2048, whereas the optimal in the other option is expected after 2055.

Figure 11. Analysis of economic factor average indicators for the two scenarios.

Figure 12. Economic factor forecast by 2050.
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We conducted a similar analysis in terms of the social factor. If we focus on the
intercalation of the two scenarios in the studied period, 2011–2019 (Figure 13), the situation
becomes more interesting in terms of the forecasts of the two scenarios. The best option
is also proven in the situation without mass tourism, with a higher value in 2050 than in
the scenario with mass tourism. On the other hand, the trend is decreasing in terms of the
option without mass tourism, while the trend is increasing in terms of the option with mass
tourism (Figure 14). It is expected that in terms of community benefits, a choice will be
made between the two options between 2050 and 2060. This social factor analysis provides
some arguments for planners and public policymakers to choose one scenario over another
based on the community’s development directions. Simultaneously, the analysis can be
improved by including additional social indicators such as education, access to culture,
health, and so on.

Figure 13. Analysis of social factor average indicators for the two scenarios.

Figure 14. Forecast of the social factor until 2050.

In terms of the environment, an analysis of the averages of the proposed indicators for
the period 2011–2019 (Figure 15) reveals that the scenario without mass tourism has values
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that are higher than the scenario with mass tourism. In terms of trends, the forecast until
2050 is particularly interesting, with the trend without mass tourism slightly decreasing
and the trend with mass tourism slightly increasing (Figure 16). However, the main option
remains one without mass tourism, and if current conditions continue, the option without
mass tourism will be the best scenario for the community even after 2050.

Figure 15. Analysis of environmental factor average indicators for the two scenarios.

Figure 16. Average factor forecast by 2050.

The final part of the analysis was completed by calculating the average of the two
scenarios for all of the proposed factors (economic, social, and environmental). As shown in
Figure 17, the scenario without mass tourism outperforms the scenario with mass tourism
over the period 2011–2019. This demonstrates that the previous option was not the best fit
for the community. Regarding the projections of the two scenarios until 2050, the trends in
both situations are increasing (Figure 18). The scenario without mass tourism has faster
growth, but the difference between the two scenarios is not significant. This situation
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presents a challenge for policymakers seeking to improve local policies in accordance with
the path they wish to take for community development.

Figure 17. Analysis of indicator averages for the two scenarios.

Figure 18. Forecast of indicator averages for the two scenarios for 2011–2050.

5. Conclusions

The multi-criteria analysis of the mass tourism management model in terms of its
impact on the local community in Constanta is a complex tool that can aid in the develop-
ment of local policies. Depending on the pressures exerted by various activities on other
activities taking place in the community, the scenarios considered may or may not be viable.
The accuracy and consistency of the data used in this analysis are critical. Furthermore, the
correct identification of indicators and their interrelationships is an important process in
carrying out a correct analysis. Last but not least, determining the calculation coefficient
for the activity under consideration is critical, because bringing together data from various
activities can be difficult when attempting to identify a viable model.
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The PESTEL methodology was used to apply the multicriteria model to mass tourism
in Constant,a. The model’s use demonstrated the impact of relevant actions on three
primary factors: economic, social, and environmental. By recognizing existing activities
and determining the relationships between these activities, such a model can be applied to
any tourist or seaside location.

Multicriteria analysis must be performed throughout time in order to detect probable
changes in components and provide more accurate model predictions.

Only considering the recommended indicators will not result in a long-term tourism
activity. It is crucial to figure out which variables exert more or less pressure on the
others. The affordability index must be determined for this. The equilibrium point must be
determined, where one activity’s pressure must cease before the other activity vanishes.

In the case studied in this paper, we assumed that the number of tourists visiting a
location has a significant impact on the local community. Although it appears that mass
tourism is beneficial from an economic standpoint, it can be observed that this type of
tourism has a negative impact on some economic and environmental indicators, and the
positive impact is often insignificant. This is not to say that a community cannot aim to
use mass tourism as a form of tourism. It is just that in these cases, they must identify the
high-pressure activities and take measures to relax the relationships between them.

One of the study’s limitations was the data’s availability and accuracy. Although most
data are collected by public entities, they are not made available to the broader public.
Furthermore, data gathering methods differ, and their accuracy in many circumstances is
low. Another noteworthy limitation was the number of tourists visiting the area during
the summer, even though the area is well known for the fact that many local people offer
their own houses for accommodation. There are no relevant statistics on the number of
tourists staying in these facilities. Another limitation of this study is that the activities in
the coastal area are far more numerous and complex. As a result, in order to examine an
effective situation, the interaction between these activities must be discovered, as well as
the tolerance threshold between them. Last but not least, the study is time-limited in the
sense that this analysis must be refreshed after a given period to determine whether the
data entered are still relevant.
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Abstract: The present work aims to provide a comprehensive picture of the wind energy potential
that characterizes the Romanian coastal environment using in situ measurements and reanalysis
of wind data (ERA5) that cover a 42–year time interval (1979–2020). A total of 16 reference points
(both land and offshore) equally distributed along the Romanian sector are used to evaluate the local
wind energy potential, targeting in this way several sites where a renewable wind project could be
established. Compared to the in situ measurements (land points), the ERA5 dataset underestimates
the wind speed by at least 11.57%, this value increasing as we approach the coastline. From the
analysis of the spatial maps, it is likely that the wind speed steadily increases from onshore to
offshore, with a sharp variation near the coastline being reported. Furthermore, the assessment
of some state-of-the-art offshore wind turbines was conducted using 12 systems defined by rated
capacity ranging from 2 to 10 MW. Some scenarios were proposed to identify sustainable offshore
wind projects to be implemented in the Romanian coastal zone based on these results.

Keywords: Romania; coastal area; wind energy; measurements; IEC classes; wind turbines

1. Introduction

At the core of the energy transition towards renewables and planning for a post–
COVID–19 economic rehabilitation, offshore wind resource is considered a possible pillar in
reaching net–zero emissions of greenhouse gases by the end of 2050, a policy required by the
European Green Deal. At the European level, offshore wind projects are already considered
a competitive sector. According to [1], the European Union (EU) complete decarbonisation
will require 450 GW of offshore wind capacity by 2050, representing 18 times more than
the currently installed offshore wind capacity—25 GW and 5402 grid-connected wind
turbines across 12 countries. The reason why offshore wind is more desirable than solar
and even onshore wind power is its higher full-load and operating hours, its stability and its
greater predictability. Moreover, offshore wind represents nowadays a very cost-effective
alternative for power generation, taking into consideration the fact that the Levelized
Cost of Electricity (LCOE) decreased from an average of 0.13 USD/kWh in 2018 to an
average between 0.05–0.09 USD/kWh by 2030 and 0.03–0.07 USD/kWh by 2050 [2], falling
in the low range of costs for fossil fuels and becoming more affordable than nuclear
power. The increased economies of scale, together with the competitiveness of supply
chains and further technological advances, will reduce the cost of harvesting wind energy.
Nevertheless, for the time being, investing in onshore wind projects seems to be more
economically viable, even though offshore designs generate more electricity [3].

There is a growing interest in developing wind projects in different coastal areas
defined by resourceful wind energy [4–6]. Given the recent enhancements intended to
reach the decarbonisation process, Romania must tap into its existing offshore wind power
potential in the Black Sea. Currently, even though Romania is one of the leading countries in
the south-eastern part of Europe in terms of onshore wind development, having an installed
capacity of 3 GW, according to the National Energy and Climate Plan (NECP) 2021–2030 [7],
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there is inadequate support for the advancement of offshore capacities in the Black Sea.
For example, almost 80% of the existing wind turbines in Romania are concentrated in the
Dobrogea region, located near the sea. The most significant operational onshore wind farm
in Europe is also established in Dobrogea, namely the Fantanele–Cogealac wind project,
having an installed capacity of 600 MW [8].

Most of the latest published research regarding the Black Sea describes the wind
conditions only from a meteorological point of view [9–11], probably due to the fact
that the Black Sea coastal zone is considered less attractive than other enclosed or semi-
enclosed seas, such as the Mediterranean or Baltic Sea [4–6]. Moreover, the performances of
some commercial, state-of-the-art wind turbines were assessed by Onea and Rusu [12–14],
considering several reference sites distributed along the Black Sea shoreline, at a water
depth that, however, does not exceed 50 m. Additionally, several offshore sites that appear
to be suitable for implementing a wind project in the Turkish coastal region were proposed
in [15], while Raileanu et al. [16] assessed the performances of two wind turbines that
operate offshore—Siemens SWT-3.6-120 and Senvion-6.2M-126.

Even though the topic of research appears similar to the one discussed in Onea and
Rusu [3], the present study is characterized by significant differences. Firstly, the wind
dataset and the number of values per day differ since ERA5 replaced the ERA–Interim
database used in [3] with 24 values per day. Moreover, in [3], the assessment of the
turbines’ performances was carried out by adjusting the wind data values from 10 m to an
operational hub height of 80 m, while in this case 12 turbines were evaluated by considering
the ERA5 values directly reported at the height of 100 m above sea level. The selected
wind turbines’ rated capacity varies from 2 to 10 MW, including the existing operational
systems and the brand-new generation of turbines expected to be implemented shortly.
At the same time, it is essential to mention that in [17] the maximum rated power was
5 MW. Since the literature review concentrating on the Black Sea coastal area is considerably
restrained, the purpose of this work is to identify the best performances of various wind
turbines that might become operational in the Romanian coastal environment. From this
perspective, this study will focus on the differences between the onshore and offshore
wind power potential, which site is the most suitable for developing a renewable wind
project and what type of wind turbine will be most appropriate to operate within the target
area. This study can be considered an opportunity since there is a significantly growing
interest both from investors and the Romanian authorities for developing offshore wind
projects in this specific environment. In this context, the present work is defined by some
elements of novelty, as follows: (a) The differences between the Romanian onshore and
offshore wind resources are assessed by also including in-situ measurements for two sites
located near the shoreline; (b) a long-term overview of the wind resources is provided
(42 years), compared to only 20 years that were previously considered for this target area;
(c) an extensive portfolio of turbines (12 different systems) is considered for evaluation to
identify their expected performances.

2. Materials and Methods

2.1. Target Area

The Black Sea wind climate is mainly influenced by the action of polar, continental and
marine-tropical air masses, from which the most noticeable impact is that of the polar air
masses, especially during the wintertime, when shallow temperatures and extreme storms
might occur. Notably, it is considered that the western side of the Black Sea is defined
by more abundant wind resources, with 8 m/s representing the mean wind speed value
recorded during the winter season [13]. Figure 1 reveals the differences in water depth
across Romania’s Exclusive Economic Zone (EEZ). The EEZ is characterized by an area of
more than 22 thousand km2 and the territorial surface of the water of 4084 km2, associated
with 5.30% of the entire Black Sea shoreline [3]. The thick black line indicates the boundaries
of the Romanian EEZ. As shown in Figure 1, a meaningful part of Romania’s EEZ is a deep-
water area >50 m, which is more suitable for floating platforms than fixed systems. A closer
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look at the European offshore market [18] points out that, in 2019, the average distance
to shore for developing projects was close to 60 km, which is just within the Romanian
transition area from shallow to deep water [19]. Nevertheless, wind farms located more
than 50 km from shore ought to be connected to the grid through high voltage direct
current connections to reduce electrical losses significantly; such connections, though,
demand more significant upfront investment costs [20]. Further details regarding the
target area are presented in Figure 1, where 16 reference sites were defined for assessment.
The sites considered for the study are equally distributed along the Romanian coastline
and are located both onshore and offshore. Furthermore, the points located offshore were
defined in water depths of 50–89 m, and the maximum distance from the shore of 118 km
corresponds to Site B4. A more comprehensive picture of the selected points is outlined
in Table 1. Considering these points, we are likely to achieve a general view of the wind
power potential and the expected performances of a particular wind turbine that can be
further extended to a more thorough investigation.

Figure 1. The Romanian coastal area, including the Exclusive Economic Zone (EEZ) boundaries and
the reference sites considered. Map processed from Google Earth, 2021.

Table 1. The main characteristics of the sites considered onshore and offshore of the Romanian coastal
environment. Data obtained from Google Earth 2021.

ID Location
Long

(◦)
Lat
(◦)

Distance to Shore
(km)

Height/Depth
(m)

A1 Land 28.899 45.084 60 68
A2 Shoreline 29.635 44.952 0 0
A3 Offshore 30.247 44.837 49 −50
A4 Offshore 30.839 44.716 100 −81
B1 Land 28.309 44.800 57 185
B2 Shoreline 29.015 44.683 0 0
B3 Offshore 29.680 44.569 55 −61
B4 Offshore 30.478 44.438 118 −84
C1 Land 27.960 44.471 60 11
C2 Shoreline 28.693 44.351 0 0
C3 Offshore 29.377 44.250 56 −51
C4 Offshore 30.114 44.122 115 −89
D1 Land 27.942 44.081 60 145
D2 Shoreline 28.675 43.976 0 0
D3 Offshore 29.179 43.916 43 −51
D4 Offshore 29.755 43.841 90 −83
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2.2. Wind Dataset

Several previous publications [21,22] have focused on assessing Romania’s wind off-
shore resources. Against this background, the current study highlights several elements of
novelty, including an analysis of a new wind database—ERA5—which is the latest product
of the European Centre for Medium-Range Weather Forecasts (ECMWF) [23]. ERA5 is
a replacement for the ERA–Interim database reanalysis that stopped being displayed in
2019 [24] and comprises vast amounts of historical observations into global estimates using
state-of-the-art modelling and data assimilation systems. Moreover, wind speed values are
reported at a hub height of 100 m (U100), obtained directly from the ERA5 data system.
It is essential to underline that since the wind speed values at 100 m were directly provided,
no further data processing was needed, such as the use of a logarithmic law to adjust
the wind speed from a 10 m height above the sea level, where the velocity is much lower
due to boundary layer mean velocity distribution. Additionally, in situ measurements
were considered for two existing wind projects located onshore near the Dobrogea region
(Mihai–Viteazu and Istria sites), considering the time interval from October 2006 and April
2009, which was used for comparison against ERA5 data.

2.3. Wind Turbines

Since there is yet no ongoing wind energy project in the Black Sea basin to emphasize
the performances of a wind energy conversion system in the target area, some already
operational wind turbines were considered for analysis. The main characteristics of these
systems are presented in Table 2, systems that are currently considered for implementation
in some European offshore wind projects. The average rated power is close to 8.20 MW,
and more than 30% of the projects developed last year included larger systems. However,
turbine orders placed online already reveal a trend towards the next generation in terms of
size, with turbines ranging from 10 to 13 MW for upcoming projects starting with 2022 [25].
The size of new wind farms is estimated at 788 MW, while the distance to the shore and the
water depth has increased to 52 km and 44 m, respectively [25]. The 12 selected turbines
embrace a full spectrum of rated capacity, starting from 2 MW and ending with the AMSC
wt10000dd SeaTitan—a production of American Superconductor, a manufacturer from the
US—having the highest-rated power—10 MW. It is essential to mention that, although
these systems can operate at different heights above sea level, their performances were
evaluated at 100 m since, at this level, there is a higher wind potential. Figure 2 reveals the
power curve of each system, identifiable throughout the cut-in, rated speed and cut-out
thresholds, all operating at a hub height of 100 m.

Table 2. Technical details of the wind turbines considered in this work. Data processed from [26,27].

ID Turbine
Power
(MW)

Cut–in Speed
(m/s)

Rated Speed
(m/s)

Cut–out Speed
(m/s)

Hub Height
(m)

T1 V100–2.0 2.00 3.00 12 22 100
T2 V100–3.0 3.00 4.00 15 25 100
T3 SWT–2.3–93 2.30 4.00 13 25 100
T4 SWT–3.6–120 3.60 3.50 12 25 100
T5 SWT–4.0–130 4.00 5.00 12 25 100
T6 SWT–7.0–154 7.00 3.00 13 25 100
T7 REpower5M 5.075 3.50 14 25 100
T8 REpower6M 6.15 3.50 14 25 100
T9 Nordex N90/2500 2.50 3.00 13.50 25 100
T10 AREVA M5000–116 5.00 4.00 12.50 25 100
T11 Samsung S7.0–171 7.00 3.00 11.50 25 100

T12 AMSC wt10000dd
SeaTitan 10.00 4.00 11.50 25 100

188



Inventions 2021, 6, 41

Figure 2. Representation of the wind turbine power curves considered for this study.

The Annual Electricity Production (AEP) of any wind turbine can be expressed as
follows [28]:

AEP = T ×
∫ cut−out

cut−in
f (u)P(u)du (1)

where AEP is displayed in MWh, T represents the average number of operational hours per
year, f (u) the Weibull probability density function, P(u) the power curve of a wind turbine
(also represented in Figure 2 for each of the 12 systems), and the cut-out and cut-in speeds
are wind turbine technical terms.

The Weibull probability density function can be denoted as follows [29]:

f (u) =

(
k
c

)(u
c

)k−1
exp

[
−u

c
k
]

(2)

where u represents the wind speed (expressed in m/s), k the shape parameter, and c the
scale parameter (expressed in m/s).

One method, which can be used to estimate the reliability of a particular energy system
converter, is to assess its capacity factor (Cf), which can be defined as follows [30]:

Cf =
Pturbine
Prated

× 100 (3)

where Pturbine represents the electric power expected to be generated by each turbine and
Prated represents the rated power of each generator.

3. Results

3.1. Analysis of the Wind Resources

ERA5 wind data is the principal data source used in this work; therefore, it is essential
to understand and take into consideration the differences between alternative data sources,
in this case, the in situ measurements. Based on the comparisons against some in situ
measurements for two existing wind projects located onshore near the Dobrogea region,
considering the time interval from October 2006 to April 2009, it appears that the ECMWF
wind data underestimates the wind conditions, as illustrated in Figure 3. For the Mihai–
Viteazu wind project, located at 39.70 m height, in the vicinity of reference sites B1 and B2
(see Figure 1), the ERA5 data undervalues the wind speed by at least 11.57%. Regarding
the Istria site, located at a height of 42.60 m and closer to the coastline, the percentage is
even higher, namely 13.52%.
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Figure 3. Wind speed comparison between ERA5 and in situ measurements, considering the time
interval October 2006 to April 2009. Results for: (a) Mihai-Viteazu site, at 39.7 m height; (b) Istria
site, at 42.6 m height. The in situ values were adapted from [30]. The percentage values indicate the
average differences (in %) between ERA5 and in situ data, in this case ERA5 underestimating the
wind speed.

Figure 4 and Table 3 show the Weibull probability distribution and characteristics,
including the specific parameters (k and c), considering all 16 reference sites. It is important
to mention that there is no significant variation between the sites, although the points
determine a relatively extended area. The results are built upon the ERA5 values (January
1979 to December 2020) and provide insight into the distribution of the wind resources by
intervals and each site’s energy potential. All sites have wind conditions in the range of
6–20 m/s that will significantly increase the power production of an offshore wind turbine.
The most moderate performances are expected for B2 and D2 sites, with wind speed peaks
of approximately 4–5 m/s, while sites A3, A4, B4, and C3 exhibit the highest performances.
Another noteworthy aspect is that none of the sites indicates wind conditions higher than
25 m/s, representing the cut-out threshold for most operational wind generators.
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Figure 4. The Weibull distributions corresponding to the ERA5 values (January 1979 to December 2020).

Table 3. Weibull characteristics corresponding to locations considered. The results are reported for
the U100 parameter for the time interval from January 1979 until December 2020.

Site A1 A2 A3 A4 B1 B2 B3 B4

k (m/s) 7.04 7.49 7.81 7.92 7.06 7.38 7.75 7.87
c 2.03 2.08 2.10 2.09 2.02 2.06 2.10 2.10

Site C1 C2 C3 C4 D1 D2 D3 D4

k (m/s) 7.12 7.38 7.82 7.82 7.20 7.46 7.70 7.80
c 2.01 2.10 2.04 2.11 2.08 2.06 2.10 2.11

Figure 5 provides the first representation of the wind energy distribution over the
Romanian coastal zone, including the land. The results show that the wind speed increases
from land to the shoreline and further to the offshore region. Moreover, Figure 5 illustrates
the full-time and wintertime (December–January–February) distribution of the U100 pa-
rameter by wind classes (C1–C7), the higher classes (C4–C7) considered more attractive for
developing future renewable projects [27]. The organization of wind capacities by classes is
highlighted in Table 4, providing a clearer understanding of the classification. The results
provided in Figure 5 are based upon the ERA5 values from January 1979 until December
2020. Regardless of the time interval analyzed, it can be noticed that C1 is the prevailing
wind class present, with values of wind speed smaller than 6.10 m/s [31] and distribution
of 50–60%, followed closely by the C7 wind class (characteristic of wind speeds higher
than 9.70 m/s [31]) with a distribution of 12–20% (total time) and 14–24% (wintertime),
respectively. As expected, the winter season is highly prone to more wind speed values
close to C6 and C7 wind classes and less of C1 compared to the total time distribution.
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Figure 5. Distribution of the U100 parameter by wind classes (January 1979 to December 2020),
where: (a) Total time values; (b) winter values.

Table 4. Wind classification at 100 m, processed from Oh et al. [31].

Wind Class
100 m Reference Height

Power Density (W/m2) Wind Speed (m/s)

C1 (poor) <260 <6.1
C2 (marginal) 260–420 6.1–7.1

C3 (fair) 420–560 7.1–7.8
C4 (good) 560–670 7.8–8.3

C5 (excellent) 670–820 8.3–8.9
C6 (outstanding) 820–1060 8.9–9.7

C7 (superb) >1060 >9.7
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Figure 6 presents the spatial distribution of the monthly and annual mean wind speed
values (U100 parameter) based on the ERA5 data reported for 1979–2020, the reference sites
A1, A4, D1, and D4, respectively. These four maps highlight that the wind speeds slightly
increase as we approach the offshore area, although there are no significant differences.
From the analysis of the parameter U100, it can be noticed that the wind speed values
corresponding to the offshore sites are steadier and more resourceful, especially during the
winter season (December–January–February), where there are constant values of 9–10 m/s,
suggesting that during the most energetic season (winter), a wind project located offshore
will obtain the best performances. The average wind speed value is a relevant parameter
in this context since it indicates what type of wind turbine is most suitable for the analyzed
coastal climate.

Figure 6. Monthly and annual distribution of the U100 (average values) reported between January 1979 and December 2020;
(a) site A1; (b) site A4; (c) site D1; (d) site D4.

Another critical parameter is the wind direction, represented in Figure 7 for sites A3,
B4, C3, D4, considering the 42-year time interval from January 1979 to December 2020,
distributed by wind speeds. Each site has a different energy pattern, indicating for A3 a
significant contribution coming from the offshore area from the north-eastern sector (7.34%)
with wind speeds in the range 6–8 m/s. Compared to A3, the B4 site appears to have
a higher share of wind resource from the southern sector, and D4 from the western one,
especially wind speeds between 10–12 m/s. It seems that, stepping further into the offshore
zone, the wind fields are oriented to the southwest direction. Moreover, the wind direction
represents an essential viewpoint of the design of a wind farm, considering that the energy
produced is significantly influenced by the ‘wake effect’. According to [32], it is estimated
that the total losses could reach 10–25% for offshore projects.
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Figure 7. Distribution of the wind conditions (U100) by wind speed and directions, considering the 42-year time interval
from January 1979 to December 2020. Results for: (a) A3-joint distribution; (b–d) differences (in %) reported between A3
and the sites B4, C3, and D4, respectively. A positive value indicates that, for A3, compared to the other sites, a higher
share corresponds.

3.2. Evaluation of the Wind Turbine Performances

The first parameter analyzed is the operating capacity (in %), which indicates the
percentage of the total time during which the specific system will perform at its total
capacity. This parameter is computed based upon the cut-in speed—the initial point
at which the wind turbine generates electricity; and the cut-out speed, which, for most
significant offshore wind turbines, is set to 25 m/s, except for the V100–2.0 (T1), which has
a cut-out speed of 22 m/s (see Table 2). When a system reaches the cut-out speed, it is set
to shut down to prevent irreversible damage. Figure 8a illustrates that the most satisfying
performances were obtained in the north-eastern part of the target area, at reference points
A3 and A4, with a maximum value of 88.30% for the system Samsung S7.0-171, which has
a cut-in speed of 3 m. As the cut-in speed increases from 3 to 4 m/s, a slight decrease in
operating capacity is visible (80.10% for A3 and 80.30% for A4). The least attractive site,
in this case, is represented by C2, regardless of the cut-in speed (77.10% when the cut-in
speed is 4 m/s).

Secondly, the rated capacity (in %) highlights the maximum performance of each
system, for which only the wind conditions located between the rated speed and cut-out
values were assessed. In Figure 8b, the evolution of this parameter, which does not exceed
13.70%, is noticeable. The systems Samsung S7.0-171 (T11) and AMSC wt1000dd SeaTitan
present the best performances (their rated capacity is >11.50 m/s) for the reference points
A4 and C4 (13.70%), and A3 and B4 (13.60%). The values gradually decrease for B2 and
D2, the rated capacity being in the range 5.60–6.30%, the lowest value being reported for
C2 (5%).

The capacity factor (Cf), which is used to determine the efficiency of a particular
generator, is presented in Figure 9a, based on the values corresponding to the 20-year time
interval 2000–2019. Closer to shore, near the reference sites A2, B2, C2, and D2, a single
turbine’s capacity factor is in the extent of 16.30% (T2) and 34.50% (T11) and can reach
up to 41.20% (T11) close to the 50 m contour line, near the A3 site. However, there is a
slight improvement regarding the percentage (not even 1%) as the distance from the shore
increases. For example, the Cf increases from 40.10% near reference site B3 to 40.80% near
B4 for the system T11 and from 37.50% to 38.10% for T12, respectively. Nevertheless,
given the fact that it has been considered that the wind measurements used for these
calculations underestimate the wind power potential by 13.52%, Figure 9b illustrates the
results by considering an adjustment of the U100 time series (each value) by 13.52%. Thus,
a maximum value of 48.40% is registered for turbine T11 operating in B3 and 46.10% for
T12. Regarding A3, where the highest values of Cf are located, the adjusted results report a
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49.50% for T11 and 47.20% for T12. On the other hand, C2 and D2 sites represent the less
attractive solutions for a wind project, regardless of the type of generator chosen.

Figure 8. Performances of the selected wind turbines, for the time interval from January 2000 to
December 2019. Results indicated for: (a) Operating capacity; (b) rated capacity. The OC and RC
selection are based on the most frequent cut-in and rated speed values indicated by the current
offshore wind turbines (see Table 2).

The estimation of the AEP is shown in Figure 10, the values corresponding to a
single wind turbine. The analysis of the total time data reveals that, generally, high rated-
power turbines, such as T12-AMSC wt10000dd SeaTitan, will not exceed an output of
33.80 GWh/year for the two sites that stand out regarding the wind energy potential—A3
and A4—based on the ECMWF data considered for the interval 2000–2019. However,
when considering an adjustment of 13.52% of the U100 time series, the AEP index for
T12 could reach up to 41.30 GWh/year for both sites as highlighted in Figure 10b (A3 is
situated at a distance of 49 km from shore and A4 at 100 km). The second best performance
was attributed to T11, indicating sites A3, A4, B4, and C4 with the following results: 25.20,
25.30, 25, and 24.80 GWh/year, respectively. Nevertheless, upon an adjustment of 13.52%,
T11 could reach a substantial 30.30 GWh/year value.
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Figure 9. Capacity factor computed for different wind turbines and sites corresponding to the 20-year time interval
2000–2019. The results are indicated in terms of: (a) Cf —expected values based on ERA5 data; (b) adjusted Cf by considering
an adjustment of the U100 time series (each value) by 13.52%.

According to the previous results, two types of wind turbines stand out considering
both capacity factor and the annual electricity production, corresponding to the shoreline
and offshore sites that are most suitable for developing wind projects. Based on the results
available for the time interval from January 2000 until December 2019, the top five sites
and the two systems that are the most assuring regarding the wind power potential in the
Romanian coastal zone are listed in Table 5. As expected, the Samsung S7.0-171 (T11) has
the highest capacity factor for the sites located offshore, namely A3, A4, B4, C3, and C4,
with values of the Cf in the range of 40.40–41.20%. Moreover, the AMSC wt10000dd
SeaTitan (T12) reported the highest AEP, ranging from 33.10 to 33.80 GWh for sites C4 and
A3, respectively. All in all, A3 seems to be the most attractive solution since the other four
sites are defined by a higher water depth (>50 m). However, the installation of floating
wind turbines might be a viable solution in areas with water depths that do not allow the
implementation of fixed systems.
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Figure 10. Annual Electricity Production (in GWh) expected to be provided by the wind turbines considered for the interval
2000–2019. Results indicated in terms of: (a) AEP—expected values based on ERA5 data; (b) adjusted AEP by considering
an adjustment of the U100 time series (each value) by 13.52%.

Table 5. Top five capacity factor and AEP corresponding to the shoreline and offshore sites, excluding
the points A1, B1, C1, and D1. Results available for the time interval from January 2000 until
December 2019.

Site/Turbine A3—T11 A4—T11 B4—T11 C3—T11 C4—T11

Capacity factor (%) 41.20 41.20 40.80 40.50 40.40

Site/Turbine A3—T12 A4—T12 B4—T12 C3—T12 C4—T12

AEP (GWh) 33.80 33.80 33.40 33.20 33.10

Since there is currently no operational offshore wind project in the Black Sea zone,
the purpose of the following section is to identify the expected AEP (in GWh) of a wind farm
that replicates the Fantanele–Cogealac project (600 MW capacity) for the 12 reference sites
considered. Thus, Figure 11 presents the equivalent number of necessary wind turbines
to cover the Fantanele–Cogealac project and the estimated AEP generated. As expected,
only 60 system AMSC wt10000dd SeaTitan will ensure A3 and A4 sites an AEP of 2028 GWh,
while 86 turbine Samsung S7.0-171 will provide for the same sites 2167 GWh. As assumed,
the number of turbines significantly increases as the rated power drops. Hence, for system
T1, 300 turbines will be necessary to guarantee 2031 GWh for site A3. By studying the
current European offshore sector, the tendency for the marine environment is to adopt
large-scale wind turbines for cost-effectiveness purposes. Consequently, systems with
low-rated capacities will no longer be considered an attractive solution.
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Figure 11. Expected AEP (in GWh) indicated by a wind farm that replicated the Cogealac–Fantanele project (600 MW
capacity). Results corresponding to the interval 2000–2019, where, for example, T2 (200) means that from 200 wind turbines
(V100–3.0) a total of 994 GWh will be generated for the site A2.

4. Discussion

According to the Statistical Review of World Energy [33], Romania’s primary energy
consumption and coal production had decreased from 2.80 EJ in 1989 to 0.20 EJ at the end of
2019 and from 2.60 EJ to 0.15 EJ, respectively. On the other hand, the electricity generation
from renewable sources—hydroelectricity, solar, and wind—reveals an ascending trend,
with the highest peak of 0.03 EJ recorded in 2017 [33]. Considering the time interval
2008–2018, however, the growth rate in wind power generation is more than 104% [33].
The foreseeable future of the energy market represents a constant topic of debate, especially
in the EU countries, which constantly establish objectives and performance criteria that are
currently stipulated in the European Green Deal, focusing on the near future, 2021–2050.
Generally, the discussions concentrate on topics such as the effects of global warming,
the strategies for ensuring energy security, and a sustainable future based upon net-zero
greenhouse gas emissions. The most affordable way to support these policies is to identify
renewable energy sources, such as those from the marine environment, where it is possible
to develop large-scale projects. As discussed in this study, one of the most economical
energy sources is offshore wind, where brand-new technical solutions have already been
submitted, such as the emerging floating platforms that can operate in deep water.

The purpose of this work is to identify the most significant wind conditions in the
Romanian coastal environment so that an offshore wind farm could become operational
soon. The outcome of this research study is based on the ERA5 data, and from the assess-
ment of the U100 index, it is noticeable that the wind assets are more attractive offshore
than onshore, heedless of the period considered. Given that Fantanele–Cogealac, located
in the Dobrogea region, is the largest onshore wind farm in Europe and represents ap-
proximately double the largest ever existing European wind farm (600 MW) is more than
inspiring for the offshore wind market in Romania [34]. An important aspect that requires
more detailed investigation is that offshore wind development across Europe, onshore
grid access, and infrastructure pose serious challenges [20]. For example, any offshore
wind farm developed in the Romanian waters will have to be connected to the grid in
Dobrogea, where a significant part of the country’s renewable power generation assets
is already situated [20]. According to the NECP [7], some additional GW of renewable
energy—primarily wind power—are expected to be produced in the already congested
Dobrogea region.

In connection with some other related previous studies [3,21,22], this one embodies
one of the first studies that evaluate the Romanian wind potential relying on the new
ECMWF product—ERA 5. Even though it is used to estimate the resourcefulness of
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renewables, due to the relatively low resolution of the global model, it is reasonable to
somehow underestimate the wind speed in some coastal zones (Mihai–Viteazu and Istria
sites for the Black Sea—see Figure 3). Other constraints of the ERA5 datasets in the coastal
areas of the North Sea are further highlighted in Kalverla et al. [35]. It is necessary to
mention that most reanalysis datasets are provided at a standard height of 10 m [36],
which is proper for evaluating the wind conditions from a meteorological point of view.
A significant part of the previous studies evaluated the wind conditions in the Black Sea
coastal zone at a height of 80 m (U80), where older-generation wind turbines used to
operate [17]. The innovative feature of ERA5 is that it provides wind data directly at 100 m,
admitting that this is a reference height for the offshore industry [7,37]; therefore, there is
no need for further adjustments that could discredit the results.

On balance, considering the wind speed and water depth conditions, the study points
out that the most suitable sites for the development of an offshore wind project appear to
be located close to the 50 m contour line, thus bypassing any interference with shipping
routes and port activities [38]. Furthermore, the figures indicated for the capacity factor
of the most attractive offshore wind systems are in line with other values reported at the
European level (around 40%). They could be even higher (almost 50%), acknowledging
the underestimation of 13.52% of the wind speed data reported compared with the in situ
measurements considered for this study (see Figure 3).

5. Conclusions

In the present work, the Romanian coastal zone’s wind energy resources from the
Black Sea region were evaluated by considering some environmental parameters (such
as U100) and some relevant technical features of some state-of-the-art wind turbines
that either operate or are currently implemented within several offshore wind projects.
Based on the ERA5 wind datasets considering the 42-year time interval from January 1979
to December 2020, it was possible to outline the dominant energy patterns of the target
area, thus revealing the most appropriate hot spots for developing renewable wind energy
designs. The results reveal an upward trend concerning relevant wind conditions when
approaching the offshore zone from the land, implying that an offshore project might
become a certainty shortly.

During wintertime, which is the most energetic season, the average wind speed
can frequently reach and overcome 9 m/s, values that are related to the International
Electrotechnical Commission (IEC) classes II and III. The present work reveals that higher
wind resources are characteristic in the northern part of the target area, where the capacity
factor of the Samsung S7.0-171 system frequently registers a value of about 40% and
can reach up to 41.20%, close to the 50 m depth contour line, near the A3 site, which is
situated 49 km from the shore. Considering the proximity of some of the attractive sites
for developing a wind project to the Port of Constanta and its facilities, these sites become
compatible in terms of accessibility for both the development process and operation and
maintenance activities. For example, opposed to fixed offshore turbines, floating platforms
require constructing a different infrastructure for their installation, since elements are
regularly assembled onshore and then towed to the offshore site. Moreover, floating
turbines must be brought back to ports for some critical operations and maintenance
activities. From this perspective, Romania’s Port of Constanta can play a significant role
in developing floating wind turbines in the Black Sea coastal zone. Furthermore, it could
represent an enabling factor for tapping into uncharted territories represented by offshore
fields, thus generating new business opportunities and jobs.

To obtain a comprehensive picture of the wind energy potential, an entire portfolio of
offshore wind turbines had to be assessed to identify the most representative systems for
this geographical region. Thus, another direction of this study was related to the evaluation
of the performances provided by some wind turbines covering a full spectrum of rated
capacities, in the range of 2–10 MW, being in line with other values reported from offshore
wind farms at the European level.
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To sum up, it has been proved that the Romanian coastal zone represents a viable
solution for the development of an offshore wind project. The western part of the Black Sea
basin has significant wind supplies that require precise quantification to authenticate the
expected performances of the offshore wind turbines. As outlined in this study, the global
reanalysis wind datasets underestimate the wind speed by at least 11.57%, and this value
increases as we approach the coastline and go further in the offshore sector. Thus, the results
achieved in terms of wind power potential and the evaluation of the wind turbine’s
parameters might not match the reality, the potential of the target area being much more
substantial. Therefore, the present work should encourage researchers and investors to
understand the limitations of the wind datasets by performing direct comparisons against
in situ measurements.
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Abstract: Progressive cavity pumps are used in industry for the circulation of high viscosity fluids,
such as crude oil and petroleum products, sewage sludge, oils, salt water, and wastewater. Also
known as single screw pumps, these pumps are composed of a single rotor which has the shape of a
rounded screw, which moves inside a rubber stator. The stator has an double helical internal surface
which, together with the helical surface of the rotor, creates a cavity that moves along the rotor. The
movement effect of the cavity inside the stator is the movement of the fluid with a constant flow and
high pressure. In this paper, an algorithm for profiling the rollers for generating the helical surface of
the pump rotor with progressive cavities is proposed. These rollers are constituted as tools for the
plastic deformation of the blank (in case the pump rotor is obtained by volumetric deformation) or
for its superficial hardening.

Keywords: incremental pumps; profiling of generating tools; helical surfaces

1. Introduction

Pumps with progressive cavities allow the circulation of fluids with high viscosity at a
constant flow and high pressure [1–3]. Among the most used progressive cavity pumps are
single screw pumps, consisting of an external helical rotor that rotates eccentrically inside
a double internal helical stator [4,5]. The active surface of the rotor is a cylindrical helical
surface of constant pitch, and the stator, whose active surface is a double helical surface,
is also cylindrical and with constant pitch. The stator is usually made of rubber [6,7],
and the rotor is made of steel, often superficially hardened. The exploitation activity of
the pumps with progressive cavities has highlighted the fact that traditional pumps with
a rubber stator, which surrounds the rotor, do not allow the existence of an interstice
between them, which limits their activity until the stator wears out [8,9]. Alternatively,
a new class of pumps that do not use elastomers has been developed, in which the rotor
and the stator are made of metal, and are used in drilling activities in high temperature
wells [10–13]. This eliminates the wear and greatly increases the lifetime of the pump for
use with viscous, high density, and abrasive liquids, and with liquids containing material
in suspension. To ensure proper operation, there must be a space between the rotor and
the stator to ensure the leakage of the fluid. If this space is not well defined in the rotor
and stator design stage, the efficiency of the pump will be seriously affected. Consequently,
dimensional designs and optimizations of the rotor and stator, respectively, using analytical
and dynamic simulations of the fluid flow through these pumps, have previously been
explored [14–18].

The productive functioning of pumps with progressive cavities depends on proper
design of the rotor profiles, respecting the technical conditions of their form. The cross-
section form of helical pump rotors as ensembles of profiles associated with the rolling
centrodes are determined based on the fundamental theorems of the enveloping surfaces
(curves) and calculated based on Olivier’s first theorem, the Gohman general theorem, or
the Willis theorem (normals method) [19,20].
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The geometric characteristics of the rotor, namely, the helical surface with long length
and rounded profile, determine that it can be processed by volumetric deformation, using
tools in the form of profiled rollers with axes parallel to the axis of the processing blank.
The algorithm by which the tool profile can be determined contains the following steps:
defining the analytical equations in the own reference system of the piece of the generated
profile; defining the absolute movements of the piece and the blank during the generating
process; defining the relative movements between the piece and the tool; calculation
of the trajectories of the points on the piece profile that execute a relative movement
towards the tool; defining the condition which allows the determination of these points,
called the enveloping condition—these points belong to the trajectory’s family and to the
enveloping of that family; and association of the enveloping condition at the equations
of the trajectory’s family, a connection that allows the determination of the parametric
equations of the tool profile [21,22]. The tool’s profiling for generating surfaces of the rotors
and the stators of the pump can start either from a physical model or from 3D models
obtained by rapid prototyping. In practical activity, the determination of the rotor and
the stator form can be undertaken with the help of measuring machines in high precision
coordinates when the axial profiles of the generating tools in numerical form are known [23].
By comparison, these axial and graphical profiles can be determined using facilities of
programming and graphical representation environments, such as the CATIA software
application [24].

2. Materials and Methods

2.1. Generating Principle

The processing scheme involves the generating of a cylindrical helical surface of
constant pitch, using helical deforming tools, with axes parallel to the axis of the de-
formed screw.

Figure 1 shows the two rolling centrodes: C1—the centrode of the blank, having the
radius Rrp, and C2—the centrode of the tool of radius Rrs.

 

Figure 1. Generating principle. Rolling centrodes: C1; C2. C1—the centrode of the blank, having the
radius Rrp, and C2—the centrode of the tool of radius Rrs.

Note that although three tools are used in the generating process to ensure the balance
of large radial loads during processing, it is sufficient to consider a single tool for the tool
profiling. The active profile is identical for all three tools being processed simultaneously.
In the following, reference will be made to a single generating tool.

The rolling condition between the C1 and C2 centrodes has the form:

Rrp · ϕ1 = Rrs · ϕ2, (1)
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where, noting i = Rrp
Rrs

, is obtained:
ϕ2 = i · ϕ1. (2)

Because the plastic deformation process occurs in the cross-section of the blank, the
study of the enwrapping between the two helical surfaces can be performed as for a plane
enveloping process in a common plane, perpendicular to the two axes of the tool, with
respect to the blank.

To ensure the generation of the active surface of the pump screw, it is necessary that
the two helical surfaces, the tool and the blank, have opposite directions and have the same
inclination to their own axes on the rolling circles.

Noting the inclination angle of the helix to its own axis with ω, the above condition
has the mathematical form given by Equation (3):

tgω =
pet

Rrt
=

pep

Rrp
, (3)

where pet represents the helical parameter of the tool and pep is the helical parameter of the
piece; also see Figure 2.

 

Figure 2. The slope angle of the two helical surfaces.

2.2. The Equations of the Active Surface of the Rotor
2.2.1. Cross-Section of the Screw

The cross-section of the active surface of the rotor is a circle of radius R, eccentric to
the C1 centrode, with e size.

The reference systems used for the active surface determination are presented in
Figure 3.

 

Figure 3. Reference systems used for active surface determination.
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To solve the profiling problem of the generating tool, the following reference systems
are used: xyz is a fixed reference system, with its origin in the center of the blank centrode
and the z-axis superimposed on the rotational axis of the blank; x1y1z1 is a fixed reference
system, with its origin in the center of the tool centrode and the z1 axis superimposed on
the rotational axis of the tool; XYZ is a mobile reference system, joined with the blank—this
system performs a rotational movement with the blank around the Z ≡ z axis; ξηζ is
a mobile reference system, joined with the tool—the axis y ≡ z1 and the system has a
rotational movement around it.

The generating profile of the active helical surface of the screw, the surface Σ, is given
by the equations:

G :

∣∣∣∣∣∣
X(β) = R · cosβ + e;

Y(β) = R · sinβ;
Z(β) = 0.

(4)

2.2.2. Helical Surface

The helical movement of the G-profile, the Z-axis, and the pep helical parameter,
generates the Σ surface:

ω3(ϕ1) · X + C ,C =

⎛
⎝ 0

0
pep · ϕ1

⎞
⎠. (5)

By development, the following is obtained:

Σ :

∣∣∣∣∣∣
x(β) = R · cosβ · cosϕ1 + R · sinβ · sinϕ1 + e · cosϕ1;

y(β) = −R · sinβ · sinϕ1 + R · sinβ · cosϕ1 − e · sinϕ1;
z(β) = pep · ϕ1.

(6)

2.3. Determination of the Virtual Pole Position

The determination of the virtual pole position is made from the condition that the
normal to the profile of the piece intersects the centrode associated with it.

The profile of the piece has the equations given by (4), so its direction will be:

→
n =

∣∣∣∣∣
→
i

→
j

.
Xβ

.
Yβ

∣∣∣∣∣ =
.

Yβ ·
→
i − .

Xβ ·
→
j , (7)

with
.

Xβ = −R · sinβ and
.

Yβ = R · cosβ, resulting in:

→
n = R · cosβ ·

→
i + R · sinβ ·

→
j . (8)

In the current point, the normal to the profile can be written as:

→
N =

(
Xi + λ ·

.
Yβ

)
·
→
i +

(
Yi + λ · .

Xβ

)
·
→
j , (9)

with variable scalar λ.
By development, the following is obtained:

→
N = (R · cosβ + e + λ · R · cosβ) ·

→
i + (R · sinβ + λ · R · sinβ) ·

→
j . (10)

The C1 centrode has the equations:

C1 :
∣∣∣∣ X = Rrp · cosϕ1;

Y = Rrp · sinϕ1.
(11)
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According to the virtual pole method [17,18], it is located at the intersection of the
normal at the G profile at the current point with the centrode associated with the piece.
The intersection condition becomes:{

R · cosβ + e + λ · R · cosβ = Rrp · cosϕ1;
R · sinβ + λ · R · sinβ = Rrp · sinϕ1.

(12)

By removing the parameter λ from Equation (12), the following is obtained:

λ =
Rrp · cosϕ1 − R · cosβ − e

R · cosβ
=

Rrp · sinϕ1 − R · sinβ

R · sinβ
(13)

Or:

Rrp · cosϕ1 · sinβ − R · cosβ · sinβ − e · sinβ = Rrp · sinϕ1 · cosβ − R · sinβ · cosβ ⇒
⇒ e · sinβ = Rrp · (cosϕ1 · sinβ − sinϕ1 · cosβ) ⇒ e · sinβ = −Rrp · sin(ϕ1 − β) ⇒

⇒ sin(ϕ1 − β) =
−e·sinβ

Rrp
⇒ ϕ1 = β + arcsin

(−e·sinβ
Rrp

)
.

(14)

2.4. Contact Curve Determination

The determination of the contact curve equations is undertaken by applying the abso-
lute movement of the piece (the angle rotation ϕ1 around the origin O) to the current point.

When the current point passes through the entire G profile, the curve obtained repre-
sents the contact curve.

If the current point is denoted with T, its coordinates in the own system of the piece
will be:

T :

∣∣∣∣∣∣
XT = R · cosβ + e;

YT = R · sinβ;
ZT = Pep · β.

(15)

When β goes through the entire domain of values, from 0 to 2 · π, the current point
goes through the entire contact curve.

At some point, the coordinates of the current point in the fixed system xyz will be
given by:

x = ω3(ϕ1) · XT (16)

which can be developed as:

T

∣∣∣∣∣∣
xT = XT · cosϕ1 + YT · sinϕ1;

yT = −XT · sinϕ1 + YT · cosϕ1;
zT = Pep · ϕ1.

(17)

2.5. The Determination of the Cross-Section of the Active Surface

The determination of the cross-sectional profile of the active surface of the helical tool
is undertaken by applying a movement corresponding to the absolute movement of the
tool to each point determined on the contact curve.

The determination of the cross-section can be made if the problem is treated as a plane
enwrapping problem, in a plane perpendicular to the rotational axes of the two elements,
the X-axis of the blank, and the ζ axis of the tool.

The absolute movement of the tool is given by the transformation:

x1 = ωT
3 (ϕ2) · ξ ⇒ ξ = ω3(ϕ2) · x1. (18)

Between the movement of the tool and that of the blank, Equation (2) is respected by
the rolling condition.
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Knowing the coordinates of the points on the contact curve in the xyz system, in the
absolute movement of the ξηζ system, these are given by the following transformations:

x1 = x + B, (19)

where: B =

⎛
⎝ −A12

0
0

⎞
⎠; A12 = Rrp + Rrt.

ξ = ω3(ϕ2) · x1 = ω3(ϕ2) · [x + B] + C, (20)

where: C =

⎛
⎝ 0

0
pet · ϕ2

⎞
⎠.

By development, the following is obtained:

S :

∣∣∣∣∣∣
ξT = (xT − A12) · cosϕ2 + yT · sinϕ2;

ηT = −(xT − A12) · sinϕ2 + yT · cosϕ2;
ζT = pet · ϕ2.

(21)

The cross-section of the tool is obtained by intersecting the active surface with a plane
perpendicular to the ζ axis, ζ = H :

S.T.
∣∣∣∣ ξT = (xT − A12) · cosϕ2 + yT · sinϕ2;

ηT = −(xT − A12) · sinϕ2 + yT · cosϕ2.
(22)

3. Results

A numeric application was developed for the following values: Rrp = 30 mm; Rrs = 60 mm;
R = 25 mm; e = −5 mm; pp = 2 · π · pep = 60, the piece’s pitch.

The numerical application was undertaken using the GNU Octave software program,
a computer application for performing numerical calculations that is generally compatible
with the MATLAB program.

The values table of the tool’s profile and the contact curve are presented in Table 1 and
graphically in Figure 4.

Table 1. The values table of the tool’s profile and the contact curve.

No.
Tool’s Profile

No.
Contact Curve

ξ [mm] μ [mm] ζ [mm] x [mm] y [mm] z [mm]

1. −70.000 0.000 0.000 1. 20.000 0.000 0.000
2. −69.517 7.385 1.943 2. 20.093 0.287 1.943
3. −68.093 14.581 3.878 3. 20.366 0.550 3.878
...

...
...

...
...

...
...

...
37. 70.000 0.000 60.000 37. 20.000 0.000 60.000
38. 69.517 −7.385 61.943 38. 20.093 0.287 61.943
39. 68.093 −14.581 63.878 39. 20.366 0.550 63.878

...
...

...
...

...
...

...
...

71. −68.093 −14.581 116.120 71. 20.366 −0.550 116.120
72. −69.517 −7.385 118.060 72. 20.093 −0.287 118.060
73. −70.000 −0.000 120.000 73. 20.000 0.000 120.000
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Figure 4. The tool’s profile, the contact curve, and the profile of the piece.

Figure 4 shows an axial view of the piece profile, tool profile, and the contact curve
(treated as a plane problem). In reality, the enwrapping surfaces are helical (three-dimensional)
surfaces and Table 1 shows the 3D coordinates of the points belonging to the contact curve
in the two reference systems: the tool system (ξηζ) and the piece system (XYZ).

4. Conclusions

This paper presented an algorithm for profiling the rollers for processing the helical
surfaces of a pump rotor with progressive cavities.

The algorithm is based on the virtual pole method, which is a variant of the nor-
mal theorem.

The new form of this theorem allows the determination of the enwrapping equations
of a family of profiles generated in the rolling movement of two centrodes, eliminating the
need to write the equations of relative movements between the generating profile and the
profile to be generated. This eliminates an important source of possible errors and greatly
simplifies the process of calculating the profile of the generating tool.

In future work, the aim is to apply the “virtual pole” method for the study of surfaces
obtained by computer-aided inspection, using a three-dimensional measurement technique,
namely, the reverse engineering concept. In other words, the surfaces will be scanned,
using equipment based on a 3D optical scanner, without physical contact, existing within
the Dunarea de Jos University of Galati, Faculty of Engineering. This device is an Atos Core,
produced by GOM GmbH (Schmitzstraße 2, 38122, Braunschweig, Germany), which uses a
modern and innovative technology for the fully automated inspection and measurement of
the pieces. The scanning accuracy with the GOM 3D scanner is very high, almost entirely
covering the surface of the pieces and providing all the details of the measured piece
with great precision. The GOM 3D scanning system also ensures the identification of the
manufacturing problems, based on the possibility of comparing the theoretical and real
geometries of the obtained pieces. Therefore, using this scanning system, the geometric
generation errors of surfaces can be estimated based on the “virtual pole” theorem.

Author Contributions: Conceptualization, N.B. and N.O.; methodology, V.-G.T.; software, V.-G.T.;
validation, N.B., V.-G.T. and N.O.; formal analysis, N.O.; investigation, N.B.; resources, N.B.; data
curation, V.-G.T.; writing—original draft preparation, G.-A.M.; writing—review and editing, G.-A.M.;
visualization, N.B.; supervision, N.O.; project administration, N.B.; funding acquisition, G.-A.M. All
authors have read and agreed to the published version of the manuscript.

Funding: Doctoral Schools of Dunarea de Jos University of Galati (SCDS-UDJG) http://www.cssd-
udjg.ugal.ro/ (accessed on 13 May 2021).

209



Inventions 2021, 6, 34

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The results of this work will be also presented to the 9th edition of the Scientific
Conference organized by the Doctoral Schools of Dunarea de Jos University of Galati (SCDS-UDJG)
http://www.cssd-udjg.ugal.ro/ (accessed on 13 May 2021) that will be held on 10 and 11 of June 2021,
in Galati, Romania.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lehman, M. Progressing cavity pumps in oil and gas production. World Pumps 2004, 2004, 20–22. [CrossRef]
2. Dunn, L. Progressing Cavity Pumping Systems Overview with a Focus on Coal Seam Gas Applications. Available online:

https://fdocuments.in/document/progressing-cavity-pumping-systems-overview-with-a-focus-on-.html (accessed on 19 April
2021).

3. Chaudhary, P. Review on Optimization of PC-Pumps Installation in CBM Reservoirs and Troubleshooting Problems Faced By
Them during Dewatering Imperial. J. Interdiscip. Res. 2016, 2, 1150–1155.

4. Progressive cavity pumps, S.C.; Confind, S.R.L. Câmpina, România. Available online: http://www.confind.ro/pompe_cavitati_
progresive.html (accessed on 19 April 2021).

5. Wittrisch, C.; Cholet, H. Progressing Cavity Pumps Oil Well Production Artificial Lift; Editions Technip: Paris, France, 2013.
6. Liang, Y.; Cao, G.; Shi, G.; Wang, G.; Li, J.; Zhao, Y. Progressing cavity pump anti-scaling techniques in alkaline-surfactant-polymer

flooding in the Daqing Oilfield. Pet. Explor. Dev. 2011, 38, 483–490. [CrossRef]
7. Al Naboulsi, M.I.; Antonescu, N.N.; Dinita, A.; Morosanu, M. Tribological Characterization of Some Elastomers Used at

Progressive Cavity and Piston Pumps. In Proceedings of the MATEC Web of Conferences 2020, 318, 7th International Conference
of Materials and Manufacturing Engineering (ICMMEN), Thessaloniki, Greece, 2–3 July 2020.

8. Wang, H.; Wang, S.; Lv, H. The effects of temperature on the mechanical and tribological properties of progressing cavity pump
NBR stator rubber. J. Mater. Sci. 2016, 22, 308–312. [CrossRef]

9. Merey, S. Comparison of Sucker Rod Pump and Progressive Cavity Pump Performances in Batı Raman Heavy Oil Field of Turkey.
Celal Bayar Univ. J. Sci. 2020, 16, 191–199.

10. Arredondo, M.; Caballero, D.; Morety, R.; Delgado, A.; Ortegano, B.J. All Metal PCP Experiences in Orinoco Belt; SPE Artificial Lift
Conference & Exhibition-North America: Houston, TX, USA, 2014.

11. Bybee, K. First Metal-PCP SAGD Field Test Shows Promise for Heavy-Oil Hot Production. J. Pet. Technol. 2015, 60, 70–73. [CrossRef]
12. Li, M.; Jiang, D.; Guo, H.; Meng, F.; Yu, M.; Du, W.; Zhang, G. Study on clearance optimization of all-metal screw pumps:

Experiment and simulation. Mechanika 2017, 23, 735–742. [CrossRef]
13. Zhang, H.; Wu, X.; An, Y. Study on Speed and Clearance Optimization of All-Metal Progressing Cavity Pumps: Experiment and

Simulation. ACS Omega 2020, 5, 19533–19540. [CrossRef] [PubMed]
14. Zhou, D.; Yuan, H. Design of Progressive Cavity Pump Wells. In SPE Progressing Cavity Pumps Conference; Society of Petroleum

Engineers: Houston, TX, USA, 2008. [CrossRef]
15. Ceballos, J.B.; Vivas, O.A. Mathematical model of controllers for progressive cavity pumps. Rev. UIS Ing. 2019, 18, 17–30.

[CrossRef]
16. Nguyen, T.; Tu, H.; Al-Safran, E.; Saasen, A. Simulation of single-phase liquid flow in progressing cavity pump. J. Pet. Sci. Eng.

2016, 147, 617–623. [CrossRef]
17. SH Lee, S.H.; Kwak, H.S.; Han, G.B.; Kim, C. Design of Gerotor Oil Pump with 2-Expanded Cardioids Lobe Shape for Noise

Reduction. Energies 2019, 12, 1126.
18. Om, I.L.; Ryo, S.I.; Kim, C.Y. Calculation for cross section and area efficiency of progressing cavity pump with hypotrochoidal

multilobe using the differential geometric envelope approach. J. Pet. Sci. Eng. 2018, 171, 211–217. [CrossRef]
19. Litvin, F.L. Theory of Gearing, Reference Publication 1212; NASA, Scientific and Technical Information Division: Washington,

DC, USA, 1984.
20. Oancea, N. Surfaces Generation through Winding, Vol. I-III; Galati University Press: Galati, Romania, 2004.
21. Costin, G.A.; Teodor, V.G.; Oancea, N. Virtual Pole Method-Alternative Method for Profiling Tools Which Generate by Enwrapping.

Ann. Dunarea Jos Univeristy 2019, 5, 31–34.
22. Teodor, V.G.; Costin, G.A. Virtual Pole Method-Alternative Method for Profiling Rack Tools. Ann. Dunarea Jos Univeristy 2019, 5,

5–8.
23. Popa, C.L.; Teodor, V.G.; Baroiu, N.; Oancea, N. Side Mill Tool Profiling for Generation of Helical Surfaces Determined by Reverse

Engineering. Appl. Mech. Mater. Eng. Solut. Technol. Manuf. 2014, 657, 28–32. [CrossRef]
24. Berbinschi, S.; Teodor, V.G.; Baroiu, N.; Oancea, N. Profiling Methodology for Side Mill Tools for Generation of Helical Compresor

Rotor Using Reverse Engineering. Ann. Dunarea Jos Univ. Galati Fascicle V Technol. Mach. Build. 2011, 2, 111–116.

210
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Abstract: The processing of the piece surfaces involves the transformation of the blank into a piece,
the defining characteristics of the surfaces (the form, dimensions, deviations, etc.), depending to
a large extent on the parameters of the generated processes of the surfaces. Generating surfaces
by enveloping represents a complex problem, this mode of generating being a constant concern of
researchers due to its advantages. A very important issue is the cutting edge profiling of the future
tool, which will generate the wanted profile of the piece. Throughout time, researchers have studied
the problems of enveloping surfaces and stated theorems related to them, based on which practical
solutions have been conceive to determine the generating and generated surfaces form. The paper
presents an overview on study methods for reciprocally enwrapping surfaces, as well as methods
for profiling tools for generating helical surfaces by the kinematic method and by the method of
decomposing the helical movement. This review can represent a basis for future research articles
and projects.

Keywords: enwrapping surfaces; profiling; geometrical methods

1. Introduction

The processing of the surfaces of the pieces assume transforming the blank into a
piece, having the shape and dimensions prescribed in the design stage.

According to well-known authors such as Radzevich [1], the purpose of machining
processes is to obtain the functional surfaces of the pieces. The defining characteristics of
the surfaces of the processed pieces, such as their shape, dimensions, deviations, roughness,
etc., largely depend on the parameters of the surface generating processes [1].

The generating of surfaces by enwrapping is a problem of utmost importance, both in
the case of cutting processes and in the case of plastic deformation processes. This mode
of generating has been a continuing concern of researchers and technologists due to the
advantages of this mode of generating. Among these advantages are: high productivity
and increased machining accuracy, due to the fact that the profile errors of the tool are
greatly reduced on the profile of the generated piece [1,2].

According to Cioară [3], a piece can be obtained by various manufacturing processes,
in accordance with different requirements such as: dimensional accuracy, surface quality
or productivity. The shape of that part is characterized by the generating and directing
curves, which can be obtained by copying, kinematically or can be materialized by the
cutting edges of the tools.

In his work, Cioară [3] presents the cases of generating the surfaces characterized by
the director obtained kinematically, in the form of the envelope of a family of curves.

Since the 19th century, there have been concerns about improving the profiles of the
active surfaces of the gears. George Biddell Airy [4] performed research in this field, starting
from previous studies conducted by Euler in 1760.

Inventions 2022, 7, 10. https://doi.org/10.3390/inventions7010010 https://www.mdpi.com/journal/inventions211
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Concerns about changing the shape of teeth in order to improve their bearing capacity
are still relevant, as evidenced by research [5–8].

Profiling the tools that generate by enveloping often requires an analytical representa-
tion of the surfaces of the pieces. In addition, the analytical representation of surfaces is used
for processing on computer numerical control (CNC) machines and for computer-aided
inspection processes (CAD, CAM) [9,10].

The generating of surfaces by enwrapping involves their processing by cutting, in
which case, obviously, the quality of the surfaces obtained depends mainly on the geometry
of the cutting tool.

A particularly important problem is the profiling of the edge of the future tool, which
will generate the desired profile of the piece. This implies the existence of adequate
methodologies, which allow us to solve the problem of profiling the tools that generate by
enwrapping.

Over time, researchers have studied the aspects of surface enwrapping and stated the-
orems related to them, based on which practical solutions have been devised to determine
the shape of generating and generated surfaces [1,2,11,12].

Initially, the issue of generating surfaces by enveloping had a graphical approach, due
to the difficulties related to the analytical calculation, often very laborious, necessary to
solve such problems.

The geometrical methods used in this regard are: the Camus theorem [13], a method
based on the fundamental properties of enwrapping curves [5], the Poncelet method (1827)
and the Rouleaux method (1842).

Subsequently, based on geometric methods, analytical methods for tool profiling were
developed, which generate by enwrapping, in particular, by the rolling method [2,12].

According to the definition accepted in the theory of enwrapping surfaces, rolling is
the relative movement of two curves that are constantly in contact.

It can be of two types: rolling without slipping and rolling with slipping. In the case
of rolling without slipping, the relative speeds between the two curves have the direction
of the common tangent. In the case of rolling with slipping, the curves have the same
direction of the common tangent at the point of contact and the relative speeds are of
opposite directions.

Theodore Olivier (1842) developed two fundamental theorems, which bear his name,
for the case of generating enveloping surfaces with linear contact and, respectively, with
point contact [2,14].

Subsequently, these theorems are reviewed by the mathematician Gohman (1896),
who approaches a method that simplifies the way of analyzing the contact of enwrapping
surfaces with linear contact and point contact [2,14].

In 1843, the normal theorem, also known as the Willis theorem, was developed for
reciprocally enwrapping profiles associated with rolling centrodes [15].

The Nikolaev method (1950) is also another method specific to the profiling of surfaces,
reciprocally enveloping, cylindrical or revolutionary [2].

Based on this fundamental method, Guo Q. et al. [16] developed an analytical method
for calculating the envelope of the tool profile at processing on a numerically controlled
five-axis machine.

In paper [17], based on the normal to the generating surface and the relative velocity
vector between the tool and the blank, the analytical expression of the enwrapping of
the cutting edge positions of the tool is obtained, during its movement according to the
programmed trajectory. The method is validated by exemplifying it when processing on a
machine tool with five axes numerically controlled and there is a wide discussion on the
influence of geometric errors of the tool on the generated surface.

Complementary methods, such as the minimum distance method (1992), method of
substituting circles (1998), the tangent method (2000) and the planar trajectory method
(2002), are methods that use the direct way of expressing the enwrapping conditions and
treat problems specific to the generating of reciprocally enveloping surfaces [18].
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The development of industrial systems, as well as the increasing use of computer
numerical controlled (CNC) machine tools, have allowed the generating of complex-shaped
surfaces, which use circular or rectilinear generating tools. They describe complex trajecto-
ries, involving the development of applications for the study of enveloping surfaces made
through graphic design programs, such as CATIA, AutoCAD, SolidEdge, etc. [16,18–36].

Albu [18] studied the possibility of simulating the milling processing with the front
cylinder tool of the helical surfaces of a conveyor screw. In the respective paper, the possi-
bility of obtaining a conical helical surface of variable pitch is analyzed.

Teodor V.G., Popa I. and Oancea N. (2010) created an algorithm to replace the plane
generators of surfaces discreetly known by Bezier curves [37,38].

As a result of the development of computing systems and the evolution of graphic
design media, graphic methods could be imagined and developed to solve the problems of
tool profiling, which generate by enwrapping thus providing solutions to problems related
to the study of reciprocally enveloping surfaces [21,37,39–44].

A number of authors have used the theory of enwrapping surfaces to study the effect
of deviations of the tool from the programmed trajectory on the geometric shape of the
generated surface [9,16,45–49].

2. Materials and Methods

2.1. Olivier Method

This method is based on Olivier’s two fundamental theorems, namely:

- Theorem I—generating of surfaces with linear contact for conjugated surfaces that
depend on a single parameter [11,14];

- Theorem II—generating of surfaces with point contact for conjugated surfaces that
depend on two independent parameters [2,11].

In the case of Olivier’s first theorem, in a straight orthogonal system, a family of
surfaces that depends on a parameter is described by equations of form:

(Σ)ϕ :

∣∣∣∣∣∣
X = X(u, v, α);
Y = Y(u, v, α);
Z = Z(u, v, α),

(1)

or, in a vectorial expression:

→
R(u, v, α) = X(u, v, α) ·

→
i + Y(u, v, α) ·

→
j + Z(u, v, α) ·

→
k (2)

where, u and v are independent variable parameters of the current point belonging to the
Σ surface and α is the parameter that determines the family of surfaces [11,14].

Observation: The characteristic curve on a surface Σ, Figure 1, which performs a
movement in relation to a fixed part, depending on a single variable parameter, is the
geometric place of the points on the surface, where the normal to it is perpendicular to
the velocity vector,

→
v , in the absolute movement of the surface in relation to the fixed part

(fixed reference system) [50].
Olivier’s first theorem can be expressed, for a value of the variable parameter Σ,

depending on the variable parameters u and v of the surface, by the analytical forms [50]:

ϕ(u, v, α) = 0;
ϕ′

α = 0,
(3)

or by a vectorial form equation:

Cα :

∣∣∣∣∣
→
r =

→
R(u, v, α);

→
Ru ·

→
Rv ·

→
Rα = 0.

(4)
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Figure 1. Characteristic curve.

In the case of a family of surfaces described by two independent parameters α and β,
it will have the parametric equations of the form [2]:

(Σ)α,β :

∣∣∣∣∣∣
x = x(u, v, α, β);
y = y(u, v, α, β);
z = z(u, v, α, β),

(5)

or: →
R(u, v, α, β) = x(u, v, α, β) ·

→
i + y(u, v, α, β) ·

→
j + z(u, v, α, β) ·

→
k . (6)

According to Olivier’s second theorem [2], if the function
→
R(u, v, α, β) admits partial

derivatives after all arguments, in a domain D, of variation of the parameters u and v, for a
defined domain of the independent parameters α and β, then the envelope of the family
(Σ)α,β can be determined from the system of equations:

S :

∣∣∣∣∣∣∣∣
→
r =

→
R(u, v, α, β);

→
Ru ·

→
Rv ·

→
Rα = 0;

→
Ru ·

→
Rv ·

→
Rβ = 0,

(7)

where
→
Ru,

→
Rv,

→
Rα and

→
Rβ are partial derivatives of the

→
R vector.

2.2. Gohman Theorem

Olivier’s theorems allowed the mathematician Gohman (1896) to develop a method
for determining the characteristic curve on a moving surface.

The theorem states that: “a point on the S surface will belong to the characteristic
curve only if, at that point, the normal to the S surface is perpendicular to the velocity
vector

→
v , in the absolute movement executed by the surface” [2,51].

Figure 2 shows the S surface and the two reference systems.
The S surface, in the reference system XYZ, can be expressed as:

S : F(X, Y, Z) = 0. (8)
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The S surface executes a movement, depending on a single parameter τ. In this
movement, the S surface describes the family of surfaces (S)τ in the fixed system xyz in
the form:

(S)τ : F(x, y, z, τ) = 0. (9)

 

Figure 2. Reference systems: xyz—fixed reference system, XYZ—mobile reference system.

Gohman’s theorem can define the characteristic curve C given by the system of equations:

C :

⎧⎨
⎩

F(x, y, z, τ) = 0;
F′

τ = FX
dx
dτ + FY

dy
dτ + FZ

dz
dτ = 0;

τ = constant.
(10)

The equation F′
τ = FX

dx
dτ + FY

dy
dτ + FZ

dz
dτ can be seen as the scalar product of two

vectors, FX ·
→
i + FY ·

→
j + FZ ·

→
k , obviously representing the normal at the S surface,

→
NS and

the vector
→
v = dX

dτ ·
→
i + dY

dτ ·
→
j + dZ

dτ ·
→
k , representing the absolute velocity (relative to the

fixed system) in the movement of the surface.

Therefore, the condition F′
τ = 0 can be written as

→
NS · →v = 0, which allows the

enunciation of Gohman’s theorem.
The Gohman method can easily solve the problem of generating surfaces (surface

vortexes) associated with a couple of rolling centrodes (the case of rack tool generating,
gear shaped cutter tool generating or the generating of cylindrical helical surfaces with
rotary cutter tools) [9].

Based on Gohman’s theorem, Dooner [15] applies the theory of enwrapping surfaces
to cylindrical, conical and hypoid gears.

Dooner and Griffis present the application of the first gear law to the study of worm
and hypoid gears, in which, in general, normal at the flank of the tooth does not intersect
the instantaneous rotation axis [52]. In the same paper, the second law of gearing is applied
for the study of hyperboloid gears, noting that: “the spiral profile of the flank of the tooth, in
these gears, is generated so as to allow any pressure angle with the conjugate profile” [52].

2.3. Normals Method (Willis Theorem)

The “gearing” theorem, also known as the “normals method” or “Willis theorem”
(1843) [2,51] or sometimes as “Euler–Savary theorem” [52], can be stated as follows: “two
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profiles associated with rolling centrodes, which transmit rotational movement between
two parallel axes, are reciprocally enveloping if, in the process of rolling the centrodes,
the contact points of the profiles admit a common normal, which passes through the
gearing pole”.

Two enwrapping profiles are considered, Figure 3, having the two centrodes C1 and
C2 tangent at the contact point, P. The centrodes rotate around the axes O1 and O2 having
the velocities expressed by the parameters ω1 and ω2.

 
Figure 3. Conjugated profiles.

In these circumstances, the transmission ratio may be established:

i =
ω2

ω1
. (11)

The relative velocity of points B1 and B2 will have the direction of the common
tangent to the C1 and C2 curves at the contact point (line t-t). As a result, the instanta-
neous radius of rotation PB1 = PB2 has the direction of the common normal at the two
conjugate profiles (line n-n).

2.4. Minimum Distance Method

Minimum distance method is an analytical method for the study of enwrapping
surfaces based on a specific theorem [2,12]: “the envelope of a family of plane curves that
performs a movement joined with a couple of rolling centrodes is the geometrical locus of
the points belonging to the family for which, in the different rolling positions, the distance
to the gearing pole is minimal”, Figure 4.

The following are defined:

- Centrode associated with the vortex of the blank profiles—C1 (radius circle Rrp);
- Centrode associated with the flank of the generating rack—C2 (line superimposed on

the η axis);
- Reference systems: xy—fixed reference system; XY—mobile reference system, joined

with the blank; and ξη—mobile reference system, joined with the generating rack.

If the parametric equations of the CΣ profile are defined:

C :
∣∣∣∣ X = X(u);

Y = Y(u)
(12)
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and the relative movement in relation to the rack system, ξη, in form:

ξ = ωT
3 (ϕ) · X − a; (13)

a =

∥∥∥∥∥ −Rrp
−Rrp · ϕ

∥∥∥∥∥, (14)

then, the family of profiles, CΣ, in the system ξη, is described by the transformation:

(CΣ)ϕ =

∣∣∣∣ ξ = X(u) · cosϕ − Y(u) · sinϕ + Rrp;
η = X(u) · sinϕ + Y(u) · cosϕ + Rrp · ϕ.

(15)

 
Figure 4. Minimum distance method applied to rack tool generating [12].

The distance from the current point of the family of curves (CΣ)ϕ to the gearing pole
P, in the system ξη of the rack is:

d =

√
ξ2 +

(
η − Rrp

)2. (16)

The minimum condition of distance d becomes:

ξ · ξ ′u +
(
η − Rrp

) · η′
u = 0, (17)

representing the enwrapping condition according to this method.
The set of Equations (15) and (17) represents, in the ξη system, the enveloping surface

of the family (CΣ)ϕu
—the profile of the rack conjugated to the family (CΣ)ϕ.

2.5. Method of Substituting Circles

This method is based on a new principle, namely the family of substituting surfaces
(curves) [2,12,51,53] and can be stated as follows: “the envelope of a curve associated with
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a couple of rolling centrode is the family of substituting circles transposed, in the rolling
movement, on the conjugate centrode”, Figure 5.

  
(a) (b) 

Figure 5. Family of substituting circles associated: (a) with a centrode; (b) Σ profile.

In the XY system, the family of substituting circles has the equations:

(C)r :
∣∣∣∣ X = −Rrpcosϕ1 − ricosβi;

Y = −Rrpsinϕ1 − risinβi.
(18)

The enwrapping condition is, in this case:

Y′(u) · sinϕ1 − X′(u) · cosϕ1 =
X(u) · X′(u) + Y(u) · Y′(u)

Rrp
, (19)

with tgβi = −X′(u)
Y′(u) and ri = −[

Rrpcos(ϕ1 + βi) + X(u)cosβi + Y(u)sinβi
]
.

The equations of the envelope S result:

ξ = −ri · cos(ϕ1 + βi);
η = −ri · sin(ϕ1 + βi) + Rrp · ϕ1.

(20)

The method of substituting circles has applicability in solving the problem of profiling
the tools that generate by enwrapping and allows a suggestive graphic expression, thus
preventing the avoidance of major errors. Applications of the method are presented
in [54,55].

2.6. Trajectory Method

Trajectory method is a complementary method which is based on determining the
enwrapping condition by identifying the trajectories of the points in the tool space, the tra-
jectories tangent to the profile to be generated [12,56].

The trajectory method can be expressed as follows: “the enveloping of a profile
associated with a centrode, belongs to a couple of rolling centrodes, is the enveloping
of the trajectories described by the point of this profile in the space associated with the
rolling centrode” [12].

Figure 6 shows a detail of the tool profile and the plane trajectories of the points
belonging to the piece’s profile in the tool’s space.

The parametric equations of the characteristic curve, CΣ, are given by Equation (12),
u being a variable parameter.
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Therefore, the rolling condition is:

λ = Rr · ϕ. (21)

 

Figure 6. Tool’s profile and the in-plane trajectories of piece [12].

The family of trajectories is expressed by the form:

(CΣ)ϕ :
∣∣∣∣ ξ = ξ(u, ϕ);

η = η(u, ϕ).
(22)

Relation (22), along with the condition:

ξ ′u
ξ ′ϕ

=
η′

u
η′

ϕ
, (23)

allows us to determine the profile of the envelope, CS, which represents the enwrapping
curve of the in-plane trajectories of the points belonging to the curve CΣ, in the rolling
movement of the centrode [2,12].

2.7. Comparative Study on Specific Forms of Enwrapping Condition

In the case of analytical methods, in order to determine the profiles of the tools that
generate by enwrapping, by the rolling method, a typical algorithm is followed, consisting
of the following steps:

(1) Establishing the parametric equations of the profile to be generated;
(2) Determining the form of the rolling condition, which determines that the lengths

traversed by the instantaneous centers of rotation, on each of the two centrodes,
are equal;

(3) Determining the absolute movements of the piece and the tool;
(4) Based on the absolute movements, the relative movements between the tool and the

piece are determined;
(5) Considering the fixed tool, the family of curves generated by the profile of the piece is

determined, during the relative movement that it has towards the tool;
(6) Determining the specific form of the enwrapping condition;
(7) Associating to the family of curves, determined in step 5, the enwrapping condition

obtained in step 6, the profile of the generating tool is determined; practically, the en-
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wrapping condition allows that, from the points belonging to the family of curves,
only those belonging to the envelope, and, therefore, to the tool profile, to be selected.

(8) The parametric equations of the gearing curve can be obtained; this represents the geo-
metric locus, in the fixed space, in which the tangency between the two reciprocally en-
veloping profiles takes place, that of the piece-known and that of the tool-determined.

2.7.1. Rack Tool Profiling—Gohman’s Theorem

The rolling condition, according to the Gohman’s Theorem [11,41,57,58], see Figure 7,
of the centrode C1 (circle of radius Rrp), associated with the profile Σ and of the centrode
C2, associated with the rack tool S is given by the Equation (21).

 

Figure 7. Reference systems for generating with rack tool, xyz is the fixed reference system,
XYZ—mobile reference system, joined with the Σ profile, ξηζ—mobile reference system, joined
with the rack tool.

The reference systems, in this case, are presented in Figure 7.
The relative movement of the existing point in the mobile reference system joined with

the Σ profile towards to the mobile system joined with the rack tool is given by Equations
(13) and (14).

The parametric equations of the Σ profile are defined, depending on the variable
parameter u:

Σ :
∣∣∣∣ X = X(u);

Y = Y(u).
(24)

The envelope of the surface family (Σ)ϕ in the reference system ξηζ is determined,
which represents the flank of the generating rack, from (13) and (14):

(Σ)ϕ :
∣∣∣∣ ξ = ξ(u, ϕ);

η = η(u, ϕ).
(25)

According to Gohman’s theorem, for profiling rack tools, the enwrapping condition
will be [2]: →

NΣ · →Rϕ = 0, (26)

where
→
NΣ represents the normal at the Σ profile:

→
NΣ = Nx ·

→
i + Ny ·

→
j (27)
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and
→
Rϕ :

→
Rϕ = [Y(u, v)− Rrsinϕ] · NX − [X(u, v) + Rrcosϕ] · Ny = 0. (28)

2.7.2. Gear Shaped Cutter Tools Profiling—Gohman’s Theorem

In the case of gear shaped cutter tools [11,28,55,59,60], the rolling without sliding
movement is at the contact between two rotating cylindrical surfaces. The radii of the two
surfaces are denoted as follows: Rrp—for blank and Rrs—for tool. Figure 8 also shows the
centrodes associated with the tool and the blank, C2, respectively, C1.

 
Figure 8. Generating with gear shaped cutter tool.

From the rolling condition, the transmission ratio expressed by the form is defined:

i =
ϕ2

ϕ1
=

Rrp

Rrs
, (29)

with ϕ1 and ϕ2 angular parameters belonging to the two rotational movements.
The parametric equations in the mobile reference system XYZ that define the Σ profile

are similar to Equation (24).
The relative movements of the mobile reference systems are:

ξ = ω3(−ϕ2)
[
ωT

3 (ϕ1) · X − a
]
, a =

( −A12
0

)
. (30)

The family of surfaces, (Σ)ϕ1
, in the mobile reference system ξηζ is given by the equation:

(Σ)ϕ1
:
∣∣∣∣ ξ = X(u)cos(ϕ1 + ϕ2)− Y(u)sin(ϕ1 + ϕ2) + A12cosϕ2;

η = X(u)sin(ϕ1 + ϕ2) + Y(u)cos(ϕ1 + ϕ2) + A12sinϕ2,
(31)

A12 representing the distance measured between the z and z0 axes.
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The enwrapping condition, in the case of gear shaped cutter tools, has the form:

[(1 + i) · Y(u, v)− i · A12 · sinϕ1] · NX − [(1 + i) · X(u, v) + i · A12 · cosϕ1] · NY = 0. (32)

2.7.3. Rotary Cutter Tools Profiling—Gohman’s Theorem

In the case of generating with the rotary cutter tool [11,12,41,54], Figure 9, the plane of
the blank will roll on the tool cylinder of radius Rrs. The centrodes are represented: C1—the
centrode associated with the blank, and C2—the centrode of the rotary cutter.

 
Figure 9. Generating with rotary cutter tool.

The rolling condition is:
λ = Rrs · ϕ. (33)

The relative movement of the blank relative to the ξη system is:

ξ = ω3(ϕ) · [X + a], a =

∥∥∥∥∥ −Rrs
−Rrs · ϕ

∥∥∥∥∥. (34)

The parametric equations in the mobile reference system are of the form (24). The en-
wrapping condition becomes, in this case:

[−Y(u) + Rrs · ϕ] · NX + X(u) · NY = 0. (35)

2.7.4. Rack Tool Profiling—Minimum Distance Method

Knowing the curve CΣ of the profile to be generated by the equation of type (24),
with u variable parameter, as well as the relative movement in the mobile reference system
of the generating rack ξη, (13), the family of profiles can be determined with the Equation
(15) [12,61], with Rrp—rolling radius of the blank centrode.

Therefore, the enwrapping condition according to the minimum distance method is
give by (17).

2.7.5. Gear Shaped Cutter Tool Profiling—Minimum Distance Method

Figure 10 shows the minimum distance method applied at generating with the gear
shaped cutter tool [12,61].

222



Inventions 2022, 7, 10

The relative movements of the mobile reference systems are given by Equation (30).
Equation (30) represents the relative movement of the blank in the reference system of the
tool, the relative movement of the tool towards the piece being expressed in the form:

X = ω3(ϕ1)
[
ωT

3 (−ϕ2) · ξ + a
]
. (36)

 

Figure 10. The minimum distance method applied at generating with the gear shaped cutter tool [2].

The enwrapping condition, according to the minimum distance method, is given by
the relation:

(ξ − Rrs · cosϕ2) · ξ ′u + (η − Rrs · sinϕ2) · η′
u = 0. (37)

2.7.6. Rotary Cutter Tool Profiling—Minimum Distance Method

Figure 11 shows the profiling of the rotary cutter tool [12,61], according to the mini-
mum distance method.

 

Figure 11. The minimum distance method applied at generating with rotary cutter tool [2].
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The relative movement of the piece in the tool space is given by Equation (34).
The enwrapping condition is:

(ξ + Rrs · cosϕ) · ξ ′u + (η − Rrs · sinϕ) · η′
u = 0 (38)

By combining Equations (34) and (38), the profile of the rotary cutter tool is obtained.
To ensure the generation of the active surface of the pump screw [62,63], it is necessary

that the two helical surfaces, the tool and the blank, have opposite directions and have the
same inclination to their own axes on the rolling circles.

2.8. Profile of Tools for Generating of Helical Surfaces by Kinematic Method
2.8.1. Profiling of the Disk Tool for the Generating of Helical Surfaces—Profiling Algorithm

The generating of helical surfaces with disc tools has a wide spread, both in mass
production (processing of helical drill channels), large series production (in the case of
milling of machine tool screws) [64–67] as well as in the production of unique [68].

Determining the form of the primary peripheral surface of the tool involves determin-
ing the axial section of the rotating surface—the most commonly used case in practice is
when the clearance angle of the tool teeth is zero, therefore the axial section of the rotating
surface is given by the cutting edge configuration of the tool teeth [2,69].

Thus, with the helical surface Σ being known, of axis
→
V and parameter p, the rotation

surface S can be determined, this being reciprocally enveloping with the surface Σ.
The reference systems are defined according to Figure 12.

 

Figure 12. Disc tool-reference systems: xyz—fixed reference system, the z axis being superimposed on
the axis of the rotation surface S; X—mobile reference system, integral with the Σ surface, the Z axis

being superimposed on the axis
→
V at the initial moment, with the plane ZO1Y the mobile reference

system is parallel to the plane zOy.

The axis of the S surface, the axis
→
A is at a distance a from the axis of the helical surface→

V and, together with it, forms the angle of inclination, α. This angle is determined by the
pitch of the helical surface being processed.

If the surfaces S and Σ are reciprocally enveloping, the surface S is considered to be
the family envelope (Σ), in the absolute movement performed by the surface.

Although the surface Σ performs a compound movement: a rotational movement

about the axis
→
A and a helical movement about the axis

→
V and parameter p, the characteristic
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of the Σ surface depends only on the first mentioned movement (rotational movement),
because in the case of the helical movement, Σ self-generates.

Thus, the movement of the Σ surface, being joined with the mobile reference system,
XYZ, will be known from the transformation of coordinates:

X = α·[ω3(ϕ)·x − A], (39)

where:

- α represents the transformation matrix between the versors of the XYZ and xyz systems
and is given by the relation:

α =

∥∥∥∥∥∥
1 0 0
0 cosα −sinα
0 sinα cosα

∥∥∥∥∥∥; A =

∥∥∥∥∥∥
−a

0
0

∥∥∥∥∥∥; (40)

- A-the matrix formed by the coordinates of point O1, compared to the fixed coordi-
nate system.

Given that the parameter ϕ is a function of time, after development, the relationship

x = ωT
3 (ϕ) ·

[
αT · X + A

]
(41)

represents the movement law of a point of space XYZ towards to the fixed reference system.
The characteristic curve is determined by calculating, in the first step, the velocity vec-

tor
→
Rϕ, in movement of a point in the space XYZ towards to the fixed reference system, xyz:

Rϕ =
dx
dϕ

. (42)

From Equation (41), it results:

Rϕ =
.

ω
T
3 (ϕ) · αT · X +

.
ω

T
3 (ϕ) · A (43)

or

Rϕ =

∥∥∥∥∥∥
−sinϕ −cosϕ 0
cosϕ −sinϕ 0

0 0 0

∥∥∥∥∥∥ ·
∥∥∥∥∥∥

1 0 0
0 cosα sinα
0 −sinα cosα

∥∥∥∥∥∥ ·
∥∥∥∥∥∥

X
Y
Z

∥∥∥∥∥∥+
∥∥∥∥∥∥

−sinϕ −cosϕ 0
cosϕ −sinϕ 0

0 0 0

∥∥∥∥∥∥ ·
∥∥∥∥∥∥

−a
0
0

∥∥∥∥∥∥. (44)

The result is the matrix:

Rϕ =

∥∥∥∥∥∥
−X · sinϕ − Y · cosϕ · cosα − Z · cosϕ · sinα + a · sinϕ
X · cosϕ − Y · sinϕ · cosα − Z · sinϕ · sinα − a · cosϕ

0

∥∥∥∥∥∥ (45)

or, in vector form:

→
Rϕ = [−X · sinϕ − Y · cosϕ · cosα − Z · cosϕ · sinα + a · sinϕ] ·

→
i +

+[X · cosϕ − Y · sinϕ · cosα − Z · sinϕ · sinα − a · cosϕ] ·
→
j .

(46)

In the mobile coordinate system, XYZ, the parametric equations of the helical surface
Σ are known:

Σ

⎧⎨
⎩

X = X(u, v);
Y = Y(u, v);
Z = Z(u, v),

(47)
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with u and v independent variables.

The vector of the normal at the Σ surface,
→
NΣ, is established:

→
NΣ = Nx ·

→
i + Ny ·

→
j + Nz ·

→
k . (48)

The enwrapping condition is, according to Gohman’s theorem, given by
→
NΣ · →Rϕ = 0.

The condition requires that the vectors
→
NΣ and

→
Rϕ be defined in the same reference

system.

Therefore, the vector
→
NΣ will be defined according to the fixed coordinate system, xyz,

by the transformation:
∥∥∥∥∥∥

Nx
Ny
Nz

∥∥∥∥∥∥ =

∥∥∥∥∥∥
1 0 0
0 cosα sinα
0 −sinα cosα

∥∥∥∥∥∥ ·
∥∥∥∥∥∥

NX
NY
NZ

∥∥∥∥∥∥. (49)

The director parameters of the normal are:

Nx = NX ;
Ny = NY · cosα + NZ · sinα;
Nz = −NY · sinα + NZ · cosα,

(50)

where Nx, Ny and Nz represent the director parameters of normal at the Σ surface in the
fixed coordinate system, xyz.

Thus, for a certain value of parameter ϕ, the expression of the condition for determin-
ing the characteristic curve is obtained, which allows the determination of a connection
between the parameters u and v, of the form v = v(u). Taking into account the Equations
(26), (45) and (50), the condition is:

(X–a) · (Ny · cosα + Nz · sinα
)
–(Y · cosα + Z · sinα) · NX = 0. (51)

The condition (51) and the expression of the parametric equations of the helical surface
Σ (47) determine the equations of the characteristic curve, C:

C :

⎧⎨
⎩

X = X(u);
Y = Y(u);
Z = Z(u).

(52)

The axial section of the rotating surface, S, is, in fact, the primary peripheral surface
of the tool, which, by means of the equations of the characteristic curve, C, at the fixed
coordinate system, xyz, results in the transformation of coordinates:

C :

⎧⎨
⎩

x = X − a;
y = Y · cosα + Z · sinα;

z = −Y · sinα + Z · cosα.
(53)

By replacing in Equation (52) the parameters X, Y and Z determine the parametric
equations of the characteristic curve, C, in the coordinate system, xyz:

C :

⎧⎨
⎩

x = x(u);
y = y(u);
z = z(u).

(54)

The characteristic curve has a rotational movement around the axis
→
A, thus generating

the S surface, simplifying the determination of the axial section of the surface.

226



Inventions 2022, 7, 10

The points M and N on the characteristic curve, C and the generator, G, are on the
same parallel circle, in the same plane perpendicular to the tool axis, Figure 13.

 
Figure 13. Axial section of the rotating surface [12].

The radius of the parallel circle is determined by the relation:

R =
√

x2(u) + y2(u). (55)

The equations of the axial section of the SA surface are given by the relation:

SA

{
R =

√
x2(u) + y2(u);

H = z(u).
(56)

The axis of the tool is defined by the axis
→
A defined by the parameters a and α, and is

perpendicular to the helix of minimum inclination of the helical surface—Figure 14.

 

Figure 14. Axial section of the rotating surface.

Figure 15 shows the generating kinematics, namely the relative position of the tool
(milling disc) and the blank (trapezoidal thread).

If D is the diameter of the cylinder, corresponding to the helical line, which belongs to
the surface to be processed and PE represents the pitch of the helical surface, the angle of
inclination, α, can be determined as follows:

α = arctg
π · D

PE
. (57)

227



Inventions 2022, 7, 10

 
Figure 15. Generating kinematics with disc tool: movement I—rotational movement of the blank
around its own axis, II—translational movement, along the same axis; III—cutting movement.

2.8.2. Profiling of Cylindrical-Front Tools (Finger Cutter Tools) for the Generating of
Helical Surfaces—Profiling Algorithm

For technological or economic reasons, in some cases (for example zig-zag or V-teeth),
the use of disc tools is not possible and it is necessary to use a tool with a smaller size for
profiling helical surfaces [18,40,70].

Therefore, the disc tool is replaced with a finger cutter tool or a cylinder-front tool.
To determine the primary peripheral surface of the tool, a rotating surface is deter-

mined, perpendicular to the axis of the helical surface, Σ, already known and reciprocally
enveloping with it [28,40].

The helical surface, Σ, performs a combined movement: a helical movement, of axis
→
V

and parameter p and a rotational movement around the axis
→
A. The surface envelope Σ, de-

pends only on the rotational movement, because, in the helical movement, it self-generates.
Coordinate systems are defined according to Figure 16.
The movement of the helical surface is described by the transformation of coordinates:

x = ωT
1 (ϕ) · αT(X + α · a); (58)

where:

α =

∥∥∥∥∥∥
cosα −sinα 0
sinα cosα 0

0 0 1

∥∥∥∥∥∥; a =

∥∥∥∥∥∥
0
0

−m

∥∥∥∥∥∥. (59)

The parameter m is a constant that depends on the relative position of the reference
systems presented above. Usually, to simplify the calculations, it is consider m = 0.

The characteristic curve, C, of the Σ surface is determined by the equation:
→
N∑ · →Rϕ = 0,

for the parameter ϕ = constant.

The vector
→
Rϕ is calculated as follows:

Rϕ =
dx
dϕ

=
.

ω
T
1 (ϕ) · αT · (X + α · a), (60)

which, after development, has the form:

Rϕ =

∥∥∥∥∥ −X · sinϕ · sinα − Y · sinϕ · cosα − (Z − m) · cosϕ
−X · cosϕ · sinα + Y · cosϕ · cosα − (Z − m) · sinϕ

∥∥∥∥∥. (61)
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Figure 16. Generating of the helical surface with the finger cutter tool, reference systems: XYZ
represents the mobile coordinate system, solid with the surface Σ, xyz—fixed reference system,

having the x-axis superimposed on the tool axis,
→
A.

In the mobile coordinate system, XYZ, the parametric equations of the helical surface
Σ are known by equations of type (47).

The normal
→
N∑ is defined with Equation (48), which, in the xyz coordinate system,

has the director parameters:

nx = NX · cosα + NY · sinα;
ny = −NX · sinα + NY · cosα;
nz = NZ.

(62)

The condition for determining the characteristic curve, for ϕ = 0, is obtained from
Equation (26):

[Y · NZ − (Z − m) · NY] · cosα − [X · NZ − (Z − m) · NX ] · sinα = 0, (63)

which, associated with Equation (47), allows to obtain the parametric equations of the
characteristic curve in form (52).

The Equation (63) is equivalent to the coplanarity condition of the vectors
→
N∑ and

→
A

is described by an equation of form, with X, Y and Z defined by (52):
∣∣∣∣∣∣

NX NY NZ
cosα sinα 0

X Y Z

∣∣∣∣∣∣ = 0, (64)

being known as “Nicolaev condition”.
From a technological point of view, it is necessary to determine the axial section of the

finger cutter tool, Figure 17.
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Figure 17. The axial section of the finger cutter tool.

The parametric equations of the characteristic curve are related to the coordinate
system, xyz, by the transformation:

X = α · (x – a); (65)

with C given by (54).
The parametric equations of the axial section are:

SA

{
R =

√
y2(u) + z2(u);

H = x(u).
(66)

Figure 18 shows the kinematic principle when processing helical surfaces with finger
cutter tools [1,18].

 
Figure 18. Kinematic principle.

Movement I represents the rotation of the blank around its own axis. This is correlated
with the translational movement II, along the same axis, to ensure the helical movement.

Movement III, represents the rotational movement of the tool, being ensured by a
special kinematic chain. The velocity with which the generator travels through the helical
direction is conditioned by the possibilities of the technological process used.
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2.8.3. Profiling of Cylindrical Generating Tools (Slotting Tools) for Generating of Helical
Surfaces—Profiling Algorithm

Slotting is the process of generating helical surfaces, [7,53], most often used in the
case of tools with cutting edges that belong to cylindrical surfaces or which, in relative
movement to the blank, generates a cylindrical surface [1].

Although the processing productivity is relatively low, the operation of a slotting tool
is simpler, due to the ease of its profiling process.

Figure 19 shows the relative position of the cylindrical (generating) and helical surfaces.
The cylindrical surface is determined, reciprocally enveloping with the given surface.

 
Figure 19. The relative position of the cylindrical (generating) and helical surfaces. Reference systems:
XYZ represents the mobile reference system, joined with the helical surface; xyz—fixed coordinate
system; the y-axis is parallel to the direction of the cylindrical surface generators; X’Y’Z’—mobile
reference system resulting from the movement of the XYZ system with the variable parameter δ.

To generate the helical surface, S tool performs two movements:

- Translational movement, along the own generators, determining the main cutting move-
ment;

- Helical movement of the axis
→
V and helical parameter p, determining the generating

movement of Σ surface.

As in the previous cases, the characteristic of the Σ surface does not depend on the
helical movement, in which the surface self-generates.

Reference systems are defined according to Figure 19.
In the mobile reference system, the equations of the helical surface are known by

equations of type (47), with u and v independent variables.
The movement of the XYZ system and of the Σ surface, along the generators of the

cylindrical surface, is given by the relation:

x = αT ·X + a, (67)
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where:

α =

∥∥∥∥∥∥
1 0 0
0 cosα −sinα
0 sinα cosα

∥∥∥∥∥∥; a =

∥∥∥∥∥∥
0
δ
0

∥∥∥∥∥∥, (68)

with δ variable parameter.

The director parameters of the normal,
→
N∑, are expressed as follows:

→
NΣ = NZ ·

⇀
i + NY ·

⇀
j + NZ ·

⇀
k . (69)

In the xyz coordinate system, the director parameters of the normal are:

nx = NX ;
ny = NY · cosα + NZ · sinα;
nz = −NY · sinα + NZ · cosα.

(70)

The vector
→
Rδ is calculated as follows:

Rδ =
dx
dδ

=

∥∥∥∥∥∥
0
1
0

∥∥∥∥∥∥ or
→
Rδ =

→
j . (71)

Thus, the condition for determining the characteristic curve,
→
NΣ · →Rϕ = 0, is expressed

as follows:
NY · cosα + NZ · sinα = 0, (72)

condition that allows the expression of the parametric equations of the characteristic curve
of the form:

C

⎧⎨
⎩

X = X(v);
Y = Y(v);
Z = Z(v).

(73)

In the xyz coordinate system, the equations of the characteristic curve are deter-
mined from:

x = αT ·X, (74)

having the form:

C

⎧⎨
⎩

x = X(v);
y = Y(v) · cosα + Z(v) · sinα;
z = −Y(v) · sinα + Z(v) · cosα.

(75)

Thus, the equation of the S surface will be:

→
R =

→
r + λ · →t , (76)

where:

-
→
R represents the vector of a current point on the cylindrical surface;

-
→
r —the vector of a current point on the characteristic curve;

- λ—variable parameter;

-
→
t =

→
j —the versor of the cylindrical surface generators.

Equation (76) is transcribed, in analytical form, as follows:
⎧⎨
⎩

x = X(v);
y = Y(v) · cosα + Z(v) · sinα + λ;
z = −Y(v) · sinα + Z(v) · cosα.

(77)
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From (77), the condition results, representing the section Y = 0:

Y(v) · cosα + Z(v) · sinα + λ = 0, (78)

that allows the determination of the cross section equations, ST:

ST

{
y = y(λ);
z = z(λ).

(79)

Figure 20 shows the kinematic principle of generating in the processing of helical
surfaces with slotting tools.

 

Figure 20. The kinematic principle of generating: I represents the rotational movement of the blank,
II—the translational movement of the blank along its own axis, III—the cutting movement performed
by the tool.

According to Figure 20, the movements are defined.
Movements I and II represent the helical movements of definition of the helical

surface Σ.

2.9. Generating of Helical Surfaces by the Method of Decomposing the Helical
Movement—Nikolaev Condition
2.9.1. Generating of Helical Surfaces with Disc Tools—Profiling Algorithm

The Nikolaev condition [2] is also known as the method of decomposing helical
movement according to which: “the characteristic of a revolution surface, reciprocally
enveloping a cylindrical and constant pitch helical surface, is the geometric locus of the
points belonging to the helical surface for which the normal at this intersects the axis of the
revolution surface” [2].

According to Figure 21, the problem involves determining the rotation surface S, the
helical surface, Σ, being obtained by means of the helical movement of the generator, G.

The axis of the rotation surface—
→
A forms, together with the axis of the Σ surface—

→
V

the angle of inclination α, the distance between the axes being determined by the scalar
parameter a [2,12].

Reference systems are defined:

- xyz represents the fixed reference system, the z axis being superimposed on the surface
axis Σ;

- x1y1z1—fixed coordinate system with z1 axis being superimposed on the axis
→
A;

- x2y2z2—fixed coordinate system, z2 axis being superimposed on the axis of rotation
→
B .
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Figure 21. Generating with disc-tool.

The determination of the S surface results from the determination of its characteristic
curve C, in the helical movement (V, ω, p).

In the helical movement of the characteristic curve C, the curve generates the Σ surface

and, if rotational movement is applied around the axis
→
A, the S surface is generated.

The helical movement of the rotating surface is decomposed into rotational movements

of axes
→
A and

→
B , their sum being equivalent to the helical movement [2].

If the normal
→
N is required to intersect the axis

→
A, therefore, according to the properties

of the helical radii, the normal
→
N also intersects the second conjugated axis.

The movement of the point M, corresponding to the S surface, represents a sum of

rotations around the axes
→
A and

→
B , the normal

→
N being perpendicular to the velocity vector

of this point. Therefore, the normal
→
N determines the characteristic curve.

The parametric equations of the helical surface Σ are known:

Σ

∣∣∣∣∣∣
x = x(u, v);
y = y(u, v);
z = z(u, v).

(80)

The position vector of the point M is given by:

→
r = x(u, v) ·

→
i + y(u, v) ·

→
j + z(u, v) ·

→
k . (81)

The following are defined:

- Axis of rotation surface S:

→
A = −sinα ·

→
j + cosα ·

→
k ; (82)
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- The vector O1M, joining the origin of the fixed coordinate system, x1y1z1 with the
point M:

O1M = [x(u, v)− a] ·
→
i + y(u, v) ·

→
j + z(u, v) ·

→
k . (83)

The characteristic curve, C, is determined from the coplanarity condition of the vectors
→
N,

→
A and O1M, the condition being of the form:(

O1M,
→
N,

→
A
)
= 0, (84)

or, taking into account the Equations (80)–(83):
∣∣∣∣∣∣

x − a y z
Nx Ny Nz
0 −sinα cosα

∣∣∣∣∣∣ = 0, (85)

Nx, Ny and Nz being the guiding parameters of the normal at the Σ surface.

By developing the Equation (85) the condition
→
N · →V = 0 can be rewritten in the form:

[(x − a) · Nz − z · Nx] · sinα +
[
(x − a) · Ny − y · Nx

] · cosα = 0. (86)

Thus, the parametric equations of the characteristic curve, C, can be determined
in form given by Equation (54), associating to the Σ surface equations the enwrapping
condition (86).

To determine the axial section of the S surface, the characteristic curve is transposed
into the fixed coordinate system, x1y1z1, by transforming the coordinates:

∥∥∥∥∥∥
x1
y1
z1

∥∥∥∥∥∥ =

∥∥∥∥∥∥
1 0 0
0 cosα sinα
0 −sinα cosα

∥∥∥∥∥∥ ·
⎡
⎣
∥∥∥∥∥∥

x
y
z

∥∥∥∥∥∥−
∥∥∥∥∥∥

a
0
0

∥∥∥∥∥∥
⎤
⎦, (87)

or, after development: ∣∣∣∣∣∣
x1 = x − a;
y1 = ycosα + zsinα;
z1 = −ysinα + zcosα.

(88)

If the parameters x, y and z from Equations (54) and (88) are replaced, in the fixed
coordinate system, x1y1z1, the equations of the characteristic curve C will be obtained:

C

∣∣∣∣∣∣
x1 = x1(u);
y1 = y2(u);
z1 = z3(u).

(89)

By the rotational movement of the characteristic curve C around the axis
→
A, the

searched surface S can be generated.
Figure 22 shows the axial section of the disc tool.
The points M and N on the characteristic curve C and the generator G are on the same

parallel circle. The radius of the circle is determined by the relation:

r =
√

x2
1(u) + y2

1(u). (90)

Therefore, the parametric equations of the generator G are determined:

G

∣∣∣∣∣ R =
√

x2
1(u) + y2

1(u);
H = z1(u).

(91)
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Figure 22. Axial section of the disc tool.

2.9.2. Generating of Helical Surfaces with Cylindrical-Front Tool—Profiling Algorithm

According to Figure 23, the helical surface Σ is known, this being determined in the
helical movement (V, ω, p) of the generating curve, G, [2].

 

Figure 23. Generating with cylinder-front surface; reference systems: z represents the fixed reference
system, with the z axis superimposed on the surface axis Σ; xz1—fixed reference system, the x1 axis
being superimposed on the axis of the searched surface, S.

It is required to determine a rotation surface, S, with the axis perpendicular to the
axis of the Σ surface. This surface is obtained from the condition that the Σ surface is the

236



Inventions 2022, 7, 10

envelope of the (S) family in the helical movement and admits a common characteristic
with the helical surface, Σ.

The S surface performs the following movements:

- Rotational movement around its own axis, constituting the cutting movement;

- Helical movement of the axis
→
V and parameter p (the movement of generating the

helical surface).

The normal to the Σ surface is perpendicular to the velocity vector and must be in the
axial plane of the S surface.

Thus, for determination of the characteristic curve common to the reciprocally en-
veloping surfaces, the definition can be accepted: “the characteristic of a rotating surface,
having the axis perpendicular to the axis of the helical surface with which it is reciprocally
enveloping, represents the geometric locus of the points on the helical surface, where its
normal intersects the axis of the rotating surface” [2].

According to Figure 23, the coordinate systems are defined.
In the xyz coordinate system, the parametric equations of the Σ surface are known in

for given by Equation (80).

The position of the axis of the rotation surface of axis
→
A is also known:

→
A = cosγ ·

→
i + sinγ ·

→
j . (92)

The vector of the current point on the Σ surface
→
r , is determined by the relation (81).

At the same point, the normal to the helical surface Σ is given by (69).
The vector O1M is calculated as follows:

→
O 1M =

→
r −

→
OO1 =

→
r − m ·

→
k , (93)

where the m parameter is arbitrary and establishes a convenient position of the axis towards
to the Σ surface.

The condition of coplanarity is given by (84), or, after replacement:
∣∣∣∣∣∣

x y z − m
cosγ sinγ 0
Nx Ny Nz

∣∣∣∣∣∣ = 0. (94)

By development, it results the condition for determining the characteristic curve
of form:

[y · Nz − (z − m) · Ny] · cosγ − [x · Nz − (z − m) · Nx] · sinγ = 0. (95)

Equations (54) and (95) define the equations of the characteristic curve C, common to
the surfaces S and Σ.

If it is chosen that the origins O and O1 of the reference systems coincide and that the

axis
→
A is parallel, for example, with the x-axis, then the relation (95) becomes:

x · Nz − z · Nx = 0. (96)

If a connection is established between the parameters u and v, of form u = u(v), then
the equations of the characteristic curve will be in form (52):

C

∣∣∣∣∣∣
x = x(v);
y = y(v);
z = z(v).

(97)
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By relating the equations from the relation (97) to the reference system x1y1z1, joined
with the S surface, the transformation of coordinates is obtained:∥∥∥∥∥∥

x1
y1
z1

∥∥∥∥∥∥ =

∥∥∥∥∥∥
cosγ sinγ 0
−sinγ cosγ 0

0 0 1

∥∥∥∥∥∥ ·
⎡
⎣
∥∥∥∥∥∥

x
y
z

∥∥∥∥∥∥−
∥∥∥∥∥∥

0
0
m

∥∥∥∥∥∥
⎤
⎦. (98)

Thus, the parametric equations of the characteristic curve will be brought, in principle,
to the form:

C

∣∣∣∣∣∣
x1 = x1(v);
y1 = y1(v);
z1 = z1(v).

(99)

The peripheral surface of the finger cutter tool is obtained by rotating the characteristic

around the axis
→
A.

According to Figure 24, the points M and N on the characteristic curve and on the
generator are at the same distance from the surface axis x1 (with x1 axis superimposed on
the H axis).

 
Figure 24. Axial section.

The radius of the parallel circle is determined by the equation:

R =
√

y2
1(v) + z2

1(v), (100)

where y1(v) and z1(v) have the meanings given by the Equation (99).
Therefore, the parametric equations of the axial section, SA, are given by the relation:

SA

∣∣∣∣∣ R =
√

y2
1(v) + z2

1(v);
H = x1(u).

(101)

2.9.3. Generating of Helical Surfaces with Cylindrical Tools—Profiling Algorithm

The problem involves knowing the helical surface Σ, obtained by the helical movement
of the generating curve, G and determining a cylindrical surface, S, generated in the
directional movement by the edge of a planing tool, Figure 25 [2,12].
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The S surface is determined from the condition that the surface is the envelope of the

(S) family, in the helical movement of axis
→
V and parameter p. Therefore, the S surface

admits a contact curve with the helical surface, this curve being the characteristic curve, C.
Therefore, the cylindrical tool must perform the following movements:

- Translational movement along the own generators, which constitutes the cutting move-
ment;

- Helical movement, identical with the movement of generating the helical surface by
the generator, G.

 

Figure 25. Generating with cylindrical tools.

The determination of the characteristic curve assumes that the normal to the Σ surface
is perpendicular to the direction of velocity, in the translational movement along the
generators of the S surface, therefore the condition for determining the characteristic curve
of the reciprocally enveloping surfaces, Σ and S can be stated as follows: “the characteristic
of the helically enwrapping surface with a cylindrical surface is the geometric locus of the
points on the helical surface, where the normal to it is perpendicular to the direction of the
cylindrical surface generators”.

In the xyz coordinate system, the Σ surface is known in form (80), the direction versor of

the generators of the cylindrical surface
→
t , is expressed in the form

→
t = sinα ·

→
j + cosα ·

→
k ,

where α represents the angle that the generators make with the axis
→
V.

If denoted by
→
N the normal at the current point on the helical Σ surface, having the

Equation (69), then, taking into account the Equations (80) and (81), the condition for
determining the characteristic C, is expressed in the form:

→
N · →t = 0, (102)

or, after replacing:
Ny · sinα + Nz · cosα = 0. (103)

Equations (80) and (103) represent the parametric equations of the characteristic curve
C on the helical surface, Σ.

The Equation (103) determines a connection between the parameters u and v of the
form u = u(v), so that the parametric equations of the characteristic C can be expressed
as in (97).
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Characteristic C from Figure 25 together with the versor
→
t generates the S surface,

which is in fact the searched surface.
The equation of the S surface, in vector form, is

→
R =

→
r + λ

→
t , where λ is a variable

parameter and the vector
→
r of a point on the characteristic curve.

The parametric equations of the cylindrical surface, S, are:
∣∣∣∣∣∣

x = x(v);
y = y(v) + λ · sinα ;
z = z(v) + λ · cosα.

(104)

The cross section, ST, of the S surface determines the form of the template with which
the profile of the planing cutter is controlled.

Therefore, it is considered a plane containing the x-axis and is perpendicular to the

direction of the versor
→
t denoted by P.

The equation of the P plane is:

→
r 1 ·

→
t = 0, (105)

where
→
r 1 represents the position vector of a current point in the P plane calculated by

the relation:
→
r 1 = x ·

→
i + y ·

→
j + z ·

→
k . (106)

After replacing the vectors, it results:

y · sinα + z · cosα = 0. (107)

Equations (104) and (107) represent the parametric equations of the cross section of
the cylindrical surface, S, the G curve:

G

∣∣∣∣∣∣
x = x(λ);
y = y(λ);
z = z(λ).

(108)

By coordinate transformation, changing the reference system, from xyz to x1y1z1,
the equations of the cross section take the form:

∥∥∥∥∥∥
x1
y1
z1

∥∥∥∥∥∥ =

∥∥∥∥∥∥
1 0 0
0 cosα sinα
0 −sinα cosα

∥∥∥∥∥∥ ·
∥∥∥∥∥∥

x
y
z

∥∥∥∥∥∥. (109)

Taking into account the equation in relation (109), the parametric equations of the
cross section, S are determined:

S
∣∣∣∣ x1 = x(λ);

z1 = −y(λ) · cosα + z(λ) · sinα.
(110)

Equation (110) is the profile of the planing cutter that performs a translational move-

ment, representing the cutting movement, according to the direction of the versor
→
t .

3. Conclusions

The generating of surfaces by enwrapping presupposes the existence of specific
methodologies for solving the problem of profiling generating tools.

The profiling of the tools for generating by enwrapping can be done using the
fundamental theorems, applied in the conditions in which the surfaces are considered
non-deformable.
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These theorems have a high degree of generality and mathematical rigor, but can
sometimes be difficult to apply. The way of expressing the enwrapping conditions leads,
in many of the practical cases, to laborious analytical calculations and to complicated
analytical forms of expression of the equations of the enwrapping surfaces.

This led to the development of complementary methods, characterized by a simpler
expression of the enwrapping conditions.

Complementary methods are methods that use the direct way of expressing the
enwrapping conditions and treat problems specific to the generating of reciprocally en-
wrapping surfaces.

These methods have a simpler form of expression, but a lower degree of generality.
The paper presented a review on study methods for reciprocally enwrapping sur-

faces, as well as methods for profiling tools for generating helical surfaces by the kine-
matic method and by the Nicolaev condition, forming a basis for future research papers
and projects.
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Abstract: This article presents a review of the main aspects regarding the current rules of classification
societies, standards, and practice regarding the design and construction of ventilation and air
conditioning systems for different compartments in different types of ships. In the context of the
COVID-19 pandemic, this paper also presents the usual practice of the actual heating ventilation
and air conditioning (HVAC) systems used on large ships, which recirculate the air between living
compartments, in comparison with the new requirements to avoid the risk of spreading diseases.
According to the rules, the technical compartments are provided with independent ventilation
systems that ensure high air flow rates; therefore, the spread of diseases through this system is not an
issue. The living spaces are provided with common ventilation and air conditioning systems that
recirculate the air in all compartments served. The current practice of air recirculation in various
living rooms leads to the spread of diseases, which should therefore be analyzed and improved
by adding high-efficiency particulate air (HEPA) filters and UV disinfection or be replaced with
individual systems that provide local heating or cooling without air recirculation between different
rooms and fresh air supply with complete evacuation. For existing ships, different solutions should
be analyzed such as reducing or cancelling recirculation and increasing filtration.

Keywords: ventilation on ships; HVAC requirements; COVID-19; spread the disease; airborne
transmission; HEPA filtration; UV disinfection; heat recovery

1. Introduction

Ship ventilation systems have different requirements depending on the destination of
the compartments and the type of ship. Thus, there are compartments in which natural
ventilation is sufficient while other compartments require forced ventilation using extrac-
tion and/or the introduction fans, and for other compartments, the ventilation is provided
through an air conditioning system.

Therefore, according to classification society rules, the special compartments in which
flammable or toxic gases can be released should be provided with exhaust mechanical
ventilation. The air change rate required is different, as it is necessary to reduce the risk of
flammable or toxic gases being allowed to escape and accumulate.

Other compartments in which installed equipment needs air to run should be provided
with an independent mechanical supply or both supply and exhaust ventilation, which
should ensure the required air for the running and cooling of equipment. Compartments in
which there are no special requirements from equipment makers or classification societies
are provided with natural ventilation only.

The living rooms, in general, are provided with common ventilation and air condition-
ing systems to ensure a proper climate for crew and passengers. The minimum requested
fresh air flow is related to the number of persons but is not less than 40% of the total air
flow [1]. In addition, there are rooms such as the galley, toilets, mess rooms, and laundry
where recirculation is not allowed. The common ventilation and air conditioning systems,
which are provided with a common air handling unit (AHU), have the advantage that the
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noise inside the rooms served is low and the maintenance of the equipment is quite easy
because the main equipment is installed in a dedicated room.

Nevertheless, it should be mentioned that, in the case of common ventilation and air
conditioning systems, which mix the air from rooms with fresh air and recirculate it back to
the rooms, the spread of diseases through the air conditioning system could be high. The
spread of diseases through the air conditioning system can be reduced by adding HEPA
filters [2], but in this case, the protection is limited and the fans should have increased
pressure. If the HEPA filters are installed on the return ventilation duct, and if the air
handling unit (AHU) is not provided with a recirculation fan, the pressure inside the rooms
will increase by 150–900 Pa due to the pressure drop across the new filter. Therefore, the
system should be provided with an additional exhaust fan.

The spread of diseases through air conditioning systems can also be reduced by adding
ultraviolet (UV) disinfection and “more than 90% of the SARS-CoV-2 virus, more than
97% of Influenza A virus, and 100% of Legionella pneumophila can be inactivated” [3].
However according to the IES [4], if the UV exposure time is increased by 50%, the efficiency
of disinfection will increase from 90% to 99%.

Many studies have confirmed the high level of aerosol and droplet transmission of the
SARS-CoV-2 virus. Hwang et al. [5] reported that the virus spreads to all floors through the
ventilation duct and suggested aerosol transmission. Priyanka et al. [6] reported the aerosol
transmission of SARS-CoV-2, especially in enclosed spaces, and Li et al. [7] concluded
that the aerosol transmission of SARS-CoV-2 due to poor ventilation may explain the
community spread of the disease.

M. Guo et al. [8] mention that respiratory droplets will evaporate and become smaller
particles in only 2 s. These small-diameter droplets (<1 μm) can remain suspended inside
the HVAC system for a long time and will have a high probability of transmission. However,
in general, most viruses, including SARS-CoV-2, are combined with water and other
components as droplets, as well as aerosol particles that have a size of 0.25–0.5 μm. In this
case, the HEPA filters have a good efficiency of filtration.

According to class recommendations, recirculation should be avoided, but this in-
creases the energy consumption a great deal. In this case, but also for other alternatives,
heat recovery devices should be added to transfer the energy from the exhausted air to the
freshly supplied air. The main challenge is to find a heat recovery system with a low initial
cost, low air pressure drop, and high efficiency, and that does not suffer from contamination
between the air supply and exhaust. This article analyzes the strengths and weaknesses of
different possible alternatives to improve HVAC systems to avoid the spread of diseases
in an actual pandemic but also in case of a future, unexpected epidemic. Other aspects
related to the general design of the vessel, epidemy inventory, and emergency plans needed
are highlighted.

Regarding the technical spaces of ships, the risk of viral transmission of COVID-19 or
other viruses through the ventilation system is low because these rooms are provided with
independent ventilation with a high air-change rate.

2. Main Types of Ventilation and Air Conditioning Systems

The following ventilation and air conditioning systems are used to achieve ventilation
for the different compartments of a ship:

2.1. Independent Natural Ventilation

In general, technical compartments with no specific requirements for the operation of
equipment or the safety of the ship and passengers are provided with independent natural
ventilation. To improve the natural circulation, inlet grilles are placed at the bottom of
the compartment and exhaust grilles are placed at the top. In Figure 1, a typical natural
ventilation system for a room located below the weather deck is presented. The ventilation
openings are located above the weather deck at a minimum height of 900 mm in position 1
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and a minimum of 760 mm in position 2 according to International Maritime Organization
(IMO) load line requirements [9].

Figure 1. General arrangement. Independent natural ventilation for a room located below the
weather deck.

2.2. Independent Mechanical Ventilation

According to the requirements of the Classification Society [10–13], the technical and
cargo compartments of the ships are provided with independent mechanical ventilation
systems equipped with supply or exhaust fans. The ventilation system provided for these
compartments must ensure the cooling of the room, the necessary air for operation of
the equipment, and remove the flammable gases that can accumulate inside the room. In
certain situations, the ventilation systems are supplemented with local cooling systems
provided with fan coils with 100% recirculation.

Sometimes, both exhaust and air supply fans are provided to ensure the desired
pressure inside the compartment. In Figure 2, a typical mechanical ventilation system for a
room located below the weather deck (with supply fan, exhaust fan, and both supply and
exhaust fans) is presented.

Figure 2. Typical arrangement. Independent mechanical ventilation for a room located below the weather deck.

In the case of the engine room, the openings on the weather deck should be kept
without a closing device. In Figure 3, a typical example of ventilation for the engine room
is presented. In this case, according to the IMO load line requirements [9], the openings
should be located at a height of a minimum of 4.5 m above deck in position 1 and a
minimum of 2.3 m in position 2.
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Figure 3. Typical arrangement. Independent mechanical ventilation for the engine room.

2.3. Common Mechanical Ventilation for Several Rooms, Combined with Air Conditioning System

In the case of living spaces, in general, common ventilation and air conditioning
systems are used to ensure the cooling or heating of the compartments as well as the
requested fresh air. The air is recirculated through the air handling unit (AHU) back to
rooms for cooling/heating purposes. Figure 4 shows a common usual ventilation and air
conditioning system where the fresh air is mixed inside the AHU unit with air recirculated
from the room served.

Figure 4. Typical arrangement. Common ventilation and air conditioning system for large ships, with recirculation and
air mixing.

To increase the efficiency of the system, some energy can be recovered from the
exhaust air but the possibility to recover the energy is not always profitable, as concluded
by Zender–Swiercz [14].

In the case of small ships and boats, the common air handling unit (AHU) is replaced
by local small fan coils and local fresh air connections, without air recirculation from
different rooms (see Figure 5 for reference).
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Figure 5. Typical arrangement. Independent ventilation and air conditioning system for small ships
and boats, without air recirculation/mixing from/to different rooms.

3. Review of Main Rules and Requirements for Ventilation of Different Compartments

The ventilation of ship compartments is carried out based on the requirements of the
classification society rules, IMO rules, and international standards.

3.1. General Requirements

In general, the Classification Societies require the following information to check and
approve the ventilation systems installed on the ships [10]:

• Machinery spaces and technical spaces—ventilation system
• Accommodation and service spaces (galleys, pantries, lockers, etc.)—ventilation and

air condition diagrams
• Cargo spaces—ventilation system including hazardous areas if applicable
• Details of fire dampers and weather-tight dampers and approvals
• Details for duct penetrations and approvals

According to Classification Societies rules [10], which follow IMO rules [15], the
ventilation systems for machinery spaces of category A, vehicle spaces, ro-ro spaces,
galleys, special category spaces, and cargo spaces should be separate from each other’s
and should be separate from the ventilation systems serving other spaces. There is an
exemption for the ventilation system of the galley in the case of cargo ships with a gross
tonnage below 4000 and for small passenger vessels carrying a maximum of 36 passengers.

The penetration through watertight and fire divisions should be kept at a minimum
and the watertight/fire integrity should be kept unaffected.

According to IMO—SOLAS rules [15], in case a thinly plated ventilation duct pene-
trates a fire deck/bulkhead, the penetration sleeve should have the length and minimum
thickness outlined in Figures 6–8.

Figure 6. A class fire division—penetration of thin plate ventilation duct, area ≤ 0.02 m2.
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Figure 7. A class fire division—penetration of thin plate ventilation duct, area 0.02–0.075 m2.

Figure 8. A class fire division—penetration of thin plate ventilation duct, area ≥ 0.075 m2.

The requirements regarding avoiding flooding through the ventilation system are
indicated in Figure 9 [9,16–18].

Figure 9. Requested height of ventilation openings above weather deck (data processed from [9,10]).

Strength requirements for ventilation ducts located on the weather deck.
In the case of vessels with a length of 80 m and above, the ventilation ducts located on

the weather deck in the forequarter of the vessel must respect the strength requirements
from the International Association of Classification Societies (IACS) Unified Requirements
(UR) S27 [19].

Avoiding explosions in hazardous areas.
In hazardous areas, fans with anti-explosion protection are installed and the ventilation

openings should be provided with a protection screen of a minimum of 13 mm square
mesh to prevent objects from entering the fan [10,11,13,20]. The ventilation openings for
other compartments should be located far from hazardous areas.

3.2. Main Ventilation Requirements for Different Compartments

The ventilation system for machinery spaces is provided with supply and exhaust
fans with high airflow, which should ensure a maximum of 45 ◦C RH60% inside the
room [21,22].
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For ships not certificated for unrestricted services, the Classification Society can
approve an increased temperature inside the engine room [23].

The airflow needed for the ventilation of the engine room should be calculated ac-
cording to ISO standard 8861 [21]. The equipment makers also have some requirements
and recommendations; however, to obtain a good efficiency of the ventilation, detailed
computational fluid dynamics (CFD) analyses could be necessary [24].

In addition according to Classification Societies rules [13,25] the gas tank connection
space and fuel preparation room should be provided with extraction type ventilation with
a rate of at least 30 changes per hour.

In general, the engine control rooms are provided with dedicated ventilation and air
conditioning systems that must keep the temperature below +27 ◦C, considering the heat
dissipation from equipment installed inside and moderate fresh air exchange rate [26].

The compartments wherein flammable liquids are stored must be provided with an
independent ventilation system that ensures at least 10 air changes per hour [10].

Figure 10 presents a typical example of ventilation for flammable store compartments
with extended hazardous areas. The ventilation openings for other systems should not be
installed in the extended hazardous area indicated in Figure 10.

Figure 10. Typical arrangement. Ventilation of pain store, chemical store, another flammable liquid
store, and oxygen-acetylene storage rooms, with extended hazardous areas.

For oxygen-acetylene storage rooms and CO2 rooms, the independent ventilation
system ensures a minimum of six air changes per hour and for refrigerating machinery and
at least 30 air changes per hour for the battery rooms [10,11].

In case the fan is installed at a distance less than 3 m from the exhaust outlet, it should
be a safe type [27].

The galley is provided with a mechanical ventilation system with the fresh air supply
and exhaust fan calculated according to ISO standards [28].

The wheelhouse should be provided with a ventilation and air conditioning system
calculated according to ISO standard 8864 [29].

In general, the ventilation system should ensure a small positive pressure inside the
room [29].

3.3. Additional Requirements for Dedicated Vessels

All enclosed spaces containing livestock should be provided with mechanical ventila-
tion with a capacity of not less than 20 changes per hour.
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The cargo pump rooms for oil tankers and FLS tankers are provided with an exhaust
ventilation system that ensures a minimum of 20 air changes per hour, but in the case of oil
recovery ships, only eight air changes per hour are required [30].

In the case of liquefied gas carriers, the exhaust ventilation openings from a hazardous
area should be located at a distance of at least 10 m in the horizontal direction against other
openings from non-hazardous spaces.

The public atriums spaces in passenger’s vessels should be provided with an extraction
ventilation system with the capacity to remove the smoke in a maximum of 10 min,
according to Maritime Safety Committee (MSC)/Circ 1034 [31].

In the case of inland navigation passenger vessels, at least two separated gas-tight
engine rooms with dedicated independent ventilation should be provided [32].

In the case of ro-ro vessels, the ventilation of the cargo spaces, where vehicles provided
with internal combustion engines can be driven, is calculated and arranged according to
ISO standard 9785 [33].

The ventilation system should ensure a minimum of 10 air changes per hour, but
during loading and unloading the airflow should be increased to 20 air changes per
hour, according to the International Convention for the Safety of Life at Sea (SOLAS) [15]
requirements and Det Norske Veritas—Germanischer Lloyd (DNV-GL) interpretation [20].

In the case of ships operating in polar water, the air intake ventilation openings should
be located on both sides of the ship [34].

4. Main IMO and Classification Societies Requirements and Guidelines for the
Management of COVID-19 and Infectious Diseases

The International Maritime Organisation (IMO) and its member states are analyzing
the impact of pandemic COVID-19 to find a solution for the prevention and control of in-
fectious diseases, but these measures are related in general to seafarer movement across the
border, protection of personnel, etc., and there are no rules or solutions for the construction
and updating of the vessel’s systems, which can spread the disease.

The Classification Societies have also provided guidelines for the management of
COVID-19 and infection diseases on board the ship. Heating, ventilation, and air condi-
tioning systems (HVAC) are considered by Classification Societies [35] as “an extremely
complex system in an infectious protection environment . . . It is likely to be necessary to
have a separate HVAC strategy”.

According to class requirements, the owner or others responsible for vessel operation
must analyze and understand the existing HVAC systems installed on the vessel “in line
with future developments” [35] and take the appropriate measures to reduce the risk of
infection. The Classification Society mentions that “it is not necessarily a requirement for
ongoing expensive upgrade and replacement, but rather an understanding of how future
designs seek to reduce risk and how such concepts may influence existing designs” [35].

Related to existing ventilation systems, Classification Societies recommend taking all
reasonable measures to avoid propagation along with the system. The reasonable measures
considered include the “introduction of clean air, reducing or cancelling recirculation and
increasing filtration at reasonable cost” [35].

In addition to IMO and Classification Societies requirements and guidelines for the
management of COVID-19 and infectious diseases on board the ships, there are also other
authorities, agencies, and professional associations that provide standards and guidelines
for the design and operation of the HVAC system in general. Below is a selection of the
main institutions that have analyzed the HVAC operation issues and provided guidelines
during the COVID-19 pandemic:

• American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE),
• Federation of European Heating, Ventilation and Air Conditioning Associations (REHVA),
• European Centre for Disease Prevention and Control (ECDC),
• Canadian Committee on Indoor Air Quality (CCIAQ),
• Architectural Society of China (ASC),
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• Society of Heating, Air-Conditioning and Sanitary Engineers in Japan (SHASE),
• Indian Society of Heating, Refrigerating and Air Conditioning Engineers (ISHRAE)
• Public Health Ontario (PHO),
• Chinese Association of Refrigeration (CAR),
• National Health Commission of China (NHC).

5. Ventilation and Air Conditioning Systems for Living Spaces

5.1. Environmental Conditions According to ISO Standard

The ventilation and air conditioning systems for accommodation are calculated and
designed according to ISO standard 7547 [1]. The ventilation and air conditioning system
should be designed to ensure the following indoor conditions based on the indicated
outdoor air conditions and minimum outdoor air supply of “40% of the total air supplied
to the spaces concerned” [1].

• Summer—temperatures and relative humidity:

Outdoor air +35 ◦C and 70%RH
Indoor air +27 ◦C and 50%RH

• Winter—temperatures

Outdoor air −20 ◦C
Indoor air +22 ◦C

5.2. Influence of Outdoor Air, Heat Gain, and Heat Loss on the Capacity of Ventilation and Air
Conditioning System

The capacity of the ventilation and air conditioning system is calculated according to
ISO standards considering the requested outdoor fresh air and the heat gain loss, as follows:

5.2.1. Heat Gain and Loses

According to ISO Standard:

• Heat transfer through the ceiling, walls, and floors have a low impact on total heat-
ing/cooling power, considering that all these areas are provided with heat insulation
with an overall heat transfer coefficient of 0.4 to 0.9 W/m2K.

• Heat transfer through windows. The overall heat transfer coefficient is 2.5–6.5 W/m2K
but the impact on the total heating/cooling power is also reduced because the area of
windows on the ship is reduced.

• Solar heat gain. It is calculated for all exposed bulkheads and decks where the
temperature is increasing above the air temperature with 12 ◦C for vertical light
surfaces, 29 ◦C for vertical dark surfaces, 16 ◦C for horizontal light surfaces, and 32 ◦C
for horizontal dark surfaces. However, this increased temperature has a low impact
on the total cooling power because the bulkhead and decks are thermally insulated.

• Solar heat gain by solar radiation through windows. The total heat gain is calculated
based on the total area of windows and solar radiation coefficient which is considered
350 W/m2 in the case of clear glasses and 240 W/m2 if the glasses are provided
with interior shading. The heat radiation has a big impact on the cooling power
for the rooms provided with large windows such as wheelhouses and other special
spaces in passenger’s vessels. To reduce the impact of the sun radiation, the windows
can be provided with glasses with a high reflection capacity for infrared radiation.
Additionally, different solutions for exterior and interior shading are used.

• Heat gain from persons and equipment. The heat gain from persons, in general, has
a low impact on the cooling system, except the public spaces designed for a high
number of persons.

• Heat gain from equipment. The heat gain from equipment is insignificant in liv-
ing spaces.
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5.2.2. Outdoor Air Supply

The outdoor air supply is requested to permit the air extraction from toilets, laundry,
the galley, changing rooms, hospital, etc., and to ensure the requested fresh air of a mini-
mum of 28.8 m3/person. In addition, according to ISO standards, the fresh air rate should
be increased to over 40% from total airflow. In general, this requirement increases the total
cooling and heating power for the air handling unit.

However, it can be concluded that the cooling/heating capacity of the air conditioning
system is mainly determined by the quantity of fresh air that should be cooled or heated
and humidified or dehumidified. Therefore, from an energy point of view, it is very
important to recover the energy from the exhaust air. This issue is even more important in
the conditions of cancelling the air recirculation.

In general, the following heat recovery devices are used for HVAC systems:

(a) Rotary wheel heat recovery exemplified in Figure 11 is the most used solution for
air handling units, which can have an efficiency of up to 85%. There is also a small
energy consumption for rotating the wheel, but it has little effect on the recovery
device efficiency. The pressure drop across the wheel heat recovery is about 200 Pa
but it can be a higher or lower function of the size of the wheel and a function of the
air velocity. The main disadvantage of this device, especially related to the spread of
diseases, is that the two sides are not gas-tight; therefore, leakage of exhaust air to
fresh air is expected.

(b) Fixed plate heat recovery, exemplified in Figure 12, has a good efficiency, which can
reach up to 90%; however, the main disadvantage is that the pressure drop is high
and can increase in cold weather when the frost limit is exceeded and the condensate
inside the heat exchanger freezes. Regarding the leakage of exhaust air to fresh air,
these heat recovery devices are very leak tight. According to Hoval’s handbook [37]
the leakage between supply and exhaust sides is below 0.1%, for a pressure difference
of 250 Pa; therefore, it can be considered that there is no cross-contamination.

(c) Round around coil-type heat recovery systems, exemplified in Figure 13, have a lower
efficiency than those presented above, increased cost, and need a separate system
with a pump and control system. Its advantages include the low pressure drop and
no mixing between fresh air and exhaust air.

(d) Heat pipe-type heat recovery systems are similar to coil-type systems but need a
refrigerant system instead of water. Its advantages include the low pressure drop and
no mixing between fresh air and exhaust air.

Figure 11. Rotary wheel heat recovery (data processed from Wikipedia [36]).

In their study, Zheng et al., 2021 [40] summarized the recommendation of different
institutions regarding heat recovery devices:

• ASHRAE considers that the fact that “heat recovery devices can be utilized for leakage
is acceptable”.

• REHVA, ECDC, and SHASE consider that “heat recovery devices can be utilized for
leakage [ . . . ] below 5%”.
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• CCIAQ and PHO consider that “cross-contamination between outdoor air and exhaust
air should be avoided with the application of heat recovery devices”.

• ASC, NHC, and ISHRAE consider that “Rotary heat exchangers should not be applied.”

Figure 12. Plate heat recovery (data processed from Wikipedia [38]).

Figure 13. Round around coil-type heat recovery (data processed from reference [39]).

In general, the HVAC system for living spaces is provided with a common air con-
ditioning system that ensures the necessary fresh air and heating or cooling of all living
spaces. In the case of big ships, such as passenger vessels or special vessels with a large
number of people on board, two or more independent air handling units (AHU) are pro-
vided for each main fire vertical zone. Each air handling works with 40–60% fresh air and
60–40% recirculation air from the served rooms.

5.3. Spread of Diseases on the Ships

By air recirculation from all rooms and mixing inside the AC unit, the viruses from
one space are distributed in all living spaces.

In the case of the Diamond Princess Cruise Ship, a lot of persons were infected with
COVID-19 in a short time, even if the vessel and the people on board quarantined from the
first 10 cases confirmed.

Eisuke et al. [41] chronologically analyzed the evolution of the COVID-19 pandemic on
the Diamond Princess Cruise Ship and indicated that over 600 persons (over 15% from the
total people on board) were infected in the first two weeks, from 5 February to 19 February,
even though it was decided to start the quarantine on 5 February.

Gupta A et al. [42] concluded that “it is just impossible to segregate infected from
the non-infective in a space-constrained, air-conditioned setting” and mentioned that the
quarantine on board the ship is not efficient.

Parham et al. [43] concluded in their study that “aerosol inhalation was likely the
dominant contributor to COVID-19 transmission among passengers aboard the Diamond
Princess Cruise Ship even with a very high ventilation rate (9–12 air changes per hour) and
no recirculated air”.
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Hwang et al. [5] analyzed “Possible aerosol transmission of COVID-19 associated
with an outbreak in an apartment in Seoul, South Korea, 2020” and concluded that the
virus spread upstairs and downstairs through the ventilation duct, indicating aerosol
transmission. Priyanka et al. [6] reported aerosol transmission of SARS-CoV-2, especially
in enclosed spaces, due to that aerosols being suspended for a long time and travelling via
airflow. Kulkarni et al. [44] have analyzed the spread of diseases with respiratory syncytial
virus (RSV) and concluded that aerosol particles of RSV remained airborne for a long
time and led to transmission of the infection. In his study, Melikov [45] highlighted that
aerosol transmission should be considered; otherwise, it is difficult to control the spread of
diseases. Corea et al. [46] consider the HVAC system “as a major source for indoor and
environmental contamination”.

Therefore, we can conclude that in the case of common air conditioning systems
provided with recirculation, the closing of air recirculation after discovering a new infection
will not solve the problem while the entire system is already contaminated and cannot be
easily cleaned and disinfected.

5.4. Measures to Reduce the Risk of Disease Transmission through the HVAC System

It should be concluded that to avoid the spread of diseases through the ventilation
system onboard the ship, the following solution can be adopted:

1. Common ventilation system with HEPA filters or UV disinfection

The common air conditioning and ventilation systems for living spaces can be pro-
vided with mechanical filtration. Unfortunately, the HEPA filter can remove 90–99.9% of the
particle at 0.3 μm in size [47] but “most viruses, including CoVs range from 0.004 to 1μm”
which can be interpreted that HEPA filtration will not offer complete protection [2]. How-
ever, most viruses, including SARS-CoV-2, are combined with water and other components
as droplets and aerosols particles with size of 0.25–0.5 μm [2]. In this case, the HEPA filters
“play an important role in virus exclusion and hence lowering the transmission potential of
SARS-CoV-2 within the pharmaceutical and healthcare setting” [2]. The spread of diseases
through the air conditioning system can be reduced by adding HEPA filters, but in this
case, the protection is limited and the fans should have increased pressure. In general, the
air handling units are provided with filters that have a “minimum efficiency reporting
value (MERV)” of 7–8 and ASHARE recommends filters rated MERV-13 or higher [2,48].
The pressure drop across these filters is about 30 Pa when the filters are clean and can
increase to 300 Pa when the filters are dirty [49]. The existing filters can be replaced with
HEPA filters or the existing filters can be kept as pre-filters to avoid rapid clogging of
the HEPA filter. The pressure drop across the HEPA filters is about 150–300 Pa [49,50]
when the filters are clean. According to the manufacturer’s recommendation [49], the final
pressure drop could be two to three times the initial pressure drop. However, although
the manufacturer accepts a maximum pressure drop of 450–900 Pa across the HEPA filters,
the system should be designed so that the total pressure drop is kept as low as possible to
avoid high energy consumption and to keep the total pressure drop in line with available
standard fans, which in general is 1200–2200 Pa [51].

According to the United States Environmental Protection Agency [52], the pre-filters
should be replaced every 60 to 90 days, but the manufacturer’s recommendation must
be checked and followed. In general, HEPA filters cannot be cleaned and should be
changed after one month up to one year [53]. In any case, the filter should be checked
and cleaned/changed every time it becomes clogged; therefore, it is recommended to be
provided with pressure drop measuring devices.

Figure 14 presents a typical example of a ventilation and air conditioning system, with
recirculation and air mixing, provided with HEPA filters on the main supply duct and
recirculation duct. The solution with HEPA filters installed on both the supply and the
recirculation ducts could increase the protection while there are two stages of filtration. If
the air recirculation is contaminated, the viruses are filtered on the main recirculation line;
therefore, the fresh air will be mixed with almost clean air. Finally, the HEPA filter installed
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on the supply main distribution duct will clean the viruses or bacteria that escaped from
the first stage of filtration or if outside fresh air is contaminated. Although the two HEPA
filters increase the protection, the increase of the total pressure drop due to the second
filter should be considered. If the total pressure drop increases, the final pressure drop of
the filter after clogging should be reduced; therefore, the filters will need to be changed
more often. In addition, if the recirculation line is provided with a HEPA filter, the pressure
inside the rooms will increase with the backpressure of that filter. Taking into consideration
a back pressure of 150–900 Pa across the HEPA filter, it is mandatory that the system be
provided with a recirculation (exhaust) fan so that the pressure inside the room is kept
in accordance with the requirements (e.g., −50 to +50 Pa). Regarding the pressure inside
the accommodation area, it is necessary that the system be designed/balanced to keep
the same pressure in all rooms, corridors, and common spaces so that natural circulation
between different rooms/corridors is reduced to a minimum.

Figure 14. Example of typical arrangement. Common ventilation and air conditioning system for large ships, with
recirculation and air mixing, provided with HEPA filters.

The solution indicated above can be simplified by cancelling the HEPA filter installed
on the recirculation line, but in this case, the contaminated air is mixed with the fresh
air and introduced into the AHU unit. The filtration occurs on the main supply ventila-
tion duct only. The solution will be simpler when the recirculation (exhaust) fan is no
longer mandatory.

Another solution is to keep the recirculation HEPA filter and to cancel the main air
supply HEPA filter. In this case, the contaminated air is not mixed with fresh air and does
not enter the AHU unit anymore, but the recirculation (exhaust) fan is mandatory. It should
also be mentioned that the recirculation filter is 40–60% smaller than the main supply filter
because the recirculation airflow is in general 40–60% lower than the supply airflow.

In case the recirculation and/or main supply HEPA filters cannot be installed, the
filtration can be carried out locally by adding small HEPA filters in the supply line/diffuser
of each room. Regarding installation and maintenance, this solution has the disadvantage
that all rooms are affected when changing the filters and the time, costs, and discomfort
will increase during filter replacing. Regarding the functionality, the system becomes
unbalanced more easily due to the big pressure drop across the HEPA filters, which can
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easily change the airflow rate if the clogging rate of the filters is different between different
rooms. The filter clogging rate is different due to different initial airflow rates or if the flow
rate can be adjusted inside each room.

To reduce the risk of disease transmission through the HVAC system, Jones et al. [54]
highlight the ultraviolet lamp’s “(UV-C’s) potential as an effective air and surface disinfec-
tant”. The ultraviolet lights can be used as a separate system or together with HEPA filters
to reduce “and even prevent the growth of dangerous microbes in HVAC systems” [54].

In their article, Vranay et al. [3] concluded that by using a UV-C disinfection system,
“more than 90% of the SARS-CoV-2 virus produced by humans in the internal environment
can be inactivated”. Additionally, according to their analysis, the energy consumption
for disinfection with UV-C lamps was about 2.3% of the total energy consumed by the
HVAC system.

In their article, Kowalski et al. 2020 [55], based on hundreds of laboratory studies,
demonstrated that ultraviolet light is capable of inactivating viruses, bacteria, and fungi.
The author has summarized the result of the exposure of coronaviruses to ultraviolet light
and concluded that 90% (D90) virus inactivation is obtained for a radiation dose of 7–241
J/m2 with an average of 67 J/m2. Table 1 presents a summary of ultraviolet studies on
coronaviruses according to Kowalski [55].

Table 1. Summary of ultraviolet studies on coronaviruses (data processed from [55]).

Microbe
D90 Dose

J/m2
UV k
m2/J

Coronavirus 6.6 0.35120

Berne virus (Coronaviridae) 7.2 0.32100

SARS-CoV-2 (Italy-INMI1) 12.3 0.18670

Murine Coronavirus (MHV) 15.0 0.15351

SARS Coronavirus (Frankfurt 1) 16.4 0.14040

Canine Coronavirus (CCV) 28.5 0.08079

Murine Coronavirus (MHV) 28.5 0.08079

SARS Coronavirus (CoV-P9) 40.0 0.05750

SARS-CoV-2
(SARS-CoV-2/Hu/DP/Kng/19-027) 41.7 0.05524

Murine Coronavirus (MHV) 103.0 0.02240

SARS Coronavirus (Hanoi) 133.9 0.01720

SARS Coronavirus (Urbani) 2410 0.00096

Average 237 0.00972

Average for SARS-CoV-2 27 0.08528

According to the Illuminating Engineering Society, 2020, [4] ultraviolet light has a
spectrum of 100–400 nanometers (nm), and the most effective for disinfection is “UV-C”
with a wavelength from 200 to 280 nm. According to ASHRAE [56], the maximum efficiency
of the UV disinfection is for a UV-C wavelength of 265 nm. It should be noted that “a
by-product of UV-C radiation with a wavelength of 185 nm is ozone” [3], which is a strong
oxidant and harmful to health in high concentrations, but this emission is absorbed by
glass, which is used for this kind of application. In practice, UV lamps generate about
90% of energy close to 254 nm [57]. Regarding UV-B lamps (280–315 nm), it should be
mentioned that they can also be effective for disinfection, but this UV light penetrates the
skin more deeply; therefore, in the case of accidental exposure, it is more dangerous. The
UV-A (315–400 nm) is not capable to inactivate the viruses.
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The efficacity of UV disinfection is proportional to the UV exposure dose (J/m2),
which represents the product of the irradiance rate (W/m2) and time (s). It should be
mentioned that there is a nonlinear relationship between UV exposure and germicidal effi-
cacy. Therefore, if the exposure time is increased by 50%, the efficiency of disinfection will
increase from 90% to 99% [4]. Another aspect that should be considered when designing
the UV system is the humidity, which can reduce the efficiency of UV disinfection.

In in-duct systems, the exposure time is low (seconds or fraction of seconds); therefore,
the UV irradiance rate should be high enough to produce the requested dose needed
to inactivate the viruses in seconds or fraction of seconds, according to air velocity. To
increase the effective UV dose, the inside of the air handler is provided with high reflective
materials such as aluminum and other highly reflective materials, which will reflect the
UV energy into the irradiated area. According to ASHRAE [56], in the general in-duct
system, the requested average irradiance is 1000–10.000 μW/cm2. Regarding the location
of the UV lamps, they can be installed anywhere inside the HVAC system, but some
locations can improve the UV disinfection system. In general, the most suitable place
is inside the air handling unit (AHU) due to the low air velocity, at the same time also
ensuring the irradiation of the cooling coils. To avoid increasing the system cost and power
consumption, ASHRAE [56] recommends that the in-duct system be located so that the UV
air exposure is a minimum of 0.25 s. The location of the UV system should be decided also
keeping in mind that the UV system will need periodic inspection, maintenance, and lamp
replacement. In general, the UV lamps have a rated life of 9000 h of operation; therefore,
the lamps should be changed annually if they run continuously. However, in function of
the ballast type used, if the lamps are often switched on/off, the lifetime of the lamps can
be reduced. Nevertheless, the UV lamps can operate after the lifetime indicated by the
manufacturer, albeit with reduced performance.

Morawska et al. [58] highlighted that air recirculation is a measure for saving energy
but it increases the risk of airborne infection; therefore, the recommendation is to cancel air
recirculation. Air cleaning and disinfection by ultraviolet irradiation may offer benefits
and it is recommended where it is difficult to improve the HVAC system.

Federation of European Heating Ventilation and Air Conditioning Associations (RE-
HVA) [59] and the European Centre for Disease Prevention and Control recommends
cancelling central air recirculation to avoid the spread of COVID-19 aerosols through the
HVAC system.

In case the air recirculation cannot be cancelled, it is recommended to increase the
fresh air supply as much as possible in addition to HEPA filter or ultraviolet disinfection,
devices to be provided in the main air duct. However, the solution with a high-class
filter (e.g., HEPA filter) is recommended, if this is technically possible [59]. If the HVAC
system cannot be improved by cancelling air recirculation, the Canadian government [60]
recommends HEPA filtration.

2. The common fresh air supply system and local individual cooling and heating

The common AHU unit is replaced with a smaller one, which will ensure the requested
fresh air only. The heating and cooling of the room is carried out locally by using local
small fan coils or other local air conditioning equipment. In this case, the recirculation of air
from one room to another room, and the spread of diseases through the HVAC system, will
be cancelled. This system also has other advantages, such as smaller ventilation pipe sizes,
the big AHU unit being replaced with a smaller one, and HEPA filters not being necessary;
therefore, the pressure of the fans should not be increased, the control of temperature inside
the room is better, etc. The main disadvantage is that each room should be provided with
a small local fan coil to ensure the necessary cooling and heating of the room and these
can generate additional noise. In addition, the total price of the system could be higher.
Figure 15 proposes a typical example of an individual ventilation and air conditioning
system, without recirculation and air mixing and HEPA filters. From an energy point of
view, the solution can be improved with heat recovery devices without leakage between
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the supply and exhaust air. The heat recovery system increases the initial cost, but it is
amortized over time and the energy consumption and pollution is reduced.

Figure 15. Typical arrangement. Ventilation and air conditioning system improved from a small ship as a proposal for large
ships. The system without mixing and air recirculation between rooms, without HEPA filters.

Another solution that should be analyzed for the new vessels with many passengers
is to provide different gas-tight zones with dedicated air handling units. These zones
can be easily split by main fire vertical zones; however, in addition, some small separate
gas-tight areas should be provided in hospital and sickbay areas for quarantine purposes.
The intake and especially exhaust air for each gastight area should be located so that air
recirculation between different HVAC systems is not possible. In addition, the intake and
exhaust openings should also be located far from the other vessel hazardous areas.

According to ASHRAE [56] another effective and low-cost solution is to provide upper-
air UV-C devices inside the rooms. As indicated in Figure 16, this solution is applicable
in rooms with high ceilings to keep the UV disinfection zone above the minimum safe
area of 7 ft [56]. This disinfection solution will be very useful in the quarantine area and
large common spaces on the vessel; therefore, these spaces should be designed with high
ceiling elevation.

Figure 16. Example, elevation view of upper-air UV-C applied in hospital (data processed from
ASHRAE [56]).

In case of an unwanted epidemic on board a ship, an emergency plan is necessary to
avoid the spread of the infection, as are devices and tools to control the disease. Therefore,
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in addition to the new design for the HVAC system, other devices and tools such as
disinfection tools, protective suits, masks, gloves, etc. should be provided in the inventory
of each ship, sized according to the number of people on board.

There is different mobile UV disinfection equipment on the market in general for
shore applications, but they can be certificated also for marine applications. According to
American Ultraviolet [61] the mobile UV unit type MRS45-12, which weighs 43 kg, can
inactivate coronavirus at 99.9%, at a distance of 3 m in less than 1 min. In the same way,
the mobile UV unit type MRS33-8 [62], which weighs 36 kg, can inactivate coronavirus at
99.9%, at a distance of 3 m in less than 2 min. Smaller units can also be used if the weight
should be reduced to be easier to transport, but the time of disinfection will increase.

6. Discussion

The existing vessels all have compartments provided with natural and mechanical
ventilation. In general, the technical spaces are provided with independent ventilation and
a high rate of air exchange; therefore, the spreading of viruses in these compartments is not
an issue.

Unfortunately, it is different for living spaces, especially in large ships, which are
provided in general with a common air conditioning system with air recirculation. Taking
into consideration that HVAC systems are not provided with efficient filtration against
viruses, the spreading of diseases in all living rooms is becoming a big issue for actual air
conditioning and ventilation systems on the vessels.

COVID-19 has shown us that the effects of a new virus can be quite harsh for people’s
health and freedom. Therefore, the article intends to point out the need for a new approach
to the solution for ventilation and air conditioning systems for living spaces. The stan-
dards, Classification Societies rules, IMO rules, and administration requirements regarding
ventilation and air conditioning systems onboard the ships should be analyzed and revised
so that the possibility of spreading viruses through these installations is reduced as much
as possible.

IMO and Classification Societies are concerned about the COVID-19 pandemic and
the spread of diseases aboard the ships. However, even if the Classification Societies
consider that the HVAC system is “an extremely complex system in an infectious protection
environment” and “it is likely to be necessary to have a separate HVAC strategy” [35], there
are no clear rules and requirements regarding the necessary changes. The Classification
Societies shifted the responsibility for finding the necessary solutions to the owner and
other vessel operators. They must analyze and understand the existing HVAC systems
installed on the vessel “in line with future developments” [35] and take measures to reduce
the risk of infection.

Regarding the existing ventilation system, Classification Societies recommend “re-
ducing or cancelling recirculation and increasing filtration at reasonable cost” [35]. For
actual common HVAC systems, in general, the recirculation cannot be cancelled because
the system will no longer be able to ensure the efficient cooling or heating of the rooms,
while they are designed for recirculation of 40–60% from total airflow. However, if the heat
exchanger has enough spare power to ensure the cooling/heating of the room with fresh
air only, the energy consumption will increase significantly. Zheng et al. [40] highlighted in
their study that “during the pandemic the energy consumption of HVAC systems increases
by 128%” according to the study in China. This article presents two solutions to reduce the
risk of spreading viruses between different rooms through the HVAC system, solutions
which are in line with Classification Societies recommendation.

The first solution, shown in Figure 11, can be used for existing ships by providing
HEPA filters in main recirculation and/or main supply ducts. In this case, the fans should
be checked, and if the pressure available is not enough, the fans should be replaced. The
HEPA filters can have a final back pressure of 450–900 Pa and in addition pre-filters (with
a final pressure drop of abt. 300 Pa) are recommended to avoid rapid clogging of HEPA
filters. The total pressure drop will then increase quite a lot; therefore, the solution with
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two stages of HEPA filtration becomes difficult to implement. It should be noted that the
pressure drop inside the rooms will increase substantially if the HEPA filter is installed on
the recirculation duct; therefore, an exhaust fan must be provided. The HEPA filters can be
added to the supply line in each room, but in this situation, it is more difficult to keep the
system balanced due to the high-pressure drop of the HEPA filter when clogging.

In addition, UV lamps can be added to improve the disinfection of the air inside the
HVAC system. The UV disinfection can have good efficiency, but the main challenge is to
ensure the exposure time of a minimum of 0.25 s, which means that a large space is needed
to keep the air velocity low. Otherwise, the UV lamps can be installed anywhere inside the
HVAC system.

Another effective and low-cost solution for large rooms with high ceilings, in addition
to the HVAC UV disinfection system, is to provide inside the rooms upper-air UV-C devices.

The second solution, shown in Figure 12, is a proposal based on individual HVAC
systems used on small vessels and boats, which was improved with a fresh air system. In
this case, the spread of disease through the HVAC system between different rooms could
be eliminated. The solution can be analyzed for new vessels or in case of large conversion
because it will need changes in all rooms. It can be feasible also in case the existing vessel
is not working in areas with high temperatures and the cooling can be carried out with
fresh air only. In this case, the local fan coils can be replaced with electrical heaters.

A solution to improve the system from the energy point of view is to recover the
energy from the exhausted air and to transfer it to the fresh air but without contamination
of the fresh air. There are different solutions for heat recovery, some of them without
cross-contamination and low-pressure drop (e.g., heat pipes and run-around), but these are
more expensive to implement and have some particular requirements for air temperatures.
Another solution (fixed plates) has a high-pressure drop which can increase more in case of
cold air. One of the most used solutions (rotary wheel) has quite a large leakage and the
fresh air can be contaminated by exhaust air; therefore, it is not recommended in the case
of epidemy.

To improve protection in case of epidemy, especially for ships with a large number
of passengers on board, the vessel should be split into more gastight zones, which can be
quite easily executed by existing fire vertical zones. In addition to these, an emergency
plan to avoid the spread of diseases onboard and a separated gas-tight space which can
be used for quarantine purposes in case of epidemy should be provided. Additionally,
mobile UV disinfection units should be added to the inventory of each ship to be used for
disinfection of the rooms previously occupied by sick people. In future works, the aim is to
make a budget comparison between different alternative solutions in the case of existing
vessels and for a new ship.
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