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Abstract: This research addressed a need for technical evaluation of the oceanic scenario of Panama
for the use of Ocean Thermal Energy Conversion (OTEC). Its bathymetry and location can potentially
lead to the exploitation of OTEC, diversifying the energy matrix and helping achieve sustainability.
Nevertheless, site selection for OTEC can be a complex task since it involves various alternatives,
with different quantitative and qualitative criteria, which may conflict in some cases. Optimization
and multiple criteria (MCD) methods have been used lately to address these issues; however, their
use is still limited. Here, Analytic Hierarchical Analysis (AHP) is proposed as a MCD method for site
selection. Six sites of interest were considered as the alternatives for a plant installment. These sites
were chosen, excluding the environmentally and aboriginal protected areas. The quantitative criteria
considered were surface and deep-water temperatures, coastline distance, gross and net efficiency.
Those variables related to the efficiency, such as the water temperatures, can be considered the most
influential, leading to Punta Burica, located on Panama’s Pacific coast, as the best option (96.17%).

Keywords: Ocean Thermal Energy Conversion (OTEC); site selection; multi-criteria decision (MCD);
hierarchy analysis process (AHP); renewable energy

1. Introduction

The sun serves as the main source of energy on the planet. The incident radiation
is absorbed by the ozone in the stratosphere and much by the clouds. About 35% of it
is reflected into space, and then 66% of the remaining energy is absorbed by the Earth’s
surface. Considering that more than two-thirds of the Earth’s surface is hosted by water,
the oceans represent the most prominent solar energy collectors and, thus, the largest global
energy reservoir [1,2].

The most considerable ocean thermal energy is hosted near the Equator [3–5]. Ge-
ographically, Panama is located in Central America, bordering the Caribbean Sea and
the Pacific Ocean, between 7◦ and 10◦ North latitude and 77◦ and 83◦ West longitude.
Therefore, Panama’s ocean scenario displays thermal energy resource potential [6–8]. How-
ever, since Panama has a broad oceanic scenario, knowing its location is not enough to
guarantee the sustainability of implementing marine energy exploitation, such as OTEC
(ocean thermal energy conversion).

OTEC technology uses the temperature difference between warm ocean surface waters
and deeper cold waters. The zones that achieve adequate thermal differences to take
advantage of the oceanic thermal resource are generally close to tropical areas, near the
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Equator, as shown in Figure 1. However, because temperature jumps are around 20 ◦C,
a low efficiency can be reached. Despite this, the global theoretical potential for OTEC
has been estimated at 44,000 TWh/year, making OTEC an attractive alternative to cater to
particular needs of society [9–11].
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A good site selection is a key factor in implementing a sustainable and successful
project that aims to exploit ocean thermal energy, regardless of the targeted objective
or benefit [13]. Therefore, the proper site selection for the implementation and viable
installation involves the analysis of various variables, qualitative and quantitative.

Many criteria can help assess the potential of the thermal resource for a site that can
later be used by OTEC technology addressing sustainability. For instance, this technology’s
efficiency depends on variables such as depth, the temperature of deep cold seawater, warm
sea surface temperatures, and anomalies of warm sea surface temperatures [13,14]. Thus,
site selection can quickly become a multi-criteria decision-making (MCD) problem, and it
generates a conflictive scenario that houses technical, social, economic, environmental, and
legislative criteria [13]. Moreover, studies on this topic implementing the classic methods
of MCD are limited because many of the decisions for selecting OTEC sites are subjective
concerning the criteria of each decision-maker (DM). The accurate decision regarding the
site selection for OTEC systems represents the fundamental basis in the planning process
for the use of ocean thermal energy and sustainability of this technology [15].

The difficulty for a site selection process lies in the number of indicators or the amount
of data available and comparing each set of indicators corresponding to each alternative of
interest, besides granting an assessment that justifies a degree of importance among the
criteria considered. Then, it is paramount first to identify the aim to use the local oceanic
thermal resource. OTEC allows obtaining various benefits from the use of the oceanic
thermal resource [14,16], including different classifications for OTEC plant (On-Shore or
Off-Shore). OTEC technology is used for: electric power generation [17], air condition-
ing [11], industrial refrigeration [6], aquaculture [18], liquid hydrogen production [19] and
desalinated water [19]. Then, the alternatives with the most significant potential within the
oceanography can be selected considering the environmental legislative regulations, for
instance, whether the planned lands belong to the group of areas or regions environmen-
tally protected. After this, appropriate criteria set can be drawn by means that match the
project’s goals of interest.

This problem addresses various variables, some of which are not directly related to
the nature of the oceanic scenario. For instance, some qualitative aspects generate added
value to the implementation of this technology, such as environmental, political, and social
impact [14]. Most studies that have been conducted are related to the analysis of one or
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more of the criteria influencing decision-making for the selection of OTEC sites. These
criteria include temperature gradient, bathymetric characteristics, environmental, social,
and economic impact [16].

Addressing sustainability according to environmental, social, and economic impacts
can be a rather difficult task since the lack of absolute instruments for evaluations or avail-
able data can endanger the precision and reliability of the results. Even though some of
them have been assessed previously in the literature, such as environmental impact assess-
ment and sustainability [14,16], sustainability of society [13,14], energy sustainability [3,20],
economic sustainability [14], sustainability of construction and maintenance [13,21], and
sustainability of the auxiliary condition [14].

These considerations and several variables that categorize the site selection for OTEC
render the site selection a complex study scenario. Furthermore, one must consider the de-
pendence between the relevance given to each of these aspects by specialists or researchers
during the decision-making process and the discrepancy that this can project due to the
degree of knowledge and experience each possesses.

In Panama’s scenario, the lack of legislation and regulations and the lack of information
and specialists can render a complex task for implementing OTEC technology. This research
only includes variables or quantitative indicators justified and validated with software
that use oceanographic data in real-time, such as the World Ocean Atlas and the NOAA
database, compared with the corresponding literature.

The qualitative variables depend on the evaluator’s degree of knowledge, experience,
and specialty. Therefore, it carries the uncertainty corresponding to the sensitivity of human
perception, which generates a more complex scenario in the validation and justification of
the weighting for assessing the importance of these indicators.

2. Materials and Methods

This study aimed to analyze and select potential sites for OTEC exploitation within
the Republic of Panama. A Hierarchical Analysis Method (AHP) was used as a MCD to
analyze the criteria to identify the advantages, disadvantages, applicability, and reliability
of a site within the oceanic territory of Panama. Subsequently, the analysis of this problem
was approached as a particular case of MCD, using the initial process proposed by Thomas
L. Saaty (The Analytic Hierarchy Process, 1980); for the formulation of any case of AHP-
MCD [22,23].

All the possible criteria and sub-criteria and the indicators that address the subject
under study were identified. An exclusion–inclusion criteria model was performed to
address the qualitative criteria. Then, a model was proposed for this case, presenting
a hierarchical structure where all aspects (indicators) relevant to the justification of the
problem under study were considered. Each selected indicator was evaluated and quan-
tified by considering their direct effects on the net production of the system, besides on
guaranteeing the potential of the oceanic thermal resource housed in each alternative; for
this valorization, the Saaty fundamental scale was used.

A comparison of the matrices was performed to justify the assessment or priority
of each indicator at the time of being compared with itself and with the others. These
comparisons represent the importance of the criteria, establishing the most significant
importance to the criterion with the greatest relevance to the subject under study.

Next, the prioritization and synthesis were carried out. In this stage of the AHP, the
different priorities considered for resolving the problem are provided. The priority repre-
sents an abstract unit valid for any scale in which the decision-maker’s preferences consider
appropriate when integrating tangible, intangible, quantitative, and qualitative aspects.

Subsequently, the consistency of the randomly generated matrix of paired compar-
isons was justified by using the method provided by the AHP to estimate the degree of
consistency between the paired opinions provided by decision-makers. Therefore, the
consistency radius, consistency index, and random index are calculated to justify whether
the judgments are inconsistent or have a reasonable level of consistency.
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The radius of consistency is a ratio or quotient in which if its values exceeds 0.10, it
indicates that the judgments are inconsistent; therefore, the original values of the matrix of
paired comparisons should be reconsidered and edited. For the case where CR is less than
0.10, this represents a good and reasonable indication in paired comparisons.

Finally, the prioritization matrix of alternatives is presented. In this, it is possible to
justify and identify the best alternative within the oceanic territory where the OTEC plant
must be installed. In Figure 2, we can see a flowchart corresponding to the methodology
addressed in this research.
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2.1. The Analytic Hierarchy Process Method (AHP)

The AHP method analyzes and develops complex decision-making problems of mul-
tiple MCD criteria [22]. The AHP is based on identifying all the variables involved in a
problem, linking them according to all possible solutions, and concluding [23]. The AHP
method efficiently and graphically organizes the respective information for any problem
under study [24]. The AHP is a hierarchy with priorities, where these show the overall
preference corresponding to one of the decision alternatives [23].

The AHP method uses direct quantitative allocation scales to prioritize the criteria and
make comparisons between criteria pairs [25]. This step aims to build a vector of priorities
or weights that evaluates the relative importance of the decision-making unit given to each
criterion. Table 1 shows the fundamental scale proposed by Saaty for this process [26].
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Table 1. Saaty’s scale for the absolute numbers corresponding to the priority and importance of these
considering their respective definitions and degree of contribution [22,23,27].

Intensity of
Importance Definition Description

1 Both criteria and elements are of equal importance. Two activities also contribute to the objective.
2 Between equal and moderately preferable.

3 Weak or moderate importance of one over the other. Experience and judgment slightly favor one activity
over another.

4 Between moderate and strongly preferable.

5 Essential or strong importance of one criterion over
the other.

Experience and judgment strongly favor one activity
over another.

6 Between strong and extremely preferable.

7 Demonstrated importance of one criterion
over another.

One activity is greatly favored over another; their
proven mastery in practice.

8 Between very strong and extremely preferable.

9 Extreme importance. Evidence that favors one activity over another
it is of the highest possible order of affirmation.

Higher reciprocals

If the activity i have assigned one of the above non-zero numbers compared to the activity j, then j has the reciprocal value
compared to i

If the activities are very close

It can be difficult to assign the best value, but compared to other contrasting activities, the size of the small numbers would not be
too noticeable, but they can still indicate the relative importance of the activities.

2.2. Application of the AHP Method
2.2.1. Prioritization

The AHP requires a preference or priority to each alternative decision, considering
the extent to which each criterion contributes. A mathematical procedure called synthesis
summarizes the information and provides a hierarchy of criteria for alternatives in terms of
global preference [23].

2.2.2. Paired Comparisons and Paired Comparison Matrix

The fundamental bases of the AHP are the paired comparisons [23]. The AHP uses
the Saaty table to assess relative preferences when comparing two elements. The matrix of
paired comparisons contains alternative comparisons or criteria. Therefore, if one considers
a matrix A of dimensions n× n, with the relative judgments about the criteria, and aij is
the element (i, j) of A, for i = 1, 2, . . . , n, and j = 1, 2, . . . , n.

Then, one can state that A is a matrix of paired comparisons of n criteria if aij is the
measure of the preference of the criterion in the row i when compared to the criterion in
the column j. When i = j, the value of aij will be equal to 1 since the criterion is being
compared with itself.

A =


1 a12 · · · a1n

a21 1 · · · a2n
: : : :

an1 an2 · · · 1

 (1)

In addition, it is fulfilled that: aij = aji = 1 that is:

A =


1 a12 · · · a1n

1/a12 1 · · · a2n
: : : :

1/a1n 1/a2n · · · 1

 (2)
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The complexity of these decisions becomes more significant the greater the scope of
the problem is. This can be addressed by using methodologies that allow structuring the
problem, modeling it, efficiently weighing the criteria relevant to that decision, and then
defining the alternative that best suits them.

2.2.3. Synthesis

The synthesis consists of calculating the priority corresponding to each criterion being
compared. The following is the procedure corresponding to three steps, which provide an
approximation of the synthesized priorities [23]:

- Add the values in each column of the matrix of paired comparisons.
- Divide each element of such a matrix by the total of its column; the resulting matrix is

called the normalized paired comparison matrix.
- Calculate the average of the elements of each row of the relative priorities of the

elements being compared.

2.2.4. Priority Matrix

It summarizes the priorities for each alternative to each criterion. For m criteria and n
alternatives [23]:

Criterion 1 Criterion 2 · · · Criterion m
Alternative 1
Alternative 2

· · ·
Alternative


P11 P12 · · · P13
P21 P22 · · · P23
· · · · · · · · · · · ·
Pn1 Pn2 · · · Pn3

 (3)

where Pij is the priority of alternative i over criterion j, for i = 1, 2, . . . , n;
y j = 1, 2, . . . , m.

The column vector results from the product of the priority matrix with the priority
vector of the criteria.

P11 P12 · · · P1m
P21 P22 · · · P2m
· · · · · · · · · · · ·
Pn1 Pn2 · · · Pnm




P′1
P′2
· · ·
P′m

 =


Pg1
Pg2
· · ·
Pg3

 (4)

where Pgi is the overall priority (over the overall goal) of the alternative i (i = 1, 2, . . . , n).

2.2.5. Consistency

It refers to the consistency of the judgments expressed by each DM during the stage
of paired comparisons. It is necessary to remember that perfect consistency is tough to
achieve. Therefore, some inconsistency is estimated for any set of paired comparisons after
these judgments. The AHP provides a method for estimating the degree of consistency
between the paired opinions provided by those responsible. If the degree of consistency
is acceptable, the decision process is continued; although, if this is unacceptable, the DM
must reconsider its judgments corresponding to the paired comparisons and then continue
with the analysis.

To determine whether a level of consistency is “reasonable,” it is necessary to establish
a quantifiable measure for the comparison matrix A n× n where n represents the number
of alternatives to compare. If the matrix A is perfectly consistent, it generates a normalized
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matrix A n× n of elements wij (for i, j = 1, 2, . . . , n). Such, all columns are identical, that
is [23]:

w12 = w13 = . . . = w1n = w1; w21 = w23 = . . . = w2n = w2;
wn1 = wn2 = . . . = wnn = wn

N =


W1 W1 · · · W1
W2 W2 · · · W2

: : : :
Wn Wn · · · Wn

 (5)

From the given definition of A, we have:
1 W1/W2 · · · W1/Wn

W2/W1 1 · · · W2/Wn
: : : :

Wn/W1 Wn/W2 · · · 1




W1
W2

:
Wn

 =


nW1
nW2

:
nWn

 = n


W1
W2

:
Wn

 (6)

More compactly, we say that A is consistent if and only if:

AW = nW (7)

where W is a column vector of relative weights Wj (j = 1, 2, . . . , n) approximated with
the average of the n elements of the line in the normalized matrix N. The AHP quantifies
the consistency ratio (CR) employing Equation (8), being this the quotient between the
consistency index (CI) of A and the random consistency index.

CR =
CI
IA

(8)

where CI is the consistency index of A and is calculated using Equation (9).

CI =
nmax − 1

N − 1
(9)

IA represents the random consistency index of A; it is the consistency index of a matrix
of paired comparisons generated randomly. This depends on the number of elements that
are compared. However, there are other alternatives to estimate the random consistency
index; some specialists suggest the Equation (10).

IA =
1.98(n− 2)

2
(10)

The Consistency Ratio (CR): represents an indicator of the acceptability of the con-
sistency of the analysis. If CR > 0.10 indicates that judgments are inconsistent; therefore,
it recommends reconsidering and modifying the original values of the matrix of paired
comparisons. However, for the case where RC ≤ 0.10 it represents a reasonable level of con-
sistency in paired comparisons. The consistency ratio can be calculated using Equation (11).

CR =
IC
IA

(11)

2.3. Location of the Study Area

Panama is in the intertropical region near the terrestrial Equator, with coastal limits
in the Caribbean Sea and Pacific oceans (Figure 1). Therefore, Panama’s oceanic territory
reflects significant ocean thermal potential; since its geographical location could allow
benefiting from the use of this resource [5].

The corresponding process to justify the selection of a suitable site objectively and
reliably for the installation of OTEC technology represents a process and analysis of the
ocean scenario of each region. This process is linked to the norms or legislations of
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each nation. Even within the same nation, this analysis procedure could show certain
discrepancies between the variables corresponding to the potential of each site and the
viability of the technology [16,28]. To assess these matters, a set of inclusion-exclusion
criteria was defined based on subjects such as environmentally protected areas, defined by
the Environmental Affairs Ministry of Panama [29], aboriginal protected areas, distance to a
potential population that can make a profit from these technologies, available data, among
others. This process led to the selection of six potential sites. Table 2 below mentions the
six sites of interest within Panama’s ocean scene.

Table 2. Sites of interest to evaluate the ocean thermal energy potential in the Republic of Panama.

Name Coordinate Province Ocean

Punta Burica 82.875◦ W, 7.875◦ N Chiriqui
PacificPunta Mariato 80.875◦ W, 6.875◦ N Veraguas

Chepigana 78.375◦ W, 7.125◦ N Darien

Colon Island 81.875◦ W, 9.625◦ N Bocas del toro
Caribbean Sea
(Atlantic side)

Calovébora 81.125◦ W, 9.375◦ N Veraguas
El porvenir 79.125◦ W, 9.875◦ N Guna Yala

2.4. Criteria for Estimating the Potential and Sustainability of the Oceanic Thermal Resource

Currently, criteria have been identified that justify the potential of the thermal resource
hosted in any site of interest. However, in this research, problems were addressed consider-
ing certain criteria or indicators that justify the ocean thermal potential identified as the
variables that govern decision-making in selecting sites for OTEC from the perspective of
sustainability and environmental impact.

From the literature, it was possible to identify specific global criteria that address
the problem from the literature. This study’s criteria to be considered are warm water
temperatures (Tcw), depth, thermal efficiency, and absolute efficiency. The data was taken
from the monthly statistical mean (2016–2018) using the Ocean Data View (ODV) software
version 5.5.1. In addition, the variables were evaluated regarding anomalies in surface
water temperatures during annual periods; for each case, their respective temperature
jumps, or thermoclines are presented.

Next, Figure 3 shows the diagram corresponding to the problem under study. The
main objective is to guarantee the operationality of OTEC in the oceanic territory of Panama,
sustainably responsible for the environment, and that complies with Panama’s legislation.
In addition, the alternatives of interest and the criteria used in the analysis and development
for the selection were identified.
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2.5. Sea Surface Temperatures (SST)

The SST is closely related to the operationality of OTEC systems. Within the Rankine
cycle, the evaporating agent of this technology will be the warm seawater in which a
temperature of about 26 ◦C is necessary to reach the expected efficiency [3,30]. Therefore, it
is necessary to evaluate whether the alternatives of interest record these readings.

These data were considered from the World Ocean Atlas 2018 (WOA18) database. This
is a set of climatological fields of SST, salinity, density, cold water temperatures, distances
to coasts, and in situ bathymetry. For this investigation, the scale of 0.25 × 0.25 degrees
of pressure was used. The coordinates corresponding to the meteorological stations have
been identified for each site. Later, these data were synchronized with the ODV software,
and the respective quantitative values were obtained for each criterion to be considered.

In Figure 4, the annual behavior of the surface temperatures corresponding to the
three selected sites in the Panamanian Pacific can be observed, SST ≈ 26 ◦C was considered,
this being a reference as the adequate SST for OTEC systems to show an efficiency actual
acceptable [18,31].
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Figure 4. Panama’s Pacific SST for 2018 obtained from World Ocean Atlas in 2018.

The most negligible temperature anomalies for shorter periods were recorded in Punta
Burica. During this period the SST reached values approximately 31 ◦C being higher al
recommended in his research [3,32]. The SST of Punta Mariato did not reach the maximum
temperatures observed in Punta Burica (31 ◦C), but they were very close 30.90 ± 0.01.
This site shows disturbances that are manifested during March, as shown in Figure 5,
corresponding to the annual anomalies of the SST of Panama’s Pacific coast. The Gulf
of Panama experienced changes in its SST of approximately 3.0 ◦C, corresponding to the
purple color and the PODAAC scale.
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Figure 5. Surface temperature anomalies of the oceanic territory in the Pacific of Panama in
March 2019.

The Sea Surface Temperature Anomalies (SSTA) represent the changes experienced by
the SST greater than the temperature unit in a period. These oscillations experienced by
warm surface waters are directly proportional to the operationality of the OTEC technology
in terms of efficiency and net production [33,34].

In the case of Chepigana, greater differences can be observed; this behavior can be re-
lated to the warm current that emerges from the Gulf of Panama through the process called
EKMAN transport [8,35,36], in which due to the displacement of the water masses product
of the winds and the Coriolis effect, the cold deep waters rise and emerge on the surface.
These phenomena manifest themselves during the March reflecting SST ≈ 23 ± 0.001 ◦C.

Since this value was lower than the recommended in the literature [3,15,29], this site
was considered less attractive. Figure 6 shows the anomalies corresponding to the SST of
the Panamanian Caribbean. This scenario shows better stability in STT anomalies than
those observed in the Pacific.
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For this case, other indicators or variables should be considered that allow justify-
ing which of the three sites hold the most significant thermal potential considering the
operationality of the OTEC system since this Panamanian Caribbean scenario projects
insignificant discrepancies. Figure 7 shows the SST of the sites with the greatest potential
in the Caribbean and Pacific region of Panama and their respective disturbances and shows
the minimum 25.35 ± 1.07 ◦C and maximum 31.20 ± 1.07 ◦C annual SST values.
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As shown in Figure 4, Punta Burica reaches less than 26 ◦C during a short period
during December; however, the temperature remained above this reading from that month.
The difference in these variables between these two sites is not considered from a quantita-
tive point of view. Therefore, it would be necessary to consider other variables to select a
site with the best conditions to implement OTEC technology.

Figure 8 presents the disturbances corresponding to the SST of Punta Burica in the
Pacific of Panama during the years 2016–2018. When comparing the anomalies shown
by the SST between these years, during the period between November 2016 and the
beginning of December 2016, a cooling below 26 ◦C was identified. When evaluating the
remaining disturbances, these reflected temperatures seemed suitable for implementing
OTEC technology.
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2.6. Temperatures of Cold Sea Waters (SST) and Depth

The variable temperatures of cold waters of the deep sea are directly linked to depth.
For the operationality of OTEC systems, waters with temperatures of approximately 4–5 ◦C
needed and these are housed at depths on average between 700–1000 m [1,11,37,38]. In
previous research such as OTEC Alternative for the Electric Power Generation in Panama,
we can observe the bathymetric map of Panama and identify where these waters are
housed [5].

In the particular case of implementing this technology in order to generate electric-
ity, pumping systems consume approximately three-quarters of the production of the
design [15,30,39]. Therefore, if the site of interest hosts cold waters at depths greater than
those recommended [1,31], the system will have to overcome a greater hydrostatic force
in the suction line; thus, the consumption by the pumping system will increase, and the
net production of the system will be reduced, which could reduce the sustainability of
the system [1,15,40,41]. Figures 9 and 10 show that the thermoclines for Punta Burica in
the Pacific and El Porvenir in the Caribbean Sea, respectively, can be observed for five
annual periods.

After considering the respective measurements in Figures 9 and 10, it is possible
to justify if there is a directly proportional relationship between the criterion cold water
temperatures and depth. In addition, this relationship is linked to the net production of the
system [15,42].

Figure 10 shows how in the oceanic scenario in Punta Burica, cold waters can be found
at 1200 m. However, these temperatures are housed at a depth greater than 1500 m for the
case corresponding to El Porvenir. For both scenarios, the results projected during the five
annual periods are observed, depicting similar values, which indicates the stability of the
resource during each period that could guarantee the continuous and stable operationality
of OTEC.
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In addition, it can be observed that after reaching 4 ◦C in deep-sea waters achieving
a unit of increase of this criterion per unit length of depth becomes linear; therefore, it is
more complex and less attractive from a production point of view.

These criteria are related to technical, environmental, structural, operational, and
economic aspects, raising the complexity of ensuring the proper selection of a site for OTEC.
Figure 11 reflects the relationship between temperature differential and depth, where
the cold waters of the deep sea are housed. These are used by OTEC technology in its
condensation system.

El Porvenir hosts cold waters at 1000 m, where these waters have measurements of
5.1 ◦C, considering that the lowest sea surface water temperature recorded in the 2018
period was 20.97 ◦C; this site showed a temperature difference of 21.77 ◦C. If the variables
corresponding to Punta Burica are considered and then compared with El Porvenir, it is
observed that proper cold waters that ensure OTEC’s functionality are reached at greater
depths in this site. However, this site shows greater potential in its surface scenario.

Identifying which site is the most suitable for OTEC involves considering other vari-
ables such as the depth of cold water. In El Porvenir it is greater than in Punta Burica,
which affects the amount of energy that the cold-water pump must be supplied to the
condensation system. Both sites comply with the recommendations [3,32].

In Figure 12, the bathymetric variables corresponding to Punta Burica are depicted.
The figures also depict the location of the data collection point, and the corresponding
thermocline can also be observed. The temperature profiles under study are projected and
their variation along with the distance to the coast. A stable scenario is projected for this
site with favorable temperatures for OTEC technology.
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2.7. Thermal and Absolute Efficiency

For thermal performance, two criteria are considered in this study: thermal efficiency
and absolute efficiency. In the case of OTEC efficiency, whether the energy resource can be
used or not depends largely on the efficiency of OTEC, which can be estimated by the ideal
Rankine cycle, by the Equation (12) [30,43]:

η =
TW − TC
2(TW)

(12)

where η: ORC efficiency. TW : Absolute warm water temperatures at a depth of 20 m. TC:
Absolute coldwater temperature at a depth of 700–1000 m. It is considered that certain
losses induce the reduction of the production of electrical energy. This a gross OTEC
efficiency (∂, in%) [14,44] can be described as:

∂ = ηt
∆T

2(TW)
= ηt

(Tw − Tc)

2(TW)
(13)

where ∂: gross efficiency of the OTEC system. ηt: efficiency of the turbogenerator or turbine.

3. Application of the AHP Method
3.1. Thermal and Absolute Efficiency

Implementing OTEC technology currently faces various challenges in its low efficien-
cies and absence of legislation that regulates its implementation. However, there is another
issue of interest for the sustainable implementation of OTEC. The appropriate selection
for the installation of an OTEC plant aims to guarantee its sustainable operationality. This
theme addresses environmental aspects, operational sustainability, legislation, and the Sus-
tainable Development Goals (SDGs), which represent quantitative and qualitative aspects
that directly affect the justification for selecting the OTEC site.

After evaluating the oceanic scenario of Panama, considering three sites of the Pana-
manian Caribbean and the Panamanian Pacific, the following research question arises:

What is the most appropriate site for the installation of the OTEC plant?
This topic was categorized as a particular case study MCD-AHP. Therefore, the con-

siderations involving the problem under study were identified:

- Technical analysis of the thermal potential that is hosted in each site of interest was
proposed; these sites are the alternatives in our AHP.

- Only quantitative variables were considered.
- The quantitative variables were evaluated in three annual periods corresponding by

using ODV software.
- Different depths shall be considered for the above measurements.
- Decision-making was carried out considering state of the art.
- The SAATY table was used to establish the quantitative importance of each indicator

and alternative.
- Qualitative variables for this case were not considered.
- Only the criteria were considered; the sub-criterion for this case is not considered due

to the lack of information in our panorama.

In Table 3, the alternatives for OTEC installation were considered with their respective
criteria. These were identified, accounting for the previous review where specific global
criteria that address the problem were identified; in addition, the values were justified
using ODV.
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Table 3. Corresponding criteria for each site are considered as an alternative for the installation of
OTEC in Panama.

Alternatives.

Criteria or Indicators

Sea Surface
Temperatures (◦C)

Cold Water Temperatures
(◦C @ 900 m)

Distance to
Coastline (km)

Thermal
Efficiency (%)

Gross
Efficiency (%)

Punta Burica (S1) 29.09 ± 1.07 5.18 ± 0.10 32.069 ± 0.10 0.0396 0.3699
Punta Mariato(S2) 28.07 ± 0.99 5.16 ± 0.10 30.900 ± 0.10 0.0384 0.3679
Chepigana (S3) 27.71 ± 1.20 5.02 ± 0.10 30.000 ± 0.10 0.0377 0.3685
Colon Island (S4) 28.42 ± 0.94 5.48 ± 0.10 30.150 ± 0.10 0.0381 0.3632
Colovébora (S5) 28.22 ± 0.97 6.55 ± 0.10 30.450 ± 0.10 0.0360 0.3456
El Porvenir (S6) 28.20 ± 0.80 5.54 ± 0.10 29.700 ± 0.10 0.0376 0.3616

3.2. Prioritization

Table 4 shows the priorities corresponding to each criterion identified and considered
in the MCD-AHP for the appropriate selection of the site. The quantitative value assigned
to each criterion was justified using the Saaty table, and the priority of each of these is
based on its relevance in the operationality of the system addressed in state-of-the-art [45].

Table 4. Hierarchy of the criteria is considered an alternative for installing OTEC in Panama for
each site.

Warm Water
Temperature (◦C)

Cold Water Temperatures (◦C
@ 900 m)

Distance to
Coast (km)

Thermal
Efficiency (%)

Gross
Efficiency (%)

1 3 4 2 3

The first criterion considered represents the TSS. This criterion evaluates the consis-
tency of energy generation taking advantage of the oceanic thermal resource since it allows
measuring the temperature difference between warm surface waters and cold waters of the
deep sea. In Table 4, this criterion was assigned the value of 1 because during the process
of developing the matrix of comparison of criteria, regardless of the value assigned for
it at the time of being compared, it will be compared with itself, therefore, it represents
equality [13,46].

Coldwater temperatures represent the second criterion; this allows us to assess the
temperature differentials between sea waters. It was therefore considered moderately
preferable (3). When analyzing ec.1, it is evident that the value of the OTEC efficiency
is proportional to the increase in the temperature difference between surface and deep
waters [47]. In addition, there is a sub-criterion linked to this, representing the distance
or depth where the cold waters of the deep sea are housed. This criterion depends on the
increase in the hydrostatic load in the suction line and, therefore, the power needed for the
condensation circuit pump, consequently the OTEC plant’s net production.

The third indicator or criterion is the distances to coastlines, the magnitude of this
criterion is directly proportional to the thermal energy housed per unit area. Therefore,
it was considered between moderate and strongly preferable (4). This indicator allows
estimating the operational consistency of OTEC [14,16]. In addition, this criterion represents
a cost in the design of an Offshore flat, since it demands cables to transport the energy
resource produced to the supply network located on land, it is important to mention that
for this type of installation, it is necessary to contemplate the energy losses per unit length
in the energy transport cable and the costs generated by the transport of personnel.

Thermal efficiency represents the fourth indicator. It is related to the thermal potential
housed in the area of interest, as OTEC shows low efficiencies for this indicator, it was
assigned a value of (2) that represents between equal and moderately preferable. In
addition, this indicator allows to evaluate the consistency of the operationality of the OTEC
plant [16,21].



Energies 2022, 15, 3077 17 of 24

Gross efficiency represents the fifth indicator. This allows us to consider the losses in
OTEC production since it contemplates for this analysis the efficiency of the turbine [31,44].
For this case, it was assigned a weighting of 3, which is moderately preferable with respect
to the other criteria.

Note that this process arises from quantitative values of each variable of interest in
each alternative. After this, we proceed to carry out a priority establishment analysis, where
this process is clearly subjective to the knowledge and experience of decision-makers and
finally identify the importance of each criterion.

3.3. Paired Comparisons and Paired Comparison Matrix

In Table 5 the matrix of the results of the paired comparison can be observed.

Table 5. Paired criteria comparison matrix.

CRITERIA Warm Water
Temperature (◦C)

Cold Water Temperatures
(◦C @ 900 m)

Distance to
Coast (km)

Thermal
Efficiency (%)

Gross
Efficiency (%)

Water temperature quality (◦C) 1 3 4 2 3
Cold water temperatures

(◦C @ 900 mts) 1/3 1 4 1/2 3

Distance to coast (km) 1/4 1/4 1 1/4 1/4
Thermal efficiency (%) 1/2 2 4 1 2

Gross efficiency (%) 1/3 1/3 4 1/2 1

3.4. Synthesis

In Table 6 are the results corresponding to the synthesis or normalized matrix. These
data represent the result corresponding to the procedure for establishing the approximation
of the priorities of each alternative.

Table 6. Synthesis matrix used to calculate the weighting vector from the criteria comparison matrix.

Standardized Matrix Weighting

0.41379 0.45570 0.23529 0.47059 0.32432 0.3799
0.13793 0.15190 0.23529 0.11765 0.32432 0.1934
0.10345 0.03797 0.05882 0.05882 0.02703 0.0572
0.20690 0.30380 0.23529 0.23529 0.21622 0.2395
0.13793 0.05063 0.23529 0.11765 0.10811 0.1299

3.5. Priority Matrix and Consistency

Table 7 presents the overall priority corresponding to each decision alternative that is
summarized in the column vector.

Table 7. Random consistency indices corresponding to the sample size.

Number of Items to be Compared 1 2 3 4 5 6 7 8 9 10

Random Consistency Index (IA) 0 0 0.58 0.89 1.11 1.24 1.32 1.40 1.45 1.49

4. Results
4.1. Prioritization Warm Water Temperatures (◦C)

Considering the TSS criterion, Figure 13 shows the prioritization of this indicator with
respect to each alternative under study. From the results obtained, we can say that the best
alternative identified under this consideration is site number one (Punta Burica).
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The TSS is directly linked to the thermal efficiency of the OTEC system since the
efficiency of the OTEC system is dependent on the temperature of warm waters, as shown
in Equation (1). Therefore, the sustainability in operation of an OTEC Plant is intimately
linked to the disturbances experienced by TSS.

Punta Burica showed the highest percentage of prioritization, 33.35% with respect
to the other sites or alternatives, whereas site three (Chepigana) achieved the minimum
value of 10.92% for this comparison. These data attained an error rate of approximately 8%,
which provided reliability in the results for the prioritization of SST.

4.2. Prioritization Distance to the Coastline (km)

The distance to coast criterion denotes a determining variable in site selection since
considerable lengths of power lines are needed to transport the energy produced by OTEC
to the grid on land.

This criterion can also be categorized as one of the techno-economic aspects of OTEC
since it considers maintenance costs, energy transport lines, and continuous transport of
labor personnel, the higher this variable, the greater these preserves will be directly linked.

Figure 14 depicts the results corresponding to the distance to coast criterion priority,
site one (Punta Burica). This shows the minimum percentage of 10.19% concerning the
other five study sites because it is more distant from the site where the cold waters of the
deep sea are housed. For this case, site six (El Porvenir) shows the highest hierarchy with a
32.88% prioritization, which tells us that only considering this criterion, our best alternative
to implement OTEC would be site six.
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4.3. Thermal Efficiency Prioritization (%)

OTEC efficiency represents an indicator closely linked to the potential of the oceanic
thermal resource as an energy resource. This can be estimated using the ideal Rankine cycle
using Equation (12).

When considering the criterion or thermal efficiency indicator, site one (Punta Burica)
shows the highest hierarchy with 23.91% regarding the other remaining sites under study.
Although, the difference of this indicator is minimally considered to the rest of the alter-
natives. Figure 15 shows that site six (El Porvenir) is the one that presents the minimum
percentage of 11.17% of hierarchy for this criterion.
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When considering only this criterion, our less favorable alternative to installing an
efficient OTEC system would be El Porvenir, and the most propitious site would be Punta
Burica, with a prioritization percentage of 23.92%, note that for this case, the error percent-
age is approximately 4%, which projects us a greater reliability in the results obtained.

4.4. Prioritization Gross Efficiency (%)

This indicator considers the turbine’s efficiency, which induces certain losses due to the
continuous use of this element, reducing the production of electrical energy. The analysis
corresponding to this can be seen in Figure 16. As for the evaluation corresponding to the
gross efficiency criterion, considering all the alternatives, the picture is similar for the case
of thermal efficiency, where site one (Punta Burica) presents the highest hierarchy with a
percentage of 25.083% and site three with the minimum registered of 7.067%. These results
reflect an error rate of approximately 4%, giving us reliability of 96% when considering this
criterion individually.
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4.5. Prioritization Deep Sea Cold Water Temperatures (◦C)

Finally, considering the temperature criterion of cold water of deep-sea being these pri-
mordial for the condensation system of the OTEC plant. The temperatures of these waters
are intimately linked to thermal efficiency, gross system efficiency and OTEC net power.

Achieving cold water masses from the deep sea directly affects the condensation
system. If these are housed at greater depths, the greater the losses to be overcome in the
suction line. Therefore, the power and consumption corresponding to this pumping system
will increase proportionally.

Figure 17 shows this panorama corresponding to the prioritization of this indicator,
where Punta Burica and site two (Punta Mariato) present the highest percentages of hier-
archy, 24.55%, and 22.76%, respectively, both located in the Pacific Oceanic scenario. Site
three (Chepigana), which is located in the Gulf of Panama, registers a minimum of 6.38%.
For this case, the results show the reliability of approximately 95%.
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The Caribbean sites: Isla Colón, Calovébora, and El Provenir, have hierarchies of
15.751%, 10.285%, and 12.018%, respectively. The Caribbean scenario has warm and cold-
water temperatures more stable during annual periods; however, the necessary cold waters
are more distant from the coasts or mainland.

4.6. Hierarchical Prioritization

Figure 18 presents a summary of the prioritization percentages for each of the criteria
studied in decision-making regarding the selection of the most favorable site for the use
of the oceanic thermal resource in Panama. Here, it can be identified the prioritization of
each corresponding criterion for each alternative; for some of these, the distance to the
coastline criterion has greater prioritization. However, in other alternatives, warm water
temperatures adopt the prioritization to the others.
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Then, when using the MCD-AHP method to evaluate this issue, Punta Burica performs
as the best alternative for using the oceanic thermal resource through the sustainable
implementation of OTEC technologies.

It is important to mention that this alternative turns out to be the most appropriate of
the six without considering the added value induced by the qualitative variables. That is
because there are currently no legislations that allow us to estimate this value in terms of
social and environmental impact.

4.7. Prioritization of Alternatives (Standardized Matrix)

Figure 19 shows the percentages corresponding to the prioritization of our alternatives
with a Critical Radius of 0.054, which is satisfactory, considering the AHP model, which
also justifies the consistency in the paired comparisons made during our analysis. Punta
Burica represents the best technical alternative for installing and executing an OTEC plant
in the open sea.
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5. Discussion

After addressing the AHP and identifying the multiple criteria for decision making
(MCD), Punta Burica in the Gulf of Chiriquí in the Pacific of Panama is justified as the best
alternative (96.19%) for the sustainable installation of an OTEC plant. According to the
criteria selected as indicators, this site performs the best in four of the five, apart from the
distance to the coastline.

Each criterion selected was justified under considerations of standards, legislation,
and research corresponding to other countries where this technology is currently imple-
mented to use the oceanic thermal resource. Therefore, the use of this resource will urgently
demand the development of legislation that regulate the implementation of these tech-
nologies in Panamanian territory; in addition, these would allow the development of a
new MCD analysis for site selection where the subjective variables corresponding to the
environmental and social impact that was not included for this analysis will be included
since this information in Panama does not exist. When considering the techno-economic,
social, scientific, commercial, and environmental panorama corresponding to this theme,
the analysis should be carried out considering the variables of a qualitative nature. These
represent an added cost; thus, the site selected in this study as the most appropriate for the
installation and execution of this technology could be affected.

Analyzing TSS in this study proved that the Panamanian oceanic territory presents a
stable annual resource, in which the minimum temperature stated in the literature (26 ◦C),
was achieved for most of the period analyzed. The latter is of great importance because it
provides a notion of sustainability and continuity in energy production. Furthermore, one
can note that the criteria selected are well linked to the actual efficiency and production;
thus, their effects on each site are pretty similar.
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Panama has an oceanic territory with great thermal potential. Its location in the in-
tertropical zone near the terrestrial Equator, with coastal limits in the Caribbean Sea and the
Pacific Ocean, categorizes it as part of the 98 nations with the greatest potential for thermal
energy in its oceanography. Its location in the intertropical zone near the terrestrial Equator,
with coastal limits in the Caribbean Sea and the Pacific Ocean, categorizes it as part of the
98 nations with the greatest potential for thermal energy in its oceanography. However, the
lack of data, research and specialists in this scientific area limits the implementation of this
technology within its territory. In addition, there is currently no legislation that promotes
and regulate the implementation of this technology.

As future work, it is proposed to use census data to measure the impact on the nearest
population to each potential site as an indicator of performance and the effect it could have
on marine life. In addition, with the site selection made, it is intended to carry out a model
and development of a 100 MW system in Punta Burica based on its meteorological data.
Although for this case, some issues such as turbine efficiency, pipes roughness, heat losses,
pressure drops, and other phenomena must be considered. This analysis could give us
an estimate of the performance of an OTEC plant under these conditions, considering the
inherent restrictions.
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