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Abstract: At present, the energy landscape of many countries faces transformational challenges driven
by sustainable development objectives, supported by the implementation of clean technologies, such
as renewable energy sources, to meet the flexibility and diversification needs of the traditional energy
mix. However, integrating these technologies requires a thorough study of the context in which they
are developed. Furthermore, it is necessary to carry out an analysis from a sustainable approach that
quantifies the impact of proposals on multiple objectives established by stakeholders. This article
presents a framework for analysis that integrates a method for evaluating the technical feasibility of
resources for photovoltaic solar, wind, small hydroelectric power, and biomass generation. These
resources are used to construct a set of alternatives and are evaluated using a hybrid FAHP-TOPSIS
approach. FAHP-TOPSIS is used as a comparison technique among a collection of technical, economic,
and environmental criteria, ranking the alternatives considering their level of trade-off between
criteria. The results of a case study in Valle del Cauca (Colombia) offer a wide range of alternatives
and indicate a combination of 50% biomass, and 50% solar as the best, assisting in decision-making
for the correct use of available resources and maximizing the benefits for stakeholders.

Keywords: decision-making; multi-criteria analysis; performance indicators; pre-feasibility; renewable
resources

1. Introduction

The global energy landscape is undergoing a significant transformation, given the
various interests in achieving goals aligned with sustainable development objectives (SDGs),
such as those presented by the United Nations [1]. In particular, SDG 7 aims to ensure
access to affordable, reliable, sustainable, and modern energy for all by 2030. Various
entities have emphasized that renewable energy plays a crucial role in achieving this goal,
as it can help to reduce energy poverty, increase access to energy, and promote sustainable
economic growth [2-5]. This shift toward cleaner energy sources presents opportunities
and challenges, especially regarding flexibility and diversification of energy matrixes [6].
Colombia has directed its energy transformation process focusing on strategies for the
development and growth of non-conventional renewable resources to obtain a safe, reliable,
and efficient energy transition to achieve carbon neutrality and consolidate climate-resilient
territories. The installed capacity of electric power generation from water, wind, sun, and
biomass resources for Colombia reached 18,725 MW by 2022, representing an advance of
17.67% in terms of the goal established for 2030, which represents a challenge for the next
seven years [2,7].

However, the massive deployment of these technologies requires a thorough under-
standing of the context in which they are developed, including an approach that considers
the impact of the proposed solutions for multiple stakeholders. Under this approach,
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a multi-criteria decision analysis (MCDA) is proposed as a structured methodological eval-
uation tool. It supports expert assessment against assumptions of renewable generation
resource penetration alternatives and their impact on environmental, economic, technical,
and social development criteria, thus, supporting the complex decision-making process [8].

The proposed framework constitutes a systematic and flexible analysis tool for clas-
sifying renewable energy penetration alternatives, encompassing four stages of analysis:
an evaluation of the theoretical resource potential, support for indicator selection, the
construction of resource alternatives, and finally, to aid decision-making, it employs a
hybrid MCDA technique involving FAHP and TOPSIS.

FAHP is used to compare evaluation dimensions (technical, economic, and environ-
mental) criteria, given the relationship with the penetration of renewable primary energy
resources for electricity generation. On the other hand, TOPSIS is used in ranking the
various alternatives regarding a set of indicators and according to the evaluations for
penetration levels of available resources.

In addition, the framework proposes an alternative construction that moves away
from the recurrent analysis of comparing renewable generation technologies, extending it
under assumptions of simultaneous resource penetration levels. By exploring different com-
binations of these resources and adjusting their participation percentages, the study seeks
to identify the most promising and sustainable configurations for energy generation. Each
alternative represents a unique blend of renewable resources, allowing for a comprehensive
analysis of how they can work together to meet the energy generation targets.

The FAHP-TOPSIS hybrid analysis method is applied to a case study in Valle del Cauca,
Colombia. The analysis considers available resources and their potential impact, providing
a wide range of alternatives for decision support and maximizing stakeholder benefits.

The document is structured as follows: Section 2 includes a brief review of the state of
the art for evaluation frameworks and models in decision-making applied to the renewable
resources context. Section 3 addresses the proposed analysis framework and expands on
the methods involved. Section 4 describes the case study, presents the application of the
analysis framework, and discusses the results; Section 5 presents final observations and
future works.

2. Literature Review

The development of renewable generation technologies has matured in the last decade
thanks to policy momentum, its contribution to reducing carbon footprint, higher fossil
fuel prices, and energy security concerns, capturing the broad spectrum of the global
energy transition and driving its adoption and integration in many countries. Based
on a literature review, several approaches have been found regarding the evaluation of
renewable generation resources using MCDA. Among them, integration with problem-
structuring-methods [9,10], among which SWOT (Strengths, Weaknesses, Opportunities,
and Threats) and Scenario Planning (SP), stand out as effective means for trained facilitators
to support decision-making groups facing challenges. SWOT, in particular, serves as the
basis for analyzing renewable generation projects [11] and is further adapted through other
methodologies such as PESTLE (Political, Economic/Financial, Social, Technological, Legal,
and Environmental), allowing for flexible grouping of criteria for evaluation within these
six dimensions [12-14]. Concerning MCDA methods specific to this context, the following
are some reference works that guided the construction of this proposal.

A sustainability evaluation process for electricity generation through energy devel-
opment scenarios was found [15]. This work considers the participation of traditional
and non-conventional energy resources within the Mexican energy mix. Furthermore,
it presents environmental, economic, and social evaluations, emphasizing the integral
assessment of the life cycle of generation technologies. Its results show the evaluation by
dimensions, and the classification results are based on the Multi-Attribute Value Theory
(MAVT) method, assuming equal preferences within the selected criteria. The work of [16]
presents an evaluation methodology as a pre-feasibility study in generation projects for
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the Niger territory. The study conducted an extensive collection of evaluation processes,
consolidating information for 40 indicators, on which 8 generation resources were ana-
lyzed. AHP is used as a method for weighting criteria by comparing importance. The
authors of [17] establish a ranking of technologies through the sustainability index in the
following dimensions: technical, economic, environmental, and social. The weights be-
tween dimensions were obtained using AHP, and a ranking by dimension was determined
using the weighted sum model (WSM) method. This work validates the analysis using
the Monte Carlo test and finds the probability of the position of each technology within
the classification. Maxim [18] presents the classification of different generation resources
(centralized, conventional distributed, and renewable) according to their compatibility with
the sustainable development of the electricity sector industry. The study was based on ten
economic, technical, social-political, and environmental indicators. The results include the
ranking by technology based on an evaluation with WSM. The work of [19] applies the
Fuzzy Analytical Hierarchy Process (FAHP) treatment to compare pairs of criteria to evalu-
ate the renewable resource potential. An importance scale in fuzzy triangular numerical
representation was used to assess the expert criteria, allowing uncertainty management in
evaluating and extracting criteria weights. The FAHP results reveal that hydropower and
biomass have the highest potential among the available renewable energy sources. In one
paper [20], a multi-criteria analysis is presented under a social, economic, environmental,
and technical evaluation model called SEETA. The study integrates four multi-criteria
evaluation techniques in weighting criteria with fuzzy analysis (to address methodological
limitations and challenges of the decision environment) and a subsequent ranking as an
evaluation result. A study case was conducted with data from 14 established hydropower
plant projects. Results reveal that the ranking methods are congruent with each other for
the valuation of projects in terms of winners against the criteria studied. The methodology
presented in [21] includes the ranking of seven power generation technologies for Turkey:.
The scores are calculated through twelve environmental, economic, technical, and social
indicators. WSM was used in the methodology under the established values of indicators
and respective weights of the criteria. It is concluded that reservoir hydropower generation
presents the best overall performance for the sensitivity cases (scenarios) analyzed. For the
case study presented in [22], a diversified energy mix model was developed for Tunisia,
based on which a set of economic, environmental, socioeconomic, and security of supply
indicators was evaluated. In this work, an electrical model is established to calculate the
optimal dispatch to obtain the lowest operating cost of the system integrating multiple
generation resources. In the evaluation stage, the Technique for Order of Preference by
Similarity to Ideal Solution (TOPSIS) method was used to establish the ranking according
to the evaluation criteria in each operating scenario.

The literature review shows how several authors present multi-criteria analysis meth-
ods as an adequate tool to address problems of penetration analysis of renewable energy
sources on processes that involve a wide range of alternatives under the evaluation of
criteria and perspectives of the stakeholders.

Table 1 highlights the renewable generation resources used in each of the studies, as
well as the differential points concerning the method used in the multi-criteria analysis
and the inclusion of an analysis of alternatives that combine more than one resource
simultaneously. Under these elements, it is highlighted that, unlike most approaches to
compare resources as independent alternatives and confront each other, the proposed
framework allows expanding the exploration of mixed alternatives that collect the benefits
on which the various renewable resources of interest stand out. Additionally, emphasis
is placed on the hybrid MCDA proposal that integrates fuzzy analysis to manage the
uncertainty and subjectivity of the stakeholders’ criteria. This proposal allows a more
accurate and effective representation of the information, leading to better results supporting
decision-making for future integration of renewable resource alternatives as an element of
transformation for the energy sector.
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Table 1. Compilation of works on renewable energy resource assessment under a multi-criteria
analysis approach.

Energy Resource Involved .
Reference MCDA Method Mix Resources !
Solar Wind SHP Biomass

[15] MAVT & SMART X X X X
[16] AHP X X X X
[17] AHP X X X X
[18] WSM X X X X
[19] FAHP X X X X
FSWARA,
FMOORA,
(201 FWASPAS & X
FTOPSIS
[21] WSM X X X
[22] TOPSIS X X X
This work ~ FAHP-TOPSIS X X X X X

1 Mix of resources: the alternatives presented include the evaluation of multiple resources integrated simultaneously.

This work proposes the application of an analysis framework that integrates four stages:

*  Evaluation of theoretical pre-feasibility represented by the primary renewable resource:
by conducting this assessment, decision makers gain insights into the possibilities and
limitations of utilizing each primary renewable resource;

*  Construction of alternatives based on mix participation percentages of the selected re-
newable resources: each alternative represents a unique blend of renewable resources,
allowing for a comprehensive analysis of how they can work together to meet the
energy generation targets;

*  Evaluation of indicators in each of the alternatives: these indicators are chosen based
on their relevance and significance to the specific context of the renewable energy
project, providing specificity to the analysis;

*  Application of a FAHP-TOPSIS hybrid multi-criteria analysis method: this method
enables a systematic, transparent, and objective decision-making process that can be
aligned with development goals, and political and governmental decisions.

3. Materials and Methods

The proposed framework offers a systematic strategy for identifying the best gen-
eration alternatives using renewable energy sources based on the interests of a group of
experts and under a sustainable approach with environmental, economic, and technical
criteria. As a result, the framework’s application provides a list of evaluated alternatives,
which, according to the multi-criteria analysis structure, is presented as input to support the
final decision-making process. Figure 1 shows the four main stages that constitute the anal-
ysis framework: Section 3.1 theoretical pre-feasibility evaluation by resource; Section 3.2
construction of alternatives based on participation percentages; Section 3.3 evaluation of
indicators for each of the alternatives; Section 3.4 MCDA—multi-criteria analysis com-
posed of a hybrid FAHP-TOPSIS method to calculate weights by criteria and to rank the
alternatives. Similarly, the input elements and the expected result are presented for each
stage. The following sections provide a detailed explanation of the treatment developed for
each stage. The framework for resource assessment is supported by data analysis, from
which it is necessary to emphasize that the availability and quality of data are essential in
constructing a satisfactory study at each stage.
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Methodological stages/outputs Approach/method
Primary resources for generation
with renewable energy sources
Y

Historical primary resource data:

Irradiance, wind speed, water flow

and biomass residues. s

Characteristic curve analysis by

h 4 primary resource and specification
3.1 Theoretical pre-feasibility by | _____ of minimum viable generation by
resource technology: solar photovoltaic,
wind, small hydro and biomass.
/ Pre-feasible primary resources ; .

Generation potential per resource.
Focus on levels of participation by
resource, €.g., high, moderate, low
¢ and no participation.

3.2 Construction of alternatives ~ |------1

-

/ Resource alternatives

-

Y

e Calculation of indicators per
3.3 Evaluation of indicators ~ |------1 alternative.
¢ » Evaluation of alternatives.

Alternatives evaluated

v e FAHP on experts’ opinions
samMcpA e at).out. the comparison between
criteria.

o TOPSIS classification.

Ranking of alternatives for primary
renewable generation resources

Figure 1. Stages of the pre-feasibility analysis framework in the penetration of renewable genera-
tion resources.

3.1. Theoretical Pre-Feasibility by Resource

Based on the technical characteristics of the area of interest, the evaluation of potential
takes into account the information available for primary resources by type of generation
technology: Irradiance for solar photovoltaic generation; wind speed for wind generation;
water flow for SHP generation; tons of biomass for biogas generation. This variable set is
analyzed using an annual characteristic curve constructed from monthly average values.

In this stage, each resource is evaluated based on the feasibility limit obtained from
technical sources, discarding generation technologies that are not technically viable. For
solar resources, a minimum daily incidence between 4 and 5 kW/ m? is estimated for
received irradiance [23]. As for wind resources, some studies propose speeds around 3
and 4 m/s for effective energy generation and 5 m/s for larger wind turbines [23,24]. For
water resources, a specific analysis of the hydrographic basin allows for determining design
flows for the exploitation of the resource in electricity generation, preserving the stability
of the habitat and its biodiversity [25]. Finally, for the biomass resource, the viability
limit is established as “overcome” by the availability of the resource itself, i.e., if known
sources of usable waste-generating biomass are available for exploitation through biogas
generation [26].

According to the viability analysis, the calculation of generation potential is obtained
through the equations presented in Table 2 for those theoretically exploitable resources.
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Table 2. Pre-feasibility analysis and calculation of electrical potential by primary resource.

Resource Viability Analysis Electrical Generation Potential
Limit
Minimum Monthly Epv Electrical gen'eration fqr solar rezs.ource (kWh); 1
Solar irradiance average Epp = Cpp —CHL Cpo Solar genera}tlon Capaaty kW) "
L e P? 1000 k<W/m? GHI Global horizontal irradiance (kW /m?);
[23,27,28] irradiance ..
1 Process efficiency (%).
0 v < v, Ey Electrical generation for wind resource (kWh);
Minimum Monthly c Ui < ps < Cw Wind generation capacity (kW) 2,
Wind wind speed average Ep={ 00 = " V Wind speed (m/s);
[23,24] wind speed Ca Ur S 05 < Uco Veir Vi, Voo Input, nominal & output cut-off wind
0 Uco < U speed (m/s).
Egpp Electrical generation for SHP resource (kW);
Csnp SHP generation capacity kW) %;
Environmental Flow B . Qg Design water flow (m3/s) 3;
Hydro flow [25,20,30] Permanence Estip = Conp 981 1959Qa T Hy 7 Water specific weight (kgf/m?);
” curve Qi = Qs0% — Qs T Time of operation (h);
P ;
H Net water drops (m);
1 Process efficiency (%).
Eyio Electrical generation for biomass resource (kWh);
Available Biogas Cpi, Biogas generation capacity (kW) %;
. agricultural eneration Q.q Stored biogas flow rate (m3/h) 4;
Biomass waste 5 from Evio = Crio QgaTPery T(?l“ime of operition (h); ( )
[26,31,32] biomass P; Biogas calorific value (kWh/ m3);

1 Process efficiency (%).

! GHI and a factor of 1000 kW /m? are used for the estimated day hours with sufficient sunlight intensity for
generation, known as Peak sun hour (PSH) [28]. 2 Cx(po,w,shp,bio) generation by resource component, which allows
relating the target generation capacity for each of the alternatives, as will be observed in the Section 3.2. 3 Q4
determined as the difference between average flow rate Qsgy, and environmental flow Qs in (m3/s). ¢ Qga
extracted from transformation tables, it is obtained from the lower heat potential for the respective biomass
resource [31,33,34].

3.2. Construction of Alternatives

In this stage, possible alternatives are defined based on penetration levels by renewable
generation resources. The search area to form alternatives covers 100% of the renewable
generation target through combinations of the four generation resources explored: solar
photovoltaic, wind turbine, SHP, and biogas from biomass. Thus, the alternatives are
generated through all possible combinations that allow the resources to be simultaneously
associated. This idea of forming alternatives seeks to represent variations directly related
to the resource’s penetration levels, being as flexible as desired, and approaching the
alternative that allows the best use of the available resources.

The number of levels used in the combination of resources can be as extensive as
desired, allowing the expected penetration percentages of each resource to have the required
level of granularity. This approach ensures that the sum of the participation of the four
resources in the alternative constitutes 100% of the generation. For example, Figure 2
illustrates the links to form alternatives, considering four levels of penetration per resource:
zero, low, medium, and high.
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Solar Wind SHP Biomass
Medium
XN
A‘,
3
Figure 2. Examples of resource mix generation alternatives.
The formal representation of the alternatives is given by Equation (1).
[ high 0 0 0 7
medium medium 0 0 v
. po
medium low low 0 Yo
Ay = . . . . 1
: : : : Tshp
0 low low medium | LVbio
L O 0 0 high |

The matrix (Ay) is formed by the determined participation percentages for constructing
alternatives and the binary variable (), which determines the availability of the resource—1
for technically feasible resources, 0 for non-feasible resources—under the pre-feasibility
evaluation presented in the first stage of the analysis framework.

As a representation of the generation capacity established by the alternative,
Equation (2) includes the alternatives in terms of the generation components (Cpy), (Cw),
(Csnp), (Cuip) for the solar, wind, SHP, and biomass generation resources, respectively.

Cx(pow,shpbio) = Target generation capacity Ay, 2)

generation components (Cy) are interpreted as the specification of installed capacity used
by each technology to achieve the desired value of renewable resources.

3.3. Evaluation of Indicators

Evaluating alternatives through performance indicators is fundamental in assisting
decision-making, providing critical information for the analysis, and achieving strategic
objectives. An adequate selection of indicators should generally address the needs and
objectives of all stakeholders. From this perspective and considering the extensive list of
indicators used within the electricity industry, Figure 3 presents a guideline method for
selecting indicators by evaluating proposals for renewable resource integration. The idea
of using a method in selecting indicators is to provide support in the construction of use
cases and additionally provide flexibility according to the requirements and limitations of
the study areas, addressing the interests of the stakeholders.

Academic, regulatory, and sectoral reports were consulted to select the indicators as
part of the literature review. From which the description and formulation of indicators
applied to the electricity-energy sector were collected, meeting the following criteria: the
presented study includes at least one sustainability dimension of interest for the evaluation
of indicators (environmental, economic, and/or technical dimensions); the indicators’
proposed application is developed on at least one of the renewable generation technologies
of interest for this research (solar photovoltaic, wind, SHP, and biomass).
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Research and referencing of
indicators
v
Collection and grouping of

indicators - \
7 Attributes evaluated:

e Relevance

Classification of indicators  [----- o Anplicability

v e Accessibility
Selection of indicators by
di i . —
1mei1510n Dimensions included:

e Environmental
e Economic
e Technical

Tandem of indicators ~ f-----

Figure 3. The proposed method for selecting indicators.

A weighted sum methodology was adopted to classify indicators based on what
is presented in [35]. This classification method allows a quantitative evaluation of each
indicator, considering the degree of compliance with a set of attributes. Thus, contributing
to selecting indicators that best suit the case study and the needs of the stakeholders. The
following attributes were considered in the process of selecting the indicators:

*  Relevance: An indicator with higher appearances in the Background review represents
a well-defined and validated indicator for the sector;

¢ Applicability: An indicator representing an easy integration of the alternative into an
evaluation scenario structure based on renewable resource penetration levels;

*  Accessibility: An indicator supported by easily accessible, up-to-date variables and
solid support for data reliability.

The following assumption is used for assigning the value to each of the attributes: If
it is considered that the indicator does not meet the criterion presented in the attribute, a
value of 0 is assigned to it; if it partially meets the criterion presented in the attribute, a
value of 0.5 is assigned to it; if it satisfactorily meets the criterion presented in the attribute,
a value of 1.0 is assigned to it [35].

The assignment of a value in the classification of the indicator falls on the criterion of
the researchers leading the case study, as shown in the following expression:

Iy = Zan,iwi ’ 3)
i

where (I,,) is the classification value of indicator (n), (2, ;) is the value of attribute (i) for
indicator (1) and (w;) is the weight assigned to attribute (a,;). The selection method allows
for adaptation to indicators of various evaluation dimensions, beyond those addressed in
this study, and that, if the case arises, are considered of interest by stakeholders.

As the evaluation objective, three indicators were selected for each addressed dimen-
sion (environmental, economic, and technical). Through the indicator selection method,
these indicators were classified based on a weight assigned by the researchers, consid-
ering equal importance among attributes. Accordingly, Table 3 includes the result of
the indicator selection, with nine indicators grouped by dimension that will be used in
evaluating alternatives.
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Table 3. Proposed performance indicators for the analysis framework.
Criteria ID Sub-Criteria Description Unit Type ! Reference
CO» emission Reduction in CO, emissions for a given gener-
Cl1 rZ duction ation capacity using clean resources compared ~ kgCO,/kWh Benefit [36]
to the equivalent generation with natural gas.
- The area occupied by the power system dur-
g C1.2 Land use ing its lifetime, comparing the square meters m?/MWh Cost [16,18,35]
g required to produce one MWh of electricity.
=
£ It is considered to quantify the volume of wa-
= ter consumed by the technology to produce
Cl13 Water. a smgle. MW O,f electr.1c1ty. during its entire m®/MWh Cost [16,35]
consumption  production chain, considering secondary pro-
cesses such as cooling and water use for com-
ponent construction.
Levelized cost of energy, representing the cost
Cc21 LCOE per kWh for each power generation technol- US $/kWh Cost [18]
ogy over its lifetime.
Q
g 22 CAPEX T}.1e investment CF)S'L‘ for generation projects US $/kW Cost [37]
g with non-conventional renewable resources.
9
22
The operational costs incurred each year con-
C2.3 OPEX sidering fuel, operation, and maintenance US $/kW Cost [37]
costs.
Efficiency of The efficiency of transforming the primary
C3.1 electricity resource into electrical energy for each renew- % Benefit [17,19,38]
generation able technology.
The ability to respond to peak demand and en-
= Ability to sure Fhe Qverall liong-telim stability Of. the gri.d Yes, rapid; .
- C3.2 respond to considering an increasing share of intermit- Benefit [18]
% demand 2 tent generation from some renewable energy Yes, slow;
= sources. No.
The number of hours per year renewable al-
Autonomy of ternatives can supply electricity is evaluated
33 thlig ;‘;I?Caery according to the characteristics of the environ- o Benefit  [16,18,35]

ment and the available primary resource.

! Type: According to the classification methodology, the benefit is used for indicators that impact positively at a
higher value, and the cost is used for indicators that impact negatively at a higher value. 2 Qualitative indicator:
This type of indicator includes an intermediate stage that allows assigning values for a contained scale [0-1] based
on resources assessment shown in [18].

3.4. Hybrid FAHP-TOPSIS Multi-Criteria Analysis Method

Multi-criteria decision analysis (MCDA) is a set of techniques for evaluating alterna-
tives in decision-making involving multiple criteria and expert opinions [39]. This work
uses this analysis tool to determine the ranking of alternatives based on the completion of
criteria by experts and the fulfillment of a series of environmental, economic, and technical
factors to evaluate alternatives for renewable energy generation resources.

Figure 4 shows the steps developed in evaluating alternatives for the penetration of
renewable resources. The proposal is based on a hybrid approach in which the first step
takes elements of FAHP [40], providing flexibility in the structure to determine weights
through expert assessments and ensuring coherence for each criteria evaluation for making
informed and transparent decisions [8]. In the second stage, the TOPSIS method is used to
classify the evaluated alternatives by calculating the distances between each alternative
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and the ideal solutions, allowing a classification of alternatives based on their overall
performance [41,42].

Criteria

MCDA methodological steps

I Environmental criteria I

T
Evaluated renewable generation | I Economic criteria |
i I ' X .
alternatives | I I Technical criteria |
| T
v Y v v
Build hierarchical decision model €« — - — — — -| Decision matrix l
T
v |
Select committee of experts :
l |
I
No
I
EA—H-—B Number of |
xperts > 17 |
Yes :
| Define trlangliar fuzzy scale | TOPSIS |
I
Compile expert evaluations for [
.. |
crltfrla v
- - - | Normalize decision matrix values
Build fuzzy comparison matrices v
for criteria - -
Weight values of the normalized
v > &

decision matrix

- v

Calculate ideal positive and ideal
negative solution according to

Build comparison matrices criteria values per alternative
between criteria and sub- 7

criteria. No | Calculate Euclidean distances to
v ideal solutions
Yes

Verity degree of consistency

Compile expert evaluations for
criteria and sub-criteria

v

the evaluations

Verify the consistency rate -CR of ’

CR of single assessment ; — L
Aggregate consistent individual Calculate coefficient of similarity
judgments Cj for each alternative
Y v

Fuzzy matrix aggregation with
geometric mean Ranking of alternatives by Cj
value obtained

Calculate fuzzy weights for

criteria and sub-criteria
v

l Defuzzify triangular numbers

Obtain weights of standardized
criteria and sub-criteria

Figure 4. Method to evaluate alternatives using a multi-criteria approach FAHP-TOPSIS.

The hierarchical model presented in Figure 5 relates the criteria and sub-criteria
through the aggregated weighting factors. These weights are obtained from expert evalua-
tions through FAHP using pairwise comparison with the Saaty scale and fuzzy representa-
tion for the method in question [39].
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Wi (C1.1) CO;z emissions |
reducition
. Wi2
Wi (C1) Environmental » (C1.2) Landuse  [------oo--
Wi3 (C1.3) Water consumption [-----""""-
7z
W 1
2y c2nyLcoE 0 b <
Ranking renewable resource W» W 5 5.;
alternatives within a sustainable (C2) Economic —>» (C2.2) CAPEX |- <f
assessment framework 8:
<«
W3k | (C23) OPEX s =
<
W3 | (C3.1) Efficiencyof |
electricity generation
W e . .
W3 (C3) Technical 32 (C3.2) Ability torespondto |
demand
W33 (C3.3) Autonomy of the |
' primary resource
Objective Criteria Sub-criteria Alternatives

Figure 5. Hierarchical decision model for ranking alternatives.

An essential aspect of AHP is consistency analysis, which ensures that decision makers’
evaluations are aggregated in the weight calculation only if they meet the required level
of consistency in pairwise comparisons. After weight calculation, the TOPSIS method is
applied. Here, the matrix of evaluated alternatives Ay is subjected to a column-wise vector
normalization process (corresponding to each sub-criterion). The weighted decision matrix
(MPy) is calculated as

MP; = A @QW, @

where (W) is the vector of weights for the criteria and (fo) is the normalized matrix of
alternatives. The next step is determining the positive and negative ideal solutions using
Equations (5) and (6), respectively, [43].

AT = [Cﬁ,cfzw o IC;3] ©)

A" =[Gy, Cry -/ Ca3] ©®)

where (C™) and (C™) are the positive and negative ideal solutions of criterion Ci j, respec-
tively. The distances between each alternative and both ideal solutions are calculated using
Euclidean distance described in Equations (7) and (8).

dF = | Y. (A — A "
k=1
d =Y (A — Ap)? 8)

k=1
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.

Valle del Cauc

Once the distances d;” and d; are calculated, the similarity coefficient is obtained
using Equation (9).
d:

C, = i 9

Pds v df ©)

All alternatives are ranked using the coefficient of similarity (C;), which allows the

decision makers to select the most suitable alternative according to the importance and
values of the criteria.

4. Results

This section presents the application of the proposed analytical framework for a
particular case study, on which each of the stages described in Section 3 are developed.

4.1. Case Study

Jamundi is one of the 42 Colombian municipalities that make up the department of
Valle del Cauca. It is located in the department’s southern region, between the Western
Ranges and the western bank of the Cauca River. It has an average elevation of 975 m
above sea level.

Historical data for the municipality of Jamundi was taken from the PowerNASA
forecasting tool [44] for incident irradiance on an inclined plane and wind speed at 10 m
above ground level. As input for the water resource, monthly mean flow data of the
Timba tributary (as presented in Figure 6) in the Valle del Cauca water basin were used.
These data were reported by the Institute of Hydrology, Meteorology, and Environmental
Studies—IDEAM [45].

Jamundi

7 mi

] JamuNDi @ IDEAM stations @0 B

)
T T
0 2.75 55 11 km
Esri, HERE, Garmin, Foursquare, METUNASA, USGS, Esri, CGIAR, USGS

Other @ IDEAM stations used for water resource

Figure 6. Location map of IDEAM stations in Jamundi, Valle del Cauca (CO). Source: [46].

4.2. Theoretical Pre-Feseability by Resource

Historical irradiance, wind speed, and water flow data range from January 2011 to
December 2021, with a daily frequency. Figure 7 shows the average monthly behavior for
each variable of the pre-feasibility analysis by resource, along with the dispersion in the
measurements for the data window explored.
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Figure 7. Pre-feseability analysis for primary resources by type of generation technology: (a) monthly

average GHI for solar photovoltaic; (b) monthly average Flow Rate for SHP; (c) monthly average

wind speed for wind power generation.

Biomass resource data were obtained from annual reports from the Colombian Agri-
cultural Institute ICA [47] based on agricultural population (2022) and residual biomass
figures for sugarcane cultivation (2018). Jamundi has a vast deployment of permanent
sugarcane crops, reaching a cultivated area of 9207 ha and a daily average production of
14 tons of agricultural residual bagasse, considered in the resource availability analysis.
Additionally, livestock resources are taken from data on the number of individuals associ-
ated with technical farms in this region. Figure 8 includes the participation ratio in biogas
generation from the available biomass resource, relative to the contribution of sugarcane
bagasse and excrement from poultry, cattle, and pigs.



Data 2023, 8,137

14 of 21

Figure 8. Distribution of biomass resources available for biogas generation.

Subsequently, results shown in Table 4 were obtained by evaluating the characteristic
curve by resource and carrying out the feasibility study with the monthly average behavior
per resource.

Table 4. Theoretical pre-feasibility evaluation by generation resource in Jamundi.

Resource Variable Viability Limit Analysis Result
Solar GHI 3.8 kW/m? 42 kW/m?
Wind Wind speed 3.5m/s 2m/s
SHP Environmental flow Qs 15.03m/s 75% of months over Qs
Biomass Biogas generation from biomass N/A 10.8 x 103 m?/day

The theoretical pre-feasibility analysis found that the solar resource has minimum
viability in exploring alternatives and, simultaneously, allows determining the exploitation
regimes for the water and biomass resources. For SHP generation, the time series included
a variability of 52.96% of the flow rate, leading to the selection of a conservative design flow
of 2.3 m/s. The available biomass resource in Jamundji is analyzed based on a daily potential
of 10.8 x 10® m? of biogas according to waste availability. This represents approximately
0.03% utilization rate based on the reported net waste availability. On the other hand,
the available wind resource is 42% lower than the recommended minimum. However, it
was decided to include the resource to broaden the dynamics of alternative evaluation,
developing a subsequent interpretation of the classification results.

4.3. Construction of Alternatives

The construction of alternatives to be evaluated is established based on participation
percentages of 0%, 25%, 50%, and 100% of generation capacity per resource. According to
the proposed configuration, the target capacity for renewable resources is set at 1000 kW.
According to the proposed configuration, the target capacity for renewable resources is
set at 1000 kW. This target capacity is taken from the maximum value of a small-scale
self-generator, within the Colombian regulatory context, which is the basis of analysis
for this case study. 23 alternatives involving solar, wind, water, and biomass generation
resources are established, as presented in Table 5.
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Table 5. Alternatives defined according to participation by resource.

Alternatives Generation Potential per Day
ID (kW) (kWh/day)
Solar Wind SHP Biomass Solar Wind SHP Biomass

Ago 1000 0 0 0 3837.0 0.00 0.00 0.00
Aot 500 500 0 0 1918.5 9.08 0.00 0.00
Ap 500 250 250 0 1918.5 4.54 640.79 0.00
Ao 500 250 0 250 1918.5 454 0.00 31139
Aoy 500 0 500 0 1918.5 0.00 1067.9 0.00
Aos 500 0 250 250 1918.5 0.00 640.79 31139
Aoge 500 0 0 500 1918.5 0.00 0.00 5189.8
Agy 250 500 250 0 959.25 9.08 640.7 0.00
Aos 250 500 0 250 959.25 9.08 0.00 31139
Ago 250 250 500 0 959.25 4.54 1067.9 0.00
Aqo 250 250 250 250 959.25 4.54 640.8 31139
A1 250 250 0 500 959.25 4.54 0.00 5189.8
A1p 250 0 500 250 959.25 0.00 1067.9 31139
A1z 250 0 250 500 959.25 0.00 640.8 5189.8
A1y 0 1000 0 0 0.00 18.16 0.00 0.00
A1s 0 500 500 0 0.00 9.08 1067.9 0.00
A1e 0 500 250 250 0.00 9.08 640.8 31139
A1y 0 500 0 500 0.00 9.08 0.00 5189.8
A1g 0 250 500 250 0.00 454 1067.9 31139
A1g 0 250 250 500 0.00 454 640.8 5189.8
App 0 0 1000 0 0.00 0.00 21359 0.00
A 0 0 500 500 0.00 0.00 1067.9 5189.8
Ap 0 0 0 1000 0.00 0.00 0.00 6701.5

Table 6 shows the weights per criterion and sub-criterion obtained through the opin-
ions from a group of experts from the electricity sector, who participated in the assessment
of importance between dimension and indicators. The weights were calculated for this case
study using the pairwise comparison process under the established analysis framework.

Table 6. Weights per criterion and sub-criteria FAHP method.

Criteria w; Sub-Criteria W W, 1 Type
C1.1. CO; emissions reduction 0.641 0.227  Benefit
C1. Environmental 0433  C1.2. Land use 0.184 0.079 Cost
C1.3. Water consumption 0.175 0.076 Cost
C2.1. LCOE 0.576 0.089 Cost
C2. Economic 0.154  C2.2. CAPEX 0.188 0.029 Cost
C2.3. OPEX 0.236 0.036 Cost
C3.1. Efficiency of electricity generation 0.262 0.108  Benefit
C3. Technical 0.413  C3.2. Ability to respond to demand 0.128 0.053  Benefit

C3.3. Autonomy of the primary resource 0.611 0.252  Benefit

! The absolute weight of the sub-criteria was obtained by weighting their relative criteria weight: W, = W; ;W;.

In a preliminary analysis, according to the expert’s preference, it is found that the
environmental and technical criteria share 85% of the importance. In turn, the indicators
of emissions reduction and primary resource autonomy are the most important, with
participation above 20% of the absolute weight each. For each of the alternatives, the set of
indicators is evaluated considering the generation capacity associated with each resource,
thus establishing the valuations for each criterion and per alternative that are input to the
multi-criteria evaluation stage. The data for evaluating indicators are shown in Table 7,
values per resource are taken from the references included in Table 3.
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Table 7. Information on indicators by generation resource.

ID Sub-Criteria Solar Wind SHP Biomass Unit
Cl1 CO; emissions reduction 0.074 0.092 0.128 0.257 kgCO,/kWh
C1.2 Land use 0.33 1.57 0.02 12.65 m?2/MWh
C1.3 Water consumption 0.001 54 x 10~° 89 x 10~° 1.5 m3/MWh
Cc2.1 LCOE 202.94 76.28 124.97 72.00 US $/kWh
C2.2 CAPEX 1100 1350 29,900 2000 US $/kW
C23 OPEX 6.5 40 37 21 US $/kW
C31 Efficiency of electricity generation 25 40 89 35 %

C3.2 Ability to respond to demand No No No Yes, slow Qualitative
C3.3 Autonomy of the primary resource 1 100 67 75 35 %

! Primary resource autonomy: according to the description in Table 3 and the behavior shown in Figure 7, the
indicator depends on the environmental characteristics, considering the average monthly hours of generation in
which the primary resource is above the lower use limit.

4.4. Hybrid FAHP-TOPSIS Multi-Criteria Analysis Method

The development of the analysis framework continues with the evaluation of alterna-
tives. Table 8 includes the normalized numerical representation for each criterion. Likewise,
the color scale in the table shows the overall performance of the alternative for each sub-
criterion, showing a transition from the positive ideal solution (green) to the negative ideal
solution (red) according to the type of criterion (benefit or cost).

Table 8. Evaluation of sub-criteria by alternatives.

Sub-Criteria Weights (Expert Evaluation)

0.079 0.076 0.089 0.108

Normalized Evaluation of Sub-Criteria

C1.1 C1.2 C1.3 Cc21 C2.2 C2.3 C3.1 C3.2 C3.3

Alternative

Ago 6.00x 1072  6.38 x 1073
Aol 208x1072 641 x1073
Ap 352x1072 8.50x 1073
Ags 0.201 495x10~* 891x10°°
Ao 1.13x10°!  9.88x1073
Ags 0.218 5.00x107% 9.75x107° 0.175 0.055 0.228 0.183 0.146 0.228
Ags 7.90 x 106 0.199 0.294 0.194
Ag 227x1072  1.06 x 1072 0.056 0.131 0.227
Ags 0.186 492x107%  7.65x10°° 0.208 0.150 0.193
Aw | 0044 408x107% 134x1072 0.134 0.239
Aqg 0.204 496x107* 850x10°° 0.202 0.055 0.155 0.199 0.146 0.205
An 0300  299x10°* 714x10°6 0231 0.183 0.292 0.170
A 0.215 5.01x107% 9.05x10°° 0.199 - 0.159 0.251 0.146 0.216
Ans 7.64 x 1076 0.224 0.053 0.189 0.194 0.292 0.182
Ay 126 x1072 118 x 107! 0.169 0.191
Ags 249 %1072 0.272 - 0.215
Arg 492 x10* 0.215 0.146 0.181
A1y 0.285 0.133 0.158 0292 0146
Agg 497 x107* 0.267 0.146 0.193
0.158
0.239
0.139 0.261 0.292 0.170

0.193

Figure 9 shows the descending order of alternatives according to the TOPSIS similarity
coefficient, and the percentage of participation by resource in each alternative. According
to the five best-ranked alternatives, a biomass share of 50% of the target generation capac-
ity can be seen. Furthermore, the association between biomass, solar, and hydropower
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resources is the most recurrent within the top, with the alternative comprising 50% solar
and 50% biomass obtaining a slight advantage. On the other hand, the worst-ranked
alternative corresponds to 100% participation of wind, and according to the pre-feasibility
evaluation, the poor performance of primary resource positioned it as the worst among the
other alternatives.

Evaluation result

100
0.7
x 80 ) . 0.6
g N
= : | 0.5
=60
£ 58 0.4
S 40 0.3
2
£ 0.2
20
0.1
oL _ 0.0
e ?,\"’ DAY ?,\“ ?&{-’ v,(‘ ?a?' ?&" v\\"’ ?,x\\ ?,\‘b ?&‘"‘0 » },’\\\\ ?&“’ ?5\9 ?,@ ?&“- ?,Q\ ?,\\’\ ?&’ ?,x"

Alternative

B solar B wind B hydro [ biomass --e- C; (right)
Figure 9. Distribution of participation percentages by resource, ordered by the ranking of the alternatives.

The results of the case study obtained at each stage of the analysis framework high-
light the potential of biomass compared to other primary resources for renewable energy
generation. This alternative ranks eighth in the classification when not integrated with
another resource (100% biomass), seven places above solar in the 15th position. Addi-
tionally, biomass accounted for 50% of the best-classified alternatives. It contributed to
configurations with the best performance in terms of environmental and technical criteria,
which are the most important according to experts’ opinions.

In Jamundyi, the substantial availability of bagasse resulting from sugarcane monocul-
ture represents an opportunity for electricity generation. With the sugarcane and panela
industry producing approximately 14,000 tons of bagasse daily in this region, there is a
chance to delve into this renewable energy generation avenue.

The still incipient development of biomass utilization models in the Colombian elec-
tricity sector should be approached with special attention. Recognizing that its practical
implementation still requires overcoming the learning curve and technological adoption
that enables its effective utilization, including transformation, storage, and final use pro-
cesses. Especially in Valle del Cauca (including Jamundi), a significant portion of the
knowledge regarding biomass resource utilization comes from the industrial productive
sector, such as sugar mills, and their self-generation processes. Adapting processes already
explored by the industrial sector and integrating them into a planning analysis for biomass
exploitation will enable the expansion of resource potential utilization, offering the ben-
efits outlined in accordance with the technical, economic, and environmental evaluation
provided by the proposed framework.

The analysis of the wind resource initially showed poor performance regarding the
adoption of this generation technology. However, conducting a more thorough review of
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the resource and including generation technologies that can operate within the available
2 m/s ranges in this area is not ruled out and would lead to a new analysis.

5. Conclusions

The proposed framework establishes a general model that can be adapted to various
case study analyses. However, specific resources and criteria may be omitted or added
based on the requirements and limitations of each pre-feasibility study. In each scenario,
the identified alternatives should be presented to a group of experts and decision makers
for them to choose the most suitable option according to their preferences and needs.
This process, aligned with a practical development plan, may be the key to taking better
advantage of the available resources. Moreover, as a differentiating element, the exploration
of mixed resource alternatives is highlighted, incorporating the elements that stand out
from each analyzed resource and presenting them as integrating alternatives.

The FAHP-TOPSIS method helps to evaluate renewable energy generation alternatives,
allowing us to classify alternatives under compromise criteria and enabling decision makers
to consider a wide range of factors and weigh them transparently and systematically.

In addition, including a prior stage of indicator selection allows the analysis method
to be adapted to the requirements of each case study. Moreover, it supports stakeholders in
constructing a suitable set of indicators based on relevance, applicability, and accessibility.
Thus, generating flexibility in the application as an analysis tool.

Starting from a comprehensive analysis of national policies for the integration of
renewable resources, it is precisely the contribution of this type of research that brings
these national objectives of utilization and pre-feasibility analysis to a local perspective,
substantiating the benefits and analysis with the potential of renewable resources.

In the context of the case study application, the framework serves as a systematic
and flexible analysis tool for classifying renewable energy penetration alternatives. From
a technical approach, the feasibility analysis provided in the first stage of the framework
ensures the exploration of renewable generation technologies based on the characteristics
of the resources available in the environment.

The framework shows that multi-criteria analysis methods are appropriate tools for
addressing pre-feasibility analysis problems in renewable resource penetration from a
sustainable standpoint and supporting decision-making in the energy sector according
to stakeholders’ interests and needs. This framework guides future development in inte-
grating generation technologies through a pre-feasibility analysis that allows obtaining
the possible performance results based on the exploitation of clean resources and the
transformation of the energy sector.

As future work and to improve the methodology, we are exploring the possibility of
expanding the analysis through formal problem structuring models and the integration of
social criteria, and risks to provide a comprehensive spectrum within the already evaluated
sustainability for the development of renewable resources for generation.

Additionally, expanding the sources of information for quantifying indicators would
allow decision makers to associate logistics, implementation, and operation processes in
the exploitation of a renewable resource, providing a closer approximation of real benefits
and accuracy in the classification of alternatives.

Regarding the analysis of theoretical pre-feasibility, we are considering examining
the integration of new generation potential estimation models, as well as variables of
interest such as precipitation, temperature, or electricity demand to enable a closer ap-
proximation to the actual potential obtained in potential development plans with these
generation resources.
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