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15  Abstract

16 Stand-alone electrification systems based on the use of renewable energies are suitable to electrify

17 isolated rural communities in developing countries. For their design several support tools exist, but they
18 do not cover some of the technical and social existing constraints and they do not consider the project

19 detail. In this context, this research aims to develop a methodology to optimize the design of such

20  systems, combining the wind and solar generation technologies as well as microgrids and individual

21 systems as distribution scheme, and including economical, technical and social considerations. The design
22 methodology is divided in three stages. First, the characteristics of the target community are gathered.

23 Second, the design process is realized in three decision levels, ordered according to the importance of the
24 decisions taken. At each level several electrification alternatives are generated and then the most

25 appropriate is selected. Third, the final solution cost can be optionally tried to be improved, maintaining
26 the decisions previously taken. The design methodology has been applied to a community to show its

27 suitability to assist rural electrification promoters to design socially adapted and sustainable projects.

28

29 Keywords: design methodology; stand-alone electrification; wind-PV energies; microgrids.
30

31 1. Introduction

32

33  Nowadays around 1.3 billion people lack of access to electricity [1]; mainly in rural

34  areas of developing countries [2]. To electrify this population, systems based on the use
35  of wind and photovoltaic (PV) energies are a suitable option [3]. Both technologies

36 complement to each other and allow attaining a great reliability of supply [4]. Due to the
37  typical dispersion between houses in rural communities, usually individual systems are
38 implemented [5]. As an alternative, projects that combine individual systems with one
39  or more microgrids are increasingly being used, since microgrids have many advantages
40  [6, 7]. However, this combination entails a higher design difficulty, being necessary to
41  plan the structure and connections of microgrids and to study a good compromise

42  Dbetween their extension and possible cost increases when linking points [5].

44  Additionally, social considerations have proven to be a key issue to consider in the

45  design of electrification projects [8, 9, 10]. For attaining a better projects’ sustainability,
46  the way they are carried out needs to be changed promoting high community

47  participation during the design process [11, 12]. Moreover, when considering several

48  technical options inside a single community (such as wind, PV, microgrids and

49 individual systems) a higher analysis of the social characteristics (as the community

50 organization or the representative authorities) is particularly necessary to respect

51  population preferences, and avoid social conflicts [13]. However, including social

52  considerations in the systems design, in addition to economic and technical ones,

53  significantly adds complexity to the projects’ design process.
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Due to the commented reasons, design aid tools are needed to assess the decision-
making when designing stand-alone wind-PV electrification projects. In this line, a
general two-phase process is recommended [14]: first generating a set of efficient
solutions or alternatives (Phase 1), utilizing optimization methods, and then selecting
the most appropriate one (Phase 2), using multicriteria techniques. Thus, a great
accuracy in the problem optimization can be attained and the decision-making can be
carried out easily since the problem is known before deciding [15]. For example,
OptEIDec [16] sizes several technologies to supply isolated microgrids, simulates their
performance and ranks them according to quantitative and qualitative criteria. However,
the combination of technologies is not allowed and no detail of the electric distribution
is offered. SURE [17, 18] models different energy options for isolated communities in
developing countries and selects the most appropriate according to physical, financial,
natural, social and human criteria, using the compromise programming technique.
Technologies combination is allowed, but the detail of the distribution and the decision-
making process are not offered. Finally, Perera et al. [19] combine multiobjective and
multicriteria techniques to design wind-PV systems supported by banks of batteries with
a great detail of the energy resources, but they neither detail the distribution scheme.

Other works just focus on one of the two phases (alternatives generation or selection).
Generally they are adequate for a specific problem but would have limitations if applied
to other contexts. For the generation phase (Phase 1), most of the works combine
several technologies to meet a specific demand, considering the detail of the energy
resources, but without detailing the electric distribution scheme [20, 21, 22, 23, 24].
HOMER [25] and ViPOR [26] are widely used for designing electrification projects in
rural areas of developing countries. HOMER designs the generation system, with a
great detail of equipment and including many technologies, while ViPOR plans the
distribution scheme. However, only one microgrid is allowed and combined with
individual systems. Moreover, these works do not consider the social characteristics of
the communities and the populations.

For the selection phase (Phase 2), in literature there is a tendency to start from a set of
predefined scenarios and aim to choose the most appropriate one considering several
criteria. In fact, including several criteria in energy planning is a key factor to attain
projects’ sustainability [10, 27]. The process for this selection phase is usually
structured in four points [28]: 1) criteria definition; 2) criteria weighting; 3) alternatives
evaluation; and 4) results analysis and discussion. Most works partially or completely
follow this structure using different multicriteria techniques [22, 29, 30, 31].
Complementarily, to simplify the decision-making in the energy field, Thery & Zarate
[32] propose the usual division in three levels: strategic decisions (high and long-term
impact), tactical decisions (moderate and medium-term impact) and operational
decisions (low and short-term impact). However, the way as the predefined scenarios
are conceived or designed is generally not detailed.

In this context, this research aims to develop a methodology to design stand-alone
electrification systems for rural communities, based on hybrid wind-PV energies,
combining microgrids and individual systems and considering the detail of economical,
technical and social characteristics of population. It is worth to highlight that including
other generation technologies could use the same decision process and hierarchical
framework. The design methodology is suitable to assist rural electrification promoters,
allows studying a great amount of design options in a clear and structured framework
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and obtains solutions that match up end-users preferences. As result the most
appropriate size and location of all the equipment to install is obtained, as well as the
microgrids, their structure and the individual systems.

The methodology is organized in three stages. First, three assessments have to be
realized to gather information about the community and its population. Second, the
system design is carried out in three decision levels, ordered according to the
importance of the decisions taken. At each level, a set of electrification alternatives is
generated, studying a specific characteristic of solutions, and then the most appropriate
alternative is selected based on several criteria. Two iterative procedures complement
the process to adjust decisions when going in-depth into the problem. Finally, an
optional third stage carries out a local optimization process maintaining the decisions
previously taken. The functioning of the methodology is finally illustrated through its
use by a rural electrification expert to design the electrification system of a community.

The rest of the paper is organized as follows. In Section 2 the technical and social
design considerations of the electrification projects are described. Section 3 is the
central axis of this work: the proposed methodology for the design of stand-alone
electrification systems is presented. In Sections 4 and 5 the two main parts of the
methodology (the alternatives generation through a mathematical model and the
alternatives selection based on the compromise programming) are explained. In Section
6 the functioning of the methodology is illustrated through its application for a
community. Finally, conclusions are summarized in Section 7.

2. Design considerations

In this section the stand-alone electrification systems are first technically described.
Then the social considerations included in the design of the systems are listed.

2.1. Technical description

Fig. 1 shows the scheme of hybrid wind-PV systems generally used to electrify rural
communities in developing countries autonomously, which can be divided in two parts
[33]: the generation system and the distribution scheme. Regarding the generation part,
the electricity is produced by the wind turbines and the PV panels. The controllers
protect batteries from overloads and deep discharges that could damage their
performance. The batteries store the energy to bridge the gap between generation and
consumption. Finally, the inverters transform the direct current leaving batteries into
alternate current (more suitable for most electrical appliances). Regarding the
distribution part, the electricity from the generation system is distributed to the
consumption points (houses, schools, health centers, shops, etc.) individually (if a single
point is connected) or with a radial microgrid (if several points are connected).
Additionally a meter is installed at each point to control its consumption.
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Fig. 1 — Scheme of a hybrid wind-PV system [adapted from 33]
2.2. Social considerations

The covered energy uses are a key element to design electrification systems. An
excessive supply can unnecessarily raise the project cost while a limited supply can
create false expectations among population (hon-covering their real needs) [34]. Despite
of its importance, the demand has not always been studied in literature, assuming a
specific value without a detailed analysis. However determining a demand value is not
easy. Moreover, when working with equipment with tiered technical and economical
characteristics, the ratio cost per energy produced can be higher or lower depending on
the demand. For that reason, it should be interesting to study the cost of a basic energy
supply (to cover basic needs) and progressive increases.

Domenech et al. [35] analyze five hybrid wind-PV rural electrification projects,
concluding that the management of the system and the adequacy of equipment to end-
users are key elements when desiring to design socially adapted, reliable and sustainable
installations. In particular, this work proposes to study (Table 1): the configuration of
the electric distribution scheme to ease the management of the system and the typology
of equipment to improve its adequacy to end-users. Therefore, some design options are
proposed to be studied in order to improve the social suitability of projects.

Table 1 — Considerations to ease the management of the system
and to improve the adequacy of equipment

Consideration |Design option proposals

(MS1) Maximum number of microgrids, to avoid supervising too much
microgrids in a same community.

(MS2) Minimum number of users per microgrid, to optimize management
Management |efforts avoiding wasting them on too small microgrids.

of the system  |(MS3) Maximum number of individual users, to extend as maximum as
possible microgrids benefits (in front of individual systems).

(MS4) Meters only installed at microgrid points, to save costs, in front of the
natural option of installing them at all the consumption points.

(AE1) Minimum energy percentage generated by PV panels at each
generation point, ensuring each point is supplied by a certain amount of solar
resource (less variable than the wind resource).

(AE2) Minimum number of generation equipment at each generation point, so
that if an equipment fails at least another one still supply the electricity.

(AE3) Additional energy percentage at individual users, to compensate their
disadvantages (as less development opportunities) in front of microgrid users.

Adequacy of
equipment
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3. Methodology for the design of stand-alone electrification systems

The developed design methodology starts when a community is chosen to be electrified
and guides the user (from now on “decider”) through the design process until obtaining
the solution to implement. A novel three-stage structure is proposed (Fig. 2). Stage 1
consists of three assessments to define the target community (Section 3.1). Stage 2 is
the design process itself and groups the alternatives generation and selection phases
identified in literature (Section 1). This Stage is divided in three decision levels, each
one composed by an alternatives generation step followed by an alternatives selection
step (Section 3.2). Stage 3, which is optional, allows trying to diminish the cost of the
solution, maintaining the technical and social design considerations decided in the

previous Stage (Section 3.3).
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3.1. Stage 1. Initial assessments

Stage 1 “Initial assessments” consists of three evaluations to determine the
characteristic data of the target community, which is then necessary for the design
process. In the socioeconomic assessment, the emplacement of the consumption points,
the energy, power and autonomy demands, and the social characteristics of population
that could influence the management of the system (as conflicts between neighbors) are
determined. In the energy assessment, the wind and solar resources at the area are
studied. Usually the solar resource is considered uniform inside a community [36], and
is established from databases that collect meteorological data from stations worldwide.
The wind resource is much more variable and a detailed analysis is required [37]. For
this purpose, an anemometer is placed at a point of the community to measure the wind
speed and direction. With this data, the orography map and the power curves of the
wind turbines, specialized software allows calculating the energy produced by each type
of turbine at each point [38]. Finally, in the technical assessment, the technical
characteristics and the cost of the equipment available in the region are gathered.

3.2. Stage 2. System design

Stage 2 “System design” is the design process itself. In literature two main phases were
identified for the projects’ design: the alternatives generation and selection. However,
due to the great amount of design considerations proposed (Table 1), if all the
alternatives were simultaneously generated the analysis would be too complex and
especially confusing, because of the amount of solutions compared and the mix of
significant and small differences between them. For example, if 10 demand scenarios,
10 distribution configurations and 10 typologies of equipment were studied (which are
realistic values), 1000 alternatives would be generated combining all scenarios among
them. Analyzing 1000 solutions together to select the most appropriate is impracticable,
even more if considering several criteria, and would require from complex multicriteria
tools and, specially, would never allow including the decider preferences easily.

For that reason, the whole process is divided in three decision levels, ordered according
to the importance of the decisions taken. At each level there is an “Alternatives
generation” (Step 1) where a set of electrification options is generated using a
mathematical model (MILP) described in Section 4. Then, there is an “Alternatives
selection” (Step 2) where the most appropriate option is selected through a multicriteria
procedure based on the compromise programming described in Section 5. Moreover, the
alternative selected at a level is used as starting point for the next one. This framework
allows the decider to study in detail a specific characteristic of solutions before studying
less significant aspects (Fig. 2). At each level, an easy-to-handle amount of alternatives
is generated and the decider can deeply analyze solutions, so that his/her preferences
can be taken into account. The general scheme of Stage 2 is as follows:

e At Level 1, the influence on the Cost of modifications on the Demand is studied (i.e.
the covered electric uses are analyzed). For this purpose, several electrification
alternatives are generated minimizing the cost for a set of different demand
scenarios. These modifications have a high and long-term influence on solutions and
their variation would imply the project redesign. In terms of project design, at
Level 1, the groups of users proposed to form the microgrids are established.
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e At Level 2, the influence on the Cost of modifications on the Management of the
system is studied (i.e. the amount, size and reach of microgrids as well as meters
installation are analyzed). Thus, several electrification alternatives are generated
minimizing the cost for a set of different configurations of the distribution scheme.
These modifications have a moderate and medium-term influence on solutions, and
their variation is possible during the project lifetime but with significant economic,
technic and social investments. In terms of project design, starting from the solution
of Level 1, some changes can be observed such as the extension of a connection
between two microgrids forming a single microgrid, the addition of individual users
to existing microgrids or even the creation of new microgrids.

e At Level 3, the influence on the Cost of modifications on the Adequacy of
equipment is studied (i.e. the typology of equipment is analyzed in front of the lack
of energy resources, equipment breakdowns or different development
opportunities). Thus, several electrification alternatives are generated minimizing
the cost for a set of different typologies, size and amount, of equipment. These
modifications have a low and short-term influence on solutions, and their variation
is possible during the project lifetime with slight economic, technic and social
investments. In terms of project design, starting from the solution of Level 2, some
changes can be observed such as the installation of an additional PV panel on a wind
generation point or the substitution of wind turbines by equally powered PV panels.

Table 2 summarizes the three decision level structure of Stage 2 and is organized in
three main columns related to the criteria, the subcriteria and the attributes. As
observed, the Cost is studied at the three decision levels since it is usually the most
important limitation in rural areas of developing countries [39]. At each level two
criteria are compared: the Cost and a supporting criterion, the Demand (Level 1), the
Management of the system (Level 2) and the Adequacy of equipment (Level 3). Each
supporting criterion includes 3 or 4 subcriteria, each one in turn related to an attribute
that defines the studied characteristic of solutions. The studied values of the attributes
(whose combination allows generating the electrification alternatives) are from now on
called “admissible values of the attributes”. For example, in the criterion “Demand”,
there is the subcriterion “Energy” related to the attribute “Required energy by each
point”. Thus, the decider can propose different admissible values, i.e. different required
energies for each point, which will lead to different electrification alternatives.

In detail, the design process from Stage 2 is as follows (Fig. 2). At Level 1 the decider
establishes the basic Energy, Power and Autonomy admissible values (determined
through the Initial assessments) and some progressive percentage increases. For each
combination of admissible values, the cheapest solution meeting the specified Energy,
Power and Autonomy demands is generated, using the mathematical model presented in
Section 4. In this way, the set of electrification alternatives from Level 1 is obtained. To
select the most appropriate one, the multicriteria procedure explained in Section 5 is
used. Then, the top-ranked alternative is selected by the decider and used as starting
point for Level 2. At Levels 2 and 3 the design process is similar. At each one the
decider purposes one or more admissible values for the corresponding attributes and,
through their combination, a set of minimum cost alternatives is generated. Then, the
most appropriate one is selected by the decider. The alternative obtained at the end of
Level 3 is the final solution for Stage 2.
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Table 2 — Criteria, subcriteria and attributes for each decision level

Criteria

Subcriteria

Attribute

Level 1

CF,

Cost

CF,

Demand

CFyy

Energy

AF,

Required energy by each point

CF2.2

Power

AF;

Required power by each point

CFos

Autonomy

AF,

Required autonomy

Level 2

CS,

Cost

Cs,

Management
of the system

CS;.

Amount of microgrids

AS,

Maximum number of microgrids

CS;.,

Size of microgrids

AS;

Minimum number of users per microgrid

CS;5

Reach of microgrids

AS,

Maximum number of individual users

CS;.4

Meters installation

ASs

Meters at all the points or in microgrids

Level 3

CT,

Cost

CT,

Adequacy of
equipment

CToy

PV generation
percentage

AT,

Minimum energy percentage generated by
PV panels at each generation point

CT2_2

Amount of generation
equipment

AT,

Minimum number of generation equipment
at each generation point

CTys

Individual users
energy

AT,

Additional energy percentage at individual
users in front of microgrid users

Finally, between one level and the next one, part of the solution is automatically fixed to
avoid that previous decisions (more important) be influenced by later decisions (less
significant). When an alternative is selected at a level, the decider proposes admissible
values for the attributes of the next level; with this information, part of the solution is
automatically fixed, although the decider can then adapt the fixed elements to his/her
preferences. From Level 1 to Level 2 the microgrids with an enough size (higher than or
equal to the maximum admissible value of attribute AS; studied at Level 2) are fixed.
From Level 2 to Level 3, the existing wires and their direction are automatically fixed.

Additionally, Stage 2 is complemented by two iterative procedures that allow the
decider to adjust the decisions taken when going in-depth into the problem. The first
one comprehends the three decision levels to study many design options by going from
the end of a level to the beginning of the same or a previous one. The second procedure
focus on the alternatives selection step of each level to modify the relative importance
(that is, the weights) assigned to the criteria and subcriteria. This procedure is explained

in detail in Section 5.

3.3. Stage 3. Result improvement

Stage 3 “Result improvement”, which is optional, aims to try to improve the cost of the
solution selected in Stage 2, maintaining the decided considerations. This Stage arises
from the fact that part of the solution is fixed between decision levels in Stage 2, what
can lead to unnecessary cost increases, depending on the decisions taken. In Stage 3 the
mathematical model is solved again in order to try to obtain a cheaper global solution
that still meets all the decided design considerations from Stage 2.

4. Alternatives generation

As introduced in Section 3, each decision level from Stage 2 is composed by two main
steps: alternatives generation (Step 1) and alternatives selection (Step 2). This Section
focuses on Step 1, consisting of generating and optimizing a set of alternatives, studying

a specific characteristic of solutions at each level.
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Currently, the use of mathematical models to solve real problems is increasing thanks to
the last advances in computation technologies [40]. Ferrer-Marti et al. [33] developed a
MILP model to design stand-alone wind-PV systems for rural communities, minimizing
the cost, and considering the detail of the energy, power and autonomy demands, the
energy resources and the distribution through microgrids and individual systems
(MILP1). Domenech et al. [35] modified the previous model adding two sets of socials
considerations (see Table 1): to ease the management of the system studying the electric
distribution scheme (MILP2) and, moreover, to improve the adequacy of equipment to
end-users studying their typology (MILP3). These three models are respectively used
for the alternatives generation step of the three decision levels. The basic structure of
the three models is the same but new constraints are added at each level according to the
studied considerations. Next, the MILP1 and the constraints added for the MILP2 and
the MILP3 are briefly summarized:

e Parameters. Data of the problem necessary to solve the model.

o Generation and accumulation. Wind turbines (types, cost, energy generated and
maximum number at one generation point), PV panels (types, cost, maximum
power, energy generated and maximum number at one generation point) and
batteries (types, cost, capacity, efficiency and discharge factor).

o Network definition. Distance between points, wires (types, cost per meter,
resistance, maximum intensity and efficiency), nominal, minimum and
maximum voltage, and maximum length of a wire segment of the microgrid.

o Equipment. Solar controllers (types, cost and maximum power), inverters (types,
cost, maximum power, efficiency and maximum at a point) and meters (cost).

o Demand (Level 1). Required energy (AF,) and power (AF3) by each point and
required autonomy (AF,).

o Management of the system (Level 2). Maximum number of microgrids (AS,),
minimum number of users per microgrid (AS3z), maximum number of individual
users (AS;) and meters at all the points or just in microgrids (ASs).

o Adequacy of equipment (Level 3). Minimum energy percentage generated by
PV panels at each generation point (AT,), minimum number of generation
equipment at each generation point (ATs) and additional energy percentage at
individual users in front of microgrid users (ATy,).

e Variables. Elements that define the solution and whose value is initially unknown.
o Equipment. Integer variables indicating the number of each type of equipment to
be installed at each point.
o Definition of the network. Binary variables indicating if two points are joined by
a type of wire, and real variables for the energy and power flows between points.

e Objective function. In this case, to minimize the cost of the initial investment
including all the equipment.

e Constraints. Requirements of the problem delimiting the solution.

o Generation and accumulation. At each point, an energy and power balance is
realized. Batteries must be installed in generation points and its capacity must
cover the days of autonomy considering the demand and the discharge factor.

o Definition of the network. Relationship between energy and power flows and the
existence of a wire is established. The installed wire must satisfy maximum
voltage drop and maximum intensity. Microgrid structure must be radial.

9
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o Equipment. Solar controllers must be adequately powered for PV panels. Due to
technical constraints, an adequate wind controller is included in each wind
turbine. Inverters must satisfy the power demand. Controllers and inverters must
be installed in generation points.

o System management (only for MILP2 and MILP3). The amount of microgrids is
limited (AS,). The number of users of each microgrid is lower bounded (ASs3).
The amount of individual users is limited (AS,). Meters are installed at all the
points or just in microgrid points (ASs).

o Adequacy of equipment (only for MILP3). At each point, an energy balance is
realized just for PV generation (AT,). Each point is supplied by, at least, a
certain amount of generation equipment (ATs). An additional energy percentage
is supplied to individual users (AT,).

To generate the alternatives at each decision level, the decider proposes several values
(admissible values) of the studied attributes. For each combination of admissible values,
the corresponding model (MILP1, MILP2 or MILP3) is solved, finding the minimum
cost solution. However, the calculation time needed to solve the mathematical models is
still a challenge. For that reason, a heuristic procedure based on the MILPs relaxation is
proposed to ensure that a feasible and near-to-optimal solution is found in a short
calculation time. As detailed in Appendix A, at each level the heuristic procedure
consists of, first, solving a reduced version of the MILP model and, then, trying to
improve the solution cost solving the usual MILP model. The reduced version of the
models is obtained by reducing the problem dimension; that is limiting the number of
possible connections of the microgrids: a point can be connected to another point only if
its individual electrification cost is higher than the connection cost (wire extension).

Complementarily, Appendix B shows two computational experiments that have been
carried out to validate the heuristic resolution process. On the one hand, results
demonstrate that the heuristic procedure always finds a feasible solution (what does not
always happen without using it) and that the average difference in the solution cost
obtained when solving with and without the heuristic is very small, less than 1%. On the
other hand, results prove that the average difference in the solution cost obtained using
the proposed three-decision-level structure and without using it (and so solving all the
alternatives simultaneously, as usually done in literature) are also negligible, also less
than 1%. Additionally, as explained previously, the proposed decision level framework
allows the decider to interact along the process and to adjust the decisions taken when
going in-depth into the problem.

5. Alternatives selection

This Section focuses on the alternatives selection process (Step 2), which consists of a
multicriteria selection of the most appropriate alternative among the generated set, at
each decision level.

As stated in Section 1, this process is generally organized in four points [28]. First,
some evaluation criteria are defined (Section 5.1) according to the studied context or
region [41, 42, 43]. Second, the criteria are weighted (Section 5.2), i.e. a value is
assigned to each one representing its importance regarding the others. For this purpose
the Analytic Hierarchy Process (AHP) is very used since it allows reducing

10
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inconsistencies in the decision-making [29, 44]. Third, each alternative is evaluated
according to each criterion (Section 5.3), and a quality index is calculated for each
alternative. To calculate this index, several aid tools are proposed, particularly for
energy planning problems [30, 31]. Among others, the compromise programming (used
in this research) is based on comparing each alternative to an ideal solution [45, 46, 47].
Finally, fourth, results are aggregated for their analysis (Section 5.4). This point appears
since the same multicriteria technique applied by several decision-makers or different
techniques applied by a single decision-maker, can lead to different results [48].
Therefore results should be converged, although this point has not been very used in
literature [28].

5.1 Criteria definition

To define a set of evaluation criteria for the design methodology, several meetings were
realized with technical and social rural electrification experts from the NGOs Practical
Action, Peru (PA), Engineering Without Borders, Spain (ESF) and Green
Empowerment, USA (GE). The aim was to identify the criteria that rural electrification
promoters (deciders) tend to use when designing real electrification projects and,
particularly, what turns a solution more or less adequate to a specific context or region
and its population. Therefore, the chosen criteria must include the point of view of all
the stakeholders involved in the project: the promoter, the local and regional authorities,
the end-users, etc. In this way, 28 evaluation criteria were initially listed; a too high
amount that can lead to complex and confusing decisions [49]. Consequently the list
size was reduced grouping in 4 generic criteria with their corresponding subcriteria,
which are presented in the two first main columns of Table 2. In this way, the decider
can focus, at each level, on a reduced set of considerations.

5.2 Weighting criteria

Once the criteria and subcriteria are defined, they are weighted: a value is assigned to
each one representing its importance regarding the others. At the end of Section 3.2 an
interactive procedure was presented allowing the decider to adjust the weights, but the
first iteration can be still an issue. In exchange, if some starting weights are
automatically proposed, an alternatives starting ranking can be obtained and then the
decider can analyze it to modify the weights (and so the ranking) according to his/her
preferences, if necessary.

To define the value of the starting weights, several political, economic, social and
technical electrification experts from the NGOs PA and ESF were surveyed [5]. The
aim was to determine some weights that would be appropriate for rural areas, so the
experts chosen had a wide experience in electrification projects of many contexts
(particularly the coast, highlands and jungle of the Andean region). Table 3 shows the
obtained starting weights. As observed, there are weights for the criteria and the
subcriteria. Therefore, the global weights of the subcriteria are calculated multiplying
their own weights and the weight of the corresponding criteria. For example, the weight
of the subcriterion Energy would be 0.40*0.52.
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Table 3 — Starting weights (SW) for the criteria and subcriteria of the three decision levels

Criteria SW |Subcriteria

Isw

CF, |Cost 0.48]-

CFz,

Energy

0.40

|Level 1

CF, |Demand 0.52|CF,.,

Power

0.32

CFzs

Autonomy 0.28

CS; |Cost 0.48 |-

CS;4

Amount of microgrids 0.20

|Level 2 Management 052

CS;.

Size of microgrids 0.30

CS,

of the system CS,.3

Reach of microgrids 0.32

CSz.4

Meters installation 0.18

CT, |Cost 0.47]-

CTs.

PV generation percentage 0.38

|Level 3 Adequacy of

0.53|CT,,

Amount of generation equipment |0.30

CT. equipment

CTys

Individual users energy 0.32

5.3 Alternatives evaluation

Once the criteria and subcriteria are weighted, each alternative is evaluated according to
each criterion and subcriterion, with the corresponding attribute. In the third main
column of Table 2 the attributes were defined, whose value is the admissible value that
an alternative can attain for an attribute. Now the real values obtained for each
alternative are compared with the admissible values to evaluate the accomplishment of
each alternative with each attribute (Table 4). Note that real values are associated to +/-
symbols that indicate whether a higher/lower real value implies a better alternative rank.

Table 4 — Attributes and real values of the attributes for the three decision levels

Attribute

Real value of the attribute

|Level 1

RF,

Cost of the solution

AF,

Required energy by each point

RF,

+

Point with the lower ratio between supplied
energy and minimum energy required

AF;

Required power by each point

RF;

Point with the lower ratio between supplied
power and minimum power required

AF,

Days of autonomy required

RF,

Point with the lower ratio between available
autonomy and minimum autonomy required

|Level 2

RS;

Cost of the solution

AS,

Maximum number of microgrids

RS,

Number of microgrids

AS,

Minimum number of users per microgrid

RS,

Number of users of the smaller microgrid

AS,

Maximum number of individual users

RS, |-

Number of individual users

AS;

Meters at all the points or in microgrids

RSs

Amount of meters installed

|Level 3

RT,

Cost of solution

AT,

Minimum energy percentage generated by
PV panels at each generation point

RT,

Generation point with lower ratio between energy
produced by PV panels and total energy produced

AT,

Minimum number of generation equipment
at each generation point

RT,

Generation point with the lower amount of
generation equipment installed

AT,

Additional energy percentage at individual
users in front of microgrid users

RT,

Individual point with the lower ratio between
supplied energy and required energy in microgrid

14

15  Once the real values of the attributes are obtained, the alternatives can be evaluated and
16  ranked. For this purpose multicriteria decision-aid tools are very useful to strength the
17  decision process [28]. In particular, this research is applied to rural areas, being

18  necessary easy and transparent tools that allow clearly showing results to all the

19  stakeholders involved in the project. The compromise programming [45, 46, 47] meets
20  all of these conditions. This method is based on the principle that, if a decision-maker
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acts rationally, the best alternative will be the closer one to an ideal solution, which is a
utopian solution attaining the optimum value for all the criteria [45, 46, 47]. The
closeness concept is understood as the mathematical distance (eg. 1).

e
=Sy B0 o

i=1

where p is the metric, whose significance is discussed in Section 5.4; Ly(x) is the
distance between an alternative and the ideal solution depending on the metric p; Wi is
the weight of the criterion i; fi(x) is the value of the alternative for criterion or
subcriterion i (measured through the real value of the attributes); F;" is the ideal value
for criterion i (the best value obtained among all the generated alternatives), f;" is the
anti-ideal value for criterion i (the worst value obtained among all the generated
alternatives); and n is the amount of criteria. Therefore, to rank the alternatives at each
decision level, the Ly(x) distance is calculated for each alternative and used as a quality
index: the lower is the Ly(x) value, the higher is the alternative position in the ranking.

5.4. Final ranking

As expected, depending on the metric p used, the obtained rank can be different.
Therefore an appropriate p value must be chosen existing no rationale among one or
another value [50]. The metric p represents the importance ascribed to the deviation
from the ideal value for a criterion; in other words, the frustration against each criterion.
The higher is the p value, the more importance is assigned to the maximum deviation
[50]. In particular, L1(x) considers an importance to criteria’s deviation proportional to
their weights, while L,,(x) only considers the maximum deviation criterion. In this
problem, the aim is to find a single ranking for each decision level, which does not
require from the decider to choose the p value. In this sense, Diaz-Balteiro & Romero
[51] propose a linear combination of metrics 1 and oo: Lg(x) = a-L1(X) + [1-a/ -Lo(X).
Specifically, a=0.5 is chosen as proposed by San Cristobal [52] for a renewable energy
project.

6. Illustration of the design methodology

To illustrate the functioning of the proposed design methodology, one of the authors
(from now on the decider) designs the electrification system of a community. On the
one hand, the decider has a great experience on the design of rural electrification
projects in different contexts from the Andean region (especially Peru, Bolivia and
Ecuador) and is an active member of the promoter NGOs in charge of such projects.
Moreover the decider has participated during the development of the design
methodology and knows how the tool works. On the other hand, the studied community
is part of a real community from the Andean highlands. The whole community is not
studied, since the aim of this Section is to briefly and clearly show the design process
followed by a decider. Therefore, working on a reduced community, the way as
solutions are adapted to decider’s preferences can be easily understood. Through this
Section, the possibilities offered by the methodology to study many design options
aiming to obtain the most appropriate electrification system for a community are shown.

13
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Stage 1. Initial assessments

To identify the characteristic data of the target community and the population, the
socioeconomic, energy and technical assessments are carried out. In this way, the next
data are gathered:

e Socioeconomic assessment.

There are 7 consumption points: a communal center (1) and six houses (2 to 7).
The point 7 is discarded since the owner does not want the electric service.

Fig. 3 shows the emplacement of the points to be electrified (1 to 6).
Communal center demand. Energy: 600Wh/day; power: 500W.

Houses demand. Energy: 300Wh/day; power: 200W.

There are no conflicts between neighbors, so microgrids are viable.

0 O O O O O

e Energy assessment:
o Autonomy demand: 2 days, considering resources (wind and sun) variability.
o The solar irradiation of the worst month of the year is gathered [53].
o The wind speed and direction are measured and the least resource month is
identified using specialized software [38], see Fig. 3.

e Technical assessment. The next equipment are used:

o Wind turbines (4 types). Energy: 259 to 18007 Wh/day. Cost: $1139 to $5645.
Maximum number that can be installed at a same point: 3.

o Wind controllers. An adequate wind controller is still included in each turbine.

o PV panels (4 types). Energy: 217 to 652 Wh/day. Max power: 50 to 150 W.
Cost: $451 to $1000. Maximum number that can be installed at a same point: 30.

o PV controllers (4 types). Maximum power: 50 to 200 W. Cost: $67 to $125.

o Batteries (4 types). Capacity: 1500 to 3000 Wh. Cost: $225 to $325. Efficiency:
0.85 Discharge factor: 0.60.

o Inverters (4 types). Maximum power: 300 to 3000 W. Cost: $377 to $2300.
Efficiency 85%. Maximum number that can be installed at a same point: 30.

o Meters (1 type). Cost: $50.

o Wires (3 types). Resistance: 2.6 to 0.16 Q/km. Maximum intensity: 64 to 380 A.
Cost: $4.94 to $5.79/m. Efficiency: 0.91. Maximum segment length: 1000 m.
Nominal voltage: 220 V. Minimum voltage: 210 V. Maximum voltage: 230 V.

1500 -

[m/s]

1000

500

0 . X
0 500 1000 1500

Fig. 3 — Wind map of the region and coordinates of the consumption points to electrify
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Stage 2. System design. Level 1. Strategic decisions. Cost vs Demand

The decider proposes the next Demand scenarios:

e Required energy (AF,) and power (AF3) by each point. 3 scenarios: basic (defined
in the socioeconomic assessment); medium (+25%); and high (+50%).

e Days of autonomy required (AF,). 1 scenario: 2 days (see energy assessment).

With these data, 3 electrification alternatives are obtained using the alternatives
generation process presented in Section 4. Table 5 shows their admissible and real
values of the attributes. With the real values and the starting weights of the criteria and
subcriteria (Table 6, iteration 0) an Lg(X) starting value is automatically calculated for
each alternative (Table 5, Lg(x) of iteration 0), in the way described in Section 5. As
observed, the most compromised alternative is A1l (lowest Le(x) value), followed by A2
and then A3. However, the decider goes into the iterative procedure by modifying the
weights of the criteria and subcriteria to adjust them to his preferences (Table 6,
iteration 1), and a new Lg(X) value is obtained for each alternative (Table 5, Lg(x) of
iteration 1). In this case, the best ranked alternative is A2, followed by Al and A3. The
decider selects the best classified alternative (A2) for the next level. Fig. 4 shows its
electric distribution scheme, where green circles represent generation points while

yellow squares are points supplied by a microgrid.

Table 5 — Admissible and real values of the attributes,
and Lg(x) value for the alternatives of Stage 2, Level 1

Attributes Al A2 A3
w AF, |0% (600; 300 Whiday) |25% _ |50%
csum;:s'b'e AF; |0% (500; 200 W) 25%  |50%
AF, |0% (2 days) 0% 0%
RF, |10108 12033 |12350
Real RF, [0% 26%  |57%
values RF, [20% 43%  |50%
RF, [8% % 3%
Le(x) (iteration 0)  ]0.372 0.549 ]0.554
L-(x) (iteration 1) _ |0.500 0.496 |0.500

Table 6 — Weights of the criteria and subcriteria used at Stage 2, Level 1

.. |Weight .. |Weight
Criteria Iteration 0 |lteration 1 Subcriteria Iteration 0 |[Iteration 1
CF, 0.48 0.50 -
CFy 0.40 0.10
CF, 0.52 0.50 CFy, 0.32 0.90
CF,3 0.28 0.00
6 A2
5 Do
; ’
1

Fig. 4 — Distribution scheme of the alternative selected at Stage 2, Level 1
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Stage 2. System design. Level 2. Tactical decisions. Cost vs Management of the system
The decider proposes the next scenarios for the Management of the system:

e Maximum number of microgrids (AS,). 2 scenarios: 1 and 2.

e Minimum number of users per microgrid (AS3). 2 scenarios: 2 and 3.

e Maximum number of individual users (AS,). 1 scenario: 6.

e Meters at all the points or in microgrids (ASs). 2 scenarios: all and microgrid points.

Additionally, from Level 1 to Level 2, part of the solution is automatically fixed: the
microgrids with a higher or equal size than the maximum admissible value for the
attribute AS3 (3 users per microgrid). However, the single microgrid formed in
alternative A2 has 2 users so no elements would be automatically fixed, although the
decider prefers to maintain the aforesaid microgrid of 2 users.

With these data, 8 electrification alternatives are obtained. Table 7 shows their
admissible and real values of the attributes. With the real values and the starting weights
of the criteria and subcriteria (Table 8) an Lg(x) starting value is automatically
calculated for each alternative (Table 7). Additionally, the distribution scheme of the
alternatives is shown in Fig. 5. As observed, only two different configurations are
obtained, so the decider temporarily selects the best ranked alternative for each scheme
(B1 and B3) and goes into the iterative procedure to propose new scenarios for the
Management of the system. Note that the design methodology allows the decider to
select more than one alternative along the decision process, to study them in parallel in
the next levels.

Table 7 — Admissible and real values of the attributes,
and Lg(x) value for the alternatives of Stage 2, Level 2

Attributes BL |B2 B3 B4 |B5 |B6  |BY B8

AS, |1 1 1 1 2 2 2 2
Admissible  [AS; |2 2 3 3 2 2 3 3
values AS, |6 6 6 6 6 6 6 6

ASs |All Mgrid |All Mgrid |All Mgrid |All Mgrid

RS, |12033 |11833 |15518 |15468 |12033 |11833 |15518 |15463
meal RS, |L 1 1 1 1 1 1 1
V;"L‘j s RS: |2 2 5 5 2 2 5 5

RS, |4 4 1 1 4 4 1 1

RS: |6 2 6 5 6 2 6 5

[Le(x) (iteration 0) J0.410 [0.517 [0.483 [0.491 [0.410 [0.517 [0.483 0.491 |

Table 8 — Weights of the criteria and subcriteria used at Stage 2, Level 1

. Weight . Weight
Gt Iteration 0 ST Iteration 0
CS; 0.48 -

CS, 0.20
CS, 0.30
CS, 0.52 CSys 0.32
CS,3 0.18
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3 2 3
b / | | A 2
- 2 y 2
. a D |[b] ~ 1
2 Fig. 5 — Distribution scheme of the alternative obtained at Stage 2, Level 2
3
4  The decider proposes the next new scenarios for the Management of the system:
5
6 e Maximum number of microgrids (AS;). 2 scenarios: 1 and 2.
7 o Minimum number of users per microgrid (ASs). 2 scenarios: 2 and 3.
8 e Maximum number of individual users (AS,). 2 scenarios: 6 and 0.
9 e Metersat all the points or in microgrids (ASs). 1 scenario: all points.
10
11 Additionally, in this case, the decider does not fix any element from the alternative A2.
12
13 With these data, 8 new electrification alternatives are obtained, which are compared to
14  the 2 alternatives selected previously (B1 and B3). Table 9 shows their admissible and
15  real values of the attributes. With the real values and the starting weights of the criteria
16  and subcriteria (Table 8) an Lg(x) starting value is automatically calculated for each
17  alternative (Table 9). Additionally, the distribution scheme of all the alternatives is
18  shown in Fig. 6. As observed, a greater range of configurations is obtained. Finally, the
19  decider selects the two best ranked alternatives (B1 and B3) for the next level.
20
21 Table 9 — Admissible and real values of the attributes,
22 and Lg(x) value for the alternatives of Stage 2, Level 2 (bis)
Attributes Bl B3 |B9 |B10 |B11 [B12 [B13 [B14 [B15 |[B16
AS, |1 1 1 1 1 1 2 2 2 2
Admissible |[AS; |2 3 2 2 3 3 2 2 3 3
values As, |6 6 6 0 6 0 6 0 6 0
AS; Al All AL [AN All All All All All All
RS, [12033 |[15518[12033[19722 [12320 [19722 [12033 [16454 [12320 [16454
Real RS, |1 1 1 1 0 1 1 2 0 2
iy RS; |2 5 2|6 0 6 2 3 0 3
RS, |4 1 4 0 6 0 4 0 6 0
RS; |6 6 6 6 6 6 6 6 6 6
[Le(x) (iteration 0) [0.324 [0.283 [0.324 [0.514 [0.400 [0.514 0.324 [0.388 [0.400 [0.388 |
23
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Fig. 6 — Distribution scheme of the alternative obtained at Stage 2, Level 2 (bis)

Stage 2. System design. Level 3. Operational decisions. Cost vs Adequacy of
equipment

Different scenarios are studied for the two alternatives selected at Level 2. For the
alternative B1, the decider proposes the next scenarios for the Adequacy of equipment:

e Minimum energy percentage generated by PV panels (AT,). 1 scenario: 0%.
e Minimum number of generation equipment (AT3). 2 scenarios: 0 and 2.
e Additional energy percentage at individual users (AT,). 1 scenario: 0%.

For the alternative B3, the decider proposes the next scenarios for the Adequacy of
equipment:

e Minimum energy percentage generated by PV panels (AT,). 1 scenario: 0%.
e Minimum number of generation equipment (AT3). 2 scenarios: 0 and 2.
e Additional energy percentage at individual users (AT,). 2 scenarios: 0 and 40%.

Additionally, from Level 2 to Level 3, part of the solution is automatically fixed: the
existing wires and their direction. The decider accepts to fix them, both for B1 and B3.

With these data, 6 electrification alternatives are obtained, 2 for the alternative B1 and 4
for the alternative B3. Table 10 shows their admissible and real values of the attributes.
With the real values and the starting weights (Table 11) an Lg(X) starting value is
automatically calculated for each alternative (Table 10). Regarding the distribution
scheme, no modifications in the configuration are obtained: the 2 alternatives from B1
have one two-user microgrid and four individual users (Fig. 6.a) and the 4 alternatives
from B3 have one five-user microgrid and one individual users (Fig. 6.b). Therefore, the
decider initially selects the best ranked alternative for each alternative from Level 2: C2
from B1 and C5 from B3. However, the decider observes that the alternative C4 and C5
have very similar indexes (0.397 and 0.395, respectively) so selects both of them.
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Table 10 — Admissible and real values of the attributes,
and Lg(x) value for the alternatives of Stage 2, Level 3

. From B1 From B3
AT c1__|c2 c3 Jca |cs  |ce
— AT, |0% 0% 0% 0%  |0%  |0%
6;3;‘535'“9 AT, |0 2 0 0 2 2
AT, |0%  |0% 0%  |40% (0%  |40%
RT, |12033 |12812 | [15518 |16048 |16000 |16443
Real RT, [0%  |0% % 0% |0%  |0%
values RT; |1 2 1 1 2 2
RT. 1%  |1% 26% |67%  |5%  |67%

[L(x) (iteration 0) [0.533 |0.467 | [0.442 [0.397 [0.395 [0.467 |

Table 11 — Weights of the criteria and subcriteria used at Stage 2, Level 3

. Weight . Weight
e Itergtion 0 B ETE Itergtion 0
CT, 0.47 -

CTyq 0.38
CT, 0.53 CT,., 0.30
CT2_3 032

At this point, there are three candidate alternatives. To select one among them, the
decider considers specific data from the target community. In particular, the decider
selects C4 which: 1) has more microgrid users than C2 (Fig. 6.a and 6.b) that
compensate the cost increase; and 2) offers a greater amount of energy to individual
users than C5 for a similar cost (Table 8).

Stage 3. Result improvement

To conclude the design process, the decider tries to improve the cost of the alternative
C4 selected at Stage 2, but maintaining the decisions taken. Table 12 shows the
admissible and real values of the attributes of the three decision levels for the alternative
C4 and the new obtained alternative C4*. Moreover, Fig. 7 shows the electric
distribution scheme of both alternatives. The main differences are: 1) the amount of
energy and power supplied to the consumption points; 2) the distribution configuration,
C4 having one five-user microgrid and C4* one three-user microgrid; and 3) the cost,
that is a 22.4% lower for C4* than for C4. For that reason the decider selects C4*.

Table 12 — Admissible and real values of the attributes for the alternatives studied at Stage 3

Attributes
Admissible Real values
values C4 C4*
AF, |25% RF, |58% |72%
Level 1| AF; |25% RF; |42% 28%
AF, | 0% RF, [1% 3%
AS, |1 RS, |1 1
AS; |3 RS; |5 3
Level 21 s, T6 RS, |1 3
AS; |All RS; |6 6
AT, |0% RT, |0% 0%
Level 3| AT; |0 RT; |1 1
AT, |40% RT, |67% 67%
Cost [$] 16048 | 12451
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Fig. 7 — Distribution scheme of the alternative studied at Stage 3

7. Conclusions

This work aims to develop a methodology to design stand-alone electrification systems
for rural communities, based on wind and PV energies and combining the distribution
through microgrids and individual systems. Due to the complexity of the process, the
design methodology is divided in three stages.

In Stage 1, three assessments allow identifying the input data for the next stages: the
characteristics of the target community and the population. In Stage 2 the design
process itself is carried out in three decision levels. Thus, the influence on the Cost of
modifications on the Demand (Level 1), the Management of the system (Level 2) and
the Adequacy of equipment (Level 3) are studied. Each level is structured in two steps:
first a set of electrification alternatives is generated, using a mathematical model, and
then the most appropriate one is selected, using the compromise programming. The
whole process is complemented by two iterative procedures that allow studying many
design options and adjusting users’ preferences. Additionally, between one level and the
next one, part of the solution can be fixed. A third and optional Stage is proposed to try
to reduce the solution cost, maintaining the decisions taken previously.

Finally the functioning of the methodology is illustrated through its use by an expert to
design the electrification system of a community. Results show how the methodology
can assist electrification promoters to design stand-alone projects, trying many design
options in a clear and structured framework and including economic, technical and
social considerations. Besides, three demand scenarios are tried in Level 1, 16
management scenarios in Level 2 and 6 equipment adequacy scenarios in Level 3; many
more scenarios than the usual 2 or 3 options considered when designing a project.
Therefore, the appropriateness of the final solution is ensured, since it represents the
best compromise between the minimum electrification cost and the maximum covered
energy uses, the easiest management of the system and the better adequacy of
equipment to population. As future research, two experts are currently using the
methodology to design the projects for two real rural communities.
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Appendix A. Heuristic procedure based on the mathematical models

Some previous computational experiments showed that the mathematical models shown
in Section 4 allow obtaining near-to-optimal solutions in an adequate computing time
[33, 35]. However, when using the proposed methodology several alternatives are
generated at each level, so the total calculation time can dramatically increase. For that
reason, a heuristic procedure is needed to ensure that an acceptable solution is always
found in a reduced calculation time. This solution could then be improved if the decider
permits a longer calculation time.

The proposed heuristic consists of reducing the dimension of the problem to be solved.
As introduced in Section 4, a maximum length of a wire segment of the microgrid is
established by the decider as an input parameter for the mathematical models. This
distance is now proposed to be substituted by a usually shorter one that depends on the
cost of electrifying individually each point (see eq. A.1). Thus, the cheaper is a point’s
individual electrification cost, the shorter is its maximum connection distance to another
point. The model using this new distance is from now on called “reduced model”.
Therefore, the complete heuristic procedure for each decision level is as follows: first
the “reduced model” is solved in a maximum calculation time (which is detailed in
Appendix B) and then the “non-reduced model” is solved trying to find, in the
remaining calculation time, a cheaper solution including the previous cost as an upper
bound. This process is applied to the three decision levels using the corresponding
model (as explained in Section 4).

Cindiv i
Loax_ij < max( =

Cindiv j
— = eq. Al
W J (eq. A1)

CwW

where Limax_jj IS the maximum connection distance between points i and j; Cingiv j and
Cindgiv_j are the individual electrification costs of points i and j; and CW is the cost per
meter of the cheapest wire.

It is worth to highlight that some incompatibilities can appear when solving the second
decision level, depending on the decisions taken at Level 2. For example, if studying a
maximum of 1 microgrid and 0 individual users, when combining both values a single
microgrid should supply all the consumption points. However, if some points are too far
from the others, the microgrid could not be compatible with the maximum connection
distance (Lmax_jj). In that case, instead of the “reduced model” an “alternative model” is
solved. This “alternative model” finds an electric distribution configuration compatible
with the problematic admissible values of the attributes (the single microgrid in the
previous example), but without considering the generation and storage equipment.

Appendix B. Validation of the alternatives generation step

To validate the solution of the alternatives generation step of the three decision levels,
two computational experiments are realized, evaluating the performance of the heuristic
procedure and quantifying the error made when solving with the three levels in front of
solving without them. For this purpose 20 instances are randomly generated based on a
pattern of real communities, modifying most influencing elements on solutions:
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e The wind resource, the area and the orography of the terrain based on data from two
real communities from the Andean highlands of Peru [33].

e The amount of consumption points: 10, 20, 30, 40 and 50.

e The concentration of the consumption points: 25% or 50% of the points
concentrated in an area of the 30% of the analyzed region.

Moreover, the next admissible values of the attributes at each decision level were
determined in collaboration with the NGOs Practical Action — Peru (PA), Engineering
Without Borders — Spain (ESF) and Green Empowerment — USA (GE):

e Level 1. Demand.
Required energy (AF;) and power (AF3) by each point. 2 scenarios: 280 Wh/day and
200 W; and 420 Wh/day and 300 W.
Days of autonomy required (AF,). 1 scenario: 2 days.

e Level 2. Management of the system.
Maximum number of microgrids (AS). 2 scenarios: not limited and 1.
Minimum number of users per microgrid (AS3). 2 scenarios: 0% and 25%.
Maximum number of individual users (AS.). 2 scenarios: not limited and 25%.
Meters at all the points or in microgrids (ASs). 2 scenarios: all and microgrid points.

e Adequacy of equipment.
Minimum energy percentage generated by PV panels (AT,). 2 scenarios: 0 and 25%.
Minimum number of generation equipment (ATs). 2 scenarios: 0 and 2.
Additional energy percentage at individual users (AT,). 2scenarios: 0 and 20%.

With this data, at the first level, two models are solved for each instance (the low and
the high energy and power demands). At the second level 16 models should be solved
for each instance; result of combining the two admissible values of each of the four
attributes (2*=16). However two models are repeated and not considered: if imposing a
maximum of 1 microgrid and a maximum of 25% of individual users, the solution is the
same whether imposing or not a minimum of 25% of users per microgrid; both for the
cases with meters at all the points or just at microgrid points. At the third level 8 models
are solved for each instance; result of combining the two admissible values of each of
the three attributes (2°=8). Therefore a total of 254 models are solved (2 + 2*14 +
2*14*8) driving to 30 partial solutions (levels 1 and 2) and 224 final solutions (level 3).

B.1. Computational experiment to evaluate the performance of the heuristic procedure

To evaluate the performance of the heuristic rocedure, two different solving processes
are compared. In both cases each instance is solved using the three decision levels, i.e.
solving the 254 mathematical models:

e Resolution without heuristic (RNH). The proposed heuristic procedure is not used
and at its place the “non-reduced model” is directly solved at each level.
¢ Resolution with heuristic (RH). The proposed heuristic procedure is used.

Before solving the models, the available calculation time needs to be distributed among

the three decision levels. For this purpose, we consider an acceptable computing time of
3600s (as detailed next) and that the resolution of Level 1 is slower than Level 2, which
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is in turn slower than Level 3; since part of the solution is fixed between levels. Thus,
the computing time is distributed as: 1800 s for each model from level 1, 1200 s for
each model from level 2; and 600 s for each model from level 3. In this way, the
maximum calculation time to solve each instance is around two days. Table B.1 shows
the results for the three levels (the values represent the average for the 20 instances).
First column shows the amount of models where RNH does not obtain any solution (RH
always obtains a solution). Second column shows the cost difference between RH and
RNH. Negative values indicate a cost reduction using the heuristic while positive values
indicate an increase. Finally, third column shows the percentage of solutions where RH
obtains a cost better to or equal than RNH.

Table B.1 — Evaluation of the performance of the heuristic procedure

RNH Mean RH better to or
non solved |(RH-RNH) |equal than RNH
Level1 |0 0.0% 72.5%
Level 2 |0 —0.9% 79.3%
Level 3 |33 0.7% 67.4%

As observed, if the heuristic procedure is not used, in 33 models from level 3 no
solution is obtained. This is a key criterion to decide to use the heuristic, since the
design methodology has to always find a solution. Moreover, in general terms, the costs
obtained with and without the heuristic procedure are very similar, with differences
lower than 1%. Additionally, in more than two-third models the cost obtained using the
heuristic procedure is equal to or lowers than without using it. Thus, results allow
stating that the heuristic procedure obtains acceptable solutions.

B.2. Computational experiment to quantify the error made when solving with the three
decision levels

To quantify the error made when solving the problem with the three levels in front of
solving directly (once the admissible values of all attributes are proposed for the three
levels, the models to solve without levels are generated; 224 in the current example),
three solving processes are tested:

e Direct resolution (DR). Each instance is solved without decision levels, imposing a
maximum calculation time of 3600 s for each of the 224 models, i.e. a total of 9
days and 8 hours per instance.

e Long levels resolution (LLR). Each instance is solved with the decision levels,
imposing a maximum calculation time of 8481 s for each model of the first level,
5654 s for each model of the second level and 2827 s for each model of the third
level (what corresponds to a total of 16962 s to solve the three models). These
values also correspond to a total of 9 days and 8 hours per instance.

o Short levels resolution (SLR). Each instance is solved with decision levels,
imposing a maximum calculation time of 1800 s for each model of the first level,
1200 s for each model of the second level and 600 s for each model of the third
level. This is the RH (resolution with heuristic) form Section 4.3.1.

Table B.2 shows the results obtained when comparing the direct resolution to the long
and short levels resolutions (the values represent the average for the 20 instances). First
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and second columns respectively show the maximum percentage of cost reduction and
increase, among the 224 final solutions with the levels resolution (XLR, LLR for long
and SLR for short) in front of DR. Third column shows the average cost difference
obtained by XLR in front of DR. The positive values indicate a cost increase using the
three levels. Finally, fourth column shows the percentage of solutions where the cost
obtained with XLR is better to or equal than with DR.

Table B.2 — Experiment to quantify the error made when solving with the three decision levels

Max_red,,, |Max_incy, |Mean XLR better to or
(XLR-DR) |(XLR-DR) |(XLR-DR) |equal than DR
LLR [18.3% 61.1% 0.7% 54.4%
SLR ]18.4% 61.1% 0.9% 52.2%

As observed, in general terms the cost obtained when solving with decision levels is less
than 1% worse than the cost obtained when solving directly. Besides, in most cases the
cost using decision levels is better than or equal to the cost without levels. Moreover,
although for some cases the maximum cost increase is significantly high (attaining
61.1%), these are punctual cases, caused by the randomized and generalized studied
admissible values of the attributes, without a detailed analysis for each instance.
Additionally, it is worth to highlight that allowing more calculation time for the levels
resolution (LLR vs. SLR) does not lead to significantly better results. Therefore, the
short level resolution is proposed to be used since it obtains similar results than the
direct resolution but in a lower calculation time. This strengthens the idea of working
with decision levels, which mainly allow the decider to interact and structure the
decision-making to adjust the design to the real needs of population.
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