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Abstract

Hybrid wind-photovoltaic stand-alone systems have proven to be suitable to electrify isolated
communities autonomously. Moreover, the use of a combination of microgrids and individual systems
has been demonstrated to be very adequate. There are a few tools to assist their design but they only
consider economical and technical characteristics. However, the management of the system and the
security of supply, both at a community level, are key aspects to design appropriate electrification
systems for end-users, thus ensuring projects’ long-term sustainability, especially in rural areas of
developing countries. In this context, this paper develops a mathematical model to optimise the design of
wind-photovoltaic projects combining microgrids and individual systems, and including the aforesaid key
issues as constraints. Thus, the aim is to minimise the cost while meeting the technical but also the
management and the security of supply constraints. Finally a validation is carried out in the real
community of Alto Peru (Peru), proving that the two studied aspects allow obtaining electrification
solutions with some benefits that strongly compensate the obtained slight cost increases.

Keywords: wind-photovoltaic; stand-alone electrification; management; supply security.

1. Introduction

At present, around 1.3 billion people lack access to electricity [1], especially in rural
areas of developing countries [2]. The conventional strategy for providing electricity
consists on extending the national grid. However, this strategy presents limitations when
reaching rural or mountainous areas with scattered population. Alternatively stand-alone
electrification systems based on the use of renewable energies are increasingly being
used [3], since they help improving projects’ sustainability using local resources and
avoiding external dependencies [4]. In particular, the use of a combination of wind and
photovoltaic (PV) technologies is significantly increasing, since both complement to
each other in relation to continuity of supply and allow saving costs [5].

Given the characteristic dispersion between households in rural communities of
developing countries, the common electrification solution consists on installing
individual systems: independent generation, storage and distribution equipment are
installed to supply each point [6]. Alternatively, microgrids are increasingly been used.
This is an electric configuration where the generation and storage equipment are
concentrated at a single point and the electricity is then distributed to a set of points.
The advantages of microgrids are significant [7, 8]: the consumption of a point is not
conditioned by the energy resources at its location, the equality in consumption between
users is favoured, costs can be saved due to economies of scale and the flexibility in
consumption is promoted (allowing punctual increases thanks to the greater amount of
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available energy). However, microgrids entail a higher design difficulty: their structure
and connections have to be planned, and a good compromise between their extension
and the possible cost increase has to be studied [9]. For this reason, a decision-aid
model is needed to assist the design of such systems.

Literature related to the design of stand-alone electrification systems, mainly focuses on
combining technologies to meet a specific demand, without studying the detail of the
electric distribution configuration [10]. Very few papers overcome these limitations,
especially when studying rural areas of developing countries. Ter-Gazarian and Kagan
[11] design a model that sizes and locates the generation and storage equipment, but
only considering one microgrid without individual systems. VIPOR [12] draws on the
results from HOMER [13] to design the distribution system combining microgrids and
individual systems, but does not consider different energy resources for the individual
systems and does not include voltage drops. Finally, Ferrer-Marti et al. [14] develop a
mathematical model for designing stand-alone electrification systems with wind-PV
technologies, considering the detail of the energy resources, the energy and power
demands at each consumption point and obtaining, as a solution, the emplacement of all
the equipment to implement, and the adequate combination of microgrids (with their
structure) and individual systems.

The previous publications design the electrification systems only considering
economical and technical characteristics. Other works focus on additional aspects,
which are key factors to ensure projects’ long-term sustainability, which is always an
issue in rural areas of developing countries [15]. Although such aspects could be
included as constraints, they have usually been considered in literature as design
criteria. In this way, Wang et al. [16] review common criteria used in literature when
designing electrification systems: social acceptability, job creation and social benefits;
which can have different implications depending on the context or the region. In large-
scale works, they tend to have economic implications [17], as the labour impact or the
market maturity; environmental implications [18], as the visual impact or the acoustic
noise; or institutional implications [19], as the cohesion to local activities. However, in
rural areas of developing countries, a higher detail of criteria at a community level is
required in order to adapt the project to the population characteristics [20]. For example,
SURE distinguishes, among others, between social criteria, related to the community
organisation, and human criteria, related to the education and health [21]. Biswas et al.
[22] consider the community organisation level. Finally, Camblong et al. [23] analyse
the type of equipment implemented in order to respond to end-users’ preferences.
Unfortunately, in the reviewed publications the detail of the community is not
considered and the solutions obtained do not specify the location of the equipment and
the distribution combining microgrids and individual systems.

This paper aims to bridge this gap developing an optimisation model to design stand-
alone electrification projects in rural areas of developing countries, including two sets of
constraints to overcome the main limitations observed in yet implemented systems. In
particular, five rural electrification projects in Peru and Bolivia are analysed, identifying
that the management of the system should be eased and the security of supply should be
improved. The inclusion of both issues can lead to projects better meeting end-users’
preferences, but have not been studied at a community level in the reviewed design
works. To include them in the design of stand-alone electrification systems, a new
mathematical model is developed based on the procedure presented by Ferrer-Marti et



al. [14]. Obtained solutions will then be appropriate to the technical, management and
security of supply requirements of the community and its population, indicating the
amount and location of all the equipment, the individual systems, the microgrids and
their structure. Finally, the developed model is applied to the real community of Alto
Peru (Peru). Results show that the model can help rural electrification promoters to
carry out projects including some improvements that will lead to more sustainable and
socially accepted systems that will widely compensate the obtained slight cost
Increases.

The rest of the paper is organised as follows. In Section 2 the stand-alone electrification
systems are described and the performance of five real projects is analysed to justify the
need of considering management and security of supply constraints in projects’ design.
In Section 3 the mathematical model is developed, including such constraints. In
Section 4 the appropriateness of both constraints is validated through their use to design
of a real community project. Finally, the main conclusions are summarised in Section 5.

2. Definition of the problem

In this section the stand-alone electrification systems generally used in rural areas of
developing countries are described. For this purpose first the systems are technically
defined and then the performance of real implemented projects is analysed identifying
their main limitations and proposing some constraints to overcome them.

2.1. System description

The scheme of a hybrid wind-PV system with distribution through microgrids or
individual systems is presented in Fig. 1. The electricity is produced by the wind
turbines and/or the PV panels. The controllers protect batteries from overloads and deep
discharges. The electricity is then stored in batteries to bridge the gap between
generation and consumption. Next, the inverters transform the direct current from
batteries into alternating current, which is more suitable for most electrical appliances.
Finally, the electricity is distributed to consumption points (households, schools, health
centres, etc.) as individual systems or radial microgrids [12]. 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 with microgrid distribution, adapted from [14]



Complementarily, a management model is conceived according to the population
characteristics to organise the community during the project lifetime [9, 24, 25]. Thus,
educating population on an efficient electricity use and appropriate project management
are key issues to ensure the project sustainability and end-users’ reliability on
electrification systems [26]. On the one hand, end-users are trained to realize domestic
operation and maintenance tasks [9, 25]. On the other hand, a technician is in charge of
community operation and maintenance tasks and an administrator in charge of activities
such as collecting end-users’ monthly fees for later equipment repairs or substitutions
[24, 25].

2.2. Analysis of electrified communities

Five electrified communities in rural areas of developing countries have been studied.
Next their implemented stand-alone electrification systems are presented:

e Alto Peru, Peru [9]. Two wind microgrids, a PV microgrid and individual PV
systems for the 26 users.

Campo Alegre, Peru [9]. Hybrid wind-PV individual systems for the 20 users.

El Alumbre, Peru [9]. Wind individual systems for the 35 users.

Challapata, Bolivia [27]. Individual PV or wind systems for the 12 users.

Turco, Bolivia [27]. Individual wind systems for the 13 users.

From the analysis of the performance of these electrification projects, the management
of the system and the security of supply have been identified as key aspects to ensure
the projects’ sustainability.

2.2.1. Analysis of the management of the electrification system
The most influencing elements in the management of the electrification systems are:

e Conflicts due to the configuration of the electric distribution. As stated previously,
microgrids offer several advantages in front of individual systems. Therefore its
extension is recommended to be as much as possible. However, implementing too
many microgrids or very small microgrids (in the same community), even more if
combining with individual systems, can make the whole system too complex to
manage. Thus, avoiding projects with too many microgrids and/or small microgrids
IS recommended.

o Differences in the paying rate. The fee that beneficiaries have to periodically pay for
the electricity allows defraying the maintenance, repair and substitution of the
equipment [24, 25]. In the studied communities meters are installed in microgrid
points to control their consumption and to adapt the fee to the real consumption. In
contrast, in individual users meters are not installed to save costs and the paying rate
is the same for any of them. However, this situation can lead to conflicts between
users with different consumptions but paying the same rate or users with the same
consumption but paying different rates. Thus, installing meters at all the points is
suggested in order to establish a paying rate according to their real consumption.

Table 1 summarises the four proposed constraints to consider when designing
electrification projects in order to ease the management of the system.



2.2.2. Analysis of the security of supply

The security of supply is related to the type of equipment used in order to respond to
users’ needs (for instance, different technology, number or power of the generators).
The most influencing elements are:

Table 1 — Constraints to ease the management of the system
Limitation Constraint

(MS1) Maximum number of individual users, to extend the
electrification through microgrids.

(MS2) Maximum number of microgrids, to avoid too many microgrids
in a same community.

(MS3) Minimum number of users per microgrid, to reduce the effort
invested in management, not spending them in too small microgrids.

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

Conflicts due to the
configuration of the
electric distribution.

e Variability of the energy resources. Although batteries supply electricity in periods
without generation, if these periods extend longer than expected the energy supply
may be cut off. Generally, the solar resource has a low variability over the time [28],
while the wind resource is much more variable. Therefore each consumption point
should be supplied by, at least, a certain amount of solar energy.

e Failures in the equipment. Most rural communities are very far from the cities,
which greatly slows the repairs. Hence, promoting each consumption point to be
supplied by more than one generator is recommended, so that if one fails, at least
another one will still supply electricity.

o Differences in the energy allowance. As stated before, microgrids allow some
flexibility in consumption (punctual increases in demand), while individual users
cannot. This difference can lead to inequalities in the development opportunities.
Therefore an additional amount of energy for individual users should be studied in
order to compensate their disadvantages in front of microgrid users.

Table 2 summarises the three proposed constraints to consider when designing
electrification projects in order to improve the security of supply.

Table 2 — Constraints to improve the security of supply
Limitation Constraint

Variability of the [(SS1) Minimum percentage of energy generated by PV panels at each generation
energy resources. |point, ensuring each point is supplied by a certain amount of solar resource.
Failures in the (SS2) Minimum number of generation equipment at each generation point, so that
equipment. if one generator fails at least another one still supply the electricity.

Differences in the |(SS3) Additional percentage of energy on individual users, to compensate their
energy allowance. |development disadvantages in front of microgrid users.

3. Mathematical model

The use of optimisation methods, as linear programming, is increasingly a powerful tool
for solving real-life problems as the design of electrification systems using renewable
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energies [29]. This paper develops a new mixed integer linear programming model
(Subsection 3.1), based on the procedure presented in [14]. The model is extended and
adapted to include four constraints to ease the management of the system (Subsection
3.2) and three constraints to improve the security of supply (Subsection 3.3).

3.1. Model with technical constraints
Next the model with the technical constraints introduced in Subsection 2.1 is presented.
3.1.1. Data

e Consumption points

P Number of consumption points (households, schools, health centers). These are
the points where the generators can be placed.

La  Distance [m] between two points pand d (p=1,...,P; d=1,...,P).

Lmax  Maximum length of a wire segment of the microgrid.

Qp Set of points to which a point p could be directly joined with a wire segment
(p=1,...,P; d=1,...,P: p#d; Lpa<Lmax).

ED, Electric energy demand [Wh/day] at p (p=1,...,P).

PD, Power demand [W] at p, considering the simultaneity factor (p=1,...,P).

e Electric generation

A, NA Number of types of wind turbines (a=/,...,A) and maximum number of wind
turbines that can be placed at a point, respectively.

EApa Energy generated [Wh/day] by a wind turbine of type a placed at p (p=/,...,P;
a=I,...,.A).

CA; Cost [US$] of a wind turbine of type a, including the wind controller (a=1,...,A).

S, NS Number of types of PV panels (s=/,...,S) and maximum number of PV panels
that can be placed at a point, respectively.

ESs  Energy generated [Wh/day] by a PV panel of the type s (s=/,...,S).

PSs  Maximum power [W] of a PV panel of type s (s=1,...,S).

CSs  Cost [US$] of a PV panel of type s (s=1,...,S).

VA Number of types of PV controllers (z=1, ...,2).

PZ, Maximum power [W] of a PV controller of type z (z=1,...,2).

CZ, Cost[US$] of a PV controller of type z (z=1, ...,Z).

e Electric equipment

B Number of types of batteries (b=1, ..., B).

EBp, Capacity [Wh] of a battery of type b (b=1,...,B).

CB, Cost [US$] of a battery of type b (b=1, ...,B).

nb Efficiency of the batteries [fraction of unity].

DB  Maximum proportion of discharge admitted in the batteries.

DA Required autonomy of the batteries [days].

I, NI Number of types of inverters (i=1,...,/) and maximum number of inverters that
can be placed at a point, respectively.

Pl Maximum power [W] of an inverter of type i (i=1,...,1).

Cli  Cost [US$] of an inverter of type i (i=1,...,]).

ni Efficiency of the inverters [fraction of unity].

CM  Cost [US$] of an electric meter.



e Electric distribution

C Number of types of wires (c=1,...,C).

RC. Electric resistance (feed and return) [€/m] of a wire of type ¢ (c=/,...,C).
ICc.  Maximum intensity [A] of a wire of type ¢ (c=1,...,C).

CC. Cost [US$/m] of a wire of type c, feed-return and infrastructure (c=1,...,C).
Vi Nominal voltage [V].

Vmin  Minimum voltage [V].

Vmax  Maximum voltage [V].

ne Efficiency of the wires [fraction of unity].

3.1.2. Variables

e Integer non-negative variables

Xapa  Number of wind turbines of type a placed at point p (p=1,...,P; a=1,...,A).
XSps  Number of PV panels of type s placed at point p (p=/,...,P; s=1,...,S).

Xzp;  Number of PV controllers of type z placed at point p (p=1,...,P; z=1,...,Z).
Xbps  Number of batteries of type b placed at point p (p=1,...,P; b=1,...,B).

Xipi ~ Number of inverters of type i placed at point p (p=1,...,P; i=1,....]).

e Float non-negative variables

feos  Flow of energy [Wh/day] between the points p and d (p=/,...,P; d€Qp).
fppa  Flow of power [W] between the points p and d (p=1, ..., P; d€Qy).

Vp Voltage [V] at the point p (Vp=Vmin, ..., Vmax; P=1,...,P).

e Binary variables
Xgp €{0,1} 1, if and only if at least a wind turbine or PV panel is placed at point p

(p=1,...,P).
XCpac € {0,1} 1, if and only if there is a wire of type c between the points p and d

(p=1,....P, d€Qy; c=1,...,C).
3.1.3. Objective function

The objective function minimises the initial investment cost: wind turbines, PV panels,
PV controllers, batteries, inverters, meters (at all the consumption points) and wires.

[MIN]Z :ZP:ZA:CAa-xapa +ZPZES:CSS " XS +ZP:§:CZZ X2, +ZP:EB:CBb -xb,, +
p=1 a=1 p=1 s=1 p=1 z=1 p=1 b=1 (1)
ZP:ZI:CIi~xipi+CM ~P+ZP: > ind -CC, - XC g,
p=l i=1 p=1deQ, c=1

3.1.4. Constraints
e Electric generation and accumulation

Constraints (2), (3) and (4) define the generation points (xgp=1) and limit the maximum
number of wind turbines (2) and PV panels (3) that can be installed at a same point.
Constraint (5) imposes the conditions of conservation and satisfaction of the energy
demand: the energy arriving at a point p plus the energy generated at the own p must be



higher (or equal) than the energy consumed by p plus the energy leaving p. The
constraint includes the efficiency of the batteries, the inverters and the wires. Constraint
(6) is analogous to constraint (5), but for the power demand. The emplacement, type and
quantity of inverters are determined according to users’ demand and only considering
the wires’ efficiency. Constraint (7) forces batteries to store enough energy to cover the
demand of the supplied users, considering the required days of autonomy and the
discharge factor. In constraint (8), PV controllers must be adequately powered,
according to the PV panels installed at the same point. Finally, constraint (9) forces
inverters to be only placed at generation points.

A
> xa,, <NA-xg, p=1..P (2)
a=1
S
D xs, <NS-xg, p=1..,P (3)
S;l S
Z“xap‘,ﬁszpS_xgp p=1..P 4)
z fe, +ZEA - Xa, +ZES FXS g >
q=1peQ, p:]_,__,P (5)
ED, (1 1
(—+[1——jxg j+ > fe,
nb-ni{ nc ne i,
Z qup+ZPI Xiy; > PD, [i+(1—ijxg j+z fp,q p=1..P (6)
a=1/p<Q, ne ne deQ,
ZEB -Xb,, ( i it J(l )> . feu p=1..P ()
DB 5 77b-17i - 77C i,
ZPZZ X2, 2ZPSS -xs,,  p=L..,P (8)
s=1
pl_NI Xd, p=L..,Pi=1..1 9)

e Electric distribution

Constraints (10) and (11) respectively relate the energy and power flows with the
existence of a wire. The condition of radial scheme of the microgrids is imposed in
constraint (12): each point can have, at the most, one input wire except for the
generation points that cannot have any. Constraint (13) establishes the voltage drop
between two points, considering the type of wire used. Finally, constraint (14) defines
that the intensity flowing between two points connected by a wire cannot be higher than
the maximum admissible intensity of the type of wire.

o
I

fe _(i JZxc 1..PdeQ, (10)

= nb-ni-nec

fppd S[Zn_cj};xcpdc p

j=1

1..,PdeQ, (11)



P C
Z Zxcqchrxgp <1

p=1..,P (12)
9=lpeQq c=1
L, -RC, - fp
V, -V, > v P — (Vo Vi )A=XCe.)  P=1..,P;deQ;c=1..,C (13)
f P, PD,
Pro —(Z j(l XCo) < IC, p=1..,P;deQ,;c=1..C (14)
Vn J:lvmin' C

3.2. Considerations to ease the management of the system

Next the changes with respect to the model from Subsection 3.1 when including the four
constraints to ease the management of the system are presented:

(MS1) Maximum number of individual users.
(MS2) Maximum number of microgrids.

(MS3) Minimum number of users per microgrid.
(MS4) Meters only installed at microgrid points.

3.2.1. Data

The next input parameters are included:

Uing  Maximum number of individual users.
Nmax Maximum number of microgrids.

Umin  Minimum number of users per microgrid.
3.2.2. Variables

The next binary variables are included:

xm, € {0,1} 1, if and only if p belongs to a microgrid (p=1, ..., P).

xmg, € {0,1} 1, if and only if p belongs to a microgrid and is a generation point
(p=1....P).

xfoar € {0,1} 1, if and only if between the points p and d there is an energy flow
directed towards the point f (p=1,...,P; d€Qy; f=1,...,P).

3.2.3. Objective function

The sixth addend of the objective function (1) is modified only if considering the
constraint MS4 (Meters only installed at microgrid points):

[MIN]Z:ZP:ZA:CAE{-xapa+ZP:ZS:CSS-xsps+ZP:ZZ:CZZ-XZPZ+ZP:ZB:CBb-beb+
p=1 a=1 p=1 s=1 p=1 z=1 p=1 b=1 (1,)
iim X +ZCM Xm +ZZZLN -CC, - XC,
p=1 i=1 p=1deQ, c=1



3.2.4. Constraints
e MS1: Maximum number of individual users.
Constraints (15), (16) and (17) determine microgrid points, which have an input (15) or

an output (16) wire, while individual systems have no input nor output wires (17).
Constraint (18) forces a maximum bound of Uj,q of individual users.

q_ﬂz:;‘qqucqpC <xm, p=1..P (15)
dszngxcpdc <(P-1)-xm, p=1..P (16)
q_];ZEQq Ci_l:xcqpc + d;p g XCpe =Xm, P=1..,P (17)
Zplxmp >P-U,, (18)
=i

e MS2: Maximum number of microgrids.

Constraints (15), (16) and (17) are included. Constraints (19) and (20) define microgrid
generation points, which are generation points (xg,=1) with a meter (xm,=1). Each
microgrid has one and only one generation point, so limiting microgrid generation
points is the same as limiting the number of microgrids (21).

Xg, +xm, —2>2-(xmg, —1) p=1..,P (19)
Xg, +xm,—2<xmg, -1 p=1..P (20)
P
D xmg, <N, (21)
p=1

e MS3: Minimum number of users per microgrid.

Constraints (15), (16), (17), (19) and (20) are included. Constraint (22) establishes that
the energy flow between two points is equal to the sum of the energy flows directed
towards all the supplied points. Constraint (23) forces that, each point p has an energy
flow from another point q with destiny to the own p, unless p is a generation point.
Constraints (24) and (25) add that the energy flows arriving to a point p with destiny to
another point f will have to leave p. In constraint (26) the size of the microgrids is
bounded. Each microgrid has its own generation point plus the supplied points (whose
quantity is equal to the amount of energy flows leaving the generation point).

P ED,

fe . >y xf ——— =1...,P;d 22
pd £ pdf 7b-i-C p EQp (22)
P
> xfy, +xg, =1 p=1..P (23)

g=1)peQ,
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P

Z Xigpr +Xg, 2 Z XF et p=1..Pf=1.,Pp=f (24)
q=1|peQ, deQ,

P

D X <D Xy p=L..P;f=1..Pp=f (25)
q:upeoq d<Q

> fopdf >xmg, - (Upyin —1) p=1..P (26)
der =1

e MS4: Meters only installed at microgrid points.
The objective function (1) is used, and constraints (15), (16) and (17) are added.
3.3. Considerations to improve the security of supply

Next the changes with respect to the model from Subsection 3.1 when including the
three constraints to improve the security of supply are listed:

e (SS1) Minimum percentage of energy generated by PV panels.
e (SS2) Minimum number of generation equipment at each generation point.
e (SS3) Additional percentage of energy on individual users.

3.3.1. Data

The next input parameters are included:

SOL Minimum percentage [fraction of unity] of energy generated by PV panels at
each generation point.

Emin  Minimum number of generation equipment at each generation point.

EDin¢ Additional energy percentage [fraction of unity] for supplying to the individual
users with respect to the microgrid users.

3.3.2. Variables

The next float non-negative variable is included:

ed,  Energy [Wh/day] supplied to the point p (p=1,...,P).

3.3.3. Objective function

The objective function (1) does not change.

3.3.4. Constraints

e SS1: Minimum percentage of energy generated by PV panels.

Constraint (27) forces the energy demand of each consumption point to be partially

covered by a certain percentage SOL of PV panels. This constraint is an energy balance
at the point p only focusing on the solar energy.
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Z fe, +ZES XS,

q=1peQ,
ED,
SoL [iJ{l—ijxg J+ > fe, p=1.,P
nb-mi\ nc nc dco,

e SS2: Minimum number of generation equipment at each generation point.

(27)

Constraint (4) is replaced by (4’), which forces each consumption point to be supplied,
at least, with a certain number Eni, of generators (wind turbines or PV panels).

Zxa +szps_ p=1..P 4)

e SS3: Additional percentage of energy on individual users.

Variable xmy and constraints (15), (16) and (17) are included. Constraints (5°), (7°) and
(277) respectively replace constraints (5), (7) and (27). As observed, the part associated
to the energy demand is replaced by the new variable ed,. Constraint (28) establishes
that if a point p belongs to a microgrid (xm,=1) the variable ed, cannot be less than its
demand, while if the point p is individual (xm,=0) the variable ed, cannot be less than
its demand plus an additional percentage.

S

Z fe, +ZEA ‘Xap, + Y ES -xs >ed + > fe, p=1..P (5”)

q=1peQ, s=1 deQ,
P, ED; DA

EB, - xb,, — |(1-X%9, )2 — fe , +ed =1...,P 7
Z [DB;nb i ncJ( 9) DBL%‘D w ’)J P ™)

Z fe, +ZES -xs,, >SOL|ed + > fede p=1..P (27)
q=1peQ, deQ,
ed > (L, [1-1 Xg, +EDyy - X, (1-xm, ) ~1..,P (28)

P_nb 77 ne ne ind p p=4i..,

Note that in constraint (7°) the variable ed, replaces iDP_ , While in constraints (5”)
no-m

ED, (1 1
and (27’) it replaces (—+(1——J Xg J The key to understand this difference
no-ni\ ne ne

can be found in constraint (28). If the variable xgp is O, the point p is not a generation
point and constraint (7°) has no effect (batteries are not installed at non-generation

points). If the variable xg, is 1, the variable ed, i

nb-ni
associated to the additional percentage if the point p is individual. This is the required
value for the three constraints (5”), (7°) and (27°). Finally, constraint (28) is non-linear,
but the component xg,-(1-xmy) can be linearised replacing by an auxiliary variable
(auxp). Besides, constraints (29), (30) and (31) are added.
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xg, +(1-xm,)<l+aux, p=L..P (29)
Xg, = aux, p=1..P (30)
(1-xm, )= aux, p=1..P (31)

4. Influence of the management and the security of supply constraints on the
electrification solutions

In this Section, the influence on projects’ design of the previously proposed two sets of
constraints is analysed. The validation is carried out in the real community of Alto Peru
(Peru). Next, the community is described (Subsection 4.1), and then the obtained results
are presented and discussed for the constraints aiming to ease the management of the
system (Subsection 4.2) and aiming to improve the security of supply (Subsection 4.3).

4.1. The community of Alto Peru

Alto Peru is located in the Andean highlands, in the region of Cajamarca (Peru). The
study focuses on a part of the community composed of 26 consumption points, which
were electrified between 2009 and 2010 by the NGOs Practical Action (Peru),
Engineering Without Borders (Catalonia and Valencia, Spain) and Green Empowerment
(EEUU). Fig. 2 shows elevation and wind maps of the community, and the distribution
of the 26 consumption points.

9238000 9238000

9237000 9237000

9236000

9235000 9235000
""" iy =]

3
war ] 3500

762000 762000
Fig. 2 — Elevation and wind maps of Alto Peru and location of the 26 consumption points

The equipment data used for designing the project is presented next:

e Demand: 280 Wh/day of energy; 200 W of power; and 2 days of autonomy.

e Wind turbines (4 types). The energy is calculated from the wind map and varies
from 42 to 6444 Wh/day, depending on the point and the type of turbine considered.
Cost: $1139 to $5645. Maximum number that can be installed at a same point: 3.
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e Wind controllers. Included in the wind turbines.

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

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

e Batteries (4 types). Capacity: 1500 to 3000 Wh. Cost: $225 to $325. Efficiency:
0.85 Discharge factor: 0.50

e 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.

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

e 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 length of a segment: 1000 m.

e Nominal voltage: 220 V. Minimum voltage: 210 V. Maximum voltage: 230 V.

A few months after the implementation of the project, the problems identified in
Subsection 2.2 appeared. To overcome these limitations, the experts in charge of the
project were interviewed, determining some values for each of the management and the
security of supply constraints that would be appropriate if re-designing the project.
These are presented in the following Subsections 4.2 and 4.3.

4.2. Results and discussion: management of the system

The values determined by the experts for the four constraints that aim to ease the
management of the system in the community of Alto Peru are:

e (MS1) Maximum number of individual users. In the studied community there are 20
consumption points close to each other and 6 points further away (Fig. 2). A
maximum of 6 individual users should be examined to tend to electrify the
concentrated points with microgrids.

e (MS2) Maximum number of microgrids. In the implemented project 3 microgrids
were installed and, especially for the two wind microgrids, some differences in the
available energy appeared, generating disagreements between the users. Therefore, a
maximum of one microgrid is proposed to be studied to avoid these differences.

e (MS3) Minimum number of users per microgrid. The more distant points stated
previously could be gathered in two groups of 3 users each (Fig. 2). A minimum
size of 3 users per microgrid should be analysed to ensure each group, if electrified
with microgrids, is electrified together with a single microgrid.

e (MS4) Meters only installed at microgrid points. Comparing the installation of
meters at all the consumption points and only at microgrid points is interesting for
analysing the influence of these devices on the cost and the electrical configuration.

The presented model has to be solved with and without each value of the four
constraints to analyse their influence on the solutions. Combining the inclusion or not of
each value (to study the possible relations between them), 16 (2*=16) combinations
have to be solved. However, two of them are repeated and not considered: when
imposing a maximum of 1 microgrid (MS2) and a maximum of 6 individual users
(MS1), the same solution is obtained whether or not imposing a minimum of 3 users per
microgrid (MS3); both when installing meters at all the points or only at microgrid
points (MS4). In some cases obtaining a solution from another just including or
removing one of the values of the constraints is straightforward. For example once the
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solution installing meters at all the points has been obtained, a solution installing meters
just at microgrid points can be easily calculated subtracting the meters cost of individual
users (see solutions 1 vs. 2, 3vs. 4,5vs. 6, 7 vs. 8,9 vs. 10, 11 vs. 12 and 13 vs. 14,
according to the nomenclature from Table 3). Moreover, solutions 9/10 are valid for 5/6
and 13/14 as already accomplish the minimum of 3 users per microgrid (MS3).
However it is worth solving the corresponding model because better solutions can be
obtained.

Table 3 shows the results for the 14 combinations; solved with a maximum calculation
time of 18000 seconds per combination (what is considered an acceptable time in
literature [30]). The models are solved using specialised software (IBM ILOG CPLEX
12.2 Optimizer). For each solution the cost, the number of individual users, the number
of microgrids, the number of users of each microgrid and the number of installed meters
are shown. Moreover, Fig. 3 shows the obtained configurations for three representative
solutions (3, 7 and 12). Triangles represent generation points (both for microgrids and
individual systems) and circles represent points feed by a microgrid.

Table 3 — Results when easing the management of the system in Alto Peru

MS1: no limit MSL1: 6 users
MS4: all [MS4: mgrid| MS4: all |MS4: mgrid
Solution n° 1 2 3 4
Cost [$] 32509 32159 33222 32922
MS3: Indiv. users 7 7 6 6
no limit N° mgrid 3 3 3 3
Users/ mgrid| 15;2;2 15; 2; 2 15; 3; 2 15; 3; 2
MS2: N° meters 26 19 26 20
no limit Solution n° 5 6 7 8
Cost [$] 33001 32451 36147 35897
MS3: Indiv. users 11 11 5 5
3 users/mgrid| N°mgrid 1 1 3 3
Users / mgrid 15 15 15;3;3 15;3; 3
N° meters 26 15 26 21
Solution n° 9 10 11 12
Cost [$] 33001 32451 37526 37226
MS3: Indiv. users 11 11 6 6
no limit N° mgrid 1 1 1 1
Users / mgrid 15 15 20 20
MS2: N° meters 26 15 26 20
1 mgrid Solution n° 13 14
Cost [$] 33001 32451
MS3: Indiv. users 11 11
3 users/mgrid| N° mgrid 1 1 dem 11 Idem 12
Users / mgrid 15 15
N° meters 26 15

Next, the influence on the electric distribution configuration and on the cost, of the four
constraints to ease the management, is analysed; the solutions with and without each
constraint are compared:

MS1. Some individual users are electrified through microgrids, by their adhesion to
existing microgrids (1 vs. 3, 2 vs. 4, 9/13 vs. 11 and 10/14 vs. 12) or, moreover, by the
creation of new microgrids (5 vs. 7 and 6 vs. 8). The cost increases between 2.2% and
14.7%, the rise being higher if including the maximum of one microgrid (MS2).
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Solution n® 3: Solutionn® 7: Solutionn® 12:
-MS1 - 6 users. -MS1 - 6 users. -MS1 - 6 users.
- MS2 - no limit. - MS2 - no limit. - MS2 - 1 microgrid.
- MS3 - no limit. - MS3 - 3 users per mgrid. |- MS3 = no limit.
- MS4 - all. - MS4 - all. - MS4 - microgrid.
A A A
/ﬂ\ /..ﬁ:\ /.’-_%_\
,1"6‘\,\ 1& .i;
25, A 25
139,23 12933 13923
3 £ “ "J( 5 L .J‘_ 5 “ :J‘
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%) '3 A

Fig. 3 — Configuration of the solutions 3, 7 and 12

MS2. The small microgrids are replaced by individual systems (1 vs. 9 and 2 vs. 10) or
the big microgrid increases its size (3/7 vs. 11 and 4/8 vs. 12). The cost increases
between 0.9% and 1.5% if constraint MS1 is not included and between 13.0% and
13.1% if MS1 is included.

MS3. The two-user microgrids are replaced by individual systems (1 vs. 5 and 2 vs. 6)
or by three-user microgrids (3 vs. 7 and 4 vs. 8), depending on the inclusion of
constraint MS1. The cost increases between 0.9% and 9.0%.

MS4. The influence of this constraint is very limited since the cost of meters is only
$50. The only observed effect is a reduction on the cost between 0.7% and 1.7%.

Therefore, the difference in the cost between non-including and including each value of
the studied constraints varies from 0.7% to 14.7%. Moreover, when comparing the
maximum cost solution to the minimum cost solution, there is a difference of $5367
(2 vs. 11). Taking into account that there are 26 users, with a maximum investment of
$206 per user the management of the system can be eased.
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4.3. Results and discussion: security of supply

The values determined by the experts for the three constraints that aim to improve the
security of supply in the community of Alto Peru are:

e (SS1) Minimum percentage of energy generated by PV panels. The region of the
community of Alto Peru is a mountainous area, where the wind is very variable. A
minimum of 25% of the energy generated by PV panels should be analysed to
facilitate a more continuous supply (and avoid frequent electric cut offs).

e (SS2) Minimum number of generation equipment at each generation point. Alto
Peru is far from the nearest city (Cajamarca) and even far from the capital of the
country (Lima), where to repair the generation equipment or find some specific
devices. Hence, this emplacement slows down any repair, and so a minimum of two
pieces of generation equipment should be studied so that if one generator fails at
least another one will still supply electricity.

e (SS3) Additional percentage of energy on individual users. Microgrids have several
advantages in front of individual users. Therefore, a 40% of additional energy
supplied to individuals should be examined to allow they have the same developing
opportunities as, for example, use the energy for productive activities.

The proposed model has to be solved with and without each value of the four
constraints to analyse their influence on the solutions. Combining the inclusion or not of
each value (to study the possible relations between them), 8 (2°=8) combinations have
to be solved. Table 4 shows the results for the 8 combinations. In this case, the cost is
shown and the configuration is detailed specifying the generation equipment used for all
the individual systems and the microgrids.

Table 4 — Results when improving the securit

of supply in Alto Peru

SS2: no limit SS2: 2
SS3: no limit SS3: 40% SS3: no limit SS3: 40%
Sol. n° 1 2 3 4
Cost [$] 32509 34455 33594 35555
7 indiv users 7 indiv users 7 indiv users 5(1|nPd\|/v51:)s\(/a\;§
ss1- (1 PV 100W) (1 PV 150W) (2 PV 50W) 1PV 75W)
no |Configuration| 2 mgrid of 2 users | 2 mgrid of 2 users | 2 mgrid of 2 users | 3 mgrid of 2 users
limit| (generation (1 PV 50W; (1 PV 50W; (1 PV 50W; (1 PV 50W;
equipment) 1 PV 150W) 1 PV 150W) 1 PV 150W) 1 PV 150W)
1 mgrid of 15 users | 1 mgrid of 15 users 1 mglr |g\(;f5%)5\>/\>1_sers 1 mglr |g\<;f5%)§/\>1.sers
(2 WT 3500W) (1 WT 3500W) 1 WT 3500W) 1 WT 3500W)
Solution n° 5 6 7 8
Cost [$] 35395 37462 36297 37909
7 indiv users 6 indiv users 9 indiv users A('lmpd\'/VS%S\%_S
(1 PV 100W) (1 PV 150W) (2 PV 50W) 1PV 75W)
SS1: Confiauration 2 mgrid of 2 users | 1 mgrid of 2 users | 1 mgrid of 2 users | 3 mgrid of 2 users
25% engration (1 PV 50W; (1 PV 50W; (1 PV 50W; (1 PV 50W;
gg sipment) 1 PV 150W) 1 PV 150W) 1 PV 150W) 1 PV 150W)
quip 1 mgrid of 15 users 1 marid of 18 users 1 mgrid of 15 users |1 mgrid of 16 users
(1 PV 75W; (g PV 150W- (1 PV 75W; (1 PV 100W;
2 PV 150W; 1WT 3500V\;) 2 PV 150W; 2 PV 150W;
1 WT 3500W) 1 WT 3500W) 1 WT 3500W)
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Next, the influence on the equipment typology and on the cost, of the three proposed
constraints to improve the security of supply, is analysed; the solutions with and without
each constraint are compared:

SS1. In the large microgrid a 3500W wind turbine is always installed, but additional PV
panels are added when including this constraint (1 vs. 5, 2 vs. 6, 3 vs. 7 and 4 vs. 8).
The total cost increases between 6.6% and 8.9%; and the extra energy is used for
extending the microgrid including individual systems (4 vs. 8) and a two-user microgrid
(2 vs. 6).

SS2. The PV panel used for individual users in solutions 1, 2, 5 and 6 is substituted by 2
PV panels in solutions 3, 4, 7 and 8, because the total power is very similar. Moreover,
a PV panel is added to the large microgrid when necessary (1 vs. 3 and 2 vs. 4). Given
that PV panels have very low economies of scale, the cost increase is not very
significant (between 1.2% and 3.3%).

SS3. Individual points have a higher energy demand and so require more powerful
equipment (1 vs. 2, 3vs. 4, 5vs. 6 and 7 vs. 8). Besides, in some cases some individual
users are added to the large microgrid (5 vs. 6 and 7 vs. 8) and/or are grouped in two-
user microgrids (3 vs. 4 and 7 vs. 8) since individual electrification is proportionally
more expensive than microgrids. The cost increases between 4.4% and 6.0%.

Therefore, the difference in the cost between non-including and including each value of
the studied constraints varies from 1.2% to 8.9%. Moreover, when comparing the
maximum cost solution to the minimum cost solution, there is a difference of $5400
(1 vs. 8). Taking into account that there are 26 users, with a maximum investment of
$208 per user the security of supply can be increased.

5. Conclusions

The aim of this work is to include management and security of supply constraints in the
design of stand-alone hybrid wind-PV electrification systems for rural communities in
developing countries. For this purpose the performance of five real electrification
projects has been analysed. Thus two essential aspects of the solutions requiring to be
improved have been identified: the management of the system and the security of
supply. To overcome them, a mathematical model is developed including two sets of
constraints to reflect the tendency in real projects. Therefore, the model obtains the
minimum cost size and location of all the equipment, combining microgrids and
individual systems, and considering the detail of the demand and the energy resources.
To ease the management of the system the configuration of the electrical equipment is
studied, analysing the amount, size and extension of the microgrids and the installation
of meters. To improve the security of supply, their typology is examined through a
minimum percentage of energy generated by PV panels, a minimum number of
generation equipment and an additional percentage of energy on individual users.
Finally, the two proposed sets of constraints are validated in the real community of Alto
Peru (Peru), proving that the obtained solutions have many benefits that highly
compensate the possible slight cost increases.
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For future research, it would be interesting to study the combination of the two sets of
constraints. However, the models’ solving process including both sets is expected to be
complicated and very time consuming; especially if different electrification solutions
are generated, in order to compare them and select the best one. Therefore we are
currently working on a methodology that integrates the two sets of constraints, and uses
a heuristic solving process to obtain good solutions in a shorter calculation time.
Additionally, electrified communities in other countries or contexts could be analysed in
order to identify new considerations that could be included in the projects’ design.
Special attention should be put on aspects leading to socially sustainable projects; i.e.
mechanisms for a systems’ appropriation and a community development ensuring
responsible equipment maintenance and efficient and equitable use of electricity.
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