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Abstract: Recently, DC-powered devices such as loads (USB plugs, chargers, LED lighting) and
distributed energy resources (solar photovoltaic and battery energy storage) have been increasingly
used. Therefore, their connection to the grid requires AC/DC converters, which raises the question
of operating part of the grid in DC in order to connect DC loads to DC producers and storage.
In Cambodia, the electrification rate is only about 82% of the population in 2021 in rural areas.
The objective of this work is to propose a low voltage microgrid comprehensive planning tool for
electrification of developing countries. From the data collected on consumption needs, the objective
is to find the optimal electrification scheme, i.e., AC or AC/DC distribution, optimal topology and
distributed energy resources allocation and operation for both grid-connected and off-grid mode.
A set of technical, economic, and environmental key performance indicators allows for comparison
of solutions. The interest and efficiency of such a tool are illustrated on a real case study, an island
area. Moreover, uncertainties on load consumption are also considered to assess the sensitivity and
robustness of the proposed algorithm. The results show that, although the overall cost of the hybrid
AC/DC microgrid is slightly higher than that of the AC microgrid, it allows a gradual electrification

avoiding large initial investments.
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1. Introduction

In developing and underdeveloped countries, it is estimated that about 760 million
people still lack a connection to electricity [1], while, according to World Bank data, in 2020,
about 18% of the world’s rural population cannot access electricity [2]. In Cambodia, the
electrification situation is known as one of the countries with the lowest electrification rate
in the region. According to the Electricity Authority of Cambodia, in 2022 [3], only about
88.41% of the total number of households could access grid electricity, leaving about half
a million households unelectrified in the same year. This electrification rate tends to be
lower in rural areas than in the urban areas (about 82% [2]). Most unelectrified households
are located predominantly in rural, island, and flooded areas that are not connected to the
national grid. Extending the grid to meet their energy needs is generally not viable due to
high investment costs, insufficient energy service, reduced grid reliability, and construction
challenges in connecting these remote areas.

Moreover, Cambodia is rich in renewable energy resources such as solar, hydro, and
biomass energies. In particular, solar home systems (SHSs) contribute significantly to
the development of electrification of remote and rural areas that do not have access to
electricity grids.
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It is important to note that there has been a recent increase in distributed energy
sources that operate in DC form, such as photovoltaic (PV) and battery energy storage
(BES) [4]. Furthermore, today’s electrical appliances are DC loads such as LED lights, TVs,
chargers, and computers. For these reasons, it is now credible to consider AC/DC grids or
to evolve the traditional AC distribution grid into a hybrid AC/DC distribution grid. Thus,
the grid remains to supply both AC and DC loads with less AC/DC conversion stages,
which are one of the main motivations for having hybrid AC/DC distribution networks.

To provide electricity access opportunities in these areas in Cambodia, the extension,
new construction, and SHS integration into low voltage (AC) networks are investigated.
The authors in [5] have studied an optimal AC low voltage topology with the integration
of photovoltaic (PV); the shortest distance and possible pole balancing with the traditional
method of the shortest path and first fit bin packing are implemented. This paper also
took battery energy storage (BES) into account for the under-voltage problem. Later
on, the previous authors [6] also implemented the same method for conductor distance
minimization but in a grid extension perspective for a single-phase rural network in which
a load density is low; an optimal sitting and sizing of PVs and BES to comply with voltage
specifications is also provided by using Genetic Algorithm (GA). In the same context
of rural electrification followed by [7], a radial grid topology is given by the shortest
path and the mixed-integer quadratic programming for the minimum distance and pole
balancing, respectively. Next, the shortest distance, pole balancing plus optimal sitting, and
sizing of PV-BES are tested and compared with various test systems [8]; the authors have
implemented the shortest path and GA for the given purpose. However, these proposed
methods could not guarantee an optimal solution for full AC networks and it has to be
improved due to the revolutions of technologies and load types.

DC loads, renewable energy sources, and storage devices are attractive for DC distri-
bution network technology applications [9]. The integration of PV into the DC distribution
networks is proposed in [10]; this work aims to locate and size the PV using a mixed-integer
nonlinear programming (MINLP) model considering the annual operating cost under the
planning period. This MINLP model is implemented for the optimal simultaneous sitting
and sizing of renewable energy sources and BES in the DC distribution networks [11].
The DC distribution networks with optimal operation of PV integration are investigated
in [12]; three different objectives which are operating cost, daily energy losses, and CO,
emission are provided using the Salp swarm algorithm (SSA). The minimum operation
cost of PV integration into the DC grid is continuously studied in [13]; the authors have
applied a discrete-continuous version of the Crow search algorithm (DCCSA) to solve
the given problem. To validate these proposed methods, the 21-bus, IEEE 33-bus, and
IEEE 69-bus networks are modified and tested. Additionally, the optimal operation of
BES and power losses minimization of off-grid PV DC nano-grids are proposed by the
authors in [14,15]; the optimal charge/discharge of BES and power exchanged between
consumers are considered. However, the optimal architecture of DC distribution networks
is not considered by the above authors.

Furthermore, many works investigated rural electrification by means of stand-alone,
hybrid energy, and grid-connected systems considering techno-economic and environmen-
tal aspects in remote areas. The authors in [16] proposed a hybrid PV /biomass/diesel sys-
tem for supplying energy to a remote rural village. This work focused on the optimization
of hybrid configuration-based system architectures considering the cost of energy (COE) us-
ing the Hybrid Optimization Model for Electric Renewables (HOMER) tool. With HOMER
and a control strategy algorithm, the optimal hybrid configuration of the PV /wind/BES
system based on the minimum net present cost (NPC) and COE is found [17]. The optimal
configuration of a hybrid PV/diesel/BES system is proposed in [18], where the authors im-
plemented the Coyote optimization algorithm for the emission and cost of the system. The
same objective but for a different hybrid configuration of PV /wind/diesel / BES is studied
in [19] thanks to hybrid Harmony Search and Ring Theory algorithms. The possible hy-
brid PV /wind/diesel/BES is also investigated in [20] to find which optimal configuration
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provides a minimum COE using HOMER. The techno-economic analysis for optimizing a
hybrid PV /hydro/diesel/wind/BES system using HOMER is studied in [21]. This system
provides a minimum NPC and COE classified as the optimal configuration. HOMER is also
implemented for hybrid energy systems but possibly grid-connected mode [22-26]; the
authors focused on optimal configuration with the lowest NPC, COE, and CO; emissions.
However, these works above mostly focused on stand-alone, hybrid energy systems, and
grid-connection systems but were inflexible for users and do not take account of the entire
LV grid architecture powering all consumers.

This paper aims to develop a comprehensive low voltage (low voltage is defined as
less than 1 kV AC and 1.5 kV DC according to the IEC 60038) (LV) microgrid planning
tool consisting of a two-step algorithm for rural electrification in developing countries.
(1) Propose a new architecture of a distribution system. (2) Find the optimal sizing and
location of distributed energy resources (PV and BES). Subsequently, the uncertainties on
the load profile will be presented to assess the sensitivity of the solution found. Then, some
key performance indicators (KPIs) of the microgrid will be evaluated during the planning
period for the “grid-connected” and “off-grid” modes. They consist of economic indicators
such as total expenditure (TOTEX) and levelized cost of energy (LCOE), technical indicators
such as autonomous time and energy, and an environmental indicator represented by the
quantity of CO, emissions.

The main contributions of this paper are as follows:

e An integration of LV distribution system design and operation optimization in the
microgrid planning process;

e  Anovel algorithm for PVs and BES sizing and sitting as well as BES operation, espe-
cially in an AC/DC structure;

e A gradual electrification option to avoid initial prohibitive capital expenditures (CAPEX)
that would limit the progress of electrification, especially in remote and rural areas;

e A comprehensive microgrid methodology that not only finds distributed energy
resources as usual software do, but also adds the choice of distribution type (AC/DC)
and topology.

The rest of this paper is organized as follows: Section 2 presents the traditional
microgrid topologies encountered in the literature (AC, DC, and hybrid AC/DC) as well as
the advantages and drawbacks of these low voltage distribution systems. Section 3 presents
the proposed microgrid planning methodology. Then, the algorithm of the proposed
methodology is described in Section 4. In Section 5, a real test case will be investigated
for the validation of our proposed algorithm and a sensitivity analysis on the uncertainty
on the load profile is also discussed. Finally, the conclusion and perspectives are drawn
in Section 6.

2. Traditional Microgrid Topologies

Today, in the LV distribution system, there is an open discussion on the use of AC,
DC, or hybrid AC/DC electrical systems for both rural and urban distribution. This
depends on some criteria such as stability, connectivity, total capacity, available source, and
available infrastructure [27].

Currently, inspired by traditional electric power systems, the AC distribution system is
the most popular and commonly used structure for microgrid studies and implementations.
The AC microgrid has several advantages: it is capable of integration with the conventional
utility grid and compatible with AC equipment such as AC-based loads, there is no
inverter requirement for AC loads, and the power protection systems are cost-effective [28].
However, its drawbacks are lower efficiency and expensive converters when supplying DC
loads [28]. It is also difficult to control frequency and voltage.

Low voltage direct current (LVDC) distribution grids mostly use a bidirectional
AC/DC converter located in the main substation [29]. It can interconnect several dis-
tributed energy resources: different types of loads (DC and AC through a power electronic
converter), renewable energy resources, and storage devices [30]. Using DC systems has
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several advantages [31]: (1) suitable renewable energy generators, such as PV, fuel cells,
and energy storage systems, are DC-based; (2) DC loads are currently increasing in the
building and houses; (3) the future integration of the electric vehicle (EV) in the power
systems will increase the consumption of DC devices in the buildings; (4) DC distribution
systems are intrinsically more efficient than their AC counterparts because in DC there
are no reactive power or skin effects; (5) there is no need for DC/AC and AC/DC con-
verters to distribute the energy between DC agents (sources, loads, storage) through a DC
power system. However, LVDC distribution systems still face some challenges and barriers
such as the lack of standards and codes, protection issues, and the lack of industries and
products for DC distribution systems. Thus, the cost of DC technologies is higher and for
the time being the cost effectiveness is limited. Because of the advantages of DC over AC
microgrids, many LVDC projects were implemented in developing countries, especially
in rural or remote areas. For example, in Cambodia, Okra company has implemented
a LVDC mini-grid in Steung Chrov village [32], where 81 households were connected
with Okra mesh-grid systems with an average energy consumption of 520 Wh/day per
household. The total installed PVs in this project is about 32.16 kWp with a total battery
capacity of 201 kWh. Moreover, in Madagascar, Nanoé company has implemented solar
LVDC nanogrids in Ambanja [33]. A nanogrid consists of four to six houses (total installed
power of the nanogrid lower than 1 kW), one PV (between 100 and 300 W), and one battery
(between 90 and 260 Ah). The first systems were deployed in mid-2017 and more than
2000 households now have access to Nanoé’s electrical services.

The typical structure of a hybrid AC/DC microgrid is shown in Figure 1. It consists
of several devices such as AC and DC loads, converters, storage units, AC distributed
generation (e.g., diesel generator), DC distributed generation (e.g., PV), etc.

Wind turbine
| AC Loads
o oo o
Diesel generator | | _\I.f'l'\,’_
B 2 A
_""u
| 7,
MVac | Interface > LVac
T == ——
0 stages > LVbc
MV grid = = =
r
PV Storage DC Loads

Figure 1. Typical AC/DC microgrid structure inspired by [34].

In [34], researchers identified two main groups of hybrid AC/DC microgrids: coupled
AC and decoupled AC configurations. In the coupled AC topology, the AC network of the
microgrid is directly connected to the power grid through a transformer and an AC/DC
converter is used for the DC network. On the other hand, decoupled AC configurations
consist of at least one AC/DC and DC/AC stage. There is no direct connection between
the power grid and the AC grid of the microgrid. In the coupled AC configuration, there
are two arrangements of conversion stages: fully isolated and partially isolated. In our
work, the most interesting topology is a coupled AC, fully isolated hybrid microgrid as
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shown in Figure 2. A transformer is located at the point of connection with the MV grid
when available. This provides isolation to the entire microgrid.

Isolation

P Decoupling

MVac [~ —— g
{ Em I‘—‘ LVac |

Utility grid AC network | "y DC network | |

- ’ < 7 1

- mvic T ac = LVbe i

LVoc 1

Figure 2. Completely isolated hybrid AC/DC microgrid configuration inspired by [34].

A hybrid AC/DC microgrid architecture can benefit the customers and also the grid
owner in numerous ways, including simple integration with AC or DC devices, no need for
synchronization for generation and storage units, and economic feasibility [29]. However, a
hybrid AC/DC microgrid presents various drawbacks such as protection issues and control
complexity among the units [34]. Other authors focused on hybrid AC/DC microgrids
because of their advantages, but they have mainly studied the optimal energy management
systems within these microgrids and power exchange between them [35-40].

3. Problem Formulation
3.1. LV Microgrid Comprehensive Planning Tool

The objective of the microgrid planning tool is to electrify a given area from the
electrical topology design to the distributed energy resources allocation while minimizing
the global cost and the environmental impact (assessed using the CO, emissions) and
maximizing the autonomous time and energy. It can be noted that the previously listed
criteria can sometimes be contradictory, since, for example, low carbon options often
increase costs. The objective function of this planning problem can be expressed with
Equation (1) subject to the constraints of Equations (2) and (3) [41]. Crota1, Cco,, Cauto timer
and Cauto energy defined below are normalized relative to target values defined by the user.

n'gcin(wl X Cropal + w2z X CCOZ) + mxax(w3 X Cauto time + wWa X Cauto energy) (1)
Subject to:

09<V, <106, 1<n<N (2)

B, 1<I<M ®)

where:

w1 to wy: weights allocated to objectives

Crptar: total cost of the microgrid (defined in Section 4.4)

Cco,: amount of CO, emissions generated (defined in Section 4.4)

Cauto time: percentage of time the microgrid is autonomous from the MV grid (in case of
grid-connected mode) or in operation (in case of off-grid mode) (defined in Section 4.4)
Cauto energy: percentage of energy produced by the microgrid (in grid-connected mode)
(defined in Section 4.4)

x: decision variables which consist of the electrical topology (location, type, and size of
lines) and DERs (distributed energy resources) sitting and sizing (PV, storage, transformer,
diesel generator)

Vi voltage at node n of the microgrid composed of N nodes

I;: current in line 1 of the microgrids consisted of M lines

["™*: maximal admissible current in line /

This problem belongs to NP-hard problems since both the objective function and
constraints are nonlinear, which indicates that only decoupling of problems and/or using
heuristics can allow one to reach good solutions in a reasonable time.
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1. Loads description —
2. Poles description —

3. Choice of distribution (AC, AC/DC) —] Topology
4. Poles connection —

5. Technologies of conductors —

3.2. Four-Stage Proposed Algorithm Description

To reach the objective, a four-stage algorithm is proposed and illustrated using the
SADT (Structured Analysis and Design Technique) [42] approach as depicted in Figure 3.
Block A01 builds the optimal topology according to the studied area and the desired
distribution (either AC or AC/DC). The algorithm of A02 performs the distributed energy
resources allocation among the LV network, i.e., the optimal number and location of PV
panels and the optimal power and capacity of the decentralized batteries (deBES). Then,
AQ3 computes the remaining energy purchased either from the MV grid in the case of
“grid-connected” mode or from the genset-centralized battery (ceBES) located at a future
interconnection node with the MV system in the case of “off-grid” mode. In the latter case,
the power and capacity of the ceBES are calculated as well as the size and energy of the
genset. Finally, the KPIs (TOTEX, LCOE, autonomous time and energy, and CO, emissions)
of the microgrid are computed. Blocks A01 to A04 are described in the next section.

A01.1 Topology description
A01:

A01.2 Sizing of conductors

optimization A01.3 Phase allocation

6. PV and BES technologies N AO02: Distributed A02.1 PV installed power, number and location
energy resources A02.2 deBES installed power and capacity
7. System type (integrated or separated) ————> allocation Py

8. Microgrid management mode

I A02.3 Py, (ACor DC)

A03.1 ceBES installed power

(grid-connected or off-grid) 4 AO03 : Microgrid A03.2 Energy purchased from the grid or the

9. Technology of ceBES

balancing genset
A03.3 Genset sizing (off-grid mode)

A04.1 TOTEX
A A04 : KPIs A04.2 LCOE
10. Duration of the study computation A04.3 Autonomous time and energy

11. Economic data

A04.4 CO, emissions

Figure 3. Microgrid planning tool description using SADT approach.

The volume of required inputs to the algorithm listed below will depend on the size
of the village (proportional to the number of households). These inputs can be obtained
using data base, survey, or measurements and can be described in text or Excel format.

e  Loads description: coordinates (latitude and longitude), estimation of one or several
daily power profiles (either from real measurements or from data bases if available)
and yearly peak power consumed.

e  Grid elements description: coordinates and connection of poles, coordinates of the in-
terconnection point, LV conductor data base (technology, section, resistance, reactance,
maximal admissible current, cost), transformers database (installed power, cost).

e  Grid architecture: choice of distribution (AC, DC, or AC/DC), type of topology (tree
or cluster structure), management mode (grid-connected or off-grid).

e PV and BES technologies available in the market (installed powers, life durations, and
capacities for BES).

e  Economic data: lifetime of the project, discount ratio, cost of the electricity in the
considered country.

4. Algorithms Description
4.1. A01: Topology Optimization
4.1.1. Proposed Topologies

The objective is to find the best topology, which minimizes the global cost of the system
(which also minimizes the total length of the system). For this purpose, the first topology
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Option 1

selected is the tree structure, as shown in Figure 4 (left image) with two options, either
minimizing the total length of the system (minimum spanning trees) or minimizing the
direct connection of each load to one pole. In the second option, although the total length
of the system is increased, the voltage drop will be reduced, so the sizing of conductors
and the total cost may be more optimal. Finally, the LV system consists of three minimum
spanning trees (one tree per phase) connecting the poles of the system. The phase of the
households is selected so as to balance the LV grid. The drawback of this topology is that
households will have access to electricity only when the entire grid will be built, unless
they have solar home systems, for example, which require a high initial capital investment.
To solve this issue, a second topology, the cluster structure, is investigated and shown in
Figure 4 (right image). The LV system also consists of three minimum spanning trees (one
tree per phase). The difference is that clusters of households are connected so as to balance
the system. These clusters can be either in AC or DC and, in the DER allocation phase
(step A02), they can be sized to be autonomous, thus enabling a gradual electrification.
Indeed, when several clusters are built, they can be connected to an AC main line connected
to an “interconnection point” where an MV /LV transformer is already installed or planned
to be installed. In the latter case, the consumption/production balancing is ensured by a
diesel generator and a centralized battery located at this interconnection point.

4

Option 2

o

A A
% & [cwe]
Pole 1 ;
A
A
A
Pole 1

-

10
Clu/s{er Clu/s{er Clxr%r
af A% AR S
d AN L
Y T - - _—
¢ Pole 1 Pole 2 Pole 3

Interconnection point with an existing/future MV system

Figure 4. Tree topology (left figure) and cluster topology (right figure).

4.1.2. Algorithms Developed

Figure 5 shows the algorithm for the tree and the cluster structures. For both algo-
rithms, the required input data are coordinates and peak powers of households, poles
location and connection, coordinates of the interconnection point, LV conductors data base
(technology, section, resistance, reactance, maximal admissible current, cost), transformers
database (installed power, cost), choice of distribution (AC, DC or AC/DC), and type of
topology (tree or cluster structure).

For the tree structure algorithm, two options are possible for power phase balancing:

e each load is first allocated to a phase using a mixed integer linear programming
(MILP [43]) formulation in order to balance power consumption between phases (see
Equations (4)-(9)) and then three trees are built (one per phase) using the minimum
spanning tree algorithm.

e first all loads and poles are connected together with MST, then the poles (with the
loads connected to them) are allocated to phases.
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Input data
Tree-structllxre | Cluster-based structure
4 h
Loac! Ml.nlmal Shortest .
Balancing spanning trees aths Load clustering
MILP KRUSKAL P (kmeans, elbow method)
——
Power Topology &
balancing Building Minimal spanning trees inside clusters
[ KRUSKAL
L] Clusters Building
sparr:inl:;“ :rlees Shortest Ba::::::eing
KRUSKAL paths MILP Shortest paths (loads-poles)
v
Topology Power Sizing of secondary feeders of each tree
Building balancing candidates
AC unbalanced or DC loadflow
Tree selected with the
lowest power losses
Connection clusters-poles
Cluster
Balancing
T Power balancing
v
Sizing of main and Sizing of the main
secondary feeders feeder
AC unbalanced or DC AC unbalanced or DC
loadflow loadflow
v
END

Figure 5. Global planning algorithm based on tree structure (left) and cluster structure (right).

As shown in Figure 5, two options are possible for the tree structure: minimum span-

ning tree using Kruskal’s algorithm [44] or shortest path [45]. Load flows (AC unbalanced
or DC) are used to select the optimal cross-section of lines so that voltage and current
constraints are respected.

The algorithm of the cluster structure consists of four main steps.

Clustering: loads are packed into a given number of clusters using the K-means
method [46] to minimize the total length of conductors inside each cluster. The
optimal number of clusters is selected using the elbow method [47]. Loads inside each
cluster are connected together with a minimum spanning tree (Kruskal’s algorithm).
Connection of clusters to poles: for each cluster, the shortest path algorithm finds the
shortest length from each load to poles. Then, we select among the poles the one with
the shortest distance to the considered cluster. Loadflows (AC unbalanced or DC)
enable sizing the cross-sections of lines to respect the voltage and current constraints.
Finally, the chosen connection is the one which minimizes power losses.

Power balancing: clusters are allocated to a phase (same MILP formulation as for the
tree structure).

Sizing of the main feeder: Loadflows (AC unbalanced or DC) make it possible to select the
optimal cross-section of the main lines in order to respect voltage and current constraints.
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4.1.3. Phase Power Balancing

The MILP formulation of the load, pole, and cluster balancing problem is defined by
Equations (4)—(9). The objective function (4) is the sum of the difference variables e (ph)
(positive difference power of phase ph) and ¢~ (ph) (negative difference power of phase ph)
whose definition is given by Equation (5). This constraint limits the total power of each
phase to the average power per phase. Equation (6) guarantees that only one load (pole
or cluster) can be assigned to only one phase through the variable x(n;, ph) whose value
is 1 if the load (pole or cluster) belongs to phase ph and 0 otherwise. Equations (8) and (9)
give the boundaries of e~ (ph) and e (ph).

3
. + —
min ) € (ph) +e (ph) (4)
ph=1
Ni
Y. P(ny) x x(ny, ph) — €~ (ph) +e* (ph) < Pot/3,Vph =1:3 (5)
i’l[=1
3
Z x(ng, ph) =1,V =1: Ny (6)
ph=1
0 <x(ng,ph) <1,Vph=1:3,Vn; =1:N; ?)
0<e (ph) < +oo,Vph=1:3 8)
0 <e'(ph) < +oo,¥ph=1:3 )

where ph: index of phase, 1;: index of loads, poles, or clusters, N;: total number of loads,
poles or clusters, Py: total power consumed in the studied area.

4.2. A02: Distribution Energy Resources Allocation

After having obtained the optimal topology of microgrids (A01), at this stage, the
different sitting and sizing algorithms for the distributed energy resources (PV and deBES)
of the microgrid are described.

4.2.1. Tree-Structure

In this structure, it was decided to associate each PV with a deBES so as to optimize
self-consumption and to minimize the use of the grid. All the PV-deBES systems are
supposed to have the same installed power and capacity. The operating rule of the deBES
is simple: it is charged in case of excess of PV production and discharged in case of lack of
PV production. The objective is then to find the optimal number, location, and installed
powers of PV-deBES as well as the capacity of the deBES in order to minimize both the
energy provided at the interconnection node (either by the MV grid or by a ceBES coupled
to a diesel generator noted ceBES-genset) and global power losses. The full formulation of
this multi-objective function subject to voltage and current constraints is detailed in [8] and
solved using a genetic algorithm.

4.2.2. Cluster Structure

The cluster structure aims to allow for a gradual electrification. For this purpose,
just enough PVs are located in the clusters to cover the energy consumption. A deBES is
associated with each cluster and located on the pole where the cluster is connected. Figure 6
shows the structure of a cluster in the AC and DC cases.
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Pole - - “\‘ Pole - -
D478 -8
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_E converter+AC load DC/DC charger
——— ACline £ PV +DC load
--------- DC line -=------- DC line
Bi-directional Bi-directional
AC/DC converter AC/DC converter
MM cBES B aBES
AC cluster DC cluster

Figure 6. Cluster structures case of AC distribution (left figure) and AC/DC distribution (right figure).

PV Allocation

For PV sizing, we suppose that each household can have only one PV panel. Its
minimum installed power, Ppy, . , is equal to % where Py, is the total power of the LV
loads and N the total number of loads. Based on the Ppy, . found, we select a normalized
value, Ppy which is just over Ppy, = among standard values for commercial PV panels. PVs
are located step by step from the farthest load to the load closest to the pole they belong to,
using Dijkstra’s algorithm [48].

Once we have obtained the number and location of the PVs, the energy produced by
PVs in all clusters over a day is computed and could be greater than the energy needed
from the loads of the system since the load and PVs power curves do not have the same
shape. We have chosen to avoid reverse power flows, i.e., excess energy sent from the
secondary feeders to the main feeder. Indeed, these reverse power flows may need to
change the protection scheme and perhaps to reinforce the MV grid if they are too weak
(in case of “grid-connected” mode). In case this objective is not satisfied, PVs having the
smallest distances to their pole will be removed one by one until the objective is reached
in order to maximize local consumption and minimize power losses. To perform these
calculations, a normalized one-year PV curve is obtained from HOMER (HOMER obtains
PV production curves from the NASA Prediction of Worldwide Energy Resource (POWER)
database. They are based on the solar irradiation where the village is located) while the
normalized annual load curve is constructed by repeating a normalized daily load curve
measured in a rural home (with the day-to-day load curve being almost constant). Figure 7
summarizes the PV removal procedure.

With:

k: index of clusters,

j: index of loads in clusters,

h: index of hours

d: index of day

Peq,k is the difference of the instantaneous power of loads (Loadyrpe) and PVs (PVeyroe)
Py: total power of cluster k (kW)

Ppy: normalized installed power of one PV unit (kW)

Ni: number of loads in cluster k



Sustainability 2023, 15, 2841 11 of 23

K: number of clusters
Ectuster_k: energy of the cluster k over the year
Pojuster k(): power of cluster k with PV (including DC losses) at time & (kW)

Input: description of the topology of
clusters, nominal power of the PV module,
location and number of PV, yearly load and
PV curve

o]
]

‘ Peq k,j(R) = Py X Load yype (R) — j X Ppy X PVyppe (R) ;h = 1:8760

load flow => Py ster i (h)

k=k+1 ¢

H
!

24d
Ecluster_k(d) = § Pcluster_k(h) ;d =1:365
h=1+24(d-1)

Removal of
1PV

T
v Yes

| New number and location of PVs

Figure 7. PV removal procedure.

deBESs Sizing

There is one deBES per cluster connected directly to the poles. Their sizing consists of
three main steps: the computation of their yearly power curve, their installed power, and
their capacity. The yearly power curve of the battery of each cluster is the opposite of the
early power curve of each cluster. The required yearly energy of the batteries is modified so
as to respect the constraint that the batteries must be fully discharged every midnight of the
year. Finally, we calculate the capacity of deBESs over a year by using the minimum state
of charge of the battery (SOC,,;, , see Equation (14)). Since the PV curve varies enough
through a year (rainy and dry season), we compute the needed capacity for each day. Then,
we can obtain up to 365 different sizes of the capacity of each deBES. Finally, we select the
highest value of deBES size so that it can avoid the undersizing of deBES over a year. In
this case, we did not consider an extra safety margin. Efficiencies of the DC/DC charger
(deBES connection if DC clusters), bidirectional AC/DC inverters (in case of AC and DC
clusters), and AC/DC inverters (PV connections in case of AC clusters) must be considered
in the computation of the power of clusters.

4.3. A03: Microgrid Balancing

In the previous section, the DERs sizing and location were described (A02). An
unbalanced AC load flow [49] of the full system using PVs and loads time series enables us
to find the cross-sections of the main feeders (to meet voltages and currents constraints) and
to estimate the remaining power the interconnection node has to provide. This remaining
power is generated by a genset-ceBES (“off-grid” mode) or by the MV grid if available
through the MV/LV transformer (“grid-connected” mode). Figure 8 shows the algorithm
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to find the yearly power of the ceBES in order to avoid reverse power flows. A minimum
installed power of genset will ensure the complete balance of the system. Then, we can
calculate the energy of the ceBES versus time, Ce.prs(h) and find the installed capacity of
the ceBES, C..prs- The installed power of either the genset or the MV /LV transformer is
the maximal value of Py;g/genset (1)-

Pyiack ac(h): required power at the interconnection node et time #,
P..pes(h): ceBES power at time &,
Perid/genset (h): power provided by the grid or the diesel generator at time #,

N.B. it is also possible to consider PV-deBES system and to apply the allocation method of
the tree-structure.

Start
v

/ Input data: Yearly Pslack AC(h), /

PceBES (h)=Pslack(h)|
Pgrid/genset(h)=0

PceBES(h)=0
Pgrid/genset(h)=Pslack(h)

\ 4

h=h+1 [«

Yes

Pslack(h)<0?

h

h+1

A A

PceBES (h)=|Pslack(h)| PceBES (h)=-sum(PceBES(1:h-1)) PceBES (h)=-Pslack(h)
Pgrid/genset(h)=0 Pgrid/genset(h)=Pslack(h)-sum(PceBES(1:h-1)) Pgrid/genset(h)=0

No

Yearly PceBES(h)
Yearly Pgrid/genset(h)

.

End

Figure 8. Yearly ceBES schedule algorithm.
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4.4. A04: KPIs Computaions
4.4.1. TOTEX

The total expenditure (TOTEX) is the total investment cost of all elements and the
operation and maintenance (O&M) cost of the microgrid. The TOTEX is given by the
following equation:

TOTEX = CAPEX + OPEX (10)

where the capital expenditure (CAPEX) is the cost of investment at the initial year and the
replacement or addition of some elements of the AC/DC microgrid during its lifetime. Let
us consider the cost of AC and DC cables (Ceapi. ), PV (Cpy ), BES (Cpes), DC/DC charger
(Cpc/pc), bi-directional AC/DC converter (Cac/pc), bi-directional inverter (Cipyerter),
genset or transformer (Cgepset /trans fo), and r is the discount rate over the planning period
T. The CAPEX is given by Equation (11) with the hypotheses that PVs, lines, genset, and
MV/LV transformer have a lifetime equal to or greater than T (30 years), and that batteries
have to be replaced every 5 years and converters every 15 years.

CAPEX = Ccuble + CPV + Cgenset/tmnsfo + CDC/DC + CAC/DC + Cinverter + CBES

+CDC/Dc+CAC/Dc+Cmverrer +§: Ches (11)
(1+1’)15 i=1 (1+7’)5Xl

The operational expenditure (OPEX) is the cost of operating the system and consists of
the cost of the energy purchased from the MV grid or from the genset (E;j/¢enset) which
includes power losses of the system and O&M costs. The O&M cost (C,,,ip¢) includes the
PV, BES, DC/DC charger, bi-AC/DC, and genset. There is no maintenance cost for the
MV/LV transformer. Thus, the OPEX is given by the following equation:

Egrid/genset X Celect/genset + Crnaint

OPEX = t
t=0 (1+7)

T
(12)

4.42. LCOE, Autonomous Time and Energy, and CO, Emissions

The levelized cost of energy (LCOE) is the average cost per kWh of the useful elec-
trical energy produced by the system. The LCOE is the ratio of all discounted costs (the
capital cost, fuel cost, and operations and maintenance cost) divided by a discounted
sum of the energy amounts delivered to loads, Eg,ei(t). The LCOE is expressed by the
following equation [50]:

T CAPEX(t)+OPEX(t)

t=1 7
LCOE = _ E(lf?(t) (13)
L T
where
8760
Eserved(t) = Z Ploud(hr t) (14)
h=1

Pyoaq(h, t): total power of the load at time & of year ¢
The autonomy of the microgrids is defined regarding two criteria: (1) the time during
which the microgrids can operate without the MV grid if it exists or the genset (autonomous
time expressed as a percentage of the year, see Equation (15)); (2) the amount of energy
produced locally by the PVs and not provided by the MV grid if it exists (autonomous energy
expressed as a percentage of the total energy required by the MV grid, see Equation (16)).
__ duration without power from the grid

Autonomous time (%) = 8760 x 100% (15)

_ Total local energy over a year
~ Total energy needed over a year

Autonomous energy (%) x 100% (16)
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Finally, the total CO, emissions of the energy used in the microgrid is provided
by Equation (17).

NSOMVCES
CO, emissions (kg/]/ear) = Z Lccoziresource x E

Lsource=1

(17)

Iressource

where

isource: index of production type (in this paper 1 for PV, 2 for lithium-ion batteries, 3 for
genset et 4 for grid),

Nsource is the number of production types (4 in this paper),

LCCOy;,,., ..., is the life-cycle CO, emissions in kg/kWh for source isoyrce [10,11]

E;,,..owe 18 the total energy produced by source isoyrce OVer one year.
5. Case study

5.1. Description

The Inn village located in Sangkat village, Koh Rong island, Preah Sihanouk province,
Cambodia shown in Figure 9 was selected as a test case. It is a small fishing village on the
southwestern side of the island and is located 20 km from the mainland of Preah Sihanouk
city. Some villagers are currently using the diesel generator as a source of electricity and
some individually use the solar home system with battery storage. This un-electrified
village has 73 households/loads with a total power of 29.52 kW and 12 electrical poles.
Figure 10 shows the location of loads and poles located along the road as well as the inter-
connection point. Detailed information on loads and poles (peak power and coordinates)
is provided in Appendices A and B. The comprehensive planning tool described in the
previous section was applied on this test case in order to compare the interest of DC in
the LV distribution. The objective is to compare the interest of an AC/DC topology with a
full AC structure, with the same cluster structure but optimizing the location and size of
PV-deBES systems.

Inn the Village:

Figure 9. Inn the village, Koh Rong Island, Preah Sihanouk, Cambodia (10°42'43.1” N 103°18'36.7" E).
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Figure 10. Input data: electrical poles and loads of the test case.

5.2. AC versus AC/DC Microgrids

Some steps of the topology optimization are illustrated in Figure 11. Figure 11a shows
the eight DC clusters obtained and Figure 11b the connection of DC loads inside each
cluster. Figure 11c shows the cluster structure (eight clusters obtained) with the main feeder
in AC and secondary feeders (clusters) in DC. The loads belonging to the same cluster are
represented by the same color (one color per cluster). In this section, it will be called the
hybrid AC/DC microgrid. Figure 11d shows the same topology but all in AC and with
single PV-deBES systems. In this section, it will be called the AC microgrid. In both LV
networks, the three phases are quite balanced (10.19 kW on phase A, 9.86 kW on phase B
and 10.04 kW on phase C).

Table 1 shows the comparison between the AC microgrid and the hybrid AC/DC
microgrid for both off-grid and grid-connected modes. For 73 households, the numbers
of PVs installed in both cases are quite close (about 50% of houses) with similar installed
power per unit. For the hybrid AC/DC microgrid, 7 deBESs and DC/DC chargers were
installed among eight clusters. Indeed, one cluster has no PVs because there are only two
houses with a total power of 0.65 kW.
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Figure 11. Radial topology of microgrids integrated with PV and deBES.

150

Regardless of the mode, for the AC and hybrid AC/DC microgrid, we can notice
that, in the full AC, the total power of PVs is about 40% greater than the hybrid AC/DC.
This is because, in the AC/DC mode, the objective of the capacity of PVs is based on the
energy (the total energy of clusters is less than the total energy of loads). Thus, there is a
limitation of PVs while in the full AC microgrid; it depends on the objective that maximizes
the local consumption and minimizes the power losses of the system (see PV allocation
in Section 4.2.2). The more PV is installed, the more the capacity of deBES is increased
(the capacity of deBES of the AC is 126.48 kWh which is greater than the 91.08 kWh of the
AC/DC). In this case, there is a need for a ceBES only in the AC microgrid to store the
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reversed power flow (excess of PVs) which would be injected in the MV grid otherwise.
The peak power from the grid/genset is about 0.77 kW (20 times smaller than the one of
the AC/DC) due to the large amount of PV installed. Consequently, the energy needed
from the grid/genset is reduced. However, the total energy losses are twice because in the
AC microgrid, the cross-section of conductor from poles to loads is smaller and there are
also more DC/DC chargers.

Table 1. Comparison between a full AC and hybrid AC/DC microgrids for both modes.

AC Hybrid AC/DC
Parameters “Grid-Connected” “Off-Grid” “Grid-Connected” “Off-Grid”
Total load peak power (kW) 29.52 29.52
Number of PVs 40 38
Number of deBESs 40 7
Number of DC/DC chargers 41 7
Number of bi-directional AC/DC converters 1 8
Ppvimax (kW) /unit 0.57 0.43
Total Py,prs of the system (kW) 40.2 30.09
Total Cj.pgs of the system (kWh) 126.48 91.84
Total Ppc,/pc charger of the system (kW) 40.2 30.09
Total Psc,pc of the system (kW) 40.2 15.52
Ceepes (kWh) 0.075 0
Pinverter?CeBES (kW) 1.35 0
Active peak power from the grid/genset (kW) 0.77 14.80
Energy purchased from the grid/genset
(MWh/year) 1.05 10.25
Total energy losses (MWh/year) 9.63 4.15
CAPEX (k$) 179.03 181.53 152.64 161.14
OPEX (k$) 20.68 23.8 68.45 191.08
TOTEX (k$) 199.71 205.34 221.09 352.22
LCOE ($/kWh) 0.2551 0.2608 0.2809 0.4475
Autonomous time (%/year) 54.16 100 37.50 100
Autonomous energy (%/year) 98.21 100 80.90 100
CO; emissions (kg/year) 445 976 4344 9529

Regarding the economic aspect, grid connected mode is always the cheapest solution
on the condition that the grid is available. For example, in this test case, the island is
isolated from the main grid. Considering a mean cost of 100 k$/km to build LV lines, the
MYV additional CAPEX is about USD 2 million dollars, making this solution impossible.

In general, for both grid-connected and off-grid microgrids, the TOTEX of the AC
structure is less expensive because we try to optimize local consumption without any
constraints on the location of deBES. Consequently, as there are more deBES in the AC struc-
ture, the CAPEX is about 12% higher but the OPEX is almost divided by three compared
to the AC/DC structure. Indeed, in the latter structure, this is mostly due to the energy
that has to be purchased every year for the use of the genset or the MV grid. Nevertheless,
the AC structure does not allow for a gradual electrification without deploying additional
solar home systems to supply temporary customers. On the contrary, the AC/DC topology
enables us to supply clusters step by step (with a mean CAPEX of 20 k$/ cluster) before
connecting them all together.

In grid-connected mode, the autonomous energy and time of the AC structure are
greater than that of the AC/DC due to the greater capacity of installed PV-deBES. In both
cases (AC and AC/DC), the grid-connected mode is more environmentally friendly (CO,
emissions are half the off-grid mode). Indeed, in Cambodia, the energy mix consists of 44%
of hydropower, 41% of coal, 8% of fuel oil, 6.36% of solar power, and 0.64% of biomass
power [50], and the mean CO, emissions from electricity are 424 g/kWh [51], while the CO,
emissions generated by a diesel generator are twice that (about 930 g/kWh [52]). The AC
structure is also more environmentally friendly compared to the AC/DC one (ratio 10 between
off-grid and grid-connected) since the genset is more used in the AC/DC structure.
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Figure 12 shows a spider diagram with relevant features and KPIs of the AC and
AC/DC microgrids in off-grid mode. It helps to highlight the performances of the AC
microgrids for this case study and also the necessary high initial CAPEX required.

‘Active peak power from the grid/genset (kW) ‘

14.1

CO2 emissions (kg/year)

9529

‘ Energy purchased from the grid/genset (MWh/year)
10.3

LCOE ($/kWh) | 0.4475 9.6 |Total energy losses (MWh)

352.2 181.5

TOTEX (k$)

191.1

—@— AC microgrid "off-grid" mode
=@ Hybrid AC/DC microgrid "off-grid" mode

Figure 12. Comparison between an AC and hybrid AC/DC microgrids for “off-grid” mode.

5.3. Sensitivity Analysis of the Load Curve

To validate the previous results, a sensitivity study on the load curve was performed
to consider the uncertainties related to consumption and to assess how the main features
and KPIs depend on the load curve. For this purpose, for each load, 1000 random draws
between —50% and +50% of the initial load curve based on Monte-Carlo simulation [53]
were made considering that the number and location of PVs and BESs remain the same,
as well as the cross-sections of the AC and DC lines. Figure 13 shows the minimum and
maximum envelope within which the random hourly load curve is generated for each
household and an example of random curve. The values of the power in the interval of
[1h, 6 h] and [22 h, 24 h] are always 0 because no offset was applied when the initial load is
equal to zero.

15 T T T
—+— Original load curve
+ -50% of the load curve
# - +50% of the load curve
—-x—--Random variation of the load curve i

Normalized value

05

Time [hour]

Figure 13. Variation of a load curve with an interval (—50%, +50%) of the initial load curve.
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For the sensitivity analysis, we focus only on the hybrid AC/DC microgrid integrated
with PV and BES for the “off-grid” mode. As both AC and AC/DC microgrids consist of the
same components (batteries, PV, converters, lines, genset), only one test case was considered,
namely the AC/DC microgrid. Figure 14 shows the boxplot of each KPI normalized by its
mean value among the 1000 draws. The central red mark is the median, and the bottom and
top edge of the box indicate the 25th (lower quartile) and 75th percentiles (upper quartile),
respectively, while the outliers are represented by the red “’+” (greater or less than one and
a half of the interquartile value (75th-25th)). It can be seen than CAPEX, OPEX, TOTEX,
LCOE, and losses are not very sensitive to load variation, whereas the active power and
energy purchased from the genset as well as the CO, emissions are quite sensitive to the
load variation.
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Figure 14. Sensitivity analysis of the KPIs using the boxplot for the hybrid AC/DC microgrid
integrated with PV and BES for the “off-grid” mode.

5.4. Discussion

This section provides an example of application of the proposed microgrid planning
tool. Two microgrid structures are compared on a real test case in Cambodia: a cluster
structure in AC optimizing the location of PV-deBES systems and a cluster structure in
AC/DC with a concept of gradual electrification. The technical and economic comparison
between these two structures shows that the grid-connected mode is more economic and
environmentally friendly than the off-grid mode considering the energy mix in Cambodia.
Nevertheless, as the test case study is an island without MV network and located 20 km
from the mainland, the cost of the grid-connection option is prohibitive. The AC microgrid
has more economic and eco-friendly benefits than the hybrid AC/DC microgrid since the
objective is to maximize local consumption and minimize the power losses of the system.
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Nevertheless, the TOTEX of AC structure is only 10% lower than that of the AC/DC
structure but requires a huge initial CAPEX, which is a real barrier to the electrification
process. On the contrary, hybrid AC/DC structure enables a gradual electrification where
one could imagine that clusters are built when possible and interconnected in a final stage.
In this bottom-up approach, the average CAPEX required would be about 20 k$/ cluster.

Other simulations were made to compare the interest of having DC clusters instead of
AC clusters considering the same topology of Figure 11c to enable the gradual electrification
(same sitting and sizing of PV and BES) but in full AC. In the case of AC clusters, the TOTEX
is 10% higher for two main reasons: losses are twice as high (AC lines are in 4 mm? under
230 V and DC lines are between 16 and 50 mm? under 50 V) and the four wires-three phases
main feeders of the AC are longer. Consequently, the C02 emissions are also worse (50%
more) in AC due to the energy losses.

6. Conclusions and Perspectives

This paper proposed a comprehensive LV microgrid planning tool based on four stages:
the optimal design of the LV grid, the DERs allocation, the final balancing depending on the
connection mode, i.e., grid-connected or off-grid and the evaluation of technical, economic,
and environmental KPIs. In order to illustrate the interest of such a model, a case study of
an electrified village in an island in Cambodia was selected. The objective was to study the
interest of the cluster structure in full AC, optimizing the sitting and sizing of PV-deBES
and the AC/DC microgrids. The main conclusions drawn are that the grid-connected
option in Cambodia is the best one in terms of costs and CO, emissions. If possible, i.e.,
the MV connection costs are low, this solution has to be preferred. Considering optimally
located and sized PV-deBES systems leads to the best performances but requires a high
initial CAPEX. If the latter is not available, a top-down approach has to be preferred. The
hybrid AC/DC microgrid is a good compromise since DC clusters can be gradually built
at a reasonable cost and then be interconnected. These conclusions are not general and
depend on many parameters such as the energy mix of the country, the load density, the
renewable resources among others, which justifies the interest of having such kind of
tool for electrification projects. This article helps fill the gap around AC/DC microgrid
planning, integrating both grid design and resource siting and sizing. The future work will
incorporate reliability indicators such as SAIDI (System Average Interruption Duration
Index) and SAIFI (System Average Interruption Frequency Index). Additionally, it could be
interesting to study the integration of other renewable energies such as small-scale biomass
and pico-hydropower plants.
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Appendix A

Table Al. Load specification of the case study.

Coordinate Coordinate Coordinate Coordinate
Noo Tnm Yo D W N T Ynm W Ne T Ynm W Ne T Yonm W
1 —30 27 0.296 20 —112 284 0374 39 —48 316 0.422 58 —15 310 0.361
2 -39 80 0360 21 —99 273 0397 40 —41 317 0.464 59 —21 318 0.382
3 —16 104 0420 2 —91 268 0317 4 -31 315 0.411 60 -21 326 0.332
4 —34 128 0365 23 —90 259 0433 2 -33 321 0.434 61 -5 327 0.347
5 —38 143 0376 24 -85 255 0431 43 -72 312 0.437 62 —14 328 0.454
6 29 191 0372 25 -77 248 0389 44 —98 324 0.292 63 9 291 0.451
7 25 198 0399 26 —67 242 0499 45 —88 323 0.369 64 6 388 0.469
8 —54 205 0398 27 -29 243 0453 46 —81 325 0.445 65 14 376 0.372
9 —19 220 0443 28 -29 254 0420 47 -73 325 0.446 66 12 366 0.389
10 ~36 231 0489 29 —49 261 0405 48 —65 325 0.381 67 15 358 0.494
11 —80 28 0421 30 -32 264 0459 49 —49 333 0.333 68 18 353 0.357
12 —102 250 0390 31 —50 275 0389 50 —34 330 0.371 69 2 348 0.426
13 -111 257 0455 32 -33 278 0434 51 —36 344 0.435 70 34 347 0.359
14 ~120 268 0434 33 -31 289 0428 52 -9 362 0.414 71 57 343 0.439
15 —147 252 0385 34 —18 295 0444 53 —14 248 0.423 72 76 370 0.358
16 ~125 275 0415 35 -3 299 0408 54 —12 257 0.332 73 133 298 0.410
17 ~140 286 0417 36 -38 306 0444 55 -10 268 0.477
18 —127 302 0361 37 -29 309 0423 56 ~13 279 0412
19 -115 295 0355 38 —58 314 0393 57 -10 291 0.336
Appendix B
Table A2. Coordinates of electrical poles of the case study.
Coordinate Coordinate
No. No.
° Xn (m) Yn (m) ° Xn (m) Yn (m)

1 0 0 7 —87 243

2 0 50 8 —110 268

3 5 97 9 —18 253

4 9 149 10 —18 305

5 -1 190 11 -33 354

6 —45 215 12 7 352
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