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ABSTRACT

Remote, rural, and off-grid communities, particularly in Sub-Saharan ARTICLE INFO
Africa (SSA), face significant challenges in securing reliable and | Submitted: May 20,
affordable electricity. While solutions such as solar home systems | 2025

(SHSs) and diesel generators (DGs) have been adopted by some
individuals, their deployment is often not optimized to meet the full load
demand. This study addresses this challenge by proposing a hybrid
swarm grid (HSG) design that integrates photovoltaic (PV), wind
energy, and diesel generators (DGs). Utilizing MATLAB/Simulink and
HOMER, the HSG is modeled and optimized for a typical SSA village,
incorporating real-world variables such as load demand profiles, solar
irradiance, and wind patterns. A comprehensive techno-economic
analysis is conducted to evaluate the feasibility and effectiveness of the
proposed system, taking into account equipment, fuel, and maintenance
costs. The HSG configuration yields a Levelized Cost of Energy (LCoE)
of €0.123 [KWh (TZS 344.4 [kWh), which is significantly lower than the
average LCoE of €0.375 [kWh (TZS 1,050 /kWh) for individual
systems. This highlights the potential of hybrid-based swarm grids to
deliver cost-effective energy solutions, even in applications with high
demand from multiple consumers. Furthermore, this research provides
strong evidence for prosumers to invest in renewable-based swarm
grids over conventional diesel generators, which exhibit higher Net
Present Costs (NPC), LCoE, and environmental impact.
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pursuing the United Nations Sustainable
Development Goal 7 (UNSDG7), which
aims to ensure universal access to

INTRODUCTION

Most of the population in the Global South
lacks access to clean, reliable, and
affordable energy, particularly electricity.
In  Sub-Saharan Africa (SSA), this
challenge is acute, with approximately 600
million people (about 53% of the
population) lacking electricity access
(Amui & Commaodities Branch, 2023). In
response, SSA governments are actively

affordable, sustainable, and clean energy
by 2030 (United Nations, 2015). To
achieve this goal, various strategies have
been considered, including the deployment
of microgrids, individual energy solutions,
and the extension of national grids into
rural areas (Bowes et al., 2017). However,
extending national grids faces significant
challenges, such as the high cost of
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constructing long transmission lines and
substantial power losses. These issues are
exacerbated by the dispersed nature of rural
communities, which are often located far
from urban centers (Peters et al., 2019).
While microgrids offer a promising
alternative, their widespread adoption has
been limited by high upfront investment
costs, which often lead to unaffordable
electricity  for  impoverished  rural
communities. Furthermore, many existing
microgrids are failing due to a number of
factors, including customer dropouts,
political interference, and a lack of
technical and project management skills
within these communities (Namujju et al.,
2024; Bogere & Temmen, 2024).
Conversely, some individuals in rural
communities have increasingly adopted
solar home systems (SHSs) and small
diesel generators (DGs) to secure
electricity access (Clancy, 2025). The
growing uptake of SHSs can be attributed
to the global decline in solar photovoltaic
(PV) module prices, making these systems
a more financially accessible solution.
Nevertheless, these individual systems,
particularly SHSs, are often not optimized
for the local load demand. Specifically, the
self-consumption of PV-generated energy
is low due to the inherent volatility and
intermittency of solar resources. As a
result, SHSs may produce a surplus of
energy during the day that goes unutilized,
while failing to satisfy the community's
energy demand during evening and
nighttime hours (Groh et al., 2014). This
disparity  highlights a  significant
opportunity: surplus energy could be either
traded among community members or
stored in a centralized, community-based
energy storage system for later use.
Nevertheless, individual SHSs and their
associated storage systems can be
interconnected to form a small,
decentralized mini-grid known as a swarm
grid (Soltowski et al., 2019). This
configuration allows for the sharing and
optimal utilization of individual resources
within a community. By leveraging the

complementary load demand profiles and
diverse generation and storage capacities of
prosumers and consumers, a swarm grid
enhances electricity access and availability
without the need for significant new
generation or storage infrastructure
(Hoffmann & Ansari, 2019).

Swarm grids are emerging as a promising
and  viable approach  for  rural
electrification, particularly in Sub-Saharan
Africa. Their ad-hoc nature allows them to
grow organically from existing individual
resources, expanding as more become
available. This makes them highly suitable
for rural communities with limited capital,
offering a more flexible alternative to
extending national grids or developing a
full-scale microgrid (Sheridan et al., 2023).
A swarm grid can grow incrementally and
eventually be integrated into a larger
microgrid or the national grid without
requiring a substantial upfront investment
(Hoffmann & Ansari, 2019).

This paper assesses the potential of hybrid
swarm grids (HSGs), focusing on the
effective utilization of generated electricity
and the Levelized Cost of Energy (LCoE).
A hybrid model, which integrates diverse
prosumers with solar PVs, wind turbines,
DGs, and energy storage, has been
developed. The primary aim of this model
is to provide a reliable and environmentally
sustainable power supply, mitigating the
impact of weather variability and reducing
reliance on fossil fuels. The model is
implemented in  MATLAB/Simulink
R2023b (MATLAB, 2021) using 24-hour
real-world data with a one-hour time
resolution to examine the energy sharing
possibilities among  prosumers and
consumers. HOMER software is then
employed to optimize the designed models
and analyze their cost-effectiveness across
various scenarios.

The rest of this paper is organized as
follows: Section 2 provides a literature
review of related works. Section 3
describes the proposed system architecture
and modelling. Section 4 presents the
simulation results and discussion of
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different SG configurations. A financial
analysis is presented in Section 5. Finally,
Section 6 summarizes the key findings of
this research.

RELATED WORKS

Various studies have explored the
implementation of swarm grids. Much of
this research has focused on utilizing
renewable sources within  mini- or
microgrid configurations, with some
investigations addressing technological
advancements in the development of
swarm grids.

The study by Hoffmann & Ansari (2019)
investigated the potential of establishing
swarm grids in communities that are
already connected to a national grid. Their
work demonstrated the potential for
reducing energy costs by optimally
balancing energy drawn from the national
grid with electricity supplied by individual
prosumers.  However, a significant
limitation of their analysis is that it does not
extend to unelectrified rural communities
located far from the national grid, where
grid extension is not a viable option.
Furthermore, the study's scope is restricted
to the integration of only SHSs and DGs,
neglecting to explore the potential of
integrating hybrid renewable energy
sources, such as PV-wind systems.
Giraneza et al. (2021) proposed a
centralized energy storage system, referred
to as an "energy bank" for use within a
swarm grid. In their model, the centralized
energy bank connects both prosumers and
consumers, storing surplus energy and
responding to energy demand requests. In
cases of energy request contention, priority
is given to prosumers. While the study
provides a robust formulation of the
centralized storage system, it fails to
address critical issues such as billing,
security, and privacy. Furthermore, the
concept of a centralized storage bank lacks
practical feasibility in sparsely populated
villages due to the high cost of connecting
each stakeholder and the significant
transmission losses experienced by distant

participants.  The  operational  and
management costs of the centralized
storage have also not been discussed.

In addressing the technical challenges of
forming swarm grids (SGs), Mwakijale et
al. (2024, 2023) proposed the use of smart
transceivers for energy management,
billing, and dispatch control. A key
limitation of this work, however, is that the
transceiver’s operation is restricted to
solar-only swarm grids. The study also
does not address how  multiple
simultaneous requests are handled to
prevent imbalances within the SG. In
related work, Mwakijale & Hilleringmann
(2024) discussed the impact of various
threshold parameters on the choice between
AC and DC distribution lines. The authors
used factors such as conductor size,
household separation distance, conductor
characteristics, shared power, and
converter losses (including power factor
losses for AC) to determine power loss for
each distribution type. A threshold was
subsequently derived to guide the selection
of either an AC or DC distribution line.
Despite this, the study did not consider the
implementation costs of each distribution
line or the market availability of AC and
DC appliances, which are critical factors
for a comprehensive conclusion.

The EU project technology (Swarm-E,
2025) provides a comprehensive real-world
evaluation of swarm grid systems. The
project showcases scalable deployments in
countries such as Tanzania and
Bangladesh, emphasizing modularity, peer-
to-peer electricity trading, affordability,
and integration with productive-use
technologies like e-mobility charging and
cold storage. Economically, the system is
designed to be accessible, with users
paying a one-time fee for a controller and
then participating in energy trading via
digital platforms-demonstrating a practical
balance between technical innovation and
financial inclusivity.

Therefore, this work addresses the techno-
economic viability of implementing SGs in
SSA. It seeks to answer the primary
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research question: How economically
feasible is it for rural communities to share
electrical energy through SGs.

SYSTEM ARCHITECTURE AND
MODELLING

Figure 1 illustrates the proposed swarm
grid architecture developed for this study.
The model represents a hypothetical
community of four prosumers: a
commercial entity with a DG, a residential
household with a small wind turbine, and
two households with solar home systems
(SHSs) coupled with battery storage. In this
architecture, solar PVs and wind generators
serve as the primary energy sources, with
the DG optimized for backup. To maximize
the benefits of the swarm grid, all generated
energy is shared among prosumers with
battery storage, irrespective of its origin.

Consumer

/ Prosumer

i
i
e I

Consumer

LoRa Network

Weather Data

For this study, average weather data for
Tanzania, spanning from 2018 to 2023,
were obtained from NASA (NASA -
Langley Research Center, 2024) and
SOLCAST (Solcast, 2025). The dataset,
which includes  solar irradiance,
temperature, and wind speed, was
thoroughly analyzed and applied as input
for the simulations in this study. Solar
irradiance and temperature are critical
factors influencing the electricity generated
by solar PVs, whereas wind speed is
directly proportional to the power output of
the wind turbine. The seasonal variation of
these weather parameters is presented in
Figure 2.
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Figure 1: Swarm grid system architecture (Mwakijale et al., 2023).
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Figure 2: The monthly data of global irradiance and wind speed in Tanzania.
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Figure 3: Mean hourly solar irradiation and wind speed.
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Figure 4: Mean daily load profiles in a proposed swarm grid.

According to Figure 2, there is a consistent
potential for electricity generation from
both solar and wind sources throughout the
year. The mean monthly global solar
irradiance ranges from 500 — 600 W/m2,
while the mean monthly wind speed is
between 3 — 5m/s. The consistent high
solar irradiance indicates its viability as a
primary source of electricity in rural
villages. Figure 3 shows the mean daily
distribution of solar irradiance and wind
energy potential. Peak solar irradiance
approximately reaches 800 W/mz?, while
the average wind speed is 4 m/s. Notably,

wind and solar resources  offer
complementary patterns for electricity
generation.

Load Profiles

Load profile data, sourced from

Mwammenywa & Hilleringmann (2023),
Philipo et al. (2020), and Williams et al.
(2018), were used to model the residential
and commercial loads in this study.The
mean daily load profiles for residential and

commercial prosumers are shown in Figure
4. Consistent with an equitable energy
access approach, as described by Hoffmann
& Ansari (2019), residential prosumers and
consumers are assumed to share a similar
load profile.

Description of Partial Models

Solar PV System Model

The solar cell illustrated in Figure 5,
utilizes the Bellini model (Bellini et al.,
2009). The actual PV current Ip depends on
the actual PV voltage output Ve and other
parameters Ki and K3, according to the
following mathematical equations:

=
! NMN—0
dnl Al R,
Ct) R.s'h I/Pv
O

Figure 5: Equivalent circuit of the PV cell

(Source: Bellini et al., 2009).
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%4
Ip = Igc - [1 — K;. (e(Kz-50c> - 1>l (1)
Lypp (—VMPP)
K= (1- ISC).e RaVoc )
Vmpp
. (VOC 1) 3
(1)
ISC

Parameters K1 and Kz depend on irradiance
G and temperature T at a given time.
Variations in irradiance and temperature
affect the short circuit current Isc, open
circuit voltage Voc, maximum power point
voltage Viwep and maximum power point
current lvpep; as described in the following
equations:

G
Isc(G,T) = ISCSG_S [1+a(T-Ts)] (4)
Voc(T) = Voes + B(T —Ts) (5)

Iypp(G,T) = IMPPSG£ [1
s
+a(T = Ts)] (6)

Vupp(T) = Vypps + (T — Ts) (7)

Current parameters are influenced by solar
irradiance and temperature, whereas

voltage parameters are temperature-depend
only. Iscs, Impps, Vocs and Vwpes are short
circuit and maximum power point currents,
and open circuit and maximum power point
voltages of a solar PV, respectively, at
standard test conditions (STC: Gs
=1000 W/m? and Ts =25 'C = 298.15 K). a
and g are current and voltage temperature
coefficients, respectively, as per the
manufacturers” module datasheet, provided
in Table 1.

In this study, maximum power point
voltage Vmep and current Ivep are taken as
the output voltage and current of the single
PV module. The PV system’s power output
is calculated by multiplying the output
current by the number of parallel strings
and the output voltage by the number of
modules in series within each string. The
incremental conductance (INC) maximum
power point tracking (MPPT) technique is
implemented for PV system simulation.
The INC MPPT algorithm, utilizing a boost
converter, offers flexibility, real-time
response, and simplicity compared to other
MPPT algorithms (Mohamed & Abd El
Sattar, 2019). Figure 6 illustrates the INC
MPPT algorithm, which dynamically
adjusts the PV's operating point to maintain
operation at the maximum power point
(MPP).

Table 1: PV system characteristics

PV Characteristics Values
Maximum Power Point at STC [Pwer] 250 W,
Voltage at Maximum Power Point [Vwee] 30.7V
Current at Maximum Power Point [Imvee] 8.15A
Short Circuit Current [lsc] 8.66 A
Open Circuit Voltage [Voc] 37.3V
Temperature coefficient of Isc 0.086998% /K
Temperature coefficient of Voc -0.36901% /K
No of Cells 60
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l

l

Figure 6: Incremental conductance algorithm (Mohamed & Abd EI Sattar, 2019).

This study models two SHS prosumers with
DC loads, as shown in Figure 1. The total
PV power generation in the model,
depicted in Figure 7, is derived from the
combined output of these two PV systems.
The output voltage from each PV system

Duty Cycle:

Peak-to-peak Output Ripple Voltage:
Output Current:

Peak-to-peak Inductor Current Ripple:

Inductor Value:

Capacitor Value:

passes through a DC-DC boost converter
operating at a switching frequency f,
which is modeled using equations (8) - (13)
with parameter values provided in Table 2.

Vout - Vin
D = (8)
Vout
AVoyr = %Vripple * Vout 9)
Pout
I = — 1
out Vout ( 0)
Al = %Iripple * Loyt (11)
L=V, D x(—— 2 (12)
= Lk *
n (f * AIL)
c=_2h (13)
f*AVoy

Table 2: Boost Converter with INC MPPT for PV system characteristics

Model Components Values
Maximum Output Power [W] 500
Input Voltage [V] 30
Output Voltage [V] 48
Inductance [mH] 6.8
Capacitance [uF] 813.80
Switching Frequency [kHz] 10
Duty Cycle [D] 0.375
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Figure 7: Layout of the PV generation in MATLAB/Simulink.

Wind Generator Model

This study integrates a Vertical Axis Wind
Turbine (VAWT) power generator into the
model (Justo et al., 2018). Due to their low
cut-in wind speed of just 2 m/s, VAWTSs
are particularly well-suited for low-wind
environments like Tanzania, as indicated in
Figure 2 and 3. The wind system model is
designed to deliver a maximum power

where C, is the power coefficient as given
the data sheet, p is the airflow density in
Kg/m3, Ais the rotor area in m?, and V is
the air velocity in m/s.

For power conversion from mechanical B,
to electrical P, , the turbine system is
modeled with a Permanent Magnet
Synchronous Generator (PMSG). This
process involves the dynamics of the shaft,

output of 400 kW at its rated wind speed.
Figure 8 illustrates the layout and model of
the VAWT generator employed, and its
mechanical power output, Pm, is calculated
using Equation (14).

which converts the magnetic torque to an
electrical torque. The electrical power
generated is precisely defined by Equation
(15). The AC output is subsequently
rectified into DC wusing a full-wave
rectifier, and a boost converter is employed

— 3 . :
B = GpAV to regulate the DC voltage, as depicted in

(14)

rad/s pu1

£

Generator speed (pu)

Pitch Angle [—»| Pitch angle (deg) Tm

PMSG Boost Converter

Torque

Wind Speed ind speed (mis)

>V
Input Data Wind Turbine

P

>l

INC MPPT

Figure 8: Layout and model of the VAWT generator in MATLAB/Simulink.

Table 3: Wind turbine system parameters

Wind Turbine Parameters Values
Nominal Mechanical Output Power [W] 400
Base Power of Electrical Generator [VA] 400/0.9
Base Wind Speed [m/s] 3
Maximum Power at Base Windspeed (p.u) 1
Base Rotational Speed (p.u) 1.2
Pitch angle beta to display wind turbine power characteristics (deg) 0
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Figure 8. The operational principles of the
boost converter and the Incremental
Conductance (INC) MPPT algorithm are
further explained in Equations (8) — (13)
and illustrated in Figure 6, respectively.

3 .
P,=T, w, = Eplflq.wm (15)

Where p is the number of poles, 4 is the
flux linkage, i, is the g-axis stator current

in Amperes, and w,, iS the mechanical
angular speed in rad/s. The values of these
parameters given in Table 3.

Diesel Generator Model

The DG is modeled as a diesel engine
coupled to a synchronous machine as
depicted in Figure 9.

4 Positive

N ‘ Negative

Load

AC/DC Rectifier

Diesel Engine Coupled
Synchronous Machine

o v

g
5 -
- V_Diesel

o )

Buck Converter

Voltage Regulation

Figure 9: Diesel generator model layout in Simulink.

The synchronous generator's excitation
system, a Simulink AC1A block, regulates
the machine's field current using equations
(16) — (18). This control mechanism
manages the terminal voltage and reactive
power output, which, in turn, influences
voltage regulation, stability, and transient
response. This system is designed to
convert mechanical energy into AC power
and then rectify it to DC power to power
DC appliances. A DC link capacitor is used

Mechanical Power:

Electromagnetic Torque:

Direct and quadrature axis Voltages:

Duty Cycle:

Peak-to-peak Output Ripple Voltage:
Peak-to-peak Inductor Current Ripple:

to stabilize the rectified output, minimizing
voltage fluctuations. A buck converter
modeled using equations (19) — (23),
further adjusts the DC voltage to meet grid
requirements. A proportional-integral-
differential (PID) controller, governed by
equations (24) — (26), regulates the voltage
to a level suitable for the swarm grid by
comparing the rectified output with the DC
grid's standard voltage and determining the
buck converter's switch duty cycle.

B,=T, w (16)
3p . .
Te = TT (lpdlq —Yq ld) (17)
. dig
Vd = —lde - (A)l/)q +W
o (18)
. q
Vq = —lqRq - (A)l/)d +W
Vout
D = 1
4 (19)
AVoyr = %Vripple * Vout (20)
Al = %Iripple * Loyt (21)
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Inductor Value:
Capacitor Value:

Reference Voltage Comparison:
PID Controller:
PWM Output:

L= pr (2
- (Vi - Vout) * Do (f " AIL) (22)
C = L 23)

B f*AVou (
e(t) = Vref — Vout () (24)
K;

D(s) = (Kp +?+ de>E(s) (25)
PMW, o« D(t) (26)

Table 4: Synchronous Machine Parameters for Diesel Generator

Model Components Values
Frequency 50 Hz
Rated Speed 1500 RPM
Rated Power 8.1 KVA
Rated Voltage 400V
g-axis synchronous reactance (Xq) 0.895 pu
d-axis synchronous reactance (Xq) 1.8 pu
Stator Resistance (Rs) 0.0820 pu
Leakage Inductance (X)) 0.072 pu
g-axis sub transient synchronous reactance (X4") 0.115 pu
d-axis sub transient synchronous reactance (Xg") 0.207 pu

Table 5: Rectifier Specification for Diesel Generator

Model Parameters Values
No. of Bridges 3
Snubber Resistance 100 Q
Snubber Capacitance 0.1 uF
Forward Voltage (Vr) 0.8V

Table 6: Buck Converter parameters for Diesel Generator System

Model Components Values

Maximum Output Power [W] 3000
Input Voltage [V] 400
Output Voltage [V] 144
Inductance [mH] 16

Capacitance [uF] 926
Switching Frequency [kHz] 10

Duty Cycle [D] 0.36

where T,, is the mechanical torque, w is
the angular speed of the generator shaft, p,
isnumber of poles, 4,1, are direct and
quadrature axis stator flux linkage, iy, i,
are direct and quadrature axis stator
currents in Amperes, and R4, R, are stator
resistance in d and g axes. The values of
these parameters given in Tables 4 — 6.

Energy Storage Battery Model

This study models SHS prosumers that use
lead-acid batteries for energy storage. The
batteries store any excess energy generated
by the PV system when it surpasses the
current load demand. Conversely, they
discharge to provide power when the load
demand is higher than the generation. This
storage capability is crucial for enhancing
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the system's reliability and mitigating the
intermittency of solar and wind energy. The
battery model, shown in Figure 10, tracks
the battery's state of charge (SoC), which is
expressed as a percentage and is described

by equations (27). The battery voltage,
battery operation and charging control are
modelled using equations (28) - (30) and
parameter values are provided in Tables 7
and 8.

1 t

State of Charge: SoC [%] = 100 [1 — 5] i(t) dtl (27)
0
1 Q —B.it
Battery Terminal E=E,—K —+Ae
Voltage, Vg : Q- (28)
P opatt Vpatt = E — 1. Rin
, , _ VBatt
Battery Discharging mode: Vo, = —— D € (0,1)
Operation Mode: 1=-b (29)
: Charging mode: Vgate = D.Vin

Charger Discharging mode: If (SoC = SoCp,;n) and (Pyen < Load) 30
Controller: Charging mode: If (SoC < SoCyy;,) and (Pye, > Load) (B0

Table 7: Pb-Acid battery characteristics

Battery Model Parameters Values
Rated Usable Capacity 50 Ah
Nominal terminal voltage 12V
Maximum Charging/Discharging Current 100 A
Initial State of Charge 95 %
Maximum capacity 52 Ah
Maximum Full Charge Voltage 13.0658 V
Efficiency 95 %
Nominal discharge current 10 A
Internal Resistance 2.4 mQ
Capacity at nominal voltage 15.5 Ah
Exponential zone 12.22 V, 0.167 Ah
Usage On/Off-grid

Ambient Temperature

-10°Cto 50 °C

Table 8: Bidirectional Converter with INC MPPT for Battery system characteristics

Model Components Values
Maximum Output Power [W] 500
Input Voltage [V] 12
Output Voltage [V] 48
Inductance [mH] 11
Boost Capacitance [puF] 813.80
Buck Capacitance [mF] 26
Switching Frequency [kHz] 10
Boost Duty Cycle [D] 0.75
Buck Duty Cycle [D] 0.25
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Figure 10: Pb-acid battery system model in Simulink.

The energy storage battery system in this
study employs a dual-function,
bidirectional DC-DC converter with a
switching frequency of 20 kHz. The boost
converter is governed by equations (8) —
(13) and the buck converter by equations
(19) — (23). A proportional-integral-
differential (PID) controller modeled using
equations (24) — (26), manages the
converter's operation. It modulates the duty
cycle of the switches by comparing the
generation system's reference voltage to the
battery's actual output voltage. This control
strategy  enables smooth transitions
between voltage boost and buck modes,

effectively regulating the battery's charge
and discharge cycles.

Overall Swarm System Model

The swarm grid architecture depicted in
Figure 1 is modeled as shown in Figure 11
and is further detailed by equations (31) —
(37). Where Py, is the actual power from
DG, P;;, Is the power discharged from
battery, P.; . is the battery charging power, D,
and C, are battery charging and discharging
states and P, is the curtailed renewable
power that cannot be stored in batteries.
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-

‘ T PV_PAROSUMER 1
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T CONSUMER 1
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Negar
PV _PROSUMER 2
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CONSUMER 2
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l
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| S
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CONSUMER 3

Figure 11: MATLAB/Simulink complete model for the swarm grid in this study.

Prosumers-Aggregate
Power for RES:

Total Load (Prosumers
and Consumers):

(31)

RES __ RES
P = E Py

i€l

L= Lyt ) Lo

i€l ceCc
i € I: Prosumers;c € C: Consumers

(32)
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Renewable Energy
Surplus:

System Power Balance:

Battery Charging
Policy:

ZiPC,l',t:{

Battery Discharging
Policy:

Curtailed Power

(So,t = PtRES - L?)t) =0

(33)

PRES + Z Pyt + Ppge = L + Z Peit + Peurt (34)
i .

4
min(Sy,, C"%),  So: =0,

35
min(max(0, Ppg: — D;), C"*), So: <0, (35)
Z Pyie = min(—(So.),  Df"™) (36)
i
Pcur,t = SO,t - z PC,i,t (37)
i
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Figure 12: Flowchart of the swarm grid simulated in this study.

The model coordinates multiple prosumers-
each with its own power generation and/or
storage-and consumers connected via a
common bus. The modeled grid has a total
installed capacity of 1 kW for solar PV
systems, 400 W for wind generators, and
3 kW for a diesel generator (DG). These
sources are designed to collectively meet a
peak load of 4.4 kW.

The system's  operational  strategy,
illustrated in Figure 12, prioritizes the
utilization of renewable energy to meet
both local and shared demand. The system
only draws from battery storage when
renewable generation is insufficient. As a
last resort, the DG is activated only when
both renewable generation and battery
storage are depleted.

SIMULATION RESULTS AND
DISCUSSION

The proposed model was simulated using
component sizing determined by HOMER
to ensure optimal energy availability at the

lowest system cost, based on the prosumers'
load demands. Simulations were conducted
over a 96-hour period, using mean daily
weather data and load profiles to analyze
the energy flow within the swarm grid.
Four distinct cases were simulated for
comparative  analysis:  three  cases
considered individual generators, while the
fourth case represented the swarm grid,
which utilized all three generator types.
¢ Individual systems, consisting of both
generation and storage units (where
applicable), operate independently and
exclusively serve their local loads. The
individual generation systems modeled
in this study include:
i. Prosumer with a SHS and energy
storage system (ESS)
ii. Prosumer with a wind system and
energy storage system (ESS).
iii. Prosumer with a DG only
e Hybrid Swarm Grid Systems: These
systems consist of interconnected
prosumers and consumers, facilitating
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the sharing of generation and storage
capacities under various control
configurations.

Prosumer with a SHS and ESS

Figure 13 illustrates the performance of a
prosumer with a 500 Wp solar home
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system (SHS) and battery storage. The
system exhibits two distinct operational
characteristics: a significant amount of
surplus energy from 13:00 to 16:00, and an
unmet energy demand during the night.
The consistent operation of the SHS and the
energy storage system (ESS) ensures the
prosumer's daytime energy self-sufficienc
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Figure 13: Generation, load and SoC profiles for a single SHS prosumer.
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Figure 14: Generation, load and SoC profiles for a single SHS prosumer and a consumer.

by effectively meeting their local load
demands. However, this configuration
results in surplus energy that, if
interconnected, could benefit other
community members.

Figure 14 illustrates the impact of adding a
consumer to the prosumer's system to
utilize surplus energy. The scenario, which
effectively doubles the load while
maintaining the original generation and
battery capacity, demonstrates that the
system is unable to meet the increased
demand. The additional load prevents the
PV system from fully charging the battery,
resulting in a continuous net discharge.
This highlights the limitations of a

standalone prosumer system to support
additional consumers  without a
corresponding increase in generation or
storage capacity.

Prosumer with a Wind System and ESS
Figure 15 illustrates the performance of a
prosumer with a 400 Wp wind system and
battery storage. In this case, the wind
system consistently meets the local load
demand, making the battery storage largely
redundant. This outcome, however,
demonstrates the potential of this system to
support additional interconnected
consumers, particularly during periods of
off-peak generation. This highlights the
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value of wind-based prosumers as a stable
source of energy for a wider community.
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Figure 15: Generation, load and SoC profiles for a wind system prosumer.

Wind Output (W), Load(W)

0 10 20 30 40 50 80 70 80 90 100
Time (hours)

100 ~7 ~ ~7 ~7
90

80
70
80
50

40

State of Charge (%)

30

20

0 10 20 30 40 50 60 70 80 90 100
Time (hours)

Figure 16: Generation, load and SoC profiles for a wind system prosumer with a consumer.

The wind system exhibits remarkable
consistency, ensuring the prosumer's
energy self-sufficiency without deficits,
even without relying on a battery. This is
because generation consistently surpasses
load demand throughout both the day and
night. However, a substantial amount of
unutilized energy could be shared to benefit
other interconnected community members.
Figure 16 presents a simulation of the wind
system with an additional consumer. The
results demonstrate the system’s capacity
to support multiple consumers; however,
with the increased load, battery storage
becomes necessary to supplement energy
during periods when wind generation falls
below the total load demand.

Prosumer with a DG System

The DG used in this simulation has a
maximum power output of 3 kW. By
design, it supplies power commensurate
with the load demand. However, during
startup, the DG's rotational speed is
elevated, resulting in a transiently higher
power output. Fluctuations in demand
throughout the day cause the DG to
produce excess power at certain operational
times, as depicted in Figure 17(a).

Figure 17(b) depicts a modified DG system
that incorporates battery energy storage.
This configuration stores excess DG output
during periods of high operation and uses it
to supply light loads, primarily at night,
when the DG is switched off. The battery is
recharged during midday when the DG is
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Figure 18: Supply, load and SoC profiles for a DG and battery prosumer and a consumer.

operational. This approach reduces DG
runtime during periods of low demand,
thereby minimizing maintenance costs.
However, potential limitations include the
battery's longevity under continuous
cycling and the DG's inherent
environmental impact from greenhouse gas
emissions. While this hybrid setup partially
mitigates reliance on the DG, its prolonged
use still poses environmental concerns.
Integrating renewable energy sources
(RESSs), such as solar or wind, could further
reduce diesel consumption and emissions
while potentially extending the battery's
charging period beyond the DG's peak
operational hours.

Figure 18 presents the simulation of a
diesel generator (DG) and battery-equipped
prosumer connected to a consumer. The
DG's  operational  pattern  remains
consistent, as it is primarily used by the
commercial prosumer during daytime
hours. However, the battery provides
energy during the evening to meet the
consumer's load. The introduction of this
additional load results in a continuous

decline in the battery's state of charge
(SoC), indicating that this configuration is
unsustainable over time.

Swarm Grid Configuration

The simulated swarm grid, as depicted in
Figure 11, comprised four prosumers with
diverse energy sources, two solar home
system (SHS) prosumers, a wind prosumer,
and a diesel generator (DG) prosumer-
along with three additional consumers. The
results, presented in Figure 19, demonstrate
that the system successfully met the local
demands of the prosumers and supplied the
energy needs of all three connected
consumers. The integrated mix of
photovoltaic (PV) and wind resources,
supported by the DG, was crucial in
balancing energy supply and demand. This
highlights the importance of incorporating
a diverse mix of renewable energy sources
(RESs) and a reliable backup to
accommodate fluctuating energy
production and minimize the risk of energy
deficits.
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Figure 19: Total power generated and load demand; and battery behaviour in a simulated
swarm grid.

The results also confirm the swarm grid's
efficacy in providing a reliable and
continuous power supply, particularly
when augmented with battery storage. Even
when batteries were fully charged and the
DG's operation was optimized, excess
power was efficiently shared among the
interconnected prosumers and consumers
after local demands were met. This power-
sharing mechanism minimized the waste of
renewable energy generation, showcasing
the system's effectiveness and economic
viability.

The performance and utilization of the
battery storage systems are illustrated in
Figure 19(b). Battery System 1 (connected
to PV Prosumer 1) was configured to
discharge first, reaching a 50% depth of
discharge (DoD) before Battery System 2
(connected to PV Prosumer 2) initiated
discharge. This strategy, implemented on
the solar prosumers (as the wind system
demonstrated no need for a battery in
Figure 15), was designed to minimize the
charge and discharge cycles for each
system. This approach also provides a
crucial energy buffer for the grid during
periods of low renewable energy
generation. The configuration further
suggests a potential to accommodate an
additional consumer within the swarm grid,
although this scenario was not simulated in
the current study.

COST ANALYSIS

Rural electrification faces significant
financial challenges, particularly with the

initial investment and operational costs of
renewable energy systems, which can lead
to high energy prices. This study addresses
this issue by analyzing two key financial
indicators: Net Present Cost (NPC) and
Levelized Cost of Electricity (LCOE),
across four simulated cases. The NPC
represents the total project cost over its
lifetime, including the costs of components,
transportation, installation, operation, and
maintenance. LCOE, expressed as the
average cost per kilowatt-hour (kwh),
quantifies the affordability of electricity for
each configuration.

The simulated cases from previous section
were subjected to a financial analysis using
equations (38) and (39), where C,“" is the
initial capital expense, C;* is the capital
expense at year y, Cy7, CO%M, )" are
the respective replacement, operation and
maintenance, and fuel costs at year y, and
E, is the total energy produced in year y.
HOMER software was used to evaluate the
economic viability of these configurations
over a 25-year project lifespan, providing
insights into their long-term  cost-
effectiveness, with the results summarized
in Table 9.

The HSG configuration yields a LCoE of
€0.123 /kWh, which is significantly lower
than the average cost of €0.375 /kWh for
any individual prosumer system. This is
especially notable as the swarm grid serves
seven users, while each individual system
only serves one. This finding underscores
the potential of hybrid-based swarm grids
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to deliver cost-effective energy solutions
for applications with high demand from
multiple consumers.

The NPC of a standalone DG system is
significantly high, largely due to the
elevated cost of fossil fuels, frequent
maintenance and repairs, and periodic
replacements (Thompson Power Systems,

2024). However, when a DG is utilized as a
backup or supplementary power source
within the proposed swarm grid, its NPC is
reduced. This reduction is a direct result of
decreased fuel consumption and less
frequent operation, which, in turn, lowers
maintenance and repair requirements.

Ccap_l_crep_I_CO&M_l_Cfuel
_ - NPC = cap y y y y _
Net-Present Cost C=¢(C," + Ty S (38)
i€l
. NPC
Levelized Cost of LCoE = v 5 (39)
. Y
Energy: Zy=1(1+r)y
Table 9: Financial analysis and comparison
Operating
System Description Components and Sizes DAC Cost LCloLy
© (€/kWh)
(€/year)

Solar Home System PV -500 W;
(PV + Battery with Load) Battery — 12V, 50 Ah 1767 85.89 0.257
Wind System Wind — 400 W.
(Wind + Battery with Load) Battery — 12 'V, 50 Ah 3057 117.34 0445
DG Systems DG -3 kW
(DG + Battery) Battery — 12 'V, 50 Ah 43858 2809 0.54
Swarm grid system SHS (PV = 500 W
4 Prosumers (2 SHSs + Wind +  pare? 2V 0N g1 gia14 02
DG) and 3 extra Consumers DG — 3 kW

The analysis consistently demonstrates the
economic benefits of using Renewable
Energy Sources (RESs), specifically PV
and wind power, which offer a lower LCoE
and NPC compared to conventional DG-
only systems. Furthermore, the adoption of
RESs vyields significant environmental
advantages, including a notable reduction
in carbon emissions.

CONCLUSIONS AND
RECOMMENDATIONS

This study elucidates the intricate
interactions among diverse energy sources,
storage systems, and load profiles within a
swarm grid through comprehensive

simulation and analysis, providing valuable
insights for practical implementation. This
research contributes to the advancement of
sustainable energy solutions for off-grid
communities and  emphasizes  the
transformative potential of swarm grids in
shaping the future of decentralized energy
systems. Swarm grids offer a promising
avenue for achieving more economical,
flexible, and sustainable energy solutions.

In conclusion, the simulation results
underscore the viability and effectiveness
of renewable energy, augmented with
energy storage and strategically integrated
DG backup units, in providing a reliable
and sustainable energy solution for self-
consumption and extended load supply. It
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highlights the importance of strategic
planning, energy management, and a
diversified energy mix to optimize swarm
grid performance, facilitating broader
adoption of renewable energy systems
complemented by traditional generation
methods for reliable power supply in
remote areas with limited access to
continuous electricity (Varun, 2025).

To accommodate increased demand from
additional consumers, leveraging doubled
PV generation capacity and augmented
storage capabilities, or incorporating
additional renewable sources like wind, is
essential. An intelligent management
system, employing forecasting algorithms
to predict demand and optimize energy
distribution and storage strategies, could
play a crucial role. This system would
ensure optimal battery charging during
peak sunlight hours and efficient energy
distribution among all consumers and
prosumers during high-demand periods.
The simulated SoC demonstrates the
system's ability to adequately supply both
self-consumption and an additional
consumer.
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