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A B S T R A C T   

To improve access to electricity and achieve Sustainable Development Goal 7 (SDG7), a mixture of grid extension 
and off-grid systems, like minigrids, are under deployment in many developing countries, including sub-Saharan 
Africa (SSA). Beyond meeting energy access goals, the main grid will continue expanding and eventually 
converge and integrate with minigrids. Such integration has the potential to address network losses and low 
quality of supply in developing countries, similar to how the optimal placement and sizing of distributed energy 
resources (DERs) has impacted distribution networks in the global north. However, unlike in the DER integration, 
there is no suitable planning methodology for maximizing the benefits of grid integration of formerly autono-
mous minigrids in developing countries. This paper proposes a minigrid integration planning (MGIP) method-
ology that ensures loss reduction and voltage improvement in post-energy access networks in developing 
countries. The planning problem is formulated as a mixed-integer non-linear problem (MINLP) and is solved 
using a Genetic Algorithm (GA). The paper demonstrates MGIP’s ability to ensure loss reduction and voltage 
profile improvement by identifying optimal points of grid infeed into formerly autonomous minigrids. It also 
shows MGIP’s flexibility to be applicable in a basic case of integrating a single minigrid and an advanced case of 
integrating a cluster of minigrids. The results show that using the MGIP approach can significantly reduce losses 
(by up to 65% as observed in some scenarios of the reported case studies) and improve voltage profile through 
the grid integration of formerly autonomous minigrids in the post-SDG7 electrical networks in developing 
countries.   
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1. Introduction 

Achieving access to affordable, reliable, and modern energy services 
for all by 2030 is one of the primary objectives under the United Nations’ 
Sustainable Development Goal 7 (SDG7) [1]. Pathways for meeting this 
goal in developing countries by 2030 include grid expansion and various 
off-grid energy access interventions such as minigrids and Solar Home 
Systems (SHS) [2]. Although current projections in Ref. [3] suggest that 
the 2030 target may be over-ambitious, there is considerable progress 
towards achieving SDG7. On this progress, Tracking SDG7 2021 report 

[3] highlights a 30% reduction in people without access to electricity, 
from 1.2 billion in 2010 to 759 million in 2019. This reduction is sig-
nificant because demographics may diminish its extent as regions with 
electricity access challenges, like sub-Saharan Africa (SSA), are also 
synonymous with high population growth rates [2]. 

While there is steady progress in achieving electricity access, SSA 
continues to be associated with high electricity network losses [4,5], low 
quality of service [6], and poor reliability of supply [7,8]. Recognizing 
the variation in quality and reliability of electricity access initiatives, the 
World Bank introduced a five tier classification of electricity access 
called the Multi-Tier Framework (MTF) [9], where Tier 1 access trans-
lates to an annual energy consumption of around 4.5 kWh compared to 
over 3,000 kWh for Tier 5 access [10]. Offgrid systems for energy access 
supply Tier 3 access or lower [8]. While higher tiers of access should be 
expected from national grids, many SSA grids are already struggling to 
meet demand with the available installed generation capacities and high 
losses (averaging 16% compared to 9% in other developing countries) 
exacerbate the problem [2]. Therefore, addressing these other 
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imperatives using fit-for-purpose and context-specific methods, will 
become significant beyond achieving electricity access in developing 
countries [8]. 

1.1. Beyond electricity access 

Beyond meeting electricity access goals in SSA, the grid is expected 
to continue expanding and eventually converge and integrate with 
“grid-akin” offgrid systems like minigrids [11,12]. In Refs. [13,14], 
authors report this convergence in Southeast Asia, where some mini-
grids were integrated with the main grid and some were abandoned. 
With about half a billion people, mostly from developing countries, 
earmarked to gain initial access to electricity through minigrids by 2030 
[15], issues surrounding the future grid integration of minigrids should 
not be an afterthought to ensure their usefulness beyond grid arrival. 
The possibility of future grid convergence and integration of minigrids 
introduces various policy, regulatory and business challenges, some of 
which are highlighted and significantly addressed in Refs. [13,16,17]. 
Some of the commercial challenges are addressed in the in-country 
minigrid regulatory frameworks, for example [18], that define things 
like conditions for allowing grid integration of minigrids, determination 
of compensations to minigrid owners and operators, minimization of 
stranded asserts, and post-grid-integration business models. When a 
decision is made to integrate a minigrid to an incoming grid, for example 
using guidelines in Ref. [15], the actual integration introduces technical 
challenges that need addressing and potential opportunities such as loss 
reduction and voltage profile improvement, to be exploited [4]. 

Authors in Ref. [19] suggest that the main technical challenge in the 
grid integration of formerly offgrid minigrids is the compatibility of 
technologies (e.g. operating voltage), control and protection philoso-
phies of the two systems. To address voltage incompatibilities during 
future grid integration, current policies propose that minigrids are 
designed to operate at the same voltage level as the national grid’s 
secondary distribution lines [18,20]. Alternatively, various power 

electronics solutions have been proposed to interface with incompatible 
voltage levels, such as an energy router [19] and a back-to-back con-
verter [21]. Similarly, outputs from the growing literature on network 
resilience and islanding have also provided several solutions that can be 
adopted to address control and protection challenges [22,23]. 

According to Ref. [4], network loss reduction and voltage profile 
improvement are two main opportunities in the grid integration of 
minigrids. This argument assumes that minigrid distributed energy re-
sources (DERs) will have the same loss reduction and voltage profile 
improvement impact as reported for DERs deployed in mature networks 
in the global north, such as [24]. However, the argument in Ref. [4] does 
not indicate how such benefits can be accrued, considering the contex-
tual differences between DER deployment in the global north and grid 
integration of minigrids in the global south. Notably, the positive im-
pacts of DERs in the global north are associated with their optimal 
placement, sizing, and selection [24] during installation into an existing 
matured network. On the contrary, during the grid integration of min-
igrids in SSA, the grid shall integrate with minigrids having an existing 
network whose DERs were initially placed, sized, and selected to pri-
marily meet offgrid demand, not reduce losses or improve voltage 
profile. 

Since minigrid DERs are deployed prior to grid arrival and without 
considering loss reduction and voltage improvement objectives, their 
size, location, and selection cannot be variables for optimal grid inte-
gration unless de-rating or re-location are considered as options. Au-
thors in Refs. [25,26] argue that the optimal identification of the point of 
grid infeed into existing minigrids can lead to better post-integration 
performance. Nevertheless, the work presented in Refs. [25,26] has 
three main limitations. Firstly, the authors do not offer a comprehensive 
formulation for investigating the specified problem. Secondly, the work 
does not consider the investment cost required to extend the grid from 
its initial point of termination to the desired optimal grid infeed point in 
a minigrid. Thirdly, both papers only consider a single minigrid network 
and do not provide any approach to how optimality can be achieved 

Nomenclature 

Sets 
Bmg Set of Low Voltage (LV) branches in a minigrid, mg 
Bmv Set of Medium Voltage (MV) branches, Bmv ∈ B 
Nmg Set of nodes within a minigrid network, Nmg ∈ N 
ψmg Set of minigrid branches whose power flow is affected by 

output of the local generation 
B Set of all branches in the networks 
G Set of generators connected to the minigrid networks 
MG Set of minigrid networks 
N Set of nodes in the networks 
TFR Set of transformers connecting the MV and minigrid 

networks 

Indices 
mg Index for an individual minigrid 
km or mn Indices for network branches 
k,m,n Indices for network nodes 
h Index for hour of the day 
zmg Index of point of grid infeed into a minigrid, mg 

Parameters 
Cenergy Cost of energy [c$/kWh] 
Cmv Cost of MV network expansion [$/km] 
Ctfr,S Cost of MV/LV transformer of capacity S kVA [$] 
Lmn Length of network branch mn [km] 
Rmn Resistance of network branch mn [Ω] 

Xmn Reactance of network branch mn [Ω] 
d Discount rate [%] 
y Project life span [years] 

Variables 
Cinv Total annual investment cost [$] 
Closs Total cost of losses [$] 
CRF Investment cost recovery factor 
Imn Current through network branch mn 
Pmg

g Active power generated by generator g of minigrid mg 
Pmg,zmg

loss,h Hourly power loss within a minigrid with node zmg as point 
of grid infeed 

Pmv
loss,h Power loss in the medium voltage network at a certain 

hour of the day 
PD

m Active power demand at any network node m 
PS

m Active power supply at any network node m 
Pmn Active power through network branch mn 
Qmg

g Reactive power generated by generator g of minigrid mg 
QD

m Reactive power demand at any network node m 
QS

m Reactive power supply at any network node m 
Qmn Reactive power through network branch mn 
σmg

zmg Binary value for the connection between a minigrid and 
MV network 

σmn Binary value whether there is a medium voltage branch 
between nodes m and n  
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when the grid integrates with a cluster of previously autonomous 
minigrids. 

1.2. Article contribution and organization 

The aim of this paper is to propose, formulate and test a methodology 
that is fit for addressing a unique challenge of planning the grid inte-
gration of formerly autonomous minigrids in developing countries 
beyond achieving universal energy access. The paper’s first objective is 
to establish the need and the lack of appropriate methodology for 
planning the grid integration of minigrids. The second is to apply formal 
distribution network planning techniques to obtain a mathematical 
formulation of the proposed method and thirdly, to test the proposed 
methodology on the grid integration of minigrid networks akin to those 
in developing countries. 

The paper advances the work reported in Refs. [25,26] by presenting 
a novel minigrid integration planning (MGIP) methodology for sys-
tematically planning the grid integration of formerly autonomous min-
igrids (whether single minigrid or a cluster of minigrids). It takes a 
distribution network planning approach for quantifying and optimizing 
the benefits of grid integration of minigrids which is novel considering 
that such an approach is not considered in any of the prior publications 
on the grid integration of minigrids in developing countries, such as [4, 
13,14,17,19,27]. As an advancement to work reported in Ref. [24], this 
paper presents a comprehensive formulation adaptable to planning the 
grid integration of any number of minigrids. The effectiveness of the 
proposed methodology is demonstrated by comparing its outcomes to 
those of grid integration planning of minigrids using the empirical 
approach proposed in Ref. [19], where the authors suggest that the point 
of grid infeed should be as close as possible to the existing minigrid 
generator. Unlike in Ref. [19], this paper presents a systematic approach 
to identifying such points of grid infeed which, in many cases, are away 
from the minigrid generation hub. 

The remainder of the paper is organized as follows. Section II pre-
sents the formulation of the problem under investigation, and the opti-
mization approach employed to solve the problem is in Section III. 

Section IV presents a case study involving integrating the main grid with 
a single minigrid and a cluster of twelve minigrids mimicking a post- 
SDG7 scenario in SSA. The case study results are presented and dis-
cussed in Section V, and Section VI concludes the paper. 

2. MGIP problem formulation 

The formulation of MGIP includes the mathematical formalization of 
the minigrid integration planning problem. However, before the MGIP 
objective and constraints are presented, key MGIP variables are high-
lighted and discussed first. 

2.1. Key MGIP variables 

To highlight the critical MGIP variables, consider a medium voltage 
(MV) network of the main grid approaching a cluster of minigrids, 
operating at low voltage (LV), requiring grid integration by extending 
the grid to each minigrid in a radial topology from the man grid’s ter-
minal point, zgrid, as shown in Fig. 1. In that case, the key variables will 
be the grid infeed points, transformer sizes for integrating the incoming 
MV network and existing minigrid networks and the length of the MV 
network between the grid terminal point zgrid and the grid infeed points 
for each minigrid. 

For each of the network branches within the minigrids or the 
expanding MV network, the notation illustrated in Fig. 2 applies. In this 
notation, Skm,t and Smn,t are the complex power flowing through any 
branch of the network at any point in time while Zkm and Zmn are the 
complex impedances of those branches. Then Sd

m,t is the complex de-
mand at any node m of the network, Sg

m,t is the complex power generated 
at node m, and Sst

m,t is the complex power from or into the storage device 
at node m whose real part is negative when charging and positive when 
discharging. 

2.2. MGIP objective function 

Adopting a static Distribution Network Problem (DNP) [28] 

Fig. 1. Arrival of the main grid to a to a cluster of representative three minigrids. Minigrids 1 to 3 assume identical networks for illustrative purposes. It is less likely 
that a cluster of minigrids will have identical networks. However, the proposed formulation applies regardless of the similarity of the concerned minigrid networks. 
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formulation, the objective function for the grid integration of a cluster of 
autonomous minigrids is: 

min f = Cinv
ann + Closs

ann (1)  

Where Cinv is the annualized investment cost of the integration, and Closs
ann 

is the annual cost of losses in the integrated network. Prior evidence 
from distribution network optimization suggests that losses are directly 
correlated with voltage profile improvement [29]. Hence, the voltage 
profile has not been explicitly modelled (1), but is later illustrated in the 
results section. 

The annual investment costs, Cinv
ann, accounts for MV network 

expansion to each of the minigrid networks in the cluster, and the cost of 
MV/LV transformer, located at a specific point, zmg, for each minigrid, 
mg. This formulation assumes grid compatible minigrids, a feature in 
recent minigrid regulation frameworks [16], which do not require any 
reinforcements during integration with the main grid. The annual in-
vestment costs are given by (2): 

Cinv
ann = CRF

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

Cmv

∑

mn∈ Bmv

σmn Lmn +
∑

mg∈MG
zmg∈Nmg
tfr∈TFR

Ctfr
zmg

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

(2)  

Where CRF is the annual cost recovery factor , σmn is a binary value 
indicating the presence or absence of an MV network branch mn, Cmv is 
the cost of MV network per unit length, Lmn is the length for a network 
branch mn. Ctfr

zmg is the cost of a transformer connecting the main grid and 
minigrid mg at grid infeed point zmg. 

The CRF is defined as follows [30]: 

CRF =
1

(
1
d − 1

(1+d)y

) (3)  

where d is the discount rate per annum, and y is the evaluation period in 
years. 

The annualized cost of losses is obtained as follows: 

Closs
ann = 365 × Cenergy

∑24

h=1

(

Pmv
loss,h +

∑

mg∈MG
Pmg,zmg

loss,h

)

(4)  

where Cenergy is the cost of energy per kWh, Pmv
loss,h is the hourly power loss 

in the MV network and Pmg, zmg
loss,h is the hourly power loss within minigrid 

mg when the transformer connecting that minigrid to the MV network is 
placed at a node zmg. The hourly power loss for the MV grid, Pmv

loss,h, is 
given by, 

Pmv
loss,h =

∑

mn∈Bmv

Rmn

V2
n,h

(
P2

mn,h + Q2
mn,h

)
(5)  

Where Bmv is a set of all network branches in the MV network and mn 
represents a single network branch with resistance Rmn ohms, and 
receiving end voltage of Vn,h. The active and reactive power through any 
minigrid branch, mn, at any hour h, is given by Pmn,h and Qmn,h 

respectively. 
The power loss within any of the minigrids of the cluster, Pmg, zmg

loss,h , is 
given by (6).   

Here, ψmg is a set of minigrid branches whose active and reactive 
power flows are affected by the excess power flow from the minigrid 
generator or storage. For example, if Minigrid 1 in Fig. 1 was connected 
to the grid through Node 4, the membership of ψmg will be ψmg = {l12,l23,

l34}. Also, Pg
n,h and Qg

n,h are the active and reactive power quantities 
generated by the minigrid generator at any time h, and Pst

n,h and Qst
n,h are 

the hourly active and reactive power quantities from/into the storage 
within the minigrid. The rest of the terms are as defined previously. 
Besides affecting the power losses within the minigrid, the points of grid 
infeed into the minigrids also affect the length of the MV network 
required to integrate the minigrids to the main grid. 

The objective function formulation presented in (1) – (5) assumes 
that the MV network does not host any distributed energy resources; 
hence (5) is a passive branch-flow-model loss equation. However, (6) 
recognizes the impact of the point of grid infeed (or transformer loca-
tion) on the power flows in the minigrid network as any selection of the 
grid infeed point, zmg, splits the minigrid network branches into two sets. 
Firstly, a set of network branches whose power flow, compared to the 
power flow when the point zmg and the DG are co-located, is affected by 
the output of the local (or residual) generator, ψmg. Secondly, a set 
including branches whose power flow is not affected by the generators’ 
production. 

2.3. MGIP constraints 

The MGIP objective function in (3) is subject to the following 
equality and inequality constraints for every hourly evaluation. 

2.3.1. Power flow constraints 
The first set of equality constraints for the evaluation of MGIP will 

come from power flow equations. Recalling Fig. 2, the active and reac-
tive power balance at each network node, say m, will be respectively 
given by (7) and (8). 
∑

km∈B
Pkm,h −

∑

mn∈B

(
Pmn,h + RmnI2

mn,h

)
+ Pg

m,h + Pst
m,h − Pd

m,h = 0; ∀k, m, n ∈ N (7)  

Fig. 2. Network branch notation for MGIP problem formulation.  

Pmg,zmg
loss,h =

∑

mn∕∈ψmg

Rmn

V2
n

(
P2

mn,h + Q2
mn,h

)
+

∑

mn∈ψmg

Rmn

V2
n

((
Pmn,h − Pg

n,h − Pst
n,h

)2
+

(
Qmn,h − Qg

n,h − Qst
n,h

)2
)

, ∀(mn) ∈ Bmg, ∀m, n ∈ Nmg (6)   
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∑

km∈B
Qkm,h −

∑

mn∈B

(
Qmn,h + XmnI2

mn,h

)
+ Qg

m,h + Qst
m,h − Qd

m,h = 0; ∀k, m, n ∈ N

(8)  

where (7) ensures that there is an active power balance on all network 
nodes, i.e., the incoming active power at any node is equal to the out-
going. Similarly, (8) ensures a reactive power balance on all nodes in the 
network. 

The voltage drop across any network branch is given by (9) 

V2
m,h − V2

n,h = 2
(
RmnPmn,h + XmnQmn,h

)
+

(
R2

mn + X2
mn

)
I2

mn,h ; ∀(mn) ∈ B, ∀m, n

∈ N
(9)  

and the square of the current, appearing in (7) to (9), through each 
network branch is given by (10) 

I2
mn,h =

P2
mn,h + Q2

mn,h

V2
n,h

; ∀(mn) ∈ B, ∀m, n ∈ N (10) 

The power flow constraints for MGIP, presented in (7) to (10), show 
that MGIP is a non-linear model as they contain a mixture of multipli-
cation and squaring of terms at various points. 

2.3.2. Voltage limits 
The first inequality constraint for this problem will be that the 

voltages at all network nodes are within a set band, as follows in (11). In 
this paper, the voltage is set to be within ±0.1 pu of the nominal voltage 
[31]. 

Vmin ≤ Vm,h ≤ Vmax∀(m) ∈ N (11)  

2.3.3. Thermal and capacity limits 
Another set of inequality constraints comes from the network assets’ 

thermal and capacity ratings as follows: 

0 ≤ Pg
m,h ≤ Pg,max

m ; ∀g ∈ G, ∀m ∈ Nmg (12)  

Smin
tfr ≤ Smg

tfr,h≤ Smax
tfr ; ∀tfr ∈ TFR, ∀mg ∈ MG (13)  

⃒
⃒Imn,h

⃒
⃒ ≤ Imax

mn ; ∀(mn) ∈ B (14)  

0 ≤

⃒
⃒
⃒Pst

m,h

⃒
⃒
⃒ ≤ Pst,max

m ; ∀st ∈ ST, ∀m ∈ Nmg (15)  

Cst,min
m ≤ Cst

m,h ≤ Cst,max
m ; ∀st ∈ ST, ∀m ∈ Nmg (16)  

where (12) ensure that the thermal limits of generators are observed, 
(13) is for transformer capacity limits, (14) is for the thermal limits of 
the network lines, and (15) and (16) are constraints for storage devices 
within the minigrid networks. 

3. MGIP problem evaluation 

The problem defined in (1) - (16) is characterized as a mixed-integer 
non-linear problem (MINLP) with three integer (or discrete) variables, 
namely, the points of grid infeed, size of transformer and MV network 
layout. The non-linearities in this problem originate from squaring and 
multiplication of terms in (7) to (10). Both classical and modern opti-
mization techniques have been successfully applied to solve similar 
problems as reported in Ref. [29]. Due to the lack of established, 
off-the-shelf MINLP solvers, using classical techniques involves linear-
ising and approximating the problem to obtain an equivalent 
Mixed-Integer Linear Program (MILP) [32,33]. This approach is 
preferred because of its scalability and guarantee of global optimality for 
the reduced problem. However, it can lead to an infeasible solution as 
linearisation and approximation alter the original problem’s character-
istics. For this reason, the MGIP problem presented in this paper is 

solved using a modern optimization technique of Genetic Algorithm 
(GA), which has also been applied in similar planning problems such as 
[34]. The implementation of this methodology is as summarised in 
Fig. 3. 

In Fig. 3, the MGIP methodology accepts inputs such as minigrid 
network models with geo-referenced (or cartesian referenced) nodes to 
identify points of grid infeed into the minigrids, calculate MV network 
lengths, and reticulation. The MV network terminal location, minigrid 
loads and load profiles, residual photovoltaic (PV) generation capacities 
in the minigrids, candidate MV/LV transformers and their costs, MV 
network costs, and investment parameters such as discount rates and 
evaluation period are required. 

Once all the input parameters are supplied, the GA randomly gen-
erates an initial population of feasible chromosomes for any j number of 
minigrids in the cluster, which satisfy (7) to (16). A minimum spanning 
tree connecting the MV network to all minigrids in the cluster is ob-
tained for each feasible chromosome. Then, the fitness function (1) is 
evaluated, and the first-generation parent is selected. 

After that, GA operators of cross-over, mutation and elitism selection 
are used to obtain a new parent for the subsequent generations until a 
termination criterion is met. The GA applied in this methodology ter-
minates when the change in the fitness function is below 10−6 or the 
number of generations exceeds 200 × j. 

4. MGIP case studies 

The MGIP method presented in this paper is applied to two grid 
integration planning of minigrids case studies. The first case study in-
vestigates the grid integration of a single minigrid by exploring several 
combinations of minigrid demand and DERs to highlight the main 
drivers of the MGIP solution. The second case study involves the grid 
integration planning of a cluster of twelve minigrids, demonstrating the 
application of MGIP to a more extensive planning problem. 

Fig. 4 shows the main grid point A, a single minigrid, and a cluster of 
twelve (12) minigrid networks (adapted from Ref. [35]) used in the case 
studies reported in this paper. The nodes in each network are numbered 
sequentially, similar to the illustrative example in Fig. 1. There are two 
main reasons that support the suitability of applying these networks to 
the assess the MGIP problem. 

Firstly, the IEEE Test Feeder Working Group1 recommends that any 
test feeder can be used to investigate microgrid (or minigrid) related 
problems [36]. A survey of the available test networks [37] reveals that 
the network in Fig. 4(a), is one of the low capacity and low voltage IEEE 
test networks comparable to minigrids in SSA. Since the network in 
Fig. 4(a) is originally from Ref. [35], the rest of the networks from 
Ref. [35] are considered useful. Secondly, the networks represent a 
trunk-and-branch topology that mimics minigrids in developing coun-
tries [10]. The cluster of minigrids in Fig. 4(b) was created by randomly 
placing the available test networks at different distances and orienta-
tions from the terminal point without any perceived ‘favourable’ allo-
cation or order. The presented example is one of several studies 
conducted on this cluster of minigrids and in each case, the location and 
orientation of the minigrid networks were changed. 

TABLE 1 summarises the details of the minigrid networks in Fig. 4(b). 
The details of the network in Fig. 4(a) are the same as for minigrid #1 in 
TABLE 1. 

Different combinations of demand and residual DER profiles pre-
sented in Fig. 5 are applied in the minigrids of this case study. Fig. 5 (a)– 
(c) illustrates low (LW), medium (MD) and high (HG) load factor de-
mand profiles to account for different demand conditions. Fig. 5 (a) is 
based on those provided in Ref. [38], this is a demand profile with a low 
demand factor of 21%. It is a baseline demand factor for minigrids 
without any forms of economic use of energy or electric cooking, similar 

1 https://cmte.ieee.org/pes-testfeeders/. 
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to the work reported in Ref. [15]. Fig. 5 (b) is adapted from the profiles 
in Ref. [38] to obtain a mid-range load factor of 46% which is between 
the baseline minigrid demand factor of 22% and the highest demand 
factor of 80% described in Ref. [15]. Fig. 5 (c) is based on data from 
Ref. [39], this demand profile has a high demand factor of 69%. 
Although this is lower than the high demand factor of 80% suggested in 

Ref. [15], it represents a realistic value as grid level demand factors can 
reach around 70% [40]. 

The profiles in Fig. 5 (d)–(f) account for individual or combination 
residual DERs in minigrids in developing countries. Fig. 5 (d) is repre-
sentative of an ideal daily photovoltaic generation profile for a SSA re-
gion based on data from Ref. [41]. Fig. 5 (e) is a profile that assumes that 

Fig. 3. Flowchart of the Genetic Algorithm implementation of the MGIP methodology.  

Fig. 4. The main grid approaching a cluster of twelve minigrids.  

Table 1 
Key details of the case study (adapted from Refs. [35,37]).  

Minigrid Property Minigrid ID 

#1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 

Peak Demand (kW) 250 80 160 200 80 60 75 90 100 40 55 35 
Number of Nodes 205 111 123 341 58 232 97 61 144 194 240 134  

M. Chikumbanje et al.                                                                                                                                                                                                                         



Energy Strategy Reviews 44 (2022) 100974

7

a conventional generator, for example a mini hydro power plant, is 
generating at full power output for 24 h of the day. Fig. 5 (f) shows a 
profile for charging and discharging the minigrid storage. The storage is 
charged during the day when PV generation is the highest and dis-
charged in the evening when demand is high. It an adapted combination 
of peak shaving in Ref. [42] and cycle-charging in Ref. [10]. 

In both case studies, a conservative project period of 15 years and a 

discount factor of 10% are used [10,43]. The cost of MV line, MV/LV 
transformers and cost of energy (12c$/kWh) are also derived from Refs. 
[10,43]. 

TABLE 2 presents a summary of the two case studies reported here. 
Case study ID identifies the case study, minigrid network states which 
network (from Fig. 4) is used, minigrid DER specifies the residual DER in 
the minigrid networks, and the demand profile sets the level of demand 
in the minigrid. In each of the case studies in TABLE 2, the penetration of 
DERs is varied from 0 to 100%. 

The proposed MGIP method is compared to No-Opt, where the grid 
infeed points for each minigrid collocate with the residual DERs in that 
minigrid. This is based on the recommendation in Ref. [19], where the 
authors suggest that during grid integration of formerly autonomous 
minigrids, the grid incomer should be connected as close to the minigrid 
DER as possible. The transformer capacities in No-opt are decided by 
choosing the transformer size with a higher thermal capacity than the 
known peak power demand in the minigrid. 

Fig. 5. Generator, storage, and demand profiles for MGIP case studies [10,15,38,41,42].  

Table 2 
MGIP case study scenarios.  

Case study 
ID 

Minigrid 
network 

Minigrid DER Demand 
Profile 

Case study 
1 

Single minigrid PV, PV + Storage, Conventional 
generator 

LW, MD, 
HG* 

Case study 
2 

Cluster of 
minigrids 

PV MD 

*LW = Low load factor. MD = Medium load factor. HG = High load factor. 

Table 3 
MGIP grid infeed points for grid integration planning of single minigrid with various DERS and demand profiles.  

DER Type PV PV + Storage Conv. generator 

Demand profile LW MD HG LW MD HG LW MD HG 

DER Penetration.* 0% 46 46 46 46 46 46 46 46 46 
20% 46 46 39 46 46 
40% 20 43 1 46 94 
60% 5 37 1 20 46 
80% 1 1 1 1 1 
100% 1 1 1 1 1 

DER Penetration – DER peak power capacity as a percentage of minigrid peak demand [47]. 
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5. Results and discussion 

The results of applying the MGIP method to the case study scenarios 
defined above are presented and discussed as follows: 

5.1. Case study 1 – MGIP on a single minigrid 

5.1.1. Grid infeed points and transformer sizes 
Table 3 shows the optimal grid infeed points realized from using 

MGIP in planning the grid integration of a single minigrid under 
different loading and DER conditions. The locations of the identified 
points of grid infeed are shown in Fig. 6. For comparison with No-opt, 
the grid infeed point for all DER and load scenarios is Node 1, where 
the minigrid generation hub is located as recommended in Ref. [19]. 

TABLE 3 and Fig. 6 show that MGIP identifies Node 46 as a popular 
grid infeed point for different DER and demand combinations. For 
example, Node 46 is the only optimal grid infeed point for all PV and PV 
+ storage penetration scenarios under medium and high demand fac-
tors. Although there is a mixture of different points of grid infeed for the 
other combinations of DERs and load profiles, Node 46 is still one of the 
solutions. When compared with the No-opt grid infeed solution (Node 
1), it is observed that the MGIP characteristic grid infeed node is not the 
node that hosts the minigrid DERs, Node 1 in this case. These results 
show that MGIP can identify a characteristic grid infeed point for a 
minigrid. For minigrids with a trunk and branch topology [10,44], as 
investigated in this case study, the characteristic grid infeed point is less 
likely to be at the node that hosts the minigrid generator or DERs. 

Besides identifying a characteristic node of grid infeed for the min-
igrid, Table 3 and Fig. 6 also show that increasing DER penetration 

moves the MGIP generated optimal grid infeed point away from the 
characteristic node and close to the node hosting the residual DER. In 
Table 3, this observation is accurate for low load profile with PV and PV 
+ storage and all load scenarios when a conventional generator is con-
nected. For PV and low load profile, the point of grid infeed is Node 46 at 
0% DER penetration. However, this MGIP generated optimal grid infeed 
node becomes Node 1 from 80% PV penetration. As the DER penetration 
increases, the positive impacts of having a grid infeed point away from 
the minigrid generator hub are eclipsed by the adverse effects of the 
increasing size of the minigrid residual DERs. This point is elaborated 
further in discussing the objective evaluation results of this case study. 
Before that, here are the results for transformer sizing for the grid 
integration of a single minigrid. 

Table 4 shows the corresponding transformer sizes for the grid 
integration of the single minigrid with different demand factors, DERs 
and DER penetration. For the No-opt method, a comparator to the MGIP, 
the corresponding No-opt transformer size for all DER types, DER 
penetration, and load profiles is 315kVA. 

Table 4 shows that PV without storage does not affect MGIP trans-
former sizing as MGIP and No-opt yield the same transformer size, 
315kVA for the scenario with residual PV within the minigrid. This 
should be expected as a PV generator without storage does not influence 
the evening peak demand into the minigrid [10]. For example, as shown 
in Fig. 5(d), PV generates an output between 06:00 and 18:00, while the 
peak demand occurs around 19:00 and 20:00 in the load profiles pre-
sented in Fig. 5 (a)–(c). Therefore, as long as the peak demand remains 
unaltered, which will be the case if a minigrid’s only residual DER is PV, 
the transformer sizes from the power flow based method, MGIP and 
non-power flow-based, No-opt will remain the same. The only way that 
PV without storage can influence transformer sizing is when the value of 
peak power export into the main grid exceeds the value of peak demand 
in the evening. This scenario would occur for a PV penetration level of 
considerably higher than 100%. However, the investigation reported in 
this paper has limited residual PV penetration to 100% of the peak 
minigrid demand. 

While PV generator does not affect the transformer sizing, Table 4 
shows that the other DER combinations do. MGIP transformer sizing is 
affected by PV + Storage and conventional generator. This variety of 
integration transformer sizes is unlike the results when the PV is used, 
where only one transformer size of 315kVA was realized. Based on the 
load factor and DER penetration levels, Table 4 shows that PV + storage 
and Conventional generator scenarios have 100kVA, 200kVA, and 
315kVA as optimal transformer sizes for the integration. For example, in 
the medium demand factor scenario of PV + Storage, Table 4 shows that 
315kVA transformer sizes are optimal for DER penetrations of 0% and 
20% while 200kVA transformer sizes for generator penetration of 40%– 
100%. 

The variety in solutions to the transformer sizes can be attributed to 
energy storage and conventional generation impacting the net power 
export or import into the minigrid at different times of the day [42]. 
Since the conventional generator is assumed to be available and 
generating at full capacity for the entire day, its effect on the peak load is 
more significant than a PV generator without any storage as it offsets 
part or all of the minigrid demand throughout the day. Also, since the 

Fig. 6. Location of grid infeed points reported in Table 3.  

Table 4 
MGIP transformer sizes (in KVA) for grid integration of a single minigrid with various DERS and demand profiles.  

DER Type PV PV + Storage Conv. generator 

Demand profile LW MD HG LW MD HG LW MD HG 

DER Penetration 0% 315 315 315 315 315 315 315 315 315 
20% 315 315 315 200 200 200 
40% 200 200 200 200 200 200 
60% 200 200 200 200 200 100 
80% 200 200 200 200 200 100 
100% 315 100 200 315 315 200  
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energy storage discharges some power in the evening hours of the day, it 
reduces the amount of power required to flow into the minigrid to ser-
vice the evening peak. The changes caused by storage or conventional 
generators in maximum net import or export from the minigrid affect the 
MGIP method’s determination of the integration transformer size. 

Determining the transformer sizes by observing the magnitude of 
maximum net power flow between the minigrid and the main grid is 
vital because it avoids overinvesting in transformers by specifying the 
smallest transformer size that can accommodate the observed power 
flow [45]. However, such an approach becomes problematic when the 
presence of a DER leads to the specification of an integration trans-
former capacity less than the peak demand and the minigrid DER fails. In 
such cases, the entire minigrid demand must be supplied from the main 
grid, and the lower-rated transformer may be a constraint. Given that 
the peak demand in the minigrid under investigation is 250 kW (see 
TABLE 1), a 200kVA or 100kVA integration transformer may not be 
adequate to serve peak power demand when the incumbent minigrid 
generator is out of service. Therefore, transformer sizing for minigrid 
integration should accommodate most of the scenarios in the minigrid 
network, including incidences of outage on the incumbent minigrid 
DERs. 

Therefore, the results presented in this section demonstrate that, in 
most cases, the MGIP method identifies grid infeed points that are 
unique from those of the No-opt method. As the DER penetration ca-
pacity increases, the optimal grid infeed points from MGIP move to-
wards the location of the minigrid generator hub (or grid infeed point for 
the No-opt method). Since one may not intuitively know the tipping 
point for shifting the best grid infeed point towards the DER hub, the 
MGIP method systematically identifies a grid infeed point for various 
demand and DER scenarios. A discussion on the objective evaluation 
further substantiates the argument above. 

5.1.2. Objective function evaluation for grid integration of a single minigrid 
The annualized costs of integrating the single minigrid, as evaluated 

from (1), are presented in Fig. 7. The figure comprises the cost of grid 

integration when using MGIP and No-opt for the considered DER and 
demand scenarios. For each of the considered DER combinations, Fig. 7 
(a) reports the integration costs for the minigrid with a low demand 
factor, while the results in Fig. 7 (b) and (c) are for the minigrid with 
medium and high demand factors, respectively. 

Fig. 8 shows a comparison of No-opt and MGIP costs reported in 
Fig. 7, highlighting the cost reduction that can be achieved by using 
MGIP in each of the considered DER and load combinations. Figs. 7 and 
8 motivate the following discussion. 

A side-by-side comparison of annual integration costs for No-opt and 
MGIP in Fig. 7 reveals that MGIP leads to lower objective function values 
in most cases. In the breakdown of the yearly cost of integration, it is 
evident that the biggest cost differential between MGIP and No-opt 
comes from the cost of losses component. The key factor driving the 
post-integration loss performance of the MGIP is the grid infeed point 
into the minigrid. For example, at 0% DER penetration in Fig. 7, the loss 
component of the MGIP annual integration cost is significantly less than 
that of No-opt. The corresponding grid infeed points for all DER sce-
narios reported in TABLE 3 are Node 46. Comparing this to the grid infeed 
point for No-opt, Node 1, it shows that for the same DER and load 
combinations, the point of grid infeed into the minigrids affects the 
overall losses and associated cost of the integrated network. 

The results in Figs. 7 and 8 show that the economic benefits accrued 
from the MGIP method increase with an increasing minigrid load factor. 
For example, Fig. 8 (a)–(c) show that at 0% PV penetration, the annual 
integration cost of MGIP is 15%, 38% and 43% better than No-opt for 
low, medium and high demand factors, respectively. This trend can be 
observed for the other DER scenarios throughout the results in Fig. 8. 
The benefits of MGIP increase with increasing demand factors because 
the annual losses significantly influence MGIP benefits. The minigrid has 
fewer annual losses for low demand factors than medium and high de-
mand factors, as shown in Fig. 7. Therefore, for the same level of loss 
reduction (as a percentage of initial losses), the annual cost reduction 
will be higher for a lossy minigrid than for a less lossy one. 

Fig. 7 also show that the benefits accrued from the MGIP method 
generally decrease with an increasing DER penetration compared to the Fig. 7. Annual integration costs for a single minigrid with various DER and 

demand situations. 

Fig. 8. Cost reduction benefits of MGIP over No-opt.  
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No-opt method. For example, in the low demand factor scenario in Fig. 8 
(a), at 0% PV penetration, the annual integration cost of MGIP is 15% 
better than No-opt, while at 100% PV penetration, the MGIP is 0% better 
than No-opt. A similar trend is observed in the other DER situations, PV 
+ storage and conventional generator, in Fig. 8(b) and (c), respectively. 

This reduction in MGIP benefits with increasing DER capacity can be 
attributed to the combined impact of grid infeed point and the size of 
DERs on the losses within the minigrid network. For higher DER pene-
tration levels, the residual generator in the minigrid does not only serve 
adjacent demand but also exports some of the excess power to the up-
stream network through the grid infeed point. When the grid infeed 
point is away from the minigrid generator location, the higher capacity 
DER introduces additional power flows in the minigrid. Depending on 
the size of the minigrid DER, the additional power flow can increase or 
decrease losses in the minigrid. As the DERs penetration rises further, 
the extra losses caused by the minigrid generation diminish the loss 
reduction benefits that were gained through identifying an optimal grid 
infeed point away from the residual minigrid generator. Consequently, 
the optimal grid infeed point moves towards minigrid generator hub for 
higher DER penetration levels, as reported in Table 3. 

Fig. 7 shows that the type of residual DER affects the annual cost of 
minigrid integration. This can be observed in the higher DER penetra-
tion levels where the cost of integrating a conventional generator using 
MGIP is equal to the cost of grid integration using No-opt. However, for 
higher penetration of PV + storage and PV only, the total MGIP inte-
gration cost is still lower than for the No-opt method. A breakdown of 
the annualized cost in Fig. 7 reveals that the difference in the MGIP 
benefits for the various DER combinations originates from the cost of 
losses and not investments. For the modelled case study, the conven-
tional generator leads to a high cost of losses because, upon grid inte-
gration, it can generate a constant power output which may be 
consumed locally or exported from the minigrids. In periods of low 
demand within the minigrid, the generated power will be largely 
exported to the upstream grid throughout the day and night. On the 
other hand, such magnitudes of export cannot be expected for PV or PV 
+ Storage DERs because the PV only generates during the day while a 
functioning conventional generator, for example hydropower, can 
generate power both day and night. The effect of DER type can also be 
noted in Fig. 8 where PV + Storage records the best MGIP cost reduction 
potential for all the DER penetration levels. 

The results presented in this section have demonstrated the superi-
ority of using the MGIP method when integrating a single minigrid into 
the main grid. For most cases, MGIP recorded a better loss reduction 
value than No-opt. These results also show that benefits from using 
MGIP increase with an increasing demand factor in the minigrid and 
decrease with a rising penetration level of the residual DERs. Also, 
different combinations of residual DERs have been observed to affect the 

outcomes of MGIP differently, with PV + storage being the best among 
the DER combinations investigated here. 

5.2. Case study 2 – MGIP on a cluster of minigrids 

This case study is presented to demonstrate the flexibility and 
application of the MGIP in planning the grid integration of a more 
complex scenario involving more than one minigrid presented in Case 
study 1. Upon investigating all DER combinations within the cluster, the 
conclusions were not dissimilar to those drawn from Case study 1 – most 
of the benefits of using MGIP are drawn from loss reduction. Therefore, 
for brevity, this section reports the grid integration of a cluster of solar 
PV minigrids. 

5.2.1. Grid infeed points and MV network layout 
Table 5 shows the grid infeed points for integrating the respective 

minigrids to the main grid obtained from both MGIP and No-opt. The 
node numbers in Table 5 show that MGIP does not result in Node 1 
(where the minigrid generators are located) as the optimal point of grid 
infeed for any of the minigrid networks considered. This is consistent 
with the previous observation, from Case study 1, that collocating grid 
infeed with the local generator, as in No-opt, is not optimal from both 
the MV and minigrid network perspectives. 

The differences in grid infeed points identified through No-Opt and 
MGIP show that the two methods are less likely to lead to a common 
solution. This difference is further highlighted in the MV network 
reticulation for the two methods as presented in Fig. 9. Fig. 9(a) shows 
the MV reticulation for MGIP, specifically, the grid infeed points for PV 
penetration of 50% in Table 5. Fig. 9(b) shows that MV reticulation for 
the No-opt method where the grid incomer is collocated with the min-
igrid generator. The difference in the layout of the MV network in Fig. 9 
(a) and (b) illustrate that the points of grid infeed into minigrids also 
affect the reticulation of the resulting MV network for integrating 
formerly autonomous clusters of minigrids. 

Despite the differences in grid infeed points into the minigrids, both 
methods lead to the same MV/LV transformer sizes for integrating the 
main grid with the individual minigrids in the cluster. This is consistent 
with the PV scenario in Table 4 and the associated discussion also ap-
plies here. 

5.2.2. Objective function evaluation for grid integration of a cluster of 
minigrids 

Fig. 10 shows the total annualized cost obtained from (1) for the grid 
integration of the cluster of minigrids, and their breakdown for each of 
the two methods. Fig. 10(a) shows that No-Opt leads to an overall high 
annualized cost of integrating the cluster of minigrids compared to the 
MGIP method in Fig. 10(b). At best, the MGIP case leads to a ~30% 
reduction in the total annualized cost of the integration than the No-Opt 
case. 

Fig. 10(a) also shows that the No-Opt case’s annualized costs reduce 
with increasing residual PV penetration, while those for MGIP (in Fig. 10 
(b)) reduce and then rise again. The breakdown of the cost components 
shows that, like in the previous case study, the change in annualized cost 
is significantly influenced by the losses component of the costs and not 
the investment costs. A detailed discussion on the changes in losses is 
provided later in this section. Before that, Fig. 11 presents the break-
down of the investment costs, showing the closeness of the investment 
cost from both methods. 

Fig. 11 shows that the annual transformer costs are the same ($4062) 
for each case, which is expected as it has been previously discussed that 
both methods yielded the same set of transformer sizes. However, minor 
differences are observed in the annual line costs as the No-Opt, in Fig. 11 
(a), leads to costs of $21,230, but the MGIP results in an average line cost 
of $23,000. The differences in the annualized investment cost are caused 
by differences in grid infeed points which affect the MV network retic-
ulation. Since LV minigrid networks will typically cover a small area, 

Table 5 
Points of Grid Connection and Transformer sizes.  

Integration Method PV Pen. Minigrid ID 

#1 #2 #3 #4 #5 #6 

MGIP 0% 46 55 7 151 35 81 
25% 64 75 50 218 6 152 
50% 60 86 31 209 44 156 
75% 60 95 60 207 11 134 
100% 94 67 47 220 18 172 

No-Opt All 1 1 1 1 1 1  

Integration Method PV Pen. Minigrid ID 
#7 #8 #9 #10 #11 #12 

MGIP 0% 40 42 38 154 73 69 
25% 41 34 102 103 136 29 
50% 53 44 90 156 118 8 
75% 57 25 32 67 71 86 
100% 31 50 6 30 97 72 

No-Opt All 1 1 1 1 1 1  
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different grid infeed points will not introduce significant differentials in 
the total line length. Hence Fig. 11 shows that the investment require-
ment in No-opt is lower than that of MGIP, but the difference is not very 
significant. 

The results in Fig. 10 demonstrate that the MGIP method yields 
better annualized cost when losses are included despite a higher in-
vestment cost. Therefore, although the investment cost (including the 
cost of lines and transformers) for the grid integration of clusters of 

Fig. 9. MGIP and No-opt MV network reticulation for the grid integration of minigrid cluster.  
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Fig. 10. Breakdown of total annualized cost for the grid integration of a cluster of minigrids.  

Fig. 11. Breakdown of investment cost for grid integration of cluster of minigrids.  
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minigrids is an important component of the analysis, it does not 
significantly drive the optimization solution as the losses component 
discussed hereafter. 

Fig. 12 shows the total and breakdown of annual energy losses for the 

case study under consideration. Compared to No-Opt in Fig. 12(a), at its 
best scenario (25% PV penetration), the MGIP method in Fig. 12(b) leads 
to an annual energy saving of 150 MWh. This saving is enough to meet 
the Tier 4 yearly energy needs of 120 households, with an average 

Fig. 12. Breakdown of annual losses.  

Fig. 13. Loss reduction potential.  
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consumption of 1250 kWh per annum [10]. Another way to demonstrate 
the value of the saved 150 MWh is to consider that the average annual 
electricity consumption per capita in Malawi (2019) is 108 kWh [46], 
meaning an additional 150 MWh on Malawi’s grid could meet the needs 
of approximately 1388 people. With the World Bank predicting the 
deployment of over two hundred thousand solar PV minigrids by 2030, 
most of which will be in SSA [15], loss reduction benefits, such as those 
offered by MGIP should be carefully considered. Extrapolating the levels 
of loss reduction presented in this case study of 12 minigrids, the grid 
integration of 200,000 minigrid could lead to potential annual loss 
reduction of up to 2500 GWh. The magnitude of the loss reduction 
benefits will, of course, depend on the size of the minigrid, demand and 
demand profiles within the minigrid, and residual DERs in the minigrid. 

As stated previously, Fig. 12 shows that the losses in the No-Opt 
method reduce with increasing residual generation capacity while for 
the MGIP methods, the losses go down and then up with an increasing 
PV penetration. This is so because the presence of local generation af-
fects the power flow and voltages in the network. When the generation 
and grid infeed are collocated, the generator only affects the powerflow 
in the MV network and voltage in the minigrid networks in the No-Opt 
method. That is why the loss reduction increases with the increasing 
residual PV capacity. However, for MGIP, the grid infeed is not collo-
cated with the residual PV; hence besides boosting the voltage, the ca-
pacity of the PV affects both MV and LV power flows, which affect losses. 
Although high losses are noted in the MGIP for the 100% residual PV 
penetration, they are still better compared to the No-Opt in Fig. 12(a), 
albeit with a small margin. The reduced impact of the MGIP for high PV 
penetration can be mitigated by incorporating storage to shift some of 
the high PV output into the evening peak. 

Fig. 13(b) shows the loss reduction potential in the MGIP method as a 

percentage of losses in the No-Opt. The results show that for the case 
study modelled here, the MGIP method has a maximum loss reduction 
potential of 65% and a minimum of 25%, depending on the penetration 
of the residual DERs. The MGIP loss reduction benefits reported here are 
substantial compared to the 0% loss reduction potential for No-Opt 
method because when the main grid is integrated at the minigrid 
generator hub, the loss profile of the minigrid remains unaltered. Since 
the power networks in SSA are reportedly experiencing high network 
losses [2], it is important for future grid integration of minigrids not to 
compound the problem but to lessen it. MGIP method provides signifi-
cant potential to achieve that. 

Therefore, planning the grid integration of any cluster of minigrid 
using the method proposed in this paper will lead to slightly higher 
investment in network expansion but a better return on the cost of los-
ses. Since electricity network efficiency is one of the issues in emerging 
countries, the MGIP method will be best placed to take advantage of 
existing offgrid infrastructure to achieve network efficiency in post- 
SDG7 distribution systems in developing countries. Depending on the 
size and type of incumbent minigrid DER, this efficiency will be realized 
in both the local minigrid networks and the interconnecting MV feeders. 

5.2.3. Network voltage profile improvement 
Although the voltage is not explicitly modelled as part of the 

objective function (1), the MGIP method leads to an improved voltage 
profile compared to No-Opt, as shown in Fig. 14. This should be ex-
pected for several reasons. Firstly, the MGIP method has voltage con-
straints (11) applied to both MV and LV nodes compared to the lack of 
constraints for No-Opt. Secondly, previous studies in distribution 
network planning have demonstrated that voltage improvement and loss 
reduction are positively correlated; hence the better loss performance 

Fig. 14. Post grid integration voltage profiles (with 0, 50 and 100% PV).  

M. Chikumbanje et al.                                                                                                                                                                                                                         



Energy Strategy Reviews 44 (2022) 100974

15

for the MGIP should consequently result in a better voltage performance. 
Fig. 14(a)–(c) shows significant undervoltage for No-Opt and no vi-

olations in the voltages for MGIP reported in Fig. 14(d)–(f). The base 
voltage in the case study was set to reflect the low quality of supply 
associated with most developing countries. Hence, No-Opt, which does 
not influence the magnitudes of power flows in the minigrid, leads to 
voltages below the strict lower limit of 0.95pu and the relaxed one of 
0.9pu. Despite the increasing presence of PV during daytime (06:00 to 
18:00), the voltage profile in the No-Opt method does not improve 
significantly as the generator and the grid infeed point are collocated. 

However, the situation is different for both MGIP method which 
improves voltage profiles by the combination of the availability of local 
generation and different grid infeed points from the location of the local 
generators. Impact of the local generators can be observed in Fig. 14(f) 
where, unlike in the No-Opt method, during the daytime, there is no 
voltage breach, and the maximum voltages swell slightly above 1pu 
during the day for MGIP. The effect of point of grid infeed is felt in the 
evening peak when the PV is not available. Here, the voltages in Fig. 14 
(d)–(f) record a moderate voltage trough around 19:00 while this trough 
is very big for No-opt in Fig. 14(a)–(c). 

These results on voltages reveal a possible further saving on invest-
ment cost through the MGIP method. Since No-opt leads to voltage 
breaches, to achieve an acceptable quality of supply and accommodate 
load growth, minigrid network upgrades would be required during grid 
integration. It is debatable whether this would be affordable or a priority 
for the minigrid operator, leading to sustained power quality issues for 
customers even after attaining a grid connection. High voltage drops are 
associated with high network losses, and an increase in (LV) investment 
for No-opt would improve their losses. Regardless, the MGIP method 
achieves acceptable voltages with associated lower losses without any 
additional network reinforcement. 

6. Conclusions and future work 

This paper has proposed, formulated and tested a novel method 
appropriate for systematically planning the grid integration of minigrids 
(whether single or a cluster of minigrids) in developing countries. The 
need for the methodology has been shown by demonstrating that 
existing methods do not maximise the benefits of grid integration of 
minigrids, a new challenge in developing countries as further grid 
extension beyond achieving electricity access converges with offgrid 
electrification strategies. The formulation employs power systems 
analysis and distribution network planning techniques to jointly opti-
mize mini-grid parameters, by identifying points of grid infeed points for 
each minigrid network, and MV reticulation and investments for the 
integration. Upon testing the proposed method on the grid integration of 
a single minigrid and a cluster of minigrid akin to those in developing 
countries, the method yields superior results compared to the existing 
practice of connecting the incoming grid as close as possible to the 
minigrid generator. Solutions from the proposed method have demon-
strated that the MGIP method leads to significant loss reduction and 
voltage profile improvement, which outweigh the slightly higher in-
vestment cost which may be associated with the method. 

The proposed method can be used by network planners to ensure 
optimality in the grid integration of minigrids in developing countries 
beyond energy access. Such application will help alleviate network ef-
ficiency and power quality challenges that characterize current energy 
access effects in main grids and minigrids in developing countries. On a 
larger scale, the significant optimal loss reduction associated with the 
MGIP method can free useable energy for other consumers as well as 
reducing the impact of minigrid integration on grid-wide load growth. 
Furthermore, the improvement of voltages compared to the No-Opt 
method signifies a major saving in the investment that may be 
required at the minigrid network level to improve the voltage profile of 
the grid integrated minigrids. 

The MGIP method proposed here has demonstrated the value of 

systematically optimizing the grid integration of minigrids beyond 
achieving energy access in developing countries. This work is based on 
the premise that the minigrid is grid compatible and a prior decision has 
already been made to integrate it to the main grid. However, not all 
minigrids have the same level of grid compatibility and the benefits from 
grid integration using MGIP will have to be discounted by the cost of 
making such minigrids grid ready. Also, the presented method assumes 
that straight lines segments of the MV network connecting the minigrids 
can be used. Whereas operationally, the routing of these lines would be 
affected by local conditions in the topography such as terrain or eleva-
tion or the presence of protected areas. Another limitation of the pre-
sented method is that it uses deterministic data and a less efficient 
optimization technique. Future advancement of this work shall include 
the use of operational minigrid and the consideration of local obstacles 
to the reticulation of the MV lines, application of probabilistic methods 
to cover a wide range of operating conditions and the use of more effi-
cient optimization techniques for evaluating this problem at a regional 
or country-level scale. 
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