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ABSTRACT Nepal is a Himalayan country with its 83% of its geography being composed of hills and
mountains. Around 22% of the Nepalese population is not receiving electricity through the national power
utility and is forced to identify alternative approaches to electrification. The Micro/Mini-Grid (MG) system
is one of the promising approaches in terms of cost, reliability and performance for rural electrification,
where electrification through national power utility is not techno-economically feasible. However, various
issues must be identified and considered during the implementation of MGs in a rural community. In this
paper, numerous technical, social and management issues are identified and discussed relating to the
implementation and operation of reliable and stable MGs in the Himalayas. To our knowledge, this is
the first scientific work that presents a comprehensive review of Himalayan MGs and their associated
elements. This article reviews the available research articles, project documents, and Government reports on
MG development, from which a clear roadmap is constructed. From the comprehensive study, it is observed
that the existing MGs are not adequately designed for the specific area, considering the local resources and
local information. Based on the identified issues, some practical and efficient recommendations have been
made, so that future MG projects will address the possible problems during the design and implementation
phase.

INDEX TERMS Control management, distribute generation system, isolated energy system, mini-grid, rural
electrification.

I. INTRODUCTION

Although Nepal has enormous potential to generate electric-
ity from different renewable energy resources, around 4.5%
of the population is still out of reach to electricity [1]. One
of the main reason behind it is the mountainous geogra-
phy of the country; more than 60% of the population are
living in the hilly area, resulting in complications in sup-
plying the electricity through the national utility grid [2].
In such cases, the isolated energy system is found to be a
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suitable solution to provide electricity [3]. However, there
are numerous challenges in isolated energy system such as
high-cost, poor reliability, weak power quality, low load
factor, poor maintenance, weak institutional structure lack
of proper monitoring and supervision etc. [4]-[6]. As the
nature of Renewable Energy Sources (RES) is fluctuating and
highly dependent on weather, the generated energy is also
unpredictable, which can be addressed via the integration of
storage devices or/ and by interconnecting multiple energy
resources [7]-[9]. An optimized hybrid energy system is quite
promising techniques on behalf of cost, power quality and
reliability to provide the electricity to the area where an
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expansion of national utility grid system is quite compli-
cated and expensive [10]. It can be made more efficient and
cost-effective by reducing the disadvantages associated with
these technologies [7]. However, there are other technical
issues in isolated energy system such as; low load factor,
low diversity factor, less reliability, protection, etc. A study
identified that the MHPs having less than 100 kW capacity
does not provide profit under isolated cases in Nepal since
it only covers O&M costs, interest on loans and salaries
for operation and management [11]. These issues can be
addressed by introducing the concept of MG [9]. It is proven
that the MGs contribute to improve the social developments
by enlightening the local governance structure. This pro-
cess contains the direct participation of local communities to
guarantee the sustainable operation of that system [9], [12].
Effective power management of primary energy resources,
Energy Storage Systems (ESS), and different categories of
load types connected in a MG system may be a good option
to resolve such problems [5], [12]. However, it requires to
be techno-economic feasible to operate the energy system
to maintain the overall system efficiency and healthy per-
formance under an isolated scenario [13], [14]. In Nepal,
the MGs developed through the interconnection of multiple
MHPs are technically feasible, but it must be scale-up to
get financial sustainability [15]. Access to energy helps to
utilize the local energy sources, create the revenue by selling
energy and provide employment, respond to public interest
and concern about the environmental issues, and reduce the
greenhouse gases [16]. Hence, energy access in the local area
can contribute to increase the economic status, literacy rate,
living standards, and reduce the environmental and health
problems that arise from pollution [6], [17].

However, the current MGs and energy systems at the
rural areas are concerned to fulfil the fundamental light-
ning objectives (i.e. Tier 3 or below, as per the Multi-Tier
Framework (MTF) study by World Bank) [18]. In this stage,
the studied energy system is not able to provide reliable
and stable electricity to the communities. Even in the com-
munities connected with some form of the energy system,
are facing the problem of power deficit and instability [19].
In Nepal, the practice of rolling blackout is prevalent to
maintain the demand/ supply chain in such area. In some
of the region, the consumers are requested to operate the
electrical appliances under 100 watt per household at peak
demand period [18], [20]. One of the main reason of insuffi-
cient power in rural communities is a lack of proper planning
toward future demand. Further, a high rate of equipment
failures is occurring in the household side as well as energy
system side, because of the reduced power quality and weak
protection guideline [21], [22]. It was observed that a big
proportion of isolated power plant are not in function because
of some failures and not repaired for an extended period.
This is due to a high failure rate in Nepalese MGs and in
consideration of the management system toward the sustain-
able operation of plants [23], [24]. Also, most of the control
mechanisms in the Nepalese energy system are manual, and
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the restoration process is complicated and time-consuming.
Because of these numerous issues, rural communities are
still facing problems regarding reliable and stable electricity
access.

In this scientific paper, the authors aim to offer compre-
hensive information on the existing and potential MG devel-
opments in Nepal and the South Asian countries. Besides,
this paper aims to present the current issues in the devel-
opment and implementation of MGs in developing nations
with their possible solutions. This study first introduces the
background on of energy system along with its importance in
humanity. Further, the importance of a reliable energy system
has been discussed with the co-relation of associated factors
such as cost, availability, security, social aspect, nature of
MGs etc. Section 2 gives an overview of MG system in rural
Nepal and other South Asian countries, which includes the
detail proportion of the existed systems. Section 3 covers
the adopted topologies and existing control systems for the
continuous supply of the energy. Similarly, adopted protective
devices and issues on protection management are presented
in Section 4. Section 5 explains the structure of a functional
group and adopted trading practices for the smooth operation
of the energy system. Numerous issues on development and
operation of such systems are explained in Section 6. Finally,
in Section 7, conclusions are drawn and presented. Though
described in detail, the following are the main contributions
of this paper:

a. The issues that commonly occur in MGs of Nepal and
other South Asian countries are identified. These cre-
ate numerous challenges to provide reliable and stable
electricity in rural areas.

b. Potential practical solutions have been discussed in
detail so that the rural communities will get continuous
electricity supply with a standard quality.

Il. STATUS OF MINI GRID IN RURAL NEPAL AND OTHER
SOUTH ASIAN COUNTRIES

Rural electrification can be carried out either through
grid extension or isolated RES such as mini and Micro
Hydropower Plant (MHP), Solar Photovoltaic (SPV), wind
energy, biomass gasifier etc. [25]. As an extension of utility
grid line to these areas is a long way from generating system
or distribution station. RES has placed a firm foundation to
supply the electricity in the communities and village around
the rural areas of Nepal and other South Asian countries.
Figure 1 shows an administrative map of South Asia that
contains eight countries making the South Asian Association
for Regional Cooperation (SAARC). It presents the infor-
mation on the percentage of the population getting electric-
ity access through various type of energy sources. As per
the data from the World Bank, at 2017 97.09% of Afghan,
81.28% of Bangladeshi, 96.76% of Bhutanese, 89.3% of
Indian, 99.86% of Maldivians, 94.74% of Nepalese, 54.13%
of Pakistani and 96.99% of Sri-Lankan population living in
the rural area were getting electricity access via different
medium [1]. On the other side, Figure 3 presents the trend of
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FIGURE 1. South Asian countries with the percentage of electricity access
by population percentage [1].

energy access proportion by South Asian countries between
2005 and 2017. From the Figures, it is clearly shown that
all of the South Asian countries except Pakistan, progressed
rapidly in the field of energy generation, distribution and
utilization. There is no significant improvement by Pakistan
in terms of energy access percentage by the people in between
the period. Among these eight countries, six countries except
Sri-Lanka and Maldives contain Himalayan and hilly areas,
where a significant proportion of population stay, whereas the
Sri-Lanka and Maldives contain many islands. From the point
of geographical, environmental and social view, the countries
have variations, but similar problems exist in the electricity
access prospective. The present status of MGs in all of the
South Asian countries is presented in Table 2.

Focusing toward Nepal, till date more than 55 MW of
electricity has been produced from MHP and Solar energy
providing access to 3.6 million households which accounts to
18% electricity access by the population [26]. With the estab-
lishment of Alternative Energy Promotion Center (AEPC)
in 1996 [27], development in mini and micro hydropower,
solar PV and wind generation has taken sudden pace. Notably,
during the electricity crisis that begins in 2006, when Nepal
suffered rolling blackout up to 16 hours in a single day at
the dry season, people have shifted their trust to Solar PV
and MHP to fulfil their electricity demands [28]. Since then,
several programs have been launched, and different com-
panies have invested in promoting RES. Programs such as
Renewable Energy for Rural Livelihood (RERL), South Asia
Sub-regional Economic Cooperation (SASEC), Renewable
Energy for Rural Areas (RERA) under AEPC have been
working on electrifying the rural communities in Nepal [29].
Till 2018, AEPC led more than 1,700 community-owned
off-grid micro/mini-hydropower plants of around 30 MW
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and more than 600,000 solar house systems in rural Nepal
to guarantee the basic lighting requirements via various
projects [30]. Similarly, programs such as RERL and SASEC
are working together to develop 4.5MW of mini-hydro
and 500kWp of solar MG projects, out of which 165kWp
solar MGs are completed, and 310kWp are under con-
struction [31]. Along with these projects launched under
the program of AEPC, some other organizations have also
installed their energy generators supported by solar PV,
wind turbine, diesel generator sets, bio-mass generators etc.
Figure 2 indicated the list of MHPs, solar and solar-wind
hybrid energy system installed by AEPC since 2016. Total
of 87 generation plants had been installed, and provid-
ing electricity to 41,076 households with a total generation
of 4,225.2 kW. These systems are only limited to project
completed under AEPC.

(kW) Generation per kW installed Under AEPC

1500
1000
500
0 — ol —
2016 2017 2018 (Year)

¥ Micro/Mini Hydro u Solar, Wind and hybrid

FIGURE 2. Installed isolated energy system developed in between
2016 and 2018 [31]-[33].

If viewed in terms of development in renewable energy
generation, development of MGs is found to be with lacked
pace. As seen from Table 1, more than 20 MHPs had
been installed, adding more than 1,000kW per year between
2016 to 2018. In the current context, more than 400,000 pop-
ulation in Nepal rely on micro-hydro for electricity supply
and still growing. However, these independent MHPs have
particular limitation such as low load factor, poor reliability,
frequent unsustainability issues etc. during the operation of
larger loads. One of the practical solution to overcome these
issues may be the development of MG system by intercon-
necting the locally available MHPs in a single grid [58].

TABLE 1. List of MG installed in Nepal until 2019 [31]-[36].

Type of

Number of

. Capacity No. of
Generation Installed
Sources systems (kW) Houschold
Micro/ mini 3 1,144 7,796+
hydro
Solar—wind 10 333.2 409+
Solar only 20 554.6 1,400+
Solar-wind-
hydro 1 28 170+

A pilot project installed in Baglung, Nepal, where six
MHPs previously running in isolation mode with sizes rang-
ing from 9 kW to 26 kW were connected to a local grid,
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TABLE 2. Status of MGs in the South Asian countries.

Mini-grid Status
Country Special Features Referenc
Economical/ Financial aspect System performance aspect €
Nepalese MGs has been
The government provides a subsidy to | MG suffered from both technical and | prioritized by interconnecting
develop the system, but the community | managerial problems which led to low | multiple power producers and
must operate and manage by themself. It is | reliability in electricity supply resulting in | consumers to improve [4, 6, 15
Nepal found to be impracticable to operate and | lack of interest to invest in productive uses | performance. Almost all of the 37’] >
manage the system with local resources | of electricity and thus low revenue | systems are shifting toward AC
only. Systems need to be scaled-up to get | generation barely covering even operation | and modified into a commercial
the expected outcomes. cost. mode with some defined tariff
rate.
Deliver reliable power at a higher quality, Basically. solar/ MHPs/ wind/
Governmental bodies are receiving special | but it requires build-out of the same local diesel bZ;e d MGs have existed
incentives to promote the development of | distribution systems with regular power but  some  compan are’
MGs, since they can often provide energy | supply, which leads the higher cost. inteeratin biomass}) bi}c; as to
access more cheaply than transmission | Almost all of the MGs consist of an ro\%ir de g continuous s load
. through a grid. However, the energy | automatic back-up system to guarantee p
India . o . demand. The MGs are self, | [38-41]
purchase costs are found to be high, and | reliability. The MGs minimized the community-based  and/  or
problems have been arises in collecting | transmission losses, but there are business—o};iente 4. Some of the
revenues and non-technical losses. Since | substantial non-technical losses. Some of MGs allow sma rt.meterin with
the consumers use the lighting loads only, | the latest MGs consist of smart meters that the inteeration of the %e aid
the tariff is comparatively low and fixed. help to operate and monitor the system conce tgr prep
performances. pt.
All of the MG projects are being observed,
supported and managed by the | Bangladesh defines the MG, the system
Governmental body. Each solar-based MG | having a solar PV system with a rating of
project gets 50% of subsidy and 30% of | 100 kW to 250 kW. The reliability and
balance supplied long term loan from the | grid quality is ensured by using a battery | Prepaid meters have been
Baneladesh governmental side with the help of various | bank and diesel set as the back-up source. | adopted, and the consumers are [42, 43]
g donor agencies. All of the consumer | The distribution system contains 3-phase, | suggested to use mobile money ?
connected with MGs get subsidies in tariff, | 4-wire network within a length of about | to recharge the amount.
and charges with the same rate. There are | five to seven km. The bidirectional
some private developers as well who | inverters are placed to convert the AC/DC
build, own, operate and maintain the | power between storage devices and grid.
system.
Solar based mini-grid has been in practice
that provides the required electricity to the
rural communities and contributes to
economic and social improvement. | Improved system’s characteristics and Central seneration and storage
However, the IPP and private parties are | reduces the failure rates. However, most of devices iave been intro ducg d
not permissible to produce and sell the | the system is not designed properly with power  delive lan
electricity without governmental body | required for specific demand at a place Latest ps sterms introfi{xcep the;
. approval. Limited knowledge of market | having a specific environment and S .
Pakistan . . . .. smart metering technologies | [44-47]
potential, resulting lack of financing and | resources. System loss and unconditional .
. . with advanced concepts
government support, due to which there | drawbacks have occurred frequently in the includin demand-side-
are higher perceived commercial risks and | system. Different factors must be included manage flen ¢ autoswitchin
investment costs. Although there is not so | to develop a policy and implement the o aigd billil’i etc &
impressive development, the developers | mini-grid system in a real field. prep g ete.
want to handover the existed system to the
beneficiary  communities for  their
operation and maintenance.
Solar and MHP based MGs and solar
. . . home systems are used for household
As a part of ruler electrification policy, the | . .~ .
o lighting, water pumping purposes. Most of
local communities are encouraged to take h .
. X the MGs contains the diesel generator and
the ownership of the MGs, resulting most
battery bank as the back-up source. The
of the MGs are owned and managed by the . . . . .
. . . system will be automatically operated | Equipped with optimized MG
beneficiary communities. It is assumed to . . R .
e . . during the peak and off-peak period by | simulations and control set-ups.
be a good initiative, since the community- .
. triggering the generator and battery bank | The system has features to
based approaches help to integrate the . . . . )
. . connections. An algorithm and switching | optimize the system’s
. system to the grid as well as to improve . . .
Afghanistan . . mechanism have been introduced to | performance on a real-time | [48,49]
the social and economic development. . ; . N
H . provide efficient performance. On the | basis, based on which the
owever, there are no proper financial . .
other side, there are some technical and | system can manage the load and
partners such as government, donor . . ” . . L
L . ) commercial barriers such as: (a)Limited | generation side by proper
agencies, banking sectors and local micro- . . o
R . capacity of the grid to accommodate RES, | switching.
credit programs that support in the L
R Lo (b) Lack of electricity demand data to
development activities by providing | : X : )
. identify the suitable location for MGs, (c)
necessary finance, infrastructures and legal R .
SUPDOLES Land issues, (d) Investment and financing
ppors. issues, (e) Unclear policy and guideline
etc.
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TABLE 2. (Continued.) Status of MGs in the South Asian countries.

Mini-grid Status Referenc
Country Special Features
Economical/ Financial aspect System performance aspect ¢
Although Bhutan produces excessive electricity from hydropower plants and sells it to India, all of the rural households do
not get the electricity properly. This situation arises because of the mountainous terrains that create difficulties in an
Bhutan extension of the national grid all around the nation. The rural people are getting electricity through the solar home system | [48, 50,
with some subsidy provided by the government and some donor agencies. A few community-based projects have been | 51]
piloted to observe the system performances and get feedback from local communities. However, such systems face the
problems of unavailable skilled workforce at the remote area to operate the system in a sustainable model.
More than 250 community-owned isolated MG projects with financial support from government and World Bank were
installed between 1997 and 2012, but when national utility’s grid reached villages, these MGs were abandoned. Setting
Sri-Lanka tariffs too low are one of the main reason to maintain commercially sustainable operations over the long run. Sri Lanka’s (52, 53]
national electricity law prohibits MGs from making retail sales once the main grid arrives and currently 98% of the ’
population are in reach of the national utility grid. Bioenergy and solar energy are being introduced as solutions to reduce
Household Air Pollution (HAP).
The Maldives is one of few countries along with Nepal, Kenya, Uganda, Tanzania, Mali and Liberia for up-scaling MGs for
least cost and timely access to electricity services. The Maldives is a country consisting of 1190 tiny islands have their stand-
Maldives alone power system, mainly powered by diesel. This stand-alone system can also be considered as MG. Potential renewable [54-57]
energy (RE) resources in the Maldives are Solar, Wind and Biomass. Some islands that are transformed into resorts are using
solar photovoltaic cells to generate power privately. Currently, renewable energy target applications are limited to some
applications of solar photovoltaic cells in navigation lights and outer island telecommunication systems.
Access of Electricity (% Population) of South Asian Countries
120
100 R i Wcrrme oo e b 1 ¥ * W
__________ e i = S8
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FIGURE 3. The trend of energy access by population percentage in South Asian countries between 2005 to 2017 [1].

forming an MG power system of 11kV with total grid power
of 107kW [59]. Similarly, another project interconnection
two micro-MHPs was completed in Gulmi at 11kV trans-
mission line extending 1.5km. One of the biggest ongoing
projects of Nepal is in Taplajung that will connect 6 micro and
mini-hydropower plants of commutative capacity of 823kW.
This project had completed its 37km of 11kV transmission
line, and till December 2018 it has connected three of the
MHPs successfully. The grid connecting of interconnected
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MHPs will help to generate the additional revenue for the
MHPs and avoid transmission losses of the national util-
ity [31]. A study [11], discusses a few of the possible intercon-
nection of MHPs to improve the supply and fulfil the demand
which is not completed by stand-alone micro-hydropower.
It also discusses the techno-economic analysis of the pur-
posed Micro Hydro Interconnected MG (MHIMG).

On the other side, development in solar-based MG has also
increased in high number in the recent era. AEPC has also
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been working on solar MG projects. Alongside AEPC, private
companies such as Gham Power establish its first solar-based
MG of 70kW capacity located at Khotang in 2014. With
this, they have installed and supported in installing nine
more solar MGs until 2018 [36]. As an initiation AEPC
installed an 18kW solar MG as a pilot project under Pro-
Poor-Public-Private-Partnership (5P) concept in 2016. Since
then, AEPC has worked on many solar MGs around Nepal
providing financial and technical assistance. There is a
total of 26 known solar plus hybrid MGs installed by
AEPC [31]-[34], [36], [60]-[62]. The capacity of such sys-
tems ranging from 5 kW to 100kW, and supply electric-
ity to more than 1000 HHs. Malladehi Solar MG (30kW),
Sugarkhal solar MG (75kW) and Saptami solar-wind hybrid
(70kW) are the latest projects of AEPC under the SASEC.
Other integrated MG line in Nepal includes Solar and
wind-based MG lines. A hybrid micro-grid installed at
Nawalparashi includes two wind turbines of SkW and
Solar PV array of 2.1kW supplying electricity to 46 HHs.
Total of ten such hybrid connections has been noted
by AEPC with capacity ranging from 80kW in Narakot
to 7.2 kW Harrekanda solar-wind-MG, Surkhet, supplying
electricity to more than 400 households along with few
industries [31]-[34], [36], [60]-[62]. Similarly, a tri-hybrid
system has also been in used since 2012. Thingan Miteri
Hybrid MG was installed which is powered by 20kW MHP,
S5kWp PV system and a 3kWp wind turbine, supported by
battery back-up. This grid line extended seven km from the
point of generation and supplying the electricity through three
substations [35].

IIl. CONTROL TECHNIQUES AND TOPOLOGIES

The electrical system in a MG is assumed to be radial with
several feeders and a mixture of different loads. The MGs
consist of micro/ mini-sources including micro-turbines,
wind generators, photovoltaic arrays, fuel cells etc. A typical
MG topology is shown in Figure 4. In a MG, generally, there
are two modes of operation: grid-connected and grid-islanded
operations. A grid-connected operation of a MG system fol-
lows the distribution rules of the network without operating
the central power system. In this system, the MGs can draw
power from the primary grid or supply power to the main grid
and works like a controllable load or source [63]. In Islanded
operation of MG, the units can be controlled based on a
decentralized approach balancing the generated energy and
the demand. In this mode, the system must balance supply and
demand with acceptable power quality, maintaining voltage
and frequency [64]. This mode also helps in reducing main
grid transmission and distribution costs in off shore or remote
areas.

From the prospect of control mechanism, the MG can be
defined as a combination of the Distributed Energy Resources
(DER), power interface converters, prime energy movers and
non-linear loads, and the system capable of solving system
glitches locally [65]. For the control of MGs, different con-
trol approaches have been used, currently in practice are
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FIGURE 4. A typical topology of MG.

centralized and decentralized control topologies [66]. The
completely centralized control mechanism relies on the col-
lected information, and performs the required calculations to
identify and provide the control task for all the units within
a single point. It requires extensive communication among
the central controller and the controlled units [66]. It man-
ages DER, ESS and loads, to monitor and control the entire
MG [67]. The power utilities usually cover a big geographic
areas, and adopting the fully centralized approach, which may
infeasible because of the extensive computation and commu-
nication needs [66]. For the general operation of the system,
a centralized control system can be defined as hierarchical
control system consisting of three control levels: Generation
Controllers (GC) and Local Loads (LL), MG Central Con-
trol (MGCC), and Distribution Management System (DMS)
which controls all other levels of hierarchy [68]. With central
control of MG, a significant benefit in energy marketing can
be obtained as the central system that determines the power
flow within the topology. Figure 5 provides an insight into
the central control system. In this type of control mechanism,
power reliability and stability is guaranteed by the primary
control or DMS.

On the other side, the decentralized approaches are based
on enhanced functionalities of local Distributed Genera-
tion (DG) controllers, that compete to maximize their pro-
duction and system efficiency [68]. For a geographically
dispersed system, where a highly complex system like cen-
tralized is not realizable due to geographical constraints, these
systems tend to use decentralized systems, which is more
favourable in remote and disperse areas like in Nepalese
MGs. In these areas, a piece of information from the central
control system is not available [69]. Whereas in a decen-
tralized control system, each of the units is monitored and
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FIGURE 5. A typical topology of central control system in a MG
generation control.

controlled by their respective controller. This type of con-
trol system only receives the local information, and is nei-
ther aware of the system-wide variables nor the action of
other controllers [70]. The decentralized approach is also
not possible because of the strong coupling between vari-
ous operations that require a minimum level of coordina-
tion, which cannot be achieved from local variables [66].
The locally managed decentralized control guarantees the
stability of the whole system in such cases. The common
quantity in all cases of decentralized control is the steady-
state frequency, which must be the same for all sources.
In grid-connected mode, the MG frequency is decided by
the grid, and in islanded mode, the frequency is decided by
the MG control [71]. Figure 6 shows the decentralized radial
MC topology. The hierarchical control scheme can achieve
the concession of centralized and decentralized control
schemes through different control levels: primary, secondary,
and tertiary [65], [66], [72].

a. Primary control level: It is the first level in the
control hierarchy, featuring the fastest response 66].
The primary control responds to system dynamics
and ensures that voltage and frequency track their set
points. It mainly relies on locally measured signals
and requires no communications [73]. There are two
aspects of primary controllers; input-end-controller
and grid-end-controller. The input end controllers are
responsible for pulling highest utilization from DGs
and the grid-end-controllers are responsible for man-
aging real power transfer to the grid, managing the
DC linked voltage, power grid harmonization and the
line impedance recognition [65].

b. Secondary control level: Secondary control, also
referred to as the MG Energy Management System
(EMS), which is responsible for the reliable, secure and
economical operation of MGs that ensure the power
quality and mitigating the long-term voltage and fre-
quency deviations [66], [74]. Besides, it may target
other major objectives to control the system for power
quality improvement, voltage profile improvement, and
efficient reactive power-sharing and loss reduction.
This level of control facilitates the synchronization
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FIGURE 6. A typical topology of decentralized control system in a MG.

of MGs with the primary grid [74], and also determines
the set point of voltage and frequency for primary con-
trol [73]. In the case of energy deficiency, techniques
like Demand Side Management (DSM) and load shed-
ding are used to keep the grid in operational mode [29].

c. Tertiary Level Control: This is the highest level of
control mechanism in MGs, and only exists in MGs
with grid integration. The primary function of the
tertiary level control is to coordinate the power flow
between the MGs and maintain the healthy operation
of the whole system. It also supplicates demand-supply
balancing through an optimum energy flow con-
troller [65], [66], [74].

In rural Nepal, different DGs such as MHP, solar PV
and wind turbine are considered to be the primary source
of energy. Among these, five combinations are found to
be in practice to provide the energy excess in rural Nepal:
(i) solar-based, (ii) wind-based, (iii) solar-wind hybrid, (iv)
solar-micro-hydro hybrid and (v) solar-wind-micro-hydro
hybrid [29]. These energy combinations are mainly con-
trolled via two approaches: (i) Voltage and frequency control,
and (ii) DG coordination and grid control. In MHPs, Elec-
tronic Load Controller (ELC) or Automatic Voltage Regula-
tor (AVR) is used for voltage and frequency control. There is
a constant input of water to the MHP turbines unless adjusted
by using a butterfly valve, and the frequency balance is car-
ried out through adjusting dummy load (also known as ballast
load) [75]. At the consumer side, the loads are controlled by
the switching of power electronic devices [75], [76]. Gen-
erally, the MHPs use AVR based controllers that regulate
output voltage by controlling the excitation voltage of gen-
erators [59]. On the other side, solar and wind-based MGs
are controlled through the integration of inverter. The system
use voltage source inverters (VSCs) with the ability to mimic
the inertial characteristic of a large generator for improved
stability [29]. The inverter control within the Power Elec-
tronic Converters (PEC) can be categorized into three modes:
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(i) grid forming, (ii) grid feeding, and (iii) grid supporting
both grids forming and grid feeding. The biggest MHP oper-
ates in the grid forming mode and rest of the energy sources
are operated in grid-feeding mode. In the MGs containing no
MHP, the battery is operated in the grid-forming mode, and
the remaining energy sources are in grid feeding mode. The
power flow at the point of coupling point is controlled by a
central controller, and the modes of operation of DGs are also
controlled by the central controller [77].

IV. PROTECTION ISSUES AND THEIR SOLUTION

Every electrical network needs to be protected from the
unusual current and voltage fluctuations within it. Sometimes
these fluctuations are explained by unusual spikes seen due
to the unforeseen event like lightning. From the report pre-
pared by the Department of Hydrology and Meteorology of
Nepal [78], in the year 2018, 143,261 clouds to ground strike
were noted in overall Nepal covering an area of 147,181 km?.
With such high cloud to ground strikes in Nepal, it is clear
that electrical power networks, including MGs are vulnerable
to such lightning hazards. Not only due to the lightning, but
electrical networks are also prone to switching surges as well
and proven to be more frequent one than the lightning surges.
Switchgear and protection devices like relays, contactors,
circuit breakers do isolate system after overvoltage and over-
current. However, the transient electromagnetic effect before
and during the operation of such a system has not been well
addressed in the current practice of Nepalese MGs. The rea-
son behind surge protection of Nepalese MG system getting
less attention is due to cost minimization, fragile policies, and
lack of quality engineering consultancy. In a study done under
power system protection assessment of MGs in Nepal [79],
it was noted that the selected case study had faulty Module
Case Circuit Breaker (MCCB), which infers that MGs with
increased risk factor suffer from high-frequency transients of
lightning current and as a result, various sensitive equipment
are exposed to complete energy dissipation of surges leading
to operation failure. The technical experts in the field of MGs
in Nepal realized that the equipment with a low value of
Basic Insulation Level (BIL) like ELC, display panels are
more likely to be affected from lightning strikes. From the
experience of Baglung MG, which is facing technical issues
regarding the failure of various equipment in powerhouse
and substations, it is suggested to have proper guidelines
and standards for new MG projects [25]. Hence, an immune
protection system is a must to protect the different sections
of the entire MGs from high-frequency transient spikes seen
due to lightning and switching incidences.

Equipment of medium voltage and low voltage network
of the MGs must be protected with the suitable light-
ning arresters coordinated per industry practices as in IEEE
C62.22 [80]. Rotating machines in MHPs of the MGs can
be protected by using sloping capacitors in conjunction with
the machine, as shown in Figure 7, which shall reduce the
stress of the steep rising surges [81]. Other generating units
like the solar photovoltaic system and wind turbine are more
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FIGURE 7. Protection of rotating machine (Generator).

likely to be hit by direct and indirect lightning strikes. The
prime task to protect the PV system is to decide the protection
level, ratings of Surge Protective Devices (SPD) and proper
placement of the SPD. As per the review done in [82], pro-
tection of the PV system against lightning can be achieved
by following the IEC 62305 [83]-[86]. The induced over-
voltage developed due to lightning event hampers solid-state
devices in PV inverters, which shall be prevented by using
un-gapped Metal Oxide Surge Arrester (MOSA) as suggested
n [87]. The external protection of the solar power plant can
be achieved by installing an air termination system as shown
in Figure 9, where the location of the air terminations can be
decided by using the Rolling Sphere Method. According to
the study based on data are taken from the WMEP database
of ISET [88], 30% of the lightning faults involved in the
control systems, 26.3% the electrical system, and 19.9% on
the blades of wind turbine generator system. Turbine blades
being situated in high heights are prone to direct lightning
strikes which must withstand direct lightning attachment,
full lightning current and un-attenuated magnetic field [89].
As suggested in [90], wind turbine blades can be protected
from lightning by installing air termination systems on the
blade surfaces as shown in Figure 8, high resistive tapes and
diverters, down conductors placed inside the blade, conduct-
ing materials for the blade surface.

On having proper lightning protection system for generat-
ing units of the MGs, it is essential to protect transformers
and low/medium voltage distribution line, which is directly
exposed to the external environment for a long span. Accord-
ing to the comparative research done in [91], reducing pri-
mary arrester lead lengths (line and earth), adding primary
arresters with the lowest available protection level, using
surge durable fuse link (minimize nuisance fuse operation)
and installation of low voltage arresters on the secondary
side, it was found that failure rate decreased by 88%. Such
changes, as depicted in Figure 10, shall be practised in the
transformers of the MGs to protect them from lightning
strikes. Similarly, medium voltage distribution lines shall be
protected by using surge arresters in every 200m span of the
line, which shall limit the overvoltage stress leading risk of
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FIGURE 10. Protection scheme for distribution transformer.

insulator flashover closest to strike point below the tolerable
limit (10-1). As shown in Figure 11, by placing periodically
grounded shield wires in the medium voltage distribution
network, surge arrester can be placed in every 400m for risk
factor below 10-1 [92].

Lightning surges might travel to the distribution board of
household and industrial consumers and damage the equip-
ment connected. Household appliances can be protected
using Surge Protective Devices (SPDs) with their proper
placement in coordination with Uw and Up. According to
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simulation done in [93], for effective protection distance of
10m, surge arresters with Up of 1.2 kV and Uw of 1.5 kV
must be selected whereas for longer protection distance up
of lower value must be selected. For the protection of indus-
trial appliances from lightning, single MOSA based SPD
should be used, which is capable of handling a large amount
of thermal energy. Besides the use of lightning protection
devices like lightning arresters, spark gap and SPDs, it is
most to have well grounding system. According to the MG
design manual [94], it is noted that the contact resistance of
the grounding electrodes must be sufficiently low to ensure
proper grounding. Deep driven grounding rods provide lesser
grounding resistance as the rods come into tight contact with
soil and resistivity of soil is low due to a high amount of
moisture content. As suggested by the design manual [95],
it is essential to double the grounding rod length to lower
the grounding resistance by 10%. Similarly, for the soil with
high resistivity, grounding electrode treated with metallic
salts interfacing the periphery of the electrode shall be used,
which improves the soil conductivity. Equipotential bonding
can be practised for the protection against electric shock, min-
imization of resistive, inductive and capacitive interference,
reduction of the occurrence of electromagnetic fields and
implementation of high-quality measures for the equipment
safety along with lightning and surge protection [96].

V. MG MANAGEMENT AND TRADING PRACTICES

Any established body requires a proper management unit
to run it sustainably; which goes same in the case of MG.
As most of the MGs are operating isolated, they require a
proper governing body to run the entire system smoothly. The
quality of management system adopted do rely on ownership
of any project. The MGs are either financed through govern-
ment funds, international donation or number of stakeholders.
With investors being predefined, there arise issues related
to rights, responsibilities and risks involved within the sys-
tem. The more the stakeholders are, the more challenges are
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expected to become around while running the system unless
a governing body is established. It is even more challenging
to form a governing body when it comes to any organization
formed with donor fund and proven to be the prime challenge
for developing countries like Nepal.

Additionally, even if a governing body is formed, another
topic of concern for the management committee would be the
availability of funds for operation and maintenance. From a
study, it is seen that 1/8 and 1/30 part of the total capital cost is
required for operation and maintenance to run MGs sustain-
ably and comply with the expected lifetime [97]. Due to the
lack of robust financing and business plan, the management
team fails to expend on operational and maintenance cost as
required. So, it is realized that for long-lasting operation, it is
required to form a governing body with well-defined delegacy
of power. Additionally, financing and business model should
be well planned and implemented to cope up with the routine
as well as unexpected maintenance required for the soundness
and continual operation of the entire system. To operate the
MGs, the community-owned project has been developed with
the active participation of locals. The structure begins with
MG cooperative followed by plant functional group, com-
munity organization, and households, as shown in Figure 12.
The MG cooperative group is responsible for operating and
maintaining the whole system. The plant functional group
represents the local community, and community organization
organizes community meetings, collects money and conducts
social activities [15], [59].

Microgrid
cooperatives

Functional
group
r 1
Community Community
organization organization
Household Household Household Households

FIGURE 12. MG functional group formation in rural Nepal.

The Baglung MG is managed by two business groups:
cooperative body and functional group. Cooperative body
deals specifically with financing, cash flows, budgeting and
every other issue related to power plant economics whereas
functional body deals with technical aspects of micro hydro
operation related to the structural, mechanical and electrical
domain [59]. However, coordination between these two bod-
ies has been a challenge to Baglung MG creating difficulties
in problem-solving and economic stability. Whereas, in Baidi
MG 5P Business Model namely flagship business model is
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implemented where a committee of five members (three from
the private company and two from the community) is formed
for complete maintenance and operation activities. Likewise,
MGs of Nepal are owned by combination among community,
cooperative, private company, rural market centre, govern-
mental bodies for the upliftment of renewable energy and
the governing body is formed by elected representatives of
owners [4].

In the present context, Nepal’s electrical sectors are mov-
ing toward a stable and reliable system via modernization or/
and up-gradation of existing DGs and grid extension [37].
Interconnection the Distributed Energy Resources (DER)
increase system reliability. However, it also put forward a
question on how this energy sharing and trading can be
done between these sources. In the case of Baglung MG,
the cooperative is fully accountable to operate the system
sustainably. The cooperative has all of the crucial-decision-
making-power such as: fixing PPA rate, tariff structure, office
management and addressing other issues [59]. Other indi-
vidual Micro Hydro Functional Group (MHFG) have been
restricted to IPP. The trading arrangement for the grid is made
such that MG community buys electricity from respective
IPP at NPR 4.5/units and then sells to the consumer at a rate
of NPR 75 for a minimum of 12 units and NPR 7 per unit
above 12 units.

The tariff structures in Nepal are usually power-based or
energy based in the case of MGs. These IPP in the Baglung
previously used the earlier system, where the consumer paid
for the charge of electricity for the according to the amount
of power they used [59]. The power-based system is common
in the small power plant which has generation capacity below
20 kW. Similarity system with high generation capacity used
an energy-based system, where the consumer pays according
to the energy consumed. The rate is different from user to
user as different tariff is implemented for domestic and com-
mercial users [11]. The Nepal Electricity Authority (NEA),
national utilities have started the policy to integrate the DGs
with a net meter tariffing model. Currently, the solar water
pumping projects are benefited from this policy, through
which, the project owners are selling the left-over energy to
the utility grid. A similar concept has been applied to other
IPPs also [37].

VI. CHALLENGES IN THE IMPLEMENTATION OF MG

Since few years, Nepal has witnessed aggressive rural
electrification through grid extension and development of
off-grid MG systems. Recently published Multi-Tier Frame-
work (MTF) study by the World Bank shows that only 4.5%
of Nepalese households do not have access to electricity.
In other words, 95.5% of households have access to electricity
by one means or the other such as grid or MGs, solar home
systems, solar lanterns, rechargeable batteries, etc. The same
report also reveals the fact that there is only 67% of electricity
access in the country while considering Tier 3 and above [18].
Thus, the question remains — how prudent is it to include solar
home systems, solar lanterns, etc. under households with
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electricity access? Therefore, there is an enormous oppor-
tunity for both MG development and grid extension in the
country [18]. Some of the challenges for wider promotion of
MG systems are [30], [37], [58], [59], [98]-[100]:

a. Technical issues: All of the MGs are located in a rural
area, where the availability of skilled human resources
and instruments may not be possible at the right time.
Similarly, the local people and the local government
cannot afford expensive systems. The main issues that
cause the system failures are: (i) Lack of proper main-
tenance and operation plan, and (ii) Inaccessible to
emerging technologies and skilled manpower.

b. Political changes: Local government operation act
2017 has given a mandate of implementation of RES up
to IMW to local government. The municipalities do not
have the human resources and capacity to carry out new
responsibilities. The governmental agencies to define
the roles and responsibilities of institutions at different
levels of governance viz. municipalities, provinces and
federal. This anomalies in recent years have affected in
large scale implementation of MG projects.

c. Private developers are reluctant to invest: MGs for
the last-mile community are highly subsided, whereas
large scale MGs can be developed with a proper mix of
subsidy, loan and equity. In Nepal, the community has
a subsidy seeking mentality. Community waits for the
subsidy from federal, provincial and local governments
for several months, even years in some cases as they
still perceive loan as a burden. On the other hand,
the private sector and banks are also reluctant to invest
in the MGs.

d. Operational issues and payment risk: Generally,
the power producer are operated in the modality of
Independent Power Producer (IPP), and the whole MG
system is managed by forming a functional group. The
power producers sell the electricity with a well-defined
Power Purchase Agreement (PPA), and the MGs sell
the electricity to the consumer with a regulated tariff
guideline. Since the managing activity of a MG with
multiple IPPs is itself a complex task, it requires dedi-
cated efforts from human resources, management body
and the consumers. Disagreement among these groups
may distract the whole system from getting their exact
outcomes efficiently.

e. Low productive use: MGs are mainly used for light-
ing, TV, mobile charging etc. (i.e. basic electrical
needs). Besides, the utilization of generated energy in
the productive sector is quite low in such areas. In the
particular case of the Baglung MG in mid-western
Nepal, the load factor and utilization factor were calcu-
lated to be 23% and 26% [15]. These consumptive uses
do not generate enough revenue to cater to its operation
and maintenance. The productive uses of electricity
such as milling, carpentry, cyber cafe, refrigeration etc.
can help improve the livelihood of the community.
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However, the productive uses of electricity seem very
low compared to consumptive uses of electricity.

f. Limited exposure in a larger system: AEPC which is
the Nepalese government apex body for the promotion
of the off-grid sector, has been limited with few “kilo-
Watt” in MHPs and “Watt” in solar PV. In the recent
period, AEPC scale-up its MG programmes, leading
to the implementation of solar/wind MG systems and
MHPs. However, it is seen that there is limited technical
capacity to execute with a larger system extensively.

VII. DISCUSSION AND THE WAY FORWARD

The MG is a concept that allows more customizable power
delivery in the form of DER asset to the rural area. It is a
grid line concept for parallel connections to the grid along
with its supply as a back-up. The modern concept of MG
uses multiple energy resources to maintain a balance in the
supply-demand chain. For a reliable supply, the generation
must meet with the demand, for which the MGs rely on dif-
ferent energy resources available within the local area. Since
both of the generation and demand in DER-based system are
periodic and unpredictable, problems like system instability
and frequent interruption occur. Similarly, because of insuffi-
cient power at some instant of time (basically at peak demand
period), the issues of low voltage, frequency fluctuation and
even brownouts in the system occur. One of the major reason
behind these problems is living habit of people from hilly and
Himalayan area. The load factor of the isolated energy system
in Nepal is very low, indicating the load demand during peak
hour is very high and less energy consumption during the
off-peak period. One of the important factors that must be
considered during the discussion on Nepalese MGs is that
most of the Nepalese MGs contain the MHPs, which generate
constant power.

The most common technique that is used to maintain the
grid functional during power deficit is load schedule. A spe-
cific portion of area or load used to be cut-off from the grid for
a specific time and passing the power to another area and so
on. In Nepalese MGs, a rolling blackout at the particular area
is conducted by developing a load-shedding-table, or forcibly
minimize the demand by instructing the consumer to use the
electrical load under a limit (for example, people connected
with the isolated MHPs can operate under 100 watt at peak
period). As the significant demand usually is occurring at
night, the generated energy during off-peak-period can be
stored in ESS, and utilize at peak-demand-period or low-
generation-hours for the regular operation. Further, the con-
cept of Virtual Power Plant (VPP) and Block Chain can be
introduced in the MGs that manages the whole system during
system instability and recurring frequency interruption. How-
ever, the rating and coordination of the electrical components
must be techno-economically optimized.

As not all DERs are designed to meet the required demand,
DSM concept is introduced in most of the current MGs that
keep the supply intact and utilize the limited sources to its
fullest. During the outage, various MGs use DSM set-up
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on the grid controller to maintain the supply-demand chain.
Depending upon the requirement of users and/ or suppliers,
the schemes are installed within the controller. For exam-
ple, in one of the isolated MG system installed in Baidi,
Tanahun, the system has offered three packages according to
the consumer’s demand: (i) light package “A”, (ii) television
package “B”, and (iii) commercial package “C”. Besides,
a special package has been introduced in Nepalese MGs to
those who cannot afford the price of electricity.

For the selection of the best strategy for a specific local-
ity and special type of energy system, a depth understand-
ing on characteristics of demand/ supply is most important.
Forecasting profile of generation and load could help the
operator to take an important decision for the balancing of
demand/ supply chain, and minimize the consequences. The
optimized model based on probabilistic approach for DSM,
considering the stochastic nature of demand/ supply has been
recommended by numerous study, which may be a practical
and useful approach for a MG located at the remote area. The
Stochastic Model Predictive Control (SMPC) method is gen-
erally used to evaluate the model within a MG control system.
It is also useful to solve an online optimization problem that
selects the best control action and drives the predicted output
to the reference value. A cost function, along with the con-
straints as a design specification, can be developed to check
the viability of the MG management strategy. By utilizing
the recorded data, a controller can be operated for different
control and management strategies such as DSM, SMPC,
or even Al-based optimization to observe the load, generation
and the system characteristics.

However, implementation of such an advanced concept
may not be practical for the MGs located in remote areas.
Some of the primary reasons behind these are expensive
technology, lack of proper communication channels in remote
areas, geographical difficulties etc. At current scenario,
in most the Nepalese MGs, the operators at generation and
load side are locally connected via some form of telecom-
munication medium, and all of the systems are controlled
and managed by a controller or by the operators in manual
mode. The MGs have different parameters to be controlled,
which depend on the type of energy source, load types, grid
codes and coordination grids, and many more. Because of
the geographical difficulties and scattered nature of energy
sources, the distributed control system is required in such
MGs. Implementation of a fully centralized approach is infea-
sible in such cases because it requires extensive communica-
tion and computation.

For any electric system, once the line is connected, demand
will keep increasing, although the generation is fixed. This
may result in the unbalance demand/supply chain in the
near future, followed by issues such as under-voltage, under-
frequency, bidirectional power flow, instability, uncertainty,
low inertia and even brownout. In most of the existed MGs,
this problem had already occurred. Hence, future planning
should be done during the design and implementation of
the isolated energy system in such area, where regular
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up-gradation is not possible. Further, it helps the operators
and management committees to handle the system by adopt-
ing a practical strategy at the right time. Among numerous
problem of MGs in Himalaya, the issues and actions on
protection, regular maintenance, finance and functional man-
agement have important roles. One of the major foundations
on long term operation of a system is proper operation and
maintenance, without which no system will provide good
outputs. It was mentioned in a study [97] that, the lifetime
of a MG system can be increased by around two times by
the proper maintenance. Hence the system must be regularly
maintained and operated under specific rules and regulations
for the sustainable operation.
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