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Chapter 1: Introduction
As outlined in the original proposal, this project had three primary objectives, namely:
1. To design and cost a scalable microgrid architecture.
2. To identify potential settlements for deployment in Phase 2 and conduct baseline
surveys in 2 off-grid villages and 2 on-grid villages.
a. Estimate through survey elicitation the willingness to pay for services including
basic and beyond basic electrification.
3. Share our research finding with stakeholders and policymakers.
This report summarises our findings and results on the first two objectives. Details for the
third can be found in the PIR form.
Chapter 2 presents our findings on the first objective. The chapter details how to
parametrically design a microgrid such that it is optimized to achieve the lowest cost given
local constraints. Our contributions in this regard, which to our knowledge are novel, form
the basis of an academic paper that has already been submitted to an academic journal.
Chapter 3 presents the initial findings in line with the second objective. It uses results from
Chapter 1 to estimate the cost of various available architectures in the Pakistani context and
then estimates demand for electrification services through survey elicitation. We use results
from both the supply and demand side to present policy recommendations.
Survey locations were chosen with the primary goal of these areas serving as bases for
deployment in Phase 2. Therefore, they were chosen based largely on administrative
considerations. Off-grid locations were small settlements, of no more than 40 households. In
such locations, we conducted a census. Bad-grid areas (regions with around 12 hours of load
shedding on average) were chosen in proximity to off-grid areas, and were typically larger. In
these locations, we conducted listings and surveyed 10% of the households.
Finally, please note that Chapter 3 represents the working draft for an academic paper
aimed at publication in an energy policy journal. The analysis is to be completed over the
summer for subsequent submission as mentioned in the original proposal timeline.

Chapter 2: Optimal Planning and Design of Low-Voltage Low-Power
Solar DC Microgrids2
Notation
The notation used throughout the paper is stated below for quick reference. Other
symbols are defined as required.

Indexes
t
i
x
y

Instant of time ranging from 1 to T.
House number ranging from 1 to N.
Conductor bus number ranging from 1 to N.
Conductor bus number ranging from 1 to N.

Parameters
N
A
ηm
ηPL
I(t)
Itc(t)
Tcell(t)
Tamb(t)
G
Gxy
gxy
Vx
Vy
Vmax
Vmin
SOCmax
SOCmin
P(t)
Pmax
Pmin
Ploss
ηD
ηMP
η
2

Number of houses in the village
Area of installed PV panels.
Name plate efficiency of PV panel/module.
Efficiency reduction factor due to panel losses.
Incident irradiance at time t.
Temperature compensated irradiance at time t.
Temperature of cell at time t.
Ambient Temperature at time t.
Conductance matrix of village distribution.
Individual Elements of conductance matrix.
Distributor conductance between two houses.
Voltage at node x.
Voltage at node y.
Maximum voltage after convergence.
Minimum voltage after convergence.
Maximum value of battery state of charge.
Minimum allowable battery state of charge.
Power demand of the house at time t.
Maximum power demand of the house.
Minimum Power demand of the house.
Distribution losses.
Distribution efficiency.
Efficiency of DC-DC converter in CPPU.
Efficiency of DC-DC converter at each house.
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ηB
VD
w1
w2
w3

Charging/discharging cycle efficiency of battery.
Worst voltage dips for power distribution.
Per kWh cost of battery.
Per kW cost of PV panel.
Per meter cost of distribution conductor.

Acronyms
MPPT Maximum Power Point Tacking
CPPU Central Power Processing Unit
AWG American Wire Gauge
LV
Low-voltage
LP
Low-power
kWp
Kilo Watt Peak

Decision Variables
S(t)
CB
Smax
X
EB(t)
ESB(t)
ESL(t)
EBL(t)

Available output power of solar PV at time t .
Battery energy capacity.
Nameplate output power capacity of PV panels.
Size of the distribution conductor in AWG.
Time varying energy state of the battery.
Energy flow from solar PV to battery at time t.
Energy flow from solar PV to load at time t.
Energy flow from battery to load at time t.

Summary
Low-voltage, low-power solar photovoltaic (PV) based DC microgrids are becoming
very popular in non-electrified regions of developing countries due to a) lower upfront costs
compared to utility grid alternatives and b) limited power needs of rural occupants. The
optimal planning of distribution architecture along with sizing of various system components
such as solar panels, batteries and distribution conductors is essential for minimizing the
system cost and enhance its utilization. In this work, we develop a framework for optimal
planning and design of low-power low-voltage DC microgrids for minimum upfront cost. The
analysis is based on a) region-specific irradiance and temperature profiles, b) constraints in
storage and distributions, c) distribution loss analysis and d) optimum component sizing
(storage, conductor and PV panel) requirements based upon an energy balance model for a
24-hr operation. We further analyse the merits of tailoring distribution architecture for
maximizing the system utility in the planning of future microgrid deployments.

2.1 Introduction
Solar Microgrids are recent invention and optimum for low cost rural electrification.
Numerous Mini- or Micro- grids of capacities ranging from 1 kWp to 200 kWp have been
proposed in the literature [1-6]. Low power microgrids generally provide low power provision
of a few watts to a few tens of watts per home as compared to high power microgrids which
allow provisions of several hundred watts or higher. Provisioning of larger power per
household in developing countries is typically cost-prohibitive due to the larger generation
and storage requirements along with the need for sophisticated power electronics and
control. Therefore, high-power microgrids are not readily deployed for low-cost rural
electrification.
While these (and other similar low voltage low power) systems are becoming popular
for off-grid rural electrification, formal analysis on optimal component sizing and loss
evaluation is not addressed in the literature. Generic microgrid systems planned without
taking the regional characteristics into consideration are significantly oversized and are not a
good fit for all environments and regions. Thus, for these DC microgrids, there is a need to
plan efficient distribution schemes based upon the detailed loss analysis along with
quantification of optimal system sizing incorporating local conditions for overall cost
minimization and enhanced system utilization.

2.2 Contributions
This paper therefore focuses on optimal planning and design of low-voltage off-grid
DC microgrids with local PV generation and storage for low-power provisioning. Various
critical parameters that affect the optimal sizing of the system components are identified and
based upon the identified parameters an optimization framework is developed for low cost
installation. Thus, our first contribution lies in the formulation of the optimization framework
for the selection of microgrid components, including PV generation capacity, battery storage
capacity and distribution conductor sizing for minimum cost solution.
Our second contribution lies in the detailed analysis (and assessment) of various
locations in India (due to data availability) from optimal cost, component sizing and
distribution architecture planning perspective. It has been identified that optimal sizing of the
system components is highly dependent upon region-specific time varying profile of
irradiance and temperature throughout the year. Unfortunately, it is a common practice to
use mean values of regional irradiance and temperature for system sizing, however, it has
been verified from the results that such mean values based sizing will not be truly optimized,
therefore, timed variations in temperature and irradiance profile throughout the year has
been considered to find the optimal sizing in this work.
In addition, we relate distribution losses to actual structure of microgrid architectures.
Two possible architectures of DC distribution (O-architecture and C-architecture) have been
analysed for power flow and associated distribution losses. So our third contribution lies in

quantification of distribution losses with respect to distribution architectures in line with
common settlements in South Asia.
While standalone systems are widely discussed in the literature [7, 8], to the best of
our knowledge, optimal planning of system components for DC Microgrids has not been
presented in literature and we believe that it will be highly beneficial for future DC microgrid
deployments. Further, quantification of distribution efficiencies for electrical distribution
architectures with spatial arrangement will be critical in retrofitting current systems to
enhance the overall capacity.

2.3 Common Village Orientations
In order to design an efficient power distribution architecture that ensures the optimal power
flow from source end to load end, it is important to analyze the spatial distribution
(orientation) of houses commonly found in villages across the developing countries. Typically,
two main arrangements of houses are found:
a) Linear arrangement in which houses are generally situated alongside a central street/road.
b) Clustered arrangement in which houses are situated in independent fields or in clusters of
multiple huts/homes [9].
Northern Africa and Namibia show highly clustered settlement and population
distribution patterns [10]. However, in Asia, primarily in South Asian countries such as India,
Pakistan and Bangladesh, the most common forms of rural settlements is linear arrangement
of houses which are situated across roads in order to facilitate access to infrastructure
facilities, markets and resources [11, 12]. In this work, we develop a system model for these
linear architectures and formulate optimization framework for planning and design of lowpower and low-voltage DC microgrids situated in these linear settlements. The clustered
architectures, suitable for African countries, are not detailed in the current scope of work.
Typically, in order to electrify these villages, standard radial systems with single
generation and storage hub is installed [5, 6, 13, 14]. However, the distribution efficiency of
these systems can be significantly enhanced by considering a second generation hub if the
provision is available. Therefore, we consider linear distribution microgrid architecture with
up to two generation and storage hubs. These proposed structures can then be classified into
C- distribution architecture and O- distribution architecture depending upon the number of
generation and storage hubs.
2.3.1 Linearly Distributed C-Architecture
The visual representation for linearly distributed C- architecture is shown in Fig. 1.
Distribution conductors are laid in a linear manner while generation and power processing
and storage units (PPSU) are placed at the start of a village, thus formulate a C-like structure

and is termed as linearly distributed C-architecture. This village architecture is a simplistic
model of villages found commonly in India [6].
2.3.2 Linearly Distributed O-Architecture
Based upon the availability of the land, PV generation unit and PPSU may be located
at both ends of the central street. Thus, such a structure in which conductors are laid in a
linear manner, interconnecting generation and storage at both ends of the house load
formulates a linearly distributed O-architecture DC microgrid (Fig. 2). While keeping the
overall generation and storage capacity the same, the introduction of this architecture having
two similar generation and similar storage units on system enhances its overall efficiency as
discussed in section VI.
PV Panels

PPSU

Fig. 1. Topological Diagram of Linearly Distributed C-Architecture with solar PV generation and power processing and storage units
(PPSU)

PV Panels
PV Panels
PPSU

PPSU

Fig. 2. Topological Diagram of Linearly Distributed O-Architecture with solar PV generation and power processing and storage
units (PPSU)

2.4 Energy Balance Model for a DC Microgrid
In order to design an optimal system, it is important to analyze the system in terms of
load requirements, converter requirements, supply availability, storage size and loss analysis.
In this section we evaluate various loss elements in the operation of microgrid. These losses
mainly include i) panel losses in the PV output due to low irradiance, soiling and mismatch, ii)
Degradation in PV output due to temperature, iii) DC/DC converter losses, iv) battery
charge/discharge cycle losses and v) distribution losses.
The output produced by PV panels is a function of incident irradiance and
temperature. However, due to panel losses and temperature degradations, output of PV

panel is generally lower than its name plate capacity. Low irradiance losses generally vary
linearly with the peak sun hours (PSH) of the incident irradiance. A mathematical model to
quantify low irradiance loss has been presented in our earlier work [15]. The degradation in
output characteristics of PV Panels due to soiling and mismatch of cells and temperature,
discussed in [16, 17], are also incorporated. Therefore, considering panel losses and the
temperature degradation effect, S(t) is given by (1)

S t   A  PL m . I tc t 

(1)

Where, Itc is the temperature compensated irradiance and depends upon I(t), and Tcell and is
given by (3) [18].

Tcell t   Tamb t   0.01875 * I t 

(2)

I tc t   1  Tcell  25  0.0045I t 

(3)

The output from PV panels is processed through MPPT DC/DC converter which incurs
losses in PPSU along with further DC/DC losses at the distribution panel of each house (see
Fig. 3). These converter efficiencies depends upon the converter losses which are a quadratic
function output current drawn from it and is maximum when it is operating at or near to its
rated power [19].
Battery charging/discharging cycle efficiency (ηB) depends upon the battery
technology and manufacturer specifications. Distribution efficiency is assessed by calculating
distribution losses in the system through Newton-Raphson Method modified for DC power
flow analysis [20]. Ploss(t) is a function of a) distribution configuration in a village, b)
distribution voltage level and c) permitted load levels to each household and must be
critically analyze. In order to quantify distribution losses, an N-house village is modelled as a
combination of interconnection resistance of the laid conductors as shown in Fig. 3 and Fig.
4. For each configuration (C or O) of the village, a unique conductance matrix G can be
formulated depending upon the spatial distribution between house and length of conductor
laid and is given by (4) and (5).
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This G-matrix can be used to calculate Ploss and worst voltage dip (VD) as discussed in
our earlier work [20, 21] and are given by (6) and (7).

Ploss 





1 N N
  G xy Vx V x  V y   V y V y  V x 
2 x 1 y 1
(6)

VD  Vxmax  Vxmin

(7)

For the formulation of energy balance model, we consider a typical village microgrid
orientation consisting of N houses electrified via solar PV panels having maximum power
generation capacity Smax (kWp) and a battery storage system having energy capacity CB (kWh).
Solar PV generation S(t) will vary with time depending upon the input irradiance and ambient
temperature, therefore, battery state of charge and associated state of energy EB(t) will also
vary with time depending upon S(t) and load requirements. Load demand of each house i at
any time is given by Pi(t). Therefore, for any time interval Δt, the balance of energy at
microgrid is given by (8).
 MP S t  t   B EB t   i Pi t  t  Ploss t  t
N

i 1

(8)

Where, ηMP is the efficiency of DC/DC converter employed at PPSU responsible for
maximum power point tracking, battery charging and maintenance of distribution voltage and
ηi is the efficiency of DC/DC converter employed at the distribution panel of each house.
Since battery may take energy from PV panels or may supply power to the load at any ‘t’
depending upon the net energy flux in the battery, ΔEB(t) can be positive or negative. ΔEB(t)
will be negative in durations of no solar power generation and the stored energy in the battery
will be used to meet the load demand.

2.5 System Model Formulation for Optimal Component Sizing
In order to optimally size various system components including PV generation capacity
Smax (kWp), battery Storage capacity CB (kWh) and conductor size X (AWG) for minimum cost
of installation, we consider the energy flow diagrams for C- and O- distribution architectures
(as dictated by (8) are shown in Fig. 3 and Fig. 4, respectively. The flow of energy and
associated system sizing must fulfil the total energy demand of N households throughout the
time span T after incorporating all the energy leakages. The overall objective is therefore to
minimize the system cost by minimizing (9) while (8) is satisfied for entire T.
min

( ESB , ESL , EBL , EB , S, S max , CB , X )

T

 C  2 S max  3 X 
t 1 1 B


(9)

Subject to following set of non-negativity constraints on the following decision variables
S  0, ESB  0, ESL  0, EBL  0, CB  0, S max  0 ; T
(10)
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Fig. 3. System Diagram for Energy Flow in C-Architecture with N houses
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A range of possible conductor sizes for DC distribution are considered from American
wire gauge (AWG) table [22].

X  4 AWG, 6 AWG, 8AWG, 10 AWG, 12 AWG, 14 AWG, 16 AWG(11)
Since the battery lifetime is dependent upon the SOC, the associated stored energy is
not allowed to go below designated percentage of its maximum energy storage capacity.
Therefore, the resulting constraints on the battery energy state are governed as a function of
CB and are given by (12) and (13).

CB  max( EB )

(12)

EB  Emin  f CB 

(13)

The constraints on load are defined by (14) such that load demand must always be
fulfilled either through battery or solar PV output.
T N



t 1 i 1

Pi t 

i

T

t   Plosst  ESL t   E BL t  ; T
t 1

(14)

The constraints on generated solar energy are dictated by (15) as the generated
energy can either be used to supply load or to charge the battery including the losses
encountered in the path of power flow.

MP S t   ESL t   EBL t  ; T

(15)

Constraints on battery energy are given by the net balance of influx and out-flux of
energy and are given by (16).

EB T  1  EB T    B ESB t   EBL t  ; T  1

(16)

Based upon the stated equality and inequality constraints, using standard linear
optimization techniques, optimal sizes for battery capacity, solar PV generation capacity and
AWG size for distribution are found as discussed in the section VI.

2.6 Results and Discussion
For the current scope of work, we consider a typical linear village structure in South
Asia having (typically) 40 houses and distance between two consecutive houses is (typically)
10m. We consider both C- and O- architectures along with two distribution voltages of 24V
and 48V. Optimal selection of PV panel size, battery storage capacity and conductor size is
performed for 5W (case 1) and 10W (case 2) provision and is based upon problem formulated
in section V along with irradiance data available through NREL [23]. PV panel losses are
considered 8% for both cases. Although the converter losses are quadratic in nature but due
to fix load assumption and for simplicity in optimization problem formulation, DC-DC
converter losses for CPPU as well as individual household distribution panel converter are
considered 10% for both cases. Battery cycle efficiency ηB is considered 95%. The cost of
panels per watt-peak ‘w1’ is taken as 600$/kWp (including the cost of mounting frame) and
lead-acid battery cost per kWh ‘w2’ is taken as 120$/kWh and gauge sizes cost is taken at
1671, 1305, 947, 588, 358, 250 and 204 $ for 4, 6, 8, 10, 12, 14 and 16 AWG, respectively [24].
While there are variations in these costs but we took most commonly found prices at which
sourcing is readily available. For overall system cost calculation, fixed cost of 300$ has been
included which accounts for CPPU and converter cost.

A. Case 1: 24-7 5W Supply to all Houses for a 365-day Operation
Based upon the analysis presented in section IV, the distribution efficiency, ηD and worst
voltage dips, VD calculated for following cases are plotted in Fig. 5.
i.
ii.
iii.
iv.

C-24V (C-Architecture with 24V distribution)
O-24V (O-Architecture with 48V distribution)
C-48V (C-Architecture with 48V distribution)
O-48V (C-Architecture with 48V distribution)

VD is critical in terms of power electronic converter requirement at each subscribing
household. While, generally, a 20% input voltage variation capability is allowed in most power
electronic converters, the performance is optimal close to the rated input voltages. For this
particular analysis, we limit the optimum component selection at 20% variations in the grid
voltages. It is also interesting to note that O-24V and C-48V have similar voltage dips and
efficiencies for all wire sizes. Along with the selection of PV panel and battery size, one
important parameter is the optimization of the conductor size. The cost of conductor
increases with its decreasing gauge thickness and vice versa while an opposite trend for
system distribution efficiency is observed. Therefore, in order to analyze this effect in terms
of cost, Fig. 6 (based on 365-day study on the solar irradiance data of Bihar, India) is plotted
The cost of distribution losses is calculated by taking the difference between overall system
cost with distribution losses at a particular AWG and the overall system cost with ideal
conductor having zero distribution losses.
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Fig. 5. The variation of Distribution Efficiency, η (right y-axis and Worst Voltage Dip,VD (left y-axis) for C-architecture and
O-architecture with 5W loading at different gauge sizes, and different voltage levels.
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Fig. 6. Optimal selection of conductor size with 5W powerprovisions based upon theestimated cost of distribution at different
voltage levels and distribution architectures. Intersection of conductor cost with estimated distribution cost for various
distribution architectures gives the optimum gauge size for lowest cost system implementation.

From Fig.6 it can be seen that conductor cost decreases with the increase in gauge
size while the cost associated with the distribution losses increases at higher gauge values.
Therefore, based upon the cost of conductor and its distribution cost in a particular
architecture, optimal conductor size is found at the intersection point (Fig. 6). For instance,
for C-24V distribution architecture, 10AWG is optimum compared to its operation at 12AWG
where its operation would be less efficient and sub-optimal from cost perspective.
Alternatively, at 8AWG the system will be more efficient but at the resulting cost would be
higher compared to the optimal value at 10AWG.
For further analysis of the impact of region-specific data i.e. time varying incident
irradiance and temperature profiles on the cost and sizing of the system, results of a 365day study for multiple locations in India, depicting optimal panel sizing, optimal battery
capacity and overall optimal installation cost are shown in Figures 7, 8 and 9, respectively.
These areas are arbitrarily selected, based upon their spatial distribution on the map and
variation in annually averaged, daily peak sunlight hours (PSH). Details of the selected
regions with their annual average peak sunlight hours are shown in table 1.

TABLE I
SPECIFIC REGIONS FOR ANALYSIS WITH IRRADIANCE PROFILES

Regions

Annually
Averaged PSH

Regions

Annually
Averaged PSH

1. Bihar

4.992

7. Jhansi

5.400

2. Dehli

5.035

8. Indore

5.457

3. Kolkata

5.063

9. Mumbai

5.493

4. Rajpur

5.280

10. Aurangabad

5.604

5. Ranchi

5.328

11. Jhodapur

5.664

6. Banglore

5.808
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Fig. 7. Optimal PV Panel Sizing of the System at 5W loading (Case 1). Kindly, note that each data point on the figure represents
a region shown in table 1. For instance, the first data point (starting from left) is for Bihar where PSH is 4.992 as shown in table
1. This is followed by Delhi (PSH=5.035), Kolkata (PSH=5.063) and so on. This scheme is followed in all subsequent figures.
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Fig. 9. Optimal Installation Cost of the system at 5W loading (Case 1)

From Fig. 7-9 a few important observations can be made.
1) Optimal PV sizing varies approximately linearly with the average daily PSH (fig. 7).
2) However, average daily PSH are not a direct measure for optimal battery sizing (fig. 8).
3) As the battery cost constitutes a predominant portion of the overall cost of the system, the
overall cost of the system also does not vary linearly with the daily PSH (fig. 9).
Therefore, information of average daily PSH is not enough for optimal sizing of the system. It
is important to note that these costs are remarkably different for areas with similar average

irradiance values and vice versa. Therefore, detailed analysis of irradiance pattern, in
particular the minimum dips in irradiance pattern are very important for optimal sizing.
Regions with higher frequency of low irradiance in winter or monsoon regions result in higher
requirement of storage and vice versa resulting in bigger storage to sustain the load in the
days of low irradiance. Therefore, for such regions optimal battery sizing, and associated
system cost will be higher despite of having higher average value of daily PSH. While
temperature variation also plays a part but more importantly the requirements in storage for
continuous operation throughout the year is the major factor in optimal cost determination
of a system.
B: Case 2: 24-7 10W Supply to all Houses for 365-days Operation
The most critical aspect is the calculation of optimal sizing for higher power (10W) is
the worst voltage dip along with distribution efficiency of each distribution topology (see Fig.
10). With the increase in power provisioning, the distribution losses (I2R) increase significantly
compared to case 1 (5W household load). However, like case 1, C-48V and O-24V have very
similar voltage dips and overall distribution efficiencies. Moreover, distribution at lower
voltage level i.e. 24V with C-distribution architecture becomes practically infeasible due to
higher losses and higher voltage dips.
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The increased distribution losses can be compensated by selecting a thicker conductor
which will increase the cost of the system. Therefore, it becomes even more critical to
optimally size the conductor by taking the capital and relative cost of distribution into
account. The proposed optimization framework therefore, enables the optimal selection of
conductor size based upon the trade-off between cost of the conductor and its relative cost
of distribution (see Fig. 11).
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Fig. 10. Distribution EfficiencyηD and Worst Voltage Dip VDfor C-architecture and O-architecture with 10W loading at
different gauge sizes, and different voltage levels.
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Fig. 12. Optimal Installation Cost of the system (case 2).

From the comparison of Fig.6 and Fig. 11 it can be seen that with the higher power
provision, the optimal conductor selection has been shifted to lower gauge size (thicker
conductor). For instance, the optimal conductor sizes for 5W operation (Fig.6) are 10, 12, 12
and 16 AWG for C-24, O-24, C-48 and O-48 configurations respectively. While for 10W
provision, the gauge sizes are reduced to 6, 10, 10 and 12 AWG for C-24, O-24, C-48 and O-48
configurations respectively. Therefore, the proposed optimization framework has adjusted
the conductor size such that overall cost of the losses has been compensated by the selection
of a thicker conductor while keeping the overall cost of the system as minimum.
Fig. 12 shows the overall system optimal cost for various regions (with reference to
their PSH). It is important to note that due to the planning flexibility in the current framework,

the overall cost of the system in high power provision follows the same trend with relatively
higher values in comparison to case 1. Further it has been observed that the overall panel and
battery requirements for case 2 also follow a similar trend as compared with case 1 (results
for case 2 are not shown here).
Conclusion
A methodology for optimal planning and design of PV based DC microgrids is
formulated. The proposed framework allows optimal selection of 1) solar panel sizing, 2)
storage size and 3) conductor size for optimal cost solution. The dependence of region specific
temperature and variations in irradiance pattern on optimal system sizing is observed through
analysis of multiple locations in India. The quantification of system performance with
distribution of generation and storage units at the two ends of the system (O-architecture)
shows considerable improvement on distribution efficiency (10% or higher in most cases). In
particular, C-48V (C-Architecture with 48V distribution) and O-24V (O-Architecture with 24V
distribution) show remarkable similarity in terms of optimal system costs.
The selection of distribution voltage (24V or 48V) and the distributed architecture (C
or O) is ultimately the choice for the microgrid installers/planners and is influenced by power
converter preferences and financial models. But, importantly, the framework established in
this work for optimal system topology (in multiple constraint scenarios) will be highly useful
in planning for new optimal low-voltage systems along with efficiency enhancements of many
existing systems by retrofitting distribution architectures.

Chapter 3: Decentralized Rural Electrification: A case of Pakistan3
Summary:






Access to electricity is critical for human development and sustained growth.
Basic electrification through decentralized models is gaining impetus due to
decreasing costs of solar panels and related technologies.
While solar microgrids are typically successful in many developing countries,
they are not commonly seen in Pakistan.
This work therefore sets guidelines for developing an economically optimal
technical solution that best fits the electrification needs in rural Pakistan.
In addition, we estimate the willingness to pay for electrification services
through elicitation for numerous off-grid and bad grid areas in Pakistan.

3.1 Introduction:
Access to electricity even at basic levels increases productivity and provides
opportunities for economic development. According to the International Energy Agency (IEA),
more than 500 million occupants in South Asia (India, Pakistan and Bangladesh) and further
500 million in Africa have no access to any form of electricity [25]. These occupants have to
rely on unhealthy resources, like kerosene oil, even for lighting purposes and the use of these
fuels have many documented adverse effects [26]. But unfortunately, most of these people
do not have a choice in this regard. The major source of electricity i.e. the grid is unviable for
many of these isolated villages and large upfront costs of electrification through national grids
are prohibitively high for most of these developing countries [27, 28]. Therefore, a paradigm
shift towards powering these villages through low cost (and consequently low-power)
distributed renewable resources such as solar PV is seen in recent years [2, 28-30].
A recent innovation in the field of decentralized generation is the solar DC microgrid.
A microgrid is generally built around a centralised solar generation mechanism that provides
multiple households with electricity through a DC (direct current) cable network. While
requiring higher setup costs, a microgrid allows the provision of electricity (typically for
lighting and charging a mobile phone), to multiple households in a single community at a
significantly lower long run cost compared to traditional power provision mechanisms. It is
also a promising alternative to standalone systems and fossil fuel generation, as it presents
a low cost, sustainable and green alternative to current systems.
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Prominent practical implementations for low-cost rural electrification include micro
solar PV plants (referred as microgrids) in India including Chhattisgarh, Sunderbans and
Lakshadweep [5, 6, 31]. However, the most common commercial scale microgrid is the
MeraGao Power (MGP) in India which provides 5W of DC electricity to each subscribing
house in a village, for only 8-hrs per day, enough to power an LED light and a mobile-phone
charging point. MGP has reportedly connected over 10,000 households spread across 400
villages [6, 32]. In 2012, Uttar Pradesh and Renewable Energy Development Agency
(UPNEDA), installed 1 kW DC microgrids in 11 districts covering around 4,000 houses [33].
Another, recent successfully deployment in Africa includes up to 600W microgrids providing
lighting and mobile phone charging typically up to 10W for 8-hr daily operation [34]. Other
small container based solar solutions on 12V and 24V are also being readily utilized in Africa
[1, 3, 35]. However, none of these systems provide a 24/7 supply to rural communities due
to large costs incurred from storage and generation perspectives.
Microgrids are generally a success as a solution to basic electrification, however we
have not seen an influx of these in Pakistan[8]. Small hydroelectric, run of the river
microgrids have been implemented in the northern areas of the country (in the KPK
province of Pakistan) but no solar microgrid (an analogous low cost system to villages that
lie in the plains) are implemented in the country.
So there is a need to analyze critical aspects which have been a deterrent for the
growth of solar PV based DC microgrids in the country and design a parametric solution that
fits the demands of the Pakistani market. In our research, we have been able to identify the
unique constraints imposed by the Pakistani market that have prevented microgrids from
being used in the country. We have also been outlined recommendations that can aid in
mitigating these constraints for the optimal incorporation of these microgrids in the
country.

3.2 Issues affecting the lack of microgrid deployments in Pakistan
So the question remains, why have we not seen microgrids pop up throughout the
country? Through the current project, we have identified multiple hurdles for microgrid
deployment and they fall broadly under three categories, namely,
a) Sophisticated demand,
b) Technological (and financial barriers) and
c) Legal constraints.
We have also found that these hurdles are surmountable, given the current
technological and policy environment.

3.2.1 Higher sophistication of demand
It is important to ascertain the demand for such services in Pakistan, by conducting
censuses of possible pilot settlements for future technological interventions. While only half
the pre-pilot locations have been surveyed, in particular only one off-grid community has
been surveyed; we have found that in general demand for electrification is for services
beyond basic electrification.
While we have evidence of demand for basic electrification in off-grid areas, by and
large households demand a fan as a minimum requirement for electrification services in bad
grid areas (the settlement in Multan being an exception, though it faced a minimum of 16hrs
of load shedding). A fan was a binding minimum in most bad-grid areas, where the entry
threshold was for services that matched current solutions (UPS) and undercut them on cost.
Table 2 provides summary statistics for demand of different level of services reported in our
pre-pilot censuses.
TABLE 1
AVERAGE REPORTED WILLINGNESS TO PAY FOR PACKAGES (ST. DEV IN PARENTHESIS). 4

Off-grid
Multan (n=31)
Bad-grid
Multan (n=16)
Pakpattan (n=28)
Shiekhupura (n=38)

(A)
3 Lights and Mobile
charging (PKR)

(B)
Services in (A) and a
fan (PKR)

(C)
Services in (B) and a
community load
(PKR)

183.87

337.10

474.19

129.38
12.96
15.79

265.63
454.46
242.63

379.38
527.68
589.47

This suggests a mismatch between low-cost low-power technology and the demand
for electrification in the Pakistani context, which may be one reason for their absence in
Pakistan.
3.2.2 Technological barriers
Current microgrid technologies deployed throughout the world rely on low voltage DC
distribution and self-sustained implementations (without subsidies) only allow up to 8 hrs of
electricity provisions per day [36]. If the demand is high for a 24-hr service then these
architectures become very costly due to larger generation and storage requirements. In
addition, at lower voltage distributions, there are significant line losses which limit both the
4

Notes: 1) Analysis of another 69 off-grid households is being analysed with further surveys being conducted
for a more consolidated output.
2) These are simply “reported” figures. Survey elicitations are not incentive compatible, and the data shows
high dispersion, highlighting the importance of rolling out on ground interventions.

deployment radius and maximum power provision of the system and in turn limit the size of
the system and hence economy of scales do not work for our benefit. It is for this reason that
almost all sustainable microgrids offer only basic electrification (up to 10W per household)
for few hours a day. In order to analyze this from implementation perspective, we divide the
technology available in two categories, i.e. available technology and how to best optimize it
with respect to existing implementation models.
Currently basic implementations of microgrids include central generation and central
storage along with power delivery from source to load end. Generic microgrid systems
planned without taking the regional characteristics in to consideration are significantly
oversized and are not a good fit for all environments and regions. Thus, for these DC
microgrids, there is a need to plan efficient distribution schemes based upon the detailed loss
analysis along with quantification of optimal system sizing incorporating local conditions for
overall cost minimization and enhanced system utilization. So optimal sizing must follow the
optimal framework established in our work (Chapter 2) is critical.
In Chapter 2, we analyse a linear village structure in India (due to irradiance data
availability through NREL) with 40 houses and distance between two consecutive houses of
10m. We consider various distribution architectures along with two distribution voltages of
24V and 48V. Optimal selection of PV panel size, battery storage capacity and conductor size
is performed for 5W (case 1) and 10W (case 2) provision and is based upon the irradiance
data available through NREL [23]. A 365-day study for optimal cost analysis for multiple
locations in India (due to data availability) is shown in figure 1 with average peak sunlight
hours summarized in table 2 for all these regions. We aim to do a similar study for Pakistan
as the data becomes available.
TABLE 2
SPECIFIC REGIONS FOR ANALYSIS WITH IRRADIANCE PROFILES

Regions

Annually
Averaged PSH

Regions

Annually
Averaged PSH

1. Bihar

4.992

7. Jhansi

5.400

2. Dehli

5.035

8. Indore

5.457

3. Kolkata

5.063

9. Mumbai

5.493

4. Rajpur

5.280

10. Aurangabad

5.604

5. Ranchi

5.328

11. Jhodapur

5.664

6. Banglore

5.808

Fig.1. The costs for an optimal implementation for 5W per home provision for various locations in India. The analysis is based on a) regionspecific irradiance and temperature profiles, b) constraints in storage and distributions, c) distribution loss analysis and d) optimum
component sizing (storage, conductor and PV panel) requirements based upon an energy balance model for a 24-hr operation.

3.2.3 Future topologies optimal for basic electrification and beyond
An issue with current implementations is their lack of scalability, both in terms of the
number of households each system can cater, as well as their inability to provide sufficient
power beyond basic lighting or mobile charging. Our proposed decentralized microgrid, relies
on higher voltage distribution and decentralized generation. Such a system has the inherent
tendency of resource sharing to extract benefits of usage diversity, lowering wastage. The
extra power from each household may also be aggregated to run a community load, e.g. a
water filtration plant, medical equipment of a local hospital or computing load of a school.
The schematic visuals of the proposed microgrid are shown in fig.2.

Fig.2. Schematic diagram of a decentralised solar microgrid

Table3. presents the simulated costs of such a system and compares them to
alternative implementations. Kindly note that these are typical costs and the prices may vary
from one region to another. There may well be additional costs for some newer aspects of
efficient power processing (power electronics) in distributed microgrids. Solar panels, storage
and distribution prices used are standard wholesaler’s rates, correct for the month of
December 2016.
TABLE 3
ESTIMATED COST OF COMPETING SOLAR GENERATION IMPLEMENTATIONS FOR A SYSTEM OF 40 HOUSEHOLDS (AVERAGE MARKET COSTS FOR DEC 2016)
Scenario

Load per house
(24/7 provision to
subscribers)

Tradition low voltage
microgrid (e.g Mera
Gao Power)

1 light and mobile
phone charging unit

Distributed Microgrid

3 Lights,
1 fan, charging unit
3 Lights,
1 fan, charging unit and
Communal load

Standalone or Isolated
Production and
Consumption
(No grid)

Capital
Cost
(million
PKR)

Capital + 25 years
operation and
Maintenance Cost
(million PKR)

Subscription Charges Per user per
Month for payback in (PKR/Month)

3 years

6 years

9 years

12 years

0.48

145

90

65

60

2.62

665

445

330

3.13

905

565

430

380

1.08

2.93

750

515

350

330

1.65

3.94

1150

715

510

450

0.21

0.96

270

1.31

3 Lights,
1 fan, charging unit
3 Lights,
1 fan, charging unit and
Communal load

Our calculations show that solar power, in particular decentralized microgrids, present
a viable alternative to grid electricity even for loads beyond high quality light. For nominal
fixed monthly prices, consumers can be provided with multiple lights and a fan. Finally, load
sharing allows the system to even provide electricity for a communal load for a negligible
increase in price. A major component to the cost of any solar system, is the cost of storage.
Batteries are both expensive, have short lifespans and are inefficient. However, recent
developments in battery technology suggest that the overall cost of such a system is likely to
come down in future. In case of a decentralized microgrid, over a lifespan of 25 years,
batteries constitute more than half the cost of the system (Fig.3) at current market prices.

25 years Operation Cost of the Distributed
Microgrid
4%

4%
5%

16%

PV Panel Cost
Battery Storage Cost

14%

Controller+ Converter Cost
Conductors Cost
Protection Cost
57%

others

Fig. 3. Life Time Operation Cost Break-up of a Distributed Microgrid

As part of our ongoing project, our team at LUMS are developing power electronic
solutions to allow for decentralized generation and distribution at higher voltages allowing
for higher loads, as well as load sharing and scalability. Simulations show that such a system
would be able to provide true 24/7 provision of 3 lights, a fan and charging station to a
network of 40 houses at a low levelized cost of energy. As aforementioned, gains from load
sharing reduce redundancies in production and allow for a reduction of cost of around 15%
when compared to standalone systems over the lifetime of the system (see Table 1).
Furthermore, such a system would, through load sharing allow the running of a communal
load, such as a water pump at minimal additional cost. As can be observed from Table 1, there
is a significant demand for such services, with the reported marginal demand being well
beyond the marginal cost in a decentralized microgrid setup.
3.2.4 Legal Constraints
While we have found that current solutions do not directly meet the demands of
Pakistani consumers, the legality, or lack thereof, of distributed power is the most binding
constraint in the Pakistani context and may explain why no entrepreneur or social enterprise
has chosen microgrids as their solution of choice.
A review of the current legal framework shows that it is illegal for private parties to
sell electricity to private individuals. Exceptions to the law exist, but do not apply to a typical
microgrid setup. Subsequently, a detailed review of NEPRA laws (Reference, ACT NO. XL OF
1997) clarifies this, and it states that private generation of electricity is allowed if it is entirely
consumed locally (by the generating party). The definition of ‘Generation’, itself is in the ACT
which defines generation as “the ownership, operation, management or control of generation
facilities for delivery or sale of electric power and not solely for consumption by the person
owning, operating, managing, and controlling those facilities”. So as long as the generation is
not for sale people can produce local electricity for self-consumption.

However with regards to private microgrids, a private entity (such as LUMS or an investor)
cannot set up a distribution system for a rural community to sell electricity without a prior
NEPRA license as well as an approval from Distribution Companies (DISCOs). However, some
possibilities are being explored in this regard to see if independent companies could be
allowed to setup electricity networks,
1.
Independent communities such as cooperative societies can set up a community level
microgrid system without any approval from DISCOs. A generation license from NEPRA may
still be required.
2.
Local union councils can also setup and operate such systems if they have an approval
from related authorities.
3. Off-grid (non-electrified) communities can also run this kind of a system with permission
from NEPRA and no prior approval from DISCOs is required. The DoE offered its full support
in this regard. Non-electrified regions are defined as areas which are at least 5 km away for
the last-pole of a DISCO.

4. Conclusions and Policy recommendations




Decentralised Microgrids provide a feasible alternative to grid electrification, and can
provide electricity "beyond" basic needs.
Pakistan displays "higher sophistication" of demand, i.e. consumers want more than
just high quality light.
The current regulations in the energy sector prohibit small entrepreneurs to enter
the market and provide alternatives to grid electricity, even in off-grid areas.

Our research suggests the following changes need to be made at the policy level:


Changes to be made in the law to allow private parties to generate and distribute
electricity through renewable sources up to 100KW/1MW in off-grid and bad grid
areas.

While the project research is on-going, these positive results highlight to us that the
environment is ripe for innovations such as decentralised microgrids to help in improving the
energy landscape in the country. Given the conducive laws and technology that can meet the
demands of the Pakistani consumers, Pakistan can begin solving its energy puzzle using low
cost localized solutions.
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