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Chapter 1 : Introduction

Summary
Renewables-based mini-grids
have witnessed impressive
growth in recent years. Minigrid developers in India, Africa,
and around the world have led
the way in establishing new
business models, deploying
innovative technologies,
and securing government
recognition and support.
Yet mini-grids typically
operate in remote locations
under challenging conditions
which put strain on plant
electronics, batteries, and
other equipment. This leads
to accelerated degradation,
which in practice often goes
unnoticed and unmitigated.
This Technical Monitoring
Guide for Solar Hybrid
Mini-grids establishes
standard protocols for
measuring, analysing,

and interpreting the
performance of minigrid plants and their key
components. The goal is to
improve and safeguard the
three determinants of plant
health shown in Figure 1.
As an example of the
necessity of technical
monitoring, consider the
power transfer pipeline
depicted in Figure 2. The
transfer efficiency at each
stage impacts the mini-grid’s
overall efficiency. Detailed
testing and monitoring at
each point of the pipeline,
followed by comparison with
performance benchmarks,
gives valuable insight into
which parts of the plant are
losing saleable electricity units
or putting stress on the rest
of the system.

FIGURE 1 : Inter-related components of plant technical health.
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FIGURE 2 : Points of energy loss on the journey from sunlight to electricity.

Radiant
Energy to
Electricity

Demand
Matching
Supply

Inverter
DC-AC
Conversion

Mini-grid plant
monitoring
can be broadly
split into three
complementary
activities:

Battery
Charging
Cycle

Auxiliary
Losses

The Guide itemises and details
the tests and analyses that
must be performed to assess
performance. The grey box
opposite divides monitoring
into three categories; the Guide

Distribution
Network
Dissipation

is organised according to these
categories. Representative
excerpts explaining a single
monitoring item are shown in
Figure 3, Figure 4, and Figure 5.

FIGURE 3 : Snapshot of a technical audit activity (I-V curve testing of solar modules).

1 : TECHNICAL AUDIT,
a deep and thorough
evaluation of plant
equipment, architecture,
and operations requiring
a visit from a specialised
audit team.
2 : ROUTINE MONITORING
of plant components
by local mini-grid field
personnel, as an integral
part of day-to-day plant
operations.

FIGURE 4 : Snapshot of a routine monitoring activity (confirming that customers
are protected from electrical faults).

3 : REMOTE TECHNICAL
ASSESSMENT, the
tracking of specific
technical indicators to
reveal longer-term trends
in the performance of
plant components.
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FIGURE 5 : Snapshot of a remote technical assessment indicator (running
calculation of battery charge-cycle efficiency).

FIGURE 6 : Technical audit findings on energy losses at an aging solar mini-grid plant.
Expected equipment performance is compared with actual measurements, and with the predicted
performance enhancement after implementing the technical audit’s recommendations.

Energy Units Available for Sale: Expected Versus Actual
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Loss: Auxiliary

Further to establishing an
informational framework for
technical monitoring, this Guide
describes a technical audit case
study conducted at a five-yearold mini-grid plant in Bihar;
some summary results are
shown in Figure 6.1
Expected equipment
performance is compared

Loss: PV

Loss: MPPT

Loss: Control Room

with both actual
measurements and the
predicted performance
This Guide lays foundations
for development and
implementation of a variety
of assessment approaches.
Mini-grid technologies
continue to mature, and the
range and quality of sectorspecific services continue

Potential
Improvement
Loss: Battery
Loss: Distribution

Loss: Inverter
Loss: Theft

to improve; we hope that
documents such as this one
will make valuable
contributions to the
development of the sector as a
whole.

1 : Ampere Hour Energy, an India-based
technology firm, was SPI’s implementation partner.

Summary
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Chapter 1 : Introduction

Introduction

1.1
Overview
The technical monitoring
landscape
The past decade has
witnessed sustained interest
in mini-grids as a potentially
transformative solution to
last-mile energy access in
the developing world. Today,
mini-grid operating models
and technologies continue
to evolve while serving a
dynamic customer base.
Yet mini-grids operate in
challenging environments,
and their viability depends
largely upon building and
maintaining integrated and
efficient technical systems.
Due to lack of resources, low
availability of appropriate
equipment, and inadequate
technical support services,
projects frequently struggle
to realise their full potential.

Chapter 1 : Introduction

Robust evaluation of minigrids’ technical performance is
thus periodically required. This
Guide itemises and explains
standardised protocols to
follow in order to construct
a detailed and far-sighted
assessment of a minigrid’s health, as well as
the appropriateness of its
underlying design.
This Guide, in combination
with the growing availability
of centralised data
management platforms, remote
sensing technology, and efforts
to build skill capital at the local
level, opens the possibility of
constructing a thorough and
quantitative understanding of
mini-grid plants. We foresee
every step of monitoring
becoming increasingly
streamlined: from data
collection, to benchmarking,
to interpretation, and thence
to confident prescription
of interventions which will
improve and safeguard
performance.
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1.2
Mini-grid
Design
Mini-grid components
and users
A solar mini-grid consists
of a collection of technical
equipment working in concert
to turn sunlight into usable
electricity for consumers
(see Figure 7). Photovoltaic
arrays generate power during
the day, with some going to

meet instantaneous consumer
demand, and some stored in
battery banks for night-time
consumption. Inverters convert
DC power from the arrays and
batteries into AC power, which
reaches connected customers
via a distribution network.
Many mini-grids also possess
diesel generators for back-up
and charging batteries when
solar power is inadequate. The
schema is captured in Figure 8.2
A mini-grid’s ability to deliver
quality service to customers
rests heavily on the proper

functioning and integration of
such equipment. The long-term
viability of a mini-grid project
thus depends on conscientious
stewardship of its technical
assets.

2 : Figure 8 depicts a common “DC bus”
architecture which is used in solar minigrids. Other configurations exist; the
interested reader may consult a detailed
electrical engineering guide to off-grid
solar power systems..

FIGURE 7 : Illustration of a solar mini-grid serving a variety of consumer types.

SOLAR PLANT
COMMERICIAL
LOADS

TELECOM TOWER
INSTITUTIONS

SOLAR MINI-GRID
SERVING A VARIETY
OF CONSUMER TYPES

SHOPS

HOUSEHOLDS
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FIGURE 8 : A schematic of mini-grid plant architecture.
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SOLAR PANELS
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1.3
Key
Challenges
Faced by
Mini-grids
Causes of
underperformance
It is paramount that all
components work efficiently
and without interruption
despite the harsh operating
conditions faced by rural
mini-grids. Particular
challenges include:
• High variability of supply
and demand levels, which
stress plant components
designed for more smooth
and predictable usage.

Chapter 1 : Introduction

DISTRIBUTION
NETWORK

• Taxing environmental
conditions such as high
temperatures, humidity
levels, dust, and flooding.

• Damage to equipment
from transit over rough
roads without adequate
precautions.

• Inappropriate plant
design, due to lack of
technical knowledge and
experience.

• High reactive power
demand from poorly
maintained rural loads.

• Compromises on plant
equipment quality, due to
financial constraints.
• Poor installation and
operational understanding
due to lack of technical skill.
• Under-resourced
maintenance and
deferred replacement,
due to constrained
budgets.
• Slow or inadequate
servicing by equipment
manufacturers, due to
remote locations.

• Risks to safety due to lack
of electrical hazard training,
and appropriate protection
systems.
Self-exacerbating faults
accelerate degradation in
absence of a monitoring
framework. Furthermore,
issues may only become
apparent once a mini-grid
plant has attained a high level
of customer demand and is
approaching full utilisation.
Age is also an important
factor, with both system
performance and
robustness deteriorating
at an accelerated rate.
13

1.4
Monitoring
Strategies
Complementary
approaches to routinely
assessing technical
performance
In light of these challenges,
a three-fold strategy is
required to combine
comprehensiveness,

responsiveness, and rigour.
This strategy is outlined in
Box 1 and forms the
foundation of this Guide.
The mini-grid sector as a whole
has now developed to the
point where routine technical
audits and monitoring are
indispensable for both aging
and newly-built plants.
The root causes of
underperformance can in some
cases be revealed through a

single approach alone, but
typically insights from all
three must be combined to
arrive at a complete picture.
Once underlying issues have
been identified, short- and
long-term solutions can be
devised; weighing the benefits
and costs of these, plant
management can optimally
allocate their resources in
correcting the performance of
existing plants and revising the
design of new builds.

BOX 1 : Monitoring Strategies Covered in this Guide.

MONITORING STRATEGIES
1 : TECHNICAL AUDIT, a deep

2 : ROUTINE MONITORING

and thorough evaluation of plant

by local mini-grid field

3 : REMOTE TECHNICAL
ASSESSMENT, the tracking

architecture and equipment,

personnel, as an integral part

of specific technical indicators

requiring a visit from a specialised

of day-to-day plant operations.

to reveal longer-term trends
in the performance of plant

audit team.
These activities maintain a

components.

A technical audit provides a

proactive and continuous

detailed snapshot of the plant at

understanding of plant

With remote data collection from

a given point in time, providing a

behaviour and give opportunity

in-plant sensors and automated

baseline for future investigations.

for swift intervention before

analysis on cloud servers, these

Where problems exist, it will

incipient problems

key indicators give continuous

outline corrective measures and

escalate.

comparative insight into whether
a plant is meeting expected

project future performance.

performance.

1.5
Purpose of
this Guide
How different
stakeholders can
benefit from this Guide
This Guide seeks to support
the knowledge base of various
stakeholders in the broader
mini-grid ecosystem, including
14

technical services companies,
equipment manufacturers,
regulators, and investors. The
scope is captured in Figure 9.
The primary audience for
this guide is the mini-grid
developers themselves.
Currently, in the absence of
any standard established
monitoring framework,
new entrants to the sector
must commit to a period of
experimentation in how to track

and manage performance,
meanwhile suffering from
costly inefficiencies and
mistreatment of equipment.
But they needn’t re-invent
the wheel. This Guide allows
them to avoid elementary
pitfalls, providing a foundation
that can be built upon and
adapted as they gain more
experience in the capabilities
and requirements of the
equipment on the market.

Chapter 1 : Introduction

FIGURE 9 : This Guide’s intended contributions to various stakeholders.

Mini-grid
Operators
Promoting conscientious
and joined-up technical
approaches as a vital
complement to businessside considerations

Investment
Partners
Establishing standards
of diligence for mini-grid
operators, along with
standardised reporting
metrics

Policymakers
Understanding
considerations
governing
the deployment
of mini-grids
and providing
an effective
mechanism
for life-cycle
analysis

Technical
Service
Provider
Contributing
a common
standardised
framework for
audit services
and long-term
monitoring

Technology Developers
Showcasing the technical
challenges faced by
mini-grids and raising the
profile of a vibrant market
for innovative solutions

1.6
Chapter
Outline
The content and
structure of this Guide
The remaining chapters will
focus on the following areas:
CHAPTER 2
EVALUATING TECHNICAL
PERFORMANCE illustrates
how plant performance may
be meaningfully evaluated,
with focus on energy transfer
efficiency.

Chapter 1 : Introduction

Government
Assisting allocation of
subsidies and support
provided to energy
service companies

CHAPTER 3
TECHNICAL AUDIT details
the measurements required
to assess the health of a minigrid, categorised by plant
equipment.
CHAPTER 4
ROUTINE MONITORING
discusses steps taken by the
on-ground technical team to
flag anomalies to improve the
performance and lifetime of
plant equipment.
CHAPTER 5
REMOTE TECHNICAL
ASSESSMENT introduces
priority parameters which
should be tracked against

pre-defined benchmarks,
along with the necessary
measurements and
calculations.
CHAPTER 6
TECHNICAL AUDIT CASE
STUDY elaborates the
execution of a technical audit
by recounting a pilot
conducted at a Smart Power
India mini-grid site in Bihar.
APPENDICES
Appendices contain supporting
information about equipment,
monitoring parameters,
glossary of terms, and further
reading.
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Evaluating
Technical
Performance
2.1
Journey
of a Unit

FIGURE 10 : Energy losses incurred on the journey between sunlight hitting a
solar panel and electricity reaching consumers.

Mini-grid power transfer
efficiency and its business
impact
In each stage of converting
solar energy into usable
electricity for customers,
some energy is irrevocably
lost, as illustrated in Figure 10
and Figure 11. Compounding
technical losses may become
very high, which can be
disastrous for a plant’s financial
performance. However, many
losses can be mitigated
with judicious technical
interventions and management
solutions.
Figure 11 quantifies how energy
is lost at each stage of its
journey through a new plant:
every day, the Sun gives 160
units, but even in the ideal
scenario where demand exactly
matches supply, only 74 are
ultimately available for sale.
Figure 12 shows how a minigrid’s energy efficiency may
diminish with age. Challenging
operating conditions accelerate
degradation above what
Chapter 2 : Evaluating Technical Performance

Radiant
Energy to
Electricity

Energy is lost through technical barriers
and inefficiencies in converting available
sunlight to electrical power.
• Solar panels ship with low efficiency and high
mismatch
• Poor maintenance and installation limits
generation
• Uncompensated ageing exacerbates losses

Demand
Matching
Supply

Energy is lost when there is insufficient
demand for the available electricity.
• Low demand from customers limits
generation
• Prematurely full batteries cannot accept more
energy
• Low charge-rate batteries cannot accept
available power

Battery
Charging
Cycle

Energy is lost when stored in battery banks
because the charge-discharge cycle is not
100% efficient.
• Battery efficiency degrades with use
• Electrochemical aging hinders current flow
• Uncontrolled currents cause heating
and damage

Inverter
DC-AC
Conversion

Energy is lost when inverters convert the
DC power generated by solar panels into
AC power.
• Inverters not optimised for highly variable and
low loads
• Technical faults develop with age
• High temperatures reduce efficiency

Auxiliary
Losses

Energy is lost through balance-of-system
components before leaving the plant.
• Cable heating and bad connections
• Power electronics for plant operations
• Control room consumption

Distribution
Network
Dissipation

Energy is lost when passing through the
distribution network due to cable resistance
and low power factor.
• Dissipation depends on cable material and
gauge
• Sensitive to temperature and load
• High power factor adds stress to network

17

FIGURE 11 : Illustrative journey of a unit from a 40kW solar mini-grid plant.
Assumes first year of plant operation, consistent 100% utilisation, and a solar yield of 4.0 kWh/day/kWp.
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• The mini-grid operator loses
saleable units and hence
potential revenue.
• Mini-grid customers
see restrictions on their
consumption, and possibly
load shedding during times

of peak demand.
• Other electricity consumers
in the catchment may be
barred from availing a minigrid connection.
It is hence of critical importance
to understand the major
contributors to plant losses,
and what possibilities exist for
targeted intervention.

FIGURE 12 : Accelerated degradation of mini-grid energy output.

Plant Output Degradation
Output Compared to Year 1 (%)

After
Distribution
Loss

EXPECTED LOSS (%)

would be expected based on
equipment ratings. This has a
three-fold impact:

100

80

2.2
Causes of
Underperformance
Pinpointing factors which
contribute to plant losses
A piece of plant electrical
equipment may fail or
underperform for many
reasons. Pinpointing what
exactly is going wrong is crucial
for taking effective corrective
action.
Table 1 splits each technical
loss factor into contributing
sub-factors, each of which can
be investigated and addressed
separately.

60

40
YEAR 1

YEAR 2

YEAR 3

YEAR 4
Expected
Aging

18

After Plant
Consumption

YEAR 5
Observed
Degradation
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TABLE 1 : Common loss factor contributors, to be identified through detailed investigation.

Solar Panel
Inherent
Inefficiency

• Low manufacturing standards
and high mismatch losses
• Damage during transport
or installation
• Hotspots due to shading
and poor quality
• Temperature de-rating

• Non-linear age degradation
• Soiling and shading which limit
output
• Inconsistent module
specifications in a string
• Connector and diode faults

MPPT
DC-DC
Conversion

• Power-point tracking algorithm
error
• Low responsivity to fluctuating
power
• Load mis-matching and cable
voltage drops

• Age degradation
• Temperature de-rating
• Installation and communication
issues

Battery Capacity
Inadequacy

• Undersizing
• Age degradation
• Operation at higher
tempratures

• Restrictive current limits
• Backup generator overuse

Battery Storage
Inefficiency

• High charge/discharge rates
• Inadequate and partial cycling
• Age degradation
• Low manufacture standards

• Temperature de-rating
• Installation issues (including
loose terminals)
• Electrode sulphation

Inverter
DC-AC
Conversion

• Under-utilisation
• Lower tolerance of load
variability
• Load-sharing protocols /
communications issue

• Age degradation
• Temperature de-rating
• Stress from surge currents

Plant Auxiluary
Losses

• Loose connections
• Inappropriate cable
gauge / type

• Cabling stress and inadequate
space

Plant Consumption

• Inefficient appliances
• Operator overuse

Distribution
Loss

• Poor connections
• Reactive load
• Inappropriate cable gauging
• High temperatures increasing
resistance

Meter
Vigilance

• Faulty load-limit
• Auxiliary consumption
• Meter bypassing and theft

Backup Generator
Inefficiency

• Under-loading
• Lack of servicing schedule
• Over-use due to manual shut-off
requirement

Chapter 2 : Evaluating Technical Performance

• Poorly planned customer feeder
/ phase allocation
• Poor installation
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2.3
Evaluating
System
Losses
A framework for assessing
incremental plant losses
Technical monitoring quantifies
the energy losses of the
previous section in two ways:
1.

2.

Losses are predicted from
equipment specifications,
operating conditions, and
age.
Losses are calculated from
actual measurements of
power transfer efficiency.

Table 2 provides a template
for capturing this information;
following completion of
the table, it will be possible
to ascertain whether plant
performance is meeting
expectations.
TABLE 2 : Template for capturing the
efficiency of power transfer at various
points in the plant.

20

2.4
Benchmarking
Establishing meaningful
interpretations to guide
intervention
Measurements related to plant
performance—including but
not limited to those discussed
in the previous sections
about efficiency—must be
evaluated against consistent
pre-defined criteria. This will
ensure that the measurements
are meaningfully interpretable,
appropriate action is taken,
and the results can be
rigorously evaluated.
Benchmarking criteria
fall into different categories
depending on the context
and the requirement, as
outlined in Figure 13.

Sound benchmarking must
be undertaken carefully as
it is highly context-specific,
depending on the plant’s
design, age, equipment, usage
patterns, operating strategy,
and more.

2.5
Further
Considerations
Inter-related determinants
of plant health
The opening sections in this
Chapter focussed on power
losses, which constitute the
cornerstone of equipment
operating performance.
However, other factors also
contribute to a mini-grid’s
long-term health and viability,
even if they don’t impair
normal daily operations.
These are illustrated in
Figure 14 and elaborated
thereafter.

FIGURE 13 : Different benchmarking strategies.

Targets

Predictions

Goals set by
management,
often based
on business
considerations

Performance
forecasts from
manufacturer
ratings,
equipment age,
and operating
conditions

Industry
Standards

Timeline
Comparisons

Portfolio
Averages

Rules of
thumb used by
professionals
to gauge
equipment
performance

Comparison of
the same
equipment at
two or more
different
times

Comparison
of metrics
between
different plants
or pieces of
equipment

EQUIPMENT RELIABILITY
AND LIFETIME

EQUIPMENT AND
PERSONNEL SAFETY

as lightning storms or wires
crossed from the utility-grid).

Putting plant components
under excessive stress—be
it electrical, mechanical, or
environmental—shortens their
effective working life and also
raises the likelihood of sudden
failure.

Almost all electrical
equipment should incorporate
mechanisms to protect the
equipment, plant operators,
and customers from hazards.
Surge protectors, fuses,
circuit breakers, earthing
rods, lightning arrestors,
insulation for power electronics,
appropriate coverings and
cable-guides, lockable doors,
etc., are all vital to ensure safety
in the event of an internal fault
or external interference (such

Protections must be correctly
coordinated and sequenced to
properly protect the equipment
for which they are installed.
Because they are only rarely
needed, these protections
tend to receive scant attention
and maintenance, and hence
require periodic testing.

For example, batteries’
technical specifications
stipulate the maximum rate
at which they can be charged.3
Exceeding this current limit,
or even maintaining a value
close to the threshold for
long durations, degrades
electrolyte and leads to nonuniform reduction/deposition
of mobile charge carriers on the
electrodes. The implications
for battery parameters are
hard to quantify without
detailed measurement; but
it is safe to say that careful
system design, including
battery type, voltage, capacity,
charging current thresholds,
and ventilation are all crucial for
extending the usable life. Such
attention to detail tends to be
the exception rather than the
rule at mini-grids.

3 : This is referred to as the “C-number”.
For example, a fully discharged C10 battery should be charged at a current that
will bring to full capacity in minimum
10 hours.

FIGURE 14 : Inter-related components of plant technical health.
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Technical
Audit
3.1
Technical
Audit
Purpose and
Process
A roadmap for tackling
underperformance in both
short and long term
A technical audit is a deep
and thorough testing of each
plant component, and how
all components are working
together as an overall system
(see Section 1.4). Such an
activity is carried out by

how to collect the relevant
data, and how to interpret
the results. Training in this is
particularly critical for the field
team who have to respond to
developments on the ground
and implement routine
monitoring and maintenance.
By observing and being
involved in the audit process,
they will gain awareness of the
warning signs of equipment
health deterioration, and gain
expertise in measurement
techniques and appropriate
record-keeping.

qualified engineers, following
the guidelines contained in this
Chapter, and making full use
of standardised templates for
clearly recording observations
for follow-up and analysis.
The output of a technical
audit will be a comprehensive
appraisal of current and
projected performance, along
with practical interventions
to combat identified issues
and safeguard the plant’s
future potential.4 A technical
audit is also an opportunity for
plant operators to establish
and standardise the longterm monitoring practices
described in Section 1.4: this
means formally identifying
which parameters to track,

The outputs of a technical
audit—and hence the
responsibilities of the audit
team—are summarised in
Figure 15.

FIGURE 15 : High-level flow of the technical audit and its outputs.

IDENTIFY
PROBLEMS

with plant
architecture,
equipment, and
operations

RECOMMEND
INTERVENTIONS
which are
impactful
and
implementable

PROVIDE
GUIDANCE AND
TRAINING

for ongoing
assessment of
plant health

to field team for
routine monitoring
and intervention

> Using a
comprehensive and
clear methodology

> Discuss the benefits,
costs, and time-scales
of interventions

> Identify data to
be collected and
analysed

> Demonstrate
use of equipment for
measurements

> Compare with
meaningful
benchmarks of
expected performance

> Identify the
necessary equipment,
procedures, and
training

> Facilitate
interpretation
of results and
follow-up action

> Create foundation
for record-keeping
and reporting

4 : Executing full or partial technical
audits at intervals throughout the plant’s
life will yield insight into how

24

REFINE
MONITORING
PRACTICES

the plant is aging compared to predictions,
and whether proposed interventions
have been successful. An important

corollary is that before the plant has been fully
commissioned, a technical audit can establish
useful baselines for future comparison.
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The remainder of this Chapter
is organised thematically, with
a Section dedicated to each
plant component.5 Individual
activities are presented in the
following format:
1. WHAT is to be measured.
2. HOW it is to be measured,
including any equipment
needed.6
3. WHY this measurement
gives valuable insight into
technical performance.

3.2.1
Equipment
Specifications

3.2
Plant
Architecture

and dispatch system, and the
assessment of how all these
components are harmonised
for smooth operation.7

General information to
collect about plant layout
and equipment.
This Section concerns the
underlying design of the power
generation, storage, conversion,

WHAT : Recording of technical specifications of all equipment
(solar panels, batteries, etc.) along with programmed parameter
settings for sophisticated components like inverters. Where
appropriate, these specifications should include manufacturers’
de-rating curves and calibration curves for temperature, age,
utilisation, etc.
HOW : Information requested from plant management,
confirmed with plant technicians on-ground, gathered from
equipment manufacturer documentation, and independently
collected through visual inspection.

WHY : For assessing appropriate sizing and specification of
plant equipment, and for accurately estimating/forecasting
performance under normal operating conditions.

3.2.2
Equipment
Age

WHAT : Age of major plant equipment.
HOW : Information requested from plant management,
gathered from plant technicians on-ground, and independently
collected through visual inspection.

WHY : For accurately estimating/forecasting equipment
performance under normal operating conditions..

5 : The ordering of items in this Chapter
and Items in this Chapter does not
indicate the actual order of execution
during a technical audit. The audit
schedule will require careful planning
and alignment to maximise personnel
utilisation, minimise the duration of the
audit, minimise plant down-time, and
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ensure audit activities are carried out at
the appropriate time (e.g. during peak
sun hours).
6 : A list of equipment required for
testing and taking measurements can
be found in Appendix A.

7 : In this Guide, we assume the
standard mini-grid architecture
depicted in Figure 8. While many of the
activities will be universally applicable,
variations in plant architecture and
equipment may require tweaking
of assessments and measurement
strategies.
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3.2.3
Single-line
Diagram

WHAT : A single-line diagram (SLD) is a schematic of the
specifications and configurations of plant electrical equipment,
including the complete protection system.

HOW : Using specifications from Item 3.2.1, along with in-plant
observations and consultation.

WHY : For clear future communication of plant construction,
troubleshooting problems, identifying architectural oversights,
and informing new plant design.

3.2.4
Isolation
Switches

WHAT : A comprehensive mapping of the isolation switches in
the power pipeline.
HOW : In-plant observations and consultation with technical
personnel.

WHY : Informs execution of the audit, abets understanding of
the power pipeline, and gives insight into safety mechanisms
included in design.

3.2.5
Power Source
Integration

WHAT : Attentive record of the mechanisms by which power
from different sources (PV, batteries, backup generators) can be
blended for dispatch and battery charging.

HOW : In-plant observations and consultation with plant
personnel for confirmation.

WHY : Affects how the audit is conducted and whether extra
assessments are required. Further, provides input to estimation
of potential units foregone through load mismanagement..

3.2.6
Maximum
Power
Throughput

WHAT : Calculation of the maximum power that could
possibly flow through each part of the system under extreme
operational conditions.

HOW : Combining the equipment specifications from Item
3.2.1 with the architecture schematic in Item 3.2.3.

WHY : This is vital for ascertaining whether cables are correctly
sized, and whether key equipment—such as batteries—are
adequately protected.
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3.3

PV
Modules
Testing of the
solar panels

3.3.1
Array
Inclination and
Orientation

PV modules generate electrical
energy from sunlight. Each
module is composed of cells,
whose combined output
collects at the module’s
junction box. Several modules

are connected in series into a
string, and several strings are
mounted in parallel as an array.

WHAT : Vertical inclination of each array, and orientation with
respect to north-south axis recorded.
HOW : Simple magnetic and accelerometric gauges are freely
available as smart phone apps, or as stand-alone equipment.

WHY : Unskilled, sub-optimal installation impairs daily
generation. This may explain some portion of total
underperformance, as well as any consistent variation between
the output of apparently identical arrays.

3.3.2
Irradiance

WHAT : Continuous record of the incident solar irradiance at
the solar arrays.

HOW : Irradiance meter oriented identically to the solar array,
hooked to a datalogger for automatic minute-by-minute
record.

WHY : For predicting the maximum solar power available
to the plant, estimating a realistic solar yield target, and
calculating the solar performance ratio which can point to
technical issues with the PV modules.

3.3.3
Model
Consistency

WHAT : Manufacturer, model, and key specifications of each
module recorded.

HOW : Noted from information printed on module.
WHY : Ad-hoc module replacements leads to mixing of models
in a single string, which may cause mismatches in output
voltage and reduced output current.
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3.3.4
I-V Curve

WHAT : Gathering of key electrical characteristics (viz. VOC, ISC,

VMP, IMP), performance parameters (viz. fill factor, degradation),
and the entire calibrated I-V curve for each module.

HOW : Dedicated I-V curve tester used on each disconnected
module under high-irradiance conditions. Calibration to
standard conditions based on prevailing irradiance and
temperature. Panels to be cleaned in advance.

WHY : Comparison of the measured I-V curve (and fill factor)
with manufacturer’s benchmarks reveals the level and rate of
degradation. This is important for identifying damage from
installation/transport, or invoking warranty from the equipment
manufacturer. The power actually available from each module,
both at present and projected into the future, is important for
high-utilisation plants; and based on these measurements,
operators can physically rearrange panels to extract maximum
power from them.

3.3.5
Module
Efficiency &
Degradation

WHAT : The efficiency of each solar module: the quotient of
maximum power output divided by solar power input (under
high-load conditions).

HOW : I-V curve tester introduced in Item 3.3.4 has this
capability. This test can be performed at a range of irradiance
levels to build a fuller picture of efficiency.8 A DC dummy load
may be required.

WHY : Efficiency at converting sunlight to current is the
first link in system losses. Comparison with manufacturer’s
benchmark reveals level of degradation.9

3.3.6
Open-circuit
Voltage

WHAT : Open-circuit voltage of each module measured under
high-irradiance conditions and compared to rated value.

HOW : I-V curve tester introduced in Item 3.3.4 has this
capability, as does a regular multi-meter.

WHY : Deviations and mismatches point to faulty connections,
damaged modules, or excessive shading, which impact the
whole string.

8 : As already mentioned in Item 3.3.4,
I-V curve testers can calibrate to standard conditions. Repeat testing will only
be required to investigate the reliabil-
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ity of the calibration for a given set of
modules.
9 : Under standard operating condi-

tions, manufacturers claim average
degradation to be in the region of 0.7%
per year. Mini-grids often see much
higher degradation rates.
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3.3.7
Installation

WHAT : Condition of frame and foundation assessed, including
number and placement of screws, stress on frame, potential
for wind loading, rusting, integrity of concrete piling, elevation,
earth connectivity with frame and thickness of galvanic
coating.

HOW : Visual inspection and galvanisation thickness meter.
WHY : Stability in windy and waterlogged conditions will avert
damage, and ensure warranty is valid.

3.3.8
Soiling and
Shading

WHAT : Shadows falling on the panels, as well as built-up dirt
and grime.

HOW : Visual inspection and photos taken at different times of
day. Comparison of power output from clean and soiled panels
using a standard multi-meter.

WHY : Reduced transmission of light onto the PV cells reduces
the maximum possible output current, and can lead to
hotspots which damage the cells.

3.3.9
Thermal
Imaging – Plate

WHAT : Thermal field of the front of each module imaged
under high-irradiance (i.e. high-current) conditions.

HOW : Infra-red (IR) images captured by a specialised camera,
which simultaneously records time of day and takes an optical
photo for comparison.

WHY : Hotspots in the thermal field indicate cell manufacturing
defects, improper handling, or damage from electrical surges,
all of which sharply reduce module efficiency and current
output.

3.3.10
Thermal
Imaging
– Module
Junction
Box
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WHAT : Thermal field imaged for each module junction box
(on the reverse side), which collects current from each PV cell.

HOW : IR camera (introduced in Item 3.3.9).
WHY : Hotspots suggest faulty cable connections and/or
breakdown of bypass diodes. These can have large impact on
string current output.
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3.4
Array
Junction
Boxes
3.4.1
String
Open-circuit
Voltage

Testing of the junction
boxes at each solar array
The current output of an entire
solar panel array is combined
at a junction box mounted on
the frame of the array. From

there it will flow through DC
cables to the MPPTs in the
mini-grid control room. As well
as wiring, the junction box
includes electrical protection
mechanisms.

WHAT : Open-circuit DC voltage of each string recorded, to
ensure all strings have the correct value when their outputs are
combined at the array junction box.

HOW : General purpose multi-meter reads voltage from
disconnected string terminals.

WHY : A defective string lowers the output of the entire array.
This is typically due to a bad connection, but the test can also
identify faults which may lead to reverse current flow and
damage of modules.

3.4.2
Installation

WHAT : Quality and robustness of all fixtures evaluated, with
additional attention to dust- and water-proofing, oxidation, and
to cable installation.10

HOW : Visual inspection and thermal imaging of each junction
box.

WHY : Good installation mitigates avoidable faults and failures.

3.4.3
Electrical
Protections

WHAT : Circuit breakers, surge protectors, and fuses in each
junction box checked.

HOW : Visual inspection and cataloguing of component ages;
electrical testing with a multi-meter.

WHY : External electrical interference or short circuit faults
must be isolated using fuses and protection devices to prevent
damage spreading through the system.

10 : Section 3.9 addresses cabling issues
in more detail.
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3.4.4
Earthing

WHAT : Resistance recorded for each earthing strip attached to
the array framework.

HOW : Clamp-on earth tester gives instant readings.
WHY : Currents from external electrical interference or
short circuit faults must be conducted to ground to prevent
damage to cabling and equipment, as well as safety hazards
to personnel. Effectiveness depends on earthing rods having a
sufficiently low resistance.

3.4.5
Thermal
Imaging

WHAT : Thermal images taken of all junction box cabling,
collectors, connectors, and surge protectors, to measure
operating temperature and identify hot-spots.

HOW : IR camera (introduced in Item 3.3.9). High-irradiance
conditions preferable.

WHY : Loose or mechanically stressed connections heat up,
increasing losses. Repeated heating-cooling cycles will further
weaken connections, raising the likelihood of disconnection, or
dangerous sparking and exposure of live cables.

3.5
MPPTs
Testing of the control-room
MPPTs coupled to each
solar array

3.5.1
Maximum
Power-point
Tracking

MPPTs (maximum powerpoint trackers with DC-DC
conversion) adjust the voltage
and current output of a PV
array to draw the maximum
possible power from the
array. This is achieved using

algorithms to identify the
maximum power-point,
setting the array output
voltage accordingly, and then
transforming this DC input
voltage to match that of the DC
bus at the output.

WHAT : Ability of each MPPT to correctly identify the maximum
power point, and appropriately set the array output.

HOW : Comparison of measured voltage-power characteristics
between MPPTs, and with manufacturer standards.

WHY : When plant is well-utilised, must be able to extract as
much power as possible from the available sunlight.
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3.5.2
DC-DC
Efficiency

WHAT : Quantification of the fraction of power lost by the
MPPT under normal operating conditions.

HOW : Average of the power from the MPPT to the DC bus
bar divided by power from the solar array to the MPPT. The
DC current and voltage input/output must be continuously
monitored over the course of the audit.

WHY : Converting DC power from the solar arrays to the
appropriate voltage is lossy; malfunctioning MPPTs can be
identified by checking their efficiency against manufacturer
benchmarks.

3.5.3
DC-DC
Efficiency
Drivers

WHAT : The dependence of MPPT efficiency on loading and
temperature can be visualised to build a more complete picture
of performance.

HOW : Use the same data as in Item 3.5.2, along with
simultaneous temperature recordings. From this it is possible to
create scatter plots of instantaneous efficiency against current
or temperature.11

WHY : Reveals dependence of equipment performance on
external conditions, to be checked against manufacturer’s
claims where possible. This provides grounds for estimating the
influence of equipment operating conditions, and the impact of
recommended interventions.

3.5.4
Response
Time

WHAT : Time lag for the MPPT to increase solar power output
in response to increased load.

HOW : Time-correlation analysis of DC bus voltage and MPPT
DC power. Both must be monitored continuously at very fine
time resolution, with a power analyser. The analysis should
focus on times where irradiance far exceeds fluctuating load.

WHY : Slow adjustment of solar output to fluctuating demand
depletes batteries and may cause plant trips..

11 : This kind of analysis, where the
output variable (viz. efficiency) depends
on two or more input variables
(viz. power and temperature), can
be a little subtle. The most honest
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visualisation may be a 2D contour plot,
or similar, where all three variables are
simultaneously represented. However,
efforts must be made to ensure the
output is readable.
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3.5.5
Generation

WHAT : The daily units generated by each array.
HOW : Copied from plant log-books, for a period of three or
more months.12

WHY : Gives long-term view of solar yield and solar
performance ratio (see Items 3.5.7 and 3.5.8 below), the
daily battery demand. Allows computation of share of solar
generation, and aids identification of faulty array-MPPT units.

3.5.6
Solar Share of
Generation

WHAT : Average percentage of energy generated by solar
panels.13

HOW : Long-term computation from plant logbooks (Items
3.5.5 and 3.8.2). Short-term detailed computation from
continuous power data collected with datalogger.

WHY : Quantifies the extent to which a plant’s solar panels
are fulfilling customers’ energy demands, as well as general
reliance on backup generators which inflate operating costs.

3.5.7
Performance
Ratio

WHAT : Quotient of daily solar units generated over the units
theoretically available from sunlight, expressed as a percentage.

HOW : Total solar units recorded at the MPPTs at the end of the
day; irradiation calculated from irradiance meter data, or from
external sources.

WHY : The performance ratio is a standard metric for solar
plants, and is easy to benchmark.14 Gives insight into solar
output bottlenecks from demand side and supply side.

12 : Note that there will be a difference
between the generated units input
to the MPPT and the generated
units output from it. For subsequent
calculations, it will be preferable to
use the former, but the analysis will
be limited to whatever information is
available on-site. MPPT output units
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may be approximately converted to
input units by dividing by the average
MPPT efficiency determined in Item
3.5.2.

However, these will both have to factor
in the different plant system efficiencies
for the solar pipeline and the diesel
generator pipeline (see Item 3.10.3).

13 : Related quantities are solar share
of dispatched energy or solar share of
consumed energy at the customer end.

14 : Benchmarking should take into
account seasonality on the demand side.
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3.5.8
Solar Yield

WHAT : Quotient of daily solar units generated from each
MPPT divided by the corresponding array’s rated power.

HOW : Using the MPPT data from Item 3.5.5.
WHY : Solar yield is a standard performance metric for solar
plants, and is easy to benchmark.15 Gives insight into solar
output bottlenecks from demand side and supply side..

3.5.9
Installation &
Cabling

WHAT : Mounting and arrangement of MPPTs and associated
DC cables.

HOW : Visual inspection.
WHY : To ensure appropriate cable type and gauging,
robustness of connectors, safety of terminals, and adequate
space for ventilation between MPPT units.

3.5.10
Earthing &
Protections

WHAT : Circuit-breakers, fuses, surge protectors, and earthing
rods (if applicable).

HOW : Visual inspection and cataloguing of component ages;
electrical testing with multi-meters and dummy loads; testing
with earth probe.

WHY : Protection circuits which isolate external electrical
interference or short circuit faults must be in good condition to
ensure safety of equipment and plant personnel.

3.5.11
Temperature

WHAT : Representative temperature of MPPTs over the course
of a day.16

HOW : Resistance temperature detectors (RTDs) mounted
on the MPPT casing, attached to a datalogger for continuous
minute-by-minute recording.

WHY : High heat generation indicates faulty connections or
an overburdened system which may fail unexpectedly. In any
case, power is being lost and therefore that performance is suboptimal.

15 : Benchmarking should take into
account seasonality on both the
demand side and the supply side.
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16 : Ambient temperature of the
control room will also be recorded for
comparison.
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3.5.12
Load
Heating

WHAT : Relationship between power throughput and
temperature rise.

HOW : Sensors measuring power (or current) through
MPPT,17 and RTDs mounted on the MPPT casing, record data
on a continuous minute-by-minute basis. Scatter plot of
temperature rise above ambient versus power will indicate how
throughput translates into heating.

WHY : This provides a check and context for the efficiency
curves in Item 3.5.3, as well as a means of predicting how the
equipment will heat up as utilisation levels change.

3.5.13
Thermal
Imaging

WHAT : Thermal images taken of each MPPT to measure
operating temperature and identify hot-spots.

HOW : IR camera (introduced in Item 3.3.9). High-irradiance
(high-current) conditions preferable.

WHY : Records maximum temperature, and pinpoints sources
of excessive power dissipation. Poor or stressed electrical
connections can be checked and fixed if necessary.

17 : Input or output power work equally
well for this calculation.
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3.6
Batteries
Testing and analysis of
battery banks and their
constituent cells

3.6.1
Charge &
Energy
Capacity

Batteries store energy when
generation exceeds demand,
and metes it out again when
demand exceeds generation.
For an electricity system
based on intermittent, nondispatchable solar energy,

batteries are indispensable. The
majority of mini-grids employ
lead-acid technology—mostly
valve-regulated (VRLA)18 —
though other options exist.

WHAT : The total capacity of the battery to store separated
charge (Ah), and energy (kWh).

HOW : Regulated charge or discharge between two
equilibrated set-points for which the state-of-charge (SoC)
can be computed from the open-circuit voltage. The voltage,
current, and power should be recorded at fine time resolution
so that charge and energy flow between the set-points can be
accurately calculated.

WHY : Charge capacity tells us the rate at which the battery is
degrading, and can be compared with relevant benchmarks.
Energy capacity tells us the adequacy of the battery to serve
night-time load.

3.6.2
Energy
Storage
Efficiency

WHAT : The percentage of energy input into the battery which
can be recovered as output to serve customer load.

HOW : A controlled constant-current charge-discharge cycle,
ideally with identical SoC at the start and end points19. Ratio
of energy output and input during the round trip gives the
efficiency.

WHY : Low-efficiency batteries waste energy that could be
used to serve customers: this is particularly problematic for
high-utilisation plants which rely on generators and have
to cut customers’ consumption at peak times. Tracking this
parameter also provides insight into battery degradation.

18 : Two major types of VRLA batteries
used in mini-grids are tubular gel
and advanced glass mat. While all
assessments apply equally to both
types, some characteristics (such as
voltage-SoC calibration) will differ
slightly.
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19 : A controlled cycle will give the most
accurate insight into the battery’s
inherent efficiency. However, it will not
always be possible to take the batteries
offline, given the operational constraints
at a working mini-grid plant. In this case,
an approximate operational efficiency

can still be calculated from the variable
power arising from solar charging
and customer load, provided the
battery voltage, current, and power are
measured at high time resolution, and
two equilibrated SoC points are known
with decent accuracy.
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3.6.3
Charging
Cycle

WHAT : The SoC and stored energy tracked as a function of
time during normal plant operation, over the course of at least
one day-night cycle.

HOW : Equilibrated open-circuit voltage readings, along with
high-frequency monitoring of voltage and current, will (as
mentioned in Items 3.6.1 and 3.6.2) permit the reconstruction
of instantaneous SoC as a function of time for the monitoring
period.20

WHY : Batteries’ internal structure degrades quickly and
irreversibly when their SoC falls below a certain point. This
snapshot the daily charging profile can help operators to
visualise when their batteries come under the most stress, and
whether they are held in a depleted state for extended periods.

3.6.4
Inverter
Voltage
Set-points

WHAT : Voltage of the DC bus bar (and hence the battery
charging voltage) is controlled by the inverter, and varies
according to set criteria. The set-points are to be noted.

HOW : Read from the inverter interface, through its display or
through a computer connection.

WHY : Over-charging or under-charging of batteries impacts
the efficiency of the mini-grid system, its reliance on diesel, and
the longevity of the batteries themselves. Inverter set-points
must be sensibly programmed, and revised every few months
or as required.

3.6.5
Cell
Open-circuit
Voltage

WHAT : Check of the equilibrated open-circuit voltage of each
cell in the battery banks.

HOW : Battery is disconnected from load and allowed to
equilibrate. Regular measurement of the terminal voltage
of each cell (with a multi-meter) will reveal when they have
stabilised.21

WHY : Cells must be approximately matched in their opencircuit voltage to prevent damage to the bank. A low value
points to a malfunctioning cell in need of replacement.

20 : If a battery management system
(BMS) is installed, then this will very
likely be tracking SoC already. However,
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the tracking algorithms can be errorprone, and it is worth independently
verifying the numbers for accuracy.

21 : Equilibration may take two hours or
more. The battery must be disconnected
from load throughout this period.
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3.6.6
Cell Internal
Resistance

WHAT : Check of the internal resistance of each cell in the
battery banks.22

HOW : Sensitive DC resistance meter connected across the
terminals of each cell. Alternatively, the voltage and current of
each cell can be measured simultaneously.23

WHY : Anomalous internal resistance points to degraded cell
structure. This impacts the charging and discharging efficiency
of the bank, and will accelerate deterioration of neighbouring
cells.

3.6.7
Current
Distribution

WHAT : Continuous record of the instantaneous current
flowing into and out of each battery bank, to be plotted as a
time series and a histogram.

HOW : DC current probes attached to battery bank terminals
continuously feed data to a datalogger at fine time resolution.

WHY : Current entering or exiting batteries must not exceed
certain thresholds, lest they damage the battery and void
the manufacturer’s warranty. The time-series shows the daily
current pattern as well as spikes, while the histogram clearly
shows the degree to which the current exceeds thresholds.

3.6.8
Battery
Management
System

WHAT : Independent confirmation of battery management
system measurement accuracy, and its correct behaviour at
critical voltage thresholds.

HOW : Controlled charge-discharge with system connected
and giving readings, in parallel with manual measurements
of voltage and current, especially around pre-set voltage
thresholds.

WHY : To verify control of charging and discharging, and
temperature management.

22 : A “zeroth-order” equivalent circuit
approximation for the battery is
sufficient for the present purposes.
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23 : Repeated measurements will be
required for accuracy.
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3.6.9
Installation
& Cabling

WHAT : Positioning and racking of the banks, and
arrangement of DC cables to be assessed.

HOW : Visual inspection.
WHY : To ensure appropriate cable type and gauging, stability
and organisation of cell racks, robustness of connectors, safety
of terminals, and adequate ventilation.

3.6.10
Earthing &
Protections

WHAT : Circuit-breakers, fuses, surge protectors, and earthing
rods assessed.

HOW : Visual inspection and cataloguing of component ages;
electrical testing with multi-meters and dummy loads; testing
with earth probe.

WHY : Protection circuits which isolate external electrical
interference or short circuit faults must be in good condition to
ensure safety of equipment and plant personnel.

3.6.11
Temperature

WHAT : Representative temperature of a handful of cells over
the course of a day.

HOW : Resistance temperature detectors (RTDs) mounted on
the cells’ casing, and connected to a datalogger for continuous
minute-by-minute recording.

WHY : High heat generation suggests faulty connections,
anomalous internal resistance, or an overburdened system.
Indicates power is being lost and therefore that performance is
sub-optimal.

3.6.12
Thermal
Imaging

WHAT : Thermal images taken of each bank to measure
operating temperature and identify higher-temperature cells.

HOW : IR camera (introduced in Item 3.3.9).
WHY : Records maximum temperature, and pinpoints cells
which are dissipating excessive power. Faulty cells can be
replaced to protect the whole bank, and poor connections
corrected.
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3.7
Inverters
Testing and analysis
of the inverters

3.7.1
DC-AC
Efficiency

In basic mini-grid
configurations, inverters act as
the central control hub. They
are responsible for converting
DC power from MPPTs and
batteries into AC power for

dispatch, setting battery charge
and discharge rates (from solar
or backup generators), and
forcing temporary shutdowns
of the plant when load exceeds
instantaneous supply.

WHAT : Quantification of the average fraction of power lost in
converting DC power into AC power for dispatch, under normal
operating conditions.24

HOW : Average quotient of power out of AC terminal over
power in to DC terminal.

WHY : Inversion is a major contributor to overall energy
losses, so equipment must be working optimally and as per
manufacturer specification.

3.7.2
AC-DC
Efficiency

WHAT : Efficiency of converting AC power from backup
generators into DC power for battery charging.

HOW : Average quotient of power in to AC terminal over power
out of DC terminal, while generator is running.

WHY : Rectification of AC power introduces losses, meaning it
is more efficient to use generators for serving load directly than
charging batteries.

24 : For the DC bus architecture
depicted in Figure 8, there is only one
DC-AC efficiency. However, other setups may feed DC power from solar and
batteries into different inverter circuits
at different voltages. In this case, two
separate efficiencies will have to be
calculated.
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3.7.3
Efficiency-load
Curves

WHAT : Visualisation of the relationship between
instantaneous efficiency and instantaneous power (or
utilisation),25 to be compared with manufacturer curve.

HOW : Instantaneous efficiencies calculated at high timeresolution following Items 3.7.1 and 3.7.2, and plotted against the
relevant instantaneous power.

WHY : Efficiency can vary considerably with different loading,
and this is carefully measured by manufacturers. Comparison
with their documentation26 reveals presence of degradation,
and allows prediction of equipment performance under
different loading scenarios.

3.7.4
Load
Balance

WHAT : Assessment of the share of load catered by each
inverter in the long term.

HOW : Data collected via probes attached to the AC-out
terminal, which continuously record voltage, current, and
power to a datalogger.

WHY : Inverters which process much more or much less energy
than their counterparts may be mis-calibrated, damaged, or
liable to early failure.

3.7.5
Load
Distribution

WHAT : Histogram of the instantaneous power from each
inverter.

HOW : Data collected via probes attached to the AC-out
terminal, which continuously record voltage, current, and
power to a datalogger. Values are binned appropriately and
histogrammed.

WHY : Power demand from a single inverter must not exceed
certain manufacturer thresholds, lest they damage the inverter
and/or cause it to trip. This histogram clearly shows the degree
to which the power approaches or exceeds these thresholds,
and highlights any surge loads.

25 : Instantaneous utilisation is the power
output divided by rated maximum
power output. Using utilisation
rather than power is preferable when
comparing different inverter models.
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26 : Manufacturer testing is performed
under controlled temperature
conditions, and therefore the results
here are expected to differ somewhat.
If large temperature variations are

observed (see Item 3.7.9), it may be
preferable to incorporate temperature
into the analysis, as in Item 3.5.3 in the
MPPT section.
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3.7.6
Response
Time

WHAT : Time lag for the inverter to increase solar power output
in response to increased demand.

HOW : Time-correlation analysis of AC load and DC bus
voltage. Both must be monitored continuously at very fine time
resolution, with a power analyser. The analysis should focus on
times where irradiance far exceeds fluctuating load.

WHY : Slow adjustment of supply to fluctuating demand may
cause plant trips. This test can aid selection of the right inverter
model for future builds.

3.7.7
Installation &
Cabling

WHAT : Mounting and arrangement of inverters and
associated cables assessed.

HOW : Visual inspection.
WHY : To ensure appropriate cable type and gauging,
robustness of connectors, safety of terminals, and adequate
ventilation.

3.7.8
Earthing &
Protections

WHAT : Circuit-breakers, fuses, surge protectors, and earthing
rods checked.

HOW : Visual inspection and cataloguing of component ages;
electrical testing with multi-meters and dummy loads; testing
with earth probe.

WHY : Protection circuits which isolate external electrical
interference or short circuit faults must be in good condition to
ensure safety of equipment and plant personnel.

3.7.9
Temperature

WHAT : Representative temperature of all inverters, along with
ambient temperature for comparison.

HOW : Resistance temperature detectors (RTDs), mounted on
the inverter casing and attached to a datalogger for continuous
minute-by-minute recording.

WHY : High heat generation indicates faulty connections or
an overburdened system. Indicates power is being lost and
therefore that performance is sub-optimal.
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3.7.10
Load
Heating

WHAT : Relationship between power throughput (or inverter
utilisation) and the observed temperature rise.

HOW : Sensors measure inverter power output, and RTDs
measure temperature, both on a continuous minute-by-minute
basis. Scatter plot of temperature rise above ambient versus
power will indicate how throughput translates into heating.

WHY : This provides a means of predicting how the equipment
will heat as utilisation levels change. It may also inform
interpretation of the temperature dependence in Item 3.7.3.

3.7.11
Thermal
Imaging

WHAT : Thermal images taken of each inverter to measure
operating temperature and identify hot-spots.

HOW : IR camera introduced in Item 3.3.9. High-demand (ergo
high-load) conditions preferable.

WHY : Records maximum temperature, and pinpoints sources
of excessive power dissipation which may suggest existing
faults, or thermal stresses which raise the likelihood of future
failures.

3.8
Diesel
Generators

3.8.1
Runtime

Testing and analysis of
diesel generators used for
dispatchable backup
Mini-grids based on solar power
and batteries typically include
a backup diesel27 generator to
guarantee continuous service

even if the batteries become
depleted. These generators
output AC power to the feeders
(with minimal losses), and
to the AC-in terminal of the
inverter for battery-charging
purposes.

WHAT : The daily duration of generator use.
HOW : Copied from plant log-books. A detailed short-term
record will be available from the technical audit sensor
attached to AC-in inverter port.

WHY : Important for analysis of generator cost and efficiency,
and provides insight into the adequacy of batteries and solar
panels for serving demand.

27 : While this Section was written with
diesel generators in mind, many of the same
assessments also apply to biogas generators.
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3.8.2
Generation

WHAT : The daily units of energy output by the generator.
HOW : Copied from plant log-books. A detailed short-term
record will be available from the technical audit sensor
attached to AC-in inverter port.

WHY : Gives long-term view of daily battery demand, and
allows computation of fuel efficiency.

3.8.3
Load
Utilisation

WHAT : The average load served by the generator on a daily
basis, as a percentage of the rated output.

HOW : From long-term plant records, daily units divided
by runtime gives daily average load. From audit probe
measurements, a sample utilisation profile for one day can be
constructed at fine time-resolution.

WHY : Gives clean insight into whether the generator is being
used optimally, or is being run for frivolously low loads.

3.8.4
Fuel
Efficiency

WHAT : The energy produced per unit of fuel consumed.
HOW : Calculated from fuel purchase and energy generation
(Item 3.8.2) information in plant log-books.

WHY : Plotted in comparison with the load utilisation (Item
3.8.3), this reveals whether the generator is operating as
expected, and highlights possible fuel pilferage.

3.8.5
Automatic
Start System

WHAT : Testing the set-points of the system, and its
responsiveness to different situations.

HOW : Consultation with operators. Observation of correct
operation during battery discharge cycle.

WHY : Important for analysis of generator cost and efficiency,
and provides insight into the adequate functioning of batteries
/ solar panels for serving demand.
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3.8.6
Power
Factor

WHAT : Check on generator power factor when serving pure
resistive loads and those which draw reactive power.

HOW : Probes on the generator power cable can record power
factor at fine time resolution for the duration of the audit.
Alternatively, a power analyser can be used for short periods
while the generator is running.

WHY : An ideal generator will produce active power for a
resistive load, and will be able to supply adequate reactive
power when there is demand. Monitoring this will avoid
needless energy losses and loss of distribution bandwidth.

3.8.7
Waveform
Distortions

WHAT : Shape of the current waveform checked for deviations
from pure sine wave.

HOW : Power analyser measures and takes snapshots of AC
harmonics.

WHY : An ideal generator will produce pure sine-wave power;
deviations from this hint at some equipment malfunction. This
reduces the quality of power delivered to consumers, and may
cause flickers or even damage to sensitive equipment.

3.8.8
Installation &
Cabling

WHAT : Mounting platform, ventilation, and connection to
plant control room checked.

HOW : Visual inspection.
WHY : To ensure safe, sturdy fixture, appropriate cable gauge,
and adequate ventilation.

3.8.9
Earthing &
Protections

WHAT : Circuit-breakers, fuses, surge protectors, and earthing
rods assessed.

HOW : Visual inspection of equipment installation and
termination; cataloguing of component ages; electrical testing
with multi-meters and dummy loads; testing with earth probe.

WHY : Protection circuits which isolate external electrical
interference or short circuit faults must be in good condition to
ensure safety of equipment and plant personnel.
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3.8.10
Temperature

WHAT : Temperature of generator, both while it is running and
when it is idle.

HOW : Resistance temperature detectors (RTDs), mounted
on each generator casing and attached to a datalogger28 for
continuous minute-by-minute record. One standard metric is
the temperature drop five minutes after the generator switches
off.

WHY : High heat generation indicates faulty connections or
an overburdened system. The performance will then be suboptimal, so maintenance is required.

3.9
Plant
Cabling
3.9.1
Electrical
Specification

Testing of plant cabling on
both DC and AC side
All major pieces of equipment
in the plant are connected

by cables, which must be
appropriately sized and
maintained to ensure efficient
uninterrupted power flow.

WHAT : Checking of type and gauging of all cables inside the
control room, as well as cables connecting solar modules and
diesel generators.

HOW : Visual inspection and consultation with plant
technicians.

WHY : Appropriate cable specifications will reduce power
losses and heating, and prevent safety hazards.

3.9.2
Environmental
Specification

WHAT : Checking that all equipment conforms to relevant
dust- and water-proofing standards (e.g. IP65 for outdoor
equipment).

HOW : Visual inspection, consultation with plant technicians,
and reference to manufacturer documentation.

WHY : Appropriate environmental specifications will increase
the lifetime of the equipment and avoid unnecessary faults and
blackouts, as well as safeguarding operator safety.

28 : Generator sets are typically installed
several metres from the control room
which houses all the other equipment.
This distance can be checked with mini-
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grid operators in advance so the audit
team can bring cabling of sufficient
length to attach generator sensors to
the datalogger.
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3.9.3
Stress &
Insulation

WHAT : Checking for damage to insulation, PVC sheathing,
and unnecessary bending and torsion.

HOW : Visual inspection.
WHY : Damage to insulation poses a safety risk and contributes
to equipment failure. Mechanical stress causes heating (and
hence power loss), and raises the chance of faults.

3.9.4
Terminations

WHAT : Checking that all cable terminations are secure, and
that connectors are accessible and in good condition.

HOW : Visual inspection.
WHY : Poor connections cause heating, power loss, and
untimely failure or cables, and also pose a safety risk.

3.9.5
Thermal
Imaging

WHAT : Thermal images taken of all cables, bundles, and ducts/
conduits, to measure operating temperature and identify hotspots.

HOW : IR camera (introduced in Item 3.3.9).
WHY : Pinpointing sources of maximum temperature and
power dissipation allows replacement of faulty or stressed
sections cabling.

3.10
Dispatch

Measurement and analysis
of whole plant performance
and output
The feeders mark the interface

3.10.1
Load
Curve

between the plant and the
distribution network; much
can be learned about power
demand and supply at this
point.

WHAT : The profile of power dispatch over a full 24 hours.
HOW : Datalogger probes connected to dispatch feeders,
which record power at fine resolution for the duration of the
audit.

WHY : Gives a snapshot of the demand pattern over the course
of a day. Helps to understand customer needs, and scheduling
of generation and storage assets. Critical for computing
expected losses in the distribution network.
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3.10.2
Demand
Surges

WHAT : Short time-scale variation in customer-side power
demand.

HOW : Power analyser, or feeder-side voltage/current probes
which record power at fine resolution for the duration of the
audit.

WHY : Gives a glimpse of the kinds of stress that the inverters
experience, and hints whether customer-side appliances might
be consuming network bandwidth.

3.10.3
Plant
Efficiency

WHAT : Percentage of solar irradiation which was converted
to dispatched electricity – a quantification of in-plant energy
losses.

HOW : Computed approximately from plant log-book data
as the total units dispatched29 divided by the total solar units
generated over a decently long time-window.30 A snapshot
of the quantity can be provided by high-time-resolution data
from the audit datalogger, by tracking the power at each stage
of the pipeline; see Item 5.7.1 for further discussion.

WHY : The total in-plant efficiency (or in-plant loss) gives an
important overview comparison of performance for different
mini-grid plants. It furthermore permits quantification of
plant balance-of-system (BOS) losses, once the PV, MPPT, and
inverter efficiencies are factored out.

3.10.4
Trip
Frequency

WHAT : Number of power outages per day.
HOW : Consultation with plant operators. Detailed shortterm record from feeder-side datalogger probes which record
when plant voltage drops to zero at fine time resolution for the
duration of the audit.

WHY : Indicates the quality of service that customers are
receiving. High incidence of trips points to faulty equipment on
the plant- or customer-side: this will require follow-up.

29 : If the diesel generator was used
during the time window, these units
must be subtracted from the units
dispatched.
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30 : A month should be sufficient,
though the calculation will always be
approximate as the battery SoC at the
beginning and end of the time interval
will not be the same.
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3.10.5
Downtime

WHAT : Cumulative duration of power outages per day,
expressed as a fraction of 24 hours.

HOW : Consultation with plant operators. Detailed short-term
record from feeder-side datalogger probes which record when
plant voltage is zero at fine time resolution for the duration of
the audit.

WHY : Indicates the quality of service that customers are
receiving. High value points to faulty equipment on the plantor customer-side, and need for a better system for alerting the
field team to swiftly intervene.

3.10.6
Voltage &
Frequency

WHAT : Statistics of feeder-side voltage and frequency
fluctuations.

HOW : Feeder-side probes record voltage at fine time
resolution for the duration of the audit; power analyser
measures AC frequency.

WHY : Gives a glimpse of the quality of service that customers
are receiving. Follow-up investigation can identify whether
faulty equipment is on the plant or customer side.

3.10.7
Power
Factor

WHAT : Statistics of feeder power factor.
HOW : Datalogger probes record power factor at fine time
resolution for the duration of the audit. Alternatively, a power
analyser can be used for short periods.

WHY : Gives a glimpse of the overall reactive demand on
the distribution network and the inverter. This contributes to
inefficiency and hogs network current bandwidth.

3.10.8
Waveform
Distortions

WHAT : Shape of the AC waveform checked for deviations from
pure sine wave.

HOW : Power analyser measures and takes snapshots of AC
harmonics and non-linearities.

WHY : Hints at whether equipment (on the plant- or customerside) is creating problems which are harder to rectify than
simple sinusoidal inductive/capacitive reactivity.
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3.10.9
Earthing &
Protections

WHAT : Circuit-breakers, fuses, surge protectors, and earthing
rods in the feeder case assessed.

HOW : Visual inspection; electrical testing with multi-meter
and possibly a dummy load; testing with earth probe.

WHY : Protection circuits which isolate external electrical
interference or short circuit faults must be in good condition to
ensure safety of equipment, personnel, connected customers,
and anyone in proximity to distribution infrastructure.

3.11
Distribution
Network
3.11.1
Network
Map

Observation and testing of
distribution network and
customer connections
The distribution network
consists of poles, electric cables,
and connection points for

delivering power to customers.
Proper architecture and
maintenance are critical for
providing uninterrupted supply,
delivering power efficiently, and
ensuring safety.

WHAT : A schematic diagram of the distribution network,
including details such as ID number of each pole, number of
connections on each pole, sanctioned load of each connection,
and distance between poles.

HOW : Consultation with plant operators, and geo-tagging of
each pole with reference to electronic maps.

WHY : Assists in predicting distribution losses and demand
stress points.

3.11.2
Distribution
Cabling

WHAT : Record of the specifications of cables and connectors
used throughout the network. Check on ages of equipment
and frequency of replacement.

HOW : Consultation with plant operators.
WHY : Confirms that correct equipment is being used. Assists
in predicting distribution losses. Useful to identify frequent fault
points.
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3.11.3
Power
Surges

WHAT : Recording of power draw statistics at several points in
the distribution network, including the customer at the farthest
point from the plant and when heavy loads are running.

HOW : Power analyser at customer connection point.
WHY : Contributes to assessment of power quality received
by customers, as well as possible stresses they place on the
network.

3.11.4
Power
Factor

WHAT : Recording of power factor at several points in the
distribution network, including in proximity to motor-load
customers.

HOW : Power analyser at customer connection point.
WHY : Gives understanding of reactive power demands at
different parts of the network, and where pole mounted
compensation devices may be most effective.

3.11.5
Waveform
Distortions

WHAT : Shape of the AC waveform checked for deviations
from sinusoidal at several points in the distribution network,
including in proximity to some high-load customers.

HOW : Power analyser at customer connection point.
WHY : Determines whether equipment on the customer-side
is drawing non-sinusoidal currents which introduce unwanted
harmonics and reactive demand.

3.11.6
Voltage
Drops

WHAT : Recording of line voltage level at several points in the
distribution network, including downstream of some motorload customers, and at the customer furthest from the plant.

HOW : Power analyser at customer connection point.
WHY : Contributes to understanding of losses in the
distribution network, as well as the power quality received by
customers. Measurements must be compared with predictions,
and calibrated to the contemporaneous plant voltage.
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3.11.7
Distribution
Efficiency

WHAT : Quantification of losses—both due to technical issues
and to theft—in the distribution network.

HOW : Using plant administrative data on electricity units
dispatched and units consumed. The efficiency is simply
the energy consumed by customers31 divided by the energy
dispatched from the plant.

WHY : Routine energy losses overburden generation assets and
limit sales. Calculations must be compared with predictions
based on network specifications and architecture.

3.11.8
Distribution
Technical
Efficiency

WHAT : Quantification of energy losses due to resistance in
distribution cabling.

HOW : This can be calculated by measuring voltage drops
(Item 3.11.6) and current flowing through different branches of
the network, along with the network map (Item 3.11.1)

WHY : Calculations can be compared with predictions based
on network specifications, as well as the overall efficiency in
Item 3.11.7 as a check, and to identify possible power theft.

3.11.9
Metering
Accuracy

WHAT : Check that customer meters are functioning correctly.
HOW : Meter energy accounting compared with a power
logger installed at the customer side. Specific customers to be
identified by plant operators.

WHY : Faults with meters will lead to billing complaints,
frequent outages, opportunity for theft and tampering, or
missed revenue.

31 : This will be known exactly in the
case that all customers are metered. At
plants where many customers are on
non-metered connections, it will not
be possible to calculate this quantity
accurately. See also the comments in
Footnote 60.
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3.11.10
Earthing &
Protections

WHAT : Circuit-breakers, fuses, surge protectors, switches, and
earthing rods along the network assessed, as well as at the
customer connection.

HOW : Visual inspection of installation and terminations;
consultation with plant operators; testing with earth probe.

WHY : Protection circuits which isolate external electrical
interference or short circuit faults must be in good condition to
ensure safety of equipment, personnel, customers, and anyone
in proximity to distribution infrastructure.

3.12
Maintenance
& Operations
Information on day-to-day
running of the plant

3.12.1
PV Module
Cleaning

Mini-grids require specific
operational protocols to
safeguard smooth and efficient
operation. These include
performing various monitoring
and maintenance activities,
which should undergo periodic
review to assure they are fit
for purpose and are being
diligently executed. While
these activities are elaborated

in depth in Chapter 4, the
following highlights a sample
of the most important that
the technical audit team
should discuss and with plant
personnel. Responses regarding
the schedule of activities, and
the protocols for corrective
action, are to be recorded and
evaluated for adequacy.

WHAT : Routine and method for removing dust and other
soiling from solar modules checked.

HOW : Consultation with plant operators.
WHY : Soiling reduces glass transmissivity and maximum
module output, and leads to corrosion; luckily it is easy to
correct.

3.12.2
PV String
Voltage

WHAT : Routine for checking string open-circuit voltage and
faulty fuses assessed.

HOW : Consultation with plant operators.
WHY : A defective string lowers the output of the entire array.
This test can also identify faults which may lead to reverse
current flow and extensive damage of modules.
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3.12.3
Battery Cell
Voltage

WHAT : Routine and method for cell-wise open-circuit voltage
measurement.

HOW : Consultation with plant operators.
WHY : Cells must be approximately matched in their opencircuit voltage to prevent damage to the bank. A low value
points to a malfunctioning cell in need of replacement. It also
indicates a reduction of battery capacity.

3.12.4
Battery Cell
Terminals

WHAT : Frequency and methodology of checking / tightening /
treating cell terminal connections.

HOW : Consultation with plant operators.
WHY : Poor connections will raise effective resistance, reduce
efficiency, lead to heat generation, and will ultimately impact
long-term charging performance. Applying jelly to terminals
reduces corrosion.

3.12.5
Battery
Equalisation

WHAT : Frequency and methodology of battery bank
equalisation (for lead-acid systems).

HOW : Consultation with plant operators and check on inverter
equalisation settings.

WHY : Soft sulphation on electrodes of lead-acid plates has
a variety of negative outcomes. Routine over-charge via the
inverter, using a backup generator, can improve performance.

3.12.6
Generator
Servicing

WHAT : Routine and conditions for generator servicing
checked.

HOW : Consultation with plant operators and checking of plant
log books.

WHY : Diesel and other generators must be properly
maintained, as moving parts may wear down quickly and cause
failure.
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3.12.7
Earth
Testing

WHAT : Routine and method for testing resistance of all
earthing installations checked.

HOW : Consultation with plant operators and observation of
log books.

WHY : Earthing values may change due to earth material
expiry or mechanical disruption, and so must be routinely
checked.

3.12.8
Plant
Safety
Provisions

WHAT : Safety signage visibility and equipment condition
assessed.

HOW : Visual inspection; consultation with plant operators.
WHY : Emergency situations may require equipment such as
specialised fire extinguishers and first aid kits, which must be
easily accessible and in good condition.

3.12.9
Customer
Safety
Provisions

WHAT : Routine and methods for checking customer cabling
and terminals for safety.

HOW : Consultation with plant operators.
WHY : Customers’ protection should be assured by the
operator, and any faults or unauthorised tampering identified
quickly.

3.12.10
Personnel
Safety
Training

WHAT : Plant ground team familiarity with safety protocols and
equipment discussed.

HOW : Consultation with plant operators, and examining of inplant safety information materials.

WHY : The plant team must be trained to recognise
possible risks, take steps to prevent mishap, and respond to
emergencies if they arise.
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Routine
Monitoring

4.1
Purpose
of Routine
Monitoring
Enhancing plant
performance through
local measurement
and maintenance

and customer demand, as well
as their capacity to intervene
in case of faults, is invaluable.
So, while periodic technical
audits (introduced in Chapter
3) are important for tracking
plant health, the priority for
mini-grid developers should
be to train, equip, and support
local operators in day-to-day
monitoring and maintenance
activities.

The most important resource
for ensuring the smooth
running of a mini-grid is the
team of technicians working
on the ground: their expertise
and understanding of the
behaviour of plant equipment

This Chapter outlines these
routine monitoring activities.
Like Chapter 3, each Section
deals with a different plant
component, and each activity
Item is presented in the WhatHow-Why format. Many of these

4.2.1
Cleaning

activities overlap with those in
Chapter 332 and some of them
will feed into the analyses in
Chapter 5.
For ease of reference, the final
Section of this Chapter, Section
4.11, tabulates the monitoring
activities along with their
implementation frequency.

4.2
PV Modules
Checking the
solar panels

WHAT : Checking and cleaning build-up of dirt on the PV
modules, the back of the modules,33 and the irradiance meter if
present.

HOW : Cleaning to be done with soft water34 and a sponge /
soft rag attached to a lightweight pole.

WHY : Reduced transmission of light onto the PV cells reduces
the maximum possible output current, and can lead to hotspot
formation.

32 : A technical audit is hence a
very good opportunity for plant
technicians to gain exposure and
training in routine measurement
techniques, and to discuss
appropriate responses in
different situations.
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33 : Water should not be sprayed at the
electrical junction boxes.
34 : Typical guidelines call for fresh
water with total dissolved solids (TDS)
less than 1.5 g/l and mineral content
(hardness) less than 75 mg/l. If needed,

a mild, non-abrasive, non-caustic
detergent mix with pH between 6.5 and
8.5 may be used. In case soft water is not
available, modules can be dry cleaned
with a soft cloth or sponge, with water
used only for stubborn dirt.
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4.2.2
Shading

WHAT : Checking the presence of shadow falling on the arrays
from nearby trees, poles, or other structures, and removing the
obstructions if possible.

HOW : Observe the panels closest to tall structures at intervals
throughout the day.

WHY : Reduced transmission of light onto the PV cells reduces
the maximum possible output current, and can lead to
localised hotspot formation.

4.2.3
Mounting

WHAT : Measuring the inclination of each string with respect
to horizontal, and adjusting the mounting to ensure optimal
irradiance. Frame bolts to be tightened.

HOW : Using a simple inclination meter and comparing with
optimal angle.

WHY : Optimal inclination will allow more solar units to be
generated per day. This activity is especially important for
articulated frames which are both more likely to slip, and
require periodic adjustment to correct for seasonal solar zenith.

4.2.4
Damage

WHAT : Identifying modules with cracks in the glass top plate,
or with visible melting in the cell circuitry.

HOW : Visual inspection.
WHY : In many cases there is little that can be done short of
replacing the entire module; but these observations may help
to explain performance short-falls and inform rearrangement
activities.

4.2.5
Thermal
Imaging

WHAT : Thermal field of the front and back of each module
imaged under high-irradiance (i.e. high-current) conditions.

HOW : Infra-red (IR) images captured by a specialised camera,
which simultaneously records time of day and takes an optical
photo for comparison.

WHY : Hotspots on the module indicate cell manufacturing
defects, improper handling, or damage from electrical surges,
all of which sharply reduce module efficiency and current
output. In the module junction box, hotspots may result from
faulty cable connections and/or breakdown of bypass diodes.

Chapter 4 : Routine Monitoring

59

4.2.6
I-V Curve

WHAT : Gather key characteristics (VOC, ISC, VMP, IMP),
performance parameters (fill factor, degradation), and the
entire calibrated I-V curve for each module.
HOW : Dedicated I-V curve tester used on each disconnected
module under high-irradiance conditions. Calibration to
standard conditions based on prevailing irradiance and
temperature must be performed. Panels to be cleaned in
advance.

WHY : Comparison of resulting curve and fill factor with
manufacturer’s benchmarks reveals the level and rate of
degradation, and combined with other tests may hint at
damage from installation/transport. The power actually
available from each module, both at present and projected
into the future, is of critical importance, especially for highutilisation plants.

4.2.7
String Opencircuit Voltage

WHAT : Measurement of open-circuit voltage for each string of
each array, and comparison with expected value.

HOW : Using a standard multi-meter on the terminals at the
array junction box.

WHY : A defective string lowers the output of the entire array.
This test can also identify faults which may lead to reverse
current flow and extensive damage of modules.

4.2.8
Cabling

WHAT : Opening, cleaning, and replacing as needed of MC4
connectors.

HOW : Visual inspection for stressed cables and manual
intervention.

WHY : Ensuring good condition of connectors, especially in
wet and dusty environments, makes maintenance easier and
maximises current flow.
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4.3
MPPTs and
Inverters
4.3.1
MPPT
Generation

Checking and recording
the state of inverters and
MPPTs in the control room

WHAT : Total energy generated from each PV array, measured
at pre-set time intervals.

HOW : Noting of the value on the human-readable display.
WHY : Total solar generation is itself an important quantity,
and permits calculation of other performance indicators.
Furthermore, major or consistent discrepancies in the output of
different arrays may indicate a technical fault.

4.3.2
Thermal
Imaging

WHAT : Thermal images to measure average and maximum
operating temperature, and reveal hot-spots. High-irradiance
and high-load conditions preferable.

HOW : IR camera (introduced in Item 4.2.5).
WHY : Informs efficiency de-rating calculations, and pinpoints
sources of power dissipation as well as thermal stress which
raises the likelihood of connection failures.

4.3.3
Cleaning

WHAT : Removing debris, dust, etc. from cooling fans, and
replacing soiled air filters.

HOW : Manually.
WHY : Clogging of fans and filters impedes air flow and allows
unwanted heating.

4.3.4
Inverter
Voltage
Set-points

WHAT : Adjusting the set-points (current and voltage) at which
the inverters charge the batteries.

HOW : Using the human-readable inverter interface.
WHY : Set-points can be tweaked to optimally allocate excess
solar power to battery charging, depending on seasonality,
battery condition, and expected load.
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4.4
Batteries
4.4.1
Cell
Open-circuit
Voltage

Maintaining and
recording the state of
battery cells
WHAT : Check of the equilibrated open-circuit voltage of each
cell in the battery banks.

HOW : Battery is disconnected from load and allowed to
equilibrate, after which the voltage between the terminals of
each cell is recorded with a multi-meter.35

WHY : Cells connected in series must be approximately
matched in their open-circuit voltage to prevent damage to
the bank. A low value points to a malfunctioning cell in need of
replacement.

4.4.2
Bank Voltage

WHAT : Measurement of the (unloaded) voltage of each battery
bank connected in parallel.

HOW : Standard multi-meter connected to the bank terminals.
Voltage difference between two parallel strings should not be
greater than 1%.

WHY : Banks connected in parallel must be approximately
voltage-matched to maximise current output and avoid
potentially wasteful reverse currents.

4.4.3
Cycling

WHAT : A full discharge-charge cycle.
HOW : A controlled discharge to the maximum depth-ofdischarge level, followed by controlled charge to full.

WHY : Under a range of situations, batteries may experience
repeated partial cycles at fluctuating current and voltage. It can
be beneficial for battery health to refresh the electrodes with a
full controlled cycle.

35 : Battery management systems
may be able to do this last step
automatically.
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4.4.4
Energy
Storage
Efficiency

WHAT : Estimate of the percentage of energy input into the
battery which can be recovered as output to serve customer
load.

HOW : A controlled constant-current charge-discharge cycle
with identical SoC at start and end points.36 Ratio of energy
output and input during the round trip gives a standard
estimate of the efficiency.

WHY : Low-efficiency batteries waste energy that could be
used to serve customers; particularly problematic for highutilisation plants. Tracking this parameter also provides insight
into battery degradation.

4.4.5
Charge
& Energy
Capacity

WHAT : The total capacity of the battery to store separated
charge and energy.

HOW : Regulated charge or discharge between two
equilibrated set-points for which the SoC is known. Energy
capacity calculation requires an estimate of charging efficiency.

WHY : Charge capacity tells us whether the battery is
degrading faster than expected given its age. Energy capacity
tells us the adequacy of the battery to serve night-time load.

4.4.6
Thermal
Imaging

WHAT : Thermal images to measure average and maximum
operating temperature, and reveal any cells dissipating
excessive heat.

HOW : IR camera (introduced in Item 4.2.5).
WHY : Informs efficiency de-rating calculations and need for
ventilation, and identifies degraded cells.

4.4.7
(VRLA) Cell
Terminal
Torque and
Conductance

WHAT : Tightening the terminals of each cell, checking for
oxidation, and applying protective jelly.

HOW : Wrench for tightening, and petroleum jelly applied
manually.

WHY : Poor contact increases electrical resistance, leading to
heating and excessive energy loss. Jelly reduces corrosion of the
terminals and increases the cell lifetime.

36 : For lead-acid batteries, the battery will ideally undergo a full cycle before efficiency testing is done.
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4.4.8
(VRLA)
Equalisation

WHAT : Over-charge of batteries to remove sulphate deposits
from the electrodes.

HOW : Many inverters can apply the necessary voltages
through an equalisation setting, but the process must be
monitored closely to prevent damage.

WHY : Soft sulphation on electrodes of lead-acid plates has a
variety of negative impacts – both short-term and long-term.
Routine over-charge via the inverter, using a backup generator,
can improve performance.

4.4.9
(Li-ion)
Cleaning

WHAT : Removing debris, dust, etc. from cooling fans built into
the stack, and replacing soiled air filters. Check gas pressure in
case of HVAC.

HOW : Manually.
WHY : Clogging of fans and filters impedes air flow and allows
unwanted heating.

4.4.10
(Li-ion)
Fire System

WHAT : Checking that the gas pressure is within acceptable
limits, and that gas piping is unobstructed.

HOW : Visual inspection of the gas pressure gauge and nozzle
cleanliness.

WHY : Lithium-ion batteries are at risk of runaway heating, and
are placed under continuous monitoring by the built-in BMS.
The fire-fighting system must be fully operational to ensure
safe operation.
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4.5
Diesel
Generators
4.5.1
Runtime

Maintaining diesel
generators and recording
their output

WHAT : The time duration for which the generator is run each
time it switches on.

HOW : Manually noted by the ground team present at the
plant. More sophisticated systems may log the runtime
automatically.

WHY : Patterns of generator usage, as well as the intensity
of utilisation, may reveal costly sub-optimal deployment – for
example, when degraded batteries or clipped solar generation
lead to over-reliance on backup generators.

4.5.2
Generation

WHAT : The energy output by the generator each day.
HOW : Read from the meter on the generator, or tracked at the
inverter AC-in port.

WHY : Gives long-term view of daily battery demand, and
allows computation of fuel efficiency.

4.5.3
Fuel
Consumption

WHAT : Volume of fuel used by the generator.
HOW : Read from the generator fuel gauge on a daily basis, or
inferred from logs of fuel expenses.

WHY : Important for tracking variable opex, will mitigate fuel
pilferage, is necessary for quantifying fuel efficiency and its
drivers, and may help identify when servicing is required.

4.5.4
Starter
Battery
Voltage

WHAT : Assessing the condition of the battery used to start the
generator.

HOW : Measure the voltage across the battery terminals with
a multi-meter, and check this remains relatively stable when
battery is put under load.

WHY : The backup generator must be functional and
dispatchable at all times. Starter batteries self-discharge and
degrade when they lie idle for extended periods.
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4.5.5
Automatic
Start

WHAT : Confirming that the generator autostart system works
as expected.

HOW : A simple test is to shut the battery isolator during
daytime hours (when there is enough PV generation to meet
customer load), and observe the generator switch on. More
precise testing of generator autostart response to voltage or
SoC thresholds can also be planned.

WHY : Controlled supervised tests of backup systems will avert
interruptions during critical periods, or when plant personnel
are absent.

4.5.6
Oil
Change

WHAT : Measuring engine oil levels and topping up or
changing it as appropriate.

HOW : Measurement via the engine dipstick. Oil change should
be scheduled according to manufacturer advice (typically every
three months, or after a certain number of hours of runtime).

WHY : Mechanical motors and generators with moving parts
require lubrication to avoid excessive heating and to minimise
damage.

4.5.7
Servicing

WHAT : A thorough service / overhaul of the engine.
HOW : Carried out by a qualified engineer. Undertaken at a
pre-set time interval, or after a defined number of run-hours
since the last service, or when performance anomalies are
identified – whichever comes first.

WHY : Timely maintenance slows deterioration, reducing
life-time expenditures on replacing parts and emergency
interventions in case of sudden failure.

4.5.8
Cleaning

WHAT : Removing dirt, grease, etc. from the engine
compartment, especially from fans and ventilation windows.
Clean starter battery terminals and check for corrosion / apply
protective jelly.

HOW : Manually.
WHY : This will reduce heating, avoid clogging of internal
engine systems, and ensure the batteries have good highconductance contacts required to deliver starter currents.

66

Chapter 4 : Routine Monitoring

4.6
Distribution
Boxes
4.6.1
Ingress
Protection

Checking and recording
the state of junction and
distribution boxes

WHAT : Ensure that doors and windows on junction and
distribution boxes close securely and seals are tight.

HOW : Visual inspection.
WHY : Important for safety, and to minimise soiling and
moisture inside the box.

4.6.2
Cleaning

WHAT : Removing dirt, dust, etc. from the interior of junction
and distribution boxes, especially from ventilation windows.

HOW : Manually.
WHY : Help with ventilation and protecting electrical contacts,
while maintaining an orderly environment.

4.6.3
Thermal
Imaging

WHAT : Thermal images to measure operating temperatures
and identify hotspots.

HOW : IR camera (introduced in Item 4.2.5).
WHY : Pinpoints excessive heat dissipation from faulty or
stressed components.

4.6.4
Meters

WHAT : Meters in distribution boxes to be read regularly and
their values recorded.

HOW : In basic setups, readings will be taken from the human
interface. More advanced setups may feature automatic remote
monitoring.

WHY : Energy dispatched from the plant into distribution
feeders is typically measured at the AC distribution box; this is
critical for assessing plant and distribution network efficiencies,
and getting an overall picture of electricity demand. Even when
remote monitoring arrangements are in place, in-situ readings
can be useful for validating readings and filling any data lapses.
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4.7
Plant
Cabling
4.7.1
Thermal
Imaging

Checking plant cabling
on both DC and AC side

WHAT : Thermal images to measure operating temperatures,
and reveal any particularly high-temperature cable sections or
terminations.

HOW : IR camera (introduced in Item 4.2.5).
WHY : Pinpoints where poor connections, or degraded or
stressed wires are dissipating excessive heat. These will be more
liable to failure in the long run.

4.7.2
Terminations

WHAT : Tightening cable terminations and applying rust
protection.

HOW : Gently pulling on cables near the terminal point to
check for looseness. Use wrenches to tighten, and petroleum
jelly or similar to coat against rust.

WHY : Poor connections cause heating, power loss, and
untimely failure or cables, and also pose a safety risk. Particular
paid to the distribution boxes, where problems are most
frequent.

4.7.3
Stress

WHAT : Checking for twists and sharp bends, particularly at
terminations.

HOW : Visual inspection.
WHY : Such stresses may weaken cable insulation and increase
electrical resistance, leading to heating and loosening.

4.7.4
Insulation

WHAT : Checking for fraying, cracks, burning, or other wear in
cable insulation.

HOW : Visual inspection, insulation tester.
WHY : Compromised insulation poses a safety hazard, and is
sometimes indicative of incorrect cable type or gauge.
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4.7.5
Communications

WHAT : Ethernet and other communications cables (e.g.
those that connect inverters or dataloggers) to be securely
plugged in.

HOW : Visual inspection and light tugging.
WHY : Loose or damaged cables can go unnoticed; when the
connection ultimately breaks, it will interrupt data-feeds and/
or cause inverters to trip.

4.8
Earthing and
Protections
4.8.1
Earthing Rod
Resistance

Checking mini-grid
electrical safety

WHAT : Measure the resistance of DC and AC earthing rods.
HOW : Dedicated earthing clamp meter; note down all
readings, and service the earthing pits if the resistance
threshold37 is exceeded (see Item 4.8.2).

WHY : Earthing rods provide a conduit for currents from
lightning strikes or short circuits, preventing dangerous
potentials from building up. Low earthing resistance is
desirable.

4.8.2
Earthing
Pits

WHAT : Reduce the resistance of the earthing pit and maintain
its potential close to earth.

HOW : Add a mixture of charcoal powder, salt, and sand to
the earthing pit, to increase moisture retention and decrease
resistance.38

WHY : Same as Item 4.8.1.

37 : Ideally 1Ω for plant earthing an 5Ω
for the distribution network.
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4.8.3
Circuit
Breakers

WHAT : Checking that circuit breakers of all types installed in
distribution and junction boxes are working correctly.

HOW : Manual switching of breakers and recording with multimeter. The type and rating of breakers should be noted.

WHY : Personnel safety requires that breakers are effectively
isolating the relevant components and circuits.

4.8.4
Surge
Protectors

WHAT : Checking that surge protection devices (SPDs)
installed in distribution and junction boxes are installed and
functioning correctly.

HOW : Ideally by consulting logs of when protectors were
installed; otherwise the operator must visit every surge
protector.

WHY : Surge protectors are critical for equipment and
personnel safety, but have finite lifespan, and degrade after
power surges. SPDs typically indicate when they have failed,
and this must be checked.

4.8.5
Control
Room Safety
Equipment

WHAT : Check the availability and condition of gear such as
gloves, helmets, arc protection goggles, voltage detectors,
electric shock pull rod, first aid kit, and fire extinguishers.
Hazard signs must be visible.

HOW : Visual inspection.
WHY : Personnel working in the plant should have access to
basic protective equipment, and adequate signage is important
both for personnel and visitors. Fire extinguishers have a finite
lifespan and may need replacement.
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4.9
Plant
Conditions
4.9.1
Drainage

Monitoring ambient
conditions in and around
the plant

WHAT : Clearing of drainage ditches and underground
conduits.

HOW : Manually.
WHY : Waterlogging and flooding during heavy rain can
seriously impede plant operations, damage equipment, and
increase electrical hazards.

4.9.2
Ambient
Temperature

WHAT : Measurement of ambient temperature, both inside
and outside the control room.39

HOW : Thermometer reading at fixed time(s) of day at a
consistent location.

WHY : Performance of plant equipment is often negatively
impacted by high temperature. These measurements will help
to apply performance de-rating, and assess whether existing
ventilation is sufficient.

4.9.3
Structural
Corrosion

WHAT : Checking structures such as PV array frames, cable
conduits, and earthing rods for corrosion / oxidation; applying
protective coatings and replacing parts as necessary.

HOW : Visual inspection.
WHY : Corrosion weakens structures and creates breaches to
the elements. For earthed structures, corrosion may adversely
affect electrical conductance.40

39 : Outside measurements
give more accurate insight into
performance of the PV modules,
while inside measurements are better
for performance of control room
equipment.
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40 : Structures can be categorised
into standard corrosion classes (ISO
12944) during design stage, so that the
appropriate precautions are taken.
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4.10
Distribution
Network
4.10.1
Earthing

Maintaining the
distribution network
and customer
connections

WHAT : Measurement of AC earthing values throughout the
distribution network,41 and maintenance of earthing pits where
necessary.

HOW : See Items 4.8.1 and 4.8.2.
WHY : See Items 4.8.1 and 4.8.2.

4.10.2
Pole
Insulators

WHAT : Checking pole-mounted distribution insulators for
cracks or other damage, and replacement where necessary.

HOW : Close visual inspection, if possible combined with
insulation resistance measurement.42

WHY : Insulators block dangerous currents from passing
through distribution poles and other equipment.

4.10.3
Pole
Inclination

WHAT : Distribution poles should be fully upright, and that the
surrounding ground is firm.

HOW : Visual inspection, if possible combined with insulation
resistance measurement..

WHY : Subsiding soil, flooding, and high winds can cause poles
to lean over, straining cables and possibly toppling the pole.

41 : Standard practice is to earth every
pole.
42 : For calculating the insulation
resistance, it will be necessary to
disconnect all customers from the
distribution network. The feasibility of
this will have to be explored.
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4.10.4
Stay
Tension

WHAT : Checking that stays on distribution poles are taut, and
tightening of ratchets if necessary.

HOW : Visual inspection.
WHY : Loose stays will be unable to keep poles upright, leading
to pole tilt and possibly breaking live conductors.

4.10.5
Encroachment

WHAT : Clearing any accumulated material around poles,
including birds’ nests on the cross beams and vegetation on
stays.

HOW : Manual or with standard field tools.
WHY : Such material impedes drainage, leading to rusting, and
it can potentially cause dangerous short circuiting. Easy access
for technicians must be maintained.

4.10.6
Cable Sag

WHAT : Measuring the height of cables as they sag between
distribution poles, and adjusting cable length / tension where
necessary.

HOW : Horizontal distance and measurement of angle
from horizontal (using e.g. a theodolite), along with simple
trigonometry.

WHY : Government regulations will stipulate minimum
clearance for cables, both parallel and transverse to roads.

4.10.7
Cable
Insulation

WHAT : Checking distribution cable cladding for signs of
fraying or scorching, and replacing worn segments. Particular
attention should be paid to terminals at poles.

HOW : Visual inspection, if possible combined with insulation
resistance measurement.

WHY : Inadequate insulation increases risk of fire and electric
shock.
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4.10.8
Customer
Cabling

WHAT : Checking wires from poles to customer connection
point for wear, twisting, and looseness. Replacing any
compromised segments.

HOW : Close visual inspection.
WHY : In addition to controlling fire and shock risks, this is
an opportunity to ensure no unauthorised wires have been
attached to the distribution network.

4.10.9
Customer
Electrical
Protections

WHAT : Checking that circuit breakers, surge protectors, and
earthing installed at or near the customer end are working
correctly and replacing them if there is any doubt.

HOW : Manual switching of breakers and verifying supply
interruption; measurement of AC earthing values and verifying
they are below the required threshold;43 routine replacement of
surge protectors.

WHY : Customer safety—as well as that of customers’
appliances—is paramount.

4.11
Monitoring
Schedule
Implementation of routine
monitoring with a template
schedule
Plant personnel who have
received training for the
activities outlined in this
Chapter will have to implement
them according to a predefined schedule. Table 3
itemises the activities, along
with the required frequency of
execution.

Table 3 also indicates which
activities can be automated
through remote monitoring.
Taking steps to facilitate
routine data gathering and
equipment check-up both
reduces operational burdens on
field personnel, and improves
the accuracy of data used
for decision-making. Further
discussion can be found in
Section 5.2.

for the “Frequency” column,
and new columns included for
indicating task completion,
measured values, and
miscellaneous comments from
personnel.

Ideally this table will be
adapted and displayed in the
plant control cabin as a helpful
reminder to plant personnel.
Explicit dates of activity
execution can be substituted

43 : Ideally 1Ω for plant earthing an 5Ω
for the distribution network.
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TABLE 3 : List of local monitoring activities, with execution frequency and potential for remote monitoring.
COMPONENT

PV Modules
(Section 4.2)

MPPTs and
Inverters
(Section 4.3)

Batteries
(Section 4.4)

ACTIVITY

REMOTE 45

Cleaning

Every three days

NO

Shading

Every three months

NO

Mounting

Once a year

NO

Damage

Once a year

NO

Thermal imaging

Once a year

NO

I-V curve

Once a year

NO

String voltage

Once a month

NO

Cabling

Every six months

NO

MPPT generation

Every day

YES

Thermal imaging

Every three months

NO

Cleaning

Every three months

NO

Inverter set-points

Once a month

YES

Cell voltage

Every three months

YES

Bank voltage

Every three months

YES

Cycling

Every three months

YES

Efficiency

Every three months

YES

Capacity

Every three months

YES

Thermal imaging

Every three months

NO

Cell terminals

Every three months

NO46

Equalisation

Every three months

NO

Cleaning

Every six months

NO

Fire system

Every three months

NO

44 : Typical values to be adapted to local
conditions. For example, panel cleaning
may be required more frequently in
windy or dusty areas.
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INTERVAL 44

45 : For a reasonably sophisticated
mini-grid set-up, e.g. with a battery
management system installed.

46 : Battery management systems
can continuously record cell-wise
temperatures, which largely obviates the
need for thermal imaging.

75

Diesel Generator
(Section 4.5)

Distribution
Boxes
(Section 4.6)

Plant Cabling
(Section 4.7)

Earthing and
Protections
(Section 4.8)
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Runtime

Once a day

YES

Generation

Once a day

YES

Fuel consumption

Once a day

YES

Starter battery

Once a month

NO

Automatic start

Once a month

YES

Oil change

Every three months

NO

Servicing

Every three months

NO

Cleaning

Once a month

NO

Ingress protection

Every three months

NO

Cleaning

Every three months

NO

Thermal imaging

Every three months

NO

Meters

Once a day

YES

Thermal imaging

Every three months

NO

Terminations

Once a day

NO

Stress

Every three months

NO

Insulation

Once a year

NO

Communications

Once a month

NO

Earthing resistance

Every three months

NO

Earthing pits

Once a year

NO

Circuit breakers

Every three months

NO

Surge protectors

Every three months

NO

Surge protectors

Every three months

NO
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Plant Conditions
(Section 4.9)

Distribution
Network
(Section 4.10)

Drainage

Once a year

NO

Ambient
temperature

Once a day

YES

Structural corrosion

Every six months

NO

Earthing

Every six months

NO

Pole insulators

Every six months

NO

Pole inclination

Every six months

NO

Stay tension

Every six months

NO

Encroachment

Every three months

NO

Cable sag

Once a month

NO

Cable insulation

Every three months

NO

Customer cabling

Once a month

NO

Customer protection

Every six months

NO

Chapter 5 : Remote Technical Assessment

77

78

Chapter 5 : Remote Technical Assessment

5

Remote Technical
Assessment
LONG-TERM HIGH-LEVEL METRICS TO BE
TRACKED BY PLANT MANAGEMENT
5.1

Tracking Technical Indicators
Honed metrics which give succinct and impact insights
into plant performance						80

5.2

Remote Monitoring
Streamlining data acquisition from disparate sources

5.3

Solar Generation
Tracking performance of solar generation assets		

5.4

89

Plant
Tracking and comparing overall plant performance		

5.8

87

Diesel Generators
Tracking performance and costs of backup generators

5.7

84

Inverters
Tracking and comparing inverter losses			

5.6

82

Batteries
Tracking and comparing performance of battery banks

5.5

81

91

Distribution Network
Tracking losses in the distribution network			
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Remote Technical
Assessment
5.1
Technical
Performance
Indicators
Honed metrics which
give succinct and impact
insights into plant
performance
This Chapter outlines
indicators that can be routinely
calculated for all plants in
a mini-grid portfolio. These
indicators are intended to
provide mini-grid managers
a high-level sweep of their
plants’ performance on
medium to long time-scales,

and give them early warning
of any deterioration that may
require follow-up investigation.
Performance indicators fall into
two loose categories:
•

•

Indicators which track the
measured performance
of different pieces of
equipment.
Indicators which concern
the equipment operating
conditions which influence
performance.

For maximum usability
and flexibility, performance
indicators should be chosen or
designed in alignment with the
criteria highlighted in Table 4.

The sections that follow
include some visualisations of
performance indicators. When
applied to real data, these will
aid interpretation and paint
a more compelling picture
than simply looking at raw
numbers.47 A more exhaustive
listing of indicators is provided
in Appendix B.
As seen previously, Sections
in this Chapter address plant
components in turn. Items
within each Section describe
a particular performance
indicator, as well as how to
calculate it, and what insight
it can provide about the
functioning of the plant.

TABLE 4 : Desirable characteristics for technical performance indicators.

Feasible
Reliable
Clear
Benchmarked
Generic
Actionable

Data for computing the indicator must be readily available, either
from remote sening technology, or on-ground personnel
Data for computing the indicator must be trustworthy, with
minimal errors
The indicator should be able to economically and impactfully convey information
to non-technical management personnel
The indicator can be compared with pre-defined performance benchmarks
Indicator must be meaningfully applicable to, and comparable
between, different mini-grid plants
Identified underperformance will prompt follow-up investigation / intervention
according to unambiguous guidelines

47 : Naturally, there will be many alternative ways to visualise
data, and these are merely illustrations.
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5.2
Remote
Monitoring

Out-of-plant monitoring using
various types of smart meters;
In-plant monitoring using
various types of datalogger
systems.
Energy Management
Systems (EMSs) are an
important example of the
latter: indeed, they not only
perform in-plant monitoring,
but can also control and
optimise the operation of a
mini-grid plant in response to
available data. Functionalities
of an integrated EMS are
captured in Figure 16.

Streamlining data
acquisition from disparate
sources using energy
management systems
Technical indicators must
be routinely calculated from
data-points collected on-site:
for example, from the plant
components listed in Table 5.
Rudimentary setups may
require local technicians
to make readings manually
and send them on a daily
basis to head office. But,
as already indicated by
Section 4.11 above, the
data-gathering process
can be automated
and improved in two ways:

Streamlining the collection
of data into one centralised
database allows for
automated processing, alert
generation (possibly in real
time), and visualisation of
the performance indicators
discussed in this Chapter. This
vastly improves the utility and
impact of data, and facilitates
understanding of plant
performance and diagnosis
of possible issues. Such tools
are becoming increasingly
available, user-friendly, and
sophisticated: in the near future
likely to become standard for
the mini-grid sector.

TABLE 5 : Major sources of data for calculating performance indicators.

IN-PLANT
- MPPTs
- Inverters
- Battery management
system
- Thermometers

OUT-OF-PLANT
- Generator
usage logs
- Distribution box
totaliser meters
- Irradiance meter

- Customer energy
meters

FIGURE 16 : Energy management system (EMS) monitoring and control processes.
STEP 1

STEP 2

STEP 3

Gather detailed
plant data
» Sampled at high time resolution
» Collected from multiple sources
around the plant
» E.g. from voltage and irradiance
sensors

Synthesise data from
multiple sources
» Multiple third-party solutions
may be combined
» E.g. smart meters on
every customer connection
irradiance sensors

Data checks and
alerts
» Check for equipment
malfunctions
» Notifications when technical
intervention required

STEP 6

STEP 5

STEP 4

Wireless data transmission
to centralised servers
» For storage, synthesis,
analysis of performance
indicators, etc.
» Uses mobile phone network

Control individual
equipment behaviour
» Switching equipment
operational modes
» Modification of programmed
operating parameters

Calculate optimum use
of plant assets
» Based on current state and
projected future conditions
» Using pre-programmed or
adaptive algorithms

STEP 7

STEP 8

Local data backup
» In case of transmission failure
» And for continued analysis
by EMS algorithms

Respond to commands
from plant operators
» Remote controlled human
intervention
» E.g. to manually switch
equipment on or off
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5.3
Solar
Generation
5.3.1
Solar Share of
Generation

Tracking performance of
solar generation assets

WHAT : The percentage of total generation which comes from
solar.

HOW : Data required are the total daily energy units generated
from solar (read from MPPTs), and from backup sources (read
from the diesel generator meter).
Daily Units Generated from Solar

Daily Units
Generated
from Solar

Daily Units Generated from all Sources

WHY : This quantifies the extent to which customer electricity
demand is fulfilled by solar energy, and indicates the plant’s
reliance on costly backup generators.

FIGURE 17 : Monthly solar generation as a percentage of total generation
for a single plant over a year.
100

Solar Share (%)

Two visualisations of this
quantity are shown, using
dummy data for illustration.
Figure 17 shows how the solar
share of generation varies for
a single plant over the course
of a year – tracking shifts in
demand and supply availability.
Figure 18 demonstrates how a
small portfolio of plants can be
directly compared to identify
which plants are reliant on
diesel.
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FIGURE 18 : Annual averaged solar share of generation for all plants in a portfolio.
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5.3.2
Yield

WHAT : Solar units generated per kW of installed PV
generation capacity.

HOW : Data required are the total daily units from solar
(read from MPPTs),48 and the rated PV generation capacity.
Calculation is simple division and averaging:
Daily Units Generated from Solar

Solar
Yield

Plant PV Generation Capacity

WHY : This is a standard metric of solar panel performance.
By comparing the yield against appropriate benchmarks,49
we can determine to what extent the plant’s solar potential is
utilised. Furthermore, in combination with the solar share of
generation and the performance ratio (Items 5.3.1 and 5.3.3),
the yield provides insight into environmental and demand-side
bottlenecks to plant utilisation.

FIGURE 19 : Average solar yield for all arrays at a particular plant,
best performer first.

Array-wise Solar Yield
4.0
3.6

Solar Yield (%)

Yield is plotted in Figure 19 for
a single plant with multiple
arrays of solar panels. Yield is
seen to be seasonal, depending
on available solar energy and
customer demand. In this
example, one array is seen to
consistently underperform.
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2.8
2.4
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1.6
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Yield May

4

8

7

Yield November
For illustration

48 : In fact, solar yield may be defined
per day, per month, or per year.
49 : Benchmarks should account for
the plant’s geographical location
and typical weather conditions. It is

critical to note that solar yield depends
heavily on customer demand, and to a
lesser extent on plant efficiency also: it
cannot be taken as a purely technical
diagnostic.
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5.3.3
Performance
Ratio

WHAT : Solar units generated per unit of energy available from
sunlight.

HOW : Data required are the total daily units from solar (read
from MPPTs), and the daily irradiation (calculated from an
irradiance meter at the plant). Calculation is simple division and
averaging:
Solar
Performance
Ratio

Daily Units Generated from Solar
Daily Irradiation

Solar Capacity

WHY : This is a standard metric, which gives tells us the
solar units which were available but not generated due to
inadequate load or battery capacity, or possible technical issues.
In combination with the solar share of generation and the yield
(Items 5.3.1 and 5.3.2), it provides insight into environmental and
demand-side bottlenecks in solar generation.

5.4
Batteries
5.4.1
Energy
Capacity

Tracking and comparing
performance of battery
banks

WHAT : The total capacity of the battery to store separated
charge (Ah),50 and electro-chemical potential energy (kWh).

HOW : Opportunistic leveraging of long, slow, steady discharge
periods to estimate SoC at different instants in time, and
continuous measurement of power flows in intervening period
to interpolate between these calibrated points.

WHY : Energy capacity is a key parameter which characterises
the battery’s adequacy and rate of deterioration.
Battery energy capacity is plotted below in Figure 21.

50 : This quantity may also be referred
to as the State of Health (SoH), which is
defined as
State of
Health

Present Capacity
Rated Capacity

and is commonly expressed as a percentage.
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51 : For batteries equipped with a battery management system capable of
accurately tracking SoC (see Footnote
52), an alternative calculation method
which does not rely on aggregation will
be possible. However, efficiency varies
slowly and does not need to be tracked
on a daily basis, so the method given
here will usually suffice.

52 : Many battery management systems
also report SoC at fine time resolution.
However, computation methods are
often ambiguous, and demonstrably
error-prone, so independent verification
is desirable.
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5.4.2
Energy
Efficiency

WHAT : The percentage of energy input into the battery which
can be recovered as energy output to serve customer demand.

HOW : Maintain a running tally of energy input and output,
aggregated over an appropriate time window (at least three
weeks, depending on usage pattern).51
Units out of Battery
Units into Battery

WHY : Low-efficiency batteries waste energy that could be
used to serve customers. They dissipate energy and heat
up the battery bank and the control room, which degrades
performance of all equipment. Tracking this parameter also
provides insight into battery deterioration.

5.4.3
State of
Charge

WHAT : The time-averaged charge level of the battery during
normal operation. Expressed as a percentage of the total
battery capacity. Also called SoC.

HOW : Opportunistic leveraging of long, slow, steady discharge
periods to fix SoC at various points according to manufacturer’s
documentation; extrapolation from these points can be done
by continuous measurement of current flows.52

WHY : Batteries’ internal structure degrades quickly and
irreversibly when their SoC diminishes past a certain point. Note
that common methods for tracking SoC are error-prone.

FIGURE 20 : Daily average state of charge versus date for batteries at a
single site. One month of data shown.
100

90

Daily SoC (%)

The average SoC is plotted for
two battery banks on a daily
basis in Figure 20. There we see
that the SoC dips significantly
below the desired minimum
level for extended periods of
time. By eye, we also notice
that battery #2’s SoC tends
to be lower than battery #1’s,
which could suggest either
a calibration error in the SoC
estimation algorithm, a drift in
the battery voltage sensor, or
a real mismatch in the banks’
terminal voltages.
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5.4.4
Adequacy

WHAT : The proportion of average overnight demand which
can theoretically be served by the existing battery system.53
Expressed as a percentage, and can be greater or less than
100%.

HOW : Divide by the energy capacity computed in Item 5.4.1 by
a running average of the night-time demand in an appropriate
time-window.
Present Energy Capacity

Battery
Adequacy

Night- time Energy Demand

WHY : Batteries which have degraded will become incapable
of meeting demand, requiring reliance on costly backup
generators.

FIGURE 21 : Upper panel – battery capacity and demand for a single plant
plotted over a year; Lower panel – battery adequacy.

Energy (kWh)

Battery Adequacy Over a Year

Adequacy (%)

Figure 21 shows how adequacy
may drop below 100% as
demand fluctuates throughout
the year and the battery
capacity gradually deteriorates.
For this plant, even in the bestcase scenario, the backup
generator will come into the
picture to satisfy customer load.
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5.4.5
Current
Distribution

WHAT : Record of the instantaneous current flowing into and
out of each battery bank.

HOW : Continuous readings of current through battery bank
terminals fed into a histogram.

WHY : Current entering or exiting batteries must not exceed
certain thresholds, lest they damage the battery and void the
manufacturer’s warranty.

53 : Overnight demand is taken to
mean demand outside of solar hours,
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where PV modules will be generating
zero or negligible power.
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5.5
Inverters
5.5.1
DC-AC
Efficiency

Tracking and comparing
inverter losses

WHAT : Efficiency of converting DC power from MPPTs and
battery into AC power for feeder dispatch.54

HOW : Average quotient of power out of AC terminal over
power in to DC terminal.
DC Power into Inverter
AC power out of Inverter

WHY : Inversion is a major contributor to overall energy
losses, so equipment must be working optimally and as per
manufacturer specification.

TABLE 6 : Average efficiency for each
inverter in a portfolio of
plants, shaded according
to performance.

Plant
Name

Inverter
#

DC-AC
Efficiency

1

Plant B

4

89.3%

2

Plant C

2

88.5%
86.9%

3

Plant C

1

4

Plant D

2

86.3%

5

Plant B

4

86.0%

…

…

…

…

12

Plant A

4

80.8%

13

Plant A

3

79.6%

14

Plant B

1

79.2%

15

Plant A

2

76.1%

16

Plant C

3

74.7%
For illustration

5.5.2
AC-DC
Efficiency

Table 6 shows how an entire
portfolio of inverters can be
ranked according to average
efficiency; this allows managers
to quickly identify individual
inverters which consistently
underperform compared with
the average (or alternatively,
compared with a benchmark
calculated based on each
inverter’s model, age, and load
profile).

WHAT : Efficiency of converting AC power from backup
generators into DC power for battery charging.

HOW : Average quotient of power in to AC terminal over power
out of DC terminal, while generator is running.
AC power out of Inverter
DC Power into Inverter

WHY : Rectification of AC power introduces losses, which
increases fuel costs.

54 : A reminder: we are assuming the
DC bus architecture shown in Figure
8. Systems with separate circuits for

PV and battery inversion will require
separate efficiency calculations for
each circuit.
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5.5.3
Power
Distribution

WHAT : Histogram of the instantaneous power flowing into the
inverter.

HOW : Inverter continually records voltage and current of its
AC-out terminal.

WHY : Power must not exceed certain thresholds, lest it
damages the inverter and/or voids the manufacturer's warranty.

FIGURE 22 : Power as a function of time (five-minute intervals) for each inverter
at a single site.
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Figure 22 and Figure 23
illustrate how inverter data,
recorded at high timeresolution, can be visualised to
assess equipment operating
conditions. Figure 22 simply
plots the output power of each
inverter as a function of time,
showing fluctuations in the
load curve, and hinting that
one inverter is consistently
underloaded compared with
the others. Figure 23 follows
the performance indicator
described in Item 5.5.3, showing
histograms of the power
distribution for each inverter,
with the maximum rated power
output indicated.

Inverter 4
For illustration

FIGURE 23 : Power distribution for each inverter at a single site, with threshold
marked.
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5.6
Diesel
Generators
5.6.1
Generation

Tracking performance
and costs of backup
generators

WHAT : Units generated by the backup generator each day.
HOW : A meter attached to the generator tracks cumulative
energy.

WHY : Important for analysis of generator cost and efficiency,
and provides insight into the adequacy of batteries / solar
panels for serving demand.

5.6.2
Runtime

WHAT : The time for which the generator runs each day.
HOW : Sensor attached to the inverter’s AC-in terminal feeds
into a datalogger which calculates cumulative runtime. A meter
attached to the generator can perform the same role.

WHY : Important for analysis of generator cost and efficiency
(see Item 5.6.3), and provides insight into the adequacy of
batteries / solar panels for serving demand.

5.6.3
Utilisation

WHAT : The average load served by the generator on a daily
basis, as a percentage of the maximum rated output.

HOW : Voltage and current sensors at the inverter’s ACin terminal records generator power output at fine time
resolution.
Generator
Load
Utilisation

Generator Power Output
Generator Rated Power

WHY : Gives clean insight into whether the generator is being
used optimally, or is being run for frivolously low loads.
See Figure 24 below.

Chapter 5 : Remote Technical Assessment

89

5.6.4
Fuel
Efficiency

WHAT : The energy generated per unit of fuel consumed.
HOW : Calculated from a combination of generator fuel gauge
records55 and cumulative energy generated in the appropriate
time-frame (measured at inverter’s AC-in terminal).
Generator Units Dispatched
Fuel Consumed

WHY : In comparison with the load utilisation (Item 5.6.3),
reveals whether machinery is operating smoothly, and
highlights possible fuel pilferage.

FIGURE 24 : Upper graph – daily generator utilisation; Lower graph – scatter plot
of the fuel efficiency against utilisation, with one point per day.

Generator Usage
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Fuel efficiency and utilisation
(Items 5.6.3 and 5.6.4) are
plotted for a month in Figure
24. The first plot shows where
utilisation is falling short of
the target, while the second
shows how utilisation impacts
efficiency. One outlier point is
suggestive of a data error or
fuel theft.
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55 : In cases where the diesel generator
does not have a fuel gauge, fuel consumption will have to be inferred from
purchase receipts.
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5.7
Plant
5.7.1
Plant
Efficiency

Tracking and comparing
overall plant performance

WHAT : The overall in-plant efficiency of the solar power
dispatch pipeline (including battery storage).56

HOW : Total “useful” solar generation can be calculated as the
energy which goes to serve load plus the recoverable energy
used to charge the battery.57 We calculate the plant efficiency
by dividing this useful solar generation by the total solar
generation.
Solar Units Dispatched

Solar Units into Battery
Solar Units into Battery

Solar Units Generated

WHY : Provides a high-level overview of the plant efficiency,
easily comparable between plants. Necessary for estimating
plant auxiliary losses.

FIGURE 25 : Average system efficiency for all plants in a dummy portfolio
Sorted in descending order of performance, with benchmarks
indicated

Total System Efﬁciency

95

Efﬁciency (%)

Figure 25 represents the
system efficiency for some
portfolio of mini-grid plants.
Figure 26 illustrates a method
for comparing energy losses
from different components of a
single plant.
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For illustration

56 : Since we are looking at the solar
pipeline efficiency, periods where the
diesel backup generator is running
(to serve load or charge the battery or
both) must be eliminated from the
analysis. Remember, diesel generators
output AC electricity to the distribution
network, and do not incur the losses
associated with DC-DC and DC-AC
conversion. If we were to include diesel
units in our calculation, plants relying
to a greater extent on diesel to serve
demand would appear to be running
more efficiently overall.

FIGURE 26

57 : This can be a little subtle; the precise formula depends on which data are
available, and may only be capable of
providing an estimate.

:

Average contribution to overall energy losses from different
components at a single plant.

Contributions to Total Loss

12.1 %

Inverter (DC-AC)

16.1 %
PV

20.2 %

Distribution

9.7 %

Generator

7.3 %
BOS

2.4 %

Inverter (AC-DC)

32.3 %
Battery

For illustration
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5.7.2
Trips

WHAT : Number of power outages per day.58
HOW : Feeder-side probes recording at fine time resolution
register when output power drops to zero. Datalogger can
maintain a running total.

WHY : This gives a glimpse of the quality of service that
customers are receiving. Follow-up can hint at whether faulty
equipment on the plant- or customer-side is creating problems.

5.7.3
Downtime

WHAT : Cumulative duration of power outages per day,
expressed as a fraction of 24 hours.59

HOW : Feeder-side probes recording at fine time resolution
register the times at which output power is zero. Datalogger
can maintain a running total.

WHY : This gives a glimpse of the quality of service that
customers are receiving. Follow-up can hint at whether faulty
equipment on the plant- or customer-side is creating problems,
as well as the responsiveness of the plant technician.

FIGURE 27 : Monthly blackout statistics for all plants in a portfolio
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Figure 27 shows a cross-plant
comparison of the pattern of
trips, highlighting the worst
performers.

Downtime

Trips

For illustration

58 : It is easiest to measure this at the
plant dispatch point. However, smart
metering technologies permit calculation on an individual (or average)
customer basis. For a related concept,
refer to the System Average Interruption Frequency Index (SAIFI).
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59 : See Footnote 58. For a related
concept, refer to the System Average
Interruption Duration Index (SAIDI).
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5.8
Distribution
Network
5.8.1
Distribution
Efficiency

Tracking losses in the
distribution network

WHAT : The percentage of energy dispatched from the plant
which is consumed by (and billed to) customers.

HOW : Using daily logs of feeder energy dispatch, and
customer energy consumption.60
Units Consumed
Units Dispatched

WHY : Routine energy losses overburden generation assets
and limit sales. High losses point to technical faults or theft.

60 : This requires each customer to
be on a metered connection – use of
load limiters will make this calculation
increasingly inaccurate as penetration
grows. Moreover, the distribution
efficiency can be calculated only on
the same frequency as meter readings.
Simple meters must be read manually,

typically on a monthly basis, while
advanced and smart meters can be
read daily, hourly, or sub-hourly. Higher
time-resolution permits analysis of
distribution losses at different times of
day, which aids with identification of
theft.
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Technical Audit
Case Study

6.1
Plant
Overview

FIGURE 28 : Photo from Bheldi mini-grid plant.

Context and critical
parameters of the
mini-grid plant
Tara Urja’s mini-grid plant at
Bheldi village in Saran District,
Bihar was commissioned in
February 2015 as part of the
first wave of 20 mini-grids
constructed by Tara Urja.61
Initially built with 30 kWp solar
generation capacity, Bheldi
was later expanded to 37.5 kWp
in order to service increased
demand from the nearby
marketplace, where several
businesses such as a water
treatment unit and carpentry
shops had taken high-load
connections.

61 : This work was supported by the
Rockefeller Foundation's Smart Power
Program.
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TABLE 7 : Summary of Bheldi mini-grid plant specifications.
Name

Bheldi

Location

Saran, Bihar

Owner

Tara Urja

Operational

February 2015

Solar capacity

37.5 kWp

Inverter capacity

25 kVA

Generator capacity

25 kVA

Battery capacity

1000 Ah

Battery type

VRLA

Phase

Single

Service hours

24 h

Customers

82
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6.2
Technical
Challenges

6.3
Execution &
Reporting

Understanding the
need for a mini-grid
technical auditt

Conducting the audit
and generating the
assessment report

As demand ramped up in the
summer of 2019, and solar
generation started to fall due
to high temperatures, the
plant began to experience
an increasing number
of temporary black-outs.
These were an annoyance
to customers, and signalled
that plant components were
under high levels of stress,
leading to faults. Furthermore,
plant operators noticed an
increased level of costly diesel
consumption to substitute for
inadequate solar generation.

The technical audit took place
over three days in June 2019.
The audit team, provided
by Ampere Hour Energy,
consisted of two trained
engineers. Further assistance
was provided by the plant
technician and other field
personnel.

Given the age of the plant,
the relative inexperience of
Tara Urja when designing and
building it, and the ongoing
replacement of components,
it was suspected that a fresh
look at plant equipment
performance and integration
may identify some key
intervention areas which would
improve technical, and hence
business, performance.

96

The audit consisted of the
battery of tests described
in Chapter 3. Many of these
tests being of a time-sensitive
nature, they were conducted
according to a carefullyplanned schedule which also
ensured that plant technicians’
time was effectively utilised.

performance; Section 6.5
presents illustrative results
about different pieces of
equipment; and Section 6.6
details some recommended
corrective interventions.

6.4
Overall
Performance
Summary of findings
on major equipment
efficiencies
Table 8 presents a compact
summary of the plant
efficiencies discussed in
Sections 2.1-2.2. The priority
overview shows that the plant
is underperforming compared
to reasonable efficiency targets
(this is further illustrated in
Figure 34).

Information gathered during
the audit was used to create a
detailed report, touching upon
for each piece of equipment
as well as the overall plant
architecture and operations.
The following Section 6.4
gives an overview of observed
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TABLE 8 : Plant efficiencies detailed in Table 2, filled with data from the Bheldi case study.

ENERGY LOSS CAUSE

DESCRIPTION

PREDICTED
EFFICIENCY
(from
equipment
ratings and age)

Solar panel efficiency
degradation

Conversion of sunlight to electrical
power

96%

68%

MPPT DC-DC conversion

Power-point optimisation
inefficiency

95%

90%

Battery storage efficiency

Stored energy portion incurs
charging losses

85%

91%

Inverter DC-AC conversion

Conversion of DC to AC power

92%

86%

Plant auxiliary losses

Dissipation in plant cabling and
electronics

95%

94%

Distribution loss

Resistance in distribution network
cables

90%

86%

Backup generator
utilisation

Low load  inefficient fuel
consumption

55%

55%

6.5
Key
Findings

A selection of observations
from the audit assessment
report

OBSERVED
EFFICIENCY
(from actual
measurements)

highlights one major finding
from the technical audit report.
Supporting information—
figures and tables—follows.

For each major piece of plant
equipment at Bheldi, Table 9

TABLE 9 : Selection of key findings about Bheldi plant equipment study.

EQUIPMENT

ANALYSIS

FINDING

REFER

PV module

Module degradation

Majority of modules significantly degraded
(average 32%) compared to benchmark (4%)

Item 3.3.5
Figure 29

Array junction
box

Thermal imaging

Temperatures on average 25°C higher than
recommended operating temperature

Item 3.4.5
Figure 30

MPPT

Efficiency

MPPT efficiency is up to 25 percentage
points below manufacturer rating

Item 3.5.2
Table 10

Battery

Cell voltage

One cell in bank found with open-circuit
voltage 10% lower than average

Item 3.6.5
–

Inverter

Current distribution

Inverters subjected to surges in current
which exceed design limits by 2x

Item 3.7.4
Figure 31

Generator

Fuel efficiency

80% variability in energy generated per unit
of runtime

Item 3.8.4
Figure 32

Distribution

Electrical protections

Poorly installed switches on customer side
present safety hazard.

Item 3.11.10
Figure 33
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FIGURE 29 : Degradation of each PV module at Bheldi, compared to benchmark.
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FIGURE 30 : Array junction box at Bheldi showing very high temperature.

TABLE 10 : Average DC-DC efficiencies for all MPPTs at Bheldi, with good and poor
performers highlighted.
MPPT #
1
2
3
Efficiency (%) 90.4 92.9 98.0

98

4
5
6
96.8 91.2 89.7

7
8
72.3 93.4

9
10
79.0 91.4

Chapter 6 : Technical Audit Case Study

FIGURE 31 : Inverter output power over 24 hours, showing plant trips and transient surges.
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FIGURE 32 : Generator daily run-time and energy output; shows that some days have better utilisation than others.
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FIGURE 33 : Precariously installed customer-side power switches offer no
protections and present safety risks
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6.6
Recommendations
A selection of recommendations from the audit
assessment report
As in Section 6.5, for each major piece of plant equipment
Table 11 highlights one major recommendation for
improving equipment performance. The predicted
efficiency impact of implementing all recommendations is
shown in Figure 34.
TABLE 11 : Selection of key recommendations for improving Bheldi technical performance

EQUIPMENT

RECOMMENDATION

RATIONALE

IMPLEMENTATION

PREDICTION

PV module

Ensure each array
is composed of
modules of similar
performance

Degraded
modules should
not undermine
well-performing
neighbours.

New module layout
provided1; rearrangement can be
completed in one day

6% increase in
plant power
output

Array
junction box

Terminate cables
properly and
straighten bends

Poor connections
and bending
increases heat
generation

Cable replacement
easy to do with
minimal plant
disruption

Temperature
reduction
of 20°C will
increase life by 3
years

MPPT

Zig-zag wall
mounting of MPPTs

Improves ventilation
and access

Straightforward
re-arrangement
with minimal plant
disruption

An extra 2-3
potential units
per day

Battery

Equalisation, using
backup generator to
charge at 56V

Electrode
sulphation reduces
energy capacity and
charge rate

Inverters capable of
equalisation, which is
a monthly supervised
activity

Battery life
boosted by 5%,
plus improved
capacity and
efficiency

Inverter

Isolate the inverters
to protect them
from sudden current
surges

Surges stress
inverter power
bridges, reducing
lifetime

Low-cost isolation
transformer installed
between inverter
output and feeder
system

Almost 100%
savings on
time/cost of
power bridge
replacement

Diesel
Generator

Increase battery
capacity to accept full
generator power

DG is frequently run
at low load, wasting
fuel and money

Expansion to two
battery banks

Fuel savings
potentially 150
units per month

Distribution
Network

Install a reactive
power compensation
device to improve
power quality along
the transmission line

Inductive
machinery like
motors and welding
machines cause
erratic voltage and
power factor

The cost would be
around INR 2.5 lakh
for the entire site

It is feasible
to reduce
transmission
losses by 7%
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FIGURE 34 : Daily solar units available for Bheldi mini-grid plant at each stage of transmission.
Benchmark values are compared with observed equipment performance, as well as those predicted after
intervention.
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62 : Assuming available modules are
used. However, the modules were
still under warranty, so it was advised
to arrange replacement from the
manufacturer.
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Appendices
A
Monitoring
Equipment
List of equipment required
for testing and monitoring
activities
Recording necessary
information about plant
components requires a
variety of specialised
equipment, along with
the expertise to use it and
interpret the results.
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TABLE 12 : Equipment used in the technical audit.
EQUIPMENT

DESCRIPTION

Clamp-on
multi-meter

Vital multi-purpose tool, measures voltages and currents for
both DC and AC equipment. Clamp-on functionality avoids
disconnection of power flow.

AC CT
sensors

Continuously reads AC voltage and current to a datalogger.
Attached to exterior cabling.

DC CT
sensors

Continuously reads DC voltage and current to a datalogger.
Attached to exterior cabling.

Power
analyser

Records detailed power characteristics at high time-resolution,
including active and reactive components, ripple currents, AC
harmonics from non-linear ballasts, and demand surges.

Thermal
camera

Captures infra-red images to measure equipment temperature
field. Identifies point of highest temperature. Simultaneously
takes an optical photograph for comparison.

PV module
I-V curve
tester

Connected across a PV module’s terminals to probe the
relationship between current and voltage output. Records
temperature and irradiance and automatically calibrates to
standard conditions.

DC resistance
meter

Connected across battery cell terminals to measure the
internal resistance of the cell at high resolution.

Insulation
tester

An insulation tester, or a simpler megohmmeter, creates a high
voltage across a wire; any leakage indicates the insulation has
been compromised.

Earth tester

Measures the impedance—both DC and AC—of earthing rods
and associated cabling. Clamp-on for ease of use.

RTDs

Resistance temperature detectors are solid-state sensors
which continuously read temperature to a datalogger. Affixed
to outside of equipment.

Irradiation
sensor

Sensor continuously reads irradiance to a datalogger through
connecting wires. Mounted outside at same orientation and
inclination as solar arrays.

Datalogger
and
controllers

Read and structure high-frequency data from external probes.
Inputs to computer for tabulation and analysis.

Distances
and angles

Measuring tape for distances. Smartphone app or a spirit level
for local angles, and a theodolite for angles to distant objects.

Dummy loads

For artificially increasing load on the plant, or performing
controlled battery discharges. Both DC and AC appliances are
needed.

Solar
modelling
software

Multi-purpose solar installation software such as PVsyst
includes detailed month-on-month output predictions based
on location, load, and equipment used.
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here for every plant, as they
depend on the equipment
and sensors available (and in
some cases the architecture of
the plant 63). Conversely some
indicators in the table can
in principle be derived from
others (if available).

B
Performance
Indicators
Table
Expanded list of technical
indicators
Chapter 5 introduced and
detailed key performance
indicators to monitor for
each plant. That list can be
significantly expanded to
encompass a wider range of
more granular indicators,
which give insight into
performance as well as into
the factors that drive
performance. These are
presented in Table 13.
Notes:
• It will not be possible to
track all the indicators listed

• The aim is for these indicators
to be automatically calculated
on a daily basis, with the result
stored in a database for future
analysis.

• Where disaggregated data
exists, the indicator should
be calculated at the highest
resolution possible. For
instance, MPPT efficiency
can be calculated for each
MPPT individually, as well as
the MPPT system as a whole.
This will allow comparison
of different pieces of
equipment and better
pinpointing of faults.

• Analysis of data at even
shorter time intervals—for
example, the load curve of
a plant plotted every
15 minutes for 24 hours—will
also be useful, but these are
not included here.
• A site equipped with smart
customer meters may be able
to do more extensive analysis
at the consumption side, but
this is not included here.

TABLE 13 : Listing of plant technical indicators, sectioned by plant component.
COMPONENT

Solar

Array

VARIABLE
Irradiation

kWh/m2/day

Solar energy per unit area in a given time interval

kWh

Total solar energy falling on the PV arrays

64

Irradiance Max

W/m2

Maximum recorded irradiance for that day

Irradiance Fluctuation65

W/m2

Variability of irradiance

Array Units

kWh

Units generated from each array

Array Power Max

kW

Maximum recorded power from each array

Array Power Fluctuation

kW

Variability of power from each array

Array Yield

None

Units generated divided by array capacity

Array Performance Ratio

%

Units generated divided by units available

%

Units generated from solar divided by potential
units considering local peak sun hours

MPPT Output Units

kWh

Units from each MPPT

MPPT Efficiency

%

DC-DC efficiency of each MPPT output

63 : For example, some indicators may
be inappropriate, and others may be
missing, for plants using an AC bus,
or those with containerised inverter
systems with an internal bus.
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DESCRIPTION

Radiant Energy

Solar Utilisation
MPPT

UNIT

64 : Irradiation may be defined per day,
month, or year.
65 : There are several such “fluctuation”
indicators included in this table. While
there is as yet no standard formula
or procedure for calculating them,

there are a couple of obvious options;
these will yield a result which is either
dimensionless, or has the same units
as the parent variable. For the purposes
of this table, the latter option has been
selected.
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DG Units

kWh

DG Power Max

kW

Max power from DG

DG Power Fluctuation

kW

Variability of power from DG

Diesel

DG Frequency Fluctuation

Hz

Variability of frequency from DG

generator

DG Runtime

Hours

Duration of DG being on

DG Load Utilisation

%

Proportion of max capacity generated

DG Fuel Consumption

Litres

Volume of fuel consumed

DG Fuel Efficiency

kWh / l

Energy generated per unit of fuel consumed

Total Generation

kWh

Combined generation from all sources

Solar Share of Generation

%

Percentage of generation from solar

Battery Units In

kWh

Units in to charge each battery

Battery Units Out

kWh

Units out of each battery

Battery Current In Avg

A

Average charging current for each battery

Battery Current Out Avg

A

Average discharging current for each battery

Battery Current In Max

A

Maximum charging current for each battery

Battery Current Out Max

A

Maximum discharging current

Battery Power In Avg

kW

Average charging power for each battery

Battery Power Out Avg

kW

Average discharging power for each battery

Battery Power In Max

kW

Maximum charging power for each battery

Battery Power Out Max

kW

Maximum discharging power for each battery

Battery Power In Fluctuation

kW

Variability of charge power

Battery Power Out Fluctuation

kW

Variability of discharge power

Battery Voltage Fluctuation
Events

Integer

Number of "large" drops in battery voltage

Battery Efficiency

%

Average (windowed) round-trip efficiency

Battery State of Charge

%

Average SoC for each battery

Battery Capacity Retention

%

Share of original energy capacity still available

Battery Overcurrent In

Ah

Charge at rate exceeding threshold

Battery Overcurrent Out

Ah

Discharge at rate exceeding threshold

Battery Cycles

Integer

Cumulative number of cycles (incl. partial)

DC Bus Efficiency

%

Average power throughput efficiency

Inverter Input Units

kWh

Units DC into each inverter

Inverter Input Power Max

kW

Maximum DC power into each inverter

Inverter Input Power Fluctuation

kW

Variability of power into inverter system

Inverter Output Units

kWh

Units AC output by each inverter

Inverter Output Power Max

kW

Maximum AC power out of each inverter

Inverter Output Power
Fluctuation

kW

Variability of power from inverter system

Inverter Output Frequency
Fluctuation

Hz

Variability of frequency from inverters

Inverter DC-AC Efficiency

%

Conversion efficiency of DC to AC power

Inverter Downtime

%

Time for which inverter is offline

Inverter Trips

Integer

Number of times inverter switches offline

Inverter Overpower

kWh

Cumulation of power exceeding threshold

Feeder Units

kWh

Units dispatched through each feeder

Feeder Units Day

kWh

Units dispatched during the day-time

Feeder Units Night

kWh

Units dispatched during the night-time

Feeder Night Share of Dispatch

%

Percentage of total units dispatched at night

Feeder Power Maximum

kW

Maximum power through each feeder

Feeder Power Maximum Day

kW

Maximum power during day-time

Feeder Power Maximum Night

kW

Maximum power during night-time

Feeder Reactive Power Average

kVAr

Average reactive power through each feeder

Feeder Reactive Power Average
Day

kVAr

Average reactive power during day-time

Feeder Reactive Power Average
Night

kVAr

Average reactive power during night-time

Plant

Battery

Inverter

Dispatch
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Units generated from DG
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Plant

Distribution
Datalogger

Loss

Temperature

Appendices

Feeder Reactive Power
Maximum

kVAr

Maximum reactive power through each feeder

Feeder Reactive Power
Maximum Day

kVAr

Maximum reactive power during day-time

Feeder Reactive Power
Maximum Night

kVAr

Maximum reactive power during night-time

Feeder Power Fluctuation

kW

Variability of active load for each feeder

Feeder Reactive Power
Fluctuation

kVAr

Variability of reactive power for each feeder

Feeder Frequency Fluctuation

Hz

Variability of frequency for each feeder

Feeder Downtime

%

Time for which each feeder is offline

Feeder Trips

Integer

Number of times feeder switches offline

Plant System Efficiency

%

Average efficiency of solar-to-dispatch power line

BOS Efficiency

%

Efficiency factor for minor plant components

BOS DC Efficiency

%

Efficiency factor for minor DC components

BOS AC Efficiency

%

Efficiency factor for minor AC components

Distribution Efficiency

%

Total efficiency of the distribution network

Distribution Technical Efficiency

%

Technical efficiency of distribution network

Datafeed Lapses

Integer

Number of interruptions to datafeed

Datafeed Downtime

%

Percentage of missing values from datafeed

Plant Loss

kWh

Units per day lost through plant inefficiency

PV Loss

kWh

Units per day lost through PV inefficiency

Battery Loss

kWh

Units per day lost through battery inefficiency

Inverter DCAC Loss

kWh

Units per day lost through inverter inefficiency

Inverter ACDC Loss

kWh

Units per day lost through inverter inefficiency

DG Loss

kWh

Units per day lost through DG inefficiency

Distribution Loss

kWh

Units per day lost from distribution network

Distribution Technical Loss

kWh

Units per day lost from technical sinks

Distribution Unaccounted Loss

kWh

Units per day lost from theft

Unit Distribution Loss

kWh / km

Units lost per day divided by distribution network
length

BOS Loss

kWh

Units per day lost from minor components

BOS DC Loss

kWh

Units per day lost from minor DC components

BOS AC Loss

kWh

Units per day lost from minor AC components

Ambient Temperature Avg, Min,
Max

°C

Daily statistics on ambient temperature

Array Temperature Avg, Min, Max

°C

Daily statistics on array temperatures

MPPT Temperature Avg, Min,
Max

°C

Daily statistics on MPPT temperatures

Battery Temperature Avg, Min,
Max

°C

Daily statistics on battery temperatures

Inverter Temperature Avg, Min,
Max

°C

Daily statistics on inverter temperatures

Processor Temperature Avg, Min,
Max

°C

Daily statistics on processor temperature
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C
Glossary
Terms and acronyms used in this Guide
TABLE 14 : List of definitions.
TERM

ACRONYM

DESCRIPTION

Alternating current

AC

An electrical current where the amplitudes and direction of current and voltage
vary rapidly in time.
This type of current is supplied to customers via the distribution network.
Compare with direct current.

Ampere / amp

A

Standard unit of electrical current. May be specified AC or DC.

Ampere-hour

Ah

A unit of electrical charge often used to designate a battery’s charge capacity.
For example, a full 1000Ah battery can in principle be discharged at an average
current of 100A over a period of 10 hours.

Ampere Hour
Energy

AHE

An Indian energy technology company specialising in device manufacture,
software, and engineering services.

Battery

A component for storing electrical energy.

Battery
Management
System

An electronic device which monitors and controls key operational parameters of
a battery bank. This ensures optimal performance, can keep the battery within
safe operational limits, and log important data for further analysis. Some BMSs
connect to every individual cell in the bank.

BMS

C-rate

Guideline rate at which a battery should be charged or discharged. This is set by
the battery manufacturer for each specific model.
E.g. a 1000Ah battery rated at C10 should not be subjected to currents of
magnitude greater than 1000Ah / 10h = 100A.

Circuit breaker

An electrical component for isolating a circuit in case of overcurrent or manual
switching.

Component

“Plant component” typically means a piece or system of equipment that
performs a specific function.
For example, the distribution network is a component of the mini-grid, as is the
set of all the inverters.

Diesel generator

DG

In the contexts of hybrid mini-grids, diesel generators provide backup power in
case solar and batteries are offline or inadequate to serve demand.

Direct current

DC

An electrical current where the amplitudes of current and voltage do not vary in
time.
This type of current is supplied by PV modules and batteries.
Compare with alternating current.

Distribution
network

The cabling and allied components which connect distributed consumers to
electricity supply. While in utility grids, the distribution network connects to
higher-voltage transmission lines via a distribution transformer, in mini-grids the
distribution network connects directly to supply from the plant.

Efficiency

For a piece of electrical equipment, the efficiency is the ratio of useful energy (or
power) output divided by the energy (or power) input. Commonly expressed as a
percentage.

Energy
management
system

EMS

A decision-making device which controls, and seeks to optimise the use of, minigrid generation and storage assets.
More detail can be found in Section 5.2.

66 : Note that putting the number
before C implies multiplication rather
than division. A C10 rating is therefore
equivalent to 0.1C.
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Feeder

A cable in the distribution network connected to a particular set of customers.

Fuse

An electrical protection component which breaks a circuit in the presence of
high current. The fuse must then be replaced to bring the circuit back online.

Inverter

Powered electronic equipment for converting DC electricity into AC.
Sophisticated inverters may also automatically control battery charging rates
and other features of plant technical operation.

Kilowatt

kW

One thousand watts.

Kilowatt-hour

kWh

One thousand watt-hours.

Maximum power
point tracker

MPPT

A device connected to a solar array which continually adjusts the line DC voltage
to extract maximum power from available sunlight. The MPPT output connects
to a DC bus at a fixed voltage (maintained by the inverter).
Distributed electricity assets which provide power supply to a limited number of
consumers independently of the utility grid. The capacity of a mini-grid is in the
range 10-100 kW.

Mini-grid
Miniature circuit
breaker

MCB

A small circuit breaker with low current capacity, often used in customer
connections.

Moulded case
circuit breaker

MCCB

A circuit breaker with higher current tolerance than the miniature circuit
breaker. Used for example in solar array junction boxes.
A multi-purpose measurement device capable of showing instantaneous current,
voltage, and resistance readings. Clamp-on models are particularly useful.

Multi-meter
Ohm

Ω

Standard unit of electrical resistance.

Peak sun hours

PSH

Equivalent to solar yield.
Electricity supply may be three-phase (3Ф) or one-phase (1Ф). Each phase
requires an independent feeder.

Phase (supply type)
Photovoltaic

PV

Describes a device which can produce electricity from sunlight.

PV module

A standardised assembly of PV and other components for generating electrical
power. Also known as solar panel. Multiple modules can be connected together
to increase generation capacity.

Smart meter

An energy meter with a range of advanced functionalities, including automatic
wireless data communication, voltage monitoring, time-of-day pricing, and
remote reprogramming and switching.

Smart Power India

SPI

A subsidiary of the Rockefeller Foundation committed to exploring and
supporting economic development in rural India through access to electricity.
SPI is the author of the present publication.

Solar array

An assembly of PV strings whose total voltage and current output is collected at
an array junction box and sent to the mini-grid control room.
In systems using MPPTs, each array is connected to one MPPT.

Solar hybrid minigrid

A type of mini-grid whose power generation is primarily based on solar energy,
with a dispatchable alternative power supply (such as a diesel generator) for
back-up.

Solar panel

See PV module.

State of charge

SoC

The level to which a battery is charged. Commonly expressed as a percentage,
with 100% indicating fully charged, and 0% fully discharged.

State of health

SoH

The level to which a battery has retained its charge holding capacity. Commonly
expressed as a percentage, with 100% indicating the battery still possesses its
rated capacity, and 0% indicating the battery can no longer store energy.
Multiple electrical components connected in series. For example, a string of
24 battery cells may comprise a battery bank; or three PV modules may be
connected in series to form a solar string.

String
Surge protection
device

Glossary

SPD

A device which protects electrical equipment from short-term fluctuations in
voltage.

109

System average
interruption
duration index

SAIDI

An indicator of the reliability of electricity supply which accounts for the duration
of blackouts.

System average
interruption
frequency index

SAIFI

An indicator of the reliability of electricity supply which accounts for the number
of blackouts.

Total Dissolved
Solids

TDS

A measure of water quality based on the dry mass of organic / inorganic matter
dissolved in a unit volume of fresh water. Typically measured in units of mg/l.
In the context of electricity generation and consumption, a unit often means one
kilowatt-hour of energy.

Unit
Volt

V

Standard unit of electrical potential (voltage). May be specified AC or DC.

Watt

W

Standard unit of power (the rate of delivering energy).

Watt-hour

Wh

A standard unit of electrical energy, equivalent to one watt of power operating
for one hour.

D
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