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Electric Power Contribution to CO, Emission

2008 2035

- ) Buildings (fossil)
Electric Power Buildings (fc_>ssn) & Electric Power &Industrial
2,359 (41%) Industrial 2,634 (42% 1,571 (25%)
1,530 (26%)

5,814 6,320
million metric million metric
tons tons

Transportation Transportation
1,925 (33%) 2,115 (33%)

Source: Annual Energy Outlook 2010

Historically, electrical power has been the largest source of CO, emissions, the main contributor to
climate change. But in the upcoming decades electricity can become a key lever in evolving towards a low
carbon economy. - International Electricity Partnership, Dec. 2009
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User Interaction with the Electricity Grid
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Global Electricity Access

Electrification segmentation of developing world
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Grid Extension and Increasing Coal

,—Blnmai<
renewables grew from a mere 1% of the overall —Solar
generating capacity in 1997 to 14% in 2016. ——Wind

Nuclear

j— small Hydro

~—— Large Hydro

Diesel
Gas
I I Coal

Source: India Central Electricity Authority; March 2015

National Capacity (Gigawatts)

Total Installed Capacity: 304.76 GW (As on 315t July 2016)
Renewable Energy Sources: 44 GW

Electricity Tariffs

c/kWh 201 Size of Indian tariff
Average cost relative to US tariff
to serve for same sector
AN
Al - Production below 32%
Iicuitura = =
9 the cost of
generation

00 20 40 60 80 10.0 12.0 14.0

JRCE: Government of India Planning Commission, Columbia University, US EIA



The Consequences of Selling Below Cost

ELECTRIFICATION STATUS OF RURAL
INDIA

Solar Home Systems

$20/Watt Installed
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Solar Microgrids

10w
/household

.l

62,000 Rs ($1000) - capital cost, with PV panel 31% of that cost, batteries 25% and wiring 20%

Challenges of Rural Electrification

Factors necessary for wide scale deployment

Low initial Ease of Empower users to Low cost of
capital for user deployment add generation capacity expansion

Electrification technologies

Electric grid

Individual systems
(e.g. solar, etc.)

: | Traditional
A (] microgrids
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Learning by Doing (July 2015)

+ Work with local CSR (Tata Steel) to survey village needs

» Survey local appliances and PV systems w
TATA

) TATA STEEL
* Install Solar Home System in 5 households

Learning by Doing (August 2016)

Work with a local entrepreneur to establish a microgrid business in a village

Recruit (20) customers for the microgrid and establish tariffs

Install PV system, wiring, and appliances
w
Establish maintenance agreement for microgrid TATA
TATA STEEL

PV panel
« Source unit
Load unit




Challenges of Rural Electrification

Electric Grid

Rural users
expect highly
subsidized tariff
structure

Grid extension
can be expensive
for small villages

uLink
Intelligent Microgrid

Load Control
Tiered service
Load shaping

Collection

Support for pre-
paid metering

Theft monitoring

Elexibility
Dynamic tiers

Expandable
generation

Individual Systems

SPMU
ource
______ 1| Unit
Remote
Monitoring
Power
\ PMU|™ Power
L Source —>
]| Unit -

Microgrids

Lack economy of
scale for
individual

installations

Socialization

Requires a
rigorous planning
process
Challenging to
extend beyond
lighting and
charging

Involves labor-
intensive
payment process

Payments
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uLink Cost Targets

Prosumer Target Cost: 15,000-20,000 Rs Consumer Target Cost: 1,500-2,000 Rs

Source Unit Remote
- Charge Monitoring

o Controller Communication
@ Server @
Sources
Source GSM and Line saL

Database
Cell Tower Web
Web Server Client

Converter Communication

Network

Load Unit Load Unit

Line Line
Communication Communication

Power Conversion
Load Converter

Communication

-

Control Unit
= Vo awller
“@
Sources X
Source GSM and Line
Converter Communication Cell Tower Database
Web Server
Network
Load Unit Load Unit

Line
Communication

Line
Communication

Power Conversion
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uLink Prototype

Cost of Load Converter (58.4)
9.00 @ 10,000 units
8.00 0.63

7.00
6.00 1.16

5.00
4.00

Cost of Source Converter ($10.18)
@ 10,000 units

0.58
171

3.94

M Power Stage M Microcontroller M Logic Supply M1, V sense

3.00
2.00
1.00

0.00

W Power Stage M Feedback m Current control B 5V output M Sensing

System Sizing with Reliability Constraints

Acquire inputs (number of consumers, distance, etc.)

Create demand profiles based on appliances, usage, etc.
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Data Analytics for Load Forecasting

Charge Controller

System planning and operation relies on
robust load profi 107 m

Challenging for i wi 7‘
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Operational Forecast of PV System
Example SELCO 'Super Bright Home 14 HLS
2x5W CFL's, 4x7W CFL's, 4x11W CFL's,

and 2x15W Fans for loads, and a 120W
panel and 240Ah lead acid battery
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System Sizing with Reliability Constraints

Acquire inputs (number of consumers, distance, etc.)

Create demand profiles based on appliances, usage, etc.

Initialize combinations of available PV and battery sizes

Input reliability preferences and cost functions of PV, battery

Iterate to determine reliability levels and generation costs

Search to determine combinations meeting reliability thresholds

Determine final battery and PV combination

Conduct financial analysis (i.e. payback, NPV, DCF, etc.)

System Modeling with Demand Response

Demand inputs

*« 2LED’s, 1 Fan, 1 Cell phone charger for 5 households
PV module selection: 130 watts

Battery size: 80 ah

LCOE over 5 years: 0.279 ($/kWh)

Capital cost: $3.94

Initial cost (including network): $511
e $15/customer electronics
e $40/prosumer electronics

Breakeven monthly revenue required

(with no initial connection fee): $4.76

Breakeven monthly revenue required
(with connection fee of $15): $3.96
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Ad Hoc Expansion of the Microgrid

Predetermined Parameters
Network Configuration

Number of Sources

Number of Loads

Nominal Voltage (Vi

Total Load Power (px

Max Line Time Constant (7.
Constraints

Min Node Voltage (Vi)

Min Distribution Efficiency (tjmin
Free Parameters

R Between Source and pyx (Ry)
Droop Resistance (ry)

Load Input Capacitance (')
Control Parameters

Time between messages (1,,,)
Voltage gain (k;,)

Power gain (k;

Experiment: Line Impedances
Zy =R+

Distributed Star

24V
140 W

0.27ms

18V

90%

0.220(< 0,269
0.500Q(< 0.51Q

SOUF(> 16.7 pk

Power Sharing

{ Source
777777 =1 | Uit [~ § PMU .
Monitoring [L_unit 3’ |
Power

" Payments *

Power Sharing: A;/A; =15 Voltage Regulation: A,/ =15

5

Time [s]
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uLink
Intelligent Microgrid

Load Control
Tiered service
Load shaping

Collection

Support for pre-
paid metering

Theft monitoring

Elexibility
Dynamic tiers

Expandable
generation
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