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Abstract

Recent developments in India and Nepal highlight new opportunities for increased cross-border
energy trade (CBET). This study builds on several prior analyses of CBET in South Asia to
explore potential trading opportunities among India, Nepal, Bangladesh, and Bhutan. Uniquely,
this study uses a detailed 1-year, 1-hour resolution unit commitment and economic dispatch
model of the South Asia power system in the year 2022 to examine the technical and economic
impacts of CBET under different assumptions about hydropower development in Nepal and
regional trade agreements. The study finds that although Nepal might have the physical capacity
to increase annual exports to India if development of domestic hydropower is accelerated (to
4,500 megawatts ), much of this increase would be uneconomic to export if current market
inefficiencies between the two countries remain. But the economics of trade can improve
dramatically with institutional changes. If market and system operating rules are revised to treat
transactions with Nepal the same as transactions between Indian states, our findings suggest that
annual net exports to India could increase threefold (to 9.0 terawatt hours), hydro curtailment in
Nepal would decrease, and production costs for electricity in both countries would fall $359
million. These factors—the level of hydropower development in Nepal and the ease of cross-
border trade—are the biggest drivers of potential CBET in South Asia. The study also examines
the impact of CBET on renewable energy development in India, a supply contract between Nepal
and Bangladesh, and fully coordinated market operations across Bangladesh, Bhutan, India’s
eastern region, and Nepal. Although this study does not provide a complete characterization of
system operations within each South Asia country, it does capture many previously unconsidered
intertemporal operational constraints. Additional work can include more detailed representations
of the Bhutan and Bangladesh power systems and alternative trading arrangements with these
countries, which could be especially fruitful in light of the benefits measured in this study.
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Executive Summary

Recent developments on both sides of the border between India and Nepal highlight new
opportunities for increased cross-border energy trade (CBET). First, CBET can promote
coordinated use of energy resources and potentially reduce the need for investments in new
infrastructure to meet anticipated strong growth in electricity demand in both countries. Second,
projected growth in Nepal’s hydroelectric generating capacity presents an opportunity for
hydropower developers to increase return on investments through export sales while also giving
neighboring states in India access to low-cost hydropower. Third, coordinated regional trade can
facilitate renewable energy (RE) integration by increasing access to resources available for
balancing.

This study explores potential CBET from an operations perspective among India, Nepal,
Bangladesh, and Bhutan by examining the technical and economic impacts of trade on both
systems in the year 2022. Our primary tool is a production cost model, which simulates optimal
unit commitment and economic dispatch of the system subject to physical, operational, and
market constraints. This study finds significant opportunities for increased trade between Nepal
and India. These opportunities depend highly both on the level of hydropower expansion in
Nepal and the level of coordination for power exchanges between the two countries.

Increased hydropower development in Nepal decreases production costs by $106
million annually.”

Under an accelerated hydroelectric investment scenario, annual exports from Nepal to India
increase by 60% and production costs in the combined India and Nepal system could fall by
0.3% compared to a low investment scenario. However, existing coordination barriers between
the two countries limit further exports, and 45% of available hydropower energy from Nepal is
not used in the accelerated development scenario.

Combining increased coordination with accelerated hydropower development provides
the largest savings to both countries.

Coordinating operations between Nepal and India, such that trade with Nepal is institutionally no
different than trade between Indian states, can maximize the use of Nepal’s hydropower
resources. Increased coordination enables Nepal to become a net exporter of hydropower in the
wet and dry seasons and also expands economic opportunities for Nepal to compete with India’s
western region as a supplier of energy to the northern region. As a result, combining increased
coordination with accelerated hydropower development could decrease annual production costs
by $462 million annually, or 1.3%, compared to a base case with uncoordinated operations and
low hydropower development.

Access to Nepal’s hydropower and increased coordination has little effect on wind and
solar integration in India.

Increased hydropower exports from Nepal to India have little effect on wind and solar integration
in India, largely because most of Nepal’s new hydropower is run-of-river, which lacks storage.
On the other hand, increased wind and solar deployment in India can reduce the potential market

! Currency values are converted to U.S. dollars except where otherwise noted. The assumed exchange rate is 65
Indian rupees to 1 U.S. dollar.
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for Nepal’s hydropower exports unless institutional barriers to trade are reduced through
coordinated operations.

There is adequate demand for Nepal’s exports without an additional supply contract
with Bangladesh.

Increased levels of coordination, including a supply contract with Bangladesh, does not
materially change Nepal’s generation or exports because the Indian market absorbs all available
hydropower exports from Nepal. The added supply contract essentially redirects power flows
internally within India, particularly from coal generation.

Increased coordination across Bangladesh, Bhutan, Nepal, and India’s eastern region
(BBIN) can further reduce production costs.

Costs per unit generated in the combined region can decrease by 5.4% if system operations were
more coordinated compared to current levels of coordination. With increased internal
coordination, the BBIN region also exports more power to the rest of India. If operations are
fully consolidated within an independent system operator, an additional 1.1% savings are
possible.

Although the study identifies many previously unconsidered impacts on CBET between India,
Nepal, Bhutan, and Bangladesh, including local impacts in different Indian states and regions
and intertemporal operational constraints, it does not provide a complete characterization of
system operations within the entire region. Future work could include detailed modeling of the
Bhutan and Bangladesh power systems to examine the impact of CBET on these systems in
greater detail. Complementary analysis could identify policy and regulatory pathways to remove
nontechnical barriers to CBET and capture the benefits identified in this study.
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1 Introduction

Recent developments on both sides of the border between India and Nepal highlight new
opportunities for increased cross-border energy trade (CBET). First, both countries anticipate
continued strong growth in electricy demand. As demand grows, CBET can promote coordinated
use of energy resources and potentially reduce the need for investments in new infrastructure.
Second, Nepal’s power system planners anticipate significant growth in the country’s
hydroelectric generating capacity. Power trade with India provides hydropower developers an
opportunity to increase return on investments through export sales while also giving neighboring
states in India access to low-cost hydropower. Third, falling technology costs and national
energy policies have led to significant growth in renewable energy (RE) investments in India,
with much more expected in the coming years. Coordinated regional trade can facilitate RE
integration by increasing access to resources available for balancing. This study explores
potential CBET from an operations perspective among India, Nepal, Bangladesh, and Bhutan by
examining the technical and economic impacts of trade on both systems in the year 2022.

1.1 Background

India has an installed generation capacity of 331 gigawatts (GW), with coal and renewable
energy sources accounting for 193 GW (58%) and 63 GW (19%), respectively, and a peak
demand of 164 GW (CEA 2017a). The Government of India has set a target of 175 GW of RE by
2022, including 100 GW of solar and 60 GW of wind. India anticipates its electricity demand to
grow 5.9% annually over the next decade, with peak demand reaching 230 GW by 2022 (CEA
2017b). Furthermore, in 2016 the Government of India Ministry of Power released updated
guidelines on CBET that allows for trading of power through the Indian Power Exchanges under
certain conditions.?

Nepal’s power system differs significantly from that of India in both size and composition. The
installed capacity is 968 megawatts (MW) and almost exclusively hydropower, with two thermal
plants accounting for 6% of installed capacity (NEA 2017). A major earthquake in 2015
damaged several existing hydropower plants and delayed construction on others, resulting in
persistent load shedding for consumers and increased reliance on imports from India. Imports
from India accounted for 35% of annual consumption in the 20162017 operating year.
Investments in new plants and repairs to damaged infrastructure have gradually improved
electricity supply in Nepal and, in the last year, major urban centers experienced their first 24-
hour periods without load shedding since the earthquake. Continued development of 3.8 GW of
planned hydropower projects could eliminate the remaining load shedding in the coming years
and shift the trade balance between Nepal and its neighbors, allowing Nepal to become a net
exporter. Electricity demand in Nepal is projected to grow by 7.2% annually, increasing from 4
gigawatt hours (GWh) in 2016 to 10 GWh in 2022 (WECS 2017).

The Nepalese and Indian power systems are already connected by multiple cross-border
transmission lines and there are plans to further integrate the two systems with new 400-kilovolt
(kV) transmission connections. Previous studies have investigated potential impacts of specific
cross-border projects (ADB 2015) and coordinated long-term planning (WB 2015; SARI/EI

2 https://powermin.nic.in/sites/default/files/webform/notices/Guidelines%20for%20Cross%20Boarder%20Trade.pdf
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2017) between India and Nepal. The Asian Development Bank assessed the potential benefits of
a single 400-kV transmission line using power flow models under different scenarios of
hydropower development in Nepal and found the benefits of the line could far exceed its costs in
all scenarios due to reduced costs of operations and unserved energy. Looking beyond a single
project, capacity expansion modeling by the World Bank found that coordinated planning and
unrestricted trade among seven South Asian countries could save U.S. $226 billion, or U.S. $7
billion annually. The SARI/EI study connected power system planning with a larger energy
sector model to assess the broader economic impacts of increased CBET between India and
Nepal. The study finds increased CBET results in increased hydropower development and
household electricity consumption in Nepal but impacts in India are negligible given its larger
economy and power system.

1.2 Study Approach

This study aims to advance the discussion surrounding CBET between India and Nepal through
the unique contribution of a detailed simulation of system operations of the South Asia region.
The study is supported by the U.S. Department of State’s Bureau of South and Central Asian
Affairs Regional Connectivity Program.

Our primary tool is a production cost model, which simulates optimal unit commitment and
dispatch of the system subject to physical, operational, and market constraints. There are two
main benefits to modeling a full chronological time series of system operations. First, in systems
with high levels of variable RE, production cost models can capture hour-to-hour variability in
load and RE generation. This modeling capability is increasingly important as wind and solar
generation grow in India. Second, production cost models can capture potential opportunities for
trade and greater utilization of the most efficient generating units that arise when peak demand
occurs at different times in different areas. The detailed production cost model captures the
flexibility requirements necessary to balance generation and demand every hour of the year and
the cost associated with those operational decisions. This study is the first attempt to examine
CBET over a full year of system operations and with detailed representations of the generation
and transmission systems of each country.

This study builds on a detailed production cost model of the Indian power system developed
under the Greening the Grid program, an initiative co-led by India’s Ministry of Power and U.S.
Agency for International Development to support the iniatives taken by India’s Ministry of
Power for large-scale integration of RE. The model was developed by a collaborative modeling
group from India’s Power System Operation Corporation, Limited (POSOCO), National
Renewable Energy Laboratory (NREL), and Lawrence Berkeley National Laboratory, with
additional input from a wide range of experts from across the Indian power sector. Its initial use
was for an analysis of the operational impacts of 175 GW of variable RE on the Indian power
system in 2022 (Palchak et al. 2017).

Analysis of CBET required building a Nepal model to be added to the India model. The Nepal
model was developed by NREL based on data and guidance from engineers at Nepal Electricity
Authority (NEA).

2
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1.3 Structure of the Report

Section 2 presents the study scenarios and methods used to create the production cost model and
input databases. The model results are presented in Section 3. Finally, Section 4 summarizes the

findings and presents final conclusions.
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2 Study Scenarios, Modeling Methodology, and
Assumptions

The objective of this study is to provide an empirical foundation for identifying the opportunities
and associated characteristics and value of CBET across Nepal, India, Bangladesh, and Bhutan,
with a primary focus on trade between Nepal and India. To meet this objective, we use a detailed
model of the Nepal and India power systems combined with a simplified representation of
Bhutan and Bangladesh to simulate a year of system operations at one-hour resolution.? The test
year is 2022.

Because project development and institutional changes could affect CBET opportunities, the
study evaluates results under several scenarios. The following sections describe the study
scenarios, the model setup and execution, and data sources. This section also presents
assumptions for the South Asian power system and explains the countries’ integration into a
single combined model.

2.1 Study Scenarios

The study analyzes nine scenarios constructed by varying four parameters:

The amount of hydro capacity that will exist in Nepal in 2022

Hurdle rates on certain transmission corridors*

The amount of wind and solar capacity that will exist in India in 2022
Bangladesh power supply contract with Nepal.

Table 1 outlines the parameter configurations used in each scenario. The remainder of this
section describes each parameter’s variation.

2.1.1 Hydro Buildout

Hydro capacity is set to either Base (2,840 MW) or High (4,552 MW) in each scenario. These
two numbers represent a plausible range of the hydroelectric capacity likely to be operational in
Nepal by 2022. Section 2.3 describes the process of determining the set of generators modeled in
each case. Juxtaposing results from these two scenarios will help determine the extent to which
CBET is sensitive to the amount of hydro built in Nepal.

3 Representation of Bhutan was simplified for lack of quality data and represents only a fraction of the potential
hydro generation that is likely to be available to the region in the future. This could impact the results, however the
total generation is small compared to the capacity and energy needs of the region and would likely have marginal
impact to the scenarios analyzed.

4 Hurdle rates are not a cost and do not add directly to the production cost. However, they do create price
differentials between adjacent parts of the grid that affect the scheduling and dispatch of generators, and therefore
indirectly affect the total cost. The rates are measured in Indian rupee (INR) per unit of energy transferred.
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Table 1. Study Scenarios

India Wind
Hydro and Solar
Scenario Name Buildout Hurdle Rates Capacity Bangladesh
Base-BAU Base Business as usual (BAU) 160 GW Not included
High Build-BAU High BAU 160 GW Not included
Base—CO Base  Coordinated Operations (CO) 160 GW Not included
High Build — CO High CO 160 GW Not included
High Build — BAU — Low RE High BAU 70 GW Not included
High Build — CO — Low RE High CO 70 GW Not included
Bangladesh—CO High CO 160 GW Included
Bangladesh—-BAU High BAU 160 GW Included
BBIN Independent System High None within ISO 160 GW Included

Operator (ISO)

2.1.2 Hurdle Rates

Hurdle rates are a modeling technique to encompass all non-physical barriers to transmission
utilization such as differences in scheduling practices that could impede trade. The hurdle rate
represents a price differential that needs to be exceeded in order for trade to occur between two
nodes. Previous modeling of the Indian power system suggests that the price differential for
interstate trade is around INR 1,000/megawatt hour (MWh) (Palchak et al. 2017). We maintain
this Indian interstate hurdle rate in this study.

In addition to the Indian interstate hurdle rate, we add location- and season-specific hurdle rates
between Nepal and India to form the business as usual (BAU) scenario (Table 2). The hurdle
rates between Nepal and bordering Indian states reflect existing economic barriers to CBET
between the two countries. To proxy economic restrictions on the flow of power from India to
Nepal, we use the current contract prices paid by NEA for imported power. These prices tend to
be higher than energy prices on the day-ahead spot markets operated by the Indian Energy
Exchange. The effect of using these hurdle rates is that the model does not move power across
the border to Nepal unless the marginal cost of energy in Nepal exceeds the marginal cost of
energy in Bihar or Uttar Pradesh or Uttarakhand by the amount of the hurdle rate. Only then does
power flow from India to Nepal.
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Table 2. Hurdle Rates Associated with Different Scenarios

Direction Dry Season Wet Season
(December-May) (June-November)
BAU Scenario
Nepal = India INR 6,500 / MWh INR 3,000 / MWh
Bihar - Nepal INR 3,500 / MWh
Uttar Pradesh - Nepal INR 6,500 / MWh
Uttarakhand - Nepal INR 6,500 / MWh
Coordinated Operations Scenario
India €-> Nepal (net export charge) * INR 1,000 / MWh
BBIN ISO Scenario
Within Bhutan, Bangladesh, India’s Eastern INR 0/ MWh
region, and Nepal

*This is the same hurdle rate applied to transactions between Indian states. At INR 65 to 1 U.S. dollar
(USD) exchange, INR 6,500 = USD 100; INR 3,000 = USD 46; INR 3,500 = USD 54; INR 1,000 = USD 15

To represent BAU constraints on flows in the other direction, from Nepal to India, we use the
prices at which NEA buys peaking run-of-river hydro generation from independent power
producers (IPPs). This comports anecdotally with statements made by IPPs in interviews with
NREL about the value of exporting their output to India. NEA pays about INR 6,500/MWh for
peaking run-of-river (RoR) in the dry season and INR 3,000/MWh for all categories of hydro
generation in the wet season. In addition, Nepal's Ministry of Energy directed NEA to include
“take or pay” provisions in new purchase contracts with IPPs, meaning that for a specified
quantity of production, NEA will pay even if it does not take delivery of the energy. Thus the
fixed domestic purchase prices are essentially a “price to beat” for exporting Nepal hydro to
India, in that the value to Bihar, Uttar Pradesh, or Uttarakhand has to be higher than what the IPP
would forego by not selling its power to NEA. As detailed in the companion report to this study
(Hurlbut, 2018), IPPs could provide nearly half of Nepal's power supply by 2020. Moreover,
NEA would likely reserve the use of its own hydro resources to follow domestic load and
otherwise maintain reliability on its own grid. All of this suggests that domestic IPP tariff prices
are a reasonable starting point for representing BAU on exporting hydro from Nepal to India.

While this approach results in relatively high hurdle rates, it still does not specifically include
other factors such as domestic transmission limitations that could indirectly restrict hydro exports
to India. The purpose of using hurdle rates is not to precisely value institutional limitations,
however. Rather, it is to provide a reasonable basis for comparing one scenario with another by
postulating a material change in institutional arrangements.

The Coordinated Operations (CO) scenario removes the charges derived from hydro tariffs and
applies only the INR 1,000/MWh hurdle rate between Nepal and India. In other words, this
scenario assumes that CBET between India and Nepal has the same market friction that exists
between Indian states. A third scenario, BBIN ISO, has no hurdle rates on flows inside the
combined territory of Nepal, Bhutan, Bangladesh and India’s Eastern region (BBIN), while the
rest of India maintains the standard interstate hurdle rate. This framework represents full
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coordination for commitment and dispatch among India’s Eastern region and its neighboring
countries. This scenario is particularly relevant to the transfer of hydropower from Nepal to
Bangladesh, in that it provides a benchmark based on the maximum achievable degree of
operational coordination. (See the sidebar for examples of increasing coordination between
neighboring regions.)

“Coordinated operations” in practice

Operational coordination can encompass many practices, of which neighboring balancing authorities
(i.e., system operators for each grid) might adopt several, few, or none. Therefore, coordination is not
a simple binary condition. The INR 1,000/MWh hurdle rate used in the CO scenarios assumes some
combination of practices that reduce some, but not all, of the transaction costs involved in moving
power from one jurisdiction to another. Here we list a few examples of coordination ranging from low
effort to high effort.

e Tariff reciprocity. Energy exchanges are charged the same regardless of which direction they
flow.

e Sharing area control error (ACE). ACE is the instantaneous difference between a balancing
area's net actual and scheduled interchange, i.e., a metric of a system operator’s ability to
maintain balance according to schedule. Combining ACE across neighboring grids will usually
produce a single ACE that is smaller and more easily corrected. Consolidating reserves and
access to least-cost resources can result in additional savings.

e Shared area imbalances. An energy imbalance is similar to instantaneous ACE, but refers to
how the operator schedules generators, imports, and exports against day-ahead forecasts or
shortly before real-time delivery of electricity. As with sharing ACE, sharing imbalances tends
to produce a smaller imbalance that is easier and cheaper to address from the combined
least-cost resources of both grids.

e Common scheduling and unit commitment practices. Using the same standards for
communications between each control area and the generators it schedules makes joint
response to ACE and imbalances operationally seamless. This coordination also includes
using common timelines for day-ahead schedule submissions and unit commitment and
adjustments to real-time schedules.

e Energy imbalance market (EIM). An EIM is a formal market for balancing energy
simultaneously across all participating control areas through a sequence of regular auctions.
Often an EIM includes an hourly day-ahead component and a real-time or same-day
component for each five- or fifteen-minute interval.

e Independent system operator (ISO). An ISO is an independent market and system operator
that would merge two or more balancing authorities into a single operational entity responsible
for maintaining balance. The ISO allocates transmission rights based on a system of bids and
offers and optimizes unit commitment and dispatch decisions to minimize system costs.
Depending on design, each participating control area may schedule its load and resources
internally, but it then must transmit its schedule to the ISO. All energy balancing and ancillary
services are under the ISO's control.

For more details, see “Balancing Area Coordination: Efficiently Integrating Renewable Energy into
the Grid” https://www.nrel.gov/docs/fy150sti/63037.pdf.
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2.1.3 India Wind and Solar Capacity

India wind and solar capacity in Table 1 refers to India’s 2022 installed wind and solar capacity.
It is set to either 70 GW or 160 GW, corresponding to the intermediate and target RE scenarios
modeled in Palchak et al. 2017.° The purpose of comparing the two RE capacity configurations
is to test whether Nepal’s hydro can affect the operations of India’s grid with 160 GW of wind
and solar capacity.

2.1.4 Bangladesh

Bangladesh’s power grid is not synchronized with the rest of South Asia. Instead, it connects to
the Indian states of West Bengal and Tripura via a direct current (DC) tie and radial line, which
supply Bangladesh with 1,000 MW and 100 MW, respectively (JTT 2016; PT 2018). As a
scenario, we model a contract where Nepal continuously supplies Bangladesh with 1,000 MW
through the DC interconnection with West Bengal (we do not represent the radial connection
with Tripura). The purpose is to analyze, at varying levels of coordination, what might happen to
the flow of hydropower from Nepal if there were an additional 1,000 MW obligation to serve
Bangladesh: whether there might be additional flows from Nepal, or whether the same volume
from Nepal would be reallocated contractually from India to Bangladesh.

2.2 Model Setup and Execution

To simulate power system operations, we use a unit commitment and economic dispatch
(UC&ED) model. The model balances supply and demand in every hour of the 2022 simulation
year, subject to physical and operator-imposed constraints. By simulating UC&ED in every one-
hour period of 2022, the study provides a full chronological picture of the year’s operations. The
results capture intertemporal constraints that affect operator decisions, such as RE availability,
generator minimum up and down times, ramp rates, and maximum energy limits for hydropower
plants.

The UC&ED simulation relies on the commercially available mixed integer linear programming
software PLEXOS Integrated Energy Model, developed by Energy Exemplar and configured
here to use the XPRESS-MP solver. The software commits and dispatches generators to meet
load at least-cost, while adhering to thousands of physical constraints, including transmission
limits, generator parameters, and limits on water availability for hydropower generation.
Transmission flows are calculated with a linearized DC optimal power flow approximation. The
India-Nepal PLEXOS model has been configured to structure the mixed-integer optimization as
three phases: (1) a single year-long step to plan scheduled outages, (2) a second year-long step to
optimally translate multi-day hydro constraints into target end-of-day reservoir volumes, and (3)
365 one-day optimization steps with one-hour resolution to schedule and dispatch the remaining
generation to meet load.®

Although the UC&ED simulation captures the constrained cost-minimization problem at the
heart of power system operations, it relies on a few key simplifying assumptions. The model
does not include load and renewable energy forecast errors and does not account for units that
may be committed for reliability or contractual obligations. This analysis aims to assess the

5 As of April 30, 2018, the installed wind and solar capacity in India was 55.7 GW (CEA 2018)
® To emulate the decisions made in an operations room, which would weigh known changes to load or other factors
beyond a single day, each one-day step solves for 48 hours and then discards the last 24 hours.
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impacts of cross-border trade that are economically efficient and technically feasible on an
already built system. As such, the UC&ED dispatch model does not optimize investment
decisions or account for fixed costs. It also assumes UC&ED decisions between India and Nepal
are coordinated apart from the transmission hurdle rates described above.

2.3 Data Sources and Assumptions

This study uses the India power system database developed for Greening the Grid, which
simulates the operation of the Indian power system in 2022 with 175 GW of RE (Palchak et al.
2017). This database was developed and validated in collaboration with experts from across the
Indian power sector. Details of data sources and assumptions for load, generation, and
transmission are provided in Section 2 of that report.

The Nepal power system database is based on data and guidance provided by NEA. Starting with
transmission network data, we overlaid 2022 hydro generator locations, applied water
availability constraints for hydropower plants, and derived a 2022 load profile, as described in
the following sections.

2.3.1 Transmission

Transmission network data in the 2022 Nepal UC&ED model is derived from two 2022 PSS/E’
files supplied by NEA. Table 3 summarizes the number of transmission lines and nodes
(substations) included in the 2022 model. Section 2.4 details the cross-border lines connecting
Nepal and India.

Table 3. Basic Information on the Modeled 2022 Nepal Transmission Network

Voltage Number of Lines Number of Nodes
400 kilovolts 26 15
220 kilovolts 29 21
132 kilovolts 141 93
66 kilovolts 27 20
33 kilovolts - 20

2.3.2 Hydro Capacity

The uncertain status of many proposed and ongoing hydroelectric construction projects makes
forecasting Nepal’s 2022 installed hydro capacity difficult. NEA’s 2022 PSS/E file gives
network locations for 7,442 MW of hydro capacity—an upper bound on what could exist in that
year. From this list of plants, we identified 2,891 MW of capacity to exclude from the model
because it was either located inside India, terminated, not anticipated to be operational by 2022,
identified by NEA for exclusion, or not locatable. The capacity remaining after these
exclusions—4,551 MW—defines the High Build scenario. For the Base buildout scenario, we
further excluded proposed projects that had not reached financial closure according to NEA 2017
and projects that we were not able to identify as likely candidates within our study year

7PSS/E is a transmission system planning software package developed by Siemens PTI.
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timeframe. These exclusions totaled 1,712 MW, leaving 2,839 MW of installed capacity in the
Base buildout scenario.

PSS/E Generators Exclusions
s [nside India {442 MW)
* Complete after 2022 (2229 MW)
* Terminated (26 MW)
= NEA feedback (180 MW)
s  Projects with unknown location (14 MW)

High Buildout
4551 MW

s Proposed without financial closure (429 MW)
s Unidentified projects {1283 MW)

Base Buildout

TI0 LALA

Figure 1. Methodology for determining Nepal’s 2022 hydro generation capacity

NEA operates two thermal generators (Hetauda Diesel and Duhabi Multifuel) which together
account for 1.6% and 1.0% of its installed capacity in the Base and High Build scenarios.
Estimated variable cost information and other operational parameters for the two plants come
from Palchak et al. 2017. No growth in wind or solar generation is assumed for Nepal.

2.3.3 Hydro Constraints

Representing hydro generation in a UC&ED model is inherently difficult for a number of
reasons, including:

e Hydro plant operations must consider multiple time scales of minutes and hours and also how
much water should be stored for future use over several weeks and months

e Available capacity is subject to seasonal and inter-annual changes that are exogenous to
power system operations, such as rainfall and inflows, as well as losses due to evaporation,
silting, and seepage

e Water use for electricity generation competes with water demand for other uses such as
irrigation and recreation

e Operational planning for plants on the same river must consider interdependencies between
upstream and downstream plants.

The 2022 Nepal database consists of 173 hydropower plants (in the High Build scenario), most
of which are small RoR plants located on one of the tributaries that feed Nepal’s two main river
basins. The generation from each plant is characterized based on its location within Nepal and
head storage capacity. The key instrument in formulating Nepal’s 2022 hydro constraints is a log
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of 19 months of historic plant-wise hydro generation from April 2016 to November 2017 (1
Baisakh 2073 to 31 Kartik 2074) provided by NEA.® Using the historical generation data, it is
possible to derive average monthly capacity factors by major river basin as presented in Figure

2 9
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0.00 A

Mepueg

0.754
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- l...l I
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Capacity Factor

1ysoy
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Figure 2. Average monthly capacity factor by major Nepalese river basin, capacity weighted

Having categorized the generation fleet by river basin, a further categorization by storage
capacity results in six generator types: two river basins (Koshi, Gandaki) crossed with three
generator types (run-of-river, peaking run-of-river, and storage). In total, there are 165 run-of-
river plants, six peaking run-of-river plants, and two storage plants in the High Build scenario.

Table 4 lists capacity by generator type in the Base and High Build scenarios and Table 5
indicates the constraints applied to each generator type.

Table 4. Nepal 2022 Database Hydro Capacity by Generator Type, Base/High Build Scenario (MW)

Run-of-River Peaking Run-of-River Storage
Koshi 900/ 1494 456 / 456 60 /60
Gandaki 965 /2082 339/339 120/120

8 Nepal uses the Vikram Samvat calendar, which begins mid-April, rather than the Gregorian calendar.

° Nepal’s three major river basins are the Koshi, Gandaki, and Karnali, which roughly cover the eastern, central, and
western thirds of the country, respectively. Because of a low sample size, generators in the Karnali river basin are
considered part of Gandaki. The minority of generators located outside of the three major river basins are then
allocated to either Koshi or Gandaki.
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Table 5. Nepal 2022 Database Hydro Constraints by Generator Type

Run-of-River Peaking Run-of-River Storage
Inflow Source Historic basin-specific average monthly capacity factors
Inflow Units MW Cumec Cumec
Inflow Scalar Unit installed capacity Unit installed capacity Unit annual
designed generation
Storage Capacity 0 hours 4.6-6.4 hours 336 hours

Run-of-river generators must maintain the basin-specific average monthly capacity factors in
Figure 2 for every hour of the given month. They have no head storage and therefore must spill
any water that cannot be used in the interval in which it arrives.

Peaking run-of-river generators benefit from approximately six hours of head storage (i.e., 60
MWh for a 10 MW generator) which allows them to optimize generation according to intraday
demand, but not long-term variations in demand. Whenever possible, we use publicly available
data (NEA 2018a) on storage volumes and cumec (cubic meters per second)-to-MW conversion
efficiencies to determine peaking run-of-river parameters (accounting for the range of storage
capacity shown in Table 5). For generators without data we assume exactly six hours of storage.

Nepal currently has one operational hydro storage generator (Kulekhani I) and one under
construction (Tanahu Hydropower Project). Data inputs for each plant come from publicly
available documents by the plant developers (NEA 2018b; THL 2018). We use data for reservoir
storage volume and assume cumec-to-MW conversion efficiencies for both plants such that the
reservoirs can supply two weeks of energy when operating at max capacity (i.e., 3.36 GWh for a
10 MW plant). To account for silting, evaporation, irrigation needs, and other constraints that
could cause storage generator capacity factors to deviate from the basin-wide average, we scale
each storage natural inflow profile by its annual designed generation: 211 GWh for Kulekhani I
and 585.7 GWh for Tanahu. An additional constraint requires Kulekhani II, a run-of-river
generator directly downstream from Kulekhani I, to generate in proportion to Kulekhani I’s
water release.

2.3.4 Load

Nepal’s 2022 load profile is derived from the same historic plant-wise hydro generation data as
the hydro constraints. The data provided by NEA includes imports and load shedding in addition
to domestic generation. By summing imports, load shedding, and domestic generation, we
obtained a time series of potential domestic load for April 2016 to November 2017.

NEA’s load shedding data quantifies the maximum power deliverable to a disconnected
customer. It does not necessarily indicate the power that the customer would have consumed if
connected. Unmodified, the discrepancy would cause load shedding—and thereby load—to be
overestimated, particularly during peak periods. To approximate disconnected customer demand
rather than maximum potential demand, we smoothed all load shedding values in excess of the
monthly mean according to the following formula,
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mt = Ly + (Lt — Zm)9/10
where,
Ly ¢ 1s the revised load shedding value in month m at time ¢
L,, is the average load shedding in month m.
Ly, ¢ 1s the original load shedding value in month m at time ¢

This formula was arrived at through a heuristic technique to create daily load profiles that
tempered the extreme daily load factor (i.e., the difference between the daily valley and peak
demand) found in the NEA load shedding data to realistic levels.

The NEA load data starts in April 2016 and ends in November 2017. To arrive at a complete
Gregorian calendar year of load data, we scaled the data from November 17, 2016 to December

31,2016 by 1.087, Nepal’s average annual peak load growth since 2000, to represent the end of
2017.

The Nepal Water and Energy Commission Secretariat’s 2014—2040 load forecast (WECS 2017)
estimates total annual demand in 2022 will reach 10.3 terawatt hours (TWh). To create the 2022
load profile while preserving the hourly load shape from 2017, we scaled all values such that

total annual demand matches the national forecast. Based on this scaling, the 2022 peak demand
is expected to reach 1,839 MW.

2.4 Integrating the South Asia Models

The independently developed India and Nepal power system databases require careful
integration to function as a single model. The following sections address the challenges of
linking the models with cross-border alternating current (AC) ties and reconciling their model
parameters.

2.4.1 Nepal-India Interface

Table 6 and Figure 3 show parameters and locations for the six transmission corridors at or
above voltages of 132 kV expected to connect Nepal and India in 2022. The model ignores
transmission between India and Nepal below 132 kV. Parameters for the six corridors come from
a variety of sources including NEA’s PSS/E file, POWERGRID, CEA, and generic transmission
line parameters (NEA 2017; Palchak et al 2017; MEA 2014; Shrestha 2016; ANI 2018). We
assume the Nepalese and Indian grids will be fully synchronous by 2022.
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Table 6. Nepal-India Interface Definition

gﬁg:lation ISnl:jli)astation Voltage (kV) Circuit  Conductor Type Cl\inri)l(JiI:I(ol\‘lllvV\ll)
Dhalkebar Muzaffarpur 400 Double Twin moose 552
New Butwal Gorakhpur 400 Double Quad moose 1,105
Kushaha Kattaiya 132 Double Panther 84
Parwanipur Raxaul 132 Single Panther 84
Gandak Ramnagar 132 Single Panther 84
Mahendranagar Tanakpur 132 Single Panther 84
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Figure 3. Nepal-India interface illustration.
Adapted from NEA 2017.

While transmission representation inside Nepal is at the substation level (nodal representation),
transmission inside India is aggregated by state. The assumption is that India’s intrastate
congestion is resolved endogenously and does not affect interstate flows, which greatly
simplifies the UC&ED formulation. Preserving Nepal’s substation-level representation allows
for an analysis of how each scenario impacts power flows inside Nepal and between Nepal and
Indian states.
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2.4.2 Model Parameters and Other Constraints

Various optimization parameters and physical units must be standardized between the India and
Nepal power system databases as a final step towards their integration into a combined South
Asia model. Table 7 gives the optimization parameters used in the combined UC&ED
simulation. The USD operating costs of Nepal’s two thermal generators are converted to INR at
INR 65 =1 USD, while Nepal’s zero marginal cost hydro generation requires no currency
conversion.

Table 7. Optimization Parameters and Units in Combined India and Nepal “South Asia” Model

Parameter / Unit Value
Currency INR
Value of lost load INR 1 crore
Value of reserve shortage INR 0.4 crore

The India model holds operating reserves at the regional level as in Palchak et al. 2017, which
are equal to the capacity of the largest unit in the region plus 50% of the summed capacity of the
largest unit in each state in the region. The Nepal region holds no operating reserves in the
model. '

2.4.3 Bhutan and Bangladesh

The India database in Palchak et al. 2017 includes select data of the Bhutan power system
necessary to capture power exports from Bhutan to India. Bhutan is a net exporter and, as such,
the database does not include information on Bhutan’s load or the entire generation and
transmission system. Transmission in Bhutan is represented by a single node with 19 cross-
border lines between Bhutan and the Indian states of Assam and West Bengal. The database
includes 60 MW of run-of-river that are involed in CBET. Monthly hydro availability in Bhutan
is based on 2014 supervisory control and data acquisition (SCADA) data provided by POSOCO.

For the Bangladesh scenario, we model only the increased demand that could come with a direct
purchase of power from Nepal. We represent this as an additional 1,000 MW of constant demand
at the Baharampur DC tie in West Bengal.

Future work could include detailed modeling of the Bhutan and Bangladesh power systems to
examine the impact of CBET on these systems in greater detail.

10 Nepal does hold operating reserves in reality, however optimal dispatch for energy in the model results in many
periods where there is unrequisitioned capacity that could be used for reserves, and therefore the assumption of zero
reserve provision is likely negligible on the results.
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3 Production Cost Modeling Results

The scenarios and results described in this section aim to inform the following questions.

e [f Nepal’s hydropower capacity grew and nothing else changed (i.e., no changes in
coordination, no additional transmission expansion), what would the effect be on production
costs in Nepal, production costs in India, and cross-border electricity trading?

e Ifreforms are put in place such that exchanges between Nepal and India are treated the same
as exchanges between Indian states, how would an increase in Nepal’s hydro capacity affect
production costs in Nepal, production costs in India, and cross-border electricity trading?

e Would increased coordination between India and Nepal affect India’s integration of wind
and solar generation?

e How would coordination affect the wheeling of Nepal hydropower through India to
Bangladesh?

e How would complete operational integration among India’s Eastern Load Dispatch Center
(LDC) area, Nepal, Bangladesh, and Bhutan affect generation costs and transmission
congestion?

The results focus on the following outcomes:

Changes in production costs for each area (including average cost per MWh generated)
Changes in the types of generation dispatched

Changes in transmission congestion between Nepal and India

Changes in curtailment of energy from hydro, wind, and solar.

The results for India focus primarily on the areas adjacent to Nepal, represented by the Eastern
and Northern LDC regions. Because CBET exchanges have less impact on the other regions of
India, analyzing results on an all-India basis risks obscuring potentially significant sub-regional
effects. One possible exception is how hydropower from Nepal might affect the integration of
higher penetrations of wind and solar power across the subcontinent, which this analysis
addresses on an all-India basis.

3.1 Increased Nepal Hydropower with No Other Changes

The Base-BAU and High Build-BAU scenarios provide a plausible range of the growth in
Nepal’s hydroelectric capacity that could occur by 2022. Contrasting results from these two
scenarios provides a view of the effects on CBET if growth in Nepal’s hydroelectric capacity is
the only change—that is, if hydro capacity increases without any change in the level of
coordination (represented by assumed hurdle rates) between India and Nepal. Table 8
summarizes the parameters used in each scenario.

Table 8. Key Assumptions in the Base-BAU and High Build-BAU Scenarios

India Wind and
Scenario Hydro Buildout Hurdle Rates Solar Capacity Bangladesh
Base — BAU 2,839 MW
BAU 160 GW Not included
High Build — BAU 4,551 MW
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3.1.1 Electricity Production Cost

Generation from the additional 1,712 MW of hydro capacity in the High Build-BAU scenario
translates into annual production cost savings of 0.3% or $106 million across both countries. The
production cost savings are the result of a $92 million decrease in variable costs (fuel and
operations and maintenance) and a reduction of $14 million to the total costs of starting
generators (Table 9). More than 80% of production cost savings accrue in India’s Northern and
Eastern regions, where hydro imports from Nepal displace coal.

Table 9. Electricity Production Costs in the Base-BAU and High Build-BAU Scenarios (USD

millions)
Base-BAU High Build-BAU Difference from Base (%)
Eastern Region $5,082 $5,016 -$66 (-1.3%)
gz;*:;’“ $8,170 $8,143 -$27 (-0.3%)
Rest of India $20,993 $20,979 -$14 (negligible*)
India + Nepal $34,245 $34,139 -$106 (-0.3%)

*Change is less than 0.1%.

Combined production cost savings accrue almost exclusively in India. Nepal’s system is much
smaller than India’s, and its capacity consists of mostly zero-marginal-cost hydro generation
(aside from two small thermal plants). Consequently, its production cost is well under 0.1% of
India’s in both scenarios.

Across India, the additional amount of hydropower from Nepal reduces the average cost of
generation from $20.99 per MWh to $20.94 per MWh. Hydropower imports from Nepal tend to
displace the most expensive generation sources. As a result, roughly 75% of the production cost
reduction accrues because India generates less of its own electricity while roughly 25% accrues
because the energy that India does generate is less expensive.

Locational marginal prices (LMPs), which are indicative of localized wholesale power prices
under efficient market conditions, are primarily a function of three factors: the marginal cost of
generation, transmission system losses, and transmission congestion. If there are no constraints
on transmission flows (i.e., no congestion), LMPs everywhere will converge on one value that
represents the marginal cost of generation systemwide. When congestion or hurdle rates
constrain transmission flows, LMPs at the points with excess generation relative to demand will
drop while LMPs at the nodes with excess electricity demand will increase. LMPs do not fully
account for dispatch decisions because of the impact of hurdle rates. When the difference in
LMPs between India and Nepal are less than the hurdle rate associated with moving power
across the border, load is met by more costly resources on one side of the border, while lower-
cost resources on the other side remain unused. We assume no transmission losses.

In Figure 4 the LMP supply curves for Bihar and Uttar Pradesh are disaggregated into their
seasonal components along with the hurdle rate for moving hydropower from Nepal to India.
Nepal’s marginal cost of hydropower generation is near zero, thus the hurdle rate of CBET
makes up most of the cost of importing Nepal hydropower in India. Furthermore, prices in India
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tend to be inelastic with respect to the amount of hydropower imported from Nepal because total
demand in India is large comparatively. The LMP in India, therefore, approximates the financial
incentive for Nepal to export hydro generation; the hurdle rate represents the economic hurdle
CBET must surmount. The intersection between the price duration curves and hurdle rate line
approximates the proportion of periods in which hurdle rates, or lack of coordination, constrain
flows from Nepal to India. CBET is hardly ever economic during the dry season, as evidenced by
Nepal’s lack of exports (discussed below and illustrated in Figure 8). During the wet season,
imports from Nepal are economic roughly 65% of the time to Bihar and 55% of the time to Uttar
Pradesh.

UTTAR PRADESH
L e R B e T E sy st [ St R S e A s s

~ ] "
z P
= 501 8 — Base - BAU
a = price curve
@ 257 Hurdle rate is high enough to — High Build -
2 suppress imports from Nepal. BAU price
<
E‘ curve
= = = Hurdle rate
2 < (Nepal to India)
A o)

@

&

S

O -

025 050 075 025 050 075
Fractions of Periods

Figure 4. Price in Bihar and Uttar Pradesh relative to hurdle rate on Nepal’s exports by season,
Base — BAU and High Build — BAU scenarios.

Note: Duration curve excludes the highest 5% and the lowest 5% of values.

3.1.2 Electricity Generation by Resource

In the High Build-BAU scenario, a 59.3% increase in installed hydro capacity in Nepal results in
a 10.7% increase in annual hydro generation. The additional hydro capacity is underutilized
(despite its low cost) due in part to the lack of demand for the added energy within Nepal,
physical transmission con