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This chapter presents the modeling approach, input data assumptions, scenarios, and results for
the energy options assessment (EOA) component of the project. The EOA employs a joint
cgpacity expansion and production cost model called SWITCH, which was specédiatiied

to produce aNepalversion SWITCHproduces a set of optimal generation and transmission
investment decisions for the 202940 time frame, in fivgear incrementswhile also
producingdispatch decisions for these resources to demonstrate least operation to meet
demand at all simulated housll monetary costs in this chapter are in 2019 US dollars (using
the $ sign) unless indicated.

This chapter is structured as follows. Section 1 presents the modeling approach its limitations
Section2 presents statistical summaries of the main data inputs to the model, including project
location, available technologies, and costs. Section 3 intesdthe scenarios developed for this
project, their objective, and how to interpret their results. Individual scenarios are grouped in
scenario groups (SG) that jointly examine a specific poditgvant question. Section 4 presents
results by scenario g and discusses their policy implications.

1 Modeling design decisions and limitations

In this section webriefly present the SWITCH model aneéport modeling decisions and
assumptions developed specifically for the SWITRépal modelThe SWITCH model was
developed in 2008 at the Renewable and Appropriate Energy Laboratory of the University of
California, Berkeley, and has been continuously developed since then. There are active versions
of the model for the Western U.S. Interconnection (Nelson et al., 2012; Sanchez et al., 2015)
Chile (Carvallo et al., 2014 NicaragugPonce de Leon et al., 2018}hina(He et al., 2016)
Kenya(Carvallo et al., 2017and Ugandé&Carvallo et al., 2018)

1.1 The SWITCH model

SWITCH is a mixed integer linear program that estimates the least cesstment decisions

to expand a power system subject to meeting load forecast and a host of operational
constraints. The model concurrently optimizes installation and operation of generation units,
transmission lines, arstorage while meeting a realistietof operational and policy

constraints. SWITCH employs very high spatial and temporal resolution for each region
analyzed, allowing for an improved representation of variable resources like wind, solar, and
storage.The SWITCH model can be run as a linggogram (LP) or as a mixed integer

program (MILP). In a MILP, some of the decision variables are forced to be binary or integers.
These problems are generally harder to solve, but may be necessary to adequately represent
decisions that cannot take contious values.

The SWITCH model has typically been usedstmulate capacity deployment decisions (in units
of MW or GW) as continuous variables, allowing the model to develop any capacity level up to
a certain limit given by land, technology, or other cmamts. The interaction between
SWITCH-Nepal and the SABER modelkgd for the SSP component, S€bapter 2) required

that hydropower project investment decisions be treated as binary variables: either the project



is not built or it is built at its predefined design capacity. Hence, in scenarios that were designed
to be exchanged with SABER, hydropower installation decision variables are treated as binary
and the model is run as a MILP; in all other scenarios hydropower installation capacity is
treated as a continuous variable with a range from 0 to the predefined design capacity.

The main outcome of SWITCHNepalis a power system pathways assessment for Nepal that
guantifies costs and benefits of a range of scenarios. These scenarios are chadhbterize
different assumptions about emergent technologies (e.g. solar PV, wind, storage), demand
forecast sensitivities, and policy prescriptions and targets. This analytical approachgmovide
range of potential investment and operational insights on geioer and transmission capacity,

fuel consumption and costs, dependence on hydropower, and storage, among others, which can
then be integrated within a Karnali basic planning model. Portfidiged scenario analysis has

not yet been explored for Nepal, since existing planning studies develop a single pathway with
little sensitivity analyses. With the dramatically improving market position of wind, solar PV, and
storage, this study will provide valuable and previously unavailable information fdaetong

energy planning for Nepal.

Additional variables and constraints for the SWITCH model are reported in Appendix A.

1.2 New modeling developments

There are two modeling enhancemerttsat were developedspecificallyor the SWITCHNepal
model: peaking ruof-river (PROR) plants and a reference case import strategy which we will
refer to as“energy banking"These are described in the following subsections.

1.2.1 PROR implementation

The original SWITCH model only represented storage and-otiiver (ROR) plants.

However, asignificant portion of existing and potential hydropower capacity in Nepal comes or
could come from PROR plantddequately representing PROR plants is very important due to
their dispatchability and the consequent flexibility they bring to the systenmfi@-day load
following.

Figure 1.1.1 provides a good example of the operational difference between PROR and ROR
plantsbased on the dry season (January) behavibe hourly dispatch shows how PROR units
are storing water during low demand hours at night, then maintain low dispatch levels during
the day, and increase to inject the full stored energy during the evening peak hours. In contrast,
the ROR units are non dispatchable and provide a fixed amount of energy on each hour of the
day. The value of thBeROR units’ flexibility for the Nepal power system is assessed in section
4.10.
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Figure 1.1.1 Hourly dispatch for a day in January 2025

The implementation of PROR in SWITCHdsnceptualized byreating the plant as if it were a
ROR plant paired with a battery storage unit. This approach responds to two limitations. First,
the SWITCH model does not explicitly modby/drological informationjust available hourly,

daily, or monthly energy based on capacity factors. Second, we have no information on pondage
storage capacity for PROR plants, so even if SWIT@H a hydrologic representationwould

not be able to use it.

The hourly PROR productioror dispatchis the sum of the instantaneously azbieenergy—

the water that is flowing directly through the penstockand the release of stored energy from

the pondage. These two energy “streams” are constrained to be less than the nominal turbine
capacity on any given hour. The model includes ahblerta decide how much to divert from

the river flow to store in pondage and a variable that tracks the stored energy to make sure it
stays under a prescribed limit. This model uses a five hour storage capacity, which means that
the PROR unit can store up to ‘nominal capacity’ x 5 energy before being forced to stop
diverting to pondage and either dispatch or spill water.

1.2.2 Import -export logic

The SWITCHNepal model requires a logic to define levels of imports for the next 20 years.
Due to the geopolitical imprtance of energy imports it is very hard to exogenously define

levels of imports for the model. On one hand, it could be economically reasonable to rely on
imports to meet substantial portions of Nepal electric energy and capacity needs. On the other



hand, it may become politically infeasible to maintain any levels of imports. While these cases
are explored through sensitivities (see Section 3), the model requires a base level of imports to
implementas a reference case

Maintaining current levels of imps was deemedinreasonable for three reasons. First,

imports from Nepal up to this date have not been due to economic reasons, but largely due to
insufficient domestic capacity to serve load. Since the SWITCH model is designed to meet all
load with highevels of reliability, the current practice does not apply to future system
expansion. Second, available power for export in India may substantially change with expected
high adoption of solar PV at very low cost. Hence, the current economics of impottdifidr

from those available in the future. Finally, there is political pressure in Nepal to reduce or
eliminate imports from India to fulfill a domestic policy gimabecome a net exporter.

In conversations with stakeholders, we decided that the model would implemé€ramgy
banking” strategy as an appropriate compromise between (i) political sensitivities on cross
border power trade and (ii) lack of available data for economic decision making on imports or
exports. An energy banking strategy consteimports in the model to match exports, on an
annual basis. Note that this strategy conditions imports and exports at the same time,
preventing the power system frofmecominga net exporter. We modify the energy banking

logic in specific scenarios to arae the cost and benefits of Nepal becoming aegiorter.

The energy banking strategy imposes constraints at the physical level, not monetary level.
However, the model still makes leasbst decisions wheréhe cost of imports is relevant. We
adaptedresults from a longerm capacity expansion model developed for India to understand
the average and marginal costs that Indian power would have in the future. We used these
costs to estimate a supply curve from India, such that increased import levels on a given year
would result in higher prices due to more expensive PPAs needed to be signed. This is an
approximate but reasonable representation of the economic costs of India power for our
purposes. Details of the calibration of this supply curve are regggbin Section 2.

1.3 Modeling limitations

The SWITCH model, as any power system model, has to baleoewlexity for computational
tractability and data availability. In this subsection we highlight the main limitations of the
SWITCH model that maympact theresults of the Nepal case study.

First, the model employs an average hydrological year throughout the simulation horizon given
the lack of access to multiple hydrological years to feed into the model. From a resource
adequacy perspective, this limitativanslates to higher firm capacity and available energy from
hydropower projects than if the driest years were included in the simulation. The potential
effects of this limitatior- insufficient power system capacity to meet demand during drought
years—is mitigated by employing a relatively large 15% planning reserve niNotgrthat

climate change may induce changes in historical hydrological patterns that could affect
hydropower production in ways the model is currently not capturing.



Second, the modaloes not endogenously optimize the opportunity cost of water stored in
reservoirs, which igxceedinglyomplex to solve. SWITCH has typically relied on historical
operation of reservoirs to inform annual or seasonal availability for dispatch. SWITCtaltypi
employs operational patterns from existing reservoirs to calibrate the seasonal operation of
new projectsbased on proximity, capacity, seasonal flow profile, and other characteristics for
improved project matchingHowever, we did not believe the single storage project active in
Nepal would be a good proxy for reservoir operation in new proposed storage projects. With
no information available, monthly reservoir water availability was indexed to monthly flows,
which ignores the capacity of certain reservoirs to store water across several m¢stils
allowing for intramonth storage optimization)hismodelingdesign decision could make
storage projectgparticularly large projectdess valuable to the power systensiace they
cannot provide intrayear balancing and potentially translate to reduced adoption of these
resourcesin SWITCH model simulationd his limitation is mitigated by the limited number of
existing and prospective storage hydropower plants in Nepal, which suggests its impact may be
moderate.

Third, the model does not simulate the interdependence between hydropower projects that
are located in a cascade alaing same river. This is particularly important for storage projects
that significantly alter river flow patterns downstrearowever, since the model selects very
few reservoir projects, prescribed capacity factors for rfrrver and peaking ruf-river

plants are not significantly impacted by hydropower operation.

Fourth, the energy banking strategy to define imports cddde unintended consequences in
the expansion of the power system. For example, the model could find that céetzets of
curtailmentof wind, solar, aad hydropower could be optimal even when consideritsggcosts.
Indeed, several models are suggestiwgrbuilding solar PV if its costs are low enough to meet
demand in “shoulder” hours, making curtailment an optimal decisiomever,curtailments

are endogenously limited to be as high as imports on an annual basis based on the way the
energy banking sttegy is defined.

Fifth,and connected to the previous limitation, the implementation of power import and
exports in the model is not primarily based on economic decisions due to lack of data
availability for forecasting purchase and sale PPA prices. BE&tuelias have explored cross-
border transactions from an economic perspectieegiMcBennett et al., 2019However,

none of these studies representdydropower projects in Nepal with the level of detail that
SWITCH-Nepal has and hence may not have captured the dynamic relationship between
hydropower project selection and import levels. This topic remains open for future research.
Finally, the SWITCHnodel must choose the number of hours to represent the power system
for each investment period. This is the result of selecting a certain number of hours per day, a
certain number of days per month, and a certain number of montlisaryear to simulate.

There is a tradeoff between choosing too many hours to better represent the idiosyncrasies of
the domestic power system and making the problem intractable by including too many
timepoints. The need to solve a MILP for the Nepal model puts further pressuithis



tradeoff, as each MILP model instance took between three to forty eight hours to solve. The
final choice was to select twelve hours in the dagssentially every other hour and two days

in the month —the peak day and a randomly selected median day. The model then selects six
months in a year -every other month —o capture annual seasonality. This sampling method
selects 144 hours per year for a total of 576 timepoints simulated in the model. The sampling
has the obvious risk of not capturingrse specific system dynamics that happen occasionally
during a year. This can be mitigated by inputting the generation and transmission decisions of
the SWITCH model in a production cost model for a full year of hourly simulations and further
verification d the reliability of the SWITCH decisions. This step was out of the scope of the
present effort, but its absence does not invalidate the results from this work.

2 Input data assumptions

This section provides quantitative information the basic assumptions used in SWITGlEpal
model runs. The section covers generation project investment cost, demand, transmission, and
supply side resources.

2.1 Estimating hydropower project costs

Only 424 out of 1359 hydropower plants have cost data ia tiniginal version of the
hydropower plant dataset. All plants with cost data were developed in the Tracttbey.
SWITCH requires all plants to have a unit cost, which is usually done by using a typical
technology cost per MW of installed capacity. Tapproach may introduce distortions in the
Nepal hydropower investment decisions because of the relatively wide variation in per MW
costs as reported byractebel, especially for the ROR plants (Figure 2.1.1).



Figure 2.1.1 Distribution of hydropowerastiby technology type

A methodis required then to predict costs for hydropower plants that were not developed by
Tractebel.We developed a linear regression by identifying all the fields in the dataset that have
values for Tractebednd nonTractebelhydropower units. These values are used as

independent variables to fit an ordinary least square (OLS) model using the Trad&tdelWe

chose the total project cost in USD as the dependent variable, rather than the unit cost in
USD/MW, because the inskatl capacity is also part of the regressors and having a derived
variable as a dependent variable can introduce biases. Since the independent variables are also
available for the nofTractebelunits, the model results can be used to predict costs. The

fundional form for the unit costs is:

log(PROJECT_COST_U%D)leg(LENGTH_KM)b+* log(VOLUME_TCM) + ¢ * log(UPLAND_SKM) + d * log(DIS_AVe EMS) +
log(BB_LEN_KM) + f * log(PCAP_MW)

The variables are used with logarithms given theiriogmal distributon (as seen in Figure

2.1.1). The regression is run separately for storage projects and for PROR/ROR projects, given
their fundamentally different cost structures.

Regression results for storage projects show tivedtalled capacity hdle only statistically
significant coefficient at 99€4. The regression performs relatively well, explaining about 94%

of the variation in the cost data. Regression results for the PROR/ROR projects show that the
coefficients for UPLAND_SKM and installed capacity are statistically significant at 99% CI. The
regression is able to explain about 87% of the cost variation in the data.



We test the predictive capacity of the regression by applying each mosterage and
PROR/ROR-to the Tractebeldata, and comparindné predicted and actual project cost.

Figure 2.1.2 shows the results for the PROR/ROR plants and Figure 2.1.3 for the storage plants.
The cost predictions for both are relatively well clustered around the unity slope, which means
that there is no significd bias in the predictions. The PROR/ROR regression does show a bias
towards underpredicting costs for plants with the highest costs (Figure 2.1.2, red area).

Figure.1.2 Predicted and original costs for PROR/ROR plants



Figure2.1.3 Predicted andginal costs for storage plants

We analyze the error distribution for PROR/ROR plants by installed capacity (Figure 2.1.4).
Results show that higher errors appear in plants with relatively small size. Prediction error
margins are bounded around 20%, whis considered a reasonable deviation for the purposes
of this study. For storage projects the prediction error is less than 5%.

Figure2.1.4 Error distribution by installed capacity for PROR/ROR plants

Given its efficacythe OLS models for PROR/RORdaastorage are applied to all nefractebel
projects in the dataset to estimate their coslowever, before passing these costs as inputs to
the SWITCH model, we implementedl statistical analysis to identify and remove outliers.



The statistical analysisggested that the underpredicting bias identified during the regression
analysis could bias the project costs high cost plants. We also compared project unit costs

in $/kW for different technologies with international benchmarks to identify possibleensit

This analysis resulted in using thé" J@rcentile as a lower bound for ROR and PROR unit

costs, and the Z5percentile as lower bound for storage projects. The monetary bounds for
ROR, PROR, and storage projects were 1,772 $/kW, 1,193 $/kW aBaiBL$/kW,

respectively. Then, any project whose cost was under this lower bound was adjusted to the
bound before being input in the model; projects with costs above the bound were not adjusted.

2.2 Demand: spatial division and load forecast

Topologically, a power system is made of hundreds or thousands of substations that are
interconnected through transmission lines. Substations will typically have a generation unit or
demand connected to them to inject or withdraw power from the systemspectivelySince

this topological level of detail is too high for SWITCH, the power systemepresentedy
grouping substations that are close to each other together to form “load zones”.

Load zones are the minimum unit of spatial analysis in SWITCH. There are two main criteria
for load zone creation. First, load zones should roughly correspond to main consumption
centers. Second, load zones should be such that transmission is relatively unconstrained within
the load zone, but there may be transmission congestion in lim@sconnect load zones. The
latter criterion allows the simulation of transmission expansion that represent the main
corridors in a power system.

Load zones were created for Nepal through a spatial clustering of medium voltage (primary)
distribution line ad distribution transformer location, made available by the World Bank.
Primary distribution system location is strongly correlated to consumption centersm&&ns
spatial clustering method was employed, testing a range of clusters from 10 to 20. The tes
suggested that 15 clusters was an appropriate number (see Figure 2.2.1).



Figure 2.2.1 Distribution system network nodes with spatial clustering

Districts are the second level of administrative division in Nepal after provinces. The clusters of
primary distribution voltage networks were mapped to districts by calculating the number of
distribution system nodes (transformers) from a given cluster that were located on each

district. The district was assigned to a cluster based on the share of nodesdoicathat

district (see Figure 2.2.2). The objective of using districts was to facilitate the assignment of load
zones to other objects in the power system such as new and existing projects.



Figure 2.2 Allocation of districts to node clusters to produce administrative load zones

Load zone creation is then finalized by dissolving the district polygons in the shapefile and
produadngload zone polygons. Nepal has power exchanges with three Indian states: Bihar,
Uttar Pradesh, and Uttarakhand. These thegates are included as an individual load zone to
simulate power exchanges based on the actual availability of the transmission corridors
between Nepal and each Indian state (see Figuz8, Indian states shown hatched). These
polygons will be used extsively for any spatially related assignment for power system entities
in the model.
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Figure2.2.3 Definitive Nepal and India based load zones, with Indian states hatched for clarity

The SWITCH model uses a sampling method to represent the temporal dynamics of load and
supply. The method is based on selecting a number of representative days of a typical year, and
then selecting between 6 to 24 chronologically related hours per day as hourly samples. The
SWITCH model then runs in two temporal resolotis:

X Investment periods: these are periods composed of several years that represent the
points in time when the model makes investment decisions in generation and
transmission. Each period is represented by a “typical year”.

x Dispatch hours: a typical year is composed of many representative days that are further
divided in chronologically related hourly samples. On each hour, the model determines
the optimal or least cost dispatch decisions for generation and transmission assets that
satisfy load and a host of power system technical constraints. The dispatch levels and
mix are limited bythe optimal investment decisions made by the model for a given
period.

The hourly resolution of the SWITCH model requires producing load forecasts at the hourly
level. The sual method has been to use a historical 88+ year profile and apply it to

future periods. However, in the case of emerging economies, it is worthwhile to develop a
bottom-up estimation that allows for the adoption of new types of arss.

We use a lottom-up approach and develop typical daily consumption profiles by customer
segment for rural and urban residential, commercial, and industrial customers. These customer
profiles are weighted based on the current mix of sales by customer type reported by NEA in
their 2018/2019 Annual Repio(NEA, 2019) We develop a “seasonal coefficient” to distrileut
demand differently across the year, and calibrate it based on average temperature: hotter
months have a higher demand than colder months under the assumption that air conditioning



will respond to high temperatures and that heating needs are not met esatyicity. We then
multiply these seasonalhdjusted and saleseighted daily profiles by an average daily
consumption based on existing electricity consumption forecasts to obtain hourly demand by
customer segment.

A search for publicly available infieation revealed six available forecasts from two sources:
one from the 2019 NEA Annual Report and five from the Electricity Demand Forecast Report
(20152040)by the Water ard Energy Commission Secretariat (WECS). This implementation
uses the businesssusual (BAU) scenario from the WECS, which was considered conservative.
The method used relies only on the consumption (GWh) forecast, as the peak demand (MW)
forecast is determined by the joint customer segment hourly profiles. In this implementation,
the annual peak demand is about 4% higher than the forecasted peak demand for the WECS
BAU scenario.

Figure 2.2.4 NEA and WECS load forecasts considered for this study

Finally, load has to be spatially allocated to the different load zones. The method edploy

relies on population by district to allocate residential and commercial demand, and then
aggregating district population to load zone population based on the spatial mapping (see Figure
222). One advantage of this method is that allows incorporatuent and unserved demand

into the forecast, rather than relying on historical data that covers only-60% of the

population. The population method is not appropriate to allocate industrial demand, which can
follow a spatial pattern unrelated to populati density. We use existing substation transformer
capacity as a proxy for industrial demand location, by aggregating existing transformer capacity
by load zone and then allocating industrial demand.

2.3 Transmission



Transmission data was available from a Wdhnk effort from 2013. However, the data
seemed substantially inaccurate when compared to the most recent transmission system map
available from the Nepal Electricity Authority (NEA, see Figure 2.3.1).

[ Nepal Power Transmission Network Map 7 = . N
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Figure 2.3.1 Nepal transmission network map

We produced our own spatial transmission data by georeferencing key substations from the
original NEA map in Figure 2.3.1, and manually tracking the position of over fifty substations as
reported in the latest 2018/2019 NEA Annual Report (NEA, 201Bijs report also includes a

list of existing transmission lines with basic electrical characteristics that were used to calculate
its capacity rating in MVA. We transcribed all the transmission lines, associated them with start
and end substations, and mapped them. Figure 2.3.2 shows the final transmission system
resulting from this process.



Figure 2.3.2 Matransmission lines extracted and georeferenced

With a spatially explicit transmission system, substations are assigned to load zones based on a
spatial matching algorithm. Then, transmission lines that reside within a load zone are
discarded, and transmission lines that connect different load zones are aggregated to produce a
simplified transmission system (see Figure 2.3.3). This transmission system will be passed to
SWITCH-Nepal to represent the main corridors and investigate future transmission expansion
needs. Note that for visualization purposes, the existing substations are replaced by the load
zone centroid. However, the real system preserves the lengths of the actual circuits to produce
realistic estimation of line losses.



Figure 2.3.3 Simplifie@insmission system that serves as an input to the S&paCidodel

Future transmission corridors are also available in the 2018/2019 NEA Annual Report, reported
as under construction, or planned. Most under construction projects in advanced stage were
included when processing the existing transmission lines. Most planned transmission lines are
repowering of existing corridors, upgrading from the standard 132 kV to 220 or 400 kV. This
means that the corridor remains the same, but its losses will dechdecapacity will expand.
SWITCH-Nepal will expand transmission corridors as needed.

2.4 Supply side resources

This subsection provides information on the costs, location, and operational characteristics of
the technologies that compose SWITGKepals portfolio: diesel generators, solar PV panels,
wind turbines, battery storage, and hydropower.

Diesel generators and battery storage systems are modular, relatively easy to locate directly in
substations, and are not resourgciependent. We allow the model to deploy diesel generation
and battery storage on every load zone in the model. Investmesisdor diesel generators

come from EIA’s 2020 Annual Energy Outlo@&O, 2020) while investmentosts for battery
storage come from Cole et al2016) Diesel fuel costs were calculated based on a current cost
of 0.76 $/It and projected based on the crude faitecast reported in the World Bank
Commodities Price Forecast released in April 2020.

Investment costs for wind and solar PV technologies come from EIA as well and were
compared to IRENA global average costs to verify they were representative of sdlaviad
projects(see Figure 2.4.1We produced a set of lower costs for solar PV and wind based on
the experience and expectations for development in India, which has a substantially more



advancd renewable energy industry. The values were obtained frorarg recent expansion
pathways study developed for India in 2020 by NREL (Rose et al.,.2020)

Figure 2.4.1 Investment costs fehyaropower technologies

Finally, the import supply curve was calibrated based on the demand and pricaerndiczlted
in Tabe 2.4.1

Table 2.4.1 Import supply curve demand and price breakpoints

Demand level (MW) | Price ($/MWh)

0-2500 28.48
25002770 36.83
27703000 38.24
300063100 69.23

The values for this table were based on marginal cost outcomes of an India pathways expansion
study (see Figure 2.4.2)/e determined that supply curves for India presented a typical pattern

of “breaks” that depended on the costs of coal, gas, and nuclear plants. We assumed that these
values reflected the prices at which PPAs could beesigWe also assumed that Nepal would

not be able to secure prices lower than $28.48/MWh, a reasonable assumption considering that
for the SWITCHNepal model these imports are firmed (i.e. they include energy and capacity
products).
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Figure 2.4.2 Examplesupply curves for India for five hours for the month of June, 2026

2.4.1 Solar and wind resource

We developed our own systematic, Gb@&8sed approach to select the most appropriate

locations for solar and wind farm developmetite to the lack ofdetailedstudieswith publicly
available resource datvaluating solar and wind potential in NepEhe suitability of both solar
and wind site selection are driven by resource potential, surrounding geography, and proximity
to existing populations and grid infrastruceé. Therefore our analysis began with the overlaying
of a digital elevation model (DEM) raster separately with a solar resource raster and a wind
resource raster.

Solar resource was quantified by PV electricity output in kWh/kWp at a 1km resolution. This
can be interpreted as the average daily photovoltaic electricity (AC) delivered by a PV system
and normalized to 1 kWp of installed capacity. Elevation data was aggregated from 90 meter
resolution to 1 km resolution using the mean value and variance (as a proxy for slope or
incline). The result was a 483,140 cell raster of elevation, elevation variance, and PV output at
approximately a 1kaby-1km resolution across Nepal. Cells were then ranked by highest PV
output, minimum elevation variance (and under fvation variance cutoff), and under cutoff

for elevation. Cutoffs were informed by Guaitaadas et al. (2019) which notes that ideal sites
are located below 5800m in elevation and on flat terrain or gentle slopes facing south with less
than a 5% graded slope. Promising cells were sequentially investigated using Google maps’s
satellite imagery for proximity to existing or planned substations, proximity to existing or
planned transmission networks, proximity to existing populations, minimizing disruption to



existing built infrastructure and cities, avoiding protected lands in National Parks and Reserves,
avoiding the steep and inaccessible terrain of the Himalayas, and with a slight preference
towards geographic diversity. Therefore open fields on relatiffatysurfaces surrounding

major population centers were found to be the most promising sites. Through a sequential and
systematic approach we identified 30 suitable dpikm cells that could each install
approximately 30 MWac solar (NREL, 2013). Thearigj of the sites were clustered in four
regions surrounding Tulsipur, Surkhet, Pokhara, and KathmgeduFigure 2.4.3Hourly

capacity factors for the selected solar sites were simulated from the MER§®bal solar

dataset with 1axis tracking, 30 degree tilt, and a system loss fraction of 0.1.

Wind resource was quantified by mean power density (W/m2) at 150m hub height at a 250m
resolution. Both elevation and wind resource data were aggregated tol®kikm resolution

using the mean value and variance of each. Elevation variance served as a proxy for slope or
incline, and wind resource variance served as a measure of the consistency of the resource
across an entire wind farm. The result was a 109,745 cell raster of elevation, elevation variance,
wind resource, and wind resource variance at approximately a-BigBkm resolution. Cells

were ranked by the highest wind resource and lowest wind resource variance, while removing
the highextreme values of elevation and elevation variance. Similar to the solar site selection,
promising cells were sequentially investigated using Google Maps’ satellite imagery for proximity
to existing or planned substations, proximity to existing or planned transmission networks,
proximity to existing populations, minimizing disruption to existing built infrastructure and

cities, avoiding protected lands in National Parks and Reserves, and avoiding the steep and
inaccessible terrain of the Himalayas. Through our approach, we identified 21 suitabhg~-2km
2km cells for wind farndevelopment. The majority of the cells were clustered along the border
with India between Shivapur and Lumbini in areas with farmland interspersed with small village
clusters(see Figure 2.4)3All locations were within 280km away from existing or plaed
transmission lines.

In order to simulate hourly capacity factor for the selected sites we first had to determine an
appropriate turbine for the solar resource. We tested all 130 turbines available on
Renewables.ninja’s at a representative location for the sites selected using the MERRA
(global) wind dataset at 1MW capacity and at a hub height of 150m. The five models with the
highest total mean capacity factor were: Goldwind GW140 3000 (30.3 %), GE 1.7 (29.9 %),
Vestas V110 2000 (29.0 %), Goldwind GW121 2500 (28.8 %), Goldwind GW140 3400 (28.2 %).
The maximum mean capacity factor for all five of these models was found at a hub height of
150m. CF decreased with decreasing hub height and at 120 m, the CF were abduless

than at 150m.
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Detailed information on the solar and wind site selection process can be found in Appendix C.

2.4.2 Hydropower

As indicated in section 2.1, hydropower projects were collected from an array of sources that
included the Government of Nepal, the Tractels#lidy, and newspaper and trade magazine
articles. The final set of 1359 projects was input in the SWIT&pal reference scenariand,

by default, in all other scenariokdt do not constrain hydropower developmenithe location

of these projects by unit type is shown in Figure £2.4.
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Figure 2.4.Location of hydropower projects in Nepal

Final costs for hydropower projects vary by project, rather than by technology.appsoach
was developed to capture the wide range of costs that characterize these types of projects
given geographical constrainthe range of costs for the different hydropower unit types is
shown in Figure 2.8. The relatively higher costs for ROR units is due to their lower capacity
compared to PROR and storage projects and the consequent lower economies of scale.

Figure 2.8.Hydropower cost distribution by unit type



3 Scenarios

This section is based on Report #3Seenario Development, releasedluly 2020However,

we have made changes to the original scenarios to reflect final decisions made at the modeling
stage, and also to finalize decisions that were reported as pending in the original repért #3.
detailed list of every scenario developed this study is included in Table A.1.2 in Appendix A.

3.1 Background on scenario analysis

Longterm planning models like¥TCH-Nepal are best employed facenarieanalysis.
Projections 20 to 40 years into the future are not predictions because there smmgirical
scenario to compare them against to estimate a priori the accuracy of these predictions. In
scenariebased analysis, simulation outcomes for specifically designed scenarios are compared
to each other. Typically, one of these scenarios is estaddigs a reference and compared to
other scenarios to identify the effect that specific changes have on model outcomes. Then,
scenarios must be created by changing few and selected components to understand their
impact.

Several types of components can bedified to produce scenarios. For example, numeric input
values such as the cost over time for a given technology or for a fuel cost can be changed to
test the sensitivity of the simulation outcomes. Alternatively, the SWITCH linear program can
be constramed or relaxed to create scenarios. In a linear program, adding or relaxing a
constraint will produce different outcomes if that constraint is binding. For example, one can
add constraints to limit the volume of imports, or the total capacity to installdfepecific
technology. One can also remove or adjust constraints to meet certain reliability levels, or
prescribed ecological flows downstream of reservoirs. Generally, relaxing or eliminating
constraints in minimization problems should lead to loweuealof the objective functio(i.e.
lower costs) while strengthening or adding constraints should lead to higher véleekigher
costs) We use this strategy to create severaltbie scenarios used in the EOA.

3.2 Scenarios

Table 3.1 includes ten scenagooups (SGand the reference cas&ach SG is composed of
several individual scenariosredel instances that implement a specific condition or
assumption to be tested. In this context, each scenario corresponds to a specific model
simulation. The table also reports the expected policy application for each scenario group,
linking the simulation outcomes to policy relevant issues for the Nepali power system. Each
scenario group is described in more detail as follows.



Table3.1 Scenario growescription and policy application

ave

[o

uld

Nepal

Scenario Scenario group name Scenario group description Policy applications

group ID

0 Reference This scenario reflects consensual expectations on costy General guidelines for power system expansion under expected conditiong

project availability, and policies that would affect any future
development pathway.

1 Karnali Eliminate or constrain future development of hydropowe River conservation policy for the Karnali basin that uses a sysfgoroach to

projects in the Karnali Basin assess the cost and benefits of these conservation decisions.

2 Limited Hydro Constrain hydropower expansion across Nepal, with no| River conservation policy for Nepal that uses a system approach to assess

basinspecific limits cost and benefits of these conservation decisions.
Cost assessment of the impacts of potential exogenous (i.enmmteled)
factors that would hinder hydropower development, such as access to
financing, political stability, etc.

3 Low-impact Hydrgpower Use SSP tproduce lowimpact and coseffective Demonstrate how lowimpact hydropower projects that are relatively cost

hydropower portfolios effective can be attained by combining two models. This scenario was not
implemented in this study, but it is presented tonsider its exploration in
future work

4 Expansivélydropower Remove alternative resource options for a hydropower | Understand the costs and risks of focusing on a single technology and not

based expansion actively pursuing emerging technologies such ad,vgolar PV, and battery
storage, as well as existing imports. Note that the risk assessment would h
to be an outof-model calculation.

5 Non-Hydro Renewables Produce scenarios that explore high future dependence| Produce an estimate of the costs and operational challenges of limiting

non-hydropower renewable resources hydropower resource development by requiring higher quotas for non-
hydropower renewable resources.

6 Energyindependence Constraint or eliminate imports from India, or modify Cost and operational impacts of reducing or eliminating imports and powe

financial conditions from those imports system response to restrictions on imports. These may then be compared
the potential benefits of such strategy.

7 Export Srategy Understand how the Nepal power system would look if itf Cost and operational impacts of pursuing an expansionary strategy to sery

had to serve additional load for exports other markets beyond Nepal. These costs may be compared against-out-
model revenue calcul@ans coming from export sales under different price
scenarios.

8 Batteries vs PROR Compare the coseffectiveness and operational Identify the cost levels and timing at which battery storage may be a peelfer

applications of both shorterm storage methods resource adequacy solution compared to PROR. This may help prioritize
hydropower project development to steer away from PROR projects.

9 HighHydropower Costs Hydropower development more expensive than the BAUl Measure the power system response to highests than anticipated on
hydropower projects, due to project complexity and cost overruns. This wo
help identify “borderline” projects that leave an optimal portfolio given cost
increases, and focus development on projects that are robust to costases.

10 Regional Equity Projects should be developed and benefit all regions in | Inform regional development targets and the potential costs of “forcing”

projects to be developed in areas that for have substandard resource quali

ty

and/oravailability.




3.2.1 SG-0 — The reference scenario

As indicated, one of the primary usegscenariebased tools like SWITCH is to produce
reference scenarioTlhis scenario reflects consensual expectations on costs, project availability,
andpoliciesthat would affect any future development pathw@ie reference scenario was
defined jointly by the projedteam prior to starting the simulation process to reflect current
expectations from Nepali stakeholders, and cost and market trends fosimants and fuels.

3.2.2 SG-1 — Karnali

This SG includes several scenarios that explore different constraints to future hydropower
development in the Karnali basin. Typically, technelomystrained scenarios are produced by
limiting the total installed capacitigrough the simulation horizon, the total amount of
generation coming from this technology, or the share of this technology’s capacity or energy
with respect to the whole generation fleet. These are collectively known as electbaggd
constraints. Irthe case of a focused study like this, we can also include prbgesed
constraints using additional criteria to select or exclude projects.
As indicated, a first set of scenarios explores+hydrologicallyconstrained options:

X A scenario that excludesng hydropower project to be developed in the Karnali basin

X A scenario that excludes any storage hydropower project to be developed in the
Karnali basin

A second set of scenarios emplogstended project data to exclude projects based on location
criteria established through hydrological impacts. Setting up these scenarios would require
expanding project characteristics to identify the river in which each project would be installed,
probably using information collected for the HCV river assessment:

X A scenaio that only allows deployment of projects in secondary river stems, but not on
the Karnali maistem

X A scenario that keeps all fodributaries of the Karnali free flowingn addition to the
mainstem

X A set of four scenaristhat keeps at least one tributa of the Karnali free flowing.

In this scenario group, the rest of the system (i.e. the @rnali basin power system) is
modeled as the base case scenario with no specific constraints.

3.2.3 SG-2 — Limited National Hydro

This SG is an extension of SIiGapyying similar hydropower development limitations to the
whole country, rather than a single basin. Similarly ad S8enarios that limit hydropower
development can do so by imposing a maximum capacity to be developed or a maximum total
generation or sha of generation with respect to the system. The model would then be able to



select any coseffective combination of projects that meets these constraints and maintains
system reliability.
An alternative approacto constrained hydropower developmert to implement a
hydropower moratorium, either by preventing the model to deploy any hydropower, by
preventing deployment of certain hydropower technologies, or by allowing deployment from a
certain year in the futureThese constraints are extreme and notemided to represent reality,
but to provide the policy maker a sense of the impact that technology availability has on the
power system.
Stenarios in this scenario group include:

X A set of scenarios that explore simple countrywide installed capacity limits set at fixed

percent of peak demand (10%, 25%, 50%, andof pak demand
X A scenario that prevents any new hydropower development in Nepal (full moratorium)

Following the ideas in SG we alscexplored scenarios that are focused on frélewing rivers
across the nation. These scenarios were produced using input from the HCV analysis to identify
projects that would be located in rivers that have already been intervened, and limit the
portfolio to those.

X A scenario with © development in rivers that ardassified as freBowing as a result of
free-flowing river analysis. Dam development on stretches with “good connectivity” is
still possible

X A scenario where mjects can only be developed in rivers that have an aggregated HCV
value below or equal to 1. In this scenario, dams could be developed on rivers that are
free-flowing.

X A scenario where mjects can only be developed in rivers that have an aggregated HCV
value below or equal t@. In this scenario, dams could be developed on rivers that are
free-flowing.

X A scenario that does not allow development in “benchmark” rivers. “Benchirar&rs
are rivers which match the definition of HCVR according to the experts (Karnali, Humla
Karnali, Budhi Gandaki, West Seti and Tamor). Some other rivers have beed add
this scenario based on the importance of those ra/fr biodiversity (Tila, Bheri, East
Rapti, Thuligad, Babai, Thulo Bheri)

X A scenario that prevents development of hydropower projects in protected areas.

X A combination of the two previous scenarios

3.2.4 SG-3 — Low Impact Hydro

A complementary approach to S&Buses the SSP model to find hydropower portfolios across
Nepal that balance low impact with cesffectiveness. The purpose of SGs to assess
SWITCH hydrgower portfolios in SSP to measure thempact level on several metrics, and
then to assess the co#ffectiveness of low impact hydropower portfolilt®m SSP in
SWITCH.As indicated, this SG was not developed for this study but it is presented for
consideration for future work.



This SG is segrated from S& as it employs a method that looks to interface SSP and
SWITCH, rather than just tweaking constraints in the latter. This method fddlthws general
procedure:

1. Start with an unconstrained SWITCH run, which produces a keast combination of
hydropower resources by 2040.

2. Assess the impact of these resources in SSP using the HCV framework. Depending on
the impact level, SSP suggests one or more new combination(s) of hydropower
resources that has lower impact, or that achieves ag@etermned impact level. The
SSP combination of resources should produce similar amounts of energy, or have
similar firm capacity.

3. ldentify the common hydropower projects across both the leasst (SWITCH) and
low-impact (SSP) portfolios

4. Prepare a new SWITCH run in which the common projects are “fixed” in the SWITCH

model, entering operational service based on the original SWITCH run from #1. Run

the SWITCH model again with these “fixed” decisions, letting the model decide the
remaining expansion.

Assess the ew output in SSP, as in #2, and iterate through#&3-

When all projects are fixed, the resulting portfolio can be deemed as an impact and

cost balanced set of projects.

oo

It is important to note that the above procedure has yetbe properly tested and tis is
recommended as a focus area for future wofllhere is a possibility that the iterative approach
will not converge into a set of “fixed” projects.

3.2.5 SG-4 — Expansive Hydro power

This scenario group is composed by a single scenario (run as MILP andtaest bRjuld
represent thecurrent positionof some Nepali stakeholdetbat the domestic power system
mix should bebased exclusively on hydropow@rhis scenario removesom the portfolio any
non-hydropower projects, leaving only ROR, PROR, and stopaggects eligible to meet
demand by 2040 he results of thisSGwill provide a leastost investment pathway for
hydropower resources, which coultie useful to prioritizean investment pipeline of
hydropower projects.

This scenario can also bam in conbination with the hydropower assumptions from SGe
understand the risks diigher hydropower costs than anticipated on a hydmy expansion
pathway.

3.2.6 SG-5 — Non -Hydro Renewables

SG5 explorespower systemghat substantiallyeply on nonhydropower rerewable resources
available in NepaGGenenmlly, given the available resources for generation in Nepal, hydropower
constraints such as those implemented in scenario groups 1, 2 or 3 will trigger substitution of
hydropower by other available technologies B&s wind and solatn SG5, more explicit



targets for wind and solar are testad explore outcomes that are not driven by unavailability
of certain hydropower resources.
Senarios for this SG include:
X A set of scenarios that implements a renewable portfolio standard (RPS) that attains
20%, 35%, and 50% of power coming from hgdropower renewables by 2040.

x Choosethe 50% RPS levahd apply sensitivities on future cost trajectories by testing a
low and a very low cost projection.

The purpose ofthese scenarios i® demonstrate that a power system that does not
substantially depend on hydropower is possible for Nepal. These scenarios whkealslomark
the costs and perational characteristics of an alternaepansion pathway for Nepal.

3.2.7 SG-6 — Energy Independence

This SG explores the consequences of policy decisions aimed at reducing or eliminating imports
from India to achieve electricity production independericescenarios in this scenario group
the “energy banking” logic is disabled and replaced by a direct constraint on import levels.
There is a direct and an indirect method to achieve impmhstraints:
x Direct (quantity strategy): constrain the volume of imports by imposing an annual,
seasonal, or hourly limit. This is equivalent tsw@ming transmission lines from India

would not be expanded, and hence would constrain imports, but can also be the result
of political decisions from either country.
X Indirect (price strategy)he supply curve for the India markean be calibrated to
simdate higher or lower average prices for imports. The model would naturalpass
or contract its import volumesn response to these prices.

For simplicity, a direct or quantity strategy is employAd indicated, there are several
methods to limit impots from India, and these methods can be implemented jointly. This
scenario group implements two joint constraints
X A total annualimit on energy imports, expressed as a share of total energy
consumptionon each year.
X An hourly limit on imports, which woud resemble a hard limit resulting from
transmission line constraints. This scenario would reveal the impact of import

restrictions for resource adequacy (i.e. meeting peak demand), which will be different
from the energy impacts.

The annual and hourlynits are linked by making the hourly limit be four times the annual.limit
We test three import limit scenarios set at 0%, 10%, and 25% of annual energy needs (i.e. 0%,
40%, and 100% (no limit) of hourly needs). As will be demonstrated in the results, the 25%
constraint is actually higher than the energy banking equilibnuire reference scenariand

results in a scenario with lower costs.

3.2.8 SG-7 — Export Strategy



SG7 explores the evolution of the Nepal power system under a strateggxport part of its
production to neighboring countrie§SWITCH is a cost model, so it cannot simulate market
exchangesTherefore, an implementation for an export strategy invaading demand to the
India load zones, which could be served by exports from Nepal. Previotsexplored cross-
border exchanges between Nepal and India, which predsic lenchmarks for calibration of
these scenarios (e.g. McBennett et al., 2019; SARI/EI, 2017; Timilsina et al., 2015)

The export strategySGimplements an alternative to the energy banking import strategy that
requires the net exports to be a certain percent of annual domesticsumption. For
demonstration purposes, we test a scenario with a 50% export requirement and a scenario
with a 100% export requirement.

Proper assessment of the cost impacts of this scenario group requires calculatjpgieinéial
surplus revenue that would be raised from the sales of these expRgather than calculating a
specific price for export revenue calculation, we use three different price levels to value
exports at D $/MWh, 30 $/MWh, and 40 $/MWh and present results for eathese values
are based on the import supply curve calibration prices presented in Section 2.

3.2.9 SG-8 — PROR vs Battery Storage

Nepal relies on PROR plants to provide load followsggvicein its system. PROR plants can
have higher impact due to inundan of a larger reservoir area and more vaflblownstream
flow releasesand require more infrastructure than a ROR plant with equivalent energy
production.

A potential strategic decision would be to assess whether to incur the additional costs that a
PROR project would havecompared to a standard ROR projecbr whether to deploy

battery storage to provide that flexibilit{ost reductions in battery storage may make this
resource costeffective for largescale adoption in power systems, with substantial bendfitis.
decison may be contingent on the location of potential PROR projects, as well as the timing for
cost declines in battery storage.

Two scenarios areleveloped in this group:

x In the first, PROR plants are includad in the reference scenaribut no battery
storage is allowed to be deployed.

x In the second, PROR plants are treated as regular ROR plants and battery storage is
allowed.The idea of maintaining the same plants is to keep their energy contribution
constant, btremove the “flexibility” contribution fom the peaking ROR to assess its
impact.

The two scenarios have the same available enangysame demand, which mealiferences

reflect the comparative value of storage in PROR ponds vs storelgatteriesto the power
system By comparing these scenarios between themselves and against the reference scenario,
we will be able to determine the value that PROR and battery storage technologies bring to the
power system in Nepal.



3.2.10 SG-9 — High Hydropower Costs

Recent research has demonstrated that hydropowesjects have typical cost overruns of 33%
of the original projected ast (Braeckman et al., 2019\nother report that examines budgets
for megadams and compares them with actoaltcomes suggests up to 100% cost overruns
for these projectdAnsar et al., 2014)rhe Bhutan Electricity Authorityecentlyreported cost
overruns of between 40% and 170% for ongoing projactie country(BEA, 2017)These

cost overruns could have substantial economic impact in countries like Nepal that are planning
system expansioprimarilybased on hydropower.

This scenario group will explore two approachd#e first is an oubf-model calculation tht
estimates the actual system costs should the hydropower projects frond §8e reference
scenario) and S@-(the Expansive Hydro scenarios) cost more than originally anticipated.
out-of-model calculation prevents SWITCH from making decisions baseambsts, effectively
estimating the impact of sunk investments without recouiidee second approacis a

SWITCH run using an increased cost of hydropowemwhich the model will make different
investment decisions based on the new higher costs of hydrep@nojects We use a 25%
anda50% increase in costs across all hydropower projects.

It is worth noting that projects can also be more expensive if they take more time to develop.
The paper by Braeckman et al. (2019) determined that projects took on gee28% more

time to finalize than estimated. This would add one or two years to the project development,
incurring in highefinancing costs due tonmobilized capital and foregone sales. However, for
simplicitythis SG will only use a cost expander to assess the impacts of higher costs in
hydropower projects.

3.2.11 SG-10 — Regional Equity

Policy objectives in many emerging economies, including Nepal, strive for relative equality in the
distribution of project enefits (and potentially, costs and environmental and social impacts).
This objective usually translates into regional quotas for project development that can be
measured in installed capacity, energy production, project investment levels,
royalties/taxes/dividends, or employment, among others. The benéfitese regional equity
policies are difficult to measure, bestimating their cost compared to a nguolicy scenario

would give a benchmark of benefits levidlat would achievenet social welfare gains.

Load zonesn the SWITCH mode}- the minimum urtiof spatial analysis in the modehre
composed by clusters of district¥hen, load zones cagffectively represent political

subdivisions within Nepal and are amenable to be used for regional equity analysis. We explore
aset ofscenari@ in this group where we require minimum levels of installed capati®&ach

period for each load zonas a percent of the load zone’s peak demand. We test levels of 10%,
20%, and 50% ¢dcalpeak demand as minimum installed capacity for each load zone.

4 Results



The results section is organized based on the scenario groups and the policy issues that they
study. We usually report the capacity mix, cost, and hourly dispatch for each scenario group,
and discuss the policy implications of these findings.

4.1 Interp reting cost -based results

One of the main results from the SWITCH model atfge costs to build, maintain, and operate
the power system. It is important to understand what these costs reflect and do not reflect and
what cost differences mealt.is also imprtant to remember that SWITCH is not a market
model. Hence, the model does nptoduceprices and does not verify that investment is
profitable through market exchangds the mode] eachproject and transmission linearns a
“regulated” return on invesnent that is quantified as a cost). This is equivalent to assuming
that investment and operation of assets is regulated or government owned, both of which apply
reasonably well to the Nepal case.

First, the SWITCH model captures the main sources of cost power system. The results
reflect the investment costs, including finanangtsand return over investmendf building
generation, transmission, and distribution. Due to lack of available data, the model does not
account for the costs of existing tramission and distributioinfrastructure This is not

important for our purposes becausge analyze monetary results as the difference against the
reference scenaridn addition to investment costs, the model reflects typical operational costs
such as vaable fuel costs, variable ndael costs, and fixed annual costs for generation;
operational and maintenance cost for transmission and distribution systems; and ancillary
services costs to maintain spinning, rsginning, and quickstart reservégl costs are

discounted to the present year using a 7% discount rate.

Second, the expected inaccuracies of a power system modelingteduch that a difference

of less than 1% may not be statistically significantly different from O when comparing costs
betweenscenariosWhen interpreting cost results, readers are advised to consider cost
differences under 1% as negligible for policy making purposes.

It is useful to put cost differentials in conteXt/e can perform a simplified calculation to
estimate the equident cost increase in % with respect to the reference scenario in dollars per
householdThe reference scenario produces an averageathte of 9.8cents/lkWh. The

average monthly household income in Nepal was about $250 in QDEEC, 2015)esimated

$300 in 2020. Assuming an average household consumption of 150 kWh per month,
households would spend about $p&r month in electricity or 6% of their monthly income.
Then, a 2% increase in cost equals tocgdts per month.

A final noteon interpretation of cost resultgelates to the role of energy banking on
determining import and exports, and the subsequent impact on cost. Depending on the choice
of scenario, the available annual energy surplus from hydropower and other resources will
differ. Ths surplus determines the optimal level of imports allowed, but will also typically drive
up costs. These costs could be mitigated through export revenue. However, for simplicity we



do not calculate export revenue with the exception of SGthe export straegy scenario

group. The reader should take into account that scenarios that have a higher level of imports
and exports may mitigate costs with higher revenue from these additional exports (import
costs are always accounted for).

4.2 The reference scenario

The reference scenario is the least constrained scenario that uses a basic set of assumptions for
existing and future infrastructure, costand imports As indicated, the purpose of the

reference scenario is to set a benchmark against which the scenario results can be assessed. It
is not relevant that the reference scenario perfectly predicts the most likely evolution of the
Nepali power system; that is indeed impossible. It is important that the cost, project, and other
forward-looking assumptions applied to the reference scenario are reasonable. We believe this
is the case, I=®d on our researh and stakeholder interactions.

It is also important to recall that the moded ran as a MILP in some cases and as a LP in other
cases. Therfere, thereare two reference scenarios, one for each model solving approach. In
practice, both reference scenarios are very similar in their resource mix, operatior;astsl.

In this section we sharthe results of the MILP reference scenario.

The reference scenaricapacityexpansion isnostly based on PROR and ROR plants, and

imports. However, while PROR expands from 1.9 GW in 2025 to 7.8 GW by 2040, there is no
expansion of ROR plants from the existing 1.3 GWind generation is profitable from the first
period, with a small 3 MW installation, but growing to almost 1 GW by 2@48xibility to

follow load is important in a power systeand the model deploykattery storage and diesel
generators to provide peak power and inttly balancing. Battery storage is deployed starting

in year 2025 with 80 MW, increasing to 300 MW by 2040, while diesel capacity increases from
170 MW to 900 MW in the same periods.
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Figure 4.2.Capacity expansion for reference scenario

It is important to note that capacity deployment does not reflect actual energy production,
which is the result of optimal dispatch decisions by the mdeigure A.2.1 in the Appendix

shows the evolution of the production mix for the country. About 78%% of the annual

energy is produced from hydropower, with the remaining 20886is supplied by a mix of

imports and wind energy. As expected, the use of diesel plants is minimal, accruimgiess t
0.1% of energynithe yearfrom their sporadic use as peaker units.

Imports from India provide a significant share of capacity and energy. The energy results show
that the optimal level of imports under an energy banking logic are between 21% and 25% of
energy needs perear.Imports play a fundamental role in balancing seasonal availability of
hydropowerand, as we will see in the results for $Gin reducing the costs of achieving this
annual balance to meet demand at high levels of relialkigyre 4.2.3hows the hourly

dispatch for each of the twelve days simulated for the 2025 investment period. Each header
codes the year, month, and date in ¥YYYMMDD format. In the wet months of May, July, and
September production from hydropower plants is significantly higher than load in the majority
of hours in the day. This surplus is available for exports. Following the energy banking strategy,
the model uses imports to reliably supply power during the dry season. In dry season peak
hours,more than half of the capacity required to meet load at the national level is provided by
imports.



Figure 4.2.2 Hourly dispatch for each of the twelve days simulated for the 2025 period.

The reader will notice the remarkable absence of storage hydropower projects in the reference
scenario investment decisions. In addition to the modeling limitations mentioned in Section 2,
we believe that the lack of deployment of storage hydropower is uvo additional factors.

First, these plants tend to be much larger trROR and PROR plants and in many cases

capacity of a single storage plant can be a substantial fraction of load. These capacity
characteristics reduce the value of large projectshsas storage that concentrate production

on a single site and do not benefit from diversity across basins. Second, storage projects have a
higher cost than ROR and PROR projects.

4.3 SG-1 Karnali river and basin conservation: Very low cost
Impacts of highly e ffective Karnali river conservation
policies

We test eight scenarios fadifferent Karnali basin conservation policies as part of this scenario
group. The policies impose different constraints on the plants available to the model by
removing certain hydropwer plants from the portfolio available to SWITCH for development.
Scenario K01 (Karnaidll) is the most stringent, removing 189 projects (about 30%) from the
portfolio. The remaining scenarios remove between 10 and 50 projects, or 2% to 8%.
Consequent, cost results show that the Kaalli-all scenario has about 3%higher cost than

the reference scenario. Howeverpst increase in all other conservation scenaos lower
than1% compared to the reference scenario



Figure 4.3.1 Cost difference @atviKarnali conservation scenarios and the reference scenario

Preventingor limiting deployment of hydropower in the Karnali basin has ripple effects across
technologies and across the counthigure 4.3.2 shows the energy mix for the Karnallli-

scenar, compared to the reference scenario. The unavailability of projects in the Karnali basin
leads the model to develop storage and PROR hydropower mainly in the Gandaki (+100%) and
Koshi (+60%) basins. The additional surplus coming from these projects lets the model slightly
increase its use of imports compared to the reference scenario, but also drives higher wind
adoption by the end of the simulation of up to 20% of annual energy needs compared to 5% in
the reference scenario.
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Figure 4.3.2 Energy mix for the reference scenario and thelKsreadlrio, by period

The remaining Karnali conservation scenarios do produce changes in the mix, even when their
cost impact compared to the ference scenario is negligible (see Figure A.2.2. in Appendix). In
all scenaris, wind adoption is displaced to 204lue to choosinglternate hydropower

projects in the same basin where the most cost effective wind projects would otherwise be
developedThe additional transmission costs render these wind projects not cost effective to

be developed before 204 most scenarios about 1 GW of ROR projects substitutes for

PROR projects in the Karnali in the two last investment periods. These changes show that
conservation policies in the Karnali basin will have ripple &sff@ross the country, but also

that proper planning of these policies and project cheieads to a coseffective mitigation of
those effects.

4.4 SG-2 Nepal river conservation : Nepal can conserve
protected and HCV river s at relatively low costs

We test eight hydropower constrained scenarios for the entire country, following a similar
approach than for SG- Six scenarios represent actual conservation policy scenarios that Nepal
could put in place to preserve rivers with certain properties. These scenarios include:
protecting all FFR, preventing development in rivers with HCV below 1 and below 2, and not
developing selected benchmark rivers and rivers in protected areas.



In addition to these conservation policy scenarios, we test two Neypde limited hydropower
growth scenarios. In one we limit hydropower development to capacity levels that equal a
percentigeof peak load on each period. In the second we test a moratorium of hydropower
development in Nepal. The objective of these scenarios geimonstrate that non-

hydropower intensive pathways are feasible and to show how the system evolves with these
limitations. These scenarios do not try to suggest Nepal should refrain from developing all of its
hydropower resources, but to suggest that deygihg them, while cosgffective in many cases,

is not the only pathway for power system growth.

Cost impacts of a Nepakide conservation scenario are 2% to 10% higher compared to the
reference scenario. Hydropowdimited scenarios have much higher cost impacts of 20% to
34% (Figure 4.2.1). The lowest cost impact scenarios are the one that psdlepal’s

benchmark rivers from being intervened (2.1% increase), and the one that psevent
development in ptected areas (1.5% increase).

Limitinghydropower cevelopment acrosdlepalwith no clear conservation objectives may
increase costs substantially more than a strategic approach. Three of the four hydropower
limited scenarios have cost increases between 10% and 30%. The moratorium scenario has the
highest ost increase at 8% compared to the reference scenario. A moratorium in

hydropower development would increase average residential electricity biilbduyt $47 per
householdper month

As would be expected, Nepalide scenarios have a higher impact ostchan a single basin
constrained scenario as in SIGON the most stringent end, scenarios such as Ndff@R and

Nepal HCV1 only allow 30%40% of the projects in the portfolio to be developed. Less

stringent scenarios such as Nefpabtected and NepaBenchmark allow for 60% and 90% of
projects to be developeddowever, the number of projects available for development does not
alwayscorrelate with cost impacts. ThilepalProtected scenario has about a third less of the
projects compared tdhe NepaiBendimark scenario, yet has lower cost impacts. This
demonstrates that strategic selection of hydropower projects for conservation impacts coupled
with cost assessment tools like the SWITCH model enhance decision making.



Figure 4.4.Cost difference betwédpaiwideconservaticand hydropower constraisesharios and the reference
scenario

All conservation policy interventions produce a significant change in the resource mix (Figure
4.4.2). In some cases, likethe NepalHCV1, NepalBenchmark, and Nepal Protected
scenarios, the conservation constraints trigger higher adoption of other renewable resources
such as wind and solar. Indeed, up to 3.5 GW of additional wind and 1.4 GW of additional solar
PV are deployed b2040 in the NepaHCV1 scenario compared to the reference scenario. In
other cases, the substitution takes place within hydropower technologies with an increase in
storage hydropower like in th&lepatFFR, NepaHCV2 and Nepal Benchmark/Protected
combinaton scenarios Thesedifferentsubstitution pathways shotte unintended

consequences of certain conservation scenarios. For example, it is likely that scenarleadhat
to higher adoption of storage hydropower will have higher ecosystem impacts thaargze

that lead to moreadoption of wind and solar power.
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Figure 4.4.2 Capacity mix difference betweemikpabnservation policy scenarios and the reference scenario

The hydropower limited scenarios reflect whagsource mix is possible with substéaal

limitations on development of this resource (Figure A.2.3 in Appendix). In the Nepal

Moratorium scenario over 1.8 GW of wind are developed as early as 2025, growing to 5.6 GW
by 2040. Solar PV capacity is developed by 2035 at a full 10 GW, anddtggile adoption

levels of battery storage up to 4.8 GW by 2040 (compared to about 0.3 GW in the reference
scenario)to provide flexibility to solar resourcesn 2035 and 2040 up to 75% of annual energy
needs come from a combination of wind and solar powlée hourly dispatch for a resource

mix based on renewable resources is also very different than a hydropower based case (Figure
A.2.4 in Appendix). Exports and battery charging now take place throughout the year, during
solar PV production hours, with batteries discharging in the evening peak hours after PV
production has decrease8atteries supply up to 50% of load in peak holmgports play a

critical role in balancing solar power and also addressing seasonalitgcopower.

More generallysubstatial changes in resource mix do have impacts on import levels. The
energy banking strategy is designed largely to fit a hydropower intensive power system that has
a stark difference in production between dry and wet seasons. Scenarios that rely in large



amounts of renewable resources do not exhibit the same marked seasonal behavior and then
cannot procure the same level of imports as scenarios based on hydropower. Indeed, in the
NepatMoratorium scenario, import levels drop from the 2125% range to the 15%8%

range, with a subsequent impact in costs (imports are predominantlyeffesttive in this case
study). In scenarios with hydropower limited by load levels, imports drop down to 13% in some
periods. An energy banking strategy may not benefit Nepatifoosesa less hydropower

intensive pathand maintaining the reference level of imports closer to 25%gardless of the
levels of exports -€ould be economically efficient.

4.5 SG-4 Expansive hydropower : Relying solely on hydropower
can be a costly strat egy

The reference scenario, as well as most conservation policy scenariosine8& SQG2, rely
substantiallpn hydropower and imports to meet Nepal’s future electricity needs. However,
about 5%15% of energy comes from other resources, and a higheresbaicapacity is available
from diesel peakers and storage for peaking seserve purposes. We test@se where only
hydropower development is allowed in Nepal, with wind, solar, diesel, and battery storage
removed from the project portfolio. Imports dtifollow the energy banking logic.

Costs for this scenario are 10.7% higher than the reference scenario. On one hand, the lack of
peaker dispatchable resources such as diesel and battery storage do require an overbuilding of
supply especially to meet denwhin the dry season. With an increase of surplus there is an
increase of coseffective import levels, which in this scenario go up to 28% in the first two
periods and then down to 24% and 20% in 2035 and 2040, respec@rethe other hand,

higher impats will mitigate some cost, and so wilie potential revenue for the corresponding
higher export levelshat are not being accounted for (see Section A¥§ explore the

potential consequences of higher hydropower costs than anticipated 9. SG-

The ex@nsive hydropower scenario reflects a common issue in systems with very high
dependence on hydropower: excess capacity. Figure 4.6.1 shows installed hydropower capacity
as a percent of peak demand on a given period for the reference scenario (right) and the
current expansive hydropower scenario (left). The reference scenario deploys hydropower
capacity at similar levels as peak demand. In contrast, a scenario that only expands based on
hydropower requires up to 30980% more capacity to serve all demand reliablys increase

in demand is not related to energy needs: both the reference and expansive hydropower
scenarios rely on hydropower to meet about 75% of energy consumption nisegsFigure

A.2.5in Appendix).The excess capacity is needed to meet peak demand in dry season, which
require substantially higher capaditan in the reference scenario that can rely on diesel
generation and battery storage discharge for these few peak hours. This excess hydropower
capacityis theninefficently used for most of the year, especially if exports do not materialize
and leave domestic consumers to cover the additional costs.
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Figure 4.6.Hydropower capacity as a percent of peak load on each period
4.6 SG-5 Non -hydropower renewable portfolio standard (RPS)

Many countrés have adopted renewable portfolio standards (RPS) to signal their willingness to
increase renewable energy penetration in their power systems. These RPS policies require that
certain levels of annual energy production come from eligible renewable resoauch as

wind, solar, hydropower, biomass, and othéfghile in many countries small hydropower are
eligible resources to meet RPS targietve only allow wind and solar to meet RPS targets in this
study.

We test the impact of three levels of RPS policieNepal to further understand the way the
system would evolve with higher level penetration of wind and solaiTR¥ three RPS policies

are set to meet 20%, 35%, and 50% of energy needs by 2040, starting iwig0gtrgets of

5%, 9%, and 13%, respeety.These scenarios complement the very high wind and solar PV
penetration scenario that results from imposing a moratorium on hydropower development in
Nepal (where 75% of energy was met with Rleydropower renewables by 2040).

Cost increases with respect tthe referencescenariofor the 20%, 35%, and 50% scenarios are
2.7%, 5.2% and 8.5%, respectively. We ran a sensitivity af@ybis 50% RPS scenario using
less conservative solar PV costs based on expected costs for India and verified thagtthe co
increase with respect to the reference scenario goesvddo only 2.6%. This would indicate



that with Indialevelcosts for solar installationsepal would be able to meet up to 35% of

annual energy needs with wind and solar at similar costs as thdke oéference scenario.

The three RPS scenarios and the loveeist sensitivitycaseprovide useful information on the
relative value of wind and solar in Nep8blar is developed only as early as 2035 in all three
scenariogsee Figure 4.7.1)RPS obligations in 2025 and 2030 are met solily wind from a
single project located in load zone 0, on the southwest of the country. In 2035, however, there

is no wind development in any of the scenarios and the incremental RPS obligation is met solely

with sdar PV deployment. In 2040 wind deployment regains momehtum
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Figure 4.7.1 Energy mix for the three RPS scenarios and a sensitivity with low solar PV costs

The general trend for earlier wind adoption compared to solar may be related to the
conservative values used for solar capital costs. Indeed, solar PV adoption patterns change
substantially in the RPS&fW cost sensitivity scenario. Two thirds of the fiygeriod RPS target
is met with solar PV, delaying wind developmeninpared to the norsensitivity scenario.
However, in 2035 and 2040 wind and solar developmentsarglar in both the conservative

! The reader may notice that the 2040 share of production mix from wind and solar is lower than the RPS target.
This is because the chart includes production that is not meant for domestic use but for exports based on the
energy banking strategy.

2 This belavior is most likely explained by a sampisgyethat results in unusually low wind production in the

third simulation periodWe decided to maintain the sampling pattern to better reflect the reality of planning for
multi-year variation in wind produain.



and the low PV cost scenarios, which suggests that séh@evof solar PV decreases relatively

fast with its penetration.

The solar site most commonly developed across scenarios is in the district of Mustang, close to
the China border. However, significant solar development takes place in the districts of
Kathmandu and Bhaktapur that are much closer to load centers. Wind development is almost
exclusively centered in the districts of Kapilvastu, Rupandehi, and Sunsatri, all close to the Indian
border.

4.7 SG-6 Import limits : Limiting imports from India can have
substantial impact on power costs

The energy banking strategy designed and implemented in the reference sceaaddy
extension in most scenarios in this case studyescribes one of many possible future pathways
for imports. There is political support in Nml for a pathway that reduces or even eliminates
dependence on imports. We test the impacts of such an approach by replacing the energy
banking strategy ith a prescribed annual allowance of imports as a share of total load. In this
implementation we testhree scenarios that allow%, 10%0r 25% of annual load to be met
with imports in each simulation period.

If Nepal were to serve its demand for the next §@ars with no imports, system costs would

be about 45% higher than the reference scenasibile an import limit at 10% of annual load
has 17% higher costs than the reference scenario. These results suggest that imports, as
calibrated in the model, play a very important role in securing affordability of wholesale and
probably retail rates in the futerNepal system.

The reason why imports play such an important role on cost containment are easier to
understand by inspecting the hourly dispatctany period (see Figure 4.8.1 for an example for
2030 in the 0% imports sukecenario). As in the expansivgdropower scenario, the system has
to be overbuilt to have enough capacity to meet demand in the dry season that would
otherwisebe provided by imports (see Figure 4.2.2 for contrast). In addition, in the dry season
diesel generation is dispatched throughthe day to meet demand and operating reserves,
with the subsequent cost impacts.

The revenue from exporting surplus production from the wet season could mitigate some of
the cost impacts of lacking imports, but a pure export strategy may be moreudtitioc
negotiatethan a strategy that relies on mutually beneficial exchanges with neighboring markets.
In addition, in the absence of imports the system may be less resilient, more strained, and
generally less flexible than in scenamoth imports allowed.



Figure 4.8.Hourly dispatch for each of the twelve days simulated f80theri2@in the 0% imports scenario

Finally, the scenario that allows 25% imports has a lower cost than the reference scenario. This
is because imports in the referenseenario are subject to the energy banking strategy that is
forced to balance the benefits from increased imports with the cost increases of additional
investment in capacity that produces energy surplus for export. As mentioned, this optimal cost
balanceyields a 21924% level of imports as a share of load. The 25% allowance is then more
relaxed than the constraint implicit in the energy banking strategy, allowing moreffestive
imports and reducing costs by about 3%.

4.8 SG-7 Export strategy: Potentially profitable with the right
prices and transmission costs

The export strategy scenarigroup focuses on the impact on tlilwmestic generation mix that
an increase in production would require to satisfy foreign loads. For simplicity, the
implementation does not create a new load center outside of Nepal to isolate the impact in
production from the impact on transmission for exports. We test twaesarios in this group,
with net exports calibrated at 50% and 100% of domestic load, respectidaly means that



the model will create power systesithat produce &50% and 100% net energy surplus
compared to domestic load needs.

The capacity mix for thexport strategy scenarios shows arcrease ohydropower anda
decrease ofvind power and diesel peaking power compared to the reference scenario (Figure
4.9.1).The additional production comes mostly from additional PROR plants in the earlier
periods, canplemened with up to 3 GW of new storage hydropowein the 100% export
scenario. The reduced amount of wind is probably due to the location of hydropower projects
required for exports, which make the original selected wind project sites less desirable for
development. The reducedkeed for diesel peakers probably comes from the new excess
capacity available the dry season due to the surplus export requirement.
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Figure 4.9.Capacity mix difference betweeerort strategy scenadod the reference saen

As expected, costs are higher than the reference scenario given the expansion required. The
50% scenario costs are 7% higher than reference, while the 100% scenario costs are 21% higher
than reference. The net costs depend on assumptions about reverught in from export



salesWe make the assumption that 85% of the surplus is available for exX@otsevaluate
exports at 20 $/MWh, 30 $/MWh, and 405/MWh flat wholesale prices. For proper comparison
against the reference scenario, we only monettze portion of exports in excess of that

resulting from the energy banking strategy implemented in the reference scenario (about 25%
of load).

The analysis shasthat at 20 $/MWh wholesale price neither scendsoevenue is enough to
offset the additionatapacity required to meet export requirements. The 50% and 100% export
scenarios continue to have 2% and 7% higher cost than the reference scenario. At a 30 $/MWh
wholesale price the 50% export scenario has slightly lower net costs, while the 100% export
scenario slightly higher net costs. However, both are small enough to assume they are similar
to the reference scenario. Finally, with a 40 $/MWh wholesale price the 50% and 100% scenario
net costs are 3% and 6% lower than the reference scenario. Thealgasiggest that an

export strategy could be reasonable for Nejladéxpected wholesale prices were above 30
$/MWh, approximately.

Note that the net cost calculation does not include the cost to expand the transmission system
to mobilize the power out of the country. An inspection of hourly dispatch for 2040 in the
100% scenario suggests that up to@®@/ of transmission capacity would need to be available

to export all surplusFrom these 12 GW, 6.5 GW of net additional transmission capacity are
needed assuming that the same lines used for imports are used for exports. We estimate that
this additional 6.5 GW capacitpuld cost between $1.6 and $4.9 billion, potentially eroding
much of the benefits from export revenue.

4.9 SG-8 The role of PROR and battery storage

PROR plants and battery storage can bptbvide intraday load balancirggervice to the

power system. In our model, PROR plants can stopeto five hours of energy in their pondage
storage and then release this power to meet load in peak hours sutgearbine capacity
limitations. Battery storage is more flexible because it can charge from any available source of
electricityand does not directly depend on resource seasonality like PROR does, but does
fundamentally the same as the PROR by arbitgrgira-daycosts and surplus.

In this scenario group we want to understand the relative importance of these two
technologies to provide flexibility. The objective is to identifiyattery storage could be a
substitute for PROR in terms of flexibility ith potential conservation benefits of minimizing
pondage area needs and flow alteratiamsun-of-river projects. As indicated in Sectiona®d
Table A.1.2the PROR_NoBatt scenario removes battery storage from the portfolio in the
reference scenario, lideaves PROR. In the PROR_Batt scenario, PROR plants are converted

% There are two reasons to justify this assumption. First, a portion of production “surplus” will come from
deviation from expected production due to wetter than expected years and other operational variations. This
portion is better understood as a {sll” that has no commercial value. Second, transmission constraints will most
likely limit how much can be exported. Given the seasonality in Nepal’s surplus, it is unlikely that the entire wet
season surplus will be available for export on each houre@sfly during low load hours in the nighttime.



to simple ROR plants with no storage capacity, and batteries are allowed. The latter scenario
has the same potential annual energy production than the PROR_NoBatt scenario, but removes
the ability of PROR plants to shift production during the dalgen, any change in the mix in

these two scenarios will not be due to energy needs, but to flexibility ndgdte that we

made no project cost adjustments when simulating PROR plants as ROR, glapossible

that a ROR version of a PROR plant would be less expensive to build given reduced
infrastructure needs.

Figure 4.10.1 shows the capacity rfox the two scenarios in this scenario group, and the
corresponding reference scenario. In the absence of battery storage (scenario PROR_NoBatt)
the model deploys up to 1.5 GW of additional storage hydropower by 2040 and about 50%
more diesel capacity. This additional storage hydropower deployment substitutes for about 1
GW of PROR but does not affe@ROR deployment. In contrast, in the absence of PROR plants
(scenario PROR_Batt) the model develops almost 7 times more battery storage by 2040 (
GW) and does not substitute PROR with storage hydropower. In the 28255 period PROR
capacity is substitet! 1:1 with ROR capacity, but higher battery deployment in 2040 leads to
reduced nonstorage hydropower capacity compared to the reference scenario.

Figure 4.10.1 Capacity mix for reference, PROR_Batt and PROR_NoBatt scenarios

In terms of costs, the absee of PROR units has a higher cost impact than the absence of
battery storage availability. Costs increase by 1.8% compared to the reference when batteries



are not available, but increase $y1% compared to reference when PROR are simulated as
ROR.A driver for the cost difference comes from the energy banking strategy. The absence of
PROR units and higher battery deployment leads to lower surplus and hence lower cost
effective import levels, especially with higher battery uptake in 2035 and 2040. This suggests
that, under an energy banking logic, higher battery storage deployment would reduce the needs
for imports compared to higher deployment of PROR.

Cost differences suggest that battery storage can indeed substitute for PROR’s flexibility
capacity, buthat its relative costs will still be higher until 202840.In the PROR_NoBi

scenario, the model develops storage hydropower to replace the flexibility service provided by
battery storage rather than deploying more PROR plants. This result shows that storage
hydropower is a preferred substitute for battery storage compared to PROR plants due to
their operational flexibility. It suggests that faster decrease of battery storage cost would lead
to reduced hydropower storage and PROR deployment needs from an operational flexibility
perspective.

4.10 SG-9 Higher hydropower costs : high impact on Nepal’s
power system costs

This scenario group examines the impact of higiem-expected hydropower costs. One

group of scenarios studies the investment decision impaicksgher hydropower costs when
thesehigher costs are known to the model and hence decisions are made based on them.
These can be understood as sensitivity scenaAasecond group of scenarios studies the cost
impacts of higher hydropower costs whéme investment decisions are sunk and there is no
recourse.These scenarios are calculated by reevaluating the investments in hydropower from
scenarios with the original cost levels using increased hydropower ddsisdicated before,

we use a 25% and a 50% cost increase acrossdathpgwer projects to simulate two possible
casesWe apply these higher costs to the reference scenario-g§@nd the expansive
hydropower scenario group (S&)

As expected, overall system costs increase with higher hydropower costs. When investment
decisions on hydropower are sunpgystemcosts increase 4% and 8% for the reference scenario
with 25% and 50% increase in hydropower costs, respectively. In corgyas¢mcosts

increase 18% and 25% for the expansive hydropower scenario with 25% and 50% increase in
hydropower costs, respectivelNote that since investment is sunk, there are no changes in the
supply mixThese results suggest that high dependence on hydropower would make Nepal
vulnerable to cost overruns from hydropower projects. Mitigation and hedging mechanisms
could include detailed technical assessments, proper set up of tendering processes to prevent
post-auction bid increases, and diversifying the generation portfolio withhyainepower

projects and importdased on longerm contracts.

When we allow the model to optimizeubject to higher hydropower costather than

assuming sunk costs, there are moderkgteels oftechnologysubstitution. For the reference



scenario(SGO0), a 25% cost increase case leamlsubstitution between wind and PROR only

by 2040, with minimal changes in earlier perioflse 50% case also has very little change in mix
in the three first periods, with 2 GW additional wind power by 204®0 left panels in Figure
4.11.1) These result show thatunder reference scenario assumptiotiggre are no significant
hedging opportunitieby substituting other technologies for higlst hydropower in Nepal.
However, under low renewable energy capital cost assumptions there is a more significant
substitution between hydropower and solar PV technologies starting in 2030 for the 25%
increase scenario and 2025 for the 50% increase sce(tarmright panels in Figure 4.11.1)

This demonstrates that under more favorable capital costs assumptions for wind, solar, and
battery storage, these resources can offer some hedging against hydropower cost increases.
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Figure 4.11.Capacity mix difference betwegh hydropowscenarioand the reference scenasith and without
lower renewable costs

For the expansive hydropower scenario (SI-higher hydropower costs have an impact on

the levels of capacity procured (Figure 4.11T2)e optimization problem for the expansive
hydropower costs -with no wind, solar, battery storage or diesel units availabte f

deployment- translates to less procurement of storage hydropower and PROR and an increase
in imports. Storage hydropower capacity decreases to half by 2040 in the both the 25% and



50% high cost scenarios. PROR deployment increases in the high cost scenarios to compensate
for storage capacity loss, but also to allow higher import levels due to the logic of the energy
banking strategy.

Figure 4.11.€apacity mix differerfoe expansive hydropower scenario with (two left) and without (fhgidtppioglver
costs

It is important to note that the energy banking constraint prevents the model from resorting to
increased imports to substitute for more expensive than anticipated hydropower. It is
reasonable to believe that under economic import assumptions, the relativease of
hydropower costs compared to import costs would lead to increasing the volume of imports.
This is supported by the model response to high hydropower costs in the expansive
hydropower scenario by choosing hydropower plants that can create more surplus to increase
imports.

Higher hydropower cost scenarsccould also have othetelevant impacton an export

strategy setting (S@). Hydropower projects meant for exports would probably negotiate their
PPA prices with foreign buyers in the projectdncing stage, before siting and construction

have begun. Cost overruns would significantly affect these projects, because they would not be
ableto pass those higher costs to thaready signe@PAs and project profitability woulae



compromisedln contrast, hydropower projects meant for domestic consumption may be able
to negotiatewith the regulatorspassing all or some of the unexpected costs to rates.

4.11 SG-10 Regional equity strategy: potential social benefits
with low cost

This scenario examines the pact of regional development strategies that require certain levels
of investment across the country. As indicated, we run three scenarios that require load zone
investment capacity equivalent to 10%, 20%, and 50% of peak demand in each load zone.

The regional allocation for generation capacity in the reference scenario is relatively uneven
(Figure 4.12.1). About half of the load zones have generation capacity deployment levels above
their local peak demand. Load zones 10 and 11 in the north central péneafountry deploy
several times their peak demand in hydropower capacity. Locally deployed generation in the
remaining load zones has capacity levels less than 50% of their local peak demand in any period.
There are five load zones; 2, 3, 7, and 13 that consistently deploy less than 25% of their

peak demand in generation capacity. These correspond to centoabyed urban areas like
Kathmandu and Bhaktapur or areas in the southeast with lessettesttive hydropower

resources available.












storage is deployed to provide alternative peak power starting in year 2025 with 80 MW,
increasing to 300 MW by 2040.

The model results suggest that Nepal has options for considerable river conservation that will
have minimal influence on power systenstoFor example, building no projedtsthe Karnali
basin, or building no projects on any frlewing rivers in Nepal, would increase costs by only
2.5 and 9% respectively, because the country still has many of other potential projects including
wind or solar and alternative strategically selected hydropower options available. Conservation
scenarios produce a significant change in the resource mix. In some cases, the conservation
constraints trigger higher adoption of other renewable resources such iad and solar. This
demonstrates that strategic selection of hydropower projects for conservation impacts coupled
with cost assessment tools like the SWITCH model enhance decision making. The affordability
of these scenarios would be further improved if leicosts for solar PV such as those

expected for India -would become available to Nepal.

SWITCH can be used to compare many other scenarios and their combinations, and to test
specific portfolios of projects that look promisinQur results show that Nepal could greatly
benefit from more strategic decisions in the power sector, rather than leaving investment
decisions to private investors which simply do not have the information to select the projects
that are in the country’s best longrm interest. The technical report investigates the impacts

of import curtailments, the cost and benefits of an exportented development strategy, the
relative value of peaking ROR and batteries, and the impact of regional development policies,
among others.
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