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Introduction and background

This is a Technical Report relating to the project ‘Model-Based Power Sector
Scenarios for Vietnam’. The project is carried out by Ea Energy Analyses in col-
laboration with the Institute of Energy (Vién Nang lwgng) within the frame-
work of the Danish-Vietnamese cooperation between the Danish Energy
Agency, the Danish Embassy in Vietnam and the Ministry of Industry and
Trade of Vietnam.

This Technical Report documents the scenarios and results of the Vietnamese
power sector development analysis in the Balmorel modelling framework.
This Technical Report is prepared in conjunction with a Data Report. The Data
Report documents the data and assumptions used in the analysis and should
be regarded as supporting documentation to the Technical Report.

The analyses are carried out using the Balmorel model, an open-source mod-
elling framework, which has been populated with detailed data for the cur-
rent Vietnamese electricity system and the expected future development. A
fully functional setup of the final version of the Balmorel model, including all
data files, is to be submitted to the MOIT and IE upon the completion of the
project, for perpetual unlimited use.

The power system development pathways hereby presented are not to be re-
garded as forecasts; rather, as illustrations of potential implications of differ-

ent alternative policy choices, subject to materialization of the underlying set
of projections and assumptions.

All cost data in this report are USD 2015 real terms unless specifically stated
otherwise.
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RE integration

Executive summary

The development of the Vietnamese electricity system has been studied from
the current state and until year 2050. Least-cost model-based investment sim-
ulations using the Balmorel model, an open-source modelling framework,
which has been populated with detailed data for the current Vietnamese elec-
tricity system and the expected future development, have been used to illus-
trate a number of possible futures.

Vietnam has committed to decrease the carbon footprint of the power sector
through the goals set forth in the Renewable Energy Strategy. The report,
firstly, explores the RE Strategy pathway in the Stated Policies scenario, and,
secondly, sets forth scenarios representing different policy options to reaching
this goal. The impacts and costs of the Stated Policies scenario and the scenar-
ios based on alternative environmental policies (carbon pricing, carbon cap,
future limitations to new coal-fired capacity build-out) are then compared to
the least-cost business-as-usual pathway of no policy restrictions, i.e. the Un-
restricted scenario. Finally, sensitivity analysis scenarios are presented to illus-
trate the least-cost optimal system development under the circumstances of
variation in key external factors (power demand growth projections, fossil fuel
prices, RE technology costs).

It is well understood that the input data projections towards year 2050 are
subject to a high degree of uncertainty. The power system development path-
ways hereby presented are not to be regarded as forecasts; rather, as illustra-
tions of potential implications of different alternative policy choices, subject
to materialization of the underlying set of projections and assumptions.

The analysis results indicate that it is possible to operate the Vietnamese elec-
tricity system with high levels of variable renewable energy. The dispatchable
hydro generation capacity contributes to the system flexibility. The small
amount of curtailment (no curtailment for solar PV and 4% curtailment for
wind in 2040 in the Stated Policies scenario at 42 GW wind and 39 GW solar
capacity in the system) indicates an efficient integration of wind and solar
power in the system. Part of the reason for this is that all economic invest-
ment in transmission has been included which will contribute to accommodat-
ing the variable renewable energy.
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Environmental policy al-
ternatives

Reliance on imported
fuels

Curtailment can be reduced further, e.g. with additional measures that pres-
ently have not been included in the analyses, like demand response and inter-
change with neighbouring countries.

Under the assumption of absence of environmental policies or any other re-
strictions on power sector development (Unrestricted scenario), the model-
ling results indicate a highly coal-dominated power system in Vietnam to-
wards 2050, which does not meet the RE Strategy goals and features high lev-
els of CO2 emissions.

The Stated Policies scenario, which features the RE Strategy goals as a require-
ment, exhibits significant shares of wind and solar PV generation, delivers CO2
emission reductions, and does so at minor additional system cost. E.g. in 2040,
the difference between Unrestricted and Stated Policies is 2 bn USD, or a 4%
increase compared to the total costs of Unrestricted. In 2050, the correspond-
ing values are 4.9 bn USD or 5.6% increase in costs. These can be interpreted
as the additional (annualized) system costs for the implementation of the RE
Strategy. The relatively little additional cost can be explained by the fact that
while the Unrestricted scenario results in lower annualized generation capac-
ity investment costs (Capital Cost) compared to Stated Policies, the latter real-
izes significant fuel expenditure savings (the higher-CapEx renewables, e.g.
wind and solar PV, have no fuel costs).

CO2 Cap consistently exhibits slightly lower total system costs than Stated Pol-
icies (0.38 bn USD in 2050), even though both scenarios achieve identical CO2
emission levels. CO2 Price High and No Coal, in turn, are characterized by the
highest total system costs — whilst also having realized the lowest CO2 emis-
sion levels.

It is a political decision whether these increases in cost are worth the outcome
(e.g. lower emission levels). The analyses indicate how emission reduction can
be achieved most efficiently, other things being equal.

Absence of environmental policies (Unrestricted scenario) significantly in-
creases the reliance on imported fuels, particularly imported coal. In the mod-
elled results for 2050, the share of imported coal in the total coal use for
power generation reaches 86% and amounts to 278 million tonnes. Compli-
ance with the RE Strategy goals (Stated Policies scenario) reduces the coal im-
port requirements in 2050 to 181 million tonnes (import share of 80% in total
coal use for power generation). The most restrictive policy alternatives (CO2
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RE resource potential

Competitiveness of RES
(wind and solar PV)

Electricity demand de-
velopment

Price High and No Coal), in turn, result in the lowest volumes of imported fos-
sil fuels required, due to largest shares of the power demand being covered
by domestic renewable resources (88 and 37 million tonnes in 2050, respec-
tively, and coal import shares of 66% and 45%, respectively).

Land-based wind resource potential estimates have been based on the in-
terim results of the wind resource mapping project supported by the GIZ in
collaboration with the Danish Energy Agency, ‘Macroeconomic Cost-Benefit
Analysis for Renewable Energy Integration’ (Ea Energy Analyses and DHI GRAS,
2017). Based on the preliminary results, significant feasible wind power po-
tential is available in Vietnam (27 GW) — and further large potential is un-
locked in the medium term if siting restrictions on croplands are removed
(144 GW).

The results indicate that already in the medium-term (i.e. towards 2030) sig-
nificant investments in wind power capacity (exceeding 2.7 GW) could take
place in Vietnam on cost-competitive basis, provided the materialization of
continued RE technology cost reduction and improvements. The cumulative
capacity of cost-competitive investments in wind and solar PV by 2050 in the
Unrestricted scenario reaches 30 GW and 25 GW, respectively.

Whilst appreciating the high degree of uncertainty associated with making
long-term projection of electricity demand, historical international perspec-
tive could be applied when evaluating the current power demand projections
for Vietnam that are characterised by continuous high growth rates also in the
long term. Structural shifts (away from energy-intensive heavy industries and
towards more service-based economy) as well as advances in energy effi-
ciency (both in industry and buildings, as well as in household appliances and
lighting), among other drivers, have contributed to a disconnect between
power demand and GDP growth observed globally, once a certain level of eco-
nomic development has been achieved. In Vietnamese context, this could
warrant (potentially significantly) lower power demand growth rate projec-
tions towards 2050.

Key take-aways
The key take-aways of the analysis are as follows:
e The results indicate that the Vietnamese power system could success-
fully integrate very significant shares of RES generation
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o Transmission capabilities play an important role in successful
RES integration — the results include significant investments in
additional transmission capacity

o Further RE integration measures could be considered that are
not currently implemented in the scenario analyses, e.g. de-
mand response and regional interconnections

e Economic results indicate the RE Strategy goals could be achieved at a
relatively modest additional cost compared to the business-as-usual
scenario (‘Unrestricted’)

o Higher capital expenditure of the RE capacity is partially out-
weighed by lower fossil fuel expenditure

e The best wind resource areas (exceeding 2.7 GW) could become cost
competitive with conventional power generation sources by 2030,
provided the projected continued RE technology cost reductions and
performance improvements

o By 2050, cost-competitive cumulative capacity of wind and so-
lar reaches 30 GW and 25 GW, respectively

e Reliance on imported fuels is higher in scenarios with less ambitious
environmental and RE policies

o Utilisation of the domestic RE resources reduces the need for
imported fossil fuels

o The domestic coal and natural gas resources are not sufficient
to fully cover the growing electricity demand

e Based on preliminary results?, significant feasible wind power poten-
tial is available in Vietnam (27 GW) — and further large potential is un-
locked if siting restrictions on croplands are removed (reaching 144
GW)

o The current results indicate that the RE Strategy goals to-
wards 2030 could be reached and exceeded while complying
with the present planning regulations

e Implications of different policy choices:

o RE targets do not directly affect the rest of the system
thereby delivering more limited impact on CO2 emissions (e.g.
carbon-intensive power generation technologies such as coal-
fired power plants are not directly addressed through RE tar-
gets)

1 Interim results of the wind resource mapping project supported by the GIZ in collaboration with the Dan-
ish Energy Agency, ‘Macroeconomic Cost-Benefit Analysis for Renewable Energy Integration’ (Ea Energy
Analyses and DHI GRAS, 2017).
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o Policies addressing CO2 emissions / costs directly could more
efficiently achieve CO2 emission reduction ambitions (e.g.
CO2 cap or CO2 price)
o Intuitively, ‘No Coal’ scenario identifies the most critical driver
of CO2 emissions
=  Results suggest the Vietnamese power system could
successfully operate without additional coal-fired gen-
eration beyond 2035, but there will be additional
costs
e Importance of the planning assumptions for the development of the
power system — and their respective implications
o Electricity demand growth is a very important planning as-
sumption (affecting system size, setup, costs and CO2 emis-
sions) that should be critically evaluated, considering interna-
tional experience and prospective developments in e.g. struc-
tural shifts and advancements in energy efficiency
o Lower natural gas price projections would favour gas-fired
generation over coal, and deliver CO2 emission reductions
o REtechnology cost developments could lead to more compet-
itive wind and solar PV in Vietnam, affecting the optimal setup

of the surrounding conventional system
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1 The Balmorel model

The Balmorel power system model is an economic and technical partial equi-
librium model that simulates the power system and least-cost dispatch. The
model optimises the production at the existing and planned production units
and simultaneously simulates investments in new generation and transmis-
sion. Investments are also made on a cost-minimising basis and they can in-
clude constraints on availability of fuels, cap on transmission investments, etc.
Output of Balmorel model is least-cost investment in generation and transmis-
sion infrastructure with an optimal dispatch. Figure 1 provides an overview of
the operational structure of the Balmorel model.

Least cost Least cost
investments dispatch

Assumptions

Generation

Demand prognoses

(costs etc.)

Transmission (costs
etc.)

Generation - Per plant per time
‘ : step

- Optimal use of water

Flow on interconnectors

|
|
|
|
1 .
| - Per time step
|

Policies and
constraints

f Type
“Technology catalogue” Capacity Capacity
defining possible technologies Year Year
and their costs Location Location

Figure 1: Schematic overview of the Balmorel model operational structure

Balmorel is a deterministic model that finds optimal solutions based on given
inputs. All information is used in the form of “perfect foresight” within a given
year. This simplification gives two important benefits:
e |tis easy to compare alternative scenarios. All solutions are least-cost,
and any difference in the results is a result of the change in input.

e Computation time is significantly decreased.

The model is flexible and can be used in several different setups:
e Optimal dispatch with a certain specification of generation and trans-
mission (fixed system)

e Allow investment in generation and transmission
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e Use extra detailed information about power system dynamic, e.g. unit
commitment of specific plants and information about ramp rates,
minimum generation levels and minimum hydro flow.

e Alimited number of time steps can be used to represent the year, or a
full hourly resolution can be used.

The model can invest in generation if the value of the generated electricity
over the year exceeds the additional costs incurred in the given year (annual-
ised cost of the investment plus fuel and O&M costs).

The same principle applies to transmission investments. The model can invest
in transmission if the reduction in total regional cost is reduced more than the
annualised investment costs for the line (including losses and O&M costs).
The transmission lines are represented by the total capacity between areas.
Other models are more detailed, but will then have neighbouring areas repre-
sented in a simplified way or will only simulate selected operational mode,
e.g. peak load.

The model is open source, meaning the user has full access to the data and
the equations (see www.balmorel.com).

The Balmorel model in Vietham

The Balmorel model has first been introduced to the Viethnamese energy sec-
tor experts in July 2015, as a part of the activities organized by the Danish-Vi-
etnamese cooperation between the Danish Energy Agency, the Danish Em-
bassy in Vietnam and the Ministry of Industry and Trade of Vietnam. First ca-
pacity-building and training activities in the use of the Balmorel model for the
Vietnamese energy experts were commenced in October 2015. Thereafter,
continuous data and model updates and operator training has been carried
out in close collaboration with the Institute of Energy in HaNoi. Fully func-
tional Balmorel model setup (including operational model, all data files and
the user licences for the GAMS solver) has been installed on a server at the In-
stitute of Energy for free and perpetual use.

The Balmorel model is one of the modelling frameworks available for long-
term power system planning studies. Compared to the present modelling
frameworks used for power system planning in Vietnam, the Balmorel model
has distinct advantages:
- The optimisation is done simultaneously for investment in generation
capacity and transmission capacity (not separately)
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- The optimal investments in generation and transmission capacity are
done in parallel to optimal dispatch, and hourly dispatch (with full
representation of operational limitations of conventional power
plants and unit commitment) can be done within the same modelling
framework and setup

- The Balmorel model is well suited for analyses of RE integration in the
power system because it uses hourly load variation profiles, hourly
wind power wind speed time series (for different locations), hourly so-
lar PV generation profiles (for different locations), as well as repre-
sents the variability and storage capabilities of hydro power plants

Finally, the Balmorel model is free (only a user licence for a commercial solver
is required), and all of the equations and optimisation mechanisms are fully
visible to the user. Improvements and additional functionalities can also be
added to the model by the user, making it both affordable and versatile, and
open for joint use by several institutions in parallel.
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2 Key input data and assumptions

This section will provide a top-level overview and discuss the key input cate-
gories, as well as present the main limitations of the analysis. Detailed docu-
mentation of the input data and assumptions used in the analysis is provided
in the supporting Data Report (Ea Energy Analyses, 2017).

Power demand projections

The power demand projections used in this study, presented in Figure 2, are
supplied by Institute of Energy, and are in line with the demand forecasts
used in the PDP 7 revised throughout 2035. Projection towards 2050 is based
on the Energy Development Plan (work-in-progress version as of December
2016) and derived by extrapolation of economic growth projection for the re-
spective period. It should be noted that the assumption of electricity intensity
per unit of GDP is reduced significantly in the long-term power demand pro-
jection period.

15 | Renewable energy scenarios for Vietnam - 24-05-2017



1,400
1,200
1,000

800

TWh

600

400

200

2015 2020 2025 2030 2035 2040 2045 2050
m South 71 116 171 247 336 414 499 596
m Center 13 22 35 49 64 79 96 114
H North 58 95 146 210 286 352 425 508

120

100

80

60

GWh/h

40

20
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Center 2.1 34 5.4 7.5 9.9 12.2 14.7 17.6
South 121 19.8 29.3 42.2 57.4 70.7 85.2 101.9

Figure 2: Annual electricity demands per control region (above) and peak demands per control
region (below).

The current demand projections feature rapid and continuous growth, the to-
tal electricity demand forecasted to increase more than six-fold by 2050. Due
to the uncertainty associated with making long-term projections, and the criti-
cal role of electricity demand forecasts in power system planning, it is im-
portant to consider alternative demand development pathways (High and Low
electricity demand scenarios are presented in Sensitivity analyses section). At
the same time, it is helpful to regard the current power demand projections in
historic international context.
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Electricity intensity and GDP growth

Figure 3 illustrates the historic development of electricity consumption per
dollar of GDP plotted against GDP per capita over the 1980-2012 period across
the globe (please note both X and Y scales are logarithmic). Each ‘dot’ on the
graph represents the value for the given country/region in one year, hence
the pattern of the dots illustrates the development over time. (The data for
Vietnam is additionally included, covering the 1989-2012 period, designated
by the hollow blue dots.) The historic development paints a relatively robust
picture of initial increase of power-use-per-GDP along with increasing GDP per
capita, followed by a disconnect between the two. GDP per capita in Vietham
in 2015 has been estimated at 2111 USD (World Bank, 2017), equivalent to
1910 USD in 2009 real terms.

Electricity/GDP (kWh/$-2009) OVietnam 1989-2012
®EU

MENA

SSA

Other EMEA

CNEEEree— Yo, F]
India

1 ’
Vietham 2014 P == - : %
Ry
Japan
----- @ Australia
@ South Korea
@ Other APAC
o uUs

@ Canada
@ Brazil

Other AMER

0.1

0.01

P m -

100 1,000 10,000 100,000

Vietnam 2015 GDP/Capita ($-2009)

Figure 3: Electricity consumption per GDP plotted against GDP per capita, 1980-2012. Illustra-
tion source: (Bloomberg New Energy Finance, 2015). Data sources: Bloomberg New Energy Fi-
nance, IMF, World Bank, EIA, Eurostat, US Census Bureau, US Bureau of Economic Analysis.
Blue hollow circles represent Vietnam (1989 — 2012), based on World Bank data.

Note: Size of bubble is representative of country population (except for Vietnam). Both X and Y
scales are logarithmic. EU=European Union, MENA=Middle East and North Africa, SSA=Sub-Sa-
haran Africa

The historic data appears to suggest that, once a certain level of economic de-
velopment is reached in a country (the absolute levels may vary), further GDP
growth may not result in corresponding growth in power demand. E.g. accord-
ing to the IEA data, electricity supplied in the OECD countries in 2014 as com-
pared to 2007 decreased by 0.4%, whilst the economic growth in the OECD
area reached 6.3% in the same period (Bloomberg New Energy Finance, 2015).
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The ‘peak’ electricity use per unit of GDP appears to be shifting over time,
however, as illustrated by Figure 4 (each line represents the average
electricity/GDP curve of a 2-year period, starting from historic as of 2002, and
ending with a projection for 2022, represented by the lowest green line). In
2002, the level of GDP per capita that would correspond to the global average
‘peak’ (i.e. further increase in GDP after this point would not be coupled with
corresponding growth in electricity use) was ca. 2000 USD per capita; pres-
ently this ‘peak’ is observed at ca. 8000 USD per capita in 2009 USD real val-
ues (equivalent to ca. 2210 and 8840 USD 2015 real values, respectively)
(Bloomberg New Energy Finance, 2015).

BNEF analysis furthermore suggests the ‘peak’ would remain at ca 8840 USD
(real 2015 values) towards 2022, and projecting more modest electricity de-
mand growth rates globally — whilst acknowledging other authoritative
sources (e.g. IEA’s WEO and ExxonMobil’s Outlook for Energy) that forecast
e.g. 85% increase in power demand globally by 2040 (Bloomberg New Energy
Finance, 2015).

Electricity/GDP (kWh/$-2009) O Vietnam 1989-2012

1
Vietnam 2014 ’_'@'_"'gépd@'&&%l B e S S B S
|

© 000

0.1

0.01 1
100 1,000 & 10,000 100,000

Vietnam 2015 GDP/Capita ($-2009)

Figure 4: Electricity consumption per GDP plotted against GDP per capita, average, 2002-2022
(including projections). Blue hollow circles represent Vietnam (1989 — 2012), based on World
Bank data. Illustration source: (Bloomberg New Energy Finance, 2015).

Note: Both X and Y scales are logarithmic.

Whilst appreciating the high degree of uncertainty associated with making
long-term projection of electricity demand, this historical perspective could be
applied when evaluating the current power demand projections for Vietnam:
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to assess whether Vietnam would likely have reached the level of economic
development prompting the ‘disconnect’ between power demand and GDP
growth before 2050. This, in turn, could translate in lower power demand
growth rate projections towards 2050.

RE resource potential estimates

This section briefly outlines the main assumptions used in the model in rela-

tion to RE resource potentials in Vietnam. Please refer to the supporting Data
Report for full description of the modelling data and assumptions (Ea Energy

Analyses, 2017).

Wind power

Land-based wind resource potential estimates have been based on the in-
terim results of the wind resource mapping project supported by the GIZ in
collaboration with the Danish Energy Agency, ‘Macroeconomic Cost-Benefit
Analysis for Renewable Energy Integration’ (Ea Energy Analyses and DHI GRAS,
2017), illustrated in Figure 5. No offshore wind resources are currently imple-
mented in the model.

Maximum wind capacity

50
45
40
35
30
3 25
20
15
10
w_ ol L I
0 . — | N . | - i
North Central South North Central South
Before 2030 From 2030 onwards
HLow 3.7 6.9 2.6 9.7 23.9 11.7
B Medium 0.7 8.9 0.7 1.8 44.0 23.8
m High 0.1 3.5 0.1 0.4 21.7 6.5

Figure 5: Resource limits per region and on wind speed class implemented in the Balmorel
model. Low: 4.5-5.4 m/s, Medium: 5.4-6.18 m/s, High: over 6.18.

In the medium term (i.e. towards 2030), the wind resource potential repre-
sented in the model is comprised of areas suitable for wind power develop-
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ment (based on wind resource quality, topology, population density, pro-
tected area etc. exclusion criteria) that are within 10km distance both from
roads and high-voltage transmission grid infrastructure. Croplands are ex-
cluded from the medium-term wind power resource potential area. The na-
tional land-based wind resource potential towards 2030 represented in the
model is thereby 27 GW. 2030 onwards, area within 20km distance both from
existing road and existing high-voltage transmission grid infrastructure is con-
sidered feasible for wind power development without significant additional
capital expenditure (both road and transmission grid networks are likely to
develop considerably during the period). In addition, croplands are also in-
cluded as potential siting areas. The cumulative national potential is thereby

reaching 144 GW in the long term.

The national resource potential estimates are then divided across the regions
and wind resource classes to be implemented in the model. In order to repre-
sent the intermittent and variable nature of wind resource, hourly wind speed
time series per regional wind class are used in the model. Within the frame-
work of the current study, hourly wind speed time series have been kindly
provided by Vestas, as well as DTU Vindenergi (work-in-progress output from
the wind resource mapping component of the activity Resource Mapping and
Geospatial Planning Vietnam under contract to The World Bank). Hourly wind
speed time series of a ‘normal’ wind year (i.e. the year with the median an-
nual average wind speed out of a sample of 9 modelled years) have been se-
lected to be used in the model.

Solar PV

There is high degree of uncertainty associated with the available technical /
commercial wind and solar PV potential available in Vietnam. A comprehen-
sive solar PV resource mapping project led by World Bank is on-going at the
time of writing this report.

Presently, a technical solar PV resource estimate based on a study commis-
sioned by the Spanish Agency for International Development

Cooperation (AECID) and available on the ESMAP website has been used in
the analysis (CIEMAT, CENER and IDAE). The technical potential therein has
been delimited to comprise only of the areas suitable for solar PV plant siting
(according to the exclusion criteria of the AECID study) within 10km distance
both from existing roads and high-voltage transmission grid infrastructure.
The resulting regional solar PV resource potentials are presented in Figure 6.
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Figure 6: Regional solar PV resource potentials

Though the resulting solar PV resource potential in Vietnam is very high, it
should, however, be noted that the exclusion criteria applied in the AECID
study have not been fully comprehensive (e.g. protected areas and land use
limitations have not been considered). Hence, a revision of the solar PV po-
tential estimate would be recommended in line with the results of the pres-
ently on-going World Bank solar resource mapping study.

Other renewables

The small hydro capacity resource potential per region has been provided by
IE (Institute of Energy), as presented in Figure 7.

Maximum run-of-river capacity
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e Central 1,355 1,625 2,322 2,322 2,322 2,322 2,322
e South 129 155 222 222 222 222 222

Figure 7: Resource limits for small hydro capacity per region implemented in the Balmorel model
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Technology type

Geothermal
Rice Husk

Straw

Bagasse

Wood

MSW

Pumped storage
Small hydro
Tidal

Wind

The biomass resource potential available for use in power generation has
been estimated to reach 2100 MW (Institute of Energy), as presented in Fig-
ure 8. It should, however, be noted that the biomass resource potential
estimates might be subject to change in accordance with the outcome of the
currently on-going biomass resource mapping project by GIZ.
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Figure 8: Resource limits on biomass-fired power generation capacity implemented in the Bal-
morel model

RE power plant investment cost projections

The central assumptions regarding the RE power plant investment costs —and
future developments thereof - are based on credible international and local
sources: (IEA, 2016), (GlZ, 2015), (Task 26, 2015) and (IE, Institute of Energy).
The technology catalogue for RE technologies is provided in Table 1.

CAPEX incl. Fixed O&M \ELEL][S Efficiency T(.echpical

Available (Year) ($10:)I3)(/:MW ($1000/MW O&M lifetime

el) el) (S/MWhel.) (%) (Years)
2020 - 2050 2,171 21.75 0.49 25% 20
2020 - 2050 2,121 50.03 - 32% 20
2020 - 2050 1,903 32.63 - 32% 20
2020 - 2050 1,468 44.59 - 32% 20
2020 - 2050 2,121 56.56 - 32% 20
2020 - 2050 4,895 56.56 - 32% 20
2025 - 2050 1,088 - - 70% 40
2020 - 2050 1,800 - - FLHs 40
2020 - 2050 2,961 21.75 - FLHs 30
2020 - 2024 1,971 28.84 3.02 FLHs 20
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Wind 2025 - 2029 1,813 27.87 2.90 FLHs 20

Wind 2030 - 2039 1,656 26.91 2.78 FLHs 20
Wind 2040 - 2049 1,555 26.25 2.65 FLHs 20
Wind 2050 1,454 25.58 2.53 FLHs 20
Solar PV large scale 2020 - 2024 1,119 7.31 1.13 FLHs 20
Solar PV large scale 2025 - 2029 1,022 6.55 1.00 FLHs 20
Solar PV large scale 2030 - 2039 925 5.79 0.88 FLHs 20
Solar PV large scale 2040 - 2049 839 5.17 0.80 FLHs 20
Solar PV large scale 2050 753 4.55 0.72 FLHs 20
Solar PV rooftop 2020 - 2024 1,344 7.31 1.13 FLHs 20
Solar PV rooftop 2025 - 2029 1,239 6.55 1.00 FLHs 20
Solar PV rooftop 2030 - 2039 1,134 5.79 0.88 FLHs 20
Solar PV rooftop 2040 - 2049 1,029 5.17 0.80 FLHs 20
Solar PV rooftop 2050 945 4.55 0.72 FLHs 20

Table 1: Power generation technology catalogue.

For wind power plant investment costs, a convergence from Vietnamese in-
vestment costs (GIZ, 2015) to international investment costs (IEA Wind Task
26, 2016) is implemented. Investments from (IEA, 2016) — New Policies, are

implemented for large scale PV and PV on buildings (for 2050, the year 2040
in the 450-ppm scenario is used). The learning curves for wind and solar are
also illustrated in Figure 9. Biomass investments costs for Vietnam are based
on (GIZ). Investment costs for pumped storage, geothermal, MSW and small
hydro are obtained from (IE, Institute of Energy).
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2020 2025 2030 2040 2050 M large scale 1,119 1,022 925 839 753
Wind standard 2,016 1,888 1,760 1,679 1,599 Rooftop 1,344 1,239 1,134 1,029 945

Figure 9: Learning curves wind and solar, Investment costs including IDC (USD2015/kW)

However, in light of the very steep and game-changing RE cost reductions hav-
ing taken place in the recent years (which were broadly not anticipated), it be-
comes relevant to investigate the optimal power system development path-
way under different, more ambitious future RE cost reduction development.
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This development pathway is incorporated in the Low RE Costs scenario, pre-
sented in the Sensitivity analyses section of this report.

Limitations of the Balmorel model analysis

Power system representation in a modelling setup, as well as creation of pos-
sible future developments therein, entails certain assumptions and simplifica-
tions. The following limitations should be considered when regarding the re-
sults of the current study:

e Uncertainty of the inputs: large degree of uncertainty is associated
with future projections of the key input parameters (fuel and technol-
ogy costs, technology performance and developments, electricity de-
mand etc.). The results of the analysis will be directly subject to the
accuracy of the input parameters (the impact of some of the uncer-
tainty is addressed in the Sensitivity analyses section).

e The Balmorel model assumes a number of simplifications in order to
ensure the optimization time and complexity could be minimized. The
simplifications include perfect foresight (i.e. the model ‘knows in ad-
vance’ the exact hourly demand and intermittent power source gen-
eration profiles, and does not make reserve margin allocations by de-
fault) and the assumption of perfect competition in the market (i.e. all
power is offered at short-term marginal cost and no exercise of mar-
ket power is taking place, as well as dispatch taking place under per-
fect merit-order dispatch conditions).

e The Balmorel model represents power supply in great detail (up to in-
dividual power plant level) and simulates rational behaviour. The rep-
resentation and physical characteristics of power grids and flows are,
however, simplified. E.g. each ‘region’ represented in the model is
considered a copper plate (only transmission capacities between dif-
ferent regions are represented) and the inter-regional power flows
are limited by the maximum constant transmission capacity — detailed
operational aspects as N-1 and voltage limits (e.g. Kirchoff laws) are
not considered).

e The Balmorel model considers the necessary investment require-
ments in inter-regional (high voltage) transmission capacity. However,
the costs associated with e.g. surrounding transmission network
strengthening are not included.

e Furthermore, each investment decision in the model is taken based
on the individual year the scenario is modelled for (based on the mod-
elled ‘income’ from power sales and the annualized investment costs -
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and the fixed operational costs), and the same annuity factor is as-
sumed across all investment technologies (based on the assumption
of 10% interest rate and 20-year payback period).

e Finally, the flexibility of conventional power plants (unit commitment,
start-up and shut-down time etc.) is not restricted in the simulations
generating investment decisions. The dispatch is thereafter tested in
an hourly simulation with unit commitment restrictions applied
(please see Integration of renewables and dispatch section).
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3 Scenarios

The scenarios explore potential policy alternatives (or absence thereof) on the
basis of the present and near-term committed power system of Vietnam. A
separate scenario is dedicated to the power system expansion plan as pro-
jected by the PDP 7 revised. Figure 10 provides an overview of the scenarios
implemented in the current analysis.

Unrestricted

No New

Coal 2035 CO2 Price

Stated

Policies

High CO2
Price

Figure 10: Overview of the scenarios implemented in the analysis

PDP 7

The PDP 7 scenario implements the entire power and transmission system de-

velopment plan as laid out by PDP 7 revised towards 2030. The key features of

the scenario are as follows:

e PDP 7 revised generation and transmission capacity is represented until
2030

¢ No model-based investments (dispatch modelling only)

e Runsin 5-year periods until 2030

o No RE goal requirement implemented
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Stated Policies
The Stated Policies scenario is based on PDP 7 revised power system develop-
ment plan in the near term, while allowing model-based investments in gener-
ation and transmission thereafter. The model-based optimisation uses input
data and assumptions that are based on best available information, and is re-
quired to comply with binding national policies (e.g. the RE goals). The key
features of the scenario are as follows:
e PDP 7 revised generation and transmission capacity is represented un-
til 2020
e Model-based investments are allowed:
o In generation capacity - from 2020
o Intransmission capacity - from 2030
e Runs in 5-year periods until 2050
e RE goal requirements implemented in line with RE Strategy, as pre-

sented in Figure 11

50%
45%
40%
35%
30%
25%
20%

15%

RE share (%) of total generation

10%
5%
%% 2020 2025 2030 2035 2040 2045 2050
Main  38% 35% 32% 35% 38% 40% 43%

Figure 11: RE goal requirements including large hydro (in line with the RE Strategy) imple-
mented in the Stated Policies scenario, as a required share of total generation

Alternative scenarios

The alternative scenarios are all based on the Stated Policies scenario and are
designed such that only one parameter is varied compared to the Stated Poli-
cies scenario. l.e. any and all differences in outcomes in the alternative sce-
nario vis-a-vis the Stated Policies scenario can be attributed to the change in

the single parameter.
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The following characteristics are shared across all alternative scenarios:
e PDP 7 revised generation and transmission capacity is represented un-
til 2020
e Model-based investments are allowed:
o In generation capacity - from 2020
o Intransmission capacity - from 2030

e Runs in 5-year periods until 2050

The following sections present the alternative scenarios and their differences

vis-a-vis the Stated Policies scenario.

Unrestricted

The Unrestricted scenario represents a very hypothetical future perspective
wherein no environmental or RE policies are being pursued. This can, how-
ever, be used as a baseline to evaluate the difference made by the various al-
ternative policies investigated. The parameter variation of the scenario vis-a-
vis the Stated Policies scenario is as follows:

e No RE goal requirement implemented

CO; Cap
The CO2 Cap scenario is the ‘CO2 emission equivalent’ scenario of the Stated
Policies scenario. CO2 Cap scenario investigates the implications of substitut-
ing the RE goals with a CO2-focused policy, wherein a limitation is set on the
total power system CO2 emission level. This also allows for the calculation of
CO2 emission shadow price. The parameter variations of the scenario vis-a-vis
the Stated Policies scenario are as follows:

e (CO2 emission cap is introduced in line with the CO2 emission level

generated in the Stated Policies scenario

o No RE goal requirement implemented
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Selection of CO2 price
for the scenario
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Figure 12: CO2 emission level pathway in the Stated Policies scenario (million tonnes CO2 emis-
sion)

CO2 Price
The CO2 Price scenario represents an environmental policy alternative to the
RE goals, wherein CO2 emissions are associated with an additional cost (which
can be interpreted as CO2 price, CO2 planning value, CO2 tax etc.). The pa-
rameter variations of the scenario vis-a-vis the Stated Policies scenario are as
follows:
e A CO2 price is implemented: 7 USD/tonne in 2020, 20 USD/tonne
thereafter (see Figure 13)
o Based on estimated CO2 externality value in Vietnam
(Nguyen-Trinh & Ha-Duong, 2015)

e No RE goal requirement implemented

The CO2 price level of 7 USD/tonne in 2020, 20 USD/tonne thereafter was set
based on the study ‘Low Carbon Scenario for the Power Sector of Viethnam:
Externality and Comparison Approach’ by H.A Nguyen-Trinh and M. Ha-
Duong. In the study (Nguyen-Trinh & Ha-Duong, 2015), damage costs of CO2
were calculated based on CO2 prices of Clean Development Mechanism
(CDM) projects in Vietnam. US$7/ton was the value corresponding to the
monetary benefits that power producers could earn if they reduced CO2
emission in electricity generation, and deemed approporate for historical and
near-term calculations. For long-term projections, the study sets forth average
CO2 externality cost of USS 20/ton.
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Selection of CO2 price
for the scenario

CO2 Price High

The CO2 Price High scenario is a variation of the CO2 Price scenario, wherein
the level of costs associated with CO2 emissions are higher than in the CO2
Price scenario. The parameter variations of the scenario vis-a-vis the Stated

Policies scenario are as follows:

A higher CO2 price is implemented, as presented in Figure 13

No RE goal requirement implemented
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Figure 13: CO2 price levels represented in the CO2 Price scenario and CO2 Price High scenario,
respectively (USD 2015/tonne CO2)

The CO2 price levels for the CO2 Price High scenario were selected such that
they would exhibit a significantly more ambitious environmental policy path-
way than the Stated Policies scenario. With the implied CO2 shadow prices? of
the Stated Policies scenario as the starting point, additional CO2 cost of ca 20
USD/tonne was added to the resulting CO2 shadow price levels within each
year modelled (for years 2030 and 2035 the cost add-on was though ca 35
USD/tonne in order to maintain CO2 price growth trend in the CO2 Price High
scenario, whilst the CO2 shadow prices for the Stated Policies scenario were

decreasing in the respective period).

2The CO2 shadow price can be interpreted as the equivalent of a tax that should be added to fuels, to real-
ise the required (low) emission level in the Stated Policies scenario, or the subsidy given to clean energy to
reach the clean energy goal (in the absence of the RE goals). In the current study, due to the modelling
setup, the CO2 shadow prices were obtained using the CO2 Cap scenario (CO2 emissions of which were
identical to those of the Stated Policies scenario)
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No New Coal

The No New Coal scenario represents an ambitious, hypothetical environmen-
tal policy alternative whereby the expansion of coal-fired power generation
capacity is stopped 2035 onwards (whilst allowing the existing coal-fired
power plants to remain operational also beyond 2035). The No Coal scenario
is comprised of the Stated Policies scenario with an addition of a restriction on
new coal-fired power plant construction as of 2035. Investments in CCS coal-
fired technology would still be permitted. The parameter variation of the sce-
nario vis-a-vis the Stated Policies scenario is as follows:

e No new investments in coal-fired technology allowed as of 2035
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4 Modelling results

This section presents the modelling results of the scenarios within the Bal-
morel modelling framework.

PDP 7 and Main

Figure 14 provides an overview of the development of the power generation
capacity fleet in Vietnam towards 2030 in line with the PDP 7 revised. No addi-
tional model-based investments have been made in the PDP 7 scenario.
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Figure 14: Power generation fleet development as projected by the PDP 7 revised (see Appendix
lla and 1Ib for detailed data tables)

As the graph illustrated, PDP 7 revised projects very significant increase in
coal-fired capacity in Vietnam — from under 14 GW in 2015 to almost 60 GW
in 2030. The majority of this additional capacity is based on imported coal.
Gradual increase in renewable energy capacity is also projected, reaching over
13 GW wind and almost 5 GW solar by 2030.

In order to explore potential ‘alternative futures’ for the development of the
Vietnamese power system, whilst respecting the existing and committed sys-
tem developments, a different approach is taken in the other scenarios in this
analysis. In the Stated Policies scenario (and all other scenarios and sensitivity
analyses), the point of departure is the existing system, as well as the near-
terms power system developments as projected by the PDP 7 revised (to-
wards and including 2020). Thereafter the model is given freedom to develop
the system in the least-cost manner given the individual scenario policies and
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requirements. The generation fleet ‘starting point’ (i.e. the existing and com-
mitted system towards 2020) is presented in Figure 15.
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Figure 15: Existing and committed generation capacity for the Stated policies as well as all sce-
narios (except PDP 7) and sensitivities. Model-based generation capacity investments take place
in addition to the existing and committed generation fleet

As it can be observed in the figure, the ‘existing and committed’ generation
capacity declines over time, in line with the economic lifetime assumptions in
the model (decommissioning).

Reserve margin

The Stated Policies scenario (and its alternative scenarios) do not directly in-
corporate reserve margin. Provision for plant downtime is made through limit-
ing generation plant capacity availability to 90% at any given time. Apart from
that, the model-based investments and dispatch are carried out under perfect
foresight.

Reserve margin is not implemented in the core scenarios modelled because
system adequacy and reliability considerations are beyond the scope of the
current study. The present analysis does not intend to put forward a recom-
mendation regarding the optimal system adequacy requirements for Vietnam;
rather, a sensitivity analysis including a reserve margin is hereby performed
(presented below) to assess the impact thereof. Provisions for reserve margin
would, however, be relatively uniform across the different scenarios if imple-
mented. The conventional approaches towards system adequacy (based on
peak load or the ‘n-1’ criterion) would likely be constant across the scenarios,
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with the exception of power demand variation scenarios. Hence, exclusion of
reserve margin provisions does not hinder analysis based on comparison
across the different scenarios. Stochastic analyses of system adequacy would,
in turn, require a separate additional analysis (beyond the scope of the cur-

rent project).

Please see Appendix |: Reserve dimensioning and international experiences

for more information.

Reserve Margin scenario

The Reserve Margin scenario represents the Stated Policies scenario with an
addition of a requirement that the installed ‘firm’ capacity® to be exactly the
same capacity as the one in the PDP 7 scenario. The total generation capacity
developments across the PDP 7, Stated Policies and Reserve Margin scenarios

towards 2030 are presented in Figure 16.
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Figure 16: Total generation capacity in the Stated Policies scenario, the PDP 7 scenario and the
Reserve Margin scenario (until 2030) (see Appendix lic for detailed results)

As the results indicate, PDP 7 features much higher total installed generation
capacity than the Stated Policies scenario (with identical underlying electricity
demand projections), suggesting a significant provision for reserve margin.
The Reserve Margin scenario, on the other hand, whilst having the same ‘firm

3 Nuclear, coal, natural gas, fuel oil, light oil, bagasse, rice husk, reservoir hydro, MSW
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capacity” as PDP 7, represents a considerably different fuel mix. Reserve Mar-
gin in 2030 has less coal-fired capacity than PDP 7 and no nuclear, while fea-
turing higher gas-fired capacity. This outcome is intuitive given that the gas-
fired capacity investment costs are significantly lower than those of coal and
nuclear, and, provided relatively low full-load hours of operation for the envi-

sioned reserve margin capacity, make for the least-cost solution.

Figure 17 presents the power generation in the three scenarios. As can be
seen in the graph, all scenarios meet the power demand, and the generation
mix is similar across the scenarios. The results indicate, however, significantly
lower operational full-load hours for imported coal-fired generation plants in
the PDP 7 scenario compared to the Reserve Margin and Stated Policies sce-

narios.
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Figure 17: Generation in the Stated policies scenario, the PDP 7 scenario and the reserve margin
scenario (until 2030).

Figure 18 presents the total annualized system costs of the Stated Policies and
Reserve Margin scenarios, respectively. The cost difference indicates the addi-
tional cost required for the provision of the ‘firm’ capacity reserve margin
level consisted with the level in PDP 7 (predominantly based on the addition

of gas-fired capacity).

4The slight difference in the graph is due to ‘hydro’ comprising of both reservoir hydro (‘firm’ capacity) and
small run-of-river hydro (‘non-firm’ capacity) in the representation in the chart. The total ‘firm’ capacity lev-
els in PDP 7 and Reserve Margin scenarios are identical, however.
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Figure 18: Total system costs per annum (capital costs for generation and transmission are an-
nualized) across scenarios, Balmorel modelling results: Stated Policies scenario and the Reserve
Margin scenario (until 2030)

It should though be noted that the expected cost difference between the
Stated Policies scenario and the PDP 7 scenario would be higher given the
more expensive capital costs of coal-fired power plants compared to gas-fired
capacity.

All scenarios

Figure 19 presents the total generation capacity across scenarios. Absence of
environmental policies (Unrestricted) results in very limited investment in re-
newable energy, combined with the highest share of coal-fired power capacity
(based on imported coal). However, towards 2030 ca 2.7 GW of wind power
capacity investment takes place in the Unrestricted scenario (1.9 GW thereof
in the high-wind resource area in the Central region), indicating that the pro-
jected RE technology improvements and continued cost reductions would
make the best wind resource sites in Vietnam cost-competitive with conven-
tional power generation sources. Towards 2050, cumulative investment ca-
pacity of wind and solar PV reach 30 GW and 25 GW, respectively in the Unre-
stricted scenario, on purely cost-competitive basis.

CO2 Cap, whilst achieving the same CO2 emissions as Stated Policies, results
in slightly lower coal-fired capacity investments (instead investing in more
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gas-fired capacity, which is less carbon-intensive). The impact of CO2 pricing
can be observed in the CO2 Price scenario, whereby relatively low CO2 price
level in the long term (20 USD/ton) yields similar effect as the ambitious RE re-
qguirements (in line with the RE Strategy) mandated in the Stated Policies sce-
nario. A significantly higher CO2 price level (CO2 Price High scenario), in turn,
results in much less carbon-intensive power system, wherein investments in
coal-fired capacity are minimal, and instead investments in other zero-carbon
technologies take place (nuclear, coal CCS, MSW). Similar developments are
observed in the No Coal scenario, with the notable difference of significant

natural gas-fired generation capacity being added.
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Figure 19: Total generation capacity across scenarios (see Appendix lld for detailed results)

Figure 20 illustrates the model-based power generation results across scenar-
ios. The impact of full-load hours of generation is evident, whereby the re-
newable energy sources (most notably wind and solar) are less dominant in
the generation landscape compared to the capacity mix; whilst the opposite is
true for the traditionally baseload generation technologies (most notably coal

and nuclear).
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Figure 20: Power generation across scenarios, Balmorel modelling results

Figure 21 presents the RE (including large hydro) generation shares across sce-
narios, benchmarked against the targets mandated in the RE Strategy (the red
line in the graph). Stated Policies, as expected, meets the RE targets exactly
over time. Unrestricted, in the absence of any environmental policies, fails to
meet the RE Strategy goals beyond 2020, and the discrepancy keeps increas-
ing throughout the projection period. CO2 Price and CO2 Cap both result in
comparable RE shares to those attained in Stated Policies in the long term.
CO2 Price High and No Coal, in turn, result in the highest shares of RE genera-
tion in the long term, significantly exceeding the targets set by the RE Strat-

egy.
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Figure 21: Renewable shares (including large hydro) across scenarios. The Goal represents the
targets set by the RE Strategy

Figure 22 paints a similar picture, whereby Unrestricted results in the highest
CO2 emissions, significantly exceeding the levels of Stated Policies (and CO2
Cap and CO2 Price), while CO2 Price High and No Coal scenarios result in the
most significant CO2 emission reductions in the long term, respectively.
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Figure 22: CO, emissions across scenarios, Balmorel modelling results

Figure 23 illustrates the role of transmission in RE integration. The scenarios
featuring the least RE capacity investments (Unrestricted) result in the lowest
corresponding transmission capacity investments. The scenarios with the
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highest RE investments (both CO2 Price scenarios in 2030, and CO2 Price High
and No Coal scenarios 2040 onwards) exhibit the highest transmission capac-
ity investments, respectively.
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Figure 23: Total transmission capacity across scenarios (see Appendix llla for detailed results)

Finally, Figure 24 provides an overview of the total system costs (annualized)
across the scenarios (please see description of annualised cost concept in Box
1). Interestingly, the total system cost differences are relatively minor across a
number of scenarios. E.g. in 2040, the difference between Unrestricted and
Stated Policies is ca 2 bn USD, or a 4% increase compared to the total costs of
Unrestricted. In 2050, the corresponding values are 4.9 bn USD or 5.6% in-
crease in costs. These can be interpreted as the additional (annualized) sys-
tem costs for the implementation of the RE Strategy. The relatively little addi-
tional cost can be explained by the fact that while Unrestricted results in
lower annualized generation capacity investment costs (Capital Cost) com-
pared to Stated Policies, the latter realizes significant fuel expenditure savings
(the higher-CapEx renewables, e.g. wind and solar PV, have no fuel costs).
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Figure 24: Total system costs per annum (capital costs for generation and transmission are an-
nualized) across scenarios, Balmorel modelling results (see Appendix Iva for detailed results)

Box 1: Annualised costs

Annualised costs

The annualised costs convert the capital expenditure of the project into an-
nual equivalents. This is achieved by converting capital expenditure into
annuities, taking into account the interest rate and the economic horizon
of the project.

In the present study, interest rate of 10% and economic horizon of 20 years
are assumed. This corresponds to an annuity factor of 0.1175.

For example, for a renewable energy technology with an investment cost
of US 1.5 M USD per MW, the annualised investment cost will be 11.75% of
the initial investment cost, or 0.17625 M USD per MW. For an investment
made in e.g. 2020, the annualised capital cost payments would continue
throughout the economic horizon, i.e. every year until 2040. The same
principle applies to investments made in transmission capacity.

CO2 Cap and CO2 Price appear to have very comparable total system cost lev-
els to that of Stated Policies. It should though be noted that CO2 Cap consist-
ently exhibits slightly lower total system costs than Stated Policies (0.38 bn
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USD in 2050), even though both scenarios achieve identical CO2 emission lev-
els. CO2 Price High and No Coal, in turn, are characterized by the highest total
system costs — whilst also having realized the lowest CO2 emission levels.

Figure 25 provides an example of the resulting costs per MWh of power gen-
erated (total annualized system costs divided by the annual power produc-
tion) for simulated year 2050, and differences across the scenarios. As ex-
pected, Unrestricted produces the lowest cost per MWh. Stated Policies and
CO2 Price scenarios are very close, additional cost only comprising 4.9 and 2.1
USD/MWh, respectively. Imposition of a higher CO2 price (CO2 Price High sce-
nario) and new coal build (No Coal) result in higher power generation costs,
exceeding the Unrestricted by 16 and 21 USD/MWh, respectively.
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Figure 25: Cost of generation across scenarios, total system costs per annum divided by total
generation in 2050, Balmorel modelling results

Figure 26 presents the volumes (in energy terms, in PJ) of coal and natural gas
(LNG) imports across the scenarios. The results clearly indicate that absence
of environmental policies (Unrestricted) significantly increases the reliance on
imported fuels. The most restrictive policy alternative (CO2 Price High and No
Coal), in turn, result in the lowest volumes of imported fossil fuels required,
due to largest shares of the power demand being covered by domestic renew-
able resources.
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Figure 26: Imported coal and LNG across scenarios, Balmorel modelling results (see Appendix Va

for detailed results)

Figure 27 provides an overview of the development in the full-load hours of

coal-fired generation across the scenarios over time. In all of the scenarios ex-
cept Unrestricted (where the RE penetration rate is low), the results illustrate
the impact of increasing RE generation entering the system and thereby re-

ducing the utilisation of the conventional coal-fired generation.

Coal-fired generation full load hours

Stated Unrestricted

policies

CO2 cap CO2 price CO2 price No coal
high

m2015 m2020 m2025 m2030 m2035 ®m2040 m=2045 2050

Figure 27: Full load hours for coal-fired generation across scenarios, Balmorel modelling results
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Integration of renewables and dispatch

Figure 28 provides an hourly dispatch example for week 40 simulated in the
Central region in year 2050 - with unit commitment restrictions activated. The
simulation illustrates in an example of a specific week how wind and solar
generation is balanced by hydro production and gas-fired generation — at very
high RE generation penetration rates.
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Figure 28: Example of hourly dispatch with unit commitment activated. Balmorel modelling re-
sults for Stated Policies scenario in Central region, week 40, year 2050

Figure 29 summarizes the curtailment rates of wind and solar power in the
hourly dispatch simulation version of the Stated Policies scenario (with unit
commitment activated). The results indicate that curtailment is negligible until
2030 (and until 2040 for solar PV), despite the high total installed capacity lev-
els in both generation technologies. The curtailment rates increase for wind
power towards 2040 and 2050, reaching 4% and 8%, respectively, whereas
the curtailment rate of solar PV generation stays at ca 3% in 2050.

10% 8%
8%
6% 4%
4% 3%
2%
0%
2015 2020 2030 2040 2050 2015 2020 2030 2040 2050

Solar Wind

Figure 29: Wind and solar PV curtailment rates in the hourly dispatch simulation of the Stated
Policies scenario with unit commitment
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It should be noted that additional measures for RE integration could be under-
taken, in addition to the ones employed in the model. E.g. demand response,
electric storage technologies as well as increased interconnectivity and export
to neighbouring countries could additionally improve the RE integration and
thereby reduce the potential curtailment rates.

International experience®

Power system flexibility, i.e. the extent to which ‘a power system can

adapt the patterns of electricity generation and consumption in order to
maintain the balance between supply and demand in a cost-effective man-
ner’, can be provided by a number of sources. Hydroelectric

power plants and gas plants (which are able to ramp output up and down very
quickly), storage and demand-side management and response can all contrib-
ute to efficient integration of variable RES generation. Regional and interna-
tional connections can also provide flexibility by smoothing variable genera-
tion and linking distant flexible resources together (IEA, 2016).

Historically, there have been concerns on the part of power system operators
and participants regarding the ‘critical level’ of RES generation share. In Ger-
many in 1993 and Ireland in 2003 (where the current variable RES generation
shares exceed 20% and 23%, respectively), the ‘maximum’ and ‘critical’ shares
were deemed to be at 4% and 2%, respectively. The initial concern towards
variable RES generally can be associated with the notion of load not being
controllable, hence fully controllable generation must be used to operate the
system (and since variable RES are intermittent, they cannot be relied upon).
However, given that the system operation already deals with variable and
only partially predictable load, the same resources that balance load can also
be utilised to integrate variable RES generation (IEA, 2016).

International experience suggests addressing the following issues at an early
stage of RES generation integration (IEA, 2016):

e  “Ensure that the technical standards (known as grid codes or connec-
tion standards) for variable RE power plants are up to date and al-
ready contain appropriate provision for technical capabilities that can
become critical once variable RE comprises a larger portion of the
generation fleet;

5 Based on ‘Next Generation Wind and Solar Power - from Cost to Value’ (IEA, 2016). Please see the
publication for more information
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e Forecast production from variable RE using centralised forecasts and
effectively use forecasts when planning the operation of other power
plants and electricity flows on the grid;

e Ensure that system operators have access to real-time production
data and that a sufficient share of variable RE generators can be con-
trolled remotely by them (priority should be given to largescale varia-
ble RE plants). This may require the installation of additional smart-
grid hardware;

e Avoid unintended local concentrations of variable RE power plants,
both in one region of a country as well as in certain parts of the grid
within a given region, to avoid technical challenges in these regions”.

Power systems with variable RES generation shares above 10% are increas-
ingly common (over 50% in Denmark, 23% in Ireland, and 21% in the Iberian
Peninsula), and these levels have been achieved predominantly by enhanced
operation of the existing power system assets rather than significant addi-
tional investments. However, beyond a certain point, additional measures
are needed, including investment in additional flexibility resources. Policy,
market and regulatory frameworks have a critical impact on the success of RE
integration. In addition, flexibility can also be provided by sources outside of
the electricity sector e.g. electrification of transportation whereby electric ve-
hicles can provide storage. The role of operational procedures should also be
considered, e.g. by expanding the balancing area reduces the aggregate varia-
bility and consecutively the need for active balancing (IEA, 2016).

A common and important issue in RE integration is that of making the dis-
patchable fleet, especially coal-fired power plants, more flexible. Power plant
flexibility is expressed in a number of capabilities: starting up production at
short notice; operating at a wide range of different generation levels; and
quickly moving between different generation levels (IEA, 2016).

The adaptations made in the power systems with the highest variable RE gen-
eration shares (Denmark, Germany and Spain) have largely been improve-
ments in the way each system is operated, including more advanced market
designs allowing for trading very close to real time, upgrades to thermal
power plants to cope with more rapid swings in demand, and active use of in-
terconnections where available. International experience also suggests that a
comprehensive and systemic approach of this kind is the most cost-efficient
and secure answer to system integration challenges, as opposed to viewing
the role of variable RE in the power system in isolation. The latter perspective
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The case of Denmark®

likens the variable RES as to ‘traditional’ generation sources by e.g. favouring
addition of storage or dedicated power plants to balance RE generation. IEA

analysis has demonstrated that the isolated approach results in ‘significantly
higher costs than a more system-wide strategy’ (IEA, 2016).

System operation and the power market represent the two central pillars on
which the successful Danish integration of wind power has been built (Danish
Energy Agency, 2015):

e System operation with accurate wind forecasts and adequate reserve
capacity for periods with little wind and a demand side that automati-
cally adapts in situations where there is too little or excess production
from wind power;

o A well-functioning power market — in which players trade themselves
into balance, i.e. supply equals projected demand (intra-day market)
and a market for balancing power (the regulating power market) op-
erated by the TSO.

The increased amount of wind power has displaced some of the large central
power stations and thus the system services these systems have traditionally
delivered. It therefore became necessary to make increased requirements re-
garding the connection of wind turbines and their system characteristics (such
as low voltage fault ride-through capability, power and frequency control),
which had previously been delivered from thermal power plants. Technical
regulation must be in place in appropriate detail to ensure the physical grid
functioning and system security. Grid codes could be designed to require wind
turbines to e.g. (Danish Energy Agency, 2015):

e Disconnect during abnormal voltage and frequency events;

e Remain connected to the grid in case of fault;

e Be controllable remotely;

e  Curtail if necessary.

A strong transmission and distribution grid with strong interconnections to
neighbouring power markets is an important element in large scale wind de-
ployment. In the Danish case the interconnectors to Norway and Sweden are
especially important as the interconnectors to these two countries make it
possible to balance wind power and hydro power. When Danish wind turbines
generate more power than required, surplus power is often transmitted to
Norway or Sweden, which reduces the draw on the water reservoirs. When

6 Please see ‘Energy Policy Toolkit on System Integration of Wind Power - Experiences from Denmark’
(Danish Energy Agency, 2015) for more information
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the wind calms down, the hydro power stations increase production, trans-
mitting power to Denmark. Robust interconnections and an efficient market
and cooperation between the Scandinavian TSOs have proved to be important
in importing and exporting environmentally friendly power and in increasing
the share of wind power in Denmark (Danish Energy Agency, 2015).

Accurate wind forecasting is becoming increasingly important as the share of
wind power generation increases. One meter per second deviation in wind
speed, and the corresponding unexpected sudden increase or decrease in
wind power generation, may be quite noticeable as well as costly in the sys-
tem. However, today’s wind forecasts are so advanced that it is possible to es-
timate production with high certainty up to 36 hours prior to the actual pro-
duction hour — although quite large prognosis errors can still occasionally oc-
cur (requiring balancing up to and within the hour of operation). Another im-
portant aspect is how the prognoses are used in the system operation. Every
six hours the prognoses are updated due to new weather forecasts, and as the
hour of operation approaches, the prognoses are also updated with real-time
information (Danish Energy Agency, 2015).

Box 2 summarizes the key lessons learnt towards successful integration of
large shares of variable RE generation in Denmark.
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Box 2: International experience in RE integration: lessons learnt from Denmark

International experience in RE integration: lessons learnt from Denmark

e “Ambitious targets, long-term planning and strong and stable po-
litical framework conditions can pave the way for significant pri-
vate investments by creating a positive and secure long-term in-
vestment climate

e Strong and independent TSOs are vital to a successful system inte-
gration of wind power

e A well-functioning market such as the Nordic power exchange
Nord Pool ensures a transparent and cost-efficient transfer of
power from areas with high production and low demand to areas
with low production and high demand. This provides power pro-
ducers with a clear incentive to adapt production to the market
signals

e Unbundling of generation and transmission creates a level playing
field for all power producers

e Interconnectors to neighbouring countries or to a wider grid area
that allow surplus energy to be easily transferred from one area to
another help increase the security of supply

e Technical demands and specifications such as grid codes for wind
power can ease the integration of wind power into the wider grid
and power system

e Advanced forecasting can help the TSOs in the operation of the
wider power system including possible activation of regulating
power generators” (Danish Energy Agency, 2015)

Sensitivity analyses

Additional scenarios have been created to illustrate the ‘alternative futures’
under different materialization pathways of some of the key external drivers,
namely the power demand trajectories and global fuel and technology costs.

Low RE Costs

A scenario with lower RE technology investment costs is created to investigate
the sensitivity of the optimal power system setup to variation in the RE cost
development. This is particularly relevant in light of the very steep and game-
changing RE cost reductions having taken place in the recent years (which
were broadly not anticipated), combined with a number of competitive RE
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auctions having resulted in further significant reductions in the expected costs
of RE projects.

The lower investment costs for solar PV are starting out based on the esti-
mated investment costs underlying the most recent winning solar PV competi-
tive auction bids globally” (Ea Energy Analyses, 2017), and applied learning
curve thereafter in line with the assumptions made in Stated Policies. For
wind power, the investment cost projections are derived from the Technology
Catalogue of the DEA (Danish Energy Agency, 2016), reflecting the expected
feasible dynamics in mature market conditions for wind power technology.
The investment cost assumptions of the Low RE Costs scenario vis-a-vis the
Stated Policies scenario are shown in Figure 30.
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Figure 30: Investment cost assumptions in wind and solar PV projects in the Stated Policies and
Low RE Costs scenarios, respectively (USD15/kW)

Low NG Price

International fuel prices — and future projections thereof - is another critical
consideration and driver in power system planning. In the present study, the

7 Mexico, Peru, Dubai, Europe
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Very Low Demand

Low NG Price scenario will investigate the sensitivity of the optimal power sys-
tem setup to variation in natural gas price development. Natural gas price
projections in the Low NG Price scenario follow the (IEA, 2016) - 450 PPM sce-
nario (LNG imports - Japan), as illustrated in Figure 31.
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Figure 31: Natural gas price future projections in the Stated Policies and Low NG Price scenarios,
respectively (USD 2015/GJ)

High and Low Demand

Electricity demand projections is one of the most important inputs in power
system planning. In the current study, the impact of both higher and lower
power demand development in the future will be investigated in High De-
mand and Low Demand scenarios, respectively. In addition, an ambitious Very
Low Demand scenario is explored. Both the high and low demand projection
variations are based on the cases projected in PDP 7 revised towards 2030,
and extrapolated towards 2050 (IE, Institute of Energy).

The Very Low Demand scenario power demand projection is based on the Sus-
tainable Energy Scenario (SES) prepared within a study commissioned by the
WWEF (IES and MKE, 2016). The power demand forecast underlying the SES en-
visions a transition of electricity demand in Vietnam towards the best practice
benchmarks of other developed countries in terms of, among other things,
energy efficiency (please see ‘Alternatives for Power Generation in the
Greater Mekong Sub-Region - Volume 7: GMS Power Sector Vision Modelling
Assumptions Summary’ for full context and assumptions underlying the power
demand projection). In terms of industrial electricity intensity, Vietnam is
deemed to have a very high kWh/USD. In the SES power demand forecast, the
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Vietnamese industrial electricity intensity rate is assumed to trend back to-
wards Korea's 0.6 level by 2035 (citing similar heavy industry based econo-
mies), and continue the trajectory to 2050 (IES and MKE, 2016).

The demand projections implemented in the High Demand, Low Demand and
Very Low Demand scenarios are presented in Figure 32.
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Figure 32: Power demand projections in Stated Policies, High Demand, Low Demand and Very
Low Demand scenarios, respectively (TWh)

Demand, fuel price and RE cost sensitivity results

Figure 33 presents the total optimal generation capacity in response to the
changing framework conditions as prescribed by the sensitivity analysis sce-
narios. First and foremost, the results illustrate the extremely high impact of
the demand projections on the eventual optimal power system setup and size.
Both Stated Policies, and all of the demand projection variation scenarios
(High, Low, Very Low) meet the required RE Strategy targets, but achieve this
goal with very different total RE resources required (from 48 GW of wind and
solar PV in Very Low Demand scenario by 2050 to 235 GW in High Demand
scenario, respectively). The total capacity installed also varies substantially in
response to the demand development planning assumptions applied.

Fuel price assumptions are another powerful driver of the optimal power sys-
tem setup. Provided lower natural gas prices, more gas-fired capacity and less
coal-fired capacity (a decrease of 12.8 GW of imported coal-fired capacity
compared to Stated Policies in 2050) would be the least-cost solution system-
wide.
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Similarly, strong continuation of cost reductions in RE technologies result in
higher RE installed capacities (solar PV making up a much larger share
thereof), whilst reducing coal-fired generation capacity in favour of gas-fired

capacity.
500
450
400
350
= 300
& 250
200 ] ] ]
HAL
100 = EE |
50 RETRRRRAARRRETET
, THRRRR ilil i
[ - + [ - + [ + [ - +—
8523822882288 2882233883288228387%3
:Ig;ﬁwzsg;imzsg;ﬁwzsg;im
AR RA NN SRR S LN RN
EEEUEQBEE'chEEEUEQBEE'Oga
202 c38 20 c38 20 c38 20 caY
T A 0O © Z ©° A5 0O © Z © A 0O © Z © A 0O © =2
& € &a € b £ &a €
() () (] ()
o o [a) o
2020 2030 2040 2050
W Coal_low M Coal_high M Coal_imported mNG_domestic MNG_Con_Son
BNG_PM3_CN BLNG_imported MFuel_oil M Light_oil Bagasse
Rice_husk MSW H Hydro Wind Solar

Figure 33: Total generation capacity across the sensitivity analysis scenarios (see Appendix lle
for detailed results)

Figure 34 presents the RE (including large hydro) generation shares across sce-
narios, benchmarked against the targets mandated in the RE Strategy (the red
line in the graph). All scenarios have the same RE generation share require-
ments implemented as for Stated Policies, yet some of the scenarios in fact
exceed them. Low RE costs make solar PV in particular (but also wind) more
cost-competitive relative to the other generation technologies, resulting in
some RE capacity additions taking place purely on competitive basis (e.g. in
2030 where the RE target is exceeded for the Low RE Cost scenario).
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Figure 34: Renewable shares (including large hydro) across scenarios. The Goal represents the
targets set by the RE Strategy

Figure 35 presents the CO2 emission levels of the different sensitivity analysis
scenarios. As expected, the demand projections have significant impact on the
CO2 emission levels, thereby illustrating e.g. the potential environmental ben-
efits of energy efficiency improvement measures. The lower RE costs make
wind and solar PV more cost-competitive, thereby substituting some of the
more CO2-intensive generation technologies. Finally, materialization of a
lower natural gas price development projection also tilts the optimal system
setup towards the less carbon-intensive natural gas-fired technologies.
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Figure 35: CO, emissions across the sensitivity analysis scenarios, Balmorel modelling results

Figure 36 provides an overview of the total system costs (annualized) across
the sensitivity analysis scenarios. As expected, the demand projections have
direct impact on the total system costs, again emphasizing the importance of
both the planning assumption selection, as well as the benefit of improving
energy efficiency practices. Also, intuitively, lower natural gas price and lower
RE investment costs both result in lower total system costs —and it should be
noted that in both cases the system cost reductions are accompanied with re-
duction in CO2 emission levels compared to the Stated Policies scenario.
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Figure 36: Total system costs per annum (capital costs for generation and transmission are an-
nualized) across the sensitivity analysis scenarios, Balmorel modelling results (see Appendix IVb
for detailed results)

Figure 37 presents the volumes (in energy terms, in PJ) of coal and natural gas
(LNG) imports across the scenarios. Again, higher electricity demand increases
the need for imported fossil fuels, while scenarios featuring more domestic
renewable resources reduce the reliance on imports.
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RE integration

Environmental policy al-
ternatives

5 Discussion and conclusion

The development of the Vietnamese electricity system has been studied from
the current state and until year 2050. Least-cost model-based investment sim-
ulations using the Balmorel model, an open-source modelling framework,
which has been populated with detailed data for the current Vietnamese elec-
tricity system and the expected future development, have been used to illus-
trate a number of possible futures. It is well understood that the input data
projections towards year 2050 are subject to a high degree of uncertainty. The
power system development pathways hereby presented are not to be re-
garded as forecasts; rather, as illustrations of potential implications of differ-
ent alternative policy choices, subject to materialization of the underlying set
of projections and assumptions.

The analysis results indicate that it is possible to operate the Vietnamese elec-
tricity system with high levels of variable renewable energy. The dispatchable
hydro generation capacity contributes to the system flexibility. The small
amount of curtailment (no curtailment for solar PV and 4% curtailment for
wind in 2040 in the Stated Policies scenario at 42 GW wind and 39 GW solar
capacity in the system) indicates an efficient integration of wind and solar
power in the system. Part of the reason for this is that all economic invest-
ment in transmission has been included which will contribute to accommodat-
ing the variable renewable energy.

Curtailment can be reduced further, e.g. with additional measures that pres-
ently have not been included in the analyses, like demand response and inter-
change with neighbouring countries.

In the absence of environmental policies (Unrestricted scenario), the model-
ling results indicate a highly coal-dominated power system in Vietnam to-
wards 2050, which does not meet the RE Strategy goals and features high lev-
els of CO2 emissions.

The Stated Policies scenario, which features the RE Strategy goals as a require-
ment, exhibits significant shares of wind and solar PV generation, and delivers
CO2 emission reductions, and does so at minor additional system cost. E.g. in
2040, the difference between Unrestricted and Stated Policies is ca 2 bn USD,
or a 4% increase compared to the total costs of Unrestricted. In 2050, the cor-
responding values are 4.9 bn USD or 5.6% increase in costs.
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These can be interpreted as the additional (annualized) system costs for the
implementation of the RE Strategy. The relatively little additional cost can be
explained by the fact that while Unrestricted results in lower annualized gen-
eration capacity investment costs (Capital Cost) compared to Stated Policies,
the latter realizes significant fuel expenditure savings (the higher-CapEx re-
newables, e.g. wind and solar PV, have no fuel costs).

CO2 Cap consistently exhibits slightly lower total system costs than Stated Pol-
icies (0.38 bn USD in 2050), even though both scenarios achieve identical CO2
emission levels. CO2 Price High and No Coal, in turn, are characterized by the
highest total system costs — whilst also having realized the lowest CO2 emis-
sion levels.

It is a political decision whether these increases in cost are worth the outcome
(e.g. lower emission levels). The analyses indicate how emission reduction can
be achieved most efficiently, other things being equal.

Absence of environmental policies (Unrestricted scenario) significantly in-
creases the reliance on imported fuels, particularly imported coal. The most
restrictive policy alternatives (CO2 Price High and No Coal), in turn, result in
the lowest volumes of imported fossil fuels required, due to largest shares of
the power demand being covered by domestic renewable resources.

Land-based wind resource potential estimates have been based on the in-
terim results of the wind resource mapping project supported by the GIZ in
collaboration with the Danish Energy Agency, ‘Macroeconomic Cost-Benefit
Analysis for Renewable Energy Integration’ (Ea Energy Analyses and DHI GRAS,
2017). Based on the preliminary results, significant feasible wind power po-
tential is available in Vietnam (27 GW) — and further large potential is un-
locked in the long term if siting restrictions on croplands are removed (144
GW).

The results indicate that already in the medium-term (i.e. towards 2030) sig-
nificant investments in wind power capacity (exceeding 2.7 GW) could take
place in Vietnam on cost-competitive basis, provided the materialization of
continued RE technology cost reduction and improvements. The cumulative
capacity of cost-competitive investments in wind and solar PV by 2050 in the
Unrestricted scenario reaches 30 GW and 25 GW, respectively.
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Electricity demand de-
velopment

Power demand projec-
tions

Fuel prices

RE technology costs

Whilst appreciating the high degree of uncertainty associated with making
long-term projection of electricity demand, historical international perspec-
tive could be applied when evaluating the current power demand projections
for Vietnam that are characterised by continuous high growth rates also in the
long term. Structural shifts (away from energy-intensive heavy industries and
towards more service-based economy) as well as advances in energy effi-
ciency (both in industry and buildings, as well as in household appliances and
lighting), among other drivers, have contributed to a disconnect between
power demand and GDP growth observed globally, once a certain level of eco-
nomic development has been achieved. In Vietnamese context, this could
warrant (potentially significantly) lower power demand growth rate projec-
tions towards 2050.

Sensitivity analyses

The results indicate extremely high impact of the demand projections on the
eventual optimal power system setup and size. Both Stated Policies, and all of
the demand projection variation scenarios (High, Low, Very Low) meet the re-
quired RE Strategy targets, but achieve this goal with very different total RE
resources required (from 48 GW of wind and solar PV in Very Low Demand
scenario by 2050 to 235 GW in High Demand scenario, respectively). The total
capacity installed also varies substantially in response to the demand develop-
ment planning assumptions applied. As expected, the demand projections
have direct impact on the total system costs as well, again emphasizing the
importance of both the planning assumption selection, as well as the potential
economic benefit of improving energy efficiency practices.

The demand projections also have significant impact on the resulting CO2
emission levels, thereby illustrating e.g. the potential environmental benefits
of energy efficiency improvement measures.

Fuel price assumptions are another powerful driver of the optimal power sys-
tem setup. Provided lower natural gas prices, more gas-fired capacity and less
coal-fired capacity (a decrease of 12.8 GW of imported coal-fired capacity
compared to Stated Policies in 2050) would be the least-cost solution system-
wide, whilst maintaining the high shares of wind and solar PV generation. Ma-
terialization of a lower natural gas price development projection also results
in lower CO2 emissions, due to the natural gas-fired technologies being less
carbon-intensive.
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The continuation of cost reductions in RE technologies would result in higher
RE installed capacities (solar PV making up a much larger share thereof),
whilst reducing coal-fired generation capacity in favour of gas-fired capacity.
Low RE costs make solar PV in particular (but also wind) more cost-competi-
tive relative to the other generation technologies, resulting in some RE capac-
ity additions taking place purely on competitive basis (e.g. in 2030 where the
RE target is exceeded for the Low RE Cost scenario).
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Recommendations for future analyses

The analysis has been carried out using the best available information at the
time of writing of this report. A number of additional updates and analysis
perspectives would, however, be value adding to consider going forward:

Refinement of RE resource representation
o Solar PV resource potential implementation in line with currently
on-going World Bank study once it is made public
Refinement of the power demand projections taking into consideration in-
ternational trends in electricity intensity as well as the development pro-
jections of the respective economic sectors
Incorporation of energy efficiency in the scenario analyses
o The current power demand projections assume continued rapid
growth towards 2050, which might be significantly underestimat-
ing the impact of improved energy efficiency measures in Vietnam
Incorporation of regional interconnection options in the scenario analyses
o Regional interconnections and import / export of power is an ad-
ditional effective measure for improving the integration of large
shares of RE generation
Incorporation of demand response and storage technologies in the sce-
nario analyses
o Presently only pumped hydro storage is made available as an in-
vestment technology
Exploration of near-shore wind as a technology option for Vietham
o Following the very rapid cost reductions observed in offshore
wind technology, this could become a competitive (and abundant)
domestic renewable energy source option for Vietham
Refinement of hydro reservoir power plant representation
o Incorporate the operational limitations associated with other
functions of hydro reservoirs (flood control, irrigation, transport
etc.)
o Incorporation of more Vietnam-specific pumped hydro storage
projects as investment options (characteristics, costs, location)
Closer look into the hourly dispatch of the system, including unit commit-
ment considerations across all scenarios - as well as more detailed repre-
sentation of transmission capacity (N-1 and other operational aspects)
Analysis of the reserve margin and more detailed system cost considera-
tions in relation to the projected increasing shares of intermittent RES
generation
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o Stochastic system adequacy analysis could be a value-adding
method to shed light on the system reserve requirements with in-
creasing shares of RE generation in the system
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Appendix I: Reserve dimensioning and interna-
tional experiences

This section has been based on ‘Renewable energy and reliability of electricity
supply’ by Ea Energy Analyses, EOH Enerweb, DTU and Eskom (2016).

Over and above the capacity to match the peak demand, power systems re-
quire additional capacity to deal with failures, unbalances, planned and un-
planned events.

The first two types of capacities are called system reserves:

e (Capacity to cope with major, sudden failures (N-1) — short term per-
spective (seconds). Automatic and manual reserves.

e Capacity to cope with unbalances — medium term perspective
(minutes to hours). Unbalances can come from demand, outage of
traditional generation and transmission lines — or can be unbalances
from renewable energy (wind and solar)

Increasing amounts of variable generation has impacted the dimensioning
techniques and the approach to reserve dimensioning.

International review of reserve allocation
In literature, the following three international organisations are often referred
to in conjunction with reserve levels and level setting:
e National American Electric Reliability Corporation (NERC);
e European Network of Transmission System Operators for Electricity
(ENTSO-E);

e Union for the Coordination of Transmission of Electricity (UCTE).
Today UCTE is the region ‘Central Europe’ in ENTSO-E.

Despite the differences in terminology, the categories for reserve level setting
in ENTSO-E maps closely to those used by UCTE. NERC however, treats nor-
mal operating reserves (regulating and load following) separate to reserves al-
located to contingencies (frequency, spinning, non-spinning and replace-
ment).

Figure 38 shows a mapping between the categories in use by the different or-

ganizations.
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Figure 38: Mapping between UCTE, ENTSO-E and NERC reserve categories

ENTSO-E uses the largest contingency criteria for the dimensioning of re-
serves:

e Frequency containment reserve: N-1 and N-2 (for the region Central
Europe)

e Frequency Restoration Reserves — in conjunction with variation of
nett load (see below)

e Replacement reserves — the largest expected loss of power (genera-
tion unit, power infeed, DC-link or load) in the control area.

With increasing penetration of variable generation, probabilistic methods
based on the variation in nett load (load minus variable generation) were de-
veloped and used in the dimensioning of Frequency Restoration Reserves and
Replacement Reserves, respectively. The reference incident is often used as a
minimum requirement.

Similarly, NERC [5] uses the largest contingency criteria for dimensioning their
contingency reserves (spinning and non-spinning). ERCOT [6] (the ISO in

Texas), has adopted a probabilistic approach based on variations in nett load,
for the dimensioning of the regulating reserves and non-spinning contingency

reserves.
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Dynamic dimensioning of reserves is a practice employed in, for example, Aus-
tralia and ERCOT [6][7]. The reserve levels are regularly evaluated and ad-
justed if necessary, based on performance. ERCOT integrated this approach
into their probabilistic assessment.

Integration studies on impact of increased variable generation

Impact on reserve dimensioning

A number of wind integration studies were reviewed [1]-[5] to obtain insights
into the impact of increases in variable generation on reserve levels. In the in-
tegration studies reviewed, most of the impact on system capacity reserves
are on dimensioning of the tertiary reserves, e.g. load following, replacement
reserves etc. and not the faster response categories.

Moderate increases are reported in regulating reserves and larger increases in
the reserve requirements for load following and replacement. These studies
assume that the operating procedures are unchanged when estimating these
impacts.

For wind generation, the secondary reserves are impacted modestly and ad-
justment approaches using geometric addition of wind variability were pro-
posed [2].

The impact on tertiary reserves are due to increase in nett load forecasting er-
rors, which is a function of geographic distribution and forecast horizon, as
shown in these figures from [2] and [3]:
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Figure 39 Geographic diversity measured as correlation coefficient as a function of dis-
tance and wind aggregation time frames
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Figure 40 Replacement reserve for the different portfolios (wind penetration) and fore-
cast horizons.

Seasonal and inter-decade variation of energy availability has a significant im-
pact on the effective available capacity of wind generating plant and impacts
longer term system adequacy assessment.

Impact on balancing costs
The impact on balancing costs were discussed in [14] and the following figure
shows this impact based on experience and wind integration studies:
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Figure 41 Increase in balancing cost as a function of wind penetration

In most cases, balancing costs increase with an increase in wind penetration —
the study notes that: “a general conclusion is that if interconnection capacity
is allowed to be used for balancing purposes, then the balancing costs are
lower compared to the case where they are not allowed to be used”.

Further that other important factor for reducing costs were:

e Wind aggregation over large geographic areas
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e Scheduling the power system closer to the delivery hour

Experience with increase in variable generation
The negative impacts due to the nett load variability associated with high vari-
able generation penetration may be countered through [13][14]:

e Incorporating wind generation into reserve sizing,

e Better forecasting tools

e Development of reserve market ramping products

e Improved operating procedures (i.e. sub-hourly markets),

e Continuous wind power forecasting with dispatch adjustments,

e Flexibility (and smoothing) which is derived from geographic diversity

and other flexible sources.

Where these measures and operational procedures are applied, system oper-
ators generally experience null to very modest impact on the dimensioning,
allocation and costs of system reserves.

For example, in the case of Energinet.dk, the national TSO of Denmark, a sys-
tem was developed to predict system imbalances based on weather forecast,
demand forecast, wind power and solar power prognosis. Based on a 12
hour-ahead predicted imbalance curve, tertiary reserves may be activated or
imbalances swapped with neighbours (if possible).

The traditional procedures for activating reserves can be called reactive, while
the Energinet.dk’s approach can be called proactive. In popular terms the new
procedure can be described as “driving looking through the front window” in
contrast to “driving looking in the rear view mirror”.

Experiences of other European countries with significant wind power shares in
the system include [14]:

e |reland — no additional reserves were required during periods of high
wind variability. However, due to frequency and voltage stability con-
straints, a number of conventional stations are required to remain
online

e Spain —the impact on automatic reserves has been minimal, but sig-
nificant impacts on the manual reserves have been experienced.
Spain is building experience and confidence in using probabilistic
methods for dimensioning manual reserves.
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e Portugal — existing reserve allocation has been increased by 10% of
predicted wind power. The additional reserves are supplied through
hydro generation and tie-line balancing with Spain.
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Appendix ll: Generation capacity

lla. Exogenous capacity in PDP7 scenario



Plant name Region Start year Lifetime Capacity (MW)

Son La North Hydro - RES Water 2011 50 2400
Hoa Binh North Hydro - RES Water 1994 50 1960
Thac Ba North Hydro - RES Water 1975 50 120
Tuyén Quang North Hydro - RES Water 2008 50 342
Ban Vé North Hydro - RES Water 2010 50 320
Ban Chat North Hydro - RES Water 2013 50 220
Huoi Quang North Hydro - RES Water 2015 50 260
Lai Chau North Hydro - RES Water 2015 50 400
A Ludi North Hydro - RES Water 2012 50 170
Quang Tri North Hydro - RES Water 2007 50 64
AVuong North Hydro - RES Water 2008 50 210
Vinh Son North Hydro - RES Water 1999 50 66
Soéng Hinh North Hydro - RES Water 1999 50 70
Pleikrong North Hydro - RES Water 2012 50 100
Yaly North Hydro - RES Water 2003 50 720
Sé San 3 North Hydro - RES Water 2006 50 260
SéSan 4 North Hydro - RES Water 2009 50 360
Sé San 3A North Hydro - RES Water 2007 50 108
Buon Tua Srah North Hydro - RES Water 2009 50 86
Séng Tranh 2 North Hydro - RES Water 2011 50 190
Srepok 3 North Hydro - RES Water 2010 50 220
An Khé - Kanak North Hydro - RES Water 2011 50 173
Buon Kubp North Hydro - RES Water 2009 50 280
Séng Ba Ha North Hydro - RES Water 2009 50 220
Doéng Nai 3 North Hydro - RES Water 2011 50 180
Pong Nai 4 North Hydro - RES Water 2012 50 340
Tri An North Hydro - RES Water 1991 50 400
Da Nhim North Hydro - RES Water 1964 50 160
Thac Mo North Hydro - RES Water 1995 50 150
Ham Thuan North Hydro - RES Water 2001 50 300
ba Mi North Hydro - RES Water 2001 50 175
Dai Ninh North Hydro - RES Water 2008 50 300
Pha Lai 1 North PC Domestic Coal 1986 30 440
Khe B8 North Hydro - RES Water 2013 50 100
Pha Lai 2 North PC Domestic Coal 2001 30 600
Uéng Bi m& rong North PC Domestic Coal 2011 30 630
Ninh Binh North PC Domestic Coal 1974 30 100
Hai Phong North PC Domestic Coal 2009 30 1200
Quang Ninh North PC Domestic Coal 2009 30 1200
Nghi Son North PC Domestic Coal 2013 30 600
Vinh Tan North PC Import Coal 2014 30 1245
Duyén Hai 1 North PC Import Coal 2015 30 1244
Mong Duong 1 North PC Domestic Coal 2015 30 1200
Thi Buc North Oil thermal FO 1965 30 169.5
Can Tho North Oil thermal FO 1989 30 37
O Mén North Oil thermal DO 2009 30 660
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30
30
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
30
30
30
30
30
30
30
30
30
50
50
50
50
50
50
50
50
50
50
50
50

388

949

1140

468

114
150
32
90
110
97
48
34.5
36
32
80
180
200
57
60
42
72
48
66
a4
110
115
660
220
440
1245
1245
150
120
34
82
a4
63
57
49
63
64
80
64
75
81
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Dak Tih North Hydro - RES Water 2011 50 144

bak Mi 4 North Hydro - RES Water 2012 50 195
Séng Bung 4 North Hydro - RES Water 2014 50 156
Séng Giang 2 North Hydro - RES Water 2014 50 37
Dak Prinh North Hydro - RES Water 2014 50 125
Pong Nai 2 North Hydro - RES Water 2014 50 73
Bac Binh North Hydro - RES Water 2009 50 33
Pong Nai 5 North Hydro - RES Water 2015 50 150
ba Dang 2 North Hydro - RES Water 2010 50 34
Can bon North Hydro - RES Water 2004 50 78
Srokphumieng North Hydro - RES Water 2007 50 51
Hiép Phudc North GTCC Nam GC:: 2 1998 30 375
Formosa North PC Import Coal 2015 30 310
Phd My 3 North GTCC Nam g;’: son 2003 30 740
Pha My 22 North GTCC Nam g;’: son 2004 30 740
Nhon Trach 1 North GTCC Nam GC:: son 2008 30 465
Nhon Trach 2 North GTCC Nam g;’: son 2011 30 750
CaMaul North GTCC PM3-CAA Gas 2008 30 771
CaMau 2 North GTCC PM3-CAA Gas 2008 30 771
VeDan North Cogen Import Coal 2015 30 72
Bourbon North Cogen Bagasse 1997 30 24
Tuy Phong (dién gio) North Wind Wind 2012 25 30
Bac Liéu (dién gid) North Wind Wind 2012 25 60
bam Phu My North Cogen NamGC:: 2 2001 30 21
Hai Phong Il North PC Domestic Coal 2014 30 600
mién Nam North Hydro - RES Water 2015 50 100
Nhac Han North Hydro - RES Water 2014 50 59
Nong Son North PC Domestic Coal 2014 30 30
OMbén1#2-FO North GTCC FO 2015 30 330
Sé Ka Man 3 (Lao) North Hydro - RES Water 2015 50 250
Xékaman 3 North Hydro - RES Water 2013 50 250
Thay dién nhé (small hydro) North Hydro - ROR Water 2014 50 1151
Thay dién nhé (small hydro) North Hydro - ROR Water 2014 50 79
Thay dién nhé (small hydro) North Hydro - ROR Water 2014 50 774
ALin Center Hydro - RES Water 2018 50 62
Ba Thudc 1 Center Hydro - RES Water 2016 50 60
Bac Liéu | #1 (*) South Wind Wind 2029 25 600
Bac Liéu | #2 (*) South PC Import Coal 2030 30 600
Bac Mé North Hydro - RES Water 2016 50 45
Bdo Ldm 3 North Hydro - RES Water 2019 50 46
Cam Pha Il #1 North PC Domestic Coal 2020 30 220
C3m Pha 1l #2 North PC Domestic Coal 2020 30 220
Chi Khé North Hydro - RES Water 2017 50 41
Cong Thanh North PC Domestic Coal 2020 30 600
Cot nwéc thap Phi Tho North Hydro - RES Water 2023 50 105

76 | Renewable energy scenarios for Vietnam - 24-05-2017



Pa Nhim MR (Ext) Center Hydro - RES Water 2018 50 80

bak Mi 1 Center Hydro - RES Water 2018 50 54

bak Mi 2 Center Hydro - RES Water 2016 50 98

bak Mi 3 Center Hydro - RES Water 2016 50 45

bak Re Center Hydro - RES Water 2022 50 60

Dién gid Bac Liéu giai doan Il South Wind Wind 2018 25 142
Dién gié Hanbaram South Wind Wind 2020 25 117
Dién gid Khai Long (Ca Mau) South Wind Wind 2018 25 100
Dién gid Séc Trang South Wind Wind 2019 25 99

Dién gidé Trung -Nam Center Wind Wind 2019 25 90

Dién hat nhan Ninh Thuan | #1 Center Nuclear Nuclear 2028 50 1200
Dién hat nhan Ninh Thuan | #2 Center Nuclear Nuclear 2029 50 1200
Dién hat nhan Ninh Thuan Il #1 Center Nuclear Nuclear 2029 50 1100
Dién hat nhan Ninh Thuan Il #2 Center Nuclear Nuclear 2030 50 1100
Pién sinh khai An Khé #1, biomass Center Biomass Biomass 2017 30 55

Pién sinh khéi An Khé #2 Center Biomass Biomass 2018 30 55

bon Duong #1 Center Hydro - RES Water 2030 50 300
Dong Phlu Yén #2 North Hydro - RES Water 2029 50 300
TBKHH Dung Quét #1 Center PC Import Coal 2023 30 750
Duyén Hai Il #1 (Coastal Thermal) South PC Import Coal 2021 30 600
Duyén Hai Il #2 (Coastal Thermal) South PC Import Coal 2021 30 600
Duyén Hai Ill extension South PC Import Coal 2019 30 660
Duyén Hai Ill#1 South PC Import Coal 2016 30 600
Duyén Hai Il1#2 South PC Import Coal 2017 30 600
Formosa Déng Nai #3 South PC Import Coal 2016 30 150
Formosa Ha Tinh #10 Center PC Import Coal 2020 30 150
Formosa Ha Tinh #6,7 Center PC Import Coal 2020 30 300
Formosa Ha Tinh #8,9 Center GTCC Import Gas 2020 30 200
Formusa Ha Tinh #2 Center PC Import Coal 2016 30 150
Formusa Ha Tinh #3,4 Center GTCC Import Gas 2016 30 200
Formusa Ha Tinh #5 Center PC Import Coal 2016 30 150
Hai Duong #1 North PC Domestic Coal 2020 30 600
Hai Duong #2 North PC Domestic Coal 2021 30 600
Hai Ha 2 (cogeneration) North PC Domestic Coal 2022 30 750
Hai Ha 4 North PC Domestic Coal 2028 30 600
Hai Phong Il #1 North PC Domestic Coal 2025 30 600
Hai Phong Il #2 North PC Domestic Coal 2026 30 600
Hoa Binh (EXT) #1 Center Hydro - RES Water 2021 50 240
Hoa Binh (EXT) #2 Center Hydro - RES Water 2022 50 240
Hoéa Dau Long Son #1 South PC Import Coal 2017 30 75

Héa Dau Long Son #2,3 South PC Import Coal 2018 30 150
Hoi Xuan North Hydro - RES Water 2018 50 102
Hudi Quang #2 North Hydro - RES Water 2016 50 260
Hudi Tao North Hydro - RES Water 2030 50 180
Kien Giang i South GTCC Nam GC:: 2 2021 30 750
La Ngau Center Hydro - RES Water 2018 50 36
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Lai Chau #2 North Hydro - RES Water 2016 50 400

Lai Chau #3 North Hydro - RES Water 2016 50 400
Long Anii #1 South PC Import Coal 2024 30 600
Long An | #2 South PC Import Coal 2025 30 600
Long An II#1 South PC Import Coal 2026 30 800
Long An I1#2 South PC Import Coal 2027 30 800
Long Phu | #1 South PC Import Coal 2018 30 600
Long Phu | #2 South PC Import Coal 2019 30 600
Long Phu Il #1 South PC Import Coal 2021 30 660
Long Phu Il #2 South PC Import Coal 2022 30 660
Long Pha IIl #1 South PC Import Coal 2021 30 600
Long Pha 11l #2,3 South PC Import Coal 2022 30 1200
Léng Tao North Hydro - RES Water 2017 50 42
Luc Nam #1 North PC Domestic Coal 2022 30 50
Luc Nam #2 North PC Domestic Coal 2023 30 50
M¥ Ly North Hydro - RES Water 2021 50 250
Na Duong Il #1 North PC Domestic Coal 2019 30 50
Na Duong Il #2 North PC Domestic Coal 2019 30 50
Nam Can 1,4,5 North Hydro - RES Water 2019 50 65
Nam Can 2,3,6 North Hydro - RES Water 2020 50 54
Nam Dinh | #1 North PC Domestic Coal 2021 30 600
Nam Dinh | #2 North PC Domestic Coal 2022 30 600
Nam M6 (VN) North Hydro - RES Water 2020 50 95
Ndm M6 1 (Laos) North Hydro - RES Water 2026 50 72
Nam Na 3 North Hydro - RES Water 2016 50 84
Nam Pan 5 North Hydro - RES Water 2020 50 35
Nam Téong North Hydro - RES Water 2016 50 34
ND dbng phat Hai Ha 1 North PC Domestic Coal 2019 30 150
ND dbng phat Hai Ha 3 North PC Domestic Coal 2025 30 600
ND sinh khéi Lee &Man South Wind Wind 2018 25 125
Nghi Son 11 #1 North PC Domestic Coal 2021 30 600
Nghi Son 1l #2 North PC Domestic Coal 2022 30 600
Nho Qué 1 North Hydro - RES Water 2016 50 32
Nho Qué 2 North Hydro - RES Water 2016 50 48
O Mén i South GTCC Nam GC:: son 2026 30 750
O Mén i South GTCC Namg;’: son 2020 30 750
6 Mén IV South GTCC Nam g:sn son 2021 30 750
Pac Ma North Hydro - RES Water 2019 50 140
Quang Ninh IIl #1 North PC Domestic Coal 2029 30 600
Quang Ninh Il #2 North PC Domestic Coal 2030 30 600
Quang Trach | #1 Center PC Import Coal 2021 30 600
Quang Trach | #2 Center PC Import Coal 2022 30 600
Quang Trach Il #1 Center PC Import Coal 2028 30 600
Quang Trach Il #2 Center PC Import Coal 2029 30 600
Quang Tri #1 Center PC Import Coal 2023 30 600
Quang Tri #2 Center PC Import Coal 2024 30 600
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Quynh Lap | #1 North PC Domestic Coal 2022 30 600

Quynh Lap | #2 North PC Domestic Coal 2023 30 600
Quynh Lap Il #1 North PC Domestic Coal 2026 30 600
Quynh Lap Il #2 North PC Domestic Coal 2027 30 600
Rang Bong Cogeneration North Hydro - RES Water 2025 50 100
Sékaman 1- (80%, Lao) Center Hydro - RES Water 2016 50 322
Sekaman sanxay (80%, Lao) Center Hydro - RES Water 2017 50 32
Sékaman4 (80%,Lao) Center Hydro - RES Water 2018 50 80
Son My | #1 Center GTCC Import Gas 2026 30 710
Son My | #2 Center GTCC Import Gas 2027 30 710
Son My | #3 Center GTCC Import Gas 2028 30 710
Son My Il #1 Center GTCC Import Gas 2023 30 710
Son My Il #3 Center GTCC Import Gas 2025 30 710
Séng Bung 2 Center Hydro - RES Water 2016 50 100
Soéng Hau | #1 South PC Import Coal 2019 30 600
Séng Hau | #2 South PC Import Coal 2019 30 600
Soéng Hau Il #1 South PC Import Coal 2021 30 1000
Séng Hau Il #2 South PC Import Coal 2022 30 1000
Soéng Hiéu (Ban Méng) North Hydro - RES Water 2022 50 60
Séng L6 6 North Hydro - RES Water 2018 50 44
Séng Mién 4 North Hydro - RES Water 2018 50 38
Séng Tranh 3 North Hydro - RES Water 2016 50 62
Soéng Tranh 4 North Hydro - RES Water 2016 50 48

Sugar cane Tuy Hoa #1 (Dién sinh

Khéi KCP #1) Center Biomass Biomass 2016 30 30
ité%a;;ane Iy e R e L4 Center Biomass Biomass 2018 30 30
Tan Phudc | #1 South PC Import Coal 2027 30 600
Tan Phudc | #2 South PC Import Coal 2028 30 600
Tan Phudc Il #1 (*) South PC Import Coal 2028 30 600
Tan Phudc Il #2 (*) South PC Import Coal 2029 30 600
TBKHH Mién Trung | Center GTCC Import Gas 2023 30 750
TBKHH Dung Quét Il Center GTCC Import Gas 2024 30 750
TBKHH Kien Giang Il South GTCC Namg;’: son 2022 30 750
;g?ggu’ﬁgnzi:g f:i)(”éu LAl Center GTCC Import Gas 2026 30 750
TBKHH Mién Trung Il Center GTCC Import Gas 2024 30 750
TBKHH Son My Il #2 Center GTCC Import Gas 2024 30 750
Thac Mo MR (EXT) Center Hydro - RES Water 2017 50 75
Thai Binh | #1 North PC Domestic Coal 2017 30 300
Thai Binh | #2 North PC Domestic Coal 2017 30 300
Thai Binh Il #1 North PC Domestic Coal 2017 30 600
Thai Binh Il #2 North PC Domestic Coal 2018 30 600
Than Vé Dan South PC Import Coal 2016 30 60
Thang Long #1 North PC Domestic Coal 2018 30 300
Thang Long #2 North PC Domestic Coal 2019 30 300
Thién Tan 1 solar (Ninh Thudn) Center Solar Sun 2019 25 300
Thién Tan 2 solar (Ninh Thudn) Center Solar Sun 2020 25 400
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Thién Tan 3 solar (Ninh Thuén)
Thuong Kon Tum #1
Thuong Kon Tum #2

Tich ndng Bac Ai #1,2

Tich ndng Bac Ai #3,4

Tich nang Bong Phu Yén #1
Tich nang Bong Phu Yén #3
Tra Khic 1

Tri An (EXT)

Trung Son #1,2

Trung Son #3,4

Van Phong | #1

Van Phong I#2

Vinh Tan | #1

Vinh Tan | #2

Vinh Tan IIl #1

Vinh Tan IIl #2

Vinh Tan 11l #3

Vinh Tan IV Extension

Vinh Tan IV#1

Vinh Tan IV#2

Viing Ang Il #1

Viing Ang Il #2

Viing Ang 11l #1

Viing Ang 11l #2

Viing Ang Il #3 (compulsory,not for
reserve)

Viing Ang Il #4 (compulsory,not for
reserve)

Yaly MR

Yén Son

Center
Center
Center
Center
Center
Center
Center
Center
South
Center
Center
Center
Center
South
South
South
South
South
South
South
South
Center
Center
Center

Center

Center

Center

Center

North

Solar
Hydro - RES
Hydro - RES

Pumped Hydro
Pumped Hydro
Hydro - RES
Hydro - RES
Hydro - RES
Hydro - RES
Hydro - RES
Hydro - RES
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC

PC

PC

Hydro - RES
Hydro - RES

Sun
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water

Import Coal
Import Coal
Import Coal
Import Coal
Import Coal
Import Coal
Import Coal
Import Coal
Import Coal
Import Coal
Import Coal
Import Coal
Import Coal

Import Coal

Import Coal

Import Coal

Water
Water

2021
2019
2019
2023
2025
2028
2030
2017
2025
2016
2017
2022
2023
2019
2019
2022
2023
2023
2019
2018
2018
2021
2022
2024
2025

2029

2030

2020
2017

25
50
50
20
20
50
50
50
50
50
50
30
30
30
30
30
30
30
30
30
30
30
30
30
30

30

30

50
50

300
110
110
600
600
300
300
36
200
130
130
660
660
600
600
660
660
660
600
600
600
600
600
600
600

600

600

360
70
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lib. Additional exogenous renewable capacity
This total renewable capacity is added in the year indicated. The renewables
are divided over the following types and regions:

Year Renewables capacity (MW)

2015 230

2016 260

2017 360

2018 520

2019 450

2020 470

2021 790

2022 1200

2023 1000

2024 1200

2025 1800

2026 2160

2027 2910

2028 3240

2029 3350

2030 3530

Region Type Share

North Small hydro 8.70%
North Biomass 1.67%
Center Wind 39.00%
Center Solar 12.00%
Center Small hydro 5.70%
Center Biomass 1.67%
South Wind 21.00%
South Solar 8.00%
South Small hydro 0.60%
South Biomass 1.67%

Sum 100.00%



lic. Total capacity of Stated policies, PDP7 and Reserve margin per fuel type and region until 2030 in MW

2015

2020

2025

2030

caseName

Stated policies

PDP 7

Reserve margin

Stated policies

PDP 7

Reserve margin

Stated policies

PDP 7

Reserve margin

Stated policies

PDP 7

Reserve margin

Region

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Nuclear

4600

Coal_lo

5310

5310

5310

5310

5310

5310

8329

5310

10517

11613

5310

12029

Coal_hig
h

4100

4100

4100

7950

7950

7950

7950

14200

7950

7950

17800

7950

Coal_im-
ported
1395

2871
1395

2871
1395

2871
2145

10566
2145

10566
2145

10566
2145

12535
9015

20066
2145

15882
2145
3617

23671

11415

24666
2145
5249

25120

NG_Con
_Son

6036

6036

6036

6786

6786

6786

6398

8648

7205

5074

8074

5881

NG_PM3
_CN

1542

1542

1542

1542

1542

1542

1542

1542

2385

1542

1542

2385

LNG_im-
ported

400

400

400

400

4820

400

16806

400

7700

400
2966
16806

Fuel_oil

517

517

517

330

330

330

330

330

330

330

330

330

Light_oil

660

660

660

660

660

660

660

660

660

660

660

Bagasse

24

24

24

26

24

26

1216

24

1216

2062

2062

Rice_hus

B = |

208

38
208
38
38
208
38
38
208
38
38
308
138
138
208
38
38

38
561
391
391

38

6145
8433
2704
6522
8433
3776
6145
8433
2704
8183
10797
2717
8560
10797
3789
8183
10797
2717
9443
12381
2979
10641
11833
4025
9443
12381
2979
9443
13524
3046
12407
13706
4116
10343
12933
3042

90

138
90

138
90

138
983

1154
983

1154
983

1154
3500

1154
3319

2412
3500

1154
9646
1679
1154
7867

5460
10780
215
1154

Solar

28

18
28

18
28

18
975

183
975

183
975

183
975

2712
1994

662
975

183
975

2712
3393

1595
975

183

620

620

7661
17846
14515

8038
17846
15587

7661
17846
14515
12894
24095
24002
13271
24095
25072
12894
24095
24002
16671
28698
29563
30097
31481
38507
16671
30886
49457
22609
38383
39629
47942
37208
46835
24644
41342
58280




lld Total capacity for Stated policies and scenarios per fuel type and per region in MW



Year caseName

2020  Stated policies

Unrestricted

CO2 cap

CO2 price

CO2 price high

No coal

2030  Stated policies

Unrestricted

CO2 cap

CO2 price

CO2 price high

No coal

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North

Coal_|

ow

5310

5310

5310

5310

5310

5310

11613

11037

11493

12180

5493

11613

Coal_h

igh

7950

7950

7950

7950

7950

7950

7950

7950

7950

7950

7950

7950

Coal_C
CS_lo

w

4910

2145

10566
2145

10566
2145

10566
2145

10566
2145

10566
2145

10566
2145
3617

23671
2145
5663

25800
2145
3932

23396
2145

16985
2145

10566
2145
3617

6786

6786

6786

6786

6786

6786

5074

5074

5074

5074

8128

NG_P

1542

1542

1542

1542

1542

1542

1542

1542

1542

1804

4111

LNG_i
mpor-

ted
400

400

400

400

400

400

400

400

400

400

522

400
1350

400

Fuel_o

330

330

330

330

330

330

330

330

330

330

330

Light_
oil

660

660

660

660

660

660

660

660

EFE

e

26

26

26

26

26

26

2062

2062

2062

762
1300

1577
485

Rice_h
usk
208
38
38
208
38
38
208
38
38
208
38
38
208
38
38
208

8183
10797
2717
8183
10797
2717
8183
10797
2717
8183
10797
2717
8183
10797
2753
8183
10797
2717
9443
13524
3046
8903
13881
3046
9443
13524
3046
10343
12933
3046
10343
12960
3046
9443
13524

983

1154
983

1154
983

1154
983

1154
983

1154
983

1154
9646
1679
1154
2900
803
1154
9290
1679
1154
21700
2200
6981
21700
2200
11599
9646
1679

975

183
975

183
975

183
975

183
975

183
975

183
975

2712
975

183
975

2890
975

9945
4134

18780
975

12894
24095
24002
12894
24095
24002
12894
24095
24002
12894
24095
24002
12894
24095
24038
12894
24095
24002
22609
38383
39629
15324
39334
39228
22253
38578
39532
35563
36546
46162
38722
36439
57742
22609
38383

84 | Renewable energy scenarios for Vietnam - 24-05-2017



2040  Stated policies

Unrestricted

CO2 cap

CO2 price

CO2 price high

No coal

2050

Stated policies

Unrestricted

CO2 cap

CO2 price

CO2 price high

South
Center
North

South

Center
North
South

Center
North
South

Center
North
South

Center
North

South

Center
North

South

Center
North

South

Center
North

South

Center
North

South

Center
North
South

Center
North

1572

11769

11815

11716

12223

3188

9308

12380

11601

12622

11660

183

6714

6679

6745

6672

6150

6150

7445

7087

6821

6776

5016

6811

1434

9575

479

459

2037

23671
2145
22184

37658

2145
26408
52342

2145
20574

34352

2145
22882
35819

2145
13220

16547

2145
3617

23671

37908
49647

48211
75025

35183
48316

42812
51101

27122

3722

2277

11877

8224

11672

3792

16719

12770

17983

5074

6185

6314

5648

4282

7411

5044

7421

5355

7601

5677

1542

7776

2222

9195

10221

13660

9372

17985

11555

17012

16925

330
400
8441

330

400
6778
330
400
9002
330
400
8318
330
400
9631

330

400
20331

4845 330

12405

12114

14981

15265

18164

0 2062

2060

2060

2060

763
1299

1617
483

40

2060

2100

2100

2100

2100

2100

38

o o

o O o o o o

153
419

1134

153
419

1134

419
1134

153
419

3046
9923
13524

3046

9048
13881
3046
9518
13524
3046
10350
12933
3046
10444
13013

3046

10291
13654

3046

10343
13524

3046

9100
13881

3046

9610
13524

3046

10413
12933
3046
10721
13013

1154
25302
2200

14313

14191
2200
1016

24828
2200

11012

23035
2200
6933

36802
5019

30300

31902
5306

20690

43991
8881

30300

21700
2200

6500

44909
5751

30300

36940
2200
23819
56041
11900

2712
5273

34042
3509

3135
1735

34311
2040

27676
19807
5487

40591

13056
10237

34981
10104

84352
5918

18775
14865

79118
12869

65963
22045
47282

39629
43042
64834
10544
9
29293
67762
70503
42349
63762
99992
40247
65992
89643
81627
65035
11507
4
66170
70957
10517
4
76111
95061
19388
5
40510
97194
12025
6
86104
90983
18539
3
72992
93746
166531
106942
136810
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South 22607

No coal Center
North 6303
South 13801

4180

5934

22767

3617
13105

8224

6925

3788

16531

10531

45138
30484

2100

1134
153
419

1134

3046
10329
13654

3046

30300
52855
11900
30300

61342
17735
49327
76176

164651
89295

142573
182365
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lle. Total capacity for Stated policies and sensitivities per fuel type and per region in MW
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caseName Region Coal_lo Coal_hi Coal_im NG_df)- NG_Con NG_PM LNG_im Fuel oil  Light oil Bagasse Rice_hu
w ported mestic _Son 3_CN ported - - sk

2020 Stated policies Center 2145 400 208 8183 983 975 12894
North 5310 7950 38 10797 24095
South 10566 6786 1542 330 660 26 38 2717 1154 183 24002
Demand high Center 2145 400 208 8633 983 975 13344
North 5310 7950 38 11239 24537
South 10566 6786 1542 330 660 26 38 2753 1154 183 24038
Demand low Center 2145 400 208 8183 983 975 12894
North 5310 7950 38 10797 24095
South 10566 6786 1542 330 660 26 38 2717 1154 183 24002
Demand very low  Center 2145 400 208 8183 983 975 12894
North 5310 7950 38 10797 24095
South 10566 6786 1542 330 660 26 38 2717 1154 183 24002
Low RE cost Center 2145 400 208 8183 983 975 12894
North 5310 7950 38 10797 24095
South 10566 6786 1542 330 660 26 38 2717 1154 183 24002
NG price low Center 2145 400 208 8183 983 975 12894
North 5310 7950 38 10797 24095
South 10566 6786 1542 330 660 26 38 2717 1154 183 24002
2030 Stated policies Center 2145 400 0 9443 9646 975 22609
North 11613 7950 3617 0 13524 1679 38383
South 23671 5074 1542 330 0 2062 38 3046 1154 2712 39629
Demand high Center 2145 400 0 10290 11134 975 24944
North 11325 7950 7837 870 0 12933 2200 43115
South 26254 5074 1542 330 660 1192 38 3046 1318 8846 48299
Demand low Center 2145 0 0 9443 6860 975 19423
North 11057 7950 401 0 13524 1176 34108
South 21067 5074 1542 0 0 2062 38 3046 1154 183 34166
Demand very low  Center 2145 0 0 9600 2574 975 15293
North 10221 7950 0 13039 31209
South 16302 4127 1542 0 0 2062 38 3046 1154 183 28453
Low RE cost Center 2145 400 0 10343 21700 1655 36244
North 12459 7950 311 595 0 12960 2200 36475
South 15710 5074 1542 330 660 1467 38 3046 6981 24166 59013
NG price low Center 2145 400 0 9650 9226 975 22396
North 10909 7950 2044 1093 0 13387 2140 37522
South 18775 9580 2324 330 660 969 38 3046 1173 2858 39753
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2040 Stated policies

Demand high

Demand low

Demand very low

Low RE cost

NG price low

2050 Stated policies

Demand high

Demand low

Demand very low

Low RE cost

NG price low

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South

Center
North
South
Center
North
South

Center
North
South
Center
North
South

Center
North
South
Center
North
South

11769

11068

11954

13064

11582

11114

12380

13389

12161

11997

15230

11587

6714

6675

6715

6968

6683

6687

7445

7479

7197

6997

7574

6675

2145
22184
37658

2145
30155
42434

2145
11890
34769

2145

11
24068

2145
22515
36845

2145
14852
30784

37908
49647

48937
60578

22445
42087

3794
27737

30183
52712

28110
46605

9378

11672

15811

4348

12335

12606

6185

8421

1717

1188

6263

6821

7421

7457

5975

433

6790

7859

7776

11418

7326

2737

9579

9361

17985

19447

16141

6093

17681

13492

400
8441

400

9663

5471

93

400
7869

400

10280

12405

17220

8111

3048

16986

20815
9995

330

330

330

330

2060

872

1190

2060

2062

596
1465

1095

967

2100

2100

2100

905

1195

2100

2100

38

38

419
1134
153
419
1134

9923
13524
3046
10436
12933
3046
9613
13524
3046
9600
13685
3046
10411
12960
3046
9690
13387
3046
10343
13524
3046
10552
12933
3046
10100
13524
3046
9600
13685
3046
10566
12960
3046
9916
13387
3046

25302
2200
14313
28979
2200
20630
21700
2200
6933
12414
2200
1139
24562
2200
6933
25530
2200
12315
43991
8881
30300
50906
11900
30300
30230
2200
25935
21700
2200
4715
35492
11900
23732
47162
4602
30300

5273

34042
8352

42525
4099

21793
947

7776
13014

54096
6791

35696
10104

84352

16692

17858
107251
11633

59805
664

19046
21750
60872
107946
14011
2295
85037

43042
64834
105449
50312
73566
130031
37557
51755
77682
25107
36020
42055
50532
64405
118595
53934
59615
99357
76111
95061
193885
94114
132235
229213
56311
67738
152988
31964
42626
62265
80142
157805
211907
83695
89570
196333
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Appendix lll: Transmission capacity

llla. Transmission capacity for Stated policies and scenarios

Central-North Central-South
Year caseName (MW) (MW)
2015 Stated policies 1800 3500
Unrestricted 1800 3500
CO2 cap 1800 3500
CO2 price 1800 3500
CO2 price high 1800 3500
No coal 1800 3500
2020 Stated policies 2744 5379
Unrestricted 2744 5379
CO2 cap 2737 5370
CO2 price 2687 5292
CO2 price high 2608 4963
No coal 2744 5379
2025 Stated policies 2744 7879
Unrestricted 2791 7879
CO2 cap 2737 7870
CO2 price 2687 7792
CO2 price high 2608 7463
No coal 2744 7879
2030 Stated policies 4973 7879
Unrestricted 3893 7879
CO2 cap 4799 7870
CO2 price 6687 10917
CO2 price high 6608 11339
No coal 4973 7879
2035 Stated policies 8045 8079
Unrestricted 4448 7879
CO2 cap 8268 8441
CO2 price 6687 10917
CO2 price high 10608 14556
No coal 8973 10518
2040 Stated policies 8045 8079
Unrestricted 5784 7879
CO2 cap 8831 8441
CO2 price 6687 10917
CO2 price high 14608 16886
No coal 12973 11932
2045 Stated policies 12045 8079
Unrestricted 7026 7879
CO2 cap 12831 11193
CO2 price 7126 10917
CO2 price high 18608 16886
No coal 16973 11932
2050 Stated policies 16045 12079
Unrestricted 8082 7879
CO2 cap 16831 15193
CO2 price 11126 14415
CO2 price high 22608 16886

No coal 20973 13370




llib. Transmission capacity for Stated policies and sensitivities

Year caseName Central-North Central-South
(MW) (MW)
2015 Stated policies 1800 3500
Demand high 1800 3500
Demand low 1800 3500
Demand very low 1800 3500
Low RE cost 1800 3500
NG price low 1800 3500
2020 Stated policies 2744 5379
Demand high 2886 5812
Demand low 2810 5258
Demand very low 2764 5229
Low RE cost 2744 5379
NG price low 2598 4870
2025 Stated policies 2744 7879
Demand high 2895 8312
Demand low 2810 7824
Demand very low 2764 7729
Low RE cost 2799 7879
NG price low 2598 7370
2030 Stated policies 4973 7879
Demand high 5094 8312
Demand low 3963 7824
Demand very low 3046 7729
Low RE cost 6799 11115
NG price low 5915 7370
2035 Stated policies 8045 8079
Demand high 5771 8312
Demand low 7490 8061
Demand very low 3711 8009
Low RE cost 6799 11115
NG price low 9915 11305
2040 Stated policies 8045 8079
Demand high 9684 8312
Demand low 7490 8061
Demand very low 5286 8162
Low RE cost 8174 11115
NG price low 12313 11305
2045 Stated policies 12045 8079
Demand high 13684 10397
Demand low 8891 8061
Demand very low 5579 8162
Low RE cost 12174 11115
NG price low 15539 11305
2050 Stated policies 16045 12079
Demand high 17684 14397
Demand low 12891 8061
Demand very low 6156 8162
Low RE cost 16174 11115
NG price low 19539 11305
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Appendix IV: Economy

IVa. Economy of Stated policies and scenarios
Trans. Capi- Gen. Capi-

caseName tal Cos't - tal Cost - g;\:
Annualised Annual-
(m$) ised(ms) ™
2015 Stated policies 18 1971 1965 284 4237
Unrestricted 18 1971 1965 284 4237
CO2 cap 18 1971 1965 284 4237
CO2 price 18 1971 1965 284 4237
CO2 price high 18 1971 1965 284 4237
No coal 18 1971 1965 284 4237
2020 Stated policies 54 175 3097 3709 375 7411
Unrestricted 54 175 3097 3709 375 7411
CO2 cap 54 175 3097 3710 376 7411
CO2 price 49 175 3097 3719 376 7416
CO2 price high 36 183 3097 3735 378 7428
No coal 54 175 3097 3709 375 7411
2025 Stated policies 54 2726 3394 6934 551 13658
Unrestricted 56 2137 3320 7342 548 13403
CO2 cap 54 2049 3330 7658 552 13642
CO2 price 49 2142 3343 7619 555 13708
CO2 price high 36 3007 3353 7350 547 14293
No coal 54 2726 3394 6934 551 13658
2030 Stated policies 129 7863 3987 10781 953 23712
Unrestricted 92 6651 3815 11838 935 23331
CO2 cap 122 7750 3974 10821 955 23622
CO2 price 287 10600 4384 8167 1092 24529
CO2 price high 299 13062 4617 7930 1015 26923
No coal 129 7863 3987 10781 953 23712
2035 Stated policies 238 16809 4797 14827 1520 38191
Unrestricted 111 12933 4378 18436 1461 37319
CO2 cap 257 16263 4719 15281 1555 38076
CO2 price 287 16586 4787 15182 1505 38346
CO2 price high 539 23600 5314 13157 1323 43934
No coal 350 16893 4475 16951 1381 40050
2040 Stated policies 238 26229 5344 19002 2033 52846
Unrestricted 156 20442 4876 23461 1843 50778
CO2 cap 276 24856 5097 20296 2016 52542
CO2 price 287 23685 5044 21136 1939 52092
CO2 price high 751 35202 6050 16031 1933 59966
No coal 531 29797 5334 20485 1775 57922
2045 Stated policies 371 37988 5826 23677 2706 70569
Unrestricted 197 29280 5121 30035 2414 67046
CO2 cap 501 36548 5490 25282 2538 70360
CO2 price 302 32198 5215 28108 2619 68442
CO2 price high 884 52890 6077 18648 2270 80768
No coal 664 43678 5693 28279 2233 80547
2050 Stated policies 638 52135 6303 28786 3098 90959
Unrestricted 232 38779 5172 38711 3173 86067
CO2 cap 768 50656 6016 30006 3131 90578
CO2 price 552 46242 5672 32541 3174 88182
CO2 price high 1018 69790 6479 21545 2801 101632

No coal 846 63598 5693 34084 2702 106923




IVb. Economy of Stated policies and sensitivities

Trans. Gen.
Capital Capital Variable
caseName Cost = Cost - O&M
Annual-  Annual-
ised ised (ms)
(m$) (m$)
2015 Stated policies 18 1971 1965 284 4237
Demand high 18 1971 1965 284 4237
Demand low 18 1971 1965 284 4237
Demand very low 18 1971 1965 284 4237
Low RE cost 18 1971 1965 284 4237
NG price low 18 1971 1965 284 4237
2020 Stated policies 54 175 3097 3709 375 7411
Demand high 73 372 3097 3931 381 7855
Demand low 52 175 3097 3550 371 7245
Demand very low 50 175 3097 3522 371 7215
Low RE cost 54 175 3097 3709 375 7411
NG price low 32 175 3097 3726 378 7408
2025 Stated policies 54 2726 3394 6934 551 13658
Demand high 74 3944 3492 7417 601 15529
Demand low 55 2045 3330 6687 519 12636
Demand very low 50 1100 3196 6194 455 10995
Low RE cost 56 2757 3401 6320 523 13058
NG price low 32 2177 3329 7055 550 13143
2030 Stated policies 129 7863 3987 10781 953 23712
Demand high 147 10222 4293 11880 1093 27635
Demand low 93 5769 3724 9785 799 20169
Demand very low 59 3563 3364 8474 618 16079
Low RE cost 298 8925 4462 7241 1100 22026
NG price low 143 7306 3874 11116 909 23348
2035 Stated policies 238 16809 4797 14827 1520 38191
Demand high 170 21107 5226 16932 1751 45185
Demand low 219 12576 4349 12612 1322 31078
Demand very low 91 6306 3582 9170 789 19937
Low RE cost 298 15193 4929 13578 1566 35564
NG price low 408 15767 4510 15491 1452 37626
2040 Stated policies 238 26229 5344 19002 2033 52846
Demand high 300 32491 5961 22048 2430 63232
Demand low 219 19314 4661 15526 1659 41378
Demand very low 148 9571 3662 10296 989 24667
Low RE cost 343 22495 5305 18389 1992 48524
NG price low 488 25239 4980 19146 1987 51840
2045 Stated policies 371 37988 5826 23677 2706 70569
Demand high 503 46702 6604 27782 2939 84531
Demand low 265 28173 4852 18891 2200 54382
Demand very low 158 14063 3462 11568 1249 30500
Low RE cost 477 31342 5599 23624 2571 63614
NG price low 596 37209 5494 23263 2531 69092
2050 Stated policies 638 52135 6303 28786 3098 90959
Demand high 770 63898 7303 33961 3777 109709
Demand low 399 38366 4932 22493 2703 68892
Demand very low 177 18781 3118 12744 1653 36473
Low RE cost 610 45029 6291 25848 2929 80708
NG price low 729 50998 5882 28380 3086 89075

93 | Renewable energy scenarios for Vietnam - 24-05-2017



Appendix V Imports of fuels

Va. Imported fuel in Stated policies and scenarios

Year caseName Imported Coal (PJ) Imported LNG (PJ)

2015 Stated policies 227 0
Unrestricted 227 0
CO2 cap 227 0
CO2 price 227 0
CO2 price high 227 0
No coal 227 0
2020 Stated policies 630 0
Unrestricted 630 0
CO2 cap 630 0
CO2 price 632 0
CO2 price high 635 0
No coal 630 0
2025 Stated policies 917 0
Unrestricted 1009 0
CO2 cap 873 0
CO2 price 843 0
CO2 price high 795 0
No coal 917 0
2030 Stated policies 1775 0
Unrestricted 2040 0
CO2 cap 1774 0
CO2 price 1082 1
CO2 price high 674 2
No coal 1775 0
2035 Stated policies 2713 7
Unrestricted 3663 3
CO2 cap 2683 8
CO2 price 2503 8
CO2 price high 1006 16
No coal 1804 61
2040 Stated policies 3324 18
Unrestricted 4544 11
CO2 cap 3247 21
CO2 price 3528 17
CO2 price high 1615 22
No coal 1720 281
2045 Stated policies 3898 21
Unrestricted 5598 21
CO2 cap 3810 28
CO2 price 4727 27
CO2 price high 1801 25
No coal 1441 816
2050 Stated policies 4517 23
Unrestricted 6959 22
CO2 cap 4443 34
CO2 price 5121 35
CO2 price high 2190 40
No coal 930 1230
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Vb. Imported fuel in Stated policies and sensitivities

Year caseName Imported Coal(PJ) Imported LNG (PJ)

2015 Stated policies 227 0
Demand high 227 0
Demand low 227 0
Demand very low 227 0
Low RE cost 227 0
NG price low 227 0
2020 Stated policies 630 0
Demand high 657 0
Demand low 605 0
Demand very low 602 0
Low RE cost 630 0
NG price low 637 0
2025 Stated policies 917 0
Demand high 991 0
Demand low 883 0
Demand very low 811 0
Low RE cost 784 0
NG price low 798 5
2030 Stated policies 1775 0
Demand high 2117 0
Demand low 1454 0
Demand very low 1136 0
Low RE cost 945 1
NG price low 1425 2
2035 Stated policies 2713 7
Demand high 3197 14
Demand low 2193 2
Demand very low 1366 0
Low RE cost 2354 7
NG price low 2124 22
2040 Stated policies 3324 18
Demand high 3923 21
Demand low 2651 9
Demand very low 1527 0
Low RE cost 3182 14
NG price low 2794 37
2045 Stated policies 3898 21
Demand high 4647 22
Demand low 3024 15
Demand very low 1650 2
Low RE cost 3907 16
NG price low 3490 69
2050 Stated policies 4517 23
Demand high 5501 30
Demand low 3380 15
Demand very low 1727 5
Low RE cost 3857 26
NG price low 4008 248
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