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FOREWORD

Today, innovations and technology improvements within engegration and storagee taking place at a very

rapid pace, making longgerm energy planning a central key to unlocking the potential of the new, green
technologies. The lonterm planning of energy systems is very dependent on cost and performance of future
energy producingechnologies. Thus, the objective of this technology catalogue is to provide a solid estimation of
costs and performance for a wide range of power producing technologies, thereby providing a key input to solid
long-term energy planning in Vietnam.

Due tothe multistakeholder involvement in the data collection process, the technology catalogue contains data
that have been scrutinised and discussed by a broad range of relevant stakeholders Helciicity and
Renewable Energy Authority (EREA) and ageis undethe Ministry of Industry and TradeMOIT, Vietnam
Electricity T EVN, independent power producers, local and international consultants, organizations, associations
and universities. This is essential because a main objective is to prodlaclalogy Catalogue which is well
anchored amongst all stakeholders.

The Technology Catalogue will assist letegm energfpower modelling in Vietham and support government
institutions, private energy companies, think tanks and others through a common and broadly recognized set of
data for future electricity producing technologies in Vietnam.

The Vietnamese Technology Catalogudéids on the approach of The Danish Technology Catalogue, which has
been developed by the Danish Energy Agency and Energinet in an open process with stakeholders for many years.

Context

This publication is developed under the Dargbtnamese Energy Padrship. The first Viet Nam Technology
Catalogue was published in 2019. This new version includes all the technologies from the 2019 version that have
been reviewed and updated where necessary. A main focus of the update has been to add new subtategories c
technologies (roefop solar PV, floating offshore wind, low wind speed turbines, improved flexibility of coal fired
plants and pollution prevention technologies for coal power) as well as completely new technology descriptions
and data sheets (tidal pew wave power, carbon capture and storage, coal CFB boilers and industrial
cogeneration).
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INTRODUCTION

The technologies described in this catalogue cover both very mature technologies and emerging technologies, w
are expected to improve significantly over the coming decades, bothesjibct to performance and cost. This
implies that the cost and performance of some technologies may be estimated with a rather high level of certal
whereas, in the case of other technologies, both cost and performance today and in the futuretésl agitiocia

high level of uncertainty. All technologies have been grouped within one of four categories of technologic:
development described in the section on research and development indicating their technological progress, t
future development persptives and the uncertainty related to the projection of cost and performance data.

The technologies in the catalogue includes the power production unit and the connection to the grid. This me;
that he boundary for both cost and performance data argeheration assets plus the infrastructure required to
deliver the energy to the main grid. For electricity, this is the nearest substation of the transmission grid. Tt
implies that a MW of electricity represents the net electricity delivered, i.grdbe generation minus the auxiliary
electricity consumed at the plant. Hence, efficiencies are also net efficiencies.

The text and data have been edited based on Viethamese cases to represent local conditions. Famdhengid

term future (2030 ang2050) international references have been relied upon for most technologies since Vietname:
data is expected to converge to these international values. In the short run differences may exist, especially for
emerging technologies. Differences in thershon can be caused by e.g. current rules and regulations and level of
market maturity of the technology. Differences in both the short and long run can be caused by local physi
conditions, e.g. seabed material and offshore conditions can affeavfcolshore wind farms and wind speed can
affect the dimensioning of rotor vs. generator which can influence the cost, or domestic coal qualitgatan
efficiency and variable cost of cefiled plants as well.

Land use is assessed but the cost of lambt included in the total cost assessment since this depends on loca
conditions.

Detailed description of the approach can be found in Appendix 1.






1. PULVERIZED COAL FIRED POWER

Brief technology description

In a coal fired power plant, pulverized coal is burned to generate steam used to generate electritiigd Glagits

run on a stearbased Rankine cycle. In the first step the operating fluid (water) is compressed to high pressu
using a pump. In theext step, the boiler heats the compressed fluid to its boiling point converting it to steam, stil
at a high pressure. In the third step the steam is allowed to expand in the turbine, thus rotating it. This in turn rotz
the generator and mechanical eyyeis converted to electromagnetic energy which is then converted to electrical
energy and electricity is produced. The final step in the cycle involves condensation of the steam in the conden
SeeFigurel below.
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Figure 1. Schematic representation of operational flow of stde®ed Rankine cycle in coal plaftsf. 3).

Generally, one distinguishes between three main types of coal fired power plants: subcritical, supercritical and ulf
supercritical. Bsides these three, there is also advancedsupercritical coal fired power plants. The names refer
to the input temperature and pressure of the steam when entering tpedsgihre turbine. The main differences
are the efficiencies of the plants,s®wn in the Fig. 2. In Vietnam, a number of subcritical plants are operating
but this catalogue focuses on supercritical and-gligercritical as no new subcritical plants are planned in Vietham
in the future in according to the orientation indicateBdnver Master Plan VIII (chapter V).

Subcritical isdefined aselow 200 bars and 540°C. Both supercritical and-gi@ercritical plants operate above
the watersteam critical point, which requires pressures of more than 221 bars (by comparison, a subcritical ple
will generally operate at a pressure of around i&S). Above the watesteam critical point, water will change
from liquid to steam without boiling that is, there is no observed change in state and there is no latent hea
requirement. Supercritical designs are employed to improve the overall efficétice generator. There is no
standard definition forultra uper cr i ti cal versussusp@erccirtitcalad .i gt
steam temperatures of approximately 600°C and above (r&hit)is shown irFigure2 below. Advanced ultra
supercritical power plantsperateat 700-725°C and at 256850 bars Advanced ultrasupercritical power plants
needmore advanced materigief. 16).
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Figure 2: Definitions ofsub, supet, and ultrasupercritical plant (ref. 6).

Input
The process is primarily based on coal but will be applicable to other fuels such as wood pellets and natural ¢
Also, heavy fuel oil can be used as stgrtor reserve fuel.

Coal fired power plants typically use pulverized coal. Coal is pulverized into small pieces such that the surface a
is increased, and it burns more easily. Existing coal fired plants potédtially be converted to use natural gas or
LNG. Natural gas or LNG could improve flexibility of the plant, lower CO2 emissions and potentially reduce costs
For instance, in the US, more than 2 percent of the existing coal fired power plant haveryeeted from coal

to natural gas since 2010.

The extent of the conversion of the plant depends primarily on the design of the boiler. Moreover, the environmer
legislation could also cause more significant design changes in order to meet neededsraiysiements.

In some cases, the coal burner can simply be maodified to use natural gas instead while in other cases, the coal b
needs to be completely replacedhisTdepends on the age of the equipnaemat the environmental requirements.
Conversbn of fuels can be associated with a loss of efficiency since the heat transfer with the new or modifie
burning of fuel varies from what the boiler was originally designed for. The impact depends iy s$ieal
geometryof the boiler materials of condtiction, remaining component life, desired operating capacityhand
sensitivethe steam turbirgenerator seis to changes in temperature. Moreover, the moisture content of natural
gas could also impact the heat transfer. (ref. 15)

Output

Power. The auxiliary power need for a 500 MW plaryjscally 40-45 MW, and the net electricity efficientis
thus 3.74.3 percentage points lower than the gross efficiency (rdh ggneralthe selfconsumption of the coal
fired plants is about-& percent

Typical capacities
Subcritical power plastcan be from 30 MW and upwards. Supercritical and -sig@ercritical power plants must
be larger and usuallgngefrom 400 MW to 1500 MW (ref. 3).

Ramping configurations

Pulverized fuepower plants can deliver both primary load support (frequency control) and secondary load suppol
Advanced units are in general able to deliv&:5 percent of their rated (maximum) capacity as frequency control
within 30 seconds at loads between 50 @@ghercent.

This fast load control is achieved by utilizing certain water/steam buffers within the unit. The load support contr
takes over after approximately 5 minutes, when the frequency control function has utilized its water/steam buffe
The loadsupport control can sustain the 5 percent load rise achieved by the frequency load control and even furt
to increase the load (if not already at maximum load) by running up the boiler load.

1 For a power plant, the gross efficiency is defined as the electric capacity divided by the fuel consumption while the net
efficiency is defined by the electric capacity minus the auxiliary power need divided by the fuel consumption. See Appendi;
1 for defnitions of efficiencies.
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Negative load changes can also be achieved kyabging stea (past the turbine) or by closure of the turbine
steam valves and subsequent reduction of boiler load.

Typical Danish coabased power plants have minimum generation eBApercent and ramping speeds of roughly

4 percent of nominal load per minute dwit primary fuel. These results have been achieved through retrofitting
in relation to existing plants. The investments typically include installation of a boiler water circulation system
adjustment of the firing system, allowing for a reduction in talmer of mills in operation, combined with control
system upgrades and potentially training of the plant staff. (Ref. 5 and ref. 6).

Tablel: Examples of relevant areas for increased flexibility (ref 6).

General operational

Condensing

flexibility CHP units .

: units

improvements
Expand the Lower minimum load
operational Overload ability
boundaries (i.e.
expand the output Turbine
area) bypass

Decoupling of heat
and electric production | Heat storage

and/or when heat is Electric
produced and when it boilers and
is utilised heat pumps

Improving ramping speed and

s il fast output regulation

operation mode within
output area

Faster/cheaper start/stop of
plant

Advantages/disadvantages
Advantages:
1 Mature and wetknown technology.
1 The efficiencies are not reduced as significantly at part load compared to full load as with combined cyc
gas turbines

Disadvantages:

1 Coal fired power plantwith no pollution controemit high concentratianof NO,, SO, and particlenatter
(PM), which have high societal costs in terms of health probl&eording to several studiéscluding
Bascom et al., 1996 andelsall et al., 1997see ref. 14or a morecomprehensive revievair pollution
from coal fired power planis responsible for thousands of premature deaths each year globally.

1 Coalfiring results ina relativdy high CO, emission

1 Coal fired power plants using the advanced steam cycle (supercritical) possess the same fuel flexibility
the conventional boiler technology. However, supercritical plants have higher requirements concerning fu
quality. Inexpensivéneavy fuel oil cannobe burned due to materials like vanadium, unless the steam
temperature (and hence efficiency) is reduced, and biomass fuels may cause corrosion and scaling, if
handled properly.

1 Compared to other technologies such as gas turbines or hydro powsr filartoal thermal plants have
lower ramp rates, are more complex to operate and require a large numivgl@fees.

1 Usingwater from rivers or seas for cooling can change the &patic environment

Environment
The burning and combustion of coal aies the products GOCO, HO, SQ, NO,, NO and particle matter (PM).
CO, NQand SQ particles are unhealtHpr the brain and lurg) causing headaches and shortness of breath, and
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in worst case death. GCaugsglobal warming and thereby climate chasgef. 3)

It is possible to implement filters fddOx and SQ. Technologies and costs foeducing pollution is described a
section below (fAiTechnologies to reduce pollutiono

All coaHired plants in Vietham must ensutetthe emissioaare within the permitted level as specified in:
9 National Technical Regulation on Emission of Thermal Power ind(QE@¥N 22: 2009/BTNM7

9 National Technical Regulation on Ambient Air Qualf@CVN 05:2013/BTNMT)
1 National Technical Regulation on Industry Emission of inorganic Substances arsd (Q@VN 19:
2009/BTNMT)

Without applying technical solution to control the emission, the amount of pollutants such as gusOSEhd
CO, will exceed theallowed limit. Therefore, the codired plants in Vietham are applying the emission filters to
maintain emission within permitted level, including:

9 Electrostatic precipitator (ESP): Remove ash from the exhaust

1 Flue-gas desulfurization (FGD): Reduction®®;, (Some old thermal plants such as Pha Lai 1 and Ninh Binh
have not yet appligd

1 Selective Catalytic Reduction (SCR): Reduction ofllhermal plants using Circulating Fluidized Bed boiler
do not apply)

1 Inaddition, the chimnespof theplans arerequired tdnstall a continuous emission monitoring system (CEMS)

Employment
In general, a 1,200 MW coéited plant needs 2,000,500 employees on average during construction and
afterwards 60@00 employees continuously for operation and maintenaténgiuding coal mining workers).

Research and development

Conventional supercritical coal technology is well established thatkforeno majorimprovements of the
technology are expected (category Bhere is very limited scope to improve the cyblermodynamically. It is
more likely that the application of new materials will allow highessure and temperature in the boiler and thus
higherefficiencies, though this is unlikely to come at a significantly lower cost (ref. 4).

For increased flexibity see ref. 5, 6 and 8.

Examples ofcurrent projects

Subcritical: Quang Ninh codired power plan{ref 9).

Quang Ninh coafired power plant is in Ha Long City, Quang Ninh province, with altcapacity of 4x300 MW,
developedn 2 phases: Quang Nirth thermal power plant (2x300 MW) operated from March12@hd 2012
respectivelyand Quang Ninh 2 (2x300 MW) operated fr@d13 and2014respectivelyQuang Ninh thermal plant

is a pulverised codired plant using subcritical boiler with superheated stparameters: 174 kgit? (equal 170

bar) and 541°C. Setfonsumption rate of plant is 8.5% (maximum 25.5 MW per unit), the hame plate electricity
efficiency (net) at LHV is38%. The annual averagefficiencyis 3549%. The main fuel is anthracite from Hon
Gai, Cam Pha coal mirend theannual coal consumptias about 3 million tonper year(for the whole plant of
1200 MW). The auxiliary fuel iguel oil - No5, used to start the furnace and whtiexloadis less than 77%fdhe
norm.By applyinga NO, reduction solution in the combustion chamber, the 8l@ission of Quang Ninh thermal
plant is less than 750 mg/Nnthe SQ andparticle matter (PM2.5ontent do not exceetD0Oand 150 mg/Nm?
respectively. &cording to actuaineasurement, the NCSQ and PM s emission of Quang Ninh thermal plare

700 mg/Nnd, 394 mg/Nm andL36 mg/Nni respectively. Quang Ninh thermal plant has a ramp rate of 1% per
minute, the warm stadp is 11 hours and cold starp time is 15 hours.

The capital investment of Quang Ninh thermal plant wag kikion $ (converted td2019, the administration,
consultancy, project management, site preparation cost, the taxes and interest during construction are not inclu
equalto anominal investmeinof 1.22 M$/MWe.. The total capitatost (including these components)as1.61

billion $, corresponding to 34 M¥MWe.. The fixed O&M cost i€1.55 $/kWdyear and the variable O&M cost is
1.06 ¥MWh.

Subcritical Hai Phong codlired power plant(ref 10
Hai Phong coafired plant located in Thuy Nguyen district, Hai Phong city veittotal capacity of 1,200 MW,
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including 4 unitsof 300 MW. Hai Phong 1 plant (2x300 MW) started operatin2009/2010, Hai Phong 2 plant
(2x300 MW) started operatidn 2013/2014. The plant uses pulverized coal combustionasitite-critical boiler
(superheated parameter of 175 kgiamd 542C). The selconsumption rate dheplant is 8.7% and net electrigit
efficiency at LHV = 38%. The main fuel of plant is anthracite from Hong @&m Pha coal mine and the auxiliary
fuel used is FO. According thetechnical design repgthe PM.s, SG and NQ emission of plants are as follow:
35.8 mg/Nmi, 315.1 mg/Nrd and 546.5 mg/Nrrespectively. The investment was 7 illion $ (converted to
$2019, the administration, consultancy, project management, site preparation cost, the taxes and interest dul
construction are not included), equal the nominal investmastid4 M$ MW.. The total capitatost(including

these components)as1.59 billion $, corresponding to 32 M$/MW. The fixed O&M costvas 47.3 % kW/year

and the variable O&M cost ist $MWh.

Supetcritical: Vinh Tan 4 coaffired power plan(ref 11)

General: Vinh Tan 4 codired power plant is in the Vinh Tan Power Center, in the Tuy Phong district, Binh Thuan
province. The installed capacity of plant is 1200 MW, including 2 units of 600 Wh&.construction started in
March 2014, and the first unit was completad came into commercial operatimnDecember 2017 and the
second one iMarch2018.

Vinh Tan 4 thermal lant combusts pulverised caaid was the firstiethameseoalfired power plant applying
supetcritical (SC), including redrying, with the main steam parametiam capacity of 1,730.3 t/h; main steam
pressure of 251.04 bar; superheated steam temperature of Ggeelrying steam temperature of 59434 The

net electricity efficiency othe plant (name plate) is 39.8% (LHWhe main fuel oinh Tan 4 thermal plant is
SubBitumen (70%) andBitumen (30%) imported from Indonesia and Australi®&uel consumption is
approximately3.36million tons per year. [&isel oil is used as auxiliary fuel for starting the furnace and burning in
low load.Following theautomatic monitoring data tfiefirst 6 months in202Q the NQ emission value is49 mg

per Nn¥, the SQis 181 mg per Nni and the PMs emission i27 mg per Nm. However, performance tesf the
operation is not representative for the emission le@t&rating characteristics of Vinh Tan 4 thermal plant are:
Ramping2+3% per minute, minimum load #0% of full load (minimum level without burning oifvarm starup
time and cold stamip time arg06.33hours and)9.17hours respectively.

The total investment of Vinh Tan 4 thermal plant waB6 Dillion $ (converted ta$2019, the administration,
consultancy, project management, site preparatiantbestaxes and interest during construction are not included),
corresponding to a nominal investment ofSIM$/MW.. The total capitatost(including these components) was
1.7 billion $, corresponding to 1I9M$MW. The fixed O&M cost was B47 ¥kWd/year and the variable O&M
cost wasl.01 $/MWh.

Updated project: Supearitical: Vinh Tan 4 Extendref. 12)

Vinh Tan 4Ext coaHired power plant is in the Vinh Tan Power Center, in the Tuy Phong didiich Thuan
province. Theplant included unit of 600 MWand s$arted constructiom April 2016 andcompleted and came into
commercial operatiom October 2019

Vinh Tan 4 Ext thermal plant uses pulverised amethbustion technologwith a supercritical boiler.Main steam
parameters are as follow: Main steam pressugsisObar, superheated steam temperature is 569.8:drying
steam temperature is 5944 The net electricity efficiency of the plant (name plate) is 39.8% (LHV).

The main fuel oWinh Tan 4Ext thermal plant iSubBitumen (70%) an®itumen(30%)imported from Indonesia
and AustraliaFuel consumption is approximately68 million tons per yeaaccording tahe designed capacity
Diesel oil is used as auxiliary éu for starting the furnace and burning in low load. Foligyhe automatic
monitoring data ofhefirst 6 monthsof 202Q the NQ emission value i403mg per N, the SQ is 93 mg per
Nm? and the PMs emission isl1 mg per Nm.

The total investment of Vinh Tan 4 thermal plant V@4 million $ (converted ta$2019, the administration,
consultancy, project management, site preparation cost, the taxes and interest during construction are not incluc
corresponding to a nominal iestment of 54 M$MWe.. The total capitatost(including these components) was
1035million $, corresponding to I3 M$/MW.

Updated project: Suparitical: Vinh Tan 1 (refll)

General: Vinh Tan | codired power plant is in the Vinh Tan Pow@enter, in the Tuy Phong district, Binh Thuan
province. The installed capacity of the plant is 1200 MW, including 2 units of 600 MW. Construction was starte
in July 2015 and it was in commercial operation from November 2018.
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Vinh Tan 1 thermal pant comlusts pulverised coand apges a supercritical boiler, with superheated steam
parameters: pressure 4.2 MPa (~242bar)andtemperature d666°C. The net electricity efficiency ahe plant
(name plate) is 32% (LHV). Vinh Tan1 is the first coalfired thermal power plant in Vietnam to apply the
supercritical Wshaped flame boiler technology, using domestic Anthracite &iasel oil is used as auxiliary fuel
for starting the furnace and burning in low loAd@cording to data provided from powetapt the NQ emission
value is 35 mg per Nm, the SQ is 29 mg per Nnmi and the PMs emission is21 mg per Nm. Operating
characteristics of Vinh Tat thermal plant areRamping 1% per minute, minimum load 66% of full load
(minimum level without burning oil), warm staup time and cold statp time are2.25hours andl2.75hours
respectively.

The total investment of Vinh Tah thermal plant was &8 billion $ (converted td52019, the administration,
consutancy, project management, site preparation cost, the taxes and interest during construction are not includ
corresponding to a nominal investment 2IM$/MW.. The total capitatost(include these componentsps
2.03billion $, corresponding to &6 M$MW. The fixed O&M cost wa85 $/kWé/year and the variable O&M cost
was1.20 ¥MWh.

Data estimate
Below is described the data which the data sheets are based on and how to arrive at the estimates of the paran
in the data sheets.

To estimate a central case for 2020, data from Y6amamese supercriticalants have been collected. However,

for some cases only selected data has been availdige=fore,data fromthe Indonesian T@as given further
inputs to make a more realistictiesate. Several reports indicate that the lower minimum generation and higher
ramp rates can be achieved without additional large investments. In the TC current minimum loads and ramp rz
are assumed in 2020 whereas more flexible operation abilitiessporrding to the Indonesian TC are assumed
from 2030. Quality of the coal (caloric value and sulphur content) may affect the O&M costgistast for plants
using domestic coal. Emission values have been convertedfgdhin® to g/GJbased on aonverson factorfor

coalof 0.35 from Pollution Prevention and Abatement Handbook, .198&8Table?2.
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Table2:

Coal supefcritical plant. 2020 data($2019)(Ref. 17)

Local case LO(.:aI_cE\se Local case Local . d .
Key parameter 1: Vinh 2: Vin 3:Vinh case 4. | Indonesian Viet
Tan & Tan 4 a1 Duyen | TC (2020) | VI€inamese
Ext Hai 3 Ext TC (2021)
Central
Generating capacity for one unit 600 600 620 638 600 600
(MWe)
Generating capacity for totpbwer 1,200 600 1240 638 600 1,200
plant (MW)
— — 5
Electricity efficiency, net (%), 39.8 39.8 392 39.5 38 38
name plate
= — 5
Electricity efficiency, net (%), 37 37 365 36.7 37 37
annual average
Ramping (% per minute) 2+3 2+3 1 - 4 2
Minimum load (% offull load) 40 40 60 - 30 50
Warm starup time (hours) 06. 3 06. 3 2.25 - 4 6
Cold startup time (hours) 09.1 09.1 12.75 - 12 10
EmissionPM. s (mg/Nnv) 27 11 21 - 150 70
SO, (degree of desulphuring, %) 86° 91 97 - 73 86
NOx (g per GJ fuel) 81 36 82 - 263 115
Nominal investment (M$/MW) 1.38 153 135 137 1.46 1.46
Fixed O&M ($/MWslyear) 39,500 - 36,400 - 42,800 39,600
Variable O&M ($/MWh) 1.01 - 1.20 - 0.12 0.78
Startup costs ($/MWstartup) 260 - 256 - 52 187

There are no examples of Viethamese tdtrpercritical coafired power plants, so the data sheets rely solely
upon the Indonesian TC for all parameters except investment costs which are described below.

2This number comes from performance tests in 2018. Therefore, it is not considered in the central estimate on the

Viethamese Technology Catalogue

3 The SQ-emission for the local case is 138.6 mgMbising a conversion factor 6f35 from thePollution Prevention and
Abatement Handbook, 199Bis yields an emission of 48.5 g/GJ. According to appendix 1 the Sulphur content of

Vietnamese coal is 350 g/GJ. This gives a degree of desulphuring of 86 %.
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Table3: Investment costs in internatial studies, codbased plard. All numbers are in unk1$2010/MWe

IEA WEO 2016* All year: 2015-2040
China India

Supercritical 0.73 125
Ultra-superecritical 0.83 1.46
IEA Southeast Asia 2015 Southeast Asia / 2030
Supercritical® 1.60
Indonesian TC 2020 2030 2050

Central Lower Upper Central Lower Upper
Supercritical (600 MW} 1.46 1.09 1.82 141 1.37 1.03 172
Ultra-supercritical 158 1.19 1.99 154 1.49 111 1.86
Vietnamese TC 2020 2030 2050

Central Lower Upper Central Lower Upper
Supercritical 143 0.73 182 145 142 0.73 172
Ultra-supercritical 157 0.83 1.99 155 154 0.83 1.86

Table3 shows estimates of investment costs for the three kinds ofimshpower plants from various sources and

in the bottom the resulting assessment for the Vietnamese TC. Nominal investment has been adjusted to reflec
assumed plant size in Vietnasud that prices and plant sizes relater better comparison with other coal
technologiesFor the calculations, a propontiality factor of 0.8 isused. The proportionality factor exprestees
connection betweecosts and siz&.he method is furthedtescribed in Annex 1.

There are large variations between the estimates. The estimates for Chinese plants in IEA WEO 2016 are very
which might be based on high volume production of-¢ioatl power plants. Furthermore, it is noted that IEA WEO
2016 asumes no reduction in investment costs from 2015 to 2040, while a small reduction is expected in tl
Indonesian TC. (Ref. 16).

The best estimate for investment costs for sgpiéical plants are assumed to be the average of the international
data in theéable except for the Chinese plants. For 2020 the local cases are also included in the average (averag
1.2, 1.6, 1.4 and1.33) for 2020, (average of 1.2, 1.6 and 1.36) for 2030 and (average of 1.2, 1.6 and 1.32) for 20

For ultrasupercritical an aarage among the available data for the technology are also used, incl. the same excepti
for the estimates for China but with inclusion of IEA Southeast Asia sujpieal plants. The reason for including

IEA Southeast Asia superitical plants in theerage is that ultraupercritical plants are expected to have at least
as high investment costs as supstical and including the number for Southeast Asia sepitical power plants
increases the estimate (average of 1.4, 1.6 and 1.52) for 202@g@weét.4, 1.6 and 1.48) for 2030 and (average

of 1.4, 1.6 and 1.43) for 2050).
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Data sheets

The followingtablescontain the data sheets of the technold@glcosts are stated in U.S. dollais),(price year
2019. For explanatiorand definition of the parameters given in the table, see appendixcértainty represents
thevariation in parameters.

Technology Supercritical coal power plant

$2019 2020 | 2030 | 2050 | Uncertainty (2020) U”(Cze(;tsa(');‘ty Note | Ref
Energy/technical data Lower Upper  Lower  Upper

Generating capacity for one unit (MWe) 600 600 600 300 800 300 800 1
fl\f\?v‘zr;‘“”g capacity for total power plant 1,200 1,200/ 1,200 300 1,800 300 1,800 1
Electricity efficiency. net (%)aame plate 38 39 40 33 40 35 42 1;3;6;7
Electricity efficiency. net (%). annual averagy 37 38 39 33 40 35 42 1,3
Forced outage (%) 7 6 3 5 15 2 7 A 1
Planned outage (weeks per year) 7 5 3 3 8 2 4 A 1
Technical lifetime (years) 30 30 30 25 40 25 40 1
Construction time (years) 4 3 3 3 5 2 4 A 1
Space requirement (100CG/iviWe) - - - - - - -

Additional data for nonthermal plants

Capacity factor (%). theoretical - - - - - - -

Capacity factor (%)incl, outages - - - - - - -

Ramping configuration

Ramping (% per minute) 2 4 4 1 4 3 4 B 1
Minimum load (% of full load) 50 25 20 25 75 10 30 A 1
Warm starup time (hours) 6 4 4 2 8.5 2 5 B 1
Cold startup time(hours) 10 12 12 6 15 6 12 B 1
Environment

PM 2,5 (mg per Ni) 70 70 70 50 150 20 100 E 2;4
SO, (degree of desulphuring. %) 86 86 95 73 95 73 95 2;4
NOx (g per GJ fuel) 115 113 38 152 263 38 263 C 2,4
Financial data

Nominal investment (M$/MWe) 1.46 1.45 1.42 0.73 1.82 0.73 1.71| D;F,G | 1;3;6;7
- of which equipment (%)

- of which installation (%)

Fixed O&M ($/MWelyear) 39,600/ 38,500 37,200 32,100| 53,500/ 30,100{ 50,300 F 1;3;6;7
Variable O&M ($/MWh) 0.78 0.12 0.12 0.09 1.01 0.09 0.15 F 1;3
Startup costs ($/MWe/statp) 187 52 52 42 104 42 104 5
References:

1 EaEnergy Analyses and Danish Energy Agency, 2017, "Technology Data for the Indonesian PowerCa¢atogue for Generation and

Storage of Electricity"

2 Platts Utility Data Institute (UDI) World Electric Power Plant Database (WEPP)

3 Learning curve appach for the development of financial parameters.

4 Maximum emission from Minister of Environment Regulation 21/2008

5 Deutsches Institut fur Wirtschaftsforschung, On StarCosts of Thermal Power Plants in Markets with Increasing ShaFésotdfiating

Renewables, 2016.

6 |EA, Projected Costs of Generating Electricity, 2015.

7 |EA, World Energy Outlook, 2015.
Notes:
A Assumedgradualimprovement to international standard in 2050.

B Assumed no improvement for regulat@gpability from 2030 to 2050.

C Calculated from a max of 750 mg/Nio g/GJ (conversion factor 0.35 from Pollution Prevention and Abatement Handbook, 1998)

D For economy of scale a proportionality factor, a, of 0.8 is suggested.

E Uncertainty Upper ifrom regulation. Lower is from current standards in Japan (2020) and South Korea (2050).

F Uncertainty (Upper/Lower) is estimated as 23%.
G Investment cost include the engineering, procurement and construction (EPC) cost. See description unaéodytethod
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Technology Ultra -supercritical coal power plant

$2019 2020 | 2030 | 2050 U”f;é;%;‘w U”(Cze(;ga(');‘ty Note Ref
Energy/technical data Lower Upper Lower Upper

Generating capacity for one unit (MWe) 1,000 1,000 1,000 700 1,200 700 1,200 1
fl\f\?v‘z)aﬁng capacity for total powerplani 4 90/ 1000 1,000] 700 1,200 700 1,200 1
Electricity efficiency. net (%). name plat¢ 43 44 45 40 45 42 a7 1;3;6;7
E\I/i?’;rgcgty efficiency. net (%). annual 12 43 44 20 45 42 47 13
Forced outage (%) 7 6 3 5 15 2 7 A 1
Planned outage (weeks per year) 7 5 3 3 8 2 4 A 1
Technical lifetime (years) 30 30 30 25 40 25 40 1
Construction time (years) 4 3 3 3 5 2 4 A 1
Space requirement (100G/iviWe) - - - - - - -

Additional data for northermal plants

Capacity factor (%). theoretical - - - - - - -

Capacity factor (%). incl, outages - - - - - - -

Ramping configuration

Ramping (% per minute) 5 5 5 4 5 4 5 B 1
Minimum load (% of full load) 30 25 20 25 50 10 30 A 1
Warm startup time (hours) 4 4 4 2 5 2 5 B 1
Cold startup time (hours) 12 12 12 6 15 6 12 B 1
Environment

PM 2,5 (mg per N/ 70 70 70 50 150 20 100 E 2:4
SO, (degree of desulphuring. %) 86 86 95 73 95 73 95 24
NOx (g per GJ fuel) 115 113 38 115 263 38 263 C 2;4
Financial data

Nominal investment (M$/MWe) 1.63 1.61 1.60 0.86 2.06 0.86 1.94| D;F,G 1;3;6;7
- of which equipment (%)

- of which installation (%)

Fixed O&M ($/MWe/year) 61,100 59,400, 57,500 46,000 76,500 43,100 71,800 F 1;3;6;7
Variable O&M ($/MWh) 0.12 0.12 0.11 0.09 0.15 0.08 0.14 F 1;3
Startup costs ($/MWe/statip) 54 54 54 43 108 43 108 5
References:

1 EaEnergy Analyses and Danish Energy Agency, 2017, "Technology Data for the Indonesian PowerC3¢atogue for Generation and

2
3
4
5

6
7

Storage of Electricity"
Platts Utility Data Institute (UDI) World Electric Power Plant Database (WEPP)

Learning curve appach for the development of financial parameters.
Maximum emission from Minister of Environment Regulation 21/2008

Deutsches Institut fir Wirtschaftsforschung, On StarCosts of Thermal Power Plants in Markets with Increasing ShaFésotdiating
Renewables, 2016.
IEA, Projected Costs of Generating Electricity, 2015.

IEA, World Energy Outlook, 2015.

Notes:

® mmoOoO W >

Assumed gradual improvement to international standard in 2050.

Assumed no improvement for regulatagpability from 2030 to 2050

Calculated from a max of 750 mg/Nm3 to g/GJ (conversion factor 0.35 from Pollution Prevention and Abatement Handbook, 1998
For economy of scale a proportionality factor, a, of 0.8 is suggested.

Uncertainty Upper ifrom regulation. Lower is from current standards in Japan (2020) and South Korea (2050).

Uncertainty (Upper/Lower) is estimated as 23%.

Investment cost include the engineering, procurement and construction (EPC) cost. See description unadodyethod
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Flexibility of coal power plants

With the increase in variable sources of electricity like solar and windfioe@lplants need to be more flexible to

balance the power grid. Key parameters related to the flexibility of a thermal plant are:

1 Minimum Load (P min): The minimum or lowest power that can be produced by the plant.

1 Maximum Load (Pnom): The nominal capacity of a plant.

9 Start-up time: The time needed for the plant to go from start of operation to the generation of power a
minimum load.There are three types of stagt: hot start-up is when the plant has been out of operation for
less than 8 hoursyarm start-up is when the plant has not been operational for 8 to 48 hourspémhdtart-
up is when the plant is out of operation for mtnan 48 hours.

1 Ramp-rate: Refers to the change in net power produced by the plant per unit time. Normally, the unit for ram
rate is MW/min or as a percentage of the nominal load per minute. Usually there is a ramp up rate for incre:
in power and rampavn rate for a decrease in power produced.

1  Minimum up and down time: The up time refers to the minimum time the plant needs to be in an operational
state once turned on. The down time refers to the minimum time after shutdown that the plant is outaf,opera
before it can be turned on again.
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100

P MNet [% P Nom ]

Minimum load

Start-up time tIhl

Figure 3: Key flexibility parameters of a power plgai .
These parameters represetitical operation characteristics of a thermal power plant. Therefore, for a coal plant to
be more flexible, it would be ideal to reduce minimum load, reduce theugtéime and increase the ramp rate. In

this regard, there are various retrofit solutitimest can be added on to existing plants or considered when building
new plants. These solutions have been summarised in the table below.

Table4: Solutions for increasing the flexibility of cefiled power plant$2], [4], [5] .

ramp rate and
better part load
efficiency

dust bunker between the coal mil
and the burner to store pulverizeg
coal. During periods of low load,
auxiliary power can be used for
coal milling, thereby reducing totg
power injected intohte grid.Plus,
this reduces the minimum load in
high load periods as the required
coal is already stored in the bunk
and can be used flexibly.

rate. Firing rate and net
power are proportional. A
reduction of the firing rate
therefore leads to a similar
reduction of minimum load.
Another advantage of
reaching a low stable fire is
that the need for ignition
fuels, such as ail or gas, ca

be reduced by 95 %.

Solutions Objective Description Impact Limitation
Indirect Firing Lower minimum | Milling is decoupled from load Indirect firing can decrease| Fire
load, increased | dynamics. Involves setting up a | the minimum stable firing | stability
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Switching from Lower minimum | Switching to a single mill Switchingto a single mill Water
two-mill to load operation results in boiler operation has resulted in | steam
single-mill operation with fewer burning reducing minimum load to | circuit
operation stages. In this operation, heat is | 12.5% Romin experiments
released only at the highest burng conducted in hard codired
stage, ensuring operational thermal plants at Bexbach
stability. and Heilbronn in Germany.
Control system Lower minimum | Upgrading control systems can | Control system and Fire
optimization and | load, higher ramp| improve plant reliability and help | engineering upgrades stability/the
plant rate, shorter start | operate different components of | resulted in the reduction of | rmal stress
engineering up time the plant close to their design minimum load from nearly
upgrade limits. 67% Romto 48% Rom at
two units in the Weisweiler
lignite-fired plant in
Germany.
Software systems that enable Boiler control system
dynamic optimization of key software have been
components such &mwilers can developed that allow plant
reduce the statp time and operators to choose betweg
increase ramp rate. different startup options
based on market
requirements.
Auxiliary firing Lower minimum | This involves using auxiliary fuel | Since fire stability in the Fire
for stabilizing load, higher ramp| such as heavy oil or gas to stabili] boiler usually limits the stability and
fire in boiler rate fire in the boiler. This ensures a | minimum load, auxiliary boiler
lower stable firing rate in the firing can support the design
boiler. Auxiliary firing can also be| minimum load reduction. Ag
used for rapidncreases to the part of Janschwalde
firing rate, thereby enabling a research project, ignition
higher ramp rate. burners were sed for
auxiliary firing using dried
lignite, which reduced the
minimum load from 36%
Pnom tO 26% Rom.
i NewoO t ul Shorter starup This option involves starting up th The startup time can be Turbine
start time steam turbine as the boiler rampg reduced by 15 minutes usir] design
upby al |l owi ng 0 ¢ thisapproach.
enter the turbine quickly after
shutdown.
Thin-walled Shorter starup Usinghigh-grade steel, thinner Unknown Mechanical
components/spec| time, higher ramp| walled components can be built tg and thermal
ial turbine rate ensure quicker stattp and higher stresses
design ramp rates compared to traditiong
thick-walled components.
Thermal energy | Lowerminimum | Heat from the steam turbine can | Using a hot water storage | -
storage for feed | load absorbed by feed water, thereby | system that can opate for
water preheating reducing net power. Thermal 21 8 hours can reduce
energy stored in the feed water c¢ minimum load by 510%,
be discharged to increase net and during discharge the h
power during periods of high water system can be used
demand. increase net power by 5%
without increasing the firing
rate.

It is important to mention here that while improved flexibility can allow for better operation of the plant, there are
certain drawbacks to frequent plant stggs and fast load swings that occur under such operation. Flexible
operation causes thermal am&chanical fatigue stress on some of the components. When combined with norme
plant degradation this can reduce the expected life of some pressure parts. In this regard, the critical parts that |
to be given more attention to are the boiler and stedome systemgs].
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The improvement in flexibility of plastis dependent on various factors like age of the plant, existing technology,
type of coal and various thermodynamic properties. Therefore, ideally, the improvement should be calculated o
caseby-case basis. However, various studies and projects havedoaducted around the world to measure the
improvement in flexibility. The table below provides a summary and comparison of potential improvement ir
relevant parameters for a hard ebiedd power plant before and after flexibilisation.

Table5: Comparison of flexibility parameters before and after flexibilisation initiatives in a hard coal powe{)aj] .

Flexibility Parameter Average | Post Flexibilisation
Plant
Start-up time (hours) 21010 1.3to6
Start-up cost(USD/MW instant start) > 100 >100
Minimum load (% P nom) 25 to 40% 10 to 20%
Efficiency (at 100% load) 43% 43
Efficiency (at 50% load) 40% 40%
Avg. Ramp Rate (%Pom/min) 1.5t0 4% 310 6%
Minimum uptime (hours) 48 8
Minimum Downtime (hours) 48 8

The estimation of cost for flexibility improvement solutions can vary on a case by case basis. A rough estime
suggests costs between 120,000 and 600,000 USO2y\\¢]. Furthermore, a study conducted by COWI and Ea
Energy Analyses, investigated the cost of various flexibility improvements for coal plants. The investment co
estimates from this study are swmarized below

Table6: Investment cost (in USD) estimated for specific flexibility improvement solutions based on a study for 600 MW har
coal power plan{6] .

Solution Investment estimate

(in USD for a 600 MW
hard coal power plant)
Lower minimum load (from 40%to 25%) 1,898,101
(Includes: boiler circulation pump, connecting pipe work,
control and stop valves, standby heating, electrical,
instrumentation and programming of the DCS system)

Increased ramping speedfrom 1% to 2% per min.)
Upgrade of DCSystem 156,314
Refurbishment of pulverizes 424,281

Technologies to reduce pollution

Pollution from coal fired combustion can cause environmental problems including health problems for humarn
deterioration of the atmospheric visibility, acid rain and more. Therefore, there is an increasing focus gn limitir
airborne pollution from the coal power plants. The most important emission control relates to NOx emission

emissions of fine particles and sulphur emissions. Here follows a brief description on control measures for eact
these.

NOXx emission control

Nitrogen oxides (NOx) can cause a variety of environmental issues including ozone formation at ground level, a
rain, acidification of aquatic systems, forest damage, degradation of visibility, and formation of fine particles in tr
atmosphere. Therefqrthere is a need to reduce the emissions of NOXx.

During combustion, NOx is formed from three main chemical mechanisms:
1) Athermal 6 NOx resulting from oxidation of mol e
2) ifuel 06 NOx r esul themmcglly bound nitroger in theafdei on o f

" The conversion rate applied is 1 EUR =2lUSD (208 exchange rate froithe World Bank).
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3y ipromptd NOx resulting from reaction bREd.Meen n

For pulverized coal combustion, roughly 20% of NOx formation comes from thermal reactions. Thermal NO:
formation couldbe lowered by reducing the oxygen concentrations in the furnace or by creating combustion zor
temperatures and reducing the residence time of the flue gas in therigérature areas in the boiler.

Mechanisms for reducing the NOx emissions could irellboth mechanisms to reduce formation of NOx during
the combustion process (so called primary control technologies) and mechanisms to convert NOx to less harn
compounds (so called secondary control technologies), for instance reducing NOx back to N

Formation of NOx can in practice be reduced by
1 increasing the size of the combustion zone for a given thermal input

1 reducing the rate of combustion and, consequently, peak flame temperatures with specially design
burnergref.2)

To obtain this, the folilwing technologies could be appligdf. 2)

Low NOx burners A LNB limits NOx formation by controlling the stoichiometric and temperature profiles
(LNB) the combustion process. This control is achieved by design features that regulate the
aerodynamic @dtribution and mixing of the fuel and air, thereby yielding one or more of
following conditions: (1) reduced oxygen in the primary flame zone, which limits both
thermal and fuel NOx formation; (2) reduced flame temperature, which limits thermal
formation; and (3) reduced residence time at peak temperature, which limits thermal N
formation.LNBs canreduceNOx emissions by0% or moreat power plants without other
control measures. With more facilitating design features, the reduction can he highe
Overfire air (OFA) OFA, also referred to as air staging, is a combustion control technology in which a fra
51 20%, of the total combustion air is diverted from the burners and injected through p
located downstream of the top burner le@A is used in conjunction with operating the
burners at a lowetharrnormal airto-fuel ratio, which reduces NOx formatio@FA
reduction rates range from 20% to >60% depending on the initial NOXx levels of a boil¢
fuel combustion equipment design, and fiyple. OFA canalsobe used in conjunction with
LNBs. The addition of OFA to LNB on waflred boilers may increase the reductions by
additional 10/ 25%

The reduction of NOx formation could in many cases not be enough to meet em@ssiiction from legal terms.
(QCVN 22: 2009/BTNMT, QCVN 05:2013/BTNMT, QCVN 19: 2009/BTNMT). Moreover, for existing power
plants it could be more relevant to look at pasibustion options where the boiler does not have to be changed
significantly. Hene, technologies to reduce NOXx in the flue gas by converting NOx have gained increased intere:

The three main technologies include:
1) Reburning
2) Selective noncatalytic reduction (SNCR) and
3) Selective catalytic reduction (SCR)

Reburning Up to 25% of the heatan be reburned by injecting a secondary fuel above the main
combustion zone. Here, a fuel rich reburn zone is created with a high amount of air. Ir
fuel rich zone hydrocarbons are formed that can react with NOx to form hydrogen cya
(HCN), isocyarc acid (HNCO), isocyanate (NCO), and other nitrogentaining species.
These species are ultimately reduced to N#zreburn technology hashown 50% NOXx
reduction onvariouscoatfired boiler types

SNCR SNCR is a proven, commercially available tealogy. In SNCR, ammonia (or urea) is
injected into the furnace above the combustion zone. Ammonia reacts with NOx and
it to No. The reaction is very temperature dependent and the ammonia needs to be inj
the right zone in the furnadetypically at the top part of the furnace. The SNCR reaction
works well at 9861150°C. At higher temperatures, another reaction will start to procee
where NOx is actually formed. Therefore, the optimal amount for ammonia added can
quite complex to estimat@he removal can be up to 65% of NOx.

SCR In SCR, ammonia is also added and afterwards, the flue gas is passed through layers
catalyst. Ammonia and NOx react at the surface of the catalyst and NOx is redueed tc
SCR can remove up to 8099% of NOx ad operates typically at low temperatures:-350
400°C.
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Particles

Combustion of coal leads to the emission of airborne particles matter (PM). Particles can cause severe deteriore
of the atmospheric visibility and can harm human health when exposed to ambient PM, including respirato
problems and heart attacks. Theseoften a distinction between fine particles, ZMhat is particles with an
aerodynamic diameter less than or equal toyPnsand coarse particles larger than that. Fine particles typically
have a higher risk to cause health problems due to theh&tdhey can remain suspended for longer time periods
and they can penetrate more deeply into the lungs after being inhaled, causing respiratory (refb&ms

Ambient PM can be divided into primary and secondary PM. Primary PM are emitted from tombwhile
secondary PM are formed in the atmosphere from gaseous emissions. Emissions from coal fired power plants
therefore primary PM and account for about half of the PM emissions. Several countries have adopted emiss
control legislation to lint the harmful effects of PM pollution. In the combustion process, PM are formed by a
series of mechanisms. In the furnace where the temperature is high, all substances of the coal including the inorg
minerals start to vaporize. After the flame regitwe vaporized minerals are cooled. In a supersaturated condition,
minerals start to condensate and are made into particles of only a few nanometers, which can be further coagul
into larger ones. Later, particles are enlarged when other compoundss®indethe surface of the particles. As
such, fine PM enriched by numerous mineral elements are formed.

In order to avoid PM pollution, there are several measures to control the emission that can be taken. Here, |
possible to distinct between pcemlustion control measures and postmbustion control measures.

The precombustion control entails

1 Selection of coal typeCoal can vary greatly in properties including pore sizes, constituents of inorganic
minerals, the form of specific elements and morle&ing coal based on the properties can therefore
impact the formation of fine particles in the combustion process. The optimal type of coal depends on tl
combustion process. The general method to determine the applicable coal type is a coal camdtusmtion
a specific furnace.

1 Coal preparation. The size of the coal particles has great impact on the formation of PM. Less fine particle:
increase the number of fine particles formed during the combustion process. Preparing the coal to the ri
level of fineness can reduce the emission of PM.

1 Adjustments of the combustion conditionsCombustion temperature, burning time, and boiler load all
influence the formation of fine particles. Increasing combustion temperatures can lead to an increase in
volatilization of refractory minerals suchasminium iron and calciumTheseminerals will typicallybe
precipitated in the ashes, howeueder increased vaililization, theseondense and coagulate and become
fine PM. (ref. 3).

The postcombustion control masures can be retrofitted to existing coal fired power plants. Theguobustion
control can reduce the PM emissions significantly. These can include:

i Electrostatic precipitators (ESPs)

1 Baghouses or fabric filters

1 Cyclones

1  Wet scrubbers

Electrostatic precipitators and baghotitters are the most dominant technologies and therefore only these are
covered here.

Electrostatic precipitators:

An electrostatic precipitator is a type of filter or a dry scrubber that uses static electricity to remove patrticles fro
the flue gas. In the electrostatic precipitator, fine particles are agglomerated typically through three stages. Fi
coarse ash ptcles and fine particles are collected in submicrometer size, secondly the particles are agglomerat
by adding a charged electrode with alternating or direct current voltage. Finally, the larger particles are collect
The electrostatic precipitator ke@s clean, hot air to escape the smokestgks
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Figure 4: Principle behind electrostatic precipitatdref.4).

Baghouse filters:

Fabric filters (called baghouse filters) is a very efficient way of removing suspended particles. Baghouse filters c
remove almost 100 % of all particles ofufn or larger and a large share of smaller particles down topr01
Baghouse filters typicallgonsist of a long narrow bag about 25 cm in diameter suspended upside down. Fans blo
the flue gas from combustion through the fabric from the bottom and the particles are then caught by the filter b
while the clean air passes through the filter. Tlaewthack of using baghouse filters is that it implies relatively high
airflow resistance which causes a significant energy consumption for the fans. Moreover, the baghouse filters n
a cooled temperature of the airflow if the lifetime of the fabric fildrsuld be prolonged. This adds energy usage
for cooling(ref.5).

Desulphurization

Coal contains a small amount of ghir in both organic and inorganic forms typically in the rangel®.5vt%.
When coal is combusted, the majority of thepbut is convetred to SQ and a minor fraction is converted to $O
which are emitted to the air if no control measures are implementednf@i€sions is one of the main causes of
acid rain which leads to the acidification of soils, forests, and surface waters. In degatfn, the content of
SO is reduced in the flue gas from combustion.

There are mainly three technologies to remove cophsul
1 Coal cleaning
1 Wet scrubbing
9 Dry scrubbing

Coal cleaning

Coal cleaning is an option for removing @r from thecoal prior to utilization. It also removes mercury. If there

is a high concentration of ghur in the coal, physical coal cleaning is effective in reducing the content, especially
if they are present in the coal in relatively high concentrations. The@edreduction achieved depends on the
coal as the composition of the coal can vary greatly. Coal cleaning processes are categorized as either phy
cleaning or chemical cleaning where the physical cleaning is typically more deployed. The physitaj cliaa

be divided into four phases:

9 initial preparation,

9 fine coal processing,

9 coarse coal processing,
1 final preparation.

First, in the initial phase, the coal is crushed and classified by screening. Sedomigkyfine and coarse phase, a
fluid (normally water) is flushed through coal. The lighter coal particles rise and are removed from the top of tt
bed. The heavier impurigeare removed from the bottom. Finally, the coal must be (he&8).

Wet scrubbing
In wet scrubbing systems, the §®removed after combustion. Flue gases are brought in contact with an absorben
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that can be either a liquid or a slurry of solid miatevhere the S@dissolves or reacts with the absorbent. The
most normal absorbent is limestone (calcium carbonate) since it is cheap and widely available in large amou
Other sorbents could be lime, magnesium oxide, ammonia, and sodium carbonatemdV& degree of wet
limestone scrubbers is 9598% for SQ and 6@% for SO3. Besides removal of sulphur compounds, wet scrubbers
also remove other unwanted species in the flue gas like oxidized mercury and particles. Below is a figure show
an examp# of a wet scrubber system.

mist eliminators ﬂ K

NN
/N
ININNT
flue gas
from air heater > ESP 4D<—' absorber stack
booster fan tower
recycle
limestone ———m pump

water ———| reaction tank
oxidation air ————~ | to dewatering system

Figure 5. Wet scrubbing system (ref. 6)

The wet scrubbing system kigure5 shows a typical system, wheteeabsorber is a spray tower in counter flow.
The limestone slurry is pumped and sprayed though the nozzles. The droplets of limestone get in contact with
flue gas, and thailphur is absorbed and reacts with the limestone. Through the spray tower, the gas is cooled d
to the evaporation of water droplets. The flue gas continues its path through the tower and enters the mist elimin
where the rest of thénhestone droplets are removed, and the flue gas is emitted to the aipréduct of the wet
scrubber is gypsum that can be collected and éRkf. 6)

In Vietnam, many thermal power plants are located near the sea and here it is normal to useasesovhent to
remove SQ@ Sea water is a cheap and available resource and is considered a viable solution for desulphurizat
However, it also has several drawbacks:

1 Compared to limestonsgawater haWwer vapor loading capacity since the solubilitysefiphuroxides

(SOx) in seawater is lower than thatlioiestore

1 High seawater flowrate

1 Large equipment size

1 Corrosive absorbepaffectingthe ocean ecosystem
(Ref. 9)

The efficiency rate of usingeawater depends on the flow rate of the seawater. A higher flowrate gives a highe
removal of SQ However, higher flow rates increase coststhedeforethere willbe a tradeoff between cost and
efficiency. For realistic flow rates the efficiency istiveen 56%66% (Ref. 10)

Dry scrubbing

Dry scrubbing includes a dry sorbeiypically dry pulverized limestone. The sorbent needs to grinded to fine parts
(20-50 micraneterin diameter) The SQ is absorbed and caught by a baghouse filter. The gasetaleupkes
place both as the dry sorbent is injected to the air and at the cakes of sorbent inside the filter. Dry desulphuriza
systems typically work with low sphur coal since it requires a high chemical consumpiitie. remeal rate for

dry systemss typically somewhat lower than that of wet systems reaching a reduction rate8@¥gfef. 6)

Cost estimates

Below are indicativemain economic and performance data summariEbdcostscan be added tcost data for
pulverized power plants, where these systems arimclotled.It should be mentioned here, that besides each of
these technologies, there also extstmbiationtechnologies that simultaneously can remove pollution. These are
not describedhere.

De-NOx system Particles control Desulphurization
Type of system SCR Electrostatic precipitatol Wet limestone scrubbing
Investment costs (M$/M¥¢) | 0.040.05 0.0450.05 0.280.40
Added fixed costs ($/M\Wé) | 6,300-7,700 5,0006,000 20,000
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Degree of cleaning (%) 85%-92% 98%-99% 95%-99%
Electricity consumption 2%-4% 1.2%1.5% for low suphur coal
(MWh/MW-e) 1.59%2.0% for high sushur
coal
Reference [1] [41, [7] [6]
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2. CFB COAL FIRED POWER

TechnologyDescription

A Circulating Fluidized Bed (CFB) boiler is a steam generating plant that burnaifdssspecial hydrodynamic
conditions known as fast fluidized bed. CFB boilers are known for the ability to use a wide range of fuels, havir
low NO, emissions and reduced costs for.$noval (Ref. 1).

The typicalCFB boiler configuration can be divided circulating loop and a convective section:

In the circulating loop, a tall vessel acts as the furnace, where the combustion takes placenbitible solids

such as sand, fuel ash or sorbents are placed in the bottom of the furnace to form aTiat fued particles are
introduced near the bottom and they burn in a flameless combustion proces€9808D0In order to keep the
temperature of the gas that is exiting the furnace at9800C, part of the combustion heat must be extracted.
Therefore heat absorbing surfaces (evaporators) are placed in the furnace, which end up in a steam drum. Ins
the furnace, the necombustible solid particles are lifted and entrained by the primary air input in the bottom anc
the combustion gas, which providex@ndition where solid particles are fluidized. These solids form slender
particle agglomerates that are continuously in a circulating loop. When they leave the chamber, they are captu
by a gassolid separator and recirculated through the cyclone toattie bottom of the furnace at a rate sufficient
not to cause temperature gradients.

Once the solids are separated, the clean flue gas enters the convective section or back pass. In the top par
superheater raises the temperature of the steam gdrain the steam drum from its saturation temperature to the
designed steam temperature for the fpgbssure turbine. There is also an economizer, which utilizes low level
energy of the flue gas to heat the feed water that is taken to the steantSdm@mes the lowe partbelow the
economizer is alsosed as aair preheater.

Figure 6: CFB boiler scheme (Re?)

Input

One of the attractive characteristics of CFB boilers is that they can fire a wide range of solid fuelewrgomae
coal to biomass or waste fuels. However, fuel particles only comp8%e df the solid weight, the rest are non
combustible solids like sand for the fluidized bed, fuel ash or desulphurization sorbents.

Air is also an input for the combustiondathere is a primary input at the bottom of the vessel and a secondary air
input between the lower and upper zones of the furnace, both previoublggtes.

Feed water is also used and converted to steam as the means of heat transport (Ref. 3).

Output
The boiler generates steam that can be used for power generation or as a heat output.
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