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Conceptual Design of 100 MWe Oxy-coal Power
Plant-Youngdong Project

Sangmin Choi

ABSTRACT

An existing unit of power plant is considered to refurbish it for possible application of carbon capture and
storage(CCS). Conceptual design of the plant includes basic considerations on the national and international
situation of energy use, environmental concerns, required budget, and time schedule as well as the engineering
concept of the plant. While major equipment of the recently upgraded power plant is going to be reused, a
new boiler for air-oxy fired dual mode operation is to be designed. Cryogenic air separation unit is considered
for optimized capacity, and combustion system accommodates flue gas recirculation with multiple cleaning
and humidity removal units. The flue gas is purified for carbon dioxide separation and treatment. This paper
presents the background of the project, participants, and industrial background. Proposed concept of the plant
operation is discussed for the possible considerations on the engineering designs.
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1. Background

1.1. Global reduction of CO, emission

United Nations Framework Convention on Climate
Change(UNFCCC) is an international environmental
treaty with the goal of achieving stabilization of green-
house gas(GHG) concentrations in the atmosphere at
a level that would minimize dangerous atmospheric in-
terference with the climate system. Under the Kyoto
Protocol, industrialized countries(called ‘Annex 1 co-
untries’) commit themselves to a reduction of GHG,
and agree to reduce their collective emissions. The
other countries in the world (called ‘Non-annex 1 cou-
ntries’) have also voluntarily participated in establi-
shing authority to manage Kyoto obligations, concen-
trating on providing national statistics, but have shown
interest on interaction with Annex 1 countries in terms
of emission trading, clean development mechanism and
joint implementation, the so-called flexible mechani-
sms[1].
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It has been agreed to act now to solidify stabilizing
atmospheric concentration of GHG. However, members
also agreed to recognize the differences among mem-
bers, mainly based on the level of development of
individual member country. ‘The common but differen-
tiated responsibilities’ among countries are accepted,
as categories into newly industrialized, rapidly indus-
trializing, other developing and least developed coun-
tries in points of responsibilities, capabilities and po-
tential. A different set of rules has been applied to each
group.

Korea is in unique situation; has been classified as
one of Non-annex 1 countries in UNFCCC 1992, as a
newly developed country with notable economic growth
and rapid increase in GHG emissions. Although Korea
could have been free from the obligatory commitment,
being one of the fast growing economies in transition,
and becoming one of the major participants in global
emission. Korea has started proactive measures in all
the issues related with climate change. Kyoto protocol,
which is grounds for mandatory reductions on GHG
emissions of Annex 1 countries, is scheduled to expire
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at the end of 2012. Establishment of regime to suc-
ceed Kyoto protocol is an urgent issue for a susta-
inability of mankind. Vigorous efforts are continued as
inter-governmental cooperation to cope with uncerta-
inty on reducing GHG emissions. Copenhagen confe-
rence of December 2009 has revealed limitation, which
just drew less specific political accord because of con-
flicts between developed and developing countries in
a different view on fairness. Nevertheless, it is expected
that there would be advanced agreements on policy to
adjust global climate change considering tremendous
expense in a worst case that we miss the time to be able
to deal with minimized efforts[2].

1.2. National goal and corporate strategy for
power industry

Based on the national strategy of the Korean govern-
ment, CO, reduction target is set below 30 percent
from its 2020 business-as-usual(BAU) level to convert
its economy from highly energy dependent and large
pollutant emitting base to eco-friendly and sustainable
base. Minimizing CO, and other emissions cultivating
green energy technology is one of Korea’s ‘Green gro-
wth’ strategies. There are many action plans including
development of renewable energy, enhancement of cl-
ean energy development, and development of low car-
bon/eco-friendly infrastructure. Also, setting interna-
tional environmental standards, regulations, introduc-
tion, and permit of emission trading system will be
followed[3].

One of viable ways of reducing CO, is to replace
electricity market by conventional fossil fuel genera-
tion with that by renewable energy technologies. The
big challenge for renewable energy industry is to make
the cost of clean energy competitive with conventional
energy suppliers. Feed in tariff(FIT) is legal obligation
on utilities and energy companies to purchase electricity
from renewable energy producers at favorable price
per unit cost. FIT allows producers to keep the surplus
created by technical development and generate exce-
ssive profits, unless there is a way to adjust the tariff
accordingly. One the other hand, renewable portfolio
standards(RPS) mandate utilities to provide renewable
electricity to their customers as a percentage of their
overall electricity generation mix. RPS aims to develop
a set percentage of renewable energy sources at least
cost, and does not provide any incentives to develop
renewable energy source exceeding the quota, which may

lead to limited technological development and technolo-
gical variety[4].

Another approach to reduce CO, emissions is to put
economical commitments on emission of CO; itself;
carbon tax, and cap and trade. A carbon tax is a price-
based instrument; it fixes the price of carbon-based
energy and allows emissions levels to vary according
to economic activity[5]. A cap and trade system is a
quantity-based instrument; it fixes the total quantity of
emissions and allows the price of energy and energy-
related products to fluctuate according to market for-
ces. Carbon tax, and cap and trade have its attributes
in terms of emissions certainty, price predictability, en-
vironmental effectiveness and simplicity, and transpa-
rency. While carbon tax assures price predictability to
encourage investment in alternative fuels and energy-
efficient technologies, desired environmental emission
level can be met in cap and trade system.

Korean National Assembly has passed the RPS pro-
gram in 2010. It requires utility companies which have
over than 500 MWe capacity, to accept the mandatory
percent base quota from 2% by 2012 to 10% by 2022.
FIT has supported renewable energy industries since
2001. Although it is still controversial, increasing bur-
den of finance to subsidy and quite low renewable en-
ergy portion in national energy market make introduce
RPS. RPS became effective in 2012, replacing FIT. It
is speculated that CO, capture ready plants may qualify
as a substitute for meeting the requirement of RPS.

1.3. Youngdong oxy-coal project

Youngdong oxy-coal project was launched on October
2007 as one of the national R&D program of Korea.
The project, led by Korea Electric Power Research
Institute(KEPRI) under Korea Electric Power Corpora-
tion(KEPCO), aims at tentative demonstration of CO»
capture and storage readiness with an existing 125 MWe
Youngdong power station unit 1, which is run by Korea
South-east Electric Power Company(KOSEP). The re-
search has been planned with multiple stages spanning
from 2007 till 2018. The first stage is laying ground
for conceptual design of oxy-pulverized coal(PC) com-
bustion system of 100 MWe class oxy-coal power plant,
which includes optimization of power trains of boiler,
steam turbine, air separation unit(ASU), CO, purification
(or processing) unit(CPU) as an integrated system. Also,
it includes drawing of key technology of oxy-PC com-
bustor and gas cleaning control facilities. In the second
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phase, basic design of oxy-PC power plant will be con-
ducted, and test of pilot plant and preparation of con-
struction will be performed. In the third stage, detailed
design and construction of demonstration plant will be
performed by 2015. Finally, demonstration of the plant
is expected to be carried out for 3 years from 2016 to
2018.

Under the leadership of KEPRI, several industrial
and academic research groups have joined the project.
Research tasks are accounted to working groups acco-
rding to specific development scope; plant conceptual
design, boiler and combustion, environmental control,
and CO, transport and storage. The plant conceptual
design has been conducted by KEPRI and Daesung
industrial gases company. They focus on development
of process analysis method to be applied to pilot and
demonstration scale and deduction of optimum concept
design. Especially, Daesung industrial gases company
gives an idea of 2,000 tons/day ASU and CPU. KEPRI
and Korea Institute of Industrial Technology(KITECH)
carry out the development of concept design for oxy-
PC boiler and combustor, respectively. Combustion cha-
racteristics, heat transfer, and flame stability in oxy-
firing combustion environment are identified based on
experimental and numerical analysis. Burner type and
arrangement, furnace configuration, and tube heat ex-
changer arrangement are being considered with regard
to flue gas recirculation(FGR) ratio and oxidant condi-
tions. Korea Institute of Machinery and Materials(KIMM)
takes charge of development of in-furnace DeSOx, and
hybrid hot and wet electrostatic precipitator(ESP). Basic
experiments for sorbent behavior and desulfurization/
decomposition characteristics are conducted to draw key
design factors. Particulate removal performance in oxy-
coal combustion is also examined. Korea Institute of
Geoscience and Mineral resources(KIGAM) has worked
to secure technologies for transport and injection of
CO, and to monitor the behavior of injected CO, in
storage site.

1.4. Ongoing reference cases

Several projects are being conducted with oxy-fuel
based on carbon capture and storage(CCS) technology.
Callide oxy-fuel project by CS energy of Australia was
launched in 2004, which is basically retrofit project of
30 MWe existing coal fired power plant unit #4 in
Queensland-based Callide A power station to oxy-coal
combustion (Steam condition 123 tons/h, at 4.1 MPa

and 4607C). Site selection comes from suitability of its
30 MWe size for demonstration of CO, sequestration
and geological access to CO, storage site[6]. Refur-
bishment of the Callide A unit #4 commenced in 2009,
and will be followed by electricity generation from the
oxy-coal combustion in 2011 and geological sequestra-
tion in 2012.

Vattenfall has conducted feasibility study on 250
MWe demonstration plant in Jdnschwalde, Germany.
Operating experiences from their 30 MWth pilot plant
in Schwatz Pumpe are employed to new project. Jans-
chwalde power plant has six power block which gene-
rate 500 MWe per a block. Each of the unit blocks
has two boilers. Two different CCS projects are applied
to one power block. One would be accounted for post-
combustion capture based on amine capture technology
and other is planned to replace with oxy-fuel boiler. The
construction is scheduled to begin in 2011[7].

2. Conceptual design proposal

2.1. Youngdong power plant

Youngdong power plant is located in Gangneung-si,
Gangwon-do, on the east coast of South Korea. Fig. 1
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Fig. 1. Birds-eye view of Youngdong Power Station.
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shows a panoramic view of Youngdong power station.
The site was strategically chosen to accommodate the
local coal supply when the energy from the domestically
originated resource was highly valued in the early
1970’s. Large scale utilization of high ash anthracite,
virtually the only energy material available in South
Korea, was also intended to promote the coal mining
industry. The unit 1 with 125 MWe capacity was com-
missioned in 1973 and unit 2 with 200 MWe capacity
was subsequently completed in 1979. The plant has
been in service as planned since then, except that socio-
economic changes during the past 3-4 decades have in-
fluenced significantly. Now, imported coals replaced
local anthracite coal, for which the boiler was originally
designed.

Youngdong unit 1 is operating at subcritical boiler
pressure for gross power of 125 MWe. Originally, plant
was designed to fire the mixture of 90% local anthracite
and 10% heavy oil. The local anthracite has charac-
teristics of high ash contents (nearly 32%) and lower
heating value. The Downshot-firing furnace was desi-
gned to burn local anthracite effectively by increasing
the residence time of coal. Storage system for feeding
of coal was accordingly designed. Coal pulverized at
tube mill is collected in storage bin and is fed into the
burner by primary air. Balanced draft system is applied
using each of two primary air fans, forced drought fans
(FDF) and induced draught fans(IDF) to overcome sys-
tem resistance. After Ljungstrom type air preheater, the
flue gas is introduced to ESP and finally emitted to
atmosphere though the stack. The steam turbine has 6
steps of boiler feed water heating process and exhausted
steam is condensed at 5.1 kPa with sea water cooling.

2.2. Economics of generating plants

As of 2013, the unit 1 will have reached the 40 years
book-life. Plant has been kept serviceable with conti-
nuous maintenance and upgrade. To accommodate the
newly enacted regulation on emission of SOx, wet flue
gas desulfurization(FGD) was added upstream of the
stack in 1993. The main transformer and control fa-
cilities were exchanged in 2003. Rotors of high pressure
(HP) and intermediate pressure(IP) in the steam turbine
and of the generator were replaced for improving ef-
ficiency in 2003. Feeding system was converted to di-
rect fired system to accommodate imported bituminous
coal. KOSEP which owns Youngdong power station
has considered various options for decommissioning or

retrofitting of the plant. Repowering of unit 1 by acco-
mmodating oxy-coal combustion has emerged as a st-
rong candidate from this background.

KOSEP, as one of the independent electric utility
companies, considers economics of the generating pl-
ants. The national grid is connected and real-time de-
cisions are made on the market, coordinated by Korea
Power Exchange. Environment cost is important as well
as capital investment and fuel price, but provisions of
rates for stand-by and on-demand operation are also
arranged. Recently, RPS has also become one of the
key issues, which will replace the FIT for the selected
sources of energy. Emission of carbon dioxide is not
yet directly controlled, for example as in the form of
carbon tax, but, without surprise, mandatory regulation
is expected in the future.

2.3. Project concept
2.3.1. Demonstration of oxy-coal for CCS

Youngdong oxy-coal project foresees the full scale
operation of CCS. Demonstration of 100 MWe class is
potentially one of the large scales of its kind in the
world at the planning stage of 2010. Commercial ope-
ration of full capacity would be required on line in the
commercial electricity grid system. KOSEP is consi-
dering the feasibility for demonstration of full capacity
as a commitment to the environmental issues. Young-
dong unit 1 with 125 MWe capacity is considered to
be adequate to provide a platform for the planned de-
monstration.

The plant will be completely operable with CCS ca-
pability, but at the same time, the plant will be able to
continue to service as a commercially operating plant.
This is in-line with the ‘capture readiness’, where eco-
nomics and timing as related to the national and inter-
national regulations and available technology would
limit the immediate operation[8]. It is expected that
the plant will demonstrate CCS capability for the de-
signated period(life time of the project), but continuous
operation would be allowed while the economics of
situations is warranted. It is expected that the plant de-
monstration will be accepted as a success when the plant
shows capability for the extended demonstration period,
which is expected to last for 2~5 years.

2.3.2. Repowering plant by installing a new boiler
Demonstration of oxy-coal CCS plant should require
rebuilding significant portion of the power plant. Yo-
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Table 1. New design coal as compared to the old coal

Coal Korean Imported
Anthracite | Sub-bituminous
HHV(As Received, kcal’kg)| 4,791 5,800
Moisture 9.6 18
Proximate | Fixed |5 o 44.51
Analysis Carbon
As Received, i
¢ %) \Sﬁ:re 3.648 34.62
Ash 31.949 2.87
Moisture 9.6 18
C 54.927 58.22
Ultimate H 0.741 4.10
Analysis
(As Rezeive ol O 2.179 15.58
Wt%) N 0.389 0.82
S 0.217 0.41
Ash 31.947 2.87

ungdong project calls for installing a boiler, while ma-
intaining the rest of the plant including the water and
steam power cycle. New boiler is necessary and reason-
able because the plant now has to accommodate the
fuel change. New design coal is sub-bituminous coal
with higher in-moisture and volatile matter(lower ash)
than previous Korean anthracite. Table 1 represents the
analysis data of the coals.

Although the plant is generally outdated as a modern
power station, major parts of facilities are affordable to
keep its own functionality after recent replacement and
upgrade in addition to the maintenance. It is possible
to cut the expenses by minimizing the modification and
maximizing the benefit of the existing plant. Steam
turbines and its related facilities will be decided to
continue mechanical life, which means the operation
conditions of steam cycle should be unchanged on new
oxy-coal combustion plant. Selected part of the flue
gas cleaning system such as wet FGD will remain after
careful evaluation. One of the major concerns in eval-
uating the concept of retrofit is the availability of site.
The space of the Youngdong power station where 125
MWe unit 1 and 200 MWe unit 2 are placed is obvio-
usly limited for additional facility, therefore prelimi-
nary evaluation of spaces for construction process was
found to be acceptable.

2.3.3. Boiler concept by PC combustion vs. Circu-
lating fluidized bed(CFB) combustion

At the early stage of the project, there was consi-

deration on combustion method of the new boiler; PC
combustion or circulating fluidized bed(CFB) combu-
stion. PC combustion technology is generally favored
in the common application for coal-fired power plant
worldwide and its size is approaching 1GWe. On the
other hand, CFB combustion technology has advanta-
ges of high fuel flexibility and low emissions of SOx
and NOx compared to the PC combustion. However,
operation is more complex than PC boiler and scaling
up to larger units may not be common[9]. Current state
of art of CFB combustion, in terms of the largest avail-
able plant size, is 460 MWe of Largisza power station
in Poland. Most Korean coal-fired power stations em-
ploy PC combustion. There are only two CFB boilers
in Korea, which are 200 MWe in commercial operation
and 340 MWe in construction. After the retrofitting of
the plant for oxy-fuel combustion, comparative evalu-
ation of PC over CFB should be further evaluated in
terms of adaptability of air and oxygen combustion mo-
des. The topics will be discussed in more detail separa-
tely[10]. However, the conceptual design process will
proceed with the assumption that PC firing concept
will be adopted.

2.3.4. Air-oxy dual mode

Air-oxy dual mode means that the boiler is allowed
to operate either in conventional air-firing mode or also
in oxy-firing mode. This gives operational flexibility,
thereby oxy-fuel combustion becomes more affordable.
The test operation duration is expected to be 2~5 years.
Concept of dual mode can be further classified into a)
start-up by air-firing mode and change over to oxy-
firing mode, and b) complete dual operation. The guide
line on operation is suggested that air-firing mode be
run for the half of test period and other half be at oxy-
firing mode for facilities test and data acquisition.

2.3.5. Down-rating for oxy-fired mode 125 MWe -
100 MWe

Existing steam turbine of Youngdong power station
unit 1 is capable of generating 125 MWe. Air-firing
mode takes full load capacity of 125 MWe as designed.
As partial load of 100 MWe is applied to the oxy-
firing mode, however, down-rating was determined. De-
cision for this down-rating was partly economical but
also partly strategic. The main retrofit should be the
introduction of ASU, whose capacity is well over the
current practice. Capital cost and site requirement for
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the newly introduced ASU was estimated and compro-
mise was reached on the capacity of 2,000 tons/day
(roughly 60,000 Nm’/h based on oxygen production).
The plant electricity generating capacity is then ad-
justed to the nominal 100 MWe. The quantity of oxygen
required for 100 MWe power generation is determined
from the quantity of coal. The fuel coal of 10.7 kg/s is
fed into the boiler for 100 MWe power generation. The
quantity of oxygen required was theoretically calcula-
ted to in accordance with flow rate of air introduced
into FD fans. Youngdong power station unit 1 is located
right next to unit 2 and the power station is bordered
with private houses. Therefore, the repowering work has
to be conducted in restricted area. Site requirement for
ASU was given as the critical consideration. Obviously,
capital investment on new installation of ASU and
CPU is of immediate concern. Additionally, operating
cost of oxygen plant is critical in oxy-coal power plant,
which would also limit the contribution of oxygen plant
in the total capital investment.

3. Design considerations for the
major systems

The power plant is composed of complex processes
with many units. Therefore, the processes need to be
separated with considerations of characteristics of the
unit system. In this study, oxy-coal power generation
system is divided into five blocks, water-steam system
(generation of electricity using steam), combustion sys-
tem(injection of coal and generation of steam by com-
bustion), flue gas control system, air separation system,
and CO, processing system.

3.1. Water-steam system
In Youngdong oxy-fuel project, existing water-steam
system including steam turbines and a condenser is go-

Fig. 2. Schematic diagram of the water-steam system.

ing to be reused without change in the reheating/rege-
nerative Rankine cycle. Fig. 2 shows a schematic diag-
ram of the water-steam system.

Temperature of steam at the boiler exit is 814 K.
Main and reheat steam conditions at turbine inlet are
12.9 MPa/811 K and 3.1 MPa/811 K because of heat
loss. Although overall steam generating capacity will
change, retrofitted system for dual mode has to keep
the conditions. Table 2 indicates operating conditions
between air-firing mode and oxy-firing mode in water-
steam system. Efficiency of the existing boiler is 83.4%
because of using high ash coal and deterioration of the
boiler. After new boiler for dual mode is built, however,
it is expected that efficiency of the boiler is 88% or
higher. As rotors of HP and IP turbines were replaced
for maintenance, it contributed to improvement of in-
ternal isentropic efficiency(HP: 80.7 — 82%, IP: 85.2
— 86.5%, LP: 88.2 — 92.2%) and thermal efficiency
(42.9 — 43.5%) of the turbines.

3.2. Combustion system
3.2.1. Oxy-PC with FGR

Combustion system in a coal-fired power plant is
composed of a pulverizer, pulverized coal transport li-
nes, burners, and furnace. Coal is usually transported to

Table 2. Operating conditions of water-steam system for dual mode

Variables Unit Existing Air Retrofitted Air Retrofitted Oxy
Fuel Type Anthracite + Heavy oil Sub-bituminous Sub-bituminous
Evaporation rate tons/h 372 372 290
. Main steam P/ T MPa /K 12.9/814 12.9/814 12.9/814
Boiler Reheat steam P/ T MPa /K 3.1/814 3.1/814 3.1/814
Efficiency % 83.4 88 (expected) 88 (expected)
Generating Power MWe 125 125 100
Turbine Thermal efficiency % 43.5 43.5 43.5
Condenser pressure kPa 5.1 5.1 5.1
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the burner with primary oxidizer, and main oxidizer is
supplied as secondary oxidizer, and tertiary air could
augment the combustion.

One of the important concepts in oxy-firing is FGR.
FGR has been used for conventional air-firing system,
for example, to reduce NOx emission by lowering the
peak flame temperature. In typical application of con-
ventional air-firing system, flue gas up to 25% is ex-
tracted from the boiler outlet duct and is then returned
through a separate duct and hot gas fan to the combu-
stion air duct that feeds the wind box. The role of re-
circulated flue gas applied to oxy-firing system is the
same as reducing the flame temperature. The flue gas
which mainly consists of CO, and H,O is supplemented
to make flame temperature and heat transfer profile
compatible to air-firing level. It has been reported that
appropriate O»/FGR ratio (vol.%) is at range of 70~
75%[11-17].

The extraction location is one of the focuses. If the
flue gas is recirculated at downstream of air preheater
or ESP bearing relatively high temperature, it is called
wet FGR. While wet FGR has advantages in minimi-
zing boiler loss and the size of flue gas treatment de-
vices, the combustion environment is likely to be cor-
rosive due to highly concentrated SO, and SO;. Wet
FGR used as primary air would be partially condensed
at cold surface of coal particles and agglomerate, and
then the facilities can be clogged by agglomerate of
mixture. Dry FGR is that the moisture in the flue gas
is removed in the flue gas condenser(FGC) to satura-
tion points, 30~40C, and recycled to the combustor.
Dry FGR has opposite attributes compared with wet
FGR. Therefore, it is suggested that 20 w% of total
FGR is dry FGR for primary oxidizer and remaining

total FGR rate = R

Wet: Dry mx:y

Wet FGR rate = R*x

Dry FGR rate = R*y*a/b)

Totsl COzx = COzy + COz + OO0z

Total €Oz = €05 + COzR™x+ CO20"Ry" (a/b)
|
|

’ Dried flue gas
{2 Wet RFG | b kg/sec
{1} Constant value | {
/’ Coal ) | /
f . LA /8
{ Ovidant from ASU | Soiler : FGC % N
= /| )
Pure 0; combustion /’ (3) Ory RFG H;0 removed
!
Total flue gas
through bodler
o kgleec

Fig. 3. Schematic diagram for O,/FGR ratio.

80 w% is wet FGR for secondary and/or tertiary oxidi-
zer. Fig. 3 represents a schematic diagram for calculation
of O,/FGR ratio.

3.2.2. Design concept for oxy-coal combustion cha-
racteristics

Investigation of combustion characteristics in oxy-
firing mode and comparing them with those of air-firing
mode is a crucial process for design and operation of
an oxy-fuel boiler. Many researchers have reported that
combustion characteristics in an oxy-firing mode can
be significantly different compared with an air-firing
mode because of the difference of gas properties(espe-
cially, heat capacity) between N, and CO,[16,18-20].
The difference can affect the flame characteristics such
as temperature, length, and heat fluxes to the wall of
the boiler. In oxy-firing case, flame may not be able to
maintain the well-attached condition and length of the
flame is extended because of the ignition delay. Tem-
perature of the flame can be decreased due to larger
heat capacity of CO, than N,. Oxygen lancing may be-
come necessary for preventing the unnecessary ignition
delay.

Important consideration for determining configuration
of a unit burner is that the burner is for dual firing,
which means that the burner design is based on a con-
ventional PC burner. It is difficult to operate the dual
mode with one burner type because combustion cha-
racteristics would effectively change as mentioned ab-
ove. It is important that air-firing environment should
be described in oxy-firing operation, because water-st-
eam system is going to be reused. Lancing oxygen or
controlling flow rate of oxidizer, and separate burners

for an oxy-firing are being evaluated.

3.2.3. Burner and furnace design

For the burner and furnace design in oxy-firing mode,
many results from fundamental combustion studies have
been reported recently[16,18].

The first step is to define design parameters. Table
3 shows the items of the conceptual design for dual-
firing system.

First parameter is oxygen concentration in the oxi-
dizer, which is related to FGR ratio. That is related to
the thermal matching in a radiative part of the boiler.
Concentrations of CO, and H,O are higher than other
gas species in combustion gas, and gaseous radiation
in oxy-firing mode may be stronger than in air-firing
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Table 3. ltems of the conceptual design for dual-firing system

Items of the conceptual design

Category

Dependent on thermal load
(BMCR*, VWO**, NR***)

Independent on thermal load

Total combustion | * Total heat input

system * Stoichiometric ratio
* Volume
* Volumetric heat release rate * Area
Furnace *» Heat release rate Furnace projected area
» Heat absorption rate Exit area

* Geometry(Dimensions and Angles)

Burner arrangement .
g various thermal loads

Number of burners and pulverizers used for

* Firing method: Wall(Front, Opposite), Tang-
ential, Arch

* Vertical/Horizontal spacing

* Number of levels

* Number of burners for level

* Primary air/oxidizer

Flow rate

Temperature

Composition for oxy-mode
Unit: burner * Secondary air/oxidizer

Flow rate

Temperature

Composition for oxy-mode

Oxygen, HyO(related to dehumidification)

* Geometry
Primary coal(+air/oxidizer) nozzle
Secondary air/oxidizer
Tertiary air/oxidizer
Swirler(Number of vane, Angle, Location, Wid-
th., etc.)
* Oxygen lancing for oxy-mode
* Oxygen lancing
* Flow rate of the pure oxygen

Oxygen, H,O(related to dehumidification) | * Number and diameter of the nozzles for lancing

Overfire air/oxygen
lean zone

Stoichiometry in the fuel-rich zone and fuel-

* Staging

NOx control method .
* Reburning

Stoichiometry in each stage

*Boiler Maximum Continuous Rating, **Valve Wide Open, ***Normal Rating

mode[18]. As a result, flame temperature in oxy-firing
case is measured to be lower than in air-firing mode.
Design coal is a sub-bituminous and it contains larger
amount of volatile matter than anthracite. Therefore,
prevention of firing in ducts for transporting the coal
is a very important issue. Even if oxygen concentra-
tion in the oxidizer can be theoretically up to 21%, the
oxygen concentration in the primary oxidizer is not to
exceed 10%(wet base). In that case, however, flame
can become seriously unstable due to the ignition de-
lay[21].

A set of 8~16 burners are typically used for ~100
MW scale power boiler in air-firing conditions[22]. In
that case, three pulverizers are required for the opera-
tion and another one is needed for stand-by. Table 4
represents the number of pulverizers and burners in use,
and load for a unit burner for various thermal loads.
Design has been performed for 6 cases(BMCR, VWO,

Table 4. Number of pulverizers and burners in use, and
load for a unit burner for various thermal loads

75% | 50% | 30%

BMCR | VWO | NR NR | NR | NR

Number of pul-
verizers in use

Number of
burners in use

3 3 3 2 2 1

12 12 |12 ] 8 8 4

Load for a unit

burner (MWth) 319 | 31.9 |28.6/32.6 |22.7|29.5

NR, 75% NR, 50% NR, and 30% NR). For all cases,
the number of burners in use is designed to be con-
trolled to maintain thermal load of ~30 MWth for the
unit burner.

Each swirl burner in wall firing system can be op-
erated in dual mode when it is appropriately designed.
However, some difficulties are expected for a T-firing
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combustion system in optimization for dual mode, be-
cause optimum operation condition for forming favor-
able fireball in the furnace is usually made at an op-
erating point, not in a range. Therefore, a wall firing
system is adopted for the demonstration in this project.
Considering the scale of the current boiler, front firing
concept is favored to the opposite firing arrangement.
Meanwhile, T-firing operation in dual-firing is believed
to be also possible, as seen through the combustion stu-
dy in a T-firing furnace of 15 MWth scale[23].

Design of furnace configuration should be differen-
tly considered as heat transfer profile is varied in oxy-
firing environment compared to air-firing environment.
The dominating factor that affects the dimensioning of
an oxy-coal fired furnace is higher radiative heat tran-
sfer due to the high concentrations of CO, and H,O in
the flue gas. For example, radiation intensity increases
to approximately 25~30% at 67.3% FGR ratio[24]. It ex-
plicitly affects the thermal performance of the boiler.

There will be a drop in furnace exit gas temperature
due to the difference in radiative heat transfer from CO,
and H>O. It is expected that residence time of gas is
longer due to the density difference in oxy-firing. The
higher CO, content increases the density of flue gas,
which results in a longer gas residence time in the fur-
nace(for matched furnace heat transfer, oxy-fuel has 20%
longer furnace residence time). The convection pass ty-
pically contains the heating surface for the superheater,
reheater, and economizer. When calculating the perfor-
mance for the boiler convection pass, enough gas re-
cycle is used to avoid changes to the heating surface.
It is expected to be practical since the flue gas has a
higher density so that gas velocities will actually be less
than with air-firing.

The oxy-coal fired boiler with the same heat input
has a furnace cross section slightly smaller compared
to the air fired case while the height is larger and the
total heat exchange surface is smaller. That means more
compact design is possible because of less heat loss.
Fig. 4 shows the different shape in existing Downshot-
firing 125 MWe air-firing furnace and new 100 MWe
oxy-firing furnace.

It is reported that, compared with an air fired fur-
nace, an oxy fired furnace with a flue gas recycle flow
rate of 56% requires only 65% of the surface area and
45% of the volume[25]. Oxy-coal combustion is adap-
table to a new boiler or a retrofit of an existing boiler.
The boiler modifications that are needed are the addi-

(2) (®)
Fig. 4. Furnace appearance (a) Existing Downshot-
firing furnace for 125 MWe air-firing (b) New fur-
nace for 100 MWe oxy-firing.

tion of a low pressure economizer, gas recirculation
duct and fans, oxygen feeding duct, and dampers for
oxygen and recirculation flow control.

Such a high radiant heat flux about 85 kW/m’(at
30% concentration of O, in the CO, + O, oxidizer), to
the wall for oxy-firing case, could very likely cause
severe slagging problems in the furnace[26]. Due to
the high content of CO, in the flue gas, a change in de-
posit chemistry is assumed, and the formation of car-
bonates in the deposit could be possible. As carbonate
deposits are very corrosive, the metal wastage rate could
increase[27]. In oxy-fuel combustion, the slagging grade
increases with decreasing flue gas recirculation volume
flow with increasing oxygen content.

In the oxy-firing mode, it is expected that require-
ment of NOx emission can be met by employing the
existing technology; low-NOx burner technology, staging,
reburning, selective non-catalytic reactor(SNCR) and
FGR, even if regulation of NOx concentration in CO,
to be sequestrated has not been fixed yet. However,
NOx emission can be important in air-firing mode be-
cause the boiler to be designed should be operated in
both air-firing and oxy-firing mode.

3.3. Flue gas control system

3.3.1. Different strategy

Dual mode system is required to satisfy the current
flue gas emission standards(SO, 80 ppm, NO, 80 ppm,
and dust 30 mg/Sm3). Because emission characteristics
in oxy-firing combustion are different from those in
the conventional air-firing combustion[28,29], different
strategies for cleaning flue gas are to be applied to air-
firing and oxy-firing modes. Fig. 5 indicates flue gas
control process in dual mode. Emissions from the air-
firing mode are generally controlled with proven tech-
nology; the low NOx burner or staging combustion with
SNCR for DeNOx, dry(or hot) ESP for collecting dust,
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Fig. 5. Flue gas control process in dual mode.

and wet FGD system for DeSOx. Then, flue gas is em-
itted to the atmosphere through a stack. Existing wet
FGD facilities with desulfurizing efficiency of 85% will
be reused and existing ESP with particulate control level
less than 20 mg/Sm3 is also going to be reused.

In oxy-firing system, flue gas passes through in-fur-
nace dry DeSOx and hot ESP. In-furnace DeSOx is
selected considering its improved efficiency in oxy-fi-
ring. Even though the conversion of coal-S to SO in
oxy-firing mode is lowered, the SO, is enriched because
of flue gas recirculated. Further, longer residence time
and inhibition of decomposition of CaSO, are favora-
ble to in-furnace DeSOx. The injection location of lime
stone and grid system for injection will be considered.
Particulate will be captured by hybrid hot and cold ESP
systems. To prevent damage of flue gas compressors
in CPU, the dust should be removed to the lowest le-
vel. Wet(or cold) ESP system has merit of removing fine
particulate to sub-micron level as well as acid gases
and mercury. In operating dual mode, hot ESP is shared,
which is run at different operating temperature and flue
gas of oxy-firing mode is introduced into cold ESP
once again. There is no NOx control device for oxy-
firing mode. NOx reduction to one fourth of that in air-
firing is achievable in oxy-fuel combustion because of
decrease in conversion of fuel-N and increase reduc-
tion of NO to N»[28]. The benefits of NOx reduction
in oxy-firing is accepted in the project.

3.3.2. Heat recovery and flue gas condensing

In flue gas system in oxy-firing mode, additional
units for heat recovery and flue gas condensing are con-
sidered[30]. The flue gas flowing out the air preheater
has relatively higher temperature in oxy-firing than air-
firing, because the heat which is required to increase
the temperature of N, in air-firing is not necessary. It
is related to heat integration of the system and thereby
there is opportunity for increase of the boiler effici-

ency. Recovered heat can be used for heating feed wa-
ter in steam cycle instead of extraction of steam from
the LP turbine, and for drying coal in fuel feeding
system. The recovered heat will be useful to generate
electricity.

Flue gas should be cooled to near room temperature
in FGC to satisfy input condition of CO; introduced
into CPU. As the flue gas is condensed, part of the flue
gas is used to dry FGR and the others are introduced
into CPU. Flue gas is cooled by direct contact water
and moisture in flue gas is condensed until moisture
concentration reaches saturation point at designed tem-
perature. Therefore, latent heat of condensing water is
significant. Even though a relatively small amount of
heat is recovered in the condensing process, perfor-
mance of the heat exchanger and economic feasibility
should be comprehensively considered.

3.3.3. Effect of change of flue gas properties on
duct and fan systems

As dominant gas species is changed from N, to CO,,
the flue gas density increases. Change of flue gas pro-
perties induces change of volume flow rate and velo-
city. The difference of pressure drop is also expected
because the flue gas of each mode experiences the dis-
tinct train of flue gas system. Besides, different ope-
rating temperatures for both modes influence the volu-
me flow rate and pressure drop. Although current IDF
is typically designed to operate at about 150C, for
example, the IDF may have to treat the volume flow
rate at around 250C in oxy-firing mode. Accordingly,
if the same balanced draft system is used, fans have
to satisfy the different volume flow and pressure in-
crease for each mode. It should be interpreted whether
it is possible to handle the change of combustion mo-
de with fan flow control or not. Fig. 6 represents the
pressure draft curve in dual mode. (O) and (A) apply

i
£
k] Air-firng
3 === Oxyfiring
9
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Flue gas system

Fig. 6. Pressure draft curve in dual mode.
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only to oxy-firing mode and air-firing mode, respec-
tively.

Comparing to pressure draft in the convective pass,
pressure loss in oxy-firing mode is lower than air-firing
mode through SNCR DeNOx and in-furnace DeSOx
systems because of lower gas volume flow rate in oxy-
firing mode. The flue gas at the outlet of air preheater
has similar gas volume because the flue gas in oxy-
firing mode leaves at higher temperature than air-firing
mode. The volume flow rate and pressure between two
modes are different in FDF and IDF. Because fan has
its own characteristics curves which represents static
pressure and power consumption as a function of vol-
ume flow rate, several cases on fan locations and instal-
lation separate fan for each mode can be considered.
Some alternatives using variable speed control, inlet
damper control, and outlet damper control are being
discussed[30].

3.4. ASU, Oxygen plant

Oxygen has been used in many industrial processes.
There are three main methods to air separation com-
mercially available; cryogenic separation, adsorption se-
paration using the pressure swing adsorption(PSA), or
membrane separation[31-34]. Cryogenic separation is
considered to be practical for ASU in oxy-coal com-
bustion systems because of high efficiency, production
in large quantity, and production of high purity. In ad-
dition, it can extract gas species in liquid form, which
is more convenient for transportation and storage as
back-up for flexible combustion mode.

For a 100 MWe oxy-coal power generation, capa-
city producing oxygen, 1,914 tons/day, is theoretically
calculated in accordance with air flow rate introduced
into FDF(380,500 kg/h x 0.2096). Surplus capacity for
backup, 2,000 tons/day (60,000 Nm3/h) capacity was
proposed[35]. For comparison with reference cases, Table

Table 5. Capacity of ASU in reference oxy-fuel projects

SIC’E;;:Z Callide | Youngdong
(Vattenfall) (CS Energy) | (KOSEP)
Powez Ivﬁc}\r]x:)ration 10 M "
Ailin:i?aa;)ity 240 660 2,000
Oxygen purity 05 o5 o

(%)

280 1

270 1 /
260 1 n

250 1 /
240 1 /

] .m
230 4 m-m-m-m-E-0-0-H uam-t

kWh/O2 ton

T T T T T T T T

84 86 88 90 92 94 96 98 10
GO Purity (%)
Fig. 7. Power consumption on O; purity[35].

5 represents the capacity of power generation and ASU
in representative oxy-fuel projects.

In oxy-coal power plant, oxygen is used as oxidizer
for coal combustion. Produced oxygen for combustion
has relatively low purity such as 90~98%, whereas pu-
rity 99.5% or higher is required in usual process. Power
consumption in ASU is strongly related with oxygen
purity. As the purity of produced oxygen increases, air
flow rate and compressor power increases, respectively.

Fig. 7 shows power consumption according to pu-
rity of oxygen produced (kWh/ton O,) in ASU. This is
evaluated with consideration of GO,(gaseous oxygen)
production (Nm’/h), GO, purity produced (%), oxygen
density (ton/rnS), and compressor power consumed (kW).
Power cost increases rapidly at purity 97.5%, because
purity 97.5% is crossover point of O-N; and O-Ar
separation, which means O,-Ar separation is more di-
fficult than O,-N,[8]. Appropriate range of O, purity is
related to power consumption, effect on combustible
stability, and power consumption to compress flue gas
at CPU. In this study, O, purity 95% is proposed to
be the most efficient in view of the efficiency of the
overall power cycle through process analysis as shown
in Table 5.

Required power for ASU is one of the issues for
design of ASU, a major power consumer in the plant,
which is dependent on oxygen recovery ratio and main
air compressor. Discharge pressure is mainly dependent
on pressure drop at LP column and main condenser A
T. Researches have focused on reducing power con-
sumption in the rectification process, such as using
tray to packing(pressure drop at LP column) and redu-
cing the effect of the LO,(Liquid O) head using multi-
ple main condensers with low height[33].

Air separation by rectification is based on air lique-
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faction principle. The systems are classified according
to type of rectification column, such as double column
cycle(DC), side column cycle(SC), and heat integrated
distillation column(HIDIC). In this conceptual design
of the project, DC and SC cycles have been carefully
evaluated, while HIDIC is excluded from the early sta-
ge because of its immaturity in technology[35]. Oxy-
gen of variable purity, nitrogen, and argon are produced
in DC, whereas only oxygen of purity 95% is pro-
duced in SC. SC approximately spends 10% less power
than that of the DC, because compressors in the SC
were optimized to produce oxygen of purity 95%. How-
ever, it has higher investment costs than those of the
DC. Low operating pressure of the SC makes a plum-
bing system larger, which leads to higher costs. It needs
additional units such as a warm part unit and another
column. Warm part unit means a pre-purification unit
of air to remove the carbon dioxide and moisture. As
a result of assessment of the ASU process for 100 MWe
oxy-coal power plant[35], SC is the best unit in terms
of power consumption. However, DC type producing
GO; of purity 95% was selected with consideration of
both investment costs and stability. Table 6 indicates
cases considered for evaluation and Fig. 8 shows a
schematic diagram of proposed ASU system based on
DC.

Table 6. Case study for ASU design

Case 1 |Case 2-1|Case 2-2| Case 3
Column type | Double | Double | Double Side
GO,
production (%) 99.5 95 95 95
Main air | | 5 5
compressor
Warm part 1 set 1 set 2 sets | 2 sets
3

| S—

|

e B

Comprewsar/Expander

Fig. 8. Schematic diagram of proposed ASU.

10% capacity CPU
FGC
Cold ESP

HEX

Fig. 9. Layout and site requirement of ASU.

ASU of 2,000 tons/day capacity occupies sufficiently
large area more than 10,000 . Fig. 9 shows layout
of Youngdong power plant and a proposed site to bu-
ild the ASU. ASU will occupy the biggest footprint in
the overall system. The units that occupy the largest
area are air compressors and storage tanks, so the re-
quired area is variable according to the quantity of li-
quid oxygen for storage. For instance, about 1,000 n’
area per a compressor is required based on 50,000
Nm’/h scale. Additional units, such as roads, support,
and piping lines, occupy most of the area. If the site
on which the ASU is to be built is limited, the scale
of the facilities needs to be reduced. The cold-box and
tanks can be separated and built, or height of the units
can be controlled. After the ASU is demonstrated in
oxy-coal project, it may be difficult to manage and ma-
intain the ASU for operation. If the ASU does not op-
erate continuously after oxy-coal combustion and car-
bon capture technologies are verified, it can be treated
with other purpose[35].

3.5. CPU, CO; capture

Currently available technologies for CO, capture in-
clude amine absorption, membrane separation, or cryo-
genic separation. Amine absorption is based on a cla-
ssical amine loop technology using monoethanolamine
(MEA) as a sorbent. Amine absorption has been used
to capture 90%(mole basis) of the CO, at the power
plant for post-combustion[36]. Cryogenic separation is
a similar approach to technology in ASU process. Gas
including high concentration of CO, is compressed and
separated. It was commercialized and proposed for CO,
capture in oxy-coal power plant to readily capture and
compress CO, for pipeline transportation and storage.

It is expected that the quantity of flue gas to be pro-
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Table 7. Case study proposed for CO- recovery

Case A Case B
CO, phase Compressed |1 efied CO»
gaseous CO,
CO, purity (%) 97.5 99.5
CO; recovery (%) 93.2 88.5
Power cost
(kWh/CO; ton) 143 161

Main heat exchanger

— V-

e o T

75~85% Flue gas |

Moleculaf sheve tower
Flub gas confpr

Fig. 10. Schematic diagram of proposed CPU.

cessed is 55,000 Nm*h in 100 MWe oxy-coal power
generation system. The flue gas from the boiler will
contain generally up to approximately 80% by CO,
vol.%(on dry basis). In the present, the CO, purity re-
quired for sequestration is generally more than 95% and
recovery more than 90% for the CPU design[37].

As a result of assessment of the CPU process for 100
MWe oxy-coal power plant[35], two possible cases are
being considered depending on the phase of produced
CO,. Table 7 represents two cases proposed for CO, re-
covery. In view of the power cost and CO; recovery,
case A looks appropriate, but case B can be considered
in view of the easy storage and transport of liquefied
CO,. Fig. 10 shows a schematic diagram of proposed
CPU system. Flue gas at 40°C and 1 bar conditions en-
ters the CPU, flue gas compression, separation of SOx
and NOx, and dryer. Dried flue gas is separated into
CO; and inert gas in a cold-box using cryogenic sepa-
ration.

Full capacity operation of CPU for CO, capture in
the demo plants based on oxy-coal combustion is not
being considered e.g., Vattenall or CS Energy[38,39].
In the Callide project, for reference, 12 vol.% of the
total flue gas (18,000 NmS/h) is being introduced into
the CPU and, in the Schwartz Pumpe project, 60 vol.%
of the total flue gas (6,600 Nm’/h) is being introduced
into the CPU. In the current conceptual design of the
Youngdong project, partial CO, capture is also being
considered, such as 10 vol.% of the total flue gas (55,
000 Nm’/h). That is because CCS technology has been

200 -
190 { u

180 A .
170 .
160 “m

kWh/CO: ton

150 - L
140 1 g
130 ———— T
60 65 70 75 80 85 90 95 100
CO2 mol (%)
Fig. 11. Power consumption of CO; purity[35].

not prepared to support the oxy-firing combustion, such
as appropriate storage geometry, economic assessment
of CO; transport, and technology for injection or mo-
nitoring. Since conceptual design proposal of CPU is
naturally connected to transport and storage of CO,, it
should be considered with various CO, flow rates and
distances corresponding to conceptual storage sites[39].
Although all gaseous CO; can be captured, they can be
emitted again to the atmosphere. It means that it can
show the possibility for CO, capture as demonstrated
concept.

As CO; purity of flue gas is high, power cost become
low. Fig. 11 shows relative power consumption for the
CO, processing system as a function of CO, purity. It
is evaluated with consideration of CO, production (Nm3/
h), CO; purity produced (%), carbon dioxide density
(ton/m3), flue gas compressor power consumed (kW),
CO, compressor power consumed (kW), and flue gas
expander power generated (kW). Variables in power co-
sts are excess oxygen, air leak in the boiler, and oxygen
purity in ASU. As excess oxygen and air leak are much,
power consumption of CPU is higher. Provided that
oxygen of high purity is introduced into the boiler,
power consumption for the CPU will be low. The va-
riables are closely related to performance of each unit
and overall plant. The premise of oxy-coal combustion
to obtain flue gas that contains only CO, and water va-
por so that pure CO, can be obtained by condensing.
Due to excess oxygen required for combustion and air
leak into the boiler, the flue gas will contain signifi-
cant amount of inerts. The stream contains impurities
comprising of small amounts of SOx and NOx. Because
impurities affect water solubility and consequently cor-
rosion, it should be considered[40].
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4. Conclusion and prospect for the future

Conceptual design for the Youngdong oxy-fuel pro-
ject was presented for demonstration of 100 MWe oxy-
coal power plant. Considerations for conceptual design
of the major systems, such as water-steam, combustion,
flue gas control, air separation, and CO, processing sys-
tems, were discussed to provide the design parameters
for the proposed oxy-coal technology demonstration wi-
th the background to promote the project.

The various development stages from planning to
implementation of the demonstration plant for CO, cap-
ture are in progress. In this project, a demonstration
plant of air/oxy-coal combustion will be completed by
the end of 2015 and it is finally expected to be carried
out for 2016~2018. For stable operation, reducing cost,
and enhancing efficiency of a CCS based power gene-
ration system, sustainable research is necessary with the
efforts toward commercialization.
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