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Coal is the primary source of energy produced and con-
sumed in South Africa. Coal combustion results in the
production of SO,, a precursor of acid rain. As South
Africa adopts and enforces emission limits, it will become
mandatory for power plants to be fitted with SO, scrubbers.
This paper presents an overview of commercially avail-
able flue gas desulphurization (FGD) technologies that
have an established record of performance. The paper
assesses the application of these technologies and their
performance in the SO, emissions reduction.
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1. Introduction

The electricity sector plays a pivotal role in the South African
economy. Its post-apartheid importance lies in its role not only
as a key input to industrial development, but also in improving
the quality of life for the previously disadvantaged majority.
South Africa’s generating technology is based largely on coal-
fired power stations, mostly concentrated near and to the east
of Johannesburg — close to the main coal mining areas as well
as the major demand centre. At the end of 1999, there were
49 power stations in the country, of which 20 were coal-fired
accounting for 90 per cent of the total capacity of 43 142 MW
(excluding capacity in reserve and under construction)'. The
only non-coal stations are the Koeberg nuclear station (four per
cent) and three pumped storage facilities (also four per cent).
On combustion, the sulphur contained in the fuel is converted
to SO,. Coal combustion is the single largest manmade source
of SO, accounting for 50 % of the annual global emissions®.
SO, isacolourless, nonflammable gas with a penetrating odour
that irritates the eyes and air passages. A one-hour exposure to
a SO, concentration of 10 ppm can cause breathing problems’.
The effects become much more serious when SO, is combined
with particulates and enters the digestive system, aphenomenon
known as the “cocktail effect”. Research has shown that exposure
for asthmatics is significantly more damaging than for normal
subjects and even moderate concentrations may result in a fall in
lung function in these cases. According to a 1999 World Bank
study in India, air pollution was responsible for 40 000 prema-
ture deaths, 17 million respiratory hospital admissions and 1.2
billion restricted activity days®. In addition to the health effects,
moderate to high levels of SO, contribute to acid rain. Acid rain
causes decimation or deformation of aquatic life in streams and
lakes. Additionally, it leads to damage of trees and agricultural
crops and degradation or destruction of bridges, buildings, and
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monuments. Airborne SO, and its derivatives can also contribute
to reduction of visibility due to formation of a haze. In view of
these health and environmental considerations, the control of
SO, emissions is desirable. The South African Government is
committed to providing reasonable measures for the prevention
of pollution and ecological degradation. According to an envi-
ronmental act’ signed into law in 2005, ambient concentrations
of sulphur dioxide (SO,) may not exceed:

O A ten-minute average instant peak of 0.191 ppm measured
at S.T.P.

Q An instant peak of 500 pg/m’® measured at STP.

Q A 24-hour average of 0.048 ppm or 125 pg/m® measured at
S.T.P.

Q An annual average of 0.019 ppm or 50 pg/m’ measured at
S.T.P.

Sulphur dioxide emissions reduction techniques can be cat-
egorized into three groups 1) pre-combustion techniques,
2) combustion techniques, and 3) post-combustion tech-
niques.

1.1 Pre-combustion technologies

Fuel switching and coal cleaning are two pre-combustion tech-
niques. Some power plant designs allow for fuel switching; for
example, a natural gas-fired power plant may utilize oil as an
auxiliary fuel. Similarly plants which burn wood waste may
use coal to ensure base load operations. Table 1 shows typical
emissions from different technologies using different fuels®.

Fuel Type CO, SO, NO,
Natural Gas 490 0.004 1.5
Fuel Oil 81 5.1 1.5
Coal 1060 515 2.4

Table 1: Typical emissions from power plants (g/kWh)

Switching from a high sulphur coal to a low sulphur coal or
blending a low sulphur coal with a coal of inferior quality may
resultin a fuel whose emissions could be within allowable limits.
The appropriate coal quality, however, has to be considered with
regard to other pollutants because a decrease in SO, emissions
may cause an increase in NO, or fly ash’.

Coal may be cleaned by physical, chemical or biological
means. Sulphur is present in coal in two inorganic forms, these
being pyritic sulphur (FeS,) and sulphates (Na,SO,, CaSO,,
FeSO,) and as organic sulphur. Unless the chemical bonds that
hold the sulphur are broken or the organic sulphur compound
is extracted, organic sulphur cannot be removed from the coal.
Therefore, the amount of organic sulphur present defines the
lowest level to which a coal may be cleaned using physical
methods. Biological processes theoretically offer the potential
of totally removing sulphur near ambient conditions and with
low energy requirements. Biological desulphurisation is attrac-
tive because it operates at close to ambient temperatures and
involves no associated loss of coal carbon®.

1.2 Combustion technologies
There are several technologies which results in improved ther-
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mal efficiency and reduced sulphur emissions. These include:
bubbling fluidized bed combustion (BFBC), circulating fluid-
ized bed combustion (CFBC), and pressurized fluidized bed
combustion (PFBC); Integrated gasification combined cycle
(IGCC) and combined cycle gas turbine (CCGT). Fluidized bed
combustion (FBC) is a technology for burning hard and brown
coal, but it can also burn other solid fuels such as petroleum
coke, and low grade fuels such as waste, peat and wood. The
use of calcium-based sorbents, such as limestone or dolomite,
in fluidized bed combustion of coal to reduce sulphur dioxide
emissions is a well established technique’. Limestone is intro-
duced into the fluidized bed combustor within the temperature
range 750-900°C, the limestone is rapidly calcined to the porous
calcium oxide, which can subsequently react with SO, to form
calcium sulphite and calcium sulphate. Emissions can be further
reduced by integrated combustion control in the system due to
the addition of lime/limestone to the bed material. The IGCC
is based on the transformation of coal into synthetic gas. After
the gasification stage, the gas is cleaned by means of water and
absorption dissolvers. Thus an IGCC planthas significantly lower
emissions of SO,, NO,, and particles than standard coal-fired
power plants. However, the units for gasification, purification,
and other auxiliary systems raise the initial capital outlay and
imply higher operational costs'®. This technique can reach limit
values of 200 mg/m’ or 1.7 g/kWh, with coal of 1 % sulphur.

1.3 Post-combustion technologies

Flue gas desulphurization is one of the post combustion tech-
niques used in reducing SO, emissions. Almost all commercial
FGD processes are based on the fact that SO, is acidic in nature,
and remove the SO, from flue gases by reaction with a suitable
alkaline substance. The most commonly used alkaline materials
are limestone (calcium carbonate), quicklime (calcium oxide) and
hydrated lime (calcium hydroxide). Limestone is an abundant
and therefore relatively cheap material and both quicklime and
hydrated lime are produced from limestone by calcination. Other
alkalis sometimes used include sodium carbonate, magnesium
carbonate and ammonia.

2. Flue Gas Desulphurisation (FGD)
Technologies

The major FGD processes can be classified as:
O Wet Processes: included here are the limestone gypsum,

U Dry Processes: includes furnace sorbent injection, induct
sorbent injection, and sodium bicarbonate injection
Worldwide, by 2000, there were 678 FGD systems operating
on a total capacity of 229 GW.". Approximately 79 % of the
units, representing 199 GW, of capacity, are based on lime or
limestone wet scrubbing and 18 % of the units, or about 25 GW,,
utilize either sodium based or lime slurry (spray) dry scrubbing.
Figure 1 shows the principal FGD techniques and their location
in the overall power plant scheme.

2.1 Wet FGD processes

Wet FGD scrubbers are the most widely used FGD technology
for SO, control in the world accounting for about 84 % of the
total capacity of all desulphurisation methods’. Many FGD
systems are operating successfully at many coal-fired power
facilities ranging in size from less than 100 MW to 1000 MW.
They can achieve SO, removal efficiencies as high as 99 %.
Calcium, sodium, and ammonia-based sorbents have been used
in a slurry form, which is injected into a specially designed ves-
sel to react with the SO, in the flue gas. The preferred sorbent
in operating wet scrubbers is limestone followed by lime. The
chemical reaction which occurs with a limestone sorbent can
be expressed in a simple form as:

CaCO, +S0, — CaS0; +CO, (1)

In practice, air in the flue gas causes some oxidation and the
final product is a wet mixture of calcium sulphate and calcium
sulphite. In a wet FGD employing forced oxidation, in situ or
ex situ (in the scrubber or in a separate reaction chamber), the
overall reaction is given by:

CaCO; +S0, +1 0, +2H,0 - CaS0, -2H,0+CO,  (2)

resulting in solid gypsum which has found commercial use in
wallboards, cement, and plaster’?. According to Danish and
other European standards, gypsum normally must contain less
than 3-4 wt % residual limestone to be marketable'. A variety
of scrubber designs have been developed depending on how the
gas and sorbent slurry are brought into contact. Four main types
of wet scrubbers are available: the spray scrubber, the packed
tower, the jet bubbling reactor, and the double loop reactor®.
Breakdown capacity in service with wet FGD technology is
given in table 2.

seawater washing, ammonia scrubbing, the Wellman-Lord pro- - Technology Capacity (MW)
. . .. . Limestone 163 330
cesses, biological desulphurization, and magnesium enhanced ime 21172
lime, S Dolomitic Lime 10 342
U Semi-dry Processes: Includes the circulating fluidized bed,  [55gium Carbonate 2831
and sorbent spray dry; and Seawater 1125
Other 433
Total wet FGD 199 233
723873 K < ECONOMISER wer Table 2: MW capacity in service with wet FGD in 1998
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Figure 1: Principal flue gas scrubbing?

treated with limestone slurry in order to remove the SO, and
neutralize it. The final product is calcium sulphate dihydrate
(gypsum). This is the most common FGD process now being
installed worldwide, and has evolved over the last 30 years.
Nowadays, a plant would normally be designed to achieve a
high quality gypsum product, which is suitable for wallboard
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manufacture. As mentioned earlier there are a number of
process variants and equipment arrangements which can be
adopted. Anadvanced flue gas desulphurisation demonstration
unit at the Bailly Generating station of Northern Indiana Public
Service Company (NIPSCO) achieved a maximum removal ef-
ficiency of 98 % using coals having sulphur contents between
2.25 % and 4.5 %'®. The availability of the system was high at
99.5 % over a three year period thereby eliminating the need
of a spare module. The limestone gypsum process is the most
well-developed and widely adopted FGD process worldwide,
and is normally adopted for large power stations. The total
worldwide installed capacity is approximately 149 000 MW,
for coal-fired plant alone'’.

The SO, removal efficiency of FGD plants using CaCO,
as sorbent can be improved by the addition of various organic
acids'®. These include adipic acid, dibasic acid (DBA), formic
acid, glutaric acid and succinic acid. Ina wet limestone scrubber
demonstration project at the Milliken Power Station, Lansing
New York, the SO, removal efficiency increased from 83 %
without formic acid to 95 % with formic acid. At the same
removal efficiency, using formic acid results in a 75 % reduc-
tion in energy required for circulating the sorbent slurry'®. A
jet bubbling reactor has also been successfully demonstrated
at Georgia Power Company’s Plant Yates. This plant, rated at
100 MW,, burns coal with a sulphur content ranging from
1.2 % to 4.3 %. It had a limestone utilization greater than 97 %
and achieved a SO, removal efficiency of 98 % when burning
2.2 % sulphur coal and about 95 % with 3.5 % sulphur coal'®.

2.1.2 Sea water scrubbing (SWW) FGD process
Sea-water washing is an economical alternative for plants located
near the coast. The sea-water washing (SWW) process uses
untreated sea water to scrub the flue gas, taking advantage of sea
water’s natural alkalinity in order to neutralize the SO,. When
SO, comes in contact with seawater, there is a fast and efficient
reaction between the SO, and calcium carbonate in the sea water
to form calcium sulphate and CO,. The reaction neutralizes the
acidity of SO, and consumes some of the buffering capacity of
the seawater. The reaction is complete in a very short time, so
the equipment to bring the flue gas and the seawater in contact
can be compact. As a final product, dissolved sulphate ions
are obtained, which are already contained in the sea water as a
natural constituent. After scrubbing, the water used is treated
with air to reduce its chemical oxygen demand and its acidity,
and is then discharged back to the sea'. In all applications of
the SWW process on power plant, raw seawater is obtained from
the steam turbine condenser outlet. SWW is arapidly expanding
Technology, particularly in tropical countries. There are two
major suppliers of SWW units; Lurgi Lentjes Bischoff (LLB)
and Asea Brown Boveri (ABB). ABB has built 21 plants with
a total installed capacity equivalent to 2 470 MW,. LLB is cur-
rently commissioning two 660 MW, plants in Indonesia'’. Its
main advantage is that it requires no solid sorbent as a reagent,
unlike nearly all other FGD processes. The plants design is
relatively simple and the only obvious disadvantage is that it is
limited to use at coastal sites. The process is capable of very
high SO, removal (up to ~97-98 %)"", but only if the fuel sulphur
content is below 2.5-3.0 wt %. After an evaluation of various
FGD technologies, the Scottish Power Company selected SWW
as the most appropriate option for its large coal-fired power
station at Longannet™.
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2.1.3 Ammonia scrubbing FGD process

The ammonia/ammonium sulphate scrubbing process worksin a
similar way to the limestone gypsum process except thataqueous
ammonia is used as the scrubbing agent. SO, is removed from
the flue gas by reaction with ammonia and the final product is
ammonia sulphate. Ammonia scrubbing has been used intermit-
tently since the 1950s. The only plant currently operational is
installed on a 350 MW, oil-fired boiler system at Dakota Gas
company’s Great Plains plant. This has been designed for 93 %
SO, removal, treating gas from high-sulphur oil'’. A potential
risk arises from the need to store ammonia on site, either in
anhydrous form or as a concentrated aqueous solution. The
process has the advantage that there is no waste water discharge
and there are unlikely to be problems of scaling and blockage.
This process is very attractive for plants burning high sulphur
fuels. However, itis unlikely to achieve widespread use because
very few plants are needed to satisfy the market for ammonium
sulphate fertilizer in a particular region or country.

2.1.4 The Wellman-Lord process

A well-developed sodium scrubber is the Wellman-Lord SO,
recovery process, which has found use in power plants, refiner-
ies, sulphuric acid plants, and other industrial installations in the
USA, Japan and Germany. The process utilizes a water solution
of sodium sulphite for scrubbing and generates concentrated SO,
(about 90 %), in effect removing the SO, gas from other flue
gases. The Wellman-Lord process is regenerative, i.e. the active
reagent used for SO, removal from the flue gas is regenerated
in a second process stage, and returned to the first stage for re-
use. This process has the advantage that it does not require the
consumption of large quantities of sorbent and consequently
does not produce large quantities of solid waste.

The flue gas from fossil power plants is first pretreated by
cooling and removal of particulate matter, i.e. by electrostatic
precipitators (ESP), prior to being sent to the absorber. In the
absorber, the water solution of sodium sulphite absorbs the
SO, in the pretreated flue gas to produce sodium bisulphite
according to:

SO, +Na,S0; +H,0 — 2NaHS0, 3)

The desulphurized gas is reheated before going to the stack in
order to improve atmospheric dispersion. The sodium bisulphite
is sent to a forced-circulation evaporator-crystallizer via a surge
tank. The surge tank allows steady flow rates into it despite gas
flow and concentration fluctuations. Through the application of
low pressure steam, such as from a turbine exhaust, the sulphite
is regenerated in the form of a slurry according to:

2NaHSO, — Na,S0, +80, + H,0 @)

The H,Ois separated from the SO, ina condenser and recycled
to a dissolving tank where the sulphite slurry is redissolved and
sent back to the absorber via a solution surge tank that has the
same function as the one mentioned above.

A small amount of circulating solution oxidizes to
non-regenerable sodium sulphate crystals that must be disposed
of. This necessitates purging a small stream of solution and
adding fresh sulphite.

The product SO, may be utilized to produce liquid SO,
or sulphuric acid, on site or in a satellite plant, or to produce
elemental sulphur. A well-known process for doing this is
called the Claus process, which is based on the addition of H,S
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according to:

SO, +2H,S - 38+H,0 )

The San Juan generating station, located approximately five
miles west of Farmington, New Mexico, is one of the power
plants in the world that have been operating using a Wellman-
Lordprocess to clean its flue gas. The plant consists of coal-fired
pressurized units with a total generating capacity of 1614 MW.
The plant meets or exceeds all state and federal standards us-
ing its Wellman-Lord FGD process. However, in 1998, Public
Service of New Mexico elected to convert the Wellman-Lord
system to a limestone forced oxidation system which is both
environmentally sound and cost-effective to operate®" .

2.1.5 Biological desulphurisation
Biotechnological flue gas desulphurisation makes use of the
following conversions of the sulphur cycle:

SO, +H,0 —»HSO; +H* (©6)
HSO; +!/,0, —»S0¥ +H* @)
HSO; +6{H} > HS™ +3H,0 (®)
SO%™ +8{H} - HS™ +3H,0+OH™ ®

In the first step of a biological flue gas desulphurisation, sul-
phur dioxide is scrubbed from the flue gas using a biocarbonate
solution (Equation 6). The presence of oxygen in the flue gas
results in oxidation of part of the sulphite into sulphate (Equation
7). In the subsequent step, sulphite and sulphate are reduced
under anaerobic conditions with an added electron donor {H}
to sulphide by sulphate-reducing bacteria (Equation 8, Equation
9). Ina micro-aerobic reactor, the sulphide produced is partially
oxidized by autotrophic sulphur bacteria with concomitant pro-
duction of hydroxide. Separation of the solid sulphur from the
medium enables the recovery of elemental sulphur as a valuable
product. The remaining alkaline solution, with a pH of about 9,
can be re-used for the scrubbing of SO”. Because — along with
SO’ - heat is also transferred from the flue gas to the scrubbing
solution, itis economically attractive to operate the desulphurisa-
tion process at thermophilic conditions (50-65°C)%.

2.1.6 Magnesium enhanced lime (MEL) process

In the MEL process, slaked lime containing calcium hydroxide
[Ca(OH),] and a portion of magnesium hydroxide [Mg(OH),],
is used to react with SO,. The SO,, which is a strong acid gas,
reacts with and is neutralized by the slaked lime. Calcium hy-
droxide in a slurry form, reacts with SO, to form solid calcium
sulphite (CaSO, 2H,0). Magnesium hydroxide reacts with the
remainder of the SO to form soluble magnesium salts, magne-
sium sulphite and magnesium bisulphite [MgSO,, Mg(HSO,),].
These soluble magnesium salts greatly increase SO, capture and
allow reduction in power consumption and equipment costs.
When the magnesium sulphite is present in the slurry in contact
with flue gas, it buffers (prevents from falling sharply) pH of
the slurry as it absorbs acidic SO,*. This improves absorber
performance by increasing solubility of SO, in the slurry, which
allows operation at a lower liquid/gas (L/G) ratio. MEL is able
to achieve high SO, removal efficiencies in significantly smaller
absorber towers than the limestone scrubbers. It also allows
operation at a lower slurry pH, near 6.0, which improves reagent
utilization to near 100 %*.
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2.2 Semi-dry FGD processes

In this type of technology, the reactive reagent is introduced
into the system as a fine suspension and results in a dry solid
product.

2.2.1 Circulating fluidized bed (CFB) FGD process
Circulating fluid bed (CFB) and moving bed technologies,
which utilize a dry sorbent to reduce SO, emissions in a flue
gas stream in a dedicated reaction chamber are categorized as
dry scrubbers. The CFB principle for absorbing acid gases
was developed in Germany in the 1970s%. In the mid-1980s,
this process was used for flue gas desulphurisation in coal-fired
power stations. Since 1984, only a few installations have been
built in Germany and some neighbouring countries. Besides
these plants, two North American units have been operational
since 1995. There is also an operating CFB FGD plant at
CINERGETIKA (Czech Republic). Handling a flow volume
of 400 000 m*/h, it achieves a SO, removal efficiency of 93 %
at a Ca/S ratio of 1.4 and 70 % for Ca/S ratio of 1.3?. In the
circulating fluid bed (CFB) scrubber process, hydrated lime is
injected directly into the CFB reactor. Water is also injected into
the bed to obtain an operation close to the adiabatic saturation
temperature. Flue gas enters the CFB reactor at the bottom,
flows vertically upwards through a venturi section and enters
the upper cylindrical vessel. The height of the bed is designed
to accommodate the mass of bed material required to achieve
a residence time of about 3 seconds. The process is easy to
maintain and operate since it does not require high maintenance
mechanical equipment such as abrasion resistant slurry pumps,
water atomizers or sludge dewatering devices. The process can
achieve > 95 % SO, removal efficiencies. The CFB process,
like any other dry post-furnace FGD process, has some generic
advantages with respect to the widely used wet FGD technol-
ogy: capital costs and energy consumption are low, installation
is simple, construction time is short, little space is needed, and
no wastewater treatment is required. However, the CFB process
also shares some drawbacks with the other dry technologies:
extremely high removal efficiencies are difficult to reach, the
utilization of the expensive slaked lime is low to medium, the
total amount of solid waste to be disposed of is great, and the
risk of solid deposition inside the absorption unit is high, and,
finally, the dust emissions from the ESP may increase due to
the higher concentration of the particulate matter entering the
collector’®. The Tennessee Valley Authority has tested the gas
suspension absorption (GSA) concept at a 10 MW, demonstra-
tion project®. Results of the test program indicated that the
calcium/sulphur (Ca/S) molar ratio had the greatest effect on
SO, removal, with approach-to-saturation temperature next,
followed closely by chloride content. Ata Ca/S molar ratio of
1.4 with 18°F approach-to-saturation and 0.12 % chloride, the
GSA/ESP achieved 90 % sulphur capture while the GSA/pulse
jet baghouse (PJBH) achieved 96 % sulphur capture. In all the
tests, a coal of sulphur content between 2.6 % and 3.5 % was
used. Onthe operational, the GSA/ESPlime utilization averaged
66.1 % and GSA/PJBH averaged 70.5 %. The reactor achieved
the same performance as a conventional spray dryer, but at one-
quarter to one-third the size. Additionally, the GSA generated
lower particle loading than a conventional spray dryer, special
steels were not required in construction, and only a single spray
nozzleisneeded. Highreliability and availability similar to other
commercial applications were also demonstrated.
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2.2.2 Spray-dry FGD process

The flue gas from the air heater is carried into the spray-dryer
vessel, where it comes into contact with a finely atomized spray
of lime and by-product slurry, delivered from a high-speed
atomizer. This removes up to 95 % of the SO, and most if not
all SO, and HC1". The normal sorbent fed to this process is
quicklime. This is slaked on site, with excess water, to produce
a calcium hydroxide slurry (slaked lime). This is mixed with
recycled by-product before being pumped to the rotary atomizer.
Water is evaporated by the heat of the flue gas. The residence
time (about 10 seconds) in the reactor is sufficient to allow for
the SO, and other acid gases, such as SO, and HCI, to react
simultaneously with the hydrated lime to form a dry mixture of
calcium sulphate/sulphite. Waste water treatment is not required
in spray dry scrubbers because the water is completely evaporated
in the absorber. The flue gas, along with dried reaction products
and solid particulate, is then passed through a fabric filter or an
electrostatic precipitator. Ifa fabric filter is used, additional SO,
and acid gas removal occurs as the flue gas passes the built up
filter cake on the bag.

As with other semi-dry systems producing a throw-away
by-product, the spray-dry process is relatively cheap to install,
typically being ~70 % of the cost of the equivalent limestone
gypsum system. However, the variable operating costs are
among the highest of the major FGD processes, due to both the
high lime usage and the costs of by-product disposal. Spray
dry scrubbers are the second most widely used FGD technol-
ogy. In commercial use, they have been known to achieve
removal efficiency in excess 0f 90 % with some suppliers giving
> 95 %. The total installed capacity worldwide is in excess of
15 000 MW,. The technology is well understood and offered
by a number of contractors'”*.

2.3 Dry FGD processes

2.3.1 The duct sorbent injection process (DSI)

The in-duct desulphurisation process involves the injection of
a dry sorbent, typically hydrated lime, in conjunction with flue
gas humidification achieved by spraying water into the duct-
work downstream from the air preheater but upstream from the
particulate collection equipment. The main reaction binding the
SO, is a simple acid-base reaction:

SO, +Ca(OH), - CaS0,.1 H,0+1H,0 (10)

The operating parameters of this DSI process are the Ca/S
ratio and the approach to the adiabatic saturation temperature.
Increasing the Ca/S ratio leads to higher SO, removal yields
but at the expense of lower sorbent utilization®*. On the other
hand, decreasing the approach to saturation temperature has a
strong positive effect on the SO, removal efficiency and sorbent
utilization. However, there is a minimum practical approach
to saturation of around 8-10°C due to the growing risk of solid
deposits on the duct walls and on the internal parts of the process
equipment and also due to corrosion of material. There are dif-
ferent DSI technologies based on three basic process alternatives
— slurry injection and dry sorbent injection upstream/down-
stream from the spray humidification. The final product is a
powdered mixture of calcium compounds. It is one of a number
of FGD processes developed or being developed primarily for
those instances in which a moderate degree of desulphurisation
(50-75 %) is required on plant with limited operating hours and
remaining lifetime"’. So far, in-duct sorbent injection technology
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hasbeenactively developed, mainly inthe USA, since the 1980s.
A 73.5 MW, demonstration was conducted in a US coal-fired
boiler, achieving 50 % sulphur removal efficiency® at flue gas
temperatures of 149-154°C and Ca/S ratios 2-2.5. According to
these data, sorbent utilization is less than 25 %. In this process,
the lime was injected into the ductwork as a slurry.

2.3.2 Furnace sorbent injection

This is another process developed for moderate degrees of
desulphurisation with low capital costs. The process involves
the injection of hydrated lime into the furnace cavity of the
boiler to absorb SO,. Spent sorbent is extracted with the fly ash
in an ESP or fabric filter (FF). The final product is a mixture
of fly ash and calcium compounds. There are very few plants
now in commercial use, most being in Poland. It is one of
the cheapest FGD processes to install but can be expensive to
operate because it is inefficient in its use of sorbent. Because
of this, sorbent injection is most suitable for retrofit situations.
It is well suited to a situation where only low SO, removal ef-
ficiency is required, and where there is little space available in
the plant unit area'> .

2.3.3 The sodium bicarbonate injection process

This process involves the direct injection of sodium bicarbonate
into the flue gas duct downstream of the air heater, to react with
and remove acidic compounds such as SO,, SO; and HCI. The
final product is a dry powdered mixture of sodium compounds
and fly ash. It is suitable primarily for those applications
where a moderate degree of desulphurisation is required at low
capital cost, although it should be noted that the reagent itself
is relatively expensive. Sodium bicarbonate is pneumatically
injected into the fly ash as a fine dry powder. This removes up to
~70 % of the SO, from the flue gas. From here, the gas is carried
through the dust arrestor and the induced draft (ID) fan before
discharge through the stack. All the particulate matter from the
process is carried with the flue gas into the dust arrestor — an
ESP or FF. Sodium scrubbing has been successfully employed
at the Jim Bridger Power station in Wyoming®. The Electric
Power Research Institute (EPRI) carried out the initial work
on sodium scrubbing in 1978 and the Jim Bridger plant opened
in the early 1980s. The Bridger plant is rated at 2200 MW
(4 units). This installation clearly demonstrated the efficiency of
sodium based FGD, however, the costs of the sodium absorbents
for the system and waste stream management have prevented
widespread use of sodium based scrubbing. There is ongoing
research for the transformation of the sodium sulphate waste
stream from the absorption step back into sodium bicarbonate
sorbent and ammonium sulphate fertilizer. This would greatly
improve the commercial viability of the process. The process
can achieve SO, removal efficiencies of up to 95 % and up to
98 % using dry sodium bicarbonate and a wet sodium carbon-
ate solution, respectively. The extent of the NO, reduction is
40-95 % depending on conditions®.

2.3.4 Activated carbon

The activated carbon process is a regenerable process that
adsorbs SO, onamoving bed of granular activated carbon. After
the adsorption, the activated carbon is thermally regenerated to
produce a concentrated SO, stream. SO, may then be treated
by conventional technologies to produce sulphuric acid”. The
activated carbon adsorption process is known to have high
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adsorption capacities for diverse toxic gases because of the high
surface area and microporous structure of activated carbon®.
Advances in activated carbon FGD research have indicated that
activated carbon fibres (ACF) have better performance charac-
teristics than the carbon granules used in the early process®.
Treatment with ammonia has been shown to enhance both the
adsorption and oxidation capacity of ACF. However, beyond the
laboratory scale, activated carbon FGD has not found widespread
application in the industrial market*"*.

2.3.5 Copper oxide desulphurization

This is aregenerative process. The flue gas is brought in contact
with CuO whereupon SO, reacts with CuO and O, to form copper
sulphate in the temperature range 350-500°C. The sulphated
adsorbent can then be regenerated with a reducing gas stream
such as methane or carbon monoxide in the same temperature
range used for sulphation. The concentration of SO, in the
regeneration off-gas is high enough for further processing to
generate sulphuric acid or elemental sulphur®.

2.4 Combined SO,/NO, removal system

Both SO, and oxides of nitrogen (NO, ) are present in flue gases.
Since emissions of both is regulated, it would, in principle,
be highly desirable to remove both using the same process.
However, despite the fact that both are acidic (and therefore
amenable to reaction with a range of alkaline substances), in
practice, separate methods are normally used for the control
of each; conventional FGD processes are used to restrict SO,
emissions and NOx are limited either by combustion measures
or selective catalytic reduction (SCR). One reason for this is
that any combined SO,/NO, removal (SNOX) system would
have to be sufficiently effective at removing both species that
no further system is required. There are only a few plants
operating worldwide that can remove both NO, and SO, and
those that are running are complex and expensive, although
efficiencies over 90 % for both emissions can be achieved.
Combined processes in operation include the activated carbon
process, Wet-Gas Sulphuric Acid integrated with SNOX (WSA
— SNOX) process, Degussa-SNOX (DESONOX) process®,
and NOXSO. These types of plants are currently in opera-
tion in Denmark (1 retrofit), Germany (2 new, 7 retrofit), Italy
(1 retrofit) and the USA (1 new, 9 retrofit).

Typical reactions for the SNOX processes are®:

SO, Removal:

SO, +%02 +H,0—>H,S0, an
NO, Removal:

2NO+%O2 +2NH; - 2N, +3H,0 (12)
Sub reactions

NH; + H,S0, — NH,HSO, (13)
2NH, +H,S0, - (NH,),SO0, (14)

2.4.1 Electron beam ammonia (EBA) process

The electron beam flue gas treatment technology is one of the
most advanced technologies among new generation processes
for air pollution control. The process which has been developed

in Japan, the United States, Germany and Poland allows simul-
taneous removal of SO, and NO,. Over the last 20-25 years,
research on the process has been done in many laboratories and
pilot plants. The EBA process consists of three main stages: gas
cooling, ammonium injection and electron beam irradiation, and
by-product collection and treatment. After ash collection, the
flue gas is passed through a spray cooler where it is cooled by
water sprays. The cooled gas is then introduced into the process
vessel and irradiated with electron beams after the injection of
ammonia. The powder by-product is collected by the ESP and
the treated clean gas is discharged into the atmosphere through
the stack.

EBA reaction mechanism; The core of the EBA process is
a “Process Vessel” where electron beam irradiation causes the
main reactions to occur in three stages®. The first stage is the
formation of active radicals such as OH, O and HO,. The second
stage is the oxidation of SO, and NO, by free radicals to form
sulphuric acid and nitric acid, respectively. The third stage is the
neutralization of these acids by the injection of ammonia to form
dry ammonium sulphate and ammonium nitrate solids. Three big
pilot plants were installed in coal-fired electric power stations
(EPS) at Indianapolis (USA), Nagoya (Japan) and Kawéczyn
(Poland). The experience gained during their operation has al-
lowed the preparation of full-scale industrial plant designs. The
first such installation was built at EPS Chengdu (China). This
is the first full scale EBA desulphurisation unit to operate in the
world. Its designed flue gas treatment capacity is
300000 Nm®/h. The plant demonstrated a SO, removal efficiency
of 80 % and a NOx removal efficiency of 10 %°**. Another
plant is located in EPS Pomorzany in Szczecin in Poland and
treats a maximum of 270 000 Nm*/h of flue gas from two boil-
ers. Removal efficiencies of up to 95 % for SO, and up to 70 %
for NO, have been achieved in this plant”’. In 2001, the Chubu
Electric Power Company Inc. (Japan) put into operation another
unit at its EPS Nishi-Nagoya for treating 620 000 Nm*/h of flue
gas from a 220 MW, oil-fired boiler*®. The energy consumption
in this kind of technology has been estimated at 2-4 % of the
total energy produced at the plant®.

2.5 Challenges facing future FGD technologies

There are three major challenges that face research and develop-
ment in FGD systems namely to: reduce FGD costs, increase
desulphurisation efficiencies, and improve system reliability.
Currently, the FGD system increases the cost of electricity by
about 10 %*. Greater in-depth knowledge canreveal the factors
that control process performance, and lead to substantial enhance-
ment of FGD processes. Basic research is needed in three broad
categories: reaction mechanisms and sorbent material, transport
effects and modelling, and process development.

More knowledge of the inherent kinetics and controlling
resistances in all areas of the SO, capture process is needed in
order to improve the capture efficiency and reduce costs. For
example, there is a need to elucidate the chemical mechanism(s)
that allow successful sorbent additives to be effective. Recent
researchers have shown that the use of organic and formic acids
can improve the sorbent utilization and process efficiency in
wet FGD applications'® ' 4, The use of ammonium salts has
also been shown to be beneficial to the limestone utilization and
performance efficiency in wet FGD processes*>*. These addi-
tives act as buffers in the absorber and increase the limestone
dissolution. Additional research will be necessary in order to
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make the use of additives commercially viable.

Poor sorbent utilization in the dry and semi-dry processes
limits their economic feasibility. Sorbent preparation techniques
used today have generally been adapted from those traditionally
used in the lime industry. These preparation techniques need to
be examined with an eye to the optimization of the properties
important to the SO, capture process. Further, little attention
has been paid to the selection of limestone for the SO, capture
process*. Criteria must be established for limestone selection
so that locally available limestone can be evaluated and used.
The improved utilization of new sorbents such as calciumsilicate
sorbents formed from lime and fly ash has been demonstrated in
laboratory scale FGD units* %, Further research is needed onits
viability in large scale industrial operations. In cases where low
one-pass utilizations are inevitable, unreacted sorbent separation
andrecycle can serve to give high overall utilizations and reduce
the volume of solid products. Davini*’ showed that sorbents
sulphated at high temperature can be partly regenerated by a
suitable steam treatment. Innovative separation technologies
such as membrane separation and electrochemical processes may
lead to new process concepts applicable to FGD processes.

Opportunities exist to find methods of improving the ef-
ficiency of contacting operations between the flue gas and the
sorbent, for example by using counter-current rather than co-
current contacting. The use of smaller, more effective scrubbers
is another area that is currently being pursued to reduce FGD
capital and operating costs. One approach that is being evalu-
ated is the design of systems that can operate at high flue gas
velocities*"*. The higher flue gas velocity has the additional
advantage of improving SO, absorption rate as a result of
increased turbulence, increased time that the slurry droplets
remain suspended, and a decrease in the film thickness of the
droplets.

3. Conclusions

FGD is the most widely used technology for the control of SO,
emissions from fossil-fired boilers. A wide variety of FGD
technologies are available. The most commonly used are the
limestone/gypsum (and its variations) and the spray-dry process,
but newer technologies such as the CFB, sea water washing
and the Electron Beam Ammonia (EBA) are rapidly gaining
acceptance. Worldwide, there are currently 678 FGD systems
operating on a total capacity 0229 GW,. A steady improvement
in process design over the years means that modern designs
can achieve more than 95 % sulphur removal efficiency. Costs
have fallen steadily as the process became better understood
and are now equivalent to $100-125 kW', Additionally, better
knowledge of the process has made it possible to design units
with high availability rates and thus eliminate the need for spare
modules. Several new processes are under development, many
of which are designed to remove both SO, and NO,. In recent
years researchers have been investigating the design and opera-
tion of wet FGD modules with high gas velocities. This will
help in making future FGDs smaller and more reliable.
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