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ABSTRACT 

The Power Station X is expected to be retrofitted with a Wet Flue Gas Desulphurisation (WFGD) 

plant to comply with new stringent environmental legislation prescribed for SO2 emissions. Once 

retrofitted the WFGD is expected to be the largest consumer of water in the power plant, 

responsible for nearly 60 % of the stations total raw water consumption. This is of particular 

importance as South Africa is considered to be a water scarce country and the Power Station X 

is also located in the water stressed region of Lephalale.  

Research has shown that cooling of the flue gas upstream of the WFGD plant can result in 

water savings. A techno-economic assessment of options for flue gas cooling with heat 

integration with existing power plant systems was conducted to evaluate the feasibility of the 

options for the application at Power Station X. The flue gas cooling through heat recovery 

options evaluated include: flue gas reheat and boiler feed water (FW) heating. A WFGD process 

model (WPDM) was developed to evaluate the options and the outputs of the technical 

assessment were used to obtain vendor information, and develop the capital and operating cost 

estimates.  

The implementation of any of the flue gas cooling options would result in WFGD water savings 

of 28 % to 30 % (that is, from 0.21 l/kWh to approximately 0.15 l/kWh for WFGD) making the 

WFGD water consumption comparable to that of conventional semi-dry FGD systems. The 

implementation of any of the flue gas cooling options would incur significant capital and 

operating costs. The flue gas cooling through FW heating option was found to have the least 

life-cycle cost however the life cycle assessment of the options was found to be extremely 

sensitive to the outage time requirements for the modification and the cost of water.  

KEYWORDS 

Wet Flue Gas Desulphurisation 

Water Consumption 

Flue gas heat recovery 
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CHAPTER 1 INTRODUCTION 

This chapter provides the background and motivation for this research. The aims, objectives 

and scope of the research are also outlined. 

1.1 Background 

Eskom Holdings SOC Ltd is the largest producer of electricity in Africa with a total generating 
capacity of approximately 42 GW. Eskom’s two new build coal-fired power stations Medupi and 
Kusile, which are currently under construction, will each have a generating capacity of 4800 MW 
consisting of six 800 MW pulverised coal-fired units per power plant. Eskom’s total generation 
capacity is distributed between coal-fired, nuclear, hydroelectric, pumped storage, and gas 
turbine power stations. As shown in Figure 1-1, Eskom depends heavily on coal as a primary 
fuel source for most of its electricity production. 93% of the electricity produced in 2013 was 
generated from its coal-fired power stations as shown in Figure 1-2 (Ranghunandan & Zunkel, 
2013). 

 

Figure 1-1: Eskom’s installed electricity generation energy mix for 42.2 GWh of installed 
capacity (Ranghunandan & Zunkel, 2013). 
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Figure 1-2: Eskom’s energy mix for total electricity production of 233.7 TWh in 2013 
(Ranghunandan & Zunkel, 2013).  

 

Eskom’s dependence on coal for electricity production is expected to continue due to South 
Africa’s large coal reserves. Furthermore growth of the South African economy is very much 
dependent on secure electricity supply which can be obtained using coal (Srivastava, 2000).  

Sulphur oxides (SOx) consisting mostly of SO2 and some SO3 produced during the combustion 
of coal has been classified as a criteria pollutant known to have adverse effects on the natural 
environment and human health when present in elevated concentrations. Power plants in 
Europe typically burn coals with a higher calorific value and lower ash content but higher 
sulphur content than the South African coals (Srivastava, 2000). As such, SOx emissions have 
been regulated internationally for many years (Carpenter, 2012). While South African coals are 
considered to be low sulphur coals, the use of low grade coal ( that is, coal with a low calorific 
value and high ash content) has resulted in increasingly high coal consumptions and therefore 
high SO2 emissions (Srivastava, 2000).  South Africa has therefore adopted similar regulations 
limiting the point source emissions and ambient concentration levels of SO2. 

In South Africa, SO2 emissions are regulated by the Department of Environmental Affairs (DEA) 
which authorised the National Environmental Management: Air Quality Act, 2004, under which 
the Ambient Air Quality Standards [Act 39/2004] and the Minimum Emission Standards (Notice 
248; 31 March 2010) have been published.  According to these acts, the minimum emission 
standards for SO2 emissions in South Africa are shown in Table 1-1. 

Table 1-1: South African minimum emission standard for SO2 emissions (National 
Gazette: National Environmental Management, 2010). 

SO2 Emissions Limit Applicable to Compliance Date 
500 mg/Nm3 at 10% O2 New Plants 2010 
3500 mg/Nm3 at 10% O2 Existing Plants 2015 
500 mg/Nm3 at 10% O2 Existing Plants 2020 

 
The current status of Eskom’s coal-fired power stations with respect to the Minimum Emission 
Standards (MES) for SO2 are summarised in Table 1-2 (Ross, 2012). 
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Table 1-2: Current status of Eskom’s compliance to the Minimum Emissions Standard 
(MES) for SO2 emissions (mg/Nm3) for its coal-fired power stations, adapted from (Ross, 

2012). 

Station 
sub-type 

Station 
Name 

Rating 
(MW) 

2010/11 Spot 
Measurements 
(10% O2) 

Current 
Compliance 
with 2015 
existing 
plant 
standards 

Current 
compliance 
with 2020 
standards 

Required 
SO2 
removal 
efficiency 
to comply 
with 2020 
standards 
*3 

New Build 

A 4800 500*1 Yes Y 87% 

X 4800 4644*2 Yes 

N ( Expected to 
comply 6 years 
after 
commissioning) 

89% 

Existing  

B 4116 1969 Yes No 75% 
C 3600 2039 Yes No 75% 
D 3708 2160 Yes No 77% 
E 3990 2619 Yes No 81% 
F 3654 2382 Yes No 79% 
G 4110 2251 Yes No 78% 
H 3000 1974 Yes No 75% 
I 3600 1858 Yes No 73% 
J 2000 2676 Yes No 81% 
K 2400 1746 Yes No 71% 

Existing, 
Return to 
service 

L 1600 2831 Yes No 82% 
M 1000 2282 Yes No 78% 
N 1200 2737 Yes No 82% 

*1- Power Station A will be commissioned with a Flue Gas Desulphurisation Plant. 
*2- Expected emissions before the planned retrofit of a Flue Gas Desulphurisation Plant six years after the commissioning of each 
unit. 
*3- Based on Eskom 2011 spot emissions testing. 

 
It is clear that while all Eskom’s coal fired power plants will comply with the national MES 
stipulated for 2015, only Kusile power station which is being constructed with a Wet Flue Gas 
Desulphurisation (WFGD) plant will comply with the limits stipulated for 2020. Eskom’s fleet of 
existing coal-fired power plants are not equipped with SO2 abatement technologies and will 
require a retrofit of these systems to meet 2020 compliance levels for SO2 emissions. Also, the 
Power Station X is expected to be retrofitted with a WFGD plant to comply with the 2020 
prescribed SO2 emission limits. 
 

1.2 Overview of SO2 emission reduction technologies applicable coal-fired power 
plants 

A wide range of Flue Gas Desulphurisation (FGD) technologies are commercially available to 
reduce SO2 emissions. A summary of the conventional technologies available for SO2 emissions 
reduction worldwide is shown in Figure 1-3.  
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Figure 1-3: Summary of conventional technologies to reduce SO2 emissions as a result 
of the combustion of coal, adapted from (Srivastava, 2000). 

From Table 1-2, it is evident that Eskom requires SO2 reduction technologies that are capable to 

provide SO2 removal efficiencies of between 70 to 90 % to comply with the emission limits 

prescribed for 2020. The technologies capable of achieving such SO2 removal efficiencies fall 

within the post- combustion category as shown in Figure 1-3. Table 1-3 summarises the main 

FGD technologies installed worldwide and the associated SO2 removal efficiencies and water 

consumption.  

Table 1-3: Summary of main FGD technologies installed worldwide and associated 
performance specification  (Carpenter, 2012). 

FGD technology SO2 removal 
efficiency 
achievable (%) 

Worldwide installed 
capacity (%) 

Water consumption 
(l/kWh) 

WFGD 98 80 0.21 
SDA/CFB 90-95 10 0.14 
DSI 30-60 2 Negligible 
 

WFGD is the most widely implemented technology with approximately 80 % of installed capacity 

worldwide and 84 % of FGD installations in 2012 alone (Carpenter, 2012), (Transparency 
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Market Research, 2013). However WFGD systems require large supplies of water, whereas 

semi-dry absorbers (that is, spray dry (SDA) and circulated fluidised bed (CFB) absorbers), 

which are the second most common FGD systems implemented, require approximately 60 to 65 

% of the water that is consumed by a typical WFGD process. DSI systems consume no water 

with the exception of a small amount that may be required to hydrate the sorbent or humidify the 

flue gas to improve the SO2 removal efficiency (Carpenter, 2012).  

Nonetheless, WFGD systems are the most widely implemented SO2 abatement technology due 

to their ability to achieve high removal efficiencies but mostly because these systems have the 

advantage of lower operating expenses when compared to the other technology alternatives 

from a life-cycle cost perspective (Feng, et al., 2014). The lower operating expense is a direct 

result of the flexibility with respect to the sorbent requirements. In this regard, limestones 

containing between 80 to 96 % CaCO3 can be used in WFGD, whereas dry absorbers and DSI 

systems require high quality (>90 % CaO) burnt or hydrated lime products (Carpenter, 2012). 

Limestone is readily available and significantly cheaper than the high quality lime products 

required for the dry technologies. Furthermore high quality lime products cost roughly three 

times that of South African limestones (Energy, 2003), (Harris, 2013).  

While WFGD captures the majority of the FGD market, and is expected to maintain its 

dominance in the coming years, FGD technologies that reduce water utilisation are becoming 

increasingly more important due to the global rise in the FGD market predicted between 2013 

and 2019 (Carpenter, 2012), (Transparency Market Research, 2013). Reduction in FGD water 

usage is also particularly important for power plants located in arid to semi-arid regions in 

countries such as South Africa, Australia, China, and the United States.  

Since 2000, China has installed CFB-FGD units totalling 6000 MW. In 2007, the Chinese market 

was dominated by WFGD with 90 % installed capacity followed by CFB-FGD with 5.7 % and 

seawater FGD with 0.7 %. A comparative life-cycle environmental assessment of FGD 

technologies in China showed that WFGD is favoured over CFB-FGD when considering larger 

boiler units (>300 MW) (Feng, et al., 2014). Nevertheless the focus has shifted to find viable 

options to reduce water consumption for WFGD plants.  

It is therefore imperative for Eskom to investigate options to reduce the water consumption of 

their power plants being constructed and/or retrofitted with WFGD systems. 

1.3 Motivation 

Globally there is increased pressure on the energy sector to lower its water consumption due to 

the intense competition between agricultural, domestic and industrial water requirements as a 

result of the decline in the per capita availability of water (Carpenter, 2012). The global 
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freshwater demand is expected to grow by 30 % by 2030 while the freshwater supply is 

expected to decrease by 40 % (Hightower, 2014).  

Although there is a clear need for FGD systems to comply with impending emissions 

regulations, one major drawback of WFGD systems is the high water consumption. 

Due to the limited availability and significant cost of high quality calcium based products 

required for conventional dry technologies it is important for Eskom to evaluate options to 

reduce the water consumption requirements for its planned WFGD systems. The WFGD plant is 

the second largest consumer of water in a power plant equipped with a wet cooling system, and 

the largest consumer of water in a power plant equipped with dry cooling and is responsible for 

between 40 to 70 % of the power plants total water consumption (Carpenter, 2012).  

Power Station X will be the largest dry-cooled power station in the world which comes at a 

significantly high energy penalty (that is, approximately 1.75 % points) (CED Engineering, 

Boilers and Turbines, 2006). Once retrofitted the WFGD plant is expected to be the largest 

consumer of water in the power plant, responsible for nearly 60 % of the stations total raw water 

consumption (Harris, 2013). Reducing WFGD water usage is therefore of economic importance 

but is also particularly important because the power plant is located in the water stressed region 

of Lephalale. It is also important for Eskom to consider the technical, economic and 

environmental influences associated with the different options to ensure the development of a 

sustainable solution for WFGD water reduction at Power Station X. It is also further envisaged 

that the results of this research will be used during subsequent technology evaluations for SO2 

emissions reduction at Eskom’s fleet of existing coal-fired power stations and therefore forms 

the motivation for this study.  

1.4 Problem statement 

Power Station X is located in a water stressed region and the retrofit of the WFGD plant will 

increase the power plants total water consumption by approximately 60 %. 

While low water FGD technologies do exist, implementation of these technologies are limited 

within a South African/ Eskom context due to constraints associated with sorbent availability and 

power plant unit size. Conventional dry FGD systems require high quality lime products (burnt 

lime or hydrated lime) that are significantly more expensive and not as readily available as 

limestone (Srivastava, 2000). Dry FGD systems are only applicable to power plants with unit 

sizes of up to 300 MW when high removal efficiencies are required, therefore Power Station X 

would require up to 3 dry FGD units per boiler unit resulting in significant capital cost and 

footprint requirements (Feng, et al., 2014).  
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Power Station X is being constructed as a “WFGD ready plant” and implementation of a 

conventional dry technology would have significant construction, outage and financial 

implications (Harris, 2013).  

With the exception of WFGD wastewater treatment, there is limited published research and 

industrial applications on techno-economically feasible options for improving WFGD water 

consumption on a large scale.  

It is widely known that cooling of the flue gas upstream of the WFGD plant can reduce the 

plant’s total water consumption. Flue gas heat recovery has mostly been evaluated and 

implemented for purposes other than WFGD water consumption reduction with little emphasis 

placed on the achievable water savings and impacts on WFGD process performance (Sarunac, 

2009). The options for flue gas heat recovery include: 

• Flue gas reheat to reduce the visibility of the flue gas plume and/or increase the 

buoyancy of the plume for adequate dispersion of pollutants from the chimney. 

• Flue gas heat recovery through advanced combustion air preheating, boiler feed-water 

(FW) heating and coal drying to improve power plant efficiency.  

A comprehensive techno-economic evaluation of the options available to reduce WFGD water 

consumption through flue gas heat recovery, influences of these options on WFGD plant design 

and performance, and the impacts associated with integrating these options within the power 

plant are not readily available in published literature. Eskom requires such an evaluation as part 

of its decision making process when considering opportunities for WFGD water use reduction. 

This is of specific importance for the engineering design decisions that are required for the 

Power Plant X retrofit project.  

1.5 Aims and objectives 

The aim of this research is to identify the most suitable option from a techno-economic 

perspective, for the reduction of WFGD water consumption through flue gas heat recovery for 

Power Station X. 

The objectives of this research include: 

• Develop a WFGD Process Design Model (WPDM) to determine the main absorber 

process performance parameters and system mass, water and energy balances. 

• Integrate the flue gas heat recovery options identified in literature and industry within the 

WPDM developed to evaluate the impacts of these options on WFGD plant performance 

and water consumption. 
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• Develop a techno-economic assessment that incorporates both the results of the WPDM 

developed and the life-cycle cost assessment of the heat recovery options. 

The WPDM and techno-economic assessment will give Eskom the capability to conduct a 

comprehensive review and analysis of the heat recovery options to quantify water savings, the 

additional benefits, risks and costs of each option. These tools can also be used to conduct 

similar studies for Eskom’s fleet of coal-fired power stations. 

1.6 Scope of the research  

Figure 1-4, below gives an outline of the scope for this research and the approach followed.  

 

Figure 1-4: Outline of scope of the research.  

The scope of the research includes a literature survey of WFGD plant water consumption and 

management to assist with the development and analysis of the process water balance. The 

literature survey also includes a survey of options to reduce the WFGD plant water consumption 

1. Literature survey of  WFGD 
water consumption and  

management, and options to 
reduce WFGD water 

consumption through flue gas 
heat recovery. 

2. Selection of options and 
system configurations for flue 
gas cooling upstream of the 

WFGD and heat recovery. 

3. Data gathering of information 
specific to Power Station X . 

4. Develop  the WPDM to obtain 
the WFGD mass, energy and 

water balances. 

5. Corroborate the WPDM 
developed using Steinmuller 

Engineering GmbH commerical 
WFGD design program (SDP). 

6. Integrate the system 
configurations for each option 
selected in 2. with the WPDM 

developed. 

7. Determine the optimum 
WFGD absorber inlet flue gas 

temperature and quantify water 
savings.  

8. Determine the impacts of 
each system configuration on 

WFGD process  and interfacing 
plant performance. 

9. Compare results obtained 
from the WPDM developed with 

results referenced from 
applicable literature studies. 

10. Determine the major cost 
drivers (capex and opex) for 
each system configuration. 

11. Conduct a life-cycle cost 
assessment of all system 
configurations modelled. 

12. Select and recommend a 
flue gas cooling option based 
on the technical and economic 

assessment. 
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on both a small and large scale. A survey of the options for water reduction through upstream 

flue gas cooling/heat recovery was the main focus of the literature survey.  

The development of a WPDM to obtain the detailed mass, water and energy balances, and 

main performance data for the WFGD process is a major output of the research. At this point it 

is important to note that Eskom procured intellectual property (IP) which included a WFGD 

process design program from Steinmüller Engineering GmbH. The design program will be 

referred to as the Steinmüller Design Program (SDP) throughout this dissertation. The SDP is 

commercially used for the process design, process trouble-shooting and optimisations of WFGD 

plants worldwide since 2004. The SDP was not used to carry out the technical assessment of 

flue gas cooling options due to the following: 

• The SDP is an Excel based program that only includes the WFGD process design. The 

program cannot be easily modified to include the flue gas cooling options evaluated as 

part of this research. 

• At the time of the commencement of this research, the computational algorithm had not 

been fully disclosed and documented. The SDP includes simplifying design assumptions 

and modifications that have been incorporated through improvements and lessons 

learned over many years.  

• The reference data libraries are not included as part of the IP procured by Eskom and is 

therefore not accessible.  

The WPDM was therefore developed for the purposes of this research. The WPDM includes 

both the WFGD process and options to include the upstream flue gas cooling concepts. It is 

important to note that there is currently no operational WFGD plant in South Africa. Since the 

SDP is a commercially used software, it has been used to corroborate the results obtained for 

the WFGD process portion of the WPDM. 

The scope also includes the technical evaluation of the flue gas cooling options through 

simulations of process performance for each concept and the quantification of the water savings 

achievable. The technical evaluation also includes the main impacts associated with each 

concept on the interfacing existing power plant systems. 

The economic assessment includes the capital and operating cost estimates and a life-cycle 

assessment of all options.  

System boundary 

The system boundary of the research is limited to the following: 
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• WFGD process, excluding ZLED wastewater treatment and other balance-of-plant 

(BOP) systems. 

• Only the influences on interfacing power plant systems are considered if the modification 

concepts evaluated include integration with existing power plant systems. 

Operating case for the evaluations covered in this research 

The evaluation was carried out based on the following operating case for Power Station X: 

 

• Coal with 1.8 % sulphur content and untreated flue gas with a SO2 content 5339 mg/Nm3 

(dry, at 6% O2) 

• Limestone with 85 % CaCO3 content 

• 100% Boiler Maximum Continuous Rating (BMCR) 

• 100% availability factor 

• 100% load factor 

1.7 Dissertation structure 

Chapter 1 

This chapter focuses on the background and motivation for this research. The aims, objectives 

and scope of the research are also outlined.  

Chapter 2 

A detailed literature survey is provided in Chapter 2. The literature survey focuses on aspects 

related to WFGD water management and reduction of WFGD water consumption through flue 

gas heat recovery. Heat integration options referenced in literature and available in industry are 

also discussed. 

Chapter 3 

This chapter focuses on the WPDM developed as part of this research and the flue gas cooling 

and heat recovery options evaluated. The calculation methodology and validation of the model 

with a commercially used process modelling software are also presented.  

Chapter 4 

The process data for the reference plant, that is, Power Station X is detailed in this chapter. The 

results obtained through simulations using the WPDM developed and a technical assessment of 

the flue gas cooling and heat recovery options for Power Station X are discussed.  
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Chapter 5 

This chapter discusses the methodology followed for the economic assessment. The results of 

the economic assessment are presented in this chapter. The economic assessment includes 

the capital and operating cost estimates, and a life-cycle cost assessment of the flue gas 

cooling options.  

Chapter 6 

The conclusions derived as a result of the techno-economic assessment are discussed in this 

chapter. Recommendations and opportunities for further improvements and future studies 

related to this research are also discussed. 
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CHAPTER 2 LITERATURE REVIEW 

The literature survey presented in this chapter focuses on aspects related to WFGD water 

management and the reduction of WFGD water consumption through flue gas heat recovery. 

Heat integration options cited in literature and available in industry are also discussed. An 

overview of a typical coal-fired power plant and already employed heat integration systems are 

discussed at the beginning of this chapter. 

2.1 Overview of pulverised coal-fired power plants 

Eskom’s existing and new-build coal-fired power plants consist of pulverised coal-fired boilers 

that generate thermal energy by burning pulverised coal. The power plants operate on a rankine 

cycle in which water is converted into steam in the boiler and fed to a set of turbines where the 

thermal energy is converted to mechanical energy. The steam is condensed after exiting the 

turbine in a condenser. The efficiency of these power plants range between 20 to 45 % 

depending on the steam parameters achieved (Babcock and Wilcox, 2005).  

The power plant consists of the following main systems: 

a. Coal and ash circuit 

This circuit involves the storage, handling and transportation of coal to the boiler and ash 

generated during the combustion process. (Babcock and Wilcox, 2005) 

 

b. Air and flue gas circuit 

This circuit involves the supply of air required for the drying of coal and combustion, and the 

cleaning and exhaust of the flue gas generated during combustion. A typical air-flue gas circuit 

system configuration is shown in Figure 2-1  (Babcock and Wilcox, 2005).  

 

Figure 2-1: System configuration for typical air-flue gas circuit with and without WFGD. 

The flue gas leaving the boiler is used to heat the incoming ambient air required for coal drying 

and combustion in a heat exchanger referred to as the air heater (AH). The flue gas exits the 
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AH and flows through a particulates/fly ash removal system, typically either an electrostatic 

precipitator (ESP) or a Fabric Filter Plant (FFP) which reduces the fly ash concentration to 

stipulated limits. In Eskom power plants the flue gas then exits via the chimney with the aid of 

induced draught (ID) fans. In an arrangement including a post combustion SO2 reduction WFGD 

system the flue gas leaves the particulate control system and enters the WFGD system where 

the SO2 emissions in the flue gas are reduced to required levels before exiting via the chimney 

(Babcock and Wilcox, 2005). This configuration is also shown in Figure 2-1. 

 

c. Feed water and steam Circuit  

This circuit involves the processing of the steam generated by the boilers through the turbines, 

the condensation of the steam leaving the turbine in a condenser and the reheat of the 

condensate/ boiler feed water through a series of feed water heaters (FWH’s) before it can be 

reused in the boiler (Babcock and Wilcox, 2005).  

 

d. Condensate cooling circuit 

This circuit involves the supply and/or treatment of the cooling medium used to cool the steam 

in the condenser (Babcock and Wilcox, 2005). There are three main types of cooling systems 

namely; once-through cooling, evaporative/wet cooling and dry cooling. Hybrid systems of both 

wet and dry cooling also exist. The type of cooling system employed has a large impact on the 

power plants total water consumption (Delgado & Herzog, 2012). Eskom’s existing coal-fired 

power plants have mostly implemented evaporative/wet cooling systems which have resulted in 

large water consumption, however its new-build power plants are installed with air cooled 

condensers (ACC’s) which significantly decreases the power plants overall water requirements. 

The inclusion of ACC’s as a water savings initiative at Eskom’s new-build power plants comes 

at a significant cost and energy penalty. Based on a study conducted for one of Eskom’s coal-

fired power plants, the implementation of ACC’s in the place of a conventional wet cooling 

system reduces the water consumption of the power plant from approximately 2 l/kWh to 0.14 

l/kWh (that is, without FGD) with an energy penalty of approximately 1.75 %-points (CED 

Engineering, Boilers and Turbines, 2006). The water savings realised with the implementation 

of ACC’s as opposed to wet cooling re-emphasises the importance for reducing the WFGD 

water demands (Delgado & Herzog, 2012). 

 

2.1.1 SO2 emissions 

The combustion of coal for power generation is singularly the largest manmade source of SO2 

emissions responsible for approximately 50 % of the annual global emissions (Carpenter, 2012). 

This is because coal consists of organic and inorganic forms of sulphur, where coal with a 

sulphur content lower than 2 % is referred to as low sulphur coal while coal with a sulphur 
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content above 2 % is referred to as high sulphur coal. In the past, Eskom mostly processed low 

sulphur coals however most of its power plants have been receiving high sulphur coals in recent 

years (Srivastava, 2000). It is expected that Power Station X may be supplied with coal with 

sulphur contents of up to 1.8 % with the potential to worsen in the future (Harris, 2013). The 

inorganic portion of the sulphur present in coal can be reduced through coal washing and/or 

coal beneficiation; however this may only reduce the inorganic sulphur content of the coal by 

about 30 % (Srivastava, 2000). During combustion the sulphur present in the coal is converted 

to SO2 and leaves the boiler with the flue gas. The concentration of sulphur in the flue gas must 

be reduced to comply with the emissions regulation using SO2 reduction technology such as a 

WFGD. 

2.1.2 Water consumption 

The amount of water used by a power plant depends on the type of boiler (that is, subcritical, 

supercritical or ultra-supercritical) and the cooling system employed. The main users of water in 

the power plant are; demineralised water production (boiler make-up), cooling and WFGD. 

Cooling with evaporative/wet cooling systems, followed by WFGD is the largest consumer of 

water for power plants while the WFGD water demand is equivalent, if not greater than the 

requirements for demineralised water production in stations with dry cooling.  Other uses of 

water may include fly ash conditioning, dust suppression, coal washing, fire protection and 

potable water production and other miscellaneous users (Delgado & Herzog, 2012).  

The water usage cycle of a typical coal fired power plant has become rather complex in recent 

years with the treatment, recycle and reuse of water within the plant. Eskom adopted the Zero 

Liquid Effluent Discharge (ZLED) policy in 1989 which prohibits the discharge of liquid effluents 

outside the boundaries of the power plant. This policy was adopted to reduce the water 

consumption of the plant by encouraging the recycle and reuse of all liquid waste streams to 

preserve the quality of the raw water sources. This implies that all waste streams need to be 

treated where necessary and recycled for reuse within the plant (Eskom Holdings SOC, 2010).  

2.1.3 Conventional power plant heat integration, waste heat/energy recovery 

The following heat recovery and integration systems are conventionally adopted in coal-fired 

power plants to improve the efficiency of the plant (Babcock and Wilcox, 2005), (Nielsen, et al., 

2012). 

a. Combustion air preheat & advanced combustion air preheat 

Combustion air is supplied to the boiler and flue gas is removed from it. The combustion air 

supply to the furnace is achieved through the addition of primary air in a rich coal-air stream and 
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a secondary air stream to allow for complete combustion. The temperature of combustion air 

(primary and secondary) is increased in an air heater (AH) to increase the thermal efficiency of 

the boiler (Nielsen, et al., 2012). After the AH the primary air is directed to the coal mills to 

convey the coal to the furnace and the secondary air is supplied directly to the furnace. The 

combustion air is heated in the AH by the flue gas leaving the boiler (Babcock and Wilcox, 

2005).  

The energy content of the flue gas consists of both sensible heat (related to the temperature of 

the flue gas) and latent heat (related to the content of water vapour in the flue gas) (Delgado & 

Herzog, 2012). The temperature of the flue gas leaving the boiler is typically in the range of 300 

to 450 ˚C and it is common practice to recover the sensible heat in the AH until the temperature 

of the flue gas reaches approximately 150 ˚C (Babcock and Wilcox, 2005). Regenerative type 

heat exchangers are commonly used for this purpose. The temperature of the flue gas at the 

AH exit is typically 10 ˚C above the acid dew point temperature to prevent acid condensation on 

the heat transfer surfaces of the heat exchanger and downstream ductwork (Sarunac, 2009). 

The risk of acid condensation is the main limitation impeding the recovery of the remaining 

sensible heat which is eventually lost with the discharge of the flue gas through the WFGD plant 

or the chimney in plants without a WFGD system (Sarunac, 2009).  

Regenerative type heat exchangers such as the Ljungstrom AH are vulnerable to fouling and 

plugging due to the temperature of the cold end being significantly below the acid dew point 

temperature. Advanced combustion air preheat therefore involves increasing the temperature of 

the air before it enters the AH. This is achieved through a Steam Air Heater (SAH) which makes 

use of steam extracted from the turbine as a heating medium (Sarunac, 2009).  

Latent heat recovery from flue gas is beyond the scope of this research due to the practical 

limitations associated with the cooling of the flue gas to very low temperatures and the 

beneficial use of the recovered low-temperature heat on a large scale.  

b. Boiler feed water heating 

As mentioned earlier the steam leaving the turbine is condensed in a condenser and heated 

through several feed water heaters (FWH’s) before reuse with the boiler. Steam extracted at 

numerous points of the turbines is used as the heating medium for the FWH’s (Wang, et al., 

2014).  

Extraction of steam from the turbine for the purposes of heating elsewhere in the power plant 

(that is, advanced air preheat and boiler FW heating) ultimately reduces the nett power output 

and efficiency of the power plant. Recovery of the remaining sensible heat present in the flue 

gas can be used for advanced combustion air preheat and/or FW heating which could reduce 
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the demand for extracted steam and thereby improve the power plant efficiency. Furthermore 

and of particular importance for this research, additional cooling of the flue gas upstream of the 

WFGD to lower the temperature of the flue gas entering the absorber would result in lower 

evaporation during SO2 absorption and therefore reduce the WFGD make-up water 

requirements (Sarunac, 2009).  

2.2 WFGD system description 

WFGD is a post-combustion SO2 reduction technology and different variations of this 

technology, based mainly on absorber tower type and the reagent used, have been 

implemented. In the present study, the focus is on the limestone-forced-oxidation (LSFO) 

WFGD technology variation, in which SO2 is absorbed from the untreated flue gas with 

limestone slurry which is introduced into the absorption tower in the form of finely dispersed 

limestone-slurry droplets that flows counter current with the flue gas  (Nolan, 1996).  

In the LSFO WFGD process, the dissolved limestone reacts with the SO2 absorbed from the 

incoming flue gas, while the introduction of excess oxygen ensures the oxidation of sulphite 

species to form sulphates (that is, through forced oxidation) that ultimately results in the 

formation of gypsum as the main by-product. The resulting gypsum slurry is then passed 

through a gypsum dewatering system to produce good quality gypsum that adheres to 

predetermined specifications (Electric Power Research Institute, 2007).  

The LSFO WFGD plant therefore consists of three main sub-systems namely: the limestone 

slurry preparation stage, the SO2 absorption stage and the gypsum dewatering stage, illustrated 

in Figure 2-2. 
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Figure 2-2: Schematic representation of a typical WFGD process.  

2.2.1 Limestone slurry preparation 

Limestone may be delivered to the plant either in pre-milled form, or must first be milled to 

obtain the appropriate particle size (that is, typically 44 microns) (Binkowski, 2009). Raw and/or 

reclaim water is then added to produce limestone slurry that is fed to the absorber for the 

absorption of SO2.  

2.2.2 SO2 absorption and gypsum formation 

The typical layout of a WFGD absorber is schematically shown in Figure 2-3, in which the main 

reactions taking place in each section are also summarised. 
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Figure 2-3: Typical layout of a WFGD absorber, adapted from (Dene, 2007). 

The absorber is divided into the spraying zone, reaction tank/zone and the clean gas zone. 

Absorption takes place in the spraying zone where the flue gas stream is brought into contact 

with the limestone slurry droplets (that is, a mixture of limestone, by-products and water). The 

reaction tank/zone is used to introduce the oxidation air and to provide sufficient time for 

completion of the chemical reactions, that is, limestone dissolution, oxidation, gypsum 

crystallisation and growth (Dene, 2007). 

The chemical reactions taking place in the WFGD absorber are quite complex, with gas-gas; 

liquid-liquid and liquid-solid reactions occurring simultaneously. In accordance with the main 

chemical reactions that occur in the WFGD process as summarised in Figure 2-3, the overall 

chemical reactions for SO2, HCl, and HF absorption are given in Equation (2-1) to Equation (2-

3) (Electric Power Research Institute, 2007). 

2242223 2.
2
1 COOHCaSOOHOSOCaCO +→+++       (2-1) 

2223 2 COCaClOHHClCaCO +→++        (2-2) 

2223 2 COCaFOHHFCaCO +→++         (2-3) 

As shown in Reaction Scheme (RS.1) in Figure 2-3, SO2 is absorbed in the aqueous phase of 

the slurry droplets and forms sulphurous acid (H2SO3), which dissociates into bisulphite (HSO3
-) 

and sulphite ions (SO3
2-). The fresh limestone slurry is fed to the reaction tank and circulated to 

the spray headers with the aid of recirculation pumps, while the slurry droplets returns to the  
37 



reaction tank due to gravity. Alternatively, the limestone slurry may also be fed directly into the 

recirculation lines of any or all of the spray levels. Calcium carbonate (CaCO3) and other 

alkaline species present in the limestone dissolve in the aqueous phase and neutralise the 

hydrogen ions released with the dissociation of the absorbed acidic compounds  (Dene, 2007). 

Oxidation air is supplied to the absorber reaction tank to oxidise the bisulphite and sulphite ions. 

The retention time of solids in the absorber is typically twelve hours and allows for the 

precipitation and growth of the gypsum (CaSO4.2H2O) crystals (Binkowski, 2009) .  

The slurry is re-circulated continuously from the absorber reaction tank to the spray banks that 

consist of headers equipped with numerous spray nozzles. The spray banks provide the 

required liquid to gas (L/G) ratio, which is the volume of slurry required relative to the volume of 

gas treated, to achieve the desired SO2 removal efficiency. The spray nozzles disperse the 

slurry into droplets with a well-defined diameter that are distributed across the cross-section of 

the absorber to absorb the acid components (SO2, SO3, HF, and HCl) present in the flue gas 

(Binkowski, 2009). Hydrogen chloride (HCl) also present in the flue gas entering the absorber is 

highly soluble and easily removed in the absorber (Electric Power Research Institute, 2007). 

A single/multiple stage mist eliminator is typically installed above the spray levels to remove the 

entrained coarse and fine slurry droplets that may be carried over with the flue gas. The mist 

eliminators are periodically washed to remove the trapped solids and the runoff is returned to 

the absorber by gravity (Binkowski, 2009).  

The untreated flue gas enters the absorber at approximately 150 ˚C and is cooled (due to the 

evaporation of water) to the adiabatic saturation temperature of the flue gas, which ranges from 

48 to 55 ˚C depending on the water content and temperature of the incoming flue gas. During 

the SO2 absorption process the flue gas therefore becomes saturated with water from the 

scrubbing liquid. The water loss (with respect to the slurry) is compensated by the addition of 

make-up water to the absorber (Dene, 2007) (Electrical Power Research Institute, 2007).  

The solids concentration, liquid level, pH and chlorides concentration in the reaction tank are 

the main parameters monitored and controlled in the absorber (Electrical Power Research 

Institute, 2007). The solids concentration is controlled to provide sufficient time for the formation 

and growth of the gypsum crystals; the liquid level is used to control the addition of make-up 

water to the absorber; pH is used to control the addition of fresh limestone slurry to the 

absorber, and the chloride concentration is monitored to prevent corrosive effects to the 

absorber’s materials of construction. To control the solids and chloride concentrations in the 

reaction tank, a small portion of the slurry, referred to as gypsum/absorber slurry bleed, is 

discharged from the reaction tank (Electrical Power Research Institute, 2007).  
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2.2.3 Gypsum dewatering   

The purpose of this refinement stage is to separate the gypsum from the unwanted 

contaminants and water present in the gypsum slurry bleed stream and to selectively remove 

the unwanted contaminants to prevent their build-up within the WFGD process. Refinement of 

gypsum is achieved in two steps namely: separation of the gypsum from the impurities, and 

dewatering depending on the end use of the gypsum. Separation is achieved by means of 

hydro-cyclones and dewatering is achieved typically using vacuum belt filters (Filtres Philippe, 

2016). 

The gypsum slurry containing a mixture of gypsum, limestone, salts and dust particles is bled 

from the absorber and routed to the gypsum hydro-cyclones. The gypsum hydro-cyclone 

underflow is concentrated with coarse gypsum particles and is admitted by gravity directly onto 

the vacuum belt filter cloth, where the gypsum layer is dewatered by applying a vacuum to the 

belt filter cloth. The filter cake is washed with water with a low chloride content to decrease the 

chloride content of the dewatered gypsum to the required level. The gypsum hydro-cyclone 

overflow contains a finer portion of solid particles (gypsum, limestone, insoluble impurities of 

limestone, and fly ash). The overflow is typically reclaimed to the WFGD absorbers with a small 

portion being bled off, which represents the WFGD wastewater stream, to control the build-up of 

chlorides, fines and other impurities in the absorber reaction tank (Electric Power Research 

Institute, 2007).  

The overall mass balance for the WFGD process is governed by the nett chemical reaction as 

shown in Equation (2-1), although the presence of acid components, CO2 and chloride species 

in the system further complicates the mass balance calculations (Maller, 2008). 

A simplified representation of the overall material balance is schematically illustrated in Figure 

2-4 for the WFGD process showing all incoming and outgoing streams.  

 

Figure 2-4: A simplified representation of the overall mass balance over the WFGD 
process. 
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The chlorides balance over the WFGD system is of particular importance and is a key 

determinant in the determination of the wastewater bleed stream (Institute, 2008). 

2.2.4 Energy Balance over the WFGD Absorber 

The energy balance over the WFGD process includes the energy associated with the inlet and 

outlet streams shown in Figure 2-4, the sensible heat associated with the incoming flue gas, the 

heat generated by the absorption reactions and the latent heat associated with the evaporation 

of water from the slurry droplets (Dene, 2007). The sensible heat is a function of the mass flow 

rate and temperature of the flue gas, and therefore the higher the mass flow rate and 

temperature of the flue gas the higher the rate of heat lost through the chimney (Electric Power 

Research Institute, 2007). The change in latent heat of the flue gas from the WFGD inlet to the 

outlet is a function of the water vapour content of the incoming flue gas, that is, the by-product 

of coal combustion, and the extent of evaporative cooling of the flue gas in the WFGD absorber 

(Sarunac, 2009). The latent heat of vaporisation of water is understandably the largest sink for 

the sensible heat entering the WFGD with the flue gas.  

2.2.5 Water Balance  

The various streams in which water enters and leaves the WFGD process are summarised in 

Figure 2-5. 

 

Figure 2-5: Overview of WFGD water balance (Haiping, et al., 2014). 

As shown in Figure 2-5, water is lost through the treated flue gas, gypsum and wastewater 

bleed outlet streams.  
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WFGD processes can be designed to operate as “closed-loop” or “open-loop” processes. In a 

“closed-loop” WFGD process, water can leave the system via two ways, namely: (i) residual and 

bound moisture in the gypsum by-product, since hydrated gypsum is formed, and (ii) 

evaporation into the flue gas stream. In the “closed-loop” process the water added to the 

process is exactly balanced with the water lost in the hydrated by-product and through 

evaporation. In “Open-loop” systems a wastewater discharge/bleed stream is included to purge 

the chlorides and other impurities so that these impurities do not accumulate in the system. In 

these systems, fresh make-up water needs to be added to balance the wastewater stream 

losses in addition to the losses through the gypsum by-product, and through evaporation 

(Electric Power Research Institute, 2007).  

The inlet and outlet streams involved in the WFGD water balance are discussed individually in 

the following sections. 

a. Moisture in the untreated flue gas 

 

Water enters the WFGD absorber via the water vapour content of the untreated flue gas which 

is typically in the order of 6 to 10 % (that is, vol-%) for sub-bituminous coals (Babcock and 

Wilcox, 2005). Since the flue gas is cooled to the adiabatic saturation temperature of water, it is 

usually assumed that the water in the untreated flue gas exits the absorber with the treated flue 

gas as water vapour (Binkowski, 2009).  

 

b. Water for limestone slurry preparation 

 

Water is required for limestone slurry preparation to allow for efficient distribution of the slurry in 

the absorption tower. The concentration of the limestone slurry typically ranges between 10 to 

30 % (Electrical Power Research Institute, 2007) and mostly depends on the length of limestone 

slurry piping and the materials of construction used (Binkowski, 2009).  

c. Gypsum washing 

 

The extent of gypsum washing depends on the specifications related to the particular end use of 

the gypsum. The gypsum is washed to reduce the chloride content to the specified levels as 

required for commercial grade gypsum. The chloride content is therefore the principal 

determinant of the intensity of gypsum washing that is required (Electrical Power Research 

Institute, 2007). 

 

d. Mist eliminator flushing 
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As mentioned above, mist eliminators installed in the absorber are used as droplet separators to 

prevent entrained slurry droplets from escaping the WFGD with the treated flue gas stream. The 

mist eliminators are flushed periodically to remove adhering solids, and the water introduced 

during flushing is also considered as a source of water that is introduced into the absorber to 

wholly or partly compensate for the water lost through evaporation, gypsum, and wastewater 

bleed (Electric Power Research Institute, 2007). This is of particular importance when 

evaluating the water balance and determining the optimum temperature of the untreated flue 

gas before entering the absorber (Binkowski, 2009). This point will be discussed in greater 

detail in Chapter 4.  

 

e.  Moisture in the oxidation air 

 

Since ambient air is used for oxygen supply to the absorber, this stream introduces a small 

source of moisture into the process depending on the ambient conditions of the plant.  

 

f. Moisture in the treated flue gas 

 

This stream represents the largest loss of water in the process in the form of water vapour and 

some slurry droplet carryover which can be considered negligible in the flue gas (Binkowski, 

2009). The water lost through evaporative cooling of the flue gas is responsible for over 90 % of 

the overall WFGD water requirements (Haiping, et al., 2014).  

 

g. Moisture in the gypsum by-product 

 

Water lost with the gypsum by-product varies depending on the dewatering system used as well 

as the end use of the gypsum. Saleable grade gypsum typically has a residual moisture content 

of 10 % (Haiping, et al., 2014), (Harris, 2013).  

 

h. Gypsum crystal water 

 

Water is inherently lost through the di-hydrate portion within the crystal structure of the gypsum 

by-product, that is, CaSO2.2H2O (Electric Power Research Institute, 2007).  

 

i. Wastewater bleed stream  

 

The wastewater bleed stream is mainly defined by the maximum allowable chloride content in 

the absorber, and the chloride concentration in the untreated flue gas and feed-water, while 
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fines and other impurities are also considered. This stream typically contains the remaining 

HSO3
- and SO3

2- ions that have not been oxidised, calcium sulphite, other metal sulphates, 

chlorides, undissolved Ca2+ and Mg2+ ions, other impurities (Na+, K+
, etc.) and fines/particulates 

(Maller, 2008). The water leaving the absorber in the gypsum slurry is mostly reclaimed and 

recycled back to the absorber with only a small portion discharged to prevent the build-up of 

chlorides and other impurities in the system (Electric Power Research Institute, 2007). The 

wastewater bleed stream can be used within the power plant or treated to recover the water at a 

higher quality before reuse which is typical at plants that have adopted the ZLED policy.  

2.3 Options to reduce water consumption 

The options available to reduce the water consumption are discussed in the following sections. 

2.3.1 Recycle and reuse of WFGD streams 

With the exception of water lost through evaporation, residual and bound moisture contained in 

the dewatered gypsum by-product and the wastewater bleed, most of the water contained in the 

gypsum slurry leaving the absorber can be reclaimed and reused within the process. The water 

used for gypsum washing can be recovered as a filtrate and used as part of the water 

requirement for limestone slurry preparation and/or reclaimed back to the absorber (Electric 

Power Research Institute, 2007). The wastewater bleed stream can be reused within the power 

plant, however modern wastewater treatment processes such as evaporative crystallisation are 

capable of recovering almost 90 % of the wastewater at a higher quality for reuse within the 

WFGD or other areas of the power plant.  

 

2.3.2 Recycle and reuse of power plant waste streams 

Water required for the WFGD process may be sourced from the power plants raw water 

allocation or other waste streams in the power plant were applicable. The main limiting 

parameters for the use of power plant effluent streams include concentration of chlorides, 

sulphates, organics, dissolved and suspended solids due to their effects on the WFGD plant 

performance and operation when present in elevated concentrations (Electric Power Research 

Institute, 2007), (Binkowski, 2009).   

2.3.3 Operating chloride content in the absorber 

The operating chloride level in the absorber has a considerable effect on the quantity of 

wastewater that needs to be purged from the system. The operating chloride level in the 

absorber is limited by the absorber materials of construction. At higher chloride levels (that is, 

above 30000 ppm), corrosive effects require the use of highly resistant expensive alloys or 
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other non-metallic materials. Higher chloride levels in the absorber can also result in a lower pH 

and consequently a lower SO2 solubility  (Electric Power Research Institute, 2007), (Binkowski, 

2009).  

 

2.3.4 2-stage wastewater separation 

The portion of the gypsum hydro-cyclone overflow that would typically be discharged as 

wastewater can be further separated/refined in a second hydro-cyclone stage. This allows for 

the recovery of more water and undissolved limestone in the underflow which can be reclaimed 

back into the process and the smaller overflow stream containing mostly chlorides, impurities 

and fines can then be discharged from the process (Electric Power Research Institute, 2007).  

 

2.3.5 Reduce water lost through evaporation in the absorber  

Water lost through evaporation represents the greatest opportunity for water reduction within the 

FGD (Haiping, et al., 2014). The amount of water lost through evaporative cooling of the flue 

gas depends on the temperature difference between the untreated flue gas and the adiabatic 

saturation temperature of the flue gas. Therefore, the higher the temperature of the untreated 

flue gas, the greater the water lost through evaporative cooling. Reducing the temperature of 

the untreated flue gas closer to saturation before entering the absorber is therefore desired to 

reduce the amount of water lost through evaporation (Haiping, et al., 2014).  

 

2.4 Influence of flue gas temperature on WFGD water balance 

The reduction in water consumption through cooling of the untreated flue gas before entering 

the absorber can be illustrated using a Psychrometric Chart (h,x-diagram)  (Lechner & Seume, 

1982). Using such charts, the amount of water lost through evaporation can be conveniently 

calculated and compared for a WFGD plant with and without flue gas cooling. The h,x-diagram 

for a flue gas inlet temperature of 144.6°C (that is, no flue gas cooling prior to the absorber) is 

shown in Figure 2-6.  
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Figure 2-6: h-x diagram for WFGD plant without flue gas cooling upstream of the 
absorber (Lechner & Seume, 1982). 

In the absorber the untreated flue gas, with a temperature of 144.6 °C, and an absolute humidity 

of xH2O = 0.06 (that is, 6.0 mol %) is cooled to the adiabatic saturation temperature while the 

enthalpy of the flue gas remains constant since the sensible heat is simply converted into latent 

heat (assuming negligible heat loss to the environment through the absorber walls). Using the 

h-x diagram of Figure 2-6, the flue gas outlet temperature can be found to be 53 °C with the 

absolute moisture content being equal to xH2O = 0.098, since it is known that the relative 

humidity of the exiting flue gas is 100 %. With the molar flow rate of the flue gas at the inlet and 

outlet known, the amount of water lost through evaporation can be computed, and thus should 

again be added to the absorber in one way or another to maintain the desired solids 

concentration of the slurry in the reaction tank. 

The h,x-diagram for a lower absorber inlet flue gas temperature of 100 °C (that is, in the case of 

upstream flue gas cooling) is shown in Figure 2-7. 
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Figure 2-7: h-x diagram for WFGD plant with flue gas cooling upstream of the absorber, 
that is, reduced absorber inlet flue gas temperature (Lechner & Seume, 1982). 

Following the same procedure, but with an inlet temperature of 100 °C and an absolute 

moisture concentration of 6.0 mol % as shown in Figure 2-7, the temperature of the exiting flue 

gas can be determined to be 49 °C while the outlet moisture concentration is xH2O = 0.081. This 

example clearly shows that cooling of the flue gas upstream of the absorber can result in a 

significant reduction in water lost through evaporation (as is evident from visual comparison 

between Figure 2-6 and Figure 2-7) in the absorber and therefore the overall WFGD water 

consumption. 

During an evaluation of the WFGD plant water balance for a 600 MW coal-fired unit equipped 

with a jet bubbling reactor (JBR) FGD system, Haiping et al.  (2014) found that the make-up 

water required to compensate for water lost through evaporation accounted for more than 90 % 

of the total WFGD water requirement, and that a major portion of the remaining 10 % could be 

attributed to wastewater discharge. Haiping et al. (2014) also investigated the influence of the 

WFGD inlet flue gas temperature on the water balance. The results for this investigation are 

shown in Table 2-1. 
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Table 2-1: Results obtained by Haiping et al. (2014) for the influence of untreated flue gas 
temperature on water consumption. 

Flue Gas 
Temperature (°C) 

Wastewater (t/h) Evaporation (t/h) Process Water 
Consumption (t/h) 

120 9.4 88.0 98.5 
130 9.7 100.0 109.8 
140 9.9 110.1 121.1 
150 10.2 121.3 132.7 
160 10.5 132.6 144.3 
170 10.8 143.8 155.8 
180 11.1 155.2 167.4 
190 11.4 166.5 179.1 
200 11.7 178.1 191.0 
 

Haiping et al. (2014) found that the the rate of evaporation and wastewater discharge flow rate 

increased by 102.4 % and 25.3 % respectively when the WFGD inlet flue gas temperature was 

increased from 120 to 200 ˚C. Haiping et al. (2014) also noted that the saturation temperature of 

the treated flue gas exiting the absorber increased by 0.75 °C for every 10 °C increase in the 

temperature of the untreated flue gas entering the absorber.  The results obtained by Haiping et 

al. (2014) show that the overall process water consumption for this reference plant would be 

reduced by approximately 48.4 % (that is, 0.31 l/kWh to 0.16 l/kWh) if the temperature of the 

untreated flue gas is decreased from 200 to 120 ˚C. 

Haiping et al. (2014) concluded that measures to reduce the WFGD inlet flue gas temperature 

and thereby effectively reducing the loss of water through evaporation would result in significant 

water savings for WFGD plants situated in the western dry areas of China where water 

conservation is important due to the shortage of water resources, as is the case in many regions 

in South Africa. 

2.5 Flue gas heat recovery options 

Various options exist for the reduction of the flue gas temperature before it enters the WFGD 

absorber, since the sensible heat can simply be removed, or can be recovered in a number of 

different ways. In principle, the untreated flue gas can be cooled before entering the WFGD unit 

using an external cooling medium such as water or air, or through recovering the sensible heat 

using an existing fluid medium of the power plant. This dissertation focuses on the recovery and 

reuse of the sensible heat from the flue gas for flue gas reheat or for heat integration with other 

process streams within the power plant, and thus will be elaborated further in the subsequent 

sections.  
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2.5.1 Flue gas reheat 

The treated flue gas exiting the WFGD absorber is typically reheated from between 45 to 60 ˚C 

to between 90 to 120 ˚C, to increase the buoyancy of the flue gas plume to allow for improved 

dispersion of the residual pollutants present in the flue gas leaving the chimney (Sarunac, 

2009). In the past, the treated flue gas would be heated through reheaters using steam 

extracted from the low pressure (LP) turbine. Steam extraction consequently results in the 

reduction of the steam turbine power output, and thus the plant’s nett thermal efficiency. The 

need for steam extraction or an external heating source can at least be wholly or partially 

eliminated by exploiting the temperature difference between the untreated and treated flue gas 

streams of the WFGD plant when the sensible heat is extracted from the flue gas before it 

enters the WFGD absorber. The residual heat recovered is then simply discharged to the 

atmosphere via the chimney.  

The advantages of this option include the benefits of improved flue gas exhaust characteristics, 

that is, the stack velocity and the plume buoyancy, lower volume of steam extraction and thus 

improved plant efficiency, and most importantly the reduction of the WFGD water consumption 

since the make-up water requirements are reduced. 

The heat exchange can be achieved using cross-flow heat exchangers, heat displacement 

systems and heating tubes, however the Ljungstrom regenerative type heat exchanger has 

become the popular method of choice in recent years. While there are practical considerations 

such as heat exchanger materials of construction, increased pressure drop, heat exchanger 

fouling and leakage, this configuration presents an attractive option to reduce the WFGD 

evaporative water losses (Sarunac, 2009). 

2.5.1.1 Flue gas reheat through regenerative heat exchange 

Haiping et al. (2014) investigated the influences of the inclusion of a regenerative type gas-to-

gas heater (GGH) with a flue gas stream originating from a 600 MW coal-fired unit equipped 

with a JBR FGD system. The simplified process configuration for this concept is shown in Figure 

2-8.  
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Figure 2-8: Schematic representation of the WFGD system with GGH, adapted from 
(Haiping, et al., 2014). 

 

In this concept the WFGD inlet flue gas temperature is reduced by 37 ˚C from 132 to 95 ˚C 

using the GGH and this results in reductions of 42 %, 12 % and 39 % for evaporative water 

losses, water lost through wastewater discharge and overall process water consumption 

respectively. The influences of the GGH on the WFGD flue gas temperatures and water balance 

are summarised in Table 2-2. 

Table 2-2: Influences of GGH on flue gas temperature and WFGD water balance.  
 Without GGH With GGH 
Untreated flue gas temperature (GGH inlet) (˚C) - 132 
Untreated flue gas temperature (WFGD inlet) (˚C) 132 95 
Treated flue gas temperature (WFGD outlet) (˚C) 50.8 47.6 
Treated flue gas temperature (GGH outlet) (˚C) - 84.9 
Water lost through evaporation (t/h) 101.3 58.7 
Wastewater discharge flow rate (t/h) 9.7 8.6 
 

Haiping et al. (2014) also noted that the saturation temperature of the treated flue gas 

decreased by 3.2 °C and the flue gas plume rise height was improved by the reheating of the 

treated flue gas before discharging via the chimney. Based on the findings described above, 

Haiping et al. (2014) concluded that the inclusion of a GGH would significantly reduce the water 

consumption of the WFGD system and also improve the characteristics (that is, buoyancy of the 

plume and dispersion of the residual pollutants) of the flue gas exhausted from the chimney. 

The visibility of the flue gas plume is also reduced at higher exhaust temperatures. 

2.5.1.2 Flue gas reheat and heat displacement 

Heat displacement involves the utilisation of the heat recovered from the untreated flue gas in a 

heat exchanger located upstream of the WFGD, just as in the regenerative heat exchange 

method (Section 2.5.1.1) for flue gas reheat and/or other heating purposes within the power 
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plant (Sarunac, 2009). Variations of this technology which have been developed and are 

commercially available most notably include ECOGAVO, ECOCROSS and ECOSTAT. 

Variations of this technology are typically distinguished by the type of heat exchanger used, 

associated materials of construction and corresponding investment cost, footprint and 

maintenance requirements. 

Sarunac (2009) investigated three configurations for flue gas reheat with heat displacement. 

The baseline plant characteristics for the power plant for which the evaluations were done are 

summarised in Table 2-3.  

Table 2-3: Baseline plant characteristics for Power Plant Z. 
Nett power output (MW) 580 
Emissions abatement technology ESP and WFGD 
Coal Washed Illinois 
HHV (MJ/kg) 24.6 
Ƞboiler (%) 90.67 
Qsensible in flue gas (MJ/h) 260.6 x 103 

Qtotal in flue gas (MJ/h) 295.4 x 103 

 

Configuration A: Flue gas reheat (flue gas-to-water heat exchange and heat recovery) 

A schematic representation of this configuration is shown in Figure 2-9.  

 

Figure 2-9: Schematic representation of the WFGD with flue gas reheat through heat 
displacement, adapted from (Sarunac, 2009). 

 

This configuration includes a water loop which recovers the heat from the untreated flue gas in 

a flue gas cooler (FGC) located upstream of the WFGD and transfers the heat to the saturated 

treated flue gas in a reheater (FGRHT) located upstream of the chimney.  
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The influences of this configuration on flue gas temperature and treated flue gas moisture 

content are shown in Table 2-4, according to the results of (Sarunac, 2009). 

Table 2-4: Influences of flue gas reheat on flue gas temperature and treated flue gas 
moisture content for Configuration A. 

 Without Reheat With Reheat 
Untreated flue gas temperature at FGC inlet (˚C) - 154 
Untreated flue gas temperature at FGD inlet (˚C) 154 126 
Treated flue gas temperature at FGD outlet (˚C) 44 44 
Treated flue gas temperature at reheater outlet (˚C) - 71 
Untreated flue gas moisture content (vol-%) 9.1 
Treated flue gas moisture content (vol-%) 15.9 14.3 
 

Sarunac (2009) found that the reduction in the untreated flue gas temperature from 154 to 

126˚C (that is, 28 ˚C) reduces the amount of water lost through evaporative cooling in the 

WFGD and found that a water savings of 30 % can be achieved with the reheat configuration 

when compared to the no reheat baseline configuration. In the particular case study however, 

the acid dew point temperature was estimated to be 129 ˚C, resulting in a small section of the 

FGC operating below the acid dew point. The heat-exchange surfaces would need to be 

constructed from corrosion resistant alloys or plastic (Sarunac, 2009). The treated flue gas 

leaving the FGD was heated from 44 to 71 ˚C. 

Configuration B: Flue gas reheat with FW heating or advanced combustion air preheating 
(flue gas-to-water heat exchange and heat recovery) 

A schematic representation of this configuration is shown in Figure 2-10.  

 

Figure 2-10: Schematic representation of the WFGD with flue gas reheat through heat 
displacement including heat recovery to the FWH system, adapted from (Sarunac, 2009). 
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In this configuration more heat is recovered from the untreated flue gas in the FGC as the 

untreated flue gas is cooled to 71 ˚C upstream of the WFGD and the saturated treated flue gas 

is reheated to 71˚C. The remaining heat can be used for FW heating and/or advanced 

combustion air preheat. The influences of this configuration on flue gas temperature and treated 

flue gas moisture content are summarised in Table 2-5. 

Table 2-5: Influences of flue gas reheat on flue gas temperature and treated flue gas 
moisture content for Configuration B (Sarunac, 2009). 

 Without Reheat With Reheat 

Untreated flue gas temperature at FGC inlet (˚C) - 154 
Untreated flue gas temperature at FGD inlet (˚C) 154 71 
Treated flue gas temperature at FGD outlet (˚C) 44 44 
Untreated flue gas temperature at reheater outlet (˚C) - 71 
Untreated flue gas moisture content (%) 9.1 
Treated flue gas moisture content (%) 15.9 10.8 
 

It is evident that cooling of the untreated flue gas to a lower temperature closer to the outlet 

saturation temperature results in lower evaporation within the WFGD and 80 % water savings 

can be achieved with this reheat configuration compared to the case where no reheating is 

used. In this configuration a larger section of the cooler will have to be operated below the acid 

dew point temperature however, which would increase the FGC cost due to the expensive 

materials of construction.  

Configuration C: Flue gas reheat (flue gas-to-air heat exchange and heat recovery) 

A schematic representation of this configuration is shown in Figure 2-11.  
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Figure 2-11: Schematic representation of the WFGD with flue gas reheat through heat 
displacement and flue gas dilution using  ambient air as the heat exchange medium, 

adapted from (Sarunac, 2009). 
 

In this configuration ambient air is used as the cooling medium in the FGC located upstream of 

the WFGD and is then mixed with the saturated, treated flue gas in a mixing chamber upstream 

of the ID fan and chimney. In this case the untreated flue gas is cooled from 154 ˚C to 117 ˚C 

and the saturated, treated flue gas is heated from 44 ˚C to 66 ˚C in the mixing chamber. While 

the water savings realised with this arrangement would be comparable to configuration A 

described above, with the added benefit of a second heat exchanger not being required, dilution 

of the treated flue gas with air would increase the flue gas volume and would require additional 

ID fan power to achieve the desired gas flow rate through the chimney. Furthermore, the 

required size of the FGC would be larger when compared to the flue gas-to-water design, and 

therefore the application of this configuration on a large scale is unlikely (Babcock and Wilcox, 

2005).  

 

2.5.2 Flue gas cooling with boiler feed water (FW) and combustion air 

The use of low-temperature heat, recovered from the flue gas originated in Europe and has 

been used to improve the performance of coal-fired power plants for over 15 years.   

Utility companies such as RWE Power, Vattenfall and others use the low-temperature heat from 

the flue gas for boiler feed water (FW) heating and advanced preheating of combustion air.  

Several system configurations with different commercial names such as Powerise were 

developed and successfully used at power plants such as: Schwarze Pumpe, Mehrum, 

Niederaussem, Lippendorfm and Werndorf in Germany Voitsberg in Austria.  
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The configurations for low-temperature heat recovery were also analysed by (Sarunac, 2009) 

and includes FW heating and/or advanced preheating of the combustion air. In all configurations 

the low temperature heat is recovered from the flue gas in a FGC located upstream of the 

WFGD. The performance (power plant and to a lesser extent the WFGD water savings) benefits 

that can be achieved with the low-temperature heat recovery were then determined for the 

comparative analysis of the different configurations.  

The baseline power plant configuration that was used is shown in Figure 2-12. 

 

Figure 2-12: Baseline power plant configuration for heat recovery studies conducted by  
(Sarunac, 2009). 

 

The baseline power plant configuration includes a boiler and steam cycle with seven stages of 

regenerative heating of the condensate with a condenser exit temperature of 30 ˚C. Steam is 

extracted from turbines at numerous points for condensate heating and combustion air preheat. 

The plant also includes an ESP and WFGD for particulates and SO2 removal respectively.  

Configuration D: Flue gas low-temperature heat recovery for advanced combustion air 
preheat 
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A schematic representation of this configuration is shown in Figure 2-13. 

 

Figure 2-13: Plant configuration including heat recovery from flue gas to the advanced 
combustion air preheat system, adapted from  (Sarunac, 2009). 

 

This configuration includes a FGC upstream of the WFGD. The combustion air is preheated by 

the heat recovered from the flue gas and the turbine steam extraction used as per the baseline 

configuration (Figure 2-12) is eliminated. In this case the heat recovered from the flue gas was 

equivalent to the amount of heat that would be supplied by the extraction of steam so that the 

same level of combustion preheat could be achieved.  The benefits of this configuration include 

increases in steam flow through the LP turbine, and a resultant increase in steam turbine power 

output. Sarunac (2009) found that this configuration would result in an increased nett power 

output and nett plant thermal efficiency of 1.3 % and 0.5 % compared with the baseline case 

respectively, for bituminous coals used during combustion. In the case of lignite coals, this 

configuration would result in the temperature of the untreated flue gas entering the WFGD being 

reduced by about 22 % from 155 to 122 ˚C, which would result in a considerable reduction in 

the water lost through evaporation in the WFGD absorber.  
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Configuration E: Flue gas low-temperature heat recovery for feed water (FW) heating 

A schematic representation of this configuration is shown in Figure 2-14. 

 

Figure 2-14: Plant configuration including heat recovery from flue gas to the FWH 
system, adapted from  (Sarunac, 2009). 

 

This configuration again includes a FGC located upstream of the WFGD. In this case, FWH-6 

and 7 are by-passed and 100 % of the condensate leaving the main steam condenser is routed 

through the FGD where the heat from the flue gas is recovered and the condensate enters the 

steam cycle after FWH-6. In this configuration the steam that would be extracted from the LP 

turbine for use in FWH-6 and FWH-7 is eliminated. Combustion air preheat using steam 

extracted from the LP turbine remained the same for this case when compared to the baseline 

case. Again, the benefits of this configuration included improvement in turbine power output. 

Sarunac (2009) found that this configuration could result in increases in nett power output and 

nett plant efficiencies of 1.1 % and 0.6 % above the baseline case respectively for the use of 

bituminous coals. For lignite coals, this configuration led to the temperature of the flue gas 

entering the WFGD being reduced by about 65 % from 153 to 54 ˚C, which would result in a 

significant reduction in the water lost through evaporation in the WFGD absorber.  
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Configuration F: Flue gas low-temperature heat recovery for combination of combustion 
air preheat and FW heating 

A schematic representation of this configuration is shown in Figure 2-15. 

 

Figure 2-15: Plant configuration including heat recovery from flue gas to the FWH system 
and combustion air preheat system, adapted from  (Sarunac, 2009). 

 

This configuration includes two FGC’s located upstream of the WFGD. A portion of the heat 

from the flue gas is recovered in FGC-2 and is used for FW heating while the remaining heat is 

recovered in FGC-1 and is used for combustion air preheat. Sarunac (2009) found that this 

configuration would result in increases in nett power output and nett plant efficiency of 1.6 % 

and 0.8 % above the baseline case respectively when evaluated for bituminous coals. For 

lignite coals this configuration would result in the temperature of the untreated flue gas entering 

the WFGD being reduced by about 22 % from 155 to 122 ˚C, which would result in significant 

reduction in the water lost through evaporation in the WFGD absorber. Sarunac (2009) also 

noted, however, that optimisation of the system configuration with respect to the temperature of 

the preheated combustion air leaving the APH and the fraction of the FW by-pass is required to 

find the most viable option from both a technical and economic perspective. 
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The FGC operating conditions related to the case studies done by Sarunac (2009) would imply 

the condensation of sulphuric acid due to the fact that the FGC’s would have to be operated 

below the acid dew point. Acid corrosion therefore is a significant consideration and the FGC 

heat transfer surfaces and sections of ducting would therefore have to be constructed from 

corrosion-resistant materials, which is the only, albeit significant drawback related to flue gas 

heat recovery.  

2.5.3 Materials of construction for heat recovery equipment 

a. Gas-to-gas heaters (GGH) 

The most common type of gas-to-gas heat exchangers are regenerative type heat exchangers 

(e.g. Ljungstrom type used for boiler air preheat) due to its compact design and high thermal 

efficiency compared to heat displacement or heating tubes (Mirrant, 2007). These plate type 

heat exchangers handle both FGD system inlet and outlet flue gas streams, and are therefore 

subject to extremes in temperature, and corrosive conditions. The heating elements are 

normally constructed from carbon steel for boiler air preheat applications, however enamelled 

steel is typical for the FGD flue gas conditions. Thermoplastics and alloys can also be used for 

this application however this may be significantly costly when dealing with large flue gas 

volumes as in Power Station X (Harris, 2013).  

b. Flue gas coolers (FGC) 

Shell and tube heat exchangers can be designed to handle corrosive conditions more easily 

than plate-type heat exchangers can. The materials of construction for FGC’s can be 

categorised into two sections, namely the materials for the external casing, and the materials for 

the tubes. The external casing can be constructed from carbon steel with a fluoropolymer (e.g. 

perfluoroalkoxy or vinyl ester) lining. Condensation on the external surface of the tubes due to 

the cooling of the flue gas may result in corrosive conditions due to the high sulphur content still 

present in the flue gas. The cooler tubes may be constructed from stainless steel, 

fluoropolymer, or carbon steel with a double coating of ceramic, and a fluoropolymer (Sarunac, 

2009).  

The choice of materials is typically based on the size of the heat exchanger, cost of materials 

and performance. A techno-economic evaluation of materials for this application needs to be 

done to achieve a balance between corrosion resistance performance and cost over the lifetime 

of the plant (Sarunac, 2009).  

2.5.4 Constraints/challenges associated with the heat recovery equipment 

a. GGH 
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Construction 

In the case of a retrofit the addition of a GGH to an existing power plant requires complex 

modification to the duct system as the cold and hot sides of the GGH are connected in a 

counter current flow configuration. The construction is further complicated with the addition of a 

booster fan if it is needed.  Approximately six months would be required for a retrofit (Harris, 

2013).  

Operation and maintenance 

The GGH would have to be cleaned at regular intervals to remove residual fly ash and droplet 

build-up on the hot and cold sides respectively (Mirrant, 2007). This is also required to reduce 

the risk of damages to the downstream fans. Leakage over regenerative type heat exchangers 

typically increase with time which results in higher auxiliary power requirements and operating 

costs associated with the higher pressure drop and SO2 removal efficiency to meet the SO2 

emissions legislation (Babcock and Wilcox, 2005).   

b. FGC’s 

 

Construction 

Only small changes would be required to the ducting to the absorber for a FGC installation in 

the case of a retrofit. To ensure adequate flue gas flow distribution in the FGC, the placement of 

the absorbers should be evaluated if there is future possibility for installation. The duct between 

the FGC and the absorber would have to be installed with corrosion resistant materials. 

Approximately six weeks would be required for a retrofit (Harris, 2013).  

Operation and maintenance 

Typically the cleaning system for the flue gas side of the FGC modules cleans the tube bundles 

using water. The cleaning system would consist of a corrosion resistant supply pipe tree 

installed at the hot leading side of the module (hot gas inlet) with corrosion resistant washing 

tubes reaching into the tube bundle and spraying nozzles arranged at the leading side of the 

tube bundle. The cleaning parameters (clean interval, cleaning duration, water flow rate) 

depend on the deposition build up on the heat transfer surface as a result of the droplet/ dust/ 

salt load. The cleaning system is designed to remove deposits before hardening but is not able 

to remove encrustations as a result of chemical reactions, therefore manual cleaning may be 

necessary in addition (Babcock and Wilcox, 2005), (Harris, 2013).  
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2.5.5 Coal Drying  

When coal with high-moisture content is burned in a utility boiler, a considerable amount of the 

fuel heat input is used to evaporate the fuel moisture. This results in higher flow rates of coal, 

flue gas and combustion air, higher fan and mill power requirements and lower unit efficiency. 

Furthermore some coals are washed to remove impurities such a surface ash and sulphur and 

therefore carry significant amounts of surface moisture (Sarunac, 2009). Low temperature heat 

can be recovered from the flue gas as a source of heat for coal drying and thereby also reduce 

the temperature of the flue gas entering the WFGD. This option may be attractive for plants 

operating with coals with high moisture content.  

2.6 Gaps Identified in literature 

Following the literature survey presented in the preceding sections, it has been shown that the 

reduction of the temperature of the flue gas at the inlet to the WFGD absorber closer to the 

saturation temperature has the potential to significantly reduce the amount of water lost through 

evaporative cooling and therefore significantly reduce the water consumption required for the 

WFGD. The concepts described in Section 2.5, present attractive alternatives for the enhanced 

recovery of the sensible heat present in the flue gas upstream of the WFGD, however, little or 

no information is available in the literature regarding the influence of the various configurations 

on the WFGD plant operation, performance and overall water balance. Also of significant 

importance are the impacts and/or benefits of integrating any of these options within existing 

power plants. These factors and optimisation of the various options based on actual plant 

conditions are critical when evaluating the different options that are available from both a 

technical and life-cycle cost perspective. Such an analysis is essential to determine the most 

viable solution that can be practically implemented and operated at a power plant. These gaps 

in the context of a solution for the WFGD plant at Power Station X are therefore the main focus 

of this dissertation and are addressed in the subsequent chapters.  
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CHAPTER 3 PROCESS MODEL DESCRIPTIONS AND METHODS 

The discussion in this chapter focuses on the development of the WFGD Process Design Model 

(WPDM), which includes the process modelling of the WFGD system integrated with the 

identified flue gas cooling and heat recovery options for the reduction of the WFGD water 

consumption. This chapter also gives an overview of the Steinmüller WFGD Design Program 

(SDP) procured by Eskom which was used to benchmark the results obtained with the newly 

developed WPDM. 

3.1 WPDM development 

A holistic overview of the WPDM that illustrates the sequence followed for the development of 

the model is shown in Figure 3-1. 

 

Figure 3-1: Overview of the WPDM and sequence of development. 

Accordingly, the main aim of the WPDM was two-fold, that is, to describe the WFGD system 

and the heat recovery system (HRS). The WPDM was developed using Microsoft Excel 2010 

together with the solver function and consists of various input and output calculation 

spreadsheets. The spreadsheets follow a logical sequence that begins with the definition of the 

untreated flue gas properties and design parameters, and ends with the mass and energy 

balances over the WFGD plant, and new HRS equipment.  Refer to Appendix A for a detailed 
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list of equations and the calculation procedure related to each spreadsheet developed as part of 

the WPDM. 

3.1.1 WFGD system mass and energy balance: Computational method and algorithm  

A simplified process flow diagram (PFD) on which the calculations were based for the 

development of the WPDM is shown in Figure 3-2. The WFGD system consists of the absorbers 

(that is, one per boiler unit) and sub-systems (that is, limestone preparation and gypsum 

dewatering) that are necessary to support to absorber operation. The simplified PFD is based 

on the Power Station X WFGD plant design. 
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Figure 3-2: Simplified PFD for the WFGD plant, adapted from (Harris, 2013).
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The flue gas of the applicable unit enters the absorber, and is brought into contact with the 

limestone slurry that is recirculated to the absorber spray banks from the absorber reaction tank 

with the aid of slurry recirculation pumps. The design also includes the option to introduce 

limestone slurry directly into two of the recirculation lines. The limestone slurry introduced into 

the absorber is prepared in the limestone slurry preparation system where limestone of 

approximately 19 mm sizes are milled to less than 44 µm in wet ball mills to produce the 

limestone slurry (Harris, 2013).  

The absorbers are operated to maintain set points for pH and the solids fraction and chloride 

content in the reaction tank. The pH is maintained through control of the limestone slurry 

introduced into the absorber. Gypsum slurry containing a mixture of gypsum, limestone, salts 

and dust particles is continuously bled from the absorber through the gypsum bleed tanks. The 

slurry from the gypsum bleed tanks is directed to the reclaim tanks and then back to the 

absorber. In the event that the solids fraction of the slurry in the reaction tank exceeds or is 

equal to the set-point, this gypsum slurry stream is sent to the gypsum hydro-cyclones. The 

gypsum hydro-cyclone underflow is concentrated with coarse gypsum particles and is admitted 

by gravity directly onto the vacuum belt filter cloth. The gypsum layer is dewatered by applying a 

vacuum to the belt filter cloth. The filter cake is washed with process water to decrease the 

chloride content to the required level. The filtrate is collected in filtrate tanks, from where it is 

directed to the reclaim tanks. The overflow from the gypsum hydro-cyclones is directed to the 

reclaim tanks, and if the chloride concentration in the absorber exceeds the set point, a portion 

of the overflow is sent to the wastewater hydro-cyclone feed tank and then through a battery of 

wastewater hydro-cyclones where the precipitated chlorides, fines, and inerts are separated as 

the overflow. This overflow represents the chloride bleed/wastewater stream, which is then sent 

to the wastewater treatment plant. The wastewater hydro-cyclone underflow is directed to the 

reclaim tanks.  

The calculation method that was followed according to the major steps shown in Figure 3-1 are 

described in the following sub-sections. Appendix A can be consulted for the detailed solution 

procedure for all calculation spreadsheets of the WPDM. 

3.1.1.1 Inputs/process design parameters 

The development of the inputs for the WPDM is a critical step as this provides the design 

parameters on which all the process model calculations are based. The process design 

parameters were developed, following the steps shown in Figure 3-3. 
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Figure 3-3: Steps for the development of the process design basis inputs. 

Definition of the process design parameters are required to ensure that reliable results are 

obtained for the mass, energy and water balances that are to be used as reference for the 

evaluation of the relative reduction in the WFGD water usage and overall plant performance 

associated with the different flue gas cooling and heat recovery options. The calculation 

procedure followed to complete the definition of the untreated flue gas properties is shown in 

Appendix A, Equations (A1) to (A16). 

3.1.1.2 WFGD mass and water balances 

The development of the detailed mass balance is a fundamental step in the detailed evaluation 

of the water balance for the entire WFGD system. The steps followed for the development of the 

detailed mass balance are shown in Figure 3-4.  

 

Figure 3-4: Steps follows for the development of the detailed mass balance. 

Once the process design parameters have been fully defined, the mass flow rates of reactants 

and products can be determined based on the required treated flue gas composition, (Felder & 

Rousseau, 2005).  

The approach followed for the development of the detailed mass balance includes the 

development of the overall mass balance first, followed by the development of the mass 

65 



balance for the internal streams through iterative calculations over each of the sub-systems 

(that is, limestone preparation and gypsum dewatering).  

The overall balance over the WFGD system is shown in Figure 3-5. 

 

Figure 3-5: Overall balance over the WFGD System. 

The overall mass balance was developed by considering the SO2, SO3, HCl, HF, fly ash, 

limestone, gypsum, chloride and water mass balances over the WFGD system. The 

development of the overall mass balance was achieved by following Steps 2.1 to 2.5 as 

indicated in Figure 3-4.  

The mass of the absorbed components was calculated based on the required SO2 

concentration in the treated flue gas and the stipulated removal efficiencies for SO3, HCl , HF 

and fly ash in Step 2.1. The consumption of limestone and oxidation air and the production of 

the by-products were then calculated in Steps 2.2 to 2.4 according to Equations (2-1) to (2-3). 

The procedure followed for the calculation of the reactants and products is shown in Appendix 

A, Equations (A17) to (A25).   

The properties of the treated flue gas were then calculated based on the overall mass balances 

for the reactants and products and by considering the water balance for the flue gas and 

oxidation air in Step 2.5. 

Water enters the system through the untreated flue gas and the oxidation air and water is lost 

via the treated flue gas (that is, through evaporation), the gypsum product (that is, residual 

moisture and bound moisture within its crystal structure), and through the wastewater bleed.  

The water added to the process to compensate for losses through evaporation, gypsum product 

and wastewater bleed is again introduced through limestone slurry preparation, gypsum 

washing, and/or added directly to the absorber.  

The temperature and moisture content of the treated flue gas are key parameters for the 

determination of the overall water balance for the WFGD system. A simplifying assumption that 

is made in this study is that the moisture entering the absorber through the untreated flue gas 

66 



and through the oxidation air leaves the WFGD system via the treated flue gas stream, and is 

not retained in any way. As mentioned previously, the temperature of the treated flue gas (that 

is, saturation temperature), can be obtained from the h-x diagram, based on the temperature 

and moisture content of the unprocessed flue gas at the inlet of the absorber.  

Once the treated flue gas saturation temperature is obtained using the h-x diagram, the 

moisture content of the treated flue gas can be calculated based on the temperature and 

pressure of the treated flue gas according to Equation (3.1) (Witte, 1994). 
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The saturation temperature obtained from the h-x diagram is only used as a first approximation, 

as input in an iteration based on the overall energy balance which is then carried out to obtain a 

converged value for the temperature and therefore also the moisture content of the treated flue 

gas. This step is explained further when the energy balance development is described.  

Once the overall mass balance was developed, the detailed mass balance could be developed 

through a series of iterative calculations by considering the overall balances over each of the 

WFGD sub-systems.  

Accordingly, the mass balance over the gypsum dewatering system was developed by 

considering the mass balances over the gypsum hydro-cyclone, vacuum belt filter and 

wastewater hydro-cyclone systems respectively, as shown in Figure 3-6, Figure 3-7 and Figure 

3-8. The calculation procedure for the development of the detailed mass balance is shown in 

Appendix A for the “5. WFGD mass balance” spreadsheet. 
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Figure 3-6: Definition of the system boundary for the mass balance calculations 
over the gypsum hydro-cyclones. 

 

 

Figure 3-7: Definition of the system boundary for the mass balance calculations over the 
vacuum belt filters. 

The filtrate from the vacuum belt filters is reclaimed to the absorber or used for limestone slurry 

preparation.  
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Figure 3-8: Definition of the system boundary for the mass balance calculations over the 
wastewater hydro-cyclones. 

 

The system boundaries for mass balance calculations over the limestone preparation system, 

the reclaim system and the absorber are defined in Figure 3-9, and Figure 3-11 respectively. 

 . 

 

 

Figure 3-9: Definition of the system boundary for the mass balance calculations over the 
limestone preparation system. 
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Figure 3-10: Definition of the system boundary for the mass balance calculations over 
the reclaim tank. 

 

 

Figure 3-11: Definition of the system boundary for the mass balance calculations over 
the WFGD absorber. 

The detailed water balance was subsequently extracted from the detailed mass balance 

resulting from the calculation procedure described above. The dependency of WFGD water-

consuming units on the overall process water consumption could then also be determined, 

which is of particular importance when evaluating the various options for reduction of the WFGD 

water consumption. The output sheet of the detailed mass and water balances resulting from 

the WPDM at this stage is shown in Figure 3-12. 
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Figure 3-12: Detailed process flow diagram including WFGD sub-systems with process stream numbers.  
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The following design assumptions and simplifications were incorporated to determine the overall 

and detailed mass balances.  

Design Assumptions 

• The chloride concentration in the absorber reaction tank. 

• The mass composition of solids in the absorber reaction tank. 

• Limestone slurry solids mass composition. 

• Chlorides concentration in the gypsum (Stream 33) and wastewater (Stream 34) 

streams. 

• Solids mass composition in the gypsum stream (Stream 33). 

• Gypsum Hydro-cyclone specification (that is, mass fraction of the feed to the hydro-

cyclone that is found in the underflow). 

• Wastewater Hydro-cyclone specification (that is, mass fraction of the feed to the hydro-

cyclone that is found in the underflow). 

• Solids mass composition of the gypsum hydro-cyclone underflow (Stream 44). 

• Solids mass composition of the wastewater hydro-cyclone underflow (Stream 39). 

The design assumptions were made as per the design specifications given in Chapter 4, Table 

4-6, Table 4-7 and Table 4-8. 

Simplifications 

• All moisture that enters the WFGD system with the untreated flue gas (Stream 2) and 

oxidation air (Stream 30) leave the system via the treated flue gas stream (Stream 3). 

• All unreacted reagent, solid by-products and chloride species leave the WFGD process 

via the gypsum (Stream 33) and wastewater (Stream 34) streams. 

• The mass of solids entering the vacuum belt filters via Stream 44 is equal to the mass of 

solids leaving the vacuum belt filters via Stream 33 as no solids are transferred to the 

gypsum wash water, that is, there is no solids present in the filtrate stream (Stream 45). 

 

3.1.1.3 WFGD Energy Balance 

The energy balance over the WFGD system was developed by considering the inlet and outlet 

streams according to Figure 3-5, the energy (latent heat) lost through evaporation and the 

energy associated with the chemical reactions. The objective of this calculation was to achieve 

a more accurate approximation for the saturation temperature of the treated flue gas and also to 

quantify the energy contained within the untreated and treated flue gas streams respectively, 

which was required as input to the HRS calculations.  
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Once the energy inputs and outputs for the WFGD system were determined, the saturation 

temperature of the treated flue gas could be computed through an iterative calculation while 

observing the energy balance over the system as the constraint. The mass and water balances 

were then adjusted accordingly. 

The calculation procedure followed for the development of the energy balance is shown in 

Appendix A, Equations (A26) to (A33). 

3.1.1.4 Absorber Performance 

The following main absorber performance parameters were calculated to evaluate the effect of 

the various flue gas cooling options on the absorber performance in relation to the baseline 

scenario.  

• Flue gas velocities through the absorber inlet and outlet ducts and through the absorption 

tower. 

• Required and actual resultant pollutant (that is, SO2, SO3, HCl, HF, fly ash) removal 

efficiencies. 

• Liquid to gas ratio, and the required absorber recirculation slurry flow rate. 

• Solids residence time within the absorber reaction tank. 

The procedure followed for the calculation of the absorber performance parameters is shown in 

Appendix A, Equations (A34) to (A41). 

       

3.1.2 Flue gas cooling/Heat recovery system (HRS) computational method and 
algorithm 

The Power Station X is Eskom’s newest new-build coal-fired power plant that consists of six 

800MW (gross) boiler units. A schematic representation of the major systems and process 

streams involved within the scope of this research is shown in Figure 3-13.   
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Figure 3-13: Schematic representation of the major systems and process flow involved 
within the scope of this research.  

Each unit is equipped with a supercritical coal fired boiler, steam turbine, generator, and 

balance of plant equipment. The steam leaving the turbine is cooled via air cooled condensers 

(ACC’s), and passed through several stages of feed water heating using steam extracted from 

the turbine before it is recycled to the boiler. The flue gas leaves the economiser of the boiler, 

and passes through an air heater (AH) where heat is recovered from the flue gas to the air 

before it enters the coal mills and boiler. Upon exiting the AH, the flue gas enters a fabric filter 

plant (FFP) where the particulate emissions are reduced to legislated limits. As mentioned 

previously, the power plant is expected to be retrofitted with a WFGD plant for SO2 emissions 

reduction during the first Mini-General Overhaul (MGO) of each power generating unit. The 

WFGD Plant will be located in the flue gas path between the ID Fan and the chimney. The 

station is equipped with continuous emissions monitoring systems (CEM’s) for the purposes of 

emissions monitoring and operates as a zero liquid effluent discharge (ZLED) plant (Harris, 

2013).  

The areas identified for integration of the heat recovered from the untreated flue gas before it 

enters the WFGD plant for the options outlined above are indicated as 1, 2 and 3 in Figure 3-13.   

Based on the options available for enhanced flue gas cooling upstream of the WFGD plant 

shown in Figure 3-13, as also discussed in Chapter 2, various system configuration options 

were selected for further evaluation as part of this study. Four flow sheet variations/concepts 
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relating to the different options as outlined below were therefore defined, and further evaluated 

in Chapter 4.  

It should be noted that although the advanced combustion air preheat option was identified; it 

was not evaluated as part of this study. The operation of the steam air heater (SAH) for 

purposes of advanced combustion air preheat is not considered as normal operation for Power 

Station X due to the high ambient temperatures experienced throughout the year. For this 

reason, evaluation of this option was excluded from the scope of this study.  

The calculation procedure for the development of the mass and energy balances for the HRS’s 

evaluation is shown in Appendix A for the “Option 1a”, “Option 1b”, “Option 2a” and “Option 2b”   

spreadsheets. 

3.1.2.1 Option 1: Flue gas reheat 

This option involves the recovery of sensible heat from the untreated flue gas before it enters 

the absorber, and recovery to the saturated, treated flue gas exiting the absorber. Benefits of 

this option include improved plume buoyancy and dispersion of residual pollutants. This option 

also eliminates the need for a wet stack. The heat exchange can be achieved through a rotary 

regenerative heat exchanger or through heat displacement using tubular heat exchangers. 

System configurations including rotary regenerative heat exchange and heat displacement were 

investigated for the flue gas reheat option. 

3.1.2.1.1 Option 1a: Flue gas reheat with rotary regenerative heat exchange 

Option 1a consists of flue gas reheating using a rotary regenerative gas to gas heat exchanger 

(GGH). There are four possible locations for the placement of the GGH in the flue gas path, as 

illustrated in Figure 3-14. 
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Figure 3-14: Possible locations for placement of the GGH in the flue gas path (Binkowski, 
2009).  

There are various advantages and disadvantages related to the GGH position. The main areas 

of concern are the direction of leakage, and the acid dew point. Due to the layout and design of 

Power Station X, Position A is the most suitable location for the placement of the GGH. 

Conventionally, the GGH is also usually placed in Position A. This configuration results in 

leakage from the untreated flue gas to the treated flue gas, and consequently a higher SO2 

removal efficiency would be required in the absorber to still meet SO2 emission standards 

(Binkowski, 2009).  

The concept for Option 1a is shown in Figure 3-15. 

 

Figure 3-15: Concept of Option 1a: Flue gas reheating using a GGH.  

 

Evaluation of this flow sheet requires consideration of the mass and energy balances over the 

GGH and WFGD system. With the GGH concept, the SO2 concentration of the flue gas at the 

GGH outlet must be as per the legislated limit. This implies the need for additional SO2 removal 

efficiency in the absorber due to the leakage of the untreated flue gas stream to the treated flue 

gas stream over the GGH. Evaluation of the SO2 mass balance over the GGH gives the new 
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SO2 concentration required at the absorber outlet to ensure that the flue gas exiting the chimney 

conforms to the legislated limit.  

 

3.1.2.1.2 Option 1b: Flue gas reheat with heat displacement (tubular heat exchange) 

As mentioned above, the placement of the GGH in Position A results in leakage from the 

untreated flue gas stream to the treated flue gas stream, which implies that a higher SO2 

removal efficiency is achieved in the absorber. This has capital and operating cost implications, 

and it is therefore required to consider a flue gas reheat concept which eliminates the possibility 

of leakage. This can be achieved through heat displacement using a water loop and two shell-

and-tube heat exchangers, as shown conceptually in Figure 3-16. 

 

Figure 3-16: Concept of Option 1b: Flue gas reheat with heat displacement. 

In this arrangement, water circulating in a closed loop is used to transfer the heat from the 

untreated flue gas (Stream 1) to the treated flue gas (Stream 3) that exits the absorber. 

Reheating of the flue gas through heat displacement does not affect the SO2 removal efficiency 

required in the absorber, and so the mass flow rate of the flue gas over FGC-1 and FGC-2 

remains unaffected.  

The temperature of the treated flue gas leaving the GGH in the case of Option 1a, and the FGC-

2 in the case of Option 1b was calculated based on the mass and energy balances over the 

HRS equipment respectively.  

3.1.2.2 Option 2: Feed water (FW) heating  

This option involves the recovery of the sensible heat from the untreated flue gas before it 

enters the WFGD plant for integration into the boiler feed water (FW) before it enters the boiler. 

Benefits of this option include reduction in the volume of steam extraction for the FW heaters, 

and thus improved overall power plant efficiency. The heat exchange can be achieved through 

direct heat exchange or heat displacement using tubular heat exchangers. System 

configurations with direct heat exchange and heat displacement were investigated for the FW 

heating option.  
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3.1.2.2.1 Option 2a: FW Heating with direct tubular heat exchange 

This concept is shown in Figure 3-17.  

 

Figure 3-17: Concept of Option 2a: FW heating with direct heat exchange.  

In this configuration, feed water (Stream 5) extracted from the FW heating system is used to 

recover the heat from the untreated flue gas (Stream 1) in the FGC. The heated feed water 

(Stream 6) is returned to the FW heating system at the required temperature. The temperature 

of the FW after the return of the heated FW from the FGC remains unchanged as the FW is 

returned at the same temperature as the FW leaving the FWH. The temperatures of the streams 

over the FGC are all known since the feed water leaving the FGC must be returned to the feed 

water heating system at a specified temperature. The split of FW required from the FW heating 

system was then determined based on the mass and energy balances over the HRS 

equipment. 

3.1.2.2.2 Option 2b: Feed water (FW) heating with heat displacement (tubular heat exchange) 

This option is conceptually illustrated in Figure 3-17, and involves pumping of the feed water 

from the condensate system to the WFGD FGC, and then returning the heated feed water to the 

FW heating system of each boiler unit. This could result in significant pumping costs, and 

therefore FW heating through heat displacement using a closed water circuit was also 

evaluated.  
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Figure 3-18: Concept of Option 2b: FW heating with heat displacement. 

In this concept, FGC-1 would be located closer to the WFGD system, and FGC-2 would be 

located closer to the condensate and feed water heating systems of each boiler unit. The mass 

flow rate and split of feed water required from the FW heating system can then be calculated 

based on the mass and energy balances over the HRS equipment. 

3.1.3 Summary of spreadsheets in the WPDM 

A brief description of each spreadsheet of the WPDM is given in Table 3-1, as it relates to the 

various aspects as discussed in the preceding sections.  

Table 3-1: Brief description of the various spreadsheets of the WFGD Process 
Design Model (WPDM) with integrated cooling options. 

Spreadsheet  Description 

Untreated flue gas data All the properties of the untreated flue gas 
necessary for the WFGD process calculations 
are calculated in this sheet based on the inputs 
for a given power plant.  

Additional input data Additional input data necessary for the process 
calculations are captured in this sheet. 
Additional input data includes: required 
absorption efficiency for the flue gas pollutants, 
reagent, water and by-product qualities, and 
WFGD system specifications. 

Absorber geometry and performance The absorber dimensions and specifications are 
captured in this sheet. The main absorber 
performance parameters are also calculated in 
this sheet.  

Reactions  The process calculations for the absorber 
reactions are computed in this sheet. This 
includes the calculation of the reagent and 
oxidation air consumption rates, and the by-
product production rates.  

Treated flue gas properties All the properties of the treated flue gas leaving 
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the WFGD absorber are calculated in this sheet.  

Mass balance Calculations for the detailed mass balance over 
the WFGD system and sub-systems are 
captured in this sheet.  

Water balance The water balance is extracted from the detailed 
mass balance and represented in this sheet. 

PFD This sheet gives a schematic representation of 
the detailed process flow diagram with the mass 
and water balances. 

Energy balance The energy balance for the WFGD system is 
captured in this sheet. The amount of water lost 
through evaporative cooling of the flue gas is 
also calculated here. 

Flue gas cooling options The selection of the flue gas cooling option and 
desired untreated flue gas temperature to be 
evaluated is done in this sheet.  

Option 1a.  Flue Gas reheat with GGH This sheet includes the mass and energy 
balance over the new heat exchange equipment 
for this option. This sheet interfaces with the 
process sheets above for evaluation of this 
option.  

Option 1b. Flue Gas Reheat with heat 
displacement 
 

This sheet includes the mass and energy 
balance over the new heat exchange equipment 
for this option. This sheet interfaces with the 
process sheets above for evaluation of this 
option. 

Flow Sheet 2a. FW heating through direct heat 
exchange 

This sheet includes the mass and energy 
balance over the new heat exchange equipment 
for this option. This sheet interfaces with the 
process sheets above for evaluation of this 
option. 

Flow Sheet 2b: FW heating through heat 
displacement 

This sheet includes the mass and energy 
balance over the new heat exchange equipment 
for this option. This sheet interfaces with the 
process sheets above for evaluation of this 
option. 

 

3.2 Steinmüller WFGD design program (SDP) 

The Steinmüller Engineering GmbH Wet Flue Gas Desulphurisation Design Program (SDP) is 

also a Microsoft Excel based program that is commercially used for the process design, process 

trouble-shooting and optimisations of WFGD plants since 2004. Appendix C can be consulted 

for a list of the reference plants that are used within the program.  The program is based on a 

forced oxidation process using either limestone or lime as sorbent, in an open spray tower 

counter-current configuration. Eskom procured the WFGD Design Program from Steinmüller 

Engineering GmBh in 2009 as part of its intellectual property and knowledge transfer initiatives 
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for the development of local expertise in critical technology areas. The program can be used to 

develop basic absorber layout and design, as well as the basic process design of the overall 

process (including limestone preparation and gypsum dewatering).  The results obtained using 

the SDP were used to benchmark the results obtained from the WPDM for the WFGD plant 

mass and energy balances. 

3.2.1 Structure and outline of the WFGD design program 

The program is divided into 4 parts spread across different Excel spreadsheets as follows: 

• Part 1: Input/ Design Basis Information, 
• Part 2: Absorber Design, 
• Part 3: Overall Process Mass and Energy Balances, and 
• Part 4: First approximation for sizing of main process pumps, fans and tanks.  
 
A detailed description of the SDP can be found in Appendix C. 
 

3.2.2 Intellectual property 

The following items are considered as intellectual property and proprietary information of both 

Steinmüller Engineering GmbH and Eskom Holdings SOC.  

a. Liquid to Gas Ratio 

 

Steinmüller Engineering GmbH has developed a heuristic correlation based on reference plant 

data for the determination of the L/G.  

 

The L/G correlation is a function of the following parameters: 

• Overall mass transfer co-efficient 

• Mean limestone slurry droplet diameter 

• Absorber velocity. 

• pH 

• Flow Distribution Quality 

 

b. Absorber Pressure Drop 

 

Steinmüller Engineering GmbH has developed a correlation based on reference plant data for 

the determination of the pressure drop over the absorber. 

 

The pressure drop correlation is a function of the following parameters: 
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• L/G 

• Density of the flue gas 

• Absorber velocity 

• Direction of absorber slurry spray 

 

Methods for determining the L/G and absorber pressure drop are not readily available in 

published literature since determination of these parameters are considered as main proprietary 

information for all WFGD process designs. The L/G and pressure drop correlations developed 

by Steinmüller are the property of Eskom and was therefore used for the purposes of evaluating 

the different options being investigated as part of this research. The actual formulations of these 

correlations are however not disclosed in this dissertation, and reference is only made to the 

calculated values. Disclosure of the actual formulas used within the SDP are not required for the 

purposes of this dissertation, since the options are evaluated against the base case from a 

comparative perspective and only the relative effects are subsequently noted. 

3.2.3 Simplifications and design program limitations of the SDP 

A comparison of the features for the SDP and WPDM is shown in Table 3-2.  

Table 3-2: Comparison of features for the SDP and WPDM. 

Feature SDP WPDM 

Input sheets for process and design parameters √ √ 

L/G √ X 

Other absorber performance parameters √ X 

Development of the absorber dimensions √ √ 

Detailed mass balance √ √ 

Overall energy balance √ √ 

Detailed water balance X √ 

Option for integration of flue gas reheat with regenerative heat exchange that is, 
GGH √ √ 

Option for integration of flue gas reheat with HDS X √ 

Option for integration with the FWH system with direct heat exchange X √ 

Option for integration with the FWH system with HDS X √ 
While both models have similar features with respect to the WFGD process portion the 

differences are distinguished based on the simplifications and limitations of the SDP as listed 

below. 
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• The SDP assumes that all components that enter with the untreated flue gas leave with the 

treated flue gas stream with the exception of SO2, SO3, HCl, HF, and fly ash. 

• The design program calculates the treated flue gas temperature at the outlet of the absorber 

through iteration of the overall energy balance. 

• The design program does not take the detailed untreated flue gas composition into account, 

but instead excludes certain components that are also not considered in the overall mass 

and energy balances. 

• Not all flue gas properties (e.g. NO2, NO, Ar, and gasified ash) of the untreated and treated 

flue gas streams are calculated.   

• The inert components entering the WFGD system with the oxidation air are not incorporated 

into the treated flue gas stream. 

• Limestone consumption due to the reaction with HCl and HF, and the absorption of these 

two species are not considered.  

• The production of CO2 as a by-product of the SO2 absorption reactions is not incorporated 

into the overall mass and energy balance. 

• The energy balance excludes the process water and limestone input streams, and also 

excludes the gypsum, and wastewater output streams. 

• Only the integration of one flue gas cooling option, that is, flue gas reheating with a GGH is 

included in the SDP, and therefore a comprehensive comparison of the results obtained with 

the WPDM and SDP with respect to the flue gas cooling options could not be done. 

While the simplifying assumptions and limitations deviate somewhat from first principles, the 

simplifications and exclusions was not found to have a significant influence on the outputs. 

Furthermore, these simplifications and exclusions were made based on validation of the model 

using operating plant data. The SDP was therefore deemed a reliable basis for the comparison 

with the results obtained from the WPDM for the WFGD portion.  
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CHAPTER 4 RESULTS AND DISCUSSION 

This chapter includes the model input data which consists of the process design specifications 

and parameters. Validation of the WFGD results from the WPDM against the SDP is also 

presented. This chapter focuses mainly on the results obtained from the simulations of the 

various flue gas cooling options using the WPDM developed and described in Chapter 3. The 

results of the simulations form the basis for the technical assessment of the flue gas cooling 

options which is also included in this chapter.  

4.1 Model input data 

As mentioned previously, the WPDM was developed using process data of the Power Station X 

as a basis. A brief description of the process data used as input to the WPDM in this study is 

given in this section (Harris, 2013).  

4.1.1 WFGD plant description 

Provisions have been made in the power plant design to accommodate the installation of the 

WFGD plant utilising limestone as reagent. Each of the six units will be fitted with a WFGD 

absorber that will treat the flue gas and produce commercial-grade saleable gypsum as a by-

product.  A cluster of three absorbers will be located near each of the plant’s two chimneys.  

Systems for makeup water, reagent preparation, WFGD by-product (gypsum) dewatering and 

storage/disposal, and treatment of the wastewater stream will be common to all WFGD 

absorbers in the plant.  

The terminal points for the scope of the study with respect to process modelling of the WFGD 

plant are as follows: 

• Flue gas at the outlet of the ID. fan. 

• Flue gas inlet to the chimney. 

• Process water inlet to the process water tanks. 

• Limestone outlet at the limestone silos. 

• Gypsum off-take at the vacuum belt filters. 

• Wastewater outlet/off-take at the waste water hydro-cyclones. 

 

The simplified PFD for Power Station X was illustrated in Figure 3-2. 
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4.1.2 Design specifications and parameters 

The following design specifications and parameters were used as inputs for the study (Harris, 

2013).  

a. Ambient conditions 

 

The assumed ambient conditions that were used in all model calculations for the Power Station 

X are given in Table 4-1. 

Table 4-1: Ambient conditions. 

Ambient Conditions Units Value 

Ambient temperature ˚C 23.7 

Ambient pressure kPa 91.3 

Altitude above sea level m 900 

Ambient humidity % 50 

Vapour composition of wet air wt-% 1.025 

 

b. Raw water quality 

 

The plant will be supplied with raw water from both the Crocodile West Scheme and Mokolo 

Dam. Due to the importance of the chlorides balance in the WFGD system, it is important to 

consider both raw water supply schemes. The raw water is used without further treatment to 

fulfil all the water requirements for the WFGD process. The raw water quality with respect to the 

chloride concentration for both raw water sources is given in Table 4-2 

Table 4-2: Properties and chlorides concentration for the raw water supplies. 

Properties Units Value 

Temperature °C 20 

Density  kg/Nm3 1000 

Chloride, Cl, (Crocodile West Scheme) mg/L 107.6 

Chloride, Cl,  (Mokolo Dam) mg/L 10.0 

 

The WFGD basic design for Power Station X was based on the Crocodile West Scheme due to 

the higher chlorides concentration.  

 

c. WFGD design specifications 
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The following process data and design assumptions were obtained from the baselined WFGD 

basic engineering design report for Power Station X (Harris, 2013). 

i. Untreated flue gas properties 

 

The untreated flue gas properties for the worst coal at 100 % BMCR operating case used in this 

study are shown in Table 4-3. The flue gas properties were obtained from the boiler contractor 

as part of the design package documentation (Harris, 2013).  

Table 4-3: Untreated flue gas properties at I.D fan outlet, that is, inlet to the WFGD 
absorber. 

Case name Units BMCR 
Load  100% 
Fuel  Worst coal 
Sulphur in fuel composition g/kg as received 16.2 

Flue gas flow at FGD inlet M.Nm3/h 2.5 

 M.Nm3/h (dry) 2.3 

 M.Nm3/h-dry, 6% O2 2.5 

 kt/h 3.3 

Flue gas density kg/Nm3 1.32 

FGD inlet flue gas 
temperature 

°C 134 

Maximum FGD inlet flue gas 
temperature 

°C 137 

CO2 Vol-%-dry, 6% O2 13.3 

 t/h 650 

N2 Vol-%-dry, 6% O2 79.4 

 kt/h 2.3 

O2 Vol-%-dry ,6% O2 6 

 t/h 150 

Ar Vol-%-dry, 6% O2  0.9 

 t/h 38 

H2O Vol-% 8.8 

 t/h 180 

SO2 mg/Nm3-dry, 6% O2 5339 

 t/h 13 

SO3 kg/h 132.3 

NOx as NO2 mg/Nm3, dry, 6% O2 650 
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 t/h 1.6 

HCl mg/Nm3, dry, 6% O2 - 

 kg/h 388.3 

Particulate Matter mg/Nm3, dry, 6% O2 50 

 kg/h 124.7 

Gasified Ash t/h 5.4 
 

ii. Sorbent Properties 

The limestone quality used for this study is shown in Table 4-4. 

Table 4-4: Limestone quality for the Power Station X WFGD Plant. 

Sorbent  Units Value 

CaCO3 wt-% 85 

MgCO3 wt-% 0 

Inerts wt-% 15 

Density kg/m3 1360 

 
iii. Absorber dimensions and performance specification 

 

The absorber dimensions and performance specification were baselined at the end of the basic 

engineering design phase and are shown in Table 4-5, and Table 4-6. It is important to note the 

impact of the options investigated as part of this study on the baselined absorber dimensions 

and performance specification must be carefully evaluated. Changes required to ensure 

operation within acceptable performance ranges must be proposed where applicable. Refer to 

Appendix D for the absorber input data and system specifications. 

Table 4-5: Main absorber dimensions. 

Dimensions for the absorber and reaction tank Units Value 

Absorber Diameter m 17.5 

Width flue gas inlet duct m 14 

Height flue gas inlet duct m 6 

Diameter of dome (flue gas outlet duct) m 8.9 

Reaction tank volume m3 3261 
 

Table 4-6: Absorber performance design specification. 

Parameter Units Value 
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Treated flue gas SO2 concentration  mg/Nm3-dry @ 6% O2 400 

SO3 removal efficiency % 45 

Fly ash removal efficiency % 75 

HCl removal efficiency % 98 

HF removal efficiency % 98 

No. of spray levels per absorber  4+1 

Size of recirculation pumps km3/h 9.6 

L/G ratio l/m3 10.8 

Reaction tank pH  5.1 

Reaction tank chlorides content setpoint ppm 30000 

Reaction tank solids content setpoint  % 15 

Reaction tank liquid retention time min 5 

Absorber inlet velocity m/s 13.5 

Absorber velocity m/s 4.11 

Absorber outlet velocity m/s 15.9 

Mist eliminator flushing requirement  m3/h 60 

 

iv. WFGD systems specification 

 

The common plant systems for limestone preparation and gypsum dewatering have been 

designed according to the process specification shown in Table 4-7, and Table 4-8. It is 

important to adhere to these specifications as far as possible as this is mostly based on design 

experience and supplier information.  

Table 4-7: Solids composition for the slurry streams. 

Stream Units Value 
Solids content in gypsum hydro-cyclone underflow wt-%-wet 50 

Solids content in wastewater hydro-cyclone underflow wt-%-wet 20 

Solids content in limestone slurry wt-%-wet 20 

  

 

 

Table 4-8: Hydro-cyclone separation specification. 

 Constituent Units Value for fraction of feed in the underflow 
Gypsum hydro-cyclone Wastewater hydro-cyclone 

CaSO4.2H2O kg/kg 0.9 0.85 
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CaSO3.1/2H2O kg/kg 0.2 0.4 

CaCO3 kg/kg 0.6 0.7 

MgCO3 kg/kg 0.98 0.98 

inerts kg/kg 0.2 0.35 

fly ash kg/kg 0.2 0.35 

 

4.1.3 Process data for evaluation of the flue gas heat recovery options 

a. Relevant water-steam cycle data 

The FW heating concept (that is Option 2a and 2b) interface with the FW-heating system for 

each boiler unit. Since the FW is used as a cooling medium the FW will be tapped off before 

FWH-1 as this represents the lowest temperature within the FW heating system for Power 

Station X (Harris, 2013).  This concept is illustrated in Figure 4-1. 

 

Figure 4-1: Thermal flow diagram with the extraction and returning point of the 
condensate (Harris, 2013). 

The temperature of the FW after the return of the heated FW remains unchanged. The main 

properties required for the interface with the FW heating system are summarised in Table 4-9. 

These properties were obtained from the turbine supplier. 

Table 4-9: FW heating system FW properties at average and maximum ambient 
conditions (Harris, 2013).  

Parameter Units Average  Maximum 
Ambient temperature °C 23.7 40 

Mass flow rate  of FW kg/s 450 456 
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available at FW-1 inlet 

Temperature of FW at 
FWH-1inlet 

°C 52.1 70.6 

Temperature of FW at 
FWH-1 exit 

°C 91.5 95.1 

Mass flow rate  of 
steam required at FW-
1 inlet 

kg/s 32.9 20.7 

Enthalpy of steam at 
FW-1 inlet 

MJ/kg 2.67 2.68 

Enthalpy of LP turbine 
exhaust  

MJ/kg 2.42 2.54 

Energy input into the 
boiler 

GJ/s 1.71 1.71 

 

4.2 Validation of the WPDM against the SDP 

Simulations were carried out for the WFGD system using both the WPDM and the SDP. 

A comparison of flue gas properties at the absorber inlet and outlet obtained by the WPDM and 

the SDP is shown in Table 4-10.  

Table 4-10: Comparison of simulation results for flue gas properties. 

 
WPDM SDP 

  INLET OUTLET  INLET OUTLET  
Temperature ˚C 137 51.6 137 52.2 

Pressure kPa 93.1 91.6 93.1 91.6 

mSO2 t/h 13 1 13 1 

mSO3 kg/h 132.3 73 132.3 73 

mT.wet.act O2 kt/h 3.3 3.5 3.3 3.5 

VT.dry.act O2 Nm3/h 2.3 2.3 2.3 2.3 

VT.wet.act O2 M.Nm3/h 2.5 2.7 2.5 2.7 

yH2O % 8.8 14.6 8.8 15 

CSO2.dry.ref O2 mg/Nm3 5339 400 5339 400 

CSO3.dry.ref O2 mg/Nm3 53 29 53 29 

Evaporation t/h   140   150 
 

As shown in Table 4-10, notable differences in the results obtained from both models are the 

temperature and moisture content of the treated flue gas at the absorber outlet, and the 

evaporation rate. Recall that the moisture content of the treated flue gas exiting the absorber is 

dependent on the temperature of the treated flue gas exiting the absorber (that is, saturation 
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temperature). The saturation temperature is determined through an iterative calculation 

considering the overall energy balance over the absorber in both the WPDM and the SDP.  

A comparison of the overall energy, mass and water balances are given below. Refer to Figure 

3-5 to recall the streams in the overall WFGD balance. A comparison of the overall energy 

balance results obtained using both models is shown in Table 4-11.  

 
Table 4-11: Comparison of simulation results for the energy balance. 

    WPDM SDP 
    INLET OUTLET  INLET OUTLET  

Flue gas MJ/s 125 51 not given 54 

Oxidation air kJ/s 860   not given   

Limestone  kJ/s 130   not considered   

Process water make-up MJ/s 3.7   not considered   

Gypsum  kJ/s   680   not considered 

Wastewater kJ/s   770   not considered 

Latent heat of 
evaporation MJ/s 

  96   95 

Heat lost through the 
SO2 absorption 
reaction MJ/s 

  -180   -180 

Heat lost through the 
HCl absorption reaction MJ/s 

  -1.1   not considered 

Total MJ/s 130 130 130 130 

% Difference kJ/s 0 0 
 

While the energy balance obtained through the WPDM agrees with approximately a 1 % 

deviation with the energy balance results obtained through the SDP, the energy balance is 

extremely sensitive to the saturation temperature. The difference in saturation temperature 

between the two models can be attributed to the exclusions made by the SDP for the overall 

energy balance. The WPDM considers all streams entering and leaving the WFGD system for 

the energy balance while the SDP excludes the energy associated with the limestone feed (that 

is,  Stream 31), process water make-up (that is, Stream 32), gypsum product (that is, Stream 

33), wastewater (that is, Stream 34), and the HCl absorption reaction. This results in a 

difference of 0.55 °C in the saturation temperature estimated using the two different models. 

Using the SDP, the moisture content of the treated flue gas was estimated to be approximately 

0.4 % higher (that is, 15 %) than that estimated using the WPDM (that is, 14.6%).This difference 

in moisture content relates to a 7 % higher evaporation rate in the case of the SDP estimation.  
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Comparisons of the overall mass and water balance results obtained using both models are 

shown in Table 4-12 and Table 4-13. 

Table 4-12: Comparison of simulation results for the overall mass balance. 

Overall mass balance (kt/h) 
 WPDM SDP 
 INLET OUTLET  INLET OUTLET  
Flue gas inlet 3.3   3.3   

Process water 0.16   0.17   

Oxidation air 0.032   0.032   

Limestone 0.025   0.025   

Flue gas outlet   3.5   3.5 

Gypsum   0.042   0.041 

Wastewater   0.013   0.013 

Total 3.5 3.5 3.5 3.5 

% Difference 0.02 0.01 
 

Table 4-13: Comparison of simulation results for the overall water balance. 

Overall water balance (kt/h) 
 WPDM SDP 
 INLET OUTLET  INLET OUTLET  
Moisture with untreated flue gas 0.18   0.18   

Moisture with oxidation air 0.00033   0.00033   

Process water 0.16   0.17   

Gypsum moisture   0.042   0.042 

Wastewater liquid   0.013   0.012 

Crystal water   0.007   0.007 

Moisture with treated flue gas   0.32   0.33 

Total 0.34 0.34 0.35 0.35 

% Difference 0.00 0.09 
Water consumption (l/kWh) 0.20 0.21 

 

The resulting deviation in the moisture content of the treated flue gas carries over to the water 

balance, specifically to the amount of water lost through evaporation (that is, Stream 3) and 

therefore total process water make-up required (that is, Stream 32). The temperature and 

moisture content of the treated flue gas estimated by the SDP results in a 6 % higher process 

water make-up requirement (that is, Stream 32) than what is estimated by the WPDM. The 

WPDM and SDP respectively yielded WFGD water consumption estimations of 0.20 l/kWh and 
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0.21 l/kWh. Both results are in line with the WFGD water consumption of 0.21 l/kWh mentioned 

by Carpenter (2012). 

A comparison of the detailed mass balance streams is shown in Table 4-14. Refer to Figure 

3-12 for to recall the streams in the PFD for the WFGD plant. 

Table 4-14: Comparison of simulation results for the mass flow rates of all streams within 
the WFGD system boundary. 

Detailed PFD Mass Flow Rates (kt/h) 
  Stream No. WPDM SDP 
Flue Gas at Absorber Inlet 1 0.33 0.33 
Flue Gas at Absorber Outlet 3 0.35 0.37 
Oxidation Air 30 0.032 0.032 
Limestone 31 0.025 0.024 
Process Water 32 0.16 0.17 
Gypsum Product 33 0.042 0.041 
Wastewater Bleed  34 0.013 0.013 
Limestone Slurry 35 0.082 0.08 
Water required for Limestone Slurry Prep  36 0.057 0.056 
Water required for Gypsum Washing 37 0.047 0.046 
Process Water Make-up to the Absorber 38 0.057 0.069 
Wastewater HC underflow 39 0.0021 0.0021 
Wastewater HC Feed 40 0.015 0.015 
Portion of Gypsum HC overflow to Absorber 42 0.28 0.27 
Gypsum HC overflow 43 0.29 0.28 
Gpysum HC underflow 44 0.075 0.074 
Filtrate from VBF 45 0.08 0.079 
Total Reclaim to Absorber 46 0.36 0.36 
Gypsum Bleed  47 0.37 0.36 
 

From the results presented in Table 4-14 it is evident that the estimated absorber make-up 

requirement (that is, Stream 38) is also higher according to the SDP calculation compared to 

that of the WPDM calculation due to the deviations mentioned above. The detailed mass 

balance results are comparable for both models. 

A comparison of the results for the main absorber performance parameters is shown in Table 

4-15. 

 
Table 4-15: Comparison of simulation results for the main absorber performance 

parameters. 
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    WPDM SDP 
L/G l/m3 10.9 10.7 

 
Total liquid flow req. km3/h 38 38 

No. of spray levels in operation   4 4 

Total liquid flow per spray level km3/h 9.6 9.6 

SOx as SO2 removal efficiency (requested) % 92.1 92.1 

SO2 removal efficiency (requested) % 92.5 92.4 

Absorber pressure drop kPa 1.5 1.5 

Velocity at flue gas inlet m/s 13.5 13.5 

Velocity at flue gas outlet m/s 15.8 15.9 

Scrubber velocity m/s 4.1 4.1 

Absorber reaction tank residence time min 5.1 5.1 
 

As shown in Table 4-15, both models yield comparable results for the main absorber 

performance parameters.  

The results obtained using both the WPDM and the SDP were found to be comparable with 

minor deviations as discussed above. The results obtained using both models are also 

consistent with literature with respect to the water balance. 

Therefore it was concluded that the WPDM would be a reliable model for which to integrate the 

flue gas cooling options evaluated. 

4.3 Base case- no flue gas cooling: Analysis of the projected water losses 

The base case (that is, without flue gas cooling) was simulated using the WPDM to determine 

the basis for the comparison of results when evaluating the different flue gas cooling options. 

The detailed mass and water balances for the base case are shown in Figure 4-2. 
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Figure 4-2: Detailed mass and water balance for the base case for one boiler unit. 
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As shown in Figure 4-2, the process water make-up requirement for one boiler unit is estimated 

to be 161 t/h. 

4.3.1 Water balance  

The overall water balance over the absorber for the base case is shown in Figure 4-3. 

 

Figure 4-3: Overall water balance for the base case, per boiler unit. 

As shown in Figure 4-3, the process water make-up requirement of 161 t/h is introduced into the 

system through Stream 36 (limestone slurry preparation, 57 t/h), Steam 37 (gypsum washing, 

47 t/h) and the mist eliminator flushing or the absorber make-up (Stream 38, 57 t/h). The total 

process water make-up requirement, that is, the total WFGD water consumption for all six 

absorbers is 966.3 m3/h. The water losses through the WFGD system that must be 

compensated for through process water make-up are summarised in Table 4-16.  

Table 4-16: Summary of water losses through the WFGD system for the base case, per 
boiler unit. 

Water losses Units Value 
Evaporation t/h 137 
Residual moisture in gypsum t/h 4 
Wastewater water losses t/h 13 
Crystal water t/h 7 
Total water losses/total process make-up requirement t/h 161 
 

A graphical representation of the water losses in the WFGD system is shown in Figure 4-4.  
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Figure 4-4: Distribution of water losses in the WFGD system for the base case. 

 

As shown in Figure 4-4, the water lost through evaporation is estimated to be responsible for 85 

% of the total water losses in the system. Recall that Haiping et al. (2014) found that water lost 

through evaporation accounted for the largest source of water losses (approximately 90 %) in 

the system followed by water losses through wastewater discharge. The differences in the 

results may be attributed to the differences in the ambient conditions, overall chloride balance 

and/or the gypsum specification between the reference plants of each study.   Nevertheless the 

results for the base case show that water lost through evaporation represents the largest 

opportunity to reduce the overall process water make-up requirement.  

As mentioned previously, the absorber mist eliminators require periodic flushing. The water 

required for flushing is provided through the absorber process water make-up.  

The process water users in the WFGD system are summarised in Table 4-17. The total process 

water make-up is introduced into the WFGD system through distribution amongst the different 

water users, as shown graphically in Figure 4-5.  

Table 4-17: Summary of process water users in the WFGD system for the base case, per 
boiler unit. 

Process water users Units Value 
Process Water for Limestone Slurry Preparation t/h 57 
Process Water for Gypsum Washing  t/h 47 
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Process Water for available for Absorber make-up/mist eliminator flushing t/h 57 
Total Process Water Requirement t/h 161 
 

 

Figure 4-5: Distribution of process water users in the WFGD system for the base case, 
per boiler unit. 

As is clear from Figure 4-5, most of the process water make-up is used for limestone slurry 

preparation, leaving very little available for absorber make-up, and/or mist eliminator flushing.  

The mist eliminator flushing requirement per unit is 60 t/h, and the amount of process water 

available for absorber make-up is 57 t/h. This implies that additional process water is required to 

compensate for the total mist eliminator flushing requirement. More importantly this process 

configuration (that is, the use of process water for limestone slurry preparation) does not favour 

upstream flue gas cooling for the purposes of reducing the WFGD water consumption because 

even more process water is required to fulfil the plant water requirements than is required for 

absorber make-up.  It is therefore important to consider streams within the WFGD process that 

can be reused for limestone slurry preparation. Based on the PFD given in Figure 4-2, the 

streams available for recycle and reuse in the WFGD absorber are those streams which are 

reclaimed to the absorber. These streams are summarised in Table 4-18.  
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Table 4-18: Streams available in the WFGD system for recycle and reuse within the WFGD 
system for the base case per unit. 

 Stream 39 Stream 42 Stream 45 
 Units Wastewater HC 

underflow 
Portion of gypsum 
HC overflow to 
Absorber 

Filtrate from VBF 

t/h 2.1 2.80 80 
mass % solids 20 6.1 0 
 

In the current design (that is, the base case), these streams are reclaimed to the absorber. The 

filtrate (that is, Stream 45) can be reused for limestone slurry preparation and is favoured over 

streams 39 and 42 as this stream does not contain any solids that may interfere with the 

operation of the limestone slurry preparation system. The design was therefore modified as part 

of this study, to include the reuse of a portion of the filtrate (that is, Stream 45) for the limestone 

slurry preparation. This alleviates the need for the use of process water for limestone slurry 

preparation. The detailed PFD, mass and water balance for the new base case is shown in 

Figure 4-6. 
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Figure 4-6: Detailed mass and water balance for the new base case per boiler unit. 
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The use of the filtrate for limestone slurry preparation leaves sufficient process water available 

for mist eliminator flushing through absorber make-up and allows for the reduction of the WFGD 

process water requirement through upstream flue gas cooling. This is indicated in Table 4-19, 

and Figure 4-7. 

Table 4-19: Summary of process water users in the WFGD system for the new base case, 
that is, with recycle and reuse of a portion of the filtrate stream for limestone slurry 

preparation, per boiler unit.  

Process water users Units Value 
Process water for limestone slurry preparation t/h 0.00 
Process water for gypsum washing  t/h 47 
Process water for absorber  t/h 114 
Total process water make-up t/h 161 
 

 

Figure 4-7: Distribution of process water users in the WFGD system for the new base 
case, that is, with recycle and reuse of a portion of the filtrate stream for limestone slurry 

preparation, per boiler unit. 

In the new process configuration for the base case the process water make-up to the absorber 

is responsible for 71 % of the total process water make-up requirement. The process water 

make-up to the absorber can therefore be reduced from 114 t/h to the mist eliminator flushing 

requirement of 60 t/h through upstream flue gas cooling for each boiler unit.  
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Appendix E can be consulted for the complete set of results for the new base case (that is, with 

recycle and reuse of a portion of the filtrate stream for limestone slurry preparation). The new 

base case represents the basis for comparison of results when evaluating the different flue gas 

cooling and heat recovery options as discussed in the subsequent sections. 

4.4 Optimum absorber inlet flue gas temperature 

The optimum flue gas temperature required at the absorber inlet was determined by evaluating 

the absorber process water make-up requirement at different absorber inlet flue gas 

temperatures, while taking the mist eliminator flushing requirement (60 m3/h per absorber and 

360 m3/h for six absorbers) into account. The objective of this exercise is to determine the 

desired untreated flue gas temperature that would result in an absorber make-up requirement 

close to or equivalent to the mist eliminator flushing requirement. The influence of the absorber 

inlet temperature on the flue gas properties, evaporation rate and total process water 

consumption is shown in Table 4-20 and Table 4-21. 
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Table 4-20: Influence of absorber inlet flue gas temperature on flue gas properties and evaporation rate for the new base case, per boiler 
unit. 

T2 °C 137 134 130 125 120 115 110 105 100 95 90 

CSO2.FG.2.dry.ref.O2 mg/Nm3 5339 5339 5339 5339 5339 5339 5339 5339 5339 5339 5339 

yH2O.FG.2 vol-% 8.8 8.8 8.8 8.8 8.8 8.8 8.8 8.8 8.8 8.8 8.8 

T3 °C 51.6 51.4 51.1 50.8 50.44 50.1 49.7 49.4 49 48.6 48.2 

CSO2.FG.3.dry.ref.O2 mg/Nm3 398.2 398.2 398.2 398.2 398.2 398.2 398.2 398.2 398.2 398.2 398.2 

yH2O.FG.3 vol-% 14.6 14.4 14.3 14 

 

13.8 13.3 13.3 13.1 12.8 12.6 12.3 

Evaporation m3/h 137.7 134.1 129.3 123.3 117.3 111.4 105.4 99.4 93.5 87.6 81.6 
 

Table 4-21: Influence of absorber inlet flue gas temperature on the evaporation rate and the total process water consumption for the new 
base case, for all six units. 

T2 °C 137 134 130 125 120 115 110 105 100 95 90 

Evaporation m3/h 825.9 804.3 775.6 739.7 703.9 668.1 632.3 596.6 561 525.4 489.8 

Total Process Water Req. (Stream 
32) 

m3/h 966.3 944.7 915.9 879.9 844 808 772.1 736.3 700.5 664.8 629.1 

Absorber Process Water Make-up 
(Stream 38) 

m3/h 686.2 664.5 635.7 599.7 563.7 527.8 491.9 456.1 420.3 384.6 348.9 

Mist Eliminator Flushing Req. m3/h 360 360 360 360 360 360 360 360 360 360 360 

Water Consumption l/kWh 0.20 0.20 0.19 0.18 0.18 0.17 0.16 0.15 0.15 0.14 0.13 
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As shown in Table 4-21, the calculated water consumption was reduced from 0.20 l/kWh to 0.13 

l/kWh when the temperature of the untreated flue gas entering the absorber is reduced from 137 

°C to 100 °C. This correlates with the findings of Haiping et al. (2014), who found that the water 

consumption would be reduced from 0.20 l/kWh to 0.16 l/kWh when the temperature of the 

untreated flue gas is reduced from 140 °C to 120 °C respectively.  

4.4.1 Influence of absorber inlet flue gas temperature on saturation temperature and 
evaporation rate 

The influence of the absorber inlet flue gas temperature on the treated flue gas saturation 

temperature is shown in Figure 4-8.  

 

Figure 4-8: Influence of absorber inlet flue gas temperature on treated flue gas saturation 
temperature. 

The treated flue gas saturation temperature was found to decrease from 51.6 °C to 48.2 °C 

when the temperature of the flue gas entering the absorber was reduced from 137 °C to 90 °C. 

This corresponds to a 0.2-0.3 °C reduction in flue gas saturation temperature for every 5°C 

reduction in the temperature of the untreated flue gas that enters the absorber. This correlates 

well with the findings of Haiping et al. (2014), who found that the saturation temperature of the 

treated flue gas exiting the absorber increased by 0.75 °C for every 10 °C increase in the 

temperature of the untreated flue gas entering the absorber. 

The influence of the absorber inlet flue gas temperature on the treated flue gas moisture content 

is shown in Figure 4-9.  
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Figure 4-9: Influence of absorber inlet flue gas temperature on treated flue gas moisture 
content. 

In accordance with Figure 4-9, the treated flue gas moisture content was found to decrease 

from 14.6 % to 12.3 % when the temperature of the flue gas entering the absorber was reduced 

from 137 °C to 90 °C.  

This reduction in the treated flue gas moisture content also corresponded with lower 

evaporation rates as shown in Figure 4-10. 

 

Figure 4-10: Influence of absorber inlet flue gas temperature on the evaporation rate per 
absorber.  

Accordingly the evaporation rate was reduced by approximately 41 % from 137.7 m3/h (0.17 

l/kWh) to 81.6 m3/h (0.10 l/kWh) when the temperature of the flue gas entering the absorber 
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was reduced from 137°C to 90°C. Haiping et al. (2014) found the evaporation rate to be 0.20 

l/kWh and 0.15 l/kWh at a temperature of 140°C and 120°C of the untreated flue gas 

respectively. While the trend of the results obtained in this study correlate well with Haiping et 

al. (2014), the differences in the actual values may be due to the differences in the reference 

plant characteristics and the possible differences in the estimation of the evaporation rate. 

4.4.2 Influence of absorber inlet flue gas temperature on the WFGD water balance 

The influence of the absorber inlet flue gas temperature on the total process water requirement 

for all six units is shown in Figure 4-11, where the calculations indicated that the total process 

water requirement could be reduced by approximately 35 % from 966.3 m3/h (0.20 l/kWh) to 

629.1 m3/h (0.13 l/kWh) when the temperature of the flue gas entering the absorber was 

reduced from 137 °C to 90 °C. Haiping et al. (2014) found the overall process water 

consumption to be 0.20 l/kWh and 0.16 l/kWh at a temperature of 140°C and 120°C of the 

untreated flue gas respectively.  

As mentioned previously, the cooling of the untreated flue gas upstream of the absorber is 

limited by the overall WFGD system water balance requirements. The absorber inlet flue gas 

temperature should therefore only be reduced to ensure that the amount of process water 

make-up required for the absorber equals the amount of process water required for mist 

eliminator flushing (360 m3/h for six units), since further cooling would not have any water 

saving benefits. The absorber process water make-up requirements at the different absorber 

inlet flue gas temperatures are shown in Figure 4-11.  
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Figure 4-11: Influence of the absorber inlet flue gas temperature on process water 
requirements for all six units.  

Appendix E may be consulted for a comprehensive overview of the overall water balance results 

obtained for each absorber inlet flue gas temperature evaluated. As shown in Figure 4-11, the 

absorber process water make-up requirement is 384.6 m3/h at an absorber inlet flue gas 

temperature of 95 °C. The absorber process water make-up requirement falls below the mist 

eliminator flushing process water requirement at temperatures below 90 °C. Therefore 95 °C 

can be considered as the optimum absorber inlet flue gas temperature to achieve reasonable 

water savings while maintaining the water balance requirements in the WFGD system.  

Nonetheless, the optimum absorber inlet flue gas temperature was taken as 100°C to 

compensate for any errors in the estimation of the evaporation rate through the energy balance 

calculations. The flue gas cooling options were therefore evaluated to achieve an absorber inlet 

flue gas temperature of 100 °C.  

4.5 Technical assessment of flue gas cooling options 

The technical assessment of the flue gas cooling options was based on the following items: 

• Influence on WFGD plant performance. 

• Influence on the ID fan capacity. 

• Water savings. 

• Influence on the gross power plant efficiency. 
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4.5.1 Influence on WFGD plant performance.  

The main absorber parameters for the flue gas cooling options compared to the base case are 

summarised in Table 4-22. 

Appendix E may be consulted for detailed information regarding the mass and energy balance 

results for each of the flue gas cooling options. 
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Table 4-22: Main WFGD absorber parameters for the flue gas cooling concepts compared to the base case, that is, without flue gas 
cooling. 

  Base Case (no 
cooling) 

Option 1a. Flue 
gas reheat (GGH) 
1.5 wt.% leakage 

Option 1a. Flue 
gas reheat (GGH) 
5  wt.% leakage 

Option 1b. Flue 
gas reheat (HDS) 

Option 2a, 2b. 
FW heating 

Temperature of the untreated flue 
gas at absorber inlet (upstream of 

 

°C  137 100 100 100 100 

Temperature of flue gas at absorber 
outlet  

°C 51.6 49.1 49.2 49 49 

Temperature of flue gas at chimney 
outlet  

°C 51.6 84.5 86.5 84 49 

L/G l/m3 10.9 11.9 17.2 11.2 11.2 

Total liquid flow req. km3/h 38 40 56 38 38 

No. of spray levels in operation   4 4 4 4 4 

Total liquid flow per spray level km3/h 9.6 10 14 9.6 9.6 

SOx as SO2 removal efficiency 
(requested) 

% 92.1 93 96.9 92.1 92.1 

SO2 removal efficiency (requested) % 92.5 93.4 97.3 92.5 92.5 
Absorber pressure drop kPa 1.5 1.4 1.6 1.4 1.4 
Velocity at flue gas inlet m/s 13.5 12.1 11.6 12.2 12.3 
Velocity at flue gas outlet m/s 15.8 15.1 14.5 15.2 15.3 
Scrubber velocity m/s 4.1 3.9 3.8 3.9 4 
Absorber reaction tank residence 
time 

min 5.1 4.9 3.5 5.1 5.1 

Total pressure drop for the heat 
recovery system and WFGD 

kPa 1.5 2.8 3 2.8 2.1 
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a. Flue gas reheat 

The flue gas reheating option using the GGH concept (that is, Option 1a) was found to have 

notable impacts on the main absorber performance parameters. According to the literature and 

Eskom experience, leakage in regenerative-type GGH’s is found to increase over time and can 

typically range from 5 to 15 wt.% as in the case of the air preheaters. Two leakage cases were 

therefore considered as part of the evaluation of the GGH option.  As shown in Table 4-22, the 

SO2 removal efficiency and L/G ratio requirements were found to increase compared to the 

base case when implementing the GGH Option 1a, and that this increase is predicted to apply 

for both the 1.5 and 5 wt.% leakage cases. This option is also predicted to influence the total 

liquid flow per absorber spray level, the absorber pressure drop and reaction tank residence 

time. Accordingly, the total liquid flow increased from 38 km3/h for the base case to 40 km3/h 

and 56 km3/h for the 1.5 wt.% and 5 wt.% GGH leakage cases respectively. The reaction tank 

residence time was found to decrease from 5.1 min to 4.9 min and 3.5 min for the 1.5 % and 5 

% GGH leakage cases respectively due to the increased total liquid flow rate. The capacity of 

the absorber recirculation pumps or the number of spray levels would therefore have to be 

increased to accommodate the increased L/G ratio that is predicted for the GGH option. The 

drawback of this option is therefore that the absorber reaction tank volume would need to be 

increased to ensure a sufficient residence time, which is taken as 5 min.  

The absorber pressure drop was found to not be significantly influenced, and was calculated to 

be 1.4 kPa and 1.6 kPa for the 1.5 and 5% GGH leakage cases respectively. Compared to the 

base case absorber pressure drop of 1.5 kPa, the absorber pressure drop was estimated to 

decrease by 2.9 % even though the L/G increased by 8.9 % for the 1.5 % leakage case. 

Although the absorber pressure drop is related to the L/G, density and velocity of the flue gas, 

the reduced temperature of the untreated flue gas entering the absorber increases the density 

and leads to a reduction of the velocity of the flue gas. The relatively small decrease of the 

absorber pressure drop can therefore be attributed to the contribution of these different 

parameters to the absorber pressure drop. In this case the reduced flow rate and temperature of 

the untreated flue gas entering the absorber has a greater influence on the pressure drop 

compared to the small increase in the L/G ratio.  

The model further predicted that the absorber inlet, outlet and superficial velocities would be 

decreased from the base case values for both the 1.5 % and 5% GGH leakage cases. While the 

absorber superficial and outlet flue gas velocities are predicted to still fall within the desired 

range, the absorber inlet velocities was calculated to be outside the desired range of 14 - 17 

m/s (Binkowski, 2009). The dimensions of the absorber inlet duct may therefore need to be 

modified to ensure that the absorber flue gas velocities are within the desired range however 
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computational fluid dynamic modelling of the hydrodynamics in the absorber will be able to 

evaluate the flue gas distribution at the absorber inlet (Binkowski, 2009).  

The flue gas reheat option using the heat displacement concept (that is, Option 1b) was found 

to not greatly influence the main absorber parameters, with the exception of the absorber inlet 

velocities which fell outside the recommended range. When applying this option, it might 

therefore also be necessary to adjust the dimensions of the inlet duct.  

In summary, it was therefore found that notable changes to the absorber design would be 

required for the implementation of Option 1a, that is, for flue gas reheating using a GGH. These 

changes include adjustment of either the number of spray levels, or the size of the recirculation 

pumps. Due to the height limitations applicable to WFGD absorbers, a larger slurry recirculation 

pump is recommended (Harris, 2013). The volume of the reaction tank would also need to be 

increased to allow sufficient time for limestone dissolution. The development of a feasible 

solution to increase the absorber L/G ratio and the reaction tank residence time for the 

implementation of Option 1a would require a constructability and cost analysis. It is also 

important to note that if leakage rates over the GGH increase over time, the ability to meet 

compliance levels with the baseline design may be compromised. In contrast, the 

implementation of Option 1b would leave the absorber design relatively unchanged with the 

exception of a possible modification to the inlet duct. 

b. FW heating  

The FW heating concept (that is, Option 2a and 2b) was also predicted not to have a great 

influence on the main absorber parameters, again with the exception of the absorber inlet 

velocity that was calculated to fall outside the recommended range and may therefore also 

necessitate modification of the dimensions of the inlet duct.  

4.5.2 Water savings 

The projected water savings with implementation of the flue gas cooling options are 

summarised in Table 4-23. 
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Table 4-23: Comparison of WFGD water consumption for the base case and flue gas 
cooling concepts. 

  Base Case Option1a. 

GGH with 

1.5% 

leakage 

Option1a. 

GGH with 

5% 

leakage 

Option1b. 

Flue gas 

reheat 

(HDS) 

Option 2a, 

2b. FW 

heating 

Evaporation  m3/h 825.9 555.7 539.1 559.7 561 

Total process water 

consumption (Stream 

32) 

m3/h 

966.3 694.5 674.9 699.3 700.5 

Water consumption  l/kWh 0.20 0.14 0.14 0.15 0.15 

Water saving  Mm3/a  2.38 2.55 2.34 2.33 

 

From Table 4-23 , it is clear that all the flue gas cooling options were predicted to yield 

comparable water savings of approximately 28 % to 30 % when compared to the base case. 

Implementation of either of the flue gas cooling concepts would result in water savings that 

make the water consumption of the WFGD plant comparable with that of conventional semi-dry 

FGD technologies. 

4.5.3 Influence on the ID fan capacity 

The base case pressure drop over the absorber is 1.5 kPa, and the current ID fan specifications 

allow for a maximum pressure drop of 2.5 kPa. The total WFGD pressure drop that was 

calculated for each of the flue gas cooling configurations are summarised in Table 4-24, where 

the pressure drop over the heat exchanger equipment in addition to the pressure drop over the 

absorber as reported for each case in Table 4-22 is included. 

Table 4-24: Comparison of pressure drops as a result of the flue gas cooling 
configurations evaluated. 

 Option 1a. 

GGH with 

1.5% 

 

Option 1a. 

GGH with 

5% leakage 

Option 1b. 

Flue gas 

Reheat 

 

Option 2a, 

2b. FW 

heating 

Total pressure drop (kPa) 2.8 3 2.9 2.2 

Booster Fan Required (Yes/No) Yes Yes Yes No 

Additional pressure drop required 

from the booster fan (kPa) 

0.3 0.5 0.4 0 
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As shown in Table 4-24 , the implementation of flue gas cooling through reheating of the treated 

flue gas (Option 1a and 1b), would require a booster fan to compensate for the additional 

pressure drop caused by the heat exchange equipment. However, the existing ID fan has 

sufficient capacity to allow for the implementation of flue gas cooling through FW heating with 

both Option 2a and 2b.  

The detailed results for the calculation of the additional ID and/or booster fan capacity are 

shown in Appendix E. 

4.5.4 Gross power plant efficiency 

a. Auxiliary power consumption 

The main contributors toward auxiliary power consumption associated with each option include 

additional ID fan power required to overcome the additional system resistance, and increased 

pumping power associated with pumping the cooling medium for both the HDS options (that is, 

Option 1b and 2b) and the direct FW heating option (that is, Option 2a). A summary of the main 

auxiliary power users is shown Table 4-25. 

Table 4-25: Auxiliary power consumption associated with each option. 

 Option 

1a. GGH 

with 1.5% 

leakage 

Option 

1a. GGH 

with 5% 

leakage 

Option 

1b. Flue 

gas 

reheat 

(HDS) 

Option 

2a. FW 

heating 

(23.7 °C) 

Option 

2a. FW 

heating 

(40 °C) 

Option 

2b. FW 

heating 

with HDS 

(23.7 °C) 

Option 

2b. FW 

heating 

with 

HDS 

(40 °C) 

Fan Power 
(MW) 14 14 14 10 10 10 10 

Pumping 
Power (kW) 0 0 0.26 1.5 2.5 0.81 0.81 

Total Auxiliary 
Power 
Consumption 
(kW) 

14 14 14 12 13 11 11 

 

The detailed results of the auxiliary power consumption calculation are shown in Appendix E. 

b. Heat recovery into the FW heating system 
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The FW water heating concept (that is, Option 2a and 2b) includes the recovery of the heat from 

the untreated flue gas into the FW heating system. This would reduce the amount of steam that 

needs to be extracted for heating of the condensate through the FW heaters. The reduction in 

the steam extraction results in an increase in the gross power output and power plant efficiency 

if the coal quality and flow rate is assumed to remain constant. The temperature of the turbine 

condensate leaving the ACC is sensitive to the ambient temperature, therefore both the average 

and worst case ambient temperatures of 23.7 °C and 40 °C respectively were considered. The 

influence on gross power plant efficiency was calculated using heat balances, and the results 

are shown in Table 4-26. 

Table 4-26: Influence on power plant gross efficiency. 

 Option 2a. (at 23.7 °C 
ambient temperature) 

Option 2b. (at 40 °C ambient 
temperature) 

Mass flow rate of condensate 
tap-off for flue gas cooling 
(kg/s) (one unit) 

203.7 329.2 

Split of condensate from 
FWH-1 required for flue gas 
cooling (mass-%) 

45 72 

Increase in power output 
(MW) for six units 18.2 10.2 

Increase in gross power plant 
efficiency (%) 0.17 0.10 

 

The detailed calculation method that was followed for the calculation of the increased power 

output and gross plant efficiency is shown in Appendix E. As shown in Table 4-26, the gross 

power output was predicted to increase by 18.2 MW and 10.2 MW for the 23.7 °C and 40 °C 

ambient temperature cases respectively. This represents a gross increase of 0.17 % and 0.1% 

in the power plant efficiency respectively. 

4.6 Conclusions 

The WPDM was validated against the SDP, and good correlation between the two models were 

obtained. The level of flue gas cooling that could be achieved was limited by the mist eliminator 

flushing requirement. Cooling of the untreated flue gas from 137 ˚C to 100 ˚C was found to be 

the most suitable basis for the evaluations. The results showed that water savings of 

approximately 28 to 30 % (0.14 to 0.15 l/kWh from 0.20 l/kWh) can be achieved with the 

implementation of either flue gas reheat or FW heating. This makes the water consumption of 

the WFGD plant comparable with that of a conventional semi-dry FGD plant (≈0.14 l/kWh). Flue 

gas reheating through regenerative type heat exchange (GGH) was found to have the most 
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notable influences on the WFGD plant performance and design. The water savings, auxiliary 

power requirements associated with additional flue gas pressure drop and HRS pumping 

requirements, and impact on power plant efficiency formed the basis for the technical 

assessment. A booster fan would be required to compensate for the additional pressure drop 

that cannot be accommodated by the existing ID fan before the flue gas reheating options 

(Option 1a or 1b) can be implemented.  The existing ID fan does, however, have sufficient 

capacity to allow for the implementation of flue gas cooling through FW heating for both Option 

2a and 2b. The main contributors toward auxiliary power consumption associated with each 

option was found to be the additional ID fan power, and to a lesser degree the additional 

pumping power associated with pumping the cooling medium for both the HDS options (Option 

1b and 2b) and the direct FW heating option (Option 2a). The additional auxiliary power 

consumption requirements were found to be 14 MW and 11-13 MW for the flue gas reheat 

Option 1a and 1b) and FW heating (Option 2a and 2b) options respectively. The FW water 

heating concept (Option 2a and 2b) includes the recovery of the heat from the untreated flue 

gas into the FW heating system. This reduces the amount of steam that needs to be extracted 

for heating of the condensate through the FW heaters. The reduction in the steam extraction 

was predicted to result in an increase in the gross power output and power plant efficiency if the 

coal flow rate and quality is assumed to remain constant. The gross power output was 

calculated to be increased by 18.2 MW and 10.2 MW for the 23.7 °C and 40 °C ambient 

temperature cases respectively. This represents an increase of 0.17 % and 0.1% in gross power 

plant efficiency for the 23.7 °C and 40 °C ambient temperature cases respectively. 

The outputs of the process simulations, the technical assessment and the vendor information 

formed the basis for the economic assessment. 
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CHAPTER 5 ECONOMIC ASSESSMENT  

The economic assessment of the flue gas cooling options is presented in this chapter, and includes the 

capital and operating cost estimates and a life-cycle cost assessment for the options evaluated (Chapter 

4). The life-cycle cost assessment of the flue gas cooling options was conducted to compare the 

cumulative costs associated with each of the options over the life of the plant. The scope of the 

economic assessment only includes the costs associated with the modification concept and does not 

include the WFGD plant costs. The water savings were evaluated relative to the WFGD base case water 

consumption.  

5.1 Methodology  

The method that was used for the development of the capital and operating cost estimates was chosen 

in accordance with a Class 5 (± 30 to 50 %) cost estimation and the amount of information available at 

this stage, for the purpose of pre-screening the various flue gas cooling options (Sinnott, 2009). The 

outputs of the process modelling and technical assessment were used to obtain vendor information for 

the main equipment items. The capital and operating cost estimates were then developed based on a 

combination of the process modelling, technical information and vendor information outputs. A summary 

of the methodology followed for the economic assessment is shown in Figure 5-1. 

 

Figure 5-1: Methodology followed for the economic assessment. 

5.2 Economic parameters 

The following economic parameters were used for the development of the cost estimates. 
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Table 5-1: Economic parameters used for the development of the cost estimates ( Mnguni, K, 
2015) 

Exchange Rate (ZAR/EUR) 13.42 

Cost of Water (R/m3) 15.7 

Cost of Power (R/kWh) 0.421 

Discount Rate (%) (Nominal per annum) 14.5 

PPI (FY: 2013/2014) (%) 6 

PPI (FY: 2015/2016) (%) 5.7 

PPI (FY: 2015/2016 to 2064/2065) (%) 6 

MW sent out per unit 715 

 

5.2.1 Capital Cost Estimation 

The mass and energy balance results obtained from the process simulations from the WPDM were 

provided to suppliers and the capital cost estimates were developed based on the budget quotations 

received for the major equipment items associated with each flue gas cooling option. The costs obtained 

from the suppliers represent the cost of purchase including delivery for the main equipment items. The 

Lang factorial method in which a factor is applied to the total cost of purchase (COP) was then used to 

determine the total capital expenditure associated with each option (Sinnott, 2009). The total capital 

expenditure (CAPEX) includes the COP (that is, direct CAPEX) of the main equipment items and 

additional CAPEX (that is, indirect CAPEX). The Lang factorial method suggests a factor of 4.7 for the 

total COP for fluids processing plants (Sinnott, 2009). However, the total capital cost estimate relative to 

the total COP as developed during the basic design phase of the Power Station X WFGD Retrofit Project 

was 5 (Harris, 2013). Therefore, a factor of 5 was used to develop the total capital cost estimate for each 

flue gas cooling option.  

Additional CAPEX accounts for the following: 

• Costs of installation 

o Equipment erection, foundations, structures 

o Piping including insulation 

o Electrical, power and lighting 

o Instrumentation and control 

o Process buildings and structures 

o Utilities 
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o Site preparation 

• Engineering 

• Project and construction management  

• Contingency 

 

The cost of purchase for the capital cost estimation includes the cost of heat exchange/HRS equipment 

and the need for a booster fan associated with each option. The HRS includes the associated piping, 

pumps and instrumentation.  The following items were not considered for the capital cost estimates: 

• Costs associated with modifications to the absorber design for the flue gas reheat through GGH 
option (that is, Option 1a).  

• Costs associated with integration (that is, valves and piping) into the FW heating system. 

 

These items are not anticipated to have a significant effect on the capital cost estimates. The capital cost 

estimates are shown in Table 5-2.  
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Table 5-2: Capital cost estimates for six units. 

    Option 1a. 
Flue Gas 
Reheat with 
GGH (1.5 
mass-% 
leakage) 

Option 1a.  
Flue Gas 
Reheat with 
GGH (5 
mass-% 
leakage) 

Option 1b. 
Flue Gas 
Reheat with 
HDS 

Option 2a. 
FW heating 
with direct 
heat 
exchange 

(23.7 °C) 

Option 2a. 
FW heating 
with direct 
heat 
exchange 

(40 °C) 

Option 2b. 
FW heating 
with HDS 

(23.7 °C) 

Option 2b. 
FW heating 
with HDS 

(40 °C) 

Cost of purchase (one unit) M.EUR -3.2 -3.2 -12.4 -5.3 -5.3 -5.9 -5.9 

Cost of purchase (one unit) M.ZAR -42.9 -42.9 -166 -71.1 -71.1 -79.2 -79.2 

Additional CAPEX (one unit) M.ZAR -215 -215 -829 -356 -356 -396 -396 

Total CAPEX (one unit) M.ZAR -258 -258 -994 -427 -427 -475 -475 

Total CAPEX (six units) M.ZAR -1546 -1546 -5967 -2561 -2561 -2850 -2850 
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From the results presented in Table 5-2, it is clear that the flue gas reheat with heat 

displacement option was found to have the highest investment cost while the flue gas reheat 

with GGH option was found to have the lowest investment cost. The investment costs for both 

FW heating options yielded comparable capital cost estimates.  

5.2.2 Operating Cost Estimation 

The following items were identified as the key cost drivers for the operating cost estimates: 

• Auxiliary power consumption, 

• Water treatment for the heat displacement systems, 

• Maintenance, 

• Water Savings (Treated as revenue), and 

• Increase in power plant efficiency (Treated as revenue). 

 

The costs associated with maintenance are usually between 2-10 %, whereas the total 

maintenance cost relative to the total OPEX was assumed to be 5 % during the basic design 

phase of the Power Station X WFGD Retrofit Project. For this reason, a value of 5 % was also 

used in this assessment. The costs associated with operating labour were excluded as 

additional labour would not be required if any of these concepts are to be implemented and 

since the labour accounted for in the Power Station X WFGD Retrofit Project would be 

sufficient. The following items were not considered for the operating cost estimates: 

o Additional operating cost associated with the higher L/G requirement for the flue gas 

reheat through the GGH option (that is, Option 1a). 

 

This item is not anticipated to have a significant effect on the operating cost estimates. The 

operating cost estimates associated with each option are shown in Table 5-3. Refer to Appendix 

E for more details on the operating cost estimation. 
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Table 5-3: Operating cost estimates for each option for six units. 

 Option 
1a.  
Flue 
Gas 
Reheat 
with 
GGH 
(1.5 
mass-% 
leakage) 

Option 
1a.  
Flue 
Gas 
Reheat 
with 
GGH (5 
mass-% 
leakage) 

Option 
1b.  
Flue 
Gas 
Reheat 
with 
HDS 

Option 
2a.  FW 
heating 
with 
direct 
heat 
exchang
e 

(23.7 
°C) 

Option 
2a.  FW 
heating 
with 
direct 
heat 
exchang
e 

(40 °C) 

Option 
2b.  FW 
heating 
with 
HDS 

(23.7 
°C) 

Option 
2b.  FW 
heating 
with 
HDS 

(40 °C) 

ID Fan Power 
(M.ZAR) 

-51.5 -53.1 -52.2 -37.5 -37.5 -37.5 -37.5 

Pumping Power 
(M.ZAR) 

-0.0 -0.0 -1.0 -5.7 -9.2 -3.0 -3.0 

Additional Power 
Output (M.ZAR) 

+0.0 +0.0 +0.0 +67.3 +37.8 +67.3 +37.8 

Water Savings 
(M.ZAR) 

+37.4 +40.1 +36.7 +36.6 +36.6 +36.6 +36.6 

Water Treatment 
(M.ZAR) 

-0.0 -0.0 -12.1 0.0 -0.0 -12.1 -12.1 

Maintenance 
(M.ZAR) 

-12.9 -12.9 -49.7 -21.3 -21.3 -23.8 -23.8 

TOTAL OPEX 
(M.ZAR) 

-27.0 -25.9 -78.2 +39.3 +6.3 +27.5 -2.1 

 

The flue gas reheat options were found to have the highest operating costs mainly due to the 

high pressure drop requirements. The water savings achieved and the revenue obtained 

through the efficiency improvement for the FW heating options were found to offset the 

operating costs associated with these options for all FW heating concepts, with the exception of 

Option 2b (FW heating through heat displacement) at the maximum ambient temperature.  In 

the case of Option 2b, the water savings and additional power output achieved with the 

maximum ambient temperature is not sufficient to offset the operating costs associated with this 

option. 

5.2.3 Lifecycle Cost Assessment 

A nett present cost (NPC) and cumulative life cycle cost assessment was conducted to consider 

both the capital and operating cost influences associated with each option over the life of the 

plant.  

The NPC and levelised cost of electricity were calculated according to the following equations. 
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The NPC was developed based on the following assumptions: 

• The operation of the HRS would coincide with the WFGD retrofit of each steam generating 
unit. 

• The CAPEX will be spent over six years, based on the phased WFGD retrofit approach for 
Power Station X. 

• The OPEX will be spent according to the phased WFGD retrofit approach for Power Station 
X. 

• The outage available for the retrofit of the WFGD to each steam generating unit is six weeks 
(Harris, 2013). Any additional outage required is represented as planned capability loss 
factor (PCLF) and added to the total CAPEX. The outage time estimations were made in 
consultation with Steinmüller Engineering GmbH and the Turbine Engineering Centre of 
Excellence at Eskom. 

The resulting NPC value and cumulative life cycle cost associated with each option are shown 
in Table 5-4 , where a cost to Eskom is represented with a negative sign. 

Table 5-4: Nett present cost of each option. 
 Option 

1a.  Flue 
Gas 
Reheat 
with 
GGH 
(1.5 
mass-% 
leakage) 

Option 
1a.  Flue 
Gas 
Reheat 
with 
GGH (5 
mass-% 
leakage) 

Option 
1b.  Flue 
Gas 
Reheat 
with 
HDS 

Option 
2a.  FW 
heating 
with 
direct 
heat 
exchang
e 

(23.7 °C) 

Option 
2a.  FW 
heating 
with 
direct 
heat 
exchang
e 

(40 °C) 

Option 
2b.  FW 
heating 
with 
HDS 

(23.7 °C) 

Option 
2b.  FW 
heating 
with 
HDS 

(40 °C) 

Net present 
cost (NPC) 
M.ZAR 

-3607 -3601 -3397 -1029 -1241 -1223 -1415 

Levelised cost 
(R/MWh) 

-15.65 -15.62 -14.93 -4.29 -5.25 -5.25 -5.93 

Ranking 7 6 5 1 3 2 4 

122 



As shown in Table 5-4, the FW heating options (Option 2a and 2b) yield the least lifecycle costs. 

The flue gas reheat with GGH options (Option 2a and 2b) yield the highest lifecycle cost due to 

the longer outage time required for the modification.  

5.2.3.1 Sensitivities 

a. Outage time 

It is important to note that the economic assessment is extremely sensitive to the outage time 

requirement. Options 1a has the highest lifecycle costs due to the extended outage time 

required, that is, six months as opposed to the allocated six weeks. A sensitivity on the 

influence of the required outage time was done to determine the duration of outage required for 

Option 1a (the highest lifecycle cost) to yield similar lifecycle costs to Option 2a (least lifecycle 

cost for the FW heating option) or 2b (highest lifecycle cost for the FW heating option).This is 

shown in Figure 5-2. 

 

Figure 5-2: Influence of outage time for Option 1a. 

As shown in Figure 5-1, the outage associated with Option 1a would need to be limited to 

between eight to nine weeks to yield lifecycle costs similar to those of the FW heating options 

2a and 2b. Given the complexity of the retrofit for Options 1a, it is highly unlikely that it would be 

completed in such short amount of time. 

The economic assessment assumes that the modifications to the FW heating system can be 

done in parallel with the FGD retrofit in the allocated time of six weeks. This was confirmed 

through consultation with the Turbine Engineering Centre of Excellence at Eskom. The 

economic assessment of all options needs to be re-evaluated, should the required outages 

exceed the duration of the scheduled outage.  

b. Rand to dollar exchange rate 
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The rand to dollar exchange rate was taken as R13.42 which is in line with the economic 

parameters used within Eskom ( Mnguni, K, 2015). The influence of the current increase in the 

rand to dollar exchange rate on the NPC and levelised cost of electricity was evaluated for all 

options. The results are shown in Table 5-5 and Table 5-6. 

Table 5-5: Influence of the rand to dollar exchange rate on the NPC (M.ZAR).  

Rand to dollar 
exchange rate 

Option 
1a.  Flue 
Gas 
Reheat 
with 
GGH 
(1.5 
mass-% 
leakage) 

Option 
1a.  Flue 
Gas 
Reheat 
with 
GGH (5 
mass-% 
leakage) 

Option 
1b.  Flue 
Gas 
Reheat 
with 
HDS 

Option 
2a.  FW 
heating 
with 
direct 
heat 
exchang
e 

(23.7 °C) 

Option 
2a.  FW 
heating 
with 
direct 
heat 
exchang
e 

(40 °C) 

Option 
2b.  FW 
heating 
with 
HDS 

(23.7 °C) 

Option 
2b.  FW 
heating 
with 
HDS 

(40 °C) 

R 13.42 -3607 -3601 -2397 -1029 -1241 -1223 -1415 
R 15 -3706 -3699 -2786 -1192 -1431 -1386 -1605 
R 20 -4018 -4011 -3079 -1708 -2032 -1903 -2218 
Ranking 7 6 5 1 3 2 4 
 

Table 5-6: Influence of the rand to dollar exchange rate on the levelised cost of electricity 
(R/MWh). 

Rand to dollar 
exchange rate 

Option 
1a.  Flue 
Gas 
Reheat 
with 
GGH 
(1.5 
mass-% 
leakage) 

Option 
1a.  Flue 
Gas 
Reheat 
with 
GGH (5 
mass-% 
leakage) 

Option 
1b.  Flue 
Gas 
Reheat 
with 
HDS 

Option 
2a.  FW 
heating 
with 
direct 
heat 
exchang
e 

(23.7 °C) 

Option 
2a.  FW 
heating 
with 
direct 
heat 
exchang
e 

(40 °C) 

Option 
2b.  FW 
heating 
with 
HDS 

(23.7 °C) 

Option 
2b.  FW 
heating 
with 
HDS 

(40 °C) 

R 13.42 -15.10 -15.08 -13.22 -4.31 -5.20 -5.12 -5.92 
R 15 -15.52 -15.49 -14.85 -4.99 -5.99 -5.80 -6.72 
R 20 -16.82 -16.79 -15.27 -7.15 -8.51 -7.97 -9.29 
Ranking 7 6 5 1 3 2 4 
 

Both the NPC and levelised cost of electricity was found to increase with an increase in the rand 

to dollar exchange rate as expected.  

c. Cost of water 

The cost of water was taken as R15.63/m3 which is in line with the economic parameters used 

in Eskom. It is important to consider the influence of the potential increase in the cost of water 

on the NPC and levelised cost of electricity. The results are shown in Table 5-7 and Table 5-8. 
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Table 5-7: Influence of the rand to dollar exchange rate on the NPC (M.ZAR). 

Rand to dollar 
exchange rate 

Option 
1a.  Flue 
Gas 
Reheat 
with 
GGH 
(1.5 
mass-% 
leakage) 

Option 
1a.  Flue 
Gas 
Reheat 
with 
GGH (5 
mass-% 
leakage) 

Option 
1b.  Flue 
Gas 
Reheat 
with 
HDS 

Option 
2a.  FW 
heating 
with 
direct 
heat 
exchang
e 

(23.7 °C) 

Option 
2a.  FW 
heating 
with 
direct 
heat 
exchang
e 

(40 °C) 

Option 
2b.  FW 
heating 
with 
HDS 

(23.7 °C) 

Option 
2b.  FW 
heating 
with 
HDS 

(40 °C) 

R15.63 -3 607 -3 601 -3 397 -1 029 -1 241 -1 223 -1 415 
30 -3 407 -3 386 -3 200 -832 -1 045 -1 027 -1 219 
R60 -2 986 -2 935 -2 787 -421 -633 -616 -807 
R120 -2 986 -2 145 -1 960 +569 +189 +207 +15 
Ranking 7 6 5 1 3 2 4 
 

Table 5-8: Influence of the rand to dollar exchange rate on the levelised cost of electricity 
(R/MWh). 

Rand to dollar 
exchange rate 

Option 
1a.  Flue 
Gas 
Reheat 
with 
GGH 
(1.5 
mass-% 
leakage) 

Option 
1a.  Flue 
Gas 
Reheat 
with 
GGH (5 
mass-% 
leakage) 

Option 
1b.  Flue 
Gas 
Reheat 
with 
HDS 

Option 
2a.  FW 
heating 
with 
direct 
heat 
exchang
e 

(23.7 °C) 

Option 
2a.  FW 
heating 
with 
direct 
heat 
exchang
e 

(40 °C) 

Option 
2b.  FW 
heating 
with 
HDS 

(23.7 °C) 

Option 
2b.  FW 
heating 
with 
HDS 

(40 °C) 

R15.63 -15.10 -15.08 -14.22 -4.31 -5.20 -5.12 -5.92 
R30 -14.26 -14.18 -13.40 -3.49 -4.37 -4.30 -5.10 
R60 -12.50 -12.29 -11.67 -1.76 -2.65 -2.58 -3.38 
R120 -12.50 -8.98 -8.21 +2.38 +0.79 +0.87 +0.06 
Ranking 7 6 5 1 3 2 4 
 

Both the NPC and levelised cost of electricity was found to decrease with an increase in the 

cost of water. This is due to the revenue generated from the water savings associated with each 

option. If one considers Option 2b (that is, FW heating with HDS at 40˚C ambient temperature), 

the cost of water required for the NPC and levelised cost of electricity to breakeven was 

estimated to be approximately R120/m3.  

5.3 Conclusions 

The nett present cost (NPC) and cumulative life cycle cost assessment was calculated to 

consider both the capital and operating cost influences associated with each option. The FW 
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heating options (Option 2a and 2b) yielded the least lifecycle costs. The flue gas reheating with 

GGH option (Option 1a) yielded the highest lifecycle cost due to the long outage time projected 

for the modification. A sensitivity analysis on the influence of the required outage time was done 

to determine the duration of outage required for Option 1a (the highest lifecycle cost) to yield 

similar lifecycle costs to Option 2a (least lifecycle cost for the FW heating option) or 2b (highest 

lifecycle cost for the FW heating option). The outage associated with Option 1a would need to 

be between eight to nine weeks to yield lifecycle costs similar to those of the FW heating 

options. Given the complexity of the retrofit for Options 1a, it is highly unlikely that the scope 

would be completed in this relatively short time. The NPC and levelised cost of electricity was 

also found to be sensitive to the cost of water. Both the NPC and levelised cost of electricity was 

found to decrease with an increase in the cost of water. This is due to the revenue generated 

from the water savings associated with each option. If one considers Option 2b (that is, FW 

heating with HDS at 40˚C ambient temperature), the cost of water required for the NPC and 

levelised cost of electricity to breakeven was estimated to be approximately R120/m3.  
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

The main aim of this research was to identify the most viable option for the reduction of WFGD 

water consumption through flue gas heat recovery for Power Station X, from a techno-economic 

perspective.  

The results of the literature survey have shown that reduction of the temperature of the flue gas 

at the inlet to the WFGD absorber closer to the saturation temperature has the potential to 

significantly reduce the amount of water lost through evaporative cooling and therefore 

significantly reduce the water consumption of the WFGD process. Various attractive options for 

the recovery of sensible heat from the flue gas upstream of the WFGD were subsequently 

identified. However, little or no information regarding the influence of the various configurations 

on WFGD plant operation, performance and overall water balance were available. Furthermore, 

quantitative data on the impact and/or benefits of integrating any of these options within existing 

power plants could not be found in the literature. These gaps that were identified in the literature 

survey therefore formed the basis of the research. Consequently, two HRS options that included 

sub-options were evaluated in this study. Options for reheating the flue gas through 

regenerative heat exchange (Option 1a), heat displacement (Option 1b), FW heating through 

direct heat exchange (Option 2a) and heat displacement (Option 2b) were evaluated from both 

a technical and economic perspective.  

The WFGD Process Design Model (WPDM) was developed to assist with the quantitative 

evaluation of the various options and is the main output of this study, which consists of two 

parts, namely the WFGD plant and the HRS’s.  The WPDM was developed to provide a 

baseline for the evaluation of the water reduction options and evaluate the impacts on the 

WFGD process performance, that is, the main absorber parameters and mass and energy 

balance, associated with each HRS option. The WPDM was validated against the SDP, and 

good correlation between the two models were obtained. More specifically, the results for the 

water balance obtained using both models were also found to be consistent with literature. The 

WPDM is therefore considered to be a reliable model for the purposes of evaluating the main 

WFGD process performance parameters, and in the case of this study, also when integrated 

with the flue gas reheating and FW heating heat recovery systems. 

An analysis of the water balance for the base case showed that the level of cooling achievable 

within a given WFGD system is limited by the overall water balance requirements and should be 

carefully evaluated. In this case, the level of flue gas cooling that could be achieved was limited 

by the mist eliminator flushing requirement. Cooling of the untreated flue gas from 137 ˚C to 100 
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˚C was found to be the most suitable basis for the evaluations. The results showed that water 

savings of approximately 28 to 30 % (that is, between 0.14 to 0.15 l/kWh from 0.20 l/kWh) can 

be achieved with the implementation of either flue gas reheat or FW heating. This makes the 

water consumption of the WFGD plant comparable with that of a conventional semi-dry FGD 

plant (0.14 l/kWh).  

Flue gas reheating through regenerative type heat exchange (GGH) was found to have the 

most notable influences on the WFGD plant performance and design. The leakage from the 

untreated flue gas side to the treated flue gas side results in higher SO2 removal efficiency 

(within the absorber) and L/G requirements. The L/G was found to increase from 10.9 to 11.9 

and 17.2 for the 1.5 wt.% and 5 wt.% leakage cases respectively. While the leakage of 1.5 wt.% 

was provided from the vendor of the GGH, leakage in regenerative-type GGH’s is known to 

increase over the life of the plant and can range from 5 to 15 wt.% as in the case of the air 

preheaters. As shown with the 5 wt.% leakage case, this would have significant influences on 

the absorber design, e.g. the size of the recirculation pumps and the number of spray levels 

would need to be modified. The higher liquid to gas ratio requirement also reduced the liquid 

retention time in the absorber to below the desired value, and therefore would necessitate 

modification of the reaction tank dimensions. The results also showed that the flue gas velocity 

at the absorber inlet was slightly reduced to outside the desired range for all options evaluated. 

The inlet duct to the absorber may need to be modified to achieve the required absorber inlet 

velocity.  

The water savings, auxiliary power requirements associated with additional flue gas pressure 

drop and HRS pumping requirements, and impact on power plant efficiency formed the basis for 

the technical assessment. Since the introduction of the new HRS equipment was predicted to 

cause a significant increase in the pressure drop over the WFGD absorber, a booster fan would 

therefore be required to compensate for the additional pressure drop that cannot be 

accommodated by the existing ID fan before the flue gas reheating option (Option 1a or 1b) can 

be implemented.  The existing ID fan does, however, have sufficient capacity to allow for the 

implementation of flue gas cooling through FW heating for both Option 2a and 2b. The main 

contributors toward auxiliary power consumption associated with each option was found to be 

the additional ID fan power, and to a lesser degree the additional pumping power associated 

with pumping the cooling medium for both the HDS options (Option 1b and 2b) and the direct 

FW heating option (Option 2a). The additional auxiliary power consumption requirements were 

found to be 14 MW and 11-13 MW for the flue gas reheat (Option 1a and 1b) and FW heating 

(Option 2a and 2b) options respectively. The FW water heating concept (Option 2a and 2b) 

includes the recovery of the heat from the untreated flue gas into the FW heating system. This 

reduces the amount of steam that needs to be extracted for heating of the condensate through 
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the FW heaters. The reduction in the steam extraction was predicted to result in an increase in 

the power output and power plant efficiency if the coal flow rate and quality is assumed to 

remain constant. The power output was calculated to be increased by 18.2 MW and 10.2 MW 

for the 23.7 °C and 40 °C ambient temperature cases respectively. This represents an increase 

of 0.17 % and 0.1 % in gross power plant efficiency for the 23.7 °C and 40 °C ambient 

temperature cases respectively. 

The outputs of the process simulations, the technical assessment and the vendor information 

formed the basis for the economic assessment. The economic assessment included the capital 

cost estimate for major HRS equipment and the operating cost estimate for the major cost 

drivers. The flue gas reheating with heat displacement option (Option 1b) was found to have the 

highest investment cost (5967 M.ZAR), while the flue gas reheating with GGH option (Option 

1a) was found to have the lowest investment cost (1546 M.ZAR). The investment costs for both 

FW heating options yielded comparable capital cost estimates (2561 M.ZAR and 2850 M.ZAR 

respectively). The flue gas reheating options (Option 1a and 1b) were found to have the highest 

operating costs, mainly due to the high pressure drop requirements. The water savings 

achieved and the revenue obtained through the efficiency improvement for the FW heat options 

were calculated to partially offset the operating costs associated with these options for all FW 

heating concepts with the exception of Option 2b (FW heating through heat displacement) at the 

maximum ambient temperature.  In this case the water savings and additional power output 

achieved with the maximum ambient temperature was found to not be sufficient to offset any of 

the operating costs associated with this option. 

The nett present cost (NPC) and cumulative life cycle cost assessment was calculated to 

consider both the capital and operating cost influences associated with each option. The FW 

heating options (Option 2a and 2b) yielded the least lifecycle costs. The flue gas reheating with 

GGH option (Option 1a) yielded the highest lifecycle cost due to the long outage time projected 

for the modification, and because the economic assessment is extremely sensitive to the outage 

time requirement. A sensitivity analysis on the influence of the required outage time was done to 

determine the duration of outage required for Option 1a (the highest lifecycle cost) to yield 

similar lifecycle costs to Option 2a (least lifecycle cost for the FW heating option) or 2b (highest 

lifecycle cost for the FW heating option). The outage associated with Option 1a would need to 

be between eight to nine weeks to yield lifecycle costs similar to those of the FW heating 

options. Given the complexity of the retrofit for Options 1a, it is highly unlikely that the scope 

would be completed in this relatively short time. The NPC and levelised cost of electricity was 

also found to be sensitive to the cost of water. Both the NPC and levelised cost of electricity was 

found to decrease with an increase in the cost of water. This is due to the revenue generated 

from the water savings associated with each option. If one considers Option 2b (that is, FW 
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heating with HDS at 40˚C ambient temperature), the cost of water required for the NPC and 

levelised cost of electricity to breakeven was estimated to be approximately R120/m3.  

Flue gas cooling through FW heating using direct heat exchange was therefore found to be the 

most viable option for the reduction of WFGD water consumption at Power Station X from a 

techno-economic perspective. Although the technologies discussed in this report have been 

commercially implemented for similar applications, their viability also depends on the existing 

plant configuration and consultation with the technology providers and OEM’s that are involved. 

6.2 Recommendations 

The implementation of any of the flue gas cooling options evaluated above would result in 

significant capital and operating expenditure. This will have a significant impact on the cost of 

electricity and therefore the consumer. 

The flue gas cooling through FW heating option was found to have the least life-cycle cost, 

however there are various challenges related to the retrofit of this technology on a large scale. 

These include area arrangement and constructability, the outage time required for integration 

with the FW heating system, and the operation and maintenance of new heat exchange 

equipment operating under acid dew point conditions. This technology has also mostly been 

implemented on lignite coal fired power plants where the benefits of the improved power plant 

efficiency through the heat recovery are significant due to the higher back-end flue gas 

temperatures. While this option was found to have the least life-cycle cost, it is important to 

contextualise the potential water savings in relation to their impact on the cost of electricity, and 

the water saving initiatives already employed at the power plant. Based on the Class 5 cost 

estimate, a retrofit of the flue gas cooling through FW heating technology would reduce the 

water consumption for the WFGD from 0.21 l/kWh to 0.15 l/kWh, and increase the cost of 

electricity by approximately R 6 per MWh. Eskom has already reduced the water consumption 

significantly (2 l/kWh to 0.14 l/kWh without WFGD and 2 l/kWh to 0.35 l/kWh with WFGD) with 

the implementation of dry-cooling technology. This has also incurred an energy penalty of 

approximately 1.75 % (percentage points) in power plant efficiency. Furthermore, the 

implementation of flue gas cooling through FW heating would only reduce the overall power 

plant water consumption by approximately 17 % (a saving of approximately 0.06 l/kWh). The 

water savings achievable therefore does not justify the level of investment required, and for 

these reasons upstream flue gas cooling for the purposes of water reduction at Power Station X 

is not recommended. The recommendation should however be revisited should the cost of 

water increase in the future.  
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Further research into the FW heating concept is however recommended for further evaluation of 

its potential to reduce the water consumption for Power Station X, should the need arise in the 

future. It is thus recommended that on-going research should be focused on increasing the 

amount of water savings achievable, while also optimising both the investment and operating 

costs. 

Other aspects that are recommended for further study are: 

• Evaluation of the recycle and reuse of WFGD process streams for mist eliminator flushing to 

optimise the desired absorber inlet flue gas temperature. 

• Evaluation of the influence of HRS integration on the FW heating system control philosophy. 

• Evaluation (performance, availability, and potential for local fabrication) of materials of 

construction associated with the flue gas cooling/heat recovery equipment. 
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APPENDIX A: WPDM CALCULATION PROCEDURE 

The chemical, physical and thermodynamic properties of the components are shown in 

Appendix B. The design assumptions used for the calculations are shown in Appendix D.  

1. Spreadsheet: Selection of flue gas cooling option 

This spreadsheet allows for the selection of the flue gas cooling option and more specifically the 

flow sheet concept to be evaluated. The desired flue gas temperature at the inlet to the 

absorber is also inputted in this spreadsheet. A flow sheet concept is selected by inputting “y” in 

the applicable cell and the rest of the calculation spreadsheets take into consideration the 

dependencies associated with each flow sheet concept through the use of various “IF” 

statements in the output calculation spreadsheets.  

2. Spreadsheet: Untreated flue gas properties 

The properties of the flue gas calculated in the “Untreated flue gas Properties” spreadsheet 

represent the flue gas properties at the inlet to the absorber for the following flow sheet 

concepts: 

• Base case flow sheet without flue gas cooling 

• Flow sheet 2a: FW heating through direct heat exchange (tubular heat exchanger) 

• Flow sheet 2b: FW heating through Heat Displacement (tubular heat exchangers) 

The properties of the flue gas calculated in the “Untreated flue gas Properties” spreadsheet 

represent the flue gas properties at the inlet to the GGH on the hot side for Flow sheet 1: Flue 

gas reheat through direct heat exchange (rotary regenerative heat exchanger). The flue gas 

properties of the flue gas at the inlet of the absorber is calculated in the “GGH” spreadsheet and 

linked to the applicable calculation sheets if this option is selected for evaluation. 

The next step is to fully define the untreated flue gas properties.  

The following properties are used as inputs to fully define the properties of the untreated flue 

gas. 

• Temperature 

• Volume flow rate of the dry flue gas at actual and reference O2 conditions 

• Volume composition of O2 at reference O2 condition 

• Concentration of SO2 and fly ash at reference O2 condition 

• Mass flow rates of CO2, O2, Ar, H2O, NOx as NO2, HCl and gasified ash at actual O2 

condition 
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The following properties of the flue gas are calculated in this spreadsheet: 

• Mass and volume flowrates (wet and dry) of flue gas at both actual and reference oxygen 

conditions, 

• Volume flow rate (wet) at standard and actual temperature and pressure, and actual, and, 

reference oxygen conditions, 

• Density of the flue gas (wet and dry) at both actual and reference oxygen conditions, 

• Mass and volume compositions (wet and dry) of components present in the flue gas at 

actual and reference oxygen conditions, 

• Concentration (wet and dry) of components present in the flue gas at actual and reference 

oxygen conditions. 

• Pressure required at various positions in the flue gas path within the system boundary. 

The properties are calculated according to the following equations. 

a. Mass and volume flowrates (wet and dry) of flue gas at both actual and reference O2 

conditions 

 

Based on the inputs, the mass and volume flow rates of the untreated flue gas are determined 

according to the following equations: 
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b. Mass and volume compositions (wet and dry) of components present in the flue gas at 

actual and reference O2 conditions 

 

The actual volume composition of O2 in the untreated flue gas is calculated by the following 

equation, 
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The mass and volume compositions of the components present are the flue gas are given by 

the following equations. 
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c. Concentration (wet and dry) of components present in the flue gas at actual and 

reference O2 conditions. 

 

The concentration of the components in the flue gas is calculated by, 
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d. Density of the flue gas (wet and dry) at both actual and reference O2 conditions 

 

The density of the flue gas is calculated as follows: 
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e. Pressure of the untreated flue gas at the absorber inlet 

The pressure at the chimney outlet is atmospheric pressure. The pressure required at the inlet 

to the WFGD absorber is calculated based on the pressure at the chimney outlet and the 

pressure drop over the flue gas path. The pressure drop includes the pressure drop over the 

absorber and any heat exchangers within the flue gas path upstream of the ID fan. The 

pressure of the untreated flue gas at the absorber inlet is calculated according to the following 

equation: 

dropoutin PPP ∆+=
          (A14) 

Calculation Procedure 

Given: 

2.FGT ,
2..2. actOdryFGV ,

2..2. refOdryFGV ,
22 ... refOdryOFGy ,

22 ..1.. refOdryFGSOC ,
2..2.. refOdryFGflyashC and, 

2.2.. actOFGim where, 

i= CO2, O2, Ar, H2O, NOx as NO2, HCl and gasified ash. 

1. Calculate flue gas properties at actual O2 conditions (Perry, 1997), (Felder & Rousseau, 

2005), (Henzel, et al., 1981),  

 

a. Volume percentage of O2, dry 
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b.  SO2 mass flow rate, 
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c. Fly ash mass flow rate, 
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d. NO2, NO mass flow rates, 
22 .2.. actOFGNOm ,

2.2.. actOFGNOm  
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NOx represented as NO2 includes both NO2 and NO. The distinction between the NO2 and NO 

must be made when calculating the mass flow rates. The split of NOx as NO2 and NO can be 

found in Appendix B. 
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e. N2 mass flow rate, 
22 .2.. actOFGNm  

 

The density of the flue gas components at standard conditions can be found in Appendix C.  
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All volume and mass flow rates are calculated at actual O2 conditions therefore total volume and 

mass flowrates, and compositions can be calculated.  

 

f. Total wet and dry volume flow rates 
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g. Total wet and dry mass flow rates 
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∑= 22 .2....2.. actOFGiactOwetFGT mm , where i= CO2, N2, O2, Ar, H2O, NO2, NO, HCl, fly ash and 

gasified ash. 

2222 .2....2....2.. actOFGOHactOwetFGTactOdryFGT mmm −=  

 

h. Density of the flue gas (wet and dry), 
2..2. actOwetFGρ , 
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i. Pressure at the Absorber Inlet, 2.FGP ,  

 

absFGFG PPP ∆+= 42  , for the base case flow sheet without flue gas cooling. 

 

j. Total wet volume flow rates at actual temperature and pressure, ATPactOwetFGTV ...2.. 2
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k. Concentration of flue gas components (wet and dry), 
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2. Calculate flue gas properties at reference O2 conditions 

 

a. Mass flow rates of CO2, Ar, H2O, NO2, NO, HCl, fly ash and gasified ash are the same as 

was calculated at actual O2.  

22 .... actOFGirefOFGi mm =   

       

,where i= CO2, Ar, H2O, NO2, NO, HCl, fly ash and gasified ash. 

Therefore,  
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22 .2...2.. refOFGiactOFGi mm =  where i= CO2, Ar, H2O, NO2, NO, HCl, fly ash and gasified ash. 

 

The mass flow rates of oxygen and nitrogen need to be calculated at the reference oxygen 

conditions. 

 

b. Mass flow rate of O2, 
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c. N2 mass flow rate, 
22 .2.. refOFGNm  
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d. Total wet and dry volume flow rates 
2..2.. refOwetFGTV , 

2..2.. refOdryFGTV  
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e. Total wet and dry mass flow rates 
2..2.. refOwetFGTm , 

2..2.. refOdryFGTm  

∑= 22 .2....2.. refOFGirefOwetFGT mm , where i= CO2, N2, O2, Ar, H2O, NO2, NO, HCl, fly ash and 

gasified ash. 

2222 .2....2....2.. refOFGOHrefOwetFGTrefOdryFGT mmm −=  

f. Density of the flue gas (wet and dry), 
2..2. refOwetFGρ , 

2..2. refOdryFGρ  

i
refOweti

refOwetFG

y
ρρ ∑ ×=

100
2

2

..2.
..2.  , where i= CO2, N2, O2, Ar, H2O, NO2, NO, HCl, fly ash and 

gasified ash.  
141 



 

i
refOdryi

refOdryFG

y
ρρ ∑ ×=

100
2

2

..2.
..2. , where i= CO2, N2, O2, Ar, NO2, NO, HCl, fly ash and gasified 

ash.  

 

g. Total wet volume flow rates at actual temperature and pressure, ATPrefOwetFGTV ...2.. 2
 

STPFG

FGSTP
refOwetFGTATPrefOwetFGT TP

TP
VV

×
×

×=
2.

2.
..2.....2.. 22

 

h. Concentration of flue gas components (wet and dry), 
2..2.. refOwetFGiC ,

2..2.. refOwetFGiC  

6

2

2

2
10

..2.

..2..
..2.. ×=

refOwetFG

refOwetFGi
refOwetFGi V

m
C  

6

..2.

..2..
..2.. 10

2

2

2
×=

refOdryFG

refOdryFGi
refOdryFGi V

m
C  

3. Spreadsheet: Reactions 

Recall the overall chemical reactions for the absorption of SO2, HCl, and HF from Equations (2-

1), (2-2), and (2-3). 

Table A- 1, summarises the reactants and products for the overall chemical reactions that take 

place in the absorber.  

Table A- 1: List of reactants and products for the overall chemical reactions for the 
absorption of SO2, HCl, and HF. 

 Reactants  Products 
 SO2 Absorption 

 SO2 
 

CaCO3 
 

O2 
 

H2O CaSO4.2H2O 
 

 

CO2 
 Stoichiometric Ratio 1 1 0.5 2 1 1 

 HCl Absorption 

 HCl 
 

CaCO3 
 

H2O  CaCl2 
 

CO2 
 Stoichiometric Ratio 2 1 1  1 1 

 HF Absorption 

 HF 
 

CaCO3 
 

H2O  CaF2 
 

CO2 
 Stoichiometric Ratio 2 1 1  1 1 

 

The mass flow rates of the reactants and products over the WFGD process is determined by 

considering the overall mass and mole balances.  

The equations for mass and mole balances are given by the following equations. 
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reactsioutiprodiin mmmm ... +=+           (A17) 

reactsioutiprodiin nnnn ... +=+          (A18) 

where, 

i

i
i M

m
n =            (A19)

         

a. Overall balances for flue gas pollutants SO2, SO3, HCl, HF, Fly Ash 

The overall balances for the pollutants SO2, SO3, HCl, HF, fly ash and other components present 

in the flue gas were determined by only considering the gas phase over the absorber. Another 

simplifying assumption is that the components present in the flue gas with the exception of SO2, 

SO3, HCl, HF, and fly ash, do not take part in any reactions in the absorber and exit the WFGD 

process via the treated flue gas. 

SOx (as SO2) Balance over the Absorber 

The SOx balance over the absorber takes into account both the SO2 and SO3 present in the flue 

gas.  

The mass of SOx as SO2 is calculated by the following equations, 

32 SOSOSO mmm
x

+=           (A20)











×+=

3

2

322 ...
SO

SO
FGSOFGSOFGSOSO M

M
mmm

x
        

The absorber is designed based on the degree of SO2 removal required to comply with the 

emissions legislation. The degree of SO2 removal can be defined in two ways namely, required 

SO2 removal efficiency and required SO2 concentration in the treated flue gas. In South Africa 

the legislation is stipulated in terms of the required SO2 concentration in the treated flue gas, 

therefore the amount of SO2 removal required in the absorber is determined using this basis.  

SO3, HCl, HF, Fly Ash Balances over the Absorber 

The overall balances for the other flue gas pollutants are determined by assuming the removal 

efficiencies that are achievable in the absorber. The removal efficiencies assumed are based on 

Steinmuller experience which is consistent with those referenced in literature. The mass flow 

rates of pollutants absorbed in the absorber are calculated using the following equation, 
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×=
100..

i
iniabsi mm

η

          (A21)
      

b. Limestone Consumption 

The alkalinity/limestone consumption required was determined based on the absorption of flue 

gas pollutants required in the absorber and the stoichiometric ratios defined by the main 

absorption reactions. The amount of limestone required was calculated by the following 

equation, 

221
2

3

.
.

HFabsHClabsabsSOSO
reqCaCO

nnn
n x ++=        

      

An excess ratio was introduced to ensure sufficient alkalinity for completion of the absorption 

reactions and the total limestone consumption was determined based on the purity of the 

delivered limestone product according to the following equations. 

333 . CaCOreqCaCOCaCO ERmm ×=
         (A22) 

          











=

100
.3

3

LS

CaCO
LS

CaCO
x
m

m

          (A23) 

           

A simplifying assumption is that the MgCO3, and inerts present in the limestone do not react in 

the WFGD process and leave the system via the gypsum product and wastewater streams.  

c. Oxidation Air Requirement 

 

Oxidation air is only required for the formation of gypsum according to absorption reaction (2-1) 

and was calculated according to the following equation, 

2
2

2

.
...

absSOSO
reqairoxyO

x
n

n =           

     

 

d. By-products  

CO2 
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2222 ..
HFabsHClabs

absSOSOprodCO
nn

nn
x

++=         

CaSO3.1/2H2O and CaSO4.2H2O 

Since not all the SO2 absorbed, is oxidised to produce CaSO4.2H2O, an oxidation rate OR is 

applied to the total amount of SO2 that is absorbed. The amounts of CaSO3.1/2H2O and 

CaSO4.2H2O were calculated using the following equations respectively, 

OHCaSO

OHCaSOabsSOSO
OHCaSO M

M
OR

n
m x

24

232

23
2.

2/1..
2/1. )1(

1
×−×=       (A24)

      

OR
n

n absSOSO
OHCaSO

x ×=
1

2

24

.
2.          (A25) 

          

HF, HCl 

The by-products of the HCl and HF absorption reactions were calculated by the following 

equations respectively, 

2.2

HClabs
prodCaCl

nn =           

       

2.2

HFabs
prodCaF

nn =            

Calculation Procedure 

1. SOx Balance over the WFGD System 

 

2..2 FGSOm and 2..3 FGSOm are calculated in “Untreated flue gas Properties” 

 

a. Mass flow rate of SOx at Absorber Inlet, 2..2 FGSOSOx
m  

32 SOSOSO mmm
x

+=         

 

Therefore, 

2..2..2.. 32 FGSOFGSOFGSO mmm
x

+=  











×+=

3

2

322 2..2..2..
SO

SO
FGSOFGSOFGSOSO M

M
mmm

x
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b. Mass flow rate of SOx at Absorber Outlet, 3..2 FGSOSOx
m  

22 ..3.. refOdryFGSOC , is the required treated flue gas SO2 concentration as per legislation. 

 

6
..2...3..

3.. 10
222

2

refOdryFGrefOdryFGSO
FGSO

VC
m

×
=  

.  









−×=

100
1 3

33 2..3..
SO

FGSOFGSO mm
η

 

 

3..3..3.. 32 FGSOFGSOFGSO mmm
x

+=  











×+=

3

2

322 3..3..3..
SO

SO
FGSOFGSOFGSOSO M

M
mmm

x
 

 

c. Mols of SOx Absorbed, absSOSOx
n .2

 

3..2... 222 FGSOFGSOabsSO mmm −=  

3..2... 333 FGSOFGSOabsSO mmm −=  

3..3..3.. 32 FGSOFGSOFGSO mmm
x

+=  

3...2..... 222 FGSOSOFGSOSOabsSOSO xxx
mmm −=  

2

2

2

..
..

SO

absSOSO
absSOSO M

m
n x

x
=  

 

2. HCl, HF, fly ash Balance over the WFGD System 

2..FGHClm , 2..FGHFm , 2..FGflyashm are calculated in “Untreated flue gas Properties” 

a. Mass flow rate of HCl,HF and fly ash absorbed absHClm . , absHFm . , absflyashm .  

1002...
HCl

FGHClabsHCl mm
η

×=  

1002...
HF

FGHFabsHF mm η
×=  

1002....
flyash

FGflyashabsflyash mm
η

×=  

HCl

absHCl
absHCl M

m
n .

. =  
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HF

absHF
absHF M

m
n .

. =  

flyash

absflyash
absflyash M

m
n .

. =  

 

b. Mass flow rate of HCl,HF and fly ash at the Absorber Outlet 3..FGHClm , 3..FGHFm , 

3..FGflyashm  

absHClFGHClFGHCl mmm .3..3.. −=  

absHFFGHFFGHF mmm .3..3.. −=  

absflyashFGflyashFGflyash mmm .3..3.. −=  

 

 

3. Limestone Consumption, LSm  

 

2223 ..
HFabsHClabs

absSOSOreqCaCO
nn

nn
x

++=       

333 .. CaCOreqCaCOreqCaCO Mnm ×=  

 

333 . CaCOreqCaCOCaCO ERmm ×=  











=

100
.3

3

LS

CaCO
LS

CaCO
x
m

m

 

The mass flow rate of other components present in the limestone feed can then be determined 

based on the given limestone quality as follows: 

100
.3

3

LSMgCO
LSMgCO

x
mm ×=  

100
.LSinerts

LSinerts
xmm ×=  

 

4. Oxidation Air Requirement 

2
2

2

.
...

absSOSO
reqairoxyO

x
n

n =           
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222 .... OreqOreqairoxyO Mnm ×=  

 

222 ...... OreqairoxyOdryairoxyO ERmm ×=  

 

2

2

2

...
...

O

dryairoxyO
dryairoxyO

m
V

ρ
=  

 









=

100
...

...
..

2

2

dryairoxyO

dryairoxyO
dryairoxy y

V
V  

 

100
...

.....
dryairoxyi

dryairoxydryairoxyi

y
VV ×= , where i= N2, Ar, CO2 

idryairoxyidryairoxyi Vm ρ×= ...... , where i= N2, Ar, CO2, O2 

 

∑= dryairoxyidryairoxy mm ..... , where i= N2, Ar, CO2, O2 

 









=

100
.

..
..

2 airOH

dryairoxy
wetairoxy x

m
m  

dryairoxywetairoxyairoxyOH mmm ......2
−=  

 

OH

airoxyOH
airoxyOH

m
V

2

2

2

..
.. ρ

=  

 

dryairoxyairoxyOHwetairoxy VVV ...... 2
+=  

 

 

5. Mass of CO2 produced, prodCOm .2
 

2222 ..
HFabsHClabs

absSOSOprodCO
nn

nn
x

++=        

222 .. COprodCOprodCO Mnm ×=  
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2

2

2

.
.

CO

prodCO
prodCO

m
V

ρ
=  

 

6. Overall Solids Balance 

 

The unreacted/unabsorbed pollutants present in the flue gas exits the system via the treated 

flue gas stream. The unreacted reactants (i.e. unreacted CaCO3, inerts, MgCO3), and by-

products of the absorption reactions must leave the WFGD system via the gypsum product, and 

wastewater streams.  

 

a. Mass of CaSO4.2H2O produced, prodOHCaSOm .2. 24
 

Based on the stoichiometric co-efficients of the reactants and products given by the chemical 

reaction for SO2 absorption, the mass flow rate of CO2, prodOHCaSOm .2. 24
 can be determined.  

Since not all the SO2 absorbed, is oxidised to produce CaSO4.2H2O, an oxidation rate OR is 

applied to the total amount of SO2 that is absorbed. The oxidation rate can be found in Appendix 

C. 

ORnn absSOSOOHCaSO x
×=

224 .2.  

 

OHCaSOOHCaSOOHCaSO Mnm
242424 2.2.2. ×=  

 

b. Mass of CaSO3.1/2H2O produced, prodOHCaSOm .2/1. 23
 

The portion of SO2 absorbed that is not oxidised leaves the system as CaSO3.1/2H2O. 

OHCaSO

OHCaSO
absSOSOOHCaSO M

M
ORnm

x

24

23

223
2.

2/1.
.2/1. )1( ×−×=  

c. Mass of unreacted CaCO3 that must leave the WFGD system, unreactedCaCOm .3
 

reqCaCOCaCOunreactedCaCO mmm .. 333
−=  

 

d. Total Mass of Solids that must leave the WFGD system, solidsTm .  

unreactedCaCOinertsMgCOprodCOabsflyashprodOHCaSOprodOHCaSOsolidsT mmmmmmmm ....2/1..2.. 3322324
++++++=  

 

7. Mass of Chloride and Fluoride Ions that must leave the WFGD system, 
absClm .−

, 
absFm .−
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The by-products of the HCl and HF absorption reactions are CaCl2 and CaF2, as indicated by 

their respective chemical reactions.  

 

2.2

HClabs
prodCaCl

nn =           

2.2

HFabs
prodCaF

nn =          

 

The chloride and fluoride ions leave the system in an aqueous form. 

−− ××= ClabsHClabsCl Mnm 2..  

−− ××= FabsHFabsF Mnm 2..
 

 

4. Spreadsheet: Treated flue gas properties 

3..2 FGSOm  , 3..3 FGSOm , 3..FGHClm , 3..FGHFm , 3..FGflyashm are calculated in the “Reactions” spreadsheet, 

and 3..2 FGNOm , 3..FGNOm , and 3..FGhgasifiedasm remains unchanged over the Absorber.  

Calculation Procedure 

1. N2, Ar, O2, CO2 Balances over the Absorber, 3..2 FGNm , 3..FGArm , 3..2 FGOm , 3..2 FGCOm  

 

a. N2 

airoxyNFGNFGN mmm ..2..3.. 222
+=  

 

b. Ar 

airoxyArFGArFGAr mmm ..2..3.. +=  

 

c. O2 

reqairoxyOairoxyOFGOFGO mmmm .....2..3.. 2222
−+=  

d. CO2 

prodCOairoxyCOFGCOFGCO mmmm ...2..3.. 2222
++=  

 

2. H2O Balance for flue gas over the Absorber, 3..2 FGOHm ,  
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×=  

 

3. Pressure of Treated flue gas 

3FGP , is calculated based on the selection of the flue gas cooling option being evaluated. In the 

base case without flue gas cooling, atmFG PP =3 .  

 

STPFGiV .3.. , ATPFGiV .3.. ,∑ wetFGV .3. ,∑ dryFGV .3. ,∑ wetFGm .3. ,∑ dryFGm .3. , wetFGiy .3.. , dryFGiy .3.. wetFGix .3.. ,

dryFGix .3.. , wetFGiC .3.. , dryFGiC .3.. , wetFG .3.ρ , and dryFG .3.ρ are calculated as per the “Untreated flue 

gas” spreadsheet to fully define the properties of the treated flue gas at the outlet of the 

absorber at both actual and reference oxygen conditions.  

 

5. Spreadsheet: WFGD mass balance 

Calculation Procedure 

5.1. Overall mass balance 

a. Stream 2, Untreated flue gas at Absorber Inlet, 2m  

2..2.2 actOwetFGmm =  

b. Stream 3, Treated flue gas at Absorber Inlet, 3m  

2..3.3 actOwetFGmm =  

c. Stream 30, Oxidation Air Supply, 30m  

wetairoxymm ..30 =  

d. Stream 34, Wastewater Bleed, 34m  

Given,
34.−ClC .  
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Chlorides Balance over the WFGD System 

 

333234. −−−− −+= ClabsClClCl mmmm  

610×=
−

−

T

Cl
Cl m

m
C        

6

.
. 10×=

−

−

LiquidT

Cl
LiquidCl m

m
C        

6

34.

34.
34 10×=

−

−

Cl

Cl

C
m

m  

6

34.

34.
34.. 10×=

−

−

liquid

Cl
LiquidCl m

m
C  

 

∑= isolidsT mm .         

, where i= CaSO4.2H2O, CaSO3.1/2H2O, CaCO3, MgCO3, inerts, fly ash 

 

The solids balance over the WWHC system boundary is given by, 

39.40.34. iii mmm −=          

 

e. Stream 33, Gypsum, 33m  

Given,
33.−ClC , 33.solidsx .  

The total mass flow rate of solids in Stream 33 is determined by the CaSO4.2H2O, 

CaSO3.1/2H2O, CaCO3, MgCO3, inerts and fly ash overall mass balances over the WFGD 

system. 

 

34.2..2.33.2. 242424 OHCaSOprodOHCaSOOHCaSO mmm −=  

34.2/1..2/1.33.2/1. 232323 OHCaSOprodOHCaSOOHCaSO mmm −=  

34..33. 333 CaCOunreactedCaCOCaCO mmm −=  

34.33. 333 MgCOMgCOMgCO mmm −=  

34.33. inertsinertsinerts mmm −=  

34..33. flyashabsflyashflyash mmm −=  

∑= 33.33. isolids mm  

152 











=

100
33.

33.
33

solids

solids

x
mm  

6
33.33

33. 10
−

−

×
= Cl

Cl

Cm
m  

 

f. Stream 31, Limestone, 31m  

LSmm =31  

33 31. CaCOCaCO mm =  

33 31. MgCOMgCO mm =  

inertsinerts mm =31.  

, as per the limestone consumption calculation in the “Reactions” spreadsheet.  

 

g. Stream 32, Process Water, 32m  

 

The total mass flow rate of process water that must be introduced into the WFGD system to 

compensate for water losses is determined by the overall water balance over the WFGD 

system.  

Recall the simplifying assumption that all moisture that enters the WFGD system with untreated 

flue gas (Stream 2) and oxidation air (Stream 30) leave the system via the treated flue gas 

stream (Stream 3).  

 

34.33.32.33.32 CWCWLiquidLiquidevap mmmmmm ++++=  

2..30...3.. 222 FGOHairoxyOHFGOHevap mmmm −−=  

 

In addition to the water lost through the liquid portion of Streams 33, and 34, water is lost 

through the crystal structure of both the CaSO3.1/2H2O, and CaSO4.2H2O molecules.  
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6
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32. 10
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m Cl
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×
=

−
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Now that the overall mass balance has been developed, the next step is to determine the mass 

balances for slurry streams over the Absorber, Gypsum Dewatering, and Limestone Preparation 

systems. 

 

5.2. Mass balance for the internal streams 

a. Balance around the Gypsum Hydro-cyclones 

 

i. Stream 44, Gypsum Hydro-cyclone Underflow, 44m  

Given, 44.solidsx .  

 

If one considers the solids balance over the Vacuum Belt Filters, it can be assumed that the 

mass of solids entering the Vacuum Belt Filters via Stream 44 is equal to the mass of solids 

leaving the Vacuum Belt Filters via Stream 33 as no solids are transferred to the gypsum wash 

water.  

 

Therefore, 

33.44. solidssolids mm =  

33.44. ii mm = , where i= CaSO4.2H2O, CaSO3.1/2H2O, CaCO3, MgCO3, inerts, fly ash. 









=

100
44.

44.
44

solids

solids

x
mm  

 

ii. Stream 47, Gypsum Bleed i.e. Inlet to Gypsum Hydro-cyclone, 47m  

 

Given, 12.solidsx , GHCiz .  where i= CaSO4.2H2O, CaSO3.1/2H2O, CaCO3, MgCO3, inerts, fly ash.  

 

 

GHCiz . ,represents the fraction of gypsum bleed (Stream 47) that exits the Gypsum Hydro-

cyclones via the Gypsum Hydro-cyclone underflow stream (Stream 44) and is provided by the 

equipment supplier. 

 

GHCi

i
i z

mm
.

44.
47. = , where i= CaSO4.2H2O, CaSO3.1/2H2O, CaCO3, MgCO3, inerts, fly ash. 

∑= 47.47. isolids mm  

154 











=

100
47.

47.
47

solids

solids

x
mm  

 

iii. Stream 43, Gypsum Hydro-cyclone Overflow, 43m  

444743 mmm −=  

44.47.43. solidssolidssolids mmm −=  

44.47.43. iii mmm −=  

 

and, 

100
43.

43.
.43. ×=

solids

i
dryi m

mx  

100
43

43.
.43. ×=

m
mx i

weti  

 

b. Balance around the Vacuum Belt Filters 

i. Stream 37, Water required for Gypsum Washing, 37m  

32..37.. liquidClliquidCl CC −− =  

The mass flow rate of the water required for the gypsum washing is dependent on the flow rate 

of gypsum product and the difference in concentration between the gypsum product and 

gypsum wash water, and is given by, 















−
××=

−−

−

37..33..

33..
3337 1000

liquidClliquidCl

liquidCl

CC

C
Vm       

 

ii. Stream 45, Vacuum Belt Filter Filtrate, 45m  

33374445 mmmm −+=  

and,  

−−−− −+= ClClClCl mmmm .33.37.44.45  

 

c. Balance over the Wastewater Hydro-cyclone System 

 

i. Stream 40, Wastewater Hydro-cyclone Feed, 40m  

393440 mmm +=  
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Since a portion of the Gypsum Hydro-cyclone overflow (Stream 42) is sent to the Wastewater 

Hydro-cyclones,  

42.40. solidssolids xx = , dryidryi xx .42..40. = , and wetiweti xx .42..40. = . 

 

40
40.

100
mxm solids

solids ×=  

solids
dryi

i m
x

m .40
.40.

40. 100
×=  

 

ii. Stream 39, Wastewater Hydro-cyclone Underflow, 39m  

Given, 16.solidsx , WWHCiz .  where i= CaSO4.2H2O, CaSO3.1/2H2O, CaCO3, MgCO3, inerts, fly ash.  

WWHCiz . , represents the fraction of wastewater feed (Stream 40) that exits the Wastewater 

Hydro-cyclones via the Wastewater Hydro-cyclone underflow (Stream 39) and is provided by 

the equipment supplier. 

 

WWHCiii zmm .40.39. ×=  where i= CaSO4.2H2O, CaSO3.1/2H2O, CaCO3, MgCO3, inerts, fly ash. 

∑= 39.39. isolids mm  









=

100
39.

39.
39

solids

solids

x
mm  

 

d. Balance over Limestone Slurry Preparation System 

 

i. Stream 35, Limestone Slurry, 35m  

Given, 35.solidsx .  

3135. mmsolids = , since no solids enter with the process water used for limestone slurry 

preparation.  

31.35. ii mm =  , where i= CaSO4.2H2O, CaSO3.1/2H2O, CaCO3, MgCO3, inerts, fly ash 









=

100
35.

35.
35

solids

solids

x
mm  

35.3535. solidsLiquid mmm −=  
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ii. Stream 36, Water required for Limestone Slurry Preparation, 6m  

35.36 Liquidmm =  

 

e. Balance over the Absorber 

i. Stream 42, Portion of Gypsum Hydro-cyclone overflow reclaimed, 42m  

404342 mmm −=  

40.43.42. iii mmm −=  

ii. Stream 46, Total Reclaim to the Absorber, 46m  

42453946 mmmm ++=  

42,45,39,46, iiii mmmm ++=  

iii. Stream 38, Process Water Make-up to the Absorber, 38m  

36373238 mmmm −−=  

 

6. Spreadsheet: Energy balance 

The energy balance for any given system is given by, 

∑∑
∧∧

−=∆
inlet

ii
outlet

ii hmhmh          (A26) 

            
    

Where, 

∑∑
∧∧

=
outlet

ii
inlet

ii hmhm            

Recall Figure 3-5, for the overall balance over the WFGD system, therefore the energy balance 

over the WFGD system is given by, 

HClrxnSOrxnevapFGwetairoxyFG hhhhhhhhhh ,,34333.323130...2. 2
∆+∆++++=+++

    

Where, 
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dTCmh
i

ref

T

T
ipii ∫=           (A27) 

 

The calculation for the heat capacity and enthalpy of flue gas and air streams is shown below. 

Flue Gas  

 
The heat capacity of the flue gas is dependent on the composition of the flue gas components 

and temperature of the flue gas. The enthalpy of the flue gas is calculated as follows, 
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Air 

 

The heat capacity of air is dependent on temperature, therefore the enthalpy of air is calculated 

as follows, 
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The temperatures of the streams involved in the energy balance are summarised in Table A- 2. 

Table A- 2: Summary of temperatures for the streams involved in the energy balance. 

Stream Temperature 
Untreated flue gas (2) T2 

Treated flue gas (3) Tsat/T3 
Limestone (31) Tamb 
Process Water (32) T32 
Oxidation Air (30) Toxy.air 
Gypsum (33) Tsat/T3 
Wastewater (34) Tsat/T3 
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The treated flue gas leaves the absorber at saturation conditions, therefore it is important to 

include the latent heat of evaporation as a result of the evaporative cooling of the flue gas. The 

latent heat of evaporation is given by, 
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The heat required to heat the process water from T31 to evaporation must also be included 

therefore the total enthalpy lost through evaporation is given by, 

dTCpmThmh OH

T

T
evapsatvevapevap

OH

ref

2

2

∫+=
∧

         

The main absorption reactions are exothermic and the energy lost through the reactions is given 

by, 
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Therefore,  

( ) 













 +++−+=∆ 

OHfOfCaCOfSOfCOfOHCaSOfabsSOSOSOrxn hhhhhhnh
x 22322242.2 ,,...2.,.. .1.

2
1.1.1.1.1   

( ) ( )[ ]
OHfCaCOfHClfCOffCaClabsHClHClrxn hhhhhnh

2322 ,....,. .1.1.2.1.1 ++−+=∆     

( ) ( )[ ]
OHfCaCOfHFfCOffCaFabsHFHFrxn hhhhhnh

2322 ,....,. .1.1.2.1.1 ++−+=∆    

 

Calculation Procedure 

a. Enthalpy of the Flue Gas Streams, 3.2. , FGFG hh  

dTCmh
FG

ref

T

T
FGpactOwetFGFG ∫=

2.

2 2...2.2.  

dTCmh
FG

ref

T

T
FGpactOwetFGFG ∫=

3.

2 3...3.3.  

b. Enthalpy of the Oxidation Air Stream, 30... wetairoxyh  
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dTCmh
airoxy

ref

T

T
airoxywetairoxywetairoxy ∫=

30..

30..30...30...  

Note that the temperature of the oxidation air at the inlet to the absorber includes the 

temperature rise over the oxidation air blowers. 

airoxyambairoxy TTT .30.. ∆+=  

 

c. Limestone, Process Water, Gypsum, Wastewater, 31h , 32h , 33h , 34h  

dTCpmh
T

Tref

313131

31

∫=  

dTCpmh
T

Tref

323232

32

∫=  

dTCpmh
T

Tref

333333

33

∫=  

dTCpmh
T

Tref

343434

34

∫=  

 

d. Enthalpy of Evaporation 

 

The latent heat of evaporation is given by, 
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The heat required to heat the process water from T31 to evaporation must also be included, 

therefore, 

dTCpmThmh OH

T

T
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∫+=
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e. Heat of Reaction, SO2, HCl, HF absorption 
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Therefore,  
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OHfOfCaCOfSOfCOfOHCaSOfabsSOSOSOrxn hhhhhhnh
x 22322242.2 ,,...2.,.. .1.

2
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( ) ( )[ ]
OHfCaCOfHClfCOffCaClabsHClHClrxn hhhhhnh

2322 ,....,. .1.1.2.1.1 ++−+=∆  
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( ) ( )[ ]
OHfCaCOfHFfCOffCaFabsHFHFrxn hhhhhnh

2322 ,....,. .1.1.2.1.1 ++−+=∆  

 

7. Spreadsheet: Absorber specification and performance 

Calculation Procedure 

a. Absorber velocity and flue gas velocity at the absorber inlet and outlet 

 

Velocity is given by,  

A
Qv =             (A34) 

            

Where,           

inininlet WHA ×=           (A35) 

           

4

2
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DA π

=            (A36) 

           

4

2
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=           (A37) 

Therefore, 
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b. Requested SOx (as SO2) removal efficiency, 2.SOSOx
η  

 

The requested SOx (as SO2) removal efficiency is calculated by, 
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Therefore, 
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xx
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mm

η        

    

c. Total Absorber Recirculation Slurry Flow Rate, TL  

 

Based on the L/G determined using the Steinmüller correlation, the total recirculation slurry flow 

and slurry flow per spray level are given by,  

G
G
LLT ×=            (A39) 

           

And,         

SL

T
SL N

LL =
           (A40) 

Therefore, 

1000...3. 2
÷×= ATPactOwetFGT V

G
LL        

d. Absorber Reaction Tank Residence Time, RTτ  

The reaction tank residence time is an important parameter for limestone dissolution and is 

calculated by, 

Q
Volume

=τ            (A41) 

Therefore, 

60×=
T

RT
RT L

Volτ  

8. Spreadsheet: Option 1a. Treated flue gas reheat with regenerative heat exchange 

Calculation Procedure 

8.1. Overall mass balance over the GGH 
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The mass balance over the GGH can be determined by considering the mass of flue gas that is 

transferred from the untreated flue gas to the treated flue gas in the GGH as follows,  

100
%

2..1.
leakagemm actOwetFGleak ×=          

Therefore, 

leakactOwetFG mmm −=
2..1.2  

leakactOwetFG mmm +=
2..3.4  

leakiactOwetFGii mmm ...1..2 2
−=  

leakiactOwetFGii mmm ...3..4 2
+=  

Overall SOx as SO2 Balance over the GGH 

With the GGH concept, the SO2 concentration of the flue gas at the GGH outlet must be as per 

the legislated limit. This implies the need for additional SO2 removal efficiency in the absorber 

due to the leakage of untreated flue gas to treated flue gas over the GGH. Evaluation of the SO2 

mass balance over the GGH gives the new SO2 concentration required at the absorber outlet to 

ensure that the flue gas exiting the chimney is as per the legislated limit.  

The concentration of SO2 in the treated flue gas at the absorber outlet is calculated as follows, 

4...2...3...1... 2222 FGSOSOFGSOSOFGSOSOFGSOSO xxxx
mmmm +=+  

1...4...2...3... 2222 FGSOSOFGSOSOFGSOSOFGSOSO xxxx
mmmm −+=  

( ) 6

..3.

1...4...2...
..3... 10

2

222

22
×

−+
=

refOdryFG

FGSOSOFGSOSOFGSOSO
refOdryFGSOSO V

mmm
C xxx

x
 

8.2. Energy Balance over the GGH 
 

4.2.3.1. FGFGFGFG hhhh +=+  

dTCpmh FG

T

T
FGFG

FG

ref

1.1.1.

1.

∫=  

dTCpmh FG

T

T
FGFG

FG

ref

2.2.2.

2.

∫=  
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dTCpmh FG

T

T
FGFG

FG

ref

3.3.3.

3.

∫=  

dTCpmh FG

T

T
FGFG

FG

ref

4.4.4.

4.

∫=  

The temperature of the flue gas at the outlet of the GGH can therefore be calculated by 

considering the overall energy balance over the GGH. 

ref
FGactOwetFG

FGFGFG
FG T

Cpm
hhhT +

−+
=

4...4.

2.3.1.
4.

2

 

 

8.3. Pressure of flue gas over the HRS system 
 

endcoldGGHatmFG PPP ..3. ∆+=  

AbsFG PPP ∆+= 32.  

endhotGGHFG PPP ..21. ∆+=  

 

STPFGiV .. , ATPFGiV .. ,∑ wetFGV . ,∑ dryFGV . ,∑ wetFGm . ,∑ dryFGm . , wetFGiy .. , dryFGiy .. , wetFGix .. , dryFGix .. , 

wetFGiC .. , dryFGiC .. , wetFG.ρ , and dryFG.ρ are calculated as per the “Untreated flue gas” spreadsheet 

to fully define the properties of the flue gas at Positions 2 and 4 at actual and reference oxygen 

conditions. 

9. Spreadsheet: Option 1b- Treated flue gas reheat with heat displacement  

The mass of the flue gas streams over the FGC’s remain the same as there is no leakage in the  

system.  

Calculation Procedure 

9.1. Energy Balance around FGC-1 and FGC-2 
 
a. Energy Balance around FGC-1 

8.2.7.1. 22 OHFGOHFG hhhh +=+  

dTCpmh FG

T

T
FGFG

FG

ref

1.1.1.

1.

∫=  
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dTCpmh FG
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dTCpmh OH
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OH
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7.7.7. 2

7.2

22 ∫=  

dTCpmh OH

T

T
OHOH

OH

ref

8.8.8. 2

8.2

22 ∫=  

The temperature of the water exiting FGC-1 can therefore be calculated by considering the 

overall energy balance over FGC-1. 
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FGOHFG
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b. Energy Balance around FGC-2 

 

7.4.8.3. 22 OHFGOHFG hhhh +=+  

dTCpmh FG

T

T
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3.3.3.

3.
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ref

4.4.4.
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dTCpmh OH
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22 ∫=  

dTCpmh OH

T

T
OHOH

OH

ref

8.8.8. 2

8.2

22 ∫=  

The temperature of the treated flue gas exiting FGC-2 can therefore be calculated by 

considering the overall energy balance over FGC-2. 

ref
OHactOwetFG

OHOHFG
FG T

Cpm
hhh

T +
−+

=
8...4.

7.8.3.
4.

22

22  

 
9.2. Pressure of flue gas over the system 

243. −∆+= FGCFG PPP  

AbsFG PPP ∆+= 32.  

121. −∆+= FGCFG PPP   
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10. Spreadsheet: Option 2a- FW heating with direct heat exchange 

The mass of the flue gas streams over the FGC remains the same as there is no leakage in the 
system.  

Calculation Procedure 

10.1. Energy Balance over the FGC 

6.2.5.1. FWFGFWFG hhhh +=+  

dTCpmh FG

T

T
FGFG

FG

ref

1.1.1.

1.

∫=  

dTCpmh FG

T

T
FGFG

FG

ref

2.2.2.

2.

∫=  

dTCpmh FW

T

T
FWFW

FW

ref

5.5.5.

5.

∫=  

dTCpmh FW

T

T
FWFW

FW

ref

6.6.6.

6.

∫=  

10.2. Split of FW required 

The mass flow rate and split of feed water required before FWH-1 can therefore be calculated 

by considering the overall energy balance over the FGC. 

( ) FW

FGFG
FW CpTT

hhm
56

2.1.
6/5. −

−
=  

availFW

FW
splitFW m

mx
.

6/5.
. =  

10.3. Pressure of flue gas over the system 

AbsFG PPP ∆+= 32.  

121. −∆+= FGCFG PPP  
 

11. Spreadsheet: Option 2b- FW heating through heat displacement  

The mass of the flue gas streams over the FGC’s remain the same as there is no leakage in the 
system.  

Calculation Procedure 

11.1. Energy Balance over the FGC’s 
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a. Energy Balance around FGC-1 

 

212.22.1. 22 OHFGOHFG hhhh +=+  
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dTCpmh OH
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T
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OH
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22 ∫=  

The temperature of the water exiting FGC-1 can therefore be calculated by considering the 

overall energy balance over FGC-1. 
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b. Energy Balance around FGC-2 

 

22.24.23.21. 2222 OHOHOHOH hhhh +=+  
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T

T
OHOH

OH

ref

21.21.21. 2
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dTCpmh OH
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T
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22 ∫=  

11.2. Split of FW required 

The mass flow rate and split of feed water required before FWH-1 can therefore be calculated 

by considering the overall energy balance over the FGC-2. 
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OHOH
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2324

22.21.
24/23.
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splitFW m
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.
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11.3. Pressure of flue gas over the system 

243. −∆+= FGCFG PPP  

AbsFG PPP ∆+= 32.  

121. −∆+= FGCFG PPP  
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APPENDIX B: CHEMICAL, PHYSICAL, THERMODYNAMIC 
PROPERTIES 

 

Figure B- 1: Properties of components. 

  

Molar Mass 
(g/mol)

Density 
(kg/Nm3)

Heat of 
Formation

O2 31.999 1.428 0

N2 28.013 1.250 a b c d e kJ/kg.K

H2O 18.015 0.804 -285.34 CO2 0.421 0.00189 -1.85E-07 1.02E-11

HCl 36.461 1.627 -92.31 N2 1.11 -0.000464 9.53E-09 -4.62E-12

Cl 35.453 1.582 O2 0.998 -0.000894 0.00000286 -2.85E-09

HF 20.006 0.893 H2O 1.91 -0.00072 0.00000246 -1.94E-11

F 18.998 0.848
SO2 64.059 2.858 -296.9 Air 1.072 -0.000562 0.000001424 -1.07E-09 2.804E-13

SO3 80.058 3.572 CaCO3 19.68 0.01189 -307600

SO4 96.060 4.286 CaSO4.2H2O 1.13732633

Ca 40.080 1.788 H2O 4.184

CaO 56.079 2.502
CaCO3 100.089 4.465 -1206.9

CaSO4 136.138 6.074

CaSO4.2H2O 172.168 7.681 -2021

CaSO3 120.139 5.360
NO 46.010 2.053
NO2 30.010 1.339
Ar 38.498 1.718
Na 22.990 1.026
Mg 24.305 1.084
MgCO3 84.315 3.762

MgSO4 120.363 5.370

MgSO3 104.368 4.656

CaCl2 110.980 4.951 -794.96

MgCl2 95.211 4.248

CaF2 78.070 3.483

MgF2 62.302 2.780

CO2 44.010 1.964 -393.5

Air 1.293
Fly Ash 2200.000
Gasified Ash 2200.000

Molar Volume of an Ideal Gas l/mol 22.414
NO 0.98
NO2 0.02
Normal Temperature ˚C 0 K 273.2
Normal Pressure kPa 101.325

Cp-Heat Capacity 
Flue Gas
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APPENDIX C: STEINMULLER DESIGN PROGRAM 

1. Reference plant list 
 

 

Figure C- 1: Steinmuller reference plant list for major projects in recent years. 

 

2. Detailed description of SDP 

A description of the various spreadsheets in the SDP is given in Table C- 1. 
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Table C- 1: Description of spreadsheet in the SDP. 

Name of Spreadsheet Description 

Comb. Calc.  This sheet is used to perform a combustion calculation to: 1. Obtain 
the flue gas composition and stream data expected at the inlet of the 
WFGD plant or 2. Verify the flue gas composition and stream data if 
this information is already available.  
 

Input Data This spreadsheet is used to: 1. Input the FGD inlet flue gas 
conditions and composition and 2. Set the process parameters and 
dimensions for the core absorber design. This spreadsheet is used 
simultaneously with the “FGD Process Data”, “Geometry Data”, 
“Absorbent Mass Flows” and “Gypsum Dewatering” spreadsheets to 
develop the core absorber dimensioning and layout to achieve the 
desired process parameters. 

FGD Process Data This spreadsheet is where the main process performance 
parameters are calculated and given as outputs to be used to 
develop the mass and energy balances.  

Geometry Data This spreadsheet calculates the remaining absorber and reaction 
tank dimensions and properties, and the flue gas velocities. All 
information on the absorber and reaction tank geometry is 
summarised in this spreadsheet. 

Absorbent Mass Flows This spreadsheet calculates the consumption/production of the main 
reaction components. The necessary residence times for dissolution 
and gypsum crystal growth are also calculated here. 

Gypsum Dewatering This spreadsheet calculates the mass balance according to the 
default Process Flow Diagram (PFD). 

Geometry (widening) This spreadsheet gives a schematic representation of the absorber 
geometry when absorber widening at the reaction tank is applicable. 

Geometry (no widening) This spreadsheet gives a schematic representation of the absorber 
geometry when no absorber widening at the reaction tank is 
applicable. 

Energy Balance This spreadsheet calculates the overall energy balance over the 
absorber.  

GGH This spreadsheet allows for the activation a gas to gas heater i.e. 
flue gas reheat and the direction of the leakage is dependent on the 
positioning of the induced draught (ID) fan as set in “Fans” 
spreadsheet. The temperature of the flue gas entering the absorber 
is calculated here and inputs directly into the following calculations. 

Pumps This spreadsheet involves process pumps sizing and can be used as 
a first approximation for power consumption required. This 
spreadsheet does not provide any inputs to the overall calculation. 

Fans This spreadsheet involves the selection of the ID fan position and 
calculates the pressure drop and properties of the flue gas over the 
ID fan and the oxidation air over the oxidation air blowers. This can 
be used as a first approximation for power consumption required. 

Tanks This spreadsheet calculates the dimensions of the main process 
tanks, reagent silo and vacuum belt filter area. This can be used as a 
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first approximation for area arrangement and engagement with 
suppliers. This spreadsheet does not provide any inputs to the 
overall calculation. 

Conversion This spreadsheet includes reference information (i.e. unit 
conversions, densities and molar masses of components) required 
to complete the calculation. The sheet also includes certain 
constants and correction factors (calculated and inputs) for pH, L/G 
and mass transfer co-efficient calculations. 
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APPENDIX D: INPUT DATA AND DESIGN ASSUMPTIONS 

1. Input data and design assumptions 

 

Figure D- 1: Input data and design assumptions spreadsheet from the WPDM.  

2. ADDITIONAL INPUT DATA & ASSUMPTIONS

2.1. Required Treated Flue Gas SO2 concentration 
mg/Nm3, 
dry (ref 

O2)
400

Ambient Temperature ˚C 23.7
Ambient Pressure kPa 91.33
Altitude above sea level m 900
Ambient Humidity % 50
Vapour Composition of Wet Air wt-% 1.025

Sorbent Limestone A
CaCO3 wt-% 85

MgCO3 wt-% 0
Inerts wt-% 15
Density kg/m3 1360

Water Source Raw Water 
Source A 

Temperature ˚C 20
Density kg/m3 1000
Cl- mg/L 107.6

2.5. Required By-product Quality
Solids wt-%-wet 90
Density kg/m3 1000
Chloride concentration in liquid ppm 1000
Chloride concentration By-product ppm 100

2.6. Removal Efficiency of other pollutants present in flue gas
SO3 removal efficiency % 45
HCl removal efficiency % 98
HF removal efficiency % 98
Fly Ash removal efficiency % 75
Gasified Ash removal efficiency % 0

2.4. Inputs required to complete reaction
Limestone Stoichiometric Ratio 1.05

Oxidation Rate

mol 
SO4/mol 

SO2 

absorbe
d

0.998

2.5. Inputs required to complete Mass Balance
Solids content in Absorber Bleed wt-%-wet 15
Solids content in Gypsum Hydrocyclone Underflow wt-%-wet 50
Solids content in Wastewater Hydrocyclone Underflow wt-%-wet 20
Solids content in Limestone Slurry wt-%-wet 30
Chloride concentration in Wastewater Bleed ppm 30000

Hydrocyclone Specification

Fraction of feed in the underflow kg/kg Gypsum 
Hydrocyclone

Wastewater 
Hydrocyclone

CaSO4.2H2O kg/kg 0.9 0.85

CaSO3.1/2H2O kg/kg 0.2 0.4

CaCO3 kg/kg 0.6 0.7

MgCO3 kg/kg 0.98 0.98
inerts kg/kg 0.2 0.35
fly ash kg/kg 0.2 0.35
gasified ash kg/kg 0.2 0.35

2.2. Ambient Conditions

2.3. Sorbent Properties

2.4. Process Water Properties
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APPENDIX E: RESULTS FROM THE TECHNICAL EVALUATION 

1. Results for the new base case (that is with filtrate recycle for limestone preparation, 
and no flue gas cooling) 

 

Figure E- 1: Untreated flue gas properties for the new base case, per unit. 

1. UNTREATED FLUE GAS PROPERTIES

˚C 137.00 ˚C 137.00

mbar 930.91

1.4. Inlet Untreated Flue Gas Composition at Actual O2 content
Actual O2 (%) Density

4.550
m3/h Nm3/h

volume % 
wet volume % dry kg/h mass % wet

mass % 
dry

mg/Nm3 

wet mg/Nm3 dry ppm (dry)
kg/Nm3 

dry
CO2 5.40E+05 3.31E+05 1.32E+01 1.45E+01 6.49E+05 1.97E+01 2.08E+01 2.60E+05 2.85E+05 1.45E+05 1.96

N2 2.96E+06 1.81E+06 7.26E+01 7.97E+01 2.27E+06 6.87E+01 7.26E+01 9.08E+05 9.96E+05 7.97E+05 1.25

O2 1.69E+05 1.03E+05 4.15E+00 4.55E+00 1.48E+05 4.48E+00 4.73E+00 5.92E+04 6.50E+04 4.55E+04 1.43
Ar 3.60E+04 2.20E+04 8.83E-01 9.69E-01 3.79E+04 1.15E+00 1.21E+00 1.52E+04 1.66E+04 9.69E+03 1.72
H2O 3.60E+05 2.20E+05 8.84E+00 0.00E+00 1.77E+05 5.37E+00 0.00E+00 7.10E+04 0.00E+00 0.00E+00 0.80

SO2 7.62E+03 4.66E+03 1.87E-01 2.05E-01 1.33E+04 4.04E-01 4.27E-01 5.34E+03 5.86E+03 2.05E+03 2.86

SO3 6.05E+01 3.70E+01 1.48E-03 1.63E-03 1.32E+02 4.01E-03 4.24E-03 5.30E+01 5.82E+01 1.63E+01 3.57

NOx as NO2 1.62E+03 6.50E+02 7.13E+02 5.33E+02 1.34

NO2 3.96E+01 2.42E+01 9.71E-04 1.07E-03 3.24E+01 9.83E-04 1.04E-03 1.30E+01 1.43E+01 1.07E+01 1.34
NO 1.94E+03 1.19E+03 4.76E-02 5.22E-02 2.44E+03 7.39E-02 7.81E-02 9.77E+02 1.07E+03 5.22E+02 2.05
HCl 3.90E+02 2.39E+02 9.57E-03 1.05E-02 3.88E+02 1.18E-02 1.24E-02 1.56E+02 1.71E+02 1.05E+02 1.63
HF 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.89
Fly Ash 9.27E-02 5.67E-02 2.27E-06 2.49E-06 1.25E+02 3.78E-03 4.00E-03 5.00E+01 5.48E+01 2.49E-02 2200.00
Gasified Ash 3.97E+00 2.43E+00 9.72E-05 1.07E-04 5.34E+03 1.62E-01 1.71E-01 2.14E+03 2.35E+03 1.07E+00 2200.00
Total, wet 4.08E+06 2.50E+06 1.00E+02 3.30E+06 1.00E+02 1.32
Total, dry 3.72E+06 2.27E+06 1.00E+02 3.12E+06 1.00E+02 1.37

1.5. Inlet Untreated Flue Gas Composition at Reference O2 content
Reference O2 (% Density

6
m3/h Nm3/h

volume % 
wet volume % dry kg/h mass % wet

mass % 
dry

mg/Nm3 

wet mg/Nm3 dry ppm (dry)
kg/Nm3 

dry
CO2 5.40E+05 3.31E+05 1.22E+01 1.33E+01 6.49E+05 1.81E+01 1.91E+01 2.39E+05 2.60E+05 1.33E+05 1.96

N2 3.25E+06 1.99E+06 7.32E+01 7.96E+01 2.48E+06 6.93E+01 7.29E+01 9.14E+05 9.95E+05 7.96E+05 1.25

O2 2.45E+05 1.50E+05 5.51E+00 6.00E+00 2.14E+05 5.97E+00 6.28E+00 7.87E+04 8.57E+04 6.00E+04 1.43
Ar 3.60E+04 2.20E+04 8.12E-01 8.84E-01 3.79E+04 1.06E+00 1.11E+00 1.39E+04 1.52E+04 8.84E+03 1.72
H2O 3.60E+05 2.20E+05 8.12E+00 0.00E+00 1.77E+05 4.95E+00 0.00E+00 6.53E+04 0.00E+00 0.00E+00 0.80

SO2 7.62E+03 4.66E+03 1.72E-01 1.87E-01 1.33E+04 3.72E-01 3.91E-01 4.91E+03 5.34E+03 1.87E+03 2.86

SO3 6.05E+01 3.70E+01 1.36E-03 1.48E-03 1.32E+02 3.69E-03 3.89E-03 4.87E+01 5.30E+01 1.48E+01 3.57

NOx as NO2 1.62E+03 5.97E+02 6.50E+02 4.86E+02 1.34

NO2 3.96E+01 2.42E+01 8.92E-04 9.71E-04 3.24E+01 9.06E-04 9.53E-04 1.19E+01 1.30E+01 9.71E+00 1.34
NO 1.94E+03 1.19E+03 4.37E-02 4.76E-02 2.44E+03 6.80E-02 7.16E-02 8.98E+02 9.77E+02 4.76E+02 2.05
HCl 3.90E+02 2.39E+02 8.79E-03 9.57E-03 3.88E+02 1.08E-02 1.14E-02 1.43E+02 1.56E+02 9.57E+01 1.63
HF 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.89
Fly Ash 9.27E-02 5.67E-02 2.09E-06 2.27E-06 1.25E+02 3.48E-03 3.66E-03 4.59E+01 5.00E+01 2.27E-02 2200.00
Gasified Ash 3.97E+00 2.43E+00 8.94E-05 9.73E-05 5.34E+03 1.49E-01 1.57E-01 1.97E+03 2.14E+03 9.73E-01 2200.00
Total, wet 4.44E+06 2.72E+06 1.00E+02 3.58E+06 1.00E+02 1.32
Total, dry 4.08E+06 2.49E+06 1.00E+02 3.40E+06 1.00E+02 1.36

Volume Mass Concentration

1.1. Temperature of untreated flue gas 
at Absorber Inlet 
1.2. Pressure of untreated flue gas at 
Absorber Inlet

Volume Mass Concentration

1.1. Temperature of flue gas at ID 
Fan Outlet
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Figure E- 2: Reactions results for the new base case, per unit. 

Gypsum CaSO4.2H2O kmol/h 192.72

SO2 at Absorber Inlet kg/h 13320.49 Gypsum CaSO4.2H2O kg/h 33180.25

SO3 at Absorber Inlet kg/h 132.30 Calcium Sulphite CaSO3.1/2H2 kmol/h 0.29

SOx at Absorber Inlet kg/h 13452.79 Calcium Sulphite CaSO3.1/2H2 kg/h 37.41

SOx as SO2 at Absorber Inlet kg/h 13426.35 12370.20 Calcium Fluoride CaF2 kmol/h 0.00

SO2 at Absorber Outlet kg/h 997.92 Calcium Fluoride CaF2 kg/h 0.00

SO3 at Absorber Outlet kg/h 72.77 Calcium Chloride CaCl2 kmol/h 5.22

SOx at Absorber Outlet kg/h 1070.69 Calcium Chloride CaCl2 kg/h 579.14

SOx as SO2 at Absorber Outlet kg/h 1056.14 Calcium Ions Ca2+ kg/h 209.15

Fluoride Ions F- kg/h 0.00
HF at Absorber Inlet kg/h 0.00 Chloride Ions Cl- kg/h 370.01
HCl at Absorber Inlet kg/h 388.30 Carbon Dioxide CO2 kmol/h 198.32

Fly Ash at Absorber Inlet kg/h 124.74 Carbon Dioxide CO2 kg/h 8728.27
Gasified Ash at Absorber Inlet kg/h 5338.00 Carbon Dioxide CO2 Nm3/h- 4445.25
HF at Absorber Outlet kg/h 0.00
HCl at Absorber Outlet kg/h 7.77
Fly Ash at Absorber Outlet kg/h 31.19
Gasified Ash at Absorber Outlet kg/h 5338.00 CaCO3 kg/h 992.51

MgCO3 kg/h 0.00

SOx absorbed as SO2 kg/h 12370.20 CaSO4.2H2O kg/h 33180.25

SOx absorbed as SO2 kmol/h 193.11 CaSO3.1/2H2O kg/h 37.41
HF absorbed kg/h 0.00 Fly Ash kg/h 93.56
HF absorbed kmol/h 0.00 Gasified Ash kg/h 0.00
HCl absorbed kg/h 380.53 Inerts kg/h 3678.11
HCl absorbed kmol/h 10.44 Total kg/h 37981.84
Fly Ash absorbed kg/h 93.56
Gasified Ash absorbed kg/h 0.00

CaCO3 Required for Absorption kmol/h 198.32 19850.13
CaCO3 Required for Absorption + kmol/h 208.24
CaCO3 Required for Absorption + kg/h 20842.64
Total Limestone Consumption kg/h 24520.75
Total MgCO3 in Limestone kg/h 0.00
Total Inerts in Limestone kg/h 3678.11

O2 required for oxidation kmol/h 96.55 2.38

O2 required for oxidation kg/h 3089.61

O2 for oxidation including excess kg/h 7352.30

O2 for oxidation including excess Nm3/h 5149.98

Oxidation Air supplied Nm3/h-dry 24594.00
Oxidation Air supplied kg/h-dry 31767.47
Oxidation Air supplied kg/h-wet 32096.46

Oxidation Air kg/h Nm3/h vol%-dry vol%-wet
mass %-

dry 
mass %-

wet
CO2 19.32 9.84 0.04 0.04 0.06 0.06

N2 24003.00 19205.45 78.09 76.81 75.56 74.78

O2 7352.30 5149.98 20.94 20.60 23.14 22.91
Ar 392.85 228.72 0.93 0.91 1.24 1.22
H2O 328.99 409.32 0.00 1.64 0.00 1.03
Total Air (dry) 31767.47 24594.00 100.00 100.00
Total Air (wet) 32096.46 25003.32 100.00 100.00

OXIDATION AIR
Excess Stoichiometric Ratio 

for Oxygen

PRODUCTS/BY-PRODUCTS

SOLIDS LEAVING THE SYSTEM

REACTANTS

ABSORPTION

LIMESTONE
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Figure E- 3: Treated flue gas properties for the new base case, per unit. 

 

1. TREATED FLUE GAS PROPERTIES AT ABSORBER OUTLET

˚C 51.61

mbar 916.20 mbar 916.20

1.4. Outlet Treated Flue Gas Composition at Actual O2 content
Actual O2 (%) Density

4.64
m3/h Nm3/h

volume % 
wet

volume % 
dry kg/h

mass % 
wet

mass % 
dry

mg/Nm3 

wet mg/Nm3 dry ppm (dry)
kg/Nm3 

dry
CO2 4.41E+05 3.35E+05 1.25E+01 1.46E+01 6.58E+05 1.90E+01 2.09E+01 2.45E+05 2.86E+05 1.46E+05 1.96

N2 2.41E+06 1.83E+06 6.81E+01 7.97E+01 2.29E+06 6.61E+01 7.28E+01 8.51E+05 9.97E+05 7.97E+05 1.25

O2 1.40E+05 1.06E+05 3.96E+00 4.64E+00 1.52E+05 4.39E+00 4.83E+00 5.65E+04 6.62E+04 4.64E+04 1.43
Ar 2.93E+04 2.23E+04 8.28E-01 9.70E-01 3.83E+04 1.11E+00 1.22E+00 1.42E+04 1.67E+04 9.70E+03 1.72
H2O 5.16E+05 3.92E+05 1.46E+01 0.00E+00 3.15E+05 9.11E+00 0.00E+00 1.17E+05 0.00E+00 0.00E+00 0.80 14.58

SO2 4.59E+02 3.49E+02 1.30E-02 1.52E-02 9.98E+02 2.88E-02 3.17E-02 3.71E+02 4.34E+02 1.52E+02 2.86

SO3 2.68E+01 2.04E+01 7.58E-04 8.87E-04 7.28E+01 2.10E-03 2.31E-03 2.71E+01 3.17E+01 8.87E+00 3.57

NOx as NO2 1.62E+03 6.03E+02 7.06E+02 5.27E+02 1.34

NO2 3.19E+01 2.42E+01 9.01E-04 1.05E-03 3.24E+01 9.37E-04 1.03E-03 1.21E+01 1.41E+01 1.05E+01 1.34
NO 1.56E+03 1.19E+03 4.41E-02 5.17E-02 2.44E+03 7.04E-02 7.75E-02 9.06E+02 1.06E+03 5.17E+02 2.05
HCl 6.28E+00 4.77E+00 1.78E-04 2.08E-04 7.77E+00 2.24E-04 2.47E-04 2.89E+00 3.38E+00 2.08E+00 1.63
HF 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.89
Fly Ash 1.86E-02 1.42E-02 5.27E-07 6.17E-07 3.12E+01 9.01E-04 9.91E-04 1.16E+01 1.36E+01 6.17E-03 2200.00
Gasified Ash 3.19E+00 2.43E+00 9.02E-05 1.06E-04 5.34E+03 1.54E-01 1.70E-01 1.98E+03 2.32E+03 1.06E+00 2200.00
Total, wet 3.54E+06 2.69E+06 1.00E+02 3.46E+06 1.00E+02 1.29
Total, dry 3.02E+06 2.30E+06 1.00E+02 3.15E+06 1.00E+02 1.37

392164.81 315198.49
1.4. Outlet Treated Flue Gas Composition at Reference O2 content
Actual O2 (%) Density

6.00
m3/h Nm3/h

volume % 
wet

volume % 
dry kg/h

mass % 
wet

mass % 
dry

mg/Nm3 

wet mg/Nm3 dry ppm (dry)
kg/Nm3 

dry
CO2 4.41E+05 3.35E+05 1.16E+01 1.34E+01 6.58E+05 1.76E+01 1.93E+01 2.27E+05 2.63E+05 1.34E+05 1.96

N2 2.63E+06 2.00E+06 6.89E+01 7.97E+01 2.50E+06 6.69E+01 7.31E+01 8.61E+05 9.96E+05 7.97E+05 1.25

O2 1.98E+05 1.50E+05 5.19E+00 6.00E+00 2.15E+05 5.75E+00 6.29E+00 7.41E+04 8.57E+04 6.00E+04 1.43
Ar 2.93E+04 2.23E+04 7.69E-01 8.89E-01 3.83E+04 1.03E+00 1.12E+00 1.32E+04 1.53E+04 8.89E+03 1.72
H2O 5.16E+05 3.92E+05 1.35E+01 0.00E+00 3.15E+05 8.45E+00 0.00E+00 1.09E+05 0.00E+00 0.00E+00 0.80

SO2 4.59E+02 3.49E+02 1.20E-02 1.39E-02 9.98E+02 2.67E-02 2.92E-02 3.44E+02 3.98E+02 1.39E+02 2.86

SO3 2.68E+01 2.04E+01 7.03E-04 8.13E-04 7.28E+01 1.95E-03 2.13E-03 2.51E+01 2.90E+01 8.13E+00 3.57

NOx as NO2 1.62E+03 5.60E+02 6.47E+02 4.83E+02 1.34

NO2 3.19E+01 2.42E+01 8.36E-04 9.67E-04 3.24E+01 8.70E-04 9.50E-04 1.12E+01 1.29E+01 9.67E+00 1.34
NO 1.56E+03 1.19E+03 4.10E-02 4.74E-02 2.44E+03 6.53E-02 7.14E-02 8.41E+02 9.72E+02 4.74E+02 2.05
HCl 6.28E+00 4.77E+00 1.65E-04 1.90E-04 7.77E+00 2.08E-04 2.27E-04 2.68E+00 3.10E+00 1.90E+00 1.63
HF 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.89
Fly Ash 1.86E-02 1.42E-02 4.89E-07 5.66E-07 3.12E+01 8.36E-04 9.13E-04 1.08E+01 1.24E+01 5.66E-03 2200.00
Gasified Ash 3.19E+00 2.43E+00 8.37E-05 9.68E-05 5.34E+03 1.43E-01 1.56E-01 1.84E+03 2.13E+03 9.68E-01 2200.00
Total, wet 3.81E+06 2.90E+06 1.00E+02 3.73E+06 1.00E+02 1.29
Total, dry 3.30E+06 2.51E+06 1.00E+02 3.42E+06 1.00E+02 1.36

Volume Mass Concentration

1.1. Temperature of treated flue gas at 

1.2. Pressure of treated flue gas at Absorber 
Outlet

Volume Mass Concentration

Pressure of flue gas at the 
Chimney
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Figure E- 4: Detailed mass balance for the new base case, per unit. 

 

1 3 30

Filtrate Recycle 
to Limestone 
Slurry Prep

y

Untreated 
Flue Gas at 
Absorber Inlet

Treated Flue 
Gas at 
Absorber Outlet Oxidation Air

CO2 kg/h 6.49E+05 6.58E+05 1.93E+01

N2 kg/h 2.27E+06 2.29E+06 2.40E+04

O2 kg/h 1.48E+05 1.52E+05 7.35E+03
Ar kg/h 3.79E+04 3.83E+04 3.93E+02
H2O kg/h 1.77E+05 3.15E+05 3.29E+02

SO2 kg/h 1.33E+04 9.98E+02 0.00E+00

SO3 kg/h 1.32E+02 7.28E+01 0.00E+00

NO2 kg/h 3.24E+01 3.24E+01 0.00E+00
NO kg/h 2.44E+03 2.44E+03 0.00E+00
HCl kg/h 3.88E+02 7.77E+00 0.00E+00
HF kg/h 0.00E+00 0.00E+00 0.00E+00
Fly Ash kg/h 1.25E+02 3.12E+01 0.00E+00
Gasified Ash kg/h 5.34E+03 5.34E+03 0.00E+00
Total, wet kg/h 3.30E+06 3.46E+06 3.21E+04
Total, dry kg/h 3.12E+06 3.15E+06 3.18E+04

Limestone Process Water Gypsum Product Wastewater Bleed Limestone Slurry

Water 
required for 
Limestone 
Slurry Prep 

Water required 
for Gypsum 

Washing

Process 
Water Make-

up to the 
Absorber

31(21) 32 (61) 33 (25) 34  (54) 35 (22) 36 (62) 37(67) 38 (66)
Total Mass Flow kg/h 2.45E+04 1.61E+05 4.17E+04 1.28E+04 8.17E+04 5.72E+04 4.67E+04 1.14E+05
Total Volume Flow m3/h 1.80E+01 1.61E+02 4.17E+01 1.28E+01 8.17E+01 5.72E+01 4.67E+01 1.14E+02
Total Mass (Liquid) kg/h 0.00E+00 1.61E+05 4.17E+03 1.23E+04 5.72E+04 5.72E+04 4.67E+04 1.14E+05
Total Mass (Solids) kg/h 2.45E+04 0.00E+00 3.75E+04 4.81E+02 2.45E+04 0.00E+00 0.00E+00 0.00E+00
Density kg/m3 1.36E+03 1.00E+03 1.00E+03 1.00E+03 1.00E+03 1.00E+03 1.00E+03 1.00E+03
mass % liquid % 0.00E+00 1.00E+02 1.00E+01 9.62E+01 7.00E+01 1.00E+02 1.00E+02 1.00E+02
mass % solids % 1.00E+02 0.00E+00 9.00E+01 3.77E+00 3.00E+01 0.00E+00 0.00E+00 0.00E+00
CaSO4·2 H2O kg/h 0.00E+00 0.00E+00 3.32E+04 2.80E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CaSO3.1/2H2O kg/h 0.00E+00 0.00E+00 3.34E+01 4.06E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CaCO3 kg/h 2.08E+04 0.00E+00 9.83E+02 9.95E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
MgCO3 kg/h 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
inerts kg/h 3.68E+03 0.00E+00 3.25E+03 4.28E+02 0.00E+00 0.00E+00 0.00E+00 0.00E+00
fly ash kg/h 0.00E+00 0.00E+00 8.27E+01 1.09E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00
gasified ash kg/h 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CaSO4·2 H2O mass-% dry 0.00E+00 0.00E+00 8.84E+01 5.82E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CaSO3.1/2H2O mass-% dry 0.00E+00 0.00E+00 8.90E-02 8.43E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CaCO3 mass-% dry 8.50E+01 0.00E+00 2.62E+00 2.07E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
MgCO3 mass-% dry 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
inerts mass-% dry 1.50E+01 0.00E+00 8.67E+00 8.90E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00
fly ash mass-% dry 0.00E+00 0.00E+00 2.20E-01 2.26E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
gasified ash mass-% dry 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CaSO4·2 H2O mass-% wet 0.00E+00 0.00E+00 7.96E+01 2.19E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CaSO3.1/2H2O mass-% wet 0.00E+00 0.00E+00 8.01E-02 3.18E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CaCO3 mass-% wet 0.00E+00 0.00E+00 2.36E+00 7.79E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00
MgCO3 mass-% wet 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
inerts mass-% wet 0.00E+00 0.00E+00 7.80E+00 3.35E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
fly ash mass-% wet 0.00E+00 0.00E+00 1.98E-01 8.52E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00
gasified ash mass-% wet 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Cl- in liquid ppm 0.00E+00 1.08E+02 1.00E+03 3.12E+04 1.08E+02 1.46E+04 1.08E+02 1.08E+02
Cl- mg/L 0.00E+00 1.08E+02 1.00E+02 3.00E+04 7.53E+01 1.46E+04 1.08E+02 1.08E+02
Cl- ppm 0.00E+00 1.08E+02 1.00E+02 3.00E+04 7.53E+01 1.46E+04 1.08E+02 1.08E+02
Cl- kg/h 0.00E+00 1.73E+01 4.17E+00 3.83E+02 6.16E+00 8.36E+02 5.02E+00 1.23E+01
Crystal Water kg/h 0.00E+00 0.00E+00 6.94E+03 6.14E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Wastewater 
HC underflow

Wastewater 
HC Feed

Portion of 
Gypsum HC 
overflow to 
Absorber

Gypsum HC 
overflow

Gpysum HC 
underflow

Filtrate from 
VBF

Total Reclaim to 
Absorber

Gypsum 
Bleed 

39(55) 40 (53) 42 (56) 43 (52) 44(24) 45(57) 46(59+55) 47 (23)
Total Mass Flow kg/h 2.10E+03 1.49E+04 2.79E+05 2.94E+05 7.50E+04 8.00E+04 3.04E+05 3.69E+05
Total Volume Flow m3/h 2.10E+00 1.49E+01 2.79E+02 2.94E+02 7.50E+01 8.00E+01 3.04E+02 3.69E+02
Total Mass (Liquid) kg/h 1.68E+03 1.40E+04 2.62E+05 2.76E+05 3.75E+04 8.00E+04 2.86E+05 3.13E+05
Total Mass (Solids) kg/h 4.21E+02 9.02E+02 1.69E+04 1.78E+04 3.75E+04 0.00E+00 1.73E+04 5.53E+04
Density kg/m3 1.00E+03 1.00E+03 1.00E+03 1.00E+03 1.00E+03 1.00E+03 1.00E+03 1.00E+03
mass % liquid % 8.00E+01 9.39E+01 9.39E+01 9.39E+01 5.00E+01 1.00E+02 9.43E+01 8.50E+01
mass % solids % 2.00E+01 6.06E+00 6.06E+00 6.06E+00 5.00E+01 0.00E+00 5.70E+00 1.50E+01
CaSO4·2 H2O kg/h 1.59E+02 1.87E+02 3.50E+03 3.68E+03 3.32E+04 0.00E+00 3.66E+03 3.68E+04
CaSO3.1/2H2O kg/h 2.70E+00 6.76E+00 1.27E+02 1.33E+02 3.34E+01 0.00E+00 1.29E+02 1.67E+02
CaCO3 kg/h 2.32E+01 3.32E+01 6.22E+02 6.55E+02 9.83E+02 0.00E+00 6.45E+02 1.64E+03
MgCO3 kg/h 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
inerts kg/h 2.30E+02 6.59E+02 1.23E+04 1.30E+04 3.25E+03 0.00E+00 1.26E+04 1.63E+04
fly ash kg/h 5.86E+00 1.68E+01 3.14E+02 3.31E+02 8.27E+01 0.00E+00 3.20E+02 4.13E+02
gasified ash kg/h 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CaSO4·2 H2O mass-% dry 3.77E+01 2.07E+01 2.07E+01 2.07E+01 8.84E+01 0.00E+00 2.11E+01 6.66E+01
CaSO3.1/2H2O mass-% dry 6.42E-01 7.50E-01 7.50E-01 7.50E-01 8.90E-02 0.00E+00 7.47E-01 3.02E-01
CaCO3 mass-% dry 5.52E+00 3.68E+00 3.68E+00 3.68E+00 2.62E+00 0.00E+00 3.72E+00 2.96E+00
MgCO3 mass-% dry 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
inerts mass-% dry 5.48E+01 7.30E+01 7.30E+01 7.30E+01 8.67E+00 0.00E+00 7.26E+01 2.94E+01
fly ash mass-% dry 1.39E+00 1.86E+00 1.86E+00 1.86E+00 2.20E-01 0.00E+00 1.85E+00 7.47E-01
gasified ash mass-% dry 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CaSO4·2 H2O mass-% wet 7.54E+00 1.25E+00 1.25E+00 1.25E+00 4.42E+01 0.00E+00 1.20E+00 9.99E+00
CaSO3.1/2H2O mass-% wet 1.28E-01 4.54E-02 4.54E-02 4.54E-02 4.45E-02 0.00E+00 4.26E-02 4.52E-02
CaCO3 mass-% wet 1.10E+00 2.23E-01 2.23E-01 2.23E-01 1.31E+00 0.00E+00 2.12E-01 4.44E-01
MgCO3 mass-% wet 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
inerts mass-% wet 1.10E+01 4.43E+00 4.43E+00 4.43E+00 4.33E+00 0.00E+00 4.14E+00 4.41E+00
fly ash mass-% wet 2.79E-01 1.13E-01 1.13E-01 1.13E-01 1.10E-01 0.00E+00 1.05E-01 1.12E-01
gasified ash mass-% wet 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Cl- in liquid ppm 3.12E+04 3.12E+04 3.12E+04 3.12E+04 3.12E+04 1.46E+04 2.99E+04 3.12E+04
Cl- mg/L 2.49E+04 2.93E+04 2.93E+04 2.93E+04 1.56E+04 1.46E+04 2.82E+04 2.65E+04
Cl- ppm 2.49E+04 2.93E+04 2.93E+04 2.93E+04 1.56E+04 1.46E+04 2.82E+04 2.65E+04
Cl- kg/h 5.25E+01 4.36E+02 8.16E+03 8.60E+03 1.17E+03 1.17E+03 8.55E+03 9.77E+03
Crystal Water kg/h 3.34E+01 3.95E+01 7.41E+02 7.80E+02 6.94E+03 0.00E+00 7.74E+02 7.72E+03
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Figure E- 5: Energy balance for the new base case, per unit. 

Temperature of Flue Gas at Absorber Inlet ˚C 1.4E+02
Pressure of Flue Gas at Absorber Inlet kPa 9.3E+01
Temperature of Flue Gas at Absorber Outlet ˚C 5.2E+01
Pressure of Flue Gas at Absorber Outlet kPa 9.2E+01

Ambient Temperature ˚C 2.4E+01
Ambient Pressure kPa 9.1E+01

Temperature rise over oxidation air blower ˚C 7.0E+01
Pressure rise over oxidation air blower kPa
Temperature of oxidation air at WFGD inlet ˚C 9.4E+01
Pressure of oxidation air at WFGD inlet kPa

Moisture in Flue Gas at Absorber Inlet kg/h 1.8E+05
Moisture in Oxidation Air at Absorber Inlet kg/h 3.3E+02
Moisture in Flue Gas at Absorber Outlet kg/h 3.2E+05
Total Evaporation kg/h 1.4E+05
Heat lost through evaporation kJ/kg 2.4E+03
Heat lost through evaporation kJ/s 9.1E+04

Flue Gas
CO2 kg/h 6.5E+05 mass % 2.0E+01 kg/h 6.6E+05 mass % 1.9E+01

N2 kg/h 2.3E+06 mass % 6.9E+01 kg/h 2.3E+06 mass % 6.6E+01

O2 kg/h 1.5E+05 mass % 4.5E+00 kg/h 1.5E+05 mass % 4.4E+00

H2O kg/h 1.8E+05 mass % 5.4E+00 kg/h 3.2E+05 mass % 9.1E+00

Total kg/h 3.3E+06 mass % 9.8E+01 kg/h 3.5E+06 mass % 9.9E+01
Temperature K 4.1E+02 K 3.2E+02
Pressure kPa 9.3E+02 kPa 9.2E+02
Oxidation Air
CO2 kg/h 1.9E+01 mass % 6.0E-02

N2 kg/h 2.4E+04 mass % 7.5E+01

O2 kg/h 7.4E+03 mass % 2.3E+01

H2O kg/h 3.3E+02 mass % 1.0E+00

Total kg/h 3.2E+04 mass % 9.9E+01
Temperature K 3.7E+02
Pressure kPa 0.0E+00
Limestone 
CaCO3 kg/h 2.5E+04
Temperature K 3.0E+02
Pressure kPa
Process Water Make-up
H2O kg/h 1.6E+05
Temperature K 2.9E+02
Pressure kPa
Gypsum 
CaSO4.2H2O kg/h 4.2E+04
Temperature K 3.2E+02
Pressure kPa
Wastewater
H2O kg/h 1.3E+04
Temperature K 3.2E+02
Pressure kPa

a b c d e Cp (kJ/kg.K)
Flue Gas at WFGD Inlet 9.9E-01 -2.5E-05 2.3E-07 -1.3E-10 9.9E-01

Flue Gas at WFGD Outlet 1.0E+00 -5.2E-05 3.2E-07 -1.3E-10 1.0E+00
Oxidation Air at WFGD Inlet 1.1E+00 -5.6E-04 1.4E-06 -1.1E-09 2.8E-13 1.0E+00

Limestone 8.3E-01
Process Water Make-up 4.2E+00

Gypsum 1.1E+00
Wastewater 4.2E+00

Heat of Reaction SO2 Absorption kJ/mol -3.4E+02

Heat of Reaction HCl Absorption kJ/mol -3.7E+02

INLET OUTLET 
Flue Gas kJ/s 1.2E+05 5.1E+04

Oxidation Air kJ/s 8.6E+02
Limestone kJ/s 1.3E+02

Process Water Make-up kJ/s 3.7E+03
Gypsum kJ/s 6.8E+02

Wastewater kJ/s 7.7E+02
Latent Heat of Evaporation kJ/s 9.6E+04

Heat lost through the SO2 absorption reaction kJ/s -1.8E+04

Heat lost through the HCl absorption reaction kJ/s -1.1E+03
Total kJ/s 1.3E+05 1.3E+05

Difference kJ/s 4.8E-01
3.7E-04

WFGD INLET WFGD OUTLET

Flue Gas Properties

Ambient Conditions

Oxidation Air

Evaporation
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Figure E- 6:  Main absorber performance parameters for the new base case, per unit. 

 

2.  Overall water balance results from the evaluation of the optimum absorber 
temperature. 
 

3. ABSORBER SPECIFICATION AND GEOMETRY

Absorber Diameter m 17.5

Height between flue gas inlet duct at bottom and reaction tank level liquid level m 1

Height between spray levels m 1.8
Height between bottom spray level and flue gas inlet duct at top m 3
Width flue gas inlet duct m 14
Height flue gas inlet duct m 6
Mist eliminator height m 4.5
Height flue gas outlet duct m
Width flue gas outlet duct m
Diameter of dome (flue gas outlet duct) m 8.9
Height between the Dome (flue gas outlet at duct bottom) and Mist Eliminator m 4.3
Reaction Tank Diameter m 21.5
Reaction Tank Height m 7
cone angle (45°-90°) grad 45
Absorber liquid level above Reaction Tank cone top m 0.5
Reaction Tank pH
Reaction Tank Volume m3 3261
Reaction Tank Residence Time min 5.09
Pressure Drop over the Absorber mbar 14.7
L/G Design Reserve % 2.5

Liquid Flow m3/hr 38412.63
Absorber Recirculation Slurry Pump Throughput m3/h 9603.16
No. of Absorber Recirculation Slurry Pumps in operation 4

SOx as SO2 removal efficiency (requested) % 92.13
SO2 removal efficiency (requested) % 92.51
SO2 removal efficiency (design) % 92.96
L/G (absorber outlet) l/m3 10.86

Absorber Inlet Velocity m/s 13.49
Absorber Velocity m/s 4.08
Absorber Outlet Velocity m/s 15.79

Pressure drop kPa 1.471

Absorber & Reaction Tank

5.1

Absorber Recirculation Slurry Pump
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Figure E- 7: Water balance at 137°C, per unit. 

 

 

Figure E- 8: Water balance at 134°C, per unit. 

 

 

t/h t/h

177.22 315.20

0.00 4.17

46.69
6.95

0.33
12.29

114.36
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WFGD 
Process

1. Moisture in the 
Raw Flue Gas

36. Water for Limestone Slurry 
Preparation

37. Water for Gypsum Washing

30. Water in Oxidation 
Air

Absorber Make-
up Water 

3. Moisture in Clean Flue Gas 
(including water lost through 

evaporation

33. Residual moisture in 
Gypsum

33, 34. Crystal 
Water

34. Wastewater/Chloride 
Bleed

t/h t/h
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0.00 4.17
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110.76

335.00 335.00
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Process
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36. Water for Limestone Slurry 
Preparation

37. Water for Gypsum Washing

30. Water in Oxidation 
Air

Absorber Make-
up Water 

3. Moisture in the Treated Flue 
Gas (including water lost 
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33. Residual moisture in 
Gypsum

33, 34. Crystal 
Water

34. Wastewater/Chloride 
Bleed
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Figure E- 9: Water balance at 130°C, per unit. 

 

 

 

 

Figure E- 10: Water balance at 125°C, per unit. 

t/h t/h

177.22 306.81

0.00 4.17

46.69
6.95

0.33
12.26

105.95
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WFGD 
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30. Water in Oxidation 
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Absorber Make-
up Water 

3. Moisture in the treated Flue 
Gas (including water lost 

through evaporation

33. Residual moisture in 
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33, 34. Crystal 
Water

34. Wastewater/Chloride 
Bleed

t/h t/h
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30. Water in Oxidation 
Air
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33, 34. Crystal 
Water

34. Wastewater/Chloride 
Bleed
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Figure E- 11: Water balance at 120°C, per unit. 

 

 

Figure E- 12: Water balance at 115°C, per unit. 

t/h t/h

177.22 294.86

0.00 4.17

46.69
6.95

0.33
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WFGD 
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untreated Flue Gas
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37. Water for Gypsum Washing

30. Water in Oxidation 
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up Water 

3. Moisture in the treated Flue 
Gas (including water lost 

through evaporation

33. Residual moisture in 
Gypsum
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Water

34. Wastewater/Chloride 
Bleed
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Absorber Make-
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3. Moisture in treated Flue Gas 
(including water lost through 

evaporation

33. Residual moisture in 
Gypsum

33, 34. Crystal 
Water

34. Wastewater/Chloride 
Bleed
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Figure E- 13: Water balance at 110°C, per unit. 

 

Figure 6-1: Water balance at 105°C, per unit. 

 

Figure E- 14: Water balance at 100°C. 

t/h t/h
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3. Moisture in the treated Flue 
Gas (including water lost 

through evaporation
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t/h t/h

177.22 271.04

0.00 4.17

46.70
6.95

0.33
12.14

70.05

294.30 294.30

WFGD 
Process

1. Moisture in the 
untreated Flue Gas

36. Water for Limestone Slurry 
Preparation

37. Water for Gypsum Washing

30. Water in Oxidation 
Air

Absorber Make-
up Water 

3. Moisture in the treated Flue 
Gas (including water lost 

through evaporation

33. Residual moisture in 
Gypsum

33, 34. Crystal 
Water
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Bleed
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Figure E- 15: Water balance at 95°C, per unit. 

 

 

Figure E- 16: Water balance at 90°C, per unit. 

 

3. Results for Option 1a. Flue gas reheat with the GGH (1 mass % leakage) 

The following snapshots give the mass and energy balances for this option. 

t/h t/h

177.22 265.11

0.00 4.17

46.70
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Process
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Absorber Make-
up Water 

3. Moisture in the treated Flue 
Gas (including water lost 

through evaporation

33. Residual moisture in 
Gypsum

33, 34. Crystal 
Water

34. Wastewater/Chloride 
Bleed

t/h t/h

177.22 259.18

0.00 4.17
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0.33
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WFGD 
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Raw Flue Gas
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3. Moisture in Clean Flue Gas 
(including water lost through 

evaporation

33. Residual moisture in 
Gypsum

33, 34. Crystal 
Water

34. Wastewater/Chloride 
Bleed
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Leakage mass-% 1.0E+00
Efficiency of GGH % 9.5E+01

Mass flow rate from Boiler (1) kg/hr 3.3E+06
Mass flow rate of leakage kg/hr 3.3E+04
Mass flow rate upstream WFGD (2) kg/hr 3.3E+06
Mass flow rate downstream WFGD (3 kg/hr 3.4E+06
Mass flow rate to the chimney (4) kg/hr 3.4E+06

Actual O2 (%) Density

4.5E+00
m3/h Nm3/h volume % wet volume % dry kg/h

mass % 
wet mass % dry

mg/Nm3 

wet
mg/Nm3 

dry ppm (dry)
kg/Nm3 

dry
CO2 5.3E+03 3.3E+03 1.3E+01 1.5E+01 6.5E+03 2.0E+01 2.1E+01 2.6E+05 2.9E+05 1.5E+05 2.0E+00

N2 2.9E+04 1.8E+04 7.3E+01 8.0E+01 2.3E+04 6.9E+01 7.3E+01 9.1E+05 1.0E+06 8.0E+05 1.2E+00

O2 1.7E+03 1.0E+03 4.1E+00 4.5E+00 1.5E+03 4.5E+00 4.7E+00 5.9E+04 6.5E+04 4.5E+04 1.4E+00
Ar 3.6E+02 2.2E+02 8.8E-01 9.7E-01 3.8E+02 1.1E+00 1.2E+00 1.5E+04 1.7E+04 9.7E+03 1.7E+00
H2O 3.6E+03 2.2E+03 8.8E+00 0.0E+00 1.8E+03 5.4E+00 0.0E+00 7.1E+04 0.0E+00 0.0E+00 8.0E-01

SO2 7.5E+01 4.7E+01 1.9E-01 2.0E-01 1.3E+02 4.0E-01 4.3E-01 5.3E+03 5.9E+03 2.0E+03 2.9E+00

SO3 6.0E-01 3.7E-01 1.5E-03 1.6E-03 1.3E+00 4.0E-03 4.2E-03 5.3E+01 5.8E+01 1.6E+01 3.6E+00

NOx as NO2 1.6E+01 6.5E+02 7.1E+02 5.3E+02 1.3E+00

NO2 3.9E-01 2.4E-01 9.7E-04 1.1E-03 3.2E-01 9.8E-04 1.0E-03 1.3E+01 1.4E+01 1.1E+01 1.3E+00
NO 1.9E+01 1.2E+01 4.8E-02 5.2E-02 2.4E+01 7.4E-02 7.8E-02 9.8E+02 1.1E+03 5.2E+02 2.1E+00
HCl 3.8E+00 2.4E+00 9.6E-03 1.0E-02 3.9E+00 1.2E-02 1.2E-02 1.6E+02 1.7E+02 1.0E+02 1.6E+00
HF 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 8.9E-01
Fly Ash 9.1E-04 5.7E-04 2.3E-06 2.5E-06 1.2E+00 3.8E-03 4.0E-03 5.0E+01 5.5E+01 2.5E-02 2.2E+03
Gasified Ash 3.9E-02 2.4E-02 9.7E-05 1.1E-04 5.3E+01 1.6E-01 1.7E-01 2.1E+03 2.3E+03 1.1E+00 2.2E+03
Total, wet 4.0E+04 2.5E+04 1.0E+02 3.3E+04 1.0E+02 1.3E+00
Total, dry 3.7E+04 2.3E+04 1.0E+02 3.1E+04 1.0E+02 1.4E+00

Reference O2 (%) Density

6.0E+00
m3/h Nm3/h volume % wet volume % dry kg/h

mass % 
wet mass % dry

mg/Nm3 

wet
mg/Nm3 

dry ppm (dry)
kg/Nm3 

dry
CO2 5.3E+03 3.3E+03 1.2E+01 1.3E+01 6.5E+03 1.8E+01 1.9E+01 2.4E+05 2.6E+05 1.3E+05 2.0E+00

N2 3.2E+04 2.0E+04 7.3E+01 8.0E+01 2.5E+04 6.9E+01 7.3E+01 9.1E+05 1.0E+06 8.0E+05 1.2E+00

O2 2.4E+03 1.5E+03 5.5E+00 6.0E+00 2.1E+03 6.0E+00 6.3E+00 7.9E+04 8.6E+04 6.0E+04 1.4E+00
Ar 3.6E+02 2.2E+02 8.1E-01 8.8E-01 3.8E+02 1.1E+00 1.1E+00 1.4E+04 1.5E+04 8.8E+03 1.7E+00
H2O 3.6E+03 2.2E+03 8.1E+00 0.0E+00 1.8E+03 4.9E+00 0.0E+00 6.5E+04 0.0E+00 0.0E+00 8.0E-01

SO2 7.5E+01 4.7E+01 1.7E-01 1.9E-01 1.3E+02 3.7E-01 3.9E-01 4.9E+03 5.3E+03 1.9E+03 2.9E+00

SO3 6.0E-01 3.7E-01 1.4E-03 1.5E-03 1.3E+00 3.7E-03 3.9E-03 4.9E+01 5.3E+01 1.5E+01 3.6E+00

NOx as NO2 1.6E+01 6.0E+02 6.5E+02 4.9E+02 1.3E+00

NO2 3.9E-01 2.4E-01 8.9E-04 9.7E-04 3.2E-01 9.1E-04 9.5E-04 1.2E+01 1.3E+01 9.7E+00 1.3E+00
NO 1.9E+01 1.2E+01 4.4E-02 4.8E-02 2.4E+01 6.8E-02 7.2E-02 9.0E+02 9.8E+02 4.8E+02 2.1E+00
HCl 3.8E+00 2.4E+00 8.8E-03 9.6E-03 3.9E+00 1.1E-02 1.1E-02 1.4E+02 1.6E+02 9.6E+01 1.6E+00
HF 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 8.9E-01
Fly Ash 9.1E-04 5.7E-04 2.1E-06 2.3E-06 1.2E+00 3.5E-03 3.7E-03 4.6E+01 5.0E+01 2.3E-02 2.2E+03
Gasified Ash 3.9E-02 2.4E-02 8.9E-05 9.7E-05 5.3E+01 1.5E-01 1.6E-01 2.0E+03 2.1E+03 9.7E-01 2.2E+03
Total, wet 4.4E+04 2.7E+04 1.0E+02 3.6E+04 1.0E+02 1.3E+00
Total, dry 4.0E+04 2.5E+04 1.0E+02 3.4E+04 1.0E+02 1.4E+00

Volume Mass Concentration

Leakage at Actual O2 content
Volume Mass Concentration

GGH

T1

WFGD

T2

T4 T3

ID FAN
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4. Results for Option 1a. Flue gas reheat with the GGH (5 mass % leakage) 

The following snapshots give the mass and energy balances for this option. 

Actual O2 (%) Density

4.5E+00
m3/h Nm3/h volume % wet volume % dry kg/h

mass % 
wet mass % dry

mg/Nm3 

wet
mg/Nm3 

dry ppm (dry)
kg/Nm3 

dry
CO2 4.8E+05 3.3E+05 1.3E+01 1.5E+01 6.4E+05 2.0E+01 2.1E+01 2.6E+05 2.9E+05 1.5E+05 2.0E+00

N2 2.7E+06 1.8E+06 7.3E+01 8.0E+01 2.2E+06 6.9E+01 7.3E+01 9.1E+05 1.0E+06 8.0E+05 1.2E+00

O2 1.5E+05 1.0E+05 4.1E+00 4.5E+00 1.5E+05 4.5E+00 4.7E+00 5.9E+04 6.5E+04 4.5E+04 1.4E+00
Ar 3.2E+04 2.2E+04 8.8E-01 9.7E-01 3.7E+04 1.1E+00 1.2E+00 1.5E+04 1.7E+04 9.7E+03 1.7E+00
H2O 3.2E+05 2.2E+05 8.8E+00 0.0E+00 1.8E+05 5.4E+00 0.0E+00 7.1E+04 0.0E+00 0.0E+00 8.0E-01

SO2 6.8E+03 4.6E+03 1.9E-01 2.0E-01 1.3E+04 4.0E-01 4.3E-01 5.3E+03 5.9E+03 2.0E+03 2.9E+00

SO3 5.4E+01 3.7E+01 1.5E-03 1.6E-03 1.3E+02 4.0E-03 4.2E-03 5.3E+01 5.8E+01 1.6E+01 3.6E+00

NOx as NO2 1.6E+03 6.5E+02 7.1E+02 5.3E+02 1.3E+00

NO2 3.5E+01 2.4E+01 9.7E-04 1.1E-03 3.2E+01 9.8E-04 1.0E-03 1.3E+01 1.4E+01 1.1E+01 1.3E+00
NO 1.7E+03 1.2E+03 4.8E-02 5.2E-02 2.4E+03 7.4E-02 7.8E-02 9.8E+02 1.1E+03 5.2E+02 2.1E+00
HCl 3.5E+02 2.4E+02 9.6E-03 1.0E-02 3.8E+02 1.2E-02 1.2E-02 1.6E+02 1.7E+02 1.0E+02 1.6E+00
HF 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 8.9E-01
Fly Ash 8.3E-02 5.6E-02 2.3E-06 2.5E-06 1.2E+02 3.8E-03 4.0E-03 5.0E+01 5.5E+01 2.5E-02 2.2E+03
Gasified Ash 3.6E+00 2.4E+00 9.7E-05 1.1E-04 5.3E+03 1.6E-01 1.7E-01 2.1E+03 2.3E+03 1.1E+00 2.2E+03
Total, wet 3.7E+06 2.5E+06 1.0E+02 3.3E+06 1.0E+02 1.3E+00
Total, dry 3.3E+06 2.3E+06 1.0E+02 3.1E+06 1.0E+02 1.4E+00

Reference O2 (%) Density

6.0E+00
m3/h Nm3/h volume % wet volume % dry kg/h

mass % 
wet mass % dry

mg/Nm3 

wet
mg/Nm3 

dry ppm (dry)
kg/Nm3 

dry
CO2 4.8E+05 3.3E+05 1.2E+01 1.3E+01 6.4E+05 1.8E+01 1.9E+01 2.4E+05 2.6E+05 1.3E+05 2.0E+00

N2 2.9E+06 2.0E+06 7.3E+01 8.0E+01 2.5E+06 6.9E+01 7.3E+01 9.1E+05 1.0E+06 8.0E+05 1.2E+00

O2 2.2E+05 1.5E+05 5.5E+00 6.0E+00 2.1E+05 6.0E+00 6.3E+00 7.9E+04 8.6E+04 6.0E+04 1.4E+00
Ar 3.2E+04 2.2E+04 8.1E-01 8.8E-01 3.7E+04 1.1E+00 1.1E+00 1.4E+04 1.5E+04 8.8E+03 1.7E+00
H2O 3.2E+05 2.2E+05 8.1E+00 0.0E+00 1.8E+05 4.9E+00 0.0E+00 6.5E+04 0.0E+00 0.0E+00 8.0E-01

SO2 6.8E+03 4.6E+03 1.7E-01 1.9E-01 1.3E+04 3.7E-01 3.9E-01 4.9E+03 5.3E+03 1.9E+03 2.9E+00

SO3 5.4E+01 3.7E+01 1.4E-03 1.5E-03 1.3E+02 3.7E-03 3.9E-03 4.9E+01 5.3E+01 1.5E+01 3.6E+00

NOx as NO2 1.6E+03 6.0E+02 6.5E+02 4.9E+02 1.3E+00

NO2 3.5E+01 2.4E+01 8.9E-04 9.7E-04 3.2E+01 9.1E-04 9.5E-04 1.2E+01 1.3E+01 9.7E+00 1.3E+00
NO 1.7E+03 1.2E+03 4.4E-02 4.8E-02 2.4E+03 6.8E-02 7.2E-02 9.0E+02 9.8E+02 4.8E+02 2.1E+00
HCl 3.5E+02 2.4E+02 8.8E-03 9.6E-03 3.8E+02 1.1E-02 1.1E-02 1.4E+02 1.6E+02 9.6E+01 1.6E+00
HF 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 8.9E-01
Fly Ash 8.3E-02 5.6E-02 2.1E-06 2.3E-06 1.2E+02 3.5E-03 3.7E-03 4.6E+01 5.0E+01 2.3E-02 2.2E+03
Gasified Ash 3.6E+00 2.4E+00 8.9E-05 9.7E-05 5.3E+03 1.5E-01 1.6E-01 2.0E+03 2.1E+03 9.7E-01 2.2E+03
Total, wet 4.0E+06 2.7E+06 1.0E+02 3.5E+06 1.0E+02 1.3E+00
Total, dry 3.7E+06 2.5E+06 1.0E+02 3.4E+06 1.0E+02 1.4E+00

Volume Mass Concentration

Position 2: WFGD Inlet Flue Gas Composition at Actual O2 content
Volume Mass Concentration

Position 2: WFGD Inlet Flue Gas Composition at Reference O2 content

˚C K ˚C K

T1 1.4E+02 4.1E+02
Calculation of 
T4 8.5E+01 3.6E+02

T4 8.5E+01 3.6E+02
T3 4.9E+01 3.2E+02
T2 1.0E+02 3.7E+02

a b c d e Cp h
kJ/kg.K kJ/s

Flue Gas from Boiler (1) 9.9E-01 -2.5E-05 2.3E-07 -1.3E-10 9.9E-01 1.2E+05
Leakage 9.9E-01 -2.5E-05 2.3E-07 -1.3E-10 9.9E-01 1.2E+03
Flue Gas upstream WFGD (2) 9.9E-01 -2.5E-05 2.3E-07 -1.3E-10 9.9E-01 9.0E+04
Flue Gas downstream WFGD (3) 1.0E+00 -4.4E-05 2.9E-07 -1.3E-10 1.0E+00 4.7E+04
Flue Gas to Chimney (4) 1.0E+00 -4.4E-05 2.9E-07 -1.3E-10 1.0E+00 8.2E+04

INLET OUTLET

Flue Gas from Boiler (1) 1.2E+05
Flue Gas upstream WFGD (2) 9.0E+04
Flue Gas downstream WFGD (3) 4.7E+04
Flue Gas to Chimney (4) 8.2E+04
Total 1.7E+05 1.7E+05
Difference 0.0E+00

kPa
Pressure drop over the GGH -Hot 
Section 8.0E-01 p    
Section 6.0E-01
Pressure drop over the WFGD 1.4E+00
Pressure at position 2 9.4E+01
Pressure at position 3 9.2E+01
Pressure at position 4 9.2E+01
Pressure at position 1 9.4E+01

ENERGY BALANCE OVER THE GGH

Heat Capacities

186 



 

Leakage mass-% 5.0E+00
Efficiency of GGH % 9.5E+01

Mass flow rate from Boiler (1) kg/hr 3.3E+06
Mass flow rate of leakage kg/hr 1.6E+05
Mass flow rate upstream WFGD (2) kg/hr 3.1E+06
Mass flow rate downstream WFGD (3 kg/hr 3.2E+06
Mass flow rate to the chimney (4) kg/hr 3.4E+06

Actual O2 (%) Density

4.5E+00
m3/h Nm3/h volume % wet volume % dry kg/h

mass % 
wet mass % dry

mg/Nm3 

wet
mg/Nm3 

dry ppm (dry)
kg/Nm3 

dry
CO2 2.7E+04 1.7E+04 1.3E+01 1.5E+01 3.2E+04 2.0E+01 2.1E+01 2.6E+05 2.9E+05 1.5E+05 2.0E+00

N2 1.5E+05 9.1E+04 7.3E+01 8.0E+01 1.1E+05 6.9E+01 7.3E+01 9.1E+05 1.0E+06 8.0E+05 1.2E+00

O2 8.3E+03 5.2E+03 4.1E+00 4.5E+00 7.4E+03 4.5E+00 4.7E+00 5.9E+04 6.5E+04 4.5E+04 1.4E+00
Ar 1.8E+03 1.1E+03 8.8E-01 9.7E-01 1.9E+03 1.1E+00 1.2E+00 1.5E+04 1.7E+04 9.7E+03 1.7E+00
H2O 1.8E+04 1.1E+04 8.8E+00 0.0E+00 8.9E+03 5.4E+00 0.0E+00 7.1E+04 0.0E+00 0.0E+00 8.0E-01

SO2 3.7E+02 2.3E+02 1.9E-01 2.0E-01 6.7E+02 4.0E-01 4.3E-01 5.3E+03 5.9E+03 2.0E+03 2.9E+00

SO3 3.0E+00 1.9E+00 1.5E-03 1.6E-03 6.6E+00 4.0E-03 4.2E-03 5.3E+01 5.8E+01 1.6E+01 3.6E+00

NOx as NO2 8.1E+01 6.5E+02 7.1E+02 5.3E+02 1.3E+00

NO2 1.9E+00 1.2E+00 9.7E-04 1.1E-03 1.6E+00 9.8E-04 1.0E-03 1.3E+01 1.4E+01 1.1E+01 1.3E+00
NO 9.5E+01 5.9E+01 4.8E-02 5.2E-02 1.2E+02 7.4E-02 7.8E-02 9.8E+02 1.1E+03 5.2E+02 2.1E+00
HCl 1.9E+01 1.2E+01 9.6E-03 1.0E-02 1.9E+01 1.2E-02 1.2E-02 1.6E+02 1.7E+02 1.0E+02 1.6E+00
HF 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 8.9E-01
Fly Ash 4.6E-03 2.8E-03 2.3E-06 2.5E-06 6.2E+00 3.8E-03 4.0E-03 5.0E+01 5.5E+01 2.5E-02 2.2E+03
Gasified Ash 2.0E-01 1.2E-01 9.7E-05 1.1E-04 2.7E+02 1.6E-01 1.7E-01 2.1E+03 2.3E+03 1.1E+00 2.2E+03
Total, wet 2.0E+05 1.2E+05 1.0E+02 1.6E+05 1.0E+02 1.3E+00
Total, dry 1.8E+05 1.1E+05 1.0E+02 1.6E+05 1.0E+02 1.4E+00

Reference O2 (%) Density

6.0E+00
m3/h Nm3/h volume % wet volume % dry kg/h

mass % 
wet mass % dry

mg/Nm3 

wet
mg/Nm3 

dry ppm (dry)
kg/Nm3 

dry
CO2 2.7E+04 1.7E+04 1.2E+01 1.3E+01 3.2E+04 1.8E+01 1.9E+01 2.4E+05 2.6E+05 1.3E+05 2.0E+00

N2 1.6E+05 9.9E+04 7.3E+01 8.0E+01 1.2E+05 6.9E+01 7.3E+01 9.1E+05 1.0E+06 8.0E+05 1.2E+00

O2 1.2E+04 7.5E+03 5.5E+00 6.0E+00 1.1E+04 6.0E+00 6.3E+00 7.9E+04 8.6E+04 6.0E+04 1.4E+00
Ar 1.8E+03 1.1E+03 8.1E-01 8.8E-01 1.9E+03 1.1E+00 1.1E+00 1.4E+04 1.5E+04 8.8E+03 1.7E+00
H2O 1.8E+04 1.1E+04 8.1E+00 0.0E+00 8.9E+03 4.9E+00 0.0E+00 6.5E+04 0.0E+00 0.0E+00 8.0E-01

SO2 3.7E+02 2.3E+02 1.7E-01 1.9E-01 6.7E+02 3.7E-01 3.9E-01 4.9E+03 5.3E+03 1.9E+03 2.9E+00

SO3 3.0E+00 1.9E+00 1.4E-03 1.5E-03 6.6E+00 3.7E-03 3.9E-03 4.9E+01 5.3E+01 1.5E+01 3.6E+00

NOx as NO2 8.1E+01 6.0E+02 6.5E+02 4.9E+02 1.3E+00

NO2 1.9E+00 1.2E+00 8.9E-04 9.7E-04 1.6E+00 9.1E-04 9.5E-04 1.2E+01 1.3E+01 9.7E+00 1.3E+00
NO 9.5E+01 5.9E+01 4.4E-02 4.8E-02 1.2E+02 6.8E-02 7.2E-02 9.0E+02 9.8E+02 4.8E+02 2.1E+00
HCl 1.9E+01 1.2E+01 8.8E-03 9.6E-03 1.9E+01 1.1E-02 1.1E-02 1.4E+02 1.6E+02 9.6E+01 1.6E+00
HF 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 8.9E-01
Fly Ash 4.6E-03 2.8E-03 2.1E-06 2.3E-06 6.2E+00 3.5E-03 3.7E-03 4.6E+01 5.0E+01 2.3E-02 2.2E+03
Gasified Ash 2.0E-01 1.2E-01 8.9E-05 9.7E-05 2.7E+02 1.5E-01 1.6E-01 2.0E+03 2.1E+03 9.7E-01 2.2E+03
Total, wet 2.2E+05 1.4E+05 1.0E+02 1.8E+05 1.0E+02 1.3E+00
Total, dry 2.0E+05 1.2E+05 1.0E+02 1.7E+05 1.0E+02 1.4E+00

Volume Mass Concentration

Leakage at Actual O2 content
Volume Mass Concentration

GGH

T1

WFGD

T2

T4 T3

ID FAN

187 



 

 

Actual O2 (%) Density

4.5E+00
m3/h Nm3/h volume % wet volume % dry kg/h

mass % 
wet mass % dry

mg/Nm3 

wet
mg/Nm3 

dry ppm (dry)
kg/Nm3 

dry
CO2 4.6E+05 3.1E+05 1.3E+01 1.5E+01 6.2E+05 2.0E+01 2.1E+01 2.6E+05 2.9E+05 1.5E+05 2.0E+00

N2 2.5E+06 1.7E+06 7.3E+01 8.0E+01 2.2E+06 6.9E+01 7.3E+01 9.1E+05 1.0E+06 8.0E+05 1.2E+00

O2 1.5E+05 9.8E+04 4.1E+00 4.5E+00 1.4E+05 4.5E+00 4.7E+00 5.9E+04 6.5E+04 4.5E+04 1.4E+00
Ar 3.1E+04 2.1E+04 8.8E-01 9.7E-01 3.6E+04 1.1E+00 1.2E+00 1.5E+04 1.7E+04 9.7E+03 1.7E+00
H2O 3.1E+05 2.1E+05 8.8E+00 0.0E+00 1.7E+05 5.4E+00 0.0E+00 7.1E+04 0.0E+00 0.0E+00 8.0E-01

SO2 6.5E+03 4.4E+03 1.9E-01 2.0E-01 1.3E+04 4.0E-01 4.3E-01 5.3E+03 5.9E+03 2.0E+03 2.9E+00

SO3 5.2E+01 3.5E+01 1.5E-03 1.6E-03 1.3E+02 4.0E-03 4.2E-03 5.3E+01 5.8E+01 1.6E+01 3.6E+00

NOx as NO2 1.5E+03 6.5E+02 7.1E+02 5.3E+02 1.3E+00

NO2 3.4E+01 2.3E+01 9.7E-04 1.1E-03 3.1E+01 9.8E-04 1.0E-03 1.3E+01 1.4E+01 1.1E+01 1.3E+00
NO 1.7E+03 1.1E+03 4.8E-02 5.2E-02 2.3E+03 7.4E-02 7.8E-02 9.8E+02 1.1E+03 5.2E+02 2.1E+00
HCl 3.3E+02 2.3E+02 9.6E-03 1.0E-02 3.7E+02 1.2E-02 1.2E-02 1.6E+02 1.7E+02 1.0E+02 1.6E+00
HF 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 8.9E-01
Fly Ash 7.9E-02 5.4E-02 2.3E-06 2.5E-06 1.2E+02 3.8E-03 4.0E-03 5.0E+01 5.5E+01 2.5E-02 2.2E+03
Gasified Ash 3.4E+00 2.3E+00 9.7E-05 1.1E-04 5.1E+03 1.6E-01 1.7E-01 2.1E+03 2.3E+03 1.1E+00 2.2E+03
Total, wet 3.5E+06 2.4E+06 1.0E+02 3.1E+06 1.0E+02 1.3E+00
Total, dry 3.2E+06 2.2E+06 1.0E+02 3.0E+06 1.0E+02 1.4E+00

Reference O2 (%) Density

6.0E+00
m3/h Nm3/h volume % wet volume % dry kg/h

mass % 
wet mass % dry

mg/Nm3 

wet
mg/Nm3 

dry ppm (dry)
kg/Nm3 

dry
CO2 4.6E+05 3.1E+05 1.2E+01 1.3E+01 6.2E+05 1.8E+01 1.9E+01 2.4E+05 2.6E+05 1.3E+05 2.0E+00

N2 2.8E+06 1.9E+06 7.3E+01 8.0E+01 2.4E+06 6.9E+01 7.3E+01 9.1E+05 1.0E+06 8.0E+05 1.2E+00

O2 2.1E+05 1.4E+05 5.5E+00 6.0E+00 2.0E+05 6.0E+00 6.3E+00 7.9E+04 8.6E+04 6.0E+04 1.4E+00
Ar 3.1E+04 2.1E+04 8.1E-01 8.8E-01 3.6E+04 1.1E+00 1.1E+00 1.4E+04 1.5E+04 8.8E+03 1.7E+00
H2O 3.1E+05 2.1E+05 8.1E+00 0.0E+00 1.7E+05 4.9E+00 0.0E+00 6.5E+04 0.0E+00 0.0E+00 8.0E-01

SO2 6.5E+03 4.4E+03 1.7E-01 1.9E-01 1.3E+04 3.7E-01 3.9E-01 4.9E+03 5.3E+03 1.9E+03 2.9E+00

SO3 5.2E+01 3.5E+01 1.4E-03 1.5E-03 1.3E+02 3.7E-03 3.9E-03 4.9E+01 5.3E+01 1.5E+01 3.6E+00

NOx as NO2 1.5E+03 6.0E+02 6.5E+02 4.9E+02 1.3E+00

NO2 3.4E+01 2.3E+01 8.9E-04 9.7E-04 3.1E+01 9.1E-04 9.5E-04 1.2E+01 1.3E+01 9.7E+00 1.3E+00
NO 1.7E+03 1.1E+03 4.4E-02 4.8E-02 2.3E+03 6.8E-02 7.2E-02 9.0E+02 9.8E+02 4.8E+02 2.1E+00
HCl 3.3E+02 2.3E+02 8.8E-03 9.6E-03 3.7E+02 1.1E-02 1.1E-02 1.4E+02 1.6E+02 9.6E+01 1.6E+00
HF 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 8.9E-01
Fly Ash 7.9E-02 5.4E-02 2.1E-06 2.3E-06 1.2E+02 3.5E-03 3.7E-03 4.6E+01 5.0E+01 2.3E-02 2.2E+03
Gasified Ash 3.4E+00 2.3E+00 8.9E-05 9.7E-05 5.1E+03 1.5E-01 1.6E-01 2.0E+03 2.1E+03 9.7E-01 2.2E+03
Total, wet 3.8E+06 2.6E+06 1.0E+02 3.4E+06 1.0E+02 1.3E+00
Total, dry 3.5E+06 2.4E+06 1.0E+02 3.2E+06 1.0E+02 1.4E+00

Concentration

Position 2: WFGD Inlet Flue Gas Composition at Reference O2 content
Volume Mass Concentration

Position 2: WFGD Inlet Flue Gas Composition at Actual O2 content
Volume Mass

Actual O2 (%) Density

4.6E+00
m3/h Nm3/h volume % wet volume % dry kg/h

mass % 
wet mass % dry

mg/Nm3 

wet
mg/Nm3 

dry ppm (dry)
kg/Nm3 

dry
CO2 4.9E+05 3.4E+05 1.3E+01 1.5E+01 6.6E+05 1.9E+01 2.1E+01 2.5E+05 2.9E+05 1.5E+05 2.0E+00

N2 2.7E+06 1.8E+06 7.0E+01 8.0E+01 2.3E+06 6.7E+01 7.3E+01 8.7E+05 1.0E+06 8.0E+05 1.2E+00

O2 1.6E+05 1.1E+05 4.0E+00 4.6E+00 1.5E+05 4.5E+00 4.8E+00 5.8E+04 6.6E+04 4.6E+04 1.4E+00
Ar 3.2E+04 2.2E+04 8.5E-01 9.7E-01 3.8E+04 1.1E+00 1.2E+00 1.5E+04 1.7E+04 9.7E+03 1.7E+00
H2O 4.8E+05 3.3E+05 1.3E+01 0.0E+00 2.7E+05 7.8E+00 0.0E+00 1.0E+05 0.0E+00 0.0E+00 8.0E-01

SO2 5.1E+02 3.5E+02 1.3E-02 1.5E-02 1.0E+03 2.9E-02 3.2E-02 3.8E+02 4.4E+02 1.5E+02 2.9E+00

SO3 3.1E+01 2.1E+01 8.1E-04 9.2E-04 7.6E+01 2.2E-03 2.4E-03 2.9E+01 3.3E+01 9.2E+00 3.6E+00

NOx as NO2 1.6E+03 6.2E+02 7.1E+02 5.3E+02 1.3E+00

NO2 3.5E+01 2.4E+01 9.2E-04 1.1E-03 3.2E+01 9.5E-04 1.0E-03 1.2E+01 1.4E+01 1.1E+01 1.3E+00
NO 1.7E+03 1.2E+03 4.5E-02 5.2E-02 2.4E+03 7.1E-02 7.7E-02 9.3E+02 1.1E+03 5.2E+02 2.1E+00
HCl 2.4E+01 1.6E+01 6.3E-04 7.2E-04 2.7E+01 7.8E-04 8.5E-04 1.0E+01 1.2E+01 7.2E+00 1.6E+00
HF 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 8.9E-01
Fly Ash 2.4E-02 1.6E-02 6.2E-07 7.1E-07 3.6E+01 1.1E-03 1.1E-03 1.4E+01 1.6E+01 7.1E-03 2.2E+03
Gasified Ash 3.5E+00 2.4E+00 9.2E-05 1.1E-04 5.3E+03 1.6E-01 1.7E-01 2.0E+03 2.3E+03 1.1E+00 2.2E+03
Total, wet 3.8E+06 2.6E+06 1.0E+02 3.4E+06 1.0E+02 1.3E+00
Total, dry 3.3E+06 2.3E+06 1.0E+02 3.1E+06 1.0E+02 1.4E+00

Reference O2 (%) Volume Mass Concentration Density

6.0E+00
m3/h Nm3/h volume % wet volume % dry kg/h

mass % 
wet mass % dry

mg/Nm3 

wet
mg/Nm3 

dry ppm (dry)
kg/Nm3 

dry
CO2 4.9E+05 3.4E+05 1.2E+01 1.3E+01 6.6E+05 1.8E+01 1.9E+01 2.3E+05 2.6E+05 1.3E+05 2.0E+00

N2 2.9E+06 2.0E+06 7.0E+01 8.0E+01 2.5E+06 6.8E+01 7.3E+01 8.8E+05 1.0E+06 8.0E+05 1.2E+00

O2 2.2E+05 1.5E+05 5.3E+00 6.0E+00 2.1E+05 5.8E+00 6.3E+00 7.6E+04 8.6E+04 6.0E+04 1.4E+00
Ar 3.2E+04 2.2E+04 7.8E-01 8.9E-01 3.8E+04 1.0E+00 1.1E+00 1.3E+04 1.5E+04 8.9E+03 1.7E+00
H2O 4.8E+05 3.3E+05 1.2E+01 0.0E+00 2.7E+05 7.3E+00 0.0E+00 9.4E+04 0.0E+00 0.0E+00 8.0E-01

SO2 5.1E+02 3.5E+02 1.2E-02 1.4E-02 1.0E+03 2.7E-02 2.9E-02 3.5E+02 4.0E+02 1.4E+02 2.9E+00

SO3 3.1E+01 2.1E+01 7.5E-04 8.5E-04 7.6E+01 2.1E-03 2.2E-03 2.7E+01 3.0E+01 8.5E+00 3.6E+00

NOx as NO2 1.6E+03 5.7E+02 6.5E+02 4.8E+02 1.3E+00

NO2 3.5E+01 2.4E+01 8.5E-04 9.7E-04 3.2E+01 8.8E-04 9.5E-04 1.1E+01 1.3E+01 9.7E+00 1.3E+00
NO 1.7E+03 1.2E+03 4.2E-02 4.7E-02 2.4E+03 6.6E-02 7.1E-02 8.6E+02 9.7E+02 4.7E+02 2.1E+00
HCl 2.4E+01 1.6E+01 5.8E-04 6.6E-04 2.7E+01 7.3E-04 7.8E-04 9.4E+00 1.1E+01 6.6E+00 1.6E+00
HF 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 8.9E-01
Fly Ash 2.4E-02 1.6E-02 5.7E-07 6.5E-07 3.6E+01 9.7E-04 1.1E-03 1.3E+01 1.4E+01 6.5E-03 2.2E+03
Gasified Ash 3.5E+00 2.4E+00 8.5E-05 9.7E-05 5.3E+03 1.4E-01 1.6E-01 1.9E+03 2.1E+03 9.7E-01 2.2E+03
Total, wet 4.1E+06 2.8E+06 1.0E+02 3.7E+06 1.0E+02 1.3E+00
Total, dry 3.6E+06 2.5E+06 1.0E+02 3.4E+06 1.0E+02 1.4E+00

Position 4: Flue Gas at the Chinmey at Reference O2 content

Position 4: Flue Gas at the Chinmey at Actual O2 content
Volume Mass Concentration
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5. Results for Option 1b. Flue gas reheat with HDS 

The following snapshots give the mass and energy balances for this option. 

 

˚C K ˚C K

T1 1.4E+02 4.1E+02
Calculation of 
T4 8.7E+01 3.6E+02

T4 8.7E+01 3.6E+02
T3 4.9E+01 3.2E+02
T2 1.0E+02 3.7E+02

a b c d e Cp h
kJ/kg.K kJ/s

Flue Gas from Boiler (1) 9.9E-01 -2.5E-05 2.3E-07 -1.3E-10 9.9E-01 1.2E+05
Leakage 9.9E-01 -2.5E-05 2.3E-07 -1.3E-10 9.9E-01 6.2E+03
Flue Gas upstream WFGD (2) 9.9E-01 -2.5E-05 2.3E-07 -1.3E-10 9.9E-01 8.6E+04
Flue Gas downstream WFGD (3) 1.0E+00 -4.4E-05 2.9E-07 -1.3E-10 1.0E+00 4.5E+04
Flue Gas to Chimney (4) 1.0E+00 -4.3E-05 2.9E-07 -1.3E-10 1.0E+00 8.4E+04

INLET OUTLET

Flue Gas from Boiler (1) 1.2E+05
Flue Gas upstream WFGD (2) 8.6E+04
Flue Gas downstream WFGD (3) 4.5E+04
Flue Gas to Chimney (4) 8.4E+04
Total 1.7E+05 1.7E+05
Difference 0.0E+00

kPa
Pressure drop over the GGH -Hot 
Section 8.0E-01 p    
Section 6.0E-01
Pressure drop over the WFGD 1.6E+00
Pressure at position 2 9.4E+01
Pressure at position 3 9.2E+01
Pressure at position 4 9.2E+01
Pressure at position 1 9.5E+01

ENERGY BALANCE OVER THE GGH

Heat Capacities

189 



 

˚C K ˚C K
T1 1.4E+02 4.1E+02 Temperature of Water 2.0E+01
T2 1.0E+02 3.7E+02 Calculation of T4 3.6E+02
T3 4.9E+01 3.2E+02
T4 8.4E+01 3.6E+02
T7 2.0E+01 2.9E+02
T8 9.3E+01 3.7E+02

Mass Flow Rate of Flue Gas from the boiler (1) kg/h 3.3E+06
Mass Flow Rate of Flue Gas at WFGD inlet (2) kg/h 3.3E+06
Mass Flow Rate of Flue Gas at WFGD outlet (3 kg/h 3.4E+06
Mass Flow Rate of Flue Gas to the Chimney (4 kg/h 3.4E+06
Mass Flow Rate of Water to FGC-1 (7) kg/h 4.0E+05 1.1E+02
Mass Flow Rate of Water to FGC-2 (8) kg/h 4.0E+05

a b c d Cp h
kJ/kg.K kJ/s

Flue Gas from the boiler (1) 9.9E-01 -2.5E-05 2.3E-07 -1.3E-10 9.9E-01 1.2E+05
Flue Gas at WFGD inlet (2) 9.9E-01 -2.5E-05 2.3E-07 -1.3E-10 9.9E-01 9.1E+04
Flue Gas at WFGD outlet (3) 1.0E+00 -4.4E-05 2.9E-07 -1.3E-10 1.0E+00 4.8E+04
Flue Gas to the Chimney (4) 1.0E+00 -4.4E-05 2.9E-07 -1.3E-10 1.0E+00 8.1E+04
Water to FGC-1 (7) 4.2E+00 9.3E+03
Water to FGC-2 (8) 4.2E+00 4.3E+04

INLET OUTLET

Flue Gas from the boiler (1) 1.2E+05
Mass Flow Rate of Flue Gas at WFGD inlet (2) 9.1E+04
Mass Flow Rate of Water to FGC-1 (7) 9.3E+03
Mass Flow Rate of Water to FGC-2 (8) 4.3E+04
Total 1.3E+05 1.3E+05
Difference 0.0E+00

INLET OUTLET

Mass Flow Rate of Flue Gas at WFGD outlet (3) 4.8E+04
Mass Flow Rate of Flue Gas to the Chimney (4) 8.1E+04
Mass Flow Rate of Water to FGC-1 (7) 9.3E+03
Mass Flow Rate of Water to FGC-2 (8) 4.3E+04
Total 9.1E+04 9.1E+04
Difference 0.0E+00

kPa
Pressure drop over FGC-1 7.0E-01
Pressure drop over FGC-2 7.0E-01
Pressure drop over the WFGD 1.4E+00
Pressure at position 2 9.4E+01
Pressure at position 3 9.2E+01
Pressure at position 4 9.2E+01
Pressure at position 1 9.4E+01
Pressure at position 7  
Pressure at position 8

Heat Capacities

ENERGY BALANCE OVER THE FGC-1

ENERGY BALANCE OVER THE FGC-2

FGC-1 FGC-2WFGD

T1 T2 T3 T4

T7

T8
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Actual O2 (%) Density

4.6E+00
m3/h Nm3/h volume % wet volume % dry kg/h mass % wet

mass % 
dry

mg/Nm3 

wet
mg/Nm3 

dry ppm (dry) kg/Nm3 dry
CO2 4.8E+05 3.4E+05 1.3E+01 1.5E+01 6.6E+05 1.9E+01 2.1E+01 2.5E+05 2.9E+05 1.5E+05 2.0E+00

N2 2.6E+06 1.8E+06 7.0E+01 8.0E+01 2.3E+06 6.7E+01 7.3E+01 8.7E+05 1.0E+06 8.0E+05 1.2E+00

O2 1.5E+05 1.1E+05 4.0E+00 4.6E+00 1.5E+05 4.4E+00 4.8E+00 5.8E+04 6.6E+04 4.6E+04 1.4E+00
Ar 3.2E+04 2.2E+04 8.5E-01 9.7E-01 3.8E+04 1.1E+00 1.2E+00 1.5E+04 1.7E+04 9.7E+03 1.7E+00
H2O 4.9E+05 3.4E+05 1.3E+01 0.0E+00 2.7E+05 7.9E+00 0.0E+00 1.0E+05 0.0E+00 0.0E+00 8.0E-01

SO2 5.0E+02 3.5E+02 1.3E-02 1.5E-02 1.0E+03 2.9E-02 3.2E-02 3.8E+02 4.3E+02 1.5E+02 2.9E+00

SO3 2.9E+01 2.0E+01 7.7E-04 8.9E-04 7.3E+01 2.1E-03 2.3E-03 2.8E+01 3.2E+01 8.9E+00 3.6E+00

NOx as NO2 1.6E+03 6.2E+02 7.1E+02 5.3E+02 1.3E+00

NO2 3.5E+01 2.4E+01 9.2E-04 1.1E-03 3.2E+01 9.5E-04 1.0E-03 1.2E+01 1.4E+01 1.1E+01 1.3E+00
NO 1.7E+03 1.2E+03 4.5E-02 5.2E-02 2.4E+03 7.1E-02 7.7E-02 9.3E+02 1.1E+03 5.2E+02 2.1E+00
HCl 6.9E+00 4.8E+00 1.8E-04 2.1E-04 7.8E+00 2.3E-04 2.5E-04 2.9E+00 3.4E+00 2.1E+00 1.6E+00
HF 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 8.9E-01
Fly Ash 2.0E-02 1.4E-02 5.4E-07 6.2E-07 3.1E+01 9.1E-04 9.9E-04 1.2E+01 1.4E+01 6.2E-03 2.2E+03
Gasified Ash 3.5E+00 2.4E+00 9.2E-05 1.1E-04 5.3E+03 1.6E-01 1.7E-01 2.0E+03 2.3E+03 1.1E+00 2.2E+03
Total, wet 3.8E+06 2.6E+06 1.0E+02 3.4E+06 1.0E+02 1.3E+00
Total, dry 3.3E+06 2.3E+06 1.0E+02 3.1E+06 1.0E+02 1.4E+00

Reference O2 (%) Density

Total, wet
m3/h Nm3/h volume % wet volume % dry kg/h mass % wet

mass % 
dry

mg/Nm3 

wet
mg/Nm3 

dry ppm (dry) kg/Nm3 dry
CO2 4.8E+05 3.4E+05 1.2E+01 1.3E+01 6.6E+05 1.8E+01 1.9E+01 2.3E+05 2.6E+05 1.3E+05 2.0E+00

N2 2.9E+06 2.0E+06 7.0E+01 8.0E+01 2.5E+06 6.8E+01 7.3E+01 8.8E+05 1.0E+06 8.0E+05 1.2E+00

O2 2.2E+05 1.5E+05 5.3E+00 6.0E+00 2.1E+05 5.8E+00 6.3E+00 7.6E+04 8.6E+04 6.0E+04 1.4E+00
Ar 3.2E+04 2.2E+04 7.8E-01 8.9E-01 3.8E+04 1.0E+00 1.1E+00 1.3E+04 1.5E+04 8.9E+03 1.7E+00
H2O 4.9E+05 3.4E+05 1.2E+01 0.0E+00 2.7E+05 7.3E+00 0.0E+00 9.5E+04 0.0E+00 0.0E+00 8.0E-01

SO2 5.0E+02 3.5E+02 1.2E-02 1.4E-02 1.0E+03 2.7E-02 2.9E-02 3.5E+02 4.0E+02 1.4E+02 2.9E+00

SO3 2.9E+01 2.0E+01 7.2E-04 8.1E-04 7.3E+01 2.0E-03 2.1E-03 2.6E+01 2.9E+01 8.1E+00 3.6E+00

NOx as NO2 1.6E+03 5.7E+02 6.5E+02 4.8E+02 1.3E+00

NO2 3.5E+01 2.4E+01 8.5E-04 9.7E-04 3.2E+01 8.8E-04 9.5E-04 1.1E+01 1.3E+01 9.7E+00 1.3E+00
NO 1.7E+03 1.2E+03 4.2E-02 4.7E-02 2.4E+03 6.6E-02 7.1E-02 8.6E+02 9.7E+02 4.7E+02 2.1E+00
HCl 6.9E+00 4.8E+00 1.7E-04 1.9E-04 7.8E+00 2.1E-04 2.3E-04 2.7E+00 3.1E+00 1.9E+00 1.6E+00
HF 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 8.9E-01
Fly Ash 2.0E-02 1.4E-02 5.0E-07 5.7E-07 3.1E+01 8.5E-04 9.1E-04 1.1E+01 1.2E+01 5.7E-03 2.2E+03
Gasified Ash 3.5E+00 2.4E+00 8.5E-05 9.7E-05 5.3E+03 1.4E-01 1.6E-01 1.9E+03 2.1E+03 9.7E-01 2.2E+03
Total, wet 4.1E+06 2.8E+06 1.0E+02 3.7E+06 1.0E+02 1.3E+00
Total, dry 3.6E+06 2.5E+06 1.0E+02 3.4E+06 1.0E+02 1.4E+00

Position 4: FGC-2 outlet Flue Gas Composition at Reference O2 content
Volume Mass Concentration

Position 4: FGC-2 outlet Flue Gas Composition at Actual O2 content
Volume Mass Concentration
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6. Results for Option 2a. FWH with direct heat exchange. 

The following snapshots give the mass and energy balances for this option. 

6.1. Results at ambient temperature of 23.7 ˚C 

 

 

6.2. Results at ambient temperature of 40 ˚C 

 

˚C K
T1 1.4E+02 4.1E+02
T2 1.0E+02 3.7E+02
T5 5.1E+01 3.2E+02
T6 9.1E+01 3.6E+02

Mass Flow Rate of Flue Gas from the boiler (1) kg/h 3.3E+06
Mass Flow Rate of Flue Gas to WFGD (2) kg/h 3.3E+06
Mass flow rate of condensate at FGC inlet (5) kg/h 7.3E+05 kg/s 2.0E+02
Mass flow rate of condensate at FGC outlet (6) kg/h 7.3E+05 kg/s 2.0E+02

a b c d Cp h
kJ/kg.K kJ/s

Flue Gas from the boiler (1) 9.9E-01 -2.5E-05 2.3E-07 -1.3E-10 9.9E-01 1.2E+05
Flue Gas to WFGD (2) 9.9E-01 -2.5E-05 2.3E-07 -1.3E-10 9.9E-01 9.1E+04
Condensate at FGC inlet (5) 4.2E+00 4.4E+04
Condensate at FGC outlet (6) 4.2E+00 7.7E+04

INLET OUTLET

Flue Gas from the boiler (1) 1.2E+05
Flue Gas to WFGD (2) 9.1E+04
Condensate at FGC inlet (5) 4.4E+04
Condensate at FGC outlet (6) 7.7E+04
Total 1.7E+05 1.7E+05
Difference 0.0E+00

Mass Flow Rate of Condensate Available from 
FWH-1 kg/h 1.6E+06

kg/s 4.5E+02
Split of Condensate Stream before FWH-1 4.5E+01

kPa
Pressure drop over FGC 7.0E-01
Pressure drop over the WFGD 1.4E+00
Pressure at position 2 9.3E+01
Pressure at position 3 9.2E+01
Pressure at position 1 9.4E+01

Heat Capacities

ENERGY BALANCE OVER THE FGC

T1 T2
T3

T5T6

FGC WFGD
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˚C K
T1 1.4E+02 4.1E+02
T2 1.0E+02 3.7E+02
T5 7.1E+01 3.4E+02
T6 9.5E+01 3.7E+02

Mass Flow Rate of Flue Gas from the boiler (1) kg/h 3.3E+06
Mass Flow Rate of Flue Gas to WFGD (2) kg/h 3.3E+06
Mass flow rate of condensate at FGC inlet (5) kg/h 1.2E+06 kg/s 3.3E+02
Mass flow rate of condensate at FGC outlet (6) kg/h 1.2E+06 kg/s 3.3E+02

a b c d Cp h
kJ/kg.K kJ/s

Flue Gas from the boiler (1) 9.9E-01 -2.5E-05 2.3E-07 -1.3E-10 9.9E-01 1.2E+05
Flue Gas to WFGD (2) 9.9E-01 -2.5E-05 2.3E-07 -1.3E-10 9.9E-01 9.1E+04
Condensate at FGC inlet (5) 4.2E+00 9.7E+04
Condensate at FGC outlet (6) 4.2E+00 1.3E+05

INLET OUTLET

Flue Gas from the boiler (1) 1.2E+05
Flue Gas to WFGD (2) 9.1E+04
Condensate at FGC inlet (5) 9.7E+04
Condensate at FGC outlet (6) 1.3E+05
Total 2.2E+05 2.2E+05
Difference 0.0E+00

Mass Flow Rate of Condensate Available from 
FWH-1 kg/h 1.6E+06

kg/s 4.6E+02
Split of Condensate Stream before FWH-1 7.2E+01

kPa
Pressure drop over FGC 7.0E-01
Pressure drop over the WFGD 1.4E+00
Pressure at position 2 9.3E+01
Pressure at position 3 9.2E+01
Pressure at position 1 9.4E+01

Heat Capacities

ENERGY BALANCE OVER THE FGC

T1 T2
T3

T5T6

FGC WFGD
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7. Results for Option 2b. FWH with HDS 

The following snapshots give the mass and energy balances for this option.  

7.1. Results at ambient temperature of 23.7 ˚C 

 

7.2. Results at ambient temperature of 23.7 ˚C 

˚C K
T1 1.4E+02 4.1E+02
T2 1.0E+02 3.7E+02
T23 5.1E+01 3.2E+02
T24 9.1E+01 3.6E+02
T21 2.0E+01 2.9E+02
T22 9.3E+01 3.7E+02

Mass Flow Rate of Flue Gas from the boiler (1) kg/h 3.3E+06
Mass Flow Rate of Flue Gas to WFGD (2) kg/h 3.3E+06
Mass Flow Rate of Condensate at FGC inlet (23) kg/h 7.3E+05 2.0E+02

Mass Flow Rate of Condensate at FGC outlet (24) kg/h 7.3E+05 2.0E+02
Mass Flow Rate of Water to FGC-1 (21) kg/h 4.0E+05
Mass Flow Rate of Water to FGC-2 (22) kg/h 4.0E+05

a b c d Cp h
kJ/kg.K kJ/s

Flue Gas from the boiler (1) 9.9E-01 -2.5E-05 2.3E-07 -1.3E-10 9.9E-01 1.2E+05
Flue Gas to WFGD (2) 9.9E-01 -2.5E-05 2.3E-07 -1.3E-10 9.9E-01 9.1E+04
Condensate at FGC inlet (23) 4.2E+00 4.4E+04
Condensate at FGC outlet (24) 4.2E+00 7.7E+04
Water to FGC-1 (21) 4.2E+00 9.3E+03
Water to FGC-2 (22) 4.2E+00 4.3E+04

INLET OUTLET

Flue Gas from the boiler (1) 1.2E+05
Flue Gas to WFGD (2) 9.1E+04
Water to FGC-1 (21) 9.3E+03
Water to FGC-2 (22) 4.3E+04
Total 1.3E+05 1.3E+05
Difference 0.0E+00

INLET OUTLET

Condensate at FGC inlet (23) 4.4E+04
Condensate at FGC outlet (24) 7.7E+04
Water to FGC-1 (21) 9.3E+03
Water to FGC-2 (22) 4.3E+04
Total 8.7E+04 8.7E+04
Difference 0.0E+00

kPa
Pressure drop over FGC 7.0E-01
Pressure drop over the WFGD 1.4E+00
Pressure at position 2 9.3E+01
Pressure at position 3 9.2E+01
Pressure at position 1 9.4E+01

Heat Capacities

ENERGY BALANCE OVER THE FGC-1

ENERGY BALANCE OVER THE FGC-2

WFGDFGC-1

T2

T3

T22
T21

FGC-2

T1

T23T24
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˚C K
T1 1.4E+02 4.1E+02
T2 1.0E+02 3.7E+02
T23 7.1E+01 3.4E+02
T24 9.5E+01 3.7E+02
T21 2.0E+01 2.9E+02
T22 9.3E+01 3.7E+02

Mass Flow Rate of Flue Gas from the boiler (1) kg/h 3.3E+06
Mass Flow Rate of Flue Gas to WFGD (2) kg/h 3.3E+06
Mass Flow Rate of Condensate at FGC inlet (23) kg/h 1.2E+06 3.3E+02

Mass Flow Rate of Condensate at FGC outlet (24) kg/h 1.2E+06 3.3E+02
Mass Flow Rate of Water to FGC-1 (21) kg/h 4.0E+05
Mass Flow Rate of Water to FGC-2 (22) kg/h 4.0E+05

a b c d Cp h
kJ/kg.K kJ/s

Flue Gas from the boiler (1) 9.9E-01 -2.5E-05 2.3E-07 -1.3E-10 9.9E-01 1.2E+05
Flue Gas to WFGD (2) 9.9E-01 -2.5E-05 2.3E-07 -1.3E-10 9.9E-01 9.1E+04
Condensate at FGC inlet (23) 4.2E+00 9.7E+04
Condensate at FGC outlet (24) 4.2E+00 1.3E+05
Water to FGC-1 (21) 4.2E+00 9.3E+03
Water to FGC-2 (22) 4.2E+00 4.3E+04

INLET OUTLET

Flue Gas from the boiler (1) 1.2E+05
Flue Gas to WFGD (2) 9.1E+04
Water to FGC-1 (21) 9.3E+03
Water to FGC-2 (22) 4.3E+04
Total 1.3E+05 1.3E+05
Difference 0.0E+00

INLET OUTLET

Condensate at FGC inlet (23) 9.7E+04
Condensate at FGC outlet (24) 1.3E+05
Water to FGC-1 (21) 9.3E+03
Water to FGC-2 (22) 4.3E+04
Total 1.4E+05 1.4E+05
Difference 0.0E+00

kPa
Pressure drop over FGC 7.0E-01
Pressure drop over the WFGD 1.4E+00
Pressure at position 2 9.3E+01
Pressure at position 3 9.2E+01
Pressure at position 1 9.4E+01

Heat Capacities

ENERGY BALANCE OVER THE FGC-1

ENERGY BALANCE OVER THE FGC-2

WFGDFGC-1

T2

T3

T22
T21

FGC-2

T1

T23T24
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8. Auxiliary power consumption 
 

8.1. ID fan power 

The auxiliary power consumption due to the increased pressure drop requirements associated 

with each of the flue gas cooling options was calculated using the fan power law as shown 

below. Both the existing fan as well as the booster fan was taken into consideration. Process 

data for the ID fan and booster fan obtained from the suppliers were used as inputs.  

5.1

1

2
12 








×=

dP
dP

WW fifi

          (E1) 

The results are summarised below. 

Table E- 1: Summary of results from the ID fan power calculation. 

 

 

 
8.2. Pumping power 

 

The auxiliary power consumption for the pumping power required for the hot water loops of 

Option 1b. Flue gas reheat through HDS and Option 2b. FW heating through HDS, and the 

Option 
1a. Flue 
Gas 
Reheat 
with 
GGH (1.5 
mass-% 
leakage)

Option 
1a. Flue 
Gas 
Reheat 
with 
GGH (5 
mass-% 
leakage)

Option 
1b. Flue 
Gas 
Reheat 
with HDS

Option 
2a. FW 
heating 
with 
direct 
heat 
exchange
(23.7 ˚C)

Option 
2a. FW 
heating 
with 
direct 
heat 
exchange
(40 ˚C)

Option 
2b. FW 
heating 
with HDS
(23.7 ˚C)

Option 
2b. FW 
heating 
with HDS
(40 ˚C)

Total Pressure Drop (WFGD+ HRS) (kPa) 2.8 3.0 2.9 2.2 2.2 2.2 2.2 one unit
Additional Pressure Drop (kPa) 1.3 1.5 1.4 0.7 0.7 0.7 0.7 one unit
Pressure Drop that can be achieved with the existing ID Fan (kPa) 0.9 0.9 0.9 0.7 0.7 0.7 0.7 one unit
Pressure Drop that must be supplied with a booster fan (kPa) 0.4 0.6 0.5 0.0 0.0 0.0 0.0 one unit
Input at fan shaft per boiler at MCR without WFGD (kW) EXISTING FAN 11666.0 11666.0 11666.0 11120.3 11120.3 11120.3 11120.3 one unit
Additional Power due to HRS for EXISTING FAN (kW) 2242.1 2242.1 2242.1 1696.4 1696.4 1696.4 1696.4 one unit
Additonal Power due to HRS for BOOSTER FAN (kW) 83.1 156.1 117.7 0.0 0.0 0.0 0.0 one unit
Total Additional Power due to HRS (EXISTING FAN & BOOSTER FAN) (kW) 2325.2 2398.2 2359.8 1696.4 1696.4 1696.4 1696.4 one unit
Total Additional Power due to HRS (EXISTING FAN & BOOSTER FAN) (kW) 1.4E+04 1.4E+04 1.4E+04 1.0E+04 1.0E+04 1.0E+04 1.0E+04 six units

Base Case Pressure Drop-WFGD (kPa) 1.5
Base Case Pressure Drop-without WFGD (kPa) 4.5
Base Case Pressure Drop-with WFGD (kPa) 6.0
Input at fan shaft per boiler at MCR without WFGD (kW) EXISTING FAN 6121.0
Input at fan shaft per boiler FAN DESIGN (kW) EXISTING FAN 11666.0
Input at fan shaft per boiler at MCR with WFGD (kW)EXISTING FAN 9423.9
Remaining capacity as per FAN DESIGN with MCR +WFGD (kPa) EXISTING FAN 0.92
Shaft Power of Booster Fan at 100% Operating Point (kW) 2010
Pressure Drop available on Booster Fan (kPa) 3.2

REFERENCE DATA
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pumping of the condensate for Option 2a. FW heating with direct heat exchange was calculated 

according to the following equation.  

µ
ρ gHQPP ×××

=           (E2) 

The results are obtained are summarised below. 

Table E- 2: Results from the pumping power calculation. 

 

 

8.3. Increased power output and gross power plant efficiency for Option 2a and 2b, 
that is FW heating. 

The increased power output was calculated based on the reduction in steam extracted from the 

LP turbine. The reduction in the steam extraction implies that more steam can be processed 

through the LP turbine and thereby generate more power. The increase in the power output was 

therefore calculated by considering the difference in enthalpy of the reduced stream extraction 

and the LP turbine exhaust. 

The gross power plant efficiency was then calculated according the equation shown below.  

Option 
1a. Flue 
Gas 
Reheat 
with 
GGH (1.5 
mass-% 
leakage)

Option 
1a. Flue 
Gas 
Reheat 
with 
GGH (5 
mass-% 
leakage)

Option 1b. 
Flue Gas 
Reheat 
with HDS

Option 
2a. FW 
heating 
with 
direct 
heat 
exchange
(23.7 ˚C)

Option 2a. 
FW 
heating 
with direct 
heat 
exchange
(40 ˚C)

Option 2b. FW 
heating with HDS
(23.7 ˚C)

Option 2b. FW 
heating with HDS
(40 ˚C)

Mass flow rate of pumping medium kg/h 0.00E+00 0.00E+00 4.00E+05 7.33E+05 1.19E+06 4.00E+05 4.00E+05 one unit
Volume flow rate of pumping medium m3/h 0.00E+00 0.00E+00 4.00E+02 7.33E+02 1.19E+03 4.00E+02 4.00E+02 one unit
Actual length of pipeline m 0.00 0.00 90.00 800.00 800.00 800.00 800.00 one unit
Elevation m 0.00 0.00 22.00 26.00 26.00 26.00 26.00 one unit
Velocity m/s 0.00 0.00 3.54 4.15 4.66 3.54 3.54 one unit
Diameter of line mm 0.00 0.00 200.00 250.00 300.00 200.00 200.00 one unit
Total Head m 0.00 0.00 29.58 95.88 96.08 93.42 93.42 one unit
Total Power kW 0.0E+00 0.0E+00 2.6E+02 1.5E+03 2.5E+03 8.1E+02 8.1E+02 six units

Assumptions:
Pump efficiency factor (%) 75
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The results of these calculations are summarised below.  

 

Table E- 3 : Summary of results for increased power output and efficiency calculation for 
the FW heating option. 

 

 

Ambient Temperature  (°C) 23.7 40
Split of FWH-1 condensate feed (mass-%) 44.9 72.1 per unit
Reduction in Steam Extraction for FWH-1 (kg/s) 15.00 14.92 per unit
Increase in Power Output (kW) 3041.09 1706.22 per unit
Improvement in Power Plant Efficiency (%-points) 0.17 0.10 per unit
Increase in Power Output (kW) 18246.52 10237.29 six units

Ambient Temperature  (°C) 23.7 40
Mass flow rate of condensate available (kg/s) 465.0 456.7 per unit
Mass flow rate of steam extracted for FWH-1 (kg/s) 33.4 20.7 per unit
Enthalpy of LP Turbine Exhaust (kJ/kg) 2416.7 2537.6 per unit
Enthalpy of steam extracted for FWH-1 (kJ/kg) 2672.6 2682 per unit
Enthalpy Input at Boiler (kJ/kg) 1752738.3 1712038.7 per unit

Level Efficiency Factor (%) 80
Generator Efficiency Factor (%) 99

Additional Power Output for FWH Option

ASSUMPTIONS

REFERENCE DATA
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