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INTRODUCTION TO CHINA OF SUPERCRITICAL BOILERS AND EMERGING CCTs

By

Mitsui Babcock Limited

SUMMARY

BACKGROUND

Worldwide there are a number of clean coal technology programmes supported by
national governments. The essential objective of these programmes is to develop new
or improved equipment to increase efficiency and reduce pollutant emissions. The
prospective market size for power generation equipment in a particular country is
dependent on the potential economic development of the country.

Currently one third of China is directly affected by acid rain and SO, emissions. In
1998 acid rain and SO, control zones were established for areas of intense pollution.
These account for 8.4% and 3% respectively of the total area of China. In general air
guality in northern Chinese cities is extremely poor. As a result of this situation the
Chinese law for air pollution protection was recently been revised and the development
strategy for the power industry closely scrutinised. Due to these factors China is
recognised as the world’s largest potential market for Clean Coal Technologies (CCT).

RESULTS AND DISCUSSION:
Market For APG Technologies in China

China expects its economy to grow at an average rate of 7% or more per year over the
next decade. If a constant ratio of primary energy to gross domestic product (GDP) is
assumed for this period, primary energy consumption would nearly double. This
means that electric generating capacity, in particular, will need to increase
dramatically.

A survey of the potential market for advanced power generation (APG) technologies in
China was carried out by the Thermal Power Research Institute (TPRI). The
technologies considered were supercritical pulverised fuel (PF), gasification combined
cycles (GCCs) and fluidised bed combustion (FBC).

Specific Market for Supercritical PF

Supercritical PF is believed to be the most practical and feasible way to adjust the
composition of installed thermal capacity in China. Among newly installed units of
600MW, and above, the portion of supercritical units is planned to increase.

Within the area of the supercritical coal fired units, there are various competing
technologies. Benson or Sulzer boilers are the most common types available today.
Three designs of furnace are available amongst these, namely a low mass flux vertical
furnace, a high mass flux helical wound furnace and finally a high mass flux vertical
furnace. At present in China the helical wound tube design is preferred due to the
larger experience base.

For the period 2000-2005, China’s coal-fired power generating capacity is predicted to
increase by some 18GW./year. Supercritical PF technology is expected to contribute
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4GW,l/year of the new coal-fired power plant sales, i.e. ~22%. The remaining 78% for
this period will almost wholly be attributable to subcritical plant. However, with APG
technologies intended to replace the ageing subcritical plants, supercritical PF
technology looks set to overtake its subcritical counterpart in terms of sales in the near
future. By the end of 2025 supercritical technology is envisaged as forming a 33%
share of new coal plant sales compared to the 21% predicted by subcritical plants.
The remaining 46% of the potential 48GW./year sales market is estimated to be made
up of a range of APG technologies including integrated gasification combined cycles
(IGCCs), the air blown gasification cycles (ABGC) and fluidised bed combustion (FBC)
technologies.

Specific Market for IGCC’s

China has made a decision to build a large-scale IGCC demonstration power plant and
is currently conducting preparatory research for such a project. Yantai power plant in
Shandong province has been proposed as the host site for this demonstration for
which two 400MW, IGCC units are being considered.

Assuming that the Yantai IGCC plant proceeds, it could be in commercial operation by
the end of year 2005. Wider deployment of IGCC could, therefore, be forecast for the
period beyond 2005-2010. The potential rise of IGCC within the market place over a
15-year period is predicted as resulting in a 17% share in the coal-powered generation
market by the end of 2025. However, it is apparent that the final market size will
depend entirely on the success of the demonstration and the cost reductions achieved.

Specific Market for ABGC

Essentially ABGC is a hybrid combined cycle power generation technology based on
the partial gasification of coal. The combustion of the fuel-gas is undertaken within a
gas turbine. The combustion of the remaining gasifier char is carried out in a
circulating fluidised bed combustor where steam is generated to drive a steam turbine.
A key feature of the ABGC process is its potential to achieve high cycle efficiencies
with low environmental emissions.

Predictions indicate that on the basis that a working plant could be established within
the period 2005-2010, then within 15 years some 10% of the market share of coal fired
power generation is forecast as being supplied via ABGC. A substantial part of this
market share comes directly from the predicted demise of older subcritical PF plant.

Specific Market for FBC

China has been undertaking R&D into fluidised bed combustion (FBC) since the early
1960s and ranks first in the world in terms of the number of small-scale atmospheric-
pressure fluidised bed (AFB) boilers.

Considerable development effort has gone into circulating fluidised bed combustion
(CFBC) technology and much of this has been in collaboration with manufacturers in
Europe and the USA. Chinese CFBC plant up to ~100MW; is now regarded as being
mature technology. China’s aim now is to develop domestic CFBC capabilities for
larger units and State Planning Commission (SPC) is planning a 300MW, CFBC
demonstration plant at Baima, in Sichuan province.

FBC is predicted to rise from its current position of third place contributor to the coal

fired power generation market. The advantages of being a mature technology are
expected to ensure a 19% hold of the market by the end of year 2025.
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Technology Transfer

Previously China has relied to a great extent on importing equipment, however, there
is now a drive within China towards designing equipment using western technology
provided by western companies on a collaborative basis. Within this study various
barriers have been highlighted which restrict the introduction of new technologies into
China, namely, complex administrative procedures, low Institutional capability, poorly
enforced emission standards, financial concerns, the maturity of the technology and
intellectual property issues.

For each of the APG technologies mentioned a strategy for introduction into China has
been proposed which is essentially based on the maturity of the technology.

In addition a description of the specific activities undertaken under this project i.e. in
the form of workshops and UK visits are included. These were designed to promote
technology transfer between Mitsui Babcock and Chinese manufacturers.

Supercritical Boiler Design For Chinese Coal

Two 600MW,. supercritical boilers of the Mitsui Babcock two-pass design were
generated incorporating different furnace types. Namely: -

Helical wound membrane tube furnace type.
Low mass flux vertical Internally ribbed membrane tube furnace type.

Furnace shape and size was similar for both furnace types. Both incorporated Mitsui
Babcock low NOx axial swirl burners in an opposed wall firing arrangement.

A technical comparison of the two designs highlighted the following main points:

The pressure drop of the helical wound furnace is greater than that of the vertical
tube. This results in a greater power consumption of the feed water pump for the
helical wound furnace.

For a given heat flux the vertical internally ribbed furnace can be operated using
significantly lower mass flux without the risk of overheating tubes.

The vertical internally ribbed furnace has greater operational flexibility especially
at part load operation.

Due to the helical wound furnace, the configuration of the water wall and the
support system are more complex, resulting in an increase in installation effort.
Maintenance on the helical wound furnace is considered to be more difficult than
that of the vertical tube furnace.

Internally ribbed tube is currently more expensive than normal tube.

The supercritical, vertical internally ribbed tubing furnace is more commonly
suited for medium to large utility boiler units, due to the difficulties in ensuring the
minimum flow rate on the steam side.

An economic assessment of the two designs highlighted the following main points:

The difference between Mitsui Babcock’s estimated final installed cost of the
600MW, supercritical vertical tube boiler and the estimated installed cost of the
helical wound tube boiler is considered negligible.

The lower power consumption of the feed water pump on the vertical furnace
provides a considerable saving on operating costs.
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Therefore the vertical internally ribbed tube furnace design, despite a marginally
greater capital cost has a lower operating cost which alongside it's perceived simpler
installation and maintenance make it an appropriate design for the Chinese
marketplace.

ABGC Feasibility Study

The Beijing Research Institute of Coal Chemistry (BRICC) undertook a fuel and
reactivity analysis for a TPRI-selected Chinese coal, alongside a UK coal.

Based on the resulting reactivity and analysis data generated, Mitsui Babcock’s
proprietary gasifier performance software was used to predict the gasifier performance
and generate the required input data for a complete cycle analysis of the ABGC.

The ABGC cycle simulation was then carried out by TPRI using Aspen Plus specialist
software. Mitsui Babcock, along with BRICC, provided the necessary expertise to
accurately model key components within the cycle simulation. This enabled a direct
comparison of the Chinese coal compared to the UK coal in terms of ABGC cycle
efficiency and emissions to be produced.

TPRI in collaboration with Mitsui Babcock and BRICC successfully generated a model,
capable of simulating the complete ABGC when firing a typical Chinese coal.

The performance of the ABGC at base load when firing Shenmu (Chinese) coal was
predicted at an overall net plant efficiency of 47.28% (LHV basis). The performance of
the ABGC at base load when firing a UK coal was predicted at an overall net plant
efficiency of 46.53% (LHV basis).

MAIN CONCLUSIONS

The sales market for new coal-fired power plant in China is predicted to increase by
~2.5 times its present size over the next 20 years.

Mitsui Babcock envisage the purchasing of less efficient subcritical PF plants declining
and being replaced by more efficient technologies with lower atmospheric emissions.
Supercritical coal-fired technology and FBC, to a lesser extent, are considered to be
more mature technologies than their gasification counterparts. This advantage is
reflected in their final predicted sales position.

Within this study two 600MWe,.-class supercritical coal-fired reference designs have
been successfully generated, one for a standard helical wound furnace and another for
a low mass flux vertical internally ribbed tube furnace case. These were based on
typical Chinese ground rules and fuel characteristics. The two boiler variants when
compared on a technical and economic basis illustrated that the vertical internally
ribbed tube furnace was a viable option for the Chinese market.
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INTRODUCTION TO CHINA OF SUPERCRITICAL BOILERS AND EMERGING CCTs

INTRODUCTION

There are a number of clean coal technology programmes around the world, supported
by national governments. In the main these programmes aim to develop new or
improved equipment to increase efficiency and reduce pollutant emissions. Whilst
there is a need to push back the technological frontiers, there is an increasing
awareness of the importance of the market position. The development of new
technologies needs to be set against the needs of the market and the ability of the
market to bear the possibly higher capital costs associated with them. The potential
market size for power generation equipment in a particular country is dependent on the
potential economic development of the country and hence the capacity addition
demands and also the replacement rate of the existing power station base. The market
share which a particular technology will win, to a large extent depends on what else is
available and specific drivers such as emissions legislation and the ability of competing
technologies to offer benefits demanded. Thus to establish the potential market size
for one particular technology in China, the whole market place must be assessed.

The end customer needs to be confident that a new technology will deliver the
predicted benefits of higher efficiency, emissions reduction and through life cost
reductions without increased risk to loss of reliability compared to conventional
technology. The end customer, and particularly his financing agents, are adverse to
the risk of new technology and look for existing reference plants and familiar
configurations to give them confidence. This is particularly true in China and in
Organisation For Economic Co-operation and Development (OECD) countries where
the electricity industry is privately owned, such as the UK. Thus, for any new
technology, there is resistance to its deployment that needs to be overcome. The
introduction of gasification based power generation schemes is further from the market
place than supercritical boilers because of the little demonstration and unfamiliar
configuration.

It is expected that supercritical steam boilers with proven steam conditions
(540°C/560°C) will be the first to penetrate the Chinese power generation market.
Over time, higher steam conditions will be demonstrated and will be introduced slowly.
Gasification will follow behind where specific fuels and emissions limits demand it. To
justify technological developments, the potential market size needs to be established at
a range of timeframes up to the year 2020.

The market size and opportunities for new technologies have been studied
previously™, but tend not to differentiate between subcritical and supercritical
pulverised fuel (PF) and the sub-division of gasification technologies to show the Air
Blown Gasification Cycle (ABGC) potential.

This report addresses the market for advanced technologies in China, withparticular

focus on supercritical boilers and ABGC technology. It outlines the barriers to the
indtriduction of advanced technologies to China.

1)



11

1.2

Supercritical Boilers

In recent years significant progress has been made in Europe and Japan on advancing
the conditions of supercritical steam cycles. The main thrust of the development has
been directed at increasing the efficiency, and hence reducing the specific emissions,
from conventional PF fired plant by raising steam temperatures and pressures. At the
highest temperatures (up to 700°C) this requires a move away from conventional
ferritic steels to austenitics and high nickel alloys. High temperature materials are
currently under investigation as part of an EU THERMIE Project ‘Advanced (700°C) PF
Power Plant’. In China, supercritical PF boiler based power generation is beginning to
be introduced .

The principal market for coal-fired power generation equipment is in Asia, particularly
China, and this situation is anticipated to continue for the foreseeable future. Currently,
the main market is for subcritical pressure boilers, but as the market develops it is
envisaged that there will be an increasing demand for supercritical steam plant.

The most popular design of furnace enclosure for a once through supercritical steam
boiler is that of a helical wound membrane wall which has a number of technical
advantages relating to the thermal performance and reliability of the plant B! This is
the construction currently employed in Mitsui Babcock designed plant.

An alternative arrangement is that of vertical furnace rifled bore tube, which offers the
possibility of a lower cost solution due to reduced mechanical complexity. Technical
demonstration is therefore required if this potentially more competitive design is to be
offered by UK manufacturing industry to an increasingly cost-sensitive market. In
addition, in order to maintain a competitive edge with technically advanced designs for
once through supercritical boilers utilising the latest developments, it is necessary to
develop a reference plant design that is appropriate to the principal (non-OECD) power
plant market, China.

Supercritical boilers based on the traditional helical wound furnace design have been
compared with a low mass flux vertical rifled bore tube design at a 600 MW, scale.
The specification for the boiler island was established as typical for the Chinese market
and was derived from the Shidongkou power plant. The two boiler variants have been
compared on technical and economic bases.

Air Blown Gasification Cycle

British Coal began the development of a gasification based advanced clean coal power
generation cycle, known then as the British Coal Topping Cycle (now renamed the
ABGC) in the 1980s. Work was carried out at Grimethorpe on the gas turbine aspects
and economic appraisal of the technology. The DTI commissioned an independent
study of the Topping Cycle, by Soothill !, which showed the technology to have
benefits over competing systems and recommended that the DTI support a
development programme. This work was led by an industrial consortium of GEC
Alsthom, PowerGen with Mitsui Babcock. Much of the work in this programme was
carried out by British Coal, particularly in the areas of gasification, fuel gas cleaning,
materials of construction and gas combustion. British Coal carried out much of the
underlying development work associated with the gasifier. During this phase the
gasifier technology was licensed to Mitsui Babcock, and on the closure of British Coal,
Mitsui Babcock purchased the technology. The gasification technology and its
incorporation in the ABGC in described elsewhere ¥,
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1.3

2.1

2.2

Between 1998 and 2000, ALSTOM (formerly GEC Alsthom), Mitsui Babcock and
Scottish Power worked towards a demonstration of the technology in the UK at the 100
MWe scale. This work has been supported by the UK Department of Trade & Industry
and the EC Thermie programme.

This report examines the properties of a candidate Chinese coal for the ABGC and
compares these to a reference UK coal. The results of a proprietary predictive
performance model of the Mitsui Babcock gasifier are presented for the selected
Chinese coal and these have been used as inputs to full plant performance modelling.
The predicted ABGC performance in terms of efficiency and emissions is also
presented.

Project Objectives

To establish the potential for emerging clean coal technologies in China.

To identify barriers to the introduction of new technology and how to overcome
them.

To investigate the potential for supercritical boilers in China and determine
appropriate boiler conditions.

To investigate a new low mass flux vertical ribbed boiler design and compare this
with a standard helical wound boiler design.

To investigate the Air Blown Gasification Cycle (ABGC) performance on Chinese
coals.

MARKETS FOR CLEAN COAL TECHNOLOGIES IN CHINA

Market Survey of Power Industry in China

The market survey covers the potential market for advanced coal-fired technologies in
China against a backdrop of energy and environmental policies of the Chinese
government and the capabilities of the domestic boilermakers in advanced
technologies. Those technologies considered are supercritical PF, gasification
combined cycles (GCC) and fluidised bed combustion (FBC).

Current Status of Chinese Power Market

Since the founding of the People’s Republic of China (PRC), the power industry in
China has undergone rapid growth. Tables 1 and 2 show the increase in total installed
power generation capacity and total electricity generation respectively over a recent
five year period.

Since 1998 the supply and demand of electric power in China has been relatively
balanced at a low per capita power usage level. The average annual utilization hours of
power generation equipment has been decreasing. Table 3 shows the change in the
average annual utilization hours and net coal consumption rate in recent five year
period.

Although both the total installed capacity and the total power generation of China has
brought the country to second place in the world, the per capita electric power
utilization level is still low. In the 9" Five Year plan the predicted utilisation values for
the development of power industry for the next 15 years are predicted (Table 4).
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The fossil-fired power generation industry in China is failing to meet the requirement of
economic development in the 21% century due to the low plant efficiency and high
pollution.

The Chinese law for air pollution protection was recently revised and approved by the
National People's Congress. The development strategy for power industry includes:

Constructing power networks;

Developing hydro-electric power;

Optimising development of thermal power;

Appropriately developing nuclear power;

Developing renewable energy in light of local conditions;

Paying close attention to environmental protection;

Equal emphasis on development and conservation, so as to improve the overall

efficiency of energy utilization.
The foI_Iowing measures are to be undertaken to optimise the fossil-fired power
generation structure:

Shutdown small size units

Develop thermal units with large capacity and high steam parameters

Develop clean coal technologies

Refurbishment of old units

Develop natural gas-fired combined cycle units
Develop central heating and distributed co-generation units to improve energy
utilisation

A Mitsui Babcock projected view of the Chinese power industry is given in Figure 1
(market share of coal-fired power generation technologies to 2025) and Figure 2
(power generation fuel usage to 2020).

2.1.2 Environment Status

Approximately one third of China is affected by acid rain. Air quality in Chinese cities is
extremely poor, with pollution in the northern cities being far worse than those in the
south. In recent years, SO, and dust emissions have been reduced with reductions of
about 8 % in both 1997 and 1998.
Laws and Regulations on Environmental Protection
“Law of Environmental Protection in PR China” was formulated in 1979.
“Proposals for acid rain control” was issued in 1990.

“Pollutant emission standards for coal-fired power plants” was in effect on 1%
August 1992.

Newly revised national standards “Pollutant Emission Standards for Thermal
Power Plants” was issued on 7" March 1996.

Control regulations on total SO, emissions were implemented in 1996.

The Chinese law of air pollution protection promulgated in 1995 was newly
revised and approved by the National People's Congress in 2000.
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Acid Rain and SO, Control Zones

The areas seriously polluted by acid rain and SO, emissions are classified as acid rain
and SO, control zones. The acid rain and SO, control zones were specified in 1998
and account for 8.4% and 3% respectively of the total area of China. The areas are
shown in Figure 3.

The targets for two control zones in 2000 are:
Pollution by acid rain is controlled below the level at the end of 1995.

SO, concentrations in key and first-class cities comply with national environment
standards.

SO, emissions from industry comply with national standards
National annual total SO, emissions are controlled below 24.6Mt.

The targets in 2010 are:

Areas with precipitation pH value less than 4.5 and 5.6 within acid rain control
zones are reduced by 10-20% and 5-10% respectively compared with that in
1995.

National annual total SO, emissions are controlled below 20.69Mt.
SO, concentrations in all cities included in the two control zones comply with
national standards.

The targets in 2020 are:

Areas with precipitation pH values of less than 5.6 within the acid rain control
zone are reduced by 20-30%.

SO, concentrations in all cities in China meet national environment standards
National annual total SO, emissions are controlled to below 16.19Mt, compared
to 38.0Mt without control.

Measures Taken for Environment Protection
The mining and utilization of coals with high sulphur content is to be limited.

New coal-fired plants except for the cogeneration units have been prohibited to
be built within the two control zones since 1% January 1998.

SO, removal and reduction measures must be present on new and existing
plants

Fees for SO, emissions will be charged to force the power companies to take
SO, reduction measures.

2.1.3 Supercritical PF Plants in China
Currently there are seven supercritical PF plants in China comprising 14 units in total
(Table 5). The total capacity of these 7 plants is 7B00MW. Eleven of the units are in
operation and the remaining three are still under construction.

State Power Views
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The understanding of supercritical PF technology by the State Power Corporation of
China is:

Supercritical unit technology is developing continuously.

Supercritical units have attained a similar availability factor to that of subcritical
units.

Supercritical units attain higher efficiencies than subcritical units.
Using supercritical units can save 11-12 million tons of coal every year.

The coal consumption rate of supercritical units is lower therefore reducing the
emission of SO,, NOy, particulate and greenhouse effects.

It is more economical to employ supercritical units, if the price of coal exceeds a
certain limit.

The key point in developing supercritical and ultra-supercritical units is to develop
boiler materials with good high-temperature resistance characteristics based on
Chinese resources.

PFBC, IGCC are part of development directions of fossil power technology in the
future, but they are still in the demonstration stage.

Supercritical units have good operation flexibility, normally employing compound
sliding pressure operation mode, and can maintain relatively high efficiency at
rather low load.

The adoption of supercritical technology will assist in achieving the efficiency goal
of The Ministry of Electric Power which is to reduce the average coal
consumption rate for fossil-fired units.

Chinese boiler makers have some preliminary experience in the design of vertical
riser tube bank and helically wound tube panel of supercritical boiler water walls,
but they lack the ability and experience of integral boiler design.

Policy and Development Strategy

Environmentally acceptable economic growth is closely linked with further
improvements in the overall efficiency of energy use.
The "Policies on the Technology Development of Electric Power Industry” state: -

Small size condensing units should be replaced by large size units with high
parameters and high efficiency.

The 600MW, unit will gradually become the standard size unit for newly installed
capacity.

Among the newly installed units of 600MW, and above, the portion of supercritical
units should be increased.

Support the domestic manufacturing of large size power generation equipment.
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The development strategy:

To speed up the construction of supercritical units, as this is the most practical and
feasible way to adjust the composition of installed thermal capacity in China.

To start domestically manufacturing 600MW, (and above) supercritical units and
gradually introduce these as a replacement for 600MW, subcritical units in new
power plants.

For Chinese steel suppliers to produce newly developed materials for supercritical
units.

To consider high-pressure/temperature systems in the future if the first few
Supercritical units, built according to the above specifications with significant
domestic content, perform satisfactorily.

To combine commercial purchasing of supercritical units with technology transfer,
in order to speed up the development pace of domestic supercritical units.

Market Assessment

China has been preparing to develop supercritical units for many years. The project of
domestication of the 600MW, supercritical units is one of the nine key domestication
projects for major equipment listed in the 9"-five-year programme.

China expects its economy to grow at an average rate of 7% or more per year over the
next decade. If a constant ratio of primary energy to gross domestic product (GDP) is
assumed for this period, primary energy consumption would nearly double, meaning
that the electric generating capacity in particular would need to increase dramatically.
In addition, the shutdown of small thermal units and substituting these by large size
units will add a great number to the annual installation of new thermal units.

Currently in China there is an opening electric power market, advanced technologies of
various countries have entered this market one after another. The possible
mechanisms of international technology transfer of supercritical units could be:

Combining commercial purchasing of supercritical units with technology transfer.
Joint design and cooperative production.

Threats from Competing Technologies

As one of the clean coal technologies, a supercritical coal fired unit will certainly
compete with other technologies, especially when those technologies like IGCC,
PFBC-CC, fuel cell, etc. are reaching maturity.

Choice of Supercritical Unit Type

Within the area of the supercritical coal fired units there are various competing
technologies.

Benson or Sulzer boilers are the most common types available today. Three designs
of furnace are available amongst these namely, a low mass flux vertical furnace, a high
mass flux helical wound furnace and finally a high mass flux vertical furnace. The
advantages and disadvantages of the designs are compared in Table 6. At present in
China the helical wound tube design is preferred due to the larger experience base.
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2.1.4 Gasification

Since 1993 a number of large IGCC demonstration power plants have been built in US
and Europe. Two issues of concern associated with these units are:

Although reliability/availability of these units has improved some of them are not
yet operating at commercially acceptable availability levels.

The cost of IGCC plant is still relatively higher than conventional PF plant with
Flue Gas Desulphurisation FGD.

In 1994 China began technology feasibility studies on IGCC demonstration projects
which were led by Thermal Power Research Institute (TPRI). The main conclusions of
this study were:

The current coal based power generation technology available in China cannot
meet the demand of the next century’s development.

The main coal-fired power generation technologies can be applied suitably at
different periods and in specific conditions, however, IGCC technology is the
most attractive option in the 21 century.

The IGCC plant to be built in China would be designed to demonstrate the new
technology and to show its commercial value.

The desired capacity of the IGCC demonstration unit was determined to be
200~400MWe.

In selecting gasification process, the entrained flow bed gasifiers were chosen after a
comparison was made between different gasification technologies.

A fully integrated air separation system can improve IGCC efficiency.

Though research on hot gas clean-up technologies is being carried out
intensively and great progress has been made in recent years, it is still at the
laboratory testing and prototype demonstration stage.

The extent of heat recovery from syngas has a direct effect on the overall
efficiency, investment and complexity of the IGCC plant.

China is currently conducting preparatory research for the building of an IGCC
demonstration plant. This research will enhance understanding of advanced IGCC
technology and proven commercial operating experience, as well as provide the
technical basis and support for system selection, equipment import and procurement.
This research is sponsored by Ministry of Science and Technology (MST) and the
State Power Corporation (SPC) and addresses key aspects of the IGCC process such
as overall features of the IGCC system and its operation; e.g. selection of gasifier type,
syngas clean-up and gas turbines.

China has made a decision to build a large-scale IGCC demonstration power plant.
Two 400-MW, IGCC units could be installed in Yantai Power Plant after three existing
units are removed.

China has been conducting research on coal gasification technologies for many years
in the area of coal chemistry. Some institutions (including TPRI in conjunction with
other organizations) are carrying out a preliminary study on a system, which employs
partial gasification in air-blown fluidised bed gasifier, fluidised bed char combustion
boiler with air heating, and syngas fire in gas turbine combustion chamber. The system
is similar to the ABGC. The chemical industry has employed a number of Texaco

8



gasifiers, which are operating well at the sites, and carried out some corresponding
design and research work.

Assuming the project at Yantai proceeds, it could reasonably be expected to be in
commercial operation by 2005. Wider deployment of IGCC could, therefore, be forecast
for the period beyond 2010. The market size will depend on the success of the
demonstration and the cost reduction.

In principle, IGCC plants can be designed to handle the range of coals in China.
However, the high ash content of many Chinese coals would be economically
unsuitable for the major commercially developed entrained-flow gasifiers such as
Texaco, Destec, Shell, and Krupp-Uhde Prenflo designs.

In the meantime, however, there is a possible market for coal gasification technology in
the non-power sector of China. A coal gasification concept worth pursuing in China is a
co-production facility that would produce power, steam, and ammonia or other
chemicals and fuel gases.

In Europe and the USA there has been extensive capability developed for IGCC plant.
Mitsui Babcock has played a major role in the showcase projects, supplying heat
recovery steam generators to Puertollano in Spain, Buggenum in the Netherlands and
major fuel gas pipework and steam systems for Polk County in the US.

2.1.5 CFBC

China initiated work on bubbling-bed boilers in the early 1960s and currently ranks first
in the world in terms of the number of small-scale atmospheric fluidised bed boilers. At
present, there are about 3000 small-scale AFBC boilers in operation throughout China.
A series of CFBC test facilities have been constructed by the National Engineering
Research Centre of Clean Coal Combustion (NERC-CCC). Domestic development of
CFBC units will start from the size of 100MW,. CFBC units and the State Power
Corporation is also planning a 300-MW, CFB demonstration plant at Baima, also in the
Sichuan province.

Shanghai Boiler Works has supplied several CFB boilers through an arrangement with
Foster Wheeler Energy Corporation, both within China and also elsewhere in Asia.
Dongfang Boiler Works has been collaborating with Foster Wheeler since 1994 in the
introduction of Foster Wheeler's CFB technology in China. Harbin Boiler Works (HBW)
had an arrangement with Ahlstrom Pyropower for the development and supply of CFB
boilers up to 50 MW,. They now have an arrangement with EVT of Germany for the
technology transfer and design of CFB boilers of 50-100MW, with higher pressure
parameters including reheat. TPRI has a long history in CFB research and
development. A National Engineering Research Centre (NERC) of coal combustion in
power plant was established in TPRI sponsored by the State Planning Commission to
develop practically applied clean coal combustion technologies for power plant boilers.
CFB is one of the major areas of NERC's research and there is a 1 MW, test facility in
NERC of TPRI.

It is the intention of SPC that power units constructed after 2005 burning high sulphur
content coal must adopt CFB boiler technology, especially in the acid rain control
zone, which leads to a great demand for 100MW, CFB boilers in China. Over the past
few years, the Chinese market for Western CFBC technology has grown significantly.
There is large market for small scale CFB boilers in the non-power generation sector.

The Mitsui Babcock CFBC technology has integrated the extensive capability in CFB
units of their parent company (Mitsui Engineering and Shipbuilding of Japan), with their
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established boiler engineering and technology capability. The Mitsui Babcock / MES
technology already includes projects in China.

2.1.6 Pressurised Fluidised Bed Combustion-Combined Cycle (PFBC-CC)

2.2

China constructed a 1 MW, PFBC testing bench in the early 80s’ and a 15MW, PFBC-
CC semi-industrial test facility which was commissioned by the end of 1999.
Commercial test units, of 140MW, PFBC-CC have also been planned for installation in
several plants.

Introduction of New Technologies to China

This section identifies barriers to the introduction to the Chinese market place of the
technologies related to ABGC, Supercritical PF and CFBC.

2.2.1 The Need for the Introduction of New Technologies

The Development of China’s Economy and its Power Industry

The goal set for China’s 10" Five-Year Plan (2001-2005) for national economic and
social development is an average GDP growth rate of about 7%. Since science and
advanced technology are the decisive factors in improving the overall quality of the
economy, the country will promote economic restructuring through innovation and
develop high-tech industries that have huge market potential and a competitive edge.

State-owned enterprises will be especially responsible for promoting reform and
development and accelerating the process of shifting to a standard commercial system.

The power industry sector has recently emerged as the largest consumer of Chinese
coal, accounting for approximately 40% of demand. About 70% of China's power
station capacity is fuelled by coal and coal is also the dominant fuel for the new
capacity that has been added in recent years at a rate of around 20GW, per year. As a
result, the scope for improving the environmental performance of Chinese industry
through cleaner coal technologies is very considerable.

The environmental and health effects of coal use are also becoming more and more
severe as the economy continues to grow at a rapid rate. A pressing problem is that
the pursuit of rapid industrialization brings with it a need to protect the natural
environment and safeguard public health so that Chinese industrial development is
more sustainable. There is therefore an increasing need to find ways of limiting
pollution of air and water through the use of clean coal technologies and more efficient
processes.

The Increasingly Stringent Requirement for Environment Protection

Air and water pollution has emerged as one of China’s most serious challenges during
the past 20 years. Overall emissions of key pollutants such as SO,, soot and NO, have
increased rapidly as a side effect of the new prosperity. Seven of the world’s ten most
polluted cities are reported to be in China. The electric power industry is a particularly
large emitter of SO,, producing around 50% of the industrial total.

In response to these problems, the Chinese Government has developed a range of

specific environmental policies and regulations. The Chinese law on air pollution
protection was promulgated on 29" August 1995.
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Acid rain and SO, emission control zones were specified in 1998 and more stringent
regulations for pollutant emissions were introduced there. The acid rain zone covers
8.4% of China’s territory whilst the SO, control zone covers an additional 3%.

It is now required that the mining of >3% sulphur coal should be phased out, and that
all coal-fired power stations will be prohibited in large and medium-sized cities unless
they also generate district heat. In addition, all new power stations that burn >1%
sulphur coal must be fitted with FGD systems.

Recent revision of the law on air pollution means that a pollution levy will start from
zero emission rather than become a penalty only when the emission exceeds a certain
limit.

Clean Coal Technology Selection

The State Power Corporation has designated the clean coal power generation projects
as scientific and technological models for a sustainable development strategy for the
power industry. A number of large scale demonstration projects for clean coal power
generation will be carried out.

In the immediate future emphasis will be placed on reducing the emission of SO, and
NOx and on employing large units with a high level of efficiency. The key objective for
the middle and long term is to develop coal-fired combined cycle power generation
technology.

2.2.2 Key Issues Concerning Technology Transfer into China
Possible Ways of Introducing New Technology

There are many possible ways to introduce new technology into China such as by the
sale of equipment, licensing, joint ventures, co-operative production, subcontracting of
the manufacture of components, co-operative research and development. Each of
these or a combination of them can be applied depending on the nature of the
technology and the associated project, the financing arrangements, the degree of
maturity of the technology. China does not expect western suppliers to give away their
new technologies for nothing. They will certainly gain benefits from either selling,
licensing, mounting joint ventures and agreeing co-operative production.

The Meaning of Technology Transfer

At a basic level, ‘technology transfer’ is the export of hardware (e.g. power generation
units or flue gas desulphurisation units), and the transfer of knowledge sufficient for
operation and maintenance. The purpose of this kind of technology transfer is to meet
the needs of utilisation of the equipment (power generation unit) and produce goods
(electricity). This technology transfer does not involve the build up of manufacturing
capability.

China, however, has to build up its own manufacturing capability and has realized the
importance of technology transfer involving also design and manufacturing knowledge
and skills. The purpose of this kind of technology transfer is to gradually develop
domestic manufacturing capability.
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The Introduction of Three Main Technologies

Supercritical PF The most practical and feasible way to increase thermal capacity is
to speed up the installation of supercritical units. The shutdown of small units will leave
a large capacity margin to construct high efficiency, low pollution, advanced fossil
power units. There is considerable potential for the development and marketing of
supercritical units in the 21° century in China.

In accordance with the principle of commercial purchasing combined with technology
transfer, as written into the State Development Planning Commision (SDPC)
document, joint design and cooperative production with a Chinese boiler production
plant might be an appropriate way of introducing the Mitsui Babcock vertical water wall
once- through boiler with ribbed tube.

ABGC Although ABGC technology remains less mature than IGCC technology, Mitsui
Babcock intends to transfer ABGC gasification technology to China for joint
development and sharing of risks and future profits on sales.

Technology transfer is therefore included in the proposal, and co-operative research,
design and production as well as a certain amount of licensing will be the practical way
of achieving technology transfer.

CFBC It is the intention of the State Power Corporation of China that power units
constructed after 2005 and which burn high sulphur content coal must adopt the CFB
boiler, especially in the acid rain control zone. The Mitsui Babcock / MES CFB
technology has already been used in some projects in China. Mitsui Babcock has the
capability to provide 130t/h boilers as well as 75t/h boilers through collaboration
agreements.

2.2.3 The Barriers to the Introduction of New Technology to China
Complex Administrative Procedures

China is in the process of government and administration reform and enormous
changes have been made in recent years. In 1998, the State Power Corporation (SPC)
replaced the Ministry of Electric Power and the government's administrative
responsibility for the power industry was transferred to the State Economic and Trade
Commission (SETC).

Traditionally, the State Development and Planning Commission (SDPC) is the top
authority responsible for approving new power plant projects. The State Economic and
Trade Commission (SETC) is the top authority responsible for approving renovation
projects. These two commissions are the most powerful government agencies in terms
of applying for and receiving approval for clean coal technology projects.

The first step in influencing the SDPC and SETC is to inform them of the technology,
the history of development, the current situation, technical and economical features,
advantages and disadvantages. Providing them with documents, inviting them to attend
a workshop, or visit research facilities or demonstration sites therefore allows this
interaction to take place.

Secondly, if a project is being prepared, a feasibility study report with favourable

financing arrangements such as a soft loan or a grant from international organisations
will certainly have a positive influence on the approval process.
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Low Institutional Capability

The lack of collaboration between design institutes, research institutes and
manufacturers acts as a key barrier to international technology transfer. Most R&D for
clean coal technologies requires a multidisciplinary approach. In addition, China’s
state-owned manufacturing enterprises have not developed commercial or innovative
skills and there is a lack of market pressure on Chinese enterprises. With the
deepening of economic reform and system restructuring, however, all state-owned
enterprises and research institutes will accelerate the process of upgrading
management and technology in order to improve competitiveness.

Environmental Emission Controls

With China being a developing country, the standards relating to environmental
protection are still much lower compared to those in industrial countries. The
regulations on emissions from thermal power plants, for example, are not so stringent.
This situation does not put enough pressure on industry to create a demand for clean
coal technology hardware and services. In addition, the implementation of these
standards is sometimes, and in some places, poor and inconsistent. The lack of
enforcement and monitoring therefore also has a negative influence on environmental
investment. Environmental protection, however, is one of China’s basic national
policies for sustainable development. With the rapid economic development and
improvement of living conditions environmental policy is being given a higher priority
and becoming more stringent.

Financial Issues

Lack of finance is often an important barrier to clean coal technology transfer. The
following measures will enhance the possibilities for technology transfer:

(i) Both government and international organizations will devise more favourable
policies and offer concessional finance for the introduction of advanced clean
coal technologies in the form of soft loans, capital subsidies or grants.

(i) Clean coal projects will become economic if the issue of pollution costs is
addressed. This issue is linked to the reform of the pollution levy system.

(i) The cost of clean coal equipment manufactured in China is much lower than the
cost of imported equipment. Hence, there is a strong economic and financial
incentive to maximize the local manufacture of equipment. This can only be
realised with technology transfer.

The Maturity of the Technology

As end users power companies will only employ mature technologies. It is also deemed
to be crucial that at least two reference plants of the same or comparative size should
generally be operated. For newly developed technologies a demonstration project of
relevant size and parameters is important.

The Issue of Intellectual Property
Gradually, the move to commercialise state-owned industries is strengthening respect
for intellectual property rights. Furthermore, the move to a competitive market will

eventually bring about a situation in which companies in China will have less incentive
to share information with each other.
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3.1

Long-Term Collaboration

Joint ventures between Chinese and foreign firms or involving technology licensing
agreements can potentially facilitate the transfer of the wider knowledge, expertise and
experience necessary for managing technological change. Joint ventures in particular
have one important feature which can help collaborative relationships in China to be
successful; a relationship that gives both sides a stake in the future success of the
product or service concerned, and allows them to build up trust.

SUPERCRITICAL BOILERS

The boiler designs presented in this report are based on the established Mitsui
Babcock two-pass layout once through supercritical unit utilising the Benson principle
with the incorporation of novel cost reduction features. Two basic boiler designs were
generated based on the following: -

Established helical tube furnace configuration, and

Vertical ribbed tube low mass flux furnace.

The furnace shape and size is essentially the same for both variants and is primarily
determined by the fuel ash characteristics and the fuel burnout and oxides of nitrogen
(NOy) in the flue gas required.

For this project two Chinese coals, both with low ash deformation temperatures, were
selected resulting in a large furnace. The boiler designs have been generated without
reburn for NO, control as it is possible to achieve the required NO, level target with the
use of overfire air. If required, reburn technology can be retrofitted to the two boiler
designs as the selection of slagging coals ensures that the furnace will be large
enough to accommodate this technology without compromise to its optimal
configuration.

The ground rules for the designs have been agreed with TPRI and cover the fuel
specification, emissions, site conditions, configuration, turbine/boiler interaction and
operational regimes to be adopted and these are summarised below.

Project Specification /Ground Rules

The following table gives a summary of the ‘Ground Rules’ as the basis of the boiler
designs.

Design Coals Chinese Shenmu bituminous coal
Chinese Jinbei bituminous coal
Emissions Target value for NO, 600 mg/Nm3 @ 6% O, viv

SO, uncontrolled with space for FGD
1% unburnt carbon loss based on design coals
Particulates 150 mg/Nm* @ 6% O, v/v, dry

Boiler Design Code ASME

Control Load 35% rated for superheat
50% rated for reheat
Sliding pressure operation BMCR to 35% rated

Flue Gas Velocity <13 m/s (< 11m/s for Economiser banks)
Flue Gas Temperature < 1060°C (i.e. 50K below lowest IDT) at Furnace Exit
Exit Gas Temperature 115°C @ 100%MCR

Ambient Air Temperature | 20°C
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3.2

3.2.1

Preliminary turbine heat balance diagrams at BMCR (645MWe), TMCR (628MWe) and
100% rated (600MWe) single reheat load cases were supplied by TPRI. Appendix 1
presents the turbine heat balance for the BMCR load case.
water/steam data based on this load case is summarised below:-

The boiler design

Generator Gross Output (BMCR) MWe 645

HP System
Steam Flow kg/s 527.78
Feedwater Temperature °C 287.4
Boiler Outlet Pressure MPa 25.05
Boiler Outlet Temperature °C 541.0
Turbine Inlet Pressure MPa 24.20
Turbine Inlet Temperature °C 538.0

Reheat System
Steam Flow kg/s 447.93
Pressure at HP Turbine Outlet / Boiler Inlet MPa 4.85/4.78
Temperature at HP Turbine Outlet / Boiler Inlet °C 303.2/301.2
Pressure at Boiler Outlet / IP Turbine Inlet MPa 4.60/4.46
Temperature at Boiler Qutlet / IP Turbine Inlet °C 569.0 / 566.0

Normal full load operation would be 100% rated generating 600MWe with an

evaporation rate of 512.3 kg/s.

Boiler Design

Coal Specification & Its Impact on Design

Coal quality affects all aspects of the design of a boiler and its auxiliary equipment. Coal

quality determines:-
Mill sizing and classifier choice.

Burner and combustion system required to achieve NO, targets.

Furnace sizing and heating surface arrangement in response to the ash
characteristics of the coal.

The extent to which flue gas-cleaning equipment is required to control particulate
and SO, emissions.

Boiler efficiency with combustion characteristics controlling the unburned loss,
sulphur content impacting on the air-heater exit gas temperature and hydrogen
content controlling the moisture loss.

Sootblower coverage required.

The Shenmu and Jinbei design coals are typical Chinese medium volatile bituminous
coals (ASTM Classification) utilised for steam generation purposes. Table 7 presents the
coal and ash analyses. The coals have the following main characteristics which impact
on boiler design:-

Nitrogen content is low in world terms, which makes the coals good candidates
for low NO, combustion;

Hardgrove index is very similar to many other coals, which are mined and
exported around the world. Hence the coals do not present any special milling
difficulties;
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Ash characteristics display a high deposition potential and a high erosion
potential when in combination with a high ash content.

The combustion and deposition characteristics of a coal have perhaps the most
profound influence on the design of any boiler, in particular furnace sizing which must
be selected to satisfy NO, requirements in addition to minimising slag formation.
These characteristics for the design coals are discussed below.

Combustion

Both coals have a similar NO, potential. The combination of low nitrogen and medium
volatiles dictates that some use of overfire air (OFA) is required in addition to low NOy
burners in order to maintain NOy levels below the target level of 600 mg/Nm3 (6% O, vlv,
dry). Low NO, combustion also demands better than normal pulverised coal fineness in
order to offset the effect on burnout. Because of the volatile contents, a fineness of 75%
passing 200 mesh in combination with a dynamic classifier has been selected in order to
maintain low levels of unburned losses and carbon-in-fly ash (a low carbon-in-fly ash level
is particularly difficult with the Shenmu coal given that the ash content is just 7.2%w/w).
Such a fineness requirement is readily achieved with the Hardgrove Index in the range
55-64.

Deposition

Although both design coals have low ash fusibility temperatures, their ash chemistries
are very different, viz:-

The Shenmu coal is characterised by a high calcium content. The coal can be
expected to produce light-coloured, possibly reflective ash, which readily covers furnace
surfaces and which could grow into substantial deposits if not regularly removed, by
sootblowing. The Jinbei coal is high in iron and sodium and can be expected to
produce darker deposits which also would grow rapidly if not controlled.

A large furnace is therefore required to ensure that furnace exit gas temperatures are
not high enough to enable slagging mechanisms to operate in the heating surface area.
Radiant platen superheater design must be such that any accumulations of ash
deposits are not allowed to take hold. Burner openings must be free from external
refractory in order to prevent slag formation in the burner zone. The Mitsui Babcock
design of membraned platen superheater tip and leading edge tube burner opening
design are particularly well suited for these coals. Sootblower coverage is also
important, with much of the furnace vulnerable to rapid deposit build-up without regular
cleaning.

The calcium content of the Shenmu coal and the sodium content of the Jinbei coal
require that adequate tube spacing and sootblower coverage be provided throughout
the convective pass in order to prevent ash bridging between tube elements. The
higher ash content of the Jinbei coal also results in appreciable erosion potential — gas
velocities have therefore been restricted to a maximum of 11m/s in the economiser
banks and 13m/s for the convective pass.
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3.2.2 Furnace Design

Figure 4 presents the boiler sectional elevation generated for the preliminary boiler
design based on the conventional helical wound furnace and the vertical ribbed tube
furnace. Both furnace designs adopt an opposed wall firing burner arrangement so as
to avoid excessive furnace height and large performance variations with varying mill
combinations. The final superheat and reheat heating surfaces are of the proven
pendent design, which resist slag build-up. The second pass comprises typical
convective surface; primary reheat, primary superheat and economiser banks. The
second pass has the flue gas in downward flow in a series gas path arrangement and
requires flue gas recirculation for reheat steam temperature control at part load
conditions.

The layout of each furnace has been derived on the basis for low NO, emissions,
generous residence time for fuel burn-out and to minimise the accumulation of
slagging/ash deposits. To limit the production of NO, within the furnace, the
temperature within the combustion zone must be as low as possible but this is at
variance with burnout where high temperatures promote good combustion. To ensure
adequate residence time for burnout and low volumetric heat release rate for low NO,,
a large volume furnace design with expanses of water-cooled walls was necessary.
The salient dimensions of the two furnace designs are:

Helical Wound Vertical Ribbed

Furnace Tube Furnace
Furnace Width 19.43m 19.32m
Furnace Depth (below arch) 15.98m 15.87m
Furnace Depth (at arch) 10.70m 10.70m
Furnace Height 56.0m 56.0m

The proposed burner layout (6 opposed rows (3+3) with 5 burners per row) ensures
adequate side wall clearances. The chosen furnace depth gives sufficient space for
flame development and hence avoiding flame impingement on the furnace wall tubes.

Advantages of Vertical Ribbed Tube Furnace

Compared to the conventional helical wound furnace, the low mass flux vertical ribbed
tube furnace benefits from lower capital and operating costs. The main advantages
are:-

Self-supporting tubes hence simplifying part of the boiler support system.
Elimination of transition headers at helical/vertical interface.

Simpler ash hopper tubing geometry.

Lower overall boiler pressure drop.

Lower auxiliary power load resulting in higher plant output and higher efficiency.

‘Positive flow characteristic’ automatically compensates for variations in furnace
absorptions compared to the negative flow characteristics of the helical furnace
requiring pressure balancing and positive mixing methods.
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3.2.3

Furnace Tube Materials

The wall temperature of the furnace tubes is a critical parameter in boiler designs for
advanced steam conditions due to the materials of manufacture. Furnace walls use
materials for which pre- and post-weld heat treatment is not required. The water-side
inlet conditions to the furnace are dictated by the feedwater temperature and the
economiser surface increasing the temperature of the water entering the furnace
circuits. For the modest steam conditions of 25 MPa, 541°C/569°C, the furnace walls
for the two designs under consideration would be constructed of 15Mo3 (0.3% Mo),
T11 or 13CrMo44 (1%Cr, 0.5%Mo).

Safeguarding the Furnace at Start-Up

Once through boilers require a minimum flow through the furnace tubes at all times.
The exact quantity of this minimum once through flow (which is a definition of the
Benson Load) is dependent upon the tubes and the wall construction. For the furnace
designs under consideration, the minimum flow was estimated to be some 35% of full
load flow. At loads below the Benson load, the water is circulated back to the
economiser inlet. In order to achieve this water circulation, separator vessels and
circulation pumps are necessatry.

Furnace Exit Superheater

The main advantage of the two-pass boiler design is its ability to allow the inclusion of
a high temperature heating surface in areas of high flue gas temperatures. Figure 4
shows the inclusion of a platen in the open pass of the furnace allows the secondary
superheater to be located in flue gas temperatures up to 1500°C. With the design
using vertical legs, membrane tip to ensure tube alignment and wide cross pitching to
avoid ash bridging, the platen superheaters can readily be cleaned by conventional
sootblowing. The use of this arrangement has allowed the furnace exit gas temperature
(FEGT) to be controlled to below the initial ash deformation temperature (IDT) of the
design coals. The use of such pendent superheater also means that all supports for
the heating surface are outside the flue gas stream.

Boiler Design
Heating Surfaces

The heating surfaces of the boiler are arranged to maintain optimum temperature
heads and efficient cooling of the flue gases with adequate tube spacing. Figure 4
shows in this two-pass design the final pendent heating surfaces are arranged in
sequence and the flue gas mass flux varied to suit the velocity of the flue gas (<13m/s)
by varying the furnace roof height. Low steam side flow and temperature imbalances
are important in limiting high tube metal temperatures in the final heating surfaces. The
steam flow in all the final pendent surfaces is parallel to the flue gas flow. There are
two parallel steam streams and the main steam temperature is modulated using two
stages of spray attemperation for each of these steam streams. At full boiler load
adequate surface is provided for full reheat steam temperature. At part loads, the
reheat steam temperature is controlled by flue gas recirculation (FGR) from the ID Fan
exit so as to meet the requirements of the 50% MCR reheat control load.
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Economiser

A continuous multi-loop plate gilled economiser is included so as to reduce the flue gas
temperature to the required level for the airheater performance. The economiser also
acts as a buffer between the feedwater supply system and the furnace circuits and
hence reduces the potential for fatigue damage caused by thermal stress variations.
The economiser is arranged with the feedwater in counterflow to the downward
direction of the flue gas and is located in the second pass after the primary superheater
bank. The economiser size was selected to ensure that the water passed to the
furnace circuit was sub-cooled over the range of operating conditions.

3.2.4 PFD Water/Steam Circuit

3.25

Figure 5 presents the process flow diagram (PFD) for the water/steam circuit together
with the performance at BMCR conditions. The separator vessels and circulation
pumps shown are necessary to safeguard the furnace during start-up. The superheat
steam system proposed is a two-parallel-stream arrangement with stream cross-over
from one side of the boiler to the other before and after the platen superheater to
minimise the effect of side-to-side flue gas temperature imbalance.

Design of Firing System
Coal Mills

The milling plant comprises 6 vertical spindle, ring and roller, slow speed, pressurised
mills and associated seal air fans. 5 mills are required for boiler MCR conditions. The
mill selection is a Mitsui Babcock '10.9E8’ type. The base capacity of this mill is a
maximum throughput of 59.6 Te/hr defined for a coal with a Hardgrove Index (HGI)
value of 50 and a coal particle density of 1500 kg/m? at an output fineness of 70% by
weight passing through a 75mm sieve. To define the mill capacity for the proposed
boiler design, the base value was adjusted for the HGI value of the defined coals (55-
64) and the required output fineness to meet the unburnt carbon loss based on the
design coals. The margin on milling capacity is such that BMCR can be achieved with
1 spare mill and some 10% margin. Each mill supplies one row of burners with each
burner supplied by its own PF pipe from the mill outlet.

Pulverised Fuel Burners & OFA System

The burner and over-fire air (OFA) arrangement for the two furnace designs is shown in
Figure 4. Each boiler is equipped with 30 Mitsui Babcock Low NOy Axial Swirl Burners
(LNASB); 25 burners are required for boiler MCR conditions. The nominal burner load
is approximately 60MW,.

Each design of furnace is arranged for opposed wall firing with 30 burners arranged on
3 rows high on 3800mm vertical pitch by 5 burners wide on 3357mm horizontal pitch on
the front and rear walls with adequate burner sidewall clearance. Each row of burners
is served by 1 mill. This maintains uniform lateral heat input irrespective of the
combination of mills in service.

The OFA system consists of one level of over-fire air ports positioned 3800mm above
the centreline of the top row of burners to provide facilities for in-furnace air staging.
The over-fire air ports have the same horizontal pitches as the burners. With
consideration given to the furnace layout for low NO, and the concept of combining the
advantages of low NO, burners and in-furnace air staging will ensure that the NOy
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3.2.6

emissions requirements of 600 mg/Nm*® @ 6%0, v/v, dry are met by primary control of
combustion on the basis of the specified design coals.

Full & Part Load Boiler Performance

The boiler design has been based on the steam conditions quoted in Section 3.1 with
Shenmu and Jinbei coals as the basic design fuels. Based on the design at BMCR
conditions, the performance was predicted for boiler turndown.

Figure 6 presents the enthalpy (h) — pressure (p) diagram at full and part load boiler
conditions. In order to enhance the reheat performance, it was necessary to introduce
flue gas recirculation (FGR) from the ID fan exit to the furnace hopper. Some 17%
FGR is necessary at 75% MCR, whilst some 40% FGR is necessary at 50% MCR load
conditions to achieve target steam conditions. At the chosen Benson load of 35%
MCR, the final steam and reheat steam temperatures were anticipated to be 541°C.

In order to avoid cold end corrosion of the gas airheater and maintain the flue gas
temperature at 115°C, it was necessary to preheat the air to the gas airheater. It is
anticipated that the gas airheater air inlet temperature of 26°C at BMCR would be
required to rise to some 77°C at 35% MCR.

3.2.7 Pressure Part Materials List

The boiler design has been based on ASME design code. In addition to this some
analysis was undertaken to arrive at the design margins required for the pressure part
scantlings based on upsets to gas and steam-side imbalance, heat flux profiles and
heat imbalance. The preliminary sizing and material selection for the pressure parts is
presented in Table 8.

For the moderate steam conditions presented in Section 3.1, T91 and T92 (9%
chromium ferritic/martenistic steels) can be employed as the tube material for the
higher steam temperature sections of the final pendent superheater and final pendent
reheater. Mitsui Babcock has extensive experience of T91 and has used this material
in a number of new-build sub-critical power plants in China.

Headers and steam pipes as thick section components can limit the permissible rate of
load of the plant. Mitsui Babcock design features and high-grade materials such as
P91 have been used to ensure that these components have a reduced wall thickness
and hence minimised operational constraints.

3.2.8 PFD Air/Flue Gas System

The overall process flow diagram (PFD) for the air/flue gas system with gas recycling
for reheat steam temperature control is shown in Figure 7. The PFD allowed technical
specifications to be prepared which covered the following balance of plant (BOP)
items:-

Regenerative airheaters

Steam airheaters

Coal pulverisers

Draught plant (primary air fan, forced draught fan, induced fraught fan)
Electrostatic precipitator

Ash and dust system
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3.2.9

3.2.10

3.3

Mill and Airheater Heat and Mass Balance

Preliminary calculations of heat and mass balance around the mills and airheaters were
undertaken in order to establish their performance on the basis of the design fuels. The
performance at BMCR with Shenmu coal is also shown in the PFD in Figure 7.

Mill Performance

The requirements of the mill are in terms of the air inlet temperature and the quantity of
tempering air at BMCR. The mill inlet temperature is a function of the fuel moisture,
ambient air temperature and the type of mill. The permissible mill product temperature
is dependent on fuel constituents particularly volatile matter content. For the design
coal with the higher moisture content of 16.45%w/w, the required mill inlet temperature
is some 310°C with minimal tempering air (<2% of the total primary air) for safe mill
operation for mill product temperature of 90°C.

Airheater Performance

The feedwater temperature controls the lower limit of flue gas temperature entering the
gas airheater. Acceptable outlet flue gas temperature is generally a function of the fuel
constituents and the acid dew point of the flue gas depending upon the ash
constituents. For the steam cycle under consideration, the feedwater temperature is
287°C at BMCR and the target airheater gas outlet temperature is 115°C diluted. It is
possible to achieve this by cooling the flue gas to around 370°C in the economiser and
achieving the rest of the heat transfer in the airheater. Further cooling is possible with
a larger economiser, but this will restrict turndown performance, as the large
economiser will steam at low boiler loads under sliding pressure operation. At part
loads, it will be necessary to control the outlet flue gas temperature by steam pre-
heating the incoming air to avoid dew point corrosion. In the calculations, an allowance
is necessary to correct the ambient air temperature for temperature rises through the
upstream forced draught and primary air fans.

Boiler Island Layout

The boiler island has been designed using 3D modelling software. The model includes
the auxiliary equipment such as the draught plant, airheaters, air and flue gas ducts,
pumps, structure and galleries, piping, mills and PF pipework, and electrostatic
precipitators as well as detail of the heating surface layout within the boiler.

Preliminary estimates were used to arrive at the boiler island foundation loads and load
plan.

Technology Appraisal

3.3.1 Risk Assessment

The following section outlines the features, advantages and disadvantages of the two
supercritical boiler designs namely: -

A once through design featuring a helical wound furnace.

A once through design featuring a vertical Internally ribbed furnace.
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3.3.2

3.3.3

General Features of the Helical Tube Boiler Designed by Mitsui Babcock

Worldwide there are around 40 once through supercritical boilers, 11 of which have
been built by Mitsui Babcock. The helicall tube boiler design proposed for the 600MW,
reference design is an Mitsui Babcock standard two pass, balance draught, once
through supercritical unit utilizing the Benson principle, the major features having all
been proven in service.

Apart from the furnace tube configuration and steam drum, the common features of the
subcritical boilers and supercritical boiler built by Mitsui Babcock are as follows :-

Two pass arrangement

Opposed wall firing

Membrane water wall

Combustion system with low NO, pulverized coal burners and after air ports

Pendent superheaters

Stub pipe stub header systems

Plate gilled economizer

Modularised design

Coal pulverisers

Fans
Some changes are required to the furnace wall configuration for the supercritical boiler
with comparison to the natural circulation subcritical boiler. There is a lower fluid mass
flow in the furnace wall compared to a natural circulation unit of the same evaporation,
however the same furnace volume needs to be enclosed.
Mitsui Babcock’s helical tube supercritical boiler has the following features.

Two pass design

Helical wound tube furnace with pressure balancing ring and welded strap
support

Recirculation start-up system

High mass flux for helical wound furnace tube cooling
General Features of the Mitsui Babcock Vertical Internally Ribbed Tube Boiler

In the past Mitsui Babcock has built natural circulation boilers which have featured
ribbed tube. At present, Mitsui Babcock has developed a supercritical boiler design
where the vertical tube with an internal ribbing is used. To enhance supercritical boiler
heat transfer in the zones of highest heat flux, development work on the tubing was
undertaken by Mitsui Babcock and the Central Electricity Generating Board in the UK.
More recently Siemens embarked on further research work optimising the rib geometry.
The internal ribbed tube improves the heat transfer and makes it possible to use
vertical tubes at the low fluid mass fluxes as required for once-through operation. This
can be done in the regions of highest heat flux, without risk of tube overheating.
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The internal ribbed tube has been tested as individual tubes and panels in existing
furnaces. Mitsui Babcock has offered a vertical tube supercritical boiler with full
commercial guarantees since 1994.

The features of the vertical ribbed tube designed by Mitsui Babcock are as follows: -

The vertical tube furnace in conjunction with the recommended control
philosophy will provide a required load changing capability over a wide load
range (100% to 25% is possible from the furnace water and steam system).

The controls ensure total water flow in the furnace is matched to the total heat
input under steady state and load changing conditions.

The positive response characteristic of the furnace tubes ensures that the total
flow is shared between individual tubes to match closely the actual tube heat
inputs. Therefore exit steam temperatures and metal temperatures will be very
uniform.

3.3.4 The Benefits of the Helical Wound Tube Furnace

3.35

The standard two-pass configuration itself offers the benefits of: -

Lower structure and lower capital cost than tower boilers due to a height about
two thirds of that required by tower boilers.

Better fuel flexibility and less potential for slagging due to vertical platen surface
on the areas of high gas temperature (membrane) providing effective heat
transfer and being tolerant to slag build up.

Easier dust collection.

No high temperature supports in gas pass.

The benefits of the helical wound tube furnace are as follows :-
Equalized heat pick-up in individual tubes.

An inter-tube differential temperature less than 40 °C ~50 °C.
General Considerations of the Helical Wound Tube Boiler Design
The following aspects of the helical tube furnace have been identified as potential risks

associated with this technology :-

The pressure drop of the furnace is higher than that of the vertical tube, because
the length of the helical tube is around double that of the vertical tube, and the
flow velocity is higher than that of the vertical tube.

The configuration of the water wall and the support system are complex so that
installation effort is increased.

From a maintenance viewpoint it is considered more difficult to work on a helical
tube furnace than its vertical tube counterpart.
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3.3.6 The Benefits of the Vertical Internally Ribbed Tube Furnace

The vertical internally ribbed tube furnace benefits from lower capital costs than the
helical wound furnace because:

The tubes are self-supporting so boiler support becomes much simpler.

The transition headers at helical/vertical interface and pressure balance ring are
no longer required.

Ash hopper tubing geometry is simplified.
The corners are easy to form.

The tube welding is reduced.

The operational costs are similarly reduced for the low mass flux vertical ribbed tube
boiler because:

For a given heat flux the vertical internally ribbed tube furnace can be operated
using significantly lower mass flux without the risk of overheating the tubes.

Lower boiler pressure drop. The tube lengths and the flow velocity in the tube
are reduced, so the pressure drop of the vertical tube furnace is around two thirds
of that of the helical wound tube furnace.

The feeder water pump power load of the vertical tube furnace is reduced by
~5% compared with a helical wound tube furnace.

The reduced pressure drop also gives each tube a desirable positive flow
characteristic with regard to heat flux i.e., as the tube receives more heat, the
fluid moves through it more rapidly, providing increased cooling for the metal.
This effect minimizes temperature differences between tubes, making the need
for a mixing ring unnecessary and allowing lower design temperatures.

The maintenance of the furnace is cheaper and easier.

Less potential of deposition and slugging.

In addition, similarly to the helical wound furnace a recirculation system is necessary
for this configuration of furnace during low load and start up. However one advantage
of the vertical tube unit is that it allows a lower turn-down (25%) before recirculation of
water is necessary. Note, Mitsui Babcock does not offer a once-through boiler without
recirculation pump for low load. Even base load plant must start-up and shut down
efficiently and safely.

3.3.7 General Considerations for a Supercritical Vertical Internally Ribbed Tube Boiler

Some key considerations peculiar to the vertical tube furnace are: -

The cost of internally ribbed tube is higher than that of the normal smooth bore
tubes. However this is more than compensated for by the benefits summarised
in Section 3.3.5 above.

The vertical internally ribbed tubing furnace is more commonly suited for the
range of medium to large utility boilers due to difficulties in ensuring the minimum
flow rate for small capacity power generation units.
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3.3.8 Chinese Confidence in Mitsui Babcock Design

In order to address the potential reservations from a customers viewpoint involved in
committing to a less familiar Mitsui Babcock design for supercritical furnace, the
proposed Mitsui Babcock design for the helical wound furnace was also compared by
TPRI against a non-Mitsui Babcock designed supercritical plant. The Shidongkou
plant, currently in operation within China and firing the same coal (i.e. Shenmu and
Jinbei) as that specified for the Mitsui Babcock design, was selected.

TPRI noted the following key points:
The dimensions of the two boilers were seen to be very similar.

In generally, the selected materials of the two boilers were similar.

The mass fluxes of the Mitsui Babcock helical wound boiler and Shidongkou plant
when placed under the same firing conditions were found to be in reasonable
agreement.

Based on the fact that the Shidongkou Power Plant (non-Mitsui Babcock) design had
operated successfully for several years, TPRI considered that from a Chinese
customer perspective, the similarities featured above would contribute significantly to
confidence in the less familiar Mitsui Babcock design.

3.4 Economic Appraisal

3.4.1 Economic Comparison of Supercritical and Subcritical Units

According to the Reliability Index of 600MW, class units operating in China at present,
the Reliability Index of supercritical units is nearly the same as that of subcritical units.
Therefore based on a similar level of reliability between subcritical and supercritical
plants the necessary level of investment and operating economics of supercritical units
and subcritical units were compared. (Note: £1 equates approximately to 0.08 Yuan
RMB).

According to an estimate of domestic project investment the total static investment of
2x600MW, domestic subcritical units is 4,278,000,000 yuan RMB. Static specific
investment is 3565 yuan RMB/kW, ($428/kW,) and the basic contingency rate is 6%.
This Investment breakdown is shown in Table 9.

Table 9 shows that in China the general project is divided into four parts; construction,
original equipment costs, erection costs and other costs. There is a detailed
specification for the components of every part. The term construction means civil work,
while the erection refers to the equipment installation.

When 2x600MW, supercritical units based on the same site conditions were costed,
domestic equipment was selected. i.e. the three main items of plant equipment (boiler,
turbine and generator) were selected from three major Chinese power equipment
manufacturers. The total static investment of domestic supercritical units was
4,370,000,000 yuan, and the specific investment was 3,642 yuan/kWe..

This $10/kW. or 2.3% increase in investment for the supercritical boilers against their
subcritical counterpart was mainly attributed to the increase in equipment fee. These
estimates were provided by TPRI and based on feasibility studies of projects in China.
Mitsui Babcock estimate the increase to be nearer 2%.
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To compare the economics of the supercritical unit and subcritical unit, the annual cost
method of economic appraisal is employed for a calculation term of 25 years. The
annual cost method is a technical economic comparison method adopted by the
Chinese domestic power industry.

From the above it was calculated that the investment of supercritical unit was
92,000,000 yuan higher than subcritical unit.

At present the unit operation and maintenance fee rate in China is 2.5%, thus the
predicted difference for the supercritical and subcritical units for operation and
maintenance fee is 2,300,000 yuan (92,000,000x2.5%). Mitsui Babcock view this
difference to be excessive and believe the supercritical and subcritical cost
approximately the same to maintain.

With the coal feed rate of the supercritical unit lower than its subcritical counterpart the
fuel cost is reduced accordingly for the supercritical plant. For the purposes of this
economic assessment, it was taken into account that the coal rate of the supercritical
unit would be 11g/kWh lower than that of the subcritical unit. As the fuel cost is
composed of annual utility hours and the coal price, the annual cost for a range of
appropriate annual utility hours and a range of different coal prices was derived. The
results are shown in Table 10.

In general to accommodate the extra capital cost of the supercritical and to benefit from
the extra efficiency a high utilisation is required. In addition the supercritical case is
further benefited by a high fuel price.

Because the coal rate of supercritical unit is lower, SO, emissions are decreased.
When the utility hours are 5000h, the SO, emission of supercritical unit is 800 ton/year
less than that of subcritical unit. When we consider that the charge of SO, is 0.2
yuan/kg, then the charge of for SO, emission from the supercritical unit is 160,000 yuan
less than that of subcritical unit.

3.4.2 Economic Comparison of Vertical Tube Boiler and Helical Wound Tube Boiler.

According to previous Mitsui Babcock cost analysis'®, the price for a boiler with helical
tube furnace is 91 million US$, and the price for a boiler with vertical ribbed tube
furnace is 91.25 million US$. The supply scope includes boiler pressure parts,
airheaters, fans, electrostatic precipitator, support structure, coal bunkers & supports,
galleries & ladders flue & duct system, boiler framing, casings & support sling system,
valves & mountings, sootblower system and controls, auxiliary piping and supports,
insulation & refractories, coal feeders and mills, PF piping and burners, burner front oil
light up piping and valves, local instrumentation, steam and feed piping, HP & LP
turbine bypass, ash removal, which is normally referred to as the scope of boiler island.

We can see that the price of vertical tube boiler is 250,000 US$ higher than the helical
tube boiler, which is about 2,080,000 yuan RMB. At present in China, the erection fee
of boiler is calculated based on weight of boiler, so the erection fee of vertical tube
boiler will be 300,000 yuan less than helical tube boiler because the vertical tube boiler
is lighter. Meanwhile the foundation loads are lower for the vertical tube boiler than for
the helical tube boiler, this will decrease construction fee by about 180,000 yuan.
Therefore In total, the investment of a vertical tube boiler will be 1,600,000 yuan higher
than that of helical tube boiler.
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According to the data from Mitsui Babcock, the vertical tube boiler water/steam
pressure drop should be around 15 bar lower than that of the helical tube boiler, this
will largely decrease the power consumption of the feedwater pump, and will save
about 1,320,000 yuan of operation cost.

By use the annual cost method, we can calculate that the annual cost of the vertical
tube boiler will be 1,050,000 yuan less than that of helical tube boiler (1,050,000 x
0.17-(1,320,000)). Therefore in general the vertical tube boiler is considered to be
more economical than helical tube boiler.

3.4.3 The Effect of Domestic Manufacture on the Economic Analysis

4.1

From above section we can see that the static investment of domestic supercritical
units is 4,370,000,000 yuan RMB. And if the domestic equipment and system of boiler
island is replaced with that of Mitsui Babcock, and other part such as turbine island and
BOP part still use domestic equipment, the total static investment of supercritical units
with Mitsui Babcock boiler is about 4,650,000,000 yuan RMB, and the specific
investment is 3875 yuan/kW,. These figures are summarised in Table 11.

If we consider that the first boiler price is 91 million US$, and the second boiler price
can decrease by 5%. So the price of 2x600MW, units boiler island is 177,450,000 US$.
The static investment of supercritical units with Mitsui Babcock boilers is about
372,000,000 yuan higher than that of the domestic supplied subcritical units. The
specific investment is 310 yuan/kW, higher. It is necessary to note that this cost basis
includes a Mitsui Babcock boiler capital cost estimated based entirely on imported
hardware i.e. without any Chinese manufacture. Both Mitsui Babcock and TPRI admit
that this figure is somewhat excessive and that there is considerable scope to reduce
this final figure by working with domestic manufacturers. Table 11 highlights the
current economic difficulties of the supercritical units in competing against the
subcritical units.

In conclusion it is necessary to lower the equipment price of the supercritical unit in
order to compete with the subcritical unit. The strategy proposed is that Mitsui Babcock
co-operate with a domestic manufacturing company, with Mitsui Babcock in charge of
the whole design and performance, and the domestic manufacture company in charge
of manufacturing. Critical components are to be imported from Mitsui Babcock, this will
gradually increase the ratio of localization, decrease the equipment price and
potentially enlarge the market share.

ABGC

Gasifier Performance Prediction

A Mitsui Babcock pressurised gasifier was designed using the Chinese Shenmu coal
and its performance predicted in an Air Blown Gasification Cycle (ABGC)
configuration. To arrive at a suitable gasifier design for the ABGC to be designed by
TPRI (Section 4.2), the following process steps were followed and are described
below, arriving at a design and performance prediction on the Shenmu coal:

Gas energy and condition requirements for the ABGC with the gas turbine
selected by TPRI

Coal analysis
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Reactivity analysis using Pressurised Thermo-Gravimetric Analysis (PTGA)
arriving at a relative reactivity compared to a well documented reference coal

Application of the Mitsui Babcock gasifier design program

Iteration with the overall ABGC cycle design to satisfy the requirements of the
gas turbine for gas energy and the gasifier requirements for compressor air
extraction.

4.1.1 Gasifier Desigh Parameters
TPRI selected a GE9351FA gas turbine as the basis of the ABGC to be studied. Initial

cycle analysis by TPRI and Mitsui Babcock based on an outline gasifier design from
Mitsui Babcock gave the following gasifier design parameters:

Fuel Gas pressure at gasifier outlet 25 bara
Total fuel gas energy required at base load 748.37 MW
Fuel gas temperature at gas turbine control valve 600°C

Based on the outline gasifier design fuel gas composition, this energy was split
between chemical energy (calorific value) and sensible energy (due to the fuel gas
being supplied hot (600°C) to the gas turbine.

Chemical energy 636.84 MW
Sensible energy 111.53 MW
Calorific value required to burn efficiently > 3.6 MJ/Nm3 (wet, LHV)

Other cycle parameters were set for the design:

Main air temperature 336°C
Coal transport air temperature 248°C
Coal temperature 50°C
Dolomite temperature 20°C
All gas input pressure >25.5 bara
Steam temperature required 30°C superheat

4.1.2 Coal Analysis

The Beijing Research Institute of Coal Chemistry (BRICC) provided an analysis of the
Shenmu coal and the UK reference coal, Daw Mill 1. The analysis results are shown
in Table 12.

The coal analysis supplied by BRICC has been corrected to 5% moisture because the
coal is dried to this level in the ABGC before feeding the gasifier to prevent feeding
problems.

Where parameters were missing from the analysis provided, such as ash chemistry,
these were taken from the Shenmu coal analysis provided previously for the
supercritical boiler part of this contract (Section 3.2). Ash chemistry is important for
selecting the correct gasifier operating temperature to avoid agglomeration.
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4.1.3 Coal Relative Reactivity by PTGA

Thermogravimetric analysis provides a convenient method of following the course of
gas/solid reactions by measuring the changes in weight of the solid sample.
Subsequent analysis of these weight changes allows rates of reaction to be determined
and expressed as the rate of change of mass with time. For gasification reactions the
rates of reaction are defined as the change in the mass of carbon as a function of time
expressed by the degree of gasification or "burn-off'. Reaction rates generally
increase initially with time as the sample heats up and as the porosity develops. After
a period, the reaction rate decreases with "burn-off* as the particle shrinks and loses
geometric area.

BRICC carried out pressurised thermogravimetric analysis of the selected Shenmu coal
and also the Mitsui Babcock standard gasification coal, Daw Mill in both CO, and
steam.

BRICC PGTA

A diagram of the PTGA is shown in Figure 8. The apparatus consists of a refractory-
lined pressure vessel containing a reactor tube, which is electrically heated to 1050°C.
The pressure vessel is designed for 30 bar working pressure. The test sample is
introduced through a side entry port on to the basket suspended from one side of the
balance. The sample basket is lowered into the heated reactor tube. Mass changes,
temperature of the sample and time are recorded. The balance weighs up to 20g and
can be read to 10 micrograms.

The gaseous atmosphere may be inert helium, steam, H,, CO or CO,. The gases are
delivered from cylinders through valves and measuring devices at 15 to 800 litres per
hour. Steam is fed in from a steam generator heated to a temperature corresponding
to the partial pressure of steam that is required for the test. Steam is fed in upwards
through the reactor and because its density and viscosity are higher than helium, the
two fluids do not mix. Consequently, 100% steam can be used or it can be mixed with
hydrogen. The outlet control valve controls gas pressure in the system.

Operating Procedure

The coals were devolatilised at 900°C for one hour, in an atmosphere of constant N,
flow. The chars were prepared to a nominal sample size of Imm (+850mm -1.18mm).
Approximately 70mg of sample was used for each test. The experimental procedure
was similar for all of the tests; the only differences were the choice of sample and
reactant gas. Essentially the experimental procedure was as follows. Approximately
70mg of coal was weighed into the sample basket, which was then introduced into the
water-cooled sample lock. The reactor temperature was adjusted to 950°C and the
pressure was raised to 8.6 bara with helium. The reactant gas was then introduced
into the system and after several minutes the sample was lowered into the reactor.
The temperature was then readjusted. The weight loss was recorded against time for
each of the samples.

For the purpose of characterising the sample of Shenmu coal, four tests were carried
out on the PTGA, two using the Shenmu coal and two for comparison using a sample
of the reference Daw Mill coal. All the tests were carried out at a pressure of 25 bara
and at a range of temperatures between 850°C and 1100°C to match the conditions in
the gasifier for the ABGC under consideration. Tests in steam and in CO, were carried
out on each of the two coals.
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Results and Analysis

The weight loss curves for different operating temperatures are shown in Figures 9 to
Figurel2.

These weight loss curves were used to calculate the coal reaction rates. There are
three definitions given by Van Heek and Miihlen ® for reaction rates and a judgement
is needed on which definition is used to express the rate from the experimentally
determined weight losses:

r' is the rate related to initial mass, M, calculated by the equation immediately
below. If r'is constant when plotted against burn-off, X, then the reaction is zero
order. This is the general case for catalysed gasification.

re= —~ 1)

r' is the rate related to the mass of carbon present in the reactor at time, t. If the
experimental r' calculated according to the equation immediately below is plotted
against "burn-off" is constant, then the reaction is first order:

N PR
= -X) 2)

rs is again related to mass of carbon present at time, t. If the experimental rs (the
eguation immediately below) is plotted against "burn-off", and it is constant then the
reaction is 2/3 order. In the case in this present study, the rates have been found
to be 2/3 order typical of progress of the reaction at spherical surfaces.

— d_X w203
s = (1-X) 3)
X = -w 4)
Mo

The effect of the selection of different n values is shown in Figure 13.
Specific reactivity (reactivity against weight loss) was then calculated for each of the

four cases at 25 bara, 950°C ,assuming n = 2/3 and the results are shown in Figures
14 to Figure 17.
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The specific reactivity results in carbon dioxide and in steam at 75% conversion were:

Atmosphere Specific Reactivity at
75% conversion
% / min™
Shenmu Coal H,O 53.5
CO, 22.1
UK Coal H,O 30.3
CO, 14.1

These values were used to derive a relative reactivity of Shenmu compared to Daw
Mill for input to the Mitsui Babcock performance predictive model. The Shenmu coal
was found to be more reactive than Daw Mill; the reactivity factors calculated were
1.57 in CO, and 1.77 in steam.

4.1.4 Design of Gasifier & Prediction of Performance

The Mitsui Babcock pressurised fluidised bed gasifier (PFBG) was designed using the
Shenmu coal to satisfy the ABGC requirements laid out in Section 4.1.1 using the coal
analysis and reactivity data given in Sections 4.1.2 and 4.1.3 respectively. The design
was carried with the aid of the Mitsui Babcock mathematical model of the gasification
process, the Hydrodynamic, Heat Transfer and Kinetic (HHK) model. An outline of the
model is presented, together with information on input data, and the results are
presented.

Model Description

Part of the development of the Mitsui Babcock PFBG includes a program of
fundamental studies and modelling activities. One aspect of the modelling activity
concerned steady-state predictive methods to determine gasifier performance as a
function of reactor geometry and of gas/solids input. The theoretical models vary in
complexity from simple thermodynamic heat and mass balance routines to more
sophisticated three-dimensional simulations of gas/solids motion within the reactor.

Inside the gasifier, the following take place: gas/solids hydrodynamics; reaction of
oxygen in the incoming gas streams; coal heating and devolatilisation; partial
combustion of volatiles; gasification of char by CO, and H,O; sulphur release and
retention (using limestone); particle attrition; solids removal via controlled withdrawal &
elutriation; particle size reduction. Thus, in order to optimise reactor performance, it is
necessary to be able to predict the fate of both solid and gas streams entering the
fluidised bed as a result of the various physical and chemical processes occurring
within the gasifier.

The core mathematical (HHK) model has been developed to simulate most features of
the process. Detailed aspects (e.g. sulphur retention) are handled by stand-alone
theoretical modules and/or by physical/chemical modelling. Additional information, to
complement cold model data on solids/gas movement in the reactor, is being found via
computational fluid dynamic packages. The HHK model is steady-state and 1-
dimensional, viz. it predicts variables such as bed temperature along the vertical axis
of the reactor. Account is taken of all the phenomena mentioned above and the model
is operated in an iterative fashion, physical properties, combustion, gasification, etc.,
being calculated and then temperature profile and particle population. The model has
been developed in a modular fashion, to allow particular aspects of the process (e.qg.
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gasification rate) to be examined in conjunction with a programme of physical &
chemical modelling.

The HHK model uses a standard input data file that gives details on: reactor size; coal
size distribution and chemical analysis; operating pressure; air and steam input flow
rates and temperature; and limestone feed rate. Reactivity is catered for in an
empirical manner by inclusion of a multiplication factor on the van Heek expression for
gasification; this factor has been set to unity for Daw mill coal and the corresponding
factor for the Shenmu coal was determined in Section 4.1.3. The fuel analysis for the
performance prediction is given in Section 4.1.2.

Gasifier Island Design

The model was set up operating at a pressure of 25 bara to match the requirements of
the selected gas turbine. The nominal fluidising velocity and reactor diameter selected
determine the gas flow rate; the coal to air ratio determines the gas quality and the air
to steam ratio is adjusted to optimise the gasifier operating temperature. The coal feed
size is adjusted to match the fluidising velocity for reasonable conversion. There is
complex interplay between these main control parameters.

The total gas requirement to fully load the gas turbine (base load) is supplied from
three identical gasifiers operating in parallel. The gas volume is too large for a single
unit due to inadequate fluidisation. Hence, total gas energy required from each
gasifier is 249.46 MW. The parameters presented below are for each of the three
gasifiers.

Feed Streams

Coal feed rate 45,580 kg/h
Dolomite federate 1,490 kg/h
Main air require 67,840 kg/h
Transport air require 39,360 kg/h
Steam required 18,000 kg/h
Coal feed top size 4 mm

Output streams

Gasifier fuel gas outlet temperature 938°C
Fuel gas composition (vol %, wet)
N> 43.7
CO, 7.6
CO 20.2
H> 17.4
CH, 1.8
H.O 9.3
Fuel gas calorific value (LHV) 4.63 MJ/INm®
Fuel gas flow rate (wet) 158,725 kg/h
Fuel gas chemical energy 212.68 MW
Fuel gas sensible energy at 600°C 36.25 MW
Fuel gas total energy at 600° 249.93 MW (0.2% deviation from target)
Solids chemical energy 84.46 MW
Solids sensible energy 4.70 MW
Solids total energy 89.16 MW
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Solids composition (weight %)

Carbon 65.2
Ash 27.2
Performance

Coal conversion (dry-ash-free basis) 77.2%

These operating and performance data have been used to feed into the ABGC design
studies in Section 4.2.

4.1.5 Gasifier Design Conclusions

The Shenmu coal appeared to be a good candidate for gasification in the Mitsui
Babcock pressurised fluidised bed gasifier.

The good reactivity, compared with a well-proven UK coal (Daw Mill), suggests that the
gasification kinetics will result in a coal conversion of ~77%, whilst meeting all of the
criteria for operation in an ABGC using a GE Frame 9FA machine.

The predicted product gas calorific value of ~4.6 MJ/Nm® will result in efficient
combustion in the turbine combustor.

4.2 ABGC Performance

Based on the predicted gasifier performance the ABGC performance has been
evaluated by TPRI utilising Aspen Plus software. Mitsui Babcock expertise was applied
to examine the flowsheet details and the performance of related components such as
the hot gas filtration process. The process and steam flowsheets have been modelled
to establish the cycle performance efficiency and emissions of a Chinese coal
compared to a UK coal. TPRI engineers visited the UK to establish the input data for
the process flowsheet and to agree the sensitivity cases. Furthermore the BRICC
assisted TPRI with the detailed gasification knowledge required to set up the flowsheet.

4.2.1 Plant Description

The coal is transported from a receiving and handling system to the gasifier via feed
lock hoppers. The gasifier feed lock hoppers are pressurised using oxygen-reduced air.
Dolomite from the receiving and handing system is also fed to the gasifier via feed lock
hoppers, these are pressurised with air. Pressurised coal and dolomite are
pneumatically injected into the base of the fluidised bed gasifier, along with air and
steam. In addition, air and steam are also injected into the cone section at the base of
the gasifier. Some of the unconverted coal (char) and minerals are removed from the
base of the gasifier with the remaining carried over into a cyclone, which removes 85%
of the solids. The clean gas from the cyclone is cooled to 600°C in a fire-tube boiler,
which generates high pressure saturated steam. The cooled gas is fed to a ceramic
candle filter where the remainder of the solids are separated. Steam from the steam
cycle is used as candle filter pulse cleaning gas. The clean gas from the filter is fed to
the gas turbine combustors. Exhaust gas from the gas turbine is cooled in a heat
recovery steam generator (HRSG) before being discharged to the atmosphere.

Air for the gasifier is extracted from the exit of the gas turbine compressor and is
cooled in a feed/effluent heat exchanger followed by a low temperature boiler feed
water heater. Most of the air is compressed in the main reciprocating booster
compressor and is reheated in the feed/effluent heat exchanger before being fed to the
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gasifier spout and cone. A small proportion of the air is compressed in a separate
compressor to a higher pressure and is cooled against low temperature boiler feed
water. This air is used for conveying the solids into the gasifier and for pressurizing the
dolomite feed lock hoppers.

Solids from the gasifier base, cyclone and candle filter are cooled in water-cooled
screws, depressurised in lock hoppers and then fed to the Circulating Fluidised Bed
Combustor (CFBC). Oxygen reduced air (ORA) is used for repressurisation of the char
lock hoppers to avoid the possible formation of explosive mixtures. The combustion air
for CFBC is passed though a fan and is then divided into secondary air which is fed
directly to combustor, and primary air which is passed though another fan before being
fed to the combustor. The output from the top of the CFBC combustor is passed a
through a high efficiency cyclone and the solids which are separated are recycled to
the combustor. The cleaned gas from the cyclone is cooled in superheater, reheater
and economiser tube banks before being fed to a particulate removal device. The
cleaned gas is passed though an induced draught fan to a stack.

The steam cycle is a single pressure reheat cycle with turbine inlet conditions of 160
bar, 565/565°C and a condenser pressure of 30 mbar. Water from the condenser is
passed through a low-pressure pump and is heated in parallel low temperature
condensate pre-heaters. These are located in the gas turbine HRSG, the gasifier air
cooler and the char and ash coolers. The preheated water is passed to a deaerator
and then to the HP feed pump. The HP water goes to the steam drums via
economisers located in the HRSG and CFBC. Steam evaporation takes place in the
raw gas cooler, CFBC waterwalls, the external heat exchanger (EHE) and back pass.
LP steam is extracted from steam turbine and fed to the deaerator. Steam from the
drums is superheated in the HRSG and CFBC EHE and back-pass, before being fed to
the HP turbine. The HP exhaust steam is reheated in the HRSG and CFBC EHE
before being admitted to the IP and LP turbine stages. Small quantities of steam are
extracted from the turbine for use in the gasifier and candle filter. The LP exhaust is
cooled by the condenser.

4.2.2 Base Load Performance

The performance of the plant described above was predicted using the Aspen Plus10.1
software package. The overall ABGC plant performance prediction is based on firing a
GE9351FA gas turbine. The performance data for the other major plant components
was supplied by Mitsui Babcock. The coal characterisation and fuel reactivity analysis
for the study is as featured previously in Sections 4.1.2 and Section 4.1.3.

The predicted performance of the plant at base load is summarised in Table 13 and
Table 14. Table 13 illustrates the performance based on firing the Chinese coal
Shenmu, and Table 14 considers the performance when firing a typical UK coal, Daw
Mill. The heat exchanger duties resulting from firing the different coals are given in
Tables 15 and Table 16 respectively. Figure 18 shows the Aspen Plus Model layout for
the ABGC plant performance prediction.

The predicted net power output based on Shenmu Coal at base load is 491.52MW,
and the overall thermal efficiency is 47.28% (LHV basis). The coal feed of the plant is
38.0kg/s(1039.59MWth, LHV). 100% of the coal is fed to the gasifier and the resulting
char is fed to the CFBC. The gas and steam turbine power output is 261.58MWe and
261.31MWe respectively and auxiliary power consumption is 31.37MWe. The plant
consumes 1.24kg/s of dolomite and produces 11.28kg/s of solid residue.
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5.1

TECHNOLOGY TRANSFER ACTIVITIES

All Party Meetings and Workshops

There has been a high level of interaction between the partners with tours by all parties
involved to their collaborator's country. In all five tours have been carried out:

5.1.1 Kick-off Meeting

A formal kick off meeting was hosted by CICETE in Beijing and attended by all project
participants. The Mitsui Babcock tour also covered meetings with TPRI on supercritical
boiler design and agreeing the ground rules for the joint study and BRICC on the
collaborative work on gasification and high pressure reactivity studies. Mitsui Babcock
representatives were shown the excellent experimental facilities of both of these
organisations. April 2000.

5.1.2 Delegation to the UK

A senior TPRI delegation visited the UK to discuss Mitsui Babcock supercritical boiler
and gasification technologies. TPRI visited both the Mitsui Babcock headquarters in
Crawley and their manufacturing facility and Technology Centre in Renfrew Scotland.
Mitsui Babcock arranged for TPRI to also have complementary discussions with other
UK organisations with whom they collaborate on a range of topics (Cranfield University,
ALSTOM, Powergen). ETSU kindly hosted a meal to present a broader face of UK
clean coal technology. August 2000.

5.1.3 Market Assessment Review in China

A formal review of the market assessment was carried out at TPRI's headquarters in
Xi-An and an agreed report resulted. Mitsui Babcock’'s Director of China Sales
attended. August 2000.

5.1.4 Technology Transfer Visit to UK

On the completion of the supercritical boiler designs by Mitsui Babcock towards the
end of 2000, a visit to the UK was arranged for Mitsui Babcock to explain the
background to the designs and discuss with TPRI, BRICC and CPECC the impact of
ground rules and fuel chemistry on the boiler design. TPRI visited both the Mitsui
Babcock headquarters and their manufacturing facility and Technology Centre. Mitsui
Babcock arranged for TPRI to visit business partners in the UK for broader discussions
on clean coal technology (Imperial College, Nottingham University, Innogy, AEA
Technology, Cranfield University, Powergen, AES Drax). January 2001.

5.1.5 Beijing Workshop

A workshop organised by TPRI with the help of Mitsui Babcock Beijing office was held
in Beijing on 20 June 2001 to present the findings of the project to an invited Chinese
audience. The workshop was well attended by a carefully selected invited audience of
about 60 senior engineers from key design institutes, State Power Corporation and
power plant owners with interests in supercritical boilers and gasification technologies.
Introduction and welcome presentations were given by TPRI, CICETE, ETSU
representing DTl and Mitsui Babcock. Presentations by TPRI and Mitsui Babcock
covered an overview of clean coal technologies, supercritical boiler technical and
economic issues and ABGC gasification. There was a great deal of interest in the
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5.2

5.3

Mitsui Babcock supercritical boiler and fluidised bed gasification technologies shown by
the audience.

Whilst the tours and meetings are the more obvious technology transfer mechanisms,
the dominant instrument in this project has been the detailed work itself. The whole
project was designed to be interactive between the UK and Chinese partners:

Supercritical Technology Transfer

Mitsui Babcock designed the supercritical plants (vertical ribbed tube and helical tube
variants) to a specification set by the Chinese partners and the Chinese institutes then
reviewed the design on a technical and economic basis. The project has exposed the
Mitsui Babcock boiler technology widely in China effecting technology transfer and
export promotion.

Gasification Technology Transfer

The Chinese partners selected the study coal for the ABGC assessment and tested
this at high pressure compared to a UK reference coal supplied by Mitsui Babcock.
Mitsui Babcock then predicted the performance of the UK and Chinese coals in the
fluidised bed gasifier of the ABGC. The ABGC cycle was modelled by TPRI with help
from Mitsui Babcock to ensure compatibility with earlier cycle studies, giving the
predicted cycle performance. As a result of the project Mitsui Babcock’s expertise in
the ABGC has been effectively transferred to TPRI and its expertise in high pressure
gasification reactivity experiments has been shared. The project has further
highlighted the benefits of the already well-known ABGC. Mitsui Babcock is keen to
build on this success by formally transferring the ABGC gasification technology to a
suitable Chinese organisation via a licence agreement.

CONCLUSIONS

The sales market for new coal-fired power plant in China is envisaged to increase by
~2.5 times its present size over the next 20 years. This, coupled with the drive to
reduce pollution levels, suggests a significant opportunity for APG.

The present sales market for coal-fired power generation in China is dominated by
subcritical PF plant and supercritical PF plant which presently form 78% and 22%
respectively of new power plant sales.

The next 20 years are envisaged by Mitsui Babcock as dramatically changing this
market with the purchasing of less efficient subcritical PF plants declining and being
replaced by more efficient technologies with lower atmospheric emissions. The
predicted market composition of China’s coal-based power generation capacity by the
end of 2025 is:

ABGC 10%
IGCC 17%
FBC 19%

Supercritical PF 33%
Subcritical PF 21%

Supercritical coal-fired technology and FBC, to a lesser extent, are considered to be

more mature technologies than their gasification counterparts. This advantage is
reflected in their final predicted sales position.

(36)



The main obstructions to introducing CCTs to China have been identified and for each
of the APG technologies the appropriate means of ensuring effective technology
transfer have been highlighted.

Two 600MWe,-class reference designs have been successfully generated, one for a
standard helical wound furnace and another for a low mass flux vertical internally
ribbed tube furnace case. These were based on typical Chinese ground rules and fuel
characteristics.

The two boiler variants were then compared on a technical and economic basis the
results of which illustrated that the vertical internally ribbed tube furnace was a viable
option for the Chinese market.

TPRI in collaboration with Mitsui Babcock and BRICC successfully generated a model,
capable of simulating the complete ABGC when firing a typical Chinese coal. The
suitability of the ABGC to Chinese coals was illustrated with the performance of the
ABGC firing a Chinese coal predicted at 47.28% overall net plant efficiency (LHV basis)
compared with a UK coal of 46.53%. This increase in efficiency suggests that ABGC
technology is appropriate for Chinese coal types.
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Year Total Hydro-electric Fossil fuel-fired Nuclear Power
(Ilr]aspt)zdcl:(iet?/ GW % of GW % of GW | %of
GW total total total
1995 217.224 52.184 24.02 162.940 75.01 2.100 0.97
1996 236.542 55.578 23.50 178.863 75.62 2100 0.89
1997 254.238 59.730 23.49 192.408 75.68 2.100 0.83
1998 277.289 65.065 23.46 209.884 75.69 2100 0.76
1999 298.768 72.971 24.42 223.434 74.79 2.100 0.70
TABLE 1: TOTAL INSTALLED CAPACITY AND COMPOSITION
Year | Total Power Hydro-electric Fossil Fuel -fired Nuclear Power
Gengfaﬂon 10° kWh | % ofthe | 10°kWh | % ofthe | 10°kWh | % of the
10" kwWh total total total
1995 1006.9 186.8 18.55 807.3 80.18 12.8 1.27
1996 1079.4 186.9 17.32 878.1 81.35 14.3 1.33
1997 1134.2 194.6 17.15 925.2 81.57 14.4 1.27
1998 1157.7 204.3 17.65 938.8 81.09 14.1 1.22
1999 1233.1 212.9 17.27 1004.7 81.48 14.8 1.20

TABLE 2: TOTAL ELECTRICITY GENERATION AND COMPOSITION




Year Utilization Hours Net Coal Consumption

Hydro-electric |  Fossil-fired Total in Rate
Average gce/kWh

1995 3857 5454 5121 412

1996 3570 5418 5033 410

1997 3387 5114 4765 408

1998 3319 4811 4501 404

1999 3198 4719 4398 399

TABLE 3: AVERAGE ANNUAL UTILISATION HOURS AND NET COAL CONSUMPTION
RATE

Year Total Installed Capacity (GW) | Annual Power Generation (TWh)
2005 365 1614
2015 550 2520

TABLE 4: PREDICTED DEVELOPMENT OF THE POWER INDUSTRY IN CHINA

Output Boiler Steam
Plant Name Location (MWe) Conditions Start-up Date
Shidongkou | Shanghai 2 x 600 25.4MPa June - 1992
Second 541/569 °C December - 1992
Huaneng Jiangsu 2 x 300 25 MPa March - 1994
Nanjing 545 /545 °C October - 1994
Panshan Jixian, 2 x 500 25 MPa February -1996
Tianjin, 545/545°C | May -1996
Yingkou Liaoning 2 x 300 24.9 MPa January - 1996
545 /545 °C December -1996
Yimin inner 2 x 500 25 MPa November -1998
Mongolia 545/545°C | July -1999
Suizhong Liaoning, 2 x 800 25MPa June — 2000
545 /545 °C
Waigaogiao | Shanghai, 2 x 900 25.2 MPa 2003 - 2004
542 /568 °C

TABLE 5: SUPERCRITICAL PF PLANTS IN CHINA




Low Mass | High Mass | High Mass
Flux Flux Spiral Flux
Vertical Vertical
Positive flow response to heat input o} X X
Low pressure loss o} X X
Lowest metal temperatures o X X
Lowest tube to tube differential temperature O X X
Supported by Benson Licensor o} o X
Reference O o) o
Resistance to dynamic instability o} X X
Sliding pressure O O O
Self supporting O X O
Quick erection o X O
Risk-free tube sets around burners o) X O

TABLE 6: COMPARISON OF VERTICAL AND HELICAL WOUND TUBE FURNACES



Ultimate Analysis Shenmu Coal Jinbei Coal
Car %wt, AR 61.74 58.56
Har %wt, AR 3.35 3.36
Our %wt, AR 9.95 7.28

Nar %wt, AR 0.69 0.79

Sar %wt, AR 0.63 0.63
Proximate Analysis Shenmu Coal Jinbei Coal
Moisture %wt, AR 16.45 9.61
Ash %wt, AR 7.19 19.77
Volatile Matter %wt, AR 23.56 22.82
Fixed Carbon %wt, AR 52.80 47.80
HGI - 63.5 54.8

Al Abrasiveness Ind  mg/kg 10 ~16
HHV kJ/kg 24035 23404
LHV kJ/kg 22865 22405

Design Coal (Ultimate, Proximate Analysis, Calorific value)

Ash Analysis Shenmu Coal Jinbei Coal
IDT °C 1120 1110
Hemi °C 1150 1190
Fluid °C 1190 1270
SiO, % 44,99 50.41
Al,O3 % 18.07 15.73
Fe,0; % 9.98 23.46
Ns,O % 1.08 2.33
K,O % 1.02 1.13
CaO % 11.79~37.13 3.93
MgO % 2.21 1.27

Ash Analysis (including Initial Deformation Temperature)

TABLE 7: DESIGN COAL SPECIFICATION




Spiral Tube Furnace Vertical Tube Furnace
oD Thk | Material oD Thk Material
(mm) | (mm) | ASTM (mm) (mm) ASTM
Main Service Piping
Main Feedwater Pipe 558.8 | 78.0 | Al106C 558.8 78.0 A106C
Main Steam Pipe 406.4 | 62.0 | P91 406.4 62.0 PO1
Cold Reheat Pipe 813.0 | 26.0 | A106C 813.0 26.0 A106C
Hot Reheat Pipe 813.0 | 35.0 | P91 813.0 35.0 P91
Heating Surface
Final Superheater Outlet Leg 44.5 8.0 | A213-T91 445 8.0 A213-T91
Platen Superheater Outlet 38.0 7.5 | A213-T23 38.0 7.5 A213-T23
Leg
Primary Superheater 57.0 8.0 | A213-T12 57.0 8.0 A213-T12
Reheater (First Stage) 63.5 4.3 | 209-Tla 63.5 4.3 209-T1a
Reheater (Final Stage 57.0 43 | A213-T91 57.0 4.3 A213-T91
Pendent)
Economiser 51.0 6.0 | SA210C 51.0 6.0 SA 210C
Vestibule Sling Tubes 44.5 6.0 | A213-T12 44.5 6.0 A213-T12
Boiler Rear Sling Tubes 51.0 12,5 | A213-T12 51.0 12.5 A213-T12
Furnace
Tubes to Arch 38.0 55 | A213-T12 38.0 6.6 A213-T12
Open Pass & Vestibule 31.8 5.0 | A213-T12 51.0 10.0 A213-T12
Furnace Arch Tubes 44.5 6.0 | A213-T12 51.0 10.0 A213-T12
Roof Tubes 63.5 8.5 | A213-T12 63.5 8.5 A213-T12
Cage Wall Tubes 445 6.0 A213-T12 44.5 6.0 A213-T12
TABLE 8: PRESSURE PART MATERIALS LIST
Iltem Construction” | Equipment | Erection* | Other Invggtﬁlent In?/ggfrir]:ignt
unit Ten Thousand Yuan RMB Yuan/kWe
Investment 102672 183954 77004 64170 427800 3565
Perc(f/;‘)tage 24 43 18 15 100 .

TABLE 9: STATIC INVESTMENT OF 2 X600 MWe SUB-CRITICAL UNITS




Annual Cost Difference Between Supercritical Unit and Sub-critical
Unit (In Ten Thousand Yuan)
Annual Utility hour (h)
4500 5000 5500
270 190.2 12 -166.2
280 130.8 -54 -238.8
Coal Price 290 71.4 -120 -311.4
(Yuanfton) | 309 12 186 -384
310 -47.4 -252 -456.6
320 -106.8 -318 -529.2

TABLE 10: ANNUAL COST COMPARISON SUBCRITICAL / SUPERCRITICAL UNIT

Plant Description

Static Investment Specific Investment

Domestic Supply Sub-Critical
Complete Plant

4,278 Yuan (million Yuan) 3,565 Yuan/kW,

Domestic Supply
Supercritical Plant with
Imported Boiler Island
(Mitsui Babcock)

4,650 Yuan (million Yuan) 3,875 Yuan/kW,

TABLE 11: SUMMARY OF STATIC INVESTMENT REQUIRED FOR VARIOUS BOILER

ISLANDS




SHENMU

DAW MILL

Composition

% as fed to Gasifier

% as fed to Gasifier

C 71.2 70.3

H 4.3 4.5

N 0.8 1.1

S 0.3 15

CL 0.1 1.0

CO, 0.4 0.6

Ash 8.1 7.3

Moisture 5.0 5.0

0O, Derived by Difference | Derived by Difference

Volatile Matter

32.7

34.0

TABLE 12: COAL ANALYSIS DATA FOR SHENMU AND DAW MILL COALS




Load (% of base load power) 100
Fuel feeds, MWth (LHV basis)
Coal to gasifier 1039.59
Power output, MWe
Gas turbine power 261.58
Steam turbine power 261.31
Gorss power outpot 522.891
Auxiliary power consumption 31.37
Net power output 491.52
Efficiency % 47.28
Solids flow, kg/s
Coal 38.0
Dolomite 1.24
Solid residue output 11.28

TABLE 13: OVERALL PLANT PERFORMANCE BASED ON SHENMU COAL




Load (% of base load power) 100

Fuel feeds, MWth (LHV basis)

Coal to gasifier 1150.31

Power output, MWe

Gas turbine power 261.92
Steam turbine power 307.30
Gorss power output 569.20

Auxiliary power consumption 34.15

Net power output 535.05

Efficiency % 46.53

Solids flow, kg/s

Coal 45.11
Dolomite 1.26
Solid residue output 11.21

TABLE 14: OVERALL PLANT PERFORMANCE BASED ON UK COAL(DAW MILL)



Steam Flow rate

HEAT EXCHANGER

(kals) DUTIES (MW)
Fuel Gas Cooler 73.66 65.77
HRSG
Reheater 106.09 58.07
Superheater 106.09 96.60
Evaporator 34.43 28.96
High Pressure Economiser 106.09 129.86
Low Pressure Economiser 160.23 12.49
Total HRSG
Bleeding Steam to Deaerator 15.86 40.92
CFBC
Reheater 54.99 30.10
Superheater 69.99 63.74
Evaporator 69.99 62.50
Economiser 69.99 85.68
Total CFBC
Bleeding Steam to Gasifier 15.00
Miscellaneous Low Temp Economiser
Air Cooler 89.33 11.21
Char Cooler 11.29 12.18
Ash Cooler 4.593 1.533

TABLE 15: HEAT EXCHANGER DUTIES (MW;,) BASE ON SHENMU COAL




Flow rate (kg/s)

HEAT EXCHANGER
DUTIES (MWin)

Fuel Gas Cooler 80.397 71.786
HRSG
Reheater 108.680 59.491
Superheater 108.680 98.962
Evaporator 28.283 25.254
High Pressure Economiser 108.680 133.027
Low Pressure Economiser 193.054 53.836
Total HRSG
Bleeding Steam to Deaerator 3.923 10.019
CFBC
Reheater 76.183 41.702
Superheater 88.297 80.401
Evaporator 88.297 78.840
Economiser 88.297 108.077
Total CFBC
Bleeding Steam to Gasifier 12.114
Miscellaneous Low Temp Economiser
Air Cooler 101.844 12.777
Char Cooler 19.506 28.200
Ash Cooler 11.213 8.865

TABLE 16: HEAT EXCHANGER DUTIES (MW;,) BASE ON UK COAL
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