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Abstract: The ultra-supercritical (USC) double-reheat technology is an immediate area of research
focus in China, since the thermal efficiency of USC double-reheat unit is higher than the USC single-
reheat unit. The parameters and capacity of USC double-reheat unit in China have made major
breakthroughs, and the thermal efficiency of the units are as high as 47–48%, which is the highest in
the world. USC double-reheat boiler is one of the most important devices for USC double-reheat
unit, and the design concept and precision have a vital effect on the operation of boiler and power
station. The most difficult and important factors in the design of double-reheat boiler are the layout
of heating surface and the steam temperature regulation method. Therefore, this work summarizes
the arrangement of heating surface and temperature regulation method of existing double-reheat
boiler in China. It is hoped that the work will set a benchmark for the development of double-reheat
boiler and the future 700 ◦C power generation unit in the world.

Keywords: ultra-supercritical double-reheat boiler; heating surface layout; steam regulation method

1. Introduction

Coal is the primary energy source and plays a dominant role in thermal power
generation in China. Pulverized coal fired power plants consume 50% of the coal in China
and contribute nearly 50%, 35%, and 35% of the total SOx, NOx, and dust emissions,
respectively [1]. The emissions of CO2, which is a greenhouse gas, are another serious
environmental problem caused by coal combustion. These pollution problems are harmful
to both human health and the development of society [2,3].

It is generally understood that the improvement in thermal efficiency is bound with
low coal consumption and low pollution emissions as well as low CO2 emissions [4,5]. Es-
pecially, CO2 emissions decrease almost linearly with the increase of net plant efficiency [6],
which confirms the feasibility of reducing CO2 emissions by improving the net plant
efficiency [4,7]. Based on the above cognition, the development of high-parameter and
large-capacity ultra-supercritical (USC) units with high efficiency for reducing pollutant
emissions is greatly promoted in the world.

Since the 1990s, different countries have conducted high-temperature, high-pressure,
and large-capacity USC coal-fired units. The parameters of the units are developed from
subcritical, supercritical, and ultra-supercritical characteristics and have improved the
power generation efficiency from 35% to 43% [4]. Especially, the USC units of 35 MPa/700 ◦C
with thermal efficiency exceeding 50% are currently considered to be the most advanced
and efficient power generation facilities. As one of the 35 MPa/700 ◦C USC units, AD700
cycle has been operated since 1998 in Europe [8]. Besides, the United States, Japan, and
China have also planned to develop 700 ◦C USC power generation technology. However,
the promotion of this unit needs to overcome the difficulties in terms of strength of metal
material at 35 MPa/700 ◦C, resistance of corrosion at high temperature, and the service life
of the metal material [8]. Actually, the 700 ◦C metal material is too expensive to be used on
a large scale, which greatly limits the development of USC units. Until now, there is no
such unit operating in the world [9].
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The USC double-reheat unit is a result of USC units proposed between the USC single-
reheat unit and the future 35 MPa/700 ◦C unit. Furthermore, the double-reheat unit can
improve the average heat absorption temperature of the Rankine cycle [10]. In addition, it
can reduce the exhaust humidity in low pressure cylinder, which is beneficial for the safe
operation of steam turbine. Compared with the USC single-reheat unit, the USC double-
reheat unit has improved thermal efficiency (by 1.0%) [6]. Generally, the thermal efficiency
of double-reheat unit with the parameters of 30.0 MPa/600/620/620 ◦C is about 2% higher
than the traditional single-reheat unit having the parameters of 24.1 MPa/566/566 ◦C.
Moreover, there is no significant technical bottleneck, and the existing materials can
meet the requirements of USC double-reheat unit production with the parameters of
30.0 MPa/600/620/620 ◦C. Therefore, China has identified the USC double-reheat unit as
the key point of future research for the high-parameter power generation unit, because the
energy efficiency and environmental protection become more and more important with
the development of economy. Therefore, a great number of studies have been conducted
on clean and efficient coal combustion and power generation, in which the double-reheat
technology was the main focus.

The double-reheat boiler is one of the most important devices in double-reheat units,
and it consists of technological integration of steam temperature regulation, combustion
organization, heating surface arrangement, and pollution control of USC single-reheat
boiler. However, it is more complicated than the single-reheat boiler [11]. Firstly, it is
difficult to design and arrange the heating surface in furnace since there are two stages
of reheat heating surfaces in the double-reheat boiler. Secondary, the mass flow rate of
the main steam of double-reheat boiler decreased compared to that of the singe-reheat
boiler. Thirdly, the water-vapor flow circuitry is complicated and the dynamic response
characteristics of boiler change significantly. Therefore, the temperature regulation methods
of main steam and reheat steam changes. Finally, the steam pressure and tube metal
temperature nearly reach the material limitation. The metal temperature of the heating
surface should be precisely controlled.

Admittedly, the combustion system and pollution control system of the double-reheat
boiler are similar to the single-reheat boiler. However, the layout of boiler heating surface
and the steam temperature regulation method are different from the single-reheat boiler.
These are fundamental to boiler design and can ensure the boiler operates safely at the
rated condition. This work summarizes the arrangement of heating surface first, and
then presents the steam temperature regulation method of the double-reheat boiler in
China. The objective of this work is to provide reference for the development and design
of a high-parameter, large-capacity double-reheat boiler and the 35 MPa/700 ◦C boiler
in the near future, but the combustion problems [12–14] and flexibility [15–17] will not
be involved.

2. Brief History of Double-Reheat Boiler

The double-reheat boiler has been investigated in the United States, Europe, and Japan
from the 1970s to the 1990s, and the parameters of most boilers are around 560 ◦C and
24 MPa [18,19]. The companies in these countries have carried out research on double-
reheat technology and have obtained a variety of experimental and practical operational
data. As a typical representative, among the operating double-reheat units in the world
in 1998, the Nordjyilands Vaerker power plant in Denmark operating with a 400 MW
and 29.0 MPa/580/580/580 ◦C double-reheat boiler had the highest thermal efficiency of
47% [18,19].

However, in the last two decades, no new double-reheat unit was built due to low
electricity demand and adjustment of energy structure in these countries. In contrast, the
USC double-reheat unit has attracted a lot of attention in China in recent years [20].

In China’s 10th Five-Year Plan, the USC double-reheat power generation technology
was identified as a focus project [21]. During the 12th Five-Year period [22], three power
plants were approved by National Energy Administration to construct USC double-reheat
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units. Additionally, it is also the key technology for the “action plan for retrofitting and
upgrading of energy conservation and emission reduction for thermal power plants (2014–
2020)” [23]. Based on these plans, universities, electric power design institutes, and the
major power device manufacturers in China have carried out a lot of research on the
double-reheat boiler and have made remarkable progress.

Many power generation projects involving double-reheat technology have been ap-
proved in China. Especially, the three power plants approved in the 12th Five-Year Plan have
already been finished and their commercial application shows the development prospects
of this technology in China. The double-reheat boilers in China are equipped with the
capacities of 1000 MW and 660 MW, with steam pressure over 30 MPa and temperatures
over 600 ◦C. The design efficiency for power generation is as high as 47–48% [24], which is
the highest level worldwide. The design and operational experience of double-reheat units
with high parameters and high capacity in China will provide a useful reference for the
development of this technology.

3. Scheme for Heating Surface Arrangement

Considering the different absorption characteristics of superheated steam and two
stages reheated steam, the superheat and reheat exchanger systems are well designed and
arranged to ensure that the heat absorption ratio of each section of the heating surface is
reasonably distributed. Until now, there have been three types of double-reheat boilers in
China, and they are the inverse U-type, tower-type, and T-type double-reheat boilers.

3.1. Inverse U-Type Double-Reheat Boiler

Presently, there are two kinds of inverse U-type double-reheat boilers operating in
China. One is triple back passes and the other is double back passes.

3.1.1. Inverse U-Type with Triple Back Passes

The inverse U-type double-reheat boiler with triple back passes adopts a wall-fired
combustion system, single furnace with spiral-wound and vertical pipe combined water-
cooled wall, and three parallel vertical back passes split by the baffle wall in the back
pass [25]. The sketch of this boiler is shown in Figure 1, and it operates at 32.6 MPa/605/623/
623 ◦C. As can be seen, the superheater and the first-stage reheater are divided into three
sections, and the second-stage reheater is divided into two sections. In this work, the heat-
ing surface which is divided into three sections are respectively named as primary, middle,
and final, and the heating surface which is divided into two sections are respectively named
as primary and final.

Obviously, the most significant feature of the boiler is the triple back passes. In addi-
tion, the superheater adopts a convective & radiant & semi-radiant heat exchanger system.
This means the primary superheater absorbs energy by convection, the middle superheater
absorbs energy from high temperature flue gas by radiation, and the final superheater
absorbs energy primarily by convection and secondarily by radiation. While the first-stage
reheater uses the convective & semi-radiant & convective heat exchanger system. Addition-
ally, the second-stage reheater employs a convective & convective heat exchanger system.
It is inappropriate to dispose the reheater in the high flue gas temperature zone because
the steam pressure in the two stage reheaters both are lower than that in the superheater,
which means a lower steam density and lower heat transfer coefficient. Moreover, the
second-stage reheater was disposed as convective heat exchangers only in the lower flue
gas temperature zone, since the steam pressure in the second-stage reheater is lower than
that in the first-stage reheater.
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Figure 1. Wall-fired double-reheat inverse U-type boiler with triple back passes.

3.1.2. Inverse U-Type with Double Back Passes

The U-type double back passes boiler consists of a single furnace, a wall-fired combustion
system, with spiral-wound water-cooled wall in the lower furnace and vertical water-cooled
wall in the upper furnace. The schematic of the boiler is shown in Figure 2 [25], and it operates
at 32.6 MPa/605/623/623 ◦C. The back pass is split into two parallel vertical back passes
using the baffle wall, which are respectively known as the main pass and by-pass.
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The superheater is divided into three sections, while both the first-stage reheater and
second-stage reheater are divided into two sections. The superheater adopts the radiant
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& semi-radiant & semi-radiant exchanger system, while the two stage reheaters are pure
convective heating surfaces. Therefore, the steam temperature of the two stage reheaters is
sensitive to the flow rate of flue gas, and the distribution of heat absorption between the
superheated steam and reheated steam can be adjusted using flue gas recirculation (FGR).

The characteristics of this scheme are as follows. Firstly, the final first-stage reheater
and final second-stage reheater are arranged in the horizontal pass to ensure the safety
of the reheater, where the flue gas temperature is relatively low. Secondly, the steam
temperature is sensitive to FGR since both of the two stage reheaters are arranged as
convective heat exchangers.

Figure 3 shows another inverse U-type double-reheat boiler with doubled back passes,
and the rated parameters are the same as the boiler shown in Figure 2. Compared with
the boiler shown in Figure 2, this boiler adopts the tangentially-fired combustion system
and vertical membrane water-cooled wall. Furthermore, the superheater adopts radiant &
radiant & semi-radiant heat exchanger system [26]. Both of the two stage reheaters employ
the convective & convective heat exchanger system, which is the same as the doubled
back passes boiler introduced earlier. Therefore, the steam temperatures of the two stage
reheaters are also sensitive to FGR.
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In short, for the inverse U-type double-reheat boiler, in order to ensure the heat
absorption and safe operation of superheaters, a primary or middle superheater should
be arranged in the upper furnace with high flue gas temperature. The reason is that the
temperature of the working fluid and tube metal of primary and middle superheaters is
relatively low. The final superheater should be arranged in the zone with middle flue gas
temperature to prevent the overheating of the final superheater tube. The final sections of
the first-stage reheater and second-stage reheater are also arranged in the middle flue gas
temperature zone to prevent the overheating of reheater tube. Furthermore, the primary
sections of the first-stage reheater and second-stage reheater are generally arranged in the
back passes of the boiler.

3.2. Tower-Type Double-Reheat Boiler

Different from the two kinds of inverse U-type double-reheat boilers, the tower-
type layout with tangentially-fired double-reheat boiler is also widely adopted in China.
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Generally, the superheater, reheater, and economizer heat exchanger systems of the tower-
type boiler are all horizontally arranged in the upper furnace. The flue gas flows over them
and then turns downward to the outlet of the boiler. Therefore, the tower-type boiler is
obviously higher than the inverse U-type boiler, and the layout characteristics of heating
surfaces are different from the inverse U-type boiler.

Considering the characteristics of the double-reheat boiler, the superheater and two
stage reheaters of tower-type double-reheat boiler are all divided into two sections, as
shown in Figure 4 [27,28], and they operate at 32.6 MPa/605/623/623 ◦C. In addition, the
final first-stage reheater and final second-stage reheater are divided into two parts, namely
the low-temperature part and high-temperature part, respectively. The final superheater is
arranged between the two parts of the two reheaters. This layout is called the combined
heating surface, and this layout was adopted in some 1000 MW and 660 MW double-
reheat boilers.
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As can be seen from Figure 4, the main feature of the heating surface layout of
this boiler is that the final superheater and final section of the two reheaters are com-
bined together. Specifically, the low-temperature part of the two reheaters is arranged
near the combustion zone between the platen superheater and final superheater, and the
high-temperature parts of the two reheaters are arranged in the downstream of the final
superheater. Obviously, the low-temperature parts of final first-stage reheater and final
second-stage reheater are designed as radiative absorption heating surface and arranged
near the high temperature zone; this arrangement improves the radiation absorption ability
and ensures the heating surfaces are sensitive to the position of fireball in the furnace.
Meanwhile, the corresponding high-temperature parts of the two reheaters are designed as
convective absorption heating surfaces and arranged at the middle temperature zone. With
this scheme, the heating surface is much safer, more economical, and reliable, although the
outlet steam temperatures of the final first-stage reheater and final second-stage reheater
are high.
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Figure 5 shows another heating surface layout of tower-type double-reheat boiler [29,30],
and it also operates at 32.6 MPa/605/623/623 ◦C. As can be seen, the superheater is
divided into three sections, and both the two stage reheaters are arranged as two sections.
Both the primary and final superheaters are disposed in the upper furnace upstream
the furnace exit, while the final first-stage reheater, final second-stage reheater, and the
middle superheater are subsequently disposed downstream the furnace exit. Then, the
flue gas is divided into two ways to meet the primary first-stage reheater and primary
second-stage reheater and the economizer. Obviously, the arrangements of the heating
surfaces are different from the layout characteristics of tower-type double-reheat boiler
reported earlier. However, it was found that when the later tower-type double-boiler was
put into commercial operation, especially under low load, the superheater of the boiler was
over-heated, and the temperatures of steams in the two stage reheaters made it difficult to
reach the rated value [30]. The reason for this may be that the primary and final superheater
both are arranged just downstream of the furnace exit, and lots of heat was absorbed by
the two heating surfaces.
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In order to solve this problem, a new concept of combined heating surface layout
design was proposed, which is similar to the arrangement of the former tower-type double-
reheat boiler. However, its heating surface arrangement is comparatively far away from
that of the former. The detailed combined heating surface of the new boiler is shown in
Figure 6. It is obvious that the final first-stage reheater is divided into two parts, namely the
low-temperature part and high-temperature part. Additionally, the second-stage reheater
is arranged between the low-temperature part and high-temperature part of the final first-
stage reheater. The specific effect will be obtained once the unit is commercially operated.
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3.3. T-Type Boiler

The T-type layout was also adopted in the double-reheat boiler. Figure 7 shows the
layout details of the heating surface, which is significantly different from the inverse U-type
boiler and tower-type boiler [25]. The T-type boiler is a single furnace and double-chamber
wall-tangentially-fired boiler, with the spiral-wound water-cooled wall in the lower furnace
and vertical tube water-cooled wall in the upper furnace. The back pass is divided into two
portions arranged symmetrically on both sides of the furnace. The superheater, first-stage
reheater, and second-stage reheater are all divided into three sections, which are disposed
symmetrically on the left and right sides of the boiler. The primary superheater and
middle superheater are arranged symmetrically on the upper furnace, while the primary
first-stage reheater, primary second-stage reheater, middle first-stage reheater, and middle
second-stage reheater are arranged symmetrically. However, the final first-stage reheater
and final second-stage reheater are in a cross arrangement. Figure 7 indicates that the
superheater adopts a radiant & radiant & convective exchanger system, and both the two
stage reheaters adopt the convective & semi-radiant & convective exchanger system. With
this arrangement, the heat absorption of the superheater and the resistance of flue gases can
be balanced on both the sides. In addition, as the back passes are arranged symmetrically
on both sides of the furnace, the height of the furnace exit window can be reduced. The
flue gas flow in the horizontal pass can be improved and the thermal maldistribution of
the flue gas across the window height can be mitigated.
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4. Methods for Regulating Steam Temperature

There is a close relationship between the arrangement of heating surface and the
method for regulating the steam temperature. The purpose of various methods for regulat-
ing the steam temperature is to guarantee the main steam temperature and the two stage
reheat steam temperature meet the rated value for double-reheat boilers.

For the once-through boiler, the water/coal ratio is used as the principal method to
adjust the main steam temperature, while the spray attemperators are used as the auxiliary
system. Meanwhile, the principal methods for regulating the steam temperature of the
reheater include tilting burners (TB), flue gas damper (FGD), flue gas recirculation (FGR),
and spray attemperation (SA). The former three are the major methods and are usually
combined to control the steam temperature of the reheater. Although SA is adopted in all
types of double-reheat boilers in the reheat system, it can only be initiated under accident,
startup, suspension condition, and variable load stage. This is because SA affects the
efficiency of the unit.

4.1. Methods for Regulating the Superheater

The key method used to regulate the main steam temperature is maintaining the
water/coal ratio, which is defined as the ratio of feed water to coal. An improper water/coal
ratio will obviously affect the main steam temperature. If the water/coal ratio fluctuates by
10%, the main steam temperature will change by about 100 ◦C [31]. Therefore, the control
of water/coal ratio directly affects the safety and stability of boiler, and it is necessary to
maintain the water/coal ratio to a constant value to regulate the main steam temperature.
All types of double-reheat boilers mentioned above used water/coal ratio to control the
main steam temperature.

In addition, there are two stages of SA arranged at the intermediate point between the
two sections of the superheater to prevent the overheating of the main steam and decrease
the deviation of the two sides, as shown in Figure 8.
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At present, there are two methods to control the water/coal ratio of double-reheat
boiler in China. One is the coal following feed water and the other is the feed water
following coal. For the once-through boiler, feed water following coal means the water/coal
ratio is controlled by the flow rate of feed water, while coal following feed water means
the water/coal ratio is controlled by the flow rate of coal. The roles of the two methods in
controlling water/coal ratio are quite different [32]. The water/coal ratio is more sensitive
to the flow rate of feed water than to coal, which means that the ratio can be adjusted
quickly by changing the flow rate of feed water. The advantage of feed water following
coal is that the outlet temperature of steam separator can be accurately controlled, thus
making a preferential choice for the main steam temperature and the metal temperature
of tubes. However, this strategy shows limited control over the main steam pressure.
Although coal following feed water provides stable pressure of the main steam, it is
difficult to control the outlet temperature of steam separator, main steam temperature, and
tube metal temperature, especially for the double-reheat boiler with a direct pulverizing
system [32–34].

Additionally, there are more heating surfaces in the double-reheat boiler than those in
the single-reheat boiler, and the arrangements of superheater and reheater in the double-
reheat boiler are more complicated. Therefore, it is more difficult to control the main steam
pressure and temperature. In addition, most of the double-reheat boilers are equipped
with an FGR system, and the flow rate of FGR affects the heat absorbed in the water-cooled
wall, superheater, reheater, and economizer. Because of this, the outlet temperature of
the separator is also affected. Therefore, it is difficult to accurately control the steam
temperature by adopting the individual methods of feed water following coal or coal
following feed water.

Zhao [32] reported that it is appropriate to adopt the water/coal composite control
method to maintain the water/coal ratio for the double-reheat boiler, which means that
coal following water mainly works in a dynamic process, while the water following coal
works in a steady process. Therefore, the outlet temperature of the separator can be
adjusted based upon the water/coal composite control method under a certain load. The
composite control method can satisfy the requirements of steam temperature regulation in
double-reheat boiler.

4.2. Methods for Regulating the Reheater

The regulation of the steam temperature of the reheater in the double-reheat boiler
is the key point in the design of the double-reheat boiler. Generally speaking, FGD, FGR,
and TB are combined to control the steam temperature of the reheater with one of the
three methods as the primary method. Although Xu et al. [35] studied the influence of
FGD, FGR, and TB regulation and the result showed that the variation of dampers open-
ing has the greatest influence on the reheat steam temperatures, the regulation method
adopted for different boilers depends on the characteristics of the heating surface arrange-
ment, combustion system, operational mode, initial investment, and the efficiency of the
power plant.
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4.2.1. Inverse U-Type Double-Reheat Boiler

• Inverse U-type with triple back passes

The triple back passes is designed to adapt to the requirements of the steam temperature
control method of FGD in inverse-U type double-reheat boiler. As illustrated in Figure 1,
primary first-stage reheater, primary second-stage reheater, and primary superheater are
located at the front, middle, and rear passes, respectively. FGD permits proportioning of
the flue gas over heat transfer surfaces to regulate the reheat and superheat temperatures,
and it is arranged at the outlet of the three gas passes. In the double-reheat boiler with
triple back pass, the heating surfaces area of primary first-stage reheater and primary
second-stage reheater relatively increased to improve the performance of the FGD.

FGD is widely used in steam temperature regulation due to its simple structure, large
adjustment range, and limited effect on combustion. However, FGD cannot regulate steam
temperature in a transient process, and the damper opening varies nonlinearly with the
change in steam temperature. In addition, He [25] reported that most dampers are only
effective in the opening range of 0–40%. Furthermore, the dampers are easy to wear out or
deposition when the opening is large or small.

FGR is adopted as an alternative temperature regulation method under low load in
this type of boiler. However, the recirculation fan is not necessarily needed in the boiler
since the recirculated flue gas can be injected into the furnace by the margin of induced
draft fan. This system can help in the avoidance of wearing-out problems caused by the
adoption of recirculation fan. Because of this, the cost of the operation and maintenance is
reduced. In short, the double-reheat boiler having triple back pass adopts FGD + FGR + SA
as the steam temperature regulation system, which is relatively simple and requires little
initial investment. Additionally, the temperature of the reheat steam will be controlled by
spray attemperators only when the boiler is under emergency condition.

• Inverse U-type with double back passes

It can be seen from Figures 2 and 3 that both the double-reheat boilers with double
back passes adopt a purely convective heating surface for two stage reheaters. Because
of this, FGR is used as the major method to control steam temperature of the two boilers.
Moreover, as shown in Figure 9, the extraction and injection positions of FGR are set after
the economizer and at the bottom of the furnace, respectively. FGD is adopted to control
the steam temperatures between the two stage reheaters in the two boilers. Furthermore,
SA will be put into operation when the system is running under accidental conditions.
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FGR increases the amount of flue gas in furnace and enhances the absorption of
convection, which finally realizes the adjustment of heat absorption of main steam and
reheat steam. Although FGR is usually adopted to control the steam temperature of boilers
fed with natural gas, it can also be useful when adopted for double-reheat boiler fed with
coal. However, the working conditions of the recirculation fan are severe due to high
temperature of recirculating flue gas combined with serious wearing out by fly ash in the
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boiler fed with coal. In addition, it is necessary to set a certain value of recirculation flue gas
in the high load range because the FGR ratio should be decreased to prevent overheating
under this condition. Otherwise, SA will need to be operated, and the economic advantage
of double-reheat boiler will be affected.

As can be seen in Figure 9, the recirculation flue gas is introduced into the furnace from
the nozzle near the hopper, which means the average temperature and heat absorption of
furnace will significantly decrease. However, the furnace exit gas temperature changed
slightly and the heat absorption of the convection heating surface increased [36]. With the
increase in the flow rate of recirculating flue gas, the convective heat absorption and the
steam temperature increase.

Tilting burner is also adopted as an auxiliary method in the boiler of tangentially-fired
boiler to alter the heat absorption of radiant heating surface, and the variation in primary
air nozzle and secondary air nozzle can be ±20◦ and ±30◦, respectively.

Above all, the steam temperature control method for reheaters of the wall-fired double-
reheat boiler is FGR + FGD + SA, while for the tangentially-fired double-reheat boiler, the
corresponding method is FGR + FGD + TB + SA.

4.2.2. Tower-Type Double-Reheat Boiler

Although both the tower-type double-reheat boilers adopt tangentially-fired combus-
tion system and TB as the steam temperature regulating method for the reheater, the main
steam temperature control methods for them are different.

The boiler showed in Figure 8 adopts TB as the main method to control the steam
temperature of reheater since both the low-temperature parts of final first-stage reheater
and final second-stage reheater are arranged as the radiant heating surface. Therefore, the
steam temperature of the reheater is highly sensitive to the position of fireball within the
furnace, which can be altered by TB. The burner tilt usually varies within ±20–30◦, and the
corresponding furnace exit gas temperature can fluctuate by about 110–140 ◦C. Because of
this, the fluctuation in steam temperature can lie within the range of 40–60 ◦C [36]. When
the boiler operates under low load, the burner tilts positive (upward) to reduce the heat
absorption of furnace, and the temperature of the furnace exit increases, and thus the heat
absorption of radiant and semi-radiant heating surface increases.

It is worth mentioning that the range of temperature adjustment of TB should be
limited to prevent slagging of fuel with low ash fusion point. For TB, in order to avoid
the immobility of burner and the erosive wear, it is necessary to strengthen the routine
maintenance since the burners do not generally operate at horizontal tilt.

Meanwhile, the balance of steam temperature of two stage reheaters can be controlled
by adjusting the position of FGD to change the fraction of flue gas flowing through the
primary first-stage reheater and primary second-stage reheater. In addition, there are SA
arranged on the reheater pipes to prevent the over-heating of reheat steam and decrease the
deviation in the two sides. Above all, the synchronous adjustment of steam temperature
of the two stage reheaters depends on TB, whereas the balance adjustment of steam
temperature of the two stage reheaters depends on FGD.

This steam temperature control system is obviously simple and can be constructed
with little investment. Additionally, with the burner tilt variation of ±20◦ and ±30◦ for
primary air nozzle and secondary air nozzle, the steam temperature of superheater, first-
stage reheater, and second-stage reheater can reach the rated value within the BMCR load
range of 30–100%, 50–100%, and 65–100%, respectively. Actually, it is hard to meet the
requirement of steam temperature of reheater if only TB is used [37,38]. Therefore, FGR is
combined with TB to control the steam temperature of reheater in the new design of the
boiler shown in Figure 4, which means that TB is the major steam temperature regulating
method for the reheater and FGR is adopted as an auxiliary system. The steam temperature
is adjusted by TB only under high load condition, while the FGR system only operates
with the minimum flow to prevent the backflow of high temperature flue gas. When the
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boiler is under low load condition, TB cannot regulate the steam temperature, and the FGR
system will be kick started to extend the regulation range of steam temperature of reheater.

The boiler shown in Figure 5 adopts FGR as the main method to control the steam
temperature of reheaters. This is due to the reason that first-stage reheater and second-stage
reheater are convective heating surfaces, while the steam temperature of the two stage
reheaters is sensitive to flue gas flow ratio. Furthermore, the ratio of FGR is adjusted under
different loads to enhance convective heat absorption and to ensure that the required rated
steam temperature of final first-stage reheaters and final second-stage reheaters is obtained.
However, the FGR fan is needed in the system, which makes the system more complex and
the house-service consumption rate as well as the initial investment increase.

4.2.3. T-Typed Boiler

The T-type double-reheat boiler adopted TB as the main control method for steam
temperature of reheater. The layout of the heating surface is shown in Figure 7. As can be
seen, the middle first-stage reheater and middle second-stage reheater are cross arranged
as the semi-radiative heating surface just downstream the furnace exit. Because of this,
both steam temperatures of the two stage reheaters are sensitive to burner tilting and can
balance themselves. Under 60% load, the adjustment of steam temperature can be achieved
by putting the upper level burner into operation to change the height of the flame’s center,
thus adjusting the fraction of heat absorption of radiation and convection. The SA is an
auxiliary method and generally does not kick in.

Above all, in order to guarantee the temperature control capability of reheater steam
in double-reheat boiler, the combination of one or two major tempering methods with an
auxiliary tempering method is adopted by all types of double-reheat boilers (see Table 1),
which agree with the results of Tao [39]. Tao et al. found that FGR has limited influence on
the reheated steam temperature, and the higher the temperature, the weaker the effect, but
the combined method which combines the combustion optimization adjustment, combus-
tion nozzle swing, and coal mill unit moving upwards with gas recirculation adjustment
was proposed.

Table 1. The detailed methods of temperature regulation of different types of double-reheat boilers
in China.

Boiler Type Combustion
Method

Regulating
Methods of the

Main Steam
Temperature

Regulating
Methods of the

Main Steam
Temperature

Inverse U-type
Triple back passes Wall-fired

water/coal ratio +
SA

FGD + SA
Double back

passes
Wall-fired FGR + FGD + SA

Tangentially-fired FGR + TB + FGD +
SA

Tower-type Tangentially-fired TB + FGR + FGD +
SA

T-type Tangentially-fired TB + SA

5. Conclusions

• The double-reheat technology in China had significant breakthroughs in terms of
parameters, capacity, and system optimization. China has achieved many basic design
schemes and experience for the operation and maintenance of double-reheat boiler as
well as of the advanced 35 MPa/700 ◦C pulverized coal fired power plants.

• The core work of designing USC double-reheat boiler is to arrange the heating surface,
since the double-reheat boiler has more complicated water-vapor circuitry. It is difficult
to reasonably arrange the radiative and convective heating surfaces to meet the
requirements of heat absorption. In addition, the parameters of working fluid nearly
reach the limitation of metal material, which brings challenges for safe operation of
water-cooled wall.

• The combined heating surface of the tangentially-fired tower-type double-reheat boiler
has the advantage of regulating the steam temperature with TB combined with FGR.
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This is because the low-temperature part of the final second-stage reheater is arranged
as the radiative or semi-radiative heating surface and the high-temperature part of
final second-stage reheater is arranged as the convective heating surface.

• The steam pressure and temperature of the double-reheat boiler are approaching the
limitation of tube material. It is very important to control the temperature deviation
for safe and stable operation of the boiler, especially to decrease the temperature
deviation of combustion and fluid sides, since a small overheating could cause the
failure of the tube.

• It is an important development direction to improve the flexibility of the double-reheat
boiler. This is because the double-reheat boiler has the characteristic of inherent lack of
flexibility, since the water-vapor circle is complicated, while the thick wall components
and the regenerative heater series are bigger compared to those of single-reheat boiler.
However, the grid loads are fluctuating as more and more renewable energy power
stations have connected to the grid in recent years; the double-reheat units should
participate in the peaking operation.
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Nomenclature

USC ultra-supercritical
SOFA separate over fire air
TB tilting burners
SA spray attemperation
SCR selective catalytic reduction
EP electrostatic precipitator
FGR flue gas recirculation
BMCR boiler maximum continuous rating
FGD flue gas damper
SH superheater
AH air heater
ID fan induced draft fan
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