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Abstract: The objective of this paper is to provide the optimal choice of single-reheating or double-reheating
when considering residual flue gas heat in S-CO, coal fired power system. The cascade utilization of flue gas
energy includes three temperature levels, with high and low temperature ranges of flue gas heat extracted by
S-CO, cycle and air preheater, respectively. Two methods are proposed to absorb residual flue gas heat Q. in
middle temperature range. Both methods shall decrease CO, temperature entering the boiler 7; and increase
secondary air temperature 7y i, Whose maximum value is deduced based on energy conservation in air preheater.
The system is analyzed incorporating thermodynamics, boiler pressure drop and energy distribution. It is shown
that at a given main vapor temperature 75, the main vapor pressure Ps can be adjusted to a value so that Q. is
completely eliminated, which is called the main vapor pressure adjustment method. For this method,
single-reheating is only available for higher main vapor temperatures. The power generation efficiency for
single-reheating is obviously higher than double-reheating. If residual flue gas heat does exist, a flue gas heater
FGC is integrated with S-CO, cycle, which is called the FGC method. Both single-reheating and double-reheating
share similar power generation efficiency, but single-reheating creates less residual flue gas heat. We conclude
that single-reheating is preferable, and the pressure adjustment method achieves obviously higher power

generation efficiency than the FGC method.

Keywords: S-CO, coal fired power system, thermodynamics, heat transfer, reheating, residual flue gas heat

1. Introduction

Supercritical carbon dioxide Brayton cycle (S-CO,
cycle) has been extensively investigated for advanced
power generation systems using nuclear energy, solar
energy and waste heat as the heat sources [1-9].
Compared to Rankine cycle, the S-CO, Brayton cycle
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offers various benefits. First, at similar turbine inlet
temperature in the range of 550°C-700°C, the cycle
efficiency is higher than a water-steam Rankine cycle
[10]. Second, CO, is inert to induce weak corrosion
reaction between CO, vapor and metal material at high
temperatures [11,12]. Third, because the whole S-CO,
power system operates at supercritical or near-critical
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Nomenclature

d tube inside diameter/mm

f frictional coefficient

g gravitational acceleration

h specific enthalpy/kJ-kg

/ tube length/m

m mass flow rate/kg-s™

P Pressure/MPa

(0] heat capacity/ MW

Re Reynolds number

s tube spacing

T Temperature/°C

u flow velocity/m-s™
Abbreviation

C compressor

DRH double reheat

FGC flue gas cooler

HTR high temperature recuperator
LTR low temperature recuperator
MS molten salt

RC recompression cycle

S-CO, supercritical carbon dioxide

RH reheat

T turbine

Subscripts

1,2,3.. state points of top cycle
AP air preheater

b boiler

ex exhaust

fg flue gas

p pinch

re residual

s isentropic

sec secondary

fefg flue gas temperature at furnace exit
Greek symbols

a excess air ratio

P density/kg-m™

T thermal efficiency

Mo boiler efficiency

o pipeline efficiency

Mg power generator efficiency
e power efficiency

pressure, the system becomes more compact, while a
Rankine cycle operates some components such as
condenser in vacuum pressure to expand the system size
[11,13].

Coal fired power plant provides about 39.3% of the
total electricity supply in the world [14]. According to the
British Petroleum (BP) statistics, mankind can still use
coal for power generation for 153 years, which is longer
than other fossil energies of oil and natural gas [15]. The
coal fired power generation system plays an important
role in the world electricity market for nearly one century
[16]. The coal fired power generation using S-CO, cycle
is a new attempt to use coal efficiently and cleanly.

The S-CO, coal fired power generation is studied in
recent years. There are two key issues. The CO, mass
flow rate can be ~9 times of that for a water-steam
Rankine cycle, resulting in extremely large boiler
pressure drop [17]. Recently, Xu et al. [17] proposed the
partial flow strategy to yield module boiler design. The
boiler pressure drop is reduced according to the 1/8
principle compared to conventional one-through boiler
design. This strategy is coupled with the thermodynamics
analysis in this paper.

The extraction of flue gas heat over the entire

temperature range is another issue to be overcome [18].
Usually, S-CO, cycle is suitable for moderate/high
temperature heat resource. Applying reheating in the
cycle improves the cycle efficiency, but raises the CO,
temperature entering the boiler to make the residual flue
gas heat absorption difficult. A flue gas cooler (FGC) can
extract residual flue gas heat [17, 19-24]. In such an
integration, a small CO, flow rate is extracted from a
coldest point of the cycle (e.g., compressor outlet),
heated by flue gas in tail flue, and returns to the cycle
(e.g., inlet of a recuperator heat exchanger).

The extraction of residual flue gas heat is related to if
single-reheating or double-reheating is used. Refs. [19-21]
prefer to use single-reheating. Hanak et al. [19] showed
that single-reheating is preferable. Using an additional
heating has a slight efficiency improvement but causes a
cost penalty. For single reheating S-CO, coal fired power
plant, Zhou et al. [20] indicated an overall exergy
efficiency of 45.4%, which is ~3.5% higher than a
supercritical water-steam Rankine cycle power plant. On
the other hand, Refs. [22-24] prefer to use double-
reheating. Moullec Y [22] indicated that double-reheating
not only improves cycle efficiency but also keeps better
heat transfer performance in boiler. Mecheri et al. [23]
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showed that a S-CO, coal fired power system with
double-reheating can have an overall efficiency of 47.8%,
which is higher than the highest efficiency of 45% for
commercial supercritical water-steam cycle power plant.
The above discussion shows that even though many
authors integrated single-reheating or double-reheating
with S-CO, cycle, the relationship between residual flue
gas heat extraction and reheating is not known.

In this paper, we attempt to answer the question that
which one is better for single-reheating or double-
reheating for S-CO,; coal fired power system. This paper
is organized as follows. Section 2 describes the
mathematical model incorporating thermodynamics,
boiler pressure drop and energy distribution in the system.
Section 3 deals with maximum secondary air temperature.
Sections 4 and 5 describe main vapor pressure
adjustment method and FGC method, respectively. For
both methods, the effect of single-reheating and double-
reheating on system performance is paid attention. It is
concluded that single-reheating is better than double-
reheating, and the main vapor pressure adjustment
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method is promising for flue gas energy extraction over
the entire temperature range.

2. Mathematical Model

Fig. 1(a) shows S-CO, cycle, including ClI
(compressor 1), C2 (compressor 2), HTR (high
temperature recuperator heat exchanger), LTR (low
temperature recuperator heat exchanger), cooler 1, Tl
(turbine 1), T2 (turbine 2), T3 (turbine 3), and three
heaters corresponding to three turbines. There are four
valves V1-V4. The thermal system operates at different
modes by switching on/off the four valves. The system
becomes S-CO, recompression cycle (RC) with V1 on
and other valves off, S-CO, recompression -+
singe-reheating cycle (RC+RH) with V2, V3 on and V1,
V4 off, S-CO, recompression + double-reheating cycle
(RC+DRH) with V2, V4 on and V1, V3 off, respectively.

For S-CO, coal fired power plant, the extraction of
residual flue gas heat is important. It is necessary to
define and estimate residual flue gas heat. Fig. 1(b)
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shows the cascade utilization of flue gas energy over the
entire temperature range. There are three temperature
regimes. The high temperature regime of flue gas energy
is extracted by S-CO, cycle, in which T is the CO,
temperature entering the boiler; Ty, is the flue gas
temperature correspondingly. Air preheater receives the
low temperature flue gas heat, in which T, Ap is the flue
gas temperature entering air preheater. Thus, residual flue
gas heat Q. is defined based on the temperature
difference between T, 4 and T, op, belonging to middle
temperature regime.

2.1 Thermodynamic model
thermal-hydraulic feature

incorporating boiler

The thermodynamics computation is based on energy
conservation in various components in the cycle. A
comprehensive software code is developed using
FORTRAN language. Physical properties of CO, come
from REFPROP [25]. Table 1 summarized various
parameters for such analysis.

Table 1 S-CO, cycle parameters considering boiler pressure
drop and energy distribution in boiler

Parameters Values
turbine inlet temperature (75) 475-640°C
turbine inlet pressure (Ps) 20-50 MPa
turbine isentropic efficiency (77.s) 93%
compressor C1 inlet temperature (77) 32°C
compressor C1 inlet pressure (P)) 7.6 MPa
compressors isentropic efficiency (#c) 89%
pressure drops in LTR and HTR (AP) 0.1 MPa
LTR and HTR pinch temperature difference (AT o

10°C
or ATyrr)
primary air temperature (T air) 320°C
primary air temperature at the inlet of air preheater o
31°C
(T airin)
ratio of primary air flow rate to the total air flow rate 19%
secondary air temperature (7ec air) 400-500°C
secondary air temperature at the inlet of air preheater o
21°C
(Tscc air,in)
secondary air flow rate ratio 81%
excess air coefficient () 1.2
exit flue gas temperature (7, cx) 123°C
environment temperature 20°C
pinch temperature between T, 4 and 74 (AT} 4) 40°C
pipeline efficiency (1) 99%
power generator efficiency (1,) 98.5%

Isentropic efficiency and power output for each
turbine are
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h. —h,
77t,s = M’ VVt =my (ht,in - ht,out) (1)
ht,in - ht,out,s
Similarly, for each compressor, we have
heows—he
Nes = M’ VVC =m (hc,out - hc,in) (2)
hc,out - hc,in

In Egs.(1-2), the subscripts t and ¢ represent turbine
and compressor, respectively; in and out mean inlet and
outlet, respectively; s stands for isentropic condition, and
h stands for enthalpy.

The heat absorption Oy, by heater and heat dissipated
by cooler Q. are

O =mco, n (hh,out - hh,in) 3)
Qc =Mco, ¢ (hc,in - hc,out ) )

where mcq, , and mcq, . are the CO, mass flow rate

in heater and cooler, respectively.
The heat transfer rate is balanced across hot side h and
cold side ¢ of HTR or LTR as

mCOz,h (hh,in - hh,out ) = mCOZ,c (hc,out - hc,in) (5)
The cycle thermal efficiency is
LANA ©)
o,
For RC+RH, the intermediate pressure Ps: at the inlet
of T2 has the relationship with Ps and Pg as [17]

P, =\[PE, %

where Ps is the pressure at the T1 inlet and Pg is the
pressure at the T3 outlet.

For RC+DRH, similar relationship between various
pressures is [17]

Py =3PR, . Py=3(PR; @®)

Egs. (1-8) deal with thermodynamics analysis. The
thermodynamic analysis is incorporated with the pressure
drops in each component of the S-CO, boiler. For a
general consideration, the frictional pressure drop APg
and gravity pressure drop AP, are written as

2 2

11 2 11 4 Me,
AP = f——peguly = f——| — | =2 (9
t de,- Pco,4co, dei[ﬂdin Peo, )
where [ is the tube length of cooling wall; d; is the inner

diameter; p is the density; m is the mass flow rate; f'is the
friction factor which is given by Filonenko [26].

f=[1.821g(Re)-1.64] (10)
The tube length / is determined by the energy balance as
_ Cp,co,Mco, (T;)ut _7; ) (11)
qs
where c, is the specific heat; g is the comprehensive heat
flux including radiation component and convective

component, and s is the distance between two centerlines
of neighboring tubes of cooling wall. AP, is calculated by

Nw =

/
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AF, = pco, &l , where g is the gravitational acceleration.

In our recent study, it is shown that cycle performance
is strongly dependent on CO, pressure in various
components of the cycle [17]. Especially, when S-CO,
cycle is used, the CO, cycling mass flow rate is
obviously large to yield large pressure drops in heaters,
deteriorating cycle efficiency. In order to significantly
decrease pressure drops in heaters, Xu et al. [17] and Sun
et al. [18] proposed the partial flow strategy and module
boiler design, which are incorporated in this paper. The
partial flow strategy cuts a total tube length / with a total
mass flow rate m (full flow mode) into two parallel tubes
each having a length of 0.5/ and mass flow rate of 0.5m
(partial flow mode). It is seen from Eq. (9) that the
friction pressure drop is reduced to 1/8 of that for full
flow mode. Based on this method, the specific boiler
heating surface arrangement is shown in Fig. 1(c). Walls
1-4 are the cooling walls; SH, RH, PH mean superheater,
reheater, preheater (economizer) respectively. Heater 1
consists of two parallel streamlines, with one line of
Wall 1 and SH1 and the other line of PH, Wall 2 and
SH2. Each line has 50% of the total flow rate. Similar
arrangements are made for Heaters 2 and 3 (see Fig.
1(d)). We majorly calculate the pressure drops in
cooling walls. Usually, for large scale S-water cycle
power plant, the cooling wall accounts for nearly half
of the total boiler pressure drop. Thus, the pressure
drops in the three heaters are AP;.s=2APpwui11tAPga4.s,
APy_s= APgwai 3tAPg 45, APy 57=APp w1 s TAPg 47 5.

2.2 The flue gas energy distribution in boiler

The residual flue gas heat is calculated as (see Fig. 1)
Qfe = mfg (hngA - hng,AP ) (12)

where my, is the flue gas mass flow rate, which is the sum
of the coal consumption rate .., and the mass flow rate
of air Mir (mfg:mcoal+mair): Meoal is
Meoal = &
1,
where O, is total heat received by S-CO, cycle (see Eq.
(3)), Or is the lower heating value of coal (Q=23442
kJ/kg, see Table 2 for coal parameters), and 7, is the
boiler efficiency [27]:

6
m, =1-Y ¢, /100

(13)

Single-Reheating or Double-Reheating, Which is Better for S-CO, Coal Fired Power Generation System?

435

where ¢; is the heat loss. Heat losses due to incomplete
chemical combustion (g3), unburned carbon (g4), furnace
exterior heat transfer (¢gs), and sensible heat of ash and
slag (g¢), are ¢3=0, ¢4=0.6, ¢s=0.2 and g¢=0.06,
respectively. The heat loss due to exhaust gas (¢,) has the
dominant contribution to the boiler efficiency, which is

(hng,ex - ahair )(1 —qy /100)
Or

where a is the excess air ratio; /,; is the air enthalpy at
environment temperature. The power generation
efficiency 77 is

g, = x100  (15)

Ne = Mo Tpg (16)
where 7, is the pipeline efficiency and 7, is the generator
efficiency (see Tab.1 for the values).

3. Maximum Secondary Air Temperature

There are two methods to overcome the issue of
residual flue gas heat (see Fig. 1):

The parameters adjustment method: 1f one decreases
Tt 4 and increases T, ap to equalize the two temperatures
(Ttg.4=Ttg A, se€ Eq. (12)), residual flue gas heat does not
exist. The three regimes of flue gas energy extraction
become two regimes. Because Ty, 4 is related to 74 in Eq.
(17), the parameters adjustment method shall adjust both
the S-CO, cycle parameters and the air preheater
parameters, which will be analyzed in Section 4.

The FGC method: When Ty, 4 and Ty, ap are different,
a FGC is needed to recover the residual flue gas heat,
which will be analyzed in Section 5.

For both methods, residual flue gas heat becomes
small if Ty, 4 is decreased and T, ap is increased. Ty 4 and
T, (CO, temperature entering the boiler) are related by a
pinch temperature difference:

Ttyq =T + AT, 4 a7)

Similarly, T, ap and T oir (secondary air temperature)
are related by another pinch temperature:
Tigar =T, +AT,

sec air p.air (1 8)

For our analysis, AT, 4=40°C, AT, can be calculated
by energy conservation equation in air preheater. In order
to decrease residual flue gas heat, T¢, ap and T i Should
be raised. One may ask a question that what is the

maximum secondary air temperature? Fig. 2 shows the

(14) working principle of an air preheater, including three
=2 sectors: a flue gas sector, a primary air sector, and a
Table 2 Properties of the designed coal
Cul% H, /% Oul% Nul/% Sarl% Aul% M,/% Vaaf %o O/ kI kg
61.70 3.67 8.56 1.12 0.60 8.80 15.55 34.73 23442

C (carbon), H (hydrogen), O (oxygen), N (nitrogen), S (sulfur), 4 (ash), M (moisture), V' (Volatile).
Subscripts ar, daf means as received, dry and ash free, C,. +H,, +O,, +N +S, +A44 +M,,=100.
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secondary air sector. The total air flow rate is divided into
two streams: one for primary air and the other for
secondary air. Both air streams are heated by flue gas.
Usually, the temperatures of primary air and secondary
air are different. The primary air temperature is related to
the type of coal. For bituminous coal, this temperature is
~300°C [28]. The secondary air provides sufficient
oxygen to maintain stable combustion [27]. The
secondary air temperature cannot be too high. The energy
conservation equation is written for an air preheater as

mfgcp,fg (];"g,AP - ng,ex )

= 0~81maircp,air (];cc air _I;‘.cc air,in) (19)
+0 19maircp’air (T;)ri air Tpri air,in )

Eq. (19) is rewritten as

1
Tsecair = m(ng’ex — ATp,air)
0.19
_m< pri air _Tpri air,in) (20)
T,

121/ (081R)

where T, x=123°C (exit flue gas temperature); Ty air 1S
the primary air temperature; 7Tp qirin 1S the primary air
temperature at the air preheater inlet; Ty urin 1S the
secondary air temperature at the air preheater inlet, and
R:maircp,air/ (mfgcp,fg)‘

Ticc i Flue gas
Ty I
Ttg ap
Air preheater
—
Primary airé ; G}oc
Toriaicii=31°C. (19.%) . ) fgex™
Secondary air —_
Tecairin=23°C (81 %)

Fig. 2 Tri-sector rotary air preheater

Eq. (20) shows T . as a function of R, which is the
mass flow rate ratio of air to flue gas multiplying the
specific heat ratio of air to flue gas. When both coal and
excess air coefficient are given such as shown in Tabs.1-2,
mai/mg, 1s a specific value. Specific heat is weakly
dependent on temperatures for air and flue gas. Fig. 3(a)
shows enthalpies of air and flue gas versus temperatures.
The larger slope of enthalpies versus temperatures for
flue gas than those for air, indicates larger specific heat of
flue gas than air. The difference of enthalpies between the
two fluids is increased with increase of temperatures. Fig.
3(b) shows flue gas temperatures versus secondary air
temperatures. The flue gas temperatures are quasi-
linearly approaching the secondary air temperatures, until
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Tioap €quals to T qir at 531.9°C, which is the maximum
secondary air temperature with zero pinch temperature in
air preheater.
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Fig. 3 Enthalpies of flue gas and air (a) and flue gas

temperatures versus secondary air temperatures (b)

However, can the secondary air temperature approach
this maximum value? There are two limitations which
should be noted. The first limitation refers to relatively
small heat transfer coefficient in air preheater, leading to
the rise of air preheater volume with increase of Ty -
This reason limits the application of tri-sector rotary air
preheaters due to the dramatic mushroom droopy
deformation of rotor [29]. This issue can be solved by
modifying the air preheater, see Fig. 4 for two possible
arrangements of the high-temperature air preheater
regarding its modification.

The first type combines the molten salt air preheater
and rotary air-preheater (see Fig. 4(a)). The second type
combines the tube air preheater and rotary air-preheater
(see Fig. 4(b)). For both of them, the low-temperature
flue gas heat can be absorbed by a rotary air preheater,
similar to a large-scale tri-sector rotary air preheater. The
high-temperature flue gas heat can be absorbed by the
molten salt air preheater (the first type) and tube air
preheater (the second type) respectively. The air
temperature can be further increased via the above
modifications.

The second limitation is that the additional heat of air
added in the furnace may highly increase the flue gas
temperature at furnace exit (7g), which may cause a
severe damage to the superheater. Based on this problem,
the relationship between Tgs and T . has been
explored according to the boiler design standard [30].
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Here, the furnace exit is defined at the furnace arch. We
show that with increase of Ty a5 from 320°C to 520°C,
T is slightly increased from 1298.6°C to 1305.1°C.
The small increment of 7%, within 6.5°C has weak effect
on the superheater due to the following two reasons. The
first reason is that with increase of T ., the thermal
efficiency of the S-CO, cycle is increased to decrease the
coal consumption rate at the same power output (see Fig.
5(a)). The second reason is that with increase of Ty air

Secondary air Flue gas

(@)

MS: Molten salt
-

Primary air

|

MS air preheater+rotary air preheater
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the theoretical flame temperature will be increased
because additional heat of air is added in the furnace,
elevating the thermal load of the furnace (Fig. 5(b)). The
above reasons weaken the effect of T air ON Thefy,
resulting in no obvious effect of T, on the superheater.
Therefore, the above two limitations cannot form real
constraints about elevating Ty .- Then, in this paper, the
Tiec 2ir Will be elevated to explore the performance of the
S-CO, coal-fired power system.

Flue gas

(b)

Secondary air

Primary air

A1

Tube air air preheater+rotary air preheater

Fig.4 Two types of high-temperature air preheater
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4. The Main Vapor Pressure Adjustment Method

The parameters adjustment method adjusts the main
vapor pressure Ps of the S-CO, cycle and the secondary
air temperature Ty .;- A criterion is needed to have zero
residual flue gas heat, O,.=0. Combining Egs. (12), (17)
and (18) yields the following criterion.

T, = +AT, o — AT,

Tsec air p.air (2 1)

Eq. (21) shows constant difference between 7, and
Teec air (see Fig. 6(a)). The core concept of the main vapor
pressure adjustment method is to vary Ps to achieve
suitable 7, to satisfy the criterion given in Eq. (21).
Because the main vapor temperature 7s is important to
influence the system performance, Fig. 6(b) plots T4
versus Ts at Ty oir =400°C, 450°C and 500°C,

respectively. The selection of the three secondary air
temperatures satisfies Ty ,;<531.9°C shown in Section 3.
Fig. 6(b) shows that Ty ,; and Ps obviously influence
the range of 7s. In Fig. 6(b) 7, is kept unchanged by
adjusting Ps. The corresponding Ps is shown in Fig. 7(a).
To ensure the complete absorption of the flue gas heat,
when the main vapor pressure is given, a lower
secondary air temperature requires to decrease both the
CO, temperatures entering and leaving the boiler (7, and
Ts). Inversely, a higher secondary air temperature
elevates both 7, and Ts5. On the other hand, when the
secondary air temperature is fixed, Ps influences the Ts
range, due to the constraint of Ps in the range of 20-50
MPa (see Tab. 1). For example, the CO, temperature
entering the boiler is 742=399°C at T ,,;=400°C (see
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Fig. 6(a)). To keep T7,=399°C, the Ps range of
24.92-39.36 MPa shall correspond to the 75 range of
470-490°C for RC+DRH cycle to ensure Q,.=0.

To ensure Q,.=0, the main vapor pressure Ps should be
adjusted to a specific value to adapt a given main vapor
temperature 75, so that the relationship between 7, and
T air given in Eq. (21) can be satisfied. Thus, there
exists a relationship between main vapor pressure Ps and
main vapor temperature 75, which is presented at
different 7, (or T .y) for single-reheating and double-
reheating (see Fig. 7(a)). Single-reheating (RH) is only
available for higher main vapor temperatures in the range
of 580—620°C, due to restriction on Ps. On the other hand,
for lower T in the range of 470-490°C, double-reheating
(DRH) is preferable. In this 75 range, using of single-
reheating results in low main vapor pressure to obviously

deteriorate power generation efficiency. At moderate 7T,
(or Ty air), single-reheating yields higher main vapor
temperatures (see blue region in Fig. 7(a)), and double-
reheating corresponds to lower main vapor temperatures
(see light-blue region in Fig. 7(a)). Fig. 7(b) plots power
generation efficiencies 7, versus main vapor pressures Ps
for RC+RH and RC+DRH. It is observed that single-
reheating behaves obviously higher efficiency than
double-reheating. At Ps=48.68 MPa, 7, are 48.20% and
47.05% for single-reheating and double-reheating,
respectively.

In summary, at given main vapor temperature and
secondary air temperature, a main vapor pressure can be
searched to ensure no residual flue gas heat. Thus, this
strategy is called the main vapor pressure adjustment
method. Single-reheating is suitable for higher main
vapor temperatures, and behaves better thermal
performance than double-reheating.

5. The FGC method

The core concept of the FGC method is to arrange an
additional heat exchanger in tail flue to absorb the flue
gas heat in middle temperature range. Fig. 8(a-b) shows
the RC+RH+FGC and RC+DRH+FGC configurations.
For both single-reheating and double-reheating, a small
CO, flow rate is extracted from the compressor C1 outlet,
which is heated by flue gas and finally returns to the
cycle at the HTR inlet. Correspondingly, the 7—s
diagrams are shown in Fig. 8(c) for single-reheating and
Fig. 8(d) for double-reheating.

It is recognized that for supercritical water-steam
Rankine cycle power plant, double-reheating improves
cycle efficiency. This conclusion should be revisited for
S-CO, cycle. Surprisingly, it is found that both single-
reheating and double-reheating result in identical power
generation efficiency (see Fig. 9(a)). The difference
between single-reheating (RH) and double-reheating
(DRH) is that DRH creates larger residual flue gas heat
(O:.) than RH (see Fig. 9(b)). The secondary air
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temperatures also influence residual flue gas heat. The
lower the secondary air temperature, the larger residual
flue gas heat appears. Smaller heat is received by air
preheater at lower secondary air temperature to leave
more residual flue gas heat. In order to explain the
similar power generation efficiency for RH and DRH
when FGC is used, the thermal efficiency is written as

WA WA
th =
Oh cyele + PrGe

Because residual flue gas heat is larger for DRH than
RH, the using of double-reheating turns to deteriorate
system thermal efficiency, accounting for similar power
generation efficiency for both RH and DRH. Because
single-reheating not only has simpler cycle configuration,
but also creates smaller residual flue gas heat, it is better
than double-reheating when the FGC method is used.

We conclude that single-reheating is better than

(22)

double-reheating. The comparison between the main
vapor pressure adjustment method and the FGC method
focusses on single-reheating (see Fig. 10). The power

0.49
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Fig. 10 The comparison of main vapor pressure adjustment
method and FGC method on the power generation
efficiencies
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generation efficiency curves are crossing between the
two methods. The crossing point occurs at 75=596.5°C
and 7.=46.04%. Because the main vapor temperature is
relatively low at the crossing point, the operation at the
crossing point is not practical for modern power plant.
Beyond the crossing point, the main vapor pressure
adjustment method holds larger power generation
efficiency than the FGC method, and the efficiency
difference becomes larger when the main vapor
temperatures are increased. For the main vapor pressure
adjustment method, the power generation efficiency is
1n=48.2% at Ts=620°C and Ps=48.68 MPa. For the FGC
method, 7, equals to 46.8% at 75=620°C and Ps=30 MPa.

It is known that the system performance can be
improved by raising main vapor temperatures, which is
especially true for supercritical water-steam Rankine
cycle system. For Rankine cycle, the ultra-high pressure
may cause wet-steam expansion in turbine to yield
serious water erosion on turbine blades. Thus, the main
vapor pressure adjustment method is not suitable for
Rankine cycle. However, wet-steam expansion cannot
occur in a S-CO, cycle system because the turbine
operates in supercritical pressure region. The main vapor
pressure adjustment method for S-CO, coal fired power
plant has following benefits: (1) obviously higher power
generation efficiency; (2) dry-expansion in turbine; (3)
simple system design without FGC and double-reheating.
One shall note that higher pressure will influence the
structure load, material creep and component lifetime,
which should be further investigated. From the operation
and economic consideration, the main vapor pressure
adjustment method is a promising strategy for S-CO,
coal fired power plant, if the system pressure can be
higher than conventional.

6. Conclusions

The following conclusions can be drawn:

A comprehensively theoretical model was developed
in this paper, including thermodynamics, boiler pressure
drops and energy distribution in various components in
the system.

Because the secondary air temperature (Tyec air)
determines residual flue gas heat, the maximum
secondary air temperature is theoretically determined
based on energy conservation between flue gas and air,
which is 531.9°C for the coal used in this paper. The
secondary air temperature weakly influences the flue gas
temperature at furnace exit for higher 7y ., which can
be further increased with the new modification of air
preheater.

The main vapor pressure adjustment method searches
a suitable main vapor pressure adapting to a specific
main vapor temperature, so that the residual flue gas heat

J. Therm. Sci., Vol.28, No.3, 2019

becomes zero at given secondary air temperature.
Single-reheating is suitable for higher main vapor
temperature and behaves apparently higher efficiency
than double-reheating.

If residual flue gas heat does exist, the residual flue
gas heat is recovered by FGC. Single-reheating and
double-reheating share identical power generation
efficiency, but single-reheating creates smaller residual
flue gas heat.

It is concluded that single-reheating is better than
double-reheating for both the main vapor pressure
adjustment method and the FGC method. The main vapor
pressure adjustment method is promising for S-CO, coal
fired power plant.
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