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Chapter

Waste Heat Recovery from
Fossil-Fired Power Plants by
Organic Rankine Cycles
Qiang Liu

Abstract

More than 60% of the world’s electricity is still produced from fossil-fired power
plants. Recovering heat from flue gas, drained water, and exhaust steam which are
discharged in power plants by organic Rankine cycles (ORCs) to generate power is
an efficient approach to reduce fossil fuel consumption and greenhouse gas emis-
sions. This chapter proposes conceptual ORC systems for heat recovery of drain
from continuous blowdown systems, exhaust flue gas from boilers, and exhaust
steam from turbines. The waste heat source temperatures range from 30 to 200°C.
Environmentally friendly and nonflammable working fluids including R134a,
R1234ze, R236ea, R245fa, R1233zd, and R123 were selected as the working fluids.
The parameters of ORC systems were optimized, and the thermodynamic perfor-
mance was analyzed. The suitable ORC layouts for various kinds of heat sources
including drained water, flue gas, and steam were discussed with selecting the
proper working fluids. The gross power output of a coal-fired power plant can be
increased up to 0.4% by an ORC using the waste heat from the boiler flue gas. The
ORCs using turbine exhaust steam with the cooling water as low as 5°C can generate
2–3% more power for a power unit.

Keywords: coal-fired power plant, waste heat recovery, organic Rankine cycle,
parametric optimization, working fluid, thermodynamic analysis

1. Introduction

In 2018, the total world electricity generation reached 26,672 TWh [1]. About
64.15% of the total world electricity generation is still from fossil fuels (coal, natural
gas, and oil) [1], especially in China, the USA, Japan, Russia, and India. China
accounted for 26.2% of the world electricity generation [2]. The installed fossil-fired
power capacity is now increased to 1143.67 GW in China which accounts for about
60% of the total installed power capacity; however, 70.4% of electricity was gener-
ated from fossil fuels [2]. Now, China is also the world’s greatest emitter of green-
house gases from the burning of fossil fuels.

The development of large-capacity and high-temperature ultra-supercritical
fossil-fired power unit is the trend in the world. However, a large number of waste
heat are discharge in a power plant. Figure 1 shows waste heat sources in a typical
coal-fired power unit. Therefore, recovering the waste heat is a main approach to
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further improve thermal efficiencies and reduce greenhouse gas emissions for
fossil-fired power plants [3].

Continuous blowdown systems are used to purify the steam by removing
suspended solids in drum boilers for subcritical power plants as shown in Figure 1.
A part of the boiler water with temperatures up to 360°C from the drum is dis-
charge to the flash tank. In the flash tank, some of the water flashes to the steam,
and then the steam enters into a deaerator or a feedwater heater for feedwater
preheating, while the drain is generally discharge to the sewer. The drain tempera-
ture is higher than 150°C; however, the heat in the drained water is lost through
direct discharge. The waste heat in the drained water can be recovered by an
organic Rankine cycle to generate electric power [4].

A modern power station boiler produces large quantities of flue gas. The exhaust
flue gas temperatures generally range from 120–140°C for power station boilers.
Heat loss due to the exhaust flue gas is the largest heat loss in a power station boiler
which significantly affects the boiler thermal efficiency. For large- and medium-
capacity boilers, the exhaust flue gas heat loss accounts for 4–8% of the total boiler
heat input from fossil burning [3]. In actual operation, the flue gas temperature may
be higher than the design value which results in a lower boiler thermal efficiency
and a higher fuel consumption. The heat in the exhaust flue gas can be used to
preheat feedwater by a low-pressure economizer [5–7] and pre-dry brown coal
[8–11]. The waste heat of exhaust flue gas can also be used to drive an organic
Rankine cycle to produce electric power [5, 12–14].

The latent heat of the exhaust steam from a condensing turbine is released to the
cooling water at the condenser as shown in Figure 1. Even for a modern steam
turbine, 50–60% of the heat input is discharge to the heat sink. Seawater is generally
used as the cooling water for the offshore power plants. The seawater at high-
latitude regions or at deep sea (depth down to 1000 m) has a temperature as low as
5°C. However, the condensing turbine exhaust pressures are generally higher than
3.5kPa with condensation temperatures not less than 26.7°C due to the limits from
the wetness loss, last-stage blade length, and droplet erosion. Thus, the temperature
difference between the exhaust steam and seawater can be used to drive an ORC to
produce electricity. An ORC can also use a part of the extracted steam from low-
pressure turbine and boiler flue gas [14] or only the coldest extraction steam [15] to
generate additional electricity.

In coal-fired power plants, there are different kinds of heat sources which can be
utilized by ORCs. The waste heat sources involve different heat transfer fluids (gas,
water, and steam) and large scales of capacity and temperature. The exhaust flue
gas with temperatures up to 140°C from a supercritical boiler which contains

Figure 1.
Schematic of the waste heat sources can be recovered by ORCs in a typical coal-fired power unit.
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10–30 MW heat can be recovered. The turbine exhaust steam at 30°C contains more
than 300 MW heat for a large-capacity power unit. Therefore, this chapter focuses
on the thermodynamic performance of ORCs using the waste heat from coal-fired
power plants. The suitable cycle layouts are discussed with considering the waste
heat source characteristics. The evaporation temperature and pressure of the work-
ing fluid will be optimized to maximize the cycle net power output. The proper
working fluid is selected according to the thermodynamic performance. The power
generation potentials are also evaluated for various kinds of waste heat sources.

2. ORC model

The ORCs using low-boiling organic working fluids are the unequaled technol-
ogy for producing electricity from medium-low-temperature heat sources [16]. The
ORCs have distinctive features of being simple layouts, being efficient for off-
design conditions, and being reasonable cost-effectiveness. Therefore, ORC systems
have been widely used to convert geothermal, solar, biomass, waste heat, and ocean
thermal energy to electricity. The theoretical basis for ORCs has been described
elsewhere [16–22]. This section briefly describes the cycle layouts and working
fluids selection.

2.1 Cycle layouts

The ORCs can be classified into subcritical and supercritical cycles according to
the working fluid evaporation pressure. Considering the saturated vapor line shapes
of working fluids, the subcritical ORC with saturated vapor at the turbine inlet is
called o2 cycle, and that with superheated vapor at the turbine inlet is called o3 cycle
which uses a dry working fluid or b3 cycle which uses a wet working fluid, and the
supercritical ORC is called s2 cycle [17]. The cycle layouts are selected according to
the heat source characteristics and the working fluid critical temperature. Figure 2(a)
shows a typical ORC system with a wet cooling system with the T-s diagrams for o2,
o3, b3, and s2 cycles shown in Figure 3. The working fluid is heated to a saturated or a
superheated vapor from a subcooled liquid by the heat source fluid in heat
exchangers. Thus, the energy balance for working fluid evaporation can be uniformly
expressed as

_mH hHin � hHoutð Þ ¼ _mO h0 � h3ð Þ (1)

where h is the specific enthalpy, the subscript H represents the heat source, and
the subscript O represents the organic fluid.

Figure 2.
Schematics of (a) a typical ORC and (b) an ORC with an IHE.
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The power generated by the turbine was

_WT ¼ _mO h0 � h1ð Þ (2)

The power consumed by the working fluid feed pump was

_WFP ¼ _mO h3 � h2ð Þ (3)

The net power output by the ORC systemwas defined as the turbine power output
which subtracts the parasitic power consumed by the working fluid feed pump:

_Wnet ¼ _WTηmηg � _WFP (4)

The cycle thermal efficiency is defined as

ηth ¼
_Wnet

_Q in

(5)

The turbine exhaust vapor temperature could still be relative high; the super-
heated vapor could be worth preheating the working fluid in an internal heat
exchanger (IHE), also referred to as a recuperator or regenerator, before the pre-
heater [16–18] as shown in Figure 2(b). Eq. (1) for an ORC with an IHE can be
rewritten as

_mH hHin � hHoutð Þ ¼ _mO h0 � h3að Þ (6)

Figure 3.
Temperature-entropy diagrams for basic ORCs: (a) o2 cycle, (b) o3 cycle, (c) b3 cycle, and (d) s2 cycle.
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The use of an IHE can improve the preheater inlet temperature by the turbine
exhaust vapor. For the heat source without the limitation of the outlet temperature
[18, 23], the heat source fluid outlet temperature increases because the working
fluid is preheated as shown in Figure 4(a) and the cycle net power output will
maintain constant or increase slightly [24]. For the heat source with a limited outlet
temperature as shown in Figure 4(b), the increase in the preheater inlet tempera-
ture results in an increase in the working fluid mass flow rate or the optimal
evaporation temperature; thus, the net power output increases.

2.2 Systematic parameters

The matching characteristics between the heat source fluid and the working
fluid affect the ORC net power output. In subsequent sections, the working fluid
evaporation temperature or pressure will be optimized to maximize the cycle net
power output. The operating parameters and boundary conditions for the ORCs are
listed in Table 1. The parametric optimization and thermodynamic analyses are
based on the parameters listed in Table 1 except the ORC in Section 5.2. The heat
losses and pressure drops are neglected except instructions.

The pinch point temperature difference is an important parameter for system
design and optimization [25, 26]. During the working fluid evaporation, the pinch
point may locate at the bubble point, a subcooled liquid state near the critical point
and a superheated state [26] which depends on the heat source temperature drop

Figure 4.
Temperature-entropy diagrams of ORCs with an IHE for heat source fluids: (a) without outlet temperature
limitation and (b) with limited outlet temperature.

Parameters Values Unit

ORC turbine isentropic efficiency 85 %

Working fluid pump efficiency 80 %

Generator efficiency 98 %

Turbine mechanical efficiency 98 %

Evaporator pinch point temperature difference 10 °C

IHE pinch point temperature difference 10 °C

Condenser pinch point temperature difference 5 °C

Condensation temperature 30 °C

Table 1.
Parameters and boundary conditions for the ORC systems.
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and heat capacity and the working fluid thermophysical properties. Thus, each heat
exchanger is divided into 100 sections with equal heat-flow interval [25, 27] for
determining the pinch point during the parameter optimization.

2.3 Working fluids

Considering the operating safety, nonflammable working fluids are selected for
the ORCs using the waste heat in coal-fired power plants. Moreover, the working
fluids should be environmentally friendly with a lower ozone depletion potential
(ODP) and global working potential (GWP). The critical temperature has been
regarded as a criterion for working fluid selection [17, 28]; thus, the studied fluids
should cover a wide range of critical temperatures. The selected working fluids here
are R134a (1,1,1,2-tetrafluoroethane), R1234ze (1,3,3,3-tetrafluoropropene),
R236ea (1,1,1,2,3,3-hexafluoropropane), R245fa (1,1,1,3,3-pentafluoropropane),
R1233zd (trans-1-chloro-3,3,3-trifluoropropene), and R123 (2,2-dichloro-1,1,1-
trifluoroethane). The physical and environmental properties of the selected work-
ing fluids are listed in Table 2. The thermophysical properties for the working
fluids were calculated using REFPROP 9.1 [29].

3. Waste heat recovery from a boiler blowdown system

3.1 System description

A continuous blowdown system is generally used to purify the steam to maintain
acceptable levels of total dissolved solids for a subcritical drum boiler. Part of the
saturated boiler water at a higher salt concentration is discharge from the drum to
the flash tank [3, 30]. The pressure decreases as the saturated boiler water enters the
flash tank. The excess energy in the boiler water is given up as some of the saturated
water flashes to the saturated steam. The steam then enters into the deaerator to
preheat the boiler feedwater, and the drain is generally discharge to the sewer. The
energy in the drained liquid is lost through direct discharge.

The drain temperature is generally higher than 150°C. Here, an organic Rankine
cycle (ORC) is designed to recover the waste heat of the drained water from a
continuous blowdown system for power generation and then to improve the overall
thermal efficiency of the power plant [4]. The organic working fluid is heated by
the waste heat in the discharged drain and then generates power by expansion
through a turbine as shown in Figure 5.

Working fluid Tcr/°C pcr/MPa Safety class ODP GWP

R134a 101.06 4.059 A1 0 1430

R1234ze(E) 109.36 3.635 A2L 0 6

R236ea 139.29 3.420 n.a 0 1410

R245fa 154.01 3.651 B1 0 1030

R1233zd(E) 165.60 3.572 A1 0.003 1

R123 183.68 3.662 B1 0.01 77

Table 2.
Physical and environmental properties of the six working fluids [29].
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The energy balance for the flash tank can be expressed as

_mblhblηf ¼ _mfh
00
f þ _mdh

0
f (7)

where _mbl is the boiler water flow rate, hbl is the specific enthalpy of the boiler
water, ηf is the flash tank efficiency which is set to be 0.98, _mf is the saturated steam
flow rate, _md is the drained water flow rate, h00f is the specific enthalpy of the

saturated steam, and h0f is the specific enthalpy of the drained water.
The mass balance for the flash tank can be expressed as

_mbl ¼ _mf þ _md (8)

The flow rate of the saturated steam flashed from the boiler water increases as
the flash tank pressure, pf, decreases. The flash tank pressure generally is set to be
the deaerator pressure which ranges from 0.8 to 1.1 MPa for subcritical steam
turbines. Thus, 40–50% of the boiler water is flashed into saturated steam.

The main-steam flow rates of typical subcritical 600 MW power units range
from 1600 to 2000 t/h for the BRL (boiler rated load) condition. About 13–16 t/h
boiler water enters the flash tank if the blowdown rate is 0.8% which means that the
drained water flow rate can reach 6–10 t/h. A power plant generally has 2–8 power
units; thus, the drain water from the continuous blown down systems can be
collected, and the flow rate may be reached 80 t/h.

A typical subcritical 600 MW boiler is analyzed in this section. The boiler
parameters for the BRL condition are listed in Table 3. The boiler water flow rate in
a blowdown system is set to be 17.1 t/h. At the flash tank outlet, the drain flow rate
is 9 t/h according to Eqs. (7) and (8). Assume a power plant has same four power
units; thus, the total drain flow rate is 10 kg/s (36 t/h). The collected drain is used to
drive an ORC as shown in Figure 5. Considering the heat loss, the drain tempera-
ture to the ORC system is set to be 180°C.

3.2 Thermodynamic performance

The turbine inlet temperatures (pressure) were optimized to maximize the cycle
net power output for the ORCs with saturated vapor at the turbine inlet (o2 cycle)

Figure 5.
Schematic of an ORC power generation system using the blowdown waste heat from a subcritical boiler [4].
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using R245fa, R1233zd(E), and R123. The optimized turbine inlet temperatures and
the maximum net cycle power outputs are listed in Table 4. The results show that
the optimal turbine inlet temperature decreases as the critical temperature of the
working fluid increases. The net power output as well as the waste heat utilization
rate decreases for working fluids with higher critical temperatures. The net cycle
power output is 660 kW for the o2 cycle using R245fa, while the net cycle power
output is only 599 kW for the o2 cycle with R123.

Here, the superheated ORC uses a working fluid with a lower critical tempera-
ture (R134a, R1234ze, and R236ea) for recovering the waste heat from the drained
water. The turbine inlet temperature and pressure are optimized simultaneously to
obtain the maximum cycle net power output using the generalized reduced gradient
(GRG) method which has been successfully used in previous work [4, 27]. Both the
optimized turbine inlet temperature and pressure are higher for the working fluid
with lower critical temperature as shown in Table 4. However, the working fluid
with higher critical temperature generates a higher net power due to the higher
working fluid flow rate. The net cycle power output with R236ea is higher than that
with R134a or R1234ze.

A supercritical ORC provides a better match between the working fluid and the
heat source fluid temperature profiles. The working fluids with much lower critical
temperatures, such as R134a, R1234ze, and R236ea, are considered here for

Parameters Values Unit

Main-steam flow rate 2011 t/h

Steam drum pressure 18.5 MPa

Boiler water temperature in drum 359.3 °C

Flash tank pressure 1.03 MPa

Drain temperature 181.2 °C

Flash tank efficiency 98 %

Drain flow rate 10 kg/s

Drain pressure 1.03 MPa

Drain temperature at the evaporator inlet 180 °C

Table 3.
Blowdown system parameters of a 600 MW boiler for the BRL condition.

Working fluid Cycle TT,in/°C PT,in/MPa Power output/kW Heat utilization ratio/%

R245fa o2 116.3 1.79 660 70.99

R1233zd(E) o2 109.8 1.28 622 68.08

R123 o2 106.4 0.90 599 65.88

R134a b1 169.6 3.06 548 75.81

R1234ze o3 153.0 2.63 567 76.47

R236ea o3 121.4 2.06 677 77.81

R134a S2 163.4 8.57 749 77.10

R1234ze S2 163.7 7.48 746 77.10

R236ea S2 160.7 4.95 764 77.10

Table 4.
Parameters of the ORC for waste heat recovery from a blowdown system.
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supercritical ORCs. The turbine inlet temperature and pressure are optimized
simultaneously to maximize the cycle net power output considering the pinch point
temperature difference limit. Compared with subcritical ORCs, a supercritical ORC
produces 13–37% more net cycle power as shown in Table 4. The optimal turbine
inlet temperatures for supercritical ORCs with the selected working fluids are very
close; however, the working fluid with a lower critical temperature has a higher
optimal turbine inlet pressure. The high operating pressure and heat transfer dete-
rioration due to the large specific heat near the critical point must be considered in
the system design [4]. The supercritical ORC using R236ea generates the highest net
power (764 kW) among the considered ORCs with the selected working fluids.

4. Waste heat recovery from boiler exhaust flue gas

The heat loss in the exhaust flue gas is the largest heat loss in a power station
boiler which typically accounts 70–80% of the total boiler heat losses [30]. The
temperature of the exhaust flue gas from a power station boiler generally ranges
from 120–140°C. Unfortunately, the flue gas temperature may be higher than the
design value in operation which results in more heat losses and lower boiler thermal
efficiencies. The exhaust flue gas can be cooled by a low-boiling organic working
fluid with the fluid then passing through a turbine to generate power. The potential
decrease in the exhaust flue gas temperature is 10–30°C. Supercritical 1000 MW
boilers for power plants consume about 350 tons of bituminous coal and generate
about 3 � 106 Nm3 flue gas per hour for the BRL condition. More than 10 MW
waste heat can be recovered to drive an ORC when the flue gas temperature is
reduced by 10°C. This section discusses the thermodynamic performance of ORCs
using the flue gas waste heat from a supercritical boiler.

4.1 Coal-fired boiler

More than 90 supercritical 1000 MW coal-fired power units are being operated
in China with more 1000 MW power units planned to replace many current small-
capacity and low-efficiency power units [31]. Therefore, a modern supercritical
1000 MW power unit is taken here as a case study. The boiler operating parameters
for the BRL condition are listed in Table 5. The main-steam temperature is 605°C
with a flow rate of 800.5kg/s. The exhaust steam from the high-pressure steam
turbine is then reheated to 603°C in the reheater with a flow rate of 649kg/s. The
feedwater temperature at the economizer inlet is 299.4°C with no water and steam
assumed to be lost in the boiler. The exhaust flue gas temperature is 135°C, and the
boiler thermal efficiency is 92.57%.

The ultimate analysis (UA) of the fuel is useful for the calculation of air and flue
gas quantities and other combustion calculations [3, 30]. The coal consists of five
elements (carbon, hydrogen, nitrogen, oxygen, and sulfur), moisture, and ash. A
typical bituminous coal is used here as the boiler fuel. The elemental weights of the
coal are determined on as-received basis: Car = 61.7%, Har = 3.67%, Oar = 8.56%,
Nar = 1.12%, Sar = 0.6%, Aar = 8.8%, andMar = 15.55%. The lower calorific value (LCV)
of the bituminous coal is 23.47 MJ/kg. The boiler consumes 353.5 tons of bituminous
coal and generates 3.055� 106 Nm3 flue gas per hour for the BRL condition.

Sulfur in the coal on combustion forms SO2 and partly SO3. Sulfuric acid will be
formed because of the reaction between SO3 and H2O in the flue gas at lower tem-
peratures, which then condenses on the tube surface below the acid dew point and
leads to the corrosion of the tubes [3, 30]. Therefore, the flue gas was assumed to be
cooled to 110°C by the organic working fluids to avoid low-temperature corrosion.
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4.2 ORC system driven by waste heat from boiler flue gas

Figure 6 shows an ORC system using waste heat of flue gas from a boiler for
power generation. A counterflow heat exchanger is used here to recover the waste
heat because the flue gas temperature is much lower. The heat exchanger tubes are
placed in an in-line arrangement for a lower flue gas pressure drop. The flue gas
longitudinal flows outside the tubes. The working fluid is heated to a vapor from a
subcooled liquid in the tubes of the heat exchanger.

The heat source temperature is a key parameter which influences the choice of
cycle types and working fluids [16–19, 23]. The flue gas temperature should be
higher than the acidic dew point to avoid low-temperature external corrosion; thus,
the temperature drop of the exhaust flue gas from power station boiler is much
lower. Considering the lower temperature drop and the higher flue gas temperature
at the preheater outlet, an internal heat exchanger (IHE) is used in the ORC system
to improve the working fluid temperature at the preheater inlet by the turbine
exhaust vapor and then decrease the temperature difference between the flue gas
and the working fluid.

The energy balance in the heat exchanger can be expressed as

_BVfg Iinfg � Ioutfg

� �

ηHE ¼ _mO h0 � h3að Þ (9)

where _B is the coal consumption rate, Vfg is the specific volume flue gas based on

1 kg coal (unit flue gas volume), Iinfg is the flue gas enthalpy at the heat exchanger

inlet, and Ioutfg is the flue gas enthalpy at the heat exchanger outlet, ηHE is the heat

exchanger efficiency which considering the heat loss, _mo is the organic working
fluid flow rate, h0 is the working fluid specific enthalpy at the heat exchanger
outlet, and h3a is the specific enthalpy at the IHE outlet.

The unit gas weights (volumes) for the BRL condition were calculated using the
ultimate analysis [3, 30]. The excess air coefficient in the flue gas was assumed to be
1.3. The heat-flow rate is 29.26 MW when the flue gas temperature is reduced from
135 to 110°C. The total heat loss is assumed to be 5% during the heat transfer due to
the radiation and convection; thus, 27.8 MW heat is transferred to the organic

Parameters Values Unit

Main-steam temperature at superheater outlet 605 °C

Main-steam pressure at superheater outlet 26.13 MPa

Main-steam flow rate 800.49 kg/s

Steam temperature at reheater outlet 603 °C

Reheated steam pressure at reheater outlet 4.57 MPa

Steam temperature at reheater inlet 347.7 °C

Reheated steam pressure at reheater inlet 4.80 MPa

Reheated steam flow rate 648.96 kg/s

Feedwater temperature 299.4 °C

Boiler thermal efficiency 92.57 %

Exhaust flue gas temperature 135 °C

Lower calorific value (LCV) of coal 23469.7 kJ/kg

Table 5.
Operating parameters of a supercritical 1000 MW boiler for the BRL condition.
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working fluids. The heat losses and pressure drops in the ORC system are neglected
to simplify the calculations.

4.3 Thermodynamic performance

Both the o2 cycle and the o3 cycle are studied with the working fluids of R123,
R1233zd, R245fa, and R236ea. The evaporation temperatures (pressures) of the
selected working fluids were optimized for the o2 cycle to maximize the net cycle
power output. The optimized parameters and system performance are listed in
Table 6. Figure 7(a) shows the T-Q diagrams of the selected working fluids for o2
cycle. The optimal evaporation temperature of the o2 cycle is lower for the working
fluid with a higher critical temperature which results in a higher heat load for the
isothermal evaporation process and a better match between the working fluid and
the flue gas temperatures as shown in Figure 7(a). The working fluid with a higher
critical temperature also has a lower evaporation pressure which leads to a lower
working fluid pump power consumption. For example, 61.7% of the total heat flow
is used for R123 boiling process, while 54.3% of the total heat flow is needed for
R236fa preheating which process has a large temperature difference. Therefore, the

Figure 6.
Schematic of an ORC system using waste heat of flue gas from a boiler.
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o2 cycle using a working fluid with a higher critical temperature produces more net
power as shown in Table 6. The o2 cycle using R123 generates about 4% more net
power than that using R236ea.

Increasing the heat load of the isothermal evaporation process can better match
the temperature profiles between the flue gas and the working fluid due to the
lower temperature drop of the flue gas. The subcritical cycle using superheating
process can further improve the temperature matching between the flue gas and the
working fluid. The turbine inlet temperatures of the selected working fluids were
set here to be 125°C for the subcritical cycles, and then the evaporation pressures
were optimized to obtain the maximum net cycle power with the minimum tem-
perature difference between the flue gas and the working fluid not less than 10°C.
Compared to the o2 cycle, the use of superheating results in a slight decrease in the
evaporation pressure and then reduces the power consumption of the working fluid
pump. The turbine exhaust vapor temperature increases about 18°C due to the
superheat degree at the turbine inlet; however, the working fluid temperature in the
IHE can be increased by 12–13°C by the waste heat from the turbine exhaust vapor.
Therefore, the average heat transfer temperature difference between the flue gas

Working fluid Cycle TT,in/°C PT,in/MPa Power out/kW Thermal efficiency/%

R236ea o2 113.67 2.09 3783.0 13.61

R245fa o2 111.84 1.63 3845.9 13.84

R1233zd(E) o2 110.69 1.31 3876.9 13.95

R123 o2 109.60 0.97 3937.7 14.17

R134a b3 125 3.85 3502.0 12.60

R1234ze o3 125 2.74 3570.6 12.85

R236ea o3 125 1.97 4025.5 14.48

R245fa o3 125 1.55 4070.6 14.65

R1233zd(E) o3 125 1.25 4074.6 14.66

R123 o3 125 0.93 4118.6 14.82

R134a s2 125 4.26 3484.8 12.54

R1234ze s2 125 3.82 3576.5 12.87

Table 6.
Comparison of ORCs using flue gas waste heat from a 1000 MW boiler.

Figure 7.
T-Q diagrams for (a) the o2 cycles and (b) the cycles with superheated vapor or supercritical fluid at the
turbine inlet.
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and the working fluid decreases, and the o3 cycle produces more power than the o2
cycle as shown in Table 6.

In this case study, the working fluid with a higher critical temperature needs a
lower heat load for superheating and a higher heat load for boiling as shown in
Figure 7(b). For instance, the heat load for R123 superheating accounts for 7.4%,
and the heat load for R123 boiling accounts for 61.8% of the total heat load; how-
ever, the heat load for R134a superheating accounts for 28.8%, and the heat load for
R134a boiling only accounts for 22.4% of the total heat load because the boiling
temperature is close to its critical temperature. The working fluids with lower
critical temperatures have higher optimal evaporation pressures which also results
in more power consumed by the working fluid pump. The ORC with superheating
using R123 as the working fluid can generate 17.6% more power than that using
R134a.

The supercritical ORCs using R1234ze and R134a which has a lower critical
temperature are analyzed and compared here. The turbine inlet temperature is also
set to be 125°C with the turbine inlet pressure of 1.05 pcr because the turbine inlet
temperature is very close to the critical temperature. The supercritical ORCs with
R134a and R1234ze give a better matching of the temperature profiles between the
working fluid and the flue gas compared to the subcritical ORCs as shown in
Figure 7(b) which results in a higher turbine power output; however, the power
consumed by the working fluid pump increases with increasing evaporation pres-
sure which offsets the advantages of the supercritical ORCs. For example, the net
power output of the supercritical ORC with R134a is even lower than the subcritical
ORC for this case study. The subcritical ORC with superheating (o3 cycle) shows a
better thermodynamic performance for lower temperature drop heat sources. The
maximum power is produced by o3 cycle with R123 for waste heat recovery from
the flue gas at a temperature of 135 °C, followed by o3 cycle with R1233zd and
R245fa in this case study.

The volume flow rate at the turbine inlet as well as the turbine outlet/inlet
volumetric flow ratio is important for the turbine design [17, 26]. Figure 8(a)
shows the thermal efficiencies as a function of the turbine inlet volume flow rates of
the working fluids for the optimal conditions. The mass flow rates of the selected
working fluids are very close which range from 119 to 146 kg/s. However, a lower
turbine inlet pressure leads to a lower density; thus, the working fluids evaporated
at lower pressures have a much higher volume flow rates. The volume flow rate of
R123 is the highest for the o2 cycle among the working fluids. Compared to the o2

Figure 8.
Thermal efficiencies versus (a) volume flow rate, V0, at the turbine inlet and (b) turbine outlet/inlet volumetric
flow rate ratios for the optimal condition: ● saturated vapor, ○ superheated vapor, and ☉ supercritical fluid.
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cycle, the volume flow rate is increased by 10–20% for the o3 cycle due to the lower
turbine inlet pressure as shown in Figure 8(a), while the thermal efficiency can be
increased by 4.6–6.4%. Both the R134a and R1234ze have lower volume flow rates
with lower thermal efficiencies. The working fluid has a higher volume flow rate
at the turbine inlet, also somewhat has a higher thermal efficiency as shown in
Figure 8(a).

Figure 8(b) shows the thermal efficiencies as a function of the VR (turbine
outlet/inlet volumetric flow rate ratios, V1/V0) at the optimum turbine parameters
for the maximum power output. Compared to the o2 cycle, the expansion ratio in
the turbine decreases for the o3 cycle with the same condensation pressure which
also leads to a decrease in the VR. Both the expansion ratios of R134a and R1234ze
are much lower in the subcritical ORC because of the higher condensation pressures
which also results in lower VRs. The VRs of R134a and R1234ze are increased in the
supercritical ORC. Among the selected working fluids, R123, R1233zd, and R245fa
have high thermal efficiencies with high-turbine-inlet volume flow rates and tur-
bine outlet/inlet volumetric flow rate ratios. R1233zd is considered to be the most
suitable working fluid for the ORC which recovers waste heat from the boiler flue
gas with taking the safety and environment protection into account.

5. Heat recovery from turbine exhaust steam

5.1 ORCs driven by exhaust steam from a back-pressure turbine

Back-pressure steam turbines supply not only electricity but also the steam and
heat for processes. The exhaust steam of the back-pressure steam turbine is directly
used to supply heat or steam to the facilities without condensation. Ideally, the
exhaust steam and the electricity from the back-pressure steam turbine are supplied
to the same users [32]. The back-pressure steam turbine does not have any cold
source loss (heat loss released directly to the environment). Therefore, the back-
pressure steam turbines are efficient and have been widely used in industrial appli-
cations such as oil refineries, petrochemical plants, and cogeneration [33].

The exhaust steam pressure generally is set to be the demand pressure from the
facility or outside needs [33]; thus, a lower expansion ratio results in a lower
enthalpy drop and small power output in a back-pressure steam turbine. Only fewer
turbine stages are used due to the lower enthalpy drop which leads to a simple
structure and a lower cost for a back-pressure steam turbine.

Process steam/heat demand and electricity demand change independently
according to the season or facility production demand [33]. An imbalance between
process steam/heat and electricity demands is one of the most common problems in
actual operation. The steam/heat demand is the primary requirement with electric-
ity demand a secondary consideration to solve the imbalance demands because the
steam and heat cannot economically and conveniently be transported over a long
distance. Adjusting the main-steam flow rate of a back-pressure turbine is the major
solution to meet the steam/heat demand. Thus, the back-pressure turbine power
(electricity) output varies with the steam/heat demand. However, the thermal
efficiency of the back-pressure steam turbine is significantly decreased with
decreasing electricity output at partial loads due to the lower enthalpy drop. For
example, the turbine isentropic efficiency (relative internal efficiency) can be
decreased from 85 to 60% for lower steam flow rates which leads to an increase in
the heat consumption of power generation [34].

The imbalance between steam/heat and electricity demands reduces the eco-
nomic performance of back-pressure steam turbines. Part of this risk will be
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mitigated if the back-pressure steam turbine can be operated at the optimum
condition (design condition) and the excess steam which beyond the steam/heat
demand is used to generate electricity by an ORC which exports electricity directly
into the grid [32]. The back-pressure turbine will operate with constant steam flow
rate, but the steam flow rate to the ORC system varies with the steam/heat demand.
The ORCs have the distinctive features of being simple cycle layouts, being low cost
and especially being efficient for partial loads. Therefore, an ORC can generate
power using the excess steam with high thermal efficiency and availability for
complex operating conditions. In this conceptual system, the back-pressure steam
turbine is operating efficiently at the optimal condition, and the extra electricity
generated from the ORC system is sold to the grid which improves the economics
considerably.

A typical B25–8.83/1.5 extraction back-pressure turbine is taken as a case study.
The parameters for typical conditions of the back-pressure turbine are listed in
Table 7, and the schematic is shown in Figure 9. The superheated steam from the
boiler enters the back-pressure steam turbine to generate power. One stage steam is
extracted from the steam turbine for the feedwater heater 1 (FWH1) to preheat the
feedwater. In the original system, the exhaust steam of the back-pressure turbine is
divided into four stages of steam flow: one stage extracted from the exhaust steam
for FWH2 to preheat the feedwater, one stage extracted for the deaerator after
throttling, one stage extracted for the mixer after throttling to a lower pressure to

Parameters THA 75%THA 50%THA 30%THA

Main-steam temperature/°C 535 535 535 535

Main-steam pressure/MPa 8.83 8.83 8.83 8.83

Main-steam flow rate/t�h�1 245 195 148 109

Power output/kW 25,203 18,862 12,637 7545

Exhaust steam temperature/°C 316.2 327 345.3 370.6

Exhaust steam pressure/MPa 1.5 1.5 1.5 1.5

Steam demand/t�h�1 174.5 140.9 108.6 81.0

Isentropic efficiency/% 79.5 74.77 66.77 55.87

Table 7.
Operating parameters for a B25–8.83/1.5 back-pressure turbine [34].

Figure 9.
Schematic of an ORC for recovering the excess exhaust steam heat from a back-pressure steam turbine [34].
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preheat the makeup water, and the rest most of exhaust steam transported to the
heat consumer. The heat consumer steam demand accounts for 70% of the turbine
main-steam flow. The main-steam flow rate of the back-pressure turbine decreases
with decreasing steam demand, which results in a serious decrease in the isentropic
efficiency (relative internal efficiency) as shown in Table 7.

A conceptual system had been proposed to improve the thermodynamic perfor-
mance of the back-pressure turbine as shown in Figure 9 [34]. The back-pressure
turbine is always operating at the turbine heat acceptance (THA) condition. When
the heat consumer steam demand decreases, the excess exhaust steam is provided to
an ORC for organic working fluid heating. The steam is condensed to the saturated
water and then returns back to the mixer after throttling to preheat makeup water.
Compared to the conditions with lower main steam flow rates, the back-pressure

turbine generates additional electricity, ∆ _WT, due to the high isentropic efficiency
and a constant steam flow rate. The amount of electricity produced by the ORC

system using the excess exhaust steam is defined as _WO. Thus, the total additional
electricity (increase in electricity) from the system can be expressed as

Δ _WSys ¼ Δ _WT þ _WO (10)

The additional electricity can be provided to the facilities or the grid. The steam/
heat and electricity demands can then both be regulated by adjusting the main-

steam flow rate. The additional electricity from the back-pressure turbine, ∆ _WT,
mainly depends on the turbine operating parameters and the steam demand. The

electricity produced from the ORC system, _WO, depends on the heat input from the
excess exhaust steam and the ORC thermal efficiency [34].

The flow rates of the excess exhaust steam for various steam demands are
determined according to the mass and the energy balances in the back-pressure
turbine system. The steam in the ORC evaporator is condensed to the saturated
liquid. The pressure drop between the back-pressure turbine outlet and the ORC
evaporator outlet is set to be 5%. The superheat degree of the exhaust steam reaches
120°C, but the sensible heat is much lower than the latent heat. Thus, the matching
characteristics between the organic working fluid evaporation and the steam con-
densation temperatures affect the ORC thermal efficiency.

The ORC turbine inlet temperature was assumed to be 195°C. The ORC turbine
inlet pressures of the selected working fluids were optimized to maximize the net
cycle power output with the boundary conditions listed in Table 1. The parameters
and thermal efficiencies of ORCs are listed in Table 8. Figure 10(a) shows the T-Q
diagrams of the evaporation process for the selected working fluids. Supercritical
cycles are adopted for R134a, R1234ze, R236ea, and R245fa due to their lower
critical temperatures and higher heat source temperature, while subcritical ORCs

Working fluid Cycle TT,in/°C pT,in/MPa pT,out/MPa Thermal efficiency/%

R134a s2 195 7.15 0.77 18.99

R1234ze s2 195 6.09 0.58 19.40

R236ea s2 195 4.37 0.24 20.59

R245fa s2 195 3.87 0.18 20.93

R1233zd o3 195 3.23 0.15 20.93

R123 o3 195 2.80 0.11 21.48

Table 8.
Comparison of ORCs using exhaust steam from a back-pressure turbine.
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with R123 and R1233zd are still used here. Subcritical ORC using R123 with the
lowest evaporation pressure shows a better matching of the steam and the working
fluid temperature profiles as shown in Figure 10(a) and the highest thermal effi-
ciency among the working fluids. The working fluid with a lower critical tempera-
ture has a higher evaporation pressure but shows a lower thermal efficiency. The
thermal efficiencies for R1233zd and R245fa are very close.

In this conceptual system, the back-pressure turbine outputs 6.3, 12.6, and
17.7 MWh additional electricity for the steam demands of 140.9, 108.6, and 81 t/h,
respectively. The additional electricity generation for ORCs using the excess
exhaust steam is listed in Table 9. As the steam demand decreases to 140.9 t/h, the
ORCs generate about 6 MWh electricity with the excess steam flow rate of 44.8 t/h.
The ORCs can generate 16.7 MWh electricity when the steam demand is decreased

to 81 t/h. Thus, the total additional electricity output of the system, ∆ _WSys, can

reach 12–34 MWh for partial steam demands.
At last, this section gives a further theoretical discussion on the cycle and work-

ing fluid choices for the heat source type with isothermal condensation. Both the
temperature and the pressure at the ORC turbine inlet were optimized simulta-
neously to obtain the maximum power output. Figure 10(b) shows the T-Q dia-
grams for the working fluids evaporating at the optimal condition. The exhaust
steam from the back-pressure turbine has a much large superheat degree, but the
sensible heat is still much lower than the latent heat. The pinch point occurs at the
dew point (saturated vapor state) of the steam as shown in Figure 10(b). The
working fluid may be heated to a temperature higher than the steam condensation
temperature by the sensible heat. In this case study, the optimal temperatures of the
working fluids at the evaporator outlet range from 205–213°C. The working fluid
with a higher critical temperature has a higher optimal evaporator outlet tempera-
ture and then results in a higher thermal efficiency. The subcritical ORC using the

Figure 10.
T-Q diagrams for working fluid evaporating at (a) the optimal pressure and (b) both the optimized pressure
and temperature.

Steam demand/ t�h�1
_WO/kW�h

R134a R1234ze R236ea R245fa R1233zd R123

140.9 5292 5409 5741 5835 5835 5986

108.6 10,536 10,769 11,429 11,617 11,617 11,918

81.0 14,744 15,069 15,992 16,256 16,256 16,677

Table 9.
Electricity generated by ORCs using excess exhaust steam at various steam demands.
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working fluid with a higher critical temperature is more suitable for the kind of
isothermal heat source due to the better matches of the temperature profiles of the
working fluid and the heat source fluid. The temperature at the evaporator outlet
(turbine inlet) strongly affects the cycle thermal efficiency. The cycle efficiency can
be relatively increased by about 4% for a 10°C increase in the turbine inlet temper-
ature. Compared to the ORCs with the fixed turbine inlet temperature of 195°C, the
cycle efficiencies are relatively improved by 3.7–5.7% for the optimal turbine inlet
temperatures and pressures as shown in Figure 11. Among the six working fluids,
the cycle efficiency with R123 is the highest with the highest turbine inlet temper-
ature, followed by R1233zd. The ORC thermal efficiency can exceed 20% for a
steam heat source at a temperature of 200°C. However, the thermal stabilities of the
working fluids should be considered primarily [16, 18, 35].

5.2 ORCs driven by exhaust steam form a condensing steam turbine

The majority of heat loss in a steam Rankine cycle is the exhaust steam latent
heat released to the coolant at the condenser. The cold source loss generally
accounts for 50–60% of the total heat input for an extraction condensing turbine.
The steam condensation temperature should be close to the coolant (environment)
temperature to reduce the turbine exhaust pressure and then increase the thermal
efficiency (absolute internal efficiency). The exhaust pressures generally range 4.9–
11.8 kPa for condensing turbines using closed cooling systems with circulating
water as the coolant; thus, the exhaust steam is condensed at temperatures of 32.5–
49°C with the circulating water flow rate up to 50–100 times the exhaust steam flow
rate. The condensation temperature (turbine exhaust pressure) is mainly affected
by the environment temperature and the operating conditions. The seawater is
generally used as the coolant for offshore power plants. The seawater temperature
can reach as low as 5 °C in the cold season or the seawater from a depth up to
1000 m; thus, the turbine exhaust pressures range 3.5–5 kPa with the condensation
temperatures between 26.7 and 32.9°C. Considering the issues including wetness
fraction, volume flow rate, and blade length of the last stage of the low-pressure
turbine (LPT), the exhaust pressure generally does not need to be less than 3.5 kPa
even through the cooling water temperature is much lower. The ratio of the

Figure 11.
Cycle thermal efficiencies for the ORCs using exhaust steam from back-pressure turbine.
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circulating seawater flow rate to the exhaust steam flow rate can be reduced to 30–
50 because of the higher cooling water temperature rise.

Organic Rankine cycles have been studied to utilize the ocean thermal energy
with the temperature difference between warm seawater and cold seawater as low
as 20°C [36–39]. Therefore, the temperature difference between the turbine
exhaust steam and the cooling water can be used to drive an ORC for power
generation as shown in Figure 12. The exhaust steam from the low-pressure turbine
(LPT) is condensed by the organic working fluid in the condenser. The working
fluid is heated to a saturated vapor and then enters into the ORC turbine to expand.
After expansion, the organic working fluid is condensed by the cold seawater in the
ORC condenser. The cycle thermal efficiency of the ORC is lower due to the lower
temperature difference between the heat source and sink. However, the ORC can
also provide substantial power because the discharged heat from the exhaust steam
in a power plant is much huge.

The parameters and boundary conditions for the ORC using exhaust steam as
the heat source and cold seawater as the heat sink are listed in Table 10. A subcrit-
ical 600 MW condensing steam turbine is taken as a case study. The exhaust
pressure of the steam turbine is 3.5 kPa with a flow rate of 300 kg/s. The subcritical
ORC with saturated vapor at the turbine inlet is only studied here due to the exhaust
steam isothermal condensation. The organic working fluid evaporation temperature
is only related to the steam condensation temperature with the pinch point temper-
ature difference, ∆TP; thus, the organic working fluid condensation temperature is
the key parameter which affects the thermodynamic performance as shown in
Figure 13. The ORC thermal efficiency increases as the condensation temperature
decreases. A lower condensation temperature needs a lower cooling water (seawa-
ter) temperature rise with a higher flow rate; however, the cooling water pumps
consume a significant fraction of the ORC output power [27, 36–39]. The cooling
water (seawater) flow rate was assumed here to be 45,000 kg/s with a temperature
rise about 3.58°C.

Figure 14 shows the turbine power generation and the net power output of the
ORC system using the exhaust steam as heat source and the cold seawater as heat
sink. The ORC turbine output can exceed 23.5 MW in this case study. The turbine

Figure 12.
Schematic of an ORC using the exhaust steam from a condensing turbine and the cold seawater.
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using R134a produces the maximum power among the selected six working fluids.
The cooling water pumps consume a significant fraction of the turbine output
power. The pump power consumption accounts for about 23.3% of the turbine
power generation when the cooling water pump head is 10 m. The pressure increase
in the working fluid pump is much higher for the working fluid with a lower critical
temperature and leads to a higher power consumption. The parasitic power con-
sumed by the working fluid feed pump with R134a accounts for 3.6% of the turbine

Parameters Values Unit

Turbine isentropic efficiency [36] 80 %

Working fluid pump efficiency [36] 75 %

Cooling water pump efficiency 80 %

Generator efficiency 98 %

Turbine mechanical efficiency 98 %

Evaporator pinch point temperature difference [37] 2 °C

Condenser pinch point temperature difference 2 °C

Exhaust steam temperature 26.67 °C

Exhaust steam dryness fraction 92 %

Exhaust steam flow rate 300 kg/s

Cold seawater temperature 5 °C

Cooling water (seawater) flow rate 45,000 kg/s

Cooling water pump head 10 m

Seawater specific heat capacity [37] 4.025 kJ/(kg °C)

Table 10.
Operating parameters and boundary conditions for the ORC using exhaust steam as heat source and seawater
as sink.

Figure 13.
Temperature-entropy diagram of an ORC using R1234ze as the working fluid driven by exhaust steam from a
condensing turbine with cold seawater as heat sink.
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power output. Thus, the system net power output (subtracting the power consumed
by the working fluid pump and the cooling water pumps from the turbine power
output) with R134a is the lowest due to the largest parasitic power consumption,
while the ORC with R123 outputs the maximum net power among the six working
fluids. When the cold seawater is directly used to condense the exhaust steam from
LPTs, the cooling water flow rate for the steam turbine is about 8,500 kg/s, but the
power consumed by the circulating water pumps is still more than 1 MW.When the
exhaust steam is used as an ORC heat source with the cold seawater as the heat sink,
the system can provide net power output up to 18 MW equal to 3% increase in the
gross power of the coal-fired power unit.

6. Conclusions

In coal-fired power plants, there are a large number of medium-low-grade waste
heat which is originally discharge to the environment. Conceptual systems and
thermodynamic performance for the ORCs recovering waste heat from coal-fired
power plants are studied in this chapter. The optimal cycle layouts and proper
working fluids for the ORCs are discussed. The conclusions are summarized as
follow.

1.The amount of the drained water that directly discharges has been toward
fewer and smaller in modern power plants. The original discharge or leaked
drain can be collected to drive a small-capacity ORC. A supercritical ORC
matches well with the kind of heat source with a large temperature drop.

2.The flue gas flow rate is much high for a large-capacity boiler. The amount of
waste heat in exhaust flue gas can be reached 10 MW even through the flue gas
is only cooled by 10°C. The subcritical ORC with an IHE (a recuperator or
regenerator) using a working fluid with a higher critical temperature is more

Figure 14.
Turbine power output and net cycle power output for ORCs with exhaust steam as heat source and cold
seawater as heat sink.
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suitable for the kind of heat source with a higher limited outlet temperature.
The gross power output of the coal-fired power unit can be relatively increased
by 0.4% by the ORC using the waste heat from boiler exhaust flue gas.

3.More than 50% of the heat input to the turbine is released in the condenser.
When the cooling water temperature is much lower, the use of ORCs to
recover the waste heat from the turbine exhaust steam becomes attractive.
Although the cooling water pumps consume a significant fraction of the ORC
output power, the net efficiencies of ORCs still reach 2.6%. The power output
increase potential for the coal-fired power unit can exceed 2–3% when all of
the turbine exhaust steam is used to drive ORCs with lower temperature
seawater as the heat sink.
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