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Abstract

In this paper, a hybrid power-generation system with integration of solar heat at approximately 300 °C was proposed

for a coal-fired power plant. The system was investigated with the aid of energy-utilization diagram methodology
(EUD methodology). In this research, instead of steam, low-grade solar heat was utilized to heat the feed water,
leading to an improvement in the plant thermodynamic performance. The net annual solar-to-electric efficiency was
recorded as over 15%. Solar feed-water heaters can operate in line with previously used feed-water heaters during
the solar off-design period. A preliminary economic evaluation demonstrated that the increased capital cost of the
solar collectors may be approximately $2,007/kWe. The promising results indicated that the proposed thermal cycle
offers an approach that integrates mid-temperature solar heat to partially repower existing coal-fired power plants.

Keywords: Mid-temperature solar energy; feed-water heater; exergy analysis,; economic evaluation.

1. Introduction

In recent years, the number of large-capacity electrical
power-generating units has increased due to rapid industrial
development and the rising need for additional electrical
power in China. However, small-scale thermal-power units
with low efficiency, which are technologically obsolete,
still comprise a large proportion of electrical power
generators, giving rise to high energy consumption and
severe environmental pollution. Nevertheless, replacing all
of these with large-capacity systems will lead to large costs
and a waste of investment in fixed assets. Consequently, it
is imperative to repower or at least partially repower or
upgrade or upgrade these existing small power stations to
reduce fuel costs and environmental impact.

Since the 1990s, more attention has been given to
hybridizing solar energy with fossil power plants from the
viewpoint of the sustainable development of solar thermal
power plants in the near and medium terms (Steinfeld &
Palumbo, 2001). At present, there are two basic approaches
to hybridizing solar thermal energy with coal plants or
natural gas-fueled plants: fuel saver and power booster
(Gregory, 1998). In a “fuel-saver” plant, fuel input to the
plant is reduced, while electricity output is constant. In this
way, solar thermal energy may be utilized to produce steam
in a conventional steam turbine with the coal Rankine cycle
or to preheat the inlet air to a gas turbine in a combined
cycle. For example, in a hybrid solar power station being
constructed by the Israeli energy company AORA in
Israel's Negev desert
(www.greenprophet.com/2009/05/14/9008/aora-israel-
solar-power/, Retrieved May 14, 2009), solar thermal

energy is added to preheat the inlet air to around 800 °C by

pressurized air receivers in the solar tower plant in the gas
turbine cycle; the maximum reduction in fuel consumption

would be approximately 27%. In a “power-booster” plant,
additional electricity is produced by oversizing the steam
turbine of the pure Rankine cycle or the bottoming portion
of a combined cycle under the condition of constant fuel
input to the plant, such as PAESI (Allani, 1991; Kane &
Favrat, 1999; Kane, Favrat, Ziegler & Allani, 2000) or
ISSCS Nevada of USA (Pilkington solar international
gmbh, 1996; Goswami, 1993). Based on efficient combined
cycles with a better fuel conversion efficiency, electricity
production costs can be reduced by as much as 42%
compared with the present SEGS plants (Kolb, 1997). In
both the fuel-saver and the power-booster plants, a
promising economic potential exists that is greater than that
for a solar-only plant with the same field size.

In Northwestern China, the installed capacity of coal-
fired power plants by the end of 2006 increased to 26.62
GWe. Of these, small plants with a capacity of 200MWe or
less accounted for 47.56% of capacity (12.66 GWe) and
face the situation of being eliminated. Local governments
have already planned to decommission quite a few of them,
for example, 320-MWe small thermal power units were
scheduled to be closed in Xinjiang area during 2006—2010.
Simultaneously, it should be noted that the northwestern
area, especially the Xinjiang region, is rich in solar energy
with a large sunshine time of 2,550-3,500 hours and a high
average solar radiation of 5,430-6,670 MIJ/m* per year
(www.chinabyte.com/449/7768949.shtml). It seems that
there is a promising prospect for partial repowering these
small-capacity plants with new technologies characterized
by solar energy utilization in areas where there is adequate
sunlight.

The objective of this paper is to propose a hybrid
power-generation system with synergistic integration of

solar heat at approximately 300 ° C, identify the

*The organizers of ECOS'09 selected this paper as one of the conference's best papers, recommended it be considered for publication in
IJoT, and managed the review process. It is printed here with permission of the authors and ECOS’09 organizers.
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performance characteristics using the graphical exergy
methodology, and identify the potential for further
improvement in the thermodynamic performance of the
system. Finally, a preliminary economical evaluation is
performed.

2. System Description and Performance Evaluation
2.1. Description of the partially repowered system

A simplified diagram for a novel system employing
solar thermal energy is given in Figure 1 and its state
parameters are shown in Table 1. The solar-hybrid power
plant includes a boiler system with reheating and
regenerating processes; a power system consisting of high,
intermediate, and low-pressure turbines; and a feed-water
heater system partially repowered with solar energy.

Generator

ondenser

S16

Parabolic
[ trough

Figure 1. A simplified diagram for the solar- hybrid power
plant.

Table 1. State parameters of the partially repowered
system.
Items T (°C) P (bar) Items T (°C) P (bar)

S1 535 132 S9 305 4
S2 535 22 S10 366 7
S3 242 2 S11 148 145
S4 32,5 0.049 S12 209 25
S5 33 15 S13 358 37
S6 53 0.144 S14 230 140
S7 113 1 S15 136 7
S8 242 2 S16 78 9

For this kind of solar-hybrid power plant, the net annual
solar-to-electric efficiency based on the reference (Buck et
al. 2002; Hong, Jin & Yang, 2006) was defined as follows:

sol ,cc

VVre/”
An., = 7 % 100% (1)

where, W, . is the output work of the repowered plant, W,
represents the output work of the plant before being
partially repowered, / refers to the annual average direct
incident radiation, and S is the total area of the parabolic
trough collectors.

The feed-water heating system consists of a deaerator,
two low-pressure heaters, and two new solar feed-water
heaters. The solar feed water heater before the deaerator is
called the high-pressure solar feed-water heater, while the
solar feed water heater located after the deaerator is called
the low-pressure solar feed-water heater. Solar feed-water
heaters are composed of a parabolic trough concentrator
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aligned on a north-south horizontal axis, with a
concentration ratio of 30-70. The heaters also feature an
evacuated absorber that concentrates the solar thermal

energy to approximately 300 °C. After flowing through the
two non-solar low-pressure heaters, the temperature of the

feed water rises to 80 °C. Subsequently, the water is

pressured to 9 bars by a feed-water pump and then flows
into the vacuum tube of the low-pressure solar feed-water

heater. The solar heat at around 300 °C substitutes for the
extracted steam to heat the feed water to a temperature of

136 °C. In the deaerator, the feed water is brought up to the

saturation temperature of 140 °C at a pressure of 3.6 bars.

After that, the feed water is pumped to 140 bars and flows
into the vacuum tube of the high-pressure solar feed-water

heater, which heats the feed water to a temperature of 230 °©

C before it is fed into the economizer of the boiler.

In addition, the four low-pressure and high-pressure
feed-water heaters in the existing plant are retained and
operate in parallel with the solar feed-water heaters. In this
way, the partially repowered power plant can operate at a
fully rated output during periods of low solar radiation,
such as during night time and overcast days. The two feed
water circuits work independently of each other; in this
manner, the proposed solar thermal power plant could
operate continuously without an energy storage device,
leading to cost reductions and system simplification. Thus,
the problem of solar intermittency is expected to be
overcome, enabling continuous power supply and
increasing the reliability of the electrical grid.

2.2. Performance evaluation

The system simulations were built by using Advanced
System for Process Engineering steady state simulation
software (ASPEN PLUS). The thermodynamic properties
of water or steam and gas were evaluated by the STEAM-
TA, and Peng-Robinson equations, respectively, and the
traditional coal-fired power plant (135 MWe) was selected
as the reference plant. The main compositions of the
selected coal used in this study are presented as follows:
carbon, 51.28%; hydrogen, 3.7%; oxygen, 8.1%; nitrogen,
1.1%; and sculpture, 0.6%. In addition, its lower heating
value is 19,984 kl/kg. For simple comparison, it was
assumed that the plant consumes the same quantity of coal
before and after partial repowering. In this study, the annual
average direct incident radiation was considered to be 610
W/m’, and the number of full-load operating hours per year
was estimated to be 3,037 hours, based on the atmospheric
condition in the Xinjiang area in China. The ambient

temperature and pressure were assumed to be 25 °C and 1

bar. The solar collector efficiency was chosen to be 0.6
based on the reference given by Kribus, Krupkin, Yogev &
Spirkl (1998). To keep the same inlet temperature of the
boiler, the input solar energy was 68.2 MWe and the size of
solar field was 0.19 km®.

It can be clearly seen from Table 2 that the overall
power output of the partially repowered system increased
from 136.70 MWe to 153.77 MWe, almost 11.1% higher
than that of the reference system. Furthermore, the coal
consumption was reduced from 319.75 g (TCE)/kWh to
284.24 g (TCE)/kWh, reducing the TCE consumption by as
much as 35.51 g/kWh.
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Table 2. Thermodynamic performances in the reference and
artially repowered systems.

Table 3. Exergy destruction in the reference and partially
repowered systems.

The reference The partially The reference system The partially repowered
Items repowered system
system Items -
system Exergy Ratio (%) Exergy Ratio
Internal efficiency of turbine 0.85/0.91/0.74 | 0.85/0.91/0.74 (kJ/kg-coal) (kV/kg-coal) | (%)
Power output { MWe ) 13670 15377 Coal 20,544 100 20,544 91.95
Generation efficiency ( % ) 38.30 43.08 Solar 0 0 1,798 8.05
TCE consumption ( g/kWh ) 319.75 284.24 Sum of influx 20,544 100 22,342 100
Proportion of solar energy ( % ) 0 16.03 Boiler subsystem 11,261 11,223
Net annual solar-to-electric 0 15.03 Heat exchanger  |1,439 7 1,500 6.72
efficiency ( % ) ’
Exhaust gas 684 3.33 689 3.08
Combustion 9,137 44.48 9,034 40.44
More attractively, the net annual solar-to-electric  |Power subsystem (1,630 2,510
efficiency of t.he pr.oposed system is expected to reach up to Steam tubine  |1,075 503 1,366 611
15.03%, which is a significant advantage over the ————
efficiency of the state-of-the-art parabolic trough solar heaters 229 L11 783 351
plants.. For instance, compared to the cumulqtlve 354}—MWe Condenser 53 123 15 145
capacity of SEGS plants in the Kramer Junction, California,
the annual solar-to-electric efficiency of the plants would be Pump 23 0.11 2 0.05
9.3-13.6% (SEGS I-XI) (Enermodal Engineering Limited, Others 50 0.24 11 0.11
1'999) even with the 'sunhght concentrated by ab(())ut 70-100 Net power 7.653 3725 8.609 3853
times and the operating temperatures at 307-391° C (SEGS
[-XI). Sum of efflux 20,544 100 22,342 100

Additionally, since the proposed plant has multiple
inputs of both fossil energy and solar thermal energy in
different energy grades, the exergy efficiency based on the
second law of thermodynamics was utilized to estimate
performance. The exergy efficiency can be defined as:

w

.= @

Ag

coal

T
+IS(1--2
(==

Where, W is the work generated by the turbine; Ag,, is
the exergy of coal input to the system; / refers to the annual
average direct incident radiation; S is the total area of the
parabolic trough collectors; 7, is the ambient temperature,
and 7 is the temperature at the surface of the receiver.

Table 3 shows that the exergy efficiency of the partially
repowered system was estimated at 38.53% compared with
the 37.25% for the traditional coal-fired plant, where the
chemical exergy of coal is calculated from the correlations
for solid fuels using the LHV, and mass fractions of carbon,
hydrogen, oxygen and nitrogen in the fuel (Torao, 1980).

e= LHV(1.0064+0.1519%+0.0616%+0.0429%j 3)

3. Graphical Exergy Presentations of the Reference
System and the Proposed System

In a conventional exergy analysis, the magnitudes of
exergy destruction in each process are usually obtained by
obtaining the exergy difference between the output and the
input, with less specific information on internal phenomena.
Hence, this research adopted the energy-utilization diagram
(EUD) methodology based on the graphical exergy analysis
developed by Ishida and co-workers in 1982.

Int. J. of Thermodynamics (IJoT)

The EUD methodology is determined by plotting the
energy level (A) versus the energy transformation quantity
or enthalpy change (AH). The energy level (A) is equal to

the exergy change (A¢) divided by the enthalpy change

(AH) (i.e., A = A&/AH). For an energy transformation

system, the energy is released by an energy donor and is
accepted by the energy acceptor. The exergy destruction is
represented as the specified area between the curves of
energy donors and energy acceptors in the various thermal
or chemical processes (Ishida & Kawamura, 1982; Jin &
Ishida, 1997). In this study, the exergy destruction is
discussed in following two subsystems: boiler and power.

3.1. Boiler subsystem

Figures 2 (a) and (b) show the exergy destruction for the
combustion in the boiler, while Figs. 3 (a) and (b) show the
exergy destruction caused by the convective heat transfer in
the boiler.

For the steam turbine cycle with coal/air combustion,
Figs. 2 (a) and (b) illustrate that the heat released by
combustion is transferred and accepted by A, air, Aca fuet and
Aea steam» TEpresenting the processes of preheating the air, the
coal, and the process of water evaporation, respectively.
There is no difference in the exergy destruction of the
combustion subsystem between the two systems because
the boiler was not changed.

As shown in Figs. 3 (a) and 3 (b), the exergy
destruction caused by the convective heat exchange
between the curves A and A, is identified by the areas
labeled “1, 2, 3 and 4,” representing the process of heat
exchange in an air preheater, an economizer, a reheater and
a superheater, respectively. No significant exergy loss
difference between the two systems exists in the figures.
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Figure 2 (a). Combustion subsystem for the reference
system.

1.2

10000 15000 20000
AH kJ/kg
Figure 2 (b). Combustion subsystem for the partially

repowered system.

0 5000

1.0
0.8 Aed exhaust gas
0.6
< 0.4
Aca steam 2
0.2 .
Aea air
o-o T T T 1
0 5000 10000 15000 20000
AH kJ/kg

Figure 3 (a). Convective heat transfer in the reference
system.
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Figure 3 (b). Convective heat transfer in the partially
repowered system.
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3.2. Power subsystem

The degradation of energy level in the feed-water
heating cycle is shown in Figs. 4 (a) and (b). Power
generation and its exergy destruction are illustrated in
Figures 5 (a) and (b).

For the reference system, the degree of exergy
destruction during the process of heating the feed water is
illustrated as the area between the varying energy level, A,
contributed by the turbine extraction steam with different
temperatures and the feed water, Ae, waer (from 78 to 230 ©
C) (Fig. 4 (2)). In the diagram, lines 1 and 2 represent the
energy level of steam with temperatures of 52 and 85 °C,
respectively, extracted from the low-pressure turbine; lines
3 and 4 represent the energy level of steam with
temperatures of 125 and 304 °C, respectively, from the mid-
pressure turbine; and lines 5 and 6 represent the energy
level of steam with temperatures of 279 and 355 °C,
respectively, from the high-pressure turbine. The total area
is 229 klJ/kg-fuel (1.11%). Figure 4 (b) shows the partially
repowered system, and steam from the low-pressure turbine
remains in the feed-water heating cycle, as shown by lines 1
and 2; meanwhile, the low-grade solar energy (300 °C) —
instead of steam from turbine extraction — becomes the
energy donor to heat the feed water (79-230 °C). This gives

rise to the exergy destruction of 783 kl/kg-fuel (3.51%) for
the Ay solar Of the solar energy. Exergy destruction in the
partially repowered system was identified to be greater than
that observed in the reference system due to the presence of

a heat source with a constant temperature of 300 °C.

1.0
0.8

0.6 Aed steam

6

< 5
041 4
3

0'2‘%/ Aea water

2

0.0

10000 15000 20000

AH kJ/kg

0 5000

Figure 4 (a). Feed-water heating cycle in the reference
System.

1.0+
0.8
0.6
Aed solar
< 0.4 //
2 d steam
0.2
'ea water
0.0+ . r . .
0 5000 10000 15000 20000
AH kJ/kg

Figure 4 (b). Feed-water heating cycle in the partially
repowered system.

Int. Centre for Applied Thermodynamics (ICAT)



Figures 5 (a) and (b) illustrate power generation and the
exergy destruction of the power subsystem in the reference
system and the partially repowered system, respectively. In
these figures, AH refers to the amount of power generation.
The steam turbine (Acq wbine) acts as the energy donor, and
the energy acceptor is represented by the horizontal line
whose energy level is equal to 1 (environment). The exergy
destruction is identified by the difference between the Ay

wibine and 1. The steam expanded from 132 (535 °C) to 25
bars (309 °C) in the high-pressure turbine, from 22 (535 °C)
to 2 bars (242 °C) in the mid-pressure turbine, and to 0.049

bars (33 °C) in the low-pressure turbine, producing the

power output of 7,653 and 8,609 klJ/kg-fuel for the
reference system and the partially repowered system,
respectively. On the basis of the input exergy of the system,
these correspond to an exergy efficiency of 37.25% and

38.53% for the reference system and the partially
repowered system, respectively.
Aed turbine
. W .1
0.8-
< 0.6
0.4+
0.2
0.0 . " T .
0 5000 10000 15000 20000
AH kJ/kg

Figure 5 (a). Power subsystem for the reference system.

Aed turbine
1.0 = : 4
W

0.8
< 0.6
0.4
0.2
0.0 : : : )
0 5000 10000 15000 20000
AH kJ/kg

Figure 5 (b). Power subsystem for the partially repowered
system.

4. Results and Discussion

The detailed exergy analysis of the proposed system has
been graphically presented using the EUD methodology. To
clarify the improvement and potential of the new system,
additional features were compared and analyzed.

4.1. Potential of improvement in the performance

4.1.1. Increase in the work output of the steam turbine. In
the partially repowered plant, solar thermal energy of
around 300° C was utilized to heat the feed water, instead
of the extracted steam that performs the work of expansion
in the turbine. In this way, more work is generated from the
steam turbine compared with the traditional coal-fired
power plant under the condition of the same inputs of coal.
This indicates that the steam turbine may be boosted and

Int. J. of Thermodynamics (IJoT)

the thermal efficiency improved. For example, in the
Xinjiang region in China, where there is an annual average
solar sunshine of 3,037 hours, when a coal-fired power
plant (135MWe) is partially repowered, it may yield a net
increase in electricity of 51.9 million kWh in one year
compared to the plant before it has been partially
repowered.

It is worth emphasizing that unlike the other solar
hybrid power plants with power boosters, this additional
electricity does not need oversizing of the steam turbine in
the proposed plant. This indicates that the previous steam
turbine station may be reserved without being updated,
thereby reducing the investment per kilowatt of the partially
repowered plant.

4.1.2. Improve the net solar-to-electric efficiency. Solar-
only thermal power plant continues to face problems until
now. First, there is severe mismatch of the working fluid
parameters among the absorber, the energy storage, and
thermal cycle. This means that during the overall process of
the conversion of solar optical energy into electricity,
greater exergy destruction is achieved, thus the low net
solar-to-electric efficiency. In addition, the upper process

temperature in the power block is currently limited to 400 °©

C by the heat transfer thermal oil, leading to low Carnot
cycle efficiency, thereby lowering the total efficiency of the
whole system. Furthermore, the main steam with low
parameters in solar-only plants cannot match the large-
capacity and high-parameter turbine with advanced and
mature technologies. Taking the cumulative 354-MWe
capacity of SEGS plants in the Kramer Junction as an
example, California, even with the sunlight concentrated by
about 70-100 times, the operating temperatures achieved
ranged from 307-391° C (SEGS I-XI), and the annual
solar-to-electric efficiency of the plants ranged from 9.3 to
13.6% (SEGS [-XI) (Enermodal Engineering Limited,
1999).

On the contrary, in this kind of solar-hybrid power

plant, the solar thermal energy utilized at around 300 °C is

collected by the concentrator with a low concentration ratio
of 30 to 70. Thus, a good match between the solar optical
energy and the thermal energy absorbed by the evacuator
absorber can be obtained, reducing the irreversibility of the
process. Another aspect, during the process of solar thermal
energy driving the feed-water heater, the energy level of

solar thermal energy at around 300 °C can be matched with

that of the feed water at around 230 °C. Irreversibility in

this heat transfer process may be relatively less compared
with that of the solar-only power plant where the energy

level of the solar thermal energy at around 550 °C, which
has been absorbed by the absorber, is seriously mismatched
with that of the working steam at around 300 °C. In

addition, with the aid of the relatively larger-capacity units
of the coal-fired plant with higher internal turbine
efficiency and the main steam with relatively higher
parameters compared with a solar thermal power plant of
small units, the steam can be converted into work more
effectively. Thus, solar energy can be more effectively used
in the solar-hybrid power plant. The net solar-to-electric
efficiency may reach 15.03%, about 1.4-5.7 percentage
points higher than the state-of-the art technology.
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4.1.3. Highly-efficient utilization of mid-temperature solar
thermal energy. In the partially repowered system, more
steam is saved to boost the work output. The result is quite
different from the conventional solar energy transformation
at comparable medium temperatures by means of heat
transfer, where the quality of solar thermal energy is
decreased and the energy level is degraded. Conversely, the
mid-temperature  solar-heating feed-water process is
capable of increasing the output work and electricity with
higher quality of the traditional power plant. Hence, the
integration of solar energy and fossil fuels is expected to
more rationally utilize mid-temperature solar energy
relative to direct solar- processed heat.

4.2. Reduction of CO, emissions

The mitigation of the emission of the greenhouse gas,
CO,, is one of the challenges being faced by humankind in
this century. In the proposed partially repowered coal-fired
power plant, CO, emissions may be reduced with the
utilization of solar thermal energy. In general, if a
traditional power plant provides an electric output of 1
kWh, it will emit CO, of approximately 1 kg to the
environment. Consuming the same quantity of coal, the
partially repowered system will produce 52 million kWh
more electricity per year. Therefore, the partially repowered
system will reduce CO, emissions by as much as 52,000
tons per year, which is 6% lower than that emitted by the
plant before the partial repowering. When considering the
certified emission reductions (CER) price of $11/t of CO,
in the cleaner development mechanism (CDM) projects of
China, the benefits from generating reduced CO, emissions
for the partially repowered power plant can be $572,000 per
year.

As of 2007, the total installed capacity of traditional
coal-fired plants in China is estimated to be 556 million
kW. Small units (<100MWe) were estimated to generate
approximately 15% or 82.79 million kW of this capacity
(www.chinapower.com.cn/newsarticle/1073/new1073049.a
sp). The proposed partially repowered system could save
35.5 g of fuel per kWh; thus, small units with the combined
generated energy of 251.43 billion kWh per year (during
the sunshine time) could save as much as 8.93 million tons
per year of the TCE used in this research. It can also
decrease CO, emissions by 16.37 million tons per year,
which is equivalent to about $180.07 million. Therefore, the
proposed system may produce great economic benefit and
provide a new option for clean energy technology.

4.3. Preliminary economic evaluation

The annuity method was used to evaluate the investment
cost. The baseline parameters were as follows: annual
average solar radiation of 610 W/m® and 3,037 full-load
hours of completely solar operation per year. The
investment cost of the concentrator was set as 187s/m’
according to the data predicted for 2007 by Sargent &
Lundy LLC Consulting Group (2003). Operation and
maintenance (O&M) costs were fixed at 2% of the total
investment. The discount rate was assumed at 10%, and the
lifespan was 20 years. The preliminary evaluation
investment is listed in Table 4.

It can be clearly seen that a net profit of $3.7 million
could be obtained per year based on the on-grid solar power
price of $0.16/kWh in China. Solar generation costs can be
reduced to $0.09/kWh. Furthermore, the unit capital cost is
near the value recorded in 2007 in terms of US dollar per
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kilowatt of between $3,500 and $5,000 per installed
kilowatt (planetark.org/enviro-news/item/51669), which is
lower than that of most other solar technologies. The
proposed partially repowered system is comparable to and
competitive with existing parabolic trough solar plants; the
investment cost for SEGS (I-XI) is $3,800-2,890/kW and
the electricity cost is $0.11-0.27/kWh (Muller-Steinhagen
& Trieb, 2004). When the total cost is divided by the net
profit, the payback period of 9.39 years was obtained.

Table 4. Preliminary evaluation of investment.

Total investment cost Million $ 34.78
Operation and maintenance cost Million $ 0.70
Annual average coefficient of device

investment (CRF) $ 0.12
Annual cost of device investment Million $ 4.09
Net increased generation power MWe 17.08
Increased electricity Million kWh/y 52
Net increased profit Million $/y 3.70
Pay-back period Y 9.39
Solar-generation cost $/kWh 0.09
Specific investment cost $/kW 2,007

High cost is usually the primary restriction limiting the
future development of green energy technologies,
especially for developing countries such as China. Clearly,
the system proposed in this research provides a promising
way to use solar energy effectively at low costs. As fossil
fuel prices continue to increase worldwide, this new method
of generating electricity will be competitive in the global
marketplace. Furthermore, with the improvement of the
solar field efficiency, the required solar collector area can
be reduced, leading to the decrease in investment required
for operating the partial repowering plant. For instance, if
the solar field efficiency improves from 0.6 to 0.7,
investment and electricity costs will decrease to $1,721/kW
and $0.08/kWh, respectively.

4.4. Further challenge of the proposed plant

In the proposed solar thermal partial repowering plant,
greater exergy destruction in the solar feed-water heater
exists compared with that of the plant before the partially
repowered system (Figure 4). This resulted from the larger
energy-level differences between solar thermal energy and
the feed water. To decrease the exergy destruction in the
solar-driven feed-water heater, a parabolic trough
concentrator with a lower concentration ratio in the low-
temperature section could be used to maintain the minimum
temperature difference in the heat exchange equipment. For
example, for the feed water in the temperature range of 78—

100 °C before the deaerator, a collector could be adopted
with concentration ratio equal to 20 in order to yield heat of
approximately 130 °C, and not constantly at 300 °C. In this

manner, the energy-level difference between the two curves
can be decreased (Figure 6). This concept may be achieved
by further technological developments.

In addition, the evacuate absorber is operated at higher
pressure. However, this technology of the evacuated
absorber with a higher pressure has not yet been
demonstrated. Consequently, this point will bring about
risks on the operation of the proposed partially repowered
plant. Although the mature technology of the heat-transfer
thermal oil, as a medium, may be an option for saving and
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for continuous operation, the heat-transfer thermal oil adds
extra costs to investment and O&M. Thus, it is a challenge
to develop and originally manufacture an absorber with
high pressure for the wide application of this kind of solar
thermal partial repowering coal-fired power plant.

1.0,
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0.6
300°C
7

< 0.4/Ped 230°C
200°C
170°C
0.2 % A
7 Aea ~130°C
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Figure 6. Solar feed-water heating system.
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5. Conclusions
A novel feed-water heating system using solar thermal

energy at 300 °C was proposed and evaluated by means of

graphical exergy methodology. Instead of using steam
extracted from a turbine, mid-temperature solar energy was
utilized to heat the feed water, which resulted in the work
output increasing from 136.7MWe to 153.8MWe;
meanwhile, the coal consumption of the system before and
after  partial repowering remained the same.
Simultaneously, the net solar-to-electric efficiency of the
partially repowered system was found to be 1.4-5.7%
greater than that of the traditional parabolic trough solar
plant (SEGS I-XI). Furthermore, the partial repowering
technology produced considerable economic benefits, with
lower investment cost of $2,007/kW and electricity cost of
$0.09/kWh, and improved environmental benefits of a 6%
CO, emission reduction compared with the previous
system. The new system offers a promising approach for
the utilization of mid-temperature solar thermal energy in
partial repowering the traditional coal-fired power plant.
The proposed system is expected to have a bright future in
the electricity-generation market.
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Nomenclature

An,e = Net solar-to-electricity efficiency
Wioice = Output work of the solar- hybrid power plant
W,r= Output work of the reference system

1= Annual average direct incident radiation

S = Total area of the parabolic trough collector
LHYV = lower heating value

EUD = Energy-utilization diagram

AH = Enthalpy change

Ae¢ = Exergy change

A¢ coa = Exergy of coal

A = Energy level

TCE= Tonne of coal equivalent

T, = Ambient temperature

Int. J. of Thermodynamics (IJoT)

References:

Allani, Y., & Favrat, D. (1991). Concept Global d’une
Nouvelle Centrale Solaire a* Cycle Combine” Dual Fuel.
Entropie, 27(164/165), pp. 121-122.

Buck, R., Bra“uning, T., Denk, T., Pfa'nder, M., Schwarzbozl,
P. & Tellez, F. (2002). Solar-Hybrid Gas Turbine-based
Power Tower Systems (REFOS). Transactions of the
ASME, 124, pp. 2-9.

CEC released the Statistical data of electric power industry
in 2007. Retrieved August 14, 2008, from
www.chinapower.com.cn/newsarticle/1073/new 107304
9.asp.

Enermodal Engineering Limited. (1999). Cost Reduction
Study for Solar Thermal Power Plants. Final report.

Gregory, J. K. (1998). Economic evaluation of solar-only
and hybrid power towers using molten-salt technology.
Solar energy, 62(1), pp. 1-68.

Goswami, O.Y. (1993). Solar energy and the environment.
ASME 1993 International Conference on Energy
Systems and Ecology, 1, pp 77-85.

Hong, H., Jin, H. G. & Yang, S. (2006). A Power
Generation System with Inherent CO, Recovery
Combing Chemical-Looping Combustion with Low-
Temperature Solar Thermal Energy. Journal of
Engineering Thermophysics, 27(5), pp. 729-732.

Ishida, M. & Kawamura, K. (1982). Energy and exergy
analysis of a chemical process system with distributed
parameters based on the energy direction factor diagram.
Industrial Engineering and Chemistry Process Design
and Development, 21, pp. 690-695.

Jin, H. & Ishida, M. (1997). Exergy Evaluation of Two
Current Advanced Power Plants: Supercritical Steam
Turbine and Combined Cycle. Transactions of the
ASME, 119, pp 250-256.

Kane, M.& Favrat, D. (1999). Approche de conception et
d’optimisation de centrale solaire inte’gre’e a' cycle
combine’ inspire’e de la me’thode du pincement (part I
and II). International Journal of Thermal Sciences,
38(6), pp. 501-511.

Kane, M., Favrat, D., Ziegler, K., Allani, Y. (2000).
Thermoeconomic analysis of advanced solar—fossil
combined cycle power plants. [IntJ. Applied
Thermodynamics, 3(4), pp. 191-198.

Kolb, G.J. (1997). Evaluation of power production from the
solar electric generating system at Kramer junction
1988 to 1993. Proceedings of ASME International Solar
Energy Conference, pp. 499-504.

Kribus, A., Krupkin, V., Yogev, A., & Spirkl, W. (1998).
Performance Limits of Heliostat Field. Transactions of
the ASME, 120, pp. 240-246.

Muller-Steinhagen, H. F., & Trieb, F. (2004).
Concentrating solar power, Part 1. Institute of Technical
Thermodynamics, Aerospace Center.

Pilkington Solar International GmbH. (1996). Status Report
on Solar Thermal Power Plants. Cologne, Germany.

Vol. 14 (No. 1) / 27



Planetark.org. Can hybrid solar provide nonstop electricity?

Retrieved February 17, 2009, from
planetark.org/enviro-news/item/51669
Sargent & Lundy LLC Consulting Group. (2003).

Assessment of Parabolic Trough and Power Tower
Solar Technology Cost and Performance Forecasts.
National Renewable Energy Laboratory.

Steinfeld, A. & Palumbo, R. (2001). Solar Thermochemical
Process Technologies. Encyclopedia of Physical

28/ Vol. 14 (No. 1)

Science & Technology-R.A. Meyers Ed. Academic
Press, 15, pp 237-256.

Science Times: Unlimited potential for solar power
development in Xinjiang. Retrieved January 14, 2008,
from www.chinabyte.com/449/7768949.shtml.

Torao, N. (1980). The Preliminary Analysis of Exergy in
Energy Engineering. Ohmsha Press. Tokyo.

Int. Centre for Applied Thermodynamics (ICAT)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


