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ABSTRACT

Conceptual design of a waste heat recovery cycle is carried out in attempt to enhance the
thermal efficiency of a steam power plant. In the recovery system, super-critical an CO; is
employed as the working fluid operating in a Brayton cycle. Low grade heat rejected by the
flue gases through the stack is used as the primary heat source, while a secondary heat
exchanger utilizes the hot gases leaving the economizer to heat of COz up to desired
temperature. In the present work, a case study for a 325 MW steam power plant of Shazand
in Iran is carried out and a thermodynamic model is developed to predict the performance of
the system. Regarding that the proposed recovery cycle may lead to less effective air
preheating and affecting the combustion efficiency, an optimization process has been
conducted to determine the optimum conditions. It’s been also considered that excessive
decline in flue gas temperature leaving the stack may result in the condensation and
accumulation of corrosive substances on the inner surface of the stack. The results
demonstrate that this waste heat recovery system can deliver up to 18 MW of net power
which corresponds to an increase of 1.58 percent in thermal efficiency of the power plant.
Obtained results magnify the importance of this innovative design, consequently illustrate
the necessity for using waste heat recovery system.
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1. Introduction

Concerns about increasing energy demand, growing
energy price and limited fossil fuel resources as well
as environmental problems such as global warming
and greenhouse gas emissions have heightened
interest in usage of waste heat recovery systems.
Furthermore, economic advantages may be obtained
through devising methods for increasing the overall
efficiency of power generation units. In steam power
plants for example, the thermal efficiency hardly
reaches 40 percent, meaning that 60 percent of the
input energy is wasted. Thus, attempts have been
made to recover this significant amount of waste heat.
While heat is rejected from the condenser into the
cooling towers in a steam power plant, it is generally
of a low grade and is therefore used for cogeneration
purposes. The high temperature flue gases, leaving
the stack, can potentially be utilized in power
generation waste heat recovery cycles.
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Selection of a suitable working fluid is a major step
in designing a waste heat recovery system. As a
principal parameter, the properties of the working
fluid decide the performance of the system. Diverse
substances have been suggested to be employed as
working fluid in heat recovery cycles. Steam, organic
fluids and supercritical carbon dioxide are among the
most popular. Steam is the primary choice for
designing a gas turbine compound cycle whereas
organic fluids such as R-32 are most commonly used
in organic Rankine cycle (ORC). Recent studies,
however, suggest that the supercritical Carbon dioxide
(ScCO») has certain advantages compared to former
working fluids.

Compared to organic and steam-based Rankine
cycle systems, ScCO, can achieve high efficiencies
over a wide temperature range of heat sources with
compact components resulting in a smaller system
footprint, lower capital and operating costs [1]. Non-
flammability, non-toxicity and non-corrosiveness are
characteristics that make ScCO, an ideal working fluid
for closed loop power generation applications.

Furthermore, low cost and abundance of carbon
dioxide are features that enhance the affordability of a

system run by ScCOs.
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Compared to organic and steam-based Rankine cycle
systems, ScCO. can achieve high efficiencies over a
wide temperature range of heat sources with compact
components resulting in a smaller system footprint,
lower capital and operating costs [1].

Non-flammability, non-toxicity and non-
corrosiveness are characteristics that make ScCO. an
ideal working fluid for closed loop power generation
applications. Furthermore, low cost and abundance of
carbon dioxide are features that enhance the
affordability of a system run by ScCO.. In addition to
the aforementioned favorable characteristics, the high
density of ScCO. enables extremely compact turbo
machinery designs and microchannel-based heat
exchangers [1]. In the case of heat sources with
approximately constant heat capacity such as hot flue
gases, heat absorption can be performed more
effectively due to the heat capacity characteristics of
carbon dioxide in supercritical region.

Many approaches have been proposed to run a
power generation cycle with ScCO. as the working
fluid. Studies carried out in this area generally include
the thorough planning of a power plant as well as
designing waste heat recovery systems.

Le Moullec [6] conducted a conceptual design of a
ScCO. power plant. Persichilli et al. [1] suggested a
ScCO: power generation cycle, purposefully designed
to capture waste heat in gas turbine exhausts. Di Bella
[11] also proposed an inventive heat recovery power
generation system.

In addition, remarkable attention has been given to
application of ScCO. power generation cycles in
renewable energy systemssuch as concentrating solar
power [2, 9, 14, 16].

Recently a substantial amount of effort has been
dedicated to generating concepts for nuclear power
plants with aim to achieve higher efficiency and
minimum safety issues [10, 12,15]. Yoon et al [7]
assessed the potential of ScCO. Brayton cycle as a
favorable candidate for the next generation nuclear
reactors power conversion systems. He also
determined that ScCO. Brayton cycle pressure ratio
has a significant influence on cycle efficiency [13].

recompression Brayton cycle with ScCO. adopted as
working fluid.

Y.M.Kim et al. [8] proposed a novel transcritical or
fully cooled ScCO. Rankine cycle, using both the low
temperature and the high temperature heat sources.

Vidhi et al. [17], however, announced that between
a carbon dioxide-based supercritical Rankine cycle
and an organic fluid-based supercritical Rankine
cycle, the former needs higher pressure to achieve the
same efficiency and a heat recovery system is
necessary to desuper heat that the turbine exhausts and
pre-heat pressure charged liquid.

Much work has been carried out on the cycle
performance, heat transfer and fluid flow in the ScCO.
power generation cycles. Kulhdnek and Dostél [5]
analyzed various Brayton cycles and declared that the
recompression cycle achieves higher efficiency.

In this paper, innovative techniques are
implemented to enhance the efficiency of a 325 MW
steam power plant in Shazand, Iran.

A Brayton cycle with ScCO: as the working fluid is
coupled with the Rankine cycle and the stack gases of
the power plant steam generator are used as the
primary heat source of the Brayton cycle. Moreover,
the path of the flue gases from the boiler furnace to
the stack is altered in a way that lessens heat
consumption in the air preheater. Instead, the surplus
heat is used as a high temperature heat source for the
ScCO:; cycle which results in greater power obtained
from the recovery system. The furnace combustion
efficiency, however, highly depends on the
temperature of preheated combustion air. Thus,
considerations have been made in order to prevent
intake air from entering the boiler furnace at low
temperatures.

2. Thermal Modeling

Modeling of the power generation heat recovery
system is developed based on the data from fossil-fuel
steam generator of a 325 MW steam power plant in
Shazand, Iran. Current working conditions of the
aforementioned steam generator such as flow rates
and temperatures are listed in Table 1 [19].

Table 1. Working condition data of Shazand 325 MW steam powerplant, Iran

Unit Thermal Efficiency (%)
Fuel consumption (kg/s)

Intake Air Mass Flow Rate (kg/s)
Flue Gas Mass Flow Rate (kg/s)

Flue Gas Temperature Leaving the Stack (°C)
Flue Gas Temperature at Air-Preheater Inlet (°C)

Air Temperature at Furnace Inlet(°C)
Intake Air Temperature (°C)
Ambient Temperature (°C)

Excess Air (%)

Smoke Density (kg/ m°)

Smoke Specific Heat (kJ/kg.C)

Fuel Density (kg/m?°)

Fuel High Heat Value (MJ/ m®)

Fuel Low Heat Value (MJ/ m’)

39.45
17.75
564.417
582.167
126

355

269

10

10

5

0.765
1108.25
1.2906
38.6
35.502
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