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ABSTRACT

The performance of steam power plants, utilizing recovered waste heat from air-fuel and oxy-fuel
combustion, are compared. Temperature profiles in the heat recovery steam generator (HRSG), steam
production rate, net-work output and energy efficiency are simulated for different conditions. Investigations
are made into the effect of varying pinch point on HRSG performance, net-work and energy efficiency for
power generation utilizing oxy-fuel combustion. It is found that with increased pinch point there is an
associated decrease in HRSG and steam plant efficiencies. Exhaust gas composition influences the energy
efficiency of the power plant. When air-fuel and oxy-fuel combustion are compared there is a reduced
amount of nitrogen in the oxidant stream in the latter case. When comparing air-fuel and oxy-fuel
combustion, a considerable deviation in HRSG and steam power plant performance is exhibited, with oxy-
fuel combustion offering benefits in system efficiency and plant output. The exhaust gas composition at the
HRSG inlet contributes significantly the performance characteristics of the system. Raising the HRSG inlet
temperature also increases power generation and system efficiency. The results provide insights into the use
of oxy-fuel combustion for systems utilizing HRSG for power generation while demonstrating the influence
of gas composition, pinch point, and exhaust gas temperature on system performance, and suggest that oxy-
fuel combustion can help enhance the contribution to sustainable development of some energy systems.

Keywords: heat recovery steam generator, oxy-fuel combustion, combined cycle, gas turbine, steam power
plant

INTRODUCTION

In recent years growing energy demand and greenhouse gas emissions has led to the development of advanced
energy systems with increased efficiency, reduced environmental impact and enhanced sustainability. Waste heat
recovery, renewable energy utilization, cogeneration, combined cycle power generation and energy storage have all
attracted much interest (Liang et al., 2013; Kuravi et al., 2013; Uchida et al., 2013; El-Khattam and Salama, 2004;
Nag and De; 1997). Waste heat is available from many industries and can be used for power generation using a
heat recovery steam generator (HRSG) (Feng et al., 2014; Karellas et al., 2013).

Many studies have been conducted on various applications for waste heat recovery using HRSGs. For example,
Karellas et al. (2013) investigate the use of an HRSG to collect waste heat from cement processes. Also, Shu et al.
(2013) investigate the use of HRSGs with two stroke motors, Carazas et al. (2011) examine the use of HRSGs in
several power generating plants, Beér (2013) investigates the use of HRSGs in CO; reduction in coal power
generating plants, and Karthikeyan et al. (1998) analyzed steam production rates and net-work for a cogeneration
system using industrial waste heat recovery.
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Figure 1. Power generation system including a HRSG (Karthikeyan et al., 1998)

Numerous HRSG applications exist. One common application is in combined cycles, where waste heat is
transferred from gas turbine exhaust gases, to water for producing steam for power production in a Rankine cycle
(Wang et al., 2011; Ong’iro et al., 1997). It has been found that combined cycles can enhance the efficiency,
economics and environmental aspects of power production using gas turbine cycles (de Gouw et al.,, 2014;
Ganjehkaviri et al.,, 2014; Valdes et al., 2004). HRSG characteristics have been shown to affect significantly the
technical and economic operation of combined cycles (Rovira et al., 2011; Rahim, 2012; Ganapathy, 1996). Studies
have been conducted on the design and optimization of HRSGs under varying operating conditions to improve
understanding of the most significant characteristics (Franco and Russo, 2002; Ghazi et al., 2012; Mansouri et al.,
2012; Leduc et al., 2011; Cenusa et al., 2004; Butcher and Reddy, 2007).

Air is a common oxidant and is used in the majority of combustion processes. Combustion can be improved
by using an oxidant that has an increased proportion of oxygen than found in atmospheric air. Pure oxygen can
be utilized as the oxidant; the process is known as oxy-fuel combustion (Toftegaard et al., 2010; Wall et al., 2009).
Oxy-fuel combustion offer advantages including reduced COz emissions from combustion, reduced requirements
for emission control and other equipment, and increased potential for carbon capture (Toftegaard et al., 2010; Wall
et al., 2009; Notd et al., 2009). Much research has been reported on oxy-fuel combustion of coal for power
production (Wall et al., 2009; Wall et al., 2011; Chen et al., 2012; Yoshiie et al., 2014). Oxy-fuel combustion of
natural gas has been explored to a lesser extent but studies show that it is beneficial in natural gas power plants
(Nord et al., 2009). Oxy-fuel combustion of natural gas has also shown potential for increased output response
rates, decreased fuel consumption, decreased emissions and enhanced sustainability in a gas power plant settings
(Notd et al., 2009; Wu et al., 2010).

Despite the insights gained through past research, reports are sparse on the effect of oxy-fuel combustion, in
combined cycles, on HRSG and Rankine cycle performance. Little is known about the influence of exhaust gas
temperature, pinch point and other operating parameters on energy efficiency when oxy-fuel combustion is
employed. The objective of this research is to determine whether the utilization of oxy-fuel combustion, in a
combined cycle, has a significant effect on the HRSG and Rankine cycle performance. This study investigates the
effects of using oxy-fuel combustion on the performance of both a HRSG and Rankine cycle using energy analysis.
To improve the understanding of HRSG and Rankine cycle performance characteristics while using oxy-fuel
combustion parametric studies are also conducted to investigate the influence of pinch point and HRSG gas inlet
temperature. The results are compared to air-fuel combustion to illustrate possible benefits and drawbacks to
utilizing oxy-fuel combustion on HRSG and Rankine cycle performance within a combined cycle arrangement, in
terms of various factors including potential contribution to sustainable development.

SYSTEM DESCRIPTION

In this study, a single pressure HRSG that includes an economizer, evaporator and superheater is considered.
The HRSG provides energy for steam production within a steam power plant (see Figure 1).
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Figure 2. Common single-pressure HRSG temperature profile (Butcher and Reddy, 2007)

Table 1. Exhaust gas composition for two methods fuel combustion in the electricity generation system
Mass Fraction (%)

Combustion Product

Air-Fuel Combustion* Oxy-Fuel Combustion
CO, 4.42 18.30
H,O 3.43 14.90
O, 16.55 66.68
N> 75.6 0.094

*Values taken from Cihan et al. (20006)

Figure 2 illustrates the temperature profile in the HRSG. Hot exhaust gas from combustion enters the
superheater and flows through the evaporator and economizer and is discharged at the exit of the economizer to
the surroundings. Water enters the economizer at temperature and is heated to saturation before entering the
evaporator to create a saturated steam. The saturated steam at enters the superheater and exits as superheated
steam, which is conveyed to the steam turbine.

The fuel is taken to be natural gas with the same composition as that used by Cihan et al. (2006). Typically
natural gas fired powered plants utilize air-fuel combustion; a more recent idea is to use pure oxygen in combustion.
Different exhaust gas compositions result for the two processes, as listed in Table 1.

The composition of the exhaust gas for oxy-fuel combustion is found through a balanced chemical equation
using the natural gas composition given by Cihan et al. (2006) and pure oxygen as the oxidant with the same
amount of excess oxygen as used in air-fuel combustion to maintain the amount of fuel in each scenario. It is
common for oxy-fuel systems to replace the missing nitrogen through recirculating CO, since producing pure
oxygen is typically energy consuming and expensive. For this study it is assumed that nitrogen is not replaced; this
allows for a comparison of HRSG and power plant performance when COs recirculation is not employed. The
amount of excess oxygen is determined by comparing of the amount of oxygen utilized in the actual chemical
reaction to the theoretical chemical equation where no excess oxygen is utilized. Balanced chemical equations are
developed based on the work of Cihan et al. (2006) under the assumption that all components are ideal gases. The
balanced chemical equation for the air-fuel combustion reaction is

(0.98998 CH, + 0.00114 C,H, + 0.00037 C5Hs + 0.00018 C,H,, + 0.0004 CH,, + 0.00808 N,
+0.00021 CO,) + 7.12 (0, + 3.76 N,) (1)
- 1.0028 CO, + 1.9033 H,0 + 5.1658 0, + 26.771 N,

Comparing the above chemical equation to that for combustion with no excess oxygen shows that the
combustion reaction used by Cihan et al. (2006) was performed with 257% excess oxygen. The balanced chemical
equation for oxy-fueled combustion with the same degree of excess oxygen is

(0.98998 CH, + 0.00114 C,H, + 0.00037 C5H; + 0.00018 C,H,, + 0.0004 CsHy, + 0.00808 N, ?
+0.00021 CO,) + 7.12 0, - 1.0028 CO, + 1.9033 H,0 + 5.1658 0, + 0.00808 N,
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Table 2. Operating parameters for the electricity generation system

Parameter State Value*
Exhaust gas mass flow rate (kg/s) - 100
HRSG gas inlet temperature (°C) Tgl 500
Water pressure at inlet of HRSG (bar) 1 60
Steam temperature at exit of HRSG (°C) 2 350
Condenser pressure (bar) 3/4 0.10
HRSG evaporator pinch point (°C) - 20
Ratio of thermal energy loss to environment and thermal energy entering ) 20
HRSG for steam production (%) )
Steam pressure loss within HRSG, relative to entering pressure (%o) - 5.0
Steam turbine isentropic efficiency (%) - 85
Pump isentropic efficiency (%) - 85

* Values coincide with those utilized in studies by Butcher and Reddy (2007) and Cihan et al. (2006)

ASSUMPTION

The assumed operating conditions for the HRSG and Rankine cycle are adapted from studies done by Butcher
and Reddy (2007) and Cihan et al. (2006) and are listed in Table 2.

The following general assumptions are also made in this study:

* System operates at steady state

* Pressure drops throughout the steam cycle are negligible

*  Specific heats of exhaust gas are dependent on temperature

ANALYSIS

The exhaust gas temperature at the inlet of the economizer in the HRSG is:
Tys = Tsqr + PP ©)

where T3 is the gas temperature at the evaporator exit, Tgqe is the saturation temperature of the water at the
evaporator pressure and PP is the HRSG pinch point.

Applying an energy balance to the gas and steam streams in the evaporator and superheat sections, the steam
production rate, 11, for the HRSG is found as follows:

_ 1ty (CprorTys = CprgaTys) (1 — hD) 4
(hsz = hy2)

where Ty is the HRSG gas inlet temperature, Ty is the gas temperature at the exit of the evaporator, m, is the
exhaust gas mass flow rate, c,rg; is the specific heat of the gas at location Ty, hl is the heat loss from the exhaust
gas within the HRSG, hg;, is the specific enthalpy of the steam at the superheater exit and h,, is the specific
enthalpy of water at the evaporator inlet (T,,,). Also, ks, is determined using the assumed temperature and pressure
conditions within the HRSG and h,,, using the saturated liquid conditions at the associated HRSG pressure.

The temperature of exhaust gas leaving the superheater is determined through an energy balance across it. An
iterative process, where C,rg2 = Cprgq is initially assumed, is applied to solve for Tg,

Mg

_ CpTnggl _ ms(hsz - hsl)
Cpng mngng (1 - hl)
where hyg, is the enthalpy at the evaporator exit (Tg;). Using the calculated value for Ty, a new specific heat is used

to repeat the calculation for Ty, using Eq. (5) to provide a more accurate estimation of gas temperature.
The exhaust gas temperature at the exit of the HRSG is found using an energy balance across the economizer:

®)

g2

— CorgsTys  Ts(Muwz = hu)

N o 1-hl ©
CpTg4- mngTg4-( )

where h,,; is the specific enthalpy of the water at the inlet of the economizer. Using the calculated value for Ty, a

new specific heat is used to repeat the calculation for Ty, using Eq. (6) to provide a more accurate estimation of
gas temperature.

g4
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Figure 3. HRSG temperature profile variation with pinch point for air-fuel combustion

The exhaust gas is assumed to be an ideal gas mixture and its specific heat is determined through the summation
of the specific heats (c,;) of each component, i, and their mass fraction (mf;):

n
&p(T) = ) mf cyi(T) ¢
i=1
The rate of net-work output from the steam cycle, Wi, is the difference in the turbine shaft work output rate,
Wiurpine, and the input work rate of the pumps, Wiyymp:

Whet = Wiurbine — Wpump (8)
The energy efficiency of the HRSG/steam cycle combination 7y s¢em is the ratio of the net-work output rate
to the heat input rate, where the heat input rate is energy rate associated with the exhaust gas as it enters the HRSG.
That is,
Wnet _ Wnet

©)

Nsystem = ==

Qinput My Cprg1Tg1
whete Qnpy is the energy flow rate of the exhaust gas at the inlet of the HRSG which is a function of the specific
heat, the mass flow rate and the temperature of the exhaust gas.

RESULTS AND DISCUSSION

Gas composition is varied, through assuming natural gas combustion using air and pure oxygen as oxidants.
The pinch point influences the temperature profile and steam production rate in a HRSG when air- and oxy-fuel
combustion is utilized. The effect of inlet temperature on energy efficiency is also explored. Results are compared
for systems utilizing air and oxy-fuel combustion.

Investigation of HRSG Steam Production Rates and Temperature Profiles on Different Pinch Points in
HRSGs Using Exhaust Gas from Air- and Oxy-fuel Combustion Processes

In this analysis, pinch point is varied and all other parameters in Table 2 are held constant. The effect of pinch
point on the temperature profiles of the water/steam and exhaust gas sides in a HRSG atre shown in Figures 3
and 4 for air-fuel and oxy-fuel combustion, respectively. Reducing the pinch points decreases gas temperatures
entering the economizer, which indicates there is more energy extracted from the exhaust gas in the superheater
and evaporator, which results in increased steam production rate. There is an increase in the heat transfer rate
within the economizer and a reduction in exit gas temperatures with a decreasing pinch point, which is represented
by a slight divergence in the exhaust gas temperatures for the different pinch points in the economizer. The
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Figure 4. HRSG temperature profile variation with pinch point for oxy-fuel combustion
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Figure 5. Variation in HRSG steam production rate with pinch point for air-fuel and oxy-fuel combustion

divergence is caused by a variation in the exhaust gas specific heat given the temperatures associated with the set
pinch point. For the pinch points investigated it is found that the specific heat of the exhaust gas mixtures increases
with temperature, which results in a decrease in the temperature difference for the exhaust gas within the
economizet.

Low exhaust gas temperatures at the HRSG exit indicates a high degree of waste heat utilization in the HRSG
and is associated with an increased steam production rate and system efficiency. The variation in steam production
rate with pinch point is illustrated in Figure 5, for both air-fuel and oxy-fuel combustion. Lower pinch points
increase the amount of steam that can be generated within the HRSG due to increased thermal energy transfer to
the water/steam in the HRSG evaporator. When the pinch point is increased the exhaust gas temperature in the
evaporator, in the economizer and at the exit of the HRSG are increased.

Air-fuel and oxy-fuel combustion are observed to exhibit similar trends regarding the relation between steam
production rate to the pinch point; specifically, the steam production rate decreases with increasing pinch point. It
is seen in Figure 5 that oxy-fuel combustion has a higher steam production rate then air-fuel combustion for the
same pinch point. This trend is caused by a difference in the specific heat associated with the exhaust gases
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Figure 6. Variation of steam production rate with HRSG gas inlet temperature

produced by air- and oxy-fuel combustion processes. For the values investigated, the specific heat of the exhaust
gas for oxy-fuel combustion is higher than for air-fuel combustion; this observation correlates well with the results
of Zheng et al. (2004), which demonstrate that increased CO» content in exhaust gases raises the specific heat. As
a result more thermal energy is transferred from the exhaust gas for the production of steam. Figure 5 also
illustrates that the trends for air-fuel combustion and oxy-fuel combustion are not parallel. Due to a difference in
exhaust gas composition for the two combustion processes, the specific heat values change nonlinearly relative to
one another. For example at 150°C the specific heats of the combustion gases for ait-fuel and oxy-fuel combustion
are 105.7 kJ /kg-K and 109.7 kJ /kg-K respectively, a difference of 3.1%. At 500°C the specific heats for air-fuel
and oxy-fuel combustion are 114.1 kJ /kg-K and 122.8 k] /kg'K respectively, a difference of 7%.

Effect of Inlet Temperature and Oxy-fuel Combustion on Energy Efficiency of Waste Heat Recovery
Power Generation System

In this analysis, all parameters in Table 2 are held constant while the HRSG gas inlet temperature is varied.
The effect of HRSG gas inlet temperature on steam production rate is illustrated in Figure 6. The steam
production rate increases with HRSG inlet temperature for both air- and oxy-fuel combustion, indicating that more
energy is transferred to the steam side of the HRSG when gases are cooled from a higher temperature to the
evaporator exit temperature set by the pinch point. Butcher and Reddy (2007) found similar results with increasing
steam production with increasing exhaust gas inlet temperatures.

The steam production rate associated with oxy-fuel combustion is higher than that with air-fuel combustion
over the range of exhaust inlet temperatures considered. The amount of energy transferred to the water/steam
side from the oxy-fuel exhaust gas is higher than the energy transferred by the air-fuel combustion gases. This is
due to the specific heat of the oxy-fuel gases being higher than that of the air-fuel gases. From Eq. (5), the only
difference between the cases is the specific heat of the exhaust gases. Even though this study utilizes vatiable
specific heats, the specific heat for the oxy-fuel gases remains higher than for the air-fuel gases throughout the
HRSG for all temperatures investigated.

The variation in net-work output with HRSG gas inlet temperature is shown in Figure 7. Overall the net-work
output increases with higher HRSG gas inlet temperatures due to the increased steam production rate in the HRSG.
Opverall the system arrangement utilizing oxy-fuel combustion has a higher net-work output compared to air-fuel
combustion. This is expected because of the increased steam production rate with oxy-fuel production, due to
differences in composition and specific heat.

© 2018 by Authot/s 7
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The results show that the use of oxy-fuel combustion enhances the HRSG and steam cycle system performance.
The effect of using oxy-fuel combustion on energy efficiency is shown in Figure 8. Overall, oxy-fuel combustion
increases the system efficiency and the increase becomes more pronounced at higher temperatures. The trends are

8
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a result of varying specific heat and the amount of thermal energy available at the inlet of the HRSG. This
observation agrees with the findings of Butcher and Reddy (2007) and Carcasci and Facchini (2000).

CONCLUSIONS

It is found that the use of oxy-fuel combustion influences HRSG and system efficiency. The energy efficiency
of the steam power plant, in combined cycles, increases with gas inlet temperature when pinch point and steam
production conditions are held constant.

The HRSG and steam power plant energy efficiencies decrease with increased pinch point. Overall, pinch point
is a significant parameter that determines steam production rate and system performance.

HRSG and steam power plant efficiency are highly influenced by the HRSG gas inlet temperature. When pinch
point is held constant, increasing the HRSG gas inlet temperature increases the degree of waste heat recovery
through transferring more energy for steam production. Oxy-fuel combustion offers an increase in system
efficiency over air-fuel combustion and the increase in efficiency is more prominent at higher HRSG gas inlet
temperatures.

Using oxy-fuel combustion positively influences HRSG efficiency. Increased energy transfer from the oxy-fuel
exhaust gas through the HRSG allows for increased net-work output compared to a system using air-fuel
combustion. This result is mainly attributable to the higher specific heat associated with the oxy-fuel combustion
exhaust gas.

The use of oxy-fuel combustion is shown to be beneficial to HRSG and steam power plant performance in a
combined cycle arrangement, and can contribute to sustainable development. Oxy-fuel may also beneficial for
other components and processes in a complete combined cycle, such as combustion in the combustion chamber
and expansion in the gas turbine. Further investigations should be conducted into the benefits of oxy-fuel
combustion on a complete system. Economic and environmental analysis and comparison would assist in
determining the overall feasibility of oxy-fuel combustion and its comprehensive sustainability characteristics.
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