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Abstract: To our knowledge, the potential use of CO, as a heat-transmitting fluid for cooling
applications in power plants has not been explored very extensively. In this paper, we conduct a
theoretical analysis to explore the use of CO, as the heat transmission fluid. We evaluate and compare
the thermophysical properties of both dry air and CO, and perform a simple analysis on a steam-
condensing device where steam flows through one of the flow paths and the cooling fluid (CO, or
air) is expanded from a high-pressure container and flows through the other. Sample calculations are
carried out for a saturated-vapor steam at 0.008 MPa and 41.5 °C with the mass flow rate of 0.01 kg/s.
The pressure of the storage container ranges from 1 to 5 MPa, and its temperature is kept at 35 °C.
The pressure of the cooling fluid (CO; or dry air) is set at 0.1 MPa. With air as the heat-removing
fluid, the steam exits the condensing device as a vapor-liquid steam of 53% to 10% vapor for the
container pressure of 1 to 5 MPa. With CO; as the heat-removing fluid, the steam exits the device
still containing 44% and 7% vapor for the container pressure of 1 MPa and 2 MPa, respectively. For
the container pressure of 3 MPa and higher, the steam exits the device as a single-phase saturated
liquid. Thus, due to its excellent Joule-Thomson cooling effect and heat capacity, CO; is a better
fluid for power plant cooling applications. The condensing surface area is also estimated, and the
results show that when CO; is used, the condensing surface is 50% to 60% less than that when dry
air is used. This leads to significant reductions in the condenser size and the capital costs. A rough
estimate of the amount of CO,; that can be stored and utilized is also carried out for a steam power
plant which operates with steam with a temperature of 540 °C (813 K) and a pressure of 10 MPa at
the turbine inlet and saturated-vapor steam at 0.008 MPa at the turbine outlet. The results indicate
that if CO, is used as a cooling fluid, CO, emitted from a 1000 MW power plant during a period of
250 days could be stored and utilized.

Keywords: heat transfer fluid; Joule-Thomson effect; CO, storage; steam condensation; power
plant cooling

1. Introduction

In power plants, water is used to remove heat from a wide variety of sources. In
cooling application, water is withdrawn from underground, nearby lakes, rivers, and ocean
and is diverted and circulated to absorb heat from a wide variety of sources, and then it is
discharged back to its original source. Since the discharged water is highly contaminated
and its temperature is high, it can cause severe environmental problems. For example, it
increases the temperature of our rivers, lakes, and ocean waters, harming marine lives,
degrading aquatic ecosystems, etc. For thermal power plants in areas lacking ample water,
fresh water must be delivered from far-away places which consumes energy and adds to
the cost. Power plants utilizing water for cooling are also vulnerable to power disruptions
due to shutdowns or curtailments during times of drought and extreme heat. In addition,
water is corrosive, and as it flows, it corrodes the walls of the pipes, the turbine blades, etc.
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In addition, in arid regions, water is a sparse and valuable commodity, and water losses
during fluid circulation can present a significant economic liability and burden on the
ecosystem. A few recent studies point to the use and storage of CO; in various applications
(see [1-3]).

Air cooling (throughout this paper we use the term ‘air’ for ‘dry air’) of thermal
power plants has been used in a few isolated instances [4-7]. With air cooling, the exhaust
vapor-liquid steam from the turbine generator is circulated through a series of finned tubes
in a condenser and is cooled down by a stream of ambient air blown by fans over the tubes.
Although air is environmentally preferred and a useful alternative for power plant cooling
where water is not available, due to its low overall heat transfer rate per unit surface area,
air cooling has many disadvantages. The low overall heat transfer rate per unit surface area
requires an increase in steam condensation temperature and associated saturation pressure.
This leads to higher steam turbine back pressure which decreases the turbine output and
reduces the overall plant efficiency. The low overall heat transfer rate per unit surface area
requires relatively larger modules with significant heat transfer enhancements to achieve
similar performance levels to water cooling systems, even at higher initial temperature
differences. This leads to higher energy costs for cooling fans and higher capital costs.
The effectiveness of air cooling depends on the ambient air temperature and humidity. At
higher ambient air temperatures, there is a decrease in the rate of thermal energy from the
steam to the air. Thus, power plants in hot and arid areas require higher fan work and have
lower plant efficiency.

Many studies in geothermal heat mining (see [8-17]) have reported that CO; is a better
geothermal heat extraction fluid than water. Following these studies, in this paper, we
evaluate and compare the thermophysical properties of both CO, and air to explore the use
of CO; as the cooling fluid for thermal power plant applications. The critical temperature
and pressure of CO, are 31.04 °C and 7.382 MPa, and thus a low temperature flow of
supercritical CO, can be created. Flow rates for a given driving force are proportional to
the ratio of the density of the fluid to its viscosity, m o p/u,. The sensible heat carried by
mass flow is proportional to the specific heat of the fluid. The density of supercritical CO,
is p = 636 kg/m?, and its viscosity is y = 50.623 uPa-s and ¢, = 1.08 kJ /kg-K, while for
water, these values are 998.80 kg/ m? and 1084.0 pPa-s, 4.18 kJ/ kg, and for air, at 0.1 MPa,
the density is 1.16 kg/m3, viscosity is 18.55 uPa-s, and ¢, = 1.06 k] /kg-K. The sensible heat
carried by CO; is about 4 times more than that by water and 215 times more than air. At
lower (subcritical) temperatures and/or pressures, CO, can be used in two different ways,
a liquid, or a gaseous state, as well as two-phase mixtures of these states. An additional
important parameter is the Joule-Thomson coefficient (see [18,19]). The Joule-Thomson
effect describes the change in temperature of a real gas or liquid when it flows through
a valve or porous plug without heat and work interactions with the environment. For
CO,, the Joule-Thomson coefficient can be up to 10 times higher than that of air for the
range of pressures up to 5 MPa at temperatures of about 40 °C. Thus, a flow of CO; at
much lower temperature can be generated to remove more heat as compared to that from
an air stream. To obtain a rough estimate for the amount of CO; that can be stored and
utilized, we hypothetically consider a steam power plant where the steam at 540 C (813 K)
and 10 MPa expands through a turbine to become a saturated-vapor steam at 0.008 MPa
(saturated temperature is 41.5 C (314.5 K)). The conditions used here might be found in
a typical power plant, but it is not for any specific power plant. To increase the overall
plant efficiency, exhaust steam needs to be condensed in low-pressure tubes (about 10 to
20 kPa). If supercritical CO; is used, the tubes carrying low-pressure steam have to be
exposed to a high-pressure environment (>7.3 MPa). Thus, using supercritical CO, to
remove the condensation heat might not be suitable. There are very few studies related
to the power plant cooling using CO, as the cooling fluid; in this paper, we propose that
CO,, from various sources, is first captured where excess solar (or wind) energy is used
to compress the captured CO,. This is then stored in a high-pressure container. When
it is needed, the compressed CO, can be expanded at constant enthalpy into multiple
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lower-pressure (0.1 MPa) flow paths that circulate, removing the excess heat from the
various components of a thermal power plant. The flow paths and the high-pressure
container are designed in a closed-loop arrangement so that the exhaust low-pressure CO,
streams cannot escape but are collected and compressed again. Thus, using CO; for cooling
purposes in power plants can offer a novel approach for CO; storage and utilization. Since
we need to explore the possibility of using CO; instead of air, in the following sections, we
discuss the thermophysical properties of dry air and CO, under subcritical states.

2. Thermodynamic and Transport Properties

In this work, the correlations reported by Span and Wagner [20] for calculating CO,
density and the correlations developed by Vesovic et al. [21] and Fenghour et al. [22]
for the transport properties of CO; are used. Using these correlations, we calculate the
thermodynamic and transport properties of CO; for temperatures ranging from 300 K to
600 K and for pressures up to 60 MPa; we then compare the results with those obtained
from the NIST database [23]. The average deviations of about 0.2% to 2.5% are obtained for
the thermal conductivity and less than 0.1% for all other properties. For air, we found that
the correlation reported by Kadoya [24] is valid for temperatures higher than 1273 K while
the equation of state reported by Lemmon et al. [25,26] is applicable for the temperatures
ranging from 59.75 K to 2000 K and for pressures up to 2000 MPa. In the range from
the solidification point to 873 K at pressures of 70 MPa, the uncertainty of the density
values calculated using the equation of state reported in [25,26] is 0.1%. For the transport
properties, the correlations reported in [24] can predict both thermal conductivity and
viscosity with less than 0.3% uncertainty for the range of temperatures from 300 K to 600 K
and pressures up to 100 MPa. Thus, we decided to use these equations in our present study.

Figure 1 shows the thermal and transport properties of both gaseous CO; and air
in the range of pressures and temperatures that are typically found in practical power
plant cooling applications. Effects of both pressure and temperature on these properties
are shown. The thermal conductivities of both gaseous CO, and air increase slightly
with temperature but significantly when pressure increases. By comparing the thermal
conductivity and the viscosity of the gaseous CO; and air for the range of pressures and
temperatures reported here, it can be seen that the air viscosity is about 1.2 times higher
than that of CO; and the thermal conductivity of air is about 1.3 times higher than that of
COy,. The specific heat of CO, is somewhat lower than that of air. The density of CO; is
about 1.5 times higher than that of air.

Although air has higher specific heat and thermal conductivity than those of CO,,
the flow heat capacity of CO,, which is proportional to pcy/, is found to be more than
1.6 times higher than that of air for the range of pressures and temperature used here (see
Figure 2). Thus, it means that, for the same driving force, the ability of CO, to remove heat
is significantly higher than that of air.

In addition to the flow heat capacity, the cooling effectiveness of a fluid also depends
on its initial temperature when it enters a cooling device. This temperature can be controlled
by an important property called the Joule-Thomson coefficient. The coefficient describing
such effect, yjr, which depends on the type of gas and on the temperature and pressure of
the gas before expansion, is given as (see [27], p. 250))

oT
e (3),
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Figure 2. Flow heat capacity of gaseous CO; and air.

Thermophysical properties of gaseous CO, and air for pressures from 0.1 to 0.5 MPa and temperature from 300 to 400 K.

From Equation (1), the temperature and the mass flux fn}l (kg/m?-s) of a fluid in a

flow path after it expands from a high-pressure container is approximated as

Tfl ~ Tstor — HiT (Pstor - Pfl)

@
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where Py, is the pressure of the fluid in the high-pressure container, and Psy, pg are the
pressure and density of the fluid in the flow path, respectively. Thus, the initial temperature
of the fluid entering a cooling device depends on the Joule-Thomson coefficient, the
pressure and temperature in the high-pressure container, and the pressure of the flow path.
It is clear that when a fluid expands from a high-pressure reservoir into a lower-pressure
flow network, since 0P < 0, it is cooled down if y;r is positive and it is heated if yjr
is negative.

The coefficient y;7 depends on the type of gas being used and, on the temperature,
and pressure of the gas before the expansion. The point at which the coefficient y;r
changes its sign is called the inversion point, and the temperature of this point also
depends on the pressure of the gas before expansion. From the correlations reported by
Span and Wagner [20] for CO; and the correlations reported by Kadoya et al., [24] and
by Lemmon et al., [25,26] for air, we calculate the Joule-Thomson temperature inversion
curves for CO; and air (the temperature inversion curve is the curve that connects the
inversion point at which the value of the Joule-Thomson coefficient changes sign). The
results are shown in Figure 3. The curve divides the graph into two regions: the cooling
and the heating regions. If the pressure and temperature before the expansion of a fluid
fall into the cooling region, the fluid will be cooled down if it expands at constant enthalpy,
and if they fall into the heating region, heating of the fluid ensues.

CO, 700 F Alr
600
500
Heating Heating
400
Cooling Cooling

300
200
100 |

A L L 'l L L 1 L L 0 - L - . 1

0 3 40 50 60 70 80 90 100 0 10 20 30 40 50
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Figure 3. The Joule-Thomson temperature inversion curve for CO, and air.

The cooling region for air covers a range of temperature from about 100 K to 650 K and
a pressure range up to 42.5 MPa. The cooling region associated with CO, has a much bigger
range in both pressure and temperature. Let us assume that both gaseous CO; and air are
stored in a container with pressures ranging from 1 to 5 MPa and are in thermal equilibrium
with the surroundings so that the temperature of the stored gas can be somewhere from
35 °C (308 K) to 40 °C (313 K). These conditions fall into the cooling regions of both CO,
and air as shown in Figure 3. Thus, as these gases expand, the temperature of the expanded
streams entering a cooling device will be lower than their temperatures in the storage
container. However, the values of y;r of CO; are 4.9 to 5.6 times higher than those of
air as shown in Figure 4, and the temperature of the CO, entering a cooling device, as
given by Equation (2), depends on the storage tank temperature and the pressure, and
it is 7 to 40 K lower than that of air. The data are based on the correlations reported by
Span and Wagner [20] for CO, and the correlations reported by Kadoya et al. [24] and by
Lemmon et al. [25,26] for air.
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Figure 4. The Joule-Thomson coefficient of gaseous CO, and air as a function of the temperature and pressure before
expansion, ((a): Joule-Thomson coefficient of CO, and air; (b): Ratio of the CO, Joule-Thomson coefficient to the air
Joule-Thomson coefficient).

As an example, we use Equation (2) to calculate the fluid temperature entering a
cooling device which is operated at a constant pressure of 0.1 MPa after the expansion
from a high-pressure container. The container pressures are from 1 to 5 MPa, and the
surrounding temperatures are at 35 °C (308 K) and 40 °C (313 K). The results are tabulated
in Table 1. For the same conditions, the temperature of the CO; stream is significantly
lower than that of air while the mass flux of the CO, stream is significantly larger than
that of air. These results indicate that using CO, for cooling is much more effective than
using air.

Table 1. Temperature and mass flux, 11" (kg/m?-s), of CO, and air entering a cooling device at MPa
after being expanded from a high-pressure container.

Container Tin and Mass Flux, #z” (kg/m?2-s), Entering a Cooling Device
P T Tin "
(MPa) X) X) (kg/m?-s)

COZ Air C02 Air

1.0 308 299 306 1265 1012
313 304 311 1253 1003

2.0 308 288 304 1871 1475
313 294 309 1852 1462

3.0 308 278 302 2354 1827
313 284 307 2327 1812

4.0 308 268 300 2781 2125
313 275 306 2746 2106

5.0 308 259 299 3176 2388
313 266 304 3132 2367

3. Steam Condensing Performance

The condenser is an important component of a thermal power plant; it receives and
turns the exhausted steam from a turbine into water by basically cooling it. The main
function of a condenser is to maintain a low back pressure on the exhaust side of the
turbine allowing the turbine to do more work and to convert the discharge steam back to
saturated-liquid water before it is pumped back to the steam generator. To accomplish
these functions, the condenser must have a high cooling rate to fully remove the heat
released due to condensation. In this section, we perform a simple calculation to see if the
gaseous CO; or air is a better fluid for removing the heat released from steam condensation.
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A comprehensive analysis of a steam condenser is not be presented here. Here, we simply
consider the problem involving the flow of the steam and of the cooling fluid in a two-flow-
path condensation device. A vapor-saturated steam at 0.08 MPa and 41.5 °C is flowing
in one flow path. In the other flow path, a cooler fluid (CO, or air) is flowing. Such a
flow configuration is shown in Figure 5 as an example. For the steam, the temperature
and the pressure are assumed to be constant. The pressure of the cold-flow path is also
constant, but its temperature increases as it flows through the cold-flow path by absorbing
the condensation heat released from the steam-flow path. As the steam flows through its
flow path, condensation occurs and liquid water is produced; thus, the flow of steam is a
two-phase vapor-liquid flow, where we assume that the velocity of the steam is constant.
As the steam is condensed, the condenser pressure might decrease leading to an increase in
the velocity as well as a decrease in the saturated temperature; these assumptions can be
justified due to the fact that when the steam exits the turbine, it is distributed over a large
area of short tubes (more than 20,000 tubes), and any effects due to steam condensation
might not be significant. In addition, the main objective of the present work is to compare
the effectiveness of dry air and CO, when they are used as cooling fluids, and since these
assumptions are applied to both air and CO,, they do not significantly alter the results of
the present work. With these assumptions, the following equations are used (see [28]):

W/ L

rd

s
<+

\ 4

Cold fluid (CO; or air) 5’/ Cold fluid

s PR
Tf!,z’nl n]'fl.in

(CO, or air)

—

- Tf1 outs Mif
" Cold-fluid (CO, or air) flow path floutr MifLout

Steam. 0 = 1 ; i
(0.008 MPa 2] Steam flow path - =—— (0.008 MPa
41.5°C) | A
Figure 5. Representation of a steam-condensing device.
3.1. Mass Conservation Equation for the Condensing Steam
d
a[(l — P)pwvx + Ppovx] =0 4)

where ¢ is the volume fraction of the vapor, py, is the density of the liquid water, p, is the
density of the water vapor, and x is the direction of the flow.

3.2. Vapor Conservation Equation

d((Pvax) . m
S e @)

where v, is the steam velocity which is assumed to be constant, and 71, (kg/m?3-s) is the
steam condensation rate per unit volume. From these equations, the variation of the vapor
volume fraction as the steam flows in its path is given by

dp _
dx PwOx

(6)
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3.3. Energy Conservation Equation for the Cooling Stream

To keep the steam temperature constant, we assume that the condensation heat
released by the steam is fully absorbed by the cooling fluid. Assuming that the temperature
of the cold flow is uniform across the flow path, the wall separating the steam and the
cold-flow paths has a large thermal conductivity, and the energy equation for the cold
flow is

Ty Phc,fl(Tst - Tfl)
dx rhflcp,fl

@)

where p is the perimeter of the cooling-fluid flow path, and m 71 (kg/s) and ¢, s are the
mass flow rate and the specific heat of the cold fluid, respectively, which are assumed to
be constants. To keep the stream temperature and pressure constant, the condensation
heat released must be fully removed by the cold fluid, thus, the heat-transfer-controlled
condensation rate is calculated as

o Phc,fl(Tst—Tfl)
Mo = Asthgg

®)

where h fg 18 the latent heat of condensation, A; is the cross-sectional area of the steam
path, ks is the convective heat transfer coefficient which is related to the Nusselt number,
Nu, A is the fluid thermal conductivity, and D is the characteristic length of the cold-fluid

stream. Thus,
Nu/\fl
hep = —5 )

From these equations, we can obtain the fluid temperature and the vapor volume
fraction along the flow direction as

PNu/\ﬂL

" Dinge ¢
Tr = Tst — (Tst - Tfl,in>€ Pt (10)
. PNu gL :
mgc f1 " Dinge
(P — ¢ln + (W) (TSt - Tfl,ln) e D fl Prﬂ _ 1 (11)
S g wYx

where § = x/L, ¢, is the volume fraction of the vapor of the steam entering the device, Ts;
is the steam temperature, T, ;,, is the temperature of the cold steam at the device inlet, and
L is the device length. The steam-flow path cross-sectional area, A, and the velocity v, in
Equation (11) are related via the steam mass flow rate

mst
[Pinpo + (1 — Pin)pa]

From Equations (10) and (11), both ¢ and the fluid temperature depend on the flow
heat capacity of the cold fluid, mc;, ¢, the fluid temperature at the cooling device inlet,

Aty = (12)

Tf1,in, the exponential power, ()\ fl) / (m F1Cp, ﬂ) , and the heat transfer characteristic of the

condensing device, PNuL /D, which depends on the condensing device dimension and
the Nusselt number. For the condensation to be effective, the value of PNuL /D should
be very large since the surface area for heat transfer between the steam and the cold fluid
must be very large. For example, to evaluate the thermal performance of a steam surface
condenser for a typical 210 MW coal-fired power plant using water as the cooling fluid,
Pattanayaka et al., [29] used a condenser equipped with 15,620 tubes having a total surface
area of 14,600 m2.

Example calculations use the following conditions: PNuL/D = 1.0 x 10°. For the sat-
urated vapor at 0.008 MPa and 41.5 °C: p, = 0.05524 kg/m3, pp, = 0.9917 kg/m?, ¢, = 1.
For the cold fluid, the cross-sectional area A 1= 0.1 m2, and the inlet temperatures are
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tabulated in Table 1. The heat capacity of the cold fluid, 71 c,, 51, and the exponential power,

()\ fl) / (m fICp, fl)/ are tabulated in Table 2 for easy comparison. The storage pressures are

from 1 MPa to 5 MPa and its temperature is kept at 35 °C (308 K). As shown in Table 1,
the entering temperatures of CO; are about 6 to 7 degrees lower than those of air for the
same range of container pressures. Thus, CO; is a better heat-removing fluid than air as
shown in Figures 6 and 7. Figure 6 shows the effect of the storage pressure on the steam
vapor volume fraction. Using air as the heat-removing fluid, the steam exits the cooling
device as a two-phase vapor-liquid steam. It has 53% vapor when the container pressure
is 1 MPa and 10% vapor when the container pressure is 5 MPa. The results for CO, show
a significant improvement. At 1 MPa, the steam contains about 44% of vapor when it
exits the condensing device, and it contains a negligible vapor amount of 7% when the
storage pressure is 2 MPa. When the container pressure is at 3 MPa and higher, the steam
becomes a saturated-liquid water before escaping the condensing device. For example,
when the steam is cooled by CO; which is expanded from the container with pressures
of 3,4, and 5 MPa, the steam becomes a saturated liquid at ¢ = 0.8, = 0. 66, and ¢ = 0.58,
respectively. In thermal power plants, the condenser is a very important component. Its
function is to produce a saturated liquid water before it is pumped back into the boiler.
It also maintains the back pressure on the exhaust side of the turbine. This improves the
efficiency of the plant. The results shown here indicate that to meet these functions, CO; is
a better heat-removing fluid than air for the condenser.
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Figure 6. Effect of storage pressure on the volume fraction of the steam vapor (storage container temperature of 35 °C (308 K)).
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Table 2. Heat capacity and exponential power of CO, and air for Equations (10) and (11) (cooling
device at 0.1 MPa).

Pstor (MPa) mgcy a1 (J/s-K) A (mgeyq) (1m)
Air CO, Air CO,
1 101,884 107,702 2.635 x 1077 1.55 x 107
2 148,485 157,302 1.797 x 10~7 1.00 x 107
3 183,906 195,623 1.443 x 1077 7.68 x 108
4 213,887 228,415 1.234 x 1077 6.24 x 108
5 240,350 258,122 1.095 x 107 5.26 x 108

Another benefit of using CO,, based on this example, is related to the condenser
surface area. The results show that when air from the container of pressure of 1 MPa is
used as the cooling fluid, the steam exits the condensing device (¢ = 1) with 53% vapor and
47% liquid water. This means that as the steam flows through the condensing device, 47%
of the vapor content has been condensed. When the pressure of the high-pressure container
is 2 MPa, the same amount of vapor can be condensed within a shorter length, ¢ = 0.77.
From Figure 5, if W is the width, the condensing surface area can be roughly calculated as
WL¢ which is equal to WL when the container pressure is 1 MPa, and it reduces to 0.77 WL
when the container pressure is 2 MPa. We define ¢ (47%) to be the length of the condenser
where 47% of the vapor content has been condensed. We report in Table 3 the values of
¢ (47%) and the corresponding condensing surface areas for the various conditions used
here. Depending on the container pressure, the condensing surface area with CO; as the
cooling fluid could be as low as 50% of the condensing surface area when air is used. This
leads to a significant reduction in the condenser size and capital costs.

Table 3. Condenser length, {479, and condenser area, WL(479,, required for 47% of vapor content to
be condensed.

Pstor C47% Condenser Area (WL&479,)
(MPa) Air co, Air co,
1 1 0.82 WL 0.82 WL
2 0.77 0.49 0.77 WL 0.49 WL
3 0.63 0.37 0.63 WL 0.37 WL
4 0.54 0.30 0.54 WL 0.30 WL
5 0.51 0.27 0.51 WL 0.27 WL

4. CO; Storage and Utilization

To obtain a rough estimate for the amount of CO; that can be stored and utilized, we
hypothetically consider a steam power plant where the steam at 540 °C (813 K) and 10 MPa
expands through a turbine to become a saturated-vapor steam at 0.008 MPa (saturated
temperature is 41.5 °C (314.5 K)). The steam discharged from the turbine enters a condenser
and is condensed to a saturated liquid by a stream of CO, as the heat-removing fluid.
Neglecting the turbine efficiency, the steam mass flow rate, r1, is theoretically calculated

from the steam work, W, as

Wi
(hst,in - hst,out)
where hg; ;,, and hst ot are the specific enthalpy of the steam at the turbine inlet and exit,

respectively. The equation for the energy rate with isothermal heat released during the
steam condensation is given as

Mgt =

(13)

. , Wih
Qu = isiigy = ¢ /2 (14)

st,in — hst,out)
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where /15, is the latent heat of condensation of the steam. The heat absorbed by the cold
steam of CO, is

Qcoz = Mmco2cp,co2(Tcoz,in — Tcoz,out) (15)
where i, is the mass flow rate for CO,, cp,coz is the CO; specific heat, and Tcop,in and
Tcoz,0ut are the CO, temperatures at the condenser inlet and outlet, respectively. It is

required that the energy released during the condensation must be absorbed by the CO»;
the CO, mass flow rate is calculated as

thfg

Cp,COZ (hst,in - hst,out) (TCOZ,in - TCOZ,out)

mcop = (16)

As an example, we use the condition of the steam given above (hy ;, = 3475.5 k] /kg,
hstout =2577 K] /kg, h g = 2403 K] /kg). For CO; at 0.1 MPa and Tcog,in = 278 K, the specific
heat ¢, cox = 0.85 k] /kg-K, and assuming that Tcop,eur is equal to the steam saturated

temperature at 0.008 MPa, Tcoy 0+ = 314.5 K. For a power plant of W, = 1000 MW, the mass
flow rate of the CO; is roughly calculated as 86,203 kg /s (744,7965 tons/day). It is noted
that a large coal-fired power plant of 1000 MW generates approximately 30,000 tons of
CO; per day [9]; thus, the amount of CO; emitted from such a large coal-power plant for
250 days can be stored and utilized.

5. Conclusions

To explore the use of CO; as a heat-absorbing fluid for power plant cooling applica-
tions, thermophysical and transport properties of CO, were evaluated and compared with
those of air. The following conclusions can be deduced:

e  With its high heat capacity and excellent Joule-Thomson cooling effect, CO, is a better
and more effective fluid for removing heat from a thermal power plant than air.

e The condenser is an important component in power plants. Its primary function
is to produce saturated liquid water before pumping it back into the boiler while
maintaining the back pressure on the exhaust side of the turbine. Sample calculations
carried out for a simple steam-condensing device shown in Figure 5 indicated that
CO; is a better heat-removing fluid than air for a condenser to meet these functions.

e  The condensing surface area was also estimated, and the results show that when CO,
is used, the condensing surface is 50% to 60% less than the case if air is used. This
leads to significant reductions in the condenser size and capital costs.

o  We roughly estimated the amount of CO, that can be stored and utilized for a steam
power plant that operates with steam of 540 °C (813 K) and 10 MPa at the turbine inlet
and saturated-vapor steam at 0.008 MPa at the turbine outlet. The results indicate that
if COy is used as a cooling fluid, the CO, emitted from a 1000 MW power plant during
a period of 250 days can be stored and utilized.
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Nomenclature
Agt (m?) Cross-sectional area of the steam path
cp,f1 J/kg-K) Fluid-specific heat at constant pressure
cp,co2 (J/kg-K)  COs-specific heat at constant pressure
D (m) Heat transfer characteristic length of the cold-fluid stream
hye 0/kg) Latent heat of condensation
he, 1 d /m2-s-K) Convective heat transfer coefficient
hetin (J/kg) Specific enthalpy of the steam at the turbine inlet
hstout (J/kg) Specific enthalpy of the steam at the turbine exit
L (m) Length
11'1}1 (kg/m?-s)  Fluid mass flow rate per unit area
ity (kg/m3-s) Condensation rate
mgt (kg/s) Steam mass flow rate
meog (kg/s) CO; mass flow rate
Nu Nusselt number, Ny
P (m) Perimeter of the cold-fluid flow path
Pstor (Pa) Storage container pressure
Py (Pa) Fluid pressure in the condenser
Qst J/s) Isothermal heat released rate during steam condensation
Qc02 J/s) Rate of heat absorbed by CO, stream
Tcog,in (K) CO, temperature at the condenser inlet
Tcoz,0ut (K) CO,; temperature at the condenser outlet
Tst (K) Steam temperature
Tr1,in (K) Cold-fluid temperature at the condenser inlet
uyT (K/Pa) Joule-Thomson coefficient
Tt (K) Fluid temperature in the condenser
Tstor (K) Fluid temperature in the storage container
psi (kg/ m?) Fluid density
X (m) x-direction
vy (m/s) Steam velocity in x-direction
W; (/s) Turbine work
An (J/m-s-K) The fluid thermal conductivity
¢ Dimensionless distance
pw (kg/m3) Density of liquid water
o (kg/m3) Density of the vapor
¢ Volume fraction of the vapor
Oin Vapor fraction of the steam at the condenser inlet
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