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Abstract — In this paper, the effect of both condensate cooling
methods on the net power generated by the solar electrical
station was studied using the cooling tower or the alternative
method of cooling using the air-cooled condenser, and through
sequential steps the number of air-cooled condensing units
needed to accomplish the task was determined, where it was
found that the best performance of the plant commensurate
with the method of cooling the condenser, because the
condensation temperature of the water in the condenser and the
process of converting saturated steam into water is determined
by the air wet bulb temperature . It has been found that the net
power produced from the solar power plant in the case of the
use of evaporative condensation or the so-called cooling tower
is higher than if it used the air-cooled condenser and this is due
to the high energy needed to operate the fans. This study was
conducted for a specific geographical area, which is the city of
Baghdad in Irag. The station's performance has been tested for
both condenser cooling methods and for two cases using
energy heat storage and without heat storage. For the case
without heat storage, the net power reduction when using an
air-cooled condenser is 4.13% compared to using a cooling
tower, while for the case with heat storage under the same
conditions, this value is 3.43%.
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l. INTRODUCTION

Cooling towers are widely used in industrial processes to
remove excess heat. There are two types of cooling towers:
natural draft and mechanical (forced) draft. In this work, an
analysis of the cooling tower with mechanical traction with air
and water in countercurrent was carried out. Hot water from
the condenser is sprayed into the tower to create a large surface
of water droplets and jets in the ambient air. Due to the low
humidity of the air entering the cooling tower in Iraq, part of
the falling water evaporates [1,2,3], creating irreversible losses.
The cooling tower operation results in a decrease in the cooling
water temperature (Figure 4.9). Another factor in the "cooling
tower approach™ (Figure 4.9) is the difference between the cold
water leaving the cooling tower and the ambient wet bulb
temperature [4,5,6]. For a minimum value of this factor, it is
recommended to maintain a certain temperature difference
equal to -15 °C, since the size of the cooling tower varies
widely depending on this temperature [7,8]. Wet bulb
temperature is an important variable in the design of cooling
towers, since the pressure in the condenser is a direct function
of the temperature of cold water.

I. MATHEMATICAL MODEL

For a given set of design conditions, there is an optimal cooling
tower design. Optimal design conditions related to the
minimum cost of building and operating costs. The optimum
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air temperature at the outlet of the cooling tower is determined
by the formula [9,10]:

T - Tcwz + Tcwz
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Figure 1 - Thermal process of a cooling tower [4]

As shown in Figure 2, the chilled water leaving the cooling
tower is directed to the condenser. An increase in temperature
in the circulation pump can be neglected [11,12], which means
Tz = Tewr. The inlet and outlet water temperature is
determined by the formula:

Tc:wa = Tsat@p=p1 - ‘ﬂTpinch,c (2)
Tcwl = wa,m + ﬂTa*pproach (3)

where AT pinenc iS the temperature difference between the steam
and cooling water in the condenser; Ty - calculated wet bulb
temperature, °C.
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Figure 2 - Scheme of a cooling tower
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The pump power is determined by the following formula:

Pw g L1
_Twdog Twp ’(4)
10007

where py, is the density of water, kg/m*; L, is the mass flow
rate of water per unit cross-sectional area of the tower, kg/(h
m?); Hp - pump head, m; ne;pump - the efficiency of the cooling
tower pump.

WCT,pump (k BT) =

chpump

The approximate pump head is calculated as follows [9]:
Hp (m) = Ztower:r +3, E5j
where is the required filling height of the cooling tower, m.

The power consumption of the fan is calculated on the basis of
an empirical ratio, which assumes that for every 226.5 m? of air
passing per minute through the fan, one horsepower is required
(hp=0.75 kW) [13,14]. Air consumption is determined by the
formula:

o 60 Joai'r,o ’ ( )

where pair,o is the air density, kg/m?, calculated for the outlet air
flow; G - is the mass air flow per unit of the cooling tower
cross-sectional area, kg/(h m?).

The fan power is calculated as:
F (m?*/min)
226,5

NTU, (number of transfer units) and heat transfer efficiency,
g, are calculated as shown below. The heat removed from the
condenser is determined by the formula:

WCT,fan (Kw:] = OJ?S (?)

Qc = Lpr,w (Tcwa - Tcwz] ' (8)

C,.w - specific heat capacity of water, kJ/(kg.K). The maximum
heat transfer in the condenser is determined by the formula:

Qc,max = Ymine I:Tl - TC‘WZ) (9)

The value obtained for cooling water and dimensionless
capacity ratio C.= 0, where Cy, is defined as:

Conine = LuyCpuy
The heat transfer efficiency is defined as [15,16]:
g.=1—exp(—NTU,)
NTU, calculated as:
AL
NTU, = E‘i)

min.c

(10)

(11)

(12)

Under variable load conditions, the result of the general ratio
of the heat transfer coefficient, U, and the heat transfer area,
A, has the form [17]:

I N8
(UA);==(UAJC(L3) . a
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where (UA). is the new result of the overall ratio of the heat
transfer coefficient and the heat transfer area of the condenser,
calculated for the new mass flow rate L.

I1l. RESULTS AND DISCUSSION

The paper analyzed the effect of the alternative condensation
method (air-cooled condenser) on the performance of a solar
power plant. Initially, the number of air-cooled condenser units
was determined. The obtained results are shown in Figure 3,
the best performance corresponds to the evaporative method,
since the minimum water condensation temperature is limited
by the air wet bulb temperature. In the case of an air-cooled
condenser, the net power is lower than for an evaporative
condenser cooled by a cooling tower due to the high power
consumption of the fans.

As shown in Figure 3, the condenser performance air-cooled
condenser has an optimal number of blocks, that provides a
balance between output power and cycle loss own needs. For
the city of Baghdad, the optimal number of air-cooled
condenser units is chosen equal to 12 according to the
condition of maintaining the required pressure in the condenser
(0.008 MPa).

Figures 4 and 5, shows the monthly average pressure
distribution in the condenser for the two proposed cooling
methods. For Baghdad of low relative humidity and high
relative temperature are present during most of the year, so the
air-cooled condenser gives a slight improvement in pressure,
but its high energy requirements reduce the effective power.
Air-cooled condensers cause a decrease in cycle performance
due to higher condensing pressure and high auxiliary losses
due to high air temperatures. The calculation of the air-cooled
condenser was carried out for the size of the solar field
corresponding to the minimum cost of electricity (LCOE).
Table 1 shows the results obtained for condensers with
evaporative cooling in a cooling tower and air cooling.

Monthly performance of PTC solar power plant is shown in
Figure 6, for two cases: without heat storage and with him. As
mentioned earlier, high fan power consumption and high air
temperatures reduce the net power, the difference being
especially noticeable during summer days.

Figure 7 shows the annual net power obtained for each cooling
method for two cases of energy production and storage
(without and with heat storage). For the case without heat
storage, the net power reduction when using an air-cooled
condenser is 4.13% compared to using a cooling tower, while
for the case with heat storage under the same conditions, this
value is 3.43%. This decrease in net power also affects cost:
the increase in LCOE with air cooling is 8.37% and 11.41% for
both cases, respectively.

On the other hand, analysis of alternative condensers has
shown that although air-cooled condensers are an excellent
alternative, the loss of auxiliary power (required power to the
fans) and higher condensing pressure, especially in hot areas,
make this technology less attractive. If water is available at the
power plant site, then cooling towers must be used to cool the
condenser. In the Republic of Iraq, there are two rivers (Tigris
and Euphrates) where cooling towers can be used.
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Figure 3 - Influence of the condensation method on the performance of the power cycle: 1- net power without supply of fans in the
condenser; 2 - net power with cooling from a cooling tower; 3- number of air-cooled condenser units; 4- net power, air-cooled
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Figure 4 - Average monthly condenser pressures with cooling tower water
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Figure 5 - Average monthly pressures in an air-cooled condenser

Table 1 - Effect of condenser type for annual performance PTC solar power

Parameters
W W LCOE LCOE,: Net power, GW
Nt orele, Ly R AN - - : =
- without accumulation with accumulation
Kk i’ [ ¢/EW R ¢/RW R
Cooling tower
493218 | 36193 | 207 255 | 145,7 | 256,4
Aiir cooled condenser
493128 | 5363 | 228 281 | 139,2 | 247,6
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Figure 6 - Influence of the condenser type on the monthly net power
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Annual net capacity (GW)

Figure 7 - Annual net capacity of the power plant with cooling tower and air cooled condenser for cases: without heat
accumulation: 1 - with a cooling tower, 3 - with air cooling; with heat storage: 2 - with cooling tower, 4 - air-cooled
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