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ABSTRACT

Presently, nearly 26,000 MW-worth of gas power plants and nearly 16,000 MW-worth
of combined-cycle power plants have been installed in Iran. But their power output in
the summer, when there is the most demand, reduces to a minimum compared to the
winter season. The main reason for this is that gas turbines depend on the ambient air
temperature. Since most of Iran has warm and dry climates, cooling down the input air
to the compressor by means of water evaporation is the simplest method to solve this
problem. This paper investigates the thermodynamic and economic behavior of a fog
system on four units of GE-F5 turbines installed in the Shahid Zanbagh power plant.
The results show that the application of this method causes an increase in the mass
flow rate of the air input and reduces the work consumption of the compressor. It
increases power production by 2.64 MW, and the required water for each unit is equal
to 0.761 kg.s™. Also, the payback time for this system was calculated to be less than 3

years.
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DOI: 10.22075/jhmtr.2017.1503.1100

1. Introduction

High demand for electricity is one of Iran’s
problems in the summer season. The main reason for
this high demand is the utilization of intensive
cooling equipment. In many power plants in Iran, gas
turbines are used to supply the peak load.

Since gas turbines are complex systems that
consume air directly, any factor that changes the
conditions of the air surrounding the gas turbines will
change the gas turbines’ operation.

Gas turbines are considered as constant volume
machines with a fixed rotational speed, and a
constant volumetric flow rate of air passes through
them. One of the impacts of an increase in the input
temperature (i.e., the ambient air temperature) is a
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decrease in air density. Increasing the temperature of
the compressor’s input air will lead to an increase in
the compressor’s work and a decrease in the turbines’
productive power; as a result, for each Celsius
increase in air temperature, a 0.6% to 0.9% decrease
in net output power occurs [1, 2].

Both direct air cooling methods (such as an
evaporation method) and indirect cooling methods
(such as cooling the air by absorption or compression
chillers) have been studied in several articles [3-7].

Evaporation cooling is generally carried out by
spraying pressurized water (i.e., fog), evaporative
cooling media, a spray inside the compressor, or a
mixture of these methods. In the first-mentioned
method, called the air washer method, by spraying
water in the air that then evaporates, the air is cooled.
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In this method, if the water particles are oversized,
the evaporation won’t occur completely and some
water drops will enter the compressor. In a fog-
cooling system, filtered water is converted to fog-like
particles by being passed through high-pressure
nozzles (under 7-21 Pascals of pressure). The
evaporation of these particles causes the air to cool in
the gas turbine’s entrance [8, 9].

In the second method, known as media, the air
passes through wet surfaces. By the evaporation of a
certain amount of water from these surfaces, the air
cools. The cooling water’s quality in this system can
be lower than required in a fog-cooling system, but in
this method, maximum evaporation cannot be
achieved. The fog system has been under
consideration since 1950 when Willcookes and
Trutes [10] suggested that the injection of water into
a compressor’s input air would cause a decrease in
the temperature of the compressor’s output air and
also reduce the work consumption of the compressor.
In 1960, John and Howkins [11] analyzed the effects
of spraying water into the air during the compression
process on the compressor (i.e., wet compression).

In wet compression conditions which is the results
of the wet compression cooling method, the goal is to
get close to isothermal compression instead of
adiabatic compression. This is done by spraying
water drops into the compressor. The increase in
cycle’s net output power, reduction in the
compressor’s consumption work, and the decrease in
pollution (NOX) are the results of air cooling with the
humid compression method.

The efficiency of evaporative cooling highly
depends on the environment’s temperature and
relative humidity. As the weather warms up and the
relative humidity decreases, the efficiency of this
method increases [2, 6, 12].

Bagnoli et al. [13] examined the effects of wet
compression on the operation of a 7EA gas turbine.
They found out that in comparison to standard
conditions, gas turbines lose about 15% of their
output power because of the increase of the air
temperature.

Evaporative cooling systems require low capital
and current cost, and they have an average repair cost
compared to other cooling methods. They can also
decrease NOXx in the exhaust gasses of the gas unit
[14]. Low operational efficiency and high water
consumption are the main disadvantages of
evaporative cooling systems. In addition, if the
sprayed water drops don’t evaporate before entering
the compressor, they will harm the compressor’s
blades [15]. If we replace a fog system with wet

compression, the danger of the blades being damaged
will be reduced [16-20]. The use of compression
refrigeration cooling systems (i.e., compression
chillers) [12, 21] and absorption refrigeration cooling
systems (i.e., absorption chiller) [14] are the two
main methods of indirect cooling of the input air.

In a refrigeration cooling system, which is a no-
contact cooler, air gets cold by passing over cold
water coils. Chilled water flows in the cold coils, and
air passing over these coils noticeably loses its heat.
The chillers used in this method can be compression-
based or absorption-based. Also, the chiller can be
used to produce water during non-peak- hours that
can be saved for peak temperature hours. This
method reduces the required equipment capacity for
supplying needed refrigeration in peak heat
conditions.

The ability to cool the air to a temperature lower
than the wet-bulb temperature is one of the
advantages of refrigeration coolers, and regardless of
the humidity of the environment, a considerable
amount of cooling can be attained. In order to
prevent freezing, the air in the entrance of the
compressor usually should not be lower than 5-8
degrees Celsius; so, in humid regions, these systems
are preferred to evaporative cooling systems [14, 22].

Using a compression cooling system reduces the
total efficiency of the thermodynamic cycle while
cooling a compressor can increase the thermal
efficiency of the compressor. Although using a
compression cooling system causes an increase in net
productive power, it also reduces thermal efficiency
[23-25].

The results of Yong et al.’s research [14], in which
the economic potential of using a cooling system for
combined cycle units was analyzed, the fog system’s
efficiency was considerable in the temperature range
of 15 to 20 degrees Celsius cooling duty range, so
fog cooling proposals despite of requiring less of an
investment than chiller cooling systems, can
overcome the cooling duty as it proposed.

In addition to what has already been said, other
cooling systems have also been shown to improve the
operation of gas units [15-20]. Farzaneh Gard et al.
[15] and Zaki et al. [16] suggested using the reserved
Brayton cycle to cool the input air and improve gas
turbines’ energy efficiency.

Based on recent research results [16], reducing the
input air temperature to even lower than the standard
temperature can lead to about a 20% increase in
output power and a 6% increase in thermal
efficiency.
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2. Fog-cooling system

As mentioned earlier, the required power to
compress the inlet air is highly dependent on the
ambient temperature. Based on thermodynamic
relations, the power consumption of a compressor in
relation to a unit mass of air can be obtained by the
following:

Weon= [CoTy (P2/Py) ©9-1]m.. @)

According to this formula, by increasing T, (the
ambient air temperature), the energy consumed by
the compressor will increase, which directly leads to
a decrease in the net power at the turbine coupling.

Using evaporative cooling methods is one of the
casiest ways to increase gas turbines’ productive
power. By increasing the relative humidity, or in
other words, passing the air through a wet
environment, the dry temperature of the air will
noticeably decrease due to water evaporation.

One other evaporative cooling method is spraying
water in the air (i.e., fog). Which is an adiabatic
cooling process and occurs linearly with the constant
wet-bulb temperature. This method works well,
especially in environments with low relative
humidity where the difference between wet and dry
temperature is high. The working principles of
evaporative systems are the absorption of latent heat
from the air by water, thereby cooling the air.
Accordingly, the evaporative cooling system’s
efficiency is defined based on the Equation (2),
considering the amount of temperature difference:

T1p—T2p

" Tip-Tow’ 2)
The W and D indexes refer to wet and dry.

In a fog system, high-quality, demineralized water
is passed through stainless steel nozzles with ruby
orifices. This process is performed by high-pressure
pumps in the range of 70 to 200 bar (mostly about
140 bars) in a high quality. The water is sprayed into
the air in the form of little particles in sizes up to 100
microns. The reason why the water is transformed
into small particles is to increase the water’s surface
area with the air and, as a result, speed up the water’s
evaporation rate.

Assuming adiabatic mixing, the energy gained by
the sprayed water is balanced by the energy lost by
the atmospheric air after cooling. Equation (3)
identifies how this process occurs:
My (hv3 - hw2) =m, (hal - ha3) oM, (hvl - hv3): (3)

where m,, is the mass flow rate of cooling water,
hwe is its enthalpy, m, is the mass flow rate of dry air,
has - h,y is the enthalpy change of dry air, w, is the

specific humidity (the humidity ratio) of inlet air (in
kg of water per kg of dry air) and hy; - hy is the
enthalpy change of airborne water vapor after
cooling.

The humidity ratio (w,) can be specified directly
or calculated by the Equation (4):

0.622py
= 9:624Py1 (4)

(O]
P1—py1

where py; is the partial pressure of water vapor,
and P, isthe total atmospheric pressure.

2.1. Fog system’s psychrometric analysis

In the figure below, the operation of this system at
36°C (dry-bulb temperature) and 15% relative
humidity is given in a psychrometric chart. As
mentioned before, in a fog system, the air changes
from the input condition to a 100% RH in a linearly
continuous manner. According to Equation (1), the
efficiency of a fog-cooling system is 100%, and
unlike other cooling methods, such as media, the
wet-bulb temperature is attainable. However, this
system cannot pass the thermodynamic limit of the
air’s wet-bulb temperature, so the cooling potential
of this method is limited [22].

According to the assumed input conditions and
the application of the PsychroCalc software, the
psychrometric conditions and parameters of system’s
output air are based on Table 1.

The advantages, such as its low installation,
initiation, and running cost and the possibility of a
fast installation, make using a fog system attractive.
The high water requirement has caused some
problems for using this system in low-water areas.

Since the efficiency of this system is a function of
the air humidity, using these systems in humid
regions would not be appropriately effective and
would not lower the temperature noticeably; hence,
the use of these systems in humid conditions does
not have much economic justification.

The reason why a fog system’s efficiency is
higher than other evaporative cooling methods is the
use of small water particles; therefore, determining
the optimal diameter and the analyzing the dynamic
behavior of water particles are very important.

The surface-to-volume ratio of bigger particles is
lower than the small ones, so they have a slower
evaporation rate. Also, their rate of fall and system
drain will increase. A water spray with optimally
sized water particles at input air velocity will take
about 2 seconds to travel the distance between the
filter case and the entrance of the compressor. Along
with this path, it should be totally evaporated. But
large water particles do not get a chance to evaporate
completely, thereby causing damage (such as wear
and erosion) to the compressor blades.
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Fig. 1. Psychrometric chart of fog in examined conditions
Table 1. Output air psychrometric parameters

Parameter Unit Amount
Dry-bulb temperature °C 17
Wet-bulb temperature °C 17
Relative humidity % 100
Humidity ratio KO water/KQ gry air ~ 0.0141
Specific volume m3/kg 0.977

Table 2. The conditions before and after installing a fog
system in the Yazd combined-cycle power plant

— w £ =
5 ¥, |g8_5lgzz| 52| E5| =
£ 5g |22c5|252| 25 | 22 z
: £5 |e2%222% 55| 85| 2
& = s Elg== 2™ 3% =
Unit °C Bar Lit/s MW %%
1 9:45 38 8.71 6.2 90.1 29.42
=113
Sg s 9:50 38 8.7 6.2 89.9 | 29.35
=8|, 9:55 39 8.63 | 6.18 89.7 | 29.38
=
i 38.3 8.7 6.19 89.9 | 20.38
Avg
= 1 10:05 | 25.5 | 9.27 | 6.67 | 100.2 | 30.41
5
E]
= 2 10:10 25 932 | 6.76 | 100.7 | 30.15
=14
E 3 10:14 25 9.29 | 6.73 | 100.7 | 30.29
= Av 252 | 920 | 6.72 | 100.5 | 30.28
vg.
Rate of -132 | 0.6 | 0.53 | 106 0.9
change
Percentage -34.3 | 6.86 8.5 11.8 3.07
of changes

The experimental results show an increase in the
production rate of about 12% and an increase in
efficiency of about 0.9%. Other examples of a fog
system application are described in Table 3.

Table 3. The effectiveness of example implementations of
fog systems in Iran [26: Partly associated]

2.2. Experimental analysis of the fog system’s
effectiveness

The fog spraying method has been used numerous
for various power plants, which of them would be the
proper case to gather data for the purpose of analysis.

2.2.1. Experiments from the effectiveness of fog
system in Iran

In Iran, improving the capacity of gas turbines in
the hot season began in 2000 by installing
evaporative cooling system devices on Fiat turbines
in the Rey gas power plant, and since then, they have
been installed on several other power plants [26].

An example of one of the installed fog systems is
in Yazd’s combined-cycle power plant (C.C.P.P).
Precise information on the fog system’s operation in
this power plant is provided in Table 2, which shows
that the power plant has an ambient temperature of
38.3°C and a relative humidity of 7.4%. At the time
of data collection, the capacity of this power plant
was 1,000 MW. The fog system is installed on two
GEF9 units with nominal capacities of 95 MW.
These units are established at the altitude of 1,200
meters above sea level, and the local air pressure is
0.87 bar.

Location Gas unit Unit Increased
type capacity ~ power (MW)

Shahid Rajaee

CCPP. GE9171E 123.4 105

Montazer
ghaemc.cpp, CEOIBIE 123 8.5
Zahedan Power Hitachi

Plant 5361 25 3.2

Bandar emam ABB13D 120 .

Petrochemical

2.2.2. The experimental case of using the fog system
abroad

The fog system has been installed in other
countries as well. One of the well-known companies
that install and develop fog systems is Mee Fog.
Table 4 shows some of the projects by this company
and mentions the resulting increases in performance.

Table 4. The effects of some fog systems implemented
abroad [27: Partly associated]

Unit Increased

. Gas unit .
Location tvpe capacity power
P MW)  (Mw)
Taweelah B, Abu
Dhabi GE9E 120 10
Ferrera Erbognone, V94.3A2 279 21
Italy
Scatron, Spain V94.3A2 279 24.3

Livadia 1, Greece V94.3A2 279 19
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2.3. ldentified fog systems for the investigated gas
units

The investigated units are GEF5 single-shaft gas
units. These units have horizontal shaft-driven
compressors with 17 stages. The conditions
considered for the design of the fog system were a
temperature of 36°C and a relative humidity of 15%
according to Yazd’s climate.

The amount of mass flow contributed to the
design conditions is 116.27 kg.s™. Whereas, at off-
design conditions, based on a diagram at the
manufacturer’s documentation and according to
available environment’s dry temperature, a correction
factor of 85% should be considered for the purpose
of mass flow calculations. In the investigated
conditions, the input air’s mass flow was 98.83 kg.s™.
It should be noted that gas turbines are rotary
machines with a constant flow rate at a constant
rotation per minute, and their mass flow rate doesn’t
change in various environmental conditions.

2.4. Increase in production rate due to the
application of fog system

In order to calculate the production increase of the
GEFS5 units in the investigated conditions, the units’
behavior was simulated in the Thermoflow software.

The output results of the software before and after
implementing the fog system are shown in Figure 2.
In this simulation, the type of fog system was
selected “under spray fogging” and the particle sizes
were also selected “fine”. Also, the effectiveness of
the fog system was considered to be 100%. This
means that the fog system’s output temperature was
considered equal to the wet-bulb temperature.

Based on the simulation results, the increase in
production was 2.64 MW, and the water needed for
the fog system was 0.7608 kg.s™ per unit.

Regarding Yazd’s climate, the hot season, in
which the fog system was applied, lasts about 5
months from mid-May to mid-October and is a
relevant factor for 7.5 hours daily, from 10:00 to
17:30. Based on the results, on average, the amount
of power increase due to the implementation of a fog
system is 2.6 MW.

Accordingly, the total surplus electrical energy
that is produced in a period is calculated based on
Equation (5), as follows:

Surplus produced power = (No. of units) x
(increased power) x (daily working hours) x
(days in a month) x (No. of the month)

Surplus produced power =4 x 2.64 x 7.5 x 31 x 5

®)

=12,276 MWh

{' GTPRO21.0\M

1X GE 5341N
(Physical Model)

Net Power 16702 Kw
LHV Heat Rate 13879 KIKwH

92.29 P
7971 P 7.652 P 2.29M G50

0.87P 3477 984T 17059 KW

Natural gas 1.391 M -
LHV=64387 KWth 5T {

@)

r- GTPRO 21.0\M

1X GE 5341N
(Physical Model)

Net Power 19342Kw
LHV Heat Rate 13329 KIKwH

Fogger
- E O7608M 0 e
0.89P
8.54P 8.189P SRR
7P

3297 989 T 19743 KW

085pP
96 1 177
1260 m elev. 96.89 M

Natural gas 1.547 M ;-
LHV=71616 KWth ‘

25T
(b)
Fig. 2. Output results of the simulation (a) with and (b)
without the fog system

Based on simulation results, the amount of increase
in fuel consumption because of the fog system is 156
lit.s™ per unit.

3. Economic analysis of the fog system

In an economic analysis of fog systems, the
capital costs, current costs, earnings due to the use of
the system, interest rate, etc. should be considered.

3.1. Capital costs

This cost includes designing, purchasing,
installing, and initiating the fog system (e.g.,
implementing a skid pump complex and piping inside
the nozzle ducts). Also, because this system uses
purified water, it includes the cost of constructing a
water purification building and reverse osmosis (RO)
facilities.

Based on the inquiries conducted by the E-Man
Serve Co. (one of the active companies in this field in
Iran), the total capital cost for the existing 4 units is
9,600,000,000 rials.
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3.2. Current costs
3.2.1. Extra fuel cost due to the power increase

According to the simulation results, the amount of
unit fuel consumption without the fog system at
16.702 MW production is 1.391 kg.s™ of natural gas
with a fuel consumption rate of 299.82 kg.MWh™.

The results of the simulation with the fog system
show that the unit consumes 1.547 kg.s™ of natural
gas for 19.342 MW of production. A comparison of
the results shows that the unit’s fuel consumption
with the fog system for the additional productive
megawatts is about 49% less than a unit’s level for
producing megawatts in its normal condition. The
amount of additional fuel consumed by the fog
system is 561.5 kg.h?, and, considering the
consumed gas in a working pressure of 8.45 kg.m>, a
volume of 66.45 m®.h™* of gas will be consumed.

The price of each cubic meter of consumed gas in
a power plant is 720 rials. Therefore, the cost of the
consumed gas is 47,844 rials per hour and
556,186,50 rials per period.

3.2.2. The cost of repairs, maintenance, and
utilization

The cost of implementing a fog system contains
repairs and maintenance of the skid pump complex,
water purifier, the nozzles, and filters; fixing any
leaks; and possibly replacing any defective parts. The
fog system works automatically and does not require
a resident technician. In the water purifying unit,
considering the requirement for chemical injections
and the system’s sensitivity, a technician is required.
Totally, the repairs, maintenance, and utilization
costs of a fog system for 4 units equals 2% of the
capital cost according to the experimental
information supplied by Ali Behdashti et al. [28].

3.2.3. Consumed electricity cost

The fog system’s electricity consumption is
related to the skid pump and RO system pump.
Considering the required amount of flow and
pressure and the experimental data from similar
power plants, the consumed power of a skid pump
complex is 15 kW, and the unit’s electricity
consumption is 3 kW for each cubic meter of
demineralized water [25]. Therefore, the amount of
consumed electricity in a period of 4 units is
107,957/376 kWh, and the consumed electricity cost
for a period (calculated as 440 rials.kwh™) is
47,501,245/44 rials.

3.2.4. Consumed water cost of a fog system

According to the simulation results, a fog system
needs 0.7608 kg.s™ of water. In a utilization period,
the total amount of demineralized water needed for 4
units of a fog system is 12,735,792 kg. In the RO
purifying unit, considering the input water quality,
each cubic meter of demineralized water will require
1.5 m® of input water. Therefore, the total required
water for 4 units is 19,103.63 m®. The fixed price of
each cubic meter of water for this power plant is
1,200 rials. Therefore, the cost of consumed raw
water during a period of utilization will be
22,924,425 .6 rials.

3.2.5. Production halting damage

Installing the fog system equipment on a unit
takes less than a week. It should, therefore, be
planned in one of the maintenance periods so that
there won’t be any need to stop the production.
Hence, no costs were considered in this section.

3.3. Earnings from the increase in production

Excess electricity produced by using the fog
system occurs in peak hours, and the selling price of
each kWh electricity during peak hours is 440 rials.
Therefore, the earnings made from 4 units in a period
of utilization are 5,401,440,000 rials.

3.4. Calculating the return on investment

For calculating the return on investment, the net
present value method was used, which is one of the
standard methods for analyzing economic plans.
Based on the occurrence time, the earning or costs
will be converted to the current rate, so the time
value of cost and income is considered in the cash
flow. In the net present value method, costs and
revenues are discounted depending on available
circumstances  with  appropriate interest rate
according to the Equation (6):

Rt

@+t (6)

In this equation t is the time expense or
income occurrence, | is the interest rate, and Ry is
the quantitative value of income or expense
based on cash flow.

The capital cost is 9,600,000,000 rials , in
each period the total costs are 318,044,321.04
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rials, and the earnings of each period is
5,401,440,000 rials. If the annual interest rate is
15% (including annual inflation rate, interest
rate, and risk rate), and the lifespan of the
equipment is considered to be 10 years, the
calculation results are presented in Table 5.

The last row in the last column of Table 5 is
the current net present value (NPV) of the
project. Because it is positive, it shows that
performing the project is affordable and
economic, and the return on investment is less
than 3 years.

Table 5. NPV (net present value) calculation
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Present .
value Cumulative
Year Cash flow - present value
(million i11ion rials)
rials)
Current  _
yer  rose 9,600,000  -9,600,000
1year 5491449 —318044 4420334  -5,179,656
(1+0.15)1
2" year 5491449 — 318044 3843777 -1,335,879
(1+0.15)2
3 year 54914493180 3342415 2,006,536

(1+0.15)3

4. Conclusion

According to Yazd’s climate, the utilization of a
fog system was considered from mid-May to mid-
October (5 months) and for 7.5 hours daily. The
design conditions of the fog system were considered
to be at a temperature of 36°C and a relative
humidity of 15%.

Analyzing the results shows that the application of
a fog system in order to cool the input air of Shahid
Zanbagh gas power plant’s GEFS5 units in the hot and
dry weather of Yazd would cause an increase in the
input air mass flow rate and a decrease in the
compressor’s work consumption in the utilization
period, such that the amount of increase in the
productive MWs of each unit would be 2.64 MW,
assuming a relative humidity of 100% of the
system’s output air. The amount of water that the fog
system needs for each unit is 0.7608 kg.s™. Also, the
calculated return on investment indicates an
investment in a fog system would make returns in
less than 3 years.

Nomenclature

C, Specific heat at constant pressure (kJ/kg.K)
h Enthalpy (kJ/kg)

i Interest rate

k Specific heat ratio

NPV Net present value

P Pressure (pa)

P, Partial pressure of water (pa)

RH Relative Humidity

Rt Quantitative value of income

t Time

Tp Dry-bulb temperature (K)

Tw Wet-bulb temperature (K)

Weom Compressor’s power consumption (kW)
n. Efficiency of the compressor

w Specific humidity
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