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4E (ENERGY, EXERGY, ECONOMIC AND ENVIRONMENTAL) ANALYSIS OF THE
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ABSTRACT
This study aims to calculate the performance of the novel design of wet cooling tower (NDWCT) using first
law (energy) and second law (exergy) of thermodynamics. Moreover, it determines the economic feasibility (cost
savings and payback period) and sustainability of the NDWCT using the life-cycle cost (LCC) and environmental
assessment method. An appropriate mathematical model is developed and simulated in Engineering Equation Solver
to calculate water savings, performance and payback period of additional investment. The simulation results have a
good agreement with the experimental outcomes (error 2.6%). Simulation results revealed that the NDWCT consumes
34.48% less water than the conventional wet cooling tower (WCT). The installation of heat exchanger improves the
performance of WCT by 6% because the consumption of water to air ratio increases. Moreover, the exergy destruction
in the NDWCT is 1.23 MW lower than the conventional WCT. Additionally, the heat exchanger costs k$30.7 to save
an annual fuel cost of k$72 which could be recovered within a payback period of 0.37 years. Lastly, the environmental
assessment proves that the NDWCT relinquishes the particulate matter emission by 0.042 g/s.
Keywords: Water Consumption, The Novel Design of Wet Cooling Tower, Energy and Exergy Analysis,
Life Cycle Cost Analysis,
INTRODUCTION
Energy demand is increasing globally due to advancements in technology, population growth and change in
the human lifestyle. It is mainly fulfilled by using fossil fuels in thermal power plants (TPP), which has caused global
warming, rain acidification and ozone layer depletion [1]. In a thermal power plant, fossil fuels conversion into electric
power requires 2.6 liters of water to generate a unit of electricity, which has raised the concern about water conservation
in agrarian, arid and semi-arid regions [2]. Therefore, increasing the efficiency of TPP is one way to save a significant
amount of water [3]. Nowadays, TPP is being used to convert available waste heat into useful heat, wherein the nonrenewable energy sources are being replaced by renewable sources such as biomass [4-7]. It causes a significant decline
in water consumption but their cost-competency is still challenging as compared to fossil fuels [8].
In Pakistan, TPPs produce around 65% of total electricity using fossil fuels and most of them are not working
on their installed capacity. Thereby, electricity generation cost and the auxiliary consumption of TPPs is very high [9].
Among different auxiliary components, the WCT accounts for 2.2-3.4% of total power generation [10]. The function
of WCT is to remove the heat absorbed by recirculating water through a condenser to the atmosphere via the
evaporation process [11]. The minimum obtainable temperature of recirculating water in the tower is the wet-bulb
temperature of ambient air [12].
Cooling towers are of close and open types according to heat and mass transfer mechanisms between
circulating water and ambient air. Open cooling tower exchanges heat and mass between circulating water and air with
direct contact in packing fill. Consequently, the design of packing fills plays a prominent role in the efficiency of the
open cooling tower. It increases the heat and mass transfer between the air and recirculating water [13]. Lemouari et
al. [14] investigated the effect of air and water flow rate on the performance of an open cooling tower filled with
vertical grid type packing at variable recirculating water temperature. It perceived that air-water contact in a bubble
and dispersion region (DBR) promotes efficient heat transfer as compared to the pellicle region contact. Thus, DBR
cools more water quantity. Additionally, it was found that DBR has higher thermal performance than others. Khan et
al. [15] calculated the impacts of fouling risk in the packing of cooling towers on its efficiency. At the lower risk of
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fouling 0.001, the efficiency of the cooling tower was reduced by 6.0% and the circulating water exit temperature was
escalated by 1.2% under given operating conditions.
The closed cooling tower contains a heat exchanger, water distribution system and mechanical or natural draft
plant. In a closed cooling tower, only sensible heat transfer takes place between air and water. Here, water is sprinkled
over the tubes of the heat exchanger to maximize the cooling effect which enhances the evaporation rate [16]. Stabat
and Marchio [17] developed a mathematical model based on Merkel’s theory to estimate energy and water consumption
of the tower considering saturated air at its exit. Moreover, the developed mathematical model compared with the
manufacturer’s catalog at various operating conditions. Jovic et al. [18] upgraded the design of prevailing WCT to
increase the efficiency of a coal-fired power plant by adding two cells. The up-gradation of the plant had improved its
performance by 1.5% and the rehabilitation cost was recovered under the payback period of one year.
The energy and exergy analysis is employed to investigate the thermal performance of the WCT in [19-22].
Khalifa [21] conducted the energy and exergy analysis of induced draft counter flow WCT by fractionating horizontally
into 100 equal cells. Each cell assumed at a temperature difference of 0.1 K and the water-air ratio between 1.25 and
1.50. He found that an increase in air humidity raises the exergy destruction in the tower while decreasing the approach
temperature reduces thermal exergy destruction. Additionally, Merkel’s assumption curved the straight line of the
maturation process. Bozorgan [23] conducted an exergy analysis on the WCT and found that the exergy destruction of
water was higher than air. Mahdi and Jaffal [22] experimentally investigated that the efficiency of WCT with packing
at the bottom and top of the heat exchanger was (40% and 25%, respectively) higher than without packing besides heat
exchanger. They determined exergy destruction in WCT around 20% which was lower than its cooling capacity [24].
Topal et al. [25] determined the exergy destruction of a Çan Circulating Fluidized Bed Power Plant (CFBPP) co-fired
with olive pits around 295 MW (exergy efficiency of 31.26%). They calculated that the boiler accounts for the largest
proportion of exergy destruction (86.05%) in the plant. Taner and Sivrioglu investigated the energy and exergy
efficiency of the sugar factory at 72.2% and 37.4%, respectively. They found that optimizing the turbine in a sugar
factory rises its energy and exergy efficiency from 46.4 to 48.7 and 27.7 to 31.7%, respectively [26]. They also
determined the unit cost of improved turbine power plants around 3.142 $/kW which would be recovered within 4.32
years [27]. Taner et al. [28] calculated the sugar factory energy consumption around 43ktoe performing an energy audit
on production processes which had saved the energy cost of the factory by 688.22 $/toe. The factory had to focus on
energy management problems to meet the Energy Efficiency of Turkish Law and Directives. Taner conducted energy
and exergy optimization analysis for a drying plant. He found that the energetic and energetic performance of the
optimizing process is greater than the prevailing drying process. He also investigated that techno-economic
optimization reduces the total energy cost of the plant from $98,520 to $84,708 over its expected lifetime [29]. In
another study, he estimated the performance of PEM fuel cell in terms of energy and exergy that was found 47.6% and
50.4%, respectively. By varying PEM fuel cell pressure and voltage, he determined that the experimental wastewater
was affecting the lifetime of PEM fuel cell considerably [30].
Numerous studies were conducted to improve the thermal performance of WCT considering design
modifications. Mostly design alterations were made in packing filled material and location underneath and above the
heat exchanger within the cooling tower. However, numerical analysis of cooling towers was examined using the
energy, exergy, and techno-economic and simulation results compared with available experimental outcomes. The
NDWCT's water savings were experimentally determined using operating parameters [31]. However, the numerical
analysis of the NDWCT in terms of energy, exergy, LCC and environmental assessment is not found in the available
literature.
This study aims to find NDWCT's (a) thermal performance of the NDWCT using thermodynamic analysis,
(b) determine the economic feasibility using LCC analysis and (c) environmental friendliness using environmental
assessment methods. Firstly, it develops an appropriate mathematical model using the experimental data available in
[31]. The simulation of the developed mathematical model performed in Engineering Equation Solver. The simulation
results compared with experimental outcomes with a good fit. It determines the exergy destruction before the economic
evaluation of the proposed system. Finally, an environmental assessment is conducted to investigate the reduction in
particulate matter emission from NDWCT into the atmosphere.
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DESCRIPTION OF NOVEL DESIGN OF WET COOLING TOWER
The WCT is used to dispel the heat absorbed from condenser to the environment via the evaporation process.
The recirculating water is sprayed on the top of the tower to ensure proper mixing of water and air. Air is introduced
in the tower from the bottom side of louvers by the fan and louvers are sloped downwards to keep water inside the
tower. The mixing increases the heat and mass transfer between air and water. As a result, the humidity ratio and dry
bulb temperature rise to cool recirculating water. Some quantity of water is removed from the basin to maintain the
dissolved solids at an acceptable level (blowdown losses). Makeup water is supplied in the basin to compensate
evaporative, drift and blowdown losses in the tower. In NDWCT, a plate type heat exchanger is installed at the top of
WCT as shown in Fig. 1. The heat exchanger (plastic) has an overall heat transfer coefficient identical to an aluminum
sheet having thickness 100 µm. Its plates spaced at 1.2 cm to keep the minimum pressure drop of air (51Pa) and it
sized as 15x15x22 cm. The warm and humid air leaving the tower from the top passes through an air to air heat
exchanger. Here, its temperature is reduced by transferring energy to the ambient air. Thus, it causes the condensation
of hot and humid air; as a result, evaporative and drift losses are decreased considerably.

Figure 1: Novel design of a wet cooling tower
THERMAL ANALYSIS OF NOVEL DESIGN OF WET COOLING TOWER
A mathematical model is developed to examine the performance of the proposed novel design of a wet cooling
tower. The model considers the tower’s different components. The major assumptions that are manipulated to derive
the fundamental modeling equations are as follow:
•
Steady State condition exists in different components of the proposed wet cooling tower.
•
Heat and mass transfer through the tower walls to the atmosphere is negligible [19, 21, 32].
•
Merkel’s assumption is considered [33].
•
Air to air heat exchanger drops humid air temperature and pressure by 2 oC and 5-9 kPa [31, 34]. .
•
The pressure drop of air in a wet cooling tower is 1.12-1.16 kPa [35].
•
The effectiveness of air to the air heat exchanger is 48% [36].
•
The Ratio of water and airflow rate of 1.692 ( l/g) [31].
•
The temperature difference between inlet and outlet water flow at 10.4 °C [31].
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•
Mass flow rate of water: 28,500 m3/h [31].
The thermodynamic parameters (temperature and pressure) at the inlet and exit of the NDWCT are given in
Table 1. However, other thermodynamics parameters corresponding to the given properties of air and water are
determined by Engineering Equation Solver.
Table 1: Design and operating parameters are considered in the analysis [31]
Parameters
DBT
WBT
Pressure
Humidity Ratio
Relative Humidity
Enthalpy
Entropy
Specific volume

Unit

Dead
State

(oC)
(oC)
kPa
gw/kga
%
kJ/kg
kJ/kg-K
m3/kg

25
15.11
101
6.79
34.08
42.4
5.764
0.86

Air
State 2
32.3
32
102.4
30.09
95.55
109.7
5.984
0.90

State 1
29
15.14
101
5.97
22.71
44.36
5.782
0.91

State 3
30.5
29.9
111.4
21.77
96.53
86.31
5.851
0.73

Water
State 4 State 5
38.2
27.8
279.9
178
160.2
116.6
0.5481
0.406
0.0011
0.0010

Energy Analysis
The continuity equation and energy balance reveals that during steady flow of ambient air and process water
through WCT the mass flow and energy at the inlet and outlet of the tower remains same i.e.

𝑚̇𝑎,𝑖 + 𝑚̇𝑤,𝑖 = 𝑚̇𝑎,𝑒 + 𝑚̇𝑤,𝑒

(1)

𝑊̇𝑓 + 𝑚̇𝑎,𝑖 ℎ𝑎,𝑖 + 𝑚̇𝑤,𝑖 ℎ𝑤,𝑖 = 𝑚̇𝑎,𝑒 ℎ𝑎,𝑒 + 𝑚̇𝑤,𝑒 ℎ𝑤,𝑒

(2)

The cooling capacity of tower is estimated by

𝑄̇𝐶 = 𝑚̇𝑤,𝑖 (ℎ𝑤,𝑖 − ℎ𝑤,𝑒 )

(3)

An elementary control volume is considered for filled packing of a cooling tower and mass balance for
selected control volume is calculated as [37]
𝑑𝑚𝑤

𝑚𝑎 (1 + 𝑤) + (𝑚𝑤 +

𝑑𝑧

𝑑𝑧) = 𝑚𝑎 (1 + 𝑤 +

𝑑𝑤
𝑑𝑧

𝑑𝑧) + 𝑚𝑤

(4)

The humidity ratio is estimated by using Eq. 5 and 6 at the inlet and exit of the tower.

∅𝑖 = 𝑤

𝐶𝑝𝑎

𝑎(𝑊𝐵𝑇)

(𝑇𝑎𝑚𝑏 − 𝑇𝑤𝑏 ) + ∅𝑠𝑎𝑡(𝑊𝐵𝑇)
𝑃

𝑠𝑎𝑡
∅𝑎,𝑒 = 0.622 (𝑃−𝑃
)

(5)

(6)

𝑠𝑎𝑡

Where ∅𝑎(𝑊𝐵𝑇) is given as

∅𝑎(𝑊𝐵𝑇) = 2501.3 + 1.82 𝑊𝐵𝑇
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The saturated pressure (𝑃𝑠𝑎𝑡 ) of air at the exist of the tower is calculated as [33]
𝛽

𝐿𝑛𝑃𝑠𝑎𝑡 = 𝛼 − 𝑇+𝛾

(8)

The coefficient for the above equation is presented as following: For 0℃ < 𝑇 < 57℃, 𝛼 = 23.7093, 𝛽 =
4111 𝑎𝑛𝑑 𝛾 = 237 [33].
The energy balance is employed to NDWCT to calculate the sensible and latent heat transfer that take place
between recirculating water and ambient air.

𝑚̇𝑎 ℎ𝑎 + 𝑑𝑄̇𝑆 + 𝑑𝑄̇𝐿 = 𝑚̇𝑎 (ℎ + 𝑑ℎ𝑎 )

(9)

The enthalpy transfer associated with the mass transfer in a cooling tower is expressed by

𝑑𝑄̇𝐿 = 𝑚̇𝑎,𝑖 𝑤𝑎,𝑖 ℎ𝑎,𝑖 − 𝑚̇𝑎,𝑒 𝑤𝑎,𝑒 ℎ𝑎,𝑒

(10)

The sensible heat between water and air is given by

𝑑𝑄𝑠 = 𝑚̇𝑎,𝑖 𝐶𝑝,𝑎 (𝐷𝐵𝑇𝑒 − 𝐷𝐵𝑇𝑖 )

(11)

The cooling tower's effectiveness is defined as the ratio of actual heat rejected to the maximum obtainable
heat rejected.
𝑄

𝜀 = 𝑄 𝑤 ∗ 100

(12)

𝑎𝑖𝑟

The evaporative losses of the cooling tower are estimated as

𝐸 = 𝑚̇𝑎,𝑖 (𝑤𝑎,𝑒 − 𝑤𝑎,𝑖 )

(13)

The blowdown and make up water consumption is estimated as
𝐸

𝐵 = 𝐶𝑂𝐶−1

(14)

𝐶𝑂𝐶

𝑀 = 𝐸 (𝐶𝑂𝐶−1)

(15)

𝐷 = 0.006 𝑚̇𝑤

(16)

The drift losses are estimated as

Exergy Analysis
Conventionally, thermal engineering systems were analyzed using the first law of thermodynamics, in which
enthalpy difference at the inlet and exit of the system was taken to determine their performance. Exergy analysis has
been conducted to analyze the performance of thermal engineering systems over the last few decades because it
investigates the system performance considering the difference of energy loss and internal irreversibility of the system.
In wet cooling towers, exergy destruction occurs due to pressure drop (mechanical), heat and mass transfer (thermal)
and chemical diffusion for recirculating water treatment (chemical) [19-22, 38].
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The exergy of moist air in a wet cooling tower (Exa) is estimated as

𝐸𝑥𝑎 = 𝐸𝑥𝑚𝑒 + 𝐸𝑥𝑡ℎ + 𝐸𝑥𝑐ℎ

(17)

where mechanical, thermal and chemical exergy is represented as Exme, Exme and Exch respectively, which are estimated
as

𝐸𝑥𝑡ℎ = (𝐶𝑝𝑎 + 𝑤 𝐶𝑝𝑣 ) 𝑇𝑎𝑚𝑏 (𝑇

𝑇
𝑎𝑚𝑏

− 1 − ln 𝑇

𝐸𝑥𝑚𝑒 = (1 + 1.608 𝑤 ) 𝑅𝑎 𝑇𝑎𝑚𝑏 ln 𝑃
(1+1.608 𝑤𝑎𝑚𝑏,𝑠 )

𝐸𝑥𝑐ℎ = 𝑅𝑎 𝑇𝑎𝑚𝑏 {(1 + 1.608𝑤 ) ln (

(1+1.608𝑤 )

𝑇
𝑎𝑚𝑏

)

(18)

𝑃

(19)

𝑎𝑚𝑏

) + 1.68 𝑤 ln 𝑤

𝑤

𝑎𝑚𝑏

}

(20)

The exergy of water is estimated as

ex𝑤 = (ℎ𝑤 − ℎ𝑜 ) − 𝑇𝑎𝑚𝑏 (𝑠𝑤 − 𝑠𝑜 )

(21)

And the exergy of water vapor is

ex𝑣 = 𝑐𝑤 (𝑇𝑤 − 𝑇𝑎𝑚𝑏 ) − 𝑇𝑎𝑚𝑏 𝑐𝑤 ln (𝑇

𝑇
𝑎𝑚𝑏

) − 𝑇𝑎𝑚𝑏 𝑐𝑤 ln ∅𝑎𝑚𝑏

(22)

The exergy destruction in the cooling tower can be estimated as
𝐸𝑥̇𝑑 = 𝑚̇𝑎 (𝐸𝑥𝑎,𝑒 − 𝐸𝑥𝑎,𝑖 ) + ((𝑚̇𝑤 − 𝑚̇𝑎 ∅𝑒 ) Ex𝑤,𝑒 − (𝑚̇𝑤 − 𝑚̇𝑎 ∅𝑖 ) Ex𝑤,𝑖 ) + 𝑚̇𝑎 (∅𝑒 Ex𝑣,𝑒 − ∅𝑖 Ex𝑣,𝑖 ) (23)
Economic Analysis
The techno-economic feasibility of thermal engineering systems is usually investigated using LCC analysis
over their expected lifetime. In life cycle cost analysis, the effect of inflation and interest rate, maintenance ratio,
operating and purchase cost of equipment is used to determine the net cost savings and payback period of initial
investment on thermal engineering systems [39, 40].
The operating cost of the wet cooling tower without and with heat exchanger are calculated as [33]
𝑂𝐶1 = 2.4094 × 10 − 3 (𝑊𝑝̇ + 𝑊̇𝐹 ) + 44 (𝑚̇𝑎 ) + 110(𝑚̇𝑤 ) + 2275.132 (𝑀1 ) + 1138(𝐵1 )

(24)

𝑂𝐶2 = 2.4094 × 10 − 3 (𝑊𝑝̇ + 𝑊̇𝐹 ) + 44 (𝑚̇𝑎 ) + 110 (𝑚̇𝑤 ) + 2275.132 (𝑀2 ) + 1138(𝐵2 )

(25)

where OC represents operating cost, 𝑊𝑝̇ and 𝑊̇𝐹 denote power consumption of pump and fan are calculated by Eq. 26
and 27 [41], 𝑚̇ 𝑎 and 𝑚̇𝑤 are mass flow rate of air and water which are given in Table 1, B is blowdown loss and M is
makeup water (Eq. 14 and 15). The subscript 1 and 2 represents conventional WCT and NDWCT.

𝑊𝑝̇ = 𝑉𝑤̇ ∆𝑃𝑤
𝑊̇𝐹 = 𝑉̇𝐹 ( ∆𝑃𝑊𝐶𝑇 + ∆𝑃ℎ𝑥 )
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where ∆𝑃𝑤 represents a pressure drop of water in WCT, while ∆𝑃𝑊𝐶𝑇 𝑎𝑛𝑑 ∆𝑃ℎ𝑥 denotes pressure drop of air in wet
cooling and its heat exchanger.
The purchase equipment cost of a wet cooling tower is estimated as [42]

𝑃𝐸𝐶𝑊𝐶𝑇 = 746 × 𝑚̇𝑤 + 70.5 × 𝑄̇𝑐𝑡 × (−0.6936 × 𝑙𝑛(𝑇𝑐𝑤.𝑎𝑏𝑠 − 𝑇𝑤𝑏 ) + 2.1898)

(28)

The purchase equipment cost of heat exchanger (𝑃𝐸𝐶𝐻𝑥 ) is calculated as [43]

𝑃𝐸𝐶𝐻𝑥 = 𝐶𝐻𝑥 (𝐴)0.6

(29)

where CHx denotes the cost of heat exchanger per unit area ($20 /m2) and A is the surface area of heat exchanger which
is calculated as
𝑄̇

𝐻𝑥
𝐴 = 𝑈×𝐿𝑀𝑇𝐷

(30)

where 𝑄̇𝐻𝑥 is the energy recovered in a heat exchanger, U is the overall heat transfer coefficient of heat exchanger (7.9
W/m2.K) and LMTD is log mean temperature difference which is calculated as [44]

𝐿𝑀𝑇𝐷 =

(𝑇2 −𝑇4 )−(𝑇3 −𝑇4 )

(31)

(𝑇 −𝑇4)
3 −𝑇4)

ln(𝑇2

The purchase equipment cost of NDWCT is the sum of wet cooling tower and heat exchanger

𝑃𝐸𝐶𝑁𝐷𝑊𝐶𝑇 = 𝑃𝐸𝐶𝑊𝐶𝑇 + 𝑃𝐸𝐶𝐻𝑥

(32)

The present worth of net amount of savings is determined using LCC analysis. In which, P1 relates operation cost with
inflation rate (d=7%) [40], interest rate (i=5%) [40] and lifetime (N) of the equipment 20 years. P2 is the ratio of
increase in capital investment during the life cycle of WCT to the initial investment. The P1 and P2 are determined by
1

𝑃1 (𝑁, 𝑖, 𝑑) = ∑𝑁
𝑗=1

(1+𝑖)𝑗−1
(1+𝑑)𝑗

={

1+𝑖

𝑁

[1 − (1+𝑑 ) ] 𝑖𝑓 𝑑 ≠ 𝑖
𝑑−𝑖
𝑁
1+ί

𝑃2 = 1 + 𝑃1 𝑀𝑅 − 𝑆𝑉(1 + 𝑑)𝑁

}

(33)

𝑖𝑓 𝑑 = 𝑖
(34)

where MR is the ratio of annual maintenance (0.04-0.1) [42] and operation cost to the initial investment, SV is the ratio
of salvage value to initial investment. The total life cycle cost of the wet cooling tower without and with heat exchanger
is estimated as

𝐶𝑊𝐶𝑇 = 𝑂𝐶𝑊𝐶𝑇 𝑃1 + 𝑃𝐸𝐶𝑊𝐶𝑇 𝑃2

(35)

𝐶𝑁𝐷𝑊𝐶𝑇 = 𝑂𝐶𝑁𝐷𝑊𝐶𝑇 𝑃1 + 𝑃𝐸𝐶𝑁𝐷𝑊𝐶𝑇 𝑃2

(36)

Life cycle cost savings ($/year) is calculated as

𝐶𝑆 = 𝐶𝑊𝐶𝑇 − 𝐶𝑁𝐷𝑊𝐶𝑇
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(37)
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The simple payback period is calculated as [39]

𝑃𝑃 =

𝐶𝑁𝐷𝑊𝐶𝑇

(38)

CS

Environmental Assessment
In WCT, thermal energy transfer takes place due to direct contact between circulating water and air passing
through the tower. Besides, a very little amount of water around (0.6%) is carried out of the tower as drift droplets
[45]. These droplets contain some particulate matters which entrains from heat exchanger tubes (condenser). The
entrained particulate matters in droplets considered as PM10 emission because the size of particulate matters is below
10 µm [46], and they are calculated as

𝑃𝑀10 =

𝐷∗𝑇𝐷𝑆
𝜌𝑤

(39)

Where, TDS represent total dissolved solid (360 mg/l) [31] and 𝜌𝑤 denotes the density of water.
RESULTS AND DISCUSSION
This study presents the numerical solution of the proposed novel design of wet cooling tower. It conducts
thermodynamic and economic analysis using energy, exergy, and life-cycle cost analysis to determine the decrease in
make water consumption, effectiveness, exergy destruction and economic benefits of the proposed design.
Additionally, it uses an environmental assessment method to calculate the environmental impacts of the proposed
design. The preliminary data regarding design and operating parameters obtained from [31]. Using the preliminary
data, an appropriate mathematical model is developed to determine water consumption, efficiency and exergy
destruction in NDWCT. The developed mathematical model is then simulated in EES. After that, the simulation
outcomes are compared to experimental investigations with an error of 2.6%. The loss of water in evaporation, drift,
and blowdown in WCT and NDWCT presented in Fig. 2. Fig. 3 gives information about the efficiency of WCT and
NDWCT. The comparison of numerical and experimental water savings exhibited in Fig. 4. Moreover, Fig. 5 shows
exergy destruction in WCT and NDWCT, while Fig. 6 exhibits capital investment, operation cost and the life-cycle
cost incurred on WCT and NDWCT. Environmental outcomes of the present study are shown in Fig. 7.
Energy Analysis of Convention WCT and NDWCT
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Figure 2: Comparison of circulating water loss (kg/s) in evaporation, drift, blowdown, and total make up water
consumed in WCT and NDWCT
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Figure 2 exhibits the circulating water loss in WCT and NDWCT through evaporation, blowdown, and drifts
which directly affects its total make up water requirement. Water evaporates in WCT results in plume which carries a
bulk quantity of water into the atmosphere. However, in the NDWCT, hot and humid air leaving the tower passes
through the heat exchanger, here, its temperature drops below the dew point temperature of the air at which
condensation commences. As a result, the major proportion of evaporation water is condensed back to the tower. Thus,
evaporative losses in NDWCT dwindle from 112.1 to 73.43 kg/s. Blowdown losses depend on evaporation losses;
therefore, it decreases in a similar proportion to evaporative losses. Blowdown losses occur due to chemical cleaning
recirculating water because when water flow through condenser it erodes condenser tube surface and carries the
particulates matters towards the tower. These matters are removed from the tower as blowdown. The blowdown losses
are estimated around 19.76 kg/s for conventional WCT and 12.95 for NDWCT. In conventional WCT, some quantity
of water is carried in the air as an unevaporated drizzle, which is basically reduced by drift eliminator. However, in
NDWCT, drift eliminator is not installed because heat exchanger functions alike drift eliminator. Drift losses in
conventional WCT tower are 3.931 kg/s which are decreased to 2.729 kg/s in NDWCT.
Total makeup water compensates evaporative, drift and blowdown losses in the cooling tower. It is
proportionate of the evaporative losses in NDWCT. Hence, decrement in evaporative losses drops make water
consumption. In conventional WCT 135.79 kg/s of makeup water is required to compensate these losses, while in
NDWCT around 89.10 kg/s of makeup water is required.
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Figure 3. Energy Efficiency of the WCT and NDWCT
Figure 3: shows the efficiency of conventional WCT and NDWCT. The efficiency of WCT (42.76%) is lower
than the NDWCT (48.74%) because the less quantity of air is needed to cool given amount of water at constant
operating conditions in NDWCT. Thermal performance of WCT increases with the installation of the heat exchanger.
Figure 4 illustrates the percentage of water savings in NDWCT by performing an experiment and conducting
a simulation. Water savings are proportional to the reduction in evaporation, blowdown and drift losses in a cooling
tower. The water savings are numerically estimated using the developed mathematical model, while it is experimentally
obtained from [31]. The results reveal that the evaporative losses calculated from the developed mathematical model
were around 34.48% of circulating water, which is deviated by 0.92% from the evaporative loss (35.4%) [31] in the
wet cooling tower.
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Figure 4: Comparison of the experimentally and numerically estimated proportion of water saving in NDWCT
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Figure 5: Exergy destruction in WCT and NDWCT
Figure 5 exhibits mechanical (due to pressure changes), chemical (due to moisture transfer) and thermal (due
to heat transfer) exergy destruction which is summed up as total exergy destruction in WCT and NDWCT. Mechanical
exergy destruction in NDWCT is greater than conventional WCT because installation of heat exchanger drops pressure;
as a consequence, cooling tower fan consumes more power to continue airflow. The mechanical exergy destruction in
WCT is 0.27 MW while in NDWCT is 1.22 MW. In contrast, chemical exergy destruction in novel design (1.126 MW)
is less than WCT (0.54) because less water is treated chemically as compared to conventional WCT. Moreover, thermal
exergy destruction is low, in NDWCT, because heat exchanger removes an additional quantity of thermal energy from
the cooling tower. As a result, thermal exergy destruction in NDWCT is reduced from 2.53 to 0.97 MW. In NDWCT,
total exergy destruction is dropped by 1.23 MW.
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Economic Analysis of Convention WCT and NDWCT

2,4

Cost (M$)

2,2

WCT
NDWCT

2
1,8
1,6
1,4
1,2
PEC (E5)

Operation Cost (E6)

LCC (E7)

Figure 6: Equipment’s purchase, operation, and life cycle cost incur on WCT and NDWCT
Figure 6 exhibits the purchased equipment cost (PEC), operation cost and LCC incurs on conventional WCT
and NDWCT. The conventional WCT costs at k$152 which sums up to k$181 with the installation of a heat exchanger
(k$30.7) because the installation of heat exchanger has increased heat transfer surface area. It is seen in Eq. 29, the
purchasing cost of a heat exchanger is directly proportional to the heat exchanger surface area. In contrast, operation
cost is reduced from M$1.4 to M$1.28/year because it drops water treatment cost dramatically which depend on
evaporative losses in both cooling tower’s types. The LCC of conventional WCT and NDWCT is estimated at around
M$23.48 and M$22.35, respectively, over an expected lifetime of the system. The installation of a heat exchanger
saves an annual operation cost of k$72 with an additional cost of k$30.7. As a consequence, the payback period of
NDWCT is estimated at around 0.37 years.
Environmental Analysis of Convention WCT and NDWCT
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Figure 7: Particulate matters (PM10) emission in WCT and NDWCT
Figure 7 illustrates the emission of particulate matters (PM10) in the conventional WCT and NDWCT. The
installation of heat exchanger in WCT improves the thermal performance and reduces the water loss. Thereby, the
entrained PM10, which are dispersed in the atmosphere, is reduced from 0.14 to 0.098 g/s in NDWCT. As a
consequence, the NDWCT is more eco-friendly as compared to conventional WCT.
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CONCLUSION
In this study, a thermal mathematical model is used to investigate the performance of conventional WCT and
NDWCT in terms of first law (energy) and second law (exergy) of thermodynamics. Besides, it determines the
economic feasibility of NDWCT using LCC analysis. It also estimates the environmental impacts of NDWCT using
water-saving and TDS data of the tower. The simulation of a thermal mathematical model is performed using
Engineering Equation Solver to investigate the evaporative, blowdown, drifts losses and total makeup water
requirement, performance, total exergy destruction, the payback period of initial investment and environmental impacts
of the NDWCT. The simulation results are given below
Energetic investigations show that total makeup water consumption is reduced from 135 kg/s to 89 kg/s with
the installation of the heat exchanger on conventional WCT.
The performance of conventional WCT increases from 42.76 to 48.74% with the installation of a heat
exchanger because it reduces air to water ratio to cool a given quantity of water.
The NDWCT saves 35% of a total make water consumed in conventional WCT.
The mechanical exergy destruction in NDWCT (1.22 MW) is higher than WCT (0.269 MW) because the
installation of heat exchanger restricts flow as result maximum pressure drops in NDWCT. In contrast, the chemical
and thermal exergy are reduced by heat exchanger because it decreases the humidity ratio and dry bulb temperature of
the air at the exit of the cooling tower. Therefore, the chemical and thermal exergy decrease from 1.126 to 0.544 MW
and 2.526 to 0.927 MW respectively. Moreover, the total exergy destruction in NDWT is dropped by 1.23 MW because
of the decrease in chemical and thermal exergy is higher than the rise in mechanical exergy.
The installation of a heat exchanger increases the cost of the cooling tower by k$30.7, while its operating cost
is decreased to k$72. Thus, its additional investment cost recovers within a payback period of 0.37 years. As a
consequence, proposed modification in the conventional wet cooling tower is economically feasible.
The use of heat exchanger decreases the PM10 pollutants from 0.14 to 0.098 g/s in NDWCT. Thereby, the
NDWCT is more sustainable than conventional WCT.
NOMENCLATURE
A
Area, m2
B
Blowdown Loss, kg/s
C
Cost per unit area, $/m2
CS
Cost Savings, $/year
cp
Specific heat at constant pressure, kJ/kg K
d
inflation rate, %
DBT
Dry bulb temperature, oC
E
Evaporation loss, kg/s
Ex
Exergy, kW
h
Enthalpy (kJ/kg)
i
interest rate (%)
LMTD
Log Mean Temperature Difference (oC).
M
Make up water (kg/s)
𝒎̇
Mass flow rate (kg/s)
N
Lifetime (years)
OC
Operation Cost ($/year)
P
Pressure (kPa)
PM10
Particulate Matters (g/s)
PP
Payback Period (year)
PEC
Purchased Equipment Cost (
𝑸̇
Cooling Capacity (kW)
R
Universal Gas constant (kJ/kg.oC)
T
Temperature (oC)
TDS
Total Dissolved Solids (mg/l)
U
Overall heat transfer co-efficient (W/m2.oC)
Ẇ
Power (kW)
WBT
Wet bulb temperature (oC)
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Greek symbols
ε
∅
Subscripts
𝑎
act
amb
𝑐ℎ
𝑒
F
Hx
i
l
max
𝑚𝑒
o
p
s
sat
𝑡ℎ
v
𝑤
Abbreviations
COC
EES
LCC
WCT
NDWCT

Efficiency (%)
Humidity Ratio (-)
Air
actual
ambient
Chemical
exit
fan
Heat Exchanger
Inlet
Latent
maximum
Mechanical
Dead state
pump
Sensible
Saturated
Thermal
Vapor
water
Cycle of Concentration
Engineering Equation Solver
Life cycle cost
Wet cooling tower
Novel Design of Wet Cooling Tower.
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