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Abstract: Scarcity has made fresh water too economically and socially too valuable to be used by the
processing industry without restriction. Wet evaporative cooling cycles offer competitive advantages
in terms of CoP compared to other cooling cycles with relatively low cost but requiring extensive
quantities of water. Dry cooling, on the other hand, requires large heat-transfer areas, in addition
to high power requirements. In this study, a hybrid cycle is proposed for high-end cooling loads of
215 MW. The proposed cycle combines the benefits of phase change to make dry cycles competitive.
Furthermore, the proposed cycle also diminishes the extensive use of various chemicals used in wet
cooling cycles. The applicable dry bulb temperature range is 25–50 ◦C. Variations in cooling fluid cold
temperature due to ambient conditions are curtailed to a maximum of 2 ◦C by the proposed cycle. A
technoeconomic comparison of the proposed solution to wet evaporative cooling is presented, and
the effects are summarized without providing extensive design calculations. ASPEN modules are
used design and simulation.

Keywords: wet cooling tower; economic analysis; hybrid cooling cycle; dry and wet bulb temperature

1. Introduction

Wet evaporative cooling towers have been used as heat sinks for various chemical
processes since their inception. Owing to high heat-transfer rates and extensive experi-
ence in design and operation, these heat-exchanging devices are used as heat sinks in
the processing industry. However wet evaporative cooling towers are also water- and
chemical-extensive devices. Although often claimed to be harmless, the chemicals used to
soften water and control corrosion, scaling and bio-life in cooling water are associated with
environmental costs. Many processing plants that were erected based on fresh water are
now struggling due to limited water supply [1]. In some areas, these processing plants were
designed to take water from rivers or canals. However, owing to water crises, many such
facilities have resorted to using ground water, further aggravating the problems of water
shortage and putting pressure on underground aquifers. Ground water is rich in dissolved
solids, thus requiring the use of more chemical for softening, in addition to increasing the
amount of sludge produced as a byproduct of water treatment. Sludge from softeners is
usually landfilled. High amounts of dissolved solid also increase the corrosivity and scaling
of water, requiring considerable amounts of inhibitors. A multidimensional problems and
threats are associated with the use of aquifers, in addition to the unsustainability of this
practice. Some cooling load facilities, such as cement manufacturers, have turned either to
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rainwater storage or waterless operations (or both). However, high-end cooling loads still
consume large amounts of water for their cooling needs. Political, social, environmental
and economic turmoil may ensue in many densely populated areas, such as the Indian
subcontinent, the far east, Asia and Africa, as a result of the heavy usage of precious water
resources in association with such evaporative cooling methods. The abovementioned
regions also represent considerable potential for economic growth opportunity, as expo-
nential industrial development is expected in the future. Therefore, alternatives to cooling
techniques employing humidification should be investigated.

Fans used to force or induce air into evaporative systems are major power consumers
in cooling towers. The coefficient of performance (CoP) of a typical cooling tower usually
depends on factors such as dry bulb and wet bulb temperatures, as well as ambient
humidity. Furthermore, variations in CoP are expected under typical daytime conditions,
in addition to seasonal changes throughout the year [2]. On the other hand, cooling units
that do not employ evaporative cooling, such as dry cooling units, require considerable
amounts of air, considerably reducing the CoP [3]. Furthermore, an expected decline in
process plant efficiency has been reported due increased in sink temperatures (as sink
temperature is equivalent to the dry bulb temperature) in dry cooling units [4]. Since the
1970s, hybrid systems employing a combination of wet and dry technologies have been
considered by various researchers to decrease the water carry over, plume abatement, direct
evaporative water loss and power consumption compared to dry cooling units [5–12]. A
proportion of 20 to 40% prior heat removal by dry units is suggested for refinery cooling
loads in a hybrid system [13]. Some researchers have studied air precooling by spraying
water before use in dry systems [14]. Hybrid systems have been shown to be theoretically
capable of increasing the efficiency of large natural draft cooling towers with improved
flow dynamics [15]. On the other hand, a poorly designed or operated hybrid system can
have an even lower CoP than that of dry cooling systems [16]. Furthermore, dry cooling
systems are preferred areas with low ambient temperatures and high humidity [17].

Dry air cooling systems have been previously investigated for small-scale loads
[18–21] and are associated with known issues of inadequate heat transfer rates and high
power consumption. Solar-energy-based power plants may provide high power require-
ments and can also produce fresh water via desalination [22]. Mostly previous studies have
investigated the use of dry cooling systems in power plants. The arid conditions associated
with the geolocation of concentrated solar-powered plants require optimized dry cooling
units, such as the cycle proposed in [23]. Hooman et al. investigated the use of dry cooling
in combination with adsorption refrigeration for water conservation in power plants [24].
Desiccant cooling in combination with evaporative cooling has also been investigated, but
such systems increase the evaporative loss of water, as well as the blowdown from the
cooling tower [25]. Absorption refrigeration has a better CoP than conventional vapor
compression refrigeration but is considerably less efficient than cooling towers. Absorption
refrigeration is associated with advantages not only in terms of the elimination of the use
of compressors in conventional vapor cycles but also owing to its enhanced heat transfer
coefficient for liquids in the heat rejection sections of the process. A variety of working
fluids has been purposed for such cycles [26].

Ammonia is produced in several regions of the world in association with food security
programs. It is subsequently used for production of nitrogen-based fertilizers. On one hand,
ammonia fertilizers increase crop yields; however, their production also consumes precious
water essential for agriculture. Abatement of process water required for its production may
not be possible. The steam required for the combined cycle/steam power generation in such
plants is mostly recycled. The cooling loads of such processes are also very high; however,
the water used for cooling purposes may be eliminated, provided a comparable heat
sink is available. In this article, we suggest an alternative and provide a technoeconomic
comparison of a modified dry cooling cycle with an enhanced heat transfer coefficient
relative to that of cooling towers for an ammonia production facility. The proposed cycle
differs from hybrid cycles, with integration at the fluid level.
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2. Materials and Methods
2.1. Heat Exchanger Design/Simulation

Heat exchangers were rated and designed based on the following general equations:

Q = mCp∆T + mλ (1)

Q = UAFt∆TLM (2)

1
U

=
1
ho

+
1

hod
+

doln
(

do
di

)
2kw

+
do

dihid
+

do

dihi
(3)

Existing and new heat exchangers were simulated and designed using ASPEN EDR,
respectively. Heat exchangers were designed in an iterative procedure converging at
three levels of loops, including the overall heat transfer coefficient, the pressure drop
and cost optimization. The cooling load was calculated according to the simple energy
balance between cooling water inlet and outlet temperatures, assuming no heat loss to
the surroundings. The cooling load was then balanced according to the process cooling
load (Equation (1)). Equation (1) was then equated with Equation (2) with an estimated
value of ‘U’ to calculate the total area required for heat transfer. The value of ‘U’ was then
calculated for the given geometry according to Equation (3). The loop continued until the
Equations (2) and (3) were satisfied. The types of heat exchangers, including shell-type rear
and front headers, nozzles, internal layouts and fouling factors, were considered according
to the TEMA standards [27]. The type of exchanger was assumed to be the same as that of
existing exchangers. Individual heat transfer convective coefficients and pressure drops
on the shell and tube sides were calculated based on the appropriate correlations for the
given services [28]. ∆TLM was calculated based on the natural logarithmic mean formula,
whereas the Ft factor was estimated according to the handbook by J. Taborek [29]. Details
of the algorithm are provided in [30]. The properties of the fluid-exchanging heats were
estimated using the appropriate equation of state. The Peng–Robinson EOS was used for
general process fluids. The ASPEN inbuilt sour acid gas model was used for ammonia and
CO2 stripping fluids. Other properties, such as thermal conductivity, viscosity and heat
capacity, were taken from the ASPEN data base. Water-cooling properties were calculated
using IAPWS data [31]. Price was estimated according to the inbuilt module based on
indices in Aspen Economics. Air coolers essentially satisfy the same general heat transfer
equations as tubular exchangers and are usually designed as individual cells and then
combined. Air coolers were selected using the auto-selector module of ASPEN.

2.2. Process Simulation

Process simulation was achieved using ASPEN PLUS. Vapor–liquid equilibrium data
were well-represented by the Peng–Robinson equation of state using fugacity coefficients
according to modified Raoult’s law (ϕv

i yiP = ϕl
i xiPsat

i , where ‘φ’ is the fugacity coefficient;
‘y’ is the vapor mole fraction; ‘x’ is the liquid mole fraction; ‘P’ is the pressure; superscript ‘v’,
‘l’ and ‘sat’ represent vapor, liquid and saturation, respectively; and subscript ‘i’ represents
species), as shown for a propane–butane system in Figure 1 and propane–pentane and
butane–pentane systems in Figure 2. Thus, the thermodynamic model was used to further
design of the required heat transfer units. The other properties of the fluids were calculated
using ASPEN properties, and the model was converged using ASPEN PLUS. Care was
taken in adjusting the tolerance limits for the recycle “TEAR” streams. Tolerance was
adjusted to 1 × 10−5 for molar composition, as the cycle was too sensitive to cater to
discrepancies in molar fractions.
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Figure 1. Vapor–liquid equilibrium data for the propane/butane mixture. Data were calculated 
using the Peng-Robinson EOS and the fugacity coefficient according to modified Raoult’s law. The 
symbols  and o represent experimental data for liquid and vapor, respectively, and the line 

Figure 1. Vapor–liquid equilibrium data for the propane/butane mixture. Data were calculated using
the Peng-Robinson EOS and the fugacity coefficient according to modified Raoult’s law. The symbols
♦ and o represent experimental data for liquid and vapor, respectively, and the line represents model
predictions. (a) 283 K [32], (b) 293 K [32], (c) 303 K [32], (d) 313 K [32], (e) 323 K [32], (f) 303 K [33],
(g) 323 K [33], (h) 343 K [33].
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categories. Nine are steam condensers for steam turbines used as power generators. A 
total of ten feed, intercoolers and precoolers are available to aid in efficient compression. 
Eleven exchangers are employed for ammonia cooling and refrigeration, mainly for 
ammonia storage. The remaining eight major exchangers are used to satisfy process 
conditions at different points. The majority of the cooling load is required for power 
generation being to run generators and pressure-changing rotary machines (≈50%). The 
inlet and outlet temperatures for both fluids are provided. The total capital cost of these 
exchangers, excluding piping and other accessories, is approximately USD 8.33 million, 
with a total cooling load of 194.2 MW. According to the data, an inlet temperature of 27 
°C and an outlet temperature of 52 °C were selected for the cooling fluid in the proposed 
cycle. For exchanger nos. 11, 13, 14, 16 and 17, an outlet cooling fluid temperature of 52 °C 
was not feasible. Therefore, we propose a possible alternative in the heat exchanger design 
section for comparison purposes only.  

Table 1. Major shell and tube heat exchanger coolers employed the ammonia production process. * 
Cost was evaluated by simulating existing heat exchangers using the economics feature in ASPEN 
EDR v 11. 

Figure 2. Vapor–liquid equilibrium data for propane/pentane and butane/pentane mixtures. Data
were calculated using the Peng–Robinson EOS and the fugacity coefficient according to modified
Raoult’s law. The symbols ♦ and o represent experimental data for liquid and vapor, respectively,
and the line represents model predictions. (a) Propane/pentane at 336 K [34], (b) propane/pentane
at 344 K [34], (c) propane/pentane at 344 K [35], (d) butane/pentane at 26.77 bar [36].

3. Results and Discussion
3.1. Existing Tubular Heat Exchangers

A total of thirty-four major shell and tube coolers/condensers are available for the
ammonia production process. A summary of the exchangers, along with their TEMA type,
heat loads and cost, is provided in Table 1. These coolers can be divided into four main
categories. Nine are steam condensers for steam turbines used as power generators. A total
of ten feed, intercoolers and precoolers are available to aid in efficient compression. Eleven
exchangers are employed for ammonia cooling and refrigeration, mainly for ammonia
storage. The remaining eight major exchangers are used to satisfy process conditions
at different points. The majority of the cooling load is required for power generation
being to run generators and pressure-changing rotary machines (≈50%). The inlet and
outlet temperatures for both fluids are provided. The total capital cost of these exchangers,
excluding piping and other accessories, is approximately USD 8.33 million, with a total
cooling load of 194.2 MW. According to the data, an inlet temperature of 27 ◦C and an
outlet temperature of 52 ◦C were selected for the cooling fluid in the proposed cycle. For
exchanger nos. 11, 13, 14, 16 and 17, an outlet cooling fluid temperature of 52 ◦C was not
feasible. Therefore, we propose a possible alternative in the heat exchanger design section
for comparison purposes only.
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Table 1. Major shell and tube heat exchanger coolers employed the ammonia production process. *
Cost was evaluated by simulating existing heat exchangers using the economics feature in ASPEN
EDR v 11.

No.

Units

Operation TEMA
Type

Heat Duty
(kW)

Temperatures
Cost

(USD) *
Cooling
Load (%)P S

Process CW

In Out In Out

1 2 1

Steam Turbines
Condenser

AGM

22,463.2

55 55

35 52 827,724 11.6

47.6
2 1 1 4074.2 30 52 93,537 2.1

3 2 1 18,026.9 35 52 461,206 9.3

4 4 1 47,954.3 29 49 901,304 24.7

5 2 1

Compressors
Intercoolers

BEM

2214.2
160 41 29 40

98,722 1.1

9.1

6 2 1 2213.8 74,492 1.1

7 2 1 2246.6 61,466 1.2

8 2 1
CEP

5522.6
130 35 29 43

104,162 2.8

9 2 1 5526 145,188 2.8

10 1 1 Natural Gas
pre-cooler

BEU
584.4 74 38 29 38 30,599 0.3

25

11 1 1 Effluent Cooler 2626.7 66 35 29 43 77,694 1.4

12 3 1 Stripper Condenser AHS 40,867.2 102 38 29 49 1,498,950 21.0

13 1 1 Effluent Cooler
DEU

2201.5 54 39 29 34 71,080 1.1

14 2 1 Feed Cooler 2313 47 32 24 29 538,194 1.2

15 1 1
Ammonia

Cooler/Condenser

CEP 1825 101 35 29 41 45,151 0.9

18.216 4 2
AES

32,188.4 37 30 29 35 3,225,432 16.6

17 2 1 1338.6 49 49 29 43 74,656 0.7

3.2. Wet Cooling Tower

The total process cooling load is 194.2 MW. However, cooling water is also required
for other services, such as lube oil cooling systems, HVAC and some auxiliary jacketed
vessels. This load and design represent 10% of the total process load. Therefore, the
designed cooling rate is approximately 215 MW. A cross-flow, rectangular, induced-draft
cooling tower is available at the facility to provide the required heat sink. A double air
flow design splash-type fill is used. The designed outlet temperature of the cooling tower
is approximately 30 ◦C. The temperature of the incoming water to the tower ranges from
60 to 35 ◦C. This water enters a common header before entering the tower. An approach of
5 ◦C to the wet bulb temperature is expected. The tower has a concrete basin and foundation
with plastic packing and drift eliminators. The fan cylinders are made of fiber-reinforced
plastic, with total ten cells, each with an axially induced draft fan with a diameter of
4.87 m. Various design parameters for the cooling tower are presented in Table 2. The total
capital cost of the cooling tower is estimated to be USD 2,500,000. This cost was estimated
by adjusting the erection cost of the cooling tower in 1992 to 2021 values by according to
the cost inflation indices for the location. All presented details correspond to a refurbished
cooling tower.
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Table 2. Design parameters after refurbishing the cooling tower.

Total cooling water capacity = 303.5 m3/min

Total cooling load = 215 MW Evaporation rate = 5.86 m3/min

Evaporative cooling
= 164.5 MW (76.5%)

Direct cooling
= 50.5 MW (23.5%)

Drift loss = 0.05 m3/min

Blowdown = 0.76 m3/min

Total air flow = 205.8 m3/min Total water losses = 6.7 m3/min

There are three pumps, two working one standby, for the delivery of the cooling water
to the plant, each with a cost of USD 411,400. In addition to these pumps, an extensive
water treatment system is required. The existing facility is designed to treat the water in
a clarifier first (cost: USD 156,250); the water is then filtered (pump and filtration system
cost assumed to be the same as that of the clarifier) before water makes its way into
the cooling system. Originally, the plant was designed to operate with fresh water from
streams/canals. However, with the passage of time, agricultural water requirements have
increased exponentially, and facility has had to resort to ground water for its processing and
cooling requirements. Ground water rich in TDS, increasing the operational cost required
for treatment. There are more than 100 tube wells, each with a capacity of approximately
120 m3/h, installed approximately 12 km away from the facility. Compared to the process
water requirements, we assume that 30 wells are dedicated to intermittently supply cooling
water. An an average height of 30 m below ground level is assumed for the water table. The
cost of a typical tube well of such size is assumed to be USD 35,900. The total equipment
cost for the cooling circuit is provided in Table 3.

Table 3. Estimated equipment cost for the water cooling system.

No. Equipment and Land Cost Cost (Million USD)

1. Shell and tube heat exchangers 8.33

2. Cooling tower 2.50

3. Cooling water pumps 1.23

4. Tube well pumps and installation 1.78

5. Pipe line for makeup ground water (12 km) 5.0

5. Clarifier plus filtration 0.32

6. Mixing and dosing units for flocculants
and coagulants 0.08

7. Land acquisition for ground water extraction 1.13

Total 20.37

3.3. Alternative Cooling Cycle

Despite the apparent advantage of water conservation, there are two major penalties
associated with dry cooling systems. One is the overall increase in area/air flow required
for heat rejection in air coolers due to the higher dry bulb temperature, and the second is
the decreased heat transfer coefficient of the cooling side in the process heat exchangers,
which needed to be compensated for the dry cooling system to be economically viable.
Furthermore, the temperature of the cooling fluid must be low enough to exchange heat
with the process fluid. An effort in this context is shown in Figure 3. A multicomponent
liquid mixture, ‘S1/S11’, is injected into the process heat exchangers used to cool the
process streams. In this process, a vapor mixture is produced along the length of the heat
exchangers, preferably on the tube side. The vaporized fluid, ‘S2’, is then sent into the air
cooler to exchange heat (‘Q2’) with the environment. Fluid ‘S3’ is adjusted to reach the dew
point, depending on the air dry bulb temperature; therefore, a phase separation vessel is
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required. Vapor stream ‘S4’, rich in light components, is compressed to ‘S5’ and passes
through another air cooler for heat rejection (‘Q3’). Throttling of pressurized cool fluid ‘S6’
reduces the temperature, and some condensation is apparent. The vapors are separated in
another vessel, and stream ‘S8’, rich in light components, is sent back for compression after
mixing with ‘S3’, reducing the temperature of the first separation vessel and resulting in
increased flow of heavy liquid ‘S10’. Liquids from both separation vessels, (‘S9’ and ‘S10’)
are pumped back for heat collection. The advantages of the cycle can be assessed using
values for a test case, as described in subsequent sections.
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Figure 3. Concept model for a two-phase cooling fluid for a dry cooling system.

In order to test the proposed model for heat removal from the system, fluid components
must be selected with a dew point and bubble point in a range such that phase change is
ensured both in the process heat exchanges and dry air coolers. Analysis was performed
on the basis of a propane, butane and pentane mixture, as their mixture VLE data are in
close proximity to the required range. These components do not form any azeotrope within
the pressure range of the process. Therefore, they were selected as model components and
be replaced with tailored compounds with improved properties.

3.4. Model Convergence

For the model to converge, two constraints must be respected, namely the inlet and
outlet temperatures of the cooling fluid: 27 ◦C and 52 ◦C, respectively. Figure 4 shows the
composition arrays with a dew point of 52 ◦C. A three-component system is required to
satisfy the process-constrained cooling fluid temperatures at the inlet and outlet. Neither
of the binary mixtures can achieve both simultaneously. The fractions of propane, butane
and pentane, on the other hand, can be adjusted to control the flows in the main cycle
and refrigeration cycle; the higher the volatility of the mixture, the lower the cooling fluid
temperature. As the mixture temperature of streams ‘S1’ and ‘S11’ with 15 mol % propane
and 41 mol % butane, respectively is 27 ◦C hence, this composition in maintained for stream
‘S2’, as indicated by the blue scaling lines. The flow of the fluids is dictated by the amount
of heat transfer in the process exchangers. Therefore, the degree of freedom necessary to
solve the cycle is complete and iterative convergence, with intelligent seed values, which
can be achieved using standard algorithms. The values of variables for different streams
are provided in Table 4. The process cooling load is 215 MW. The amount of fluid entering
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the exchangers is adjusted to achieve the bubble point and total vaporization without
superheating ‘S2’. This fluid then enters the air cooler. The designed outlet temperature
from air cooler is maintained at 45 ◦C, which is relatively hot. The more volatile fluid is
then separated for compression at 42 ◦C. After compression to 7.5 bar (optimized based
on the fluid mixture for throttling), the temperature of the fluid increases to 78 ◦C, so
a higher temperature gradient is available for exploitation by the air cooler. Therefore,
although the designed outlet temperature is set to 45 ◦C, a major portion of heat is lost
to the environment from this air cooler (179.2 MW). Throttling reduces the overall fluid
temperature to 21 ◦C. ‘S9’ and ‘S10’ are then pumped back to the process for heat exchange.
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Table 4. Temperature, pressure, molar flow, composition, quality and heat load of process streams.

Stream
Temperature

(◦C)
Pressure

(bar)
Molar Flow
(kgmole/h)

Molar Percentage (%) Quality

Propane Butane Pentane Vapor

S1 42.1 4 8477 5.30 29.32 65.38 0

Q1 215 MW (designed process cooling load)

S2 51.9 3 31,200 15.00 41.00 44.00 100

Q2 60.8 MW (air cooler I load)

S3 45 2.8 31,200 15.00 41.00 44.00 72.85

S4 42 2.8 27,930 25.30 43.70 31.00 100



Energies 2022, 15, 7986 10 of 17

Table 4. Cont.

Stream
Temperature

(◦C)
Pressure

(bar)
Molar Flow
(kgmole/h)

Molar Percentage (%) Quality

Propane Butane Pentane Vapor

S5 78.4 7.5 27,930 25.30 43.70 31.00 100

Q3 179.2 MW (air cooler II load)

S6 45 7.3 27,930 25.30 43.70 31.00 100

S7 21 2.8 27,930 25.30 43.70 31.00 18.63

S8 21 2.8 5240 54.51 36.44 9.05 100

S9 21 2.8 22,720 18.61 45.36 36.03 0

S10 42 2.8 8480 5.30 29.32 65.38 0

S11 21.1 4 22,720 18.61 45.36 36.03 0

S11 + S1 27 4 31,200 15 41 44 0

147 kW (pump duty with 75% adiabatic efficiency)

Heat balance = 215 + 24.9 + 0.147 − 60.8 − 179.2 ≈ 0

3.5. Design of Heat Exchangers for the Proposed Cycle

A series of exchangers can be designed after optimization according to pinch analysis
for the cooling utilities available at 21 ◦C and 42 ◦C. Care must be taken to achieve full
vaporization of the cooling fluid after the bubble point of 35 ◦C at 350 kPa. Any liquid
accumulation in the heat exchanger will result in residual boiling, altering the overall
composition, as well as the dew point adjusted at 52 ◦C. To address this problem, va-
porization with forced circulation of cooling fluid within the tubes was used as a design
constraint. ASPEN EDR was used to design the heat exchanger; the results are presented in
Table 5. The ‘U’-type bundle selected as channel/tube head presents an inherent problem
of vapor accumulation. As mentioned previously, exchanger nos. 11, 13, 14, 16 and 17
cannot be designed for the prescribed outlet temperature of cooling fluid, so a temperature
difference of 27 to 34 ◦C without any phase change was used to design these exchangers.
The fluid available at 34 ◦C is then injected into condensers 1 and 3 to achieve full vapor-
ization. The cost of exchanger no. ‘2’ increased substantially, owing to the low duty for a
condenser/evaporator combination. If the process permits, it should be combined with
other exchangers. Compressor intercoolers were designed for split-shell side flow ‘G type’
to avoid an excessive drop in pressure. In the original cycle, the process fluid for these
exchangers remains in the tubes. Baffles are adjusted to keep the pressure drop within
the maximum range of ±5% of the original design. An increase in the cost of the new
design is expected. Effluent and ammonia coolers were designed for single-shell pass, as
condensation is expected as a result of cooling. A top-to-bottom approach is used for these
exchangers, which is associated with increased cost. A stripper condenser was designed
with ‘H type’ double-split flow in response to pressure drop limitations. The total cost of
the exchangers is approximately USD 9.3 million.

A comparison of heat transfer coefficient of the heat exchangers is shown in Figure 5.
These coefficients were calculated based on ASPEN EDR simulation, with relations pro-
vided in [28,37,38]. The abscissa represents the exchanger, as shown in Tables 1 and 5. Phase
changes in condensers results in increased process-side heat transfer coefficients. On the
other hand, as compressor intercoolers deals with relatively low-pressure gas, they exhibit
lower heat transfer coefficients; the same is true for gas coolers. The stripper condenser
process side contains large quantities of non-condensable carbon dioxide, resulting in a
suppressed process-side heat transfer coefficient. Increasing the gas pressure increases
the density; thus, the process-side coefficient is superior for high-pressure gas coolers.
Exchanger no. 15, i.e., the ammonia gas cooler, has a lower coefficient relative to the other
two exchangers (16 and 17), which are ammonia vapor condensers. Process coefficients
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increase when the phase changes to liquid. In order to design an effective dry cooling
network, phase-changing fluid may help, as it provides higher cooling loads per unit mass
due to the latent heat. The penalty in overall heat transfer coefficients is minimal for the
proposed cycle, which can also be attributed to the cleanliness of the closed-cycle cooling
fluid. As scaling and fouling are considerably reduced relative to the cooling water, only
exchangers nos. 2, 4 and 10 have a lower coefficient than that of the original cooling cycle.
Generally, improved heat transfer is expected with tailored fluid in the proposed cycle.

Table 5. Process coolers design and cost.

No.

Units

Operation
TEMA
Type

Heat
Duty
(kW)

Temperatures
Cost

(USD)
Cooling Load

(%)P S
Process CW

In Out In Out

1 2 1

Steam Turbines
Condenser

AGU

22,463.2

55 55

35 52 790,948 11.6

47.6
2 1 1 4074.2 27 52 140,758 2.1

3 2 1 18,026.9 35 52 431,860 9.3

4 4 1 47,954.3 27 52 835,376 24.7

5 2 1

Compressors
Intercoolers

BGU

2214.2

160 41 27 52

110,372 1.1

9.1

6 2 1 2213.8 132,194 1.1

7 2 1 2246.6 77,292 1.2

8 2 1
CGU

5522.6
130 35 27 52

141,374 2.8

9 2 1 5526 117,352 2.8

10 1 1 N. Gas Pre-cooler BGU 584.4 74 38 27 52 52,274 0.3

25
11 1 1 Effluent Cooler BEU 2626.7 66 35 27 34 56,947 1.4

12 3 1 Stripper Condenser AHU 40,867.2 102 38 27 52 2,007,087 21.0

13 1 1 Effluent Cooler
BEU

2201.5 54 39 27 34 97,760 1.1

14 2 1 Feed Cooler 2313 47 32 27 34 425,442 1.2

15 1 1
Ammonia

Cooler/Condenser

BHU 1825 101 35 27 52 105,264 0.9

18.216 4 2
AEU

32,188.4 37 30
27 34

3,720,560 16.6

17 2 1 1338.6 49 49 45,170 0.7

Another advantage of the proposed cooling cycle is the relatively low cooling tem-
perature variations throughout the year. In a typical cooling tower, the water temperature
depends on the dry bulb temperature and humidity. A chart showing the two parameters
for the last year is provided in Figure 6. Two extremes are taken into account, from April
until September and from October until March. From April to September, the average
temperature is high, with high humidity associated with the rainy season. During this
period, the cooling water temperature increased to 40 ◦C on a typical day with extreme
conditions. On the other hand, the low humidity in combination with low dry bulb temper-
ature in winter (October to March) considerably reduces the water temperature to as low
as 5 ◦C. A variation of 35 ◦C in cooling water temperature results in process equipment
overdesign. Furthermore, it is theoretically assumed that lower the environment/cold
reservoir temperature, the higher the process efficiency, despite a negative impact for some
processes, for example, a typical Rankine power generation cycle, as shown in Figure 7
P-H. Condensers are usually equipped with ejectors to keep the pressure at the designated
value, which is set based on the average value of the cooling fluid temperature. If the
temperature is lower than the designated value, then a lower pressure must be maintained
by the ejectors to reap the benefits of the low cold reservoir temperature. However, if the
pressure is not maintained at saturation, rather than conversion of the energy into the
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work, the lower cooling fluid temperature results in the subcooling of the process liquid,
requiring more heat to ensure turbine inlet temperature, thus decreasing the power cycle
efficiency.
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Figure 5. Heat transfer coefficient. Blue—shell side; red—Tube side, including the conductive heat
transfer coefficient of tubes; black—overall heat transfer coefficient; striped bars—cooling water
side. A fouling resistance of 0.00022 m2/W/K is assumed for the cooling water side. Top—original
water-cooled exchangers; bottom—exchanger for the proposed cycle.

On the other hand, the proposed cycle does not considerably alter the cold temperature,
as shown in Figure 8. In the ambient air temperature range of 55–25 ◦C, a change of only
2 ◦C in the inlet cooling fluid temperature is expected because the system no longer depends
on the humidity or wet bulb temperature of the environment. However, the compressor
work increases as the temperature of the environment increases up to a threshold limit, after
which the cycle becomes a conventional vapor compression refrigeration cycle. The limit
in the test case is approximately 50 ◦C but can be adjusted by changing the composition
of the cooling fluid. The ‘CoP’ also behaves accordingly, as the compressor requires an
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increased workload. The volumetric flow of the compressor changes with the temperature
and load conditions, so a variable speed axial compressor is recommended for such services.
Below 25 ◦C, the refrigeration cycle completely shuts off, and further temperature drops
in the cooling fluid can be adjusted by managing the air cooler fan, which can be easily
accomplished by sequentially turning off the cells. A constant cold reservoir temperature
over an extended period of time will help the designer to optimize the overall plant
efficiency by decreasing the operational optimization variable, in addition to providing
improved plant control.
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3.6. Economic Comparison

In the proposed cycle, air coolers are equipped with forced fans, and tubes are G-finned
with an effective area of 377,597 m2 and 521,834 m2. Estimated costs are USD 7.01 million
and 7.32 million. The total cost of the exchangers is USD 9.3 million. The compressor cost
estimated by the ASPEN economic evaluator is USD 35.78 million. The cost of the pumps
and vessel is approximately USD 3 million. The equipment cost for the original cycle is
estimated to be USD 20.37 million. The total capital investment required for the cooling
circuit can be calculated according to the method specified in [41]. Costs are provided in
Table 6 based on the referenced method, with a total capital cost for the original cooling
circuit of USD 123.2 million, whereas the proposed cycle cost is approximately three times,
at USD 377.46 million. However, the proposed cycle has major advantages that justify the
additional cost. Further research on such cycles is essential to promote sustainability.

Table 6. Economic evaluation of the two cooling cycles.

Original Cycle Proposed Cycle

Direct cost (million USD)

Purchased and delivered equipment cost 20.37 62.41

Equipment installation 9.57 29.33

Instrumentation and controls 7.33 22.47

Piping 13.85 42.44

Electrical system 2.24 6.87

Buildings 3.67 11.23

Yard improvement 2.04 6.24

Service facilities 14.26 43.69

Total direct cost 73.33 224.68
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Table 6. Cont.

Original Cycle Proposed Cycle

Indirect cost

Engineering and supervision 6.72 20.60

Construction expenses 8.35 25.59

Legal expenses 0.81 2.50

Contractor’s fee 4.48 13.73

Contingency 8.96 27.46

Total indirect cost 29.33 89.87

Fixed capital investment 102.66 314.55

Working capital 20.53 62.91

Total capital investment 123.20 377.46

4. Conclusions

Water conservation is of particular importance and is essential for environmental
and food security. Feasibility studies of many new industrial setups are subject to water
constraints. Many environmental agencies worldwide are imposing water usage limi-
tations on existing setups, representing a moral and social obligation of the processing
industry. Ammonia manufacturing setups for high-pressure and high-temperature pro-
cessing require high cooling loads. On one hand, such plants are erected to ensure food
security by producing fertilizer; on the other hand, their requirements for cooling water
are considerable. In the present study, an alternative to wet cooling cycles was proposed
to provide comparative cold reservoir temperatures for high-end loads, such as ammonia
manufacturing. Existing coolers in ammonia manufacturing cycles were simulated using
ASPEN EDR, and validated according using operational data. Approximately 50% of the
cooling load is required by power generation cycles. Cooling tower costs were estimated
assuming a total load of 215 MW. The total cost of the existing system is estimated to be
USD 20.37 million, with an estimated water usage of 6.7 m3/min if the system is working
under the designed conditions.

An integrated cycle using dry air cooling and compression refrigeration is suggested.
The proposed cooling cycle has various technical advantages, such as improved plant
operation, low chemical usage and environmental friendliness, provided the energy re-
quirements are meet by renewables. The cycle was analyzed herein using simple fluids;
however, further optimization can be achieved using tailored fluids. Model convergence
can be achieved using standard processing techniques. Heat exchangers were designed
based on the new system, and the cost was estimated. A 12% increase in cost was calculated
for the exchangers adapted to the new cycle. The heat transfer coefficients of the prosed
cycle heat exchangers are also comparable, as closed-circuit fluid is cleaner relative to
the cooling water used in humidifiers. The proposed cycle cooling fluid temperature is
less affected by the ambient temperature, with associated advantages in terms of design
optimization. The ‘CoP’ of the proposed cycle is 6.55 with at an ambient temperature of
45 ◦C. However, the CoP increased to 14.3 as the temperature drops to 35 ◦C, representing
a significantly improvement relative to the existing wet cooling cycle.

Despite resource saving, a dry air cycle requires considerable capital investment of
approximately three times the amount required for conventional cooling towers. However,
wet cooling cycles need to be replaced by an alternative method as a result of known issues.
Furthermore, if energy is generated using renewables, a considerable decrease in cooling
load can be achieved, making proposed cycle feasible and sustainable.
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Nomenclature

Abbreviations Description
CoP Coefficient of performance; ratio of heat absorbed to work consumed
CP Constant-pressure heat capacity (J·kg−1·K−1)
di Tube inside diameter (m)
do Tube outside diameter (m)
Ft Temperature gradient correction factor due to flow arrangement
hi Inside convective heat transfer coefficient (W·m−2·K−1)
hid Inside dirt (fouling) convective heat transfer coefficient (W·m−2·K−1)
ho Outside convective heat transfer coefficient (W·m−2·K−1)
hod Outside dirt (fouling) convective heat transfer coefficient (W·m−2·K−1)
HVAC Heating, ventilation and air conditioning
IAPWS International Association for the Properties of Water and Steam
kw Thermal conductivity for the material of the tubes (W·m−1·K−1)
m Mass flow (kg·h−1)
P Pressure (Pa)
Psat Saturation vapor pressure of liquid (Pa)
Q Heat huty (J·h−1)
T Temperature (K)
TEMA Tubular Exchanger Manufacturing Association
U Overall heat transfer coefficient (W·m−2·K)
∆TLM Log-mean temperature difference (LMTD)
xi Liquid mole fraction
yi Vapor mole fraction
λ Heat absorbed or liberated due to phase change (J·kg−1)
ϕl Fugacity of liquid
ϕv Fugacity of vapor
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