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This paper presents a model-based approach to assess operation performance and to optimize the op-
eration mode of a set of fans in the cooling tower by considering the turbine-generator and cooling 
tower as an integrated system. The optimization was formulated in order to maximize the net power 
output, which is the result of subtracting the power consumption of the fans in the cooling tower from 
the power generated by the turbine-generator. The operation of both units were characterized by a 
data-driven method, a local model network, which presented a set of local models in the format of lin-
ear equations. The optimization problem was then solved by linear programming algorithm. With 
purely mathematical work and without any change in the existing plant, the energy saving was handily 
accomplished. This study reports on an energy saving of 0.5% of the power output of a TG system. 
With the same models, the present characteristic parameters of a cooling tower could be calculated.  
Comparing the design parameters, the operation effectiveness of the cooling tower could be handily 
calculated on line. 

Keywords: Optimization, Turbine-generator, Cooling tower, Local model network, Power generation 
system, Operation effectiveness

1. INTRODUCTION 

Over the past decades, greenhouse gas emissions and 
the energy crisis have gained a lot of attention, and 
have become urgent issues. Many initiatives have been 
proposed to deal with these issues. One way is to  
develop renewable energy resources that do not emit 
greenhouse gases, such as wind energy, and solar  
energy. Another way is to conserve energy consumption.  

As a matter of fact, there is still a lot of room to 
conserve energy use by enhancing energy efficiency of 
many industrial processes. The power generation sys-
tem (PGS) is the process attracting much attention, 
because electricity is the major energy format used in 
daily life and in industry. Apart from commercial 
power plants, cogeneration systems, which provide 
both of steam and electricity, are becoming popular in 
the community and in energy-intensive industries, such 
as the petrochemical, and iron and steel industries. A 
typical PGS comprises a boiler, turbine-generator (TG), 
condenser, and cooling tower (CT). In the last decades, 

great progress has been made to enhance the efficiency 
of each individual unit. Huang and Edwards(1) proposed 
to improve thermal efficiency of a TG system by 
modifying several auxiliary systems to reduce the 
back-pressure of the associated condenser. Chuang and 
Sue(2) conducted a field test on a combined cycle power 
plant with 457.6MW of designed power output. They 
concluded that decreasing 100mbar of the condenser 
pressure alone increased the power output by 2.5%. 

Regarding the optimal operation of CT, Braun and 
Diderrich (3) proposed to maintain a constant approach, 
i.e., a constant temperature difference between the out-
let cooling water temperature from CT and the inlet 
wet-bulb temperature of the ambient air. Besides the 
approach, Malcolm and James(4) studied the various fan 
control modes, namely, single speed, two-speed and 
variable-speed, under different ambient conditions. 
They concluded that the range of a CT, the temperature 
difference between the inlet and outlet of the cooling 
water, is a key index for conserving fan power espe-
cially in colder climates.  
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When coupled with the operation of the TG, the 
cooling water coming out of the CT condenses the  
exhausted steam in the vacuum condition, also known 
as the back pressure in the condenser, which is operated 
at as low a rate as possible to maximize the power out-
put generated by the TG. On the other hand, the fans of 
the CT induce the ambient air to cool down the cooling 
water. The fans of the CT consume electrical power 
which is provided by the TG. Therefore, the perform-
ance of a CT is not the sole concern of this study. 
Without resorting to the above index concerning tem-
perature range, this study aims to maximizing the net 
power generated by the TG. The net power is equal to 
the amount of power generated by the TG less that 
consumed by the fans and the cooling water pumps. 

To maximize the net power generated by the TG, it 
is necessary to find an optimal operation, i.e., a certain 
resolution speed of fans and cooling water flow rate, 
which could result in the inlet cooling water tempera-
ture to the condenser being low enough to reduce the 
back pressure that maximizes the net power generated 
by the TG. In the plants, the optimal resolution speed of 
fans varies along with the changes of many factors, 
such as the loads of TG, and ambient air quality(5). The 
dynamic behaviors of the integrated operation of TG 
and CT embed complex nonlinear interactions(6). 

To tackle the issues of optimal operation for an  
existing commercial plant, the best way is to identify 
the operation models, then solve the optimization 
problem mathematically. Some rigorous and empirical 
models for the CT and the TG have been presented in 
the literatures. Merkel method(7), e-NTU method(8), and 
Poppe method(9) are the best known methods for mod-
eling a CT. Instead of the aforementioned theoretical 
approach, this work employs the data-driven modeling 
methods which have been gaining increasingly popu-
larity in the industry. The accumulated historical   
records represent a worthy source of information, 
which enables engineers to build inferential models. As 
one of the data-driven methods, the Artificial Neural 
Network (ANN) has been widely used for modeling a 
nonlinear system. Despite the effectiveness of the ANN 
system, the lack of transparency keeps the resulting 
model from providing any physical knowledge regard-
ing the studied system. In addition, this lack of trans-
parency hinders the incorporation of prior knowledge 
about the system into the model. 

Due to its transparency and ability to model a 
nonlinear system, the local model network (LMN) is 
used in this work. This technique is a typical 
multi-model approach used for modeling any nonlinear 
system, whose behavior is described as the weighted 
sum of a set of local linear models. The outputs of each 
local model are valid in a limited domain, whose 
boundary is determined by a clustering technique or 

domain knowledge. This method often gives a more 
manageable and transparent representation of the 
nonlinear system. This study applies LMN to modeling 
the CT and the TG with operation data. An optimal 
operating mode for a set of fans in the CT, which 
maximizes the net power output, can be obtained by 
solving the equation sets of acquired models with linear 
programming. The CTI (Cooling Tower Institute)(10) is 
generally regarded as a validated method to evaluate 
the effectiveness of a cooling tower. For each cooling 
tower, the manufacturer usually provides the design 
characteristic curve which plots the thermodynamic 
characteristic of the cooling tower /KaV L against the 
water-air mass flow rate ratio /L G . /KaV L , also 
known as Merkel’s integral. 

To calculate the present effectiveness of an exist-
ing cooling tower, test runs should be conducted under 
the same or similar operating conditions. The test con-
ditions should be held within the following limits 
against the design conditions: (1) Circulating water 
flow should not vary by more than 5%; (2) Heat load 
should not vary by more than 5%; (3) Range should not 
vary by more than 5%; and (4) Instantaneous readings 
of wet bulb temperature may fluctuate, but the rate of 
change in the average wet bulb temperature should not 
exceed 2oF per hour. 

After the test characteristic curve is plotted, the 
effectiveness of the cooling tower is obtained by com-
paring the design curve and test curve. In reality, the 
test conditions are considered too rigid to be applicable 
to an existing cooling tower, whose operation condi-
tions are very likely outside the test conditions after a 
long service time.  With the acquired models proposed 
in this study, the characteristic parameters are predicted 
within the test conditions specified in the CTI method. 
Comparing with the design parameters, the effective-
ness is handily evaluated on-line. 

The framework proposed in this work can be 
handily applied to any commercial power plant. The 
case study on one of power generation units at China 
Steel (CSC) demonstrates that the proposed approach 
can significantly increase power output by simply con-
ducting a mathematical computation and subsequently 
adjusting the revolution speed of a set of fans in the CT. 

For the sake of clarity, we have taken a real power 
generation plant as an example to illustrate the forma-
tion of the objective function and the way of prob-
lem-solving. The studied case is just as any other typi-
cal PGS. 

As shown in Fig.1, the process flow consists of 
two boilers, two turbine-generators (TG6 and TG7), 
two condensers, and a cooling tower (CT4) with six 
fans. High pressure steam, generated in a boiler, is  
introduced into a turbine which in turn drives a power 
generator to produce electric power. A condenser in a 
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PGS is usually operated under vacuum conditions. As a 
rule of thumb, the lower the back pressure achieved in 
a condenser; the more electric power is produced in a 
TG system. Cooling water, the most popular but not the 
only medium, is used in this study to condense any 
exhausted steam in the condenser. The cooling water 
circulates as the water becomes warm when absorbing 
heat in a condenser; then the water becomes cold when 
releasing its heat in a CT. When the colder cooling  
water enters in the condenser, a higher degree of vac-
uum is achieved. 

Considering only the TG system depicted by the 

dashed line shown in Fig.1, the thermal efficiency of 

the TG unit can be denoted as: 

1 1 2,

TG

m m f LP f

aW

m H m H m H
 

 
 ......................  (1) 

where, a = 3,600 kJ / kW•hr is a unit conversion constant.  

Making an energy balance equation around the 

condenser and rearranging the equation, the enthalpy of 

feed water ( 2,f LP fm H ) can be obtained as: 
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Substituting Eq.2 into Eq.1, the efficiency can be 

rewritten as: 
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Because enthalpy is a function of pressure and 

temperature, the efficiency can be simplified as:  
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where,  f   
is an unknown nonlinear function. 

Considering that the evaporation rate of cooling 

water in comparison to the cooling water flow rate is 

very small and can be ignored, an energy balance 

around the CT can be denoted as: 
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where, 0  is latent heat, sC  is humid heat.  Rear-

ranging Eq. 5 yields: 
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The thermal efficiency of a TG system, as shown 
in Eq.4, is affected by many operation variables, in-
cluding ,CD inT , which is denoted as ,CW outT  in the CT 
side. Most of them are related to the operation of the 
boiler which is not in the scope of this study. But 

,CD inT  is the one which can be manipulated by the op-
eration of the CT. As shown in Eq.6, ,CW outT  is deter-
mined by the quality and quantity of cooling water and 
ambient air. 

In formulating the objective function of this opti-
mization problem, power production of 6TGW  and 

7TGW  and power consumption of FW are mainly con-
cerned. The former terms exist in Eq.4. And the latter 

 
Fig.1. Process flow diagram of a typical PGS. 
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term, FW  determines the revolution number of fans, 
which in turn decides the air flow rate into the cooling 
water. In other words, the power consumption of the 
fans ( FW ) can substitute the wet air flow-rates. Then, 
the statistical model of outlet temperature of cooling 
water out of CT ( ,CW outT ) can be rebuilt by the follow-
ing function: 

, , , , ( , , , )D
CW out CW in air in R in FT f T T W H  ....................  (7) 

where,  f   is an unknown nonlinear function. 

Summarily, given Eq.4 and Eq.7, the following optimal 

objective function can be solved.  

 

2. MATERIALS AND METHODS 

The thermal efficiency model of a TG system in 
the studied plant shown in Eq.4 has 22 variables.  
Redundant information and collinearity are embedded 
among those variables. It is necessary to reduce the 
number of dimensions before modeling. This section 
begins with data pretreatment, including key variable 
selection, data smoothing, normal distribution exami-
nation; the section is then followed by the work of 
LMN. 

Based on divide-and-conquer strategy, the LMN 
approach develops several local linear models corre-
sponding to different operating regimes. The global 
output is obtained by summing local ones whose linear 
model are transparent and physically meaningful. The 
complete model output is denoted as: 

   
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where, n is number of local models, ˆ( )y k is model 

output at time kth.ρi(.) 
is a basis function which depends 

on the scheduling vector        is a local 

linear model which is a function of the input vector 
1( ) pX k  , as described below: 
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where, 1( ) 1, ( ), , ( )pX k x k x k    is the input vector, 
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model. The basis function  i 
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where, 
n

iv   and is  are the centers and the width 

of Gaussian functions. 

The core task of LMN modeling is to decompose 
the data space into zones where linear models are ade-
quate approximations of dynamic behaviors within the 
regime. Most clustering algorithms are suited for this 
task, such as Fuzzy c-Means (FCM), and G-K fuzzy 
cluster. In this study, FCM is used to divide the mea- 
sured data. The division is based on the minimization 
of distances between two data points and the prototype 
of cluster centers. For the purpose of minimization, the 
following cost function is used: 
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is  a  

membership matrix,  1, , cV v v   is a cluster center  
set. [1, ]w   is a weighting exponent which deter-
mines the degree of fuzziness of the resulting clusters 
(in this paper 2w   has been considered). 
   1

( )
N

k
k


  is scheduling vector. However, for a 

 given cluster number, c , the objective function can-
not be directly minimized with respect to its nonlinear 
characteristics. To obtain a feasible solution, FCM can 
be optimized by an Alternating Optimization (AO)  
algorithm. 

However, users have to select the cluster number 
c  only by their experience, and the AO algorithm is 
always restarted with randomly initialized cluster cen-
ters when the cluster number is changed. These 
changes always lead to a repetitive trial of different 
numbers of clusters for a satisfying result, which is 
responsible for the poor computation efficiency. To 
avoid the above problem, a SFCM algorithm is applied 
in this paper. The SFCM algorithm integrates FCM into 
LMN identification, is brief described hereafter. It  
begins with 2c  . According to the most updated 
results of clustering, local models are identified by 
Least Square Algorithm (LSA) in each cluster. The 

                 ................................................ (8)
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final step of LMN is to sum up all local models to  
obtain an estimated value. The prior set criteria of per-
formance index, e.g., Mean Square Error (MSE) as 
shown in Eq.13, which is checked to determine whether 
a new cluster center should be added or not. 

 2

1

1
ˆ( ) - ( )

N

k

MSE y k y k
N 

   ..........................  (13) 

where ( )y k , ˆ( )y k  is real value and estimated value 
respectively, N  is the number of measured samples. 

If the LMN model is not satisfied yet, we consider 
that the division is not proper. Then a sample is found 
from the given data set, that is the most different from 
the existing cluster centers 1 ~ c   as a new cen-
ter 1c  . With 1cv   as the new cluster center, the  
algorithm computes a new NOT-random initial parti-
tion matrix 

0U . This process is then repeated until the 
FCM algorithm divides the data set into optimal 1c  
parts.  

Simply speaking, this study aims to determine 
what the operation mode of the fans in a CT should be 
to balance the power output of the TG and the power 
consumption of the CT. In the studied plant, the CT 

unit (CT4) has 6 fans. Each fan has 3 operating options, 
namely, closed, low speed and high speed. Due to the 
restrictions of the turn-down ratio, the fan set usually 
operates in one of seven modes.  So, the power 
consumption of the seven modes is denoted as 7

, 1F i i
W


.  

The objective function of the optimization problem can 
be simplified as: 
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This is a typical linear programming problem with 
constraints, and can be easily solved by a linear pro-
gramming algorithm. In summary, the proposed opti-
mal algorithm is described in Fig.2. 

 
Fig.2. Flowchart of the proposed algorithm. 
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3. RESULTS AND DISCUSSION 

In this section, we present the results and discus-
sion together. The first part of this section focuses on 
the on-line optimal operation of the cooling tower, and 
this is then followed by the on-line performance   
assessment. 

3.1 On-Line Optimal Operation 

The data used in this study were collected from 
one of CSC power plants from February 2 to June 30. 
The sampling frequency of the data is one per minute. 
There are 1,440 samples per day. The first 6,000 pieces 
of data are used as a training set; the rest of them are 
used for testing. With key variables being selected and 
following the LMN identification algorithm proposed 
in this study, the results of the predicted MSE of LMN 
versus cluster number for TG6 are showed in Fig.3(a). 
The satisfactory number of LMN for this case is 4 
(i.e. 6 4TGc  ) and final MSE is 0.02. Then the model is 
validated by the test data of the next five months (Feb-
ruary 2 - March 2, March 4 - March 30, April 1 - April 
27, April 28 - May 31, and June 1 - June 30). Figure 3 
(b) shows the estimated thermal efficiency against the 
real thermal efficiency of TG6 in a typical day, April 7. 
The figures demonstrate that the proposed method have 
a good modeling performance. The performance of 
modeling in terms of MSE for all the test data in each 
month is listed in Table 1. 

After reliable models for TG6, TG7 and CT4 sys-
tem are acquired, the objective functions for this opti-
mal operation problem are rewritten. Since the set of 
fans operates in seven modes, their power consumption 
is discretely rated and ranged between 110.4kW and 
552kW.  The optimal operation problem is solved for 
each point of sample which is taken at a rate of one 
sample per minute. In the operation of the studied 
plant, the operator does not often change the operation 
mode of the fan set, which needs to be adjusted manu-
ally.  

Figure 4 shows the operation history of the fan set 
on a typical day, i.e., April 7. The optimal operation 
mode of the fan set should be changed in response to 
the variations of ambient air conditions, and operation 

loads. After solving the optimal operation problem for 
this particular day, the suggested operation modes of 
the fan set are also plotted in Fig.4. 
 

  

 

 
Fig.3. Performance of TG6’s LMN. 

 
Responding to the suggested changes of the fan 

operation modes, the net power gained of CT4 are 
plotted respectively in Fig.5 for every minute on this 
particular day. As shown in these figures, the operations 
of the fan set are suggested to switch to higher speeds 
during half of this day; the maximum net power gained 
is about 1.7MW. On average, the net power gained is 
around 0.5MW. The average approach of the original 
percentage of net power gained by implementing the 
proposed optimal operation to the output power gener-
ated by TG6 and TG7 is also calculated. Table 2 shows 
the average power gained in these five months to be 
between 0.46 and 0.9MW. By summing up the energy 
saving, the cost saved is about 0.24 million USD per 
year for the studied plant. 

Table 1  Performance of LMN  

MSE 
Date 

TG6 TG7 CT4 
Feb. 2 - Mar. 2 0.151 0.320 0.054 
Mar. 4 - Mar. 30 0.239 0.247 0.1173 
Apr. 1 - Apr. 27 0.247 0.1601 0.1512 
Apr. 28 - May 31 0.244 0.1355 0.0828 
June 1 - June 30 0.229 0.3279 0.1335 

Cluster no. 
(a)  

M
S

E
 

η T
G
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Time (min) 
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Fig.4. Real and modified modes of fans. 
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Fig.5. Total net power gain gain according to modified 
operating mode of fans. 

 

3.2 On-Line Performance Assessment 

As mentioned above, it is difficult to do the test  
under design operating conditions. So, the developed 
LMN can best be used to investigate the effects of the 
design input parameters on the outputs.   

Figure 6 depicts the predicted values of ,CW outT  

with respect to the operating mode of the fans when the 

other four input parameters are kept constant at the 

design values. In this figure, ,CW outT  is denoted as a 

function of the water-air mass flow rate ratio /L G . It is 

seen that, as expected, ,CW outT  decrease with airm  

increasing ( airm is determined by FW ). 
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Fig.6. LMN predictions for ,cw outT  vs. the water/air 
mass flow ratio. 

 
 
When the estimated value is below the design   

input parameters and L/G, the tower characteristics 
KaV/L can be calculated by the following equation: 
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where, wh , ah  are the enthalpy of air-water vapor 
mixture at bulk water temperature and wet bulb tem-
perature, respectively. In this equation, wH  and aH  
are given by the following equations[11]: 

T
wH e   ..................................................(16) 
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where, 20.9  , 0.052  , 1
wbTH e is the en-

thalpy of moist air at the entry of the tower. Rearrang-
ing Eq.16, Eq.17 and Eq.15 yields: 
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Table 2  Net power gained and the approach 

Approach Net power gained (TG6+TG7) 
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With the inlet water temperature and water mass 
flow rate kept constant at the values 45.6°C and 
2.1×107 kg/h (the design parameters), Figure 7 plots 
KaV/L against water/air mass flow ratio, L/G, for inlet 
air temperatures at 33°C, 35°C, 37°C and relative hu-
midity at 81.5%, 71.0%, 61.7% (the wet bulb tempera-
ture is 30°C), respectively.   

The three kinds of test conditions result in three 
similar and close curves. To prove the validity of the 
proposed approach, the real data (from July 1 - Sep-
tember 30, 2009) which fall in the range of the design 
input parameters (±5%) are selected to calculate their 
corresponding KaV/L. As shown in Fig.7, the calculated 
tower characteristics (the green points) based on real 
data fall on or close to the curves. This demonstrates 
that the predicted tower characteristic is exactly con-
sistent with the calculated one. Then, the predicted 
characteristic curve is compared with the design tower 
characteristic curve to evaluate effectiveness of the 
cooling tower. Figure 8 reports the details. On the same 
plot, a condition curve representing the design ap-
proach at design range and design wet bulb temperature 
passes through the two tower characteristic curves. 

The condition and design characteristic curves in-
tersect at design (L/G)design. In the same way, the inter-
section of the predicted tower characteristic curve and 
the design condition curve determines the test (L/G)test. 
The intersection denotes that the tower will produce 
design cooling water temperature with design range 
and wet bulb temperature at this point. Then, the effec-
tiveness of cooling tower can be calculated by(10): 

( / )
100%

( / )
test

design

L G

L G
   ........................................... (19) 
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Fig.7. Predicted tower characteristic vs. calculated tower 
characteristic. 
 

In this studied plant, the current effectiveness is 
46.70%. It shows that the thermal performance of the 
cooling tower is so low that revamping work is neces-
sary in the near future.  

4. CONCLUSIONS 

In this study, we apply the recently developed 
LMN to model two TG units and a CT unit; then solve 
an optimal operation problem which integrates the 
above acquired models. The proposal algorithm is 
demonstrated with the real plant data. The study pro-
vides a theoretical framework and an example to dem-
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Fig.8. Tower characteristic vs. the water/air mass flow ratio. 
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onstrate how to achieve the optimal operation in the 
integration of TG and CT systems. Cooling water tem-
perature is the key linking variable between TG and 
CT. After solving the optimal problem, the best opera-
tion mode of the fan set is suggested. With all mathe-
matical work and without any change in the existing 
plant, the energy saving is handily accomplished. This 
study reported an energy saving of 0.4% of the power 
output of a TG system.  

Besides, the effectiveness of an existing cooling 
tower can be evaluated via the acquired cooling tower 
operation model. This study reveals that a cooling 
tower can be modeled using a local-model-network 
approach within a high degree of accuracy. The pro-
posed approach requires only a limited volume of run-
ning data, rather than an exhaustive experimental study, 
and manufacturers employing this approach in deter-
mining the performance of cooling towers can save 
drastically on both engineering effort and cost. The user 
in plants can easily uncover ineffective operations of a 
cooling tower to prevent the wastage of energy and 
water. 
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