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 Background: Optimal Chiller Loading (OCL) problem is one of the issues that need to 

be solved in order to reduce the energy consumption, especially for commercial and 

industrial facilities which are normally using a multi-chiller system. Multi-chiller 

system consists of varying performances and capacities which are depend on the 
manufacturers’ specifications. Since the chiller system consumed enormous of 

electricity energy, consequently, the energy performance of the chiller should be 

studied precisely. In fact, over 25% of the energy in commercial buildings is used for 
heating, ventilation and cooling (HVAC). From this energy, more than half goes to 

building cooling. In the past, it has been generally assumed that by picking a chiller 

with good performance at design conditions, it also works in a good performance at off-
design conditions. Unfortunately, that is not always true. In fact, most of chillers work 

at off-design conditions: either at part load, or with colder entering condenser water 

temperature, or both. In this paper, Partial Load Ratio (PLR) of the chiller is used as the 
variables to be optimized, since the optimized PLR consequently reducing the energy 

consumption by the chillers. Objective: To solve OCL problem, a new Swarm 

Intelligence (SI) approach namely Differential Search (DS) algorithm is utilized by 
choosing the consumption of power in kilo-Watts (kW) as the objective function to be 

minimized, where two well-known case study systems are considered. Results: Results 

obtained by DS algorithm are compared with other recent optimization techniques that 
available in literature. The results of this study show that DS is able to achieve less 

power consumption than those determined by other methods. Conclusion: We have 

proposed a new Swarm Intelligence (SI) approach, Differential Search (DS) algorithm 

in solving optimal chiller loading problems. When compared with the best results of 

other methods, our method seems to be more effective as that total power consumption 

of the chillers are the minimum relative to others’.  
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INTRODUCTION 

  

 Multiple chiller system which is used in air conditioning system normally requires huge energy 

consumption. It is becoming a popular choice since it has the ability to provide operational flexibility, standby 

capacity and low disruption maintenance. Nevertheless, since this system consists of chillers with varying 

performance of characteristics and capacities, determining the optimal chiller load (OCL) is becoming a major 

concern. Each unit of chillers has to run with highest efficiency so that minimum energy consumption during 

various load demand can be achieved.  

 There are several techniques that have been proposed in literature to solve optimal chiller loading (OCL) 

problem especially based on soft computing techniques. Two techniques have been proposed in (Ardakani, 

Ardakani, & Hosseinian, 2008) to solve OCL using continuous genetic algorithm (CGA) and particle swarm 

optimization (PSO). In the study, partial load ratio (PLR) of the chiller is utilized as the variable to be optimized 

and the consumption power of the chiller is considered as fitness function, which is based on the problem arising 

from (Chang, Lin, & Chuang, 2005). PSO has also been utilized to solve OCL problem in (Lee & Lin, 2009). 
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Nevertheless, the comparison with GA and Lagrangian method is inadequate since there are various recent 

algorithms that can be applied in solving OCL problem.    

 Other techniques that have been utilized to solve OCL problem are differential evolution (DE) (Lee, Chen, 

& Kao, 2011),  evolutionary strategy (Chang, 2007; Chang et al., 2009) and simulated annealing (SA) (Chang, 

2006; Chang, Chen, Lee, & Huang, 2006). Recently, improved firefly algorithm (IFA) has been proposed to 

solve OCL problem. The comparison performance with conventional FA together with other techniques are 

discussed in (Coelho & Mariani, 2013). It is observed that the results obtained in the mentioned study violated 

an inequality constraint suggested by the manufacturer. This issue will be addressed in this paper in Section 5.  

As a matter of fact, the existing methods could solve OCL optimization problem, however, each has its own 

drawbacks. To this end, it becomes imperative to develop a more efficient algorithm to accurately locate the 

optimum solution. This paper presents an application of Differential Search (DS) algorithm for finding the 

global optimum solution of OCL problem with the objective to conserve energy.  

 The rest of this paper is organized as follow: chiller systems problem is briefly discussed in Section 2. The 

brief concept of DS and the implementation of DS to OCL problem are presented in Sections 3 and 4, 

respectively. In Section 5, the simulation studies including discussion are presented. Finally, the conclusion of 

this paper is drawn in Section 6. 

 

MATERIAL AND METHODS 

 

Problem formulation of OCL: 

 A multiple chiller system consists of two or more chillers connected by parallel or series piping to a 

distribution system. The advantages of using multiple chiller system include operational flexibility, standby 

capacity, decreasing in-rush current at system startup, less maintenance and reduction of power costs at partial-

load condition (Ardakani, et al., 2008). By using multiple chiller system, it also allows the chiller system to 

operate at its most efficient point. Water should flow constantly through each chiller to maintain stability due to 

each chiller-combination operated independently from other chillers.  

 To maintain each chiller in constant flow, the bypass pipe is used to connect the return and supply headers. 

Figure 1 shows the decoupled system of a multiple chiller system. A decoupled system separates distribution 

pumping from the production pumping. The system offers constant flow rate on a primary side (chiller side) 

which prevents too low temperature to impair the evaporator, thus avoiding frequent shutdowns of chillers 

(Coelho & Mariani, 2013) 

 

 
 

Fig. 1: Decoupled system of multiple chiller system (Coelho & Mariani, 2013). 

 

 In multiple chiller system, the best performance can be obtained when the sum of energy consumption of 

the chillers is minimized by fulfilling the load demand. The energy consumption of a centrifugal chiller (P) is a 

convex function of its part load ratio (PLR) at a given wet-bulb temperature (Ardakani, et al., 2008):  
32)( iiiiiiii PLRPLRPLRP                          (1) 
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where αi, βi, γi and δi are the coefficients of power curve of the ith chiller.  

The objective function of optimum chiller loading problem is to minimize the sum of energy consumption of the 

chillers (J), as follows: 





n

i

iPJ
1

)(min                              (2) 

where n depicts the total number of chillers.  

The sum of cooling load of each chiller must satisfy with the system load, which brings to the equality 

constraint as follows: 

CLQPLR
n

i

ii 
1

)(                          (3) 

The inequality constraint for OCL problem is that the partial load of each operating chiller cannot be smaller 

than 30%, as shown in the following expression (Lee & Lin, 2009): 

3.0iPLR                            (4) 

 

Differential Search Algorithm: 

 DS algorithm DS algorithm is inspired by migration of living beings which constitute superorganisms 

during the climate change of the year. Migration behavior allows them to move from one habitat to more 

efficient habitat. They start to change their positions by moving toward more fruitful areas. The movement of 

superorganism can be described by a Brownian-like random-walk model (Civicioglu, 2012). Capacity and 

efficiency of the food supply areas existing in nature (i.e. pastures, water supplies) often vary due to the 

periodical climatic changes during the year. For this reason, many species of the living beings, eusocial, 

subsocial or presocial, show seasonal migration behavior throughout the year. Migration behavior allows the 

living beings to move from a habitat where capacity and diversity of natural sources reduce to a more efficient 

habitat. In nature, many species of living beings have a periodical cycle of immigration (e.g. many species of 

birds, monarch butterflies, fire ants, honeybees, whales). In the migration movement, the migrating species of 

living beings constitute a superorganism containing large number of individuals. Then the superorganism starts 

to change its position by moving toward to more fruitful areas .  

 It is assumed that random solution of population is corresponding to the artificial-superorganism migration 

to global optimum solution of the problem. During the migration, the artificial-superorganism tests whether 

some randomly selected position are suitable for temporarily basis. If the position tested is suitable to stop over 

for a temporary period during the migration, the members of the artificial-superorganism that made the 

discovery immediately settle at the discovered position and continue their migration from this position. DS 

search strategy may simultaneously use more than one individual with no inclination to correctly go towards the 

best solution of the problem which could provide it a successful search strategy for finding the solution of 

multimodal functions. Pseudo-code of DS algorithm can be obtained in (Civicioglu, 2012). 

 

Solving OCL problem using DS: 

 In solving OCL using DS, firstly, a member of an artificial-organism will be initialized. This comprises the 

number of generations of the system that will be optimized to obtain a minimum sum of energy consumption by 

fulfilling all the constraints. The population variables of the optimal OCL are coded as follows: 
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where pop is the number of population and nc is the number of chiller plants in the system. The mechanism of 

finding stopover site at the areas is using a random searching process. Various random processes are utilized in 

DS until the optimal results are found by the migration of artificial-organisms. Expression (2) was applied in the 

evaluation process of the ED problem. 

 

Handling the constraints: 

 The success of the algorithm in solving OCL depends on the handling of the equality and inequality 

constraints. In order to deal with the inequality constraint, normally when the solutions obtained is below 30%; 

the algorithm will choose the boundary values, 0.3. For equality constraint in expression (3), the penalty method 

has been used. The penalty value is reflected by the summation mismatch and embedded in the function (2) as 
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follows: 
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 The advantage of DS is it has only two control parameters, namely p1 and p2 which are normally set to 0.3 

(Civicioglu, 2012) thereby providing the best solution. DS also is very simple. Nevertheless, to obtain better 

results, large number of iterations needs to be set in this algorithm. Figure 2 shows the flowchart of 

implementation of DS in solving OCL problem. 

 

Results: 

 The implementation of the proposed algorithm was carried out using MATLAB program. Two well known 

test systems are utilized and presented in this paper. 

 

Case study with 6-chiller system: 

 The proposed method has been applied to a case study selected from (Ardakani, et al., 2008). Table 1 shows 

the parameters used for chillers in the case study.  

 

 
 

Fig. 2. Flow of proposed DS algorithm for OCL problem 

 
Table 1: Chillers data for first case study. 

Chiller  ai bi ci Capacity (RT) 

1 399.345 -122.12 770.46 1280 

2 287.116 80.04 700.48 1280 

3 -120.505 1525.99 -502.14 1280 

4 -19.121 898.76 -98.15 1280 

5 -95.029 1202.39 -352.16 1250 

6 191.750 224.86 524.04 1250 

 

 Table 2 shows the best, average and worst results of OCL solutions. The performance of DS is compared 

with IFA. For this case study, 20 runs have been conducted for DS. This table depicts that the biggest standard 

deviation for DS is located at 75% of RT, which is very close to 2.8338. While for IFA, the boldface indicates 

that the results are violating equation (4) which brings the power consumption lower for this system.   
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Table 2: The best, average and worst of OCL solutions for first case study. 

Techniques Load CL 
(kW) 

Best 

(kW) 

Average 

(kW) 

Worst 

(kW) 

Standard deviation 

DS 6858 (90%) 4738.5752 4738.5757 4738.5766 0.0004 

IFA 6858 (90%) 4738.575 4738.575 4738.576 0.0002 

DS 6477 (85%) 4421.6486 4421.6489 4422.6499 0.0003 

IFA 6477 (85%) 4421.649 4421.649 4422.650 0.000231 

DS 6096 (80%) 4143.7064 4143.7092 4144.7265 0.0051 

IFA 6096 (80%) 4143.706 4165.210 4208.276 30.929 

DS 5717 (75%) 3904.7485 3905.3916 3917.431 2.8338 

IFA 5717 (75%) 3840.063 3868.776 3905.903 33.027 

DS 5334 (70%) 3625.7703 3625.7717 3625.7884 0.0042 

IFA 5334 (70%) 3507.286 3541.167 3685.821 68.891 

 

 To illustrate the effectiveness of the proposed DS, comparisons with other methods had been done. The 

comparison results of DS together with PSO, ES and IFA are summarized in Table 3. The results in this table 

clearly show that DS give the best results among others in term of solution quality. The boldface shows the 

errors in IFA where the results are in negative value for 75% and 70% of RT. This is due to the fact that the 

results are violating equation (4) where the PLRi should not be lower than 0.3. Thus the veracity of IFA (Coelho 

& Mariani, 2013) can be argued.     

 
Table 3: Optimal chiller loading using DS, IFA and ES for 6-chillers system. 

Load (RT) Proposed  DS IFA  ES  

Chiller PLR kW Total (kW) PLR kW Total (kW) PLR kW Total (kW) 

6858 (90%) 1 0.8127 809.0115 4738.5752 0.8128 809.0561 4738.576 0.82 821.52 4738.76 

  2 0.7496 740.7352   0.7495 740.6313   0.75 742.42   

  3 1.0000 903.3450   1 903.345   1 903.35   

  4 1.0000 781.4890   1 781.489   1 781.49   

  5 1.0000 755.2010   1 755.201   1 755.2   

  6 0.8386 748.7935   0.8386 748.852   0.83 734.78   

6477 (85%) 1 0.7276 718.4155 4421.6486 0.7278 718.5762 4421.649 0.74 734.8 4422.06 

  2 0.6563 641.3152   0.6562 641.2379   0.64 624.22   

  3 1.0000 903.3450   1 903.345   1 903.35   

  4 1.0000 781.4889   1 781.489   1 781.49   

  5 1.0000 755.2010   1 755.201   1 755.2   

  6 0.7165 621.8830   0.7164 621.8   0.72 623   

6096 (80%) 1 0.6427 639.1437 4143.7064 0.6427 639.1289 4143.706 0.64 639.69 4144.12 

  2 0.5626 553.8770   0.5626 553.898   0.55 545.77   

  3 1.0000 903.3450   1 903.345   1 903.35   

  4 1.0000 781.4890   1 781.489   0.998 780.27   

  5 1.0000 755.2010   1 755.201   1 755.2   

  6 0.5945 510.6507   0.5945 510.6442   0.61 519.83   

5717 (75%) 1 0.5577 570.8792 3904.7485 0.842218 843.0046 3840.063 0.57 581.76 3906.19 

  2 0.4692 478.8736   0.781365 777.3214   0.46 468.94   

  3 1.0000 903.3450   0.000002 -120.502   1 903.35   

  4 1.0000 781.4890   0.999995 781.4855   1 781.49   

  5 1.0000 755.2010   1 755.201   1 755.2   

  6 0.4725 414.9607   0.887053 803.5604   0.47 415.46   

                      

5334 (70%) 1 0.6726 665.7896 3625.7703 0.75935 750.87 3507.287 0.63 632.28 3627.46 

  2 0.5955 583.2048   0.691121 677.0164   0.6 588.62   

  3 0.3000 292.0994   0.000021 -120.473   0.3 292.1   

  4 1.0000 781.4890   1 781.489   1 781.49   

  5 1.0000 755.2010   1 755.201   1 755.2   

  6 0.6374 547.9865   0.757897 663.1834   0.67 577.77   

 

Case study with 3-chiller system: 

This case study is related to a semiconductor plant in Hsin Tsu Science-based Park (Coelho & Mariani, 2013), 

where this plant has three 800 capacity (RT) units. Again, the performance of DS is compared with the 

techniques in the literature. Chillers data for this second case study is tabulated in Table 4.  

 
Table 4: Chillers data for second case study 

Chiller  ai bi ci di Capacity (RT) 

1 100.95 818.61 -973.43 788.55 800 

2 66.598 606.34 -380.58 275.95 800 

3 130.09 304.5 14.377 99.8 800 

 

The best, average and worst results together with the standard deviation of DS and IFA are shown in Table 5.  
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 From this table, it can be seen that the performance of DS is similar to IFA for 70% RT, 80% RT and 90% 

RT. Nevertheless, the performance of DS in term of standard deviation is superior compared to IFA which 

shows that DS is able to achieve stable and consistent results for 20 runs. 
 

Table 5: The best, average and worst of OCL solutions for second case study 

Techniques Load CL 

(kW) 

Best  

(kW) 

Average 

(kW) 

Worst  

(kW) 

Standard deviation 

DS 2160 (90%) 1583.804 1583.804 1593.804 3.8642 x 10-5 

IFA 2160 (90%) 1583.807 1583.807 1583.807 1.47 x 10-5 

DS 1920 (80%) 1403.194 1403.194 1403.194 2.1679 x 10-13 

IFA 1920 (80%) 1403.196 1403.196 1403.197 2.78 x 10-4 

DS 1680 (70%) 1244.323 1244.323 1244.323 7.78499 x 10-6 

IFA 1680 (70%) 1244.325 1244.325 1244.326 3.42 x 10-4 

DS 1440 (60%) 1102.263 1102.263 1102.263 3.86417 x 10-5 

IFA 1440 (60%) 993.602 1061.858 1102.267 51.461 

DS 1200 (50%) 970.8484 970.8484 970.8485 3.86417 x 10-5 

IFA 1200 (50%) 832.325 853.645 970.850 45.644 

DS 960 (40%) 841.4356 841.4357 841.4357 5.0535 x 10-5 

IFA 960 (40%) 692.251 708.012 763.791 27.606 

 

 It also can be noted that the boldface shows the results of IFA for 40%RT, 50% RT and 60% RT where the 

best power consumption is much lower compared to DS. This is due to the fact that at these rates; IFA violates 

equation (4) and claimed that one of the chillers is shut down due to the lower demand. Basically, DS is also 

able to achieve the same results if the same approach is used. This is proven in Table 6 where the results of DS 

together with PSO (Ardakani, et al., 2008) and GA (Chang, et al., 2005) and of course IFA (Coelho & Mariani, 

2013) are compared. From Table 6, it can be seen that the results obtained using DS are slightly better compared 

with other methods. Figure 3 shows the convergence performance of DS for this system. 

 
Table 6: Optimal chiller loading using DS, IFA, PSO and GA for 3-chillers system 

Load (RT)   DS IFA  PSO  GA  

Chiller PLR Total (kW) PLR Total (kW) PLR Total (kW) PLR Total (kW) PLR Total (kW) 

2160 (90%) 1 0.7253 1583.8035     0.725257 1583.807 0.73 1583.81 0.81 1590.96 

  2 0.9747       0.974743   0.97   0.93   

  3 1       1   1   0.96   

                        

1920 (80%) 1 0.659 1403.1935     0.659065 1403.196 0.66 1403.2 0.7 1406.02 

  2 0.8585       0.858458   0.86   0.8   

  3 0.8825       0.882477   0.88   0.9   

                        

1680 (70%) 1 0.5962 1244.3228     0.596152 1244.325 0.6 1244.32 0.69 1250.06 

  2 0.745       0.745005   0.74   0.68   

  3 0.7589       0.758843   0.76   0.73   

                        

1440 (60%) 1 0.5303 1102.263 0 993.6021 0 993.602 0 993.6 0.52 1107.75 

  2 0.6155   0.8853   0.885272   0.89   0.74   

  3 0.6542   0.9147   0.914728   0.91   0.54   

                        

1200 (50%) 1 0.4986 970.8484 0 832.3252 0 832.325 0 832.33 0.49 971.21 

  2 0.3849   0.743   0.743026   0.74   0.44   

  3 0.6165   0.757   0.756974   0.76   0.57   

                        

960 (40%) 1 0.3 841.4356 0 692.2513 0 692.251 0 692.25 0.31 842.18 

  2 0.3   0.57   0.57   0.57   0.32   

  3 0.6   0.63   0.63   0.63   0.58   

 

Conclusion: 

 This paper has proposed a new method for solving optimal chiller loading problems namely Different 

Search algorithm. The performance of proposed method was evaluated using two case studies systems. 

Simulation results showed that the method is effective and accurate. When compared with the best results of 

other methods, our method seems to be more effective as the total power consumption of the chillers are the 

minimum relative to others’. 
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Fig. 3: Fitness function versus iteration numbers for a 3-chiller system. 
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