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Abstract- Comparison of three different optimization methods in a remanufacturing system was carried out. The system 
combines raw material from defect parts and new parts together. Two different policies are implemented: Priority 
ToRemanufacturing (PTR) and Priority To Manufacturing (PTM). PTR is found to be better than PTM in terms of total cost 
in all methods. These methods include Mix Integer Linear Programming (MILP) with one iteration of simulation, OptQuest, 
and hybrid simulation MILP. Our finding also shows that OptQuest provides an acceptable result and consuming time but 
the hybrid simulation MILP shows better performance when the uncertainty level is relatively low as the convergence point 
can be found faster. 
 
Index Terms-  Hybrid simulation optimization, Optimization, Remanufacturing, Simulation 
 
I. INTRODUCTION 
 
Remanufacturing system is an ongoing trend due to 
its advantages in both environmental concern and a 
profit center. However, high level of uncertainty 
makes it more complicate than the traditional one. 
The system starts from collecting used products and 
sending to the manufacturing plant. After arrival, 
products are tested, cleaned, and reassembled. 
Finally, parts with good conditions are reassembled to 
a like-new product or even the upgraded one. In 
production planning, questions such as how many 
used products should be collected and reproduced or 
how many new parts should be ordered to cope with 
the customer demand are considered. With limited 
resources issue faced all over the world, 
remanufacturing system seems to be an effective 
system. Used products are taken and reassembled to 
become like-new products. Thus, more 
remanufacturing systems will be generated which in 
the future, result in more resources reservation. 
Various problem solving methods have been applied 
to solve the mentioned problem in the past.Examples 
are Linear Programming, Genetic Algorithm, and 
Tabu Search. Hybrid simulation optimizationis also 
one of the algorithms. It is the combination 
ofoptimization and simulationmethods. Main 
advantage is the ability to include uncertainty via 
simulation model which in return, makes the problem 
become more realistic. However, the complication of 
implementing the hybrid optimization has to be taken 
into consideration. 
 
II. LITERATURE REVIEW 
 
Related topics of production planning and 
optimization in a remanufacturing systemwill be 
reviewed in this section. The literature review is 
divided into 2 parts: remanufacturing processes and 
hybrid simulation optimization. 

A. Remanufacturing processes 
The process of bringing a used product to become a 
like-new product, or even an upgraded one, is known 
as remanufacturing processes (Guide, 2000). There 
are various types of the recovery option. The 
differences between each recovery options, in terms 
of parts being processed and the warranty given are 
summarized, as shown in Table 1 (Ilgin and Gupta, 
2012). Environmental conservation is not the only 
advantage taken from implementing the process, but 
also the profit margin of 20% on the average (Guide 
et al. (1999); Guide (2000); and Ilgin and Gupta 
(2012)). Another encouragement for implementing 
the systems is government regulation. In European 
countries, firms are required to apply recovery 
operation. Guide et al. (1999) claims that 
remanufacturing products are varied from toner 
cartridges to aviator equipment. There are up to 75 
remanufactured product types (Guide, 2000). Two 
third of the products are in automotive parts. The 
product price is about 30-40% of the new part (Ilgin 
and Gupta, 2012).   
 

Table 1:Differences between recovery options 

 
 

Guide (2000) presented the overview of previous 
research done in remanufacturing system. However, 
only a limited numbers of case studies or surveys 
have been presented in the past research (Guide et al., 
1999). According to Li et al. (2009), there are 2 



International Journal of Mechanical And Production Engineering, ISSN: 2320-2092,  Volume- 3, Issue-7, July-2015 

 Hybrid Simulation MILP Optimization In A Remanufacturing System 
 

50 

strategies of the remanufacturing model: combined 
and dedicated. Combined model is the combination of 
remanufacturing line with the existing manufacturing. 
It is most implemented in European countries. 
Dedicated model is the remanufacturing line alone, 
mostly applied in North American countries by the 
third-party remanufacturer. Focus is placed on the 
production planning and control field for dedicated 
model. Guide et al. (1999) and Guide (2000) have 
divided the operations into three subsections: 
disassembly, processing, and reassembly. Li et al. 
(2009) broke the operation down to eight stages: 
product arrival, inspection, testing, disassembly, 
repairing, labeling, packing, and shipping. More 
details of the operation is introduced by Ilgin and 
Gupta (2012). Guide (2000) represented the 
complicated characteristics in different activities of 
the production planning and control. 
B. Hybrid simulation optimization 
Many researchers have been interested in specific 
combination between simulation and linear 
programming. Brief summary is presented in Table 2. 
Shanthikumar and Surgent (1983) classified hybrid 
models into 4 classes as follows: 
Class I: A model with alternation between 
independent simulation and analytic models. The part 
of simulation processes without intermediate use of 
the analytic part and vice versa. 
Class II: A model with parallel operation interacting 
between simulation and analytic models through their 
solution procedure. 
Class III: A model with a simulation model acting as 
subordination for an analytic part of the total system.  
Class IV: A model with an analytic model acting as a 
portion to generate some or all of the input 
parameters for a simulation model.   
 

Table 2: Summary of hybrid simulation analytic approach 

 

III. METHODOLOGY 
 
Method of approach is represented in Fig. 1.Three 
different methods are described as follows: 
 

 
Fig. 1: Method of approach 

 
A. MIIP + simulation method 
Decision variables obtained from MILP model is 
used to run one time simulation. MILP result will 
then be evaluated on its performance toward the 
practical model. 
B. OptQuest method 
OptQuest is an optimization tool within ARENA 
software. It combines 3 metaheuristics together: Tabu 
Search, Neural network, and Scatter Search. Zero is 
used for all suggested values as if there is no clue for 
the suitable values. Other inputs are upper bound, 
lower bound, and running step. Upper bound is the 
upper boundary of searching space while lower 
bound is the lower boundary. Step is how much to 
increase or decrease from the suggested value at a 
time during searching for optimal level. Automatic 
stop can be selectedwhen the stopping criteria is used 
as a default. 
C. Hybrid simulation MILP method 
Yavuzet. al. (2009) proposed a framework for hybrid 
simulation method. Main concept is to reduce 
difference of total cost between MILP and simulation 
models. Visual Basic for Application (VBA) in excel 
software is used to link both models. Flow method is 
represented in Fig. 2. Additional decision variables 
and constraints are added in MILP model as follows: 

Fig. 2: Hybrid simulation MILP method 
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Table 3: Hybrid simulation MILP method decision 
variables 

 
 
Remark: There are m solution set, represented by 
subscript i and p decision variables in solution set 
represented by subscript j. 
 
Objective function: 

 
  
After some experiments, it is found that the proposed 
method takes long time in obtaining the optimal 
solution. Therefore, one more stopping criteria is 
added to decrease running time. The criteria is to stop 
when there is no more improvement for more than 
200 iterations. From this experiment, it is proved that 
there is no significant improved after 200 iterations. 
Improvement is defined by having N value better than 
1% of the bestN value in previous iterations. If either 

criteria, original and added ones, is reached, model 
will stop running. 
 
IV. MODEL FORMULATION 
 
Remanufacturing problem from  Necatiet. al. (2006) 
is selected as our case study. The combined system 
receives raw material from defect parts (used 
products) and new parts. Defect parts arrive in batch 
every week with known quantity but unknown quality 
(q), where one is the best and zero is the worst 
quality. New parts are ordered at the beginning of 
each week to reach the target stock level. Raw 
material is separately stored before sent to 
manufacture. Manufacturing time for defect parts 
depend on the quality, varying from zero to one 
week. New parts take one week to manufacture. 
Finished products are held together in the storage 
waiting for customer to pick up. Raw material is 
immediately pulled to fulfill finished products 
storage. There are 2 different policies for pulling raw 
material: Priority To Remanufacture (PTR) and 
Priority To Manufacture (PTM).  
PTR policy gives priority to pull raw material from 
defect parts before new parts while PTM policy gives 
priority to new parts over defect parts. There are 3 
decision variables to be found in both policies: 
disposal rate, Target Stock Level for new raw 
material (TstkM), and Target Stock Level for finished 
products (TstkS). When defect parts arrive, some will 
be disposed according to the disposal rate. Target 
stocklevel indicates the amount of parts required at 
each point.They are assumed to be in batches of ten. 
Cost structure is provides in Table 4. Defect parts are 
assumed to have all costs lower than the new ones. 
Lost sale cost occurs when a customer is lost. It is 
calculated by doubling the maximum total cost which 
comes from new parts. Holding costs are developed 
using physical holding cost (h) and opportunity cost 
of capital tied up (α). The value of h = $300 per year 
and α = 40% of a unit cost are applied. 
 

Table 4: Cost structure 
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Two base models, Mixed-integer linear programming 
(MILP) and simulation models, were created using 
IBM ILOG CPLEX Optimization Studio and 
ARENA softwares, respectively.Both models are 
formulated and constructed in the same way. 
Significant parts for each model are described below. 
A. MILP model 
Math model diagram for MILP model is shown in 
Fig. 3. One period in the model represents one week 
or 2,400 minutes (5 days x 8 hours x 60 minutes). 
There are n periods of time, represented as subscript 
i. Input data includes amount of defect parts arrive 
(ReAI) and amount of customer demand 
(demandi).Decision variables are presented in Table 
6. Follows are objective function and constraints. 
PTR and PTM policies are different only at the 
priority policy constraints.Constraints (22) to (30) are 
for PTR policy, if available amount of defect parts 
raw material is greater than or equal to customer 
demand in that week, only defect parts are pulled for 
remanufacturing to fulfill finished product inventory. 
On the other hand, if defect parts inventory is not 
enough, remaining amount is pulled from new parts 
raw material inventory.Similar logic is used from 
constraints (31) to (41) for PTM policy. 
 

 
Fig.3: Math model diagram 

 
Table 5: MILP decision variables 

 

Objective function: 

 
Constraint: 
- Inventory balance 
- Decision variable limitations 

 
 
-Priority policy for pulling defect parts (PTR policy) 

 

 
 
-Priority policy for pulling new parts (PTM policy) 

 
 
-All decision variables must be positive. 
-disR, Mten, Sten, TstkM, and TstkS are integer. 
 
B. Simulation model 
Simulation model is presented in Fig. 4. Commands 
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used for pulling inventory are signal, search, and 
remove. Inventories are held until mentioned 
commands are activated.In PTR policy, stock of 
defect parts’ raw material is checked first. If parts are 
available, a signal is sent to release parts for 
remanufacturing. Only if there is no part available, 
then, signal is sent for releasing new parts to 
manufacturing.Same logic is applied to PTM policy 
but starts with checking availability of new parts’ raw 
material. Quality of raw material defect parts (q) and 
ordering time of raw material new parts are taken as 
uncertainty in the system, which are embedded into 
the simulation model. Quality level varies with 
uniform distribution from zero to one, where zero is 
the worst and one is the best. Defect part 
manufacturing time is inversely proportional to its 
quality. Lead time for supplying new part raw 
material is varied with 80% beingone week and 20% 
being two weeks. In MILP model, the best case is 
applied for both quality and ordering time: quality is 
one and lead time is one week.  
 

 
Fig. 4: Simulation model 

 
By applying uncertainty into the model, there will be 
changes in total cost. Quality level affects the 
manufacturing cost and time of defect parts. The 
worse the quality, the more cost and time 
occur.Manufacturing cost of the simulation model is 
always higher than MIIP model. Lost sale cost can 
occur when time of manufacturing and supplying lead 
time increase. 
 
V. EXPERIMENTAL DESIGN 
 
Customer demand and arrival number of defect parts 
are generated using ARENA program. Customer 
demand and defect parts areassumed to arrive each 
week under the normal distribution with the mean of 
400 and standarddeviation of 50% of the mean for the 
customer demand and mean of 200 and standard 
deviation of 50% of the mean for the defect parts. For 
experimental condition, the replication length is set to 
be 1 year(50 weeks for MILP model or 120,000 
minutes for simulation model). To assure less than 
5% variation of the average part flow time, five 
replications are required in this terminating system. 

VI. RESULT AND DISCUSSION 
 
In this section, discussion of the result is divided into 
2 main parts: experimental result and method 
performance. 
A. Experimental result 
Results include total cost and decision variables: 
disposal rate (disR), Target Stock Level at new parts 
raw material (TstkM), and Target Stock Level at 
finished products (TstkS). PTR policy gives less total 
cost in every method, compared to another policy, as 
expected from the assumption of lower cost in defect 
parts raw material. Disposal rate for both policies are 
at very low level since all costs of defect parts are 
assumed to be lower than those of new parts. It is 
more preferable to use raw materials as much as 
possible from defect parts. Target stock level at both 
positions, new parts’ raw material and finished 
products are higher for PTR policy. Because defect 
parts arrive with fluctuated amount in each week, 
when the priority is to pull from defect parts first, 
high target stock levels are required to cope with this 
uncertainty as a result. On the opposite side, when 
raw material quantity is predicted and constant, in 
case of new parts, much less target stock level is 
required. Based on each policy, comparison results 
are provided in Table 6 and Table 7 for PTR policy 
and PTM policy, respectively. MILP alone, method 
with no uncertainty, is used as a reference to indicate 
effect of uncertainty toward total cost. In result 
comparison, only 3 methods are taken into 
consideration: MILP with one iteration of simulation 
(MILP + simulation), OptQuest, and hybrid 
simulation MILP. Result from MILP with one time 
simulation is the worst among three methods because 
uncertainty is not taken into account during 
optimizing process. Therefore, it is used as a 
reference for improvement of the other two methods.      
1) PTR policy 
Solution from MILP model gives 22.64% higher in 
total cost after applying uncertainty in simulation 
model. Hybridsimulation MILP improves result 
0.05% better than OptQuest. It is also better in 
convergence point, 110 iterations faster. However, its 
consuming time is about 10 times higher than the 
time consumed by OptQuest.   
2) PTM policy 
Values obtained from MILP model gives 27.94% 
higher in total cost when implemented with 
uncertainty. OptQuest and hybrid simulation MILP 
methods result in same optimal solution. In this case, 
OptQuest is better than hybrid method in both 
convergence point and time consuming. 
   
B. Method performance 
Each method has its own advantages and 
disadvantages. Best performance is achieved when 
suitable method is implemented. One of the most 
difficult task in carrying out the following methods is 
constructing a comparable base models. Details for 
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each method is discussed below.  
1) MILP + simulation 
Result is given in less than one minute but the 
efficiency is not good at all. This method is actually 
showing how good the solution from MILP is when 
implemented with uncertainty.   
2) OptQuest 
Built in optimization in ARENA is user friendly and 
giving a good result within a promising time. 
However, three input data (lower bound, suggested 
value, and upper bound) have to be trial and error. 
Suggested value helps in reducing time. For lower 

and upper bounds, if it is set to be too narrow, the 
optimal solution might be out of range. If it is too 
wide, more time is needed.  
 
3) Hybrid simulation MILP 
Global optimal solution is guarantee if the original 
stopping criteria is reached. Considering large 
amount of consuming time, new stopping criteria 
helps in early stop. Thus, a good enough result is 
giving out. From the experiment, problem with 
certain characteristics as presented below are not 
recommended to use this method.

 
Table 6: Result from PTR policy 

 
 

Table 7: Result from PTM policy 

 
 

a) Number of possible solution is huge. 
Problem with continuous decision variable is an 
example. By adding the difference between MILP 
and simulation result (N) from previous iteration, 
MILP model is forced to give the next in line optimal 
solution. Then, this solution is tested in simulation 
with uncertainty. The more possible number of 
solutions, the more iterations it required to reach the 
final answer. 
b) Impact of uncertainty is high. 
Solutions from MILP model change objective 
function result in sequence. If the difference between 
MILP and simulation results (N) is high, it will take a 
lot of iterations and time to reach the stopping 
criteria.   
 
CONCLUSION 
 
In terms of policy in remanufacturing system 
considering only total cost, PTR is recommended 
with the assumption of having all costs of defect parts 
lower than the ones from new parts. If taking decision 
variables into account, PTM is recommended because 
even through it is about 4.3% higher in total cost 
calculated from hybrid simulation MILP method, the 
target stock level is much lower, which benefit in 
inventory holding area. 

OptQuest seems to be the best method for this 
problem. It only requires simulation model and result 
given is an acceptable one. Hybrid simulation MILP 
is not considered to be suitable due to reasons 
mentioned earlier. 
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