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ABSTRACT 

 

 Disassembly is the most critical stage of remanufacturing activities. The condition of 

parts disassembled for reuse/remanufacturing display a high variance. Hence demand for 

different parts found in a core cannot always be satisfied by a single core. At this point the 

question is whether to partially or fully disassemble the second core. In this paper, we 

concentrate on quantifying the potential benefits of this decision in a remanufacturing 

environment by using a queuing network model with kanban control. In our model, machine 

service times, demand and return arrival times to the remanufacturing facility are assumed to 

be independent and exponentially distributed random variables. The model is solved 

analytically by an approximate method to compare the performances of two different types of 

disassembly system. 

 

1. Introduction 

 

As a consequence of the economical and environmental reasons, remanufacturing has 

become a very important issue for the companies that aim to recover products returned from 

end users. There are two options for these companies: material recovery or product recovery, 
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viz. remanufacturing. Since in material recovery the added value of the product is lost, 

remanufacturing seems to be a more powerful option. In remanufacturing, a returned product 

is first disassembled to its subparts then these parts are inspected, refurbished and 

reassembled. Here, the first major challenge is the integration of the disassembly line with 

other production activities. Moreover, due to the quality uncertainty of components of the 

returns, there can be unbalanced supply streams for different components. 

Special characteristics of the disassembly line cause new problems such as deciding on 

the disassembly policy viz. partial disassembly or complete disassembly. Either of these two 

policies can be performed depending on the demand arrival structures of different components. 

For instance, in a pull type control production environment, when there are unbalanced 

demands for different components, allowing partial disassembly, in other words allowing the 

disassembly of one core just for one demand of one component which is more frequently 

demanded, seems like a better option than waiting for the demand occurrence of all 

components before disassembling a core. However, in this case, residual item that is not 

demanded becomes an overflow item and we face the problem of coping with these items. So, 

there is a strong need of quantifying the benefits of allowing or not allowing the partial 

disassembly. In this research, this quantification is made for a kanban controlled disassembly 

production system. In addition, for partial disassembly case, we also investigate the effect of 

holding overflows rather than disposing them. 

The outline of the paper is as follows: In Section 2, the kanban controlled disassembly 

system and its associated queuing network model are presented. In Section 3, the method used 

to evaluate the system performance is explained. Numerical results are reported in Section 4. 

Finally, conclusions are drawn in Section 5. 
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2. Problem Description 

 

 

Figure 1. Disassembly system with n = 2 components 

 

 We consider a kanban controlled disassembly system where the product is composed 

of n components. Figure 1 describes the queuing model of such a system with n = 2. In this 

system, after returns are dismantled at Stage 1, the individual components get further 

processed through subsequent stages. Finally, they are synchronized with their respective 

demands.  

There are n+1 stages and each stage has a constant number of kanbans. When a 

component demand arrives to the system, it is synchronized with the component if the 

finished product queue of that part is not empty. Otherwise, the demand is backordered and 

waits in the backorder queue in the respective synchronization station (JA or JB for n=2) until 

a new item arrives. On the other hand, if the finished product queue of a part is not empty, 

incoming demand causes a kanban release of that stage and released kanban joins the kanban 

queue in synchronization station J1.  

In general there are n+1 queues in synchronization J1, n of them representing the 

kanban queues of downstream stages (Stage A and B for n=2, Figure 1) and the other one is 
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the finished product queue of the Stage 1. Newly dismantled components in Stage 1 join this 

queue with their kanbans. Here, each Stage 1 kanban is attached to n types of newly 

dismantled components of the core. When a kanban of downstream stages synchronizes with 

a component, Stage 1 kanban is released and directed to the synchronization J0. If there is no 

core, Stage 1 kanban joins the kanban queue in J0. Otherwise, it is attached with a core and 

directed into the Stage 1. Also, when a return arrives to the system, it synchronizes with a 

Stage 1 kanban, or waits in J0 until a kanban arrives. 

We assume that there are independent arrival streams for returns and demands of 

different components to the system. We model these arrivals as Poisson processes with 

constant arrival rates. In Figure 1, γ, λA, λB are rates of arrivals of the returns and demands for 

component A and component B, respectively. Also, each stage consists of a single 

workstation and service times of these machines are independent and exponentially 

distributed random variables with a specific rate. We also assign limits for return buffer and 

backorder queues of finished parts. When the return queue reaches the capacity of buffer, 

newly arrived returns are disposed. Likewise, demands arriving at the instant when numbers 

of waiting orders equal to the backorder limit are lost. Lost sales of the disassembly process 

are satisfied by the procurement or manufacturing of raw materials. So, we can say that the 

effective demand rate without lost sales is always smaller than or equal to the return rate. 

There are two distinct control policies for controlling the disassembly process: the 

policy of allowing partial disassembly of cores and the policy of not allowing the partial 

disassembly. Synchronization J1 represents the main difference between the two different 

disassembly control systems. When partial disassembly is allowed, a kanban of a downstream 

stage can be synchronized with a respective component although one of the other kanban 

queues may be empty. In this case, a Stage 1 kanban is released, and the component which is 

not demanded becomes an overflow item and it is disposed or it is kept in an extra buffer that 



 5

is assigned for overflow items instead of being disposed. However, when partial disassembly 

is not allowed, a kanban of a downstream stage has to wait until there is at least one kanban in 

each of the kanban queues of other downstream stages to be synchronized with a 

disassembled core. 

In partial disassembly, if we dispose the overflow item, this disposal causes a 

reduction in the service level of that part. Hence, holding overflow items in a buffer can be 

beneficial particularly when the return arrival rate is smaller than demand arrival rates of the 

parts. So, in case of allowing partial disassembly, we face with the decision of choosing one 

of the two alternative sub policies: disposing overflows directly and holding them in 

additional buffers. In order to make a comparison between disposing and holding, we assign 

these buffers not only for overflow items but also for items with kanbans coming from the 

first stage.  

In cases where partial disassembly is allowed and the overflow item is held, when 

parts come from the first stage, their kanbans are detached and detached kanbans and 

components join different queues. In Figure 2, nCA, nCB, nA, nB and n1 represent the queues for 

components A and B and the waiting kanbans of Stage A, Stage B and Stage 1, respectively, 

for n = 2 component case. Here the buffers for components have respective capacity limits. If 

a component buffer reaches the limit, new arrivals to the queue are disposed. Kanbans coming 

from downstream stages synchronize with items waiting in these buffers. On the other hand, 

release of Stage 1 kanbans occurs differently depending on our priority decision. Giving 

priority to the overflow items and regular items are the two different sub policies of holding 

overflow policy.  Here the number of overflow items is given by the difference between the 

number of components and the number of Stage 1 kanbans. If we give higher priority to the 

overflow items, then arrival of a downstream kanban does not cause a kanban release of Stage 

1 kanbans when the respective component queue has a positive number of overflow items. 
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However, if we give the priority to the regular items, every kanban arrival of downstream 

stages causes a kanban release of the Stage 1 without considering the overflow items. In fact, 

the number of waiting kanbans of Stage 1 represents the number of regular items.  

Let Sn denote the index set of downstream stages when the product is composed of n 

components and let nci denote the current number of waiting type i components and let Bci 

denote the buffer capacity of type i components for ,...},{ BASi n =∈ . Basically, 1nnci −  

represents the number of overflow components of type i for ,...},{ BASi n =∈ , while n1 

represents the number of regular components of each type. So, the following property always 

holds:  

cici Bnn ≤≤1   for ,...},{ BASi n =∈       (1) 

 

 

Figure 2.  Synchronization J1 in case of holding overflows for n = 2 components 
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3. Performance Evaluation Model 

 

3.1. Overview of the method 

 

In order to evaluate the performance of the system, we use an analytical technique 

based on the product form approximation technique (Di Mascolo et al., 1996). For the 

performance evaluation of multi stage kanban controlled production systems, Baynat’s 

method (Baynat et al., 2001), which is an improved version of the previously proposed 

technique in Di Mascolo et al. (1996), appears to be of special interest because of its accuracy 

and agility. In this method, the production system is modeled as a queuing network with 

synchronization mechanisms, and this network is solved approximately with the “multi class 

approximation technique” proposed by Baynat and Dallery (1996). In the algorithm, the 

whole system is approximated to a set of single class closed networks whose customers are 

kanbans for each stage. These small closed networks are analyzed by solving corresponding 

continuous time Markov chains for the isolated stations of closed networks to obtain the 

performance measures of the system such as the average number of work in process, the 

average number of finished goods, and the average number of backordered demands. This 

method is capable of analyzing complicated production systems such as kanban controlled 

assembly lines (Matta et al., 2005). In our research, Baynat’s method is used for solving the 

queuing network model of the kanban controlled disassembly system.  

In Korugan et al. (2006), a single stage kanban controlled disassembly system is 

analyzed by the exact solution of continuous time Markov chains. However, if the number of 

subparts in the core increases, the number of dimensions of the Markov chain increases as 

well causing a major increase in computational complexity for solving the Markov chains 
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numerically. Hence, using Baynat’s approximation technique seems to be a more proper 

option instead of solving the system exactly. However, even though the computational 

complexity caused by the large number of subparts is reduced significantly in Baynat’s 

method, it does not disappear completely. For analyzing the isolated synchronization station 

(J1 in Figure 1) between disassembly stage and its downstream stages, again the number of 

dimensions of the corresponding Markov chain increases when the number of subparts in the 

core increases. In these situations, the “class aggregation technique” proposed in Baynat and 

Dallery (1995) is used for analyzing the synchronization station. In this technique, instead of 

solving the complete Markov chain of the synchronization station, small Markov chains 

having only two dimensions are solved for each class of customers.  

In cases where partial disassembly is not allowed, synchronization J1 in Figure 1 is 

equivalent to an assembly kanban synchronization station. Therefore, the method proposed in 

Baynat and Dallery (1995) and the algorithm in Matta et al. (2005) can be utilized for solving 

that isolated station. However, when partial disassembly is allowed, class aggregation can not 

be used directly. Hence, we need to modify this method to be able to analyze a partial 

disassembly system. In subsequent sections, we describe this modification for partial 

disassembly case. 

 

3.2. Analysis of the synchronization station when partial disassembly is allowed and 

overflow item is disposed 

 

 The main idea of the class aggregation is to model each load dependent arrival process 

to the synchronization station individually with their resources approximated by other arrivals 

to the synchronization. We define these resources as permits. Here a two dimensional Markov 

chain that corresponds to a simple birth death process is obtained. By using this method for a 
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disassembly system having n component and n + 1 stages, we solve n+1 two dimensional 

Markov chains instead of solving one Markov chain having n+1 dimensions to analyze the 

synchronization.   

 

Figure 3 . Class aggregation for n = 2 components 

 

 In our model for n = 2 components, the number of permits can be defined as Max {nA, 

nB} for Stage 1 kanbans and n1 for both stage A and B kanbans where nA, nB and n1 are current 

numbers of waiting kanbans of stage A,B and Stage 1 in the synchronization, respectively. 

Since, for both stage A and B kanbans in the synchronization, the number of permits is simply 

equal to the number of first stage kanban in synchronization J1, there is no need to aggregate 

the effect of other arrivals. Instead of aggregation, we embed these effects in the transition 

rates of their two dimensional Markov chains. 

 Here, for type A kanban in J1, the state of the continous Markov chain is (nA, nCA), 

where nA is the number of type A kanbans and nCA is the number of components of type A, 

which denotes the number of other type components and first stage kanbans simultaneously. 

When the state of the Markov chain is in the region of nA=0 and nCA>0, state transition rates 

must be adjusted to capture the effects of other system states of the synchronization J1 that are 

not seen in the states of the two dimensional Markov chain.  First of all, arrivals of other type 
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kanbans can cause a reduction in nCA because we dispose the overflow items. This effect is 

embedded in the Markov chain by adding arrival rates of other type kanbans 

( )0()0()0( BBA Pλλ +  in Figure 4). This additional arrival rate is multiplied with the 

probability of having no kanban of that type in J1, since nCA>0 means that nci>0 for i≠A is true 

and so ni=0 must be true. On the other hand, if kanban queues of other types are not empty, 

arrival of components from Stage 1 does not cause an increase in nCA since they can 

synchronize with existing kanbans by causing the disposal of newly arrived component A. We 

embed this effect to the Markov chain by weighting the rates of the arrival of components 

from Stage 1 with the probability of having no kanban of other types (PB(0) in Figure 4). The 

underlying Markov chain is shown in Figure 4, for the two- component case.  

 

 

 

Figure 4. Markov chain representing the behavior of “Kanban type A” in synchronization J1  

               for the two- component case 
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The steady state probabilities P(nA, nCA) are solutions of the following balance 

equations: 

P(nA, 0) λ1(0)  = P(nA-1, 0) λA(nA-1)   

for   nA=1,…,KA 

P(0, nCA) [ )0()0()0( BBA Pλλ + ] = P(0, nCA-1) )]0()1([ 1 BCA Pn −λ    

for  nCA=1,…,K1           (2) 

where PB(0) is the probability of having  no “kanban B” in J1 

 

 For a system having n > 2 components and for ,...},{, BASji n =∈ , the above 

equations are restated as follows: 

 

P(ni, 0) λ1(0)  = P(ni-1, 0) λi(ni-1)    

for ni = 1,…,Ki       

P(0, nci) [ ∑
≠

+
ij

jji P )0()0()0( λλ ] = P(0, nci-1) [ ∏
≠

−
ij

jci Pn )0()1(1λ ]      

for nci = 1,..,K1         (3) 

 

By solving these equations, we can obtain marginal probabilities of kanbans of 

downstream stages that are used in the algorithm. However, for modeling the behavior of the 

Stage 1 kanbans in synchronization station, J1, we have to aggregate the other arrivals into 

single permit arrivals. Let the number of permits be defined as na and its state dependent 

arrival rate as λa(na) for na=0,1,…Na-1 where na= Max{nA, nB} and Na= Max{KA, KB} for n = 

2 and },{2 BAS = . KA and KB are the assigned constant number of kanbans for stage A and 

stage B. 
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Aggregated permit arrival rate when the current number of permit is zero, is equal to: 

 λa(0) = λA(0)+ λB(0)         (4) 

Otherwise:  

[ ] [ ]
)()()()(

)()()()()()(
)(

aBaAaBaA

aBaBaBaBaAaA
aa nnPnnPnnPnnP

nnPnnPnnnPnnPn
n

<<−≤≤
≤=+≤=

=
λλ

λ ,  

for an = 1,…Na-1         (5) 

  

Here, λA(nA), λB(nB) are state dependent arrival rates of Kanban type A and type B. The 

probability in the denominator in (5) is the estimated joint probability of Max{nA, nB} = na by 

the product of marginal probabilities. The other probabilities in the numerator that are 

multiplied with the arrival rates of kanbans of downstream stages are the estimations of joint 

probabilities of the respective type of kanban queues in J1 to have the maximum number of 

kanbans. 

 For a system having more than two components (n > 2), these formulas can be written 

as:  

∑
∈

=
nSi

ia )0()0( λλ , for ,...},{ BASn =       (6) 
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∈ ∈

∈ ≠
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=

n n

n

Si Si
aiai

Si ij
ajaiai

aa nnPnnP

nnPnnPn
n

)()(

)()()(
)(

λ
λ  , for an =1,…Na-1  and  j ∈ Sn = {A,B,…}

            (7) 

 So, by solving the Markov chain having load dependent rates λ1(n1) and λa(na) , we can 

also obtain marginal probabilities of first stage kanbans.  
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3.3. Analysis of the synchronization station when partial disassembly is allowed and 

overflow item is held 

 

 To obtain the marginal probabilities of kanbans of downstream stages in J1, instead of 

aggregation, we solve two dimensional Markov chains directly with load dependent rates 

adjusted to reflect the property in (1). For example for the Stage A synchronization queue in 

J1, the state of the continuous Markov chain is (nA, nCA), where nA is the number of kanbans 

and nCA is the total number of components of type A including overflow and regular items. 

Lets call the load dependent arrival rates of component of type i for ,...},{ BASi n =∈ as λci(nci) 

for  nci = 0,1, ..., Bci – 1. For the regular item priority case, this load dependent arrival rate can 

be calculated as a weighted sum of the arrival rates λ1(n1) by using the formula below. 
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n

λ
λ ,  

for  nci = 0,1, ..., Bci – 1  and ,...},{, BASji n =∈      (8) 

 

On the other hand, for overflow item priority cases, the following formulas are used to 

estimate to load dependent arrival rates of components. 

 

 ∑ ∏∏ ∏
−
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for  nci = K1 +1,…, Bci -1   and ,...},{, BASji n =∈    (11) 

 

 The above formulas are also weighted sums of the arrival rates λ1(n1), but weights are 

differently estimated than that of the regular item priority case. In fact, the relationship of n1 

≤Min{nci} for ,...},{ BASi n =∈  holds in regular item priority case. However, in the overflow 

item priority case the equality of n1= Min{nci} for ,...},{ BASi n =∈  must be true. Therefore, 

our approximations are based on this equality for the overflow priority case.  Moreover, in 

formula (10), we exclude the infeasible states by the corresponding probability in the 

denominator. In fact, all component queues can not exceed the kanban size of Stage 1 

simultaneously in case of overflow priority.  

 Also, for both cases, as a result of (1), it is apparent that λci(0) = λ1(0) for nci = 0 and 

,...},{ BASi n =∈ . Since load dependent arrivals λi(ni) for ni = 0 ,1,.., Ki-1 are known and 

λci(nci) for nci = 0 ,1,.., Bci -1, can be computed using the above formulas, the corresponding 

two dimensional Markov chains for stages ,...},{ BASi n =∈  can be analyzed. 

 Class aggregation is also used to obtain the marginal probabilities of the Stage 1 

kanbans in J1. Let  )( a
k
a nλ  denote the load dependent arrival rates of permits when n1 = k. For 

the regular item priority case, formulas (6) and (7) can be used for computation of these load 
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dependent rates except for )0(0
aλ  which is the arrival rate of permits when n1 = 0 and na = 0. 

When n1 = 0 and na = 0, the inequality nci ≥ 0 must be true. Therefore, there can be as many as 

1nnci −  overflow items for ,...},{ BASi n =∈ . If 1nnci − > 0 is true, the newly arrived “kanban 

i” does not have to wait since it can be synchronized with an overflow item. In this case, a 

new arrival of that kanban does not mean an arrival of a permit of the first stage kanbans. This 

condition is excluded from the load dependent arrival rate computation as follows: 

 

∏ ∏

∑ ∏

∈ ∈

∈ ≠
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===
=

n n

n

Si Si
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Si ij
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λ ,  for ,...},{ BASj n =∈  (12) 

 

 Probabilities in the formula can be obtained by the solution of Markov chains for 

stages ,...},{ BASi n =∈ . For regular item priority case, using (6), (7) and (12) we can 

compute load dependent arrival rates of permits and solve the Markov chain to obtain 

marginal probabilities of the kanbans of Stage 1 in J1. 

For overflow item priority case, computation of )0(k
aλ  where k>0 must also be 

changed. Since we give the priority to the overflow items, synchronization and release of a 

first stage kanban can occur only when nci = n1, viz. when there are no overflow items. Hence, 

we have to adjust load dependent arrival rates with the probability of having zero overflow 

items. For k>0, these rates are calculated using: 
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λ , for k = 1,…,K1  and ,...},{ BASj n =∈  (13) 

 

Also for the overflow item priority case, by using load dependent rates computed by 
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formulas (7), (12) and (13), we can solve the corresponding Markov chain to obtain marginal 

probabilities of the Stage 1 kanbans in J1. 

 

 

4. Numerical Results 

 

 In this section, we compare two different disassembly systems that differ in terms of 

allowing partial disassembly. We also make a comparison within the case where partial 

disassembly is allowed by investigating the effects of disposing and holding overflow items. 

Overflow item holding case is further distinguished by giving priority to overflow or regular 

items.  

In the experiments, average service rates for all machines are equal to 1. Buffer 

capacity for returns and limits of backorder queues for both part types are set to 5. The 

performance measures are the expected throughputs of each stage, average queue lengths of 

return buffers, average component queue lengths QCA and QCB, finished part queue lengths 

QFPA and QFPB and backorder queue lengths are reported.  

In Table 1 and 2, the results of different return rate and demand rate configurations for 

two component cases are reported. In tables, PDNA represents the partial disassembly not 

allowed case and PA-OD represents partial disassembly allowed case with overflow disposal. 

Also, PDA-RP and PDA-OP represents the two priority policies of partial disassembly 

allowed and holding overflow case: regular item priority and overflow item priority. 

For cases reported in Table 1, demand rates of both parts are set to 0.5. These rates are 

changed in Table 2 to investigate the unbalanced demand cases. The imbalance of the 

demands for components represents the imbalance in the quality level of the components of 
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cores since the parts having more frequent quality failures are more frequently demanded 

from the disassembly process. 

Kanban levels of each stage are set to 5 for all cases except for the case where 

downstream stages have 10 kanbans while the first stage has 5 kanbans. This case is reported 

in the last columns of Table 1 and 2.  Overflow holding cases are shown in two different titles 

according to two different priority choices. For these cases, we set buffer limits of each 

component to 5 for all experiments. 

 We see that allowing partial disassembly with disposal of the overflows has a 

decreasing effect on the total inventory level of the process. Moreover, by allowing partial 

disassembly we obtain a higher service level in some of the cases. In Table 1, this increase in 

service level can be observed as a decrease in the average level of backorder queues of the 

parts whose demand rate is lower than the return rate. Also, in the unbalanced demand case, in 

Table 2, average level of backorder queues of the part, whose demand rate is higher than that 

of the other part type, tends to decrease when partial disassembly is allowed and the 

overflows are disposed.  

However, in some cases, the policy of allowing partial disassembly with disposal of 

the overflows can also cause a reduction in the service level. In the balanced demand case, 

this reduction can be observed in Table 1 as an increase in the average level of backorder 

queues of the parts having higher demand rates than the return rate. Also in the unbalanced 

demand case, in Table 2 the average level of backorder queues of the part, with lower demand 

rate, tends to increase when partial disassembly is permitted and overflows are disposed. This 

negative effect is due to the asynchronous behavior of the system that results in destruction of 

the limited supply by disposal of overflow items. In these situations, holding overflows can 

become beneficial. However, we see that there is not a big difference between two policies; 

holding overflows in a buffer and disposing them while utilizing an increased number of 
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downstream stage kanbans. As can be seen from Tables 1 and 2, expected total inventory and 

average level of backorder queues do not differ so much in either policy. In fact, in the latter 

policy, we hold the parts at downstream while we hold the same amount of material at 

upstream in the first policy. Hence, holding overflow items may be a more beneficial policy 

than disposing them with respect to the total holding cost since unit holding costs in early 

stages are typically less than the cost of material in later stages, but not in terms of service 

level since we can reach the same service level by increasing kanban sizes of the downstream 

stages. 

 Another observation is that giving priority to different types of items (overflow vs. 

regular) in case of holding overflows does not change most of the performance indicators 

significantly. Merely, in case of giving priority to the overflow items, we face with the 

decrease of the first stage throughput and increase of average level of return queue. This 

change occurs only when the return rate is higher than the demand rates of components. In 

fact, by giving priority to overflows, the imbalance between first and downstream stages is 

decreased. Since this gap represents the disposal of overflows, disposal rate of overflows is 

also decreased. However, since the throughput of Stage 1 is decreased; disposal rate of returns 

tends to increase in case of overflow priority. 
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return rate=0,4

PDNA PDA - OD       PDA-RP       
(BCA,BCB=5)

PDA-OP        
(BCA,BCB=5)

PDA - OD         
(KA,KB =10)

TH1 0,398 0,400 0,400 0,400 0,400
TH A, B 0,398 0,387 0,398 0,398 0,396
Q Return 0,148 0,007 0,007 0,009 0,007
QCA,B 0,544 0,005 0,152 0,152 0,001
QFP A, B 0,661 0,423 0,641 0,642 0,867
Q Backorder A, B 2,390 2,593 2,395 2,393 2,392
Total Inventory 4,569 2,751 3,583 3,589 3,712

return rate=0,6

PDNA PDA - OD       PDA-RP       
(BCA,BCB=5)

PDA-OP        
(BCA,BCB=5)

PDA - OD         
(KA,KB =10)

TH1 0,472 0,598 0,594 0,580 0,598
TH A, B 0,472 0,479 0,495 0,496 0,493
Q Return 2,463 0,130 0,286 0,667 0,126
QCA,B 3,523 0,202 2,229 2,430 0,179
QFP A, B 2,217 1,917 3,303 3,407 5,549
Q Backorder A, B 0,888 0,775 0,236 0,197 0,271
Total Inventory 16,656 7,465 14,584 15,480 14,872

return rate=0,8

PDNA PDA - OD       PDA-RP       
(BCA,BCB=5)

PDA-OP        
(BCA,BCB=5)

PDA - OD         
(KA,KB =10)

TH1 0,475 0,761 0,735 0,659 0,760
TH A, B 0,475 0,497 0,500 0,500 0,500
Q Return 3,651 0,876 1,287 2,244 0,882
QCA,B 4,026 0,893 3,526 3,686 0,897
QFP A, B 2,339 3,121 3,918 3,949 7,882
Q Backorder A, B 0,815 0,195 0,045 0,039 0,019
Total Inventory 19,111 13,028 20,031 20,819 22,672

Partial  Disassembly Allowed

Partial  Disassembly Allowed

Partial  Disassembly Allowed

 

Table 1. Balanced demand cases: λ-A and λ-B = 0.5 (since downstream stages have equal   

              parameter values, their performance results shown in a single line) 
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return rate=0,6
demand rate A=0,8;  demand rate B=0,5

PDNA PDA - OD       PDA-RP       
(BCA,BCB=5)

PDA-OP        
(BCA,BCB=5)

PDA - OD         
(KA,KB =10)

TH1 0,497 0,598 0,598 0,598 0,599
TH A 0,497 0,572 0,595 0,596 0,594
TH B 0,497 0,478 0,491 0,495 0,493
Q Return 2,122 0,094 0,100 0,126 0,091
QCA 3,200 0,032 0,206 0,198 0,007
QCB 3,200 0,032 2,156 2,164 0,007
QFP A 0,116 0,246 0,408 0,374 0,512
QFP B 3,541 1,798 3,264 3,261 5,351
Q Backorder A 3,519 3,001 2,780 2,787 2,780
Q Backorder B 0,161 0,829 0,298 0,254 0,291
Total Inventory 15,099 5,605 9,680 9,810 9,726

return rate=0,8
demand rate A=0,6;  demand rate B=0,5

PDNA PDA - OD       PDA-RP       
(BCA,BCB=5)

PDA-OP        
(BCA,BCB=5)

PDA - OD         
(KA,KB =10)

TH1 0,497 0,770 0,750 0,695 0,770
TH A 0,497 0,582 0,596 0,596 0,596
TH B 0,497 0,496 0,499 0,500 0,500
Q Return 3,519 0,705 1,066 1,828 0,703
QCA 3,923 0,555 2,771 2,962 0,540
QCB 3,923 0,555 3,492 3,615 0,540
QFP A 0,818 2,189 3,258 3,332 6,278
QFP B 3,541 2,949 3,910 3,936 7,649
Q Backorder A 2,122 0,603 0,200 0,173 0,146
Q Backorder B 0,161 0,234 0,046 0,042 0,024
Total Inventory 18,642 11,457 18,857 19,606 20,485

return rate=0,5
demand rate A=0,8;  demand rate B=0,6

PDNA PDA - OD       PDA-RP       
(BCA,BCB=5)

PDA-OP        
(BCA,BCB=5)

PDA - OD         
(KA,KB =10)

TH1 0,497 0,500 0,500 0,500 0,500
TH A 0,497 0,490 0,499 0,499 0,499
TH B 0,497 0,475 0,494 0,495 0,492
Q Return 0,161 0,028 0,029 0,029 0,028
QCA 0,483 0,004 0,046 0,046 0,000
QCB 0,483 0,004 0,254 0,254 0,000
QFP A 0,116 0,093 0,119 0,119 0,146
QFP B 0,818 0,476 0,773 0,774 1,099
Q Backorder A 3,519 3,570 3,505 3,505 3,499
Q Backorder B 2,122 2,459 2,164 2,163 2,159
Total Inventory 4,981 3,317 4,120 4,122 4,192

Partial  Disassembly Allowed

Partial  Disassembly Allowed

Partial  Disassembly Allowed

 

Table 2. Unbalanced demand cases 
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n =2
PDNA PDA PDNA PDA PDNA PDA

TH1 0,398 0,400 0,472 0,598 0,475 0,761
TH A, B 0,398 0,387 0,472 0,479 0,475 0,497
Q Return 0,148 0,007 2,463 0,130 3,651 0,876
QFP1 0,544 0,005 3,523 0,202 4,026 0,893
QFP A, B 0,661 0,423 2,217 1,917 2,339 3,121
Q Backorder A, B 2,390 2,593 0,888 0,775 0,815 0,195

n =3
PDNA PDA PDNA PDA PDNA PDA

TH1 0,394 0,400 0,451 0,598 0,453 0,779
TH A, B, C 0,394 0,387 0,451 0,478 0,453 0,495
Q Return 0,319 0,007 2,725 0,094 3,773 0,547
QFP1 0,936 0,001 3,744 0,036 4,120 0,197
QFP A, B, C 0,627 0,421 1,601 1,786 1,658 2,717
Q Backorder A,B,C 2,453 2,596 1,377 0,833 1,336 0,287

n =5
PDNA PDA PDNA PDA PDNA PDA

TH1 0,386 0,400 0,426 0,599 0,427 0,781
TH A, B, C,... 0,386 0,387 0,426 0,477 0,427 0,494
Q Return 0,602 0,007 3,009 0,090 3,905 0,499
QFP1 1,500 0,00005 3,960 0,004 4,219 0,029
QFP A, B, C,... 0,550 0,421 1,074 1,769 1,096 2,639
Q Backorder A,B,C,... 2,573 2,596 1,885 0,841 1,866 0,305

n =10
PDNA PDA PDNA PDA PDNA PDA

TH1 0,373 0,400 0,396 0,599 0,397 0,781
TH A, B, C,... 0,373 0,387 0,396 0,477 0,397 0,494
Q Return 1,020 0,007 3,310 0,090 4,046 0,494
QFP1 2,247 8,329 x 4,164 0,0002 4,321 0,002
QFP A, B, C,... 0,429 0,421 0,640 1,768 0,646 2,633
Q Backorder A,B,C,... 2,764 2,596 2,413 0,841 2,405 0,306

γ = 0,8

γ  = 0,4 γ =  0,6 γ = 0,8

γ  = 0,4 γ =  0,6

γ  = 0,4 γ =  0,6 γ = 0,8

γ  = 0,4 γ =  0,6 γ = 0,8

10-7

 

Table 3. Effect of number of components in balanced demand cases: λ-A,B,(,C,…) = 0.5 

 

PDNA PDA PDNA PDA PDNA PDA PDNA PDA
TH1 0,497 0,598 0,469 0,599 0,435 0,599 0,400 0,599
TH A 0,497 0,572 0,469 0,570 0,435 0,570 0,400 0,570
TH B(,C,...) 0,497 0,478 0,469 0,477 0,435 0,477 0,400 0,477
Q Return 2,122 0,094 2,511 0,091 2,910 0,090 3,273 0,090
QFP1 3,200 0,032 3,557 0,009 3,886 0,002 4,140 0,0001
QFP A 0,116 0,246 0,080 0,237 0,049 0,236 0,028 0,236
QFP B(,C,...) 3,541 1,798 2,108 1,773 1,247 1,768 0,686 1,768
Q Backorder A 3,519 3,001 3,688 3,017 3,865 3,020 4,031 3,020
Q Backorder B(,C,...) 0,161 0,829 0,979 0,839 1,708 0,841 2,349 0,841

n =2 n =3 n =5 n =10

 

Table 4. Effect of number of components in unbalanced demand case: γ =0.6, λ-A =0.8, λ-  

              B(,C,…)=0.5 



 22

 In Tables 3 and 4, we give the results of our experiments which we have conducted to 

investigate the effect of the increase of the number of components the core composed of. For 

allowing partial disassembly case, the results of the overflow disposal case are given. The 

unbalanced demand case is considered in Table 4. Kanban sizes of each stage are set to 5.  

The negative effects of the larger number of components- such as the decrease of the 

production rate and the increase of the backorder level- are more apparent when partial 

disassembly is not allowed because of the necessity of the complete synchronization. In fact, 

when the number of components increases, the throughputs of all stages decrease when partial 

disassembly is not allowed. On the other hand, when partial disassembly is allowed, 

throughputs of all stages do not change significantly. Also, the gap between the first stage 

throughput and throughput of downstream stages remains unchanged. Actually, this gap 

between the first and downstream stages represents the disposal rates of overflow items. 

However, even though the disposal rate of overflows of each part type does not differ, 

cumulative disposal rate of overflows tends to increase with a larger number of components. 

So, we face with a higher total disposal rate than that of not allowing partial disassembly. 

 

 

5. Conclusion 

 

 In this study, two types of kanban controlled disassembly systems which differ in 

allowing partial disassembly decision are modeled as queuing networks with synchronization 

mechanisms. For solving these models, we propose new approximations based on the class 

aggregation technique. In our approximations, by adjusting the transition rates of continuous 

time Markov chains, we derive new computation tools for the performance evaluation of the 

disassembly systems. 
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From our experiments, it is observed that allowing partial disassembly with disposal of 

overflow items is a more beneficial policy than not allowing if the return rate is high enough 

to be able to satisfy the individual demands of the components. The major benefit is the 

increase in service level while maintaining a lower total inventory level. On the other hand, 

the major possible drawback of allowing partial disassembly is the high disposal cost since 

the total disposal rate is higher than that of the policy of not allowing partial disassembly.  

The other alternative to the disposal of overflows is holding them. However, it is 

observed that the benefits of holding overflows such as decrease in backorder level can also 

be obtained by increasing the kanban sizes of downstream stages. Also, in case of holding 

overflows, priority decision does not cause a significant impact on the system performance. 

But, in case of overflow priority disposal of returns tends to increase while in case of regular 

item priority disposal of overflows tends to increase. Also, we see that the negative effects of 

the larger number of components can be minimized by allowing the partial disassembly at a 

cost of a higher disposal rate.  
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