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return. These returns may be in person, by post, at a drop-off 
collection point or at a processing facility. Wherever it is, the CA 
takes responsibility in setting up the platform for a successful 
RL system by establishing its activities in a safe, cost-effective 
and time-efficient manner. The collectors should also understand 
that returned products are valuable and may also contain toxic 
materials, so they should handle them safely. In the real-world 
scenario and depending on consumer electronic products, the 
collectors may be OEMs, independent recyclers (IR), retailers, 
customers or non-profit organisations (see Figure 1, box, 3, 4, 
5, 6 and 7). The actions and decisions taken by the CA agent are 
depicted in Figure 1.

In the model, at the first step in box 2 of Figure 1, is the 
decision block. At this step, it is collectors’ responsibility to 
decide who should collect the returned products. For example, 
in the case of cell phones, the OEM is not involved in the col-
lection process, but the retailers take responsibility to collect the 
returns; however, for toner cartridges, the OEM and IR mainly 
take responsibility to collect the used products. Similarly, the 
collection methods vary from one product to another. This pro-
posed model incorporates a wide range of collection methods, 
making it generic.

In the next step, or box 9 of Figure 1, the CA collects the 
product and decides whether to compensate the customer with 
a replacement product, either new or old, during the interim 
period of repair or remanufacturing (Mondragon, Lalwani, and 
Mondragon 2011). For a product category, if compensation is 
required then the action passes on to ‘replace product’, where 
the customer is given a replacement product. If compensation is 
not required for the product category, a replacement product is 
not given to the customer. The action now passes on to the next 
decision block, or box 11, ‘incentive’. In this stage, the collector 
inspects the collected product for basic operations, like turn-
ing on/off and other key functional operations. If the product 
passes the basic inspection, then based on the policy set by the 
collectors, the customer may either receive credit towards his/
her new product or an incentive for the return. If the product 
does not pass the basic operations test, then the product is tested 
intensively to make sure the product is not severely damaged. If 
it is severely misused, the customer may have to pay fine. If there 
is no misuse, the product passes on to the next stage: ‘update 
quantity level’, or box 17.

After the ‘incentive’ and ‘fine’ decision blocks, the collector’s 
inventory level is updated according to the number of returns 
per day. One of the significant features of this model is that the 
RL activities are both demand and time driven, i.e. when there 
is a demand from the customers for a remanufactured product, 
the collector sends the products to the remanufacturing facility 
for processing. If there is no demand, the product stays at the 
collector’s inventory. Similarly, when the time to return a product 
is reached, for example, the last day of the month or year, the 
collector automatically sends the products to the remanufac-
turing facility.

These actions and decisions follow a specific structure. Once 
the inventory level is updated, the collector waits for a prod-
uct request from the sorting-cum-reuse agent (SCRA). If there 
is such a request from SCRA, then the collector transports the 
products to the SCRA. If there is no request, then the product 
stays in the collector’s inventory. According to an interview at a 

operational level of management. A generic model incorporating 
process flow diagrams and related RL activities and decisions for 
the agents will be presented and discussed in the next section. 
A cell phone remanufacturing as a case study is then used to 
show the applicability of the research approach. The selection 
of a cell phone is motivated by the high and increasing volume 
of sales and the lifecycle of this product, which is getting shorter 
due to technological advances and very competitive market. The 
model will be simulated using the commercial package Promodel 
software. By fulfilling the above needs, this research will stand 
as seminal study on RL enterprise performance measurement.

RL enterprise – generic model

In this section, we present the different agents composing the RL 
enterprise and elaborate on the actions and decisions that every 
agent may make in this context. Each agent in the model is inde-
pendent, possesses a goal, performs tasks and makes decisions 
on its own. These features characterise the agent in the model 
and endow a unique behaviour to the remaining agents. The 
agents interact with one another and the system’s behaviour is 
the outcome of their interactions. These features led to the idea 
to model the RL system using agent-based simulation technique. 
The model is designed in such a way that each entity/company in 
the RL network is represented by an agent. In this agent-based 
simulation model, a set of performance measures for each agent 
will be identified and evaluated. Assessing the performance of 
each agent may lead to stating specific recommendations for 
improving it. This may lead to improving the performance of 
the RL enterprise.

Agents, actions and decisions

In a RL system, six independent actors are considered: collector, 
sorter, remanufacturer or refurbisher, recycler, supplier and dis-
tributor. These six actors can be independent entities or agents. 
They are listed below with their corresponding acronyms:

(1)  collector agent (CA),
(2)  sorter-cum-reuse agent (SCRA),
(3)  remanufacturer agent (RMA),
(4)  recycler agent (RCA),
(5)  supplier agent (SA), and
(6)  distributor agent (DA).

Figure 1 in Lambert, Riopel, and Abdul-Kader (2011) shows 
the main flows among different agents (or elements). A detailed 
description of each agent including responsibilities, process, 
actions, decisions, performance measures and goal will be given 
in the next section. The charts presented in Figures 1–6 below are 
generic to any returned product. However, the unshaded boxes 
denote the actions and decisions related specifically to the cell 
phone remanufacturing case study considered in this research 
and presented later in Section 5.

Collector agent (CA)
The CA holds the key position in a RL system. In the electronics 
and the metal management RL enterprises, the collector acts as 
the channel leader (Choi, Li, and Xu 2013). The main role of 
the CA in a RL system is to collect the product that comes for 
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so that the collector is ready to supply the products to the SCRA 
when there is an immediate request. Likewise, the other agents in 
the system are made aware of the number of products returned 
per day and can plan their work accordingly.

Sorting-cum-reuse agent (SCRA)
The SCRA is considered as part of the OEM organisation or inde-
pendent recycler (IR). SCRA is the first stage in both OEM and 
IR processing facilities. The SCRA has two functions to perform: 

local collection centre, returned products are sent to the process-
ing facility once a year. Therefore, to incorporate this situation, 
there are periodic checks, once in a month or year. If it is time to 
send the product to processing facility, then the products are sent 
to the SCRA. Otherwise they remain in the collector’s custody.

The common performance measures that can be calculated 
by the CA are the inspection time, the inventory levels and the 
input level of the CA. The objective of the CA in the model is to 
monitor the quantity level of the returned products periodically, 

Figure 1. Collector agent (Ca) – decisions and actions.
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10   G. R. S. PANDIAN AND W. ABDUL-KADER

sold/returned their used cell phones. This number can be 
increased by bringing in a more sophisticated reverse logis-
tic coordination system across the country. Furthermore, the 
number of cell phone users is steadily increasing and some of 
them own more than one cell phone. So, addressing cell phone 
remanufacturing is a major motivation that led us to consider 
this case study to make aware OEMs, recyclers, and users of the 
economical, ecological and social benefits of such an undertake 
in Canada and worldwide.

This section will firstly present the input data for the simu-
lation model that were gathered mainly from published papers; 
then, interviews conducted by the first author with managers 
from a cell phone remanufacturing firm in Southern Ontario, 
Canada, have helped clarifying the actions and decisions of the 
different agents involved in the simulation model. The assump-
tions and the steps the model takes to simulate this agent-based 
approach are indicated. Results and discussions for potential 
improvements of the RL enterprise are lastly offered.

Input data

The process time for each operation in the model has been 
adapted from a study involving telephone remanufacturing (Li 
et al. 2013). Their modelling technique employed an analytical 
model, graphical evaluation, and review technique (GERT) based 
on Remanufacturing Process Routing. In the study, the process 
times of most stations were deterministic. Since process times 
are often probabilistic, statistical distributions were used for the 
process time of each processing station in the ABS model and 
presented in Table 1.

For the recycling operations, the process times of all the sta-
tions are presented in Table 2.

Regarding returned cell phone classification and volume of 
return per year, Table 3 below reports these parameters used in 
the ABS model.

Figure 7 below presents all the agents, collector (CA), sort-
ing-cum reuse (SCRA), remanufacturer (RMA), recycler agent 
(RCA), distributor (DA) and supplier agent. Once the SCRA 
agent sorts the returns into the three categories: Good, Moderate, 
and Bad, reuse, remanufacturing and recycling activities are 

level. Maintaining a good service level helps the company to 
satisfy the customers by delivering products on time and main-
tains the company’s positive reputation. It is equally important 
to satisfy customers with a remanufactured product that is equal 
in performance with a new product (Lebreton 2007). The satis-
faction of the customer is analysed by asking the customers for 
feedback on the remanufactured product. If they are not happy, 
the DA collects further details on the reasons for dissatisfaction 
and problems about the remanufactured product. This infor-
mation can later be sent to the remanufacturing company for 
improvement. If the customers are happy with the remanufac-
tured product the DA does not perform a major action and the 
distributor is satisfied with the good service.

The other measure for the DA is the output quantity level, 
i.e. the number of remanufactured products sold per day. It is 
equally important to measure the output quantity level to know 
how many products are being sold per day to determine the net 
income for the system. The main objective of the DA would be 
having an increased service level. To be specific, The DA agent 
was not explicitly included in the case study.

This concludes the agent-based simulation model. The agents 
perform their actions and make decisions to achieve their indi-
vidual goals. The RL system’s net outcome is achieved with the 
help of each agent operation. The agents work together in setting 
up a RL system that is an efficient and cost-effective process. The 
objective of the total RL system is to have a process with maxi-
mum revenue from remanufactured products.

Case study: cell phone remanufacturing

In Canada, the average age of a cell phone is 22  months 
(CWTA 2013b). Once a cell phone is traded in, it is collected 
for processing. There are many collection centres throughout 
the country, including network providers’ retail stores, public 
drop-off locations and recyclers’ processing facilities. In 2013, 
1,067,266 cell phones were collected by recycle my cell (RMC), 
a cell phone recycling program with other member initiatives 
in Canada (CWTA 2014). Per a survey by the RMC program 
in association with Canadian Wireless Telecommunication 
Association (CWTA), 41% of Canadians recycled/donated/
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Figure 6. Distributor agent (Da) – decisions and actions.
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14   G. R. S. PANDIAN AND W. ABDUL-KADER

modifications according to a product in another industry, such 
as mechanical products, and the performance of the product’s 
remanufacturing activities can be measured with the help of the 
developed agent-based model.
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an agent-based simulation model, which was supported by the 
various agents’ decisions and actions and demonstrated with the 
help of a case study in cell phone remanufacturing.

The decisions and actions of every agent were tailored to fit in 
any similar kind of electronic remanufacturing activities and can 
be extended to other similar products with a few modifications 
where the product may have to follow different actions and deci-
sion routes as per their needs. The list of processes and activities 
taking place at a remanufacturing facility was developed with 
the help of interviews and designed to be generic. As previously 
highlighted by Rajagopalan and Yellepeddi (2007), the need for 
a general list of processing activities is important when measur-
ing performance. The RL process flow diagram provided in this 
research accomplishes this by including all general activities for 
an electronic product.

The other overarching themes explored were problems related 
to uncertainty, EES benefits, communication among actors, need 
for computer-based programs to assess the RL enterprise perfor-
mance. These objectives were completed by creating an agent-
based simulation model. The experiment ran with the help of 
agent-based simulation, was able to provide recommendations 
to solve the problems related to uncertainty, and looked into the 
EES benefits. The agent-based model helped to fulfill communi-
cation among actors.

From the simulation experiments, it was found that the dis-
assembly and repair stage were two bottleneck stations; further 
recommendations were provided for improvement. The IDS sug-
gested at the CA level, would provide information on quality, 
quantity and problems associated with the products that come 
for return. All other agents will be able to retrieve the informa-
tion using a display monitor or a quick response (QR) scanner. 
This partially addresses the uncertainties related to quantity and 
quality, while the addition of IDS alleviates the uncertainties 
related to RL. Additionally, the importance of adding barcode 
information to the products to reduce the disassembly time dur-
ing remanufacturing was also highlighted. These were the main 
recommendations the model proposed to improve each agent.

To summarise, the main objective of this research was to col-
lectively measure the performance of each individual company, 
agent, or department in the RL system using an agent-based 
simulation technique. Further, recommendations to improve 
each agent’s performance have been provided, and by adding 
recommendations, the overall performance of the RL system can 
be improved. The major advantage of using an agent-based simu-
lation technique is to measure the performance of the system and 
capture the system dynamics, as well as measuring and under-
standing the performance of each individual agent separately 
and at one time. This model can be extended to other products 
with minor or reasonable revisions of the agents’ decisions and 
actions.

Apart from the recycling facility, this model is limited to a 
system that remanufactures a single product at a time, though a 
model that would remanufacture multiple products at the same 
time could be a possible extension of this research. Likewise, in 
the cell phone remanufacturing case study, accessories like charg-
ers, batteries and earphones were not taken into consideration 
while designing the model. The model can include the accesso-
ries in the future, and the performance of the RL enterprise can 
be evaluated. Finally, the model can be tweaked to include a few 
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