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Abstract
Every organisation has an upper limit to the number of orders or products that it can
manufacture or remanufacture per unit time. In reverse logistics operations, capacity limits
can lead to inefficiencies in the remanufacturing process. In this paper, comparisons were
made of the Bullwhip effect (BWE) in closed-loop systems that have collection and
remanufacturing capacity limits and those that do not. Collection and remanufacturing
capacity limits were introduced for a system where a company had to collect ‘enough’
products before remanufacturing can begin. This introduced collection backlogs,
remanufacturing backlogs and remanufacturing downtimes to the closed loop supply chain
(CLSC). By adopting a systems dynamics approach, the research performed ‘what-if’
analyses of the closed-loop system under different levels of the factors under investigation.
Two case studies were investigated: one remanufacturing electric vehicle batteries (low
demand, slow moving item) and the other remanufacturing kitchen appliances (high de-
mand, fast moving item). Firstly, introducing collection and remanufacturing capacity limits
in the reverse chain increased the BWE to a level higher than the reverse chain without any
capacity limits, but not to the level of the forward chain without any product returns.
Secondly, introducing collection and remanufacturing capacity limits for a closed-loop
system where a company had to collect ‘enough’ products before remanufacturing begins
had different impacts depending on the product demand size and speed. The presence of
external returns by other parties not regulated by an organisation had an impact of lowering
the BWE in the closed-loop system and it also impacted how the other factors under
investigation affected the Bullwhip effect. These findings were used to provide managerial
insights for organisations venturing into reverse logistics.
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Introduction

Background and problem statement

An “almost ubiquitous problem” occurring in supply chains was mentioned by Lee,
Padmanabhan and Whang [31]. This problem was the so-called BWE. The BWE is “a
phenomenon by which even small variations in customer demand may generate high alter-
ations in upstream production of suppliers”[14]. The consequences of the BWE to a supply
chain were identified by Lee et al. [31]. These include excessive inventory investment, poor
customer sales leading to loss of sales, misguided capacity plans, inactive transportation and
missed production schedules. All these result in excess costs which would impact on the
supply chain’s profitability which makes the concept interesting to both industry and
academia.

The topic however, is not a new one as it has evolved from as early as 1958 [28]. According
to the authors, the BWE has evolved from production and inventory control (before 1958),
through the stage of the beer game (1989–1997) up to the stage of avoiding the BWE (after
2000). In all these phases, a lot articles have been published on the topic. However, Fransoo
and Wouters [20] argued that although there are many remedies for the BWE summarised in
existing literature, the BWE is still a concern in practical supply chains. This is mainly because
existing papers analyse BWE in a simple supply chain, consider different business environ-
ments and have limited assumptions made regarding practical supply chains which are more
complex. This happens because adjusting even one parameter in the system would signifi-
cantly impact other parameters and influence the supply chain behaviour.

In an invited review, Wang and Disney [51] explained the evolution of BWE research and
what is still being expected in the coming years. In their narrative literature review, the authors
identified main topics of interest that are emerging under BWE research. This shows that the
BWE is still an interesting topic. The authors mention extensions to the topic such as BWE in
complex systems, in service chains, with price consideration, with resource competition, with
sustainability and as an extended concept.

Recently, research on the BWE has focused on closed loop supply chains (CLSCs).
Authors such as (among others) Tang and Naim [43], Zhou, Disney, Lalwani, and Wu [57]
and Zhou and Disney [56] investigated the impact of information transparency, return yield
uncertainty, remanufacturing lead time uncertainty and consumption lead time uncertainty.
Their most popular conclusion was that an increase in the return rate led to a decrease in the
BWE in the supply chain.

Many authors have used different methodologies such as system dynamics and reached the
same conclusions. Authors such as Turrisi, Bruccoleri, and Cannella [46], Zhang and Yuan
[55], Yuan and Zhang [53], Wan and Li [49] andMa, Chai, Zhang and Zheng [33] agreed with
the conclusion that an increase in the return rate decreased the BWE in a supply chain. Das and
Dutta [10] agreed with the same conclusion but with the condition that when inventory cover
time (a level of extra stock that is used to mitigate the risk of stock-out), inventory adjustment
time (the time taken to correct inventory discrepancies in inventory due to changes in demand)
and remanufacturing percentage (the percentage of the successfully collected products that was
remanufacturable) are kept constant, that is when an increase in the collection of returns will
reduce the BWE in a supply chain.

Additional factors were looked into by Zanoni, Ferretti and Tang [54] who investigated the
impact of different inventory control policies in a hybrid manufacturing/remanufacturing
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system. Their investigation focused on PULL (in a PULL system, remanufacturing starts
whenever the inventory position of serviceable inventory drops to a certain level, and there is
sufficient recoverable inventory to increase the inventory position to the desired level), shifted
PULL (modified PULL system), DUAL (when the inventory position of the serviceable stock
drops to or below the reorder point and a replenishment order is triggered that is split into
manufacturing and remanufacturing orders) and separate PULL (objective of this policy is to
separate as much as possible manufacturing decisions and remanufacturing decisions) inven-
tory control systems. In their conclusion, the authors state that manufacturing BWE can be
reduced in a DUAL policy and remanufacturing BWE can be reduced in a shifted PULL
policy. He, Yuan and Zhang [23] also investigated the impact of the 3P (third party) recycler
behaviour on the whole supply chain members and how the environmental policy index
impacted the third party recycler behaviour. They investigated factors such as the recycling
ratio and the recycling delay. Hosoda, Altekin, Sahin, Disney and Gavirneni [29] investigated
the impact of an advance notice on returns and noted a fundamental trade-off between the
volume of returns and dynamic supply chain performance. Another different research inves-
tigated the impact of different recovery options depending on the level of processing under-
gone by product returns. This research by Sy [42] argued that the amplifications increase when
remanufacturing is introduced in the supply chain. The authors also identified remanufacturing
and refurbishing as having more significant impact on the forward chain than other recovery
options.

Although the majority of the research on the BWE in CLSCs agree with the conclusion that
introducing returns reduces the BWE, Some authors disagree with this conclusion. Ding and
Gan [12] argued that when remanufacturing is introduced in a supply chain, BWE increases in
the closed-loop supply chain and it increases with an increase in product returns. This
opposing conclusion was similar to that of Adenso-Díaz et al. [1] who first identified factors
that were significant in impacting the BWE in both the forward and the closed-loop supply
chain. Adenso-Díaz [1] claimed that the return rate can mitigate the BWE for lower returns but
increases the BWE for higher returns. Hosoda, Altekin, Sahin, Disney and Gavirneni [29]
argued that longer remanufacturing lead times may reduce inventory variance and increasing
return yields could have a negative impact on the system. Zhou, Naim and Disney [58] had
conclusions differing from their previous research. The authors also argued that increasing the
return yield to a certain level can reduce the risk of stock out, however as much as the retailer
can accept more returns, the other upstream echelons have to be more cautious about how
many returns to accept because of the chaos caused by a high volume of returns. This was
different from their previous conclusions that a high volume of returns results in lower BWE.
The authors argued that high volumes of returns are beneficial in reducing the BWE horizon-
tally and shorter lead times generally (but not always) lead to lower BWE. Their main
argument was that the closed-loop system does not always benefit from reverse logistics, as
the total variance with reverse logistics is sometimes bigger than without reverse logistics.

Recent research on the topic was by Tombido, Louw, and van Eeden [45] who investigated
the impact of supply chain network structure both in the forward and reverse chains on the
BWE in a closed loop system with remanufacturing. The authors concluded that a serial
network is more sensitive to changes in the reverse chain in terms of the number of parties
involved compared to a divergent supply chain. The authors also argued that the serial network
assumption overestimates Bullwhip measures. Tombido and Baihaqi [44] also investigated the
impact of splitting markets between new and remanufactured affected the BWE in closed loop
systems and how introducing a substitution policy changed the levels of the BWE in the
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system. The authors concluded that splitting markets between new and remanufactured
products increased the BWE in the system. In addition, introducing a downward substitution
policy, reduced the BWE in the system but not to the level it was before the markets for new
and remanufactured products were split.

Despite the differences in modelling assumptions and methodology, three factors have
emerged (among the majority of studies) as having an impact on the BWE in the closed-loop
supply chain. These factors are the (1) remanufacturing lead time, (2) collection rate and (3)
the remanufacturing rate. Whilst the findings of various authors on the topic differ, the
majority of the authors agree that increases in the collection rate and remanufacturing rate
reduce the BWE in closed loop systems whilst longer lead times result in higher BWE.

In a similar way, the following modelling assumptions have also emerged as being popular
among most of the studies;

1. Unlimited remanufacturing capacity.
2. Remanufactured products being similar to new products and being sold in the same

market.
3. PUSH inventory control policy for returned products.
4. A one product serial supply(a supply chain with only one player at each stage of the

supply chain) chain whereby each echelon (supply chain stage/level) is preceded by one
entity and also succeeded by one entity.

5. In the forward chain, a common assumption was random stationery demand where the
order placed by each echelon is the average forecast plus a fraction of the discrepancy
between actual and target inventory levels and a fraction of actual and target work in
process levels as described by Tang and Naim [43]. Most studies have also assumed an
exponential smoothing forecast for each echelon.

“Capacity is the processing abilities and limitations that stem from the scarcity of various processing
resources”- [8]. The author further emphasised that capacity can be interpreted as some upper bound
on processing quantities. “Capacity constraints usually refer to considering upper limits in the order
sizes placed by suppliers, or upper limits in the orders’ acceptance level” [14].

Capacity constraints in a supply chain have always been looked into from the perspective of the
production capacity. In the case of a manufacturing/remanufacturing system, most authors have
always assumed an unlimited capacity. An argumentmade byWang, Li, Yan, and Zhu [50]was that
considering capacity constraints made their paper more realistic and complex. In their paper, the
authors investigated optimal production and pricing strategies faced by a manufacturing/
remanufacturing systemwhere returns were collected under a name-your-own-price bidding system
and the manufacturer had limited capacity to produce both new and remanufactured products.

Aksoy and Gupta [2] identified two different types of uncertainties that affect the reverse
logistics process;

I. Internal uncertainty comprises of variations within the remanufacturing process such as
the quality level of the product, the remanufacturing lead time, the yield rate of the process
and the possibility of system failure.

II. External uncertainty comprises of the variations originating from factors outside of the
remanufacturing process which include the timing, quantity and quality of returned
products, the timing and the level of demand and the procurement lead times for new
parts/products.
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The authors claimed that these uncertainties result in the undersupply or obsolescence of
inventory, improper remanufacturing plan and loss of competitive edge in the market. In their
research the authors considered capacity constraints in the remanufacturing process and they
examined the trade-offs between increasing the number of capacity buffers and increasing the
capacity at the remanufacturing stations under numerous circumstances. They investigated
performance measures such as total cost, average WIP (work in progress) inventory through-
put and average remanufacturing time when the remanufacturing stations are operating in
uncertain environments.

Uncertainties in the remanufacturing process were further explained by Heydari, Govindan,
and Sadeghi [25]. They explained that uncertainties in remanufacturing may occur in the
volume or quantity of returned items, their recovery rate and the remanufacturing capacity or
yield. They further explained that uncertainties regarding the quality of returned items as well
as required processing times of these returns affect the available capacity in the
remanufacturing system and results in some degree of capacity uncertainty. In their research,
the authors investigated a reverse supply chain model under the uncertainty of remanufacturing
capacity. They defined two scenarios:

I. When there is a limited capacity for the remanufacturing of products. In this case too many
returned products may cause inefficiency of the reverse logistics system. In their case,
excess products that exceeded the remanufacturing capacity were sold as scrap.

II. When there is sufficient capacity, and insufficient supply of returned products. This
causes downtime in the remanufacturing capacity and that downtime causes inefficiency
in the reverse operations.

Heydari, Govindan, and Sadeghi [25] aimed at providing an analytical solution for reverse
supply chain coordination to maximise supply chain profits where remanufacturing capacity
was considered to be a stochastic variable. They argued that stochastic remanufacturing
capacity aligned their model more closely to real-world cases. This was the same argument
presented by Wang et al. [50]. In their results, Heydari, Govindan, and Sadeghi [25] revealed
that uncertainties in the remanufacturing capacity cause significant changes in the modelling
process and also in the output of the reverse logistics system. This was supported by Feng,
Zhang, and Tang [18] who argued that “capacity constraints due to the limitation of resources
and the bearing capacity of equipment may play an important role in decision making”.

Wei, Tang, and Sundin [52] carried out a literature review on core acquisition management
and they mention the consequences of having a shortage of products for remanufacturing as
well as of having too many products returned for remanufacturing. One of the consequences
for having insufficient returns as mentioned in the article, is that companies use new products
to meet demand. Similarly, Wei, Tang, and Sundin [52] mentioned the consequences of
collecting more than enough. One of these consequences is increasing the holding costs of
inventory because the company will have to stock the extra returns.

On the issue of manufacturing and remanufacturing capacity limits, Studies have been
identified that investigated the impact of capacity constraints in a supply chain. These studies
are summarised in Table 1.

To the authors’ knowledge, (as seen in Table 1) only two works have considered the effects
of capacity limitations on the BWE in CLSC settings, namely, Dominguez, Ponte, Cannella,
and Framinan [14] and Adenso-Diaz et al. [1]. Dominguez et al. [14] via a difference math
equation approach investigated the impact of combinations of four factors: variability or return
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yield; variability of customer demand; manufacturing and remanufacturing capacity limits on
the BWE in a closed-loop system. They assumed a one echelon supply chain. The authors
reached a conclusion that the capacity limitation in the manufacturing line of a closed-loop
supply chain limits the BWE suffered by the manufacturer. They also conclude that the
capacity limit of the remanufacturing line limits the BWE suffered by the remanufacturer,
for cases when the return yield and/or the customer demand have high uncertainties. The
capacity limits of the remanufacturer may also reduce the BWE suffered by the remanufac-
turer. Adenso-Diaz et al. [1], via the cider game (an extension of the Beer game, a game which
is generally applied in supply chain management studies) analysed the impact of 12 factors on
a CLSC including the recycler’s capacity. The authors dismiss the factor as having no
significant impact on the BWE in the closed loop system.

These prior works did shed some light on the BWE in supply chains with capacity
limitations. However, firstly, most of these studies did not focus on CLSCs and secondly,
although the majority agreed that capacity limits lower the BWE, there are others that argue on
the relevance of capacity limits on the BWE. As a result, there are no clear conclusions
regarding the impact of capacity limits on the BWE in a supply chain [4].

Objectives and methods

Motivated by the above-mentioned considerations, this work aims to investigate the impact of
collection and remanufacturing capacity limits on the BWE in CLSCs with remanufacturing.
To do so, a CLSC is modelled via a systems dynamics approach. Systems dynamics allows for
modelling “what-if” scenarios of the CLSC. Table 2 shows the differences between this paper
and the other two papers that investigated capacity limits in remanufacturing.

Scenarios in the CLSC model were motivated by those described by by Heydari, Govindan,
and Sadeghi [25]. This paper aims to investigate the impact of capacity downtime and
inefficiencies in the closed-loop system on the BWE. This makes it different from Dominguez
et al. [14]. In this research, collection and remanufacturing capacity limits are explored based
on scenarios where the collected products may either be too much for the available capacity
(resulting in inefficiencies and backlogs) or too little (resulting in downtime of the
remanufacturing line). Dominguez et al. [14] did not look into these scenarios, they only
imposed capacity limits in both the production and remanufacturing lines. This research also
considers a scenario whereby the collector has limited collection capacity such that the
available used products can be more than the available collection capacity. Dominguez et al.
[14] did not consider collection capacity limits. Unlike Dominguez et al. [14], this paper did
not look into a one echelon supply chain. It considers three echelons, the distributor, the
wholesaler and the retailer. This paper also uses data from two case studies with different

Table 2 Differences between research on impact of capacity limits on the BWE in CLSCs

Issue Dominguez et al. [14] Adenso-Díaz et al. [1] This research

Research method? Difference math equation Cider game Systems dynamics
Number of echelons? One Two Three
Case studies None None Two
Real world scenario experimentation? No No Yes
Collection capacity limits? No No Yes
Remanufacturing capacity limits? Yes Yes Yes

8 Journal of Remanufacturing (2022) 12:1–45



products. Dominguez et al. [14] and Adenso-Díaz et al. [1] did not use case studies in their
research.

A capacity limit may lead to the concept of the economic batch quantity as explained by
Hussain and Drake [30]. The authors explain the concept of the economic batch quantity
where it is economically beneficial for a company to produce large batches to reduce the
number of facility setups and improve manufacturing efficiency. Such concepts can also be
applied to remanufacturing where in this case batching will be as a result of capacity. van der
Laan et al. [47] also explained the concept of the remanufacturing batch quantity when they
explained how remanufacturing begins when enough products have been collected. When the
capacity is limited with respect to the collected products, the limit might cause delays in the
supply chain which might negatively impact the BWE in the supply chain (based on the
conclusion by Zhou and Disney [56] that longer remanufacturing lead times have less impact
at reducing the BWE than shorter lead times).

Based on the consequences and scenarios described by Wei, Tang and Sundin [52] and
Heydari, Govindan and Jafari [24], this paper explored the impact of capacity limits on the
dynamics of a closed-loop supply chain based on the following scenarios:

1. The BWE in an ordinary supply chain with no product returns.
2. The BWE in a supply chain with returns from the customer for either reuse, recycling,

refurbishing, cannibalisation or remanufacturing without any capacity constraints for both
collection and remanufacturing.

3. The BWE in a closed-loop system with returns from the customer and collection capacity
constraints but unlimited remanufacturing capacity. In this scenario products were
remanufactured as they were collected.

4. Same as scenario 3, but there was no limit to the collection capacity (all products were
collected) whereas the remanufacturing capacity had a limit. In the case where the
collected products were more than the remanufacturing capacity, they were carried
forward to the next period. Similarly, when the collected products were less than the
remanufacturing capacity, no remanufacturing took place in that period until enough
products had been collected for remanufacturing.

5. Same as scenario 3 but both the collection and the remanufacturing capacities were
limited.

In this paper, the remanufacturing capacity limit has been described as “the minimum number of
used products that a company had to collect per unit time for it to be able to begin remanufacturing. It
was also themaximumnumber of used products that a company could remanufacture per unit time”.
Defining the remanufacturing capacity limit in terms of minimum and maximum amounts of
products for remanufacturing meant the introduction of remanufacturing backlogs and
remanufacturing downtime. These were defined as “the number of orders stocked and in queue to
be remanufactured” and “The periods of time when there was no remanufacturing taking place”
respectively. The remanufacturing backlogs usually appeared when the company failed to collect
enough products to begin remanufacturing and had to stock collected products until they had
‘enough’ for remanufacturing or when the company collected products that were more than the
remanufacturing capacity and the extra products had to be carried over to the next period. The
remanufacturing downtime also occurred when the company failed to collect ‘enough’ products to
begin remanufacturing in that period. Collection capacity limits were also defined as “the maximum
number of used products that an organisation could collect per unit time.
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The rest of this paper is structured as follows. Section 2 provides detail on the CLSC model
and the verification and validation of the model. Section 3 describes the case studies and the
design of experiments. Section 4 discusses the findings and managerial implications from the
simulations. Finally, Section 5 concludes and identifies important directions for future
research.

Closed–loop system description

Structure, assumptions and mathematical modelling

This research is concerned with CLSCs that simultaneously manufacture and remanufacture
their own products. Such CLSCs were described by Prahinski and Kocabasoglu [38] and Asif,
Bianchi, Rashid, and Nicolescu [3]. Prahinski and Kocabasoglu defined CLSC s [38]) as
“supply chains designed to consider the processes required for product returns in addition to
the traditional forward chain processes”. The authors state that in closed-loop supply chains,
the product returns to the Original Equipment manufacturer (OEM) and that they can lead to a
business making adjustments in product design and procurement practices. Asif et al. [3]
further explained that the used product enters the supply chain and is used in the mainstream of
a manufacturing forward material. Asif et al. [3] also mentioned that the remanufactured
product is sold in the same way as the new one, i.e. the remanufactured product is not
considered as a different product variant and order and supply is not handled separately. Such
CLSCs are common in practice when manufactured and remanufactured products are perfect
substitutes, such as in the spare parts industry [39].

The dynamic structure of the CLSC is shown in Appendix, together with the model
equations. The CLSC consists of 3 echelons, the distributor, the wholesaler and the retailer.
The causal loop diagram in Fig. 1 visually describes the flow of material in the CLSC.

From Fig. 1, the forward chain begins with the manufacturer who has already procured raw
materials from suppliers. The serviceable inventory consists of new products through produc-
tion. Production introduces new products according to their production time, reused products
collected from end customers and remanufactured products through collection and
remanufacturing. The intention of the serviceable inventory is to cover as many orders as
possible placed by the distributor. These orders needed some delivery time to reach the
distributors. Increasing the shipments to the distributor increases the distributor’s inventory.

The same process was repeated in the links of the wholesaler and retailer. In these cases
however, rather than linking the serviceable inventory with the distributor’s inventory, the
distributor’s inventory was linked with that of the wholesaler and the wholesaler’s inventory
was connected to the retailer’s inventory. All unmet orders were backlogged and were satisfied
after a period of time. The retail inventory was intended to meet demand through sales. The
sales turned to used products after their product life cycle time (time which the product is
designed to be useful) and the residence time (time which the consumer decides to keep the
product) that could be collected for reuse, remanufacturing or recycling.

The reverse chain begins when products are collected. The collection of products was
limited by the collection capacity of the party responsible for the process. All collected
products were sent to the collected products inventory which decreased as products were
deemed suitable for reuse. Rejected products for reuse were inspected to see if some compo-
nents could be replaced and whether they could be reused again. If a component could be
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replaced then the products increased the products accepted for remanufacturing inventory and
decreased the collected products inventory.

The products accepted for remanufacturing inventory was decreased by the
remanufacturing rate which was controlled by the remanufacturing capacity, the
remanufacturing time and the remanufacturing percentage. An increase in the remanufacturing
time decreased the remanufacturing rate, while an increase in the remanufacturing percentage
increased the remanufacturing rate. A smaller remanufacturing capacity also decreased the
remanufacturing rate. Products that were not accepted for remanufacturing increased the
inventory of products rejected for remanufacturing. This inventory was decreased when these
products were further torn down to find out if they may have components that could be reused.

An increase in reusable components increased the components inventory while decreasing
the inventory of products that could not be remanufactured. If components cannot be reused
they are inspected to see if they can be remanufactured. Those components that could not be
remanufactured could be recycled for material recovery.

To simplify mathematical modelling of the CLSC, certain assumptions have been made and
they are listed below:

& Each echelon received information on demand from the downstream echelon as well as
information regarding how many products can be shipped by the preceding echelon. The
demand is satisfied by both the inventory on hand and the products shipped to the echelon.
The forward chain followed a periodic review inventory policy as described by Chopra
and Meindl [9]. In a periodic review period, the organisation reviewed inventory weekly to
identify discrepancies from the desired inventory level. Each week the organisation placed
different orders depending on the inventory discrepancy. The system followed an Order-
Up-To policy (OUT) as described by Disney and Lambrecht [13]. In this policy, the order
placed by each echelon is equated to the sum of the forecast of demand, the inventory
discrepancy and the backlogged orders. Each supply chain used the exponential smoothing
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Fig. 1 Causal loop diagram of the closed-loop system
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forecasting technique. This was mentioned by Sterman [41] as one of the most common
forecasting methods in industry.

Each echelon in the forward chain had the same lead times and used exponential smoothing.

& End customer demand was stationery.
& Information was shared within echelons. The connection between echelons was solely

through the orders placed to the nearest upstream echelon This meant that end customer
demand was only shared with the retailer and that information on returns and
remanufacturing was only shared with the manufacturer and the serviceable inventory.

& A remanufactured product was assumed to be as good as new.
& The model assumed a serial supply chain.
& Each supply chain was composed of one product.
& The models did not consider products returns inside echelons or between echelons of the

forward chain. This meant that it did not consider production returns, returns by retailers
and distributors to suppliers and product recalls by the manufacturer.

& The closed-loop system under study assumed that manufacturing and remanufacturing did
not share the same plant. This meant that the remanufacturing capacity did not have an
effect on the production capacity which was kept constant in this system. Inventory
management in the forward chain was impacted by the presence of returns as they affected
the level of the serviceable inventory. The return of products to the serviceable inventory is
what linked the forward and the reverse chain as inventories had to be adjusted to
accommodate changes in the serviceable inventory due to the introduction of product
returns. The remanufacturing had no impact at all on the fixed production capacity of the
forward chain.

Model verification and validation

In order to verify and validate the simulation models, the following tests as listed by Forrester
and Senge [19] and Hillston [26] were used:

Using a deterministic model helped the modeller to see whether the model was behaving
correctly. This included testing the model under different levels of constant demand in the
forward chain. Under constant demand, constant levels of inventories were expected. For all of
the models, a stable demand means stable inventory levels. It became easier to forecast demand
as well as expected returns. When the demand became constant, the inventories for product
returns also became constant Fig. 2 shows graphs for inventories of returned products for a
constant demand of 400 units per week. As expected, the inventories become constant as the
demand continued being constant. They only change at the beginning of the simulation run
because of the initial conditions. The models therefore behaved as expected under deterministic
conditions.

1. The test for continuity involved varying the values of the stable demand. In real-world
systems, increasing stable demand means increasing orders though the orders will be
constant throughout the periods. The graphs for different levels of stable demand should
have similar shapes,however, the graph for demand of 600 should have more orders than
the graph of demand 400 units.. The system behaved as expected in this aspect as well.
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2. An extreme condition test for a supply chain was when there was no demand at all for
the end product. Under normal conditions, when there is no demand, production stops
because no one would continue manufacturing a product for which there is no demand.
The order backlogs at all levels of the supply chain will decrease to zero as there will be no
more incoming orders at each level of the supply chain. Inventories at all levels should
also be zero as there will be no orders to reduce inventory levels. The model behaved as
expected under extreme conditions. Another example of the extreme conditions tests
carried out when the production capacity was set to zero. This meant that the manufacturer
failed to make products either due to a breakdown or a strike. The order backlogs at all
levels should increase as there will be incoming orders which are not being satisfied. The
inventories will drop to zero as there will be no supply of stock. For the closed-loop
system, setting the collection capacity to zero, meant that no products could be collected
by the collector, hence there should be no reverse logistics activities. All used products
after their residence period will go to the uncontrollable disposal inventory. The inventory
increases sharply at the beginning of the experiment runs and with constant production,
demand and residence time, the inventory becomes constant at certain levels. The
collected products inventory disappeared and dropped to zero when the collector failed
to collect used products. This behaviour was similar to the real-world experience which
showed that the model behaved normally under extreme conditions.

3. The dimensional consistency test was used to analyse the consistency of a model’s
equations. Failure to pass this test by inclusion of parameters with little or no meaning as
independent structural components often revealed faulty model structure. In STELLA and
VENSIM, there is an option to enforce unit consistency. Once this feature was enabled, a
model could not run until the units of all parts of the model were consistent. The test was
important in identifying wrong equations and error in the use of units.

4. Theoretical structure tests involved comparing the model with generalised knowledge
about the system that exists in literature. In this research, the model was compared to the
models made by Das and Dutta [10] as well as the forward chain defined by Hussain and
Drake [30]. These were the two closest articles to the model in this dissertation and they

Fig. 2 Inventory levels in the reverse chain when the demand is constant
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used the same methodology, although in the case of Das and Dutta [10] they used different
software.

5. Empirical structure tests involved comparing the model structure with the information
obtained directly from the real system being modelled. The models were built for more
than one organisation. Data for each organisation was input into the model as a way of
empirically testing the model.

Case studies and experimental design

Implementing CLSCS has been met with a lot of barriers in many organisations. Most of the
barriers have been associated with the uncertainties in timing, quality and quantity of the
product returns. Another common uncertainty in CLSC s is the customer acceptance of the
remanufactured products. Because of these uncertainties, most organisations have delegated
reverse logistics operations to third parties. Supply chain stability and the BWE are also
impacted by product returns. The BWE is a serious problem in any supply chain as it is
associated with a lot of costs such as costs of excessive inventory.

Case study descriptions

In addition to mathematically modelling the CLSCs, two case studies involved in the
remanufacturing process were engaged for their data. One of the case studies manufactured
and remanufactured electric vehicle batteries (classified as the slow moving items because of
their very low demands). The other case study manufactured and remanufactured kitchen
appliances (classified as high speed items because of the speed of disappearance of the items
and the high demands). These case studies are described below:

Case study A

The case study is a branch of a large manufacturing corporation in America that sells small
appliances, personal care appliances and health and beauty products for both professionals and
consumers. The main branches of this corporation include, personal care division, hair goods
division, professional products division, cuisine division, waring division, packaging and
appliance manufacturing. For this research, the main focus was on the remanufacturing of
kitchen appliances by the corporation.

The company’s corporate remanufacturing manager provided the information on this
company. The company manufactures and remanufactures kitchen appliances such as
blenders, grill pans, brewers, coffee makers and popcorn makers among other products. The
company not only manufactures and remanufactures its own products but it also collects
products from other companies and remanufactures them.

Case study B

The company is an American energy and automotive company that specialises in electric car
manufacturing. The company currently has a remanufacturing operation for powertrains, electric
vehicles and batteries. A remanufacturing manager and consultant who was once the manufactur-
ing manager for the organisation provided the information on the remanufacturing operation.
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Information provided for both case studies is summarised in Table 3.
The factors under investigation for both case studies are summarised in Table 4 in addition

to their factor levels for investigation.

Experimental design, bullwhip metric and statistical analyses of simulation results

Instead of a full factorial design of experiments, a D-Optimal design as described by Hintze
[27] was used. A D-optimal design is a computer-generated design, which consists of the best
subset of experiments selected from a candidate set. The candidate set is the pool of
theoretically possible and practically conceivable experiments. In a D-Optimal design, the
experimenter specifies the number of simulations they are willing to run, the number of factors
factor levels and type of factors to an algorithm. The algorithm then pulls out an even set of
experimental runs from the full factorial design of experiments. In this paper, a D-Optimal
design of experiments was generated using the “cordexch” algorithm in MATLAB. The
“cordexch” function algorithm in MATLAB generates a D-Optimal design with a specified
number of runs for a specific design. This meant that the experimenter had a choice to specify
the number of simulation they wanted to run based on cost and time. The cordexch function in
MATLAB is illustrated in eq. 1.

Ddesign ¼ cordexch K; n;
0
linear

0
;
0
categorical

0
; K1…KM½ �;0 levels0 ; L1…LM½ �

� �
ð1Þ

Ddesign is an array representing the list of experiments, the factors and factor levels. K is the
number of factors under investigation where K1 represents the first factor and so on. L is the
number of factor levels where L1 is the number of levels for factor 1 and n represents the
number of runs that the experimenter decides on. For each scenario, 1000 simulations were
generated using the D-Optimal design in MATLAB.

The Order Variability Ratio OVR, often referred to as the Bullwhip Ratio was used to
measure production smoothness. The ratio compares the variance of production orders to that
of customer demand. The metric is indicative of the production efficiency, as it related to
variable, capacity-related production costs [37].

Table 3 Information on case studies

Company A Company B

Products Kitchen appliances Electric vehicle batteries
Demand 4000products/week 80 products/week
Production capacity 4000 products/week 80 products/week
Components per product 15 500
Product life cycle 90 days to 3 years 8 years returned after 1 to 6 months
Collection capacity 50,000 products/year 3900 products/year
Disposition methods remanufacturing remanufacturing
Inspection time 3 to 7 min 2 h
Remanufacturing capacity 6000 products/week 75 products/week
Percentage remanufactured 50–70 90
Percentage reuse 90 N/A
Disposition time 0.01 h 12 h

*Company A reused and remanufactured products from external organisations as well. Table 1 shows estimated
percentages of products remanufactured and reused without considering the relationships between the reused and
remanufactured product percentages
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The variance ratio was also described by El-Beheiry, Wong and El-Kharbotly [16]. The
authors state that the variance ratio values can describe the behaviour of each supply chain
member. Values greater than 1 indicate that the member is responsible for amplifying the
Bullwhip effect. The variance ratio is shown in eq. 2.

Bullwhip effect ¼ var Qð Þ
var dð Þ ð2Þ

Where Q is the order placed by each supply chain member per unit time and d is the end customer
demand. In this paper, BWEdistributor represents theBWEat the distributor level, BWEwholesaler
represents the BWE at the wholesale level and BWE retailer represents the BWE at the retail level.

After running the simulations, statistical analyses of the results were necessary. In carrying
out the statistical analysis, a general MANOVA test was carried out in Minitab. MANOVA
was used because the tests were checking the impact of factors on multiple responses that is,
BWE at the retailer, wholesaler and the distributor levels. The Minitab blog [15] lists some
important tests when carrying out a MANOVA analysis of experimental results:

1. The test for the main effects of the factors was carried out by comparing the p-values in
the MANOVA test tables for each term to the significance level. A significance level
(denoted as alpha) of 0.005 was employed. P-values less than alpha meant that means
were statistically significant and the factor had a significant impact on the BWE. Differ-
ences between group means for terms that are statistically significant indicate a pattern
showing how a response is being affected by a factor for example if a BWE retailer
increases or decreases with an increase in inventory cover time.

2. The test for interactive effects of the factors was carried out using the significance of
correlation between each of the factors. An insignificant correlation meant no interaction
between factors and vice versa.

Table 4 Factors under study and their levels

Factor Definition Units of
measure

Levels for case
A

Levels for case
B

Inventory
adjustment
time

The time taken to correct inventory
discrepancies in inventory due to
changes in demand.

weeks 2, 4, 6, 8, 10 2, 4, 6, 8, 10

Inventory cover
time

A level of extra stock that is used to
mitigate the risk of stock-out.

weeks 2, 4, 6, 8, 10 2, 4, 6, 8, 10

Residence time The time that a consumer keeps a
product before giving it away for
collection.

weeks 12, 36, 60, 96 4,8,16, 24

Reprocessing
time

The time it took the company to
remanufacture a single product.

weeks 0.5, 1, 1.66,
2.17

12, 15, 18, 24

Remanufacturing
percentage

The percentage of the successfully
collected products that was
remanufacturable.

N/A 25, 50, 75, 100 25, 50, 75, 100

Collection
capacity

An upper limit to the amount of
used products that the company
could collect per unit time.

Products/week 4000, 6000,
8000

65, 75, 80

Remanufacturing
capacity

A lower and upper limit to the
amount of products that the
company could remanufacture per
unit time.

Products/week 4000, 6000,
8000

65, 75, 80
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These tests were used to provide the conclusions on the impact of the different factors under
investigation.

Key findings and managerial implications

The key findings and managerial implications are explained based on each scenario of the
CLSC described in section 1.2. These findings are explained below:

The BWE in the forward chain with no product returns

The main factors of interest in the forward chain were the inventory adjustment time and the
inventory cover time. The BWE was measured at the distributor level, wholesale level and
retail level. Table 5 shows the significance test for the BWE at the distributor level using
Minitab software. From the tables, it should be noted that RI stands for the retailer inventory,
WI stands for the wholesale inventory and DI stands for the distributor inventory. DF stands
for the number of degrees of freedom, SS is the standard square and MS is the mean square. A
p value less than 0.05 meant that the impact of the factor under investigation was significant.

The table shows that the retailer inventory cover time was the only factor that was not
significant as far as the BWE distributor was concerned. Table 6 shows the differences
between the means tests in Minitab. This test was used to show how the BWE at each level
changed with changes made to each factor under investigation.

Table 6 shows that the BWE decreased with increasing inventory adjustment time for each
supply chain echelon. The BWE effect also increased with an increase in inventory cover time
for each echelon. Drawing conclusions from these tests, the key findings and managerial
implications for the forward chain are explained:

Key findings

The results agreed with those of Das and Dutta [10]. The main findings were that;

1. An increase in inventory adjustment time led to a decrease in the BWE at all levels of the
supply chain.

2. An increase in the inventory cover time led to an increase in the BWE at all levels of the
supply chain.

Table 5 Test for significance of factors at the distributor level

Source DF Seq SS Adj SS Adj MS F P

DI adjustment time 3 23,361,628 23,298,346 7,766,115 22.14 0.000
DI cover time 3 9,805,625 9,500,917 3,166,972 9.03 0.000
WI adjustment time 3 15,312,621 15,358,310 5,119,437 14.59 0.000
WI cover time 3 9,373,023 9,314,884 3,104,961 8.85 0.000
RI adjustment time 3 37,261,902 37,097,491 12,365,830 35.25 0.000
RI cover time 4 5,153,137 5,153,137 1,288,284 3.67 0.006
Error 880 308,701,774 308,701,774 350,797
Total 899 408,969,710
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3. Factors on the downstream levels of the supply chain had an impact on the BWE of the
upstream levels. However, factors on the upstream levels of the supply chain had no
impact at all on the BWE of the downstream levels.

4. The conclusion that the BWE increases as one goes upstream held in all cases.

Managerial implications: No returns

From the operational perspective, it is more beneficial to the supply chain players to make
allowances for inventories to take time to absorb demand variances. This is preferable to
quickly adjusting production and distribution to match the variable demand. Taking time and
giving inventories time to absorb demand changes helped in improving supply chain

Table 6 Minitab output for the differences between means for the BWE in the forward chain with no product
returns

BWE distributor BWE wholesaler BWE retailer

Mean SE Mean Mean SE Mean Mean SE Mean

DI adjustment time
1 289.186 34.079 23.039 4.502 12.374 4.366
2 129.591 33.671 16.874 3.840 4.314 4.448
3 59.694 34.555 13.818 4.565 3.253 4.427
4 58.638 34.295 15.293 4.531 3.511 4.394
5 45.361 34.481 18.096 4.555 2.898 4.418

DI cover time
1 51.070 34.517 19.821 4.560 3.419 4.422
2 64.920 33.870 18.250 4.475 12.047 4.340
3 82.341 33.172 14.191 4.382 3.393 4.250
4 157.027 35.586 15.193 4.701 3.559 4.559
5 227.111 33.911 19.665 4.480 3.458 4.345

WI adjustment time
1 348.645 33.967 49.747 4.487 12.090 4.352
2 69.999 33.924 11.317 4.482 3.328 4.346
3 58.631 34.539 9.891 4.563 3.447 4.425
4 61.106 35.733 9.456 4.721 3.424 4.578
5 44.088 32.986 6.709 4.358 3.586 4.226

WI cover time
1 39.765 33.828 5.289 4.469 3.036 4.334
2 70.362 34.173 9.709 4.515 3.318 4.378
3 100.465 34.191 17.204 4.517 12.435 4.381
4 160.482 33.655 27.565 4.446 3.404 4.312
5 211.395 35.140 27.353 4.642 3.682 4.502

RI adjustment time
1 383.183 35.907 60.210 4.744 20.123 4.601
2 107.048 35.003 13.811 2.908 4.624 4.485
3 43.347 33.439 6.917 4.418 1.346 4.284
4 35.739 32.900 4.648 4.346 0.933 4.215
5 13.152 34.121 1.534 4.508 0.566 4.372

RI cover time
1 51.759 34.235 6.554 4.523 2.310 4.386
2 108.557 33.361 14.742 4.407 2.198 4.274
3 117.052 33.546 19.941 4.432 12.142 4.298
4 125.812 36.781 18.465 4.859 4.559 4.713
5 179.288 33.436 27.418 4.417 4.666 4.284

18 Journal of Remanufacturing (2022) 12:1–45



dynamics. It is also necessary for managers to consider reducing the time taken to process
orders and the safety stock (inventory cover time). This time affects the desired inventory level
in a periodic review policy. An increase in the desired inventory level would mean larger
orders placed by each echelon relative to the actual orders placed by the customer. This led to
increases in oscillations in the supply chain as measured by the BWE. Managers should take
care in selecting safety stock levels and they should ensure an efficient order processing system
to minimise the cover time.

The closed-loop system with no capacity limits

The main factors of interest in this scenario were the residence time, reprocessing time and the
remanufacturing percentage. The BWE was again measured at the 3 levels described in section
4.1. For case study A (remanufacturing kitchen appliances), external returns from other parties
other than the company’s customers were modelled. Using Minitab, similar tests were carried
out to determine the impact of the factors on the BWE at all echelons of the supply chain.
Table 7 shows a significance test for case A at the distributor level, with the presence of
external returns from other parties.

Table 7 shows that none of the factors had a significant impact on the BWE distributor.
Similar results were obtained for the BWE wholesaler and the BWE retailer. The differences
between means also showed that there were differences between means foe each echelon and
each factor level, but the differences did not show a distinct pattern. The differences between
means are shown in Table 8.

Because of these findings, case A was remodelled without external returns to find out out if
the reaction of the BWE to the factors was indeed impacted by the presence of the external
returns. Tables 9 and 10 show the similar tests at the distributor level for case A without
external returns.

In the absence of external returns, the residence time and the remanufacturing percentage
had significant impact on the BWE distributor. Similar results were obtained for the BWE
wholesaler and the BWE retailer. The differences between means, Table 10, shows that the
BWE at all levels increased with an increase in residence time. The BWE also decreased with
an increase in the remanufacturing percentage. The reprocessing time had no significant
impact and it also showed no distinct pattern.

A comparison of descriptive statistics for case A of the BWE for the forward chain with no
returns, the closed loop system with no capacity limits with external returns and the closed
loop system with no capacity limits, with no external returns is shown in Fig. 3.

The means for the BWE distributor, wholesaler and retailer were higher in the absence of
external returns, although they were lower than the BWE of the original supply chain without

Table 7 Test for significance of factors for BWE distributor for kitchen appliances with no capacity limits with
external returns

Source DF Seq SS Adj SS Adj MS F P

Residence time 3 17.642 17.642 5.881 1.33 0.274
Remanufacturing percent 3 2.561 2.561 0.854 0.19 0.901
Reprocess time 3 4.715 4.715 1.572 0.36 0.785
Error 54 238.673 238.673 4.420
Total 63 263.591
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any product returns. This was similar for the maximum and the minimum values of the BWE.
This outcome showed that although external returns increase the flow of returned products and
improve the remanufacturing rate to lower the BWE, they do affect how the factors impact the
BWE at all levels.

Table 11 summarises the results for the closed-loop system with no capacity limits for both
case studies.

The key findings and managerial implications for this scenario are explained;

Key findings

The major findings in this scenario were that:

1. The BWE at all levels of the supply chain decreased with an introduction of product
returns. This was in agreement with Das and Dutta [10] as well as the conclusions reached
by Zhou and Disney [56].

2. The very small reprocessing time (that was small in comparison to the residence time) had
no significant impact on the BWE at all levels for both product types.

3. For kitchen appliances, the presence of external returns affected how the factors under
investigation impacted the BWE in the closed-loop system.

Table 8 Least squares means for kitchen appliances with no capacity limits with external returns

BWE distributor BWE wholesaler BWE retailer

Mean SE Mean Mean SE Mean Mean SE Mean

Residence time
12 2.2793 0.52599 0.4655 0.9505 0.2102 0.01248
36 2.0234 0.52599 0.4342 0.9505 0.2285 0.01248
60 0.8996 0.52599 0.2148 0.9505 0.1820 0.01248
96 1.5504 0.52599 0.3431 0.9505 0.2064 0.01248

Remanufacturing percent
25 1.6158 0.52599 0.3534 0.9505 0.2041 0.01248
50 2.0048 0.52599 0.4187 0.9505 0.2106 0.01248
75 1.6774 0.52599 0.3586 0.9505 0.2106 0.01248
100 1.4547 0.52599 0.3269 0.9505 0.2019 0.01248

Reprocessing time
0.004 2.1299 0.52599 0.4470 0.9505 0.2228 0.01248
0.008 1.4193 0.52599 0.3068 0.9505 0.1913 0.01248
0.013 1.6801 0.52599 0.3626 0.9505 0.1982 0.01248
0.210 1.5233 0.52599 0.3413 0.9505 0.2149 0.01248

Table 9 Test for significance of factors for BWE distributor for kitchen appliances with no capacity limits and no
external returns

Source DF Seq SS Adj SS Adj MS F P

Residence time 3 10.394 10.394 3.465 1.05 0.013
Remanufacturing percent 3 4.930 4.930 1.643 0.50 0.043
Reprocess time 3 16.856 16.856 5.619 1.71 0.176
Error 54 177.677 177.677 3.290
Total 63 209.857
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4. The BWE at all levels decreased with an increase in remanufacturing percentage and
increased with an increase in residence time.

Managerial implications: Closed loop, no capacity limits

Introducing product returns in the supply chain reduced the BWE. The BWE further reduced
as the yield from the returns increased (remanufacturing percentage). This was because
increasing the return rate improved the availability of material in the supply chain. The
availability of material in the supply chain reduced the levels of stock-outs. This lowered

Table 10 Least squares means for kitchen appliances under a lognormal demand distribution with no capacity
limits without external returns

BWE distributor BWE wholesaler BWE retailer

Mean SE Mean Mean SE Mean Mean SE Mean

Residence time
12 1.7651 0.45348 0.3945 0.10259 0.2179 0.02462
36 2.1417 0.45348 0.5147 0.10259 0.2667 0.02462
60 2.4761 0.45348 0.6262 0.10259 0.3299 0.02462
96 2.8548 0.45348 0.7729 0.10259 0.4003 0.02462

Remanufacturing percent
25 1.8535 0.45348 0.4762 0.10259 0.2888 0.02462
50 2.5787 0.45348 0.6754 0.10259 0.3423 0.02462
75 2.4746 0.45348 0.6288 0.10259 0.3186 0.02462
100 2.3309 0.45348 0.5278 0.10259 0.2651 0.02462

Reprocessing time
0.004 2.3092 0.45348 0.5473 0.10259 0.2880 0.02462
0.008 2.7509 0.45348 0.6873 0.10259 0.3304 0.02462
0.013 1.4719 0.45348 0.3747 0.10259 0.2588 0.02462
0.210 2.7058 0.45348 0.6989 0.10259 0.3375 0.02462

Fig. 3 Comparison of descriptive statistics for the forward chain with no returns, the closed-loop system with
external returns and the closed-loop system without external returns
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the impact of variabilities in the supply chain and hence the BWE in the supply chain.
Introducing product returns in a supply chain for remanufacturing is a good way of not only
protecting the environment but recovering some expensive material that can be reused to
produce other products. This is a good practice for environmental sustainability. However,
introducing a reverse chain may complicate operations as there are uncertainties in the quality,
quantity and timing of returns.

Even though product returns complicate the supply chain, they also improve the dynamics
of the supply chain as they reduce the BWE at all levels. Managers are encouraged to
incorporate reverse chains into their supply chains whenever possible and not just for
sustainability.

It is necessary to reduce the time that the customer keeps the product before returning it.
This did not depend on product type. It applied to both products under study. According to
Zhou et al. [58], returning products early means better quality products and this leads to more
return yield and less reprocessing time for returns. In order to reduce the BWE in closed-loop
systems, managers are encouraged to find ways to encourage customers to return products
earlier. They can offer incentives depending on the quality of product returned. Better quality
reduces the time taken to reprocess products and this will reduce the remanufacturing lead time
and hence the BWE. However, for the products under study, the reprocess time was too small
as compared to the residence time, so in this case strategies have to be put in place to focus
more on reducing the residence time.

Managers should not ignore the presence of external returns in the supply chain. Closed-
loop systems with returns from external sources added to returns of their own products have
more complex supply chain dynamics. The external returns not only lower the BWE in the
supply chain but they also affect how other factors in the closed-loop system affect supply
chain dynamics.

The closed-loop system with collection capacity limits only

In this scenario, the collector had limited capacity and the size of this capacity was varied to
find out the impact of having limited collection capacity and collection capacity expansion on
the BWE in the closed-loop system. In addition to the factors investigated in section 4.2,
collection capacity limitations were introduced into the closed-loop system for each product
and the BWE was measured for the three levels. After introducing the collection capacity
limits, it was necessary to compare the descriptive statistics with those of both the forward
chain and the closed-loop system without any capacity limits. Figure 4 shows this comparison
for case B (electric vehicle batteries). A similar graph was obtained for case A.

Table 11 Summary of results for the closed-loop system with no capacity limits

Results for electric vehicle batteries Results for kitchen appliances

Parameter BWE
distributor

BWE
wholesaler

BWE
retailer

BWE
distributor

BWE
wholesaler

BWE
retailer

Residence time ↑ ↑ ↑ ↑ ↑ ↑ ↑
Remanufacturing

percentage↑
↓ ↓ ↓ ↓ ↓ ↓

External returns N/A N/A N/A ↓ ↓ ↓
Reprocessing time↑ No impact No impact No impact No impact No impact No impact
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Figure 4 shows that the BWE at all levels increased with the introduction of
collection capacity limits but it was still lower than the BWE in the forward chain
with no product returns. When collection capacity limits where introduced to the
closed-loop system, the BWE increased for both products. This was because not all
products were being directly absorbed into the remanufacturing process. This meant
that the availability of material was also limited and chances of stock-outs and the
BWE increased. Table 12 summarises the findings for the closed loop system with
collection capacity limits only. These results were obtained from statistical analyses
using Minitab software.

Table 11 shows that the collection capacity limits did have an impact on the BWE.
For the kitchen appliances, the presence of collection capacity limits also had an
impact on how the other factors affected the BWE. For example, the remanufacturing
percentage had no impact on the BWE in the presence of collection capacity limits.
The two products also showed differences in how the BWE reacted to collection
capacity expansion. This is explained in the key findings and managerial implications
of the scenario.

Fig. 4 Comparison of descriptive statistics for electric vehicles for the forward chain, the closed-loop system
with no capacity limits and the closed-loop system with collection capacity limits

Table 12 Summary of results for the closed-loop system with collection capacity limits only

Results for electric vehicle batteries Results for kitchen appliances

Parameter BWE
distributor

BWE
wholesaler

BWE
retailer

BWE
distributor

BWE
wholesaler

BWE
retailer

Residence time↑ ↑ ↑ ↑ ↑ ↑ ↑
Reman %↑ ↑ ↑ ↑ No impact No impact No impact
Reprocessing time↑ No impact No impact No impact No impact No impact No impact
Collection capacity

limits↑
↑ ↑ ↑ ↓ ↓ ↓
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Key findings

The main observations from this scenario are listed;

1. With the introduction of product returns and collection capacity limits, the BWE at all
levels of the supply chain increased for both products.

2. The two products showed differences in response to the introduction of collection capacity
limits into the supply chain. For the electric vehicles, in the presence of collection capacity
limits, the BWE at all levels increased with an increase in remanufacturing percentage,
residence time and collection capacity limits. This was different from the kitchen appli-
ances. For the kitchen appliances, the BWE at all levels increased with an increase in
residence time but it decreased with an increase in collection capacity limits.

Managerial implications: Closed loop, collection capacity limits

The research has proved beyond doubt that collection capacity limits do have an impact on the
BWE in closed-loop systems – they limit the amount of products available for remanufacturing
which increases the BWE. However, in considering capacity expansion policies such as
outsourcing, managers should consider the size of the demand and the speed at which the
product type disappears from the shelves. This is because expanding collection capacity does
not always lower the BWE in a supply chain for all product types. It depends on the demand
size. Very low demand items react negatively to an increase in collection capacity limits while
high speed high demand items react positively.

The closed-loop system with remanufacturing capacity limits only

In this scenario, the collection capacity was not limited but the remanufacturer had limited capacity.
Remanufacturing only began when a company collected ‘enough’ products to begin
remanufacturing. It should be noted that when the company collected less than ‘enough’ products,
the products were stocked as remanufacturing backlogs until ‘enough’ products have been collected
for remanufacturing. During that period, there was no remanufacturing and the company experi-
enced remanufacturing downtime. Demand during this period was satisfied by new products only.
Similarly, when a company collected more than the remanufacturing capacity, the extra products
were stocked as remanufacturing backlogs to be remanufactured in the next periods.

Descriptive statistics for this scenario were compared to the forward chain, the closed loop
system with no capacity limits and the closed loop system with collection capacity limits only.
Figure 5 shows a comparison of these descriptive statistics.

The descriptive statistics in Fig. 5 show that the means for the BWE distributor, BWE
wholesaler and BWE retailer were almost similar to those for the same products with collection
capacity limits only. The BWE values at all levels increased when remanufacturing capacity
limits were introduced to the closed-loop system without capacity limits. The values however
were still less than the forward chain with no returns. The different products also showed
different reactions to remanufacturing capacity limits and expansion. Figure 6 shows a main
effects plot from Minitab for the BWE distributor for case study B (electric vehicle batteries).

Figure 6 shows that the remanufacturing capacity limits had no distinct pattern on how they
affected the BWE for the electric vehicles although the lines were not horizontal. This meant
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that they had no significant impact on the BWE. The remanufacturing capacity limits also had
affected how the other factors impacted the BWE in the case of the electric vehicle batteries.
This observation was different in the case of the kitchen appliances. Figure 7 shows a similar
main effects plot for the kitchen appliances.

The impact of remanufacturing capacity limits was so strong that it affected how the other
factors impacted the BWE distributor. This was different from the electric vehicle batteries.
This means that the product demand size and speed did have an impact on the way
remanufacturing capacity limits affected the BWE distributor.

Key findings

The reaction of the different products to remanufacturing capacity limits was also different for
the two case studies. However, unlike the collection capacity limits, the presence of
remanufacturing capacity limits did not affect how the other factors impact the BWE in the
closed-loop system.

1. Remanufacturing capacity limits had no impact on the low demand items (electric vehicle
batteries) and they behaved in a similar way as they did when there were no capacity limits
in the closed-loop system. The BWE at all levels of the supply chain for electric vehicle
batteries increased with an increase in residence time and it decreased with an increase in
remanufacturing percentage. Despite the fact that the remanufacturing capacity limits
came with a condition that allowed for batching of orders and some periods where there
was no remanufacturing, in this case they still had no impact. The reaction of the electric
vehicle batteries to the presence of remanufacturing capacity limits agreed with the
findings of Adenso-Díaz et al. [1] that the recycler’s capacity limits had no impact on
the BWE in a closed-loop system.

2. For the high speed, high demand items, the remanufacturing capacity limits did have an impact.
The remanufacturing capacity limits had a condition that when the products collected were less

Fig. 5 Comparison of descriptive statistics after the introduction of remanufacturing capacity limits only
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than the remanufacturing capacity, then there was no remanufacturing in that period and there
were backlogs in remanufacturing. This allowed for batching of remanufacturing orders. In the
case of the kitchen appliances, the BWE increased as the remanufacturing capacity limits were
increased. This was because increasing remanufacturing capacity limits meant increasing the
number of products that have to be collected before remanufacturing could actually take place.
In this case if the company failed to collect enough products in a certain period, then there was
downtime for remanufacturing and also an increase in backlogs for remanufacturing. This was
because when the collected products were not enough for remanufacturing, they were not
remanufactured but stocked until there were enough. This led to delays in material flow and
increased the BWE.

Managerial implications: Closed loop, remanufacturing capacity limits

The size and pattern of the demand has to be considered when considering remanufacturing
capacity expansion policies. For low demand items, increasing the remanufacturing capacities
where remanufacturing only begins when enough products have been collected (i.e. no
remanufacturing takes place when the collected products are less than the remanufacturing
capacity), has no impact on the BWE and the dynamics of the system. However, it will
increase backlogs in remanufacturing.
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Fig. 6 Main effects plots for BWE distributor for electric vehicles under a Poisson demand distribution with
remanufacturing capacity limits only
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For high demand and high speed items like kitchen appliances, increasing the
remanufacturing capacity limits where remanufacturing begins only when enough products
have been collected, increases the BWE in the supply chain and care should be taken when
considering capacity expansion policies for plants operating at efficiently and have to collect
‘enough’ before remanufacturing can begin.

The closed-loop system with both collection and remanufacturing capacity limits

The last scenario was when both collection and remanufacturing capacity limits were introduced
to the closed-loop system. The organisation still needed to collect ‘enough’ before
remanufacturing began and backlogs and remanufacturing downtime were still part of the system.

Introducing both collection and remanufacturing capacity limits produced different statis-
tics for the BWE for the different products. In the case of the electric vehicle batteries, the
BWE decreased with the introduction of both collection and remanufacturing capacity limits.
Figure 8 shows a comparison of descriptive statistics for the electric vehicles in the presence of
both collection and remanufacturing capacity limits.

The BWE values for the closed-loop system with both collection and remanufacturing
capacity limits were lower than those for the closed-loop system with collection capacity limits
only and those for the closed-loop system with remanufacturing capacity limits only. Similar to
the other scenarios, the forward chain had the highest BWE values and the closed-loop system
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Fig. 7 Main effects plots for BWE distributor for kitchen appliances with remanufacturing capacity limits only
and no external returns
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with no capacity limits had the lowest BWE values. Again, the conclusion that introducing
capacity limits to the closed-loop system increased BWE values still held.

The kitchen appliances showed a different reaction to the introduction of both collection and
remanufacturing capacity limits as the electric vehicle batteries. This difference is shown in Fig. 9.

Introducing both collection and remanufacturing capacity limits increased the BWE at all
values of the closed-loop system. From Fig. 9, the closed-loop system with both collection and
remanufacturing capacity limits has larger BWE values than the closed-loop system with no
capacity limits, the closed-loop system with collection capacity limits only and the closed-loop
system with remanufacturing capacity limits only. This means that the conclusion that
introducing capacity limits increases the BWE still holds. However, even in the presence of
capacity limits, the closed-loop system still has lower BWE values than the forward chain
without any returns. This also means that introducing product returns does reduce the BWE in
a supply chain. The kitchen appliances responded to the presence of both collection and
remanufacturing capacity limits in a different way from the electric vehicle batteries. This
means that the size of the demand had an impact on how the closed-loop system responded to
the presence of both the collection and remanufacturing capacity limits.

The key findings in this scenario, are thus explained:

Key findings

1. Introducing both collection and remanufacturing capacity limits to the electric vehicle
batteries led to a decrease in BWE at all stages compared to the BWE in the closed-loop
system with collection capacity limits only and that with remanufacturing capacity limits
only. The electric vehicle batteries’ BWE increased with an increase in remanufacturing
capacity limits and decreased with an increase in collection capacity limits. This meant

Fig. 8 Comparison of descriptive statistics for electric vehicle batteries after the introduction of both collection
and remanufacturing capacity limits

28 Journal of Remanufacturing (2022) 12:1–45



that it was better to collect more products and stock them. The collection capacity should
be more than the remanufacturing capacity to minimise downtime of remanufacturing. In
this instance, the remanufacturing downtime had more impact on the BWE than the
backlogs accrued by collecting more products than can be remanufactured. Collecting
products that are more than the remanufacturing capacity is therefore better than collecting
products that are less than the remanufacturing capacity, in a situation where an organi-
sation has to collect enough for remanufacturing to take place.

2. For the kitchen appliances, the BWE increased with an increase in collection capacity and
decreased with an increase in remanufacturing capacity limits. For kitchen appliances, it
was better to have more periods of remanufacturing downtime than it was to collect more
products and have more backlogged products for remanufacturing. The kitchen appliances
showed that it is better to delay remanufacturing in the case where the company has to
collect ‘enough’ products for remanufacturing to begin than it is to just collect products
and keep them as backlogs waiting to be remanufactured, as this impacted the forecast of
the expected remanufactured products within the closed-loop system.

Managerial implications: Closed loop, collection and remanufacturing capacity limits

Managers should note that the more periods of no remanufacturing they have, the more
unstable the closed-loop system for low demand items became and the greater the BWE in
the system. There is a trade-off in this finding. Whilst increasing the remanufacturing capacity
limits meant more remanufactured products being introduced back to the forward chain, it also
meant more periods of downtime in remanufacturing especially if an organisation had lower
collection capacity. This meant that the BWE could be reduced under high remanufacturing
capacity limits only when the organisation can match the high remanufacturing capacity limits
with high collection capacities. This means that when managers consider capacity expansion

Fig. 9 Comparison of descriptive statistics for kitchen appliances after the introduction of both collection and
remanufacturing capacity limits
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policies, it is also important to find ways of motivating high returns from the end customer, for
example offering incentives to customers for them to be willing to return their products.

The results of the electric vehicle batteries also demonstrated that if capacity limits should be
introduced into the system, then both collection and remanufacturing capacity limits should be
introduced and not just one of the two. This is because the BWE had the lowest values when
both collection and remanufacturing capacity limits were introduced to the system. The BWE
was lower than that of the forward chain on its own, the closed-loop system with collection
capacity limits and the closed-loop system with remanufacturing capacity limits. However, the
scenario still had higher BWE values than the closed-loop system with no capacity limits.

The results demonstrated that for high demand, high speed items, it is better to delay
remanufacturing due to a small number of products collected than it is to collect more products
and keep them at the remanufacturing stations as remanufacturing backlogs. It is therefore better to
have higher remanufacturing capacity than collection capacity. This is because with high
remanufacturing capacities, more products were introduced back into the forward chain and this
had an impact of reducing the BWE. Another reason was that backlogs affect the forecast of
remanufactured products and the stability of the serviceable inventory. In this situation, there was a
trade-off between more periods of downtime with high remanufacturing capacity limits and lower
BWE. Like the electric vehicles, the kitchen appliances also demonstrated that low BWE values can
be achieved under high remanufacturing capacities as long as the company can control its collection
to match that of the remanufacturing so that no backlogs can be observed by the system.

Conclusion

The research extended the evolving topic of the BWE by investigating two concepts men-
tioned by Wang and Disney [51]. In their invited review, the authors mention current trends
and extensions for the topic of BWE in supply chains. Among these extensions, the authors
mention the BWE in sustainability issues and the BWE in non-linear complex and more
realistic systems with capacity limitations. This research combined these two extensions to the
topic of BWE by investigating the BWE in supply chains with reverse logistics activities and
introducing capacity limits for the reverse logistics processes to provide some useful manage-
rial insights on some capacity expansion policies.

A contribution made by this research was that it identified a common assumption made by
researchers in modelling closed-loop supply chains, that of unlimited capacity in the reverse
chain. This is not realistic as there have been researchers who have focused on various capacity
expansion policies in reverse supply chain, showing that capacity limitations do exist in the
supply chain. This topic was explored by only two articles in literature.

Although this research did provide some insights on the presence of capacity limitations in
closed-loop systems, there is still a need for more exploration into this topic. Firstly, although
the research was empirical, it was based on average and fixed values provided by the
organisations. It would be better to find a case study from an organisation that is willing to
provide historical data especially on demand patterns. This research assumed the exponential
smoothing method of forecasting, but there is a chance that some organisations may have other
methods of forecasting and historical data can assist in identifying such trends. The assumption
of stationary demand to make the mathematical formulation easier should also be extended by
considering stochastic models of demand. Again, this can only be done if one can find a case
study that is willing to provide a detailed set of historical order data.

30 Journal of Remanufacturing (2022) 12:1–45



The research assumed that the remanufacturing capacity was not in any way related to the
production capacity and inventory management principles in the reverse chain did not affect
those of the forward chain. It would be interesting to explore situations in which the production
and remanufacturing processes shared capacity and where inventory management policies for
both the reverse and the forward chain were interconnected. The impact on the supply chain
dynamics of such a connection would be an interesting find.

Finally, the research assumed that the organisation had no option for expanding capacity in the
presence of capacity limits. In the real world, most organisations outsource some activities of the
reverse chain such as collection to waste pickers and 3PLs. Future research could investigate the
impact of both capacity limitations and outsourcing policies on the BWE in the closed-loop system.

Appendix

Stock and flow diagrams and model equations
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Fig. 10 Stock and flow diagram for the serial forward chain in STELLA
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Model equations

STOCKS

1. Collected products

Collected products tð Þ ¼

collected products t−dtð Þ þ total collection rate−acce rate for reuse−reje rate for reuseð Þ � dt

Initial collected products ¼ 0

Inflows

total collection rate

¼ MIN company
0
scollection capacity; available used productsþ products not collected

� �

Outflows

acce rate for prod reuse ¼ collected products� reuse%
reuse inspe time

reje rate for prod reuse ¼ 1−reuse%ð Þ � collected products
reuse insp time

2. Components inventory

Components inventory tð Þ ¼ components inventory t−dtð Þ

þ comp prdn rateþ comp reman rateþ comp acce rate for dir reuse−comp used for prdnð Þ � dt

Initial components inventory ¼ 0

Inflows

comp prdn rate ¼ MAX

MIN MIN
raw mat inventory
comp prod time

; expe distributor orders� comp per product−expe reusable compoþ CI discrep
CI adj time

� �
; comp prod capacity

� �
; 0

� �� �

comp reman rate ¼ MIN comp reman capacity;
1−disposal%ð Þ � comp reje for dir reuse

reproce time

� �
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compo acceptance rate for dir reuse ¼ dir reuse%� inv of comp from reje prdcts
insp and disasse time

Outflows

comp used for prdn ¼ MAX

MIN MIN
compo inventory
prdct prdn time

; prdn capacity� comp per prdtÞ; expe dist orders−expe reman prdctsþ SI discrep
SI adj time

� �
� comp per prdt

� �
; 0

� ��

3. Components rejected for direct reuse

comp reje for dir reuse tð Þ ¼ comp reje for dir reuse t−dtð Þ

þ comp repla rateþ comp reje rate for dir reuse−recycle rate−coomp reman rate−disposal rateð Þ � dt

initial comp reje for dir reuse ¼ 0

Inflows

comp repla rate ¼ reman rate� comp per prdct

� comp repla%comp reje rate for dir reuse

¼ 1−dir reuse%ð Þ � inv of comp from reje prdcts
insp and disasse time

comp reje rate for dir reuse ¼ 1−dir reuse%ð Þ � inv of comp from reje prdcts
insp and disasse time

Outflows

recycling rate ¼ comp reje for dir reuse
reproce time

comp reman rate ¼ 1−disposal%ð Þ � comp reje for dir reuse
reproce time

disposal rate ¼ comp reje for dire reuse� disposal%

4. Controllable disposal

controllable disposal tð Þ ¼ controllable disposal t−dtð Þ þ disposal rateð Þ � dt
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initial controllable disposal ¼ 0

Inflows

disposal rate ¼ comp reje for dir reuse� disp%

5. Distributor orders backlog

distributor orders backlog tð Þ ¼ distributor orders backlog t−dtð Þ
þ distributor orders−distributor backlog red rateð Þ
� dt

initial distributor orders backlog ¼ 0

Inflows

distributors orders ¼ expe wholesale ordersþ DI discrepancy
DI adj time

Outflows

distributors backlog red rate ¼ shipments to distributor

6. Distributor inventory

distributor inventory tð Þ ¼ distributor inventory t−dtð Þ

þ
�
shipments to distributor−shipments to wholesaler � dt

initial distributor inventory ¼ 0

Inflows

shipments to distributor ¼
IF serviceable inventory−distributors orders backlog≥0ð ÞTHEN distributors orders backlogð ÞELSE serviceable inventoryð Þð Þ

distr shipment time
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Outflows

shipments to wholesaler ¼
IF distributor inventory−wholesale orders backlog≥0ð ÞTHEN wholesale orders backlogð ÞELSE distributor inventoryð Þð Þ

wholesale shipment time

7. Inventory of components from rejected products

inv of comp from reje prdcts tð Þ ¼ inv of comp from reje prdcts t−dtð Þ

þ comp from reje prodcts−comp reje rate for dir reuse−compo acce rate for direct reuseð Þ � dt

initial inventory of comp from rejected products ¼ 0

Inflows

comp from reje products ¼ reje rate for reman� components per product

Outflows

comp reje rate for dir reuse ¼ 1−direct reuse %ð Þ � inv of comp from reje prdcts
inspe and dissasse time

compo acce for dire reuse ¼ direct reuse %� inv of comp from reje prdctsð Þ
insp and dissasse time

8. Products for remanufacturing

products for remn tð Þ ¼ products for reman t−dtð Þ

þ acce rate for reman−reman rate−produsctscotremanufacturedð Þ � dt

initial products for reman ¼ 0

Inflows

acce rate for reman ¼ reje prod for reuse� reman%
initial inspe time
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Outflows

reman rate ¼ IF
products for remanþ reman backlogs

reprocess time
≥reman capacity

� �
THEN reman capacityð ÞELSE 0ð Þ

products not remanufactured ¼ MAX
products for reman
reprocess time

Þ−reman capacity; 0
� ��

9. Products for cannibalisation

prod for cannibalisation tð Þ ¼ prod for cannibalisation t−dtð Þ þ reje rate for remanð Þ � dt

initial products for cannibalisation ¼ 0

Inflows

reje rate for reman ¼ 1−reman%ð Þ � reje prod for reuse
initial inspe time

10. Raw material inventory

raw mat inventory tð Þ ¼ raw mat inventory t−dtð Þ þ recycling rate−comp prod rateð Þ � dt

initial raw mat inventory ¼ infinity

recycling rate ¼ comp reje for dir reuse
reproce time

Outflows

comp prdn rate

¼ MAX MIN MIN
raw mat inventory
comp prod time

; expe distri orders� comp per prdctð Þ−expe reusable compoþ CI discrepe
CI adj time

� �� �
; comp prod capacity

� �
; 0

� �

11. Rejected products for reuse

reje prod for reuse tð Þ ¼ reje prod for reuse t−dtð Þ

þ reje rate for prod reuse−acce rate for reman−reje rate for remanð Þ � dt

initial reje prod for reuse ¼ 0
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Inflows

reje rate for prod reuse ¼ 1−reuse%ð Þ � collected products
reuse insp time

Outflows

acce rate for reman ¼ reje prod for reuse� reman%
initial inspe time

reje rate for reman ¼ 1−reman%ð Þ � reje prod for reuse
initial inspe time

12. Remanufacturing backlogs

remanufacturing backlogs tð Þ ¼ remanufacturing backlogs t−dtð Þ
þ products not remanufacturedð Þ � dt

initial remanufacturing backlogs ¼ 0

Inflows

products not remanufactured ¼ MAX
products for reman
reprocess time

� �
−reman capacity

� �
; 0

� �

13. Retailer orders backlog

retailer
0
sorder backlog tð Þ ¼ retailer orders backlog t−dtð Þ

þ retailer
0
sorders−retailer backlog red rate

� �
� dt

initial retailer orders backlog ¼ 0

Inflows

retailer
0
sorders ¼ expected demand þ RI discrepency

RI adj time

� �

Outflows

retailer backlog redu rate ¼ shipments to retailer
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14. Retailer inventory

retailer inventory tð Þ ¼ retailer inventory t−dtð Þ þ shipments to retailer−retail saleð Þ
� dt

initial retailer inventory ¼ 0

Inflows

shipments to retailer

¼ IF wholesaler inventory−retailer orders backlog≥0ð ÞTHEN retailer orders backlogð ÞELSE wholesaler inventoryð Þð Þ
delivery time

Outflows

retail sale ¼ IF
retailer inventory
retail delivery time

Þ≥0
� �

THEN demandð ÞELSE retailer inventory
retailer delivery time

Þ
��

15. Serviceable inventory

serviceable inventory tð Þ ¼ serviceable inventory t−dtð Þ

þ production rateþ reman rateþ acce prod for reuse−shipments to distributorð Þ � dt

initial serviceable inventory ¼ 0

Inflows

production rate ¼ comp used for prdn
components per product

reman rate ¼ IF
prod for remanþ reman backlogs

reprocess time

� �
≥reman capacity

� �
THEN reman capacityð ÞELSE 0ð Þ

acce rate for reuse ¼ collected products� reuse%
reuse inspe time

Outflows

shipments to distributor

¼ serviceable inventory−distributor orders backlogð Þ≥0ð ÞTHEN distributor orders backlogð ÞELSE serviceable inventoryð Þð Þ
distributor shipment time
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16. Wholesaler inventory

wholesaler inventory tð Þ ¼ wholesaler inventory t−dtð Þ
þ shipments to wholesaler−shipments to retailerð Þ � dt

initial wholesaler inventory ¼ 0

Inflows

shipments to wholesaler

¼ IF distributor inventory−wholesaler orders backlogð Þ≥0ð ÞTHEN wholesaler orders backlogð ÞELSE distributor inventoryð Þ
wholesaler shipment time

Outflows

shipments to retailer

¼ IF wholesaler inventory−retailer orders backlogð Þ≥0ð ÞTHEN retailer orders backlogð ÞELSE wholesaler inventoryð Þ
delivery time

17. Wholesaler orders backlog

wholesaler orders backlog tð Þ ¼ wholesaler orders backlog t−dtð Þ
þ wholesaler orders−wholesaler backlog redu rateð Þ
� dt

initial wholesaler orders backlog ¼ 0

Inflows

wholesaler orders ¼ expected retailer ordersþ WI discrepancy
WI adj time

� �

Outflows

wholesaler backlog redu rate ¼ shipments to wholesaler

AUXILLIARY VARIABLES

aDI ¼ 2� DI adjustment time

aRI ¼ 2� RI adjustment time
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as usual demand ¼ LogNormal 4000; 2000ð Þ

available used products ¼ DELAY retail sale; residence timeð Þ
aWI ¼ 2�WI adjustment time

CI adjustment time ¼ 2

CI cover time ¼ 1:5

CI discrepency ¼ MAX desired CI−components inventoryð Þ; 0ð Þ

company
0
scollection capacity ¼ 6000

components per product ¼ 15

component production capacity ¼ 4000� 15ð Þ

component production time ¼ 1

4000� 15ð Þ

component remanufacturing capacity ¼ 6000� 15ð Þ

comp replace% ¼ 20

delivery time ¼ 1

demand ¼ as usual demand

desired CI ¼ expected distributors orders� components per product � CI cover time

desired DI ¼ expected wholesaler orders� DI cover time

desired RI ¼ expected demand � RI cover time

desired SI ¼ expected mdistributors orders� SI cover time
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desired WI ¼ expected retailer orders�WI cover time
direct reuse% ¼ 0

disposal% ¼ 0:01

distributor shipment time ¼ 1

DI cover time ¼ 1:5

DI discrepancy ¼ MAX desired DI−distributor inventoryð Þ; 0ð Þ

DI adjustment time ¼ 2

expected demand ¼ SMTH1 demand; 1ð Þ

expected distributor orders ¼ SMTH1 distributor orders; aDIð Þ

expected retailer orders ¼ SMTH1 retailer orders; aRIð Þ

expected wholesaler orders ¼ SMTH1 wholesaler orders; aWIð Þ

expected reman products ¼ SMTH1 reman rate; 1ð Þ

expected reusable components ¼ SMTH1 compo acce for dir reuseþ comp reman rate; 1ð Þ

initial inspection time ¼ 1

inspection and dissassembly time ¼ 2

production capacity ¼ 4000

products not collected ¼ MIN available used products−collection capacityð Þ; 0ð Þ

product production time ¼ 1

4000
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remanufacturing capacity ¼ 6000

remanufacturing% ¼ 0:75

reprocess time ¼ 1

residence time ¼ 16

reuse% ¼ 0

reuse inspection time ¼ 0:001

RI cover time ¼ 1:5

RI discrepency ¼ MAX desired RI−retailer inventoryð Þ; 0ð Þ

RIadjustment time ¼ 2

SI cover time ¼ 1:5

SI discrepancy ¼ MAX desired SI−serviceable inventoryð Þ; 0ð Þ

SI adjustment time ¼ 2

WI cover time ¼ 1:5

WI adjustment time ¼ 2

WI discrepancy ¼ MAX desired WI−wholesaler inventoryð Þ; 0ð Þ

wholesaler shipment time ¼ 1
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