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Abstract
We study a hybrid system where the demand of customers can be satisfied by both 
manufacturing new products and remanufacturing used products. To manage the 
serviceable inventory, we implement a proportional order-up-to (POUT) replenish-
ment policy. In this context, we first analyse the system efficiency by assessing its 
capacity to meet customer demand in a cost-effective manner. To this end, we con-
sider both inventory performance (i.e., the balance between inventory holding and 
stock-out costs) and production smoothness (by measuring the Bullwhip effect in the 
supply chain). Second, we investigate the system resilience to demand volatility. In 
particular, we explore the impact of demand shocks on the inventory and production 
of the closed-loop system. Interestingly, we find that tuning the POUT controller 
to optimise efficiency may be problematic in terms of resilience to demand shocks. 
In this sense, a key trade-off exists that needs to be carefully considered by supply 
chain managers. Linking efficiency to resilience in such supply chains thus becomes 
essential to strengthen the transition towards more circular economic models. All 
in all, our analysis, via control-theoretic and simulation techniques, provides pro-
fessionals with valuable insights into how to identify the appropriate ‘formula’ for 
building both efficient and resilient closed-loop supply chains.

Keywords  Bullwhip effect · Circular economy · Hybrid manufacturing/
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1  Introduction

Efficiency and resilience are two fundamental properties of modern supply chains. 
Efficiency refers to the ability of the supply chain to satisfactorily meet the demands 
of consumers or users at a reasonable cost, see Beamon (1999). From this perspec-
tive, efficiency is essential to ensure the short- and mid- term financial sustainability 
of the supply chain and the profitability of its members. Meanwhile, resilience cov-
ers the capacity of the supply chain to regain stability after being disturbed1; that is, 
it refers to the ability of the production and distribution system to respond to harm-
ful events. These include both uncontrollable (such as natural disasters and political 
conflicts) and partially controllable (such as employee strikes and machine break-
downs) disruptions, see Ponomarov and Holcomb (2009). In this fashion, being 
resilient is key to ensure the long-term viability of the supply chain.

It can be argued that, in general terms, efficiency represents the priority for sup-
ply chain managers. Indeed, evolutions in production and distribution systems have 
been largely driven by the search of greater efficiencies (Nieuwenhuis 2016; Galston 
2020). However, specific impactful events, like the current COVID-19 pandemic,2 
which pose significant challenges to the operation of supply chains, emphasize the 
need for gaining resilience. This is fundamental to make survival of supply chains 
certain, which is in turn indispensable to ensure that the (sometimes urgent) needs of 
modern societies are addressed.

Nevertheless, efficiency and resilience are not independent properties of supply 
chains, but they are strongly interrelated. Indeed, some collaborative strategies for 
supply chains, such as vendor-managed inventory (VMI) or collaborative planning, 
forecasting and replenishment (CPFR), can allow for a simultaneous improvement 
of the efficiency and resilience of supply chains (see e.g. Disney and Towill 2003; 
Sari 2008; Büyüközkan and Vardaloğlu 2012; Brusset and Teller 2017). The prob-
lem emerges as supply chain efficiency may sometimes be further increased at the 
expense of sacrificing resilience; see the comprehensive discussions by Nieuwen-
huis (2016), Galston (2020) and Reeves and Varadarajan (2020). This might encour-
age some managers to take short-term focused decisions, aimed at increasing cur-
rent profits, that could put in risk the long-term sustainability of the supply chain.

From this perspective, some recent works have discussed the ‘rising tensions’ 
between efficiency and resilience in the context of modern supply chains, such as 

1  Resilience is highly related to other supply chain properties, such as responsiveness, agility, and flex-
ibility. However, there is still no consensus in the scientific literature on how they relate each other; all of 
them have overlapping notions and various frameworks have been proposed. In our work, we apply the 
theorem developed by Purvis et al. (2016), who suggest that ‘resilience is a function of robustness, agil-
ity, leanness and flexibility’. In this sense, these other properties are understood as necessary capabilities 
in achieving supply chain resilience.
2  This is only the clearest example nowadays, as the pandemic has had an enormous impact on the 
global business scene from many perspectives—indeed, it is leading to what is now being called ‘the post 
COVID-19 era’. Nonetheless, we may also think of many other recent examples that have had a signifi-
cant impact on global supply chains, including Brexit, the 2018 Sunda Strait tsunami, the China-US trade 
war, or the 2020 Beirut explosion.
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Gölgeci et al. (2020). Interestingly, the authors highlight the need for managers to 
find an appropriate balance between the efficiency and the resilience of their supply 
chains, as both properties will be of utmost importance in the post COVID-19 era; 
efficiency is necessary to compete in a fiercely competitive business scene, whereas 
resilience is required to prevent the supply chain from being vulnerable to said dis-
ruptions. A similar argument was made, before the pandemic started, by Ridley 
(2019), who claimed that ‘efficiency is not fragility, nor is resilience wasteful’, thus 
underlining the importance of blending efficiency with resilience. A few years ear-
lier, Ivanov et al. (2014) proposed the name of ‘Ripple effect’ to describe the impact 
of a disruption on supply chain performance. They suggested different control strate-
gies for dealing with this phenomenon to optimise the trade-off between efficiency 
and resilience in supply chains.

The present article investigates these tensions from the perspective of closed-
loop supply chains, which have gained strategic importance in modern societies 
due to their quest of circular economies. Specifically, we explore whether optimis-
ing efficiency may also stand in contradiction with pursuing resilience in these sup-
ply chains, and, if that happens, how managers can find the appropriate trade-off 
between both properties when bringing together the forward and reverse flows of 
materials.

1.1 � Context: supply chains for a circular economy and their dynamic behaviour

Supply chain management includes the processes concerned with designing, plan-
ning, and controlling the materials, information, and financial flows involved in sat-
isfying customer needs for a particular range of products. In recent years, sustain-
ability concerns have been found to be strong determinants of consumer preferences 
and have prompted the introduction of new legislation, mainly due to the scarcity of 
natural resources and the deficiencies in our waste management systems (Genovese 
et  al. 2017). This promotes the creation and development of a circular economic 
model that makes supply chain evolve from the traditional linear structure to closed-
loop variants (see Guide et al. 2003).

These emerging, closed-loop supply chains entail new sources of complexities 
and uncertainties in addition to those of traditional supply chains, see Goltsos et al. 
(2019). For instance, we may refer to the (typically great) uncertainty in the quan-
tity and quality of the consumed or used products that return to the supply chain 
(e.g. Zeballos et  al. 2012). Also, we may consider the complexity of integrating 
the upstream and downstream flows of materials into the same supply chain (e.g. 
Dominguez et al. 2020a). In line with previous discussions, such integration needs 
to provide the supply chain with efficient and resilient capabilities with the aim of 
connecting the environmental gains of circular economic models with the financial 
viability and profitability of the relevant actors.

The efficiency of (both traditional and closed-loop) supply chains can be exam-
ined from the lens of the supply chain dynamics discipline (Towill 1991). This 
allows academics and practitioners to consider the key trade-off between inven-
tory performance and operation smoothness, which provides clear insights into the 
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relationship between the level of customer service and the operating costs incurred 
by the supply chain nodes; see Disney and Lambrecht (2008). Note that inventory 
performance analyses the relationship between customer service and inventory 
holding costs, while operation smoothness is generally measured through the Bull-
whip effect in the supply chain (Lee et al. 1997). This dynamic phenomenon, which 
manifests itself through the amplification of the variability of orders as they move 
through the different echelons of supply chains, is well known to be symptomatic 
of high production and transportation costs (e.g. Metters 1997; Wang and Disney 
2016).

Interestingly, resilience can also be assessed via supply chain dynamics tech-
niques by using a different set of metrics. In this sense, Spiegler et al. (2012) pro-
posed the use of control engineering techniques to explore the resilience of supply 
chains to drastic changes in demand by analysing the step response of the system 
—that is, the resilience to demand volatility, from the perspective of Purvis et al.’s 
(2016) framework. This promising idea was developed further in a subsequent study: 
Spiegler et al. (2016). Recent works have also analysed the dynamics of resilience to 
supply volatility by investigating disruptions of supply in the upstream echelons of 
supply chains, including Sokolov et al. (2016), Ivanov and Sokolov (2019), Dolgui 
et al. (2020), and Li et al. (2021). Notwithstanding, it is relevant to note that the vast 
majority of the works that allow us to better understand the dynamic resilience of 
supply chains address traditional systems without a reverse flow of materials.

1.2 � Objective, methods, timeliness, and structure of the paper

The aim of this paper is to investigate the trade-off between efficiency and resil-
ience in circular economy, closed-loop supply chains. We do this by first exploring 
the efficiency of a hybrid manufacturing/remanufacturing system. Specifically, we 
analyse how to adjust the inventory controller of proportional order-up-to (POUT) 
replenishment policies for maximizing the performance metrics that are indicative 
of the system efficiency. Second, we address the same issue from the perspective 
of resilience, which allows us to identify the key trade-off. In particular, we assess 
the resilience of the hybrid system to demand volatility. Third, we explore how two 
parameters that characterise the hybrid system (specifically, the return yield and the 
remanufacturing lead time) affect the relevant trade-off. To meet our research objec-
tive, our methodological approach is based on control-theoretic and simulation tech-
niques, a combination that facilitates the in-depth understanding of the behaviour 
and performance of supply chains over time (e.g. Tang and Naim 2004; Ivanov et al. 
2011; Zhou et al. 2017).

Our analysis is particularly well timed, given that disruptive events have recently 
provoked drastic changes in the demand of multiple products (Nikolopoulos et al. 
2021). By way of illustration, Fig. 1 displays the worldwide interest in masks, lap-
tops, and printers from January 2010 to October 2020, which can be considered as 
indicative of their demand. The curves show that the interest in printers has remained 
stable in the last decade, with a slightly decreasing trend, and without being greatly 
impacted by the COVID-19 pandemic. The interest in laptops had also experienced 
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a decreasing trend, with a substantial seasonal (yearly) component. However, the 
pandemic inverted this trend by drastically increasing demand, probably because of 
the sudden transition in most countries to remote work and online teaching, among 
others. In the case of masks, this increase is even much steeper, as the worldwide 
interest in this product multiplied by 5 in the early stages of the pandemic outside 
of China, i.e. March 2020. Indeed, it took several months for most countries to get a 
regular supply of this product, which illustrates the difficulties of managing supply 
chains that face high demand volatility.

This first section has positioned our research paper and highlighted the impor-
tance and timeliness of the topic we address. In Sect. 2, we briefly review the rele-
vant literatures, and outline our contribution. In Sect. 3, we describe the closed-loop 
supply chain model, together with the underlying assumptions and the key perfor-
mance metrics. In Sect. 4, we perform the dynamic analysis of the supply chain per-
formance under stochastic and step demands, with the aim of investigating the bal-
ance between efficiency and resilience in closed-loop systems. Finally, in Sect.  5, 
we conclude, reflect on the main implications for supply chain management derived 
from our work, and propose interesting avenues for future research.

2 � Background and contribution

This work revolves around, and brings together, two main literatures. First, the field 
that explores the dynamic behaviour of closed-loop supply chains, whose papers 
generally focus on optimising their efficiency. Second, the field that investigates 
the resilience of supply chains, which predominantly studies traditional, or open-
loop, contexts. In the following two subsections, we briefly review both literatures, 

Fig. 1   The worldwide interest in masks, laptops, and printers from January 2010 to October 2020  
Source of data: Google Trends. Note: The data is normalised in the 0–100 range to facilitate the analysis
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highlighting the main insights of the research articles and underlining relevant gaps 
that need to be addressed. In the third subsection, we discuss our contribution to 
these fields.

2.1 � The dynamics of closed‑loop supply chains

Over the last two decades, a relatively small number of studies (in comparison with 
those for traditional supply chains) have explored the dynamics of closed-loop sup-
ply chains. From the paper by Tang and Naim (2004), generally regarded as the 
first one in this area, to recent studies, such as Dominguez et al. (2020b) and Ponte 
et al. (2020), these papers have contributed to the comprehension of the operational 
and economic performance of these supply chains, including others such as those 
by Zhou and Disney (2006), Adenso-Diaz et al. (2012), Hosoda et al. (2015), Can-
nella et al. (2016), Zhou et al. (2017), Hosoda and Disney (2018), Dominguez et al. 
(2019a), and Ponte et al. (2019).

The contributions of these works include two main streams. First, they have pro-
vided a fair understanding of the impact of uncontrollable—or partially controlla-
ble—factors that characterise closed-loop supply chains, such as return rates and 
lead times. For example, Tang and Naim (2004) considered the consequences of 
the mean values of the return rates and the consumption and remanufacturing lead 
times when there is a strong correlation between demand and returns. In contrast, 
Hosoda et al. (2015) analysed different degrees of correlation, and observed that the 
closed-loop system behaves differently for low correlations. Zhou et al. (2017) stud-
ied the impact of the same parameters in longer supply chains, which led to emer-
gence of new insights derived from the multi-echelon effects. Recently, Dominguez 
et al. (2020b) also considered a multi-echelon setting, through which they explored 
the dynamic impact of uncertainties in the remanufacturing lead times. Finally, we 
note that Dominguez et al. (2019a) investigated the interplays between the dynamics 
induced by the capacities of the manufacturing and remanufacturing lines.

Second, these works have also provided important ideas on how to appropriately 
manage these closed-loop supply chains by looking at the impact of collaborative 
strategies and the effects of control parameters. For example, several works high-
lighted the benefits of information sharing and proposed inventory control poli-
cies for making the best use of this information, including Tang and Naim (2004), 
Hosoda et al. (2015) and Cannella et al. (2016). Interestingly, a few works studied 
how to tune the inventory controller of POUT models for the serviceable stock, spe-
cifically, Zhou et al. (2006), Adenso-Diaz et al. (2012), and Cannella et al. (2021). 
Other works suggested specific inventory policies for managing the reverse flow of 
materials. For instance, Zhou et al. (2006) implemented a Kanban policy to manage 
the remanufacturing line, while Ponte et al. (2019) developed a parallel return inven-
tory control policy aimed at improving the dynamics of the closed-loop supply chain 
when facing high uncertainty in the collection channel.

By using metrics like the Bullwhip ratio, the fill rate, and the inventory hold-
ing costs under predefined conditions of the supply chain environment (i.e. without 
disruptions), we may conclude that these previous works have mainly focused on 
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exploring and optimising the efficiency of closed-loop supply chains. The analysis 
of efficiency has an unquestionable value from an academic- and a practitioner-
based viewpoint; however, at the same time and in line with previous discussions, 
the efficiency perspective needs to be supplemented with an analysis of the resil-
ience of such systems. Otherwise, optimising the closed-loop system may jeopardise 
its future viability.

2.2 � The resilience of supply chains

Supply chain resilience emerged as a discipline in the 2000s following wide-
ranging, dramatic events such as the 9/11 in the US,3 the Indian Ocean tsunami in 
December 2004, and the Katrina in August 2005 (Purvis et al. 2016; Smeltzer and 
Siferd 1998). Indeed, several scholars consider the article by Christopher and Peck 
(2004) as the seminal work in this area. The discipline experienced a subsequent 
boost during the 2010s, driven by additional disruptive events like the global finan-
cial crisis. For example, a quick Web of Science search of ‘supply chain resilience’ 
yields 0 articles before 2001, 11 articles in the 2001–2010 decade, and 348 articles 
in the 2011–2020 decade (until October 2020). In addition, it might be reasonable to 
assume that this discipline will continue to grow in the start of the 2020s, where the 
business scene will be strongly impacted by the COVID-19 pandemic.

Most experts agree on the (conceptual) definition of supply chain resilience as 
the ability of the supply chain to recover quickly and effectively from disruptions 
in its operations (e.g. Ponomarov and Holcomb 2009). However, measuring resil-
ience is not a straightforward task, mainly due to the different nature of the disrup-
tive events that threaten the operation of supply chains in a wide variety of forms; 
see e.g. Yazdanparast et al. (2021), Hosseini et al. (2019), and Özçelik et al. (2021). 
Purvis et al. (2016) proposed a framework for the design of resilient supply chains 
that underline that these systems need to be resilient both to demand volatility and to 
supply volatility, each of which may require a different set of metrics. After review-
ing the set of methodological approaches and indicators used in the literature for 
assessing supply chain resilience, Behzadi et  al. (2020) highlighted that, ideally, 
resilience metrics should capture three dimensions: the time to recovery (TTR), the 
lost performance during the recovery period (LPR), and the recovery level after the 
recovery period (RL). However, they noted that, in practice, most of the used met-
rics focus only on one of the three dimensions.

One of these methodologies that may be employed to assess supply chain resil-
ience is based on control engineering. This was proposed by Spiegler et al. (2012), 
and it was further developed in Spiegler et al. (2016). Building on previous articles, 
such as Sheffi and Rice (2005), the authors suggested to measure resilience through 
the impact that the disturbance has on the end customer. From this perspective, they 
justified that the integral of time multiplied by the absolute error (ITAE)—a popu-
lar metric in control-theoretic studies—of the serviceable inventory appropriately 

3  Although it is convenient to note that some research efforts were carried out earlier to study related 
matters, such as supply chain risks.
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captures the different dimensions of resilience, including TTR, LPR and RL (see 
Fig. 4, Spiegler et al. 2012).

Interestingly, Spiegler et al. (2012) also showed that pursuing resilience does not 
come at no cost to supply chains. They observed a key trade-off between production 
costs and resilience to demand volatility that need to be considered by managers. 
This trade-off is in line with our discussion in the introduction section on the ten-
sions between optimising efficiency and resilience in modern supply chains, which 
were examined by Ridley (2019) and Gölgeci et al. (2020). At this point, it is also 
interesting to highlight that previous works have analysed the relationship between 
efficiency and other important properties of production systems and supply chains,4 
such as flexibility (e.g. Kannan 1998), leanness (e.g. Chuang et  al. 2019), and 
responsiveness (e.g. Yılmaz and Pardalos 2017; Yılmaz 2020). Finally, we note that 
Dolgui et al. (2020) recently studied the interplays of the Bullwhip and the Ripple 
effects, which are closely related to the efficiency and resilience of supply chains, 
respectively.

All in all, we can conclude that the body of knowledge related to supply chain 
resilience is still in a relatively early stage. Existing papers have led to useful find-
ings and insights that help professionals design more resilient supply chains. In this 
sense, we refer interested readers to the systematic review of models for supply chain 
design under disruptions by Aldrighetti et al. (2021). However, with few exceptions 
(e.g. Ivanov 2018; Yılmaz et al. 2021), most of the efforts have focused on exploring 
traditional supply chains. The same applies to those papers investigating the trade-
offs between efficiency and resilience, which have primarily focused on traditional 
systems. Nevertheless, closed-loop supply chains also need to gain resilience to 
accelerate the global transition towards more sustainable economic models (Cardoso 
et al. 2015; Dominguez et al. 2019b; del Rosario et al. 2020).

2.3 � Our contribution

The main contribution of the present paper lies in the closed-loop supply chain 
dynamics literature, recently reviewed by Braz et  al. (2018) and Goltsos et  al. 
(2019).5 In particular, we complement previous research works by incorporating the 
analysis of resilience to demand volatility, which provides meaningful findings that 
are discussed later in this paper. By studying the impact of the inventory controller 
of a POUT policy, we observe the aforementioned tensions between optimising effi-
ciency and gaining resilience; thus, managers need to find an appropriate trade-off 
for their closed-loop supply chains. In this sense, our paper sheds more light on the 

5  Interestingly, both papers refer to the concept of supply chain resilience in their reviews. Braz et  al. 
(2018) identify several important avenues for future research. The second one is related to the study 
of the ‘resilience dimensions’ in closed-loop supply chains. Also, Goltsos et  al. (2019) highlight that 
understanding the behaviour of the ‘boomerang’ that describes the demand-returns cycles of products 
in closed-loop supply chains is key to integrate the forward and reverse flows of materials into resilient 
circular economy systems.

4  Note that these properties are linked to resilience. Kindly refer to footnote #1.
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dynamic behaviour and performance of these systems, which is of valuable help in 
pushing the shift towards the desired circular economy.

Analysing these tensions in closed-loop settings also add to the discipline of sup-
ply chain resilience and, in particular, to the field exploring the trade-offs between 
efficiency and resilience. In line with the previous discussions, this field includes 
interesting analyses of a conceptual or qualitative (e.g. Ridley 2019; Gölgeci et al. 
2020) and quantitative nature (e.g. Spiegler et al. 2012; Ivanov et al. 2014) of tradi-
tional supply chains, but closed-loop systems have not been studied sufficiently so 
far.6 From this perspective, we aim to contribute to increasing the managerial under-
standing of the appropriate balance between both properties in supply chains that are 
compatible with a circular economy.

3 � Closed‑loop supply chain model

There are several structures of closed-loop supply chains in practice. Nonetheless, 
most of the previous works in the closed-loop supply chain dynamics literature have 
investigated hybrid manufacturing/remanufacturing systems, in which the demand 
of products can be satisfied by both manufactured, new products and remanufac-
tured, as-good-as-new products (Souza 2013). The prevalence of hybrid systems in 
the literature is mainly due to two reasons. First, their industrial relevance in some 
sectors, such as the spare parts industry. Indeed, hybrid systems are popular when 
the assumption of ‘perfect substitution’ (between manufactured and remanufactured 
products) holds. Second, the added complexity they bring, as in these systems the 
forward and reverse flows of materials need to be effectively integrated to satisfy 
customer demand efficiently and resiliently.7

Due to the same reasons, and for benchmarking purposes, in this paper we also 
explore a hybrid system. In this sense, we consider the type-3 control-theoretic 
model developed by Tang and Naim (2004), which assumes full transparency in 
the closed-loop supply chain and makes best use of the information available. This 
model has been used in several other previous studies in this area (e.g. Cannella 
et al. 2016; Zhou et al. 2017; Ponte et al. 2019), and is in turn a closed-loop version 
of the popular Automatic Pipeline, Inventory and Order-Based Production Control 
System (APIOBPCS). This model was developed by John et al. (1994) and has been 
used in countless supply chain dynamics studies in the last 25 years; see Lin et al. 
(2017) for a review on the matter.

6  The article by Ivanov et al. (2019) maintains that disruptions in closed-loop supply chains have been 
rarely investigated, and identifies ‘closed-loop supply chains, sustainability, and humanitarian logistics’ 
as one of the key research avenues that deserve near-term attention in the supply chain resilience and 
Ripple effect literature.
7  When the manufacturing and remanufacturing processes serve different markets, which may occur 
when their products are not perfect substitutes, their operations do not need to be necessarily aligned 
—the different sources of uncertainties can be addressed independently. Inventory policies for hybrid 
systems, however, need to be able to accommodate simultaneously the uncertainties of customer demand, 
returns, and the manufacturing and remanufacturing processes.
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3.1 � Hybrid manufacturing/remanufacturing system

Figure 2 represents the mathematical model of the hybrid manufacturing/remanufac-
turing system under study in the form of a block diagram. This shows the relation-
ship between the key operational variables of the system in the Laplace domain,8 ‘s’. 
Meanwhile, Table 1 clarifies the nomenclature of the main parameters, both control-
lable and uncontrollable, and variables. Note: in this and the next sections, and fol-
lowing common convention, we use the notation X(s) for the generic variable X in 
the Laplace domain and Xt to refer to the same variable in the discrete-time domain.

To facilitate the understanding of the model for readers that are not familiar 
with control-theoretic techniques, “Appendix I” provides the difference equations 
required for modelling the hybrid manufacturing/remanufacturing system in the 
discrete-time domain. This appendix allows the reader to appreciate how the closed-
loop supply chain operates over time and some important assumptions.

It is important to note that there are two main inventories in this model, which 
control the flow of materials throughout the closed-loop supply chain: the recov-
erable inventory (RINV) and the serviceable inventory (AINV). In this representa-
tion of a hybrid system, the recoverable inventory operates according to a ‘push’ 
policy. That is, the returns are processed in the remanufacturing facilities as soon as 
they are collected. This policy has been widely used for controlling the recoverable 
stock of hybrid systems, as it easily implements the prioritization of remanufactured 

Fig. 2   The block diagram of the hybrid manufacturing/remanufacturing system

8  Using the Laplace transform, from the time domain ‘t’ to the complex domain ‘s’, highly simplifies the 
representation, manipulation, and analysis of the supply chain. Readers that are not familiar with these 
techniques may find a good introduction into them and complete mathematical details in Leigh (2004).
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products (over new ones) for economic and/or environmental reasons (e.g. van der 
Laan et al. 1999; Hosoda et al. 2015).

Meanwhile, the serviceable inventory operates according to a POUT model that 
issues the manufacturing orders. This is a generalization of the traditional order-up-
to (OUT) model that allows managers to optimise the trade-off between production 
smoothness and inventory performance (Disney and Lambrecht 2008). In this sense, 
the replenishment policy incorporates a proportional controller, whose time con-
stant is TI,9 which determines the portion of the gap between the desired and the 
actual position of the serviceable inventory and work-in-progress that is considered 
to issue the order.

Developing transfer functions that relate in the Laplace domain the relevant 
outputs (in our case, ORATE and AINV) to the key inputs (in our case, CONS) 
facilitates the subsequent analysis of the dynamics and performance of the hybrid 
manufacturing/remanufacturing system. These transfer functions are provided in 
“Appendix II”, allowing the reader to replicate the experiments of this paper.

Table 1   Key parameters and variables of the hybrid manufacturing/remanufacturing system

Abb. stands for ‘abbreviation’. TC stands for ‘time constant’. The controllable parameters should be 
freely adjusted by the management to optimise the key metrics. The uncontrollable parameters may be 
partially controllable in some practical settings, but will be considered as uncontrollable for the purposes 
of our study

Parameters Variables

Abb. Description Abb. Description

Controllable parameters AINV Actual serviceable inventory
TA Exponential smoothing TC AVCON Average consumption (demand 

forecast)
TI Inventory controller TC COMRATE Manufacturing completion rate
TP Work-in-progress policy TC CONS Consumption rate (demand)
SS Safety stock DINV Desired serviceable inventory
Uncontrollable parameters DWIP Desired work-in-progress
TC Consumption lead time ORATE Manufacturing order rate
TM Manufacturing lead time RINV Recoverable inventory
TR Remanufacturing lead time REMCOM Remanufacturing completion 

rate
α Return yield WIP Work-in-progress

9  In this paper, we study a special configuration of the generic POUT model, probably the most popular 
in both theory and practice, in which the gaps in the on-hand inventory and the work-in-progress are 
controlled by the same time constant, TI. This is the sometimes referred to as the Deziel and Eilon (1967) 
configuration.
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3.2 � Key performance metrics

In line with the objective of our study, we measure the operational efficiency and 
resilience of our closed-loop supply chain. With regards to the former, we employ 
two common ratios that consider the fundamental trade-off between inventory 
performance and production smoothness that we highlighted before. First, the 
Bullwhip ratio ( BW  ) expresses the variance of the manufacturing order rate in 
relative terms to the variance of consumer demand, see Eq. (1), where σ2

X
 is the 

variance operator. As discussed by Disney and Lambrecht (2008), among many 
others, BW  can be linked to the capacity-related production costs incurred by 
the supply chain actors. Second, we study the Net Stock Amplification ( NSAmp ) 
ratio, which compares inventory variance to demand variance, by Eq. (2). NSAmp 
determines the organisational ability to satisfy the demand of customers in a cost-
effective way, as also discussed by Disney and Lambrecht (2008), among many 
others.

Using BW  and NSAmp , we can define the cost-related, efficiency metric Je to 
consider the key trade-off between both ratios, according to Eq. (3). This is based 
on the assignation of a weight to the square root of each metric, denoted by kBW 
and kNSA (such that 0 ≤ {kBW, kNSA} ≤ 1, kBW + kNSA = 1 ). Ponte et al. (2017) can 
be consulted for further details behind the rationale and usefulness of this metric. 
At this point, it is relevant to note that the metric Je can be especially useful to 
adjust the controllable parameters of the hybrid system, and particularly the time 
constant of the POUT model, TI . This analysis would allow managers to achieve 

(1)BW =
σ2
ORATE

σ2
CONS

(2)NSAmp =
σ2
AINV

σ2
CONS

Fig. 3   The response of the serviceable inventory and the order rate when facing a shock in demand
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the target customer service level at a minimum operating cost, considering both 
inventory costs and production costs.

To measure the resilience of the hybrid system, we follow the approach proposed 
by Spiegler et al. (2012). This can be illustrated by means of Fig. 3a, which shows 
an example of the response of the (serviceable) inventory when facing a disruptive 
event that provokes a sudden increase of consumer demand from t = tR . Note that 
the event provokes a sharp decrease in the position of the inventory, thus generat-
ing a trough (a negative peak), where the system may incur stock-outs. Later, the 
inventory system reacts, and the stock grows in the search of the target value, i.e. the 
safety stock. Indeed, it may tend to over-react, potentially creating a (positive) peak 
in the inventory response, such as the one shown in this figure. Later, from t = tS, 
the system returns to operating in ‘normal’ mode.

The ITAE metric considers the area highlighted in Fig. 3a, i.e. that between the 
inventory response and the target inventory level, but it weighs deviations more 
heavily as time increases. Note that this perspective allows us to capture in only 
one metric two of the three dimensions underlined by Behzadi et al. (2020).10 First, 
deviations in the y-axis entail a temporary loss of performance due to the disruption 
(LPR), which manifests itself in stock-outs and/or excessive inventory storage. In 
this fashion, the ITAE captures information about the severity of the impact of the 
event. Also, this metric considers the time between the disruptive event appears and 
the system returns to its normal state, or time to recovery (TTR), in the x-axis, by 
weighing areas more as they move away from tR . All in all, the ITAE metric can be 
formally expressed by Eq. (4), where E(t) / Et is the relevant error function.11

In Fig. 3a, E(t)/Et represents the difference between the actual and the target posi-
tion of the inventory, i.e. Et = AINVt − DINVt = AINVt − SS , ∀t ≥ tR , leading to 
what we denote by ITAEAINV . Nonetheless, the same idea can be applied to consider 
the impact of the disruption on the manufacturing system, which may also suffer 
from a temporary loss of performance. This is illustrated in Fig. 3b, which shows 
that the disruption may entail potentially costly overproduction and/or idle time. In 
this case, E(t) represents the difference between the manufacturing order rate and 
its target value in steady state, that is, E

t
= ORATE

t
− (1 − α)CONS

t
 , ∀t ≥ tR.Note 

that a portion of the demand, αCONSt, can be satisfied by remanufacturing used 

(3)Je = kBW

√
BW + kNSA

√
NSAmp

(4)ITAE = ∫
∞

t=tR

(t − tR)|E(t)|dt ≈
∞∑

t=tR

(t − tR)
||Et

||

10  It is not necessary to consider the third dimension, i.e. the recovery level after the recovery period 
(RL), as it seems reasonable to assume that after a sufficiently long period of time the inventory level 
will be able to return to the target value, see Spiegler et al. (2012).
11  A clarifying comment about notation: in Eq.  (4), E(t) refers to the continuous-time version of the 
discrete-time error variable, Et.
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products.12 We use ITAEORATE to refer to the ITAE metric when considering the 
error function in manufacturing orders.

Taking both perspectives into account, we define the resilience metric 
Jr as a weighted average of ITAEAINV and ITAEORATE , as per Eq.  (5). Using 
a similar structure as before (for Je ), the parameters kIR , for inventory resil-
ience, and kOR , for order resilience, define the weight of both terms (such that 
0 ≤ {kIR, kOR} ≤ 1, kIR + kOR = 1).

4 � Performance of the hybrid system

In this section we explore the behaviour and measure the performance of the hybrid 
manufacturing/remanufacturing system. We aim to gain a better understanding into 
how to appropriately control the inventory in these closed-loop supply chains via 
POUT policies. According to previous discussions, we do this by considering two 
complementary angles.

First, we analyse the efficiency of the hybrid system; that is, its capacity to meet 
customer demand in a cost-effective manner. From this perspective, the goal of the 
system is to achieve high customer service levels at a reasonably low operating cost 
(considering both inventory holding and capacity-related Bullwhip costs). To this 
end, we use the efficiency metric Je . Second, we consider the resilience of the sys-
tem to abrupt changes in customer demand. Taking this into account, the goal of the 
system is to accommodate the disruption with the minimum possible decrease in 
performance as well as to recover stability in a reasonable amount of time. This will 
be assessed via the resilience metric Jr . Before, we define the scenario that we will 
explore in detail to meet our research objectives.

4.1 � Design of the simulations

To study the control of the operational dynamics of the hybrid system both in 
a steady state (to analyse the efficiency) and in the transient state provoked by 
a shock in demand (to study the resilience), we first consider a base scenario 

(5)Jr = kORITAEORATE + kIRITAEAINV

Table 2   Values of the 
uncontrollable and controllable 
parameters in the base scenario

TC TM TR α �
�

�
�

30 periods 6 periods 4 periods 0.4 (40%) 9 periods 5.2 periods

12  In Fig. 3(a), the initial and final position of the inventory is the same: the fixed safety stock. However, 
in Fig. 3(b), the final position of the order rate is higher than the initial position —the difference is indi-
cated by ΔORATE. This occurs because a positive step in demand increases the needs of manufacturing 
products.
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defined by the values of the uncontrollable and controllable parameters shown 
in Table 2. First, we focus on the uncontrollable parameters. As regards the lead 
times, this scenario attempts to mimic the real-world operation of most hybrid 
systems (see e.g. Ponte et al. 2019), where: (i) the consumption lead time is gen-
erally the longest one (i.e. TC ≫

{
TM, TR

}
 ); and (ii) manufacturing normally 

takes longer than remanufacturing (i.e. TM > TR ). Finally, we use α = 0.4 to study 
a ‘generic’ industry where the volume of returns is neither excessively low nor 
very high.

Now we address the controllable parameters. In this paper, we examine the 
effects of the time constant of the inventory controller of the POUT policy, TI , 
in the most common interval for this parameter, i.e. TI > 1 . For the time con-
stant of the exponential smoothing, we use TA = 9 . This generates a smoothing 
constant of 0.1 (see “Appendix I”), which is within the typically recommenda-
ble range for this constant, [0.05,0.25], see e.g. Teunter et  al. (2011). Regard-
ing the work-in-progress policy, we follow the suggestion put forward by Tang 
and Naim (2004) to avoid a negative offset in the on-hand inventory for this 
hybrid system, given by T

P
= (1 − α)T

M
+ αT

R
 . In this case, we easily obtain 

TP = (1 − 0.4) × 6 + 0.4 × 4 = 5.2 . Finally, we clarify that we do not need to 
define a level for the safety stock in our analysis, SS , as it does not impact on the 
linear dynamics of the system; this can also be derived from the inspection of the 
transfer functions in “Appendix II”.

In the following subsections, we investigate the efficiency and resilience of 
the hybrid system in the base scenario by analysing its response to a stochastic, 
normally distributed demand and a step demand, respectively. Second, we ana-
lyse the robustness of our findings and seek additional insights by evaluating the 
effects of the return yield and the relationship between the lead times on the rel-
evant trade-offs between the efficiency and resilience of the closed-loop supply 
chain. To this end, we have implemented the supply chain model in MATLAB 
R2019b. This has been validated and verified following common practices, which 
are not included in this paper due to space limitations.

4.2 � Analysis of efficiency

To assess the relationship between the efficiency of the hybrid system (indi-
cated by Je ) and the regulation of the inventory controller (characterised by TI ), 
we explore three cost structures. First, we consider 

{
k
BW

= 1∕2;k
NSA

= 1∕2
}
 , 

which is representative of practical settings where both sources of variability 
(i.e. order and inventory) are equally, or similarly, expensive. Second, we define {
kBW = 2∕3; kNSA = 1∕3

}
 , which assumes that (reducing) order variability should 

be prioritised as it has a higher impact on the economics of the organisation. 
Finally, we use 

{
kBW = 1∕3; kNSA = 2∕3

}
 , representing the practical settings in 

which inventory variability is more costly than that in the order rate.
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Figure 4a represents the metric Je as a function of the time constant TI.13 Notice 
that we use a logarithmic scale in the x-axis, log2

(
TI

)
 , as this time constant generally 

takes values in the power-of-two set. To better interpret these graphs, Fig. 4b shows 
the curves of the BW and NSAmp ratios. First, we can see that BW is a decreas-
ing function of TI . This shows that increasing TI is an effective solution for mitigat-
ing the Bullwhip phenomenon in the hybrid system, like in traditional production 
systems without the reverse flow of materials. Nevertheless, the Bullwhip reduction 
occurs at the cost of an increase in inventory variability, which can be concluded 
from the inspection of the NSAmp graph. That is, increasing TI smooths the opera-
tion of the hybrid system, but may provoke a deterioration of customer satisfaction. 
Under these circumstances, decision makers need to carefully manage the trade-off 
between both metrics when TI grows, as is well known (e.g. Disney and Lambrecht 
2008).

As a result of both effects, the metric Je tends to exhibit a convex, U-shaped 
form, see Fig. 4a, where ▽ shows the minimum of each curve. Hence, Je can be 
optimised by setting TI to the optimal value, which we label by T∗

I
 . This U-shaped 

form can be clearly perceived for 
{
k
BW

= 1∕2;k
NSA

= 1∕2
}
 . In this case, Je is mini-

mised for log2
(
T∗
I

)
≈ 1.15 , that is, T∗

I
≈ 2.2 . When 

{
kBW = 2∕3; kNSA = 1∕3

}
 , 

log2
(
T∗
I

)
≈ 2.7 , resulting in T∗

I
≈ 6.5 , minimises Je . Note that T∗

I
 increases as kBW 

grows, which is an implication of the positive effect of increasing T∗
I
 on the Bull-

whip ratio. In contrast, when 
{
kBW = 1∕3; kNSA = 2∕3

}
 , the highest performance 

of the hybrid system is obtained for T∗
I
= 1 (i.e. log2

(
T∗
I

)
≈ 0) . That is, adding the 

inventory controller to the classic OUT policy does not add value when variability 
in inventory should be greatly prioritised over that in orders.

Fig. 4   Relationship between BW , NSAmp and Je with the time constant of the controller, T
I

13  To achieve statistical significance and facilitate the understanding of the main effects of 
TI , we have run simulations of the supply chain over 200,000 periods, with multiple levels of 
TI = {1, 1.1, 1.2, 1.3,… , 16}. The demand follows a normal distribution with a mean of 100 and a stand-
ard deviation of 20.
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To illustrate the impact of TI on the efficiency of the closed-loop supply chain, 
Fig. 5 shows the stochastic response of the manufacturing order rate and the service-
able inventory due to a random demand signal in 100 consecutive periods of one 
of the simulation runs.14 Figure  5a considers TI = 20 = 1 , and Fig.  5b shows the 
same information for TI = 24 = 16 . Comparing the ORATE curves in both graphs, 
we can clearly see the smoothing effect of increasing TI—indeed, Bullwhip occurs 
for TI = 1(BW > 1 , see Fig. 4b), but does not occur for TI = 16 ( BW < 1 ). Mean-
while, the inspection of the AINV curves reveals that the increase in TI also results 
in high swings in the inventory levels. This perspective highlights again that closed-
loop supply chain managers need to find the appropriate balance between BW and 
NSAmp, which needs to be in line with the cost structure of their systems.

4.3 � Analysis of resilience

In this subsection we follow a similar procedure but now we focus on the metric Jr 
with the aim of analysing the resilience of our closed-loop supply chain to demand 
shocks. In this sense, we address the ability of the hybrid system to recover from a 
sudden change in demand by minimising its impact on both the inventory levels (i.e. 
demand satisfaction) and the order rate (i.e. production smoothness).

Again, we consider the impact of the time constant TI in the base scenario 
defined in Table 2. To this end, we also explore three cost structures, identified by 
the weights kIR and kOR . First, we study the case defined by 

{
kOR = 0.5;kIR = 0.5

}
 , 

where both ITAEs are equally damaging to the transient performance of the hybrid 
system. Also, we use 

{
k
OR

= 2∕3;k
IR

= 1∕3
}
 , where minimising the ITAE of the 

order rate should be prioritised. For instance, this may happen when the unsatisfied 

Fig. 5   Response of orders and inventory levels to a random demand in one of the simulations

14  In this example, we have established a safety stock of 60 units for the serviceable inventory. Notice 
that the mean manufacturing rate (60 units) is lower than the mean demand (100 units), as a portion of 
the demand (specifically, the return yield, 40%) is satisfied by remanufacturing used products.
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demand can be backlogged (i.e. stock-outs do not translate into lost sales), or when 
increasing the volume of production is particularly costly (e.g. due to rigid capaci-
ties). Last, we consider the opposite case, 

{
kOR = 1∕3;kIR = 2∕3

}
 , which may apply 

if the priority is to satisfy as much customer demand as possible in the recovery 
period, even at the expense of increasing production costs during that time.

Figure 6a displays the relationship between Jr and TI expressed in a logarithmic 
scale.15 To better understand this curve, Fig. 6b shows the evolution of ITAEORATE 
and ITAEAINV as log2

(
TI

)
 grows. The analysis of Fig. 6 yields interesting insights that 

allow us to understand the dynamic resilience of hybrid systems. To facilitate the 
visualization of the curves, we use normalised values of ITAEORATE , ITAEAINV , and 
Jr , i.e. we represent these metrics in relation to their value for TI = 1 ( log2

(
TI

)
= 0).

From inspection of Fig.  6b, we can see that both ITAEORATE and ITAEAINV are 
increasing functions of the controllable parameter TI . Specifically, the curves sug-
gest the existence of exponential relationships. It is also interesting to note that the 
increase, relative to TI = 1 , is more accentuated for ITAEAINV than for ITAEORATE . 
Note that the former increases by four times (approx.) when TI grows from 1 
( log2

(
TI

)
= 0 ) to 16 ( log2

(
TI

)
= 4 ), while the latter only increases by 1.5 times 

(approx.).
The fact that both ITAEs increase as TI grows makes that there is no trade-off in 

terms of resilience between the perspectives of orders and inventories. Therefore, 
we find an important difference between the study of resilience and the previous 
analysis of efficiency. As a result, Jr also grows in an exponential-like manner when 
TI increases, as indicated by Fig. 6a. That is, from a resilience viewpoint, the classic 
OUT policy outperforms the POUT model (with TI > 1 ). In other words, while add-
ing the inventory controller has a clear value in terms of efficiency (see the previous 
subsection, which is in line with many previous studies of traditional systems), this 

Fig. 6   Relationship between ITAEORATE , ITAEAINV and Jr with the time constant of the controller, T
I

15  To measure Jr , we simulate the response of the hybrid manufacturing/remanufacturing system against 
a unit step in customer demand, representing an abrupt change in customer needs.
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controller tends to reduce the capacity of the hybrid system to respond to demand 
shocks and return to steady state.

To exemplify these findings, Fig. 7 plots the unit-step response of the order rate 
and the serviceable inventory for TI = 1 (a) and TI = 16 (b), respectively. First, we 
consider the inventory responses. Comparing Fig.  7a, b, it becomes evident that 
increasing TI sharpens the impact of demand shocks on the service level. Both the 
time to recovery and the lost performance during this period grow dramatically. This 
explains why the inventory resilience decreases enormously as TI rises. Looking at 
the order rate, we can see that high values of TI provoke a lower peak in the response 
(a positive effect); however, the time to recovery is also longer (a negative effect). 
Given that the ITAE weights the area more heavily as we move away from the step 
time, the negative effect outweighs the positive effect, as shown by Fig. 6b. How-
ever, due to both effects, the increase of ITAEORATE as TI grows is comparatively 
lower.

4.4 � Analysis of sensitivity

Following from the discussion in the previous subsections, incorporating an inven-
tory controller into the traditional OUT policy—leading to the so-called POUT 
policy—allows for a considerable improvement in the efficiency of hybrid manufac-
turing/remanufacturing systems. This improvement mainly stems from the control-
ler smoothing the operation of the closed-loop supply chain, which has an unde-
niable economic value. Nevertheless, the inventory controller may be detrimental 
resilience-wise, as it would decrease the ability of the supply chain to cope with 
unexpected and drastic changes in the demand of customers. This highlights the 
importance of taking both perspectives into consideration (i.e. efficiency and resil-
ience) when regulating inventory controllers. Otherwise, pursuing efficiency in the 
day-to-day operations of closed-loop supply chains might compromise their long-
term viability, given that different disruptions are likely to occur in the future.

Fig. 7   Response of orders and inventory levels to a step in customer demand
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Nonetheless, in our previous analysis, we explored the base scenario (of uncon-
trollable and controllable parameters) specified in Table 2. In the light of this con-
sideration, we now perform additional tests aimed at: (i) verifying that the general 
insights on the trade-off between efficiency and resilience (to demand volatility) in 
hybrid systems hold in a wider parameter space; and (ii) gaining an understanding of 
how relevant parameters of the reverse flow, such as the return yield and the remanu-
facturing lead time, affect such trade-off. To this end, we first explore two additional 
values of the return yield, α, along with the baseline (α = 0.4), in particular: α = 0, 
representing the traditional supply chain (without a reverse materials flow); and 
α = 0.8, modelling a closed-loop system with a higher degree of circularity, where 
most of demand can be satisfied by remanufacturing used products.

Fig. 8   The impact of the return yield on the efficiency-resilience trade-off. Note: The symbol * identifies 
the base scenario
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Figure 8 shows the impact of α on the set of key performance metrics defined 
above. Specifically, Fig. 8a, b display the efficiency analysis; and Fig. 8c, d focus on 
resilience.16

Figure 8a reveals that, in the three cost structures, the supply chain becomes more 
efficient (i.e. Je decreases) as α grows, which is in line with the findings reported by 
Tang and Naim (2004). This occurs because, in general terms, both BW and NSAmp 
reduce when α increases,17 see Fig. 8b. In contrast, Fig. 8c shows that the system 
becomes less resilient (i.e. Jr grows) as α goes up. That is, a steady increase in the 
volume of returns may decrease the resilience of the system to demand volatility. 
According to Fig. 8d, this mainly occurs due to the fact that ITAEORATE increases 

Fig. 9   The impact of the remanufacturing lead time on the efficiency-resilience trade-off. Note: The sym-
bol * identifies the base scenario

16  To allow for the comparison, the analyses of efficiency and resilience have been carried out exactly in 
the same conditions as those described in Sects. 4.2 and 4.3, respectively.
17  We note that, for low values of TI , the closed-loop supply chain benefits from a slight reduction of 
NSAmp as α grows. This is an interesting observation; however, it does not have a significant impact on 
the efficiency, which always improves as α grows in our experiments.
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when α grows; also, ITAEAINV tends to increase when α grows. Nonetheless, Fig. 8d 
also shows that, for high levels of TI (approx., when log2

(
TI

)
> 3.2) , ITAEAINV 

reduces as α grows. This explains why, in Fig. 8c, when TI is very high, reducing α 
does not necessary translate into a decrease of Jr.

Having discussed the impact of the return yield, it is important to underline that, 
regardless of the value of α, we can also observe here the trade-off between effi-
ciency and resilience stressed before. That is, a conflict of interest emerges when 
regulating TI in the closed-loop supply chain under study; the efficiency analysis 
suggests using an intermediate value of TI (except when kNSA ≫ kBW ), while the 
resilience analysis recommends employing the lowest reasonable value of TI , i.e. 
TI = 1.

The same conclusion also holds from the analysis of the impact of the remanu-
facturing lead time, TR , which is represented in Fig. 9. In this case, together with the 
baseline ( TR = 4 ), we investigate TR = 2 , TR = 6 , and TR = 8 . Note: TR = 2 allows 
us to study the impact of a reduction in this lead time; TR = 6 represents the case in 
which remanufacturing used products takes exactly the same time as manufacturing 
new ones; and TR = 8 considers the case in which remanufacturing takes longer.18

Figure 9b indicates that reducing TR has a positive impact on BW , particularly for 
low and moderate levels of TI . Meanwhile, we also observe that reducing TR tends 
to increase NSAmp , especially for low TI . This has been named the ‘lead-time para-
dox’ of remanufacturing lead times in hybrid systems (Hosoda and Disney 2018). 
However, the paradox does not prevent that, in our experiments, the efficiency of 
the closed-loop supply chain always grows (i.e. Je decreases) as TR is reduced, see 
Fig. 9a.

In addition, it is worth mentioning that the optimal value of TI from the perspec-
tive of efficiency generally grows as TR increases, see Fig.  9a. That is, managers 
should consider this lead time when tuning inventory controllers of POUT policies 
for their hybrid manufacturing/remanufacturing systems. Indeed, T∗

I
 is more sensi-

tive to TR than to α—notice that Fig. 8a shows that the return yield does not have a 
significant impact on T∗

I
 ; only if kBW is high does T∗

I
 (slightly) increase as α grows.

Finally, we analyse how TR affects the resilience of the system to demand shocks. 
In this regard, Fig.  9c is notably interesting, as it shows that Jr is minimised for 
TR = 6 . In this sense, we observe that the resilience of the system is maximised 
when both lead times (manufacturing and remanufacturing) are equal. In view of our 
results, when this occurs, either reducing TR or increasing TR makes the system less 
resilient to demand volatility. From this perspective, our results reveal that the well-
documented lead-time paradox also exists from a resilience point of view. Figure 9d 
explains that this occurs because, while ITAEORATE is not very sensitive to changes 
in TR , ITAEAINV is a convex function of TR that achieves the minimum for TR = TM 
(within the range of values considered).

18  For example, this may be the case when the disassembly of used product is very time-consuming. In 
turn, this often occurs when the condition of returns is highly variable and there is a high rate of manual 
operations; see e.g. Yılmaz and Yazıcı (2021).
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5 � Conclusions

Implementing efficient and resilient closed-loop supply chains is fundamental to 
consolidate the move towards more circular models in the economy of modern soci-
eties. From this perspective, this research article has evidenced the tensions between 
the efficiency of a hybrid manufacturing/remanufacturing system and its resilience 
to demand shocks19 when a POUT policy is used to manage the serviceable inven-
tory and a push model is employed in the recoverable inventory. In addition, we 
have discussed how the volume of returns in the closed-loop supply chain and the 
relationship between the manufacturing and remanufacturing lead times affect such 
tensions.

In this fashion, we contribute to the advancement of closed-loop supply chain 
theory and we provide practitioners with a deeper understanding of the control of 
these supply chains. These insights, which we discuss below, aim to prompt aca-
demics to investigate this area further and aid organisations in adopting efficient and 
resilient circular economy practices in their operations.

5.1 � Implications for theory and practice

Adding a proportional controller into an OUT inventory policy is well-known to be 
an effective solution for enhancing the efficiency of traditional supply chains. This 
paper shows that the same happens in a hybrid system. Basically, the improvement 
occurs because the controller smooths the operation of the system by mitigating the 
Bullwhip effect, which is a major source of wastes. However, the controller may 
have a negative impact on customer service level. Therefore, managers need to con-
sider a (first) fundamental trade-off when tuning their inventory controllers. That 
is, to optimise the efficiency of their hybrid systems, decision makers need to find 
the optimal configuration of the controller considering its effects on both production 
smoothness and inventory performance. This optimal configuration depends heavily 
on the cost structure of the closed-loop supply chain.

Nevertheless, this is not the only perspective that needs to be addressed when 
designing inventory controllers for closed-loop supply chains. In this regard, this 
paper reveals that the controller significantly affects the resilience of hybrid systems 
to demand volatility. Specifically, by assessing the control-theoretic ITAE metric, 
this paper has found that resilience decreases as the time constant of the controller 
( TI ) grows. This occurs as the time to recovery and the lost performance during this 
period tend to increase when TI grows. Interestingly, this applies when considering 
both the transient behaviour of serviceable inventories and that of manufacturing 
orders in the closed-loop supply chain.

19  This point of view is particularly relevant nowadays, given that the demand of many products suf-
fered drastic changes in the different stages of the COVID-19 pandemic, which resulted in supply chains 
experiencing multiple additional problems. For example, masks, sanitation and disinfectant products, and 
laptops experienced a dramatic increase in the early stages of the pandemic, while plane tickets, hotel 
reservations and many other services hit rock bottom due to the lockdowns and travel restrictions.
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Thus, a (second) key trade-off has to be considered by managers: that between 
the efficiency and the resilience of the closed-loop supply chain. From a purely effi-
ciency perspective, the optimal solution is often characterised by T∗

I
> 1 ; however, a 

perspective focused on maximising resilience recommends TI = 1 . Therefore, a logi-
cal solution for the hybrid system would be to use a time constant TI in the interval 
1 < TI < T∗

I
 . To decide where to fix TI in that interval, quantifying the probability of 

disruption risks would be of crucial help. When the probability of disruption events 
in a certain time interval is deemed to be low, managers should use configurations 
that are closer to the efficiency-optimal setting (i.e. TI ≈ T∗

I
 ). Meanwhile, as disrup-

tions risks become more likely, managers should use lower values of TI to minimise 
the impact of the disruption on the hybrid system when it occurs.

Our analysis has also shed light into the impact of the return yield and the reman-
ufacturing lead times on the efficiency and resilience of hybrid systems. In relation 
to the former, we have observed that the closed-loop supply chain becomes more 
efficient but less resilient when the level of circularity increases (except for very 
high values of TI , which are neither efficient nor resilient). In this sense, highly cir-
cular supply chains may be at risk of being more vulnerable to demand disruptions. 
This is due to the reverse flow of materials: when the return yield is high, it takes 
more time for the system to return to its original state due to the influence of (gener-
ally long) consumption lead times.

In relation to the latter, our results reveal that the well-documented lead-time 
paradox of the remanufacturing lead time in hybrid systems also applies to the resil-
ience of these system. Specifically, managers should be aware of the benefits of 
making both lead times equal (i.e. manufacturing and remanufacturing), as it max-
imises the resilience of the hybrid system. Indeed, it seems to have a higher impact 
on resilience than on efficiency; given that the efficiency of the closed-loop supply 
chain generally increases as the remanufacturing lead time decreases. Finally, we 
highlight that the relationship between both lead times should be carefully taken into 
consideration when tuning POUT controllers.

5.2 � Limitations and future research avenues

Our study contributes to advance our understanding about the management of 
closed-loop supply chains to appropriately balance their efficiency and resilience. 
However, it is not exempt of limitations, which we acknowledge as interesting ave-
nues for future research. Next we discuss the three most important ones from our 
point of view.

First, our analysis has focused on a hybrid manufacturing/remanufacturing 
system, a particular type of closed-loop system, for the reasons previously men-
tioned. Subsequent studies may be directed towards the investigation of other 
closed-loop supply chain structures that are also relevant in practice, including 
recycling systems and pure remanufacturing systems, which are gaining ground 
in the current business landscape due to both environmental and economic rea-
sons. Second, we restricted our study to the resilience to demand volatility. Inves-
tigation of the resilience to supply volatility and the Ripple effect of disruptions 
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along the supply chain was beyond the scope of our paper but would be an inter-
esting avenue of future research. Finally, as previously noted, we considered a 
POUT policy for the serviceable inventory and a push policy for the recoverable 
inventory. Nonetheless, other combination of inventory models may allow for a 
better integration of efficiency and resilience in closed-loop supply chains. This 
is an interesting topic for further study, as it would support professionals in the 
adoption of circular economy practices in real-world industrial systems.

Appendix I: difference equation model

The difference equations that are required for modelling the hybrid manufactur-
ing/remanufacturing system are shown in Table 3. They can be interpreted as the 
discrete-time equivalence of the block diagram displayed in Fig. 2. We refer the 
interested readers to John et  al. (1994) for complete details of the link between 
the continuous- and discrete-time analyses, and Warburton and Disney (2007) 
for a discussion of their equivalence from a managerial viewpoint. The model is 
briefly explained below.

Eq. (A1) implements the POUT replenishment policy in the serviceable stock. 
Note that the order —which is issued at the beginning of each period— is the 
sum of three terms: (i) the gap between the forecast of the demand and the reman-
ufacturing completion rate, i.e. a net demand forecast; (ii) a portion of the gap 
between the desired and the actual position of the serviceable inventory; and (iii) 
a portion of the gap between the desired and the actual work-in-progress, which 
considers both the manufacturing and remanufacturing processes. The time con-
stant of the inventory controller  determines the portion of the gaps (1/TI ) that is 
considered in the replenishment rule.

In this model, the lead times are represented as first-order delays. Eq. (A2) models 
the lead time of the manufacturing system, where TM is the average lead time. Eq. (A3) 

Table 3   Set of difference equations that model the closed-loop supply chain

Note: The equation of CONS
t
 is not included, as it is the noise input (a disturbance) of the control system

Variable and equation No

Manufacturing order rate: 
ORATEt =

(
AVCONt−1 − REMCOMt−1

)
+

1

Ti

(
DINVt−1 − AINVt−1

)
+

1

Ti

(
DWIPt−1 −WIPt−1

) (A1)

Manufacturing completion rate: COMRATEt = COMRATEt−1 +
1

1+TM

(
ORATEt − COMRATEt−1

) (A2)

Recoverable inventory: RINVt = RINVt−1 +
1

1+TC

(
αCONSt − RINVt−1

) (A3)

Remanufacturing completion rate: REMCOMt = REMCOMt−1 +
1

1+TR

(
RINVt − REMCOMt−1

) (A4)

Average consumption (demand forecast): AVCONt = AVCONt−1 +
1

1+TA

(
CONSt − AVCONt−1

) (A5)

Desired serviceable inventory: DINVt = SS (A6)
Actual serviceable inventory: AINVt = AINVt−1 + COMRATEt + REMCOMt − CONSt (A7)
Desired work-in-progress: DWIPt = TP AVCONt (A8)
Actual work-in-progress: WIPt = WIPt−1 +

(
ORATEt − COMRATEt

)
+
(
RINVt − REMCOMt

)
(A9)
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applies the same rationale for modelling the relationship between the past demand and 
the returns, which increase the position of the recoverable inventory. Here, TC is the 
average consumption lead time, and the return yield α determines the percentage of 
used products that return to the supply chain. Then, Eq. (A4) also uses a first-order 
delay to model the remanufacturing lead time, where TR is the average value.

Eq. (A5) uses a simple exponential smoothing to forecast consumer demand as a 
function of the past values of the series. Note: the smoothing constant is 1∕

(
1 + TA

)
 , 

where TA is the time constant.
Eq. (A6) establishes a fixed safety stock model for the serviceable stock; while Eq. 

(A7) calculates the actual serviceable stock as the accumulated difference between 
receipts (from both the manufacturing and remanufacturing processes) and customer 
demand. Finally, Eq. (A8) calculates the target work-in-progress as the product of the 
demand forecast and the time constant T

P
 ; while Eq. (A9) expresses the work-in-pro-

gress as the sum of the accumulated difference between the manufacturing orders and 
receipts, and that between returns and the remanufacturing completion rate.

For full technical details and additional assumptions of the closed-loop supply chain 
model, the readers may want to consult the original paper by Tang and Naim (2004).

Appendix II: transfer functions

To analyse the efficiency and resilience of the closed-loop supply chain, we have used 
the transfer functions shown in Eqs. (A10) and (A11). These can be obtained by apply-
ing basic properties of block diagram transformation and reduction (see e.g. Leigh, 
2004).
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ORATE
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=
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(
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)
s +

(
TI + TA + TP

)
TMs

2

(
1 + TAs

)(
1 +

(
TI + TM

)
s + TM TI s

2
)

−
α
(
1 +

(
TM + TR + TI

)
s +

(
TI + TR

)
TMs

2
)

(
1 + TRs

)(
1 + TCs

)(
1 +

(
TI + TM

)
s + TM TI s

2
)

(A11)

AINV

CONS
= − T

I

(
(T

M
− T

P
)∕T

I

)
+
(
T
A
+ T

M
+
(
T
A
T
M
∕T

I

))
s + T

A
T
M
s
2

(
1 + T

A
s
)(
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(
T
I
+ T

M
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M
T
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αT
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((
(T

M
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R
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)
+ T

M
s
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R
s
)(
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