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Abstract
Due to the rapid growth of e-mobility, increasing amounts of lithium-ion batteries 
are produced and returned after their lifetime. However, these returns will lead to 
new challenges for manufacturers and recyclers, considering the end-of-life. Espe-
cially the increasing interaction between forward and reverse supply chain and the 
related decision on the end-of-life options (e.g., recycling, remanufacturing, and 
reuse) need to be planned and executed in a sophisticated way. Therefore, we focus 
on the interactions between recycler and manufacturer as two of the major actors 
of each supply chain. We formulate optimization models for the master recycling 
scheduling and the master production scheduling. To analyze current decentralized 
decisions of the recycler and remanufacturer, we further formulate an integrated 
master production and recycling scheduling model. In the following, we describe 
the production and recycling of lithium-ion batteries in a case study. Here, we exam-
ine five different scenarios. We find that for all scenarios, manufacturer and recycler 
achieve positive contribution margins. However, inefficiencies always occur due to 
opportunistic behavior. As a result, reuse is performed only in case of centralized 
planning. Hence, coordination is needed between the forward and reverse supply 
chain to achieve the maximal contribution margin.
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1  Introduction

The recycling of lithium-ion batteries (LIBs) is an essential step towards sus-
tainable mobility as it can recover the scarce resources used in LIBs of electric 
vehicles (EVs), such as lithium, nickel, and cobalt. Hence, recycling is capable 
of reducing the economic, ecological, and social impacts caused by the mining 
of raw materials and the production of the LIBs. Since take-back and recycling 
of LIBs are not always economically beneficial, the European Union passed the 
DIRECTIVE 2006/66/EC to ensure a battery recycling. The directive obliges 
manufacturers to ensure a cost-free take-back of spent LIBs as well as the best 
available treatment and recycling considering minimum recycling efficiency. 
Manufacturers transfer the operations and obligations to third party recyclers, 
who provide the take-back, treatment, and recycling. Therefore, these recyclers 
operate independently, and complex networks with specialized actors for the dif-
ferent tasks result.

Shortly, manufacturers and recyclers will face three main challenges. First, 
stricter requirements for the recycling are likely since experts request for changes 
in the DIRECTIVE 2006/66/EC regarding increasing minimum recycling effi-
ciency as well as material specific obligations (Öko-Institut 2018). These obliga-
tions will require the recyclers to improve their current recycling efficiency of at 
least 50% up to 65–75% and ensure  material specific recycling efficiencies for 
lithium and other materials. Similar obligations already exist for lead-acid and 
nickel–cadmium batteries. This will also result in uncertainties regarding the 
technologies and achievable recycling yields. Second, demand and therefore 
return quantities are rising quickly as can be observed in the increase of new reg-
istrations of EVs in Europe by 3.128% between 2011 and 2019 (European Alter-
native Fuels Observatory 2020). Regional law likely intensifies this trend. For 
example, the Lower Saxony climate protection law will require public governance 
to achieve zero-emission vehicle fleets until 2030 (Mlodoch 2019). This law will 
increase regional demands for EVs and hence local return quantities. Third, man-
ufacturers face uncertain raw material prices and supply risks for battery mate-
rial, especially cobalt and natural graphite (European Union 2017).

Against this background, recyclers, as well as manufactures, show a further 
interest and necessity in the recycling of LIBs. This results in increased interac-
tions between forward and reverse supply chains, such as the transfer of recy-
cled battery materials towards the manufacturer for the production of new battery 
cells. Therefore, improved coordination between the independent actors of for-
ward and reverse supply chain, especially the recycler and manufacturer, is gain-
ing importance to ensure efficient recycling of LIBs. Affected planning tasks in 
short- to mid-term planning are the master production (and recycling) scheduling 
and the lot-sizing and scheduling (Stadtler et al. 2015).

In the master scheduling, the recycler needs to decide which products they 
create using the returns as an input to their processes. The variety of fabricable 
products increases with the opportunity of remanufacturing spent LIBs. For LIBs, 
demand and achievable prices of the created products are the primary influence 
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on this decision. Hence, the related end-of-life (EOL) options, such as disassem-
bly, recycling, and remanufacturing, are highly influenced (Mayyas et al. 2019). 
Since the recycler usually has no direct connection to customers, the manufactur-
ers are the source of demand for recycled materials and remanufactured products. 
Based on the demand for batteries, the manufacturer decides which products they 
produce and if they use secondary products from the recycler or primary products 
from other suppliers. Each independent actor carries out master recycling and 
production scheduling individually. Such decentralized, uncoordinated planning 
in supply chains usually leads to inefficiencies due to a lack of consideration of 
the decision making of the other companies (Voigt and Inderfurth 2011).

For the adequate master  recycling and production scheduling of LIBs, we for-
mulate mathematical optimization models, which consider the special requirements 
such as minimum recycling efficiency. Based on these models, this contribution 
aims to answer the following questions in the context of LIBs:

1.	 How can legal requirements like minimum recycling efficiency and multiple 
end-of-life options for spent lithium-ion batteries be integrated into optimization 
models for the master production and recycling scheduling?

2.	 How do different developments of material prices, demand, and technology influ-
ence the recycling and production planning of lithium-ion batteries?

3.	 What effect does the decentralization of decisions have on the production and 
recycling plans?

The remainder of this paper is structured as follows: In Sect. 2, approaches for 
master recycling and production scheduling from the literature are analyzed. In 
Sect. 3, the planning models for decentralized and centralized master production and 
recycling scheduling of lithium-ion batteries are formulated. In Sect. 4, deficits in 
decentralized planning are shown based on a case study. The centralized planning 
case serves as a benchmark. In Sect. 5, a conclusion, as well as an outlook on further 
research, are given.

2 � Literature review

The master production scheduling (MPS) defines production plans for product fam-
ilies or products regarding fluctuating demands (Stadtler et  al. 2015). The aim is 
the optimal use of the available capacities, which were planned and implemented in 
strategic and, thus, long-term planning. Since the MPS aims to balance the demand 
and available capacities, the results of demand planning and forecasting influence 
the MPS. In return, the resulting plans determine purchased parts for the materials 
requirement planning and the production volume for the lot sizing. For the MPS, 
different mathematical optimization models can be found in the literature of which 
most contribute to linear programming, integer linear programming, and mixed-inte-
ger linear programming (Díaz-Madroñero et al. 2014).
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Basic models for the MPS, such as the model of Bichler (1970), consider a sin-
gle-period single-stage case. Since practical examples usually contain many differ-
ent stages with a planning horizon from a few months up to one year, many exten-
sions exist. Hence, contributions consider multi-period multi-stage models (e.g., 
Akhoondi and Lotfi 2016). Furthermore, the integration of capacity restrictions is 
the state of the art of MPS models. In this context, the decision on the amount of 
stored products needs  to be made in order to be able to meet demand (e.g., Engl-
berger et  al. 2016). Additional adjustments, such as quality issues, rework, and 
uncertain demand, can be found in different models. For example, Caner Taşkın und 
Tamer Ünal (2009) describe an MPS model for the float glass industry in which 
they face the problem of different product qualities and the downgrade substitution 
of higher qualities to meet demand. Inderfurth et al. (2005) integrate the aspect of 
the rework of rejects into the MPS. Currently, many models focus on existing uncer-
tainties in tactical and operational planning. Especially, uncertainties regarding the 
demand are in focus. Further aspects of different approaches can be found in Díaz-
Madroñero et al. (2014).

Considering the EOL, the planning task of master scheduling differs from the 
production for three main reasons. First, the quantity of input (returns) is usually 
finite and sometimes predefined by (legal) requirements. Therefore, the input influ-
ences the decisions much more than in the MPS. Second, the variety of processes 
increases rapidly since many different options occur in the EOL. These include dis-
assembly, recycling, refurbishment, remanufacturing, reuse, and disposal. This vari-
ety results in further decisions to be made regarding the assignment of options to 
returned products. Third, the processes of disassembly and recycling are diverging. 
Such process structures only occur in joint production. In the following, we regard 
these planning tasks as master recycling scheduling (MRS).

In this context, a variety of approaches exists, usually referring only to a selection 
of different EOL options. One of the first approaches was the integrated disassem-
bly and recycling planning by Spengler (1994). A variety of approaches consider 
the integrated manufacturing and remanufacturing planning (e.g., Chang et al. 2015; 
Liu et al. 2019). Han et al. (2016) extend these approaches by adding the disassem-
bly of returns in advance of the remanufacturing, although no decision on the disas-
sembly activity is made. An explicit consideration of disassembly, remanufacturing, 
and manufacturing with external recycling can be found in Steinborn (2011).

Since quality has a significant influence on the disassembly, recycling, remanu-
facturing, and refurbishment processes as well as the demand for products, different 
approaches include the quality of products. Nevertheless, some approaches do not 
take the quality into account, because there is a negligible influence for the applica-
tion (e.g., Polotski et al. 2017; Subulan and Tasan 2013; Sun et al. 2017). Widely 
spread is the differentiation into two quality levels: Liu et al. (2019), as well as Wang 
et al. (2017), describe models which consider a different demand for new and reman-
ufactured products. Kwak and Kim (2017) take into account that returns can either 
be of good or poor quality. A few models integrate discrete quality levels. Niknejad 
and Petrovic (2014) formulate a model with two phases. In the first phase, an inspec-
tion of the returns is carried out using different quality levels to assign the returns to 
either disposal or remanufacturing. In the second phase of remanufacturing, quality 
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issues are no longer taken into account. A special case is given by Steinborn (2011), 
since discrete quality levels are introduced over the whole process, affecting returns, 
operations, and demand.

Due to quality dependent demand, substitution between qualities is needed 
because it may be beneficial to meet the demand, although the available quality out-
performs the required quality. Therefore, Wang et al. (2017) describe the substitution 
of new products for remanufactured products. Steinborn (2011) considers a discrete 
number of qualities. Hence, a discrete number of substitution activities is described.

Since some industries face take-back requirements and uncertain product life-
times, return quantity, return quality, and return time, returns can be fixed or vari-
able as well as certain or uncertain. Chang et al. (2015), as well as Polotski et al. 
(2017), describe fixed (externally given) returns, which are considered to be certain. 
Different approaches also regard fixed returns but assume them to be uncertain (e.g., 
Niknejad and Petrovic 2014; Xu et  al. 2012). Furthermore, various contributions 
use variable returns with a certain or uncertain outcome (e.g., Chen and Abrishami 
2014; Han et al. 2016).

At least the required recycling efficiency is one of the primary reasons for recy-
cling. Therefore, some approaches integrate it in the planning. Walther et al. (2009) 
describe the coordination of the MRS in recycling networks of waste electric and 
electronic equipment under minimum recycling quotes. Hoyer et al. (2015) formu-
late a technology and capacity planning model for the recycling of lithium-ion bat-
teries influenced by recycling efficiencies.

Additionally to the planning problem of MPS and MRS, coordination will be 
needed, because presumably, a decentralized, uncoordinated planning will show 
inefficiencies due to opportunistic behavior. Different approaches already contribute 
to this problem focusing mostly on a simple, two-tier supply chain (e.g., Krapp and 
Kraus 2017). As shown, various contributions to the problem of MPS and MRS can 
be found in the literature. In terms of the master production and recycling schedul-
ing of LIBs, none of them include all necessary constituents (integration of all pos-
sible EOL options; return, processes, and demand effected by the product quality; 
substitution between quality levels; external given return; consideration of recycling 
efficiencies). Therefore, in the next section, we present new models for MPS and 
MRS.

3 � Problem formulation

3.1 � Setting

Since manufacturer and recycler are independent actors, each of them carries out the 
MPS, respectively MRS individually, facing different internal and external restric-
tions. To create optimal production or recycling plans, we develop different linear 
programming models for the MPS and MRS. For the modeling of the material flows 
regarding multiple products p ∈ P , we use the activity analysis of Koopmans et al. 
(1951) and Debreu (1959). It enables a generic modeling, which makes the model 
feasible for multiple applications. Our modelling approach of multi-product material 
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flows using the activity analysis are based on different approaches, e.g., Hoyer et al. 
(2015), Walther et al. (2009), and Spengler (1994). In the following, we will formu-
late the concept of the decentralized master production and recycling scheduling, 
focusing on the decisions to be made. We start with inter-company connections/con-
nections between MPS and MRS (see Fig. 1).

The demand for each product and quality is forecasted in the demand planning. 
The results of this planning task serve as input for the master scheduling. There-
fore, in each period t ∈ T  , the manufacturer faces a deterministic demand yN

tpq
 for 

final products p ∈ PP of sales quality q ∈ QQV . However, sales yP
tpq

 do not need to 
meet demand because some demand may result in low revenues or even loss (e.g., 
demand for low-quality products) and thus is not beneficial from an economic per-
spective. To meet demand, a manufacturer has two options to gain raw material 
p ∈ PR , components p ∈ PC , or even final products p ∈ PP . First, they can procure 
raw material and components from a primary supplier yZ

tpq
 . Second, they can procure 

raw material, components, or even final products from a secondary supplier (recy-
cler) y2

tpq
 . Using the procured raw materials and components, they can then fabricate 

the products on their own by the production activities n ∈ N . Since the manufac-
turer can produce or buy the final products, they face a make-or-buy decision. Fur-
thermore, they can substitute between quality levels by substitution activity s ∈ S in 
order to meet low quality demand with high quality products.

According to the manufacturer, the recycler faces deterministic demand yN
tpq

 and 
deterministic returns yG

tpq
 . The demand of the recycler yN

tpq
 is mainly influenced by 

the secondary supply of the manufacturer y2
tpq

 but also by external customers (e.g., 
other recyclers). Thus, the recycler faces the challenge to balance deterministic 
returns and demand under consideration of legal obligations regarding minimum 
recycling efficiency rmin and disposal prohibition. To provide the products for sale 

So
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Fig. 1   Inter-company connections between manufacturer and recycler as well as their suppliers and cus-
tomers
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yP
tpq

 and fulfill the obligations, the recycler has a variety of options to gain, process, 
and hand over products. To gain products, the recycler must accept the returned 
products yG

tpq
 in return qualities q ∈ QQG . Additionally, they can procure raw materi-

als and components from the primary suppliers (manufacturer and further suppli-
ers) yZ

tpq
 . For processing, the recycler can disassemble, recycle, remanufacture, and 

substitute products. Disassembly activities j ∈ J are needed to either regain com-
ponents for the remanufacturing or as preparation for the recycling. After the disas-
sembly, recycling activities u ∈ U can regain raw materials p ∈ PR and recycling 
residues p ∈ PRR from the battery packs. Additionally to disassembly and recycling, 
the recycler can remanufacture returned products by activities l ∈ L . In order to 
reuse components or products of return qualities q ∈ QQG , they can substitute prod-
ucts in between certain qualities by activities s ∈ S . For the handover of products, 
the recycler can either sell products to the manufacturer and further recyclers or dis-
pose products.

On the intra-company level, further decisions need to be made regarding the exe-
cution of activities. The manufacturer as well as recycler divide their production sys-
tem, respectively recycling system, into different segments i ∈ I . In each segment, 
different activities are executable. Since the structure of a segment is mostly the 
same, the following generic segment (see Fig. 2) fits both manufacturer and recycler. 
Each segment has different outputs and inputs. Furthermore, the different activities 
can transform products in a segment.

To fulfill customers’ or segments’ demands, different activities, such as disassem-
bly, recycling, remanufacturing, and substitution, are executable in each segment. 
The segments of the producer can execute different manufacturing activities of 
which only a discrete set n ∈ Ni is executable in a segment i . The quantity of manu-
facturing activity executions �tqn is only limited by the technical capacity of a seg-
ment CT

it
 . On the other hand, the segments of the recycler can execute disassembly, 

recycling, and remanufacturing activities of which only a discrete set is executable 
in the segment i ( j ∈ Ji, u ∈ Ui, l ∈ Li ). According to manufacturing, the number of 
activity executions ( �tj, �tu, �tl ) is limited by the technical capacity. Furthermore, in a 
segment i of the producer or recycler substitution between quality levels can be exe-
cuted by the executable activities s ∈ Si in an unbounded quantity of executions �tps . 
Besides, each segment can store products yL

itpq
 until the inventory capacity CL

it
 is 

reached.

Segment 

supplies 

transportation 

returns transportation 

supplies EoL

disposal 

sales 
stock 

executable ac�vi�es in 
segment 

number of ac�vity 
execu�ons

Fig. 2   Input, activities, and outputs of the considered generic segment
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Each segment has four kinds of input and three kinds of output at the most. Trans-
portation between the segments can be an input but also output and is realized by the 
transportation activities w ∈ W . In doing so, each transportation activity connects 
one segment to another. Hence, each transportation activity is one-way. Further-
more, the number of transported products �tpqw is unbounded. Finally, each intra-
company connection needs to be allocated to a segment. Therefore, returns, primary 
supplies, and secondary supplies are split down into segment-specific inputs 
( yGS

itpq
, yZS

itpq
, y2S

itpq
 ). The same process needs to be conducted for disposal and sales 

( ySE
itpq

, ySP
itpq

 ), which serve as outputs.
Regarding the connections between the companies, we assume the following 

sequence of events:

1.	 The manufacturer executes their MPS, considering an infinite supply. Afterward, 
they transfer the requested quantity of secondary products y2

tpq
 to the recycler.

2.	 The recycler then executes their MRS, considering the demand by the manufac-
turer as well as further demand for recycling residues and materials of low quality 
( q ≠ new ). Afterward, they transfer information about available products to the 
manufacturer.

3.	 The manufacturer executes their MPS again, considering limited secondary sup-
ply.

According to the concept, we formulate the models under consideration of the 
assumptions and notation, which are given in Sect. 3.2.

3.2 � Assumptions and notation

For the model formulation, we make the following assumptions.

1.	 Only products in return qualities q ∈ QQG can be recycled.
2.	 By disassembling a product in return quality q ∈ QQG only products in return 

qualities q ∈ QQG are recovered. This principle also counts for products of sales 
quality q ∈ QQV.

3.	 A product of sales quality q ∈ QQV cannot reach return quality q ∈ QQG by any 
activity.

For the model formulation of the MPS, MRS, and the integrated master produc-
tion and recycling scheduling (IMPRS), we will use the following notation:

1 � Sets and indices

t	� Periods ( t = 1,… , T).
p	� Products ( p = 1,… ,P).
q	� Quality ( q ∈ QQG ∪ QQV).
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i	� Segments ( i = 1,… , I).
n	� Production activities ( n = 1,… ,N).
j	� Disassembly activities ( j = 1,… , J).
u	� Recycling activities ( u = 1,… ,U).
l	� Remanufacturing activities ( l = 1,… , L).
s	� Substitution activities ( s = 1,… , S).
w	� Transportation activities between two segments i ( w = 1,… ,W).
Ni, Ji,Ui, Li, Si	� Sets of executable activities in segment i.
PC	� Components ( p ∈ PC).
PR	� Raw materials ( p ∈ PR).
PBG	� Products, which may not be disposed of due to legal obligations 

( p ∈ PBG).
PZ	� Components, which may be procured by the recycling company 

( p ∈ PZ).
QQG	� Return qualities ( q ∈ QQG).
QQV	� Sales qualities ( q ∈ QQV).

1 � Parameter

yN
tpq

	� Demand for product p of quality q in period t.
yG
tpq

	� Return of product p of quality q in period t.
y
2,max
tpq 	� Maximal quantity of secondary supply of product p of quality q in 

period t.
hpn	� Production activity vector h : consumption and creation of products p 

by production activity n.
vpqj	� Disassembly activity vector v : consumption and creation of products 

p of quality q by disassembly activity j.
opqu	� Recycling activity vector o : consumption and creation of products p 

of quality q by recycling activity u.
rpql	� Remanufacturing activity vector r : consumption and creation of 

products p of quality q by remanufacturing activity l.
eqs	� Substitution activity vector e : substitution from a quality q to another 

quality q by substitution activity s.
aiw	� Transportation activity vector a : transportation between two seg-

ments i by transportation activity w.
aepq	� Sales revenues per product p of quality q.
kZ
tpq

	� Material costs in period t for product p of quality q from the primary 
supply.

k2
tpq

	� Material costs in period t for product p of quality q from the second-
ary supply.

kE
tpq

	� Disposal costs in period t for product p in quality q
kL
itpq

	� Inventory holding cost in segment i in period t for product p in qual-
ity q
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kH
tn

	� Production costs in period t per production activity n.
kD
tj

	� Disassembly costs in period t per disassembly activity j.
kR
tu

	� Recycling costs in period t per recycling activity u.
kA
tl
	� Remanufacturing costs in period t per remanufacturing activity l.

CT
it
	� Available technical capacity of segment i in period t.

CL
it
	� Available inventory capacity of segment i in period t.

cM
n
, c

D

j
, cR

u
, cA

l
	� Technical capacity coefficients of the activities ( n, j, u, l).

cL
ipq

	� Inventory capacity coefficients of product p of quality q in segment i.
rmin	� Minimum recycling efficiency.
AFp	� Share of a recycled product p approved to be recycled.

1 � Variables

yGS
itpq

	� Products p of quality q allocated from the return into segment i in period t.
yGE
tpq

	� Products p of quality q allocated from the return directly to disposal.
ySP
itpq

	� Products p of quality q provided in period t from segment i for demand 
service.

yZS
itpq

	� Products p of quality q allocated in period t from the primary supply into 
segment i.

y2S
itpq

	� Products p of quality q allocated in period t from the secondary supply into 
segment i.

ySE
itpq

	� Products p of quality q allocated from segment i to disposal in period t.
yL
itpq

	� Products p of quality q stored in period t in segment i.
yP
tpq

	� Total products p of quality q provided in period t for demand service.
yZ
tpq

	� Total products p of quality q procured in period t from the primary supply.
y2
tpq

	� Total products p of quality q procured in period t from the secondary supply.
yE
tpq

	� Total products p of quality q disposed of in period t.
�tqn	� Number of executions of production activity n of quality q in period t.
�tj	� Number of executions of disassembly activity j in period t.
�tu	� Number of executions of recycling activity u in period t.
�tl	� Number of executions of remanufacturing activity l in period t.
�tps	� Number of executions of substitution activity s for product p in period t.
�tpqw	� Number of executions of transportation activity w for product p of quality q 

in period t.

3.3 � Model formulation

3.3.1 � Decentralized master production scheduling

In the following, we formulate the optimization model for the decentralized MPS. The 
objective of the producer is to maximize their contribution margin because both reve-
nues and costs are variable and are influenced by the planning. The related objective 
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function (1) consists of the revenues and four different categories of costs over all seg-
ments, periods, products, qualities, and production activities. First, revenues arise from 
sold products yP

tpq
 evaluated by the corresponding revenue aetpq . Second, material 

costs from primary supply arise from the procured products yZ
tpq

 evaluated by the cor-
responding procurement cost yZ

tpq
 . Third, material costs from secondary supply arise 

from the procured products y2
tpq

 evaluated by the corresponding procurement cost y2
tpq

 . 
Fourth, inventory holding costs arise from the stored products yL

itpq
 evaluated by the 

corresponding inventory holding cost kL
itpq

 . Fifth, production costs arise from the exe-
cuted production activities �tqn evaluated by the corresponding production cost kH

tn
.

Since different internal and external restrictions need to be considered in the 
MPS, the following constraints limit the solution space:

Transformation and inventory restriction (2): all inputs, transformation, and out-
puts in each segment i of each product p of quality q in period t need to be balanced. 
Inputs are the inventory of the previous period yL

it−1pq
 as well as the segment specific 

primary and secondary supplies ( yZS
itpq

, y2S
itpq

 ). Outputs are the segment specific sales 
yZS
itpq

 and the inventory at the end of the period yL
itpq

 . Activities serve as both input 
and output. We consider the production of products, the substitution between quali-
ties, and transportation between segments. Inputs and outputs of activities are calcu-
lated by multiplying the activity vector ( hpn, eqs, aiw ) with the number of executions 
( �tqn,�tqs, �tpqw ). However, only a discrete set of production and substitution activi-
ties ( n ∈ Ni, s ∈ Si ) can be executed in each segment i.

Primary supply assignment restriction (3): each product procured from the primary 
supply needs to be allocated to exactly one segment. Therefore, the quantity of total pri-
mary supply yZ

tpq
 needs to be equal to the sum of segment-specific primary supply yZS

itpq
.

Primary supply product restriction (4): since manufacturers produce the final 
products themselves, they do not buy final products from the primary supply. Fur-
thermore, they are not allowed to handle recycling residues due to legal regula-
tions. Therefore, primary supplies yZ

tpq
 except for components and raw materials 

p ∉ PC ∪ PR must be zero.

Primary supply quality restriction (5): only new products ( q = 1) can be procured 
from the primary supply yZ

tpq
 because all low-quality products ( q ≠ 1) are procured 

from the secondary supply.

(1)

Max
∑

i

∑

t

∑

p

∑

q

∑

n

(

aetpq ⋅ y
P
tpq

− kZ
tpq

⋅ yZ
tpq

− k2
tpq

⋅ y2
tpq

− kL
itpq

⋅ yL
itpq

− kH
tn
⋅ �tqn

)

(2)yL
itpq

= yL
it−1pq

+ yZS
itpq

+ y2S
itpq

− ySP
itpq

+
∑

n∈Ni

hpn ⋅ �tqn +
∑

s∈Si

eqs ⋅ �tps + ∀ i, t, p, q

(3)yZ
tpq

=
∑

i

yZS
itpq

∀ t, p, q

(4)yZ
tpq

= 0 ∀ t, p ∉ PC
⋃

PR
, q
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Secondary supply assignment restriction (6): according to the primary supply, 
each product procured from the secondary supply (recycler) is assigned to exactly 
one segment. Hence, secondary supply y2

tpq
 needs to be equal to the sum of segment-

specific secondary supply y2S
itpq

.

Secondary supply product restriction (7): the product variety, which can be pro-
duced from the secondary supply is limited.”New” final products and components 
cannot be procured from the secondary supply. However, raw materials from the 
recycling might achieve battery grade, and hence the quality level “new”. Therefore, 
all products except raw materials p ∉ PR cannot be procured from the secondary 
supply y2

tpq
 in the quality “new” ( q = 1).

Secondary supply quantity restriction (8): the secondary supply is limited after 
the answer from the recycling containing the deliverable products. Hence, only a 
finite quantity of products y2,maxtpq  can be procured from the secondary supply y2

tpq
.

Sales quantity restriction (9): all products to be sold yP
tpq

 need to be allocated from 
a segment i into sales ySP

itpq
.

Demand quantity restriction (10): since demand may outreach the capacity or 
some demand results in a loss, the sales do not need to meet demand entirely. How-
ever, sales also must not outreach demand. Therefore, the sales yP

tpq
 must be less or 

equal to the demand yN
tpq

.

Technical capacity restriction (11): each segment i is only able to execute activi-
ties to a certain capacity CT

it
 . Hence, each execution loads the capacity of a segment. 

The capacity of a segment displays the bottleneck resource of a segment. We assume 
that precisely one bottleneck resource limits the executable activities in a segment 
(e.g., disassembly specialists). The used capacity is calculated by multiplying the 
capacity load factor cH

n
 with the decision variable for the number of manufacturing 

activity executions �tqn . Again, only a discrete set of production activities n ∈ Ni can 
be executed in each segment i and hence, load on the capacity.

(5)yZ
tpq

= 0 ∀ t, p, q ≠ 1

(6)y2
tpq

=
∑

i

y2S
itpq

∀ t, p, q

(7)y2
tpq

= 0∀ t, p ∉ PR
, q = 1

(8)y2
tpq

≤ y2,max
tpq

∀ t, p, q

(9)yP
tpq

=
∑

i

ySP
itpq

∀ t, p, q

(10)yP
tpq

≤ yN
tpq

∀ t, p, q
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Inventory capacity restriction (12): the inventory capacity limits the inventory of 
a segment CL

it
 . According to the inventory capacity coefficient cL

ipq
 , each product in 

the inventory yL
itpq

 has a different load on the inventory capacity.

Non-negativity restriction (13): All decision variables, including material flows 
and activities, are non-negative.

3.3.2 � Decentralized master recycling scheduling

According to the MPS, the objective of the MRS is the maximization of the contri-
bution margin over all segments, periods, products, qualities, disassembly activities, 
recycling activities, and remanufacturing activities. The objective function (14) is 
divided into revenues and different categories of costs. First, revenues, material 
costs from primary supply, and inventory holding costs are calculated according to 
the contribution margin in the MPS (1). Second, disposal costs arise from the dis-
posed products yE

tpq
 evaluated by the corresponding disposal cost kE

tp
 . Third, disas-

sembly costs arise from the executed disassembly activities �tj evaluated by the cor-
responding disassembly cost kD

tj
 . Fourth, recycling costs arise from the executed 

recycling activities �tu evaluated by the corresponding recycling cost kR
tu

 . Fifth, 
remanufacturing costs arise from the executed remanufacturing activities �tl evalu-
ated by the corresponding remanufacturing cost kA

tl
.

Transformation and inventory restriction (15): the inventory of segment i in period t 
of product p of quality q consists of the inputs, outputs, and transformation of products 
by the activities. According to the MPS, the inventory of the previous period yL

it−1pq
 , 

segment specific primary supplies yZS
itpq

 , inventory at the end of the previous period 
yL
it−1pq

 , and transportation between the segments ( aiw ⋅ �tpqw ) serves as inputs and out-
puts of a segment. The differentiation is necessary because of returns, disposal, and dif-
ferent activities. Returns allocated from return into the segment yGS

itpq
 serve as input, dis-

posed products from a segment ySE
itpq

 serve as output. Further, disassembly, recycling, 
remanufacturing (includes refurbishment), and substitution are considered. Inputs and 
outputs of activities are calculated by multiplying the activity vector ( vpqj, otpqu, rpql, eqs ) 
with the number of executions of each activity ( �tj, �tu, �tl,�tps ). We cumulate over the 
activities which are executable in a segment ( j ∈ Ji, u ∈ Ui, l ∈ Li, s ∈ Si).

(11)CT
it
≥
∑

q

∑

n∈Ni

cH
n
⋅ �tqn ∀ i, t

(12)CL
it
≥
∑

p

∑

q

cL
ipq

⋅ yL
itpq

∀ i, t

(13)yP
tpq
, yZ

tpq
, y2

tpq
, ySP

itpq
, yZS

itpq
, y2

itpq
, yL

itpq
, �tpqw,�tps, �tqn ≥ 0 ∀ i, t, p, q,w, n

(14)

Max
∑

i

∑

t

∑

p

∑

q

∑

j

∑

u

∑

l

(

aetpq ⋅ y
P
tpq

− kZ
tpq

⋅ yZ
tpq

− kL
itpq

⋅ yL
itpq

− kE
tp
⋅ yE

tpq
− kD

tj
⋅ �tj − kR

tu
⋅ �tu − kA

tl
⋅ �tl

)
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Return assignment restriction (16): since recyclers need to take back all returns, 
they only decide whether to handle or dispose of them. Therefore, each returned 
product yG

tpq
 is allocated to a segment yGS

itpq
 or gets directly disposed of yGE

tpq
.

The primary supply assignment restriction for the MRS is formulated according 
to the restriction of the MPS (3).

Primary supply product restriction (17): as described, only some products, which 
are necessary for either recycling or remanufacturing, can be procured. Therefore, 
only a set of products p ∈ PZ can be procured from the primary supply.

The primary supply quality restriction, sales quantity restriction, and demand 
quantity restriction for the MRS are formulated according to the restrictions of the 
MPS (5), (9), and (10).

Disposal quantity restriction (18): to evaluate the disposal costs, all disposed 
products are added up. Hence, the sum of disposed products yE

tpq
 must equal the sum 

of products allocated from a segment to disposal ySE
itpq

 and the directly disposed prod-
ucts yGE

tpq
.

Disposal prohibition restriction (19): according to European law some prod-
ucts p ∈ PBG may not be disposed of. For example, according to the DIRECTIVE 
2006/66/EC, recyclable LIBs may not be disposed of, although this might have a 
negative economic impact.

Technical capacity restriction (20): according to the MPS, each segment has a 
specific bottleneck resource, which limits the output of a segment. However, differ-
ent activities load on the technical capacity CT

it
 . Therefore, each execution loads the 

capacity of a segment. The used capacity is calculated by multiplying the capacity 
load factor for disassembly, recycling, and remanufacturing ( cD

j
, cR

u
, cA

l
 ) with the 

decision variable for the corresponding activity executions ( �tj, �tu, �tl ). According 
to the MPS, only a discrete set of activities ( j ∈ Ji, u ∈ Ui, l ∈ Li ) can be executed 
in each segment i and load on the capacity.

(15)

yL
itpq

= yL
it−1pq

+ yGS
itpq

+ yZS
itpq

− ySP
itpq

− ySE
itpq

+
∑

j∈Ji

vpqj ⋅ �tj +
∑

u∈Ui

otpqu ⋅ �tu

+
∑

l∈Li

rpql ⋅ �tl +
∑

s∈Si

eqs ⋅ �tps +
∑

w

aiw ⋅ �tpqw ∀ i, t, p, q

(16)yG
tpq

=
∑

i

yGS
itpq

+ yGE
tpq

∀ t, p, q

(17)yZ
tpq

= 0 ∀ t, p ∉ PZ
, q

(18)yE
tpq

=
∑

i

ySE
itpq

+ yGE
tpq

∀ t, p, q

(19)yE
tpq

= 0 ∀ t, p ∈ PBG
, q
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Inventory capacity restriction for the MRS is formulated according to the restric-
tion of the MPS (11).

Recycling efficiency (21): to ensure recycling complies to current law, a mini-
mal recycling efficiency rmin needs to be achieved when recycling a product. For a 
better understanding, the restriction is separated into two parts. The recycling input 
y
InputRecycling

t  describes the total mass per period, which is transferred into recycling. 
The recycling output yOutputRecyclingt  describes the mass which is regained by the recy-
cling and approved to be recycled in terms of the DIRECTIVE 2006/66/EC.

Since disassembly might also contribute to recycling by regaining recycling 
residues (e.g., aluminum casing), which are then transferred to other recyclers, 
the recycling input contains the mass of not disposed returns without the mass of 
reused and remanufactured products (22). The mass of returned products is calcu-
lated by multiplication of the quantity of returned products yGS

itpq
 with the product 

mass bp . For the mass of the reused and remanufactured products, the quality of a 
product is taken into account. By multiplying the activity vector ( eqs, rpql ) and the 
number of executions ( �zps, �tl ), the quantity of substituted and remanufactured 
products is built. Using the product-specific mass bp , the total mass of the prod-
ucts is taken into account. To make sure that only reused and remanufactured 
returns contribute to the recycling input, only products of return quality q ∈ QQG 
are considered. Therefore, when substituting in between sales qualities q ∈ QQV , 
the mass is not taken into account. When substituting in between return qualities 
q ∈ QQG , input and output are the same and, therefore, do not contribute to the 
recycling input. When substituting from a return quality q ∈ QQG to a sales qual-
ity q ∈ QQV , which means to reuse a product, only the returns are considered, 
which decreases the mass of products to be recycled. For the remanufacturing, 
only the input and output of returns are taken into account.

The output of the recycling is separated into two parts (23). First, recycling 
residues and products, which are sold to other recyclers for further treatment, 
contribute to the output. Only products in return quality q ∈ QQG contribute to 
the recycling output. Hence, the mass of sold products contributing to the recy-
cling output is calculated by a multiplication of the sales yP

tpq
 of return quality 

q ∈ QQG with the mass of product bp . Additionally, only a part of the product 
mass is approved to be recycled. This part is taken into account because additives 
and other materials increase the mass of the output, but only the part of a product, 
which is regained from the original returned product, contributes to the recycling 
output. When selling products, the factor AFp describes the share of the product, 
which is regained at the very end of the recycling process. Therefore, the factor 

(20)CT
it
≥
∑

j∈Ji

cD
j
⋅ �tj +

∑

u∈Ui

cR
u
⋅ �tu +

∑

l∈Li

cA
l
⋅ �tl ∀ i, t

(21)y
InputRecycling

t ⋅ rmin ≤ y
OutputRecycling

t ∀ t

(22)y
InputRecycling
t =

∑

i

∑

p

∑

q

yGS
itpq

⋅ bp +
∑

i

∑

s∈Si

∑

p

∑

q∈QQG

eqs ⋅ �tps ⋅ bp +
∑

i

∑

l∈Li

∑

p

∑

q∈QQG

rpql ⋅ �tl ⋅ bp ∀ t
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needs to be calculated across company boundaries. Second, similar to the sold 
products, the output of the recycling in the form of raw materials is calculated by 
multiplication of the number of raw materials (activity vector times quantity of 
executions), the mass of the product, and the share factor AFp.

Non-negativity restriction (24): all decision variables, including materials flows 
and activities, are non-negative.

3.3.3 � Centralized, integrated master production and recycling scheduling

For IMPRS, the possibilities and restrictions of MPS and MRS are integrated. 
Therefore, the objective function (25) consists of all previous revenues and catego-
ries of costs of the MPS (1) and MRS (14) except the procurement cost for the sec-
ondary supply.

Transformation and inventory restriction (26): the inventory consists of all inputs, 
outputs, and transformation of products by the activities of the MPS (2) and MRS 
(15). Only the secondary supply of the MPS is not considered individually. Connec-
tions between recycling and production segments are addressed by transportation 
activities. Therefore, a connection via demand and secondary supply is no longer 
necessary.

Primary supply assignment restriction, primary supply quantity restriction, pri-
mary supply quality restriction, sales quantity restriction, and the demand quantity 
restriction for the IMPRS are formulated according to the restrictions of the MPS 
and MRS (3)–(5), (9), and (10). Furthermore, the return assignment restriction, dis-
posal quantity restriction, and disposal prohibition restriction for the IMPRS are for-
mulated according to the restrictions of the MRS (16), (18), and (19).

Technical capacity restriction (27): the technical capacity is loaded by disassem-
bly, recycling, remanufacturing, and manufacturing, according to MPS (11) and 
MRS (20).

(23)

y
OutputRecycling

t =
∑

i

∑

p

∑

q∈QQG

ySP
itpq

⋅ bp ⋅ AFp +
∑

i

∑

u∈Ui

∑

p∈PR

∑

q

opqu ⋅ �tu ⋅ bp ⋅ AFp ∀ t

yGE
tpq
, yP

tpq
, yE

tpq
, yZ

tpq
, yGS

itpq
, ySP

itpq
, yZS

itpq
, ySE

itpq
, yL

itpq
,

(24)�tpqw, �tj, �tl,�tps, �tu ≥ 0 ∀ i, t, p, q,w, j, l, u

(25)

Max
∑

i

∑

t

∑

p

∑

q

∑

j

∑

l

∑

u

∑

n

(
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P
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tpq

⋅ yZ
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⋅ yL
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− kE
tp
⋅ yE
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− kH
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⋅ �tqn − kD
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⋅ �tu − kA
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)
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yL
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= yL
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+ yGS
itpq
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itpq

− ySP
itpq

− ySE
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+
∑
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∑
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+
∑

u∈Ui

otpqu ⋅ �tu +
∑

l∈Li
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∑
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eqs ⋅ �tps +
∑

w

aiw ⋅ �tpqw ∀ i, t, p, q
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The inventory capacity restriction for the IMPRS is equal to the restriction of the 
MPS and MRS (12). The recycling efficiency restriction for the IMPRS is equal to 
the restriction of the MRS (21).

Non-negativity restriction (28): all decision variables, including materials flows 
and activities, are non-negative.

The models are implemented in the commercial modelling system AIMMS and 
solved with GUROBI 8.1 using a 4.00 GHz CPU and 16 GB RAM. Considering the 
case study in Sect. 4, the model for the centralized planning case contains 101,928 
decision variables. Under consideration of additional symmetry-breaking con-
straints, the optimal solution is found within 1 s. The short solving time makes the 
models suitable for large-scale practical applications.

4 � Case study

4.1 � General structure and processes

The case study aims at the evaluation of the optimization models and the analysis of 
the effects of different developments for material prices, demand, and technologies 
as well as the decentralization of the decisions. In practical applications, closed-loop 
supply chains for LIBs consist of a variety of different actors, such as raw material 
producers, cell producers, OEMs, and recyclers. Furthermore, each of these actors 
might be represented multiple times in a supply chain, e.g., the OEM buys battery 
cells from multiple suppliers. However, for the analysis of the general effects, a 
two-stage supply chain is considered. This assumption reduces the complexity of 
the practical application, but for the analysis of the general effects, this is feasible. 
Nevertheless, negative effects, such as inefficiencies due to decentralized decision 
making, will increase in practical applications.

One manufacturer and one recycler are considered to execute all possible activi-
ties for the production and recycling of LIBs (see Fig. 3). These include the pro-
duction, recycling, and remanufacturing of two different Nickel-Manganese-Cobalt-
(NMC)-LIBs with a distribution between these metals of 1-1-1. The composition 
of the LIBs corresponds to the generic NMC-111-LIB of Diekmann et al. (2017). 
The first battery type is a large version for battery electric vehicles (BEVs), and the 
second battery type is a smaller version for plugin hybrid electric vehicles (PHEVs). 
Both LIBs contain the same battery packs. However, the needed capacity for a BEV 
is larger compared to a PHEV, since there is only one drive system. Also, the rest of 
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the system is different between the two batteries because peripheral components as 
the casing or the wires need to be fitted to the size and design of the whole battery 
system, and not only to the battery pack.

In the end-of-life/use, the recycler has to decide which EOL option is executed. 
Starting with the return of spent LIBs, testing is always executed to determine the 
quality of the returned product for reuse and remanufacturing. Possible return quali-
ties of the products are “refurbished” and “recyclable”. Since remanufactured prod-
ucts are “as good as new”, they are unlikely to be returned. Hence we assume that no 
products of the quality “remanufactured” are returned, although components can be 
recovered in this quality. Furthermore, testing is not decision-relevant because it is 
always executed. After the testing, the recycler decides on the assigned EOL option.

In order to regain components and recycling residues, the products are transferred 
into disassembly. Here, we consider two different return qualities for the products 
and two different returned products, resulting in four different disassembly activities. 
For refurbished products it is assumed that two-third of the recovered battery packs 
are “remanufactured”, and one third is “refurbished”. For “recyclable” products, this 
yield declines to 10% “remanufactured”, 23% “refurbished”, and 67% “recyclable” 
battery packs regained. Additionally, disassembly recovers different recycling resi-
dues such as aluminum scrape from the casing. After the disassembly, the recycler 
can either recycle the battery packs or reuse them in the remanufacturing process as 
spare parts.

For recycling, we follow the LithoRec process (Kwade and Dieckmann 2018), 
consisting of a mechanical preparation and the following hydrometallurgy. In the 
mechanical preparation, the battery packs are shredded and the electrolyte is vapor-
ized. Afterward, aluminum, copper, and steel are separated and sold for further recy-
cling. The output is a black mass, containing lithium, nickel, manganese, and cobalt, 
as well as impurities. Then, the black mass is transferred to the hydrometallurgy 
to regain the scarce metals. Because BEV-LIBs and PHEV-LIBs contain the same 
battery packs and only “recyclable” products can be processed in the recycling, we 

Remanufacturing

+ Substitution

Reuse 

(Substitution)

Testing

Mechanical 

preparation

Disassembly

+ Substitution
Hydrometallurgy

Cell

production

Pack

production

System Assembly 

+ Substitution
Sales

Recycler

Manufacturer

Recycling

Fig. 3   Processes flow for recycling and production of lithium-ion batteries
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consider two different recycling activities, one for the battery packs (mechanical 
preparation), and one for the black mass (hydrometallurgy).

For the remanufacturing of “refurbished” products, it is assumed that one-third 
of the battery packs needs to be replaced to achieve the “remanufactured” quality. 
Therefore, battery packs which were regained in the disassembly can be used. The 
wear of “recyclable” products is assumed to be too high for the remanufacturing. 
Consequently, for each product of quality “refurbished”, one remanufacturing activ-
ity is carried out.

Furthermore, substitution activities are performed to achieve three different out-
comes. First, the recycler needs to substitute products into quality “recyclable”, if 
they want to recycle “remanufactured” or “refurbished” products. Second, in order 
to reuse products, the quality needs to be substituted from return quality to the cor-
responding sales quality. Third, products might need to be downgraded from “new” 
to “remanufactured”, and from “remanufactured” to “refurbished”, to meet the 
demand for low-quality products with high-quality products. Therefore, six substitu-
tion activities are considered, of which four can be executed by the recycler and two 
by the manufacturer.

For battery production, we considered a three-stage production system. First, one 
type of battery cell is produced. Second, several battery cells, casing, and electronics 
are assembled to a battery module. In the third stage, the system assembly differs for 
BEVs and PHEVs. Therefore, we consider two different system assembly processes. 
Overall, four manufacturing activities are considered.

To connect the segments, we consider two transportation activities for the manu-
facturer. The first connects the cell production and pack assembly and the second 
the pack assembly and system assembly. For the recycler, four transportation activi-
ties can be executed. They connect the disassembly and the remanufacturing in 
both directions, as well as the disassembly with the mechanical preparation and the 
mechanical preparation with the hydrometallurgy. In the centralized planning case, 
we consider two more allocations activities, which replace the connection between 
recycler and manufacturer.

Technical capacities are fitted to the forecasted returns and demand. We assume 
a capacity utilization in the base case between 95 and 99%. Further developments 
of the technical capacity occur regarding the scenario in Sect. 4.2. For the inventory 
capacity, an average time in the inventory of 1.5 days is assumed.

Overall, two products, 13 components, eight raw materials, and seven recycling 
residues (including waste), are considered in this case study. Furthermore, prod-
ucts are divided into one of six qualities. Return qualities contain three qualities 
(“remanufactured”, “refurbished” and “recyclable”), while sales qualities contain 
the three qualities (“new”, “remanufactured”, and “refurbished”). The return quali-
ties “remanufactured” and “refurbished” are equal to the corresponding sales quali-
ties. The differentiation between return and sales quality is necessary for the correct 
evaluation of the recycling efficiency.

Besides the processes, the market has a significant influence on the planning. 
We, therefore, describe the demand, return, and price situation of the case study. 
Demand and returns of LIBs follow the new registrations of BEVs and PHEVs in 
Germany. We assume that the manufacturer has a market share of 10%, of which 
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10% is for “remanufactured” and 5% for “refurbished” LIBs. “New” LIBs make up 
the main share of the demand with 85%. We forecast the demand in 2025, according 
to Hoyer et al. (2015), considering the new registrations in Germany from 2009 to 
2018 (Kraftfahrt-Bundesamt 2019a) (see Fig. 4). For the demand in 2019, the new 
registrations in the first half of 2019 are considered (Kraftfahrt-Bundesamt 2019b). 
Regarding the returns, we assume an average lifetime of the LIB of 8 years. Hence, 
the returns in 2019 or 2025 derive from the new registrations in 2011 or 2017, 
respectivly. Since few recyclers of LIBs compete in the German market, the recycler 
has a market share of 25%. We assume 75% of the returned LIBs as “recyclable” and 
25% as “refurbished”. However, the quality of a product is always determined by the 
component with the lowest quality. Hence, many components of a “recyclable” LIB 
can be of the quality “refurbished” or even “remanufactured”.

Besides demand and returns, raw material prices have a significant influence on 
both the cost structure of the manufacturer as well as the revenues of the recycler. 
For cobalt, nickel, aluminum, and copper prices of the exchange market are used 
according to the London Metal Exchange on the 1st August 2019 (LME 2019). Fur-
ther prices, e.g., for lithium and aluminum scraps, are taken from DERA and BGR 
(2019). However, prices for battery materials are highly uncertain, e.g., in 2019, the 
prices for cobalt fluctuated from 25,000 USD to 45,000 USD per ton (LME 2019). 
Therefore, these prices only serve as the base case, and further developments are 
considered later on. Secondary materials usually achieve lower prices. Hence, we 
assume secondary materials to achieve only 80% of the corresponding primary 
material prices. Considering recycling cost and yields, we use data from LithoRec 
(Hoyer et al. 2015; Kwade and Dieckmann 2018). For different developments of bat-
tery material prices, demand, and long-term developments, we formulate five sce-
narios in the following Section.

4.2 � Scenarios

Since the development of LIBs is highly uncertain and many different scenarios 
are conceivable, we formulate a base case with constant prices, demand, and costs 
over the planning horizon of a year, which serves as a comparative value for fur-
ther scenarios. On the foundation of the base case, different developments of a spe-
cific parameter or general conditions are analyzed. However, one parameter may 
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influence other parameters, e.g. the demand influences the activity costs due to the 
economy of scales.

Current registrations of EVs indicate a fast increase in sales of about 50% in 
Europe (European Alternative Fuels Observatory 2020) and even up to 70% in Ger-
many (Kraftfahrt-Bundesamt 2019a). Hence, one crucial scenario for the future is a 
“high battery demand” compared to the constant base case. In this scenario, demand 
will increase by 5% each month, which results in an increase of about 80% in one 
year.

Since material prices, especially for battery materials, tend to fluctuate drastically, 
see the cobalt prices between June 2017 and June 2019 (DERA and BGR 2019), two 
scenarios are formulated. First, a scenario is considered with “high battery material 
prices” in which the price is increasing each month by 1%. Similar developments 
can be observed in the cobalt and lithium prices in 2017 (DERA and BGR 2019). 
Furthermore, the prices also tend to fluctuate quickly, as did the cobalt price in 2018 
(DERA and BGR 2019). Therefore, we formulate a scenario with “fluctuating mate-
rial prices”.

Last, we aim to analyze the development of the influences of decentralization in 
the future. Hence, a scenario is formulated which displays an “anticipated develop-
ment” for the year 2025. Therefore, the forecast described in Sect. 4.1 is considered. 
Furthermore, activity costs and LIB prices decrease by an estimated 30% due to 
economy of scales (Berckmans et al. 2017). However, the prices for remanufactured 
products are assumed to be stable compared to 2019 because of the quality of the 
remanufacturing processes as well as the acceptance for used products increase. The 
described scenarios with the corresponding parameters are shown in Table 1.

4.3 � Results

In the following, the case study is executed as a decentralized planning case running 
the sequence of events described in Sect. 3.1. Furthermore, the IMPRS serves as a 
benchmark for the maximal combined contribution margin as well as for optimal 
decisions.

The manufacturer and the recycler achieve positive contribution margins in all 
scenarios (see Fig. 5). Hence, there is always an incentive for the actors to execute 
production or recycling, respectively. Compared to the base case, high battery 
demand leads to an increase in the contribution margin for the manufacturer and 
recycler. The recycler profits from increasing secondary battery material prices. 
Although the primary and secondary supply is more expensive than in the base case 
and contribution margins per product decrease, the manufacturer can overcompen-
sate this by increasing sales.

High battery material prices lead to a slightly decreasing contribution mar-
gin (< 1%) for the manufacturer as well as in the centralized planning case. Fol-
lowing the “high battery demand” scenario, the contribution margin of the recycler 
increases by 2.1% due to the increasing material prices. Due to the cost structure 
of both manufacturer and recycler, the impact of material prices is relatively small 
compared to the increase (on average 5.5%) of the material prices. The manufacturer 
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also faces production costs and costs for components, which remain stable. For the 
recycler, the high share of the recycling cost compared to the revenues prevents a 
more drastically increase.

Fluctuating material prices lead to increasing contribution margins of about 4% 
for the manufacturer and centralized planning case. Since the prices fluctuate above 
and below the base scenario, storing battery materials in low-price periods results in 
decreasing costs. However, this opportunistic behavior leads to a decreasing contri-
bution margin for the recycler by 5.5%. Nevertheless, the recycler also shows oppor-
tunistic behavior. They store cobalt since it is the most expensive material up to the 
inventory limit in low-price periods and sell it in the middle- and high-price periods.

Last, considering the anticipated development until 2025, all contribution mar-
gins increase drastically. The manufacturer can increase their contribution margin 
by 344% in 2025. In the centralized planning case, the contribution margin increases 
even more by 384%. The recycler can achieve the highest increase of about 981%. 
The main reason for the disproportional increase of the recycler is that relative 
returns increase more rapidly than the demand. Hence, the recycler can increase 
their sales relatively faster than the manufacturer.

Also, by analyzing the executed EOL options (see Fig.  6), we formulate three 
main findings. First, in decentralized planning for the year 2019, only recycling is 
executed. Reuse and remanufacturing are not executed because the input for the 
recycler is limited, and the recycling of a LIB results in a higher contribution margin. 
Further, the decisions for the year 2019 vary only regarding the execution time of 
the recycling. Due to the increasing secondary supply material costs, some products 
(such as returns and cobalt) are stored to the maximal inventory capacity to achieve 
higher prices in the next period. Considering fluctuating secondary supply material 
costs, inventory is used to sell materials in high-price periods. Second, reuse is per-
formed in all centralized planning cases. In the scenarios for 2019, all refurbished 
returns are assigned to reuse to meet the demand for refurbished products. Third, 
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Fig. 5   Combined contribution margin in the centralized planning and individual contribution margins for 
recycler and manufacturer in the decentralized planning compared to the base case per scenario (%)
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remanufacturing is only performed in the “2025 anticipated development” scenario. 
In the decentralized planning case, the decreasing remanufacturing costs result in a 
higher contribution margin per product compared to reuse. Due to high costs for the 
remanufacturing of returned products, reuse is preferred in the centralized planning 
case. Nevertheless, refurbished products, which are not reused, are remanufactured. 
We also observe that all EOL options are performed. Hence, the integration of all 
EOL options in the models is necessary and leads to a benefit in the MRS.

Due to opportunistic behavior and information asymmetries between manufac-
turer and recycler, inefficiencies occur in all scenarios (see Fig. 7). In the context of 
this paper, inefficiencies are defined as the difference in the sum of the contribution 
margins of the recycler and producer in the decentralized planning case compared 
to the centralized planning case. Since no returned product is assigned to reuse in 
the decentralized planning cases, inefficiencies always occur. The inefficiencies 
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compared to the contribution margin in the centralized planning case occur within 
a range between 2.5 and 3.7%. However, increasing demand (and returns) raises 
the inefficiencies due to an intensified impact of non-optimal decisions on the EOL 
options. Hence, inefficiencies have a significant impact and are likely to increase in 
the future.

Following the problem solution, we evaluate the optimization models as well as 
the case study based on three main findings. First, the cost structure for battery pro-
duction is consistent with the study of Berckmans et al. (2017). In our case study, 
material costs make up 71–73%, depending on the scenario. Furthermore, produc-
tion and material costs compared to the revenues make up 65–70%. Second, the 
regained value per ton of LIBs by recycling is within a realistic range. According 
to Thies et al. (2018), the material value of an NMC-LIB is about 2,300 €/t. Due 
to inefficiencies and lower prices for secondary materials, the recycler can regain 
between 1,943.8 € and 2,026.3 €/t depending on the scenario. Hence, the regained 
value per ton is within a realistic range. Third, recycling is the dominant EOL option 
for decentralized planning of recycling and production in current practical applica-
tions LIBs (Olivetti et al. 2017). Only a few remanufacturing and second life appli-
cations can be found in practice (Audi 2019; Nissan 2018). The results indicate that 
our approach, as well as the case study, is within a realistic range according to cur-
rent literature.

5 � Limitations, conclusion, and outlook

The results indicate that the model formulation displays the decision situation of 
the setting correctly. However, the reduction to a two-stage supply chain limits the 
conclusions for practical applications to the general effects. For specific values, such 
as the amount of inefficiencies in an existing supply chain, the supply chain must 
be expanded to include multiple stages and multiple actors per stage. A multi-stage 
approach will necessitate an advanced sequence of events and most likely, a sim-
ple coordination approach. Furthermore, the integration of multiple actors per stage 
results in additional decisions, e.g., from which supplier should the battery cell be 
procured. Nevertheless, the assumed setting is suitable for the aim to analyze the 
general effects of different scenarios and decentralized decision making.

The results of the case study state recycling to be economically beneficial in the 
short-term. However, centralized planning always outperforms decentralized planning. 
Therefore, potentials to improve the supply chain performance exist in the current 
planning. Further conclusions and results refer to the questions formulated in Sect. 1.

1.	 How can legal requirements like minimum recycling efficiency and multiple 
end-of-life options for spent lithium-ion batteries be integrated into optimization 
models for the master production and recycling scheduling?



278	 C. Scheller et al.

1 3

Based on the five primary requirements for the master production scheduling of 
lithium-ion batteries, which are the integration of all end-of-life options (e.g., recy-
cling), quality dependency, substitution between qualities, take-back requirements, 
and recycling efficiency, we formulate a new approach. In Sect. 4, we observe that 
all requirements have an impact on the master recycling scheduling. First, all end-
of-life options are executed in at least one scenario. Second, the quality dependency 
of returns and demand leads to the different assigned end-of-life options. Hence, 
quality dependency needs to be considered when deciding on the assignment of end-
of-life options. Due to the quality dependency, substitution between qualities needs 
to be considered. Third, take-back requirements and recycling efficiency need to be 
fulfilled due to legal requirements. Overall, each requirement shows an influence 
on master recycling scheduling and needs to be considered. Hence, our approach is 
suitable for the recycling planning of lithium-ion batteries and extends the current 
master recycling scheduling approaches.

2.	 How do different developments of material prices, demand, and technology influ-
ence the recycling and production planning of lithium-ion batteries?

We formulate five different scenarios to analyze the influence on planning based 
on different developments of material prices, demand, and technology. Increasing 
battery demand always results in increasing contribution margins for both the manu-
facturer and the recycler. Further, higher raw material prices lead to increasing con-
tribution margins of the recycler because the revenues are mainly achieved by selling 
recycled battery materials. For the year 2025, both manufacturer and recycler will 
increase the contribution margin rapidly. The recycler can profit even more because 
their revenues are not only bounded by demand but also by the quantity of returned 
products, which will increase rapidly. Also, remanufacturing is likely to become a 
beneficial end-of-life option for lithium-ion batteries in the upcoming years.

3.	 What effect does the decentralization of decisions have on the production and 
recycling plans?

The decentralization of production and recycling planning leads to inefficiencies in 
all considered scenarios. They occur due to the opportunistic behavior of the manu-
facturer and recycler. In the case study, the result of the opportunistic behavior is the 
storage of products by the recycler and manufacturer to sell in high-price and buy in 
low-price periods. Furthermore, reuse is missing in the decentralized planning case. 
We find two main reasons for the inefficiencies. First, independent actors optimize 
their local contribution margin. Hence, they act opportunistically. Second, informa-
tion asymmetries occur in decentralized planning. For example, the recycler has no 
information about the cost structure of the manufacturer, which leads to non-optimal 
pricing of “refurbished” lithium-ion batteries. In this case, the selling price is too high 
to be beneficial for the manufacturer. Therefore, the manufacturer always decides to 
buy “remanufactured” lithium-ion batteries. However, “refurbished” lithium-ion bat-
teries result in the highest contribution margin in terms of the entire supply chain. 
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To overcome or at least reduce inefficiencies, coordination mechanisms need to be 
applied. Different approaches for different planning problems exist. Contracts or nego-
tiation can achieve optimal decisions (Schmidt et al. 2014; Walther et al. 2009). Non-
optimal but large-scale, multi-stage coordination can be achieved by using multi-agent 
systems (e.g., Ogier et al. 2013). Furthermore, digitization can help to gain and trans-
fer information between the actors and hence reduce the information asymmetry.

Additional research is needed regarding the analysis of the effects of real-life 
cooperation in the closed-loop supply chain of lithium-ion batteries. Therefore, 
the models should be extended by multiple stages and multiple actors per stage as 
described in the limitations. Furthermore, uncertainties are a significant problem 
for both recycler and manufacturer. In the case of lithium-ion batteries, technol-
ogy uncertainties of the product (e.g. NMC vs NCA vs LFP) and the processes (e.g. 
pyrometallurgy vs mechanical preparation), as well as return uncertainties (e.g., 
quantity and quality), have significant influences. Furthermore, these uncertainties 
are driven by external factors, such as increased obligations. These uncertainties will 
influence the planning and likely increase inefficiencies, as known from the bull-
whip effect. Hence, research needs to integrate of uncertainties into the master recy-
cling scheduling of lithium-ion batteries. Furthermore, the existing inefficiencies 
and future supply risks (e.g. of cobalt and lithium) will necessitate a closed-loop 
supply chain management. Especially coordination will be needed to overcome the 
inefficiencies and enable the end-of-life options with high ecologic value, e.g. reuse. 
Therefore, further research needs to be done regarding the coordination mechanism 
for the closed-loop planning of lithium-ion batteries.
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