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A B S T R A C T   

Remanufacturing gives a full new service life for every usage cycle of a product. Since remanufacturing avoids 
material dissipation, it is conceivably superior to material recycling. However, quantifying the effectiveness of 
remanufacturing is difficult due to the fundamental lack of indicators and supporting tools designed for the task. 
In this study, the volume of avoided material dissipation was adopted as an evaluation indicator to measure the 
effect of product service life extension. The circulation path of remanufacturing was incorporated to a dynamic 
material flow analysis model called the MaTrace model to quantify the effect of remanufacturing on the extent to 
which material dissipation was avoided over time through product life cycles. Through a case study of vehicle 
engines over a period of 50 years by applying the extended MaTrace model, a comparison with a case where used 
products were all recycled, revealed that extending product service life cycles through remanufacturing reduces 
the overall physical loss of steel, Ni, and Cr in the vehicle’s engine by 3%, 2% and 5%, respectively. These results 
quantitatively clarify the superiority of engine remanufacturing over material recycling with respect to the effect 
of avoiding material dissipation in a circular resource system.   

1. Introduction 

The challenge involved in achieving sustainable development be-
comes increasingly difficult with the annual expansion of global 
resource extraction (Krausmann et al., 2018; Schandl et al., 2018; 
Wiedenhofer et al., 2019; International Resource Panel, 2020). The ur-
gency of minimizing the demand for natural resources and keeping re-
sources in circulation over multiple life cycles becomes greater every 
year. Remanufacturing, refurbishment, repair, and direct reuse have 
been increasingly recognized as effective ways of retaining the inherent 
value of materials and resources in products within the economic system 
through the extension of their useful life, as well as key enablers to close 
the loop of product lifecycles (Ellen MacArthur Foundation, 2013a, 
2013b; International Resource Panel, 2018, pp. 9). It should be 
emphasized that each of these industrial approaches involves different 
processes and different degrees of service life-extension. 

Remanufacturing is different from any other form of product reuse 
and material recycling. As stated in the 2018 International Resource 
Panel report (pp. 50–52), remanufacturing refers to a standardized in-
dustrial process in which the cores are restored to their original, as-new 
condition and performance or better. This is the only process that 

enables the completion of a full new service life for every usage cycle of a 
product. The same cannot be said for the refurbishment, repair and 
direct reuse processes. In these processes, used products or failed parts of 
the products are simply maintained, modified, or fixed so that the 
product can fulfill its initially intended single life cycle. Recycling is a 
last resort process, designed to recover the raw materials used in the 
production cycle. Among the different recovery options, remanufactur-
ing is considered the most efficient and effective way to save natural 
resources, in terms of both energy and materials (Steinhilper, 2001; 
King et al., 2006). 

Remanufacturing is widespread in a number of product categories, 
ranging from electronics, machinery and medical equipment to auto-
motive parts (Sundin, 2020). Automotive parts remanufacturing is the 
most prominent remanufacturing sector worldwide, accounting for an 
estimated two-thirds of global remanufacturing activities (Williamson 
et al., 2012). In this sector, the engine and related parts tend to be 
remanufactured, with a market share of 30% of the automotive parts 
remanufacturing market in 2017 (Persistence Market Research, 2019). 
The remanufacturing of engines has obvious potential for reducing the 
new material input requirement and improving resource use efficiency 
along the life cycle. 
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Geographically, despite its global growth over the years, the devel-
opment trends of automotive parts remanufacturing vary from region to 
region. In the United States, remanufacturing has significant market 
penetration with 74% of the replacement parts remanufactured in the 
aftermarket (Toyota Tsusho Corporation, 2013). Europe also has a 
well-established remanufacturing industry in the automotive sector and 
is more open to the trade in remanufactured products. However, only 
10% of the spare parts used in Europe’s aftermarket consist of rema-
nufactured parts. Of these, some parts are in a mature state; for example, 
remanufactured starters and alternators parts account for 90% of the 
aftermarket in terms of units (Optimat Limited, 2013). In contrast, it was 
reported that the overall Chinese supply of remanufactured automotive 
parts made up only 1% of the total units in 2011 within its aftermarket, 
whereas repaired and directly reused parts accounted for 40% (Toyota 
Tsusho Corporation, 2013). Remanufacturing in the automotive sector 
in other countries such as Japan, Singapore, Brazil, Mexico, etc. is 
relatively limited and is still at an early stage of development. Re-
strictions prohibiting import of cores and remanufactured goods, the 
lack of clear legal definitions and standards for remanufacturing, an 
inefficient core collection system, high customer risk perceptions con-
cerning quality, and increased product complexity are barriers to 
remanufacturing (Matsumoto et al., 2017; Ikeda, 2017; Russell and 
Nasr, 2018; Yang, 2020). 

In practice, the large-scale promotion of remanufacturing needs to be 
supported by quantitative evidence to inform policy-making of its po-
tential advantages along the product life cycle. That is, concrete data is 
required to indicate the benefits of remanufacturing over recycling in 
terms of avoiding the dissipation of materials. To respond to this void in 
knowledge, a quantitative assessment which takes a system-wide view of 
remanufacturing is needed. It has been stressed that remanufacturing 
should be considered a gateway to recycling since products will even-
tually go into the recycling process when they are no longer suitable for 
remanufacturing (Russell and Nasr, 2020). As such, quantification of the 
benefits of remanufacturing must consider the cyclical use of end-of-life 
(EoL) products. 

Life cycle assessments (LCAs), and material flow analyses (MFAs) are 
employed in applied studies as evaluation methods to determine the 
potential to reduce material dissipation through remanufacturing. In a 
number of studies using the LCA as a tool, the focus has been on the 
reduction in the amount of materials due to replacing “new engine 
manufacturing” with “engine remanufacturing” throughout the whole 
process from the extraction of raw materials to production and use 
stages (Liu et al., 2014; Shi et al., 2015; Li et al., 2016; Afrinaldi et al., 
2017). It has been estimated that a remanufactured gasoline engine can 
be produced with 26% to 90% less raw materials (Smith and Keoleian, 
2004), 55 kg less steel and 8.3 kg less aluminum than the production of a 
new engine (Yang and Chen, 2007). In an assessment by Liu et al. (2018) 
using the MFA approach, it was suggested that adding remanufacturing 
and direct reuse to China’s automotive production industry would in-
crease resource productivity by 7.1% in a high efficiency scenario when 
compared to the case where these processes are not employed. However, 
these studies are limited in that they are static studies which only focus 
on part of the product cycle. Using these approaches alone, it is not 
possible to evaluate the effect of reduced material loss by cyclical use of 
EoL products, such as recycling, through the product life cycle over time. 

The dynamic MFA is a tool that provides the means to study the 
material stocks and flows and their evolution over time. Nakamura et al. 
(2014) developed an input-output analysis model of dynamic MFA (the 
MaTrace model) and applied it to track the fate of car steel across 
different products categories over successive rounds of recycling in 
Japan. They found that around 20% of the steel recovered from EoL 
vehicles was lost after 50 years. Further, several studies have extended 
the scope of the MaTrace model to estimate the distribution and losses of 
steel and/or its component elements—chromium (Cr) and nickel (Ni)— 
throughout multiple product life cycles at the national and global level, 
involving the accumulation, the discarding of products, the reuse of 

parts and components, material recycling, and the utilization of sec-
ondary materials in manufacturing (Pauliuk et al., 2017; Nakamura 
et al., 2017; Takeyama et al., 2017; Zhang et al., 2019). However, the 
fact that remanufacturing gives the product a completely new service 
life was not taken into consideration in these studies. For this reason, the 
superiority of remanufacturing over material recycling in avoiding 
material dissipation has not been clarified. 

In approaching the design of this investigation, several key research 
questions were considered. One was to consider the best way to evaluate 
the effect of product life extension due to remanufacturing. Another was 
to consider the extent to which material loss can be reduced due to 
remanufacturing throughout several product life cycles over time. The 
other key question addressed in the design is whether remanufacturing 
is superior to recycling in reducing resource dissipation at a national 
level, and, if so, to what extent that is the case. 

In this study, the amount of material dissipation avoided due to 
remanufacturing was adopted as an indicator for use in an evaluation of 
the effect of product service life extension. By incorporating the circu-
lation path of remanufacturing to the dynamic MFA model–MaTrace 
model, we estimated the effects of remanufacturing on the magnitude of 
material dissipation avoidance over time through the product life cycle. 
The expanded MaTrace model was applied to the circular resource 
system in Japan, where the material recycling of vehicle engines has 
advanced, versus a circular resource system, where engine remanu-
facturing has advanced, to quantify the effect of remanufacturing and 
briefly discuss the validity of the evaluation indicator. 

2. Material and methods 

2.1. Extension of the Matrace model 

In this study, we made the following new extensions to the scope of 
the existing MaTrace model created by Nakamura et al. (2014). The 
structure of the extended MaTrace model with multiple circular paths is 
depicted in Fig. 1. 

Segmentation and stratification of circular paths of EoL prod-
ucts: Since the remanufacturing process differs from direct reuse and 
recycling processes, the destinations of EoL products are divided into 
remanufacturing, direct reuse, and recycling rather than recycling alone 
(Fig. 1). In this system, the collected parts or cores from EoL products 
destined for remanufacturing and direct reuse flows respectively, and 
the rest of the dismantled products is allocated to the recycling flow. 
Furthermore, the remanufacturing flow is hierarchically structured so 
that it can be performed several times. 

Settings of new parameters: A fraction of collected parts from EoL 
products distributed to direct reuse flow is set to δu, and those distrib-
uted to remanufacturing (as secondary production in Fig. 1) process as 
cores is set to δc. The remanufacturing yield ratio of materials in 
remanufactured products in the g-th cycle at t time is set to λm(t,g). The 
recovery yield ratio of processing scrap is set to ξ. These four newly 
added parameters all have a number of products (Np) by number of 
material types (Nr) sized matrix. Additionally, the reuse production 
yield ratio is assumed to be 1.0, and no material losses occur under 
direct reuse. Because only those products that are in sufficient working 
condition, without necessity of any component replacement or repair 
qualify as reuse products (International Resource Panel, 2018, pp. 41). 

The classification of the stock of final products: The products 
accumulated in society are divided into two types: primary products and 
secondary products. Products made from recycled materials via the 
recycling flow are defined as primary products. Products derived from 
used parts and cores via remanufacturing and direct reuse flows are 
defined as secondary products. 

Settings of extension conditions: In the expanded model, EoL 
products go through the remanufacturing, reuse, and recycling paths at 
the same time. Used parts derived from EoL products are recycled after 
being reused once, while the cores are recycled after being 
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remanufactured a few times. Regarding the system boundary, the ma-
terials contained in the initial product are input as 100%, and exports 
and new materials added to the remanufacturing process are not 
considered. Due to the spatial-temporal differences in the recycling of 
exported products between domestic and overseas, the recycling 
methods do not differ greatly (Autorecycling Nederland, 2021; Ander-
sson et al., 2017; Kojima, 2018; Ram et al., 2015; Sakai et al., 2014; 
Staudinger et al., 2001). Since the focus of this research is to model the 
changes in the flow of materials initially input into the system result 
from remanufacturing, for simplicity, additional material inputs are not 
included in the calculation. Moreover, while remanufactured and reused 
parts are used to replace defective parts in existing products, they are not 
attached to new products. This is partly because manufacturers do not 
support the reuse of quality original equipment manufacturer parts they 
produced in the automotive sector (Michael, 2017). Another reason is 
that remanufactured parts will at some point not be compatible with 
newer designs and may not continue to meet new strict and evolving 
environmental or new emerging economic manufacturing standards (i. 
e., precision and material quantity), where the continued use of such 
parts may limit opportunity for futuristic innovation in technology and 
designed esthetic or functionality of new products due to their limited 
features or outdated design (Smith and Keoleian, 2004). 

Descriptions of parameters: As shown in Fig. 1, parameter φ is the 
product discard rate, δu is the distribution ratio of dismantled EoL parts 
to direct reuse, δc is the distribution ratio of dismantled EoL parts to 
remanufacturing as cores, 1 − δu − δc is the distribution ratio of 
dismantled EoL parts to recycling, γ is the recovery yield ratio of ma-
terials from EoL products, θ is the production yield ratio of refined 
materials in the metallurgy process, λ is the primary production yield 
ratio, λm is the remanufacturing yield ratio, ξ is the recovery rate of scrap 
from primary and secondary production processes, ξ(1 − λ) and ξ(1 − λm)

are the recovery yield ratios of materials from the primary and sec-
ondary processes respectively, σo and σp are distribution ratios of ma-
terials to various types of obsolete scrap and processing scrap 
respectively, ωo and ωp are distribution ratios of recovered scrap to the 
refining furnaces, D is the distribution ratio of refined materials to pri-
mary production, 1 − γ and 1 − θ are loss ratios in obsolete scrap re-
covery and refining processes, (1 − ξ)(1 − λ) is the loss ratio in the 
primary production process, (1 − ξ)(1 − λm) is the loss ratio in the 

secondary production process. 

2.2. Calculation processes 

Materials in all EoL products: If the amount of alloying elements 
contained in steel i in initial product j is x(r), and the product discard 
rate after t years of use is φ(t), the total amount of alloying elements 
recovered from steel i in all EoL product j in year t, eol(t), is calculated as: 

eol(t) =
∑t− 1

r=1
φ̂(t − r)x(r) (1)  

Where steel i ∈ 1,2,…,Nr, and product j ∈ 1,2,…,Np. Nr represents 58 
crude steel sectors, and Np represents 466 product sectors. All EoL 
products are composed of those derived from primary products and 
those derived from reused and remanufactured parts. 

Materials in primary products: Let xm(r) be the amount of alloying 
elements in products that is remanufactured in the first year, and xu(r)
be the amount of alloying elements contained in steel in products that is 
reused in the first year. The amount of alloying elements contained in 
the steel i in the primary product j manufactured in the first year, xp(r), is 
given by: 

xp(r) = x(r) − xu(r) − xm(r) (2) 

Materials in reused parts: The amount of alloying elements derived 
from the initial primary product contained in the steel i in product j to be 
reused in the t-th year, xu(t), is calculated by the following equations 
separately for the first year and beyond the second-year. Note that δu(t)
is the distribution ratio of steel i derived from EoL product j to the reused 
parts in the t-th year. 

xu(t) =

⎧
⎪⎨

⎪⎩

0, t = 1

δu(t) ∘

{
∑t− 1

r=1
φ̂(t − r)xp(r)

}

, t ≥ 2 (3) 

Materials in remanufactured parts: The amount of alloying ele-
ments contained in the steel i in the cores derived from the EoL product j 
in g-th cycle in year t, xc(t, g), is calculated separately for the first time 
and the second and subsequent times as follows. 

Fig. 1. Structure of expanded MaTrace model 
that can capture material flows via parts 
remanufacturing, direct reuse, and recycling of 
end-of-life products. The light blue rectangles 
represent industrial processes, the yellow ovals 
represent products and materials, the dark blue 
ovals represent process losses, and the apricot 
rhombuses represent the distribution of mate-
rials. The Greek letters represent the process 
parameters described above. (For interpretation 
of the references to colour in this figure legend, 
the reader is referred to the web version of this 
article.)   
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xc(t, g) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

δc(t) ∘

{
∑t− 1

r=1
φ̂(t − r)xp(r)

}

, g = 1

δc(t) ∘

{
∑t− 1

r=1
φ̂(t − r)(λm(r, g − 1) ∘ xc(r, g − 1))

}

, g ≥ 2

(4)  

Where δc(t) is the distribution ratio to the cores of steel recovered from 
EoL products in the t-th year. λm(r, g) represents the remanufacturing 
yield ratio of steel in cores in g-th cycle in year r, and xc(r, g) represents 
the amount of steel in cores in g-th in year r. Then, the amount of ele-
ments in steel i in product j when remanufactured in t-th year, xm(t)
becomes: 

xm(t) =
∑

g
(λm(t, g)∘xc(t, g)) (5) 

Recovery of obsolete scrap: IfΓ is the recovery yield ratio of steel 
from EoL products excluding those collected parts for direct reuse and 
remanufacturing, the amount of alloying elements in steel recovered 
from those EoL products entering into the recycling flow in year t, z(t), is 
given by: 

z(t) = Γ∘

{

eol(t) − xu(t) −
∑

g
xc(t, g)

}

(6) 

Next, by multiplying z(t) by the distribution ratio of steel from EoL 
product j to the obsolete scrap in year t, σoj(t), and then taking the sum of 
the numbers of product j, the amount of recovered alloying elements in 
the obsolete scrap in year t, Z(t), can be obtained by: 

Z(t) =
∑

j

(
σoj(t) zT

j. (t)
)

(7) 

Recovery of processing scrap in the first-loop: Processing scraps 
are generated during the production process and can be recycled many 
times as steelmaking raw materials. Therefore, the amount of elements 
derived from the processing scrap is calculated separately for each loop. 
First, the amount of elements contained in processing scrap of the first- 
loop in year t, F(t, 1), can be calculated according to the following 
expressions. 

e(t, 1) = θ̂(t)ωo(t)Z(t) (8)  

f (t, 1) = Ξ∘(I − λ)∘{D(t)ê(t, 1)} (9)  

fm(t, 1) = Ξ∘
∑

g
((I − λm(t, g))∘xc(t, g)) (10)  

F(t, 1) =
∑

j

(
σpj(t)

(
f T
j. (t, 1)+ f T

mj.(t, 1)
))

(11) 

As shown in eq. (8), e(t, 1) is the amount of alloying elements in the 
refined steel produced from the obsolete scrap in the first-loop after t 
years, θ(t) is the production yield of refined steel in the metallurgy 
processes, and ωo(t) is the distribution ratio of steel from obsolete scrap 
to the refining furnaces after t years. In eq. (9), Ξ refers to the recovery 
yield of scrap in the primary and secondary production processes, I is the 
unit matrix; λ is the primary production yield ratio, λm(t, g) is the g-th 
remanufacturing yield ratio in year t, and D(t) is the distribution ratio of 
refined steel to primary products. Thus, the amount of alloying elements 
in refined steel recovered from the primary production processes in the 
first-loop, f(t,1), is calculated by eq. (9), while those recovered from the 
remanufacturing processes, fm(t,1), is calculated by eq. (10). Based on 
these calculations, eq. (11) gives the total amount of alloying elements 
in processing scrap in the first loop, F(t, 1), where σpj(t) refers to the 
distribution ratios of steel from product j to processing scrap. 

Recovery of processing scrap in L-th loop: Let ωp(t) be the distri-
bution ratio of processing scrap to the refining furnaces, the amount of 

elements contained in refined steel produced from processing scrap in 
the l-th loop is: 

e(t, l) = θ̂(t)ωp(t)F(t, l − 1) (12)  

and the amount of elements in refined steel produced from the primary 
production processes in l-th loop is: 

f (t, l) = Ξ∘(I − λ)∘{D(t)ê(t, l)} (13) 

Accordingly, the alloying elements content in the processing scrap in 
l-th loop is obtained from: 

F(t, l) =
∑

j

(
σpj(t)f T

j. (t, l)
)

(14) 

From the above, the total amount of elements in all processing scrap 
in yeart, Y(t), is calculated by adding together all loops l in Eq. (15). 

Y(t) =
∑

l
F(t, l) (15) 

Recovery of materials from all scrap: The amount of alloying el-
ements contained in refined steel produced from all types of scrap in 
year t can be calculated as follows. Thus far, these secondary materials 
recovered from recycling processes is available to be distributed to 
various final products through primary production processes. 

s(t) = θ̂(t)
(
ωoZ(t) +ωpY(t)

)
(16) 

Stock of refined materials: The total amount of alloying elements 
contained in secondary steel being stocked in all final products after t 
years can be expressed by: 

x(t) = λ∘{D(t) ŝ(t)} + xu(t) + xm(t) (17)  

Where xm(t) represents the elements content in secondary steel stocked 
in final products that were remanufactured, and xu(t) represents those 
elements stock in final products that were reused in year t. 

Material losses: The losses of materials initially input to the system 
were calculated in three stages. First, the dissipation yield of alloying 
elements in steel in EoL products during the obsolete scrap recovery 
processes in year t, (t ≥ 1), can be obtained by: 

ℓ1(t) = (ι − Γ)∘

{

eol(t) − xu(t) −
∑

g
xc(t, g)

}

(18)  

Where ι is an unit vector and I is an unit matrix. Second, the dissipation 
yield of materials in metallurgy processes, ℓ2(t), is given by: 

ℓ2(t) = (I − θ̂)
(
ωoZ(t) +ωpY (t)

)
(19) 

Third, the dissipation yield of materials in primary production, ℓ3(t), 
and those in remanufacturing processes of product, ℓ4(t), can be 
expressed by the following equations. 

ℓ3(t) = (ι − Ξ)∘(ι − λ)∘
{

D(t)θ̂
(
ωoZ(t) +ωpY(t)

)}
(20)  

ℓ4(t) = (ι − Ξ) ∘
∑

g
(I − λm(t, g)) ∘ xc(t, g) (21) 

Then finally, as shown in eq. (22), the cumulative losses of materials 
from all processes at t can be calculated by summing up all the numbers 
of products and steel twice in eq. (18), eq. (19), eq. (20), and eq. (21) 
respectively, and adding these results together. 

l(t) =
∑∑

ℓ1(t) +
∑∑

ℓ2(t)+
∑∑

ℓ3(t) +
∑∑

ℓ4(t) (22)  

2.3. Data and product categories 

The database adapted for the model was Waste Input-Output Mate-
rial Flow Analysis (WIO-MFA) table for Japan with 528 industrial 
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sectors and 466 product sectors, which was extended from the 2005 
Japanese Input-Output tables by Ohno et al. (2014). This WIO-MFA 
table consists of 3 metals (Fe, Cr, and Ni), 9 ferroalloys, 29 species of 
crude steel from both the electric arc furnace and basic oxygen furnace, 
and 20 species of hot-rolled special steel (Ohno et al., 2014). It also 
includes 10 types of iron and steel scrap categorized according to the 
form of scrap generation (pig scrap, in-house scrap, obsolete scrap, and 
processing scrap) and scrap composition (Cr-based stainless steel and 
Ni-based stainless steel) and subdivided by Takeyama et al. (2017). By 
these subdivisions, it is possible to consider the differences in the use of 
obsolete scrap, processing scrap, and steel, and as such, to describe more 
realistic flows of steel and its accompanying alloying elements in the 
cyclical use of steel. 

The material composition of the product, and the secondary mate-
rials for the products transition matrix for this study are the same as 
those in previous studies (Ohno et al., 2014; Takeyama et al., 2017). The 
final product categories have been aggregated into automobiles, build-
ings, civil engineering structures, containers, machinery, and other 
products, which is just 6 sectors from the 120, as listed in previous 
research (Nakamura et al., 2014). This study further subdivided the 
automobile sector into new engines, reused engines, remanufactured 
engines, other automobiles, and output the results in a total of 8 sectors 
together with buildings, civil engineering structures, machinery, and 
other products. 

2.4. Application of the extended matrace model: A case study on vehicle 
engines 

To quantify the ripple effects on the material loss reduction due to 
remanufacturing and compare it with that of material recycling, we 
applied the extended MaTrace model to vehicle engines and performed a 
scenario analysis. Note that the term “vehicle engines” in this paper 
refers to the “Internal combustion engines for motor vehicles and parts” 
sector in the Input-Output tables for Japan. Given examples are gasoline 
engines and diesel engines for motor vehicles, internal combustion en-
gines for motorcycles and motor scooters, and parts, fixtures, and ac-
cessories involving radiators, oil strainers, oil filters, pistons, inlet 
valves, exhaust valves, cylinders, carburetors, air cleaners, and fuel in-
jection devices (Ministry of Internal Affairs and Communications of 
Japan, 2009). 

Scenario data: The main data required for the scenarios were the 
distribution ratio of EoL engines to the reuse flow, δu, and those to the 
remanufacturing flow as cores, δc, the remanufacturing yield ratio of 
cores λm, and the number of times direct reuse and remanufacturing 
performed respectively in the model system. According to the Ministry 
of Economy, Trade and Industry of Japan (2015), in Japan, around 38% 
of engines removed from EoL vehicles were exported as reused parts, 
only 6% were reused domestically, and the remaining 56% were recy-
cled. As mentioned above, in this expanded model, it was set that the 
exported goods would be recycled in the similar way as in Japan, so the 
fraction of EoL engines that went to the direct reuse and remanu-
facturing flows was calculated as 44%. 

Subsequently, due to limited data availability, the ratio between 
direct reuse and remanufacturing was set based on the results of the 
survey on the production of vehicle parts in some countries conducted 
by the International Resource Panel (2018, pp. 114–115). We extracted 
the production volume of remanufactured, reused and repaired parts 
other than new parts from the total production volume in four repre-
sentative countries, and then converted the volume into percentages. 
Using the situation in the United States as an example, the ratio between 
remanufacturing and reuse was estimated to 0.86: 0.14. Multiplication 
of this ratio by the above-mentioned 44%, the values of parameter δu 
and δc were determined. 

Regarding the estimated remanufacturing cycles, it has been re-
ported that vehicle engines can be reused once and remanufactured up 
to 5 times (International Resource Panel, 2018, pp. 220; Liu et al., 2014). 

However, the number of cycles an engine can be remanufactured is 
basically determined by its economic value and availability of individual 
components. For example, cast iron or steel cylinder liners can usually 
be repaired and reconditioned twice, while the maximum for pistons is 4 
times (Smith and Keoleian, 2004). It has also been verified that the 
crankshaft can be remanufactured at least 3 times (Zhang, 2007). 
Nevertheless, Wang and Wu (2011) found that if the material stress limit 
has been exceeded during the life span of an engine, then the longevity 
and stress resistance of that same engine cannot be expected to yield the 
same functioning longevity and stress resistance as it had before rema-
nufacturing every time. In that case, that same engine cannot be ex-
pected to perform in the same reliability and durability when it is 
remanufactured as it was before remanufacturing every time. This limits 
the expected number of times an engine can be remanufactured. Hence, 
the number of service life cycles was assumed to be one for reuse and 
two for the remanufacturing of engines in this paper. The average ma-
terial reuse per engine per remanufacturing cycle, that is parameter λm(t,
g), was set to 84% for the first cycle and 52% for the second cycle. The 
average life span was set to 6 years for a reused engine, and 12 years for 
a remanufactured engine, which is the same as that of a new one (In-
ternational Resource Panel, 2018, pp. 220). According to Nakamura 
et al. (2014, 2017), the average life span of buildings, civil engineering 
structures, and containers was estimated as 29 years, 35 years, and 1 
year respectively in Japan. Moreover, the average life span of automo-
biles, machines, and other products was estimated as 12 years. 

Scenario assumptions: In the case study, two scenarios associated 
with the cyclical use of vehicle engines were developed. The scenario in 
which all EoL engines being recycled was assumed to be the “Recycling- 
advanced System”, and a scenario in which the introduction of rema-
nufacturing ratio was 38% was assumed to be the “Remanufacturing- 
advanced System”. Table 1 shows the parameters and their values for 
each scenario. For both scenarios, the initial value to the system was 
100% of engine-derived steel and alloying elements contained in it. 
Besides, the modeling period was set to 50 years due to the long product 
lifetime extended by remanufacturing. According to the calculations, it 
would take 42 years in total for an engine to go through three of its own 
full service life cycles and one reuse cycle. 

3. Results 

Fig. 2 illustrates the transitions in the composition of the stock of 
steel, Ni, and Cr input into the initial production of engines over 50 years 
under two scenarios. In each figure, the vertical axis shows the accu-
mulation of materials as products and the material losses in three pro-
cesses, and the horizontal axis shows the number of years elapsed since 
initial production. The different colors in the figure represent the ma-
terial compositions in product classifications and their material losses. 

In the recycling-advanced scenario shown in (a) steel, after 50 years, 

Table 1 
Scenario parameters for vehicle engines.  

Parameter Parameter description Scenario name and parameter value 
Recycling- 
advanced 
System 

Remanufacturing- 
advanced System 

δu  Fraction to reuse – 6% 
δc  Fraction to 

remanufacturing as 
cores 

– 38% 

1 − δu − δc  Fraction to recycling 100% 56% 
λm(t,1) Remanufacturing yield 

ratio 
in the 1st cycle at t  

– 84% 

λm(t,2) Remanufacturing yield 
ratio 
in the 2nd cycle at t  

– 52%  
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25% out of 100% of the steel originally used for engine production in the 
first year was dissipated and 75% was recycled into products. By looking 
from the top to the bottom of the vertical axis in Fig. 1, it is clear that 9% 
of the steel was lost during scrap refining and 16% was lost during scrap 
recovery. In addition, 1% of the steel was accumulated in other prod-
ucts, 5% in machinery, 31% in civil engineering structures, 34% in 
buildings, and 4% in other automobiles. According to this scenario, 
almost none of the high-quality steel contained in the engine was left, 
and all of it had disappeared from the engine by the 18th year. 

In the remanufacturing-advanced scenario shown in (b) steel, 22% of 
all of the steel used in the engine 50 years later had dissipated: 2% was 
lost to production losses, 8% was lost during the scrap refining process, 
and 12% was lost during the scrap recovery process. Still, 78% of the 
original steel remained in the products in the 50th year. Compared to the 

case of (a) steel where remanufacturing was not implemented, there was 
a 3% lower material dissipation of steel in total through remanu-
facturing in case (b). With regard the distribution of the accumulated 
steels across products to be the same as that found for (a) steel, except 
that 37% of the steel was recycled in buildings. However, 30% of the 
original steel in the engine remained after 20 years, with this gradually 
declining to zero by 43 years. This indicates that the lifetime of the 
engine could be increased from 18 years to 43 years by remanufacturing, 
and that the fraction of high-quality steel in engines had risen consid-
erably during the modeling period. 

The transition trend for Ni, shown in the middle of Fig. 2, was similar 
to that of steel over a period of 50 years. In (a), the total loss of Ni was 
18% in the form of recovery losses, while in (b), although the recovery 
loss of Ni was lower, at 14%, the production loss of Ni increased to 2% in 

Fig. 2. Evolution of materials originally used for vehicle engines across products during the modeling period. Breakdown of the materials into 8 types of products and 
3 types of losses. 
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the remanufacturing process, ultimately resulting in a total loss of 16% 
in 50 years. There was a 2% reduction in the overall loss of Ni by 
remanufacturing in (b) compared to that in (a). Note that there was no 
loss of Ni during the refining processes: this was because of its chemical 
properties. That is, Ni has a strong tendency to distribute to the metal 
phase in molten iron, and it is not currently possible to remove Ni from 
molten iron using the conventional melting process. A close look at the 
stock of Ni in the products over 50 years, under both (a) and (b) sce-
narios, indicates that 3% was in other products, 12% was in machinery, 
and 5% was in other automobiles. Also, the Ni in civil engineering and 
construction in (b) was 2% higher due to remanufacturing, with a total 
of 64%. It can also be seen from scenario (b) that remanufacturing 
contributed greatly to the preservation of Ni in engines as well as the 
extension of the lifetime of an engine until 47 years. 

The evolution result for Cr is shown in the bottom of Fig. 2. In case 
(a), after 20 years, 37% of Cr had dissipated and 63% had been recov-
ered in products, but there was nearly zero Cr content in the engine. 
After 50 years, the percentage of Cr which had dissipated increased to 
62%, of which 51% was refinery loss and 11% was recovery loss. Of the 
remaining 38% of Cr in all products, 39% of it had been absorbed by 
civil engineering and construction, indicated in yellow and green in 
Fig. 2. Conversely, in case (b), after 20 years, the amount of Cr dissi-
pation was 25%, and as much as 30% of the Cr was preserved in the 
engine while 45% was recycled to other products. After 50 years, 57% of 
the Cr had dissipated, with production losses, refinery losses, and re-
covery losses accounting for 2%, 46%, and 9% of those losses, respec-
tively. It was shown that remanufacturing could reduce the physical loss 
of Cr by 5% overall, and prolong the life of the engine to 43 years. Be-
sides, 43% of the Cr was recycled into products in case (b), and the 
distribution tendency of Cr across the products was the same as that in 
case (a) except that the Cr in the civil engineering and construction 
increased by 5%. Apparently, remanufacturing was most effective for Cr 
from the perspective of avoiding the dissipation of materials and the 
downcycling of materials to products other than engines. 

A comparison of the three substances, steel, Ni, and Cr, under both 
scenarios reveals some clear differences. With regard to the total amount 
of material dissipated, Ni was the lowest, Cr was the largest at about 3.5 
times than that of Ni, and steel was slightly larger than Ni. In the case of 
Ni, while there was no refining loss, most of the loss occurred at the 
metal scrap recovery stage, and this lost Ni was eventually landfilled. 
The uncollected items were mainly metal products such as steel piles 
under the ground and discarded electric and electronic devices at final 
landfill sites. In the case of Cr, more than half of the initial inputs was 
dissipated in the scrap refining stage, which was often discharged as slag 
and then reused in concrete or roadbed materials. 

The common point between the three substances is that most of the 
substances that were put into the initial production of the engine were 
recycled to civil engineering structures and buildings, with most of it in 
buildings. Also, these substances remained in the engine for 18 years in 
the material recycling-advanced scenario, whereas this was extended to 
a maximum of 47 years due to remanufacturing. In addition, by focusing 
on the material content in the product by cutting out the cross-section of 
resource circulation structure such as that 20 years from initial pro-
duction, it was found that a greater proportion of materials went to the 
engine when the remanufacturing rate was higher. Especially for 
alloying elements with a large amount of dissipation such as Cr, it is 
possible that as much as 30% of the total amount of elements contained 
in the product might remain in the engine after 20 years in the 
remanufacturing-advanced scenario. These results are clear indicators 
that the potential for remanufacturing to prolong the lifetime of an en-
gine is high. Remanufacturing improves the efficiency of resource use 
and reduces the physical loss of steel, Ni, and Cr within the system. 
Another point is that it avoids the degradation and recycling of high- 
quality materials to the civil engineering and construction sectors. 

4. Discussion 

4.1. Data uncertainties 

The results of the scenario above were based on various hypotheses 
and parameter values. The value of the parameters may change over 
time or when the evaluation conditions change, and the magnitude of 
the fluctuation range will inevitably affect the results of the analysis. To 
quantify the impact on the results, a sensitivity analysis was applied to 
four newly added parameters, which were δu and δc corresponding to the 
direct reuse and remanufacturing introduction rate to the system 
respectively, and λm, 1 along with λm, 2 representing the remanu-
facturing yield rate for each cycle. We displayed five integer numbers for 
each parameter for every 10% above and below the current value. That 
is, 0%, 6%, 16%, 26%, and 36% for δu; 8%, 18%, 28%, 38%, and 48% for 
δc; 54%, 64%, 74%, 84%, and 94% for λm, 1 ; and 32%, 42%, 52%, 62%, 
and 72% for λm, 2. This was then compared the value with the estimated 
value under the recycling-advanced system scenario. The value of 
λm, 1 was assumed to be lower than 100% and higher than that of λm, 2. 
The value of λm, 2 was assumed to be lower than that of λm, 1 and 
above/ near the minimum value (36.5%) for remanufacturing reported 
by the International Resource Panel (2018, pp. 220). 

Figure 3 gives the impacts of parameter value changes on the ma-
terial loss reduction rate of steel, Ni, and Cr at the end of the simulation 
period. It can be observed that Ni was most sensitive while Cr was less 
sensitive to the changes. Also, λm, 1 had the strongest influence on the 
results among all parameters. With the other parameters remained un-
changed, as the value of λm, 1 rises higher than 73.5%, the overall 
physical losses could be further reduced by 13% for steel and 2% for Ni. 
However, when the value of λm, 1 was below 73.5%, the physical loss in 
the reduction rate of Ni exceeded zero. The advantages of remanu-
facturing were completely offset, because the total of the material losses 
was greater than if it was not performed in the system. This implies that 
more remanufacturing does not always improve resource cycles. When 
remanufacturing is performed in an environment where the technical 
level of remanufacturing is well below the average by international or 
national standards, conversely the efficiency of resource utilization may 
be lowered. The magnitude of remanufacturing needs to be carefully 
considered according to the local situation. In the case of steel and 
alloying elements like Ni, which is thermodynamically stable in molten 
iron, the results suggest that stabilizing and reducing the yield losses at 
the production stage leads improvement in avoiding overall material 
dissipation. In order to conduct a highly accurate analysis in the future, 
it is essential to develop a database for parameter λm due to its high 
uncertainties. 

Fig. 3. Box-whisker plots showing mitigated impacts on material losses for 
steel, Ni, and Cr with different parameters. 
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4.2. Application scope and limitation of the model 

The newly extended MaTrace model with a remanufacturing 
pathway in this study is a supply-driven model that distributes a certain 
amount of used product-derived iron alloys to other industrial product 
sectors. This model can be applied to any of the products containing 
steel, Ni, and Cr by re-setting the current initial product sector, "internal 
combustion engine for automobiles/parts". Although this model is based 
on the industrial structure of Japan, it also can be applied to other re-
gions by rewriting the industrial structure. Still, the model has some 
limitations in various applications. 

The first limitation is the uncertainty involved in the data source. 
Input-output tables have the advantages of easy data availability and 
avoiding the voluntary system boundary settings. Using these tables, it is 
possible to comprehensively understand and analyze the industrial 
structure and the interdependence between the industrial sectors. 
However, in the WIO-MFA Table, the estimated material composition of 
a product is considered "average" (Nakajima et al., 2013; Chen and 
Graedel, 2015). For instance, the input structure of engine production is 
a weighted average of the production recipes for a huge number of 
models of automobile engines. The weight of this value is the market 
share of these models. It is widely known that the contents of Fe, Ni, Cr, 
etc. in the engine vary considerably across models, depending on 
whether it is an all-aluminum engine or a cast iron engine, a diesel en-
gine or a gasoline engine, and the model of the engine. Also, engines are 
becoming more lightweight due to the replacement of iron material with 
aluminum-magnesium alloys (Stojanovic and Glisovic, 2016). There-
fore, it is necessary to take such factors such as averaging and weight 
reduction into consideration in estimating the product composition. 

The second limitation is the uncertainty regarding changes in the 
industrial and consumption structure, and future technological devel-
opment. This model assumes that various parameters are fixed 
throughout the evaluation period and that there is sufficient demand to 
absorb remanufactured parts and secondary materials recycled from 
various target products (Nakamura et al., 2014). In fact, towards the 
realization of carbon neutrality on a global scale, regulations are 
accelerating the spread of next-generation automobiles mainly in China, 
large European countries, and in other markets as well. Sales of 
next-generation vehicles are steadily expanding and will represent a 
certain percentage of global car sales in the future (Boston Consulting 
Group, 2020). In line with this shift in the automotive industry, con-
ventional internal combustion engines will be replaced by motors and 
batteries in electric vehicles, resulting in a change in demand for base 
metals and rare earth elements like neodymium, dysprosium, and 
lithium. Furthermore, with the widespread use of information technol-
ogy and artificial intelligence technology, automatic braking systems 
and autonomous driving will result in fewer accidents but more product 
complexity and shorter maintenance intervals (McKinsey and Company, 
2018). Consequently, new requirements will be created for remanufac-
tured automotive parts like sensors, electronic control unit, electronics, 
data communication modules, etc., and this will require an expansion of 
remanufacturing knowhow towards the new components (Steinhiper 
and Nagel, 2017). Also, by utilizing additive manufacturing technolo-
gies such as laser metal deposition and 3D printing, some damaged 
high-value components can be repaired by use of 3D-printed small 
replacement parts, and the components can be restored to their original 
physical and mechanical properties (Mahamood et al., 2017). This will 
likely reduce the current limitations to remanufacturing, such as the lack 
of information of old products, the thin-walled structure of products, 
and complicated product shapes. In this way, technological innovations 
and changes in the demand for spare parts have the potential to boost 
the remanufacturing productivities (Yeo et al., 2017). Therefore, these 
uncertainties also need to be considered. 

The third limitation is the circulation loops of EoL products. It is 
important to note that remanufacturing takes place in parallel with 
direct reuse, repair, and refurbishment. All these life-extension practices 

are essential components of the material retention system. Nevertheless, 
using the current model, it is not possible to measure the effects of repair 
and refurbishment processes to the system. For a more comprehensive 
evaluation of the potential environmental consequences of the multi- 
layered resource circulation structure, it is vital to incorporate these 
cycles and their respective production variables and update the model. 

4.3. Validity of evaluation indicator 

Unlike other forms of product reuse and material recycling, the 
greatest feature of remanufacturing is that it gives the product a full new 
service lifetime each time. In this study, the effect of extended lifetimes 
was evaluated by determining the percentages of material dissipation 
avoided throughout the product life cycle using the dynamic MFA 
approach. Since the value of the product and the value of its component 
materials in circulation by remanufacturing incorporates the role played 
by alloying elements-Ni and Cr, the indicator proposed here is found to 
be effective. Note also that the developed indicator and the model can 
also be used to quantify the life-extension benefits of material cycle 
changes on a large-scale from a single life cycle to multiple life cycles. 
However, neither this indicator nor this model allows the other potential 
benefits associated with the life-extension practice to be adequately 
assessed. For instance, they do not provide any insight into the extent of 
the effect of remanufacturing on preserving the original intended 
function of the product or its retained economic value. They also do not 
reflect the effectiveness of remanufacturing in lowering energy intensity 
and greenhouse gas emissions. From this point of view, the model needs 
to be further developed and improved to include indicators for rema-
nufacturing sustainability and/or performance indicators integrating 
environmental, economic and social aspects on the basis of existing 
research results from various perspectives (Graham et al., 2015; Fati-
mah and Aman, 2018; Sethanan et al., 2019). 

4.4. Policy implications 

It is important to set numerical targets for the establishment of a 
sustainable society. As a typical index, the EoL recycling rates, which 
represent the percentage of a material in discards that are actually 
recycled, is widely used (Graedel et al., 2011). Although the recycling 
rates plays an effective role in understanding the general situation of 
resource circulation in a specific region, however, it is not possible to 
assess the extent of resource dissipation at the elemental level. More-
over, our results demonstrate that even if the recycling rates reach 
100%, the materials loop will not be closed and material losses will 
inevitably occur under current material recycling system in Japan. It is 
necessary to review the existing policies towards the achievement of 
truly sustainable development. The Japanese government and regula-
tors should not only make efforts to “raise the recycling rates”, but also 
need to focus on the quality of recycling, including the aspect of re-
covery of alloying elements contained in the EoL products. Policy 
makers can consider the ratio of elements recovered and circulated to 
total material input in the society from the perspective of a dynamic 
material flow analysis as an auxiliary index for setting circularity in-
dicators while revising the Japanese fundamental plan for establishing a 
sustainable society (Ministry of the Environment Japan, 2018). Policy 
makers should also bring the concept of “remanufacturing” into Japan’s 
recycling laws to promote efficient use of resources, and clarify the 
definition between “direct reuse” and “remanufacturing” in these laws 
(Ministry of the Environment Japan, 2000). Moreover, changes in the 
conventional marketing strategies are needed. For example, the current 
Japanese vehicles safety inspection system encourages the purchase of 
new automobiles, as the system imposes additional taxes on used car 
ownership (Allen, 2017). By developing the remanufacturing industry, 
and expanding the use of remanufactured products, products will be 
kept in use for as much as possible. Further incentives and the support of 
national policies are required. 
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5. Conclusion 

This study presents an extended MaTrace model that dynamically 
measures the effect of the remanufacturing strategy. Through a case 
study on a vehicle engine using the presented model, under the current 
product lifetimes, material recycling system, recycling and remanu-
facturing technologies, the result suggests that extending the product 
service lifetimes through remanufacturing has the potential to reduce 
the overall physical loss of steel, Ni, and Cr initially put into the engine 
production by 3%, 2% and 5% after 50 years, respectively, compared to 
the scenario where only material recycling was performed. These results 
quantitatively clarify the superiority of engine remanufacturing over 
material recycling with respect to the effect of avoiding material dissi-
pation in a circular resource system. 

This study clearly demonstrates the measurable contribution made 
by remanufacturing to the improvement of resource efficiency in their 
long material life cycles. Being able to evaluate the potential benefits of 
remanufacturing not only provides scientific evidence for stakeholders 
and policy makers to consider how industrial and resource sustainability 
policy should be developed and implemented, but also contributes to the 
promotion of expanded production and the use of remanufactured 
products. Furthermore, the expanded MaTrace model proposed in this 
study is used not designed to predict the future, but to estimate the 
dynamic and large-scale changes in the resource circulation structures 
within a region at a macro level when exogenous changes occur in the 
recycling system of products. It is also useful for reflecting the 
complexity of remanufacturing, direct reuse, and material recycling 
networks, and offering a holistic understanding of materials evolution 
across multiple industrial sectors in a system. As an analysis tool to 
support policy making and provide a certain index for gaging the po-
tential impact of remanufacturing, the model developed in this study is 
capable of determining the optimal combination of remanufacturing, 
direct reuse and material recycling based on the reality of the industrial 
structure and feasible technology options. The model reveals the order 
of priority of the options available through a quantitative scenario 
analysis, while maintaining consistency with the material flow shaped 
by the actual industrial structure. Using this model, it is possible to 
explore various scenarios towards a future characterized by a more 
resource efficient circular system. 
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