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INTRODUCTION

ABSTRACT

In this study, the upcycling and recycling applications for the management of waste printed
circuit boards (PCBs) were compared through the sequential application of Streamlined Life
Cycle Assessment (S-LCA) and Multi-Criteria Decision Making (MCDM) techniques. Upcy-
cling applications were determined as gold, copper-tin alloy, lead, copper recovery and activat-
ed carbon production. And, portland cement, aggregate, sawdust, fiberglass and styrene buta-
diene rubber (SBR) productions were taken account as recycling applications. At the S-LCA
stage, CML-IA baseline and ReCiPe 2016 methods were used for the characterization. For the
MCDM study, environmental, technical and economic criteria were determined. Remarkable
characterization results of S-LCA were used as the environmental criteria of MCDM. The En-
tropy method was used for the weighting of the criteria. TOPSIS method was used to com-
pare the alternatives based on weighted criteria. S-LCA study shows that impact categories of
Abiotic Depletion Potential (element basis), Total Ecotoxicity Potential and Human Toxicity
Potential are the major impact categories. MCDM study shows that the gold recovery (0.9845)
as an upcycling application and SBR production (0.7361) as a recycling application have been
determined as the first applications to be applied to waste PCBs in terms of environmental,
technical and economic aspects.

Cite this article as: Giinkaya Z, Eris ZG, Ozkan A, Banar M. Prioritization of upcycling and
recycling applications for the management of waste printed circuit boards by using S-LCA and
MCDM. Environ Res Tec 2023;6:2:83-93.

printed circuit boards (PCBs), which are the most valu-
able component of e-waste, comprising approximately

Rapid changes in technological devices and the decline in
their lifespan has become a problem in the management
of waste electrical and electronic equipment (WEEE). In
2019, the world generated a striking 53.6 million metric
tons (Mt) of e-waste and is projected to expand to 74.7
Mt in 2030 [1]. WEEE is often referred to as urban mine,
and the estimated value of all raw materials in global
e-waste generated in 2019 was approximately USD 57
billion. This monetary value is largely concentrated in
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4-7% of the total mass of WEEE [2, 3]. The PCBs are
composed of a mixture of metals (40%), plastics (30%)
and ceramics (30%) (Van Yken et al. [2]). In addition to
non-metal components, such as plastics, glass fibers and
ceramics, there are a large number of valuable metals in
waste PCBs, which have high economic value and indus-
trial value [4]. Base metals such as copper, iron, alumi-
num, nickel, lead, chromium, and antimony are present
in percentage levels, while other valuable elements such
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as gold, silver, and palladium appear at minute, but not
negligible, ppm levels [5]. From that point of view, man-
aging of the waste PCBs are a critical concern and should
be realized based on circular economy principles because
of their valuable metallic/non-metallic content. At that
point, recycling and upcycling come to the fore.

Recycling is generally described as the reuse of waste ma-
terials and sometimes different process are required for
waste recovery or converting into products, materials, or
ingredients [6]. Recycling can reduce the use of raw ma-
terials and reduce waste through a closed loop system [7].
On the other hand, upcycling has been defined as “the
enhancement of the value of waste material or discarded
products through the recycling process. Upcycling con-
verts waste streams into products of higher value than
their starting forms [8, 9]. Upcycling of waste PCBs has
more importance for the metallic parts of PCBs. WEEE,
and also waste PCBs, can be candidate for sustainable re-
sources since they contain precious and rare earth metals.
For example, the concentration of Au in WEEE is higher
than that in mined Au ores. The recovery of these valuable
metals from solid wastes offers an alternative as critical
resources become exhausted, and mitigates the negative
environmental impact of traditional mining from ores and
downstream solid waste disposal [8]. At that point, upcy-
cling of waste PCBs supports urban mining which is also
based on the value recovery of secondary raw materials
from anthropogenic sources through biological, chemi-
cal, or physical procedures and technological input [10].
Traditional urban mining methods use extractive metal-
lurgy, mainly pyrometallurgical and hydrometallurgical
processes to liberate metals from encased platforms like
waste PCBs [4, 8]. Pyrometallurgy is the traditional and
most common approach for base metal and precious met-
al extraction from e-waste. However, pyrometallurgical
facilities are complex and represent a significant economic
investment [2]. Hydrometallurgical processes are more se-
lective and leach metals from waste materials using specif-
ic strong acid mixtures known as lixiviants, but secondary
aqueous waste streams of strong acid are generated [8, 11].

There are various upcycling and recycling applications to
be applied to waste PCBs. On the other hand, it is dif-
ficult to determine in advance which of these applica-
tions would be more environmentally, technically, and
economically viable. At that point, sequential application
of Life Cycle Assessment (LCA) and Multi-Criteria De-
cision-Making (MCDM) techniques is very helpful to
manage this problem. LCA is a useful tool to determine
the environmental impacts resulted from products and
services. An LCA allows for an evaluation of how impacts
are distributed across processes and life cycle stages [12].
In the literature, there are various LCA studies for waste
PCBs. Rezaee et al. [13] designed a study to investigate
the environmental aspects of step-wise glycine leaching
for precious metals recovery from waste PCBs. A com-
prehensive LCA focusing on metal recovery from low-
grade PCBs was undertaken by Kouloumpis and Yang

[14]. Pokhrel et al. [15] assessed the environmental and
economic performance of recovering nine metal elements
(aluminum (Al), copper (Cu), gold (Au), lead (Pb), nickel
(Ni), silver (Ag), tin (Sn), zinc (Zn), and iron (Fe)) and
two non-metal materials (resin and glass-fiber) from the
waste PCBs. Another LCA study providing an environ-
mental impact assessment of the black copper smelting
route for the recovery of valuable metals from PCB was
performed by Ghodrat et al. [16]. MCDM is a sub-branch
of Decision Sciences and is based on the process of mod-
eling and analyzing the decision process according to its
criteria. MCDM techniques have been used in areas of en-
ergy-environment-sustainability, supply chain and quali-
ty management, materials, project management, security
and risk management, manufacturing systems, produc-
tion management, operational research and soft com-
puting, technology management, strategic management,
tourism management, knowledge management, and other
areas. Among these, the application field of energy-envi-
ronment-sustainability had a maximum share with 13%
[17]. There are many MCDM studies regarding WEEE
management [18-22]. Among them, the study of Grimes
and Maguire (2021) [23] stands out regarding the subject
of this study. They have used MCDM for critical metal re-
covery priorities from WEEE from the points of econom-
ic availability, political influences, ease of recycling, po-
tential for substitution and likely development of new raw
material sources. Their study did not consider environ-
mental concerns and so on LCA. Le et al. [24] proposed a
new model for evaluating metal recycling efficiency from
PCBs. They used three criteria: mass, environmental im-
pacts and natural resources conservation. They weighted
the criteria by Entropy method and used LCA for envi-
ronmental impacts (damage to ecosystems and damage to
human health from Eco-Indicator 99 method) data. On
the other hand, their study was limited with the metals
and did not consider non-metallic end products. Differ-
ent from the study of Le et al. (2013) [24], this study aims
to prioritize the upcycling and recycling applications of
based on metallic and non-metallic parts of waste PCBs
by using LCA and MCDM techniques sequentially.

MATERIALS AND METHODS

For the purpose of the study, firstly five different materials
replacements were determined for both upcycling and re-
cycling. A Streamlined LCA (S-LCA) and MCDM studies
were sequentially realized to evaluate these replacements.

Streamlined LCA (S-LCA) Study

A S-LCA was applied to less the data requirement for com-
plex products that can be produced by upcycling and recy-
cling methods. The S-LCA methodology used in this study
follows the International Organization for Standardization
(ISO) 14040 (2006) [25] and ISO 14044 (2006) [26] guide-
lines, which comprise four stages; Goal and Scope Defini-
tion, Life Cycle Inventory (LCI) Analysis, Life Cycle Impact
Assessment (LCIA), and Interpretation.
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Table 1. Material replacements by upcycling
Code Parts of PCB to be processed Material to be obtained by upcycling Material to be replaced Reference
Ul Metallic parts Gold Gold mine [27]
U2 Metallic parts Copper-tin alloy Bronze production [28]
U3 Metallic parts Lead Lead mine [29]
U4 Non-metallic parts Activated carbon Activated carbon [30]
U5 Metallic parts Copper Copper mine [31]
Table 2. Material replacements by recycling
Code Parts of PCB to be processed Material to be obtained by recycling Material to be replaced Reference
R1 Non-metallic parts Filling material to be used for Portland cement (PC) [32]
self-compacting concrete
R2 Non-metallic parts Filler to be used in the cement Aggregate [33]
and construction industries
R3 Non-metallic parts Performance enhancing agent Sawdust [34]
for wood plastic composite
R4 Non-metallic parts Soundproofing material Fiberglass (FB) [35]
R5 Non-metallic parts Asphalt modifier product Styrene butadiene [36]
rubber (SBR)
Table 3. Ecoinvent data for material replacement by upcycling
Material to replaced Corresponding ecoinvent data Reference
Gold mine Gold production [37]
Bronze Bronze production [38]
Lead mine Primary lead production from concentrate [39]
Activated carbon Activated carbon production, granular from hard coal [40]
Copper mine Copper production, cathode, solvent extraction and electrowinning process [41]
Table 4. Ecoinvent data for material replacement by recycling
Material to replaced Corresponding ecoinvent data Reference
Portland cement Cement production, Portland [42]
Aggregate Sand quarry operation, open pit mine [43]
Sawdust Suction, sawdust [44]
Fiberglass Glass fibre production [45]
Styrene butadiene rubber Synthetic rubber production [46]

Goal and Scope Definition

The purpose of this S-LCA study is to compare the material
replacements obtained by upcycling and recycling applied/
can be applied to waste PCBs from an environmental point
of view. Functional unit was applied as a 1 ton of waste PCB.
The system boundaries cover the direct replacement of the
new material to be obtained by the upcycling and recycling,
which will be applied to the waste PCB, with the existing
material. The system boundaries are considered as cradle-
to-gate, starting from the raw material acquisition for the
existing material that the new product will replaced, and
covering the production process of the material. The mate-
rial replacements that can be obtained by upcycling and re-
cycling applications are shown in Table 1 and 2, respectively.

Life Cycle Inventory

Ecoinvent data embodied in SimaPro 9.2 was used for the
background data. The data sets corresponding to the mate-
rials to be replaced through upcycling and recycling were
selected (Table 3 and Table 4).

Life Cycle Impact Assessment

Characterization calculations were performed by us-
ing CML-IA baseline (v3.06) and ReCiPe 2016 Midpoint
(V1.04) characterization methods. Impact categories tak-
ing place in characterization methods were given in Table 5.
Characterization results were normalized by using EU25+3,
2000 and World (2010) (which are included in CML and
ReCiPe methods, respectively) normalization methods.
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Table 5. Impact categories of the characterization methods

Table 6. The criteria for MCDM study

Impact categories CML ReCiPe
Abiotic depletion (element) X X
Abiotic depletion (fossil fuel) X X
Global warming potential X X
Ozon depletion potential X X
Human toxicity potential X x*
Freshwater aquatic ecotoxicity X X
Marine aquatic ecotoxicity X X
Terrestrial ecotoxicity potential X x°
Photochemical oxidation potential X X
Acidification potential X X
Eutrophication potential X x¢
Ionization radiation potential X
Particulate matter formation potential X
Land use X
Water depletion X

a: Carcinogenic and noncarcinogenic; b: Human health and terrestrial
ecosystem,; c: Terrestrial; d: Freshwater and marine.

MCDM Study

The flow chart followed for the MCDM study given in Fig-
ure 1. According to this flow chart, firstly criteria were de-
termined (Table 6). The criteria of environmental criteria
category will be the impact categories of the LCA study that
have the higher results.

The importance weights of criteria were determined by us-
ing the entropy method. The entropy method evaluates the
uncertainty in the information using probability theory. It
shows that there is a wide distribution that presents more
uncertainty than that of a sharply peaked one [47, 48]. Com-
pared with various subjective weighting models, the biggest
advantage of the EWM (....) is the avoidance of the inter-
ference of human factors on the weight of indicators, thus
enhancing the objectivity of the comprehensive evaluation
results [49]. This method includes first deciding objectives
(decision matrix) and then calculations of the normalized
decision matrix, probability of the attribute/response to
take place, the entropy value of attribute/response, degrees
of divergence (average information contained) by each re-
sponse and after that entropy weight [50]. The smaller the
entropy of the evaluated information criterion, the greater
the weight of the information criterion [51].

The comparison of the upcycling and recycling applications
was realized with TOPSIS method. The method is a tech-
nique to order preference by similarity to ideal solutions.
This method determined the alternative closest to the posi-
tive ideal solution (PIS) and the farthest to the negative ide-
al solution (NIS) [52]. The method calculates the distances
by using the n-dimensional Euclidean distance according
to the number of the criteria of the problem [53]. Firstly,
the normalized decision matrix by vector normalization
is computed. The weighted normalized decision matrix

Criteria CN  Criteria Ascending/
category descending
order

Environmental ¢l LCA impact categories ~ Descending
c2
c3

Technical c4 Ease of operation Ascending
c5 Operation time Descending
c6 Quality of material Ascending

Economical c7 Cost of energy Descending
c8 Operational cost Descending
c9 The value of product Ascending

CN: Criteria number.

Criteria Delermination

I—; Envirommental | 'I'n.-rllniu.:d] Ecomomic

r
Dewermination of the Decision
Matrix

3-LCA

h 4

Entrophy methodelogy Weighting of the Criteria

h

TOPSIS methodology * Ranking of the Altematives

Figure 1. Flowchart of the MCDM study.

is calculated. Positive and negative ideal solution sets are
detected. For positive ideal solution, maximum and min-
imum criteria values are used for ascending order and de-
scending order, respectively. For the negative ideal solution,
the opposite approach is used. After then, the distance to
the PIS and NIS from each alternative as separation values
(Si* and Siv) is computed by applying the Euclidean distance
theory and the closeness coefficient for each alternative by
using separation values is calculated. Finally, alternatives
are ranked based on higher closeness coefficient [54, 55].

RESULTS

The characterization tables of material replacements that
can be obtained by upcycling and recycling applications for
CML according to impact category (IC) were given in Table
7 and 8. All the values in these tables are negative values
which means these impacts will be avoided in the case of
upcycling and recycling realized. The magnitude of nega-
tive values for upcycling applications are higher those of re-
cycling applications. This situation depicts that, upcycling
applications would be more environmentally effective than
recycling applications.
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Table 7. CML characterization results of upcycling applications

IC Unit Gold Copper-tin alloy Lead Activated carbon Copper
ADPe kg Sb eq. -5.81E+01 -2.05E-03 -6.81E-03 -9.97E-07 -2.02E-03
ADPff M] -2.27E+05 -2.97E+01 -1.75E+01 -9.33E+01 -3.22E+01
GWP kg CO, eq. -1.80E+04 -2.57E+00 -1.99E+00 -8.29E+00 -2.79E+00
ODP kg CFC-11 eq. -1.69E-03 -1.91E-07 -7.02E-08 -1.14E-07 -2.21E-07
HTP kg 1.4-DB eq. -1.01E+04 -2.62E+01 -1.69E+00 -1.35E+00 -1.34E+02
FAEP kg 1.4-DB eq. -4.85E+03 -4.65E-01 -1.32E-01 -2.88E-02 -2.19E+00
MAEP kg 1.4-DB eq. -1.30E+07 -3.41E+03 -8.26E+02 -4.48E+03 -1.35E+04
TEP kg 1.4-DB eq. -5.96E+02 -7.30E-02 -9.78E-03 -7.27E-03 -3.62E-01
POP kg C.H, eq. -4.53E+00 -5.80E-03 -1.99E-03 -2.41E-03 -2.08E-02
AP kg SO, eq. -1.63E+02 -1.57E-01 -5.28E-02 -5.24E-02 -5.47E-01
EP kg PO, eq. -4.36E+02 -6.46E-02 -5.38E-03 -3.74E-03 -2.19E-01

ADPe: Abiotic depletion (element); ADPfE: Abiotic depletion (fossil fuel); GWP100: Global warming potential; ODP: Ozon depletion potential; HTP:
Human toxicity potential; FAEP: Freshwater aquatic ecotoxicity potential; MAEP: Marine aquatic ecotoxicity potential; TEP: Terrestrial ecotoxicity po-
tential; PbOP: Photochemical oxidation potential; AP: Acidification potential; EP: Eutrophication potential.

Table 8. CML characterization results of recycling applications

IC Unit PC Aggregate Sawdust FB SBR

ADPe kg Sb eq. -1.19E-08 -4.54E-10 -7.28E-08 -1.87E-06 -6.88E-05
ADPft M]J -2.35E+00 -2.54E-02 -2.69E+01 -3.22E+01 -7.42E+01
GWP kg CO, eq. -7.14E-01 -1.90E-03 -2.00E+00 -2.57E+00 -2.52E+00
ODP kg CFC-11 eq. -2.02E-08 -2.50E-10 -2.44E-07 -2.22E-07 -6.31E-07
HTP kg 1.4-DB eq. -1.82E-02 -1.86E-04 -2.26E-01 -1.49E+00 -2.34E-01
FAEP kg 1.4-DB eq. -6.30E-04 -8.69E-06 -1.33E-02 -1.31E-02 -1.54E-02
MAEP kg 1.4-DB eq. -1.03E+01 -2.27E-01 -3.24E+02 -1.97E+03 -4.70E+02
TEP kg 1.4-DB eq. -7.84E-04 -9.34E-07 -1.21E-03 -1.72E-03 -1.07E-03
POP kg C,H, eq. -3.61E-05 -3.50E-07 -5.76E-04 -5.66E-04 -5.32E-04
AP kg SO, eq. -9.92E-04 -1.23E-05 -1.29E-02 -1.52E-02 -9.81E-03
EP kg PO, eq. -1.53E-04 -2.44E-06 -3.37E-03 -1.45E-03 -1.01E-03

ADPe: Abiotic depletion (element) (kg Sb eq.); ADPff: Abiotic depletion (fossil fuel); GWP100: Global warming potential; ODP: Ozon depletion po-
tential; HTP: Human toxicity potential; FAEP: Freshwater aquatic ecotoxicity potential; MAEP: Marine aquatic ecotoxicity potential; TEP: Terrestrial
ecotoxicity potential; POP: Photochemical oxidation potential; AP: Acidification potential; EP: Eutrophication potential.

Characterization tables of materials replacements by up-
cycling and recycling applications for ReCiPe were given
in Table 9 and 10. These values are differing from CML
results since the units are different except GWP. Total
GWP values for upcycling and recycling applications
calculated by CML and ReCiPe are the almost same (-1.8
E+04 kg CO, eq. and -7.81 E+00 kg CO, eq. for CML;
-1.83 E+04 kg CO, eq. and 6.60 E+00 kg CO, eq. for
ReCiPe, respectively). As same for the CML results, ac-
cording to the ReCiPe results, gold recovery is the major
replacement that can be the most effective from the envi-
ronmental point of view.

Figure 2. CML normalization results of upcycling applications.
Normalization results of upcycling and recycling applica-

tions were presented in Figures 2-5. Percentile distribution ~ Table 11 shows the impact category determination for MCDM.
of the normalization values were used to determine which  This determination was made based on the percentile distri-
impact category and characterization result (between CML  bution of upcycling and recycling applications calculated by
and ReCiPe) are going to be used for MCDM. CML and ReCiPe normalization methods. For upcycling,
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Table 9. ReCiPe characterization results of upcycling applications

IC Unit Gold Copper-tin alloy Lead Activated Copper

GWP kg CO, eq. -1.83E+04 -2.61E+00 -2.02E+00 -8.54E+00 -2.84E+00
ODP kg CFC-11 eq. -1.32E-02 -3.19E-06 -9.96E-07 -1.59E-06 -6.70E-06
IRP kBq Co-60 eq. -1.57E+02 -5.76E-02 -1.76E-02 -1.29E-02 -5.36E-02
OFPhh kg NO_eq. -1.65E+02 -2.74E-02 -1.07E-02 -1.82E-02 -5.20E-02
PMFP kg PM 2.5 eq. -4.83E+01 -4.85E-02 -1.34E-02 -1.67E-02 -1.59E-01
OFPte kg NO_eq. -1.67E+02 -2.79E-02 -1.09E-02 -1.83E-02 -5.30E-02
TAP kg SO, eq. -1.34E+02 -1.31E-01 -4.40E-02 -4.28E-02 -4.58E-01
FEP kg P eq. -1.35E+02 -1.97E-02 -1.19E-03 -4.23E-04 -6.90E-02
MEP kg N eq. -6.84E-01 -3.31E-04 -9.39E-05 -1.10E-05 -1.09E-03
TEP kg 1.4-DCB -9.60E+04 -1.16E+03 -3.49E+01 -3.81E+00 -5.37E+03
FAEP kg 1.4-DCB -2.83E+03 -2.27E-02 -2.42E-02 -1.56E-03 -8.06E-02
MAEP kg 1.4-DCB -6.56E+03 -5.38E-01 -4.53E-02 -3.95E-03 -2.44E+00
HTPcar kg 1.4-DCB -1.36E+02 -3.29E-01 -1.89E-01 -2.29E-02 -1.60E+00
HTPncar kg 1.4-DCB -1.11E+05 -4.72E+01 -4.78E+01 -1.13E+00 -2.31E+02
LU m?a crop eq. -6.67E+02 -1.43E-01 -2.05E-02 -5.44E-01 -3.28E-01
ADPe kg Cu eq. -4.26E+03 -1.31E+00 -5.31E-01 -5.32E-04 -1.89E+00
ADPff kg oil ed -5.41E+03 -7.00E-01 -4.07E-01 -2.14E+00 -7.61E-01
WD m’ -8.21E+04 -5.12E+01 -3.58E+00 -1.58E-02 -1.17E+02

GWP: Global warming potential; ODP: Ozon depletion potential; IRP: Ionization radiation potential; OFPhh: Ozone formation potential, human health;
PMFP: Particulate matter formation potential; OFPte: Ozone formation potential, terrestrial ecosystem; TAP: Terrestrial acidification potential; FEP:
Freshwater eutrophication potential; MEP: Marine eutrophication potential; TEP: Terrestrial ecotoxicity; FAEP: Freshwater ecotoxicity potential; MAEP:
Marine ecotoxicity potential; HTPcar: Human toxicity potential (carcinogenic); HTPncar: Human toxicity potential, noncarcinogenic; LU: Land use;
ADPe: Mineral depletion potential; ADPff: Fossil depletion potential; WD: Water depletion.

Table 10. ReCiPe characterization results of recycling applications

IC Unit PC Aggregate Sawdust FB SBR

GWP kg CO, eq. -7.01E-01 -1.85E-03 -1.88E+00 -2.39E+00 -2.33E+00
ODP kg CFC-11 eq. -4.89E-08 -1.48E-09 -3.27E-06 -4.99E-06 -2.76E-06
IRP kBq Co-60 eq. -2.94E-02 -9.14E-04 -3.73E-01 -3.40E-01 -2.56E-01
OFPhh kg NO_ eq. -1.05E-03 -1.71E-05 -1.88E-02 -7.79E-03 -4.95E-03
PMFP kg PM 2.5 eq. -2.65E-04 -4.33E-06 -5.52E-03 -3.98E-03 -3.03E-03
OFPte kg NO_ eq. -1.07E-03 -1.74E-05 -1.93E-02 -7.90E-03 -5.38E-03
TAP kg SO, eq. -7.83E-04 -9.30E-06 -9.78E-03 -1.23E-02 -7.97E-03
FEP kg P eq. -2.49E-06 -3.61E-08 -2.32E-05 -1.03E-04 -9.72E-05
MEP kg N eq. -3.31E-07 -7.48E-09 -5.29E-04 -3.43E-05 -9.34E-06
TEP kg 1.4-DCB -1.73E-01 -1.58E-03 -6.31E+00 -1.24E+01 -1.76E+00
FAEP kg 1.4-DCB eq. -7.11E-05 -7.41E-07 -3.07E-03 -3.71E-03 -1.66E-03
MAEP kg 1.4-DCB -1.04E+00 -1.19E-02 -5.69E+01 -2.47E+01 -2.11E+01
HTPcar kg 1.4-DCB eq. -8.06E-03 -3.34E-04 -1.40E-01 -1.64E+00 -4.61E-01
HTPncar kg 1.4-DCB eq. -9.95E-01 -1.10E-02 -4.86E+01 -1.25E+02 -1.86E+01
LU m?a crop eq. -3.92E-04 -2.12E-04 -9.26E+01 -4.91E-03 -3.18E-02
ADPe kg Cu eq. -1.28E-04 -3.69E-06 -1.49E-03 -2.58E-03 -3.33E-03
ADPff kg oil eq. -5.40E-02 -5.93E-04 -6.38E-01 -7.77E-01 -1.74E+00
WD m’ -1.21E+00 -2.30E-02 -1.61E+01 -7.31E+00 -5.44E+00

GWP: Global warming potential; ODP: Ozon depletion potential; IRP: Ionization radiation potential; OFPhh: Ozone formation potential, human health;
PMFP: Particulate matter formation potential; OFPte: Ozone formation potential, terrestrial ecosystem; TAP: Terrestrial acidification potential; FEP:
Freshwater eutrophication potential; MEP: Marine eutrophication potential; TEP: Terrestrial ecotoxicity; FAEP: Freshwater ecotoxicity potential; MAEP:
Marine ecotoxicity potential; HTPcar: Human toxicity potential (carcinogenic); HTPncar: Human toxicity potential, noncarcinogenic; LU: Land use;
ADPe: Mineral depletion potential; ADPff: Fossil depletion potential; WD: Water depletion.
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Figure 3. ReCiPe normalization results of upcycling appli-
cations.

Figure 5. ReCiPe normalization results of recycling appli-
cations.

ADPe was found as the major impact category whereas FAEP
and MAEP were determined as important categories for ReC-
iPe (Table 11, Level I). Then all three were selected for Level
I1. For recycling, ADPe and MAEP are the important impact
categories for CML, those for ReCiPe were HTPcar and WD.
Since MAEP has already been in Level II, only HTPcar was se-
lected for Level II. So, ADPe, total ecotoxicity, and HTP (sum
of HTPcar and HTPncar) were determined for Level III. The
impact categories at the Level III were selected for the envi-
ronmental criteria of the MCDM study and their characteri-
zation values were used in decision matrixes with the values/
scores of technical and economic criteria for upcycling and
recycling applications (Table 12 and 13, respectively).

Table 11. Impact category determination table for MCDM

Figure 4. CML normalization results of recycling applica-
tions.

The weighting values of criteria obtained from Entropy
method are given in Table 14. For both cases the c1 (ADPe)
criterion was found to be the most important criterion. This
situation resulted from the wide range of distribution in
ADP values of upcycling and recycling applications.

TOPSIS results and general ranking of the alternatives are
presented in Table 15 and Table 16. In these tables, Si*, Si-
and Ci shows the distances from the ideal solution, nadir
ideal solutions and relative closeness to the ideal solution,
respectively. Table 15 shows that the gold recovery is the
most important upcycling application with the highest Ci
value (0.9845). Although the second upcycling application
was the production of copper-tin alloy, it was observed that
the Ci value (Ci: 0.1154) was quite low compared to the
gold recovery. The Ci values of other upcycling applications
are not remarkable (<0.1) compared to the values of gold
recovery and copper-tin alloy recovery.

According to Table 16, recycling applications were prior-
itized as SBR>FB>PC>aggregate>sawdust. The highest Ci
value is SBR (Ci: 0.7361), while other Ci values are closer to
each other. There is no remarkable difference between PC
and aggregate.

CONCLUSION

In this study, upcycling and recycling applications of waste
PCBs were examined by using S-LCA and MCDM. S-LCA
was applied by using material replacement data to have

Applications Level I Level IT Level 111
Major impact categories
CML ReCiPe
Upcycling ADPe (96%) FAEP (23%) ADPe ADPe
MAEP (63%) FAEP "Total
MAEP
Recycling ADPe (13%) HTPcar (76%) HTPncar Ecotoxicity
MAEP (71%) WD (14%) HTP

1: The sum of terrestrial ecotoxicity, freshwater ecotoxicity and marine ecotoxicity; 2: The sum of human toxicity (carcinogenic) and human toxicity

(non-carcinogenic).
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Table 12. The decision matrix for upcycling applications

CN Unit/Score Upcycling applications®

U1 U2 U3 U4 U5
cl kg Sb ed. -5.81E+01 -2.05E-03 -6.81E-03 -9.97E-07 -2.02E-03
c2 kg 1,4-DCB -1.05E+05 -1.16E+03 -3.50E+01 -3.82E+00 -5.37E+03
c3 kg 1,4-DCB -1.11E+05 -4.75E+01 -4.80E+01 -1.15E+00 -2.33E+02
c4b score 3 6 7 2 4
c5¢ score 7 3 4 7 4
c6! score 6 3 8 8 7
c7 $/ton 0.35 0.58 0.39 1.29 0.59
c8¢ score 7 3 4 5 6
c9 $/ton 58,500 50,000 2,400 1,600 11,200

a: Ul: Gold U2: Copper-tin alloy U3: Lead U4: Activated carbon U5: Copper; b: Ul: Chemical + leaching=3, U2: Physical process +Thermal process =6,
U3: Physical process =7, U4: Physical process + pyrolysis =2, U5: Chemical=4; c: Score value is defined to average operation times Ul: 13h, U2: 1.5h,
U3: 4h, U4: 12h, U5: 4.5h; d: Ul: Higher than 95% gold dissolution. U2: Higher than %8 bronze dissolution. U3: Higher than 98% lead recovery. U4:
Activated carbon recovery that has %98 adsorption capacity. U5: 98% copper recovery; e: Ul: Chemical consumption. U2: No chemical consumption.
U3: Nitrogen consumption. U4: CO, consumption. U5: Mineral acid consumption.

Table 13. The decision matrix for recycling applications

CN Unit/Score Recycling applications®

R1 R2 R3 R4 R5
cl kg Sb eq. -1.19E-08 -4.54E-10 -7.28E-08 -1.87E-06 -6.88E-05
c2 kg 1.4-DCB -1.21E+00 -1.35E-02 -6.32E+01 -3.71E+01 -2.29E+01
c3 kg 1.4-DCB -1.00E+00 -1.13E-02 -4.87E+01 -1.27E+02 -1.91E+01
c4b score 7 7 6 6 5
c5c¢ score 9 8 7 3 8
c6d score 5 6 6 7 5
c7 $/ton 0.06 0.32 4.36 0.13 0.44
c8e score 4 3 5 4 6
9 $/ton 85 0.080 210 1000 1900

a: R1: Portland cement. R2: Aggregate. R3: Sawdust. R4: Fiber glass. R5: Styrene Butadiene Rubber; b: R1: Physical process=7. R2: Physical process =7. R3:
Physical process +Thermal process =6. R4: Physical process + Thermal process =6. R5: Physical process + pyrolysis=5; c: Score value is defined to average
operation times R1: Average operation time 180 days. R2: 28 days. R3: 14 hours. R4: 1h; R5: 2 days; d: R1: 5% waste PCB addition R2: 10-25% waste PCB
addition. R3: 10-20% waste PCB addition. R4: Virgin fiber glass production. R5: 4% waste PCB addition; e: R1: Chemical consumption. R2: No chemical
consumption. R3: KH550 consumption. R4: Carbon powder consumption. R5 SBR consumption.

Table 14. Weighting values (w,) of criteria for upcycling and a rapid answer for environmental aspects. By using the
recycling applications MCDM, upcycling, and recycling applications were priori-
tized from an environmental, technical, and economic point

- iR G of view. As a result, it is concluded that gold recovery and
cl 0.295 0.333 SBR production would be the primary focus applications
c2 0.249 0.123 for PCBs management in the circular economy concept.
c3 0.292 0.164 This work has taken into account environmental, technical
4 0.017 0.002 and economic aspects but can be extended to include other
aspects such as social and applicability. Thus, more effective
c5 0.010 0.012 ) : )
waste management will be ensured in terms of the circu-
c6 0.009 0.002 lar economy. Additionally, this study was realized for only
7 0.023 0.209 waste PCB, but it can be easily applied to other waste types
8 0.008 0.006 as well. In conclusion, it is thought that the sequential appli-
cation of S-LCA and MCDM provides a preliminary study
c9 0.099 0.149

that is useful in establishing a policy for waste management.
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Table 15. TOPSIS results for upcycling applications

Applications Sit Sit Ci Ranking
Ul 0.00770 0.4888 0.9845 1
U2 0.4819 0.0628 0.1154 2
U3 0.4883 0.0157 0.0311 4
U4 0.4888 0.0032 0.0066 5
U5 0.4802 0.0208 0.0415 3

U1: Gold; U2: Copper-tin alloy; U3: Lead; U4: Activated carbon; U5: Copper.

Table 16. TOPSIS results for recycling applications

Applications Si* Si Ci Ranking
R1 0.3989 0.2041 0.3384 3
R2 0.4020 0.1916 0.3227 4
R3 0.4179 0.1178 0.2200 5
R4 0.3326 0.2679 0.4462 2
R5 0.1455 0.4057 0.7361 1

R1: Portland cement; R2: Aggregate; R3: Sawdust; R4: Fiberglass; R5: Styrene
butadiene rubber.
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