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Abstract
Purpose  Data availability remains a bottleneck for life cycle assessment (LCA) despite being an established method in 
evaluating potential environmental impacts. The use of digital process simulations (process simulation-based LCA) to gener-
ate data had been explored as a solution but mainly applied as an assessment tool. This study aims to identify the strengths 
and limitations of this approach by expounding on its potential to be an eco-design tool starting at the conception phase of 
a process.
Methods  To achieve this, a hydrometallurgical and a pyrometallurgical recycling process were designed from literature 
and assessed in separate case studies. Recycling processes, especially for Li-ion batteries, are actively researched around 
the world today because of the critical metals it contains, and the role batteries play in achieving sustainability targets. A 
literature review of current recycling approaches for LIBs recycling was first conducted in order to design the processes to 
be assessed. Next, the goal and scope of the LCA case study were defined prior to simulating the chosen processes using 
HSC Chemistry®. Data generated from the simulation was used for the inventory, and the impacts were assessed using the 
Environmental Footprint (EF) 3.0 method in Simapro v9.6.
Results and discussion  The results showed that sulfuric acid and process emissions contributed most to the potential envi-
ronmental impacts of the simulated hydrometallurgical treatment, while coke for the pyrometallurgical recycling process. 
This aligns with known concerns for these processes, i.e., hydrometallurgy can be reagent intensive, and pyrometallurgy 
specially smelting use carbon-containing materials as reductant, which shows that digital simulations could be a good source 
of information for the LCA. Another strength of simulation is the possibility to conduct digital experiments that could be 
time-consuming in a laboratory. Thermodynamic feasibility of the process being designed could also be confirmed. However, 
reaction kinetics are not completely considered thus the need for data validation through actual experiments is a recom-
mended next step for this approach.
Conclusion  From the results, it can be concluded that the use of digital process simulation-based LCA can be a good approach 
in eco-designing processes. There is, however, a clear need for collaboration between process engineers and LCA practition-
ers to make sure that a well-informed digital simulation is used for the assessment, i.e., it should include validation of the 
simulation results based on the scaled-up data from laboratory and/or pilot-scale.
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1  Introduction

Life cycle assessment (LCA) is increasingly used nowadays 
to establish potential environmental impacts and/or benefits 
of products and processes from various industries. Initially 
conceptualized as an assessment tool (Bjørn et al. 2018), this 
method is also now used as an effective guide for eco-design, 
i.e., integrating environmental aspects into a product’s or 
process’ design (UNEP 2001). This is because the “life cycle 
thinking (LCT)” concept in which LCA is based on also 
governs eco-design.
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A complete LCA would be able to provide comprehensive 
information of the impacts of the raw materials extraction, 
the production and manufacturing processes, the use phase, 
and even up to the end-of-life (EOL). These are necessary 
in order to distinguish hotspots in the process in terms of 
environmental impacts and, in turn, make process and prod-
uct design modifications while balancing these insights with 
economic, social, and even technical requirements. However, 
much like other assessment tools, data availability and qual-
ity is one of its common limitations.

When applying LCA in the metals and mining industry, 
the challenge of data availability has resulted in some unit 
processes becoming a “black box”, meaning that cumula-
tive and/or ambiguous data are used during the assessment 
(Segura-Salazar et al. 2019). This is usually a result of high 
confidentiality within the industry or also could be the data 
needed for the LCA are not necessarily important in the daily 
operations of the plant and thus not commonly monitored 
(e.g., electrical consumption of small pumps). This could 
lead to results that have higher possibility of missing the 
main potential impact sources of the system being assessed. 
The earliest attempts found to address this weakness was 
in the late 1990 s in which digital solutions or the use of 
computer-related technologies were suggested to bridge the 
data gap (Spengler et al. 1998; Reuter 1998).

In 1998, Reuter demonstrated the potential of using com-
puter simulations and models of different metallic produc-
tion systems to address this weakness in LCA for primary 
resource processing (Reuter 1998). In the same year, Spen-
gler et al. (1998) suggested a similar approach that they 
applied not just in LCA but for a multicriteria-based invest-
ment decision support system called KOSIMEUS. Even 2 
years earlier, in the chemical industry, Kniel et al. (1996) 
suggested a detailed application of this combined method 
of process simulation, LCA, and economic analysis for the 
process optimization of a nitric acid plant.

With the speed of technological evolution in the past 20 
years, the methods of digitally simulating and modelling 
processes have also become more advanced and sophisti-
cated. There has been an increase in utilizing coding-lan-
guage based tools like the Python-based Brightway, which 
is designed to easily implement and build advanced LCA 
models (Mutel 2017). This led to some interesting LCA 
approaches like linking building energy models (Heeren 
et al. 2015) and manufacturing process models (Bernstein 
et al. 2019) to LCA.

In the case of process plants, there are dedicated software 
available in the market that can create digital simulations of 
both existing, and future processes like HSC Chemistry®, 
SuperPro Designer v9, Aspen Plus, USIM-PAC®, and Pro-
Sim. If effectively used by process experts that have good 
understanding of the systems being modelled, it is expected 
to generate reliable simulated data and values for the input 

and output flows of the process, which are needed for the life 
cycle inventory (LCI) step of LCA. These simulated data, in 
the absence of laboratory or field data especially in the con-
ceptualization phase, help address the ambiguity of “black 
boxed” processes, providing a more defined foreground data. 
This helps practitioners relate the resulting potential impacts 
to specific contributors instead of an averaged process.

Currently, this combination of digital simulation and 
LCA, or process simulation-based LCA, is not just used as 
a tool to optimize and assess existing process systems but 
also as a means to evaluate processes that are still in devel-
opment. Through simulation, it is possible to visualize the 
possible results of process parameter changes that can be 
difficult to observe on laboratory tests. When combined with 
LCA, the results of investigating these parameters and incor-
porating it to the design of the process could help achieve 
a technically and environmentally efficient process design. 
This approach has been applied in both the chemical, and the 
metals and mining industry with the following references as 
examples (Kniel et al. 1996; Reuter and van Schaik 2015; 
Gnansounou et al. 2015; Cosate De Andrade et al. 2016; 
Pell et al. 2019; Elomaa et al. 2020b, a; Bartie et al. 2021; 
Rinne et al. 2021b, a; Aromaa et al. 2022; Ng et al. 2023). 
It should be noted that based on this published literature, 
confirming the observations from the simulation-based LCA 
on the actual scaled-up pilot or industrial plant process is not 
yet available to the public as of this writing.

In this study, the application of process simulation-based 
LCA is focused on the materials industry, specifically sec-
ondary processing or recycling. Even though it is not the 
primary approach for waste management, i.e., only after pre-
vention and reuse (European Parliament and Council of the 
European Union 2008), recycling has become the immediate 
solution when industries are confronted about their waste 
and emissions. It cannot be denied that the goal of recycling 
has merits, that is, to return materials previously locked in 
waste stockpiles back into the economic loop. However, 
recycling could require high energy inputs and additional 
raw materials. It could also emit dangerous process gases 
and wastes that could be more difficult to treat and neutral-
ize (Rada et al. 2018). It is therefore important to make sure 
that recycling processes are designed within the context of 
sustainability, or at least with environmental consideration.

In recycling, EOL management of lithium-ion batteries 
(LIBs) is one, if not the most, actively researched nowadays. 
Other than they contain critical raw materials (CRMs), the 
increasing interest on this topic is driven by the vital role of 
batteries for decarbonization, i.e., storage and efficient use 
of renewable energy (Zhang and Ramadass 2012), and as a 
power source for electric vehicles (EVs). With the promi-
nence of EVs increasing in the last decade, and considering 
the lifetime of LIBs is between 10 and 15 years, it is esti-
mated that by 2030 about 110,000 tonnes of LIBs will reach 
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their EOL (EU Urban Mobility Observatory 2022). Since 
lithium (Li), cobalt (Co), manganese (Mn), nickel (Ni), and 
graphite that mainly compose LIBs are CRMs (Geoscience 
Australia 2022; Government of Canada 2022; U.S. Geologi-
cal Survey 2023; Grohol and Veeh 2023), the need to keep 
these materials in the usable loop becomes more important.

Governments, researchers, and process owners around the 
world are increasing their efforts in developing and optimiz-
ing LIBs recycling processes to improve not just the recov-
ery, but also the reusability of the recovered materials in 
battery production. In the European Union (EU), the battery 
directive (European Parliament and Council of the European 
Union 2006) was created and updated to ensure that batteries 
produced and/or used in EU have low carbon footprint dur-
ing its life cycle (European Parliament and Council of the 
European Union 2023). They have also included provisions 
to improve collection, reuse, and recycling rates and CRM 
recovery efficiency from waste batteries.

Also being addressed in these efforts are the techno-
logical and process cost challenges of recycling LIBs. For 
example, pyrometallurgical recycling of LIBs leads to the 
loss of graphite, Li, and Mn, plus generation of hazardous 
gases. Also, pyrometallurgical processes normally have high 
energy requirements. On the other hand, hydrometallurgical 
recycling when used can result to high recovery and purity 
of substances. However, it involves a complicated process 
flow that requires the use of large amounts of chemicals and 
reagents. Also, due to the nature of the process, high volume 
of wastewater can be generated (Asadi Dalini et al. 2021).

The main objective in this study is to inspect the advan-
tages and disadvantages of applying the simulation-based 
LCA approach as an eco-design tool for recycling processes 
that are still in the conceptualization phase. Building on the 
interest in LIBs recycling, a hydrometallurgical and a pyro-
metallurgical recycling process were designed from litera-
ture and assessed in separate case studies.

2 � Methods

The LCA for the scenarios assessed in this study are con-
ducted in 4 phases as described for LCA in ISO 14040 
(2006), i.e., goal and scope definition, followed by the 
LCI, then life cycle impact assessment (LCIA), and lastly 
interpretation of the results. Note that each LCA phase is 
iterative as shown in Fig. 1. Also shown is how process 
simulation relates to the LCA methodology by providing 
process foreground data during LCI. The process parameter 
information in most cases is collected from laboratory or 
field data. However, in this case, since the processes are still 
being conceptualized, the parameter information is collected 
from literature, supplemented by previous experience of the 
researchers. Note that conducting another iteration based 

on the recommendations generated from the results of the 
assessment is optional (dotted lines).

2.1 � Process simulation of the recycling processes

The process simulation part of this study is divided into 
three (3) main steps (Fig. 2). First, a literature review was 
conducted to gain information on the possible composition 
of the feed that is waste LIBs for the processes that will be 
conceptualized. Next, literature review and design of the 
processes were accomplished prior to the last step, which is 
the process simulation itself which was conducted using the 
Sim module of HSC Chemistry v10.5.

2.1.1 � Waste Li‑ion battery model

As noted in previous sections, there is an increasing interest 
in the EOL management of LIBs which includes recycling. 
Currently, there are five major types of cathode active mate-
rial (CAM) chemistries commercially used for LIBs, i.e., 
lithiated cobalt oxide (LCO), lithium iron phosphate (LFP), 
lithium manganese oxide (LMO), nickel cobalt aluminum 
oxide (NCA), and nickel manganese cobalt oxide (NMC) 
(Korthauer 2019). Data from 2020 showed that NMC has 
the largest market share among the different types of cathode 
chemistries (Salgado et al. 2021; Flash Battery SrL 2022), 
and NMC 622 cells are the most commonly used especially 
in different types of EVs due to its performance and lower 
Co content, which is usually a concern due to its cost, and 
associated geopolitical risk (Saaid et al. 2024). From this, it 
can be assumed that it will make up a significant amount of 
the spent LIBs to be recycled in the next decade.

The battery cells are the basic units that make up the bat-
tery pack used in EVs as shown in Fig. 3 (Thompson et al. 
2020). There are additional components added in between 
these levels like the module packaging, battery management 
system, casing, and cooling systems when they are installed 
in the vehicle. These components are usually recovered by 
manual dismantling to be reused or refurbished as well as 
reduce the impurities of the feed to subsequent recycling 
processes (Elwert et al. 2018; Koroma et al. 2022). Thus, in 
this study, spent NMC-based LIBs are considered to be the 
process feed, specifically spent NMC 622 LIBs cells.

For all types of LIBs, the main components of their 
cells are the anode, cathode, separator, electrolyte, and 
the cell housing (Ellingsen et al. 2014), and each one is 
composed of different types of materials. During recy-
cling treatment of spent battery, a material called black 
mass (BM) is usually recovered. It is a fine substance 
(usually < 1 mm) which contains much of the anode and 
CAM from the battery (Wang et al. 2016; Zhang et al. 
2018), and it is recovered during pre-treatment of the 
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spent LIBs. This is conducted in order to remove as many 
impurities as possible that could affect the subsequent 
processes, e.g., leaching.

To calculate and determine the composition of the bat-
tery cells and the black mass (BM) that will be used in the 
simulation, data from Wang et al. (2016) and Woeste et al. 
(2024) were used. The final compositions used in the 
simulation are summarized in Table 1, and more details 
are available in Online Resource No. 1—Tables 2 and 3.

2.1.2 � Li‑ion battery recycling

Nowadays, waste LIBs recycling, being highly studied, 
have several process variations implemented in different 
scales around the world. These processes can be generally 
grouped into physical, pyrometallurgical, hydrometallurgi-
cal, solvometallurgical, biometallurgical, and direct reuse 
approaches, and they can even be combined to maximize 
the recycling efficiency (Velázquez-Martínez et al. 2019; 

Fig. 1   Graphical representa-
tion of the process simulation-
based life cycle assessment 
(LCA) methodology used in 
this study

Fig. 2   Simplified flowchart of 
the specific steps to conduct the 
process simulation for each case 
study
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Harper et al. 2019; Jung et al. 2021; Makuza et al. 2021; 
Toro et al. 2023; Wagner-Wenz et al. 2023; Xu et al. 2023; 
Zanoletti et al. 2024). Among these processes, hydromet-
allurgy and pyrometallurgy remain the most successfully 
implemented on a commercial scale, both having technol-
ogy readiness levels (TRL) of 9. Though there are some 
emerging technologies like direct recycling that are also 
now commercially used, albeit on a smaller capacity com-
pared to the other two, its TRL is only at an 8 (Jung and 
Zhang 2022; Wagner-Wenz et al. 2023). These processes 
(i.e., type 1 direct recycling) however are also employing 
additional processes that are based on hydrometallurgy 
(Velázquez-Martínez et al. 2019) which could be contra-
dictory to the core definition of direct recycling which is 

Fig. 3   An illustration of the 
different types of battery cells 
used in electric vehicle’s battery 
packs. Image adapted from 
the figure of “different types 
of battery cells and how they 
are organised to form modules 
and packs” by Thompson et al. 
(2020) as permitted by its 
Creative Commons Attribution-
Non Commercial 3.0 Unported 
Licence

Table 1   Composition of waste Li-ion battery (LIBs) cells and black 
mass  (BM) used in the digital process  simulation of the recycling 
processes for each case study

Content NMC LIBs cells Black mass

Aluminum (Al) 8.09% 1.82%
Aluminum oxide (Al2O3) 0.43% 0.10%
Copper (Cu) 16.31% 1.30%
Carbon (C) 22.46% 29.24%
NMC622 (LiNi0.6Mn0.2Co0.2O2) 19.86% 62.37%
Lithium hexafluorophosphate (LiPF6) 14.66% 0.05%
Polyvinylidene fluoride (PVDF) 2.84% 5.12%
Ethylene carbonate (EC) 10.40% -
Polyphenylene ether (PPE) 4.96% -
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recovering cathode and anode active materials from waste 
batteries using physical processes, without chemical alter-
ation. This definition of direct recycling can be considered 
a second type and has a TRL of 4 which suggests that 
some prototype of the process is in operation but not yet 
scaled up (Wagner-Wenz et al. 2023; Gupta et al. 2024).

In this regard, the processes chosen to be conceptual-
ized for this study in recycling waste LIBs are hydrometal-
lurgical (Case Study No. 1) and pyrometallurgical (Case 
Study No. 2) approaches. Recall that the objective of this 
study is to examine the strengths and weaknesses of pro-
cess simulation-based LCA when used as an eco-design 
tool for recycling processes that are still in the conceptual-
ization phase, which is also addressing the data availabil-
ity challenge. Thus, the processes with the highest level 
TRL became the main inspiration for a new process being 
planned to be developed or conceptualized in the context 
of this case study.

As previously mentioned, the subject of LIBs recycling 
is actively being researched around the world, and there 
are several variations of pyrometallurgy- and hydrometal-
lurgy-based recycling processes available in the literature. 
The specific process flows to be simulated and assessed 
were decided based on a review of previously published 
works. For Case Study No. 1, it was based on the general-
ized process flow common to the current hydrometallurgy 
recycling processes being researched or done commer-
cially that was reviewed by Jung et al. (2023). The same 
approach was applied to Case Study No. 2, that is, the 
common points of the current recycling processes for LIBs 
that mainly uses pyrometallurgy reviewed by Makuza et al. 
(2021) were consolidated for the simulation.

For both reviews, the main criteria in choosing the pro-
cesses to be modelled were that they are either already 
generally applied in industry or have potential for scale-
up. For the pyrometallurgical recycling process, since the 
usual concern is related to energy, the one chosen had to 
have the lower energy requirement compared to the other 
pyrometallurgical processes. For the hydrometallurgical 
process, another scenario based on Ecoinvent’s data for 
hydrometallurgical recycling was included in order to 
compare the potential impacts of the data from the exist-
ing database to that of the simulation.

The hydrometallurgical process in the Ecoinvent data-
base is described as a chemical treatment after initially 
shredding the waste battery cells (Hischier 2012). The data 
was cited to be based on a European recycling company 
(Fisher et al. 2006) but was modelled to fit as a global 
average data. This was only applied to the hydrometal-
lurgy-based approach since there is no pure pyrometal-
lurgy-based process available in the Ecoinvent database, 
i.e., the scope for Case Study No. 2 is only up to the pro-
duction of the alloy.

Simulated hydrometallurgical recycling of waste LIBs  For 
the hydrometallurgy-based recycling process of the waste 
LIBs, the critical and strategic raw materials like Co, Li, Mn, 
and Ni (Grohol and Veeh 2023) from the anode and cath-
ode materials of the battery are required to be concentrated 
first from the waste LIBs cells as BM in order to minimize 
impurities during the subsequent processes. Thus, prior to 
leaching, the battery cells are subjected to pre-treatment, 
specifically mechanical pretreatment, as seen in Fig. 4. The 
pre-treatment involves a combination of size reduction, 
screening, and/or sorting, in order to concentrate as much 
of the BM and to minimize the effect of impurities (e.g., 
plastics and scrap metals) in the leaching process. Due to 
data limitation (i.e., size distribution analysis of the shredded 
and screened products), the pretreatment was not simulated 
using HSC Chemistry® but was calculated based on data 
from literature (Malmgren et al. 2013; Wang et al. 2016).

During the hydrometallurgical part of the process, the 
BM is leached using a lixiviant, specifically sulfuric acid 
(H2SO4)) to dissolve the target metals into the solution pro-
ducing a pregnant liquor solution (PLS). Process parameters 
are then carefully controlled to keep these metals in solution 
until they are ready to be recovered. Since most of the times 
impurities could also be leached, the solution is purified 
by carefully controlling its pH to precipitate the impurities 
that are then removed through filtration. The purified PLS, 
assumed to only contain now the target metals, goes through 
a series of precipitation processes by pH control and specific 
precipitants, i.e., sodium hydroxide or caustic soda (NaOH) 
for the mixed Ni-Mn-Co hydroxide salts and sodium carbon-
ate or soda ash (Na2CO3) for lithium carbonate (Li2CO3). 
Note from Fig. 4 that there is no wash water used in the filtra-
tion operation to recover the target products. This is to avoid 
redissolving the precipitated salts. More details about the 
simulation are found in Online Resource No.1. The products 
of the hydrometallurgical processes will need post-treatment 
to be usable for battery applications or for other purposes, but 
it is not included in the scope of this study.

Simulated pyrometallurgical recycling of waste LIBs  In the 
case of the pyrometallurgical process, waste LIBs cells can 
be directly treated without mechanical pretreatment (Fig. 5). 
Though discharging the battery cells is an option, pyromet-
allurgy-based treatment makes it possible to eliminate the 
need to do so (Makuza et al. 2021). The method chosen 
to be simulated in this study was reductive smelting of the 
waste batteries due to its medium energy requirement in an 
industrial scale compared to using electric arc furnace and 
converter (Makuza et al. 2021). This only involves one step 
of smelting the waste LIBs by feeding it into a shaft furnace 
along with the reducing agents (commonly high in C materi-
als like metallurgical coke), the slag formers (e.g., quicklime 
(CaO)), and air enriched with oxygen.
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In recycling waste LIBs through pyrometallurgical pro-
cesses, the chemical composition of the battery cells allows 
it to be processed without mechanical pretreatment. The car-
bon from the anode’s active material could serve as a reduct-
ant as well as other C-containing components like the plastic 
parts, supplementing the commonly used metallurgical coke. 
Also, though aluminium (Al) is lost in this approach, the 

reaction converting it to the slag component Al2O3 releases 
energy which could also help decrease the energy require-
ment. The process produces a Ni-Co-Mn-rich alloy, and a 
slag containing Li. Though it has been a common posit that 
pyro-treatment results to the loss of Li in the slag or to the 
flue dust, there has been claims that this is not necessarily 
the case (Verrecht 2023). This further treatment however is 

Fig. 4   Simplified process flow for the simulated hydrometallurgy-based recycling process of the waste Li-ion batteries (LIBs). The part in green 
was calculated using Excel and the one in blue was simulated using HSC Chemistry Sim module

Fig. 5   Simplified process flow 
for the simulated pyrometallur-
gical-based recycling process 
of the waste Li-ion batter-
ies (LIBs)
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not on the scope of this study. More details about the simula-
tion are found in Online Resource No.1.

2.1.3 � Simulation of the recycling processes

As previously discussed, the recycling processes chosen for 
this case study were hydrometallurgy- and pyrometallurgy-
based approaches of treating waste LIBs. Generally, LIBs 
recovered at EOL are in a pack (Harper et al. 2019). Since 
the objective of this study was focused on the battery cells, 
disassembling the pack including discharge of the battery 
was assumed completed prior to transporting the EOL LIBs 
cells to the recycling plant and thus out of the scope of this 
study.

For the simulated hydrometallurgy-based process, the 
cells required a pre-treatment stage in order to isolate 
the BM prior to the subsequent process (Fig. 4). On the 
other hand, the pyrometallurgical process directly uses 
the battery cells as feed (Fig. 5). For both case studies, the 
hydrometallurgical and pyrometallurgical treatment por-
tion were simulated on HSC Sim module. Some impor-
tant operational parameters that were used in the digital 
simulations are shown in Table 2, and more details about 
how the process simulation was modelled are available 
in Online Resource No.1. Note that the composition of 
the simulated process outputs is based on the process 
know how of the researchers supplemented with literature 
data. All logical phases that the products could contain 
are indicated in the software, but the final composition 
are determined by the software’s thermodynamic-based 
calculations.

2.2 � Goal and scope definition

The main goal of conducting this study was to examine the 
advantages and disadvantages of applying simulation-based 
LCA in eco-designing and assessing recycling processes that 
are still under development specifically for hydrometallurgi-
cal (Case Study No. 1) and pyrometallurgical (Case Study 
No. 2) methods. Most of the LCA studies of LIBs recycling 
processes found in literature were already at a commercial or 
industrial scale (Mohr et al. 2020; Rinne et al. 2021b, 2024; 
Du et al. 2022; Blömeke et al. 2022; Tas et al. 2024; Zhang 
et al. 2024; Lu and Wang 2024), and some are at least tested 
in the laboratory (Anwani et al. 2020; Wu et al. 2022; Duarte 
Castro et al. 2022; Kallitsis et al. 2022; Mousavinezhad et al. 
2023; Cao et al. 2023; Liu et al. 2023, 2024; Premathilake 
et al. 2024). For those that were conceptualized to either 
industrial or laboratory scale operation, inventory data were 
based mainly on literature and scaled-up through methods 
that were not well-defined (Kallitsis et al. 2022; Blömeke 
et al. 2022; Mousavinezhad et al. 2023; Chen et al. 2023; 
Liu et al. 2023, 2024; Premathilake et al. 2024; Lu and Wang 
2024). It is however known that there is a large variation 
between laboratory and scaled up processes especially at 
industrial scale, which in turn could influence the resulting 
potential impact of the process. Only a few studies were 
found that employed process simulation to scale literature 
data like this study (Rinne et al. 2021b, 2024; Kim et al. 
2024; Tas et al. 2024). The difference in the case here is 
that the processes is purely a concept with no laboratory 
experiments conducted dedicated for the exact unit process 
combinations.

In LCA, the choice of functional unit (FU) is crucial on 
the subsequent interpretation of the results. Since the goal 

Table 2   Summary of the operation parameters used in the digital process simulation of each study case

Parameters Values Reference

Hydrometallurgy-based recycling process simulation
Black mass slurry density 1,600 kg/m3 Assumption
Leaching, temperature 90 °C Guimarães et al. (2022)
Leaching, pH 3.2 ± 0.1 Guimarães et al. (2022)
Precipitant/pH control, %solids 45% Assumption
Purification, temperature 60 °C Han et al. (2020)
Purification, pH 6.5 ± 0.5 X. Zhang et al. (2018)
Mixed hydroxides precipitation, temperature 60 °C Han et al. (2020)
Mixed hydroxides precipitation, pH 11.5 ± 0.5 X. Zhang et al. (2018); Zou et al. (2013)
Lithium carbonate precipitation, temperature 50 °C Battaglia et al. (2022)
Lithium carbonate precipitation, pH 12.8 ± 0.3 Han et al. (2020); Meshram et al. (2015)
Pyrometallurgy-based recycling process simulation
Coke-to-feed ratio 1:1 Assumption
Operation temperature 1300 °C Makuza et al. (2021)
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Table 3   A summary of the defined goal and scope for the waste Li-ion battery (LIBs) recycling LCA life cycle assessment (LCA) case studies

System/product assessed Case Study No. 1
Scenario A: Literature- and process simulation-based hydrometallurgical recycling process that aims to pro-

duce mixed hydroxides salts of Ni-Mn-Co and lithium carbonate (Li2CO3)
Scenario B: Ecoinvent’s hydrometallurgy-based recycling process (product not defined)
Case Study No. 2
Literature- and process simulation-based pyrometallurgy-based recycling process that aims to produce a Co–

Ni-Cu alloy and a slag that contains Li
Functional unit Treatment of 1-kg waste Li-ion battery
Scope of the study • Geographical boundary

Belgium (BE) and EU
• System boundary
Cradle-to-gate which starts from the transportation of the waste LIBs cells and other raw material inputs to the 

recycling facility until the recovery of the target CRMs, i.e., mixed hydroxides Ni-Mn-Co salts, and Li2CO3 
for Case Study No. 1, and Co–Cu-Ni alloy for Case Study No. 2

Multifunctional strategy Main strategy: Cut-off approach
Additional analysis: EOL recycling or avoided burden approach, to assess the potential benefits of the recy-

cling processes
Impact assessment methodology Environmental Footprint (EF) 3.1 v1.0 (Simapro v9.5)
Assumptions and limitations • For the inventory of the hydrometallurgy-based recycling method, the discharge water from different unit 

processes (i.e., wash water used in filtration, including the final filtrate after the recovery of Li2CO3) are 
assumed to be collected in a separate tank and reused as process water instead of being discharged

• Reaction gases are assumed to be directly emitted. In practice, these gases are treated prior to discharge to 
meet regulation standards

• No infrastructure is included in the inventory, e.g., chemical plant and specific equipment

Fig. 6   Simplified graphical representation of the system boundaries (inside green box) for the simulated scenarios. The broken arrowhead repre-
sents the “avoided burden” from the production of the recyclable materials and the final products
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here is mainly to eco-design recycling processes for treating 
waste LIBs by assessing the potential impacts, the FU used 
was the treatment of 1-kg waste Li-ion battery cells using 
either the hydrometallurgical approach or the pyrometallur-
gical one as shown in Table 3.

Regarding the scope of the study, cradle-to-gate was the 
system boundary for the assessment (i.e., from material 
acquisition to the recovery of the target products, including 
handling of process wastes and emissions) (Fig. 6), and the 
geographical boundary was Belgium (BE) and the EU. This 
means that for raw materials, transport, heat, and electricity 
that were needed in the process, it was assumed that they are 
mainly sourced from BE, if not, other European countries.

Since the processes assessed will generate multiple prod-
ucts from each recycling process, setting the strategy of pos-
sible multifunctionality was necessary before even starting 
the assessment. For an attributional LCA, it is important to 
first classify the outputs of a process into the main product, 
co-products, recyclable material, and waste (Williams and 
Eikenaar 2022). Though the treatment of the waste generated 
will be a burden of the process assessed, the subsequent use 
life of the recyclable materials and the final products is not 
necessarily the case.

To model how the products and the recyclable materials 
contribute to the total potential impacts of the process, cut-
off approach or the avoided burden approach is commonly 
used (Nordelöf et al. 2019). The cut-off approach gives no 
credit or burden to the recycling process for the subsequent 
use life of products. On the other hand, the avoided bur-
den approach gives “credit” to the recycling process for the 
potential of its product to replace primary raw materials, 
e.g., chemicals, metals, and minerals. There are of course 
several other variations available (Ekvall et al. 2020), but 
these two are the main basis for most of them. Initial analy-
sis will be conducted using cut-off to focus on the potential 
impacts of the processes being assessed. Since this study 
also aims to assess the potential benefits of these recycling 
processes, the avoided burden approach will be conducted 
as a sensitivity analysis.

2.3 � Life cycle inventory

This phase of the study involved two main steps. First was 
the simulation of the processes for each scenario (discussed 
in Sect. 2.1), and next was the inventory based on the simu-
lated results supplemented with data from literature. Once 
data was generated from the simulations and calculations, 
the information was consolidated and added to the LCA soft-
ware, i.e., Simapro v9.6 with Ecoinvent 3 database, for the 
inventory.

The background data regarding transportation, produc-
tion of input raw materials, water, heating, electricity, waste 
treatment, and emissions were adopted from the built-in 

Ecoinvent database in the LCA software. Though the data-
base contains extensive data for various products, services 
and processes, careful examination of each dataset and 
whether it fits to address the LCA questions posed is still 
necessary. For example in this case, the Belgian electricity 
mix needed to be updated based on the latest report about 
Belgium’s energy mix and usage (IEA 2022; Elia Group 
2023) since the last update of Ecoinvent’s data was from 
2020 instead of 2022 (Treyer 2023).

3 � Results

The results from the process simulation, inventory and 
impact assessment phases of the LCA are presented in this 
section.

3.1 � Simulation results and inventory

Data for the inventory of both hydrometallurgical and pyro-
metallurgical recycling is collected mainly from the results 
of the digital simulations of the two recycling processes 
assessed. The products of each process (except for air and 
water emissions from reaction or flue gases, and used pro-
cess water, respectively) and their classifications, as required 
for attributional LCAs, are shown in Table 4. The detailed 
inventory for both processes is available in Online Resource 
No.2.

3.1.1 � Case study no. 1 process simulation

Other than the general mass flow of inputs and outputs, the 
chemical composition is also recovered from the simula-
tion making it possible to compute the recoveries. The 
target CRMs, i.e., Li, Ni, Mn, and Co, recovered based 
on the simulation of the hydrometallurgical recycling 
process are about 71%, 81%, 81%, and 81%, respectively 
(Table 5). It is also noted from the simulation that there 
are some impurities present in the precipitated solids. The 
mixed NiCoMn hydroxide is only about 62% pure with the 

Table 4   Classification of the waste Li-ion battery (LIBs)  cells  recy-
cling process outputs for each case study

Product classification
(Attributional LCA)

Case Study No. 1

Main product/co-products Lithium carbonate (Li2CO3)
Mixed Ni-Mn-Co hydroxide

Recyclable Coarse fraction
Waste Plastic scraps

Waste electrolyte
Impurities from purification 

(gypsum, graphite, etc.)
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moisture and impurities removed, while the Li2CO3 has 
only about 45%. Nevertheless, it is assumed for the inven-
tory that the wet weight of the precipitated products, even 
with the impurities, are the final products which needs 
further post-treatment and refining before they can be used 
for any applications.

It is interesting to note that the main impurities of the 
products come from the coprecipitation of sodium sulfate 
(Na2SO4) with the target metals. The Na+ ion was from 
the precipitant and pH regulator for both precipitation 
steps, i.e., caustic soda and soda ash, respectively. Since 
the products were observed to have low purity because of 

this, especially Li2CO3, further investigation of the system 
was conducted using the digital simulation.

Recall that the amount of reagents was automatically 
calculated by the software. For this digital experiment, the 
automation was turned off and the amount of soda ash used 
in precipitating Li was manually added instead. When the 
amount was decreased (i.e., base scenario used about ~ 287 
kg), the purity increased while Li recovery only increased 
up to a certain point as shown in Fig. 7. On the other hand, 
when it was increased compared to the base scenario, the 
recovery also increased but only to a certain point then 
decreased again with a higher amount of soda ash. On the 
other hand, the purity decreased. This could mean that the 
simulated soda ash consumption in the base scenario is not 
necessarily the optimum dosage to maximize the recovery 
and purity of the recovered Li2CO3. Since the software’s 
simulation is mainly thermodynamics-based, some key fac-
tors that could affect the reaction kinetics were not being 
considered (e.g., particle size, agitation). This means that 
conducting confirmatory experiments in the laboratory 
would be necessary to optimize the reagent dosage and 
maximize process efficiency.

With the maximum Li recovery at only about 71%, 
the recovery is within the target for the new EU battery 

Table 5   Data summary of the recovery, and purity of the prod-
ucts from the simulated hydrometallurgical treatment of the black 
mass (BM) recovered from the waste Li-ion battery cells

Products Elemental recovery Purity

%Ni %Co %Mn %Li

Mixed NiCoMn 
hydroxide

81.11% 81.11% 81.11% - 61.79%

Lithium carbonate 
(Li2CO3)

- - - 70.82% 44.94%

Fig. 7   A scatter chart showing the purity of the recovered lithium 
carbonate (in %), and the corresponding Li recovery (in %) vs the 
amount of soda ash used based on the digital process simulation of 

the hydrometallurgical treatment of black mass recovered from the 
waste Li-ion battery cells. Graph value details are available in Online 
Resource No. 2
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regulation, that is, a 50% recovery for Li by end of 2027 
(European Parliament and Council of the European Union 
2023). It is however important to note that the final recov-
ery after post-treatment and refining could be lower due 
to process losses, thus maximizing the Li recovery at this 
point would be necessary. Upon tracing the flow of Li in 
the simulated process, it was observed that the loss is due to 
diluted Li in the filtrate and solid residues recovered during 
filtration as shown in Fig. 8. Though the used wash water in 
FT01 is recycled back into process as process water during 
BM slurry preparation, not all the water is reused since there 
is more process water than what is required to maintain the 
target %solids of the BM slurry. In total, about 20% of Li is 
discharged with the used FT01 wash water, and about 11% 
is lost with the solids recovered, i.e., waste solid residues 
after purification, and the mixed NiCoMn hydroxide salts 
after the first stage of precipitation.

3.1.2 � Case study no. 2 process simulation

For the second case study, i.e., pyrometallurgical recycling 
process, Li is mostly lost in the slag (Table 6). Though it is 
a critical material, it is considered waste in this case because 
combined with its low concentration in the slag (about 
40%) and complicated post-treatment, recovery is deemed 
impractical.

On the other hand, though the recovery for the target met-
als Ni, Co, and Cu are all 100%, the alloy is only 83% pure 
in terms of these target metals. This emphasizes the need 
for refining before the target metals can be reused into any 
applications. This is due to the presence of other metals (i.e., 
Mn, Li, Fe) that formed with the alloy.

Recall that all logical phases in the process outputs were 
added into the simulation, and then the software’s thermody-
namical calculation determined the final composition. In this 
case, it indicated that it is thermodynamically possible for 
Mn, Li, and Fe to be present in the alloy. For the slag, though 
it was indicated that the oxides of Ni, Co, and Cu are possi-
ble phases in it, the thermodynamic calculations favored the 
formation of the metals in the alloy. Also, recall that ther-
modynamics is the main basis of the simulation software’s 
calculation, i.e., no kinetics included, so for the process to 
achieve such recoveries could require long reaction times.

3.2 � Impacts assessment

3.2.1 � Case study no. 1—hydrometallurgy‑based recycling 
process

The assessment of the potential impacts of the hydromet-
allurgy-based treatment of waste LIBs based on the digital 
simulation data (A) and Ecoinvent (B) is shown in Fig. 9. 

Fig. 8   A Sankey diagram repre-
senting the flow of Li from the 
black mass (BM) up to the dif-
ferent outputs of the simulated 
hydrometallurgical process. 
Graph value details are avail-
able in Online Resource No. 2. 
(FT = filter, Product 01 = mixed 
NiCoMn hydroxide, Product 02 
= lithium carbonate)

Table 6   Data summary of the 
recovery, and purity of the 
products from the simulated 
pyrometallurgical recycling of 
waste Li-ion battery (LIBs) cells

Process outputs Elemental recovery Purity (Cu-Co–Ni)

%Ni %Co %Mn %Cu %Li

Co–Cu-Ni alloy 100% 100% 100% 100% 2.31% 83.07%
Slag - - - - 66.61% -
Offgas - - - - 31.08% -



The International Journal of Life Cycle Assessment	

For the simulated process (Fig. 9a), most of the impact cat-
egories are influenced by either H2SO4 or process emissions 
except freshwater ecotoxicity (ETP) and marine eutrophi-
cation (EP), i.e., waste mixed residues treatment contrib-
uted most. Other exceptions are freshwater EP, and ozone 
depletion (ODP) which is mainly influenced by the NaOH 
used to precipitate the mixed NiCoMn hydroxide, ionising 
radiation (IRP) which is influenced most by electricity used, 
and lastly hydrated lime contributes most to land use (LU) 
potential impacts. Sulfuric acid, the lixiviant used during 
leaching, contributed mostly to terrestrial EP, cancerous 

human toxicity (HTP), fossils, and minerals and metals 
resource use (RU), and water use (WU). On the other hand, 
process emissions have the highest potential contribution to 
acidification (ADP), climate change (GWP), non-cancerous 
HTP, and photochemical ozone formation (POF).

For the assessment of the Ecoinvent data for the hydro-
metallurgical treatment of waste LIBs cells, treatment of the 
non-Fe-Co metals scrap (i.e., represents Al and Cu scrap) 
and sulfuric acid are the highest contributors for most of the 
impact categories except ADP, and PM impacts. For ADP, 
the treatment of the waste gypsum contributed most, while 

Fig. 9   Bar charts representing the life cycle impact assessment 
(LCIA) results for the (a) simulated hydrometallurgy-based recycling 
of waste Li-ion battery cells and (b) the Ecoinvent data-based model 

for the same type of technology, assessed using Environmental Foot-
print 3.0 Method v1.0 and calculated in Simapro v9.6. (RER = rest of 
EU, BE = Belgium, GLO = global)
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the treatment of the waste plastic contributed most to PM 
impacts. It should be noted that for this dataset, it has been 
modelled in the global context and the treatment of the gen-
erated wastes are a combination of different treatment back-
ground data for different geographical locations.

In terms of the total values for each potential impacts, 
the simulated recycling process is greater than the Ecoin-
vent dataset for most of the impact categories except marine, 
freshwater, and terrestrial EP, LU and minerals and metals 
RU as shown in Table 7. Typically for ADP, EP, and POF 
(or respiratory inorganic effects) impacts, a difference of 
30% between scenarios is considered significant (Jolliet et al. 
2016), which in this case applies to all except marine and 
terrestrial EP. For climate change and fossil resource use, 
significant difference between the scenarios is observed (i.e., 
> 10%), as well as with the toxicity-related potential impacts 
except for non-cancerous HTP (Jolliet et al. 2016). Those 
categories with significant difference including those with 
a %difference greater than 100% are emphasized in bold 
and italicized.

In order to assess whether there is any benefit in recy-
cling LIBs using this process prior to improving it, an addi-
tional analysis using end-of-life or avoided burden approach 
was conducted. Recall that the products of the simulated 
hydrometallurgical treatment process are Li2CO3 and mixed 
NiCoMn hydroxides. Since they still contain impurities (i.e., 
mixed NMC hydroxide is about 71% pure, and Li2CO3 is 
about 45% pure), the pure amounts of Li2CO3 and mixed 
NiCoMn hydroxide in the products were calculated for the 
avoided burden analysis. This is because these values rep-
resent the potential amounts that can be recovered from the 

products after post-treatment, which in turn represents the 
potential avoided primary materials, i.e., Li2CO3 produced 
from spodumene and brines, and NMC hydroxides pro-
duced from reacting primary nickel sulfate (NiSO4∙6H2O), 
cobalt sulfate (CoSO4∙7H2O), and manganese sulfate 
(MnSO4∙H2O) with sodium hydroxide. The results showed 
that most of the negative potential impacts or “benefits” is 
mainly due to the avoided use of NMC hydroxide (Fig. 10).

It should be noted that the primary NMC hydroxide used 
in the model is the NMC811 hydroxide dataset. NMC811 
has higher ratio of Ni, and lower Mn, and Co compared to 
the NMC622 waste LIBs that was assessed in this study. 
Due to the close values of the amount between these two 
NMC types, it was deemed insignificant for this case to use 
whether NMC811 or NMC622 data, that is, if it exists. This 
was also confirmed by an additional analysis on NMC811 
hydroxide dataset by Ecoinvent (see Online Resource No.2).

3.2.2 � Case study no. 2—pyrometallurgy‑based recycling 
process

For the simulated pyrometallurgical-based treatment of 
waste LIBs, the LCIA results are shown in Fig. 11. Coke 
has the highest contribution to most of the impact categories 
specially in the most significant ones based on normaliza-
tion. The exceptions are freshwater E), non-cancer HTP, and 
WU categories. For these impacts, it is mostly influenced 
by the liquid oxygen that was used to produce the enriched 
air used during smelting, except for non-cancer HTP which 
is influenced by the process emissions made up of the 
untreated offgas released during smelting.

Table 7   A comparison of 
the total potential impacts of 
the Ecoinvent dataset and the 
simulated hydrometallurgy-
based recycling process of 
waste Li-ion batteries (LIBs)

Italicized and bolded values signifies the significant difference between the simulate recycling process and 
the Ecoinvent dataset

Damage category Unit Simulation Ecoinvent % difference

Acidification mol H + eq 1.25E + 00 8.74E − 03  − 14,243.29%
Climate change kg CO2 eq 9.42E − 01 8.00E − 01  − 17.70%
Ecotoxicity, freshwater CTUe 1.09E + 01 4.32E + 00  − 151.79%
Particulate matter disease inc 6.39E − 06 7.38E − 08  − 8553.34%
Eutrophication, marine kg N eq 6.79E − 04 8.16E − 04 16.78%
Eutrophication, freshwater kg P eq 1.20E − 04 2.71E − 04 55.98%
Eutrophication, terrestrial mol N eq 5.01E − 03 6.95E − 03 27.99%
Human toxicity, cancer CTUh 6.60E − 09 1.09E − 09  − 503.75%
Human toxicity, non-cancer CTUh 1.88E − 08 1.35E − 08  − 39.64%
Ionising radiation kBq U-235 eq 7.70E − 02 6.94E − 02  − 10.92%
Land use Pt 1.13E + 00 1.35E + 00 16.11%
Ozone depletion kg CFC11 eq 1.51E − 08 4.72E − 09  − 220.42%
Photochemical ozone formation kg NMVOC eq 6.63E − 02 2.46E − 03  − 2602.32%
Resource use, fossils MJ 8.35E + 00 7.53E + 00  − 10.88%
Resource use, minerals and metals kg Sb eq 1.56E − 07 1.33E − 05 98.82%
Water use m3 depriv 1.47E + 00 2.28E − 01  − 543.14%
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As in the first case study, an additional analysis using 
the avoided burden approach was also conducted for the 
pyrometallurgy-based recycling process. Considering the 
Ni, Co, and Cu content of the alloy product, most of the 
avoided burden is attributed to the primary production of 

Cu (Fig. 12). It should be noted that the post-treatment and 
refining processes needed to achieve the same quality as the 
primary material was not taken into account in terms of the 
recycling process’ burden and thus could greatly change the 
results of this analysis. Expanding the system boundary and 

Fig. 10   A bar chart representing 
the life cycle impact assessment 
(LCIA) results using avoided 
burden approach for the simu-
lated pyrometallurgical recy-
cling of waste Li-ion battery 
(LIBs) cells. The Environmental 
Footprint (EF) 3.0 Method v1.0 
was used in the Simapro v9.6. 
Impact categories shown are 
the most significant based on 
normalization. (GLO = global, 
CH = Switzerland, RER = rest 
of EU, CN = China)

Fig. 11   A bar chart representing the life cycle impact assessment 
(LCIA) results for the simulated pyrometallurgical recycling of waste 
Li-ion battery (LIBs)  cells assessed using Environmental Footprint 

(EF) 3.0 Method v1.0 and calculated in Simapro v9.6. Impact cat-
egories shown are the most significant based on normalization. (CN 
= China, RER = rest of EU, CH = Switzerland)
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reanalysing this model could be an option for the next itera-
tion of this process (see Fig. 1).

3.3 � Sensitivity analysis

To confirm how the modelling decisions and assumptions 
affected the final results of the digital process simulation-
based LCA, a sensitivity analysis for both of the simulated 
recycling processes is conducted. One of the first and biggest 
assumption was the composition of the battery cells used 
(i.e., feed for the pyrometallurgical treatment), and the black 
mass (i.e., feed for the hydrometallurgical treatment) recov-
ered from it which is what was assessed in this analysis. 
Other modelling choices deemed significant for each case 
study were also assessed and presented below.

3.3.1 � Case study no. 1—hydrometallurgy‑based recycling 
process

For the hydrometallurgical process, the black mass com-
position used in the simulation was assumed to not contain 
any sources of Fe (see Online Source No.1). However, the 
majority of the information found in literature regarding the 
composition of BM for different types of Li-ion batteries had 
Fe to some extent (Ellingsen et al. 2014; Pavón et al. 2021; 
Mousa et al. 2022; Woeste et al. 2024), and it has been noted 
that higher Fe content, at least more than 1%, could have a 
negative effect in the subsequent processes in treating BM 
(Pavón et al. 2021).

Based on the results of varying the Fe content of the BM 
from the base scenario, i.e., 0 kg then to 15 kg, 30 kg, 45 kg, 
and 60 kg, most of the impact categories decreased with the 
presence of Fe in the BM except for freshwater ET impacts 
(Fig. 13). Nonetheless, no significant difference between 
each scenario is observed except for the fossils RU impacts 
of the scenario that has 60-kg Fe in the feed compared to the 
other four scenarios (i.e., > 10% difference).

Along with the total potential impacts decreasing with the 
presence of Fe, the purity and recovery of the products were 
also decreasing (Fig. 14). This could be due to the decrease 
of reagents used (see Online Resource No.2), which in turn 
decreased the recovery and the associated potential impacts.

3.3.2 � Case study no. 2—pyrometallurgy‑based recycling 
process

The effect of choosing modelling NMC622 cells in this 
study is assessed through a sensitivity analysis. For the com-
position of the LIBs cells, the CAM was varied from the 
base scenario’s NMC622 (LiNi0.6Mn0.2Co0.2O2) to NMC333 
(LiNi1/3Mn1/3Co1/3O2), NMC532 (LiNi0.5Mn0.3Co0.2O2), 
NMC721 (LiNi0.7Mn0.2Co0.1O2) ,  and NMC811 
(LiNi0.8Mn0.1Co0.1O2), which are the NMC cathodes used 
in EVs (Saaid et al. 2024). The sensitivity analysis showed 
that using NMC333 had a higher potential impact in almost 
all the impact categories except freshwater ecotoxicity (ETP) 
and non-cancerous HTP which showed NMC811 cells hav-
ing the higher total impact. However, the difference is not 
significant as shown in Fig. 15.

Fig. 12   A bar chart representing 
the life cycle impact assessment 
(LCIA) results using avoided 
burden approach for the simu-
lated pyrometallurgical recy-
cling of waste Li-ion battery 
(LIBs) cells. The Environmental 
Footprint (EF) 3.0 Method v1.0 
was used in the Simapro v9.6. 
Impact categories shown are 
the most significant based on 
normalization. (GLO = global, 
CH = Switzerland, RER = rest 
of EU, CN = China)
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Another literature source for the composition of 
an NMC battery cell to compare the one used in the 
model was also simulated in order to further assess the 

sensitivity of the potential impact to the feed. The NMC 
cell composition noted by Mohr et al. (2020) was used to 
calculate the possible phases in the feed for the simulated 

Fig. 13   A comparative bar chart 
for the simulated hydrometal-
lurgy-based recycling process 
varying the amount of Fe in the 
black mass (BM) feed, repre-
sented with the most significant 
impact categories based on the 
normalization results. Envi-
ronmental Footprint (EF) 3.0 
Method v1.0 of Simapro v9.5 
was used for the assessment

Fig. 14   A line chart showing the resulting recovery and purity, in %, 
of the recovered mixed NiCoMn hydroxides and lithium carbonate vs 
the amount of Fe present on the black mass (BM) feed based on the 

digital process simulation of the hydrometallurgical treatment of BM 
recovered from the waste Li-ion battery (LIBs) cells
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processes much like the base scenario. More details can 
be found in Online Resource No.2. Based on this calcula-
tion, the provided cell composition of Wang et al. (2016) 
(i.e., base scenario) contained more Al and C than the 
one based on Mohr and colleagues but a lower amount 
of CAM (Table 8).

Sensitivity analysis of the LCIA showed that for most 
of the impact categories the process that treated the LIBs 
cells based on Mohr and colleagues’ composition showed 
higher total impacts except for non-cancerous HTP 
(Fig. 16). Significant difference (i.e., > 10%) was also 
observed for climate change (GWP) and fossil resource 
use categories. This is due to the higher amount of coke 
needed by the process since the cells contain less C and 
Al.

4 � Discussions

4.1 � Simulation data reliability

Recall that the objective of this study is to examine the 
advantages and disadvantages of using process simulation-
based LCA as an eco-design tool during the conceptualiza-
tion stage of recycling processes. This means that no labo-
ratory or industry data is available yet and so the simulated 
process informed the LCA. However, there are several fac-
tors that prevent simulated values to fully reflect real data, 
and so the reliability of the simulation results needed to be 
verified.

Since the conceptualized hydrometallurgical treatment 
of waste LIBs was a combination of specific unit processes 
(i.e., mechanical pre-treatment, leaching, purification, and 
two-step precipitation), no existing process employed the 
exact same combination. So, it is not possible to directly 
compare the simulated recovery to those found in litera-
ture. Still some references used in designing the processes 
and setting the parameters have reported yields that could 
be compared to the simulated results. For example, in the 
leaching step, the temperature and pH used in the simula-
tion were based on experiments by Guimarães et al. (2022) 
that reported 100% leaching yields for Ni, Co, and Li while 
93% for Mn. In the case of the simulated process, all of these 
elements have 100% leaching yields (see Online Resource 
No.2).

For pyrometallurgical recycling treatment of batteries, 
general yields for Ni, Co, and Cu are reported to be > 95% 

Fig. 15   A comparative bar chart 
for the simulated pyrometallur-
gical recycling process varying 
the cathode active material 
(CAM) of the waste Li-ion 
battery (LIBs) cells fed to the 
process, represented with the 
most significant impact catego-
ries based on the normalization 
of the sensitivity analysis. Envi-
ronmental Footprint (EF) 3.0 
Method v1.0 of Simapro v9.6 
was used for the assessment

Table 8   The calculated composition of the waste NMC622 LIBs cells 
based on the indicated references

Assumed phases Wang et al. (2016) Mohr et al. (2020)

Al 8.09% 4.59%
Al2O3 0.43% 1.12%
Cu 16.31% 22.61%
C 22.46% 16.38%
LiPF6 14.66% 15.54%
PVDF 2.84% 2.14%
PPE 4.96% 2.67%
LiNi0.6Mn0.2 Co0.2O2 30.26% 34.94%
TOTAL 100.0% 100.00%
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(Brückner et al. 2020). This aligns with the observed recov-
eries, i.e., 100% in the simulation as shown in Table 6. In 
actual practice, there are several operational and physico-
chemical factors that could affect the separation of the slag 
and the alloys which mean that recovery would not be 100%. 
An example operational challenge is related to the fluidity of 
the melt which could cause stickiness that affects the reduc-
tion process during smelting and even losses of the metal 
when the furnace is tapped (Wang et al. 2024). There are 
other simulation approaches that incorporate methods like 
computational dynamic fluid (CFD), and dynamic modelling 
that could address this better (Huda et al. 2012; Laputka and 
Xie 2021) and though out of the scope of this current study, 
further research on this could be interesting.

Another likely source of disparity between the simulated 
results and in actual practice is the choice made to treat 
waste LIBs cells instead of modules or packs. The choice 
was made in order to minimize the number of impurities 
that could hinder the subsequent processes. However, for 
ease of operation, process owners in practice prefer to feed 
packs or modules into a furnace. Though it would likely add 
additional source of reductants, for example the pack casing, 
the other reaction gases when plastic is melted could be a 
source of potential impact. All these other parts could also 
potentially affect how the reduction reaction will go, thus 
affecting final recovery.

To further confirm the reliability of the simulation data, 
a comparison of this study to that of existing LCA for LIBs 

recycling, specifically those assessing hydrometallurgi-
cal and pyrometallurgical processes tested in lab, pilot, or 
industrial scale (i.e., primary data), was attempted. How-
ever, due to several differences in the process and assessment 
approach (e.g., LIB type feed, system boundaries, functional 
unit, and LCIA methods used), a direct correlation could not 
be made between the resulting potential impacts of these 
processes.

However, the inventory from the literature data can be 
used to confirm the inventory data generated in this study. 
For Case Study No. 1, focus is given on the amount of 
lixiviant used since it has the highest contribution to the 
potential environmental impact of the hydrometallurgical 
recycling process conceptualized here. In this case study, 
H2SO4 was the lixiviant used which aligned with most 
of the literature cited as shown in Table 9. In this table, 
information about the feed, lixiviant type, and dosage of 
LCA studies that used primary data are presented along 
with those that also used process simulation to generate 
their inventory. Compared to other studies, the amount of 
lixiviant (i.e., H2SO4) used in this study is higher com-
pared to the average dosage used in literature even with 
the one from simulation. The difference in the actual 
process flow assessed and the feed composition possibly 
factored into this. Most of the processes have also been 
optimized to maximize recovery and efficiency. Even the 
previous studies that used simulated data in the assessment 
based their simulation on laboratory experiments of that 

Fig. 16   A comparative bar chart 
for the simulated pyrometal-
lurgical recycling process 
varying the reference for the 
composition of the waste Li-
ion battery (LIBs) cells fed to 
the process, represented with 
the most significant impact 
categories based on the normal-
ized results. Environmental 
Footprint (EF) 3.0 Method v1.0 
of Simapro v9.6 was used for 
the assessment
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specific process flow (Rinne et al. 2021b, 2024), while in 
this study, the process parameters were based on several 
references that when combined in this case was not the 
best available approach.

This shows the importance of simultaneously inform-
ing the simulation model with confirmatory experiments. 
Ideally, after the initial conceptualization and assessment, 
laboratory experiments will be conducted to confirm the 
results of the simulation and optimize the process param-
eters. This would allow for simultaneous assessment of 
the potential impacts of the process as changes are imple-
mented to improve its efficiency while making sure that 
burden shifting is prevented. This is however currently 
out of the scope of this study but would be an interesting 
further study.

For the simulated inventory of the pyrometallurgi-
cal recycling process, i.e., Case Study No. 2, the same 
approach was used to also confirm the reliability of the 
results. Since some of the literature found did not use coke 

in the processes assessed, this made the comparison diffi-
cult. For those that used coke in their process, its ratio with 
the amount of feed is significantly lower than the simu-
lated process in this study as shown in Table 10. However, 
it is important to note that other than a difference in the 
pyrometallurgical process type used, the process feed or 
type of LIBs being treated are also different, which in turn 
requires varying amount of reagents. There is therefore a 
huge room for improvement in terms of efficiency of the 
process that was conceptualized in this study. As noted 
previously for the hydrometallurgical simulation, the need 
of laboratory or other simulation modelling approach to 
better inform the inventory would also be needed for the 
pyrometallurgical process.

4.2 � Interpretation of LCA results—case study no. 1

One difference between the simulation and Ecoinvent 
hydrometallurgy-based recycling of waste LIBs is the 

Table 9   A comparison of the hydrometallurgical recycling processes assessed by existing literature and the existing study

Reference Process feed,
Leaching feed

Data source Lixiviant Dosage

Case Study No. 1 NMC 622 Cells,
BM

Process simulation Sulfuric acid 6.6 g/g BM feed

Anwani et al. (2020) LCO,
cathode powder

Lab experiments Sulfuric acid 2.49 g/g cathode powder

Du et al. (2022) LIBs,
not specified

Industrial,
China

Sulfuric acid 2.78 g/g cathode powder

Duarte Castro et al. (2022) NMC 111 bat-
tery packs,

cathode powder

Lab experiments Citric acid 19.23 g/g cathode powder

Mohr et al. (2020) NMC,
not specified

Industrial,
Duesenfield GmbH

Sulfuric acid 0.80 g/g battery cell

Rinne et al. (2024) NMC,
BM

Process simulation Sulfuric acid 1.88 g/g BM

Rinne et al. (2021b) Mixed LIBs,
not specified

Process simulation Sulfuric acid 3.15 g/g mixed feed

Zhang et al. (2024) NMC111,
not specified

Industrial,
Anhui Tech Company

Hydrochloric acid 0.42 g/g battery cell

Table 10   A comparison of the pyrometallurgical recycling processes assessed by existing literature and the existing study

Reference Process feed Process type and temperature Data source Main reductant Coke:feed
ratio

Case Study No. 2 NMC 622 cells Smelting, 1300 °C Process simulation Coke 63.92 kg/kg cell
Lu and Wang (2024) LCO electrodes Smelting, n/a Lab experiments Coke 0.33 kg/kg electrode
Liu et al. (2024) NMC 532 cathode Pyrolysis, 650 °C Literature Coke 0.04 kg/kg CAM
Blömeke et al. (2022) NMC 622 packs Smelting, n/a Literature n/a n/a
Feng et al. (2022) NCM cells Smelting, n/a Literature Coke 0.13 kg/kg cells
Kallitsis et al. (2022) NMC 333 cells Smelting, n/a Literature n/a n/a
Quan et al. (2022) NCM Smelting, n/a Literature n/a n/a
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treatment of the Cu and Al scrap. For the simulated 
model, the Cu and Al contained in the LIBs cells were 
not separated out of the coarse fraction after screening 
and were considered recyclable. This is commonly done 
in industrial practice, i.e., scraps are set aside until there 
is enough for further processing. On the other hand, it 
is considered waste in the Ecoinvent dataset (Hischier 
2012) which resulted to their treatment contributing to 
the over-all potential impacts of the Ecoinvent recycling 
process.

Also, the simulated recycling process is assessed 
under the assumption that all the process water used 
are reused and not discharged thus resulting in only air 
emissions, while the Ecoinvent have both water and air 
emissions. Nonetheless, the results of the analysis for 
the Ecoinvent dataset showed insignificant contributions 
from the process emissions. Note that due to the software 
limitation, there are other factors that affect the reactions 
in these processes, like agitation, which is not considered 
in the simulation. Since only thermodynamic require-
ments for the reactions to be possible is being considered 
and not the kinetics, this could lead to a higher consump-
tion of reagents in the simulation compared to what is 
actually consumed in a pilot or industrial scale process. 
This could also be the reason why the total potential 
impacts for the simulated process is generally higher than 
the Ecoinvent dataset, e.g., 0.23 kg H2SO4/kg of treated 
waste LIBs based on the Ecoinvent data while 1.61 kg 
H2SO4 was used in the simulated process per kg of waste 
LIBs treated (see Online Resource No.2).

With regards to the main contributor, both the simulated 
process and Ecoinvent showed H2SO4 as one of the highest 
contributors to most impact categories. It should however 
be noted that in the Ecoinvent dataset, the actual inorganic 
chemicals used in the process are not specified and instead 
grouped together. This included caustic soda and 20 other 
different chemicals from different regional markets. Sulfuric 
acid, the lixiviant for leaching, and soda ash, the pH regu-
lator and precipitant for Li2CO3, are also included in this 
“inorganic chemicals” list which likely resulted to double 
counting.

Though assessing the process using avoided bur-
den approach showed significant benefits due to the 
“avoided” primary products, the results should be care-
fully presented in order avoid misrepresenting the actual 
potential impacts of the process. This is especially 
important when eco-designing the process. The cut-off 
approach or others that focuses more on the impacts 
without taking the credits of the products would be able 
to give a more holistic perspective that will fit the objec-
tives of the conceptualization and eco-design phase of 
any process.

4.3 � Interpretation of LCA results—case study no. 2

For the pyrometallurgy-based recycling of waste LIBs, since 
coke had the highest contribution to most of the impact cat-
egories, minimizing its use should be considered to help 
lower its share to the total impact of the process. This result 
also confirms the concern for using coke in smelting pro-
cesses. In reducing the coke consumption, it means that 
other carbon sources or reductants, with lower potential 
impacts, should be fed in the process to assist or even fully 
replace it. The waste LIBs itself have C-containing compo-
nents as well as Al, which acted as reductant (Makuza et al. 
2021). Industrial practice sometimes feed scrap metals to 
the process to improve the efficiency. However, due to the 
criticality of Al metals, other types of scrap are better used 
for this purpose.

With regards to the varied CAM chemistries of the waste 
NMC LIBs treated being changed, recall that no significant 
difference to the impact categories were observed. It has 
been noted though that pyrometallurgical recycling of LIBs 
is more economical for LIBs containing more Ni and Co 
(Gaines 2014) which means that mixing various NMC cells 
as feed to a pyrometallurgical treatment could be an option. 
The possibility to treat several types of battery chemistry is 
commonly cited as an advantage in pyrometallurgical recy-
cling processes.

The recovered alloy in pyrometallurgical recycling how-
ever will require further treatment, commonly hydromet-
allurgy which is currently practiced industrially (Assefi 
et al. 2020; Makuza et al. 2021), in order to recover the Ni, 
Co, and Cu for economical use. For Li, which is one of the 
CRMs found in LIBs but lost in the slag in this case, recall 
that more than 30% of it is observed to go to the flue gases 
(Table 7). This is also observed in real practice (Stallmeister 
and Friedrich 2023) which is why in other cases, instead of 
the slag, the flue dusts are subjected to hydrometallurgical 
process to recover the Li (Hu et al. 2021).

The loss of the critical Li material and the use of coke 
(i.e., highest potential contributor to the process’ impacts) 
are subjects of concern in the current pyrometallurgical con-
ceptualized here. This means that other pyrometallurgical 
processes will need to be tested or even be combined with 
other approaches to optimize the recycling of waste LIBs.

4.4 � Strengths and limitations of process 
simulation‑based LCA

Based on the results and observations made in con-
ducting this study, several advantages and limitations 
of applying process-simulation based LCA have been 
observed. One advantage of using digital simulations 
to gather data for the inventory, especially during the 
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conceptualization stage of a process, is the identifica-
tion of the possible process air and water emissions that 
are thermodynamically possible with the given process 
inputs. This information on the possible composition of 
the emissions could serve as a guide on choosing the 
treatment approach that will be required to meet dis-
charge quality standards and, in turn, decrease potential 
environmental impacts of the process.

Note that in this assessment, the treatment of the pro-
cess emissions prior to discharge was not included in the 
system boundary, i.e., they are recycled back into the 
process for reuse. If included, the resources required for 
the discharge treatment will also have a burden share on 
the over-all potential impacts of the recycling process. 
The downside to this is the need for deep knowledge and 
understanding of the process chemistries and reactions 
so that the process inputs indicated in the simulation are 
as close as possible to reality. This emphasizes the need 
for close collaboration between process engineers and 
LCA practitioners when designing processes, not just for 
recycling.

Another advantage is that the thermodynamic feasi-
bility of the processes being designed can be confirmed 
through these simulations. However, there are several 
parameters during actual operation that could affect 
efficiency and yield, which cannot be accommodated in 
the digital simulation depending on the software being 
used. As observed from the simulations, recovery was 
highly affected by the amount of reagents used. This is 
not necessarily true in actual practice due to other factors 
that could be adjusted without adjusting the amount of 
input (e.g., agitation) and still achieve the same recov-
ery due to the improved reaction rates. This will clearly 
affect the resulting data for the LCI, which could either 
over- or underestimate consumption and emissions and, 
in turn, the resulting potential impacts. Validating how 
changing the amount of reactants participating in the 
process reaction will affect the recovery, as well as the 
potential impacts of the process, could be assessed in 
future studies.

This is still another advantage of using digital process 
simulation-based LCA. Through simulation, one is able to 
test different parameters which sometimes are not easily pos-
sible in a laboratory or even in a pilot-scale setting. This is 
commonly the case for high-temperature processes, which 
could be hazardous, or those using reagents that are too reac-
tive or expensive. This digital “experiments” like the other 
insights gained from the simulations would need to be sup-
plemented by real-world data (i.e., pilot or industrial-scale 
data) to further inform and optimize the inventory of the 
process and the subsequent LCIA.

5 � Conclusions

In this study, the potential environmental impacts of different 
recycling processes for waste Li-ion batteries were assessed 
using an approach that utilized digital process simulation to 
supplement the inventory phase of the LCA, also referred as 
process simulation-based LCA. Identifying the advantages 
and disadvantages of this approach as an eco-design tool was 
the main goal of this assessment especially when used on 
processes that are still on its conceptualization phase, i.e., 
no laboratory, field, or real-time data yet.

From the results, it can be concluded that the use of 
digital process simulation-based LCA can be an effective 
approach in designing processes especially in considering 
its potential environmental impacts. The simulations allow 
the confirmation of the thermodynamic feasibility of the pro-
cess being designed as well as vary several process param-
eters that would normally take hours or days if conducted 
as a laboratory experiment. The assessment of the potential 
environmental impacts of these processes can also be done 
simultaneously with these digital experiments, ensuring that 
the potential burdens of any process changes are monitored 
and considered for the final process design.

There is, however, a clear need for collaboration between 
process engineers and LCA practitioners to make sure that a 
well-informed digital simulation is used for the assessment. 
Since the simulation is mainly focused on the thermodynamic 
feasibility of the process, the effects of other factors that could 
affect the reaction kinetics, like agitation and particle size, 
need to be confirmed through laboratory experiments. There 
have been other studies that combined several other simulation 
approaches and software to generate a more informed material 
inventory data, and applying the same approach in combina-
tion of an environmental analysis is a possible course of action 
to further improve simulation-based LCA approach for the pur-
pose of process conceptualization and design.
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