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Development and Feasibility Assessment of a Multi-stage Closed-loop System for
Nickel Recovery from Spent Battery Recycling Wastewater

Yeongeun Joo, Junho Cha, Changyu Park”

Climate and Environment Division, Korea Testing Laboratory

This study proposes an integrated process for recovering high-purity nickel from nickel-containing wastewater generated
during spent battery recycling and conducts process simulation, Life Cycle Assessment (LCA), and Techno-Economic
Analysis (TEA). The process consists of Ni(OH)2 precipitation using NaOH, calcination, and carbothermic reduction. Based
on Aspen Plus simulation, the LCA results showed a global warming potential of 1.81 kg CO2-eq/kg Ni, representing an
86.1% reduction compared to primary nickel production. TEA revealed a production cost of US$95/kg Ni, approximately
seven times the market price, identifying utility costs—accounting for 75% of operating expenditures—as the primary eco-
nomic hotspot. Scenario analysis for heat integration with the steel industry demonstrated that economic parity can be ach-
ieved if more than 89% of the thermal energy is supplied by waste heat. Based on the waste heat potential of major domes-
tic steelmakers, this research validates the practical feasibility of the proposed system.

Key-words: Multi-stage closed-loop system, Process simulation, Life cycle assessment, Techno-economic analysis, Heat
integration

Q o

2 Aol HulE ] QS SoNA TSk U o HleE B85l0] ek UAS Itk 59 3482 AYdst
A, 37 HARE SBALCA) E BAY B7HTEAYS 36ttt sid 3782 FARMMERNaOH)S 83t $4etyd
(Ni(OH),) 33, 7k, 1213 4 & AR /dEt Aspen Plus 7|8 34 ZAS B3 22 9 oUA] £AE 24
23, 3l YA A28 G3R2 1.81 kg COr-eq/kg NiZ AFEE Y 0H, o= 712 A YA A4t ofH] oF 86.1% F4gt
otk BAY B7F A, A @7k= US$95/kg Ni AP7E die] oF 7] A yehgton, fEE Hlgo] &gu]o]
T5%5 AAoh= A4 HE 2Rl0 g SRIEQIH: ojof wt HA AR HEE &8 € S AU s HESIoH H]
ol#2] 89% ol WAz 3L B5 BAA B EEIF 7S USSR B3 U 78 AN WD AR
7oz AIRFE 349 AFH A 7S AT

ZAlo}: chi W4 e AR, B4 WAk B4 WOk AR Wk @ 59

Date Received: May 27, 2026, Date Revised: Jul. 20, 2026, Date Accepted: Aug 10, 2026

* Corresponding author : Changyu Park, Tel: +82-2-860-1208, E-mail: parkcg@ktl.re.kr

© Copyright 2026 The Korean Society for Life Cycle Assessment. This is an Open-Access article distributed under the terms of the Creative
Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use,
distribution, and reproduction in any medium, provided the original work is properly cited.

51



=
a

1.ME

A AARR] g4 S ol HRE gl w4 g
2 22| Py Buvt Tk AE A 2T 9
th 53] oflvx] A A2 H A7} Aljle] FdA 0w g
sk, oapAAHE o ARSER= 2, X YA 59 8
=550 et 339 2Aadet AA F4e] 14 EATE Al
T ZHAJolTH 1]

ojggt T WglFo] [FHANEU)S YA
(CRMA, critical raw materials actyS B3l A4 5-340]
=1 I3 gA237F & E4ES CRM(critical raw materials)
o7 Aolsiitt. £35] CRMA= 2030W7k4] uff A7t 4]
T FAa 25%F H7lE ALEE Sl 2= AR
EIE A ol 97 AERE W= A Y
STt ofe}, &8 A (circular economy) 5 19t Y
A A=A GAVdE AARITH2,3].

CRM FolAE YA Al 449 S5 AH|IHAY
kel e Bt opye}, JpAT o)X pHA] =12 S
AAEA 1 587} 7)slE5A o g Zvlska Qeh4,5]. 18
U Y] A B4 F91 Akt Al 2goflA 9] widet &
4 HiEE A AR BES 715A171aL glem, ofof w)
o} dEElt A9 FAKREE 1AL sk a4
AAF oz FEEIIL QITH6).

Process simulation

Life cycle assessment

OO
Do
QI]? &

SQOD
Yy,

@) kg CO,-eq/kg Ni

o 3
OC:} —,

b
!Stage closed-100P 2

e, 23t

71&9 YA A ATe T2 HulegREE viEE
A= g oY, B4 4 FAERRE HzydS Az
She T 12 AEE 3789 3l mE ol AFHol 7
-9]. 1Py AZE 70l TSk IAEERE 7 5
&5 F71E 3sto] AAhese] TEu g S0 7
Aoks Wi B e 22 22 FAMEERE L 7t
52 57T Sthe S ARdsle S4] dieh ke o
ARFAoIe}. of2Rt 23} FANEL Ao R ¥ 34 5k
Z QI5h AfZE "ol AlejEls 97 BARE A& #
7] Al A S oA 1Rl 4RSS 2 o Sl

2 e wHiEE e 3 Hles dEE 28519
UAS Slpeto 2 M, bt s a2 A" 95 7S
AESHIA Bt} 3 5 QIoll xR F7 3787 &
o= AR ARl B4 5L o)F HiEe® 34
9] A H7IE s LCA(life cycle assessment)2}
TEA(techno-economic analysis)S 8715ttt ol& 5o &2
s ARG SN EAYsk= AR AR 74
= AP, AR 7 382 SRt <Al o] A8
AESH= o] F40] Ut} 2 A79] AAA A7+ ZH A
== Fig. 19] Yerfide:

(¢)

=

9,

Techno-economic analysis

US$/kg Ni

Scenario analysis

Heat I

integration

R
Hut_‘ssa"’o'\e\ |i| i b |J; b

&

Fig. 1. Research framework for process simulation and sustainability assessment of the nickel recovery
system.
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Table 1. Equipment cost estimation parameters
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Equipment name Equipment type Scaling stream(QB) Original equip cost[USS$] Base year
Heat exchanger heat exchanger 80 32,800 2,000
Precipitation reactor Agitated reactor 1 11,500 2,000
Filter Filter 10 83,600 2,000
Calcination reactor Agitated reactor 1 11,500 2,000
Reduction reactor Agitated reactor 1 11,500 2,000
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Table 2. Economic analysis parameters
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Parameters Unit Description
Plant life 30 yr Expected operatifn.lal lifespan
of a facility.
Discount rate 10 % Interest rate for present value
of future cash flows.
Start-up time 0.25 yr Period to reach operational
status.
. . Duration of active use or
Operating time 8,000 hrs .
production.
. Ownership value, assets minus
0,
Equity 40 % liabilities.
Loan interest 8 % Cost of borrowing funds.
ti f 1 t
Loan term 10 yr Duration o oan repaymen
period.
Base year 2025 yr Reference year for economic

analysis.
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Fig. 2. Process flow diagram of the proposed nickel recovery process.

Table 3. Process input and output data for the recovery of 1 ton of nickel per year

Category Name Value Unit
Material NaOH 50wt% 4 ton/yr
Coke 8.7 ton/yr
Energy LNG 378 Gl/yr
Steam 13.9 Gl/yr
@ (®)
) 100% = = - -~ m ~ g="—~—— = - = m -
13 kg CO,-eq/kg Ni
90%
12
80%
10 70%
e . 60%
< 8 -86.1%
e 50%
ot 6
2 40%
4 30%
20%
2
: 109
1.81 kg CO,-eq/kg Ni ’ i
o 0 =010 _ 8 «i=als a-a-=1
Recovered Ni virgin Ni a bcdef ghij k1l nmoopaqr
mNaOH 50wt% ®Coke *Stcam ®WLNG
a  Acidification: terrestrial [kg SO2-Eq] j Human toxicity: non-carcinogenic [kg 1,4-DCB-Eq]
b q] k g radiation [kBq Co-60-Eq]
¢ ¢ 1,4-DCB-Eq] 1 2%a crop-Eq]
d 4-DCB-Eq] N Material resources: metals/minerals [kg Cu-Eq]
e Ecotoxicity: terrestrial [kg 1.4-DCB-Eq] m  Ozone depletion [kg CFC-11-Eq]
£ resources: non-renewable, fossil [kg oil-Eq o culate matter formation [kg PM2.5-Eq]
g ication: freshwater [kg P-Eq] p cal oxidant formation: human health [kg NOx-Eq]
h  Eutrophication: marine [kg N-Eq] q cal oxidant formation: terrestrial ccosystems [kg NOx-Eq]

i Human toxicity: carcinogenic [kg 1,4-DCB-Eq]

r

Water use [m31

Fig. 3. Life cycle GHG emissions and contribution analysis of the proposed nickel recovery process. (a)
Comparison of GHG emissions between recovered Ni and virgin Ni production, and (b) contribution of major
materials to environmental impacts.
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Table 4. Description of the ecoinvent database version v3.11 by material

Material Database description

Coke Market for petroleum coke {GLO} | Alloc Rec, U

NaOH Market for sodium hydroxide, without water, in 50% solution state {RoW} | Alloc Rec, U
Electricity Market for electricity, high voltage {KR} | Alloc Rec, U

Steam Market for steam, in chemical industry {RoW} | Alloc Rec, U

LNG Natural gas, liquefied, import from NG {KR} | Alloc Rec, U
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Table 5. Capital investment and installation cost estimates for the recovery system

Parameters Description Costs[USS$]
Installed cost 32,265
Warehouse 4% of installed cost 1,291
Site development 9% of installed cost 2,904
Additional piping 4.5% of installed cost 1,452
Total direct cost (TDC) 37911
Proratable expenses 10% of TDC 3,791
Field expenses 11% of TDC 3,791
Home office & construction fee 12% of TDC 7,582
Project contingency 13% of TDC 3,791
Other costs (Start-up, permits, etc.) 14% of TDC 3,791
Total indirect cost (TIC) 22,746
Fixed capital investment (TDC+TIC, FCI) 60,657
Total capital investment (TCI) 64,660
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Table 6. Operating expenditures (OpEx) and unit cost parameters for the integrated process

Annual operation cost estimation

Parameters Description Costs[USS$]

Raw material 33,920

Utility 422,400

Variable operating (O1) 456,320

Salaries 56,486

Benefits and general overhead 90% of salaries 50,837
Maintenance 844
Property insurance 0.7% of FCI 370

Fixed operating (O2) 108,537

Annual operating costs (01402, AOC) 564,857

Unit costs of raw materials and utilities

Material Ref Unit price [US$/kg]
NaOH 50 wt% [28] 0.33
Coke [29] 0.5
Steam [30] 0.013
LNG [31] 0.8
US$600,000 564,857
0% 0% Raw Material
US$500,000 [
9% | 6%
Utility
US$400,000 10%
Salaries
US$300,000
Benefits and General
Overhead
US$200,000 75%
® Maintenance
US$100,000 .
® Property Insurance
9,636
Usso S—

Annualized CapEx Annual OpEx

Fig. 4. Comparison of annual CAPEX and OPEX and operating cost breakdown for the proposed process.
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Fig. 6. Scenario analysis of waste heat integration for the proposed nickel recovery process. (a) Economic
and environmental performance under waste heat substitution scenarios and (b) comparison of process
steam demand and available steam from steelmakers.
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