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• Perform a parametric sensitivity analysis to further explore the model's 

robustness and identify key influential parameters.

• Study the impact of EAFD variability on management profit, utilizing the 

uncertainty determined at the experimental level.
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Superstructure model

The residue from the solid
collection system of steel
mills is known as electric
arc furnace dust (EAFD).

Prohibiting its 
disposal in sanitary 

landfills (SL) 

Impacting the 
overall process 

economy

In the form of
oxides, silicates,
and carbonates.

Problem statement

Lead 
concentrations 

above 0.1% 

WMC

Specialized waste 
management 

companies (WMCs) 
are needed

𝑵𝒂𝑶𝑯

𝒁𝒏𝑶(𝒔) + 𝟐 𝑶𝑯−
(𝒂𝒒) +𝑯𝟐𝑶(𝒍) → [𝒁𝒏(𝑶𝑯)𝟐]

𝟐−
(𝒂𝒒)

𝑷𝒃𝑶𝟐(𝒔) + 𝑶𝑯−
(𝒂𝒒)+𝑯𝟐𝑶(𝒍) → 𝑯𝑷𝒃𝑶𝟐

−
(𝒂𝒒) + 𝑶𝑯−

(𝒂𝒒)

Alkaline
extraction

𝒈𝒆𝒐𝒑𝒐𝒍𝒚 𝒎𝒊𝒙

𝑬 = −𝟏, 𝟏𝟖𝟕 𝑽

𝒈𝒆𝒐𝒑𝒐𝒍𝒚𝒎𝒆𝒓

Stabilization

Lead contamination 

𝑯𝑷𝒃𝑶𝟐
−
(𝒂𝒒) + 𝟐𝒆− +𝑯𝟐𝑶(𝒍) → 𝑷𝒃(𝒔) + 𝟑 𝑶𝑯−

(𝒂𝒒)

𝑬 = −𝟏, 𝟖𝟒𝟗 𝑽

Avoid lead 

contamination 

Zn electrodeposition

Zn $

Pb $

PbS

PbS precipitation

𝑯𝑷𝒃𝑶𝟐
−
(𝒂𝒒) + 𝟐𝒆− +𝑯𝟐𝑶(𝒍) → 𝑷𝒃(𝒔) + 𝟑 𝑶𝑯−

(𝒂𝒒)

[𝒁𝒏(𝑶𝑯)𝟐]
𝟐−

(𝒂𝒒)
+ 𝟐𝒆− → 𝒁𝒏(𝒔) + 𝟒 𝑶𝑯−

(𝒂𝒒)

𝑵𝒂𝟐𝑺

𝑷𝒃𝟐+(𝒂𝒒)+ 𝑺𝟐−(𝒂𝒒)→ 𝑷𝒃𝑺(𝒔)

Management alternatives

𝑬 = −𝟏, 𝟖𝟒𝟗 𝑽

Zn $

Pb $

PbS Zn

Pb

𝑭𝒅𝟏

𝑭𝒅𝟐

𝑭𝒅𝟑

𝑭𝒅𝟒

𝑭𝒅𝟓

𝑭𝟎

𝑭𝒊𝒏,𝒅𝒊𝒔𝒐𝒍 𝑭𝒐𝒖𝒕,𝒅𝒊𝒔𝒐𝒍𝑭𝒊𝒏,𝒔𝒆𝒑 𝑭𝒐𝒖𝒕,𝒔𝒆𝒑

𝑾𝒔𝒆𝒑

𝑾𝑷𝒓𝒆

𝑭𝒊𝒏, 𝑷𝒓𝒆

𝑭𝒊𝒏, 𝑬𝑫.𝑷𝒃 𝑭𝒐𝒖𝒕, 𝑬𝑫. 𝑷𝒃

𝑭𝒐𝒖𝒕, 𝑷𝒓𝒆

𝑾𝑬𝒍𝒆𝒄.𝑫𝒆𝒑.𝑷𝒃
𝑭𝒐𝒖𝒕, 𝑬𝑫. 𝒁𝒏𝑭𝒊𝒏, 𝑬𝑫. 𝒁𝒏

𝑭𝒊𝒏,𝑾𝑴𝑪

𝑭𝒊𝒏,𝑺𝑳

𝑨 𝑩

𝑪

𝑫

𝑬

𝑭

𝑮

𝑭𝒊𝒏, 𝑺𝒕𝒂 𝑭𝒐𝒖𝒕, 𝑺𝒕𝒂

WMC

max𝐵𝑒𝑛 −෍

𝑘

𝑦𝑘 ∗ 𝐶𝑜𝑠𝑡𝑘

𝑺𝒖𝒃𝒋𝒆𝒄𝒕 𝒕𝒐

Mathematical model

𝐹𝑖𝑛,𝑘,𝑐 + 𝑅𝑘,𝑐 + 𝐺𝑘,𝑐 − 𝐹𝑜𝑢𝑡,𝑘,𝑐 −𝑊𝑘,𝑐 = 0

𝐹𝑜𝑢𝑡,𝑘,𝑐 − 𝜀𝑅𝑒𝑡𝑘,𝑐 ∗ (𝐹𝑖𝑛,𝑘,𝑐 + 𝑅𝑘,𝑐 + 𝐺𝑘,𝑐) = 0

𝑅𝑘,𝑐 − σ𝑐𝑐𝐹𝑖𝑛,𝑘,𝑐𝑐 ∗ 𝛿𝑅𝑘,c𝑐 ∗ 𝐶𝑜𝑛𝑐𝑅𝑐.𝑘 ∗ 𝛾𝑅𝑘 = 0

𝐺𝑘,𝑐 − σ𝑐𝑐𝐹𝑖𝑛,𝑘,𝑐𝑐 ∗ 𝛿𝐺,𝑐,𝑐𝑐,𝑘, ∗ 𝛾𝐺𝑐,𝑘 = 0

Mass balance of unit operations

𝐵𝑒𝑛 = 𝐹out,Pb,𝐸𝐷.𝑃𝑏 ∗ $𝑃𝑏 + 𝐹out,Zn,𝐸𝐷.𝑍𝑛 ∗ $𝑍𝑛 ∗ (𝐶𝑜𝑛𝑐𝑍𝑛)

𝐶𝑜𝑠𝑡𝑘 − 𝐶𝐹𝐷,𝑘 − 𝐶𝑅,𝑘 − 𝐶𝑇𝑟𝑎𝑛𝑠,𝑘 − 𝐶𝐸𝐸,𝑘 = 0
𝐶𝐹𝐷,𝑘 − σ𝑐 𝐹𝑖𝑛,𝑘𝐹𝐷,𝑐 ∗ $𝑘𝐹𝐷 = 0

𝐶𝑅,𝑘 − σ𝑐𝑅𝑘,𝑐 ∗ $𝑅,𝑐 = 0

𝐶𝑇𝑟𝑎𝑛𝑠,𝑘 −
$𝑇𝑟𝑎𝑛𝑠

𝐶𝑎𝑝𝑇𝑟𝑎𝑛𝑠
∗ σ𝑐 𝐹𝑖𝑛,𝑘𝐹𝐷,𝑐 = 0

𝐶𝐸𝐸,𝑘 −
$𝐸𝐸∗𝐹∗∆𝑉𝑘𝐸𝑙𝑒𝑐

𝜀𝑘𝐸𝑙𝑒𝑐
∗ σ𝑐𝑠

𝐺𝑘𝐸𝑙𝑒𝑐,𝑐𝑠

𝑃𝑀𝑐𝑠

= 0

Economic balance

𝐹0,𝑐 = 𝐶0𝑐 ∗ F0

𝐹0,𝑐 = 𝐹in,c,𝑑𝑖𝑠𝑜𝑙 + 𝐹𝑑1,𝑐 + 𝐹𝑑2,𝑐
𝐹out,c,𝑑𝑖𝑠𝑜𝑙 = 𝐹in,c,𝑠𝑒𝑝
𝐹out,c,𝑠𝑒𝑝 = 𝐹in,c,𝐸𝐷.𝑃𝑏 + 𝐹in,c,𝑃𝑟𝑒 + 𝐹𝑑3,𝑐
𝑊𝐸𝐷.𝑃𝑏,𝑐 + 𝐹out,c,𝑃𝑟𝑒 + 𝐹𝑑3,𝑐 = 𝐹in,c,𝐸𝐷.𝑍𝑛
𝑊𝑃𝑟𝑒,𝑐 +𝑊𝑆𝑒𝑝,𝑐 = 𝐹𝑑4,𝑐 + 𝐹𝑑5,𝑐
𝐹𝑑1,𝑐 + 𝐹𝑑5,𝑐 = 𝐹in,c,𝐸𝑠𝑡
𝐹out,c,𝐸𝑠𝑡 + 𝐹𝑑2,𝑐 + 𝐹𝑑4,𝑐 = 𝐹in,c,𝐶𝐼𝐼𝑈 + 𝐹in,c,𝐼𝑀

Mass Balance Equations at Junctions

𝐶𝑜𝑛𝑐𝑍𝑛 =
𝐹out,Zn,𝐸𝐷.𝑍𝑛
σ𝑐 𝐹out,c,𝐸𝐷.𝑍𝑛

𝐹in,Pb,𝐼𝑀
σ𝐹in,c,𝐼𝑀

≤ 𝐿𝑖𝑚𝑑𝑒𝑐𝑟𝑒𝑡𝑜

Regulatory constraints

𝑦𝐷𝑖𝑠𝑜𝑙 + 𝑏1 + 𝑏2 = 1
𝑦𝐸𝐷.𝑃𝑏 + 𝑦𝑃𝑟𝑒 + 𝑏3 = 𝑦𝐷𝑖𝑠𝑜𝑙
𝑦𝐷𝑖𝑠𝑜𝑙 = 𝑦𝑆𝑒𝑝
𝑦𝐷𝑖𝑠𝑜𝑙 = 𝑦𝐸𝐷.𝑍𝑛
𝑦𝐶𝐼𝐼𝑈 + 𝑦𝐼𝑀 = 1
1 − 𝑦𝑆𝑒𝑝 + 𝑏4 + 𝑏5 ≥ 1

1 − 𝑏5 + 𝑦𝐸𝑠𝑡 ≥ 1
1 − 𝑏1 + 𝑦𝐸𝑠𝑡 ≥ 1
1 − 𝑦𝐸𝑠𝑡 − 𝑏2 − 𝑏4 + 𝑦𝐶𝐼𝐼𝑈 +
𝑦𝐼𝑀 ≥ 1

Logical Constraints

Objective

Develop a comprehensive
management strategy for steel mill
residue from a steelmaking
company in Montevideo, Uruguay,
by integrating experimental pilot-
scale data, industrial data, and
expert judgment.

Valuable metals recovery

Geopolymer stabilization

𝐹𝑝,𝑘,𝑐 ≤ 𝑀1 ∗ 𝑦𝑘
𝑅𝑘,𝑐 ≤ 𝑀1 ∗ 𝑦𝑘
𝐺𝑘,𝑐 ≤ 𝑀1 ∗ 𝑦𝑘
𝑊𝑘,𝑐 ≤ 𝑀1 ∗ 𝑦𝑘
𝐹𝑑d,𝑐 < 𝑀1 ∗ 𝑏𝑑
𝐶𝑜𝑠𝑡𝑘 ≤ 𝑀 ∗ 𝑦𝑘

Big-M constraints

𝐹𝑖𝑛,𝑘,𝑐 𝜖 ℝ
𝑛, 𝑅𝑘,𝑐 𝜖 ℝ

𝑛, 𝐺𝑘,𝑐 𝜖 ℝ
𝑛, 𝐹𝑜𝑢𝑡,𝑘,𝑐 𝜖 ℝ

𝑛,

𝑊𝑘,𝑐 𝜖 ℝ
𝑛, 𝐶𝑜𝑠𝑡𝑘 𝜖 ℝ , 𝐶𝐹𝐷,𝑘 𝜖 ℝ, 𝐶𝑅,𝑘 𝜖 ℝ,

𝐶𝑇𝑟𝑎𝑛𝑠,𝑘 𝜖 ℝ, 𝐶𝐸𝐸,𝑘 𝜖 ℝ, 𝑦𝑘 𝜖 1,0 , 𝑏𝑑 𝜖 {1,0}

Variable definition

Objetive 
funtion

Alt. Management alternative
Profit

(USD/ton)

1 Obtaining Zn and Pb separately by electrodeposition (residual 

dust to WMC)
-216

2 Direct to WMC (base case) -239

3 Obtaining Zn (96 %) by electrodeposition (residual dust to WMC) -259

4 Obtaining pure Zn and precipitate PbS (residual dust to WMC) -601

5
Obtaining Zn and Pb separately by electrodeposition (residual dust 

stabilized to WMC)
-614

The models are formulated in GAMS and solved using SCIP V9.1 on an Intel(R) Core(TM) i3-1005G1
CPU @ 1.20GHz 1.20 GHz processor with 2 cores and utilizing a maximum of 8 GB RAM. The EADF
waste management optimization model consists of 1354 equations, 718 continuous variables, and 13
discrete variables. The most economical alternative involves the electrodeposition of pure Zn and
pure Pb with the residual dust dispose by the external waste management company.

Zn

A model was developed using the process synthesis approach to support decision-making in the
management of electric arc furnace dust. The results indicate a cost reduction compared to the
actual management alternative can be achieved by recovering pure Zn and Pb through
hydrometallurgical dissolution and electrodeposition.

Conclusion

GAMS
V47,5,0

Implementation

mailto:fcaro@fing.edu.uy

	Diapositiva 1

