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Introduction

• 9th largest exporter of dairy products 

~3,5 M ~3,5 M

• The fourth most important item of 

Uruguayan exports
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Base case - Powdered milk production 

60 tons of wet 

sludge daily
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Framework development

𝒎𝒊𝒏𝒊𝒎𝒊𝒛𝒆𝑪𝒐𝒔𝒕𝑻𝒐𝒕𝒂𝒍
𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:

𝐶𝑜𝑠𝑡𝑘𝐷𝐻 = $𝑘𝐷𝐻 ∗ ෍

𝑐

𝐹𝑖𝑛,𝑘𝐷𝐻,𝑐𝑐 𝐶𝑜𝑠𝑡𝑘𝐷𝑟𝑦 =
𝑄𝑘𝐷𝑟𝑦 ∗ $𝐸𝑛𝑒𝑟𝑔𝑦,𝑘𝐷𝑟𝑦

𝜀𝐸𝑛𝑒𝑟𝑔𝑦,𝑘𝐷𝑟𝑦
+ $𝐴𝑑𝑑,𝑘𝐷𝑟𝑦 ∗ 𝑊𝑘𝐷𝑟𝑦,𝑤𝑎𝑡𝑒𝑟

𝐶𝑜𝑠𝑡𝑘𝐹𝐷 = $𝐹𝐷,𝑘𝐹𝐷 ∗ ෍

𝑐

𝛼𝑐 𝐹𝑖𝑛,𝑘𝐹𝐷,𝑐 +
𝐹𝑖𝑛,𝑏𝑜𝑖𝑙𝑒𝑟,𝑤𝑎𝑡𝑒𝑟 ∗ 𝜆0 − 𝐹𝑖𝑛,𝑏𝑜𝑖𝑙𝑒𝑟,𝑠𝑙𝑢𝑑𝑔𝑒 ∗ 𝐿𝐻𝑉𝑠𝑙𝑢𝑑𝑔𝑒

𝐿𝐻𝑉𝑓𝑢𝑒𝑙
∗ $𝑓𝑢𝑒𝑙 ∗ 𝑦𝑏𝑜𝑖𝑙𝑒𝑟

𝐶𝑜𝑠𝑡𝑡𝑟𝑎𝑛𝑠 = ෍

𝑘

෍

𝑘𝑘

෍

𝑐

𝐹𝑖𝑛,𝑘𝑘,𝑐 ∗ $𝑡𝑟𝑎𝑛𝑠 ∗ 𝑑𝑘,𝑘𝑘 ∗ 𝑦𝑘
𝐶𝑎𝑝𝑡𝑟𝑎𝑛𝑠

𝐹𝑖𝑛,𝑘𝐷𝑟𝑦,𝑤𝑎𝑡𝑒𝑟
𝐹𝑖𝑛,𝑘𝐷𝑟𝑦,𝑤𝑎𝑡𝑒𝑟 + 𝐹𝑖𝑛,𝑘𝐷𝑟𝑦,𝑠𝑙𝑢𝑑𝑔𝑒

≤ 𝑋𝑚𝑎𝑥,𝑘𝐷𝑟𝑦
෍

𝑘𝐷𝑟𝑦

𝑋𝑘𝐷𝑟𝑦 ∗ 𝑦𝑘𝐷𝑟𝑦 ≤ 𝑋𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

𝐹𝑖𝑛,𝑏𝑜𝑖𝑙𝑒𝑟,𝑤𝑎𝑡𝑒𝑟 + 𝑚𝑏𝑜𝑖𝑙𝑒𝑟 − 𝐹𝑖𝑛,𝑏𝑜𝑖𝑙𝑒𝑟,𝑤𝑎𝑡𝑒𝑟 − 𝐹𝑖𝑛,𝑏𝑜𝑖𝑙𝑒𝑟,𝑠𝑙𝑢𝑑𝑔𝑒 ∗ 𝑋𝑓𝑢𝑒𝑙

𝑚𝑏𝑜𝑖𝑙𝑒𝑟
≤ 𝑋𝑚𝑎𝑥,𝑏𝑜𝑖𝑙𝑒𝑟

𝐹𝑖𝑛,𝑏𝑜𝑖𝑙𝑒𝑟,𝑠𝑙𝑢𝑑𝑔𝑒 ∗ 𝐿𝐻𝑉𝑠𝑙𝑢𝑑𝑔𝑒 + 𝑚𝑏𝑜𝑖𝑙𝑒𝑟 − 𝐹𝑖𝑛,𝑏𝑜𝑖𝑙𝑒𝑟,𝑤𝑎𝑡𝑒𝑟 − 𝐹𝑖𝑛,𝑏𝑜𝑖𝑙𝑒𝑟,𝑠𝑙𝑢𝑑𝑔𝑒 ∗ 𝐿𝐻𝑉𝑓𝑢𝑒𝑙

𝑚𝑏𝑜𝑖𝑙𝑒𝑟
≤ 𝐿𝐻𝑉𝑚𝑖𝑛,𝑏𝑜𝑖𝑙𝑒𝑟

𝐶𝑜𝑠𝑡𝑇𝑜𝑡𝑎𝑙 = ෍

𝑘𝐷𝐻

𝐶𝑜𝑠𝑡𝑘𝐷𝐻 ∗ 𝑦𝑘𝐷𝐻 + ෍

𝑘𝐷𝑟𝑦

𝐶𝑜𝑠𝑡𝑘𝐷𝑟𝑦 ∗ 𝑦𝑘𝐷𝑟𝑦 +෍

𝑘𝐹𝐷

𝐶𝑜𝑠𝑡𝑘𝐹𝐷 ∗ 𝑦𝑘𝐹𝐷 + 𝐶𝑜𝑠𝑡𝑡𝑟𝑎𝑛𝑠

𝐹0 ,𝑐 = ෍

𝑘𝐷𝐻

𝐹𝑖𝑛,𝑘𝐷𝐻,𝑐
෍

𝑘𝐷𝐻

𝐹𝑜𝑢𝑡,𝑘𝐷𝐻,𝑐 = ෍

𝑘𝐷𝑟𝑦

𝐹𝑖𝑛,𝑘𝐷𝑟𝑦,𝑐෍

𝑘𝐷𝑟𝑦

𝐹𝑜𝑢𝑡,𝑘𝐷𝑟𝑦,𝑐 = ෍

𝑘𝐹𝐷

𝐹𝑖𝑛,𝑘𝐹𝐷,𝑐

𝐹𝑖𝑛,𝑘,𝑐 < 𝑀 ∗ 𝑦𝑘

𝐹𝑜𝑢𝑡,𝑘,𝑐 < 𝑀 ∗ 𝑦𝑘෍

𝑘 𝜖 𝐷𝑟𝑦

𝑦𝑘 ≤ 1

෍

𝑘 𝜖 𝐷𝑊

𝑦𝑘 ≤ 1

෍

𝑘 𝜖 𝐹𝐷

𝑦𝑘 = 1 ෍

𝑐

𝐹𝑖𝑛,𝑘𝐹𝐷,𝑐 ≥ 𝑚 ∗ 𝑦𝑘𝐹𝐷

𝐹𝑖𝑛,𝑘,𝑐 + 𝑅𝑘,𝑐 = 𝐹𝑜𝑢𝑡,𝑘,𝑐 +𝑊𝑘,𝑐

𝐹𝑜𝑢𝑡,𝑘,𝑠𝑙𝑢𝑑𝑔𝑒 = 𝜀𝑅𝑒𝑡𝑘 ∗ 𝐹𝑖𝑛,𝑘,𝑠𝑙𝑢𝑑𝑔𝑒

𝐹𝑜𝑢𝑡,𝑘𝐷𝐻,𝑤𝑎𝑡𝑒𝑟 =
𝐹𝑜𝑢𝑡,𝑘𝐷𝐻,𝑠𝑙𝑢𝑑𝑔𝑒 ∗ 1 − 𝑋𝑠𝑜𝑙,𝑘𝐷𝐻

𝑋𝑠𝑜𝑙𝑘𝐷𝐻

𝑅𝑘,𝑐 = 𝛿𝑘,𝑐 ∗ ෍

𝑐𝑐

𝐹𝑖𝑛,𝑘,𝑐𝑐

𝐹𝑜𝑢𝑡,𝑘,𝑠𝑙𝑢𝑑𝑔𝑒 = 𝜀𝑅𝑒𝑡𝑘 ∗ 𝐹𝑖𝑛,𝑘,𝑠𝑙𝑢𝑑𝑔𝑒

𝐹𝑜𝑢𝑡,𝑘𝐷𝑟𝑦,𝑤𝑎𝑡𝑒𝑟 =
𝐹𝑜𝑢𝑡,𝑘𝐷𝑟𝑦,𝑠𝑙𝑢𝑑𝑔𝑒 ∗ 1 − 𝑋𝑠𝑜𝑙𝑘𝐷𝑟𝑦

𝑋𝑠𝑜𝑙𝑘𝐷𝑟𝑦

𝑄𝑘𝐷𝑟𝑦 = 𝜆0 ∗ 𝑊𝑘𝐷𝑟𝑦,𝑤𝑎𝑡𝑒𝑟

MINLP problem



Parameters

Name Description Value Unit Source
𝐹0,𝑐 Initial mass flow of the component c - ton/day Plant data

𝜖𝑅𝑒𝑡,𝑘
Solid retention efficiency of the 

process 𝑘

-
ton/ton

Estimated from plant 

data 

𝑋𝑠𝑜𝑙,𝑘𝐷𝐻
Solid content of the out of dewatering 

process 𝑘𝐷𝐻

-

ton/ton

Estimated from 

experimental and plant 

data 

𝛿𝑘,𝑐
Relation between flocculant and 

sludge produced

-
ton/ton Plant data

$ 𝑘𝐷𝐻 Single cost of dewatering process 𝑘𝐷𝐻
-

USD/ton
Estimated from company 

data

$𝐸𝑛𝑒𝑟𝑔𝑦,𝑘𝐷𝑟𝑦
Calorific energy cost of the drying 

process 𝑘𝐷𝑟𝑦

-
USD/KJ

Estimated from Aspen 

Plus database

$𝐹𝐷,𝑘𝐹𝐷
Cost of disposal per ton of solid to 

treat

-
USD/ton Company data

𝑑𝑘,𝑘𝑘 Distance between 𝑘 and 𝑘𝑘 - Km Company data

𝛼𝑐
Component contribution to the 

disposal cost

-
- Plant data

𝜆0 Enthalpy of water vaporization 2257 KJ/ton Bibliography

𝜀𝐸𝑛𝑒𝑟𝑔𝑦,𝑘𝐷𝑟𝑦
Calorific energy efficiency of the 

drying process 𝑘𝐷𝑟𝑦

0.6
-

Estimated based on 

expert judgment

$𝐴𝑑𝑑,𝑘𝐷𝑟𝑦
Auxiliary cost per ton of evaporated 

water

10-15

USD/tonwater

Estimated based on 

catalogs and expert 

judgment

Name Description Value Unit Source

𝐿𝐻𝑉𝑠𝑙𝑢𝑑𝑔𝑒
Lower calorific value of dried 

sludge

6216
KJ/Kg Experimental

𝐿𝐻𝑉𝑓𝑢𝑒𝑙
Lower calorific value of boiler’s 

fuel

11070
KJ/Kg Plant data

$𝑓𝑢𝑒𝑙 Cost per ton of boiler’s fuel 92 USD/ton Company data

$𝑡𝑟𝑎𝑛𝑠 Cost per Km of transport 11.8 USD/Km Company data

𝐶𝑎𝑝𝑡𝑟𝑎𝑛𝑠 Transport capacity 20 Ton Company data

𝑋𝑚𝑎𝑥,𝑘𝐷𝑟𝑦
Maximum humidity allowed for 

drying

0.9
ton/ton Experimental

𝑋𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 Critical moisture 0.92 ton/ton Experimental
𝑋𝑓𝑢𝑒𝑙 Moisture of the fuel 0.35 ton/ton Plant data

𝑚𝑏𝑜𝑖𝑙𝑒𝑟 Capacity of the boiler 200 ton/day Plant data

𝑋𝑚𝑎𝑥,𝑏𝑜𝑖𝑙𝑒𝑟
Maximal moisture allowed in the 

boiler

0.5
ton/ton Plant data

𝐿𝐻𝑉𝑚𝑖𝑛,𝑏𝑜𝑖𝑙𝑒𝑟
Minimal lower calorific value 

needed in the boiler

6270
KJ/Kg Plant data



Results

Bypass

92% solid 

content



Results

Ranking Management alternative Relative total cost

Base Geotextile - Soil amendment 1
Optimal solution Geotextile - Boiler flue gas dryer 1 – Boiler 0.79

1 Screw press - Boiler flue gas dryer 1 – Boiler 0.84
2 Geotextile - Boiler flue gas dryer 2 - Boiler 0.87
3 Screw press - Boiler flue gas dryer 2 - Boiler 0.90
4 Belt filter - Boiler flue gas dryer 1 – Boiler 0.92
5 Geotextile - Boiler flue gas dryer 1 – Soil amendment 0.94

Geotextile– Steam dryer 1 – Boiler 1.93



Sensitivity analysis 

𝐶𝑜𝑠𝑡𝑘𝐷𝑟𝑦 =
𝑄𝑘𝐷𝑟𝑦 ∗ $𝐸𝑛𝑒𝑟𝑔𝑦,𝑘𝐷𝑟𝑦

𝜀𝐸𝑛𝑒𝑟𝑔𝑦,𝑘𝐷𝑟𝑦
+ $𝑨𝒅𝒅,𝒌𝑫𝒓𝒚 ∗ 𝑊𝑘𝐷𝑟𝑦,𝑤𝑎𝑡𝑒𝑟

Auxiliary equipment: 
- Gas treatment
- Solid movement
- Gas movement



Conclusion 

• The results obtained evidence the possibility of achieving a reduction 
in waste management costs of up to 20% for the case studied

• A decision-making tool was developed for sludge management, 
integrating experimental data and information collected at a real scale 
plant as a case study. 



Decision-making tool
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attention 


