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A: Material properties estimation models 
 

Table A.1 Empirical models for the estimation of density, dynamic viscosity and specific heat capacity for milk, skimmed milk, and cream. The composition of whole milk, skimmed milk and cream were obtained from 
(Bandler, 2021).  

 
Milk/ Skimmed milk/ Cream properties Reference 

Density 

(𝝆) model 

 

𝜌 = 1003.073 − 0.179𝑇 − 0.368 𝐹% + 3.79(𝐶% + 𝐴%)   [
𝑘𝑔

𝑚3
] 

𝑇: Temperature in ℃ 

𝐹%: w/w% fat content 

𝐶%: w/w% carbohydrate content 

𝐴%: w/w% ash content 

[1] 

Viscosity 

(𝝁) model 

For temperatures between 0-30 ℃ : 

ln(𝜇) =   (
2721.5

273.15 + 𝑇
) + 0.1 𝐹% − 8.9   [

𝑘𝑔

𝑚𝑠
 ] 

For Temperatures between 40-80 ℃: 

log(𝜇) = (1.2876 +
11.07 𝑇

10000
) (

𝐹%

100
+

𝐹%

100

5
3

) + 0.7687 (
1000

273.15 + 𝑇
) − 2.437 [

𝑘𝑔

𝑚𝑠
 ] 

𝑇: Temperature in ℃ 

𝐹%: w/w% fat content 

For temperatures 
between 0-30 ℃ 
[2]. 
For 
Temperatures 
between 40-80 
℃ [3]. 
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Specific heat 
capacity (𝑪𝒑) 

model 

𝐶𝑝 = ∑ 𝛾𝑖

𝑖

𝐶𝑝𝑖
 

Where, 
𝐶𝑝𝑖

= 𝐴𝑖 +  𝐵𝑖 𝑇 +  𝐶𝑖 𝑇
2[𝐾𝐽/𝑘𝑔 𝐾] 

 
𝑇: Temperature in ℃ 

𝛾𝑖: content of milk component 𝑖 (where 𝑖 is fat, protein, carbohydrate, ash and water). 

𝐶𝑝𝑖
: Specific heat capacity of milk component 𝑖. 

 

Coefficient Fat Protein Carbohydrate Ash Water above 

freezing point 

(0-150 0C) 

𝐴𝑖  1.9842 2.0082 1.5488 1.0926 4.1762 

𝐵𝑖 0.001473 0.0012089 0.0019625 0.0018896 -9.0864 10-5 

𝐶𝑖 4.8 10-6 -1.3129 

10-6 

-5.9399 10-6 -3.6817 

10-6 

5.4731 10-6 

 

[4] 
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Table A.2 Empirical models for the estimation of density, dynamic viscosity and specific heat capacity of water.  

 Water/ chilled water properties Reference 

Density 

(𝝆) model  𝜌 =
𝐴 + 𝐵 𝑇 + 𝐶 𝑇2 + 𝐷 𝑇3 + 𝐸 𝑇4 + 𝐹 𝑇5

1 + 𝐺 𝑇
 

 

Constant value 

A 999.83952 

B 16.945176 

C -0.00798704 

D -4.61705E-05 

E 1.05563E-07 

F -2.80543E-10 

G 0.01689785 
 

[5] 
 

Viscosity 
(𝝁) model 

𝜇 = 𝜇0 exp [
𝐸

𝑅(𝑇 − 𝜃)
] [

𝑘𝑔

𝑚𝑠
 ] 

 

𝛦 4.7428 
[

𝑘𝐽

𝑚𝑜𝑙
 ] 

𝜃 -139.86 𝐾 

𝜇0 
0.000024152 

[
𝑘𝑔

𝑚𝑠
 ] 

𝑅 
8.3144626 

[
𝑘𝐽

𝑚𝑜𝑙
 ] 

 

[6] 

Specific heat 
capacity (𝑪𝒑) 

model 

 
𝐶𝑝 = 𝐴𝑖 +  𝐵𝑖 𝑇 +  𝐶𝑖 𝑇

2[𝐾𝐽/𝑘𝑔 𝐾] 

 
 

[4] 
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Coefficient Water above freezing point 

(0-150 0C) 

𝐴𝑖  4.1762 

𝐵𝑖 -9.0864 10-5 

𝐶𝑖 5.4731 10-6 

 

 

Table A.3 Values used for the density and viscosity of steam and empirical model for the estimation the specific heat capacity of steam. 

 
Steam properties Reference 

Density (𝝆) database  The density of saturated steam at 7 bar is 3.667 𝑘𝑔/𝑚3  [7] 
 

Viscosity 
(𝝁) database 

The density of saturated steam at 7 bar is ≈ 0.000012 𝑃𝑎 ∙ 𝑠  [8] 

Specific heat capacity 
(𝑪𝒑) model 

𝐶𝑝𝑖
= 𝐴 +  𝐵 𝑇 +  𝐶 𝑇2 +  𝐷 𝑇3 +  𝐸 𝑇4 [𝐾𝐽/𝑘𝑔 𝐾] 

 
 
 
 

Coefficient value 

𝐴 1.563077 

𝐵 0.001604 

𝐶 2.93E-06 

𝐷 3.22E-09 

𝐸 -1.2E-12 

[9] 
 
 

 



6 
 

B: Benchmarking values for steam, chilled water, cold water and steam supplies 
Table B.1 Coefficient of performance (COP) values of each of the components of the chilled water supply system (Chiller, Cooling tower, Chilled water pump, Condenser water pump) [10]. 

Device of chilled water system Coefficient of performance (COP) Value 

Chiller 𝑄̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑊̇𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟

 6.9 

Cooling tower 𝑄̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑊̇𝑐𝑡

 117 

Chilled water pump 𝑄̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑊̇𝑐ℎ𝑤𝑝

 117 

Condenser water pump 𝑄̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑊̇𝑐𝑤𝑝

 117 

 

Table B.2 Coefficient of performance (COP) and efficiency of the cooling water system [10]. 

Cooling Tower System 
 

Coefficient of performance (COP) and efficiency Value 

Specific heat rejection rate by cooling tower  𝑄̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑊̇𝑐𝑡

 117 

Efficiency of cooling tower water pump system 
 

% 72 

 

 

 

 



7 
 

Table B.3 Boiler system for steam production efficiency rates for natural gas and oil fuel [10], [11]. 

Fuel type Combustion efficiency % Thermal efficiency % Reference Condensate recovery rate % 

Natural gas 0.79 0.79 [10] 

80% Oil fuel 0.81 0.81 [10] 

Hydrogen 0.90-1 0.9 [11] 

 

Table B.4 Compressed air system electricity needs for different pressure ratios [10].  

 

Pressure 

ratio 

Compressed air system power per 

normal cubic meter of 

compressed air (kWh/ Nm3) 

4 0.050 – 0.073 

5 0.058 – 0.083 

6 0.067 – 0.097 

7 0.073 – 0.107 

8 0.080 – 0.117 

9 0.087 – 0.127 

10 0.092 – 0.135 

20 0.133 – 0.192 
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C: Centrifugal Separator model calculations 
   Here is presented a data-driven model for the calculation of the absolute pressure drop |𝛥𝑃𝑠𝑒𝑝| and the centrifugal separator power 𝑊̇𝑐𝑒𝑛𝑡 

given the inlet volume flow rate 𝑉̇𝑠𝑒𝑝 of the separator, using data presented in the study of Szepessy and Thorwid, (2018) [12]. Specifically, for 

each set of data, a second order regression curve is fitted to create a simple mathematical relationship for the absolute pressure drop |𝛥𝑃𝑠𝑒𝑝| as 

a function of the inlet flow rate 𝑉̇𝑠𝑒𝑝 (Figure C.1, Equation C.1), and for the centrifugal separator power as a function of the inlet flow rate 

𝑉̇𝑠𝑒𝑝 (Figure C.2, Equation C.2): 

 |𝛥𝑃𝑠𝑒𝑝| = 0.0117 𝑉̇𝑠𝑒𝑝
2

+ 1.3468 𝑉̇𝑠𝑒𝑝 (C.1) 

 

 𝑊̇𝑐𝑒𝑛𝑡 =  0.0002 𝑉̇𝑠𝑒𝑝
2

 +  0.0233 𝑉̇𝑠𝑒𝑝  +  13.132 (C.2) 

 

   |𝛥𝑃𝑠𝑒𝑝| and 𝑊̇𝑐𝑒𝑛𝑡 can be applied to equations C.1 and C.2 for the calculation of the energy use of the centrifugal separator. Now, the total 

power needs, 𝑊̇𝑡𝑜𝑡,𝑠𝑒𝑝 can be estimated for flow rates up to 200 × 103 L/h using Equation 16. 

 

Figure C.1 Second-order regression curves for experimental data of pressure drop |𝜟𝑷𝒔𝒆𝒑| as a function of the flow rate 𝑽̇𝒔𝒆𝒑. Data were obtained from the study of Szepessy and Thorwid, (2018) [12]. 
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Figure C.2 Second-order regression curves for experimental data of the power needs of the centrifugal separator 𝑾̇𝒄𝒆𝒏𝒕 as a function of the flow rate 𝑽̇𝒔𝒆𝒑. Data were obtained from the study of Szepessy and 

Thorwid, (2018) [12]. 
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