Supplementary Material

Net zero roadmap modelling for sustainable dairy manufacturing and distribution

Authors: Maria loanna Malliaroudaki!, Nicholas J. Watson?, Zachary J. Glover?, Luanga N. Nchari3, Rachel Louise Gomes?
! Food Water Waste Research Group, Faculty of Engineering, University of Nottingham, Nottingham, NG7 2RD, UK
2Arla Foods Ltd, Arla House, Leeds, LS10 1AB, UK

3NIZO, Kernhemseweg 2, Ede, 6718 ZB, The Netherlands



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).
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Where,

T: Temperature in °C

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

Cp = Zyi Cp,
i

Cp, = Ai+ B;T + C;T*[K]/kg K]

Cpl_: Specific heat capacity of milk component i.

Coefficient Fat Protein | Carbohydrate Ash Water above
freezing point
(0-150 °c)
A; 1.9842 2.0082 1.5488 1.0926 4.1762
i 0.001473 | 0.0012089 | 0.0019625 | 0.0018896 | -9.0864 10°
i 4.810° -1.3129 -5.9399 10°® -3.6817 5.473110°
10 10®
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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 A+BT+CT*+DT3+ET*+FT® (5]
(p) model p= 14+GT
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
Viscosity E kg (6]
(1) model = Hoexp [R(T — 9)] [%]
E 4.7428 kj
[—]
0 -139.86 K
0.000024152 kg
Ho [%]
8.3144626 kJ
R [ﬁ]
Specific heat (4]
capacity  (Cp) C,=A4;+ B;T+ (; T2[K]/kg K]
model




Coefficient Water above freezing point
(0-150 °C)
A; 4.1762
i -9.0864 10°
C; 5.473110°®

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 (p) database

The density of saturated steam at 7 bar is 3.667 kg /m3

[7]

Viscosity
(u) database

The density of saturated steam at 7 baris = 0.000012 Pa - s

[8]

Specific heat capacity
(Cp) model

C

p,=A+ BT+ CT?+ DT3+ ET*[K]/kg K]

Coefficient

value

1.563077

0.001604

2.93E-06

3.22E-09

| O O

-1.2E-12

[9]




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 . Qcooling 6.9
VVCOTin'ESSOT
Cooling tower )
Qco.olmg 117
Wet
Chilled water pump Qcooling
—_— 117
Wchwp
Condenser water pump Qcooling
—_— 117
Wewp
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 Qcooling
S 117
Wer
Efficiency of cooling tower water pump system % 72




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]

Oil fuel 0.81 0.81 [10] 80%
Hydrogen 0.90-1 0.9 [11]

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

Pressure Compressed air system power per

ratio normal cubic meter

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




C: Centrifugal Separator model calculations

Here is presented a data-driven model for the calculation of the absolute pressure drop |APsep| and the centrifugal separator power W,
given the inlet volume flow rate VSeP 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 |APsep| as
a function of the inlet flow rate Vsep (Figure C.1, Equation C.1), and for the centrifugal separator power as a function of the inlet flow rate
Vsep (Figure C.2, Equation C.2):

|4P,,| = 0.0117 Vg, + 1.3468 V,,, (C.1)

Weene = 0.0002 Vg, + 0.0233 Ve, + 13.132 (C2)

|APsep| and W_.p,: 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, Wtot,sep can be estimated for flow rates up to 200 X 10°L/h using Equation 16.

Absolute pressure drop (bar)
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Figure C.1 Second-order regression curves for experimental data of pressure drop |APsep| as a function of the flow rate Vsep. 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 W,y as a function of the flow rate Vsep. Data were obtained from the study of Szepessy and
Thorwid, (2018) [12].
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