Chlorinated Distillation Mass Balance Calculations
NB: Primary reference material produces 0.99 dimensionless quantity of single crystal germanium and hence 0.99 has been used to scale all material input and intermediate products the product system to produce the desired 1 kg single crystal germanium FU of this study.
1. Coal combustion power plant, pretreatment and re-volatilization 
a. Coal combustion power plant  (Xu et al., 2013)

6500/0.99 = 6566.67 kg lignite coal @ 289 ppm = 1.9 kg Ge content
10 times increase in Ge concentration after combustion of coal results in fly ash quantity required for the same Ge quantity = (6566.67 kg /10) = 656.667 kg fly ash @ 2890 ppm (10 X increased grade) with only 85% Ge recovered in plant = 1.9 kg Ge * 0.85 = 1.61 kg
Mass of fly ash for secondary enrichment = 656.667 kg
b. Materials for briquetting (Borowski, 2021): 10% wt. of fly ash as mass of binder and moisture (water)
Therefore, 65.667 kg each of binder and water are used for briquetting
4:1 binder blend ratio of molasses to slaked lime = 52.5336 kg molasses, 13.1334 kg slaked lime
Mass of material for reburning/revolatilization = fly ash + binder + water = 656.667kg + 65.667kg + 65.667kg = 788.001 kg
c. Energy consumption
Chosen roll presser for the briquetting with feed rate of 5 t/h and 15 kW rating:
Specific Energy = 15 kW /5000 kg/h = 0.003 kWh/kg; 
Therefore 788.001 kg material = 788.001 kg × 0.003 kWh/kg = 2.364 kWh
Shaft furnace for re-volatilization consumes 80 kWh/t of waste:
Energy consumed for 788.001 kg material = (1000kg/788.001kg) × 18
0 kWh = 228.426 kWh
Total pre-treatment energy = 228.426 kWh + 2.364 kWh = 230.79 kWh

Germanium-containing coal soot produced from reburning in shaft furnace (100 units are used according to Xu et al. (2013))
100/0.99 = 101.01 kg coal soot recovered from shaft furnace at 16,000 ppm = 1.61 kg Ge content
Waste/gasified material from re-volatilization = 788.001 kg - 101.01 kg = 686.99 kg coal soot 

2. Acid leaching
351 units of HCl is used to leach 100 units (now 101.01 kg) germanium-containing coal soot to produce 3 units of GeCl4 (Xu et al. (2013))
m(HCl) = 351/0.99 = 354.54 kg, m(GeCl4) = 3/0.99 =3.03 kg
Leaching duration (Rao et al., 2024) = 1 hr; Enamel reactor vessel power rating = 5.5 kW
Energy consumed = 5.5 kW * 1 hr = 5.5 kWh
NB: Actual intermediate product GeCl4 quantity has been adjusted from 3.03 kg (scaled from referenced paper) to 3.24 kg to account for loss (0.01 kg) in distillation purification process and the actual quantity (3.23 kg) needed  to produce next intermediate product GeO2 of mass 1.505 kg from hydrolysis. 
3. Hydrolysis
GeCl4 + 2H2O = GeO2 + 4HCl
 Molecular weights: GeCl4 = 214.4 g/mol; H2O = 18 g/mol and GeO2 = 104.99 g/mol
Given: m(HCl) = 351/0.99 = 354.54 kg; m(GeCl4) = 3/0.99 =3.03 kg = 3030 g
 n(GeCl4) = m/Mr = 3030 g / 214.4 g/mol ≈ 14.13 mol
n(GeCl4) = n(GeO2) = ½ n (H2O)
 n (H2O) = 2 × 14.13 mol ≈ 28.26 mol; n(GeO2) = 14.13 mol
 m = n × Mr
m (H2O) = 28.26 mol × 18 g/mol ≈ 508.68 g = 0.51 kg
 m(GeO2) = 14.13 mol × 104.99 g/mol ≈ 1505 g = 1.505 kg (same as 1.49 units used in reference paper which scales to 1.49/0.99 = 1.505 kg)

4. HCl Regeneration 
From reference material (Adham & Harris, 2014): For 1t feed, process water = 641 kg, Thermal Energy (CH4) = 512 MCal 
Total waste acid = coal soot + HCl used – GeCl4 formed + Hydrolysis waste acid + distillation residue
Plant feed (total waste acid) = 101.01 (coal soot) + 354.54 (HCl) – 3.24 (GeCl4) + 11.42  (calculated under hydrolysis section) + 6.235 (check from distillation section)= 469.965 kg
Scaling factor = 469.965 kg/1t = 0.46997
Process water = 641 kg * 0.46997= 301.251 kg
Thermal Energy = 512 MCal * 0.46997= 240.625 MCal
5. GeCl₄ purification/distillation 
Volume of HCl used = 3 times volume of GeCl₄ (Hoffmann, 1987)
= 3 (mass of GeCl4/density of GeCl4) = 3 (3.24 kg/1.879 g/cm³) = 5,172.96434 cm³ of HCl 
Mass of 7M HCl solution = density * volume = 1.09824 kg/L * 5,172.96434 cm³ = 5.68116 kg HCl
Cl2 gas volume (mass) calculation (Ernst & Muro, 1963)
 Volume flow rate of Cl₂ gas = 5 L/min Cl2 gas for 0.05 L/min GeCl₄ flow = 100 L Cl₂ per 1 L GeCl₄
Volume (GeCl4) = 3.24 kg/1879 kg/m3 = 0.00172 m³ = 1.72 L GeCl4
1.72 L GeCl4 = (100 L Cl₂/1 L GeCl₄) * 1.72 L GeCl4 = 172 L Cl₂
Using n= V/Vm for ideal gas, n = 172 L/22.4L/mol = 7.6786 mol
Using molar mass of 71g/mol Cl₂, mass of Cl₂= 7.6786 mol * 71g/mol = 0.54518 kg
GeCl4 recovered >> 99% = 3.23 kg GeCl4
Mass of residue = Crude GeCl4 + HCl + Chlorine gas – GeCl4 recovered
Mass of residue = 3.24 kg + 5.68 kg + 0.545 kg – 3.23 kg = 6.235 kg
 
6. Hydrolysis
GeCl₄(l) + 2H₂O (l) → GeO₂(l) + 4HCl(l)
Molecular weights: GeCl4 = 214.4 g/mol; GeO2 = 104.99 g/mol
Given: m(HCl) = m(GeCl4) = 3.23 kg = 3230 g
n(GeCl4) = n(GeO2) = ½ n (H2O) = ¼ n (HCl)
n(GeCl4) = 3230 kg /214.4 g/mol = 15.07 mol = n(GeO2)
m(GeO2) = 104.99 g/mol * 15.07 mol =1582.2 g @ 95% recovery = 1.505 kg GeO2 with 1.04 kg Germanium
Actual usage of deionized water (Hoffmann, 1987) = 3 times the mass of GeCl4 
= 3(3.23 kg) = 9.69 kg H₂O
Acid slag (HCl) = m(GeCl4) + m (H2O) - m(GeO2) = 3.23 kg + 9.69 kg – 1.505 kg = 11.42 kg
[bookmark: _Hlk213599169]Energy rating for single-jacketed-glass-reactor component: refrigeration power, circulating pump, hydrolysis reactor motor and stirrer power are 2 kW, 0.28 Kw, 0.37 Kw and 0.2 kW respectively @ Hydrolysis reactor source
Hydrolysis reaction time = 1.5 hrs @ Patent source
Energy consumed = (2 kW+ 0.28 kW + 0.37 kW + 0.2 kW) * 1.5 hr = 4.275 kWh
7. Drying/Calcining
Nitrogen gas addition (Gradwohl et al., 2020)
100 L/h for 3 h = 1.7 kg GeO2
1.505 kg = (1.505/1.7) * 100 L/h = 88.529 L/h and (1.505/1.7) * 3 h = 2.6559 h
Volume of N2 used = 88.529 L/h * 2.6559 h = 235.1242 L
Using Molar volume at STP = 22.4 L/mol and Molar mass of N₂ = 28.014 g/mol
Mass = (235.1242 L /22.4 L/mol) * 28.014 g/mol = 294.0522 g = 0.29405 kg N₂
Drying Energy at 120 Celsius (Wang et al., 2014)
Drying Time per kg = 135 min / 0.5 kg = 270 min/kg. 
Time for 1.505 kg = 270 min/kg × 1.505 kg = 406.35 minutes (≈ 6.77 hours). 
Energy per kg = 1 / 0.09 kg/kWh = 11.11 kWh/kg. 
Energy for 1.505 kg = 11.11 kWh/kg × 1.505 kg = 16.72 kWh
95% GeO2 recovered after drying = 0.95 * 1.505 kg = 1.475 kg GeO2

8. Reduction
GeO2 + 2H2 = Ge + 2H2O
Actual nitrogen (unreactive) and hydrogen usage (Gradwohl et al., 2020)
1.475 kg GeO2 from drying contains 1.024 kg Ge
Scaling factor = GeO2 quantity/reference GeO2 quantity =1.475 kg/1.4kg = 0.8676
N2 flow rate = 100 L/h * 0.8676 = 86.8 L/h
H2 flow rate = 200 L/h * 0.8676 = 173.5 L/h
Using 8 hours period for reduction in graphite boat (Hoffmann, 1987)
H₂ total volume =173.5 L/h×8 h=1388 L
N₂ total volume =86.8 L/h×8 h=694.4 L
Using n = V/Vm and m = n * M, m = (V/Vm) * M
Where Vm = 22.4 L/mol (molar volume of ideal gas at STP), M (H₂) = 2.016 g/mol and M(N₂) = 28.014 g/mol
Mass of H₂= (1388 L/22.4 L/mol) ×2.016 g/mol = 124.92 g = 0.12492 kg (actual)
Mass of N₂= (694.4L/22.4 L/mol) × 28.014 g/mol = 868.434 g = 0.86843 kg
Residue = GeO2 + Hydrogen gas + Nitrogen gas – Crude germanium = 1.475 kg + 0.125 kg + 0.868 kg – 1.014 kg = 1.454 kg

Compiled LCI Data for Chloride Distillation
	Stage
	LCI
	Result (per kg of Ge single crystal)
	Source/comment

	Pre-treatment & Volatilization
	Fly ash
Molasses
Slaked lime
Water
Electricity
	656.667kg
52.5336 kg
13.1334 kg
65.667 kg
230.79 kWh
	

	Acid Leaching
	Coal soot
HCl
Electricity
	101.01 kg
11.11kg
5.5 kWh
	

	HCl Treatment Plant
	Waste acid
Thermal energy
Process water
	469.965 kg 
240.63 MCal
301.25 kg
	

	Distillation
	Crude GeCl₄

Electricity
HCl
Chlorine gas
Residue 
	3.24 kg

12.01232 kWh
5.68116 kg 
0.54518 kg/172 L
6.235 kg
	Intermediate product


	Hydrolysis
	GeCl₄

Deionized water
Electricity
	3.23 kg

9.69 kg
4.275 kWh
	Intermediate product


	Drying
	GeO2

Electricity
Nitrogen gas
	1.505 kg

16.72 kWh
0.29405 kg
	Intermediate product

	Reduction
	GeO2

H2(g)
N2(g)
Electricity
Residue
	1.475 kg

0.125 kg
0.868 kg
45.788 KWh
1.454 kg
	Intermediate product

	Zone Refining
	Crude Ge metal

Electricity
Solid waste
	1.04 kg

17.62996 kWh
0.03 kg
	Intermediate product



	Crystal pulling
	Ge metal

Solid waste
Electricity
	1.01 kg 

0.004 kg
17.45609 kWh
	Intermediate product






FactSage Thermodynamic Simulation Data Results
	Process Name
	Temperature Range (Kelvin)
	Simulation result (ΔH°) (J)
	kWh Conversion
	Factor 
	Estimated Energy (kWh)

	Fractional Distillation
	298.15 - 356.27
	619835.8
	0.172176611
	69.76744186
	12.01232171

	Reduction & Pre-melting 
	298.15 - 1273.15
	2362652.9
	0.656292472
	69.76744186
	45.7878469

	Zone Refining
	298.15 - 1373.15
	909705.8
	0.252696056
	69.76744186
	17.62995736

	Germanium crystal growth (CZ)
	298.15 - 1276.15
	900734.3
	0.250203972
	69.76744186
	17.45609109

	Silicon Crystal Growth
	298.15 - 1700
	3095391
	0.859830833
	69.76744186
	60



Silicon Czochralski crystal growth energy consumed = 60 kWh/kg of single crystal silicon Energy usage source
Factor (F) = (Available Industrial data) / (FactSage Results) 
Factor = 60 kWh/0.86 kWh = 69.76744186
Estimated energy = Factor × process simulation energy result                                            



Solvent Extraction Mass Balance Calculations (Arroyo et al., 2009, 2015)  
Pilot scale production = 61g/h of aqueous GeO2 produced from fly ash feed rate of 200kg/h and germanium grade of 350 mg/kg 
1.505 kg of Aqueous GeO2 obtained from stripping prior to its drying/calcining is the desired intermediate product for subsequent processing to 1 kg single crystal germanium.  
Tracing backward from 1.505 kg GeO2 (1.04 kg Ge content) intermediate product in the flowsheet (refer to Appendix Fig. A1 in the manuscript), 1.642 kg Ge content in fly ash is needed based on the Ge recovery at each recovery unit. At 350 mg/kg germanium concentration, 4691.428 kg fly ash is required for the starting 1.642 kg Ge content. 
Scaling factor = 4691.428 kg /200kg = 23.45714  (Arroyo et al., 2015) or 4691.428 kg / 5kg = 938.2856 (Arroyo et al., 2009)
NB: We have used Arroyo et al. (2015) with factor 23.45714 for scaling throughout except where desired material/reagent quantity was not repeated in (Arroyo et al., 2015), then, Arroyo et al. (2009) was referred to and scaled with 938.2856. 
1. Leaching reactor 
FA = 4691.428 kg @ 350 mg/kg Ge grade = 1.642 kg Ge content
Scaling factor = 4691.428 kg /200kg = 23.45714
L/S = 5; L (water) = 5 S (fly ash) 
Water/liquid requirement = 5(4691.428 kg) = 23457.14 kg = 23457.14 L
75% of liquid requirement provided by raffinate = 0.75 * 23457.14 kg = 17592.855L or kg (assumption that raffinate has same density as water)
Fresh water (25%) = 0.25 * 23457.14 kg = 5864.285 L or kg, 
Total mass of mixture (M) in leaching reactor unit = m(FA) + m(Water) = 4691.428 kg + 23457.14 kg = 28148.568   kg = M 
Cake (C) produced after leaching has 35% wt. water/liquid 
Leachate/water in cake = 104 L* 23.45714 = 2439.542 L = 2439.542 kg representing 35% wt. water/liquid
If 35% of the weight of the cake is water = 2439.542 kg, Total weight of cake representing 100% = (100% / 35%) * 2439.542 kg = 6970.12 kg = m(Cake) = C
2. Complexation   
Volume of leachate for complexation = 896 L * 23.45714 = 21017.597 L 
Mass of leachate for complexation, L = Total Mixture – Cake = M - C = 28148.568 kg - 6970.12 kg = 21178.448 kg
Catechol: If 5 kg/h FA feed rate consumed 16g/h CAT, then, 4691.428 kg FA will consume = 16g * 938.2856 = 15.012 kg = CAT   
H2SO4 (10%w) solution: If 5 kg/h consumed 120 mL H2SO4 (10%w), 4691.428 kg will consume = 120 mL * 938.2856 = 112594.272 mL H2SO4 (10%w)
H2SO4 (10%w): Density of solution is approx. 1.0 g/mL, then mass of H2SO4(10%w) = 112594.272 g = 112.594 kg  
Mass of H2SO4 in solution = 10% × total mass of solution = 10% × 112.594 kg =11.259 kg 
Mass of water = 90% × 112.594 kg = 101.335 kg 
3. Organic Phase
Kerosene (KER) : If 4.5 L is used for 5kg/h, 4691.428 kg FA = 4.5 L * 938.2856 = 4222.285 L Using density of KER = 0.8 g/mL, mass of KER = 0.8 g/mL * 4222.285 L = 3377.828 kg 
95% of required KER is obtained in residual of organic phase (ROP) = 0.95 * 3377.828 kg = 3208.934 kg 
Fresh KER needed = 3377.828 kg - 3208.934 kg = 168.894 kg  
TOA: If 41mL is used for 5kg/h, 4691.428 kg FA = 41mL * 938.2856 = 38469.71 ml.
Using trioctylamine (TOA) density of 0.809g/mL, m(TOA) = 38469.71 mL * 0.809g/mL = 31.122 kg
95% (29.566 kg) of TOA is obtained in ROP so fresh TOA required= 0.05 * 31.122 kg =1.556kg
Organic phase (OP) mixture = Kerosene + TOA = 3377.828 kg + 31.122 kg = 3408.95 kg
Total ROP reutilized (95% wt) = 3208.934 kg + 29.566 kg = 3238.5 kg
Total fresh OP make-up = 168.894 kg + 1.556 kg = 170.45 kg
4. Extraction Mixer  
Total mass of Aqueous phase (AP) = L + CAT + H2SO4 (10%w) = 21178.448 kg + 15.012 kg + 112.594 kg = 21306.054 kg 
Total mass of organic phase (OP) = KER + TOA = 3377.828 kg + 31.122 kg = 3408.95 kg
Total mixture = AP + OP = 21306.054 kg + 3408.95 kg = 24715.004 kg
5. Extraction settler  
Total mixture = AP + OP = 21306.054 kg + 3408.95 kg = 24715.004 kg
Raffinate volume = 896 L * 23.45714 = 21017.597 L
If 83.9% of raffinate recovered is reutilized (Arroyo et al., 2015) and represents 75% (17592.855 L or kg) of water/liquid required for solvent extraction, then, total mass of raffinate (100%) = (100% / 83.9%) * 17592.855 kg = 21196.211 kg
Residual raffinate = Total raffinate – reutilized raffinate = 21196.211 kg - 17592.855 kg 
Residual raffinate = 3603.356 kg
Organic extract volume = 170.2L * 23.45714 = 3992.405228 L, volume loss = 9.0L * 23.45714 = 211.114L 
Organic extract (OE) mass = Total mixture - total raffinate = 24715.004 kg - 20968.838 kg = 3746.166 kg

6. Stripping Mixer  
Organic extract mass = 3746.166 kg
1 M NaOH solution of 34 L volume; Actual volume =34 L * 23.45714 = 797.543 L 
C = n/V, n (NaOH) = Concentration × Volume (in liters) 
= 1 M × 797.543 L = 797.543 mol 
Mass of NaOH = Number of moles × Molar mass, M (NaOH) = 40 g/mol 
= 797.543 mol × 40 g/mol = 31.902 kg 
Assuming volume of water ≈ volume of solution = 797.543 L 
Mass of water = 797.543 kg
Mass of stripping solution = 31.902 kg + 797.543 kg = 829.445 kg
Total mixture for stripping mixer = Stripping solution + organic extract = 829.445 kg + 3746.166 kg   = 4575.611 kg
7. Stripping Settler  
Total mixture = Stripping solution + organic extract = 829.445 kg + 3746.166 kg =4575.611kg
Stripping residue/ Residual organic phase = Total mixture – Aqueous extract (as GeO2) - reutilized ROP = 4575.611kg – 1.505 kg - 3238.5 kg = 1335.606 kg
Losses OP = OP – Reutilized ROP = 3408.95 kg - 3238.5 kg = 170.45 kg 

Energy/Power Requirement (Arroyo et al., 2015)
1. Leaching reactor unit 
2.7 m³ leaching reactor
Required power = 0.5 kW
Residence time: 2 hrs per process * 23.45714 = 46.91 hrs 
Electrical power consumption = 0.5 kW * 46.91 hrs = 23.455 kWh (A)
2. Filtering 

2 filter pressers with filtering area of 5.6 m²
The designed filtering plate is 500 mm with 23 plates required. 
0.3 - 3.3 kW at 2 hours per filtration cycle for 1792 L 
Hence 28148.568 kg of fly ash- water mixture approximated to be 28148.568 L = 28148.568 L / 1792 L = 16 filtration cycles
Using 3 kW @ 2hrs per cycle * 16 cycles = 96 kWh (B)

1. 5 stage Extraction Mixer-settler Cascade 
Required Power = 0.02 kW 
Extraction time= 5 minutes * 23.45714 = 1.955 hrs 
Electricity consumption = 0.02 kW * 1.955 hrs = 0.0391 kWh (C)
2. 9 Stage Stripping Mixer-settler Cascade
Required Power = 0.02 kW 
Stripping time = 5 minutes * 23.45714 = 1.955 hrs 
Electricity consumption = 0.02 kW * 1.955 hrs = 0.0391 kWh (D)

Total SX process energy requirement = A + B + C + D = 23.455 kWh + 96 kWh + 0.0391 kWh + 0.0391 kWh = 119.5332 kWh
 

LCI for Solvent Extraction
	Stage
	LCI
	Result (per kg of Ge single crystal)
	Source/comment

	Leaching
	Fly Ash

Water
Reutilized raffinate
Electricity
Cake (35% water)
	4691.43 kg

5,864.28kg
17,592.855 kg
23.455 kWh
6,970.12 kg
	Avoided landfill




	Complexation
	Leachate

Catechol
H₂SO₄ 
Water 
	21,178.45kg

15.01kg
11.26 kg
101.34 kg
	Intermediate product 




	Extraction
	Extraction mixture

Kerosene
Trioctylamine
Total Raffinate
Raffinate residue
	24,715 kg

168.89 kg
1.556 kg
21,196.211 kg
3,603.36 kg
	Intermediate product






	Stripping
	Stripping mixture

NaOH
Water
Stripped phase raffinate
	4575.611 kg

31.90 kg
797.54 kg
1,335.61 kg
	Intermediate product




	Drying
	GeO2

Electricity
Nitrogen gas
	1.505 kg

16.72 kWh
0.29405 kg
	Intermediate product

	Reduction
	GeO2

H2(g)
N2(g)
Electricity
Residue
	1.475 kg

0.125 kg
0.868 kg
45.788 KWh
1.454 kg
	Intermediate product

	Zone Refining
	Crude Ge metal

Electricity
Solid waste
	1.04 kg

17.62996 kWh
0.03 kg
	Intermediate product



	Crystal pulling
	Ge metal

Solid waste
Electricity
	1.01 kg 

0.004 kg
17.45609 kWh
	Intermediate product
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