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ABSTRACT 
Trichlorosilane (TCS) is a platform chemical used in the manufacture of silicon metals, silicones, 
and functional silanes. Despite this, very little information is available on the environmental impact 
(EI) associated with its manufacture. This work addresses this gap by developing estimates for 
the EI of reagent grade TCS (RG-TCS) based on a combination of process modelling & optimisation 
and life cycle assessment (LCA). Two production methods are considered: 1) direct chlorination 
(DC) producing RG-TCS as a main product, and 2) the Siemens process (SP) producing RG-TCS 
as a co-product. Results of a bi-objective process optimization suggest that the DC approach 
provides consistently better pareto-optimal (PO) trade-offs between the global warming potential 
(GWP) of RG-TCS and process profit; predicted GWPs are 3.2 to 3.3 kgCO2-eq/kg for DC-derived 
RG-TCS and 3.8 to 4.9 kgCO2-eq/kg for SP-derived PO designs. This suggests that processing 
history is important when considering the EI of RG-TCS. Nonetheless, further discussions of model 
uncertainty stress that these GWP estimates should be considered as preliminary, with improve-
ments to modelling being required to refine EI predictions of RG-TCS in the future.  
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INTRODUCTION 
Trichlorosilane (TCS) is a platform chemical used in 

the manufacture of silicon metals, silicones, and func-
tional silanes. Knowing the environmental impact (EI) of 
TCS is thus key to understanding the EI of many prod-
ucts, ranging from electronics to adsorbent materials. 

Despite the importance of TCS, very little infor-
mation is available on the environmental impact (EI) of 
TCS manufacturing. Thus, it is difficult to understand the 
EI of producing TCS, and TCS-derived products. 

One reason for the lack of EI information may be var-
iable production history. For example, reagent grade TCS 
(RG-TCS, 98wt%) can be produced as a main product of 
the direct chlorination (DC) of metallurgical grade silicon 
(MG-Si) [1], or as a co-product of the Siemens process 
(SP) for high purity silicon metal (≥99.9999 wt%) [2].  

While both the DC and the SP rely on the chlorina-
tion of MG-Si, they differ in their energy intensity. This 

suggests the possibility of an importance of processing 
history in governing the EI of RG-TCS.  

One way in which the EI of RG-TCS could be estab-
lished is through Life Cycle Assessment (LCA). Noneth-
less, this would require knowledge of material and energy 
use associated with gate-to-gate production of RG-TCS. 
In the absence of real plant data, prior research suggests 
that process modelling may be the preferred approach 
for accurately gathering this kind of information [3].  

Herein, process modelling-informed LCA models are 
developed to quantify the EI of RG-TCS with the aim of: 

1) detailing typical process designs by which RG-
TCS is produced by DC and the SP, 

2) identifying pareto optimal (PO) trade-offs in the 
EI and profitability of DC and the SP designs. 

3) establishing the importance of processing his-
tory on the EI of RG-TCS products.  

This has been done with modelling specific to China 
given its large share in global SG-Si production [2]. 
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METHODS 

Process Description 

Direct Chlorination 
In the DC method (Figure 1a), hydrogen chloride 

(HCl) is produced through the reaction of hydrogen (H2) 
and chlorine (Cl2) in reactor R1 (Equation 1). HCl is then 
reacted with MG-Si to produce chlorosilanes in R2 (Equa-
tion 2 and 3) [1]. 

H2 + Cl2 → 2HCl    (1) 

3HCl + SiMG → SiCl3H + H2   (2) 

4HCl + SiMG → SiCl4 + 2H2   (3) 

Chlorosilanes in the effluent of R2 are then sepa-
rated by flash condensation in unit F1 and refined into 
RG-TCS and silicon tetrachloride (STC, 98wt%) products 
by distillation in C1 [2].  Residual gases leaving F1 are sep-
arated into chlorosilanes and hydrogen in adsorption col-
umn (A1) [4]. Recovered hydrogen is recycled and the 
chlorosilanes are fed to C1 [2]. 

Siemens Process 
The SP (Figure 1b) extends the DC method by fur-

ther purifying TCS in columns C2 and C3, yielding an RG-
TCS product (C2 tops), an ultra-high purity TCS (C3 tops, 
99.99 wt%) and residual waste (C3 bottoms) [2]. The TCS 
from C3 is heated in a furnace (E5) and reduced using 
hydrogen (3:1 H2:TCS mole ratio [2]) in reactor R3 to pro-
duce solar grade silicon (SG-Si, 99.9999 wt%) according 
to Equations 4 and 5 [2]. The resulting gases are recycled 
and STC is hydrogenated to form TCS in R4 [2] (Equation 
6); R4 effluent is fed to column C4 for material recovery. 

SiCl3H + H2 → SiSG + 3HCl   (4) 

2SiCl3H + HCl → SiCl4 + H2   (5) 

SiMG + 2H2 + 3SiCl4l → 4SiCl3H  (6) 

Process Modelling 
Models for the DC and SP methods were built in the 

Aspen Plus V11 software according to process flow dia-
grams shown in Figure 1. Vapour-liquid equilibria was 
modelled using the NRTL-RK method. Equipment with 
fixed operating conditions are listed in Table 1.  

Reaction performance associated with each pro-
cess was based on patent and academic literature (Table 
2). Compressor performance was modelled according to 
isentropic compression. Distillation was modelled ac-
cording to the MESH equations.  

The production scale of both DC and the SP was 
based on a 24.1 kmol/hr feed of HCl to reactor R2 [6].   

It was assumed that 75% of heat generated by re-
actors R1 and R2 could be recovered as steam. 

 

Table 1: Thermodynamic information for equipment as-
sumed to have fixed conditions. 

Unit Temperature C Pressure bar Ref 
R   [] 
R   [] 
R   [] 
R   [] 
A   - 
E   - 
E   - 
E   [] 
E   - 
E   [] 

Table 2: Summary of reaction performance assumed dur-
ing reaction modelling. 

Unit Equation Yield % Basis (wrt) Ref 
R   H2 [] 
R   Si [] 
   Si [] 
R   SiCl3H [] 
   SiCl3H [] 
R   SiCl4 [] 

Process Optimization 
The NSGA-II algorithm [16] (100 individuals, PYMOO 

package [17]) was used to find PO frontiers for maximi-
sation of the total annualised process profit, 𝑇𝑇𝑇𝑇𝑇𝑇 ($/yr), 
and minimization of the Global Warming Potential of RG-
TCS (𝐺𝐺𝐺𝐺𝐺𝐺, kgCO2-eq/kg) for DC and the SP. In each 
case, optimization was run until a minimum of 4000 prof-
itable designs were found. 

min  [−𝑇𝑇𝑇𝑇𝑇𝑇, 𝐺𝐺𝐺𝐺𝐺𝐺]    (7) 

given:  𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑓𝑓1(𝑥𝑥)    (8) 

           𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑓𝑓2(𝑥𝑥)    (9) 

 s. t. :     𝑔𝑔(𝑥𝑥) ≤ 0    (10) 

            𝑥𝑥𝑙𝑙𝑙𝑙 ≤ 𝑥𝑥 ≤ 𝑥𝑥𝑢𝑢𝑢𝑢    (11) 

Where 𝑔𝑔(𝑥𝑥) is a black-box function based on the un-
derlying process model, Equation 10 represents practical 
constraints associated with product purity in the black 
box model, and 𝑥𝑥𝑙𝑙𝑙𝑙 and 𝑥𝑥𝑙𝑙𝑙𝑙 represent the lower and upper 
bounds associated decision vector 𝑥𝑥. Minimum purities of 
98 wt% were set for sale of RG-TCS and STC. A minimum 
purity of 99.99 wt% TCS was set for the top product of 
column C3 used to produce SG-Si in the SP method [6]. 

Process Economics 
The 𝑇𝑇𝑇𝑇𝑇𝑇 of each process was calculated by sub-

tracting the sum of total annualised capital and opera-
tional expenditures, 𝑇𝑇𝑇𝑇𝑇𝑇 and 𝑇𝑇𝑇𝑇𝑇𝑇 ($/yr), from the total 
annualised revenue, 𝑇𝑇𝑇𝑇𝑇𝑇 ($/yr), as shown in Equation 12. 
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It was assumed that costs reflected the implementation 
of a grass-roots plant based on the year 2019. 

𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑇𝑇𝑇𝑇𝑇𝑇 − (𝑇𝑇𝑇𝑇𝑇𝑇 + 𝑇𝑇𝑇𝑇𝑇𝑇)   (12) 

Total Annual Revenue 
𝑇𝑇𝑇𝑇𝑇𝑇 was calculated based on product sales accord-

ing to Equation 13 and Table 3. 

𝑇𝑇𝑇𝑇𝑇𝑇 = ∑ 𝑃𝑃𝑝𝑝𝑚̇𝑚𝑝𝑝𝑝𝑝     (13) 

Where 𝑃𝑃𝑝𝑝 is the sale price of product 𝑃𝑃𝑝𝑝 ($/kg) and 
𝑚̇𝑚𝑝𝑝 is the annual production amount of product 𝑝𝑝 ($/kg).  

Total Annual Capital Expenditure 
𝑇𝑇𝑇𝑇𝑇𝑇 was calculated using Equation 14, considering 

costs associated with compressor, heat exchanger, 
pump, and distillation units only. 

𝑇𝑇𝑇𝑇𝑇𝑇 = ∑ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐴𝐴     (14) 

Where 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒 is the capital expenditure of unit 𝑒𝑒 
($), and 𝐴𝐴 is an annualization factor (yr) assuming a 30-
year payback period and 3% interest rate. 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 calcu-
lation included bare module costs [15], materials choice 
[16], and geographic location [16]. 

 
(a) 

 

 
(b) 

Figure 1: Process flow diagrams for production of trichlorosilane by the direct chlroination (top) and Siemens 
process (bottom) methods. TCS: trichlorosilane, STC: silicon tetrachloride, RES: residual waste chlorosilanes, MG-
Si: metallurgical grade silicon, SG-Si: solar grade silicon, H2: reagent grade hydrogen; H2*: high purity hydrogen. 
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Table 3: Assumed material and utility fuel source prices 

Material Price $/unit Unit Ref 
MG-Si  kg [] 
Cl  kg [] 
Ha / kg [] 
RG-TCS  kg [] 
STC  kg [] 
SG-Si  kg [] 
Electricity  kWh [] 
Coalb  GJ [] 

a prices reflect 98 and 99.99 wt% hydrogen product purities, b 
assuming energy conversion factor of 30 GJ/tonne of coal  

Total Annual Operational Expenditure  
𝑇𝑇𝑇𝑇𝑇𝑇 was calculated including consideration for 

feedstock use (Table 2), utility use and waste handling 
(Table 3, as per [17]), and operator labour (as per [15]) 
according to Equation 15. 

𝑇𝑇𝑇𝑇𝑇𝑇 = ∑𝑃𝑃𝑓𝑓𝑚̇𝑚𝑓𝑓 + ∑𝑃𝑃𝑢𝑢𝑄̇𝑄𝑢𝑢 + ∑𝑃𝑃𝑤𝑤𝑄̇𝑄𝑤𝑤 + 4.8𝑃𝑃𝑂𝑂𝑂𝑂 (15) 

Where 𝑃𝑃𝑓𝑓 and 𝑚̇𝑚𝑓𝑓 are the price ($/kg) and annual us-
age (kg/yr) of feedstock 𝑓𝑓, and 𝑃𝑃𝑢𝑢 and 𝑄̇𝑄𝑢𝑢 are the price 
($/kJ) and annual usage (KJ/yr) of utility, 𝑢𝑢; 𝑃𝑃𝑤𝑤 and 𝑄̇𝑄𝑤𝑤 are 
the price of waste treatment ($/kg) and annual amount of 
waste produced (kg/yr); and 𝑃𝑃𝑂𝑂𝑂𝑂 is the price of labor four 
process operators each with a 36,000 $/yr salary. 

Life Cycle Assessment 
Goal and Scope Definition 

The goal of LCA in this work is to estimate the EI of 
RG-TCS produced by DC and the SP. An attributional LCA 
approach was used, considering a cradle-to-gate scope, 
with 1 kg of RG-TCS as a functional unit.  
Inventory Modelling 

Life cycle inventories were generated using material 
and energy use estimates from process modelling & op-
timization. The EcoInvent Database (v3.10, APOS) [23] 
was used to model background life cycle activity.  
Impact Assessment 

The EI of RG-TCS has been estimated using the 
ReCiPe 2016 (H) method [24] considering the GWP 
(kgCO2-eq) as a proxy for EI. Calculations include a cut-
off factor of 0.1%. Co-product impacts have been allo-
cated according to the mass of product produced. 

RESULTS AND DISCUSSION 
Results of bi-objective optimization are shown in 

Figure 2. This data includes three expected trends. 
Firstly, results for both processes display a positive 

correlation between the GWP and profitability of PO pro-
cess designs for DC and the SP – reflecting the presence 
of a trade-off between process profit and product GWP.  

Secondly, the GWP of SP-derived RG-TCS is ob-
served to be consistently larger than that of DC-derived  

 
Figure 2: Trade-offs in global warming potential and 
profitability identified during design optimization. Solid 
lines outline pareto-optimal designs. Dull markers 
represent other feasible, non pareto-optimal designs. 

RG-TCS for all pareto optimal designs. This is intuitive 
given the high energy intensity of distillation and produc-
tion of SG-Si in the SP (see Figure 1). 

Thirdly, the PO frontier of DC designs covers a small 
range of profitability, which may be attributed to the sim-
plicity of DC and lack of competition between reducing EI 
and maximising profit during design. 

On the contrary, Figure 2 also shows two unex-
pected results.  

Firstly, PO designs of the SP cover a very similar 
range of possible profitability when compared to that of 
PO DC designs. This is unexpected given the high value 
of SG-Si produced by the SP method (see Table 3) and 
complexity of the SP (see Figure 1), which may lead to the 
expectation of greater return in process profit. 

Secondly, the GWP of RG-TCS produced by PO de-
signs of DC and the SP are found to be relatively similar 
(i.e. 3.2 to 3.3 and 3.8 to 4.9 kg CO2-eq/kg respectively). 
This may contradict the expected scale of GWP associ-
ated with energy intensity of SG-Si production in the SP. 

Relation to Trichlorosilane Yield 
To explain unexpected results in Figure 2, further 

consideration is needed for process designs of PO solu-
tions. Results in Figure 3 illustrate the relationship of RG-
TCS yield and process profit for DC and SP designs.  

Surprisingly, results for both DC and the SP show 
designs with high RG-TCS yields (90 to 92 % and 76 to 
91 % respectively). This is intuitive for DC designs as the 
yield of RG-TCS does not compete directly with the yield 
of STC (see Figure 1), making high yields of RG-TCS likely 
to reflect materially efficient design implementations.   

Conversely, high RG-TCS yields are counterintuitive  
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Figure 3: Relationship of trichlorosilane yield and process 
profit identified during design optimization. Solid lines 
highlight the location of pareto-optimal designs shown in 
Figure 2. Dull markers represent other feasible designs. 

for the SP - given that the yield of RG-TCS competes di-
rectly with the yield of SG-Si (Figure 1). Consequently, 
the observed PO SP designs must minimise the produc-
tion of SG-Si - the intended main product of the SP.   

To understand why this is, three aspects of the 
modelling method used must be further considered.   

Relation to Impact Allocation Method  
One way in which the observed PO SP designs may tend 
toward maximising RG-TCS yield is through an inherent 
bias introduced by using a mass-based impact allocation 
method during LCA. This is because of the relatively high 
molar mass of TCS (135 g/mol) when compared to Si (28 
g/mol), which suggests that the conversion of feedstock 
to RG-TCS in high yield is likely to minimise the GWP of 
RG-TCS products by maximising the total mass of prod-
ucts produced by the SP. 

Relation to Optimization Algorithm  
Another reason why the observed PO SP designs may 
tend to maximise RG-TCS yield is because of limitations 
in the optimization algorithm used. Specifically, the opti-
mizer used may have failed to identify regions of the 
search space in which feasible high-profit, high-impact 
designs exist - e.g. as a result of maximizing SG-Si yield 
at the expense of RG-TCS yield and GWP. 

This may be corroborated by the fact that multiple 
high-profit, high-impact SP designs were observed dur-
ing the early stages of optimization but lost as optimiza-
tion proceeded due to violating constraints associated 
with RG-TCS (≥98 wt%). Such designs may have failed to 
evolve toward feasible solutions due to the use of a strict 
“feasibility first” constraint handling approach, which pri-
oritises feasible designs over search diversity [17]. 
Thus, it is possible that the PO frontiers visualised in 

Figure 3 represent only the low-impact, low-profit subset 
of the true PO design space available to the SP.  

Further research is needed to explore the SP design 
space more rigorously.  

Relation to Process Modelling Uncertainties  
Finally, four major sources of uncertainty in process mod-
elling must be considered when interpreting data. 

Firstly, the SP modelled (Figure 1) considers only 
one method for recycling of the chlorosilane-rich effluent 
which arises after the deposition of SG-Si (see R4, Fig-
ure1) [2]. Thus, the reported GWP of SP-derived  RG-TCS 
may not accurately reflect the GWP of RG-TCS produced 
by SP designs using different material recycling methods. 

Secondly, the SP modelled does not consider the 
possibility of thermally integrating distillation columns. 
This can cause up to a 50% reduction in energy require-
ments associated with distillation in the SP [2] – suggest-
ing that reported GWPs may be overestimated in this re-
gard.  

Thirdly, the effect of impurities on distillation effi-
ciency has not been modelled. This may cause the GWP 
to be underestimated due to inaccuracy in material and 
energy estimates associated with distillation in the SP. 

Fourthly, the separation of chlorosilanes, hydrogen 
and hydrogen chloride via adsorption (see Figure 1) has 
not been modelled rigorously in this work. This may cause 
the GWP to be underestimated due to failing to account 
completely for energy and material efficiency in both DC 
and SP designs. 

CONCLUSIONS 
Understanding the environmental impact of tri-

chlorosilane (TCS) is crucial in enabling the impact as-
sessment of many products. Consequently, this work has 
set out to establish estimates for the impact of reagent 
grade TCS (RG-TCS) produced according to two ap-
proaches - direct chlorination (DC), and the Siemens pro-
cess (SP) for manufacturing solar-grade silicon (SG-Si).  

Using global warming potential (GWP) as a proxy for 
impact, bi-objective optimization suggests that the im-
pact of SP-derived TCS (3.8 to 4.9 kg CO2-eq/kg) is 
larger than that of DC-derived TCS (3.2 to 3.3 kg CO2-
eq/kg). This suggests that the processing history of RG-
TCS may be an important factor governing the impact of 
RG-TCS. 

Interestingly, it is also observed that results of the 
work tend to highlight PO SP designs which prioritise the 
production of RG-TCS in high yield over SG-Si. This is de-
spite SG-Si being the intended main-product of the SP. 
This is explained as arising from three main factors af-
fecting modelling and optimization: 1) the use of a mass-
basis of impact allocation (which biases PO SP designs to 
SP designs with high TCS yield), and 2) limitations in the 
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optimization method used, which has possibly failed to 
identify PO SP designs of high-impact and high-profit, 
and 3) uncertainty in process modelling, particularly in 
the case of modelling designs of the SP. 

Consequently, though results suggest that pro-
cessing history is important in governing the impact of 
RG-TCS, the absolute value of GWP reported for SP-de-
rived RG-TCS should be considered to be a preliminary 
estimate with room for future improvement. Findings of 
the work may be of interest to individuals working to pro-
duce chlorosilane materials and TCS-derived products.  
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