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Abstract: A new photovoltaic silicon crystalline solar cell dry chemical etching process (DCEP) is 
developed. It is an alternative to the current State-of-the-Art (SoA) wet chemical etching process 
(WCEP), associated with relatively large environmental loadings in the form of high water 
consumption and emissions of greenhouse gases with high Global Warming Potential (GWP). In 
order to compare the environmental impacts of DCEP to the corresponding impacts from WCEP, a 
comparative attributional life cycle assessment (LCA) is conducted. From the LCA it can be 
concluded that the DCEP will lead to 86% reduction in water consumption compared to WCEP 
(acidic), and 89% reduction compared to WCEP (alkaline). The emissions of greenhouse gases, as 
expressed by the GWP100 indicator of the etching step, are also reduced with 63% and 20% 
respectively, when compared with current SoA acidic and alkaline WCEP. The toxicity impacts are 
also assessed to be lower for the DCEP compared to WCEP technologies, although the uncertainty is 
relatively high for the applied toxicity indicators. All in all, DCEP can reduce the CO2eq emissions 
of solar photovoltaic systems production by 5–10%. 

Keywords: dry etching; global warming potential; life cycle assessment; photovoltaic solar cells; 
toxicity; water consumption 

 

1. Introduction 

Solar photovoltaic systems (PV systems, “Solar panels”) are widely admired for the way they 
silently, and seemingly without pollution, extract clean energy from the sun’s rays. For example, 
Dominguez-Ramos et al. showed in a long-term prospective study that PV systems are associated 
with at least 13 times lower emissions of CO2–equivalents (CO2eq) than the grid power, when 
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supplying power to a photovoltaic solar electrochemical oxidation process [1]. 
PV systems generally consist of PV modules and balance of system (BOS) parts, whose 

production contributes to specific environmental problems [2,3,4]. PV modules supply chain 
generally consists of silicon (or other materials) wafer production, PV cells production and PV 
modules assembly. BOS parts are typically support structures, module interconnections, junction 
boxes, wire and grounding devices, batteries, inverters, transformers, generators, etc. There exist 
serious environmental issues connected not only to the way PV systems are produced, but also to the 
way they are disposed of after the use phase [5]. This research focuses on PV cells production. 

The production of PV cells is following these main steps: 1) Etching/texturing,  
2) Anti-reflection coating, 3) Metallization and 4) Contact Firing. 

A key problem with current PV cell production is the high water consumption in the etching 
(Step 1) of the crystalline silicon wafers. The wet chemical process (WCEP), which is State-of-the- 
Art (SoA) in PV cell production, involves the processing of wafers in a series of consecutive and 
different chemical baths. Between each chemical treatment, the wafers need to be rinsed free from 
chemicals, using substantial amounts of clean (de-ionized) water in the process. In 2011, a leading 
USA solar company, with manufacturing plants in Malaysia and the Philippines, stated that their 
WCEP required about 15,000 litres of high purity process water per minute for a 1.4 GW production 
facility for PV solar cells [6]. 

As such, major chemical waste treatment facilities have shown to be necessary, to cope with the 
large volumes of contaminated water from the PV solar cell production, when using the wet chemical 
process [7]. That is why alternative process types, using less water, are needed. 

PV manufacturing industry is in addition one of the leading emitters of fluorinated compounds. 
This includes hexafluoroethane (C2F6), nitrogen trifluoride (NF3), and sulphur hexafluoride (SF6). 
These are all extremely strong greenhouse gases, with global warming potentials (GWPs) of 12,200, 
17,200, and 22,800 times that of CO2 on a 100-year time horizon (GWP100) [8]. In Europe, the 
European Commission Regulation No 842/2006 on certain fluorinated greenhouse gases (F gases) 
aims at reducing the emissions of F gases such as HFCs, PFCs and SF6. 

SF6 is commonly used to remove damages to the wafers; so-called saw damages, which have 
occurred during the slicing of the crystalline silicon ingots. The SF6 is also used during the oxide 
etching process step [9]. The use of these strong greenhouse gases implies that an effect of 
large-scale implementation of PV solar cells in the future might have a considerable impact on 
climate, from emissions during their manufacturing [10,11,12]. This is in addition to the fact that 
production of silicon for crystalline PV solar cells also contributes substantially to the emission of 
GHGs [13]. These aspects explain why electricity production with the use of PV solar cells is worse 
than many other comparable technologies, in terms of life cycle GHG emissions. Depending on the 
system boundaries and modeling approach for the life cycle assessment (LCA), rather detrimental 
life cycle performance have been reported, with emissions as high as 110 g CO2eq/kWh [13-19]. In 
the European Commission ExternE project, on external costs for energy, the life-cycle emissions 
from PV installations in Germany were presented to be as high as 180 g CO2eq/kWh [20,21]. In 
ExternE, the use of PV solar cells was ranked even worse than natural gas in terms of life cycle GHG 
emissions and air pollution [21]. 

The present new process, that has been developed in the European Commission project 
SOLNOWAT—Development of a competitive zero Global Warming Potential (GWP) dry process to 
reduce the dramatic water consumption in the ever expanding solar cell manufacturing industry, is 
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an alternative to the current WCEP used in crystalline PV solar cell production. 
This new chemical process has basis in previous work on plasma-based processes [22,23]. It is 

however taking place in atmospheric pressure and not in vacuum, as has been common in dry plasma 
etching. It moreover relies on the use of fluorine (F2) as the etching gas. However, due the high 
toxicity to F2, emissions have to be avoided. Therefore, regulatory emission control requirements, 
and exposure limits for F2, must also be taken into consideration, in order to implement the necessary 
precautionary actions in the development of the DCEP. F2 is central to this research and its 
production is included in the LCA. 

2. Life Cycle Assessment (LCA) 

Life cycle assessment (LCA) offers a way to do model based estimations of environmental 
impacts. In recent years the number of published LCA studies has mushroomed. LCA studies are 
usually categorized as combinations of micro, macro, attributional and consequential studies 
featuring more or less dynamic modeling. 

LCA is both theoretically and methodologically defined by the International Standards 
Organisation through the 14040 Environmental management–life-cycle assessment–principles and 
framework [29,30]. At least three different modeling approaches exist, attributional (ALCA), 
consequential (CLCA), and decisional LCA (DLCA). ALCA models the absolute impacts as a share 
of the total global impacts, while CLCA is a change-oriented, system-level data modeling approach 
that relies on system expansion and substitution. DLCA, which is a micro-level CLCA, takes into 
account the actual or anticipated financial and contractual relations between economic actors [31,32]. 
Generally stated, LCA addresses the environmental aspects of the product system. The product 
system in this case consists of raw material acquisition through production, use, end‐of‐life treatment, 
and recycling/final disposal. The methodological steps are outlined in the following subsections, and 
their interrelation is depicted in Figure 1. 

 

Figure 1. Methodological framework of life-cycle assessment after ISO 14040 series. 
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For ALCA and CLCA, detailed guidelines can be found in European Union’s ILCD  
Handbook [33]. 

The purpose of this study has been to perform a comparative ALCA exploring the 
eco-environmental impacts from the WCEP and DCEP (“SOLNOWAT”) PV etching processes. 
Through the comparison, it is possible to elucidate eco-environmental advantages and/or 
disadvantages associated with both etching processes. The present LCA study estimates 
eco-environmental impacts throughout the life cycle from raw material acquisition, production, use, 
end-of-life treatment (recycling and final disposal). 

2.1. Goal and Scope Definition 

The goal and scope definition, which is the first phase of the LCA, clarifies the aim of the study, 
the functional unit, the system alternatives considered, and the breadth and depth of the LCA in 
relation to this aim. In the first step of the goal and scope definition, the goal of the LCA study is 
stated and justified, explaining the aim of the study and specifying the intended use of the results. 
The goal of the present research is to compare the operation texturing phase eco-environmental 
impact between the DCEP and conventional WCEP PV solar wafer etching processes, with particular 
focus on greenhouse gas emissions and water consumption. The reason for doing this is to aid the 
development of a dry route alternative for the solar cell industry, which can reduce the high water 
consumption, and greenhouse gas emissions, of the current process. The intended use of the results is 
thus to support the development of the new DCEP. 

The main differences between the dry and the wet chemical etching processes is that the dry 
process is not relying on the use of sequence of various chemical baths to obtain the desired etching 
results. Between each wet chemical baths the wafers is rinsed with de-ionized water. Through this 
rinsing process various chemicals are transferred to the water, which must subsequently be purified 
in water purification facilities. This results in very high water consumption and large energy use to 
operate the wastewater treatment plants. In contrast, the dry etching occurs in a dry environment 
where the etching results are obtained from the action of fluorine gas, as shown in Figure 2. 

 
Figure 2. Process flow diagram of the SOLNOWAT dry-etch process. 
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The functional unit for the study is defined as one photovoltaic solar cell wafer. The system 
boundaries are shown in Figure 2. The flow rate of the various gas types depicted in the figure is in 
standard liter per minute (slm). 

The Centrum voor Milieukunde Leiden (CML) 2 Baseline impact categories and impact 
assessment methods are used [34]. A limitation with the present eco-environmental assessment is that 
it only covers the texturing phase operations, and moreover it is only based on preliminary process 
data. Thus one should be careful to base claims solely on these results. 

2.2. Inventory Analysis 

The inventory analysis comprises of collecting data, for the unit processes within the system 
boundaries, for the studied product system, necessary to meet the defined goals. Also, the calculation 
procedures are established, resulting in an inventory of input/output data with respect to the system 
defined in the goal and scope definition phase. The data input to the process inventory is based on 
information from the SOLNOWAT project partners Fraunhofer Institute (J. Rentsch, pers. comm. 
04.07.2013) and NINES Engineering (E. Duffy, pers. comm. 26.09.2013). Data are normalized to the 
functional unit, and detailed in the life-cycle inventories in the supporting information (available 
online)—Appendix I. 

 

Figure 3. Life cycle impact assessment results. Results are calculated with CML 2 
baseline mid-point impact assessment method, and subsequently normalized. 
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2.3. Impact Assessment Results 

The life cycle impact assessment (LCIA) results for two variants wet texturing process; WCEP 
(acidic) and WCEP (alkaline), and the corresponding DCEP of two different type of wafers; with 4.3 
Watt and 4.5 Watt per wafer efficiency respectively, are included in the supporting 
information—Appendix II. The results are presented graphically in Figure 3. The results shown are 
obtained by applying CML 2 baseline mid-point impact assessment. 

In Figure 3 is shown that the DCEP provide reductions for all impact categories with respect to 
their corresponding WCEP. However, as included in the supporting information—Appendix IV, it is 
shown that several impact category results, e.g. those for Photochemical oxidation and Human 
toxicity, are associated with relatively large uncertainties. 

In Figure 4 the results for the impact category GWP100 are shown. From this and the data given 
in the supporting information—Appendix IV, it can be observed that the dry texturing processes lead 
to reductions of 63% and 20% with respect to their corresponding wet texturing processes, i.e. 4.3 W 
per wafer, and 4.5 W per wafer, respectively. The uncertainty is within acceptable ranges. 

Due to the fact that the dry process is based on the use of the very toxic etching gas fluorine (F2), 
it has been important to include a closer look at toxicity in the present LCIA. Total toxicity, as 
presented, includes the results for the four impact categories 1) Human toxicity, 2) Freshwater 
aquatic eco-toxicity, 3) Marine aquatic eco-toxicity, and 4) Terrestrial eco-toxicity. The category 
indicator result is in kilogram 1.4-dichlorobenzene (DB) equivalents per functional unit. The results 
are shown in Figure 5. 

From Figure 5 it can be observed that the dry texturing processes can lead to reductions of 24% 
and 44%, with respect to their corresponding wet texturing processes, i.e. 4.3 W per wafer, and 4.5 W 
per wafer respectively. The uncertainty is however judged to be too high to conclude that DCEP is 
associated with lower LCIA scores than WCEP. 

 

Figure 4. Life-cycle impact assessment for GWP100 for all 4 texturing processes, 
including data uncertainty (σ = 95%). 



416 
 

AIMS Energy  Volume 2, Issue 4, 410-423. 

 

Figure 5. Life-cycle impact assessment for total toxicity: fresh water aquatic 
ecotoxicity, human toxicity, marine aquatic ecotoxicity, and terrestrial ecotoxicity, 
for all 4 texturing processes, including data uncertainty (σ = 95%). 

2.4. Water consumption (direct and indirect) 

Water consumption does not constitute an impact category in the CML 2 baseline mid-point 
impact assessment method. As such, total water consumption is determined by investigating the 
inventory results; including both the direct and indirect usage of water. Water for cooling and water 
passing through turbines for the generation of electricity are not included in the studied product 
system. The results for each of the four etching processes are shown in Figures 6–10. The source data 
can be found in the supporting information—Appendix V. 

HF is usually manufactured by mixing sulfuric acid and calcium fluoride (CaF2). HF can then 
be used to produce aluminium trifluoride (AlF3). Dominguez-Ramos et al. [35] analyzed AlF3 
manufacturing and proposed a recovery of fluoride wastewater for making synthetic CaF2 (77 kg per 
ton AlF3) to be used in HF manufacturing, then used in the AlF3 manufacturing. This HF 
manufacturing system differs from the presently used ecoinvent process (hydrogen fluoride, at 
plant/GLO) in that it used synthetic CaF2, reducing the need for primary CaF2. 

The manufacturing of primary CaF2 contribute to around 10% of the GWP100 per kg for HF, 
albeit higher and lower in other CML mid-point categories. Therefore there are indications that 
synthetic CaF2 can help reduce the HF manufacturing impacts. 

In Figure 6 we observe that the production and use of HF, as well as de-ionized water (DI) are 
the strongest contributors to water consumption in the acidic wet chemical etching of a 4.3 W wafer. 
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The life cycle of these three process components are respectively the cause for 67% (v/v), 22% (v/v), 
and 9% (v/v) of the total consumption. It can be interpreted that indirectly, the production of HF 
consumes relatively large volumes of water, and as such any reduction in HF consumption would 
reduce the water consumption, in addition to any reductions in the direct use of DI water. 

In Figure 7 is shown that the use of DI water and HF waste disposal are the two largest 
contributors to water consumption. In the alkaline texturing of a 4.5 W wafer, they contribute 73% 
(v/v) and 23% (v/v) of the total consumption, respectively. This is also the case for the acidic wet 
etching, WCEP (acidic), since the production of HF consumes large amounts of water. Thus, any 
reduction in HF, in addition to reductions in the direct use of DI water, could result in substantially 
lower water consumption.  

In Figure 8 is shown that the use of fluorine gas (F2) and HF waste disposal, are the largest 
sources for water consumption in the dry texturing process of a 4.3 W wafer, where they contribute 
63% (v/v) and 15% (v/v) respectively. For DCEP it is clear that the production of F2 consumes large 
amounts of water, and thus any reduction in its consumption would lead to reductions in water 
consumption. The results for dry texturing of a 4.5 W wafer is very similar, with F2 contributing 64% 
(v/v) and HF waste disposal 15% (v/v). This is shown in Figure 9. 

The compiled results for the determination of water consumption are presented in Figure 10, 
where it is shown that the dry texturing process DCEP leads to water consumption reductions of 86% 
(v/v) and 89% (v/v) for the two wafer types (4.3 W and 4.5 W) respectively, in comparison with the 
WCEP. 

 

Figure 6. Process contribution for total water consumption of the acidic texturing 
process of a 4.3 W wafer. 
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Figure 7. Process contribution for total water consumption of the alkaline texturing 
process of a 4.5 W wafer. 

 

Figure 8. Process contribution for total water consumption of the dry texturing 
process of a 4.3 W wafer. 
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Figure 9. Process contribution for total water consumption of the dry texturing 
process of a 4.5 W wafer. 

 

Figure 10. Life-cycle water consumption for all 4 texturing processes, including data 
uncertainty (standard deviation with 95% confidence interval). 
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3. Conclusion and Discussion 

In the supporting information—Appendix III, it is shown through a contribution analysis the 
degree to which the processes contribute to the total LCA results. With this information it is possible 
to focus attention on these processes, and analyze if they are sufficiently representative and complete, 
as well as if there are important assumptions within these processes, which could alter the final 
conclusions. In this analysis a graphical representation of the process tree shows a vertical bar that 
indicates the relative contribution of the process. This facilitates the understanding of the role of each 
process in the life cycle. From these process trees, it can be concluded that the largest contributors to 
GWP100 indicator in the acidic texturing process, WCEP (acidic), are the production of nitric acid 
and HF. It can also be revealed that the provision of electricity contributes greatly to the GWP100 
score for HF. As such, reductions in these two consumables, and careful selection of HF whose 
production uses electricity associated with lower eco-environmental effects, would lead to an overall 
reduction in GWP100 results. The largest contributors to GWP100 in the alkaline texturing process, 
WCEP (alkaline) are the production of hydrogen fluoride, Singulus MetaTEX200, potassium 
hydroxide, and the production of electricity (which is based on European production mix averages). 
Due to the uncertainty in the inventory of Singulus MetaTEX200, as described in supporting 
information—Appendix I, one should not base decisions on this particular result. It can though be 
interpreted that reductions in the remaining consumables are recommended, and again particularly 
the selection of HF based on electricity with lower GWP. 

For the dry etching process (DCEP), the greatest contributors to GWP are the production of 
fluorine and the provision of compressed air and electricity based on European production mix 
averages. Considering that both fluorine production and compressed air consume large amounts of 
electricity, it can be interpreted that reductions in electricity consumption, and/or the use of 
electricity with lower environmental effect would lead to an overall reduction in determined GWP. 

Data uncertainties (standard deviations with 95% confidence intervals) for each CML impact 
category are determined using Monte Carlo analysis with 1,000 runs for this study. The results are 
included in the supporting information—Appendix IV. Initial square geometric standard deviations 
for the consumption of materials and energy were determined using the pedigree matrix method [36], 
which is included in the Ecoinvent database (Simapro 7) LCA tool. SimaPro uses several LCI 
databases such as Ecoinvent in which the uncertainty of the LCI data has been quantified. The total 
logarithmically distributed square geometric standard deviation is 1.4 for all consumption flows, e.g. 
of HF and electricity. The only exception is Singulus MetaTEX200 consumption with a standard 
deviation of 1.68. 

Taking this all into consideration, it is possible to conclude that the DCEP compared with 
WCEP has the potential to reduce the eco-environmental impacts in the form of lower water 
consumption and emission of greenhouse gases. As far as water consumption, the present LCA has 
shown that DCEP constitute a substantial improvement in the form of 85–89% reduction. The 
emissions of greenhouse gases are reduced with 63% and 20% in comparison with current SoA 
WCEP (acidic) and WCEP (alkaline), respectively. Finally, the life cycle toxicity impacts appear not 
to be increased by the new process DCEP, even though the etching is facilitated through the use of 
highly toxic F2 gas. However, the issue should be investigated further. 

How much can DCEP reduce the GWP100 per produced solar photovoltaic system? From 
ecoinvent 2.2 process “Electricity 3kWp facade roof m-Si Lam/integrated U” it can be concluded 
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that PV systems GWP100 score are distributed as BOS ≈ 10%, silicon (or other materials) wafer 
production ≈ 60%, PV cells production ≈ 20% and PV modules assembly ≈ 10% assembly. This 
means that DCEP, placed within PV cells production, can reduce the overall GWP100 score of PV 
systems to the degree it can reduce etching within PV cells production. Likely etching by WCEP is 
around 25–50% of PV cells production, i.e., DCEP can reduce the total GWP100 score of PV 
systems production by 5–10%. 

Based on the results in this study, is can also be proposed that the environmental impact of solar 
cell production can be further reduced, by not only converting to the dry chemical process, but also 
develop and implement measures to reduce the consumption of fluorine gas in that process. This is 
based on the relatively high contribution of environmental impacts from the production of fluorine.  
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