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ABSTRACT 

Harnessing the power of the sun through photovoltaic cells is a new area of research 

and development and may hold the key to sustainable energy on earth. Currently, solar cells 

and panels with high efficiencies have been successfully created on a laboratory scale. 

However, in order for solar panels to be marketable and serve as a realistic replacement for 

current energy sources, a large-scale, high-throughput, and low-cost production system must 

be devised that is competitive with very cheap fossil fuels that currently dominate the market. 

The goal of this project is to mass scale the production and manufacturing of inorganic solar 

cells using cost-effective, roll-to-roll printing methods. Annually, 676 MW of power will be 

produced, representing 71% of the total US market share for photovoltaic technology, and sold 

to market at the price of $1/Watt. The design of the solar cell is based on a CuInS2 absorber 

layer, ZnS buffer layer and ZnO and ZnO:Ga window layer. The film is printed on a flexible 

aluminum substrate, 20 inches wide, at a continuous rate of 100 ft/min and a silver-based 

metal contact is deposited on top. Over the project lifetime, a net present value assuming a 

15% nominal interest of $1.7 billion is anticipated. 
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Executive Summary 

The goal of this project is to mass scale the production and manufacturing of inorganic 

solar cells using cost-effective, roll-to-roll printing methods. Annually, 676 MW of power will 

be produced, representing 71% of the total US market share for photovoltaic technology, and 

sold to market at the price of $1/Watt. The design of the solar cell is based on a CuInS2 absorber 

layer, ZnS buffer layer and ZnO and ZnO:Ga window layer. The film is printed on a flexible 

aluminum substrate, 20 inches wide, at a continuous rate of 100 ft/min and a silver-based metal 

contact is deposited on top. A 6% efficiency is assumed for the final solar cell, 2% lower than the 

average inorganic solar cell efficiency, in order to be modest in terms of economic projections. 

The production plant will be based in Arizona in order to take advantage of a 35% tax rebate 

policy for all renewable energy companies.  

The production techniques are based on wet-chemical, ink-based solutions, which are 

deposited layer by layer on a roll-to-roll manufacturing line. Each layer is subsequently 

processed and treated at the appropriate conditions in order to produce the final film. This design 

provides the distinct advantage of low-cost and high-throughput production which has not been 

achieved and utilized by direct competitors. This continuous roll-to-roll process provides the 

mass scale manufacturing which allows the annual goal production level to be achieved. 

Furthermore, the production techniques used are not vacuum based, driving down the cost of 

production significantly, and therefore allows the panels to be sold at a price lower than the 

current price of solar energy per watt. Because the projected sale price is significantly lower than 

current market prices, it is possible to capture the percentage of market share stated by the 

project goal.  

An economic analysis for the overall project was performed and yielded a positive annual 

net earnings and a positive net present value over a ten year project lifetime. The projected 

values for annual sales is $676 million based on a sale price of $1/Watt, for annual cost of 

manufacturing is approximately $200 million, and for annual net earnings after taxes is $342 

million. The total capital investment (TCI) is estimated to be $68 million, giving a return on 

investment (ROI) of 5.06. The projected profit margin for the first year of production is 51%. 

Over the project lifetime, a net present value assuming a 15% nominal interest of $1.7 billion is 
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anticipated. To achieve a breakeven NPV, solar panels may be sold for a price as low as 

$0.30/Watt. In comparison, if the value of the TCI is invested in stocks and bonds, which have 

an average yearly return of 10%, the future worth of the investment would be $192 million. 

Based on this economic assessment, an investment in this production plant is highly favorable.  

Several factors may affect the anticipated economic profitability of the project. The 

annual net earnings are highly dependent on the cost of raw materials required for 

manufacturing, and may affect profitability in a significant way if prices of core metallic 

materials increase. However, all materials that were chosen are abundantly found on earth and 

this case is unlikely. Furthermore, it is possible that other sources of renewable energy may 

advance and surpass photovoltaic (PV) technology both in terms of efficiency and cost, phasing 

out the demand and need for solar panels. In this case, the company may not be able to occupy 

the entire predicted market share. In terms of the environmental life-cycle analysis, the amount 

of solar energy produced and exceeds the energy usage in production and compensates for the 

negative environmental impact of the disposed chemicals.  

Overall, it is highly recommended that the production of solar panels using the design 

described earlier is pursued. This proposal allows for large-scale, low-cost manufacturing of 

solar panels which have the potential to replace coal and natural gases as the main source of 

energy. Economic projections were based on a sale price of $1/Watt, but prices may be lowered 

to $0.30 if necessary in order to increase demand. Furthermore, the margin of profit is large 

enough to accommodate any inefficiencies or losses in the system. Thus, establishment and 

investment in the production plant is suggested.  
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Section 1: Introduction 

Section 1.1: Overall Goal 

Harnessing the power of the sun through photovoltaic cells is a new area of research and 

development and may hold the key to sustainable energy on earth. Currently, solar cells and 

panels with high efficiencies have been successfully created on a laboratory scale. However, in 

order for solar panels to be marketable and serve as a realistic replacement for current energy 

sources, a large-scale, high-throughput, and low-cost production system must be devised that is 

competitive with very cheap fossil fuels that currently dominate the market (Wang, 2012). The 

goal of this project is to create a production plant, which produces 100 ft/min of 20-inch wide 

strips of solar cell film using low cost methods originating from traditional newspaper printing 

methods. The solar cell geometry is comprised of a thin, flexible metal substrate of aluminum, 

copper indium disulfide (CIS) as the absorber layer, zinc sulfide (ZnS) as the buffer layer, and 

zinc oxide (ZnO) and zinc oxide doped with gallium (ZnO:Ga) as the window layer. In order to 

convert solar energy to useable electricity, the cell is patterned with a silver (Ag) alloy metal grid 

for electrical contact. 

Several effective methods currently exist for the production of a solar cell with the 

composition and geometry of interest. For example, an efficiency of 19.9% has been achieved 

for a ZnO/CdS/CuInGaSe2 solar cell using techniques such as sputtering, three-stage 

coevaporation, chemical bath deposition, and e-beam evaporation (Repins et al, 2008). The 

proposed geometry for this project varies only in the replacement of ZnS with CdS. These 

materials are very similar to one another and perform equally. While this process is effective, 

many of these methods dramatically increase the cost of production and/or would be difficult to 

scale up, making mass production infeasible. Only by lowering the cost of production while 

maintaining a reasonable efficiency can solar panels be marketable and compete with current 

power sources in terms of cost per watt. This project seeks to find a low-cost method of 

production which does not require the use of vacuum deposition and can be primarily performed 

at ambient temperature and pressure. A cost and benefit analysis provides the information 

required to determine whether production is economically feasible and should be pursued at this 

time.  
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Section 1.2: Project Premises and Assumptions 

The premise of the overall project is to create an efficient process for large-scale 

manufacture of the designed solar cell by modifying laboratory-scale chemistries for high 

throughput development. The focus of deposition is printing each layer of a solar cell (CuInS2 

absorber layer, ZnS buffer layer and ZnO window layer) with chemical inks. This deposition 

method has very little chemical waste in the process. Also, large-scale printing processes for 

newspapers and similar industries have been refined, such as the rotogravure method which 

allows a continuous output of flexible material. Roll-to-roll (R2R) processing of the solar cell’s 

substrate is performed, with chemical layers being added by printing and other methods. All 

detailed design rationale can be found in Section 2.2 (Rationale for Process Choice). 

The substrate chosen is 20 μm aluminum (Al) foil. The foil begins in a coil, or roll, as is 

inherent to R2R processing. This will be purchased ready-made and assumed to be a defect-free, 

cleaned, and treated surface in order to have a starting point for experimental deposition steps.  

The first chemical layer to be deposited is the CIS absorber layer.  The deposition occurs 

by a prepared CIS ink, which is assumed to have no loss in the deposition process. This 

assumption is supported in that there is low potential for wasted material. The R2R deposition 

method inherently has low potential for waste because a roller does not pick up excess ink. 

Based on the assumptions of a perfectly uniform and clean substrate, good adhesion of CIS film 

to the aluminum substrate is assumed. In addition, increasing sulfurization temperature is 

assumed to decrease sulfurization time with no adverse effects, in order to reduce overall 

processing time and contribute to a more realistically continuous process and increase efficiency. 

The amount of pyridine solvent is greatly cut down by assuming a 1 to 10 molar dilution ratio 

between CIS and pyridine. This allows the process to reduce its cooling water consumption. 

Due to associated health and safety hazards of CdS, the 50 nm ZnS buffer layer replaces 

the previously chosen CdS buffer layer, which is used in the laboratory process. Although the 

replacement causes some decrease in efficiency due to the variance in band gap, ZnS is used as 

the buffer layer in many alternative processes. The alternative is believed to be a sufficient 

substitute and worth the exchange for a safer large-scale (thus high-risk) process. The ZnS 

nanocrystal ink is deposited via a rolling process. ZnS nanocrystals are produced daily through a 
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batch process while deposition of CIS is done continuously. Therefore, solution is prepared in 

advance. Pyridine is used as a solvent to make ZnS solids into ink and is used in a 1:10 molar 

ratio (ZnS:pyridine), as described in the CIS rationale description. The purity of the pyridine 

once evaporated is assumed to be sufficiently pure for untreated recycle. ZnS nanocrystals are 

melted, then annealed for uniformity. However, in the interest of production rate, the ZnS 

nanocrystals melting/solidification and annealing processes are done concurrently in a high 

temperature, nitrogen (N2) environment.  

The next layer is the 50 nm ZnO with a 300 nm of ZnO:Ga window layer. These layers 

are deposited in turn using a sol-gel solution that is viscous enough to serve as a printable ink. 

Similar to the CIS process, the ZnO deposition assumes negligible loss of materials. The process 

involves annealing the deposited material. While the laboratory-scale procedure is performed in 

oxygen, the project process utilizes an inert gas such as N2 in order to avoid oxidation of the ZnS 

buffer layer below. It is assumed that the deposition and film quality are consistent with the 

oxygen-based results if performed in nitrogen. A final assumption for the ZnO layer addresses 

the lengthy one hour annealing time to develop the sol. Increasing the annealing temperature, 

compensates for a shorter annealing time. This assumes equivalent results to the laboratory 

process.  

The silver metal contact grid applied as a paste to the cell is assumed to have clean 

deposition and chemical bonding using the roller system as a deposition medium. In addition, 

based on laboratory research on grid spacing, the grid must consist of 1 cm by 1 cm squares of 

bare space in order for sufficient electrical contact. A large grid is unfavorable due to the 

excessive resistance caused by a longer path-length for electron movement. The silicone sealant 

used to finish the cell is rolled on and assumed to have a near-zero curing time due to the 

convection from the rapid film movement (100 ft/min).   

The overall solar cell comprised of these layers is assumed to have an efficiency of 6%, 

determined by a weighted average of the various processes used to construct it as well as 

reference to a literature source with similar construction (Repins et al, 2008). For a conservative 

approach, the assumed efficiency is underestimated based on these sources.  
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Section 1.3: Market Information 

 Although not well-researched, CIS-based solar cells with a ZnS buffer layer and a 

ZnO/ZnO:Ga window layer have shown to have at least an efficiency of 8.1% (Hubert et al., 

2009). Applications for these solar cells include, but are not limited to, the following: 

photovoltaic (PV) “farms,” residential and commercial uses, and stand-alone devices.  

PV farms are generally maintained by utility companies to provide electricity to a 

specific region or state through a grid. Residential and commercial applications include roof-

mounted panels to provide electricity; these applications often feed surplus electricity back to the 

grid. In addition, many residential applications are restricted to providing energy for heating 

apparatuses.  

Although cadmium telluride (CdTe) and silicon (Si)-based solar cell modules dominate 

the PV market, copper-indium-gallium-diselenide and copper-indium-gallium-disulfide (CIGS) 

based solar cells have been identified as an emerging technology. While many CIGS-based solar 

panels are currently unable to match cell efficiencies of established Si and CdTe technologies, 

their high productivity rates allow for lower manufacturing costs. In addition, the recent research 

on CIGS-based solar cells show promise for higher efficiencies (Wang, 2012).  

In 2010, the United States (US) market only commanded 6% of the global PV demand. 

However, the US market grew by 101% in 2009 from 485 megawatts (MW) to 949 MW. Out of 

949 MW of solar production, residential applications accounted for only 19% of the market. 

Furthermore, Arizona and New Jersey were identified as rising regional markets (Olson, 2011). 

This swift growth shows promise for PV manufacturing in the United States.  

The cost for solar panels are generally indicated by the cost of module per watt produced. 

Overall, the cost for these modules for residential and commercial applications has decreased 

dramatically from $3.50/W in 2010 to $2.43/W in 2011. Experts cite that $2.00/W is inevitable 

for 2012 but a cost of $1.00/W is necessary to reach grid parity, where cost of solar panels can be 

comparable to electricity costs of fossil fuel-based electricity. Meanwhile, large-scale 

applications, such as PV farms, commonly have prices in the $1.00/W range (Quiggin, 2012).  

Globally, the main competitors for CIGS-based solar cells are CdTe and Si-based 

technologies. Recently, First Solar has achieved an all-time low cost of $0.76/W for their CdTe 
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solar panels (“First Solar Announces Financial Results”, 2012). When taking surplus electricity 

feedback to the grid into account, CdTe solar cells prove to be the most cost effective. Under this 

scenario, CdTe solar cells may cost as low as $0.15/W in the US-Southwest region and $0.20/W 

elsewhere in the country. However, growing concerns for the supply of Te over the course of the 

next 20 to 30 years may lead to higher prices (Zweibel, 2010). When considering future supply 

of raw materials, Si-based solar cells prove to be the stiffest competition for all solar cell 

applications. As of January, 2012, prices for Si-based solar cells have stagnated at an all-time 

low (“Module Pricing”, 2012). Furthermore, market research predictions speculate the possibility 

of Si-based solar modules breaking the $1/W mark in 2012. A summary of cost for Si-based 

solar modules can be found be in Table 1.  

Table 1: Solar module costs for Si-based solar cells, as of January, 2012. 

Type Price [$/W] 

Monojunction c-Si 1.28 

Multijunction c-Si 1.14 

Thin Film Si 1.15 
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Section 2: Overall Process Description, Rationale, and Optimization 

Section 2.1a: Overall Process Description 

See PFD and BFD (Sections 2.1b and 2.1c, respectively) for all references to streams and 

process equipment notations. 

CuInS2 (CIS) deposition 

 A 20-inch wide aluminum (Al) foil enters through Stream 1 at 100 feet per minute into 

the CIS roll-to-roll printer (RR-101). Through Stream 2, CIS ink enters RR-101 via P-101 A/B 

and deposits onto the Al foil. The wet crude CIS film exits RR-101 through Stream 3, and onto a 

solvent evaporator (RR-102), which operates as a heated roller. The temperature in RR-102 

increases at a rate of 50 K per minute from 323 K to 673 K. In RR-102, carbon dioxide (CO2) 

and pyridine evaporate from the CIS film through Streams 4 and 5, respectively. Pyridine, from 

Stream 5, is recycled and rejoins the CIS ink (Stream 2). 

 Next, the dry CIS film proceeds to a vacuum chamber (E-101) for sulfurization through 

Stream 6. Elemental sulfur enters from Stream 7 and is deposited onto the CIS film at 873 K and 

0.039 atm. The completed CIS deposited film exits E-101 through Stream 8 for the ZnS 

deposition. The final thickness of the CIS film is 2.0 micrometers (m). 

ZnS nanocrystals (NCs) production 

 ZnS NCs are produced, separated, and mixed with pyridine to form an ink solution, 

which is deposited onto the CIS layer. It should be noted that the entire ZnS production process 

is done daily in a batch process.  

 Zinc sulfate (ZnSO4) (s) and sodium sulfide (Na2S) (s) are added to the ZnS reactor (R-

201) through Streams 17 and 18, respectively. Water (H2O) is pumped with P-202 A/B and 

enters R-201 through Stream 16. The batch reactor operates for 120 minutes to produce solid 

ZnS nanocrystals (NCs) and sodium sulfate (Na2SO4). In the reactor, ZnS NCs precipitate out of 

reaction solution and undergo sedimentation. The reaction effluent, consisting of H2O and 

Na2SO4 (aq.), leaves R-201 through Stream 19.  

Meanwhile, ZnS nanocrystals mix with pyridine to form an ink solution. Recycled 

pyridine enters R-201 through Stream 14 via P-201 A/B. The ZnS ink solution, ready for 

deposition on the CIS film, pumped via P-203 A/B to the ZnS surge tank (TK-201) through 
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Stream 20. The purpose of TK-201 is to transition the batch production process to a continuous 

deposition process.  

Zinc sulfide (ZnS) deposition 

 Finally, the ZnS ink solution is fed continuously to an ink pan (TK-202) from TK-201 

through Stream 21. TK-202 continuously supplies the ink solution to the ZnS roll-to-roll printer 

(RR-201) through Stream 9. 

 A 50 nanometer (nm) ZnS film is deposited onto the CIS layer. The deposited wet film 

exits RR-201 through Stream 11 and into the annealing oven (E-201). Nitrogen (N2) (g) enters E-

201 through Stream 13 to create an oxygen-free environment for the ZnS annealing process. E-

201 operates at 473 K. To reduce processing time and length of conveyor space, the ZnS film is 

rolled inside the oven. N2 (g) and evaporated pyridine exit E-201 through Stream 22 and 14, 

respectively. See Section 2.2 (Rationale for Process Choice) for more details regarding the 

rolling process within the annealing oven. The dried ZnS film exits E-201 through Stream 12 and 

proceeds to the ZnO/ZnO:Ga deposition process. 

Similar to the ZnS deposition process, the ZnO/ZnO:Ga deposition process involves 

producing the ZnO sol-gel solution and the deposition of the ZnO/ZnO:Ga films onto the ZnS 

and ZnO layers, respectively. It should be noted that the ZnO sol-gel production process is a 

batch process lasting two days. Further details regarding the process are described below. 

ZnO sol-gel production 

 Zinc acetate dihydrate (Zn(O2CCH3)2), monoethylamine (MEA), and 2-methoxyethanol 

are fed from Stream 26, 27, and 28 , respectively, to the ZnO sol-gel reactor (R-301). MEA and 

2-methoxy-ethanol are pumped into the reactor via P-301 A/B and P-302 A/B, respectively. 

Furthermore, recycled 2-methoxy-ethanol enters R-301 through Stream 10. The reaction solution 

is heated to 333 K for two hours and transferred to a storage tank (either TK-301 or TK-302) 

through Streams 29 and 30, respectively. The sol-gel solution remains to develop, in either TK-

301 or TK-302, for two days at 298 K.  

Then, the sol-gel solution is transferred from TK-301 or TK-302 through either Streams 

31 or 32, respectively. Because the ZnO sol-gel production process is also done via a batch 

process, one take serves to store and develop the sol-gel solution. Meanwhile, the other serves as 

a surge tank to transition the batch process for continuous deposition. 
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 ZnO deposition 

 The ZnO sol-gel solution is fed continuously to the ZnO roll-to-roll printer (RR-301) 

through Stream 40, via P-303 A/B. A 50 nm thin film of zinc hydroxide (Zn(OH)2) is deposited 

on to the ZnS buffer layer. The wet Zn(OH2) film exits RR-301 through Stream 23 and enters the 

solvent evaporator roller unit (RR-302). MEA and 50% of 2-methoxy-ethanol exit RR-302 

through Stream 35. The rest of the 2-methoxy-ethanol is subject of recycling and returns to R-

301 via Stream 10.  

Meanwhile, the solar cell enters an oven (E-301) for annealing through Stream 24. N2 (g) 

continuously feeds E-301 through Stream 33 to create an inert, oxygen free environment for the 

solar cell. Although annealing under oxygen can convert Zn(OH)2 to ZnO, an oxygen-free 

environment is required to protect the ZnS film from oxidizing to ZnO or Zn(OH)2. N2 (g), 

remaining waste solvents, and H2O (g) exit E-301 through Stream 34. The annealing process, 

which operates at 923 K and 0.544 atm, completes the ZnO deposition process. The ZnO-

deposited solar cell exits E-301 through Stream 25 for ZnO:Ga deposition. 

ZnO:Ga sol-gel production 

 Zinc acetate dihydrate (Zn(O2CCH3)2), MEA, 2-methoxyethanol, and gallium nitrate 

(Ga(NO3)3) are fed from Stream 42,43,44,45 to the ZnO:Ga sol-gel reactor (R-401). 

Furthermore, MEA and 2-methoxy-ethanol are pumped into the reactor via P-401 A/B and P-402 

A/B, respectively. In addition, recycled 2-methoxy-ethanol enters R-401 via Stream 15. The 

reaction solution is heated to 333 K for two hours and transferred to a storage tank (either TK-

401 or TK-402) through Streams 46 and 47, respectively. The sol-gel solution remains to 

develop, in either TK-401 or TK-402, for two days at 298 K. 

Then, the sol-gel solution is transferred from TK-402 or TK-402 through either Streams 

48 or 49 respectively. Because the ZnO:Ga sol-gel production process is also done via  a batch 

process, one tank serves to store and develop the sol-gel solution. Meanwhile, the other serves as 

a surge tank to transition the batch process for continuous deposition. 

ZnO:Ga deposition 

 The ZnO:Ga sol-gel solution is fed continuously to the ZnO:Ga roll to roll printer (RR-

401) through Stream 51, via P-403 A/B. A 300 nm thin film of gallium doped, zinc hydroxide 

(Zn(OH)2:Ga) is deposited on to the ZnO window layer. The wet Zn(OH)2:Ga film exits RR-401 

through Stream 36 and enters the solvent evaporator roller unit (RR-402). MEA and 50% of 2-
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methoxy-ethanol exit RR-402 through Stream 38. The rest of the 2-methoxy-ethanol is subject of 

recycling and returns to R-401 via Stream 15.  

Meanwhile, the solar cell enters an oven (E-401) for annealing through Stream 37. N2 (g) 

continuously feeds E-401 through Stream 50 to create an inert, oxygen free environment for the 

solar cell. After the annealing process, N2 (g), any remaining waste solvents, and H2O (g) exit E-

401 through Stream 39. The annealing process, which operates at 923 K and 0.544 atm, 

completes the ZnO:Ga deposition process. The ZnO:Ga-deposited solar cell exits E-401 through 

Stream 41 for metal contact deposition. 

Metal contact deposition 

 Commercial grade silver paste is kept in a storage tank for use in deposition of the metal 

contacts. From storage tank TK-501, Ag paste enters the R2R printer (RR-501) through Stream 

53. A 100 nm thick Ag contact pattern is deposited onto the solar cell and exits RR-501 through 

Stream 54. The metal paste is dried in a firing oven (E-501) to adhere the contact to the window 

layer. The as-deposited solar cell enters the oven through Stream 54 to undergo the adhesion 

process. E-501 operates at 1123 K and 1 atm for 1 minute. Next, the solar cell exits E-501 

through Stream 55 to be sealed. See Section 2.2 (Rationale of Process) for further details 

regarding the metal contact deposition process. 

Sealant process 

In order to protect the solar cell from the environment, the solar cell is sealed using a 

commercial silicone sealant. The sealant is deposited onto the solar cell through a R2R printer 

(RR-502). For the sealing process, HOPSON High Temperature Silicone Gasket Maker sealant 

enters RR-502 through Stream 56. Once deposited, the solar cell exits RR-502 through Stream 

57 to complete the solar cell manufacturing process.
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Section 2.1b: Process Flow Diagram (See Pages 11 to 15) 
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Section 2.1c: Block Flow Diagram (See Pg. 17) 
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Section 2.1d: Stream tables corresponding to PFD 

Table 2: Stream table corresponding to the CIS layer deposition process 

Stream Number 1 2 3 4 5 6 7 8 

Temperature [K] 298.0 298.0 298.0 573.2 298.0 573.2 298.0 873.2 

Pressure [atm] N/A 1.0 N/A 1.0 1.0 N/A 1.0 N/A 

Vapor Fraction N/A 0.0 N/A 1.0 1.0 N/A 0.0 N/A 

Mass Flow [kg/day] N/A 810.0 N/A 1,391.0 264.0 219.7 45.0 264.7 

Component Mass Flow [kg/day]                 

Aluminum foil* [ft/min] 100.0 0.0 100.0 0.0 0.0 100.0 0.0 100.0 

CIS ink 0.0 810.0 0.0 0.0 0.0 0.0 0.0 0.0 

Pyridine 0.0 0.0 0.0 0.0 264.0 0.0 0.0 0.0 

Carbon dioxide (CO2) 0.0 0.0 0.0 1391.0 0.0 0.0 0.0 0.0 

Sulfur 0.0 0.0 0.0 0.0 0.0 0.0 45.0 0.0 

CIS [layer] 0.0 0.0 219.7 0.0 0.0 219.7 0.0 264.7 

*100 ft/min of a 20 μm of Al foil corresponds to approximately 1,200 kg/day 

Table 3: Stream table corresponding to the ZnS layer deposition process 

Stream Number 9 10 11 12 13 14 15 16 

Temperature [K] 298.2 

See ZnO 
Process 

298.2 473.2 298.0 473.2 

See 

ZnO:Ga 

Process 

298.2 

Pressure [atm] 1.0 N/A N/A 1.0 1.0 1.0 

Vapor Fraction 0.00 N/A N/A 1.0 1.0 0.0 

Mass Flow [kg/day] 41.5 261.2 224.2 0.02 37.0 30.6 

Component Mass Flow [kg/day]             

Aluminum foil [ft/min] 0.0 100.0 100.0 0.0 0.0 0.0 

ZnS 4.5 4.5 4.5 0.0 0.0 0.0 

Pyridine 37.0 37.0 0.0 0.0 37.0 0.0 

H2O 0.0 0.0 0.0 0.0 0.0 30.6 

ZnSO4 0.0 0.0 0.0 0.0 0.0 0.0 

Na2S 0.0 0.0 0.0 0.0 0.0 0.0 

Na2SO4 0.0 0.0 0.0 0.0 0.0 0.0 

N2 0.0 0.0 0.0 0.02 0.0 0.0 

CIS [layer] 0.0 219.7 219.7 0.0 0.0 0.0 
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Table 4: Stream table corresponding to the ZnS layer deposition process (continued). 

 

Stream Number 17 18 19 20 21 22 

Temperature [K] 298.2 298.2 298.2 298.2 298.2 473.2 

Pressure [atm] 1.0 1.0 1.0 1.0 1.0 1.0 

Vapor Fraction 0.00 0.0 0.00 0.0 0.0 1.0 

Mass Flow [kg/day] 7.6 3.7 37.3 41.5 41.54 0.0 

Component Mass Flow [kg/day]             

Aluminum foil [ft/min] 0.0 0.0 0.0 0.0 0.0 0.0 

ZnS 0.0 0.0 0.0 4.5 4.5 0.0 

Pyridine 0.0 0.0 0.0 37.0 37.0 0.0 

H2O 0.0 0.0 30.6 0.0 0.0 0.0 

ZnSO4 7.6 0.0 0.0 0.0 0.0 0.0 

Na2S 0.0 3.65 0.0 0.0 0.0 0.0 

Na2SO4 0.0 0.0 6.7 0.0 0.0 0.0 

N2 0.0 0.0 0.0 0.0 0.0 0.0 

CIS [layer] 0.0 0.0 0.0 0.0 0.0 0.0 

 

Table 5: Stream table corresponding to the ZnO layer deposition process 

Stream Number 10 23 24 25 26 27 28 29 

Temperature [K] 348.2 298.2 348.2 923.2 298.2 298.2 298.2 298.2 

Pressure [atm] 1.0 N/A N/A N/A 1.0 1.0 1.0 1.0 

Vapor Fraction 1.00 N/A N/A N/A 0.0 0.0 0.0 0.0 

Mass Flow [kg/day] 52.9 288.0 230.5 230.5 17.00 4.6 52.9 63.8 

Component Mass Flow [kg/day]                 

Aluminum foil [ft/min] 0.0 100.0 100.0 100.0 0.0 0.0 0.0 0.0 

ZnS 0.0 4.5 4.5 4.5 0.0 0.0 0.0 0.0 

CIS 0.0 219.7 219.7 219.7 0.0 0.0 0.0 0.0 

ZnO 0.0 6.3 6.3 6.3 0.0 0.0 0.0 6.3 

Zn(O2CCH3)2 0.0 0.0 0.0 0.0 17.0 0.0 0.0 0.0 

MEA 0.0 4.6 0.0 0.0 0.0 4.6 0 4.6 

2-methoxy-ethanol 52.9 52.9 0.0 0.0 0.0 0.0 52.9 52.9 

N2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Table 6: Stream table corresponding to the ZnO layer deposition process [continued]. 

Stream Number 30 31 32 33 34 35 40 

Temperature [K] 298.2 298.2 298.2 298.2 923.2 348.2 298.2 

Pressure [atm] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Vapor Fraction 0.0 0.0 0.0 1.0 1.0 1.0 0.0 

Mass Flow [kg/day] 63.8 63.8 63.8 0.02 0.02 57.5 63.8 

Component Mass Flow [kg/day]               

Aluminum foil [ft/min] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ZnS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

CIS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ZnO 6.3 6.3 6.3 0.0 0.0 0.0 6.3 

Zn(O2CCH3)2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

MEA 4.6 4.6 4.6 0.0 0.0 4.6 4.6 

2-methoxy-ethanol 52.9 52.9 52.9 0.0 0.0 52.9 52.9 

N2 0.0 0.0 0.0 0.02 0.02 0.0 0.0 

 

Table 7: Stream table corresponding to the ZnO:Ga layer deposition process. 

Stream Number 15 36 37 38 39 40 41 42 

Temperature [K] 348.2 298.2 348.2 348.2 923.2 

See 

ZnO 

Process 

923.2 298.2 

Pressure [atm] 1.0 N/A N/A 1.0 1.0 N/A 1.0 

Vapor Fraction 1.00 N/A N/A 1.0 1.0 N/A 0.0 

Mass Flow [kg/day] 52.9 325.6 268.1 345.2 0.02 268.1 100.9 

Component Mass Flow [kg/day]               

Aluminum foil [ft/min] 0.0 100.0 100.0 0.0 0.0 100.0 0.0 

ZnS 0.0 4.5 4.5 0.0 0.0 4.5 0.0 

CIS 0.0 219.7 219.7 0.0 0.0 219.7 0.0 

ZnO 0.0 6.3 6.3 0.0 0.0 6.3 0.0 

ZnO:Ga 0.0 37.6 37.6 0.0 0.0 37.6 0.0 

Zn(O2CCH3)2 0.0 0.0 0.0 0.0 0.0 0.0 100.9 

MEA 0.0 4.6 0.0 28.2 0.0 0.0 0.0 

2-methoxy-ethanol 52.9 52.9 0.0 317.0 0.0 0.0 0.0 

Ga(NO3)3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

N2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Table 8: Stream table corresponding to the ZnO:Ga layer deposition process (continued). 

Stream Number 43 44 45 46 47 48 49 50 51 

Temperature [K] 298.2 298.2 298.2 298.2 923.2 298.2 348.2 298.2 298.2 

Pressure [atm] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Vapor Fraction 0.0 0.0 0.0 1.0 1.0 1.0 1.0 1.0 0.0 

Mass Flow [kg/day] 28.2 317.0 2.3 382.8 382.8 382.8 382.8 0.02 382.8 

Component Mass Flow [kg/day]                   

Aluminum foil [ft/min] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ZnS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

CIS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ZnO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ZnO:Ga 0.0 0.0 0.0 37.6 37.6 37.6 37.6 0.0 37.6 

Zn(O2CCH3)2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

MEA 28.2 0.0 0.0 28.2 28.2 28.2 28.2 0.0 28.2 

2-methoxy-ethanol 0.0 317.0 0.0 317.00 317.0 317.0 317.0 0.0 317.0 

Ga(NO3)3 0.0 0.0 2.3 0.0 0.0 0.0 0.0 0.0 0.0 

N2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.02 0.0 

 

Table 9: Stream table corresponding to the metal contact and sealant deposition processes 

Stream Number 52 53 54 55 56 57 

Temperature [K] 298.0 298.0 298.0 1,123.2 298.0 873.2 

Pressure [atm] 1.0 1.0 N/A N/A 1.0 N/A 

Vapor Fraction 0.00 0.0 N/A N/A 0.0 N/A 

Mass Flow [kg/day] 1.1 1.1 269.2 269.2 0.4 269.6 

Component Mass Flow [kg/day]             

Aluminum foil [ft/min] 0.0 0.0 100.0 100.0 0.0 100.0 

ZnS 0.0 0.0 4.5 4.5 0.0 4.5 

CIS 0.0 0.0 219.7 219.7 0.0 219.7 

ZnO 0.0 0.0 6.3 6.3 0.0 6.3 

ZnO:Ga 0.0 0.0 37.6 37.6 0.0 37.6 

Ag paste 1.1 1.1 1.1 1.1 0.0 1.1 

Silicone-based sealant 0.0 0.0 0.0 0.0 0.4 0.4 
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Section 2.1e: Equipment Tables 

Table 10: Equipment list of heat exchangers 

Heat exchangers E-101 E-201 E-301 E-401 E-501 

Type 
Vacuum chamber 

/oven 

Annealing  

oven 

Annealing 

oven 

Annealing 

oven 

Firing 

oven 

Pin [kPa] 4 101.325 55 55 101.325 

Pout [kPa] 4 101.325 55 55 101.325 

Temperature Inlet [K] 873 298 323 323 N/A 

Temperature Outlet [K] 873 473 923 923 N/A 

Efficiency 100% 100% 100% 100% 100% 

 

Table 11: Equipment list of pumps 

Pump P-101A/B P-201A/B P-202A/B P-203A/B 

Type Centrifugal Centrifugal Centrifugal Centrifugal 

Flow rate [kg/day] 264 37 30.6 42 

Number of Units 1 1 1 1 

Flow per unit [kg/day] 264 37 30.6 42 

Head Developed [ft] 0.03 0.03 0.03 0.03 

Efficiency 100% 100% 100% 100% 

MOC stainless steel stainless steel stainless steel stainless steel 

 

Pump P-301A/B P-302A/B P-401A/B P-402A/B 

Type Centrifugal Centrifugal Centrifugal Centrifugal 

Flow rate [kg/day] N/A N/A N/A N/A 

Number of Units 1 1 1 1 
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Head Developed [ft] 0.03 0.03 0.03 0.03 

Efficiency 100% 100% 100% 100% 

MOC stainless steel stainless steel stainless steel stainless steel 

 

Table 12: Equipment list of storage tank 

Storage Tank TK-201 TK-202 TK-301 TK-302 TK-401 TK-402 TK-501 

Volume(L) 47 47 150 150 833 833 N/A 

Temperature(K) 298 298 298 298 298 298 298 

Pressure(kPa) 101.325 101.325 101.325 101.325 101.325 101.325 101.325 

Power(kW) 0 0 0 0 0 0 0 

MOC 
Stainless 

steel 

Stainless 

steel 

Stainless 

steel 

Stainless 

steel 

Stainless 

steel 

Stainless 

steel 

Stainless 

steel 

 

Table 13: Equipment list of roll to roll printer 

Storage Tank RR-101 RR-102 RR-201 RR-301 RR-302 

Type 
CIS ink 

printer 

CIS solvent 

evaporator 
ZnS printer ZnO printer 

ZnO solvent 

evaporator 

Temperature(K) 298 298-573 298 298 N/A 

Pressure(kPa) 101.325 101.325 101.325 101.325 101.325 

Power(kW) N/A N/A N/A N/A N/A 

 

Storage Tank 
RR-401 RR-402 RR-501 RR-502 

Type 
ZnO: Ga printer 

ZnO: Ga solvent 

evaporator 
Ag paste printer Sealant printer 

Temperature(K) 
298 N/A 298 298 

Pressure(kPa) 
101.325 101.325 101.325 101.325 
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Power(kW) 
N/A N/A N/A N/A 

 

Table 14: Equipment list of reactor 

Storage Tank R-201 R-301 R-401 

Volume(L) 50 100 500 

Temperature(K) 298 298 298 

Pressure(kPa) 101.325 101.325 101.325 

Power(kW) 0 0 0 

MOC Stainless steel Stainless steel Stainless steel 

 

 

Section 2.1f: Utility Table 

Table 15: Summary of plant utilities  

Material Amount  Base Cost  
Annual 

Cost 

Water 11.2 ton/yr 0.2 $/ton $ 2.2 

Electricity 19,472,260 kW-h/yr 0.06 $/kW-h $ 1,168,336 

 

Total Utility Cost=$1,168,338 /yr 
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Section 2.2: Rationale for Process Choice 

 

Figure 1: Cross-sectional view of assembled solar cell 

 

Substrate: Aluminum (Al) 

A 20-μm thick aluminum foil serves as the substrate for the solar cell as seen in Figure 1. 

The flexible material is a better conductor than stainless steel. Thus, it can also serve as the back 

contact for electron transfer. Initially, a polymer substrate is considered. However, high 

annealing temperatures necessitate the use of a metal. This is the standard thickness of 

commercial grade aluminum foil, thus decreasing the cost of a special-order film (Proulx, 2011). 

 

Absorber Layer: Copper indium disulfide (CuInS2) 

Material 

CIS, which has a band gap of 1.53 eV, works well as the absorber layer of a solar cell 

based on its narrow band gap. CIS is chosen as the absorber layer primarily for its low cost. It is 

therefore a suitable alternative to conventional Si solar cells. In addition, CIS itself as well as its 

manufacturing process is more environmental friendly than Si-based and CdTe-based solar cells. 

Although the market supply for indium is currently sufficient, there may be a potential problem 

Aluminum Substrate 
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of the lack of indium. Cu(acetylacetonate(acac))2 , In(acac)3 and S are used as raw materials, and 

pyridine as solvent of the ink. 

Chemistry and Process 

The technical rationale of the CuInS2 absorber layer of the solar cell is based on the lab 

research by the Muscat Group at the University of Arizona. Based on the lab research for 

deposition of CIS onto the substrate (Figure 1), 0.4 M Cu(acac)2 is dissolved in pyridine as the 

source of Cu, 0.8M In(acac)3 with 0.75 M S powder dissolved in pyridine as the source of In. A 

small amount of S powder is necessary in the ink, because S can react with acac through a 

vulcanization reaction, to create a rubberlike polymer. This process increases the viscosity and 

wettability of the ink, which helps to coat the film uniformly onto the substrate. Those two 

solutions are mixed according to Cu/In ratio to make the ink, which can be used immediately 

after mixing.  

Based on lab research, molybdenum (Mo)-coated glass, indium tin oxide (ITO)-coated 

glass or micro-slide glass are used as substrates for the solar cell. However, Al foil replaces these 

glasses due to its flexibility and thermal conductivity, which are suitable properties for the R2R 

printing process to make a solar panel. In previous lab research, films coated on Mo-coated glass 

demonstrated the best adhesion. Therefore, it is assumed that the adhesion of Al is good on metal 

substrates.  

After the ink is directly printed onto the substrate, the crude CIS layer is dried at room 

temperature to allow the solvent to evaporate prior to the heating process. The evaporation 

process is necessary to ensure proper adhesion to the Al substrate. To increase process 

efficiency, the drying time is set to be five minutes. Next, the film is dried to evaporate the 

solvents and form a Cu-In-O layer, an important intermediate. The heating process needs to be 

slow enough to maintain the good adhesion, so the temperature is ramped up to 400 , at a rate 

of 50 /min. The entire heating process is performed on the conveyer.  

After the heating process, it is assumed that pyridine is fully evaporated away and the 

carbon contaminants are incinerated. The final step is sulfurization, which requires a vacuum of 

30 torr. In the vacuum chamber, adequate sulfur powder is added to maintain a vacuum chamber 

saturated with sulfur vapor. This chamber is heated to 600  to completely sulfurize the film and 

yield a CIS film.  



31 
 

After the sulfurization process, the manufacturing process of the CIS absorber layer is 

complete. As soon as the CIS layer is cooled to room temperature, it is ready to enter the process 

of depositing the ZnS buffer layer. However, to assist the annealing process following the ZnS 

deposition, the deposited CIS film remains at a high temperature. The CIS film is sent 

immediately to the ZnS deposition process. 

 

Buffer Layer: Zinc sulfide (ZnS) 

Material  

 Although CdS’s band gap, 2.42 eV (CRC Handbook of Chemistry and Physics, 2011), 

serves ideally for the CIS absorber layer and ZnO/ZnO:Ga window layer, the inherent health and 

safety risks associated with Cd makes it infeasible for industrial scale production. ZnS and 

indium sulfide (In2S3) are considered for an alternative to CdS (Indium Corporation, 2008). ZnS 

is chosen over In2S3 as an alternative to CdS for several reasons. First, the price of indium, a rare 

earth metal, has increased dramatically from an average, annual cost of $500/kg in 2009 to 

$720/kg in 2011 due to concerns of a decrease in future supplies (U.S. Geological Services, 

2012). Next, liquid-based deposition techniques for In2S3 are relatively unknown and therefore 

difficult to scale-up for a high throughput manufacturing process. ZnS buffer layers have already 

received considerable attention for replacement of CdS (Naghavi et al., 2011). Furthermore, ZnS 

deposition shows promise for scale-up processes due to the development of several chemical 

bath deposition techniques and nanoparticle synthesis routes (Joo et al., 2011). 

 Deposition of the ZnS layer on CIS as shown in Figure 1 involves a number of steps. 

Zinc sulfate (ZnSO4) is chosen over zinc chloride (ZnCl2) as the Zn
2+

 precursor in the 

nanoparticle synthesis process. To produce ZnS nanoparticles with ZnCl2, hydrochloric acid 

(HCl) is required to provide an acidic medium for the reaction. In addition, the reaction 

involving ZnCl2 produced NaCl and trace amounts of H2S as by-products (Shizen et al., 2007). 

Finally, reaction kinetics data was relatively unknown between ZnCl2 and Na2S. Because of the 

issues regarding safety and environmental concerns with HCl and H2S, complications with 

separation of NaCl from effluent solution, and the lack of kinetics data, ZnCl2 is deemed to be an 

unsuitable Zn
2+

 precursor. Meanwhile, the reaction rate for the production of ZnS from ZnSO4 

was very high (kA=1.7*10
23

-6.2*10
24

 L/(mol*hr) (Sampaio et al., 2009). This allowed for an 

assumption of a high conversion rate for the ZnS reaction process.  
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  ZnS nanocrystals must be deposited onto the CIS layer as an ink. Pyridine is chosen as 

the solvent for the ink solution. The rationale for use of pyridine is the same as the CIS absorber 

layer. 

Chemistry and Process 

ZnS ink is deposited on the CIS film through a R2R printer. Because ZnS ink is not 

commercially available, the ink must be produced in-house. First, ZnS nanoparticles are 

synthesized in batch reactor and sedimented from the reaction effluent stream. Next, solid ZnS 

nanoparticles are mixed with pyridine to produce a ZnS ink. Finally, ZnS ink is continuously fed 

to the R2R printer for deposition.  

ZnS nanoparticles are produced through a precipitation reaction between zinc sulfate (Zn 

(SO4)) and sodium sulfide (Na2S). Reaction kinetics data verifies a high production rate for ZnS 

(kA=1.7*10
23

-6.2*10
24

 L/ (mol*hr) (Sampaio et al., 2009). Furthermore, a reaction time of 120 

minutes was determined sufficient for complete conversion of reactants to products. In addition 

to the formation of ZnS precipitates, sodium sulfate (Na2SO4) is also produced as a by-product. 

However, precipitation of Na2SO4 is not considered an issue for the quality and purity of the ZnS 

ink solution because of its low concentration in the reaction effluent solution, i.e. water. 

Next, the reaction solution is processed into an ink solution for deposition onto the CIS 

film. The reaction effluent is allowed to settle for one hour to allow for all ZnS precipitate collect 

at the bottom of the reactor tank. Thereafter, the reaction effluent, containing mostly water, exits 

the ZnS reactor. Next, pyridine is mixed with ZnS nanoparticles to form an ink solution. Once 

mixed, the ZnS ink is ready for the deposition process. 

A storage tank, also referred to as surge tank, is placed after the ZnS reactor and the ink 

pan for the roller unit. The purpose of this storage tank is to control the output to the roll-to-roll 

process. Because the ZnS nanoparticle synthesis and extraction process is done on a batch 

process, the existence of a storage tank allows the roll-to-roll process to be performed 

continuously and maintain a high throughput operation. 

Finally, the ZnS is deposited onto the CIS substrate through a R2R printer, which is 

continuously fed ink through the storage tank. Once deposited, the wet film must be dried 

quickly to evaporate the remaining pyridine solvent. Following evaporation, the ZnS film is 

annealed at a high temperature to further dry the ink, ensure proper adhesion to the CIS layer, 

and to allow for proper crystal formation. This annealing process must be performed in an inert 
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environment, such as N2 or Ar gas, to avoid oxidation of the sensitive ZnS layer (Kryshtab et al., 

2009). Once annealed, the solar cell with ZnS deposition can be moved to the ZnO/ZnO:Ga 

deposition process. 

For bench-scale processes, annealing of the buffer layer is performed at 200 
o
C for 30 

minutes. However, annealing for 30 minutes is infeasible for a large-scale process. Instead, the 

deposited films are rolled inside the oven to reduce the time and required length (Appendix A.3). 

Every five minutes (238 revolutions), a new roll enters the oven to receive the wet ZnS film (See 

Appendix A.3 for details regarding oven parameter calculations). Meanwhile, the exiting roll 

feeds the ZnO deposition process. 

 

Window Layer: Zinc oxide/Zinc oxide, doped with gallium (iZnO/ZnO:Ga) 

Material 

Zinc oxide (ZnO) and zinc oxide doped with gallium (ZnO:Ga) were chosen as the two 

window layers of the solar cell for their conductive properties and high transparency and can be 

identified in Figure 1 as the topmost functional layer. ZnO is a semiconductor material with a 

relatively wide band gap, typically around 3.3 eV (Lee and Park, 2003). In addition, it is 

compatible with the other layers of the solar cell in terms of electrical conductance in order to 

direct electron flow towards the metal contacts. By doping ZnO with Ga, a layer with an 

intermediate band gap between can be created to further enhance electron flow towards the metal 

contacts. Finally, ZnO is a material that is commonly used in the production of solar panels, and 

well-studied in peer-reviewed literature (Hench and West, 1990; Lee and Park, 2003).  

Chemistry and Process 

Many methods are currently available for the deposition of ZnO and ZnO:Ga, with a 

range of quality of results. These methods include sputtering (Nunes et al., 2002), chemical 

vapor deposition (CVD)
 
(Kashiwaba et al., 2000), pulsed laser deposition (PVD)

 
(Shim et al., 

2003), spray pyrolysis
 
(Paraguay et al., 1999), and the sol-gel method

 
(Kamalasanan and 

Chandra, 1996). The most reliable methods, which also produce the best results, typically 

involve the use of vacuum deposition and expensive machinery. While effective, these methods 

would not be suitable for the large-scale deposition required for goal production levels. 

Furthermore, using such methods would significantly increase the cost of production, which 

would then drive up the break even sale price of the finalized product to the point where it is 
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infeasible for single household use. In order to decrease the cost of production and produce on a 

large-scale, a process not requiring vacuum deposition is chosen.   

Instead, ZnO can be deposited by first creating a chemical precursor and then printing it 

using an R2R system, a technique typically used in newspaper printing. Although the product 

obtained using these methods may not produce the best possible energy conversion rate, the 

resulting efficiency will be on par with current market efficiencies of around 8-9% (Section 1.2, 

Current Market Information). In addition, the lower cost and high production rate will more than 

compensate for the lower efficiency, resulting in an overall lower price per watt.  

The overall process chosen is the synthesis of a sol-gel solution, which will then be 

deposited onto the substrate using roll-to-roll printing, and finally post-processed using a heat 

treatment. The sol-gel solution can be made using zinc acetate dihydrate as a zinc precursor, 2-

methoxyethanol as the primary solvent, and monoethylamine (MEA) as the catalyst and 

stabilizer for the sol-gel synthesis. For the gallium-doped layer, low concentrations of gallium 

nitrate can be introduced to the solution then processed as usual.  

Sol-gel synthesis is chosen for several advantages, namely its compatibility with roll-to-

roll printing, low cost of production, and its tendency to form a well-distributed liquid mixture 

which will provide an even and high quality film. While MEA is not strictly required for the 

reaction chemistry to occur, it assists in the hydrolysis of zinc acetate and increases the reaction 

rate. Furthermore, it stabilizes the solution and prevents unwanted side reactions.  

After the solution is made, it is deposited on the substrate via roll-to-roll processing 

equipment and a knife-over-edge deposition technique. A R2R processing setup ensures that the 

process is semi-continuous and requires fewer human operators. The knife-over-edge deposition 

technique provides controllability of film thickness. After deposition, the entire cell is heated in 

nitrogen to evaporate excess solvents and aid in the hardening and linking of the material. While 

literature typically suggests that evaporation and heating be performed in ambient air, oxygen 

will oxidize the ZnS layer beneath ZnO (Kryshtab et al., 2009). Annealing in nitrogen gas may 

alleviate the oxidation problem, since nitrogen is a highly inert chemical. Layer thicknesses and 

chemical use are shown in detail in Appendix A.2. 

Additionally, heating time is modified from the traditional methods described in literature 

methods of one hour to 10 minutes, in order to increase the rate of production. This can be 
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justified by increasing the heating temperature from 500 °C to 650°C. Thus, increasing the 

heating temperature compensates for the shorter time.  

 

Metal Contacts 

Material 

Silver is utilized as the front metal contact for the solar cell and can be seen in Figure 1 as 

being deposited in a non-uniform method as the other layers are. This is based on its high 

conductivity and contact with other layers through solderability (Caballero, 2010). The 

deposition will occur through a silver paste. The reason for this material is that its non-

Newtonian properties allow for deposition without a drying time, and the paste will hold its 

form. Thin lines can be made with the paste due to the speed of the deposition necessary for the 

100 ft/min output. The inherent chemical properties of the paste, described in Chemistry and 

Process below, allow for chemical bonding to the layers below. The only adhering process 

necessary is firing the paste, which is less complicated than annealing methods necessary for 

other parts of the process. The properties of the paste and resulting contact lend to the efficiency 

of the metal for the cell (Caballero, 2010). 

Chemistry and Process 

The silver paste comprises of 70% silver, 5% glass frits, 15% cellulosic resin, 8% glycol 

ether solvent, and 2% surfactants, all by weight percent. The glass frits are metal oxides, which 

melt dielectric layers to allow metal particles to reach the surface. The adhesion of the paste to 

the layers below is determined by the paste’s chemical content. The organics in the paste 

transport silver and glass to be removed ensure binding after patterning and the solvent has been 

evaporated, and the surfactants allow for good contact with the layers below the front contact. 
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Figure 2: Firing process for front contact (Caballero, 2010). 

  

As can be seen in Figure 2, the firing process takes approximately a minute. The burn out 

process attaches the metal to the surface for short-term use. After approximately 25 seconds, the 

deposited metal can be rolled while continuing to be fired then cooled in the roll-annealing 

process utilized in all other layers’ heating processes. This short heating time is the primary 

reason for choosing silver paste as the medium for front contact attachment. After the firing 

process, the silver and glass frits mixture produce a conductive contact. 

 

Sealant 

The cell requires a sealant in order to prevent corrosion and weathering of the layers. The 

solar cell needs to be resistant to outdoor conditions, as panels will be exposed to the 

environment during use. Discoloration could greatly affect the performance of the cell, as this 

would indicate reflectance rather than absorption of sunlight. The curing time for the sealant is 

approximated to be five minutes based on convection assisting in decreasing cited curing time. 
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Section 3: Equipment Description, Rationale, and Optimization 

 

Absorber Layer: CIS  

Printer (RR-101) 

Since the deposition of CIS is an ink-based process, in which the CIS ink dissolved in 

organic solvent is directly printed onto the aluminum foil substrate, a printer is required to print 

approximately 807 L of ink onto the substrate per day. 

Flat conveyer 

The printed ink needs a certain amount of time, which is set at 8 minutes, to evaporate the 

organic solvent away to dry up the film and make it attach to the substrate well. This process 

needs the substrate to be flat in case the wet CIS films stick to each other. During this period of 

time the substrate needs to be open to air, so flat conveyer is needed in this step. In addition, the 

flat conveyer needs to be heated to accelerate the evaporation of organic solvent, so heaters are 

also required in this process. 

Vacuum Chamber (E-101) 

The next step after the evaporation of organic solvent is sulfurization. This step is done in 

a low pressure of 30 torr, so a vacuum chamber is required. This vacuum is not strictly a vacuum 

but rather a standard oven with an air pump. 

Roller 

To save spaces and sulfur material for the sulfurization process, the films need to be 

rolled up before going into the vacuum chamber for sulfurization. After sulfurization, the 

substrate is unrolled and goes directly into the process of ZnS buffer layer deposition. See 

Calculations Appendix A.2 for CIS for detailed calculations.  
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Buffer Layer: ZnS 

ZnS nanocrystal (NC) reactor (R-201) 

ZnS nanocrystals (NCs) are produced daily in a batch reactor. Because the desired 

product precipitates from solutions, a CSTR is not ideal for production. Following the reaction, 

the reactant effluent exits the reactor; subsequently, pyridine is mixed with ZnS within the same 

unit to produce an ink solution. Because the volume of pyridine is greater than the reactant 

solution volume, the reactor is sized to accommodate the required volume for pyridine. The 

mixing process requires 125.7 L of pyridine. To accommodate for future changes in production 

rate and deviations in processing conditions, the reactor is sized at 160 L, which is 125% larger 

than required. For equipment sizing and calculations, the reactor is classified as a vertical 

pressure tank. See Calculations Appendix A.2 of ZnS for detailed calculations.  

Surge tank (TK-201) 

 A surge tank is placed in between the ZnS R2R unit and the ZnS NC reactor to transition 

the batch process for continuous deposition. The surge tank holds the same volume as the final 

ink solution produced in the preceding reactor. Therefore, the surge tank is also sized at 157 L 

and classified as a vertical pressure tank for equipment calculations.  

ZnS roll-to-roll (R2R) unit (RR-201) 

 The ZnS R2R unit is fed a 20 inch wide substrate at 300 feet per minute for the 

deposition of ZnS; the chosen film dimensions are required to ensure a competitive production 

rate. The rollers for the unit are not patterned as smooth and continuous deposition is required for 

the buffer layer. The unit is maintained in a N2 environment because ZnS is sensitive to 

oxidation. In addition, an ink pan feeds the R2R unit with ZnS ink stored in the surge tank.  

Because the unit is assumed to operate at 90% efficiency, 10% of the ink solution returns to the 

pan for recycle. Finally, a knife-over-edge technology is implemented to scrape excess material 

from the roller prior to deposition. 

Oven (E-201) 

An oven is required to anneal the ZnS film for various reasons. First, the oven evaporates 

the pyridine solvent from the wet ZnS film. Furthermore, annealing allows for proper adhesion to 

the CIS layer and ensures the crystallinity of the as-deposited film. The oven operates in an N2 

environment at 200 
o
C. To reduce processing time and space, the substrate is rolled inside the 

oven. The roller diameter is assumed to be 2 ft. A standard oven of 64 ft
3

 is required for this 
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process. For all processes, the heating processes proceeds for 5 minutes per roll. Every 5 minutes 

(238 revolutions), a new roll enters the oven to receive the film from the ZnS R2R unit; 

concurrently, the exiting roll feeds the ZnO R2R unit. 
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Window Layer: iZnO/ZnO:Ga 

Reactor (R-301/R-401) 

Two reactors are required in the process to make the window layers of the solar cell, one 

for ZnO and one for ZnO:Ga. The reactors are sized based on the volume required to meet the 

daily batch production size of the sol-gel ink, which is to be deposited on the substrate. As a 

safety measure, the reactors are sized to be 125% of the required volume. For ZnO production, a 

reactor of 150 L in volume is required whereas for ZnO:Ga, a reactor of 833.33 L in volume is 

required. The reactor includes a temperature control system, which maintains the reaction 

temperature at 60°C. For equipment sizing and calculations, the reactors are classified as a 

vertical pressure tank.  

Surge tank (TK-301/TK-302/TK-401/TK-402) 

A surge tank is required for the storage of the sol-gel solution during the two aging period 

required for the synthesis of the colloidal solution. Similarly to the reactors, a surge tank of 

833.33 L in is required for the storage of the ZnO:Ga solution and a surge tank of 150 L in 

volume is required for the storage of the ZnO solution.  

Roll-to-roll Unit (RR-301/RR-401) 

The substrate, with CIS and ZnS already deposited, is fed into the ZnO and ZnO:Ga R2R 

system subsequently. The R2R systems have the standard size of 20 inch wide substrate moving 

at 300 ft/min that is utilized in other steps of production. The rollers for the unit are not patterned 

as smooth and continuous deposition is required for the window layer. The thickness of each 

layer (50 nm of ZnO and 300 nm of ZnO:Ga) is controlled using a knife-over-edge technique, 

which removes excess solution and create an even surface. Excess solution is collected and 

returned into the surge tank for reuse. In order to aid in solvent evaporation, the last 5 feet of the 

conveyor belt before entering the oven are heated to 100°C. See Calculations Appendix A.1 for 

ZnO and A.3 for ovens for detailed calculations. 

Oven (E-301/E-401) 

The roll-to-roll system ends inside an oven set to 650°C, for the annealing step of the 

process. Nitrogen gas flows continuously through the oven in order to purge ambient air and 

maintain a nitrogen environment. This is necessary in order to prevent oxidation of the ZnS layer 

below. In order to conserve space, the substrate is rolled within the oven while continuously 

moving at 300 ft/min. The substrate remains in the oven for 5 min (238 revolutions) for 
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annealing before being cut, exiting and unrolling for the next step in the fabrication process. At 

the same time, the next section of the substrate enters the oven and the process is repeated. In 

order to accommodate the size of the rolled substrate inside the oven, an oven with parameters of 

4 ft x 4 ft x 4 ft is required, resulting in a volume of 64 ft
3
 (1.81 m

3
). 
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Metal Contact 

Roll-to-roll Unit (RR-501) 

The metal deposition requires a single roller for the desired output of 100 ft/min with a 

length of 20 inches. These film dimensions are chosen to ensure a competitive production rate.  

The roller must be pattered in a way, which deposits a grid of 1 cm, by 1 cm squares of cell 

outlined with silver. The pattern must thus consist of 49 indented lines running around the 

circumference of the roller spaced 1 cm apart, and groove lines spaced 1 cm apart running along 

the roller lengthwise. The silver grid will be 100 nm thick with 0.1 cm-wide lines. To accomplish 

a uniformly spaced metal contact in the product, the circumference of the roller must be a 

multiple of 1 cm, and has been chosen to have a 20 cm circumference (a diameter of 6.37 cm) so 

as to not cause too much wear on a small roller running fast, or take up too much space with a 

larger roller. Given that the material deposited is a viscous paste, the roller will not roll through a 

pan containing the chemical of interest as is normal for R2R coating but rather have a from-

above deposition system coating the roller for eventual deposition. A knife-over-edge technology 

is used to scrape excess material from the roller before patterned printing occurs. 

Oven (E-501) 

An oven is required for development of the silver paste to a function metal contact. The 

temperature is 850 C, and the gradual heating of the metal cures the silver paste and its 

components in a way, which maximizes the functionality of the contact. Hardening occurs within 

the first 20 seconds of the firing process, and can then be rolled up in the oven for the remainder 

of heating time. The oven must therefore accommodate the roll, and the diameter of the oven 

roller before the film is collected on it must be small enough to fit inside a standard 64 ft
3
 

annealing oven (4 x 4 x 4 ft). For ease of design, the same size roll used for paste deposition is 

used for annealing, with a diameter of 6.37 cm resulting in 485 rotations per minute.  

 

Sealant 

Roll-to-roll Unit (R-502) 

The sealant requires no patterning. Thus, a roller simply coats 5 nm of silicone on each 

side of the film. The drying time is approximated to be fast given the moving speed of the film in 

the process. Convection increases the drying speed and decreases the time necessary for the 
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drying process of sealant. Thus, no oven is necessary. See Calculations Appendix A.2 for Metal 

Contact and Sealant for detailed calculations, or Appendix B for the corresponding spreadsheet. 
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Section 4: Safety and Environmental Factors 

Section 4.1: Safety Statement 

1. Chemicals 

Sodium sulfate (Na2SO4) 

 Sodium sulfate is non-toxic but as a dust can cause eye and respiratory tract irritation. 

This can be mitigated by use of a mask, though is not necessary in the solar cell process as it is 

aqueous. (MSDS Sodium Sulfate Anhydrous, 2000; Sodium sulfate anhydrous MSDS, 2010). 

Nitrogen (N2) 

 In liquid form, nitrogen can cause rapid freezing of things near it. The only instance in 

which it is unsafe is when it is in excess, overtaking the presence of oxygen or combining with it 

to generate NOxs. (Nitrogen MSDS, 1994). 

Carbon Dioxide (CO2)     

Carbon dioxide is normally stored as a pure gas in a pressurized cylinder, which can create 

possible explosion hazards in the case of a fire, where carbon dioxide can produce the following 

harmful products: toxic fumes, nitrogen oxides (NOx), carbon monoxide (CO) (Carbon Dioxide 

MSDS, 2011).  In the case of a fire, carbon dioxide tanks should be doused in water to keep the 

cylinders cold.  The cylinders should be maintained with the cap tightly closed at room 

temperature. (Carbon Dioxide MSDS, 1996). 

Pyridine (C5H5N) 

 Skin irritation, eye irritation, central nervous system depression. Flammable liquid and 

vapor. Negative long-term exposure effects as a result of nervous system depression. (Pyridine 

MSDS, 2008). 

Water (H2O) 

 Water is a product of the ZnS process and is further discussed in part 2 of the 

environmental statement: Utilities Used. 

Monoethanolamine MEA (C2H7NO) 

 Respiratory irritant and safety hazard. Toxic in skim absorption. Prolonged exposure 

holds risk of kidney and liver damage. Inhalation should be met with fresh air (MSDS MEA, 

2003). 
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2-methoxy-ethanol (C3H8O2) 

 Extremely hazardous in skin contact, eye contact, inhalation, and ingestion. Toxic to 

nervous system, blood, and kidneys and may cause organ damage. Does not present a major 

hazard given small quantities of feed in ZnO processes but caution must be upheld (2-methoxy 

ethanol MSDS, 2010). 

 

2. Equipment 

There are four main unit operations that pervade all parts of the main processes in this 

solar cell projects. They are the rollers, the ovens, the pumps, and the reactor tanks. The safety 

analysis for equipment focuses on these four operations with some attention given to the 

remaining unit operations.  

Reactor 

The major process hazards of the reactor may occur when there are deviations in reaction 

parameters, inlet flow rates, reaction temperature, and reactor agitation. First of all, the reaction 

may be increased, slowed, reversed, or completely stopped, depending on several parameters. 

For example, the necessary reaction may be completely stopped if the correct reactants are not 

present, if the temperature is not high enough, or if contaminants are present. In the case that the 

desired reaction is not occurring, production of the solar cell would be completely halted. On the 

other hand, if too much reaction is occurring, the possibility of a runaway reaction exists. This 

case may be caused by chemical contaminants, excessive temperature, a failed cooling system, or 

a mis-calibrated temperature control system. A runaway reaction is very dangerous in a chemical 

plant because it can lead to large explosions. Between the extremes of no reaction and runaway 

reaction, there can be a slow reaction, partial reaction, side reaction, or wrong reaction occurring 

in the reactor. All of these possibilities will lead to inefficiencies in the production system, which 

will then slow down the overall production rate. Furthermore, side reactions and wrong reactions 

can lead to the production of dangerous and unexpected chemicals. One last possibility is 

decomposition of the reaction products. This can occur if the reaction temperature is excessively 

high and the productions become unstable. In this case, the products may decompose to either 

the original reactants or new products. In the case of these deviations, the reactor should be 
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checked for temperature, working temperature controls, the correct reactant inputs, and the 

presence of contaminants. 

Another process parameter that must be examined is the inlet flow rate of the reactor. The 

flow may be too low, too high, or not flowing. For the deviation case of “no flow”, possible 

causes are clogged pipes, a closed valve, or a completely empty chemical source tank. All of 

these would lead to no reaction inside the reactor, and therefore a backup in the production 

process. These possible causes may also lead to a decreased flow. On the other hand, a broken 

valve or a flow rate controller set to too high of a level may lead to excessively high flow rates. 

A high flow rate poses the hazard of an overflowing reactor tank. To prevent these hazards, valve 

controls should be checked and pipes and valves should be maintained. 

The temperature of the ZnO reactor must be maintained at 60°C for the chemicals to react 

properly. If the temperature is too low or too high, the reaction may not occur at all or may not 

occur to completion. A low reaction temperature can be caused by a broken heating system or an 

unplugged reactor. A high reaction temperature may be caused by a broken heating system, 

broken temperature controls, or a failing cooling system. This case also poses the additional 

hazard of a runaway reaction, which can lead to explosions and fires inside the production plant. 

The mixing of the reactor solution is another parameter that must be considered. The 

reaction will occur best if continuously well-mixed. No mixing or low mixing will result in lower 

conversion rates and an inefficient process. Less products will be made from the same input 

reactants, increasing the cost of the system. In the case of no mixing or low mixing, the stirrer 

inside the reactor should be checked. For a detailed account of safety associated with reactors, 

see the HazOp forms located in Appendix F. 

Rollers 

In general, failure or sub-par performance of the rollers has detrimental effects for the 

throughput of the process as a whole. For a lapse in printing at one part of the process to occur, 

the system must be stopped or have an inherently placed sensor for mitigation of off-standard 

rolling procedures. For a detailed account of safety associated with rollers, see the HazOp forms 

located in Appendix F. 

Operating an industrially used roll printer operating at the speed that this process 

necessitates requires extreme caution. Approaching the system closely could be a hazard in that 

loose clothing could potentially get caught and cause injury. In addition, operators of the system 
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must use caution in holding themselves in proximity to the system when it is in operation. This 

may be mitigated by setting up a physical guard in order to prevent people from coming within a 

hazardous distance of the equipment (Cisco Eagles, 2012). 

One component of the rolling system which is not the roller itself is the pan in which the 

roller runs through in order to collect chemical ink to roll onto the substrate film. If this pan is 

under-filled, deposition will not occur as predicted and thus produce sub-par product. An 

overfilled pan would present a safety hazard due to lack of containment.  

The roll moving too fast will not allow for sufficient drying and presents the hazard of a 

subpar product. A slowly-moving roller will cause buildup in chemical feed line causing possible 

overflow and damage to the film if allowed to fold. A stopped or jammed roller will cause 

backup in the system process. These rolling speed hazards may be mitigated by manual removal 

of jams or mechanical slow down by personnel, or by an inbuilt feedback control system.  

Annealing Ovens 

Hot surfaces may cause burns when personnel are in proximity. Burning chemicals may 

also create a health hazard (Lampwork, 2012). The main process hazard for annealing ovens is 

that the temperature may reach too high a level, at which point solar cell film may be damaged. 

This is also a safety hazard in view of potential burns. Too low a temperature may result in wet 

films, damage to layers, and thus a poor quality solar cell. Caution must be taken in monitoring 

oven temperature.  

The roller within the oven has potential to be a safety concern. Moving too fast may 

cause damage to the incoming feed line or collect solar film when it is not yet dry enough for 

self-contact at which point the integrity of the solar cell is compromised. Too slow an oven roller 

and the production rate is lowered and there is a buildup of feed at the continuous flow process. 

A halted oven roller will not allow film outside of the oven to dry, while there is a burn hazard 

for film left in the annealing oven due to high temperatures. 

Pumps 

Both gas and liquid pumps are used in this process to continuously drive the product of 

solar cell film. The use of pumps may produce high temperatures from motor use, uncontrolled 

pressure gradients (“Hazard Investigation”, 2002). 

In terms of operation, pumps have very significant safety hazards due to their 

associations of high pressure. Once the pumps in the film process break down, the high pressure 
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at which the pump is operating will cause danger to operators, as well as potentially pump out 

chemicals and cause severe harm to both human beings and equipment, while the high pressure 

drop also causes a high velocity of the sputtering of those chemicals. 

Economically, pump failure will cause huge losses. The cost of purchasing, installing and 

operating pumps accounts for a great amount of the investment. Thus, if there is a problem with 

the pumps, the commercial profits of the project will suffer a great loss. The pumps are mainly 

used for supplying materials in the manufacturing of flexible solar cells, and the layers of a solar 

cell are deposited one by one so once one of the pumps break down and there is no backup, the 

whole process will have to be paused until that pump is returned to work. 

 

The remaining minor unit operation safety concerns are as follows: 

Leaks 

In the event of a leak, a release of a possibly toxic solution at high pressure and 

temperature can pose hazards to human health (Tortajada, 2006).   

Conveyers 

 Conveyors introduce many safety hazards to a system. Similar to the hazard associated 

with rollers, nip points where more than one rotation part is introduced to another, pinching 

hazards may be present. Power transmissions, spill points, areas under counterweights, transfer 

mechanisms, and passage areas under conveyor are all major concerns of any system with a 

conveyor. These hazards can be mitigated by implementation of mechanical barriers and 

safeguards, such as putting a cover on exposed gears that may introduce a hazard to those in 

proximity (Cisco Eagles, 2012).  

Filter 

In the event of damage to the structural integrity of the filtration equipment, leaks may 

occur. Health hazards are associated with exposed filter media due to toxicity (Crittenden, 2005). 

There is also potential for accumulation and buildup in a filtration system, which has potential 

for overflow in the system. In the solar cell process, however, given the small quantities of 

filtered substance, this is unlikely. 

Heat exchangers (condenser) 
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Hazards from high temperatures of inlet and outlet streams pose a burn hazard. Leaks 

(see Leak Hazards) may also occur due to high pressures, high temperatures, and the use of 

corrosive materials (Mannan and Lees, 2005). 

Mixer 

Due to the presence of moving parts, malfunction of the mixing system may cause 

overheating of a motor and failure of the system causing accumulation risks. (“Hazard 

Investigation”, 2002).  
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Section 4.2: Environmental Impact Statement 

In a life-cycle assessment of the manufacturing process of the inorganic solar cell, the 

largest impact would from the necessity of extraction of minerals from the earth. As is seen in 

Figure 3, the most abundant elements of those utilized in the layers of the solar cell are Si, S, Zn, 

and Cu and even these are not particularly abundant. This is not to mention the chemicals that are 

washed or evaporated after chemical deposition of the desired components. The utility use 

impact is negligible in comparison to that of materials extracted from the earth with utilities 

being used in the amount of 11.2 tonnes of water per year and 19,472,260 kW-h of electricity per 

year and some of the materials extracted being nonrenewable and difficult to extract, such as In 

as can be seen in Figure 3. 

 

Figure 3: Abundance of Elements on Earth (U.S. Geological Survey, 2005) 

 

As it stands based on detailed LCAs of similar processes, the salient points of analysis are the 

calculations of a gross energy requirement of 1494 MJ/panel (0.65 m2 surface) and the GWP of 

80 kg CO2/panel. This is based on general cell analysis. According to A. Stoppato, author of the 

LCA, the energy payback time is shorter than the panel life under unfavorable geographic 

conditions. This suggests that development of solar energy through inorganic solar cells is 

feasible (Stoppato, 2007). Below is a breakdown of utilized chemicals and projected 

environmental impacts aside from energy use. 
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1. Process Discharges 

Sodium sulfate (Na2SO4) 

Sodium sulfate does not bioaccumulate or contaminate food chains. It is not considered to 

have a significant environmental impact (MSDS Sodium Sulfate Anhydrous, 2000; Sodium 

sulfate anhydrous MSDS, 2010). 

Nitrogen (N2) 

As long as nitrogen does not form oxides, N2 released to the environment will not have a 

negative impact on it given the large presence in the earth’s atmosphere (Nitrogen MSDS, 1994). 

Carbon dioxide (CO2) 

CO2 emissions contribute to global warming due to its properties of heat absorption and 

contribution to the greenhouse effect on Earth (Carbon Dioxide MSDS, 1996). 

Pyridine (C5H5N) 

Both the ZnS and CIS process output pyridine evaporated in the solvent used for 

deposition. This pyridine will be isolated by evaporation and re-condensed for reuse as a solvent 

for the same processes, thus mitigating the potential for hazardous discharge and wasted material 

(Pyridine MSDS, 2008).  

Water (H2O) 

 Water is a product of the ZnS process and is further discussed in part 2 of the 

environmental statement: Utilities Used. 

Monoethanolamine MEA (C2H7NO) 

 MEA is toxic to microorganisms and should be dealt with accordingly so as to not 

contaminate ecosystems in which waste is sent. There is 100% oxygen consumption by day 20 

(MSDS MEA, 2003). 

2-methoxy-ethanol (C3H8O2) 

 The toxicity of 2-methoxy ethanol is at this point unknown but seem to harmless both as 

a product and at degradation (2-methoxy ethanol MSDS, 2010). 

2. Utilities Used 

Environmental risks are associated with released warm water; as such, it is not a 

sustainable practice to discharge all the water as waste directly. 1l,200 L are used a day, but for 
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primarily for cooling purposes with 30.6 L/day of it going towards the ZnS reactions. The 

introduction of a varied temperature liquid in the ocean is considered thermal pollution. In the 

process in question, it may occur when water above the ambient temperature is released into the 

environment as it is used for cooling purposes (“Thermal Pollution”, 2011). 

All forms of electricity generation used in startup before the panels are used to supply 

electricity to Golden Brown Solar have some level of environmental impact, which is an 

example of the upstream environmental hazards. Fuels used to generate electricity have some 

impact on the environment. The majority of electricity in the US is generated from fossil fuels, 

such as coal, natural gas, and oil. Fossil fuel power plants release air pollution, require large 

amounts of cooling water. Nuclear power plants generate and accumulating quantities of 

radioactive waste that currently lack repository. In summary, electricity will invite potential 

upstream environmental problems of air, water and land usage and pollution. However, it is 

important to note that while large amounts of electricity will be needed from outside sources at 

startup, the plant will be self sufficient for the most part by utilizing its own energy-producing 

product. 676 MW of electricity will be produced a year, while the plant requires 19,472,260 kW-

h per year for operation. The first year after startup a portion of product output can be utilized in 

the plant for electricity generation. These numbers are given in Table 15. 

3. Chemical Spills 

Based on chemical descriptions in both Safety and Environmental Impact sections, spills 

of any chemical have the potential of negative environmental impact. All chemicals are 

considered harmful to the human body when at high concentrations, and some are flammable. 

Detailed information is provided in Section 4. 

4. Environmental Regulations 

Carbon dioxide emissions are regulated in that emissions standards for vehicles and 

industrial plants are in place due to findings of potential endangerment and cause of global 

warming contribution by carbon dioxide and other gases (“Endangerment”, 2011). The 

remainder of utilized chemicals is not explicitly regulated. 
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Section 5: Economic Analysis 

An economic cost analysis for the creation of a production plant and the production of 

CIS solar cells was performed and projected for a 10 year period with a one year startup time. 

The cost of each piece of equipment was estimated using online quotes, citations from previous 

works, or using the methods outlined by Seider et al. according to specifications of each piece of 

equipment. The base cost (Cb), or freight-on-board (f.o.b.) purchase costs, were determined using 

correlations provided. If special power sources or materials of construction were utilized, an 

adjusted f.o.b. purchase cost (Cp) was calculated using factors, which varied between pieces of 

equipment. In addition to the purchasing cost, new equipment is associated with many additional 

costs, both direct and indirect. These costs may include direct costs such as field materials costs 

for installation and field labor costs for installation, and indirect costs such as freight, insurance, 

taxes, and contractor engineering expenses, plus many more. The total of these additional costs 

were expressed as a factor of the f.o.b. purchase cost of the equipment, and multiplied to provide 

the bare-module cost (CBM). Each piece of equipment was associated with a unique CBM, many 

of which are provided in a table and originally determined by Guthrie (1974) (Seider et al., 

2009). The summation of CBM for each piece of equipment lead to the total bare module cost. For 

cost estimations using correlations from Seider et al., prices were adjusted from the year 2006 

(CE Index = 500) to the year 2011 (CE Index=590). See Appendix D for web printout of CE 

Index for 2011. From the total bare-module investment (Ctbm), other related investment costs 

were calculated as a fraction of Ctbm
 
and summed to determine the total capital investment. The 

working capital (WC), included in the total capital investment, was determined as a fraction of 

the cost of manufacturing (COM). A table of equipment cost and energy estimations is provided 

in Table 16. 

Table 16:  Equipment Table 

Equipment Name  Quantity  Cost per unit Cbm ($) Total Energy Usage (W) 

Oven  5 $14,595 $72,975 300,000 

Patterned roll-to-roll 1 $215,256 $215,256 319,000 

Plain roll-to-roll coater 5 $226,270 $1,131,352 1,595,000 

Reactor +tank (ZnS) 2 $3,984 $9,402 22 

Reactor + tank (ZnO) 3 $7,200 $25,488 49 

Reactor+ tank (ZnO:Ga) 3 $17,264 $61,115 296 
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Pumps 20 $19,629 $463,244 8,493 

Total   $1,978,832 2,222,861 

In calculating the cost of manufacturing, it was assumed that five operators per shift for a 

total of five shifts per day, are required for the operation of the production plant. Operators were 

assumed to be paid $35/hour for a total of 2,080 hours per year. The major yearly utility was the 

cost of electricity, which amounted to $1,168,336 per year. Waste treatment utility costs were not 

included and will be addressed in future work. A more significant cost in the yearly COM is the 

cost of raw materials and chemicals used in product, currently occupying 97% of the total COM. 

The yearly cost of chemicals required to produce at the goal production level amounts to slightly 

over $500 million, more than the total capital investment (TCI) of the project. The cost of raw 

materials therefore puts a major cut in the annual profits of the company. If it is possible to 

obtain raw materials at a lower price, profits will increase significantly.  

Annual sales were projected with the assumption that 98% of products manufactured 

annually will be suitable for sale at market, with the goal of occupying approximately 1/3 of the 

global solar energy market. The current production rate yields to the production of 676 MW of 

energy per year. In order to undercut existing solar companies, we seek to sell our product at 

$1/Watt, lower than the current market price for similar products, resulting in annual sales of 

$676 million. Annual net earnings, after accounting for depreciation, costs, and taxation, average 

to about $342 million each year. This results in a profit margin of approximately of about 51% 

and a return on investment (ROI) of about 5.06 for the first year of sales.  
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Table 17: Cash flow summary (in millions of U.S. Dollars) for 10-year plant life at Nominal Interest Rate of 15% 

Year  f C tdc Cwc 
D (10 yr 
MACRS) C excl Dep S 

Net Earnings 
(40% tax) 

Discounted 
Cash Flow Cash Flow(PV) Cum PV  

2012 -$9, 000,000 -$57,000,000 
  

$0 
 

-$66,000,000 -$66, 000,000 -$66, 000,000 

2013 
  

$929,000 $200,000,000 $676,000,000 $342,000,000 $343,000,000 $298, 000,000 $232, 000,000 

2014 
  

$1,672,000 $200,000,000 $676,000,000 $341,000,000 $343,000,000 $259, 000,000 $491, 000,000 

2015 
  

$1,337,000 $200,000,000 $676,000,000 $341,000,000 $343,000,000 $225, 000,000 $717, 000,000 

2016 
  

$1,070,000 $200,000,000 $676,000,000 $342,000,000 $343,000,000 $196, 000,000 $913, 000,000 

2017 
  

$856,000 $200,000,000 $676,000,000 $342,000,000 $343,000,000 $170, 000,000 $1,084,000,000 

2018 
  

$684,000 $200,000,000 $676,000,000 $342,000,000 $342,000,000 $148, 000,000 $1,232,000,000 

2019 
  

$608,000 $200,000,000 $676,000,000 $342,000,000 $342,000,000 $128, 000,000 $1,361,000,000 

2020 
  

$608,000 $200,000,000 $676,000,000 $342,000,000 $342,000,000 $112, 000,000 $1,473,000,000 

2021 
  

$609,000 $200,000,000 $676,000,000 $342,000,000 $342,000,000 $97, 000,000 $1,570,000,000 

2022 
  

$608,000 $200,000,000 $676,000,000 $342,000,000 $342,000,000 $84, 000,000 $1,655,000,000 

2023 
 

$57, 000,000 $304,000 $200,000,000 $676,000,000 $342,000,000 $342,000,000 $73, 000,000 $1,729,000,000 
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The net present value (NPV) of the project (shown above in Table 17) was calculated 

after 10 years of sales, assuming an interest rate of 15% and a tax rate of 40% with a 30% 

corporate tax deduction applied to solar energy companies. A ten year Modified Accerlerated 

Cost Recovery System (MACRS) was used to calculate the depreciation cost per year. After ten 

years of production, the NPV of the project is approximately $1.7 billion, which is significantly 

larger than the total capital investment (TCI) of $67 million. As a basis for comparison, the 

future worth of the TCI in 2022, assuming 10% continuously compounded interest, was 

calculated to be $193 million. Using these estimates of economic profitability, the proposed 

project provides greater value than a general investment in stock markets or bonds. Major 

economic profitability measures are provided in Table 19.  

 

Table 19: Economic Analysis Summary 

Economic Analysis Summary   

Total Bare Module Investment  $6,500,000 

Total Capital Investment $67,000,000 

Cost of Raw Materials (Annual) $194,000,000 

Cost of Electricity (Annual) $1,000,000 

Cost of Manufacturing (Annual) $200,000,000 

Annual Sales  $676,000,000 

Net Earnings (Annual) $342,000,000 

 

Profitability Measures  

ROI= (net earnings)/(TCI) (1st yr) 5.00 

Profit Margin  (1st year) 0.50 

Net Present Value  (After 10 years) $1,700,000,000 

Future worth of TCI at 10% interest $193,000,000 

 

Economic Hazards 

Several important economic hazards are present in the production process of this plant, 

which may create major setbacks and make the project infeasible or unprofitable. These include 

the changing price of raw materials, the change in demand for solar energy, the changing 

technology of other alternative fuels, and changing government policies concerning renewable 

energy.  
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The profitability of our production process is largely dependent on the cost of the input 

materials. Raw chemicals costs make up a significant portion of the annual cost of manufacturing 

(97%). The annual net earnings were highly dependent on the cost of materials and the NPV 

shifts significantly with this cost. In the future, there is the possibility of an increase in the cost of 

the essential metals which make up the bulk of the cell, due to scarcity (Zweibel, 2011). 

Although natural abundance was taken into consideration when choosing the materials for the 

cell, unexpected changes may occur in the economy which increases the price of these materials. 

If the cost of materials increases dramatically, it is likely that production will become 

unprofitable and construction of the plant would be unadvised.  

Another economic aspect that this production plant is highly dependent on is the assumed 

demand for solar energy. Economic predictions were made assuming a market selling price of 

$1/W for the finished product as well as a global demand for the full amount of energy that will 

be produced by this plant (676 MW). These assumptions are fair considering the current 

environment and attitude toward PV technology, but may change in the future. For various 

reasons, demand for solar energy may fall dramatically. In this case, even if a high theoretical net 

earning exists for the plant, sales would not meet projected levels profits will fall. Essentially, a 

lack of demand for the product would lead to the failure of the plant.  

A potential reason for the future lack of demand for PV technology would be increased 

demand for other sources of renewable energy. Currently, research is being conducted on the 

production of biofuels from algae as well as solar based hydrogen fuel cells. Although these 

alternative sources of renewable energy have not been refined and marketed on a large scale, 

they hold potential for future improvements. If cheap and effective alternatives to photovoltaic 

technology are generated and sold on a large scale, the relevance of this production plant would 

be highly decreased. In theory, there would be no demand for a technology which is both more 

expensive and less effective if a cheap, sustainable, and effective alternative exists.  

Lastly, solar energy technology currently receives government policy support in several 

countries and regions. In the case of the United States, a 35% corporate tax rebate is provided for 

all renewable energy companies (“Federal Incentives”, 2011). However in the future, renewable 

energy may not be favored and supported by government policies. This would put a cut in the 

profits and make production much less profitable. On the other hand, PV technology may 

become so cost-effective in the future that it may not require government support.



59 
 

 

Section 6: Conclusions and Recommendations 

Based on the design process and economic calculations, the flexible solar cell film project 

is generally successful with profits gained. However, there are still several issues of inaccuracy 

and errors due to assumptions, which have to be taken into account. 

The first and most significant source of inaccuracy is the mass balance of the design 

project. Initially, the chemistry of the CIS absorber layer and ZnO window layer follow 

laboratory-based research. ZnS replaced the CdS as the buffer layer in laboratory processes. 

However, ZnO and CIS chemistries are changed to accommodate R2R printing methods to be 

scaled up for industrial-scale manufacturing. Thus, the chemistries of all three layers are changed 

according to literature research without experimental verification while other assumptions are 

not supported with literature/laboratory research. This affects the accuracy of mass balances over 

the whole process. 

The second source of inaccuracy and error lies in operating parameters of the process. 

While the chemistry of each component layer is designed according to literature research, some 

of the operation parameters are changed in order to be compatible with R2R printing to raise the 

manufacturing efficiency. For instance, most temperatures have been increase in theoretical 

design to shorten the manufacturing time, and most of the annealing and reaction time are 

decreased to the minimum to increase manufacturing efficiency. 

The third source of error comes from assuming an abundant supply of raw materials. The 

supply of raw materials is assumed to be sufficient for the 10-year plant life without supply or 

cost change. However, some of the raw materials that are used, such as In, will rise in cost over 

the next couple of decades due to the difficulty of extraction as well as abundance in Earth’s 

crust. See Section 4.2 for details.  

As to the fourth source of error, there are some inaccuracies in the cited prices of the 

materials and equipment that are used in this project. This gives rise to the inaccuracy of 

economic calculations and the final NPV value of the whole project. Whether this inaccuracy is 

negative or positive in error is uncertain due to both over and underestimates of material cost. 

The fifth source of error lies in the assumption of the market share that this project takes. 

It is assumed that 70% of the U.S. PV market is captured by this project. 
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In light of these errors, there are several recommendations for future work on the 

development of this project. First, the design process can be improved if it is based more on a 

more established manufacturing process, since the basic design is based on lab research and 

literature research. Second, more research should be done on the issue of heat exchangers and 

solvent recycling. These factors are not addressed in the design process, but are likely to cause 

shifts in the results of economic calculations. 

A third recommendation is that more accurate numbers for raw material prices should be 

found. One of the most significant investments of the project is in raw materials. In the economic 

calculation, the prices of some raw materials are higher than that in industry, particularly Cu and 

In. Thus, the economic profits can be extended if this issue is improved. 
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Appendices 

 

Appendix A: Equipment and Process Calculations 

 

A.1 Production Size Calculations 

A production rate of approximately 100 ft/min is required to produce 680 MW per year, 

which is 70% of the total yearly US solar market (950 MW) (Solarbuzz). The following 

assumptions were utilized to calculate the required production rate.  

First, production rate calculations assumed an average solar irradiation constant of 1361 

W/m
2

 to calculate the solar cell production rate (Kopp et al., 2005). This constant is the average 

solar irradiation received by the Earth over the year.   

In addition, the calculations assume a cell efficiency of 6.1%. A CIS/ZnS/iZnO/ZnO:Al 

solar cell has been shown to have an efficiency of 8.1% (Hubert et al., 2005). Products made on 

the bench scale are inherently of higher quality than those produced in large-scale manufacturing 

processes. Therefore, a conservative reduction in efficiency of 2% produced a manufacturing 

efficiency of 6.1%. 

Finally, 20-inch wide solar cells were chosen for the basis of our design, based on an 

interview with Dr. Anthony Muscat (Appendix E). Shown below are calculations to arrive at a 

required production rate of 300 ft/min. 

Desired production size:  

 

Solar constant:  
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Cell width:  

Plant production rate:   

 

A.2 Process Calculations 

Calculations have corresponding spreadsheets in Appendix B. 

ZnS Calculations 

ZnS mass feed rate 

 The required ZnS mass feed rate, to the R2R unit, can be determined based on the 

production rate, and cell width. The following assumptions were made for these calculations: a 

production rate of 100 ft/min and 20-inch wide solar cells. In addition, ZnS was assumed to have 

a density of 4.09 g/cm
3
 (CRC Handbook of Chemistry and Physics, 2011). Calculations for ZnO 

have similar theory behind them and are omitted due to the presence of this example. Process 

calculations for ZnO can be found in spreadsheet form in Appendix B. 

 

 

Pyridine required 

 ZnS NCs were mixed with pyridine to form an ink solution for deposition onto the CIS 

absorber layer, via a R2R process. To determine the volume of required pyridine, a 1:10 molar 

ratio (ZnS: Pyridine) was assumed. For this calculation, a pyridine liquid density of 0.9819 kg/L 

was assumed (CRC Handbook of Chemistry and Physics, 2011). 
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ZnSO4 and Na2S required 

 A fast-precipitation reaction between ZnSO4 and Na2S produces ZnS: 

ZnSO4 (aq.) +Na2S (aq.) →ZnS (s) + Na2SO4 (aq.) 

Using the ZnS required mass feed and the reaction scheme above, the required ZnSO4 and Na2S 

mass feed rates can be calculated. For these calculations, 100% conversion was assumed due to a 

high reaction rate, kA=1.7*10
23

-6.2*10
24

 L/ (mol*hr) (Sampaio et al., 2009). 

ZnSO4:  

=7.56 kg ZnSO4/day 

Na2S:  

=3.65 kg Na2S/day 

A mass balance can be performed around the ZnS reactor to calculate the exiting mass of 

Na2SO4. 

Na2SO4: mNa2SO4
 = (mZnSO4

+mNa2S)-(mZnS)=(7.56 kg/day+3.65 kg/day)-(4.54 kg/day) 

      =6.65 kg Na2SO4/day 

Water for ZnS 

 Because ZnSO4 and Na2S are acquired in solid form can require in an aqueous medium, 

water is required to mix the reactants. The water required for the reaction can be determined 

based on the solubility of the reactants.  For both reactants, it was assumed that the mass of the 
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reactants would be 10% less than the maximum solubility. Shown below is a sample example for 

the water required for Na2S. 

  

 

ZnO Raw Materials Calculations 

ZnO 

Production rate and dimensions: 100 ft/min of 20 inch reel 

Film Thickness: 50 nm 

 

Density of ZnO= 5.606 g/cm^3= 5606 kg/m^3 

Required feed of zinc acetate dihydrate: 

  

 

Required feed of MEA: 

MEA and zinc acetate dihydrate are fed in a 1:1 molar ratio 

 

Required feed of 2-methoxy-ethanol 

0.7 M ratio of zinc acetate dihydrate required 
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50% solvent recycling rate:  

52 kg/ day of fresh 2-methoxyethanol is fed while 52 kg/day 2-methoxy will come from 

recycling.  

ZnO:Ga 

The calculations for ZnO:Ga are analogous to the calculations for ZnO, with the exception of the 

film thickness (300 nm) and the addition of the gallium dopant. Gallium will be doped at a 2 at. 

% concentration, from the source Ga(NO3)3.  

Production volume for ZnO:Ga= Production volume of ZnO* 300 nm/50 nm= 0.0000045 

m
3
/min 

Production rate= 0.0000045 m
3
/min*5600 kg/m

3
= 0.0252 kg/min ZnO:Ga 

  = 3.1 *10
-4 

 kmol/min ZnO: Ga  

Gallium Doping Requirements: 

 

 

 

 

Metal Contact Calculations 
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 A gridded silver contact mesh will be deposited via a patterned roller with silver paste. 

Calculations for CIS have similar theory behind them and are omitted due to the presence of this 

example. Process calculations for CIS can be found in spreadsheet form in Appendix B. The 

dimensions and cost calculations are as follow: 

 Vertical Lines 

 

 

 

 

 

 

 

 Horizontal Lines 

 

 

 

 

 

 

 

The total cost of using this mass of silver is calculated: 
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Silicone Sealant Calculations 

 There will be a uniform layer of silicone sealant rolled onto the finished solar cell. The 

dimensions of this layer and resulting material use and costs are detailed below. 

 

 

 

 

 

 

A quantity of 0.8226 kg/day is used in determining the approximate cost per day of sealing 300 

ft/min of solar cells. 
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A.3 Equipment Calculations 

Oven Reel 

An example calculation for calculating oven real size based on sealant annealing times is 

provided. Given an output of 300 ft/min of PV film with an annealing time of 1 minute, optimal 

oven reel dimensions assumptions can be checked for feasibility. Determining the size of a roll 

and keeping it within the bounds of a standard sized oven is important to control equipment 

costs. 

 

 

 

 

To accommodate the spacing of the metal contact grid, the circumference is chosen to be a 

multiple of 1 cm.  

 

 

 

 

Based on the assumption of circumference and diameter, the number of circulations the film will 

make around the reel (1456) is negligible in the thickness it adds to the diameter of the roll and is 

thus unaccounted for in oven size determination.  

 

Pumps and Electric Motors 

 The purchase cost for centrifugal pumps was calculated using Equation A.1 (Seider et al., 

2009). 

 (A.1) 



74 
 

FT is the pump-type factor and FM is the material factor. The base cost is shown below in 

Equation A.2, where S is the size factor (Seider et al., 2009). 

 (A.2) 

The size factor is determined using equation A.3, where Q is the flow rate in gallons per minute 

(GPM) and pump head (H) in feet (Seider et al., 2009). 

 (A.3) 

The pump head is calculated by using Equation A.4, where ρ is the liquid density of the 

fluid (Seider et al., 2009). 

 
(A.4) 

 The purchase cost for electric motors is calculated through Equation A.5 (Seider et al., 

2009). 

 (A.5) 

FT is the motor-type factor and CB is given in Equation A.6, where PC is the power consumption 

in horsepower (PC), which is given by Equation A.7 (Seider et al., 2009). 

 
(A.6) 

 
(A.7) 

 

The pump brake horsepower, PB, is given by Equation A.8 (Seider et al., 2009).  

 
(A.8) 

The efficiency of the electric motor, ηM, is given by Equation A.9 (Seider et al., 2009). 

 (A.9) 

Example pump calculation for water 

 First, the pump head is calculated by finding the rise in pressure in the water. This 

pressure rise was determined based on a heuristic. Based on Seider et al., 2009, a pressure rises 
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requires a change of 2 psi for 100 ft of piping and a control valve pressure drop of at least 10 psi. 

Therefore, it was assumed that the water would be pumped over, at most, 200 ft in the plant. 

 

 

Based on a liquid density of 62.43 lb/ft
3
  for water at room temperature (298 K), Equation A.4 

was applied to a calculate H.  

 

 

Next, the size factor was calculated using Equation A.3. However, Equation A.3 is limited to 

flow rates of 50 gallons per minute and all water consumption requirements were restricted to 

less than 50 gallons per minute. Therefore, the calculated size factor was based on a flow rate of 

50.0 gallons per minute. 

= 8.80  

The base cost is calculated using the size factor using Equation A.2. 

  

Using the CB, the CP is calculated using Equation A.5. The FM is 1 and the FT is 1 using Table 

22.20 and 22.21 from Seider et al., 2009. 

  

 The CBM is calculated using an FBM of 3.3 (Seider et al., 2009). 

  

The CBM,motor of the electric motor needs to be added to the CBM,pump of the pump for the total 

CBM. The efficiency of the motor is calculated using Equation A.9 using a PB of 7.35 hp. 

  

The power consumption is calculated using Equation A.7. 
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Using this PC, the CB is solved using Equation A.6. 

 
 

The purchase cost is then calculated using Equation A.5 and an FT of 1 (Seider et al., 2009). 

  

Once again, a FBM of 3.30 is used to calculate the CBM,motor. 

  

Total CBM is the addition of both the pump and motor bare module costs. 

 
 

All 17 pumps are calculated using this method yielding a total of $4,538,870 for all the pumps 

and their backups. 
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Appendix B: Spreadsheets 

See D2L for relevant spreadsheets. 
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Appendix C: Overall Mass Balance 

 

Figure 4: Overall mass balance 
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Appendix D: Web Printouts 

 

Figure 5: CE Cost Index for February 2012 
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Figure 6:  N2 pricing information 
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Appendix E: Logs 

See D2L for meeting minutes. 
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