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Abstract: Critical environmental and human health concerns are associated with the 

rapidly growing fields of nanotechnology and manufactured nanomaterials (MNMs).  

The main risk arises from occupational exposure via chronic inhalation of nanoparticles. 

This research presents a chance-constrained nonlinear programming (CCNLP) optimization 

approach, which is developed to maximize the nanaomaterial production and minimize the 

risks of workplace exposure to MNMs. The CCNLP method integrates nonlinear 

programming (NLP) and chance-constrained programming (CCP), and handles uncertainties 

associated with both the nanomaterial production and workplace exposure control.  

The CCNLP method was examined through a single-walled carbon nanotube (SWNT) 

manufacturing process. The study results provide optimal production strategies and 

alternatives. It reveal that a high control measure guarantees that environmental health and 

safety (EHS) standards regulations are met, while a lower control level leads to increased 

risk of violating EHS regulations. The CCNLP optimization approach is a decision support 

tool for the optimization of the increasing MNMS manufacturing with workplace safety 

constraints under uncertainties. 
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1. Introduction 

Manufactured nanomaterials (MNMs) are man-made particles having at least one dimension of 

roughly 1–100 nm [1]. MNMs have been employed in a wide spectrum of industrial sectors in recent 

years, including energy, medicine, electronics, environmental protection, cosmetics, food, agriculture 

and many other areas. This is due to their unique properties, such as small size and associated large 

surface area to mass ratio, increased surface reactivity, and altered physico-chemical properties [2,3]. 

The unique chemical and physical properties of MNMs have raised issues regarding occupational 

health and safety (EHS) in manufacturing facilities [4], particularly when handled in large amounts [5]. 

MNMs can be released to the occupational atmosphere during industries producing processes,  

where MNMs are synthesized, purified, and packaged, thereby becoming commercial products. As a 

result, MNMs can enter worker’s body through inhalation, skin contact and ingestion during 

manufacturing [6]. Recent publications indicate that chronic occupational exposure to MNMs may  

lead to a number of negative health and reproductive problems, including hepatic injury [7], 

genotoxicity [8,9], carcinogenicity [10], cytotoxicity (apoptosis) and risks of cardiovascular  

diseases [11,12], and reproductive damage [13,14].  

So far, relatively few publications have directly approached modelling MNMs occupational 

exposure risks, which include Monte Carlo models that compare various levels of environmental 

health and safety (EHS) standards for single wall carbon nanotube (SWCNT) manufacturing [15],  

and expert opinions on development of exposure-response functions for nanomaterials [16].  

To minimize the risks of MNMs to workers’ health as well as to maximize their economic benefits, 

optimization models are efficient tools to manage MNMs manufacturing processes and reduce 

occupational exposure. Usually, optimization algorithms involve geometric programming, dynamic 

programming, and linear programming methods [17]. However, most MNMS-producing processes are 

complex systems with inherent nonlinearities, where the systems are best described by nonlinear 

optimization method [18]. 

Previously, nonlinear programming (NLP) has been widely employed in technological optimization 

of manufacturing processes, such as agriculture [16], electronics industry [19,20], and construction [21]. 

NLP is one of the most frequently applied operational algorithms for real world problems as its 

fundamental theories have been well studied and as a result, a wide spectrum of user-friendly solution 

software with powerful computational capabilities have been developed. One limitation of NLP is that 

it relies heavily on the inherent assumption that all relevant variables have deterministic values [22]. 

Unfortunately most real-life problems involve a certain amount of uncertainties making the 

implementation of NLP a difficult task [23]. For instance, work-related exposures to MNMs are 

associated with a number of uncertainties in relation to control options and risk quantification. 

Uncertain variables for a nonlinear MNMS manufacturing system analysis may include: (1) MNMS 
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workplace release data. Previous studies indicated a pressing need to distinguish background 

nanoparticles’ concentrations, process-generated nanoparticles’ concentrations and MNMs in workplace 

risk assessment [24]; (2) Occupational exposure limits: it may take several years to establish human 

no-effect levels (NELs) for each kind of MNM, so in many cases no nano-specific occupational health 

and safety standards are available [25]; and (3) MNM occupational exposure control efficiency and 

control cost. Data on efficiency and cost of MNM control methods are vague [15]. It is seen that the 

above-mentioned uncertainties have not been well quantified in the previous studies.  

Considering uncertainties in the optimization, application of chance-constrained programming 

(CCP) has been reported to environmental management problem [26]. CCP is an effective way to deal 

with various uncertainties, where uncertain parameters are considered random variables and described 

using probability density functions. CCP can be used to convert a stochastic programming model into 

an equivalent deterministic model, and also to incorporate other uncertain optimization methods, such 

as fuzzy mathematical programming, within the nonlinear programming general framework [27]. 

Therefore, combining CCP with NLP is an approach that could be used to deal with various 

uncertainties pertaining to MNM and workplace exposure control. 

The objectives of this study are: (1) development of a nonlinear optimization approach for modeling 

the MNM manufacturing process towards a maximum nanomaterial production at a minimum cost of 

workplace exposure control under a number of constraints; (2) development of chance-constrained 

nonlinear programming (CCNLP) through an integration of NLP and CCP to address the system 

uncertainties including the randomness of exposure data; and (3) examination of the developed model 

to a single-wall carbon nanotube (SWNT) manufacturing process.  

2. Methodology 

2.1. The Nanotechnology Manufacturing Process 

There are two main engineering design methods for preparing nanoparticles, top-down and  

bottom-up. The top-down approach works on the basis of breaking down a large piece of material into 

smaller pieces, and in the case of nanostructures these dimensions are in the nanometer range: 1 to  

100 nm. The bottom-up approach relies on increasing the size of small molecules or atoms up to the 

size of MNMs via techniques such as nucleation, self-assembly and evaporation. Generally, bottom-up 

techniques are less waste-producing than top-down techniques. It is often suggested that bottom-up 

techniques should be the ultimate tools for sustainable manufacturing, as they allow for  

customized design of reactions and processes at the molecular level, thereby minimizing waste [28]. 

Synthesized MNMs should be processed further, e.g., to be purified, inspected, packaged, and then 

becoming commercial products. Here, we take the single-walled nanotube (SWNT) production  

process as our example. 

High-Pressure Carbon Monoxide (HiPco) Process for Manufacturing Single-Walled  

Nanotubes (SWNTs)  

Single-walled nanotubes (SWNTs) are cylindrical molecules of graphite with diameters of 1 to 2 nm 

that have attracted considerable interest due to their superior electrical, mechanical, and thermal properties, 
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and particularly, their fascinating ability to withstand high current density (109 Amps/cm
2
) [29,30].  

The use of SWNTs has raised concerns because of their resemblance to asbestos in terms of 

dimensions, rigidity and solubility, as these factors determine fiber toxicity leading to lung fibrosis, so 

consequently carbon nanotubes known as high aspect ratio nanoparticles (HARN) have engendered 

concern about their potential for a similar risk as that from the asbestos [31].  

Among the several methods available for producing carbon nanotubes, three technical processes are 

commonly used: arc ablation (arc), chemical vapor deposition (CVD) and high-pressure carbon 

monoxide (HiPco). Because the HiPco process is significantly less costly ($450/g vs. $1,830/g and 

$1,586/g for arc ablation and CVD, respectively) [16], we focused on the HiPco manufacturing method 

in the CCNLP model to explore profits under various EHS standards (High, Medium, Low). In the 

HiPco process, it is proposed that iron clusters form first, then solid carbon nucleates and grows 

SWNTs. Iron pentacarbonyl (Fe(CO)5) is injected into a stream of CO gas at high temperature  

(800–1,000 °C) and pressure (≥10 atm). The iron clusters form by aggregation of iron atoms from the 

decomposition of Fe(CO)5 via Equation (1) (see below) around 250 °C. There are two main functions 

for the iron clusters. They act as catalysts for carbon source decomposition as well as SWNT formation 

sites. The clusters grow by collision with additional metal atoms and other clusters, eventually 

reaching a diameter comparable to that of a SWNT, 0.7–1.4 nm, corresponding to 50–200 iron atoms. 

By the time they reach this size, CO can disproportionate (a specific type of redox reaction) on the 

surface of such cluster via the Boudouard reaction (Equation (2)) to yield solid carbon, and SWNTs 

will nucleate and grow from these clusters [32]. Figure 1 shows the material flows in the 

manufacturing reactor. The SWNTs and iron particles pass through the reactor propelled by the hot, 

dense gas flow, and into the product collection apparatus. The CO gas recalculates back through the 

gas flow system and reactor using a compressor. The product contains Fe particles and other  

by-products and requires subsequent purification [33,34].  

Fe(CO)5    Fe + 5CO (1) 

2CO(g)    C(s) + CO2(g) (2) 

Figure 1. Schematic diagram of the HiPco synthesis process. 
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2.2. Optimization for Occupational Exposure Risk Management of SWNT Manufacturing 

2.2.1. The Nonlinear Programming (NLP) Approach for Occupational Exposure Risks Management  

of SWNT Manufacturing 

As one of the most important tools of optimization, nonlinear programming (NLP), which is a type 

of deterministic optimization, is implemented here to manage nanoparticles exposure risks in the 

workplace. It is an objective function which is subject to a set of linear constraints, where the objective 

function is nonlinear. For a given nano-manufacturing plant, the general form of this optimization 

approach is written as follows:  

Objective function = (1) – (2) – (3) 

where:  

(1) = profits from nanoparticle manufacturing per year; 

(2) = production costs of nanoparticles per year; 

(3) = exposure control costs per year. 

Constraints include: 

(a) mass balance constraints; 

(b) production volume constraints; 

(c) occupational exposure limit constraints. 

The model below was developed using the optimization method to evaluate cost and exposure 

control trade-offs of the SWNT manufacturing process:  

 
 

  

 

 

 

 

  

(3) 

where x1, x2 are the feed rate of Fe(CO)5 and CO (in g/h), respectively; x3 is the SWNT material 

production rate (g/hr); P is the revenue from each gram of SWNT manufactured ($/g); q1, q2 is the cost 

of Fe(CO)5 and CO for each gram of SWCNT produced, respectively ($/g); F is the total costs of 

SWCNT except for the raw materials ($/g; the raw materials are included in the above parameters);  

Ci is the exposure control cost of SWCNT per gram produced ($/g) in every scenario; N is the number 

of production lines; Hr is the working hours per day (hours/day); SPY is the synthesized product 

(carbon nanotube) yield (%); PY is the SWCNT purification yield (%); D is the working days per year 

(days/year); a11, a12 are the percentages of Fe(CO)5 and CO used to synthesize SWCNTs, respectively 

(%); PV1 and PV2 are the minimum and maximum production volume of SWCNTS per year (g/yr);  

max
1 1 2 2 3[ ( ) ]i rP q x q x F C N SPY PY D H x         

. .s t
11 1 12 2 3 0a x a x x  

1 3 2rPV N SPY PY D H x PV      

1 1 ( )(1 )( / )i s Fee x Hr V OEL   

2 2 ( )(1 )( / )i s COe x Hr V OEL   

3 3 ( )(1 )( / )
si s PSWNTe x Hr V OEL   

1 2 3, , 0,x x x  1, 2,3, 4i 
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ηi is the removal efficiency of MNMs emissions at each control levels (%); e1, e2, e3 represent the 

emission coefficients of nano-sized Fe, CO and SWCNTs, respectively (They are used to quantify the 

emission of nano-sized Fe, CO and SWCNTs from a unit production of SWNTs and are calculated );  

V is the volume of the workplace (m
3
); OELs(Fe), OELs(CO), OELs(SWNTs) are the occupational exposure 

limits for iron powder, CO and SWNTs, respectively (mg/m
3
).  

The value of the objective junction  is the 

annual net profits of SWCNT manufacturing; (q1x1 + q2x2) represents the cost of the two raw materials 

used for each gram of SWCNTs produced; F includes the expense of direct labour, energy, equipment, 

installation, tools, building and fixed overhead [35]; N × SPY × PY × D × Hr × x3 is the annual 

production volume of SWCNTs; q1, q2 are the cost of Fe(CO)5 and CO for each gram of SWCNTs 

produced, respectively.  

The production volume is the number of manufacturing (production) lines multiplied by the 

throughput for a single line. And the annual throughput rate of one HiPco synthesis production line is 

calculated as: Throughput = SPY × PY × D × Hr × x3, where the SWCNT synthesis product  

yield represents the relative amount of carbon nanotubes (single-wall carbon nanotubes and  

multi-wall carbon nanotubes) expected from the converted carbon; and the purification yield  

indicates the percent of SWCNT removed from the carbon product compared to the total SWNT 

created from the synthesis step.  

Five constraints are material flow balance, annual production volume and cumulative exposure to 

three hazardous materials, which will be explained as follows: (1) Material flow balance. From 

Equations (1) and (2), we know that SWNT is synthesized from the carbon elements of CO and 

Fe(CO)5, e.g., 10 moles of CO (or Fe(CO)5) produce 5 moles of SWNT and 5 moles CO2. (2) Annual 

production volume. The production volume should within a certain range [36]. (3) The emissions of 

nano-sized Fe, CO and SWNTs should be less than the allowable amount in relation to their 

occupational exposure limits.  

2.2.2. Chance-Constrained Nonlinear Programming (CCNLP) Calculations for Occupational  

Exposure Risk Management of SWNT Manufacturing 

Chance-constrained programming (CCP) is a typical stochastic programming model for risk-based 

decision making. The CCP model maximizes the objective function subject to constraints with 

specified predetermined confidence levels, where these confidence levels are provided as appropriate 

safety margins by the decision-makers. The CCP model provides information on the trade-offs 

between the objective function’s tolerance values of the constraints, and the prescribed level of 

probability, which could be valuable to decision makers. A mathematical program with  

chance-constrained parameters is presented as follows: 

max  

subject to  

 
(4) 

where x is an n-dimensional decision vector, ξ is a stochastic vector,  is the return function, 

and 
 
are stochastic constraint functions, j = 1, 2, …, p,  denotes the probability of the 

1 1 2 2 3[ ( ) ]i rP q x q x F C N SPY PY D H x         

1 2( , ,..., )nf x x x

 Pr ( , )f x f  

 Pr ( , ) 0, 1,2,...,jg x j p   

( , )f x 

( , )jg x  Pr 
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event in , and α, β are predetermined confidence levels of the constraint and objective, respectively.  

The detailed model formulated using this optimization approach for our Texas factor case study is 

described in the next section. In the single-wall carbon nanotube exposure control case study discussed 

above, emission coefficients of the theee pollutants (i.e., nano-sized Fe, CO and SWCNTs) were 

uncertain. A: emission coefficient can be calculated as follows [37]: 

 (5) 

where Con is the estimated concentration of pollutant (μg/m
3
·h or mg/m

3
·h); V is the volume of the 

workplace (m
3
); Hr is the working hours per day (h/day); D is the working days per year (days/year); 

PV is the average production volume of SWCNTS per year (g/yr); Tr is the transformation factor 

(1,000,000 when the unit for Con is μg/m
3
·h and 1,000 if the unit is mg/m

3
·h. For a specific MNM 

manufacturing section, V, Hr, D, PV and Tr are deterministic values. Con is an uncertain variable 

which can be presented as a probability density function. Thus, emission coefficient (e) also can be 

described by a probability density function. Assuming these emission coefficients contain random 

variables, then the model can be rewritten as: 

 
 

  

 

 

 

 

  

(6) 

where ζ1, ζ2, and ζ3 , which are functions containing random variables, replace e1, e2, e3 to represent 

emission coefficients of nano-sized Fe, CO and SWCNTs, respectively. 
 
means that the 

cumulative exposure should be less than the “no observable effect” level(NOEL) ≥ α of the time. 

Figure 2 shows a framework of the CCNLP optimization method.  

3. Case Study 

3.1. Overview of the Case Study 

A study case was adapted from a SWNT manufacturing plant located in Houston, TX, USA [35], 

where nano-specific occupational environmental health and safety (EHS) standards were voluntarily 

implemented. In the plant, the HiPco method is used to produce 87% pure SWNT. There are nine 

HiPco synthesis lines in one production room with a size of 30 m × 20 m × 3 m. The plant operates 

eight hrs/day and 365 days/year. Each line produces SWNTs with 97% synthesis product yield and 

90% purification yield. During the production, three air pollutants are emitted that workers are exposed 

to: SWNTs, nano-size iron powder and carbon monoxide.  

  



Con V Hr D
e

PV Tr

  




max
1 1 2 2 3[ ( ) ]i rP q x q x F C N SPY PY D H x         

. .s t
11 1 12 2 3 0a x a x x  

1 3 2rPV N SPY PY D H x PV      

1 1 ( )Pr[(1 )( / ) ]i s Fex Hr V OEL      

2 2 ( )Pr[(1 )( / ) ]i s COx Hr V OEL      

3 3 ( )Pr[(1 )( / ) ]
si s PSWNTx Hr V OEL      

1 2 3, , 0,x x x  1, 2,3, 4i 

Pr 
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Figure 2. Framework of the CCNLP optimization method. 

 

Table 1. Summary of environmental health and safety (EHS) levels and the related 

exposure control measures (adapted from [14]).  

 EHS levels 

Type of EHS Control Low Medium  High 

Engineering Controls    

General exhaust-

ventilation 

24 h, 28.31 m2 

ventilation rate, 

$10,000 capital cost, 

$ 3,000/year 

operating cost 

24 h, 28.31 m2 

ventilation rate,  

$10,000 capital cost,  

$ 3,000/year  

operating cost 

24 h, 28.31 m2 ventilation  

rate, $10,000 capital cost,  

$ 3,000/year operating cost 

Fume hoods  $4,000 capital  

cost for 0.58 m2 

equipment and $9,500 

for 2.3 m2 equipment 

$4,000 capital cost for  

0.58 m2 equipment and  

$9,500 for 2.3 m2 equipment 

Enclosure of processes   50% decrease in labor productivity, 

50% extra equipment cost 

Administrative controls    

Annual worker training 8 h of training, 

$560/year instructor 

cost 

8 h of training, 

$560/year  

instructor cost 

8 h of training,  

$560/year instructor cost 

Air monitoring Monthly 

monitoring, 

$20,000/equipment 

capital cost 

Weekly monitoring, 

$20,000/equipment 

capital cost 

Biweekly monitoring, 

$20,000/equipment capital cost 

Medical monitoring   $950/worker/year 
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3.2. The NLP and CCNLP MNM Workplace Model Information and Scenarios 

As shown in Table 1, 4 levels of EHS standards were used in our model (None, Low, Medium and 

High). This are defined to represent the possible strategies under which nano-EHS standards might be 

imposed [38]. Control costs and reduced manufacturing efficiency possible at each EHS control level 

are defined in Table 2.  

Table 2. Assumed control cost and reduced efficiency for each levels of control (adapted from [15]).  

Control Level Cost ($/g) 
Reduced 

Efficiency (η) 

No 0.00 0.0 

Low 10.00 0.1 

Medium 78.00 0.5 

High 210.00 0.8 

We assume that the emission coefficients of nano-sized Fe, CO and SWCNTs are normally 

distributed random variables with known means and standard deviations (Table 3). For the  

chance-constrained programming of SWNT exposure, the predetermined confidence levels in four 

scenarios were tested at 90%, 95% and 99% levels, respectively. 

Table 3. Mean and standard deviations of the emission coefficients of nano-sized Fe, CO and SWCNT. 

 Mean SD Reference  

nano-sized Fe (ζ1) 0.00135 0.00070 (Calculated from [25]) 

CO (ζ2) 0.03700 0.00040 (Calculated from [39]) 

SWCNT (ζ3) 0.00287 0.00227 (Calculated from [25]) 

The main assumptions of this model include that: (1) the manufacturing reactions are conducted 

under the conditions of 1,050 °C and 30 ; (2) the reactions reach the dynamic balance very 

quickly; (3) no other source of Fe, CO and SWCNT pollution exists in the workplace; (4) the 

concentrations of Fe, CO and SWCNT in the air of the manufacturing room are homogeneous, and 

then no agglomeration is considered; (5) workers do not have access to safety clothing and respirators. 

The values of parameters used based on references are given in Table 4.  

Table 4. Summary of Parameters for NLP and CCNLP methods. 

Symbols Units Definition Values Reference 

P $/g price of SWCNT 1,000.00 [36] 

q1 $/g 
cost of Fe(CO)5 per  

gram SWCNT produced 
0.2 [33] 

q2 $/g 
cost of CO per  

gram SWCNT produced 
37.0 [34] 

 

atm
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Table 4. Cont. 

Symbols Units Definition Values Reference 

F $/g 
total cost of SWCNT  

other than the raw material 
411.3 (calculated from [36]) 

N \ number of production lines 9 [36] 

SPY % synthesis product yield 97 [36] 

PY % purification yield 90 [36] 

D days/year working days per year  365 [36] 

Hr hours/day working hours per day 8 [36] 

a11 % 
% Fe(CO)5 used to  

synthesize SWCNT 
15.0 (calculated from [32]) 

a12 % % CO used to synthesize SWCNT 21.0 (calculated from [32]) 

PV1 g/yr 
minimum production  

volume of SWCNT per year  
0.0 [36] 

PV2 g/yr 
maximum production  

volume of SWCNTS per year 
20,000 [36] 

e1 \ 
emission coefficient of  

nano-sized Fe 
0.003 [5] 

e2 \ emission coefficient of CO 0.037 (calculated from [40]) 

e3 \ emission coefficient of SWCNT 0.005 [5] 

OEL(Fe) μg/m3 
occupational exposure (OE) limit 

for nano-sized Fe and Fe(CO)5 
7.9 [41,42] 

OEL(CO) mg/m3 OE limitfor CO 40.0 [43] 

OELs(SWNTs) μg/m3 OE limit for SWCNT 7.0 [42] 

4. Results and Results Analysis 

4.1. Results of the Nonlinear Programming (NLP) Calculations 

As Figure 3 shows, the total annual net profits for no control, low control, medium control and high 

control are $4.32 M/yr, $4.26 M/yr, $6.53 M/yr and $4.76 M/yr, respectively. The corresponding 
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worker occupational exposures to SWNTs are 7.75, 7.02, 7.97, and 3.87 μg/m
3
 (Figure 4). The results 

suggest that SWNTs are the major threat to workers’ health, compared to CO and nano-Fe, because in 

the no, low and medium control scenarios, their concentrations are higher than the occupational 

exposure limit (OEL) [39,44]. Table 5 describes the production volumes, production costs, annual net 

profits, and atmospheric concentrations of SWNT, nano-Fe and CO in the factory under four different 

management scenarios, where the production volumes, costs, profits and concentrations are obtained 

from the nonlinear programming (NLP) calculations.  

Figure 3. The annual net profits calculated from NLP method. 

 

Figure 4. SWNT exposure results from NLP method.  

 

Table 5. Results of the NLP method.  

Control 

Level 

Production 

Volume (g/yr) 

Production 

Cost ($/g) 

Profit 

($M/yr) 

SWNT 

Exposure 

(μg/m
3
) 

CO 

Exposure 

(μg/m
3
) 

Fe Exposure 

(μg/m
3
) 

No 8,003 459.94 4.32 7.75 213.14 1.00 

Low 8,049 460.30 4.26 7.02 209.46 0.90 

Medium 16,452 524.83 6.53 7.97 218.21 0.50 

High 20,000 552.08 4.76 3.87 135.64 0.20 
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If no any protection strategies are adopted, the optimum solution is obtained, in which the profit is 

$4.32 M/yr when production volume is 8,003 g/yr, production cost is 459.94 $/yr and SWNT 

concentration is 7.75 μg/m
3
 (1.11 higher than the OEL). The no-control scenario is set as the base line.  

When a low level control option is taken, the 10% particle removal efficiency only slightly (0.5%) 

raises the production volume, while the total cost (production cost plus control cost) increase 2%. As a 

result, the released SWNT concentration decreases to 7.02 μg/m
3
 (1.003 higher than the OEL) and the 

profit decreases 14%.  

In the medium control scenario, the production volume increase significantly (106%) due to the 

50% removal efficiency, and then the SWNT exposure and profit reach the highest level: 7.97 μg/m
3
 

(1.15 higher than the OEL) and $6.53 M/yr, although the total cost increases by 31%.  

When a high level of protection is implemented, the production volume would reach the maximum 

20,000 g/yr (150%), and the total cost would also increase significantly (66%), which generates the 

second highest profit of $4.76 M/yr. Its 90% removal efficiency decreases the SWNT exposure to 45% 

below the OEL.  

The results indicate that, under the high control option, the significant limiting constraint is not the 

OEL but the MNMs production constraint. The maximum production volume of this study plant is 

20,000 g/yr due to the limited space, labor and investment. Thus, although the OELs allow much 

higher production volume in the high control scenario, only 20,000 g SWCNT could be produced per 

year as shown in the results. Low production and high control efficiency (90%) lead to a low 

concentration of emitted pollutants. For Fe exposure, exposure in medium control option is almost 

twice of the high control level, like SWCNT and CO. For profits of high control level, the control cost 

at 210.00 $/g is much higher than medium control level at 78.00 $/g, low production and high control 

cost lead to low profits.  

In general, the SWNT exposure concentrations and profits increase with the rise of the 

manufacturing production volume caused by the stricter standards and reach the maximum when the 

medium level control option is adopted. Nevertheless, they decrease later because the effects of 

increasing production volume have been neutralized by the effects of the rise of remove efficiencies 

(total costs).  

4.2. Results of the Chance-Constrained Nonlinear Programming (CCNLP) Model 

Figures 5 and 6 show the worker exposure ranges of SWNT and CO under different confidence αi 

levels and Figure 7 shows the corresponding SWNT manufacturing profits obtained using the CCP 

calculations. Table 6 describes the CCP model calculated results for SWNT production volume, 

production costs, net profits and estimated worker exposure ranges for the three air pollutants (SWNT, 

nano-Fe and CO) at different confidence levels. In general, the αi levels represent a set of probabilities 

at which the constraints can be violated (i.e., the admissible risk of violating the constraints). 

Therefore, the relation between the profits and the confidence levels demonstrates a trade-off between 

production volume and control constraint-violation risk. A decreasing α level means a decreasing 

limitation for the OEL constraints, which may then result in an increased production volume.  

The increased production volume would potentially increase the profits and risks of violating the EHS 

standards. A lower α level brings on a higher profits but a higher risk of violating the EHS constraints; 
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meanwhile, a higher α level results in a lower profits but an increased reliability of satisfying the 

occupational standards. These alternatives represent a compromise between economic benefit and 

environmental health and safety (EHS) requirements.  

Figure 5. Cumulative probability distributions of SWNT exposure results from CCP method. 

 

 

Figure 6. Cumulative probability distributions of CO exposure results from CCP method. 
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Figure 7. The annual net profits results from CCNLP method.  

 

Table 6. Results of the CCNLP method. 

Confidence 

Level 

Control 

Level 

Production 

Volume 

(g/yr) 

Production 

Cost ($/g) 

Profit 

($M/yr) 

SWNT 

Exposure 

(μg/m
3
) 

CO Exposure 

(μg/m
3
) 

Fe 

Exposure 

(μg/m
3
) 

0.9 No 6,263 446.59 3.47  0.00–12.42 201.85–218.72 0.00–1.60 

Low 6,952 451.87 3.74 0.00–12.41 202.52–219.44 0.00–1.60 

Medium 12,504 494.51 5.35 0.00–12.40 205.74–222.93 0.00–1.60 

High 20,000 552.08 4.76 0.00–7.90 132.74–143.84 0.00–1.02 

0.95 No 5,483 440.60 3.07 0.00–10.88 202.52–219.44 0.00–1.40 

Low 6,080 445.18 3.31 0.00–10.85 176.13–190.85 0.00–1.40 

Medium 10,944 482.53 4.81 0.00–10.85 179.66–194.05 0.00–1.40 

High 20,000 552.08 4.76 0.00–7.90 132.74–143.84 0.00–1.40 

0.99 No 4,428 432.49 2.51 0.00–8.78 140.13–151.84 0.00–1.13 

Low 4,910 436.19 2.72 0.00–8.76 140.70–152.45 0.00–1.13 

Medium 8,856 466.49 4.03 0.00–8.78 144.59–156.67 0.00–1.13 

High 20,000 552.08 4.76 0.00–7.90 132.74–143.84 0.00–1.13 

5. Discussion 

5.1. Comparison between the Modeling Results and Literature Data 

NLP and CCNLP models also serve as cost models for the HiPco SWNT manufacturing process. 

Results from these two models are compared with data of the earlier cost model [40]. For the NLP 

model, the production cost range is from 459.94 to 552.08 $/g when the production volume is from 

8,003 to 20,000 g/yr, and Isaacs et al. [36] reported a range of production costs from 440 to 510 $/g for 

the same production volume and a HiPco manufacturing process. It is seen that results from the NLP 

and previous cost analysis are close to the literature data (with a maximum 8% difference). 

For the CCNLP model, Table 6 gives a production cost range from 440.60 to 552.08 $/g when 

production volume is from 5,483 to 20,000 g/yr, and previous cost model gives a range from 440.60 to 

552.08 $/g under the same conditions. It is seen that the CCNLP model and Isaacs et al. [36] SWNT 

production cost model also share the same range and trend under the same conditions (with a 

maximum 8% difference).  
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5.2. Comparison of the NLP and CCNLP Models 

NLP is an easier-to-use optimization method than CCNLP when all parameters have deterministic 

values, where the results are expressed by point values. As an extension of NLP method, CCNLP is 

not only an optimization approach, but also an uncertainty estimation method to handle random values, 

whose results are expressed as ranges. Results from the nonlinear programming (NLP) SWNT model 

and chance-constrained nonlinear programming (CCNLP) SWNT model indicate that they can provide 

alternative risk-benefit management schemes in the engineered nanoparticle production process. For 

instance, in the NLP model, a desire to acquire the highest economic benefit will run the risk of 

violating occupational health and safety standards, when the control level is medium (the NLP model 

predicts if profits are $6.53 M/yr, then SWNT emission will be 1.14 higher than the suggested safety 

levels). Willingness to compromise and accept a 27% lower but sill reasonably high economic benefit 

(in this case $4.76 M/yr of profits at the higher level of occupational health and safety control with the 

lowest worker SWNT exposure, which is 3.90 μg/m
3
) will guarantee satisfactory air quality 

requirements, and fewer employee health issues.  

The CCNLP model predicts that if profits reach maximum value, which is $5.35 M/yr, with the 

medium level of EHS control with 0.90 confidence level, the SWNT pollutant emission could be 1.8 

higher than the recommended occupational exposure limit. To reduce SWNT pollutant level to the 

minimum (the high control level with 0.99 confidence level), the model suggests that profits must be 

reduced by 11% (low to $4.76 M/yr). Since workers’ MNMs-related diseases would result in large 

class-action lawsuits cost hundreds of millions in the future caused by chronic overdosed exposure to 

MNMs, the model predict that it is economically better to comply with the recommended EHS 

guidelines rather than violate it [45].  

When decision makers chose different levels of MNM emissions, the trade-off between profits and 

violation risks can be analyzed by the NLP and CCNLP model. And, results from both models 

demonstrate that voluntary implementation of the high level of EHS protection can lead to reduce 

MNMs exposure risks with insignificant decrease in profits. 

The advantages of the chance-constrained nonlinear programming (CCNLP) optimization are:  

(1) it can be used to simulate the relationship between MNM production rate and worker occupational 

exposure level in a manufacturing settings based on limited information; (2) it can be used as a MNM 

quantitative exposure estimation model to predict the range of exposure concentrations possible in the 

workplace under a given set of conditions; (3) it is a good tool for decision makers to help analyze 

trade-offs between manufacturing revenue and the risk of violating environmental health and safety 

(EHS) standards. For example, as discussed above, if short term (about 20 years) maximum profit is 

prioritized, the medium level of EHS control with 0.90 confidence level may be the best choice, but if 

worker’s health is prioritized, managers may choose the high control level with 0.99 confidence level.  

NLP and CCNLP model results also indicate that a higher level EHS control and higher stringent 

enforcement lead to a lower probability of EHS constraint violation and a lower manufacturing 

profitability and vice versa, and implementation of the highest level of EHS standards and most 

stringent enforcement with lower economic profits would be the optimal solution in the long run, by 

examining the relationships between economic benefits and security (the occupational exposure limits-

violation risk). 
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5.3. Uncertainty and Sensitivity 

This study has provided a modeling tool to optimize the MNMs manufacturing process with main 

the sources of uncertaintities being quantified, thus to minimize environmental concerns associated 

with nanotechnology industry. In a real world application, OEL selection and other sources of 

uncertainties should be scrutinized. For example, in this study as the resulted exposure concentration 

of nano-sized Fe (and Fe(CO)5) is at a very low level compared to OELs(Fe) [39], also significantly 

lower than other nano-sized species, as shown in Table 5, sensitivity analysis of model runs has proved 

that variation of OELs(Fe) does not change the modeling results. Also, it is unlikely that the MNMs will 

be homogeneously diluted in the manufacturing room, fate and transport of MNM in the environment 

including its agglomeration effects can be studied [46].  

6. Conclusions 

In this research, a chance-constrained nonlinear programming (CCNLP) approach is developed for 

modeling and planning of nanomaterial manufacturing under an acceptable workplace exposure risk 

scenario. In the CCNLP, methods of chance constrained programming and nonlinear programming are 

combined within an optimization framework to effectively reflect uncertainties that present in different 

formats. In particular, the developed CCNLP model allows dynamic trade-off analyses of objectives 

from different stakeholders. 

NLP and the CCNLP model results indicate that a higher level of EHS control and more stringent 

enforcement lead to a lower probability of EHS constraint violations and a lower manufacturing production 

and vice versa, and implementation of the highest level of EHS standards and most stringent enforcement 

with lower economic profits would be the optimal solution in the long run, considering the 

relationships between economic and exposure risk control priorities. The advantages of the proposed 

chance-constrained nonlinear programming (CCNLP) model are: (1) it can be used to quantify the dynamic 

relationship between MNM production rate and worker occupational exposure level in manufacturing 

settings with practically limited information; (2) it could serve as an MNM exposure estimation model to 

predict the range of exposure concentrations possible in the workplace under given manufacturing 

conditions; (3) it is an effective tool for decision makers to help analyze trade-offs between manufacturing 

revenue and the risk of violating environmental health and safety (EHS) standards. For example, as 

aforementioned, if short term (about 20 years) maximum profit is prioritized, the medium level of EHS 

control with 0.90 confidence level may be a good decision point, but if the workplace exposure risk is of 

high concern, we may choose the high risk control level with 0.99 confidence level. As a new extension of 

mathematical programming methods for dealing with system uncertainties, the developed CCNLP 

approach could be used by decision makers based on the projected applicable conditions and the 

interrelationships between system uncertainties, risk probabilities, and economic objectives.  

Acknowledgements 

This study was funded in part by the Natural Science and Engineering Research Council Canada 

(NSERC). We also gratefully acknowledge the helpful comments and suggestions from two 

anonymous reviewers. 



Int. J. Environ. Res. Public Health 2013, 10 1247 

 

 

References  

1. U.S. Environmental Protection Agency (EPA). Nanotechnology White Paper; U.S. Environmental 

Protection Agency Report EPA 100/B-07/001; EPA: Washington, DC, USA, 2007. 

2. Bhatt, I.; Tripathi, B.N. Interaction of engineered nanoparticles with various components of the 

environment and possible strategies for their risk assessment. Chemosphere 2011, 82, 308–317.  

3. Biskos, G.; Schmidt-Ott, A. Airborne engineered nanoparticles: Potential risks and monitoring 

challenges for assessing their impacts on children. Paediatr. Respir. Rev. 2012, 13, 79–83.  

4. Derk, B. Exposure to manufactured nanoparticles in different workplaces. Toxicology 2010, 269, 

120–127.  

5. Maynard, A.D.; Kuempel, E.D. Airborne nanostructured particles and occupational health.  

J. Nanopart. Res. 2005, 7, 587–614.  

6. Aschberger, K.C.; Micheletti, B.; Sokull-Klüttgen, B.; Christensen, F.M. Analysis of currently 

available data for characterising the risk of engineered nanomaterials to the environment and 

human health—Lessons learned from four case studies. Environ. Int. 2011, 37, 1143–1156.  

7. Paur, H.R.; Cassee, F.R.; Teeguarden, J.; Fissan, H.; Diabate, S.; Aufderheide, M.; Kreyling, W.G.; 

Hänninen, O.; Kasper, G.; Riediker, M.; et al. In vitro cell exposure studies for the assessment of 

nanoparticle toxicity in the lung—A dialog between aerosol science and biology. J. Aerosol. Sci. 

2011, 42, 668–692.  

8. Kumar, A.; Pandey, A.K.; Singh, S.S.; Shanker, R.; Dhawan, A. Engineered ZnO and TiO2 

nanoparticles induce oxidative stress and DNA damage leading to reduced viability of 

Escherichia coli. Free Radical Bio. Med. 2011, 51, 1872–1881.  

9. Hackenberg, S.; Scherzed, A.; Technau, A.; Kessler, M.; Froelich, K.; Ginzkey, C.; Koehler, C.; 

Burghartz, M.; Hagen, R.; Kleinsasser, N. Cytotoxic, genotoxic and pro-inflammatory effects of 

zinc oxide nanoparticles in human nasal mucosa cells in vitro. Toxicol. In Vitro 2011, 25,  

657–663.  

10. Roller, M. Carcinogenicity of inhaled nanoparticles. Inhal. Toxicol. 2009, 21, 144–157.  

11. Wilson, M.R.; Foucaud, L.; Barlow, P.G.; Hutchison, G.R.; Sales, J.; Simpson, R.J.; Stone, V. 

Nanoparticle interactions with zinc and iron: Implications for toxicology and inflammation. 

Toxicol. Appl. Pharmacol. 2007, 225, 80–89.  

12. Shvedova, A.A.; Pietroiusti, A.; Fadeel, B.; Kagan, V.E. Mechanisms of carbon nanotube-induced 

toxicity: Focus on oxidative stress. Toxicol. Appl. Pharmacol. 2012, 261, 121–133.  

13. Zhu, X.; Chang, Y.; Chen, Y. Toxicity and bioaccumulation of TiO2 nanoparticle aggregates in 

daphnia magna. Chemosphere 2010, 78, 209–215.  

14. Lapresta-Fernández, A.; Fernández, A.; Blasco, J. Nanoecotoxicity effects of engineered silver 

and gold nanoparticles in aquatic organisms. Trac. Trends Anal. Chem. 2012, 32, 40–59.  

15. Ok, Z.D.; Benneyan, J.C.; Isaacs, J.A. Risk analysis modeling of production costs and 

occupational health exposure of single-wall carbon nanotube manufacturing. J. Ind. Ecol. 2008, 

12, 411–434.  

16. Kalampoukas, G.; Dervakos, G.A. Process optimization for clean manufacturing: Supercritical 

fluid extraction for B-carotene production. Comput. Chem. Eng. 1996, 20, S1383–S1388.  



Int. J. Environ. Res. Public Health 2013, 10 1248 

 

 

17. Zuperl, U.; Cus, F.; Mursec, B.; Ploj, T. A hybrid analytical-neural network approach to the 

determination of optimal cutting conditions. J. Mater. Process. Tech. 2004, 157–158, 82–90. 

18. Slotine, J.J.; Li, W. Applied Nonlinear Control; Prentice-Hall; Englewood Cliffs, NJ, USA, 1991; 

Chapter 1, p. 2.  

19. Chen, T.; Wang, Y. A fuzzy set approach for evaluating and enhancing the mid-term 

competitiveness of a semiconductor factory. Fuzzy Set. Syst. 2009, 160, 569–585.  

20. Liu, C.; Fu, J.; Xu, Q. Simultaneous mixed-integer dynamic optimization for environmentally 

benign electroplating. Comput. Chem. Eng. 2011, 35, 2411–2425.  

21. Kravanja, S.; Šilih, S. Optimization based comparison between composite I beams and composite 

trusses. J. Constr. Steel. Res. 2003, 59, 609–625.  

22. Luhandjula, M.K. Fuzzy stochastic linear programming: Survey and future research directions. 

Eur. J. Oper. Res. 2006, 174, 1353–1367.  

23. Liu, B. Uncertain Programming; John Wiley & Sons, Inc.: New York, NY, USA, 1999. 

24. Maynard, A.D.; Baron, P.A.; Foley, M.; Shvedova, A.A.; Kisin, E.R.; Castranova, V. Exposure to 

carbon nanotube material: Aerosol release during the handling of unrefined single walled carbon 

nanotube material. J. Toxicol. Environ. Health 2004, 67, 87–107. 

25. Van Broekhuizen, P.; van Broekhuizen, F.; Cornelissen, R.; Reijnders, L. Workplace exposure to 

nanoparticles and the application of provisional nanoreference values in times of uncertain risks. 

J. Nanopart. Res. 2012, 14, 770. 

26. Xie, Y.L.; Li, Y.P.; Huang, G.H.; Li, Y.F.; Chen, L.R. An inexact chance-constrained 

programming model for water quality management in Ninhai New Area of Tianjin, China.  

Sci. Total Environ. 2011, 409, 1757–1773.  

27. Huang, Y.L.; Huang, G.H.; Liu, D.F.; Zhu, H.; Sun, W. Simulation-based inexact chance-constrained 

nonlinear programming for eutrophication management in the xiangxi bay of three gorges 

reservoir. J. Environ. Manag. 2012, 108, 54–65.  

28. Sengul, H.; Theis, T.L.; Fhosh, S. Toward sustainable nanoproducts: An overview of 

nanomanufacturing methods. J. Ind. Ecol. 2008, 12, 329–359.  

29. Mintmire, J.W.; Dunlap, B.I.; White, C.T. Are fullerene tubules metallic? Phys. Rev. Lett. 1992, 

68, 631–634.  

30. Kociak, M.; Kasumov, A.; Gueron, S.; Reulet, B.; Bouchiat, H. Intrinsic Superconductivity in 

Ropes of Carbon Nanotubes. In AIP Conference Proceedings, Tirol, Austria, 2–9 March 2002; 

Volume 633, pp. 237–241. 

31. Donaldson, K.; Murphy, F.A.; Duffin, R.; Poland, C.A. Asbestos, carbon nanotubes and  

the pleural mesothelium: A review of the hypothesis regarding the role of long fibre retention  

in the parietal pleura, inflammation and mesothelioma. Part Fibre Toxicol. 2010, 7,  

doi: 10.1186/1743-8977-7-5. 

32. Nikolaev, P.; Michael, J.; Bronikowski, R.; Kelley, B.; Frank, R.; Daniel, T.C.; Smith, K.A.; 

Smalley, R.E. Gas-phase catalytic growth of single-walled carbon nanotubes from carbon 

monoxide. Chem. Phys. Lett. 1999, 313, 91–97.  

33. Healy, M.L. Environmental and Economic Comparison of Single-wall Carbon Nanotube 

Production Alternatives. M.Sc. Thesis. Northeastern University, Boston, MA, USA, 2006.  



Int. J. Environ. Res. Public Health 2013, 10 1249 

 

 

34. Healy, M.L.; Dahlben, L.J.; Isaacs, J.A. Environmental assessment of single-walled carbon 

nanotube processes. J. Ind. Ecol. 2008, 12, 376–393. 

35. Ouellette, J. Building the nanofuture with carbon tubes. Ind. Phys. 2003, 8, 18–21. 

36. Isaacs, J.A.; Tanwani, A.; Healy, M.L.; Dahlben, L.J. Economic assessment of single-walled 

carbon nanotube processes. J. Nanopart. Res. 2010, 12, 551–562.  

37. Naga, B.; Parikhb, J.K. Carbon emission coefficient of power consumption in India: Baseline 

determination from the demand side. Energ. Pol. 2005, 33, 777–786. 

38. National Institute for Occupational Safety and Health (NIOSH). Safety and Health Topic:  

Control Banding. Available online: www.cdc.gov/niosh/topics/ctrlbanding (accessed on  

17 January 2010).  

39. Institut für Arbeitsschutz der Deutschen Gesetzlichen Unfallversicherung (IFA). Criteria for 

Assessment of the Effectiveness of Protective Measures. Available online: http://www.dguv.de/ 

ifa/en/fac/nanopartikel/beurteilungsmassstaebe/index.jsp (accessed on 10 January 2012). 

40. Lai, H.K.; Kendall, M.; Ferrier, H.; Lindup, I.; Alm, S.; Hanninen, O.; Jantunen, M.; Mathys, P.; 

Colvile, R.; Ashmore, M.R.; et al. Personal exposures and microenvironment concentrations of 

PM2.5, VOC, NO2 and CO in Oxford, UK. Atmos. Environ. 2004, 38, 6399–6410.  

41. Occupational Safety and Health Administration (OSHA). Occupational Safety and Health 

Administration. Available online: http://www.osha.gov/pls/oshaweb/owadisp.show_document? 

p_table=standards&p_id=9992 (accessed on 17 January 2010).  

42. Schulte, P.A.; Murashov, V.; Zumwalde, R.; Kuempel, E.D.; Geraci, C.L. Occupational exposure 

limits for nanomaterials: State of the art. J. Nanopart. Res. 2010, 12, 1971–1987.  

43. National Institute for Occupational Safety and Health (NIOSH). Recommendations for 

Occupational Safety and Health: Compendium of Policy Documents and Statements; Department 

of Health and Human Services, Public Health Service, Centers for Disease Control, National 

Institute for Occupational Safety and Health: Cincinnati, OH, USA, 1992. 

44. National Institute for Occupational Safety and Health (NIOSH). Occupational Exposure to Carbon 

Nanotubes and Nanofibers. Available online: http://www.cdc.gov/niosh/docket/archive/pdfs/ 

NIOSH-161-A/0161-A-110110- DraftDocument.pdf (accessed on 21 February 2013). 

45. Kamp, D.W. Asbestos-induced lung diseases: An update. Trans. Res. 2009, 153, 143–152. 

46. Zhao, L.; Chen, Z.; Lee, K. Dynamically coupled 3D pollutant dispersion model for assessing 

produced water discharges in the Canadian offshore area. Environ. Sci. Technol. 2013, 47,  

1434–1442. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


