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Abstract: In this paper, techno-economic analyses of a polygeneration system for the 

production of olefins, transportation fuels and electricity are performed, considering 

various process options. Derivative-free optimization algorithms were coupled with Aspen 

Plus simulation models to determine the optimum product portfolio as a function of a wide 

variety of market prices. The optimization results show that the proposed plant is capable of 

producing olefins with the same production costs as traditional petrochemical routes while 

having effectively zero process CO2 emissions (including the utilities). This provides an 

economic and more sustainable alternative to traditional naphtha cracking. 
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1. Introduction 

The production of olefins from methanol, called methanol-to-olefins (MTO), is a novel process 

concept that can produce petrochemical feedstocks from alternative fuels [1]. Therefore, it can be an 

interesting option to meet global demand for petrochemical feedstocks, which is growing relatively 

steadily [2]. In addition, by incorporation of advanced CO2 capture systems, the MTO process can also 

diminish the carbon emissions of petrochemical industries by replacing traditional steam cracking units [3]. 
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The MTO process can be improved by incorporating it into a polygeneration process, in which 

other products are co-produced. By tightly integrating the different parts of the polygeneration process 

together, significant profitability and efficiency improvements can result [4–6]. Several studies have 

been performed on the techno-economic analysis of various polygeneration models. Most of these 

works focused on the hybrid systems that use multiple feedstocks such as coal and natural gas [7,8], 

coal and biomass [9], or coal and oven gas [10], for the co-production of transportation fuels, methanol, 

hydrogen and power. However, none of these works considered the impact of incorporating innovative 

CO2 capture technologies such as oxy-fuel combustion and chemical looping combustion processes. 

The main objective of this work is techno-economic optimization of a novel polygeneration process 

that co-produces methanol, liquid transportation fuel (dimethyl ether), and olefins from natural gas. The 

economic performance of different advanced power generation options are studied in this paper: 

chemical looping combustion using nickel oxide, iron oxide, oxyfuel combustion, and conventional 

combustion with a gas turbine. The economic optimization also included investigating the impact of 

the feedstock composition by considering conventional natural gas as well as different types of shale 

gas. Details of the impact of gas composition on the plant’s configuration and geographic location are 

described in part I of this work. 

In this paper, optimization algorithms were used in an economic analysis to determine the highest 

profitability for each design variant, or the highest production rate of olefins (both are considered as 

separate objective functions in separate optimization problems), considering a selected subset of the 

most important design parameters. Because market conditions are always subject to change, this was 

repeated for a wide variety of market conditions, ranging from low to high prices for the various 

products generated in each process. Finally, the most promising variants of the MTO concept were 

compared to naphtha cracking and ethane cracking processes for olefin production, the closest 

competing processes, showing promising results. The models used for each of the individual unit 

operations were either developed in the prior work of our group or other groups. 

2. Economic Baseline 

The profitability of each process was determined by computing the net present value (NPV) as  

the primary economic indicator. Capital costs were determined from published sources wherever 

possible, such as for the reformer section, MeOH synthesis section, power generation section and 

carbon sequestration units [7,11]. The capital costs of other units which did not have available cost 

data were estimated using the Aspen Icarus software package. This tool is commonly used to predict 

the capital cost of common chemical engineering unit operations and is updated regularly. In this work, 

it was used to predict the capital costs of individual unit operations such as pumps, compressors, and 

distillation columns which were not included in the sections listed previously. Table 1 lists all economic 

analysis parameters, market prices and assumptions for calculating the net present value (NPV) of all 

design cases, with citations to justify each parameter included in that table. Note that the utility and 

market prices shown are those used only for “base-case” calculations. Since prices vary from place to 

place and change somewhat unpredictably in the future, a sensitivity analysis which includes the 

effects of changes in price is discussed in Section 4. All financial parameters, such as interest rates, are 

chosen based on recommendations of prior work. Other business related expenses such as labor, 
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overhead, laboratory operations, and maintenance are included using estimate formulas common to 

most analyses of this type. A detailed listing of the costs of each line item for each specific design 

option can be found in the supplementary material. Although all of these parameters can change from 

case to case, an extensive sensitivity analysis of all parameters considered is outside the scope of this 

work. However, even though there is uncertainty in the exact values of the NPV, the parameters are 

applied equally to all process variants and so meaningful conclusions can be made about the relative 

comparison of one process option to another. 

Table 1. Base-case market prices and economic assumptions. 

Feeds and Products Market Prices 

Natural gas & Ethane prices, $/MMBtu 3.88, [12] 

NiO (commercial grade, 76% wt.), $/kg 20, [13] 

NiO Disposal Cost, $/kg 5 (1) 

NiO life span, h 10,000, [14] 

Fe2O3 (commercial grade, 96% wt.), $/kg 1.44, [15] 

Fe2O3 Disposal Cost, $/kg 0.36 (1) 

Fe2O3 life span, h 3000, [16] (page 203) 

Electricity, ¢/kWh 5.67, [17] 

MeOH price, $/tonne 482, [18] 

DME, $/tonne 962, [19] 

Propylene, $/tonne 1340, [20] 

Ethylene, $/tonne 1424, [21] 

Economic Assumptions, [7,22] Values 

Plant capacity (shale gas inlet rate) 1111 MW, LHV 

Operation time (h/year) 8760 

Capacity factor 85% 

Chemical engineering plant cost index 574.3, [23] 

Plant lifetime (year) 30 

Loan lifetime (year) 30 

Interest rate on loan 9.5% 

Debt percentage 50% 

Inflation 2.79% 

Federal + state tax rate 40% 

Equity return rate 20% 

NPV Calculation Elements, [22] Values 

Indirect cost 20% Fixed capital cost 

Working capital cost 15% Total investment 

Operating labor 10% Total production cost 

Direct supervisory and clerical labor 10% Operating labour 

Utilities 10% Total product cost 

Maintenance and repairs 5% Fixed capital investment 

Operating supplies 10% Maintenance and repair 

Laboratory charges 10% Operating labour 

Plant-overhead 50% of cost for operating labour, supervision, and maintenance 

Administrative costs 15% of cost for operating labor, supervision, and maintenance 

R&D, distribution and selling costs 4% of total product cost 
(1) Due to lack of published data, assumed to be 25% of the metal-oxide price. 
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Process Optimization 

For each process variant, three design variables were subject to optimization, as noted in Figure 3 of 

part I of this study: the recycle ratio of unreacted gas sent to the MeOH reactor, the split ratio of MeOH 

which is sent to the MTO section (stream 2–7), and the split ratio of the MeOH stored as the final 

product (stream 2–8). Other process variables are adjusted to either meet the process constraints and 

product specifications, or selected based on suggested values in literatures. The feasibility range of all 

decision variables is fixed between 1% and 99%. Bounds of 0% and 100% were not used in order to 

avoid simulation problems in the software associated with zero flows. Instead, if the lower bound of 

1% on a variable was reached, the simulation was reconstructed manually using 0% and adjusting the 

others proportionally (where in some cases the corresponding process section was eliminated), and if it 

improved the objective function, it was taken as the final result for that instance. A similar technique 

was used for 99%, which was reconstructed manually using 100%. 

Because there were only three decision variables, a coarse-grain method (an exhaustive search  

over a grid) was used to sample the decision space in three dimensions for each design variant.  

For example, the effect of the recycle ratio and the ratio of MeOH to the MTO section are shown in 

Figure 1 for two different MeOH to MTO ratios. It can be seen that unlike the low olefin production 

ratio (Figure 1a), the optimum MeOH to DME ratio is between 20%–40% in the high olefin production 

scenario (Figure 1b). In addition, the influence of electricity, MeOH, DME and olefin market price 

fluctuations as a function of different process variables are depicted in Figure 2.  

 

Figure 1. Effect of recycle ratio of unreacted gases to the methanol synthesis reactor and 

%MeOH to DME section on the NPV of plant at (a) low olefin (5%); (b) high olefin (50%) 

production ratios. 

The sensitivity analysis shown in Figures 1 and 2 illustrate the impact of the main three decision 

variables on the NPV of plant at different market prices. Due to the relative long run time required  

per simulation (approximately one minute), the spacing between sample points was too large to sufficiently 

locate an optimum in a reasonable amount of time. The built-in Aspen Plus optimization tool was also 

found to be insufficient and improved the results only trivially compared to the coarse-grain method, 

even when starting from a variety of different initial conditions. 



Energies 2015, 8 3766 

 

 

 

Figure 2. The NPV of plant at different market prices and selected decision variables 

changes: (a) recycle ratio and Electricity price; (b) %MeOH to DME and MeOH price;  

(c) %MeOH to DME and DME price; (d) %MeOH to MTO and ethylene price.  

Instead, three heuristic-based, derivative-free black box optimization algorithms were considered, 

namely particle swarm optimization, genetic algorithms, and simulated annealing. These are stochastic 

methods which use different strategies of exploring the decision variable space broadly at first and then 

later exploring promising subspaces in more and more depth. Eventually, the algorithms terminate once 

no more improvements can be found, and the best known point is usually locally optimal within tolerances, 

with a good chance that it is also the global optimal if the problem is not too “bumpy” and the 

heuristics were chosen correctly. Fortunately, finding the true optimum point is not critical to this 

work, and since the coarse-grain method samples points across the entire range of the state space, 

suboptimum results are expected to deviate from the true global optimum by only small amounts. 

These algorithms were implemented in Matlab and were coupled with the Aspen Plus simulations 

through the Excel interface. The three algorithms were used on a subset of cases to determine which 

derivative-free algorithm was the most promising. Standard algorithms have been used for each 

optimization technique and have not been detailed here for brevity. However, the heuristic parameters 

chosen for each algorithm are listed and referenced in Table 2. Particle swarm optimization was found 

to give the best results in all test cases, and so this algorithm was chosen for all remaining cases used 

in this study (see the supplementary material). 
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Table 2. Optimization algorithms. 

Particle Swarm Optimization Parameters [24] Values  

Number of function evaluation (NFE) 200 
Number of particles 5 
a1, a2 2.05  
φ a1 + a2 

Inertia weight (w) 
ଶ

ቚଶି஦ିඥ஦మିସ஦ቚ
  

Personal and global learning ratios (c1, c2) a1w, a2w 

Genetic Algorithm Parameters [25,26] Values 

Number of function evaluation 200 
Number of particles 10 
Crossover ratio 0.9 
Mutation ratio 0.6 
Mutation rate 1 process variable 

Simulate Annealing Parameters [27,28] Values 

Number of function evaluation 200 
Initial population 5 
Number of particle moves in iteration i 3 
Initial temperature (T0) 10 
Temperature decrement rate (α) 0.99 

Several objective functions were used: maximizing the NPV, maximizing the power production, 

maximizing the olefin production, and maximizing the olefin production with the added constraint  

that the NPV must be non-negative (the constraint was implemented by adding a huge penalty to the 

objective function when violated). These four objective functions were run for each of the three 

process variants for each of the four shale gas types, and for each of these the particle swarm 

optimization was rerun a total of 10 times using different initial guesses, to ensure that the exploration 

was sufficiently broad. Thus a total of 160 optimization runs were performed, requiring about 15 min 

each for a total of about 40 h of computer processing time on a modern desktop PC. It is worth noting 

that the results of the maximum NPV objective function were identical to the results of the maximum 

DME objective function described in Part I of this work. 

3. Economic Results 

Stream tables for the “Maximum olefin with non-negative NPV constraint” optimization scenario 

are shown in supplementary material. Furthermore, the NPV maximization results of the chemical 

looping combustion (both NiO and Fe2O3 oxygen carriers), oxy-fuel combustion and post-combustion 

technologies for Fayetteville shale gas are shown in Table 3. Looking at the results, the highest NPV is 

obtained at the base case prices (Table 1) when the split ratios and unreacted gas recycle ratio are  

such that DME production is maximized in the chemical looping and oxyfuel cases. It can also be seen 

that the NiO-CLC system achieved the highest NPV compared to other options.  

As described in Part I of this study, since the energy requirement of the post combustion CO2 

capture is relatively high, the DME ratio cannot be more than 70% without the import of external 

steam sources.  
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3.1. Different Feed Compositions 

The breakdown of products and NPV results of various optimization scenarios are shown in Table 4 

for each type of shale gas and conventional pipeline gas using NiO-CLC as the power generation 

configuration since it had the highest NPV. In the first scenario, the objective function was to 

maximize the NPV of the process. It can be seen from the optimization results that most of the output 

must be DME for all types of shale gases. In the second and fourth scenarios, the objective function was 

to maximize the olefins production rate. Their difference is that there is an NPV constraint in the fourth 

scenario, which must always be non-negative. Therefore, this scenario shows that the maximum 

possible olefins production while still having a profitable plant is between 45%–54%, depending on 

the gas type. In the third scenario, the objective function was to maximize the power output of our 

proposed polygeneration plant. The maximum power generation is around 60% of the output in  

this scenario. 

Table 3. Comparison of the power generation options using Fayetteville shale gas. 

Power Generation Option 
Chemical Looping 

Oxy-Fuel Combustion Post Combustion
Iron-Oxide Nickel-Oxide 

NPV, $Million 1138 1165 1026 709 
Efficiency, %HHV 52.5 52.1 48.2 54.5 
%CO2 capture 100 100 100 90 

Product Portfolio (%) 
Net electricity 5.0 4.2 1.0 11.1 
MeOH 0.0 0.0 0.0 47.2 
DME 95.0 95.8 99.0 41.7 
Olefins 0.0 0.0 0.0 0.0 

Capital investment, $Million 565 509 535 714 

3.2. Olefins Production Cost 

The effect of changing the olefin production ratio on its production cost is shown in Figure 3.  

The olefin production of traditional cracking processes varied between 0.44–1.3 $/kg in 2012, depending 

on feedstock type and price [29]. It can be seen that the production cost of the proposed novel system 

is lower than the average production cost of commercial naphtha cracking and ethane cracking  

plants when the olefin production ratio is around 44% and 33% of output respectively. The calculated 

production cost of olefins is the total plant annualized cost subtracted by the revenue from other products. 

Therefore, its value can be negative when the credit from other products is more than the total cost  

of plant. 
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Table 4. Comparison of optimization results different shale gases at the same energy input (1111 MW) and with NiO-CLC power  

generation approach. 

Optimization Scenario Maximum NPV (Identical to Maximum DME Production) Maximum Olefin 

Gas Type Marcellus Fayetteville New Albany Haynesville Conventional Gas Marcellus Fayetteville New Albany Haynesville Conventional Gas 

NPV, $Million 1139 1165 1158 1177 1143 −813 −769 −746 −728 −803 

Product portfolio       

%Power 4.5 4.2 4.3 4.2 4.3 14.3 11.7 12.5 12.9 18.5 

%MeOH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

%DME 95.5 95.8 95.7 95.8 95.7 0.0 0.0 0.0 0.0 0.0 

%Olefins 0.0 0.0 0.0 0.0 0.0 85.7 88.3 87.5 87.1 81.5 

Capital, $Million 519 509 503 501 558 694 678 684 676 705 

Optimization Scenario Maximum Power Maximum Olefin with Non-Negative NPV Constraint 

Gas Type Marcellus Fayetteville New Albany Haynesville Conventional Gas Marcellus Fayetteville New Albany Haynesville Conventional Gas 

NPV, $Million 28 30 38 35 39 0 0 0 0 0 

Product portfolio     

%Power 57.9 57.4 56.1 56.6 57.5 15.8 14.8 13.4 13.2 20.1 

%MeOH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

%DME 42.1 42.6 43.9 43.4 42.5 43.5 41.1 41.4 40.8 40.7 

%Olefins 0.0 0.0 0.0 0.0 0.0 40.7 44.1 45.3 45.9 39.2 

Capital, $Million 530 536 539 538 584 681 666 670 661 698 
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3.3. Sensitivity Analysis- Effect of MeOH and DME Prices 

A sensitivity analysis was performed to determine how changes in the MeOH and DME prices 

affect the optimization results. For each set of MeOH and DME prices, the optimization was repeated 

using the maximum NPV objective function, resulting in a potentially different optimal configuration 

of recycle and product ratios. 

 

Figure 3. Sensitivity analysis of olefin production cost as a function of olefin production 

ratio (Fayetteville shale gas). 

 

Figure 4. Effect of MeOH and DME price on (a) the maximum NPV of process;  

(b) optimal product portfolio (Fayetteville shale gas). The location of the chosen base case 

market conditions is indicated as a red circle.  

As shown in Figure 4a, the design with the maximum NPV is always positive when the MeOH 

price is $300/tonne (60% of its base case value) or more. Furthermore, the maximum NPV is always 

positive when the DME price is $577/tonne (60% of its base case price) or more. Figure 4b depicts a 

“price map” of the optimal product portfolios depending on the market prices. For example, 

maximizing the amount of olefins produced is the most profitable choice when MeOH prices are below 

about $150/tonne and DME prices are below about $300/tonne (the lower-left corner of Figure 4b). 
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Above those prices, either maximum DME production or maximum MeOH production is the most 

profitable choice depending on the prices, corresponding to the upper left and lower right regions of 

the diagram, respectively. 

3.4. Sensitivity Analysis—Effect of Olefins Prices 

Similarly, the effect of varying the price of olefins (ethylene and propylene) on the maximum NPV 

is shown in Figure 5. It is assumed that the propylene price changes at the same ratio as the ethylene 

price varies compared to their base case prices (Table 1). It can be seen that the NPV of the process is 

always positive regardless the price of olefins and DME products when methanol and electricity prices 

are at their base case market conditions. The reason is that at low olefins and DME prices, the maximum 

methanol production option is favoured over the others as shown in Figure 5b. Similarly, maximum 

DME or maximum olefin production is favoured for relatively high DME or olefin prices (the upper 

left and lower right regions of Figure 5b). However, when both DME and olefin prices are high,  

a mixture of DME and olefin products is actually more profitable than maximizing just one. 

 

Figure 5. Effect of olefins and DME prices on (a) the maximum NPV of process, (b) optimal 

product portfolio (Fayetteville shale gas). The base case prices are marked with a red circle. 

4. Conclusions 

In this study, a techno-economic analysis of a novel polygeneration process for the co-production of 

DME, olefins, electricity, and methanol using different qualities of shale gas and also conventional 

natural gas was performed. The impact of power generation alternatives, gas composition and product 

portfolio on the thermal efficiency of the plant had been presented in part I of this work. 

The economic optimization results, presented in this paper, showed that the CLC technology with 

nickel oxide was the most profitable choice compared to the other power generation options. The 

results of the sensitivity analysis showed that in most market conditions, it was usually optimal for 

only one of methanol, DME, or olefins to be co-generated along with electricity. However, the  

co-production of DME and olefins was optimal for some cases with very high product prices. At current 

(base case) market conditions, olefin production was not favored. However, using the polygeneration 

concept, it is possible to produce a mixture of olefins and electricity with 100% CO2 capture in current 

market conditions at costs similar to naphtha or ethane cracking without any CO2 capture. Thus, the 

proposed process may be a promising way of displacing traditional olefin production using abundant 

natural gas sources at similar costs but with significantly reduced environmental impact. 
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Despite promising results achieved by this proposed polygeneration model, the flexibility and 

dynamic behaviour of this tightly integrated system has not been investigated and is subject of  

further research. It has been shown previously that flexible polygeneration systems can have massive 

improvements in NPV compared to inflexible ones. For example, one study showed that up to 62% 

increases in net present value were possible if the amount of methanol, synthetic fuels, or electricity 

produced by that particular example process were allowed to change twice per day in response  

to changes in market prices with a 100% turndown ratio [30]. Other studies on polygeneration  

systems have shown that the optimal process design and corresponding product portfolio for inflexible 

polygeneration plants vary significantly with market prices [7]. These studies also showed that the 

historical variation in market prices experienced over a several year period is sufficiently large enough 

such that flexible polygeneration may make economic sense. However, all of these studies assumed 

that transitions between operating steady states were feasible, instantaneous, and free. It is a significant 

future challenge to construct dynamic models of all of the relevant process units in sufficient detail 

such that the complex interaction between tightly integrated process sections can be understood well 

enough such that information about the time required for transitions, feasible turndown ratios, off-spec 

products, and their associated costs can be known. Some progress has been made in constructing dynamic 

models of certain individual process units specifically for the purposes of flexible polygeneration 

applications, such as for gasification [31], steam reforming [32], water gas shift [33], CO2 capture [34], 

and solid oxide fuel cells [35]. However, combining these models into one system requires considerable 

effort and has not yet been achieved. 

Supplementary Materials 

Supplementary materials can be accessed at: http://www.mdpi.com/1996-1073/8/5/3762/s1. 
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