18th European Symposium on Computer Aided Process Engineering – ESCAPE 18

Bertrand Braunschweig and Xavier Joulia (Editors)

© 2008 Elsevier B.V./Ltd. All rights reserved.


6

W. Yuan et al.
Economic Analysis and Process Integration of Hydrogen Production Strategies

5

Economic Analysis and Process Integration of Hydrogen Production Strategies
Wei Yuana, Norman E. Sammons Jr.a, Kristin H. McGlocklina,b, Mario R. Edena
a Department of Chemical Engineering, Auburn University, Auburn, AL 36849, USA
b 3M Corporation, Decatur, AL 35601, USA
Abstract

Hydrogen is a promising energy carrier for future transportation uses. Its combustion produces no greenhouse gases, no ozone layer depleting chemicals, little or no acid rain ingredients and pollution (Barreto et al, 2002). In addition, hydrogen has the highest gravimetric energy density of any known element (U.S Department of Energy, 2004).  Furthermore, since the proton exchange membrane fuel cell (PEMFC) is believed to be the best future vehicular power source for clean transportation and zero emission (Steele et al, 2001), the study of novel hydrogen production strategies is important. Experimental researchers in the Consortium for Fossil Fuel Science (CFFS) are developing novel technologies for hydrogen production and storage, however the economic and environmental viability  of the technologies are mostly evaluated separately rather than in an integrated manner. In this work, we aim to address this gap through the development of integrated system engineering strategies for modeling, integration and optimization of hydrogen polygeneration plants.
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1. Introduction
A hydrogen polygeneration plant aims at increasing the economic and environmental sustainability potential of coal, biomass and petroleum based production facilities by combining novel conversion processes with conventional production capabilities to include a wider range of co-products, e.g. fuels, chemicals and/or renewable energy along with the primary hydrogen product. The complexity of the co-production problem as it applies to liquid fuels and hydrogen production is illustrated in Figure 1.
The main focus of the polygeneration plant is to produce high purity hydrogen, while increasing the profitability of the overall plant by manufacturing other valuable co-products. Although many of the fundamental processing steps involved in polygeneration are well-known, there is a need for a methodology capable of evaluating the integrated processes in order to ensure optimal hydrogen production and identify the optimal set of co-products along with the best route for producing them. The complexity of the co-product allocation problem for such processing facilities demands a process systems engineering approach utilizing process integration and mathematical optimization techniques to ensure a targeted bi-level approach and serve as an interface between theoretical modeling/simulation work and experimental efforts. 
Polygeneration plants inherently possess tremendous integration potential, not just limited to recycling unused material, but also in terms of energy recovery. Process integration techniques can be employed to realize this potential by providing global process insights and identifying overall process performance targets. It is imperative to apply a holistic approach in order to guarantee a truly optimal solution to the problem, since optimizing each unit individually might lead to suboptimal designs as one bottleneck is replaced by another.
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Figure 1. Hydrogen polygeneration complexity
2. Model Development and Solution Methodology
A generic, robust optimization framework has been developed that enables identification of economically optimal production schemes for carbon resource processing in hydrogen polygeneration plants (Sammons et al, 2007). The simulation models for each process are developed by extracting knowledge on yield, conversion, and energy usage from empirical as well as experimental data. Process integration techniques are then used to optimize the simulation models. Finally, the optimized models are used to generate data for the economic as well as environmental performance metrics. The estimation of environmental performance is achieved through the use of the US-EPA Waste Reduction (WAR) algorithm (Young et al, 2000). 

Only the economic and environmental performance metrics are incorporated in the solution framework, thus decoupling the complex models from the decision making process. This approach allows for continuously updating the models as new data becomes available without having to change the selection methodology. Similarly, if new processes are to be included for evaluation, additional metrics can be added to the solution framework. 

The objective of the optimization step is to identify candidate solutions that maximize economic performance and then the candidates are ranked according to environmental performance. If a candidate satisfies the environmental objectives, then the optimal production scheme has been identified. If none of the candidates satisfy the environmental impact constraints, then the desired economic performance requirements are relaxed until a solution with acceptable environmental performance has been identified. It should be emphasized that by decoupling the complex models from the optimization and decision making framework, the methodology is more robust and also provides added flexibility by only having to update the performance metrics for a given process as new information, e.g. a new catalyst with higher conversion, is identified (Sammons et al, 2007).
3. Modeling of Hydrogen Production Strategies
Process models have been developed for a variety of hydrogen production schemes. Using process integration techniques and advanced computer-aided tools, the systems have been optimized and the economic potential of the technologies evaluated. Several reforming techniques including four developed within CFFS have been studied for small and large scale production of hydrogen. Literature data along with data obtained in another research project at Auburn University has been used to develop models for partial oxidation (POX), steam (SR) and autothermal reforming (ATR) of a variety of hydrocarbon resources (Wilder et al, 2007; Godat and Marechal, 2003; Seo et al, 2002). In addition, data provided by other researchers in CFFS has been used to build similar models for super critical water reforming (SCWR) of methanol (Gadhe and Gupta, 2005) and biomass (Byrd et al, 2007), dry reforming (DR) of methane (Shao et al, 2005) and finally a catalytic dehydrogenation (CDH) of methane (Shah et al, 2001). The last process is a single step process that in addition to high purity hydrogen also produces a valuable carbon nanotube byproduct. Specifically, we have investigated hydrogen production schemes from four different fuels:
· Natural gas (approximated by methane)
POX, SR, ATR, DR and CDH

· Diesel (approximated by dodecane)
POX, SR, ATR

· Methanol



SCWR

· Biomass (approximated by glucose)
SCWR

Additional models are under development to increase the range of possible products that can be handled by the optimization framework including a comprehensive study of converting waste biomass (poultry litter) to hydrogen.

Simulation models were developed in Aspen Plus for small scale (1,000 Nm3/hr) and large scale (100,000 Nm3/hr) hydrogen production plants. The models included all the feed pretreatment steps along with the reforming reactors and effluent treatment including the water-gas-shift reactors. Once material recycles had been implemented and optimized, thermal pinch analysis was utilized to identify the minimum energy requirements. Aspen HX-Net was used to design the corresponding minimum cost heat exchanger networks that optimize the trade-off between capital and utility. Representative results for the large scale production plants are presented in Table 1 below. It should be noted that two scenarios were investigated for each process, i.e. 1) the reactors were allowed to be included in the heat exchanger network, and 2) the reactors were ONLY heated/cooled using external utilities.
It is apparent from Table 1, that technologies like POX and ATR due to their exothermic nature are much less sensitive to changes in heating utility cost like the recent spike in natural gas prices. However it is worth noting that all processes can be improved immensely by implementing process integration strategies (the percentage reductions are given in parenthesis for each technology). In addition, two scenarios for providing any external heating utilities were investigated for all the cases, i.e. 1) combustion of a fraction of the individual fuel source and 2) combustion of natural gas.
Table 1. Process integration analysis (large-scale production)

	Methane (CH4)
	Heating Utilities (kW)
	Cooling Utilities (kW)

	
	w/o Reactors
	w/ Reactors
	w/o Reactors
	w/ Reactors

	POX
	16120
	(-73%)
	2836
	(-95%)
	13870
	(-76%)
	578
	(-99%)

	SR
	127600
	(-19%)
	117800
	(-25%)
	10180
	(-74%)
	394
	(-99%)

	ATR
	27040
	(-61%)
	11990
	(-83%)
	15850
	(-73%)
	795
	(-99%)

	Dry
	93860
	(-24%)
	90890
	(-27%)
	24360
	(-56%)
	21390
	(-61%)

	Diesel (C12H26)
	Heating Utilities (kW)
	Cooling Utilities (kW)

	
	w/o Reactors
	w/ Reactors
	w/o Reactors
	w/ Reactors

	POX
	22510
	(-71%)
	775
	(-99%)
	66090
	(-45%)
	44360
	(-63%)

	SR
	142400
	(-19%)
	133400
	(-24%)
	9383
	(-95%)
	422
	(-100%)

	ATR
	43710
	(-57%)
	1028
	(-99%)
	57850
	(-51%)
	15170
	(-87%)

	Methanol (CH3OH)
	Heating Utilities (kW)
	Cooling Utilities (kW)

	
	w/o Reactors
	w/ Reactors
	w/o Reactors
	w/ Reactors

	SCWR
	389700
	(-46%)
	389700
	(-46%)
	3352
	(-99%)
	3352
	(-99%)


4. Results of Economic Analysis

An economic analysis of all the generated case studies was performed to evaluate the hydrogen production cost. The initial equipment cost analysis was based on sizing data from the models themselves coupled with Lang factors provided by contacts in the chemical processing industry. Standardized process economics methods were employed to translate the equipment and utility cost into the total production cost, which accounts for everything from engineering to construction, monitoring, supervision and operation. The total product cost was then normalized using the results for steam reforming of natural gas, which is the prevailing means of producing hydrogen. The results are shown in Figure 2 below.
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Figure 2. Relative hydrogen production cost
The analysis of the various hydrogen production schemes clearly shows that for industrial scale production only the dry reforming (DR) of natural gas has the potential to compete with the traditional steam reforming (SR) process. The conversion of more complex liquid hydrocarbon fuels, e.g. diesel and methanol are not competitive given the current market prices, however such fuels have other benefits such as ease of storage and transportation etc. that can lead to different conclusions in specific cases. The supercritical water reforming (SCWR) process does have one major benefit compared to the other technologies, i.e. the hydrogen is produced at very high pressures, which may be attractive for some applications. For comparison, the hydrogen produced from conventional steam reforming was compressed to the SCWR conditions (276 bar), which resulted in the new process to be only 30% more expensive than the traditional approach. If more efficient separation of the supercritical water phase from the hydrogen product can be developed, e.g. membranes or hydrogels, then the production costs could be significantly reduced by recycling the reaction phase without having to reheat and/or recompress the water to these extreme conditions. 

The same considerations apply to SCWR of biomass, which is not profitable without the ability to recycle the water phase directly. Two different feed concentrations were investigated (Byrd et al, 2007), i.e. 1 wt% and 5wt% glucose. Although a significant reduction in production cost was observed when increasing the glucose concentration, I it was not enough to offset the high compression and recycle cost. Even if biomass waste, e.g. wood trimmings etc. was used as feedstock, a significant tipping fee would still be needed to make the process profitable. The average tipping fee for unspecified biomass is approximately $30/ton in the United States. This tipping fee would make the current SCWR process comparable in cost to conventional methods if the glucose feed concentration could be increased to around 18 wt%.
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	Figure 3. Multiwalled nanotubes (MWNT) (left) and stacked cone nanotubes (SCNT) (right) produced by dehydrogenation of methane over Fe-Ni/Mg(Al)O at 650ºC and 500ºC, respectively.


The catalytic dehydrogenation process (CDH) as described by Shah et al, 2001 could potentially be a very attractive alternative to existing hydrogen production schemes. The process produces a valuable byproduct of carbon nanotubes as illustrated in Figure 3. In addition, since the process has the benefit of integrated carbon capture, additional revenue can be secured through credits for reduced CO2 emissions compared to conventional production schemes. Currently carbon credits are traded at approximately $35/ton (www.pointcarbon.com). To break even with steam reforming of natural gas, the carbon nanotube byproduct would have to be sold at approximately 0.20$/lb. Although this breakeven sales price of the carbon nanotubes is significantly lower than the open market sales value of carbon nanotubes, it is questionable whether a market exists for such huge amounts of nanotubes that would be available if/when the CDH process is introduced on an industrial scale. 
5. Conclusions and Future Work

It is apparent that the current technologies for producing hydrogen from liquid fuels are not attractive if evaluated only on the production cost. Benefits such as transportability etc. will need to be quantified for all types of fuel in order to better compare the technologies. However, the dry reforming technology being developed by CFFS researchers appears to be a potentially cheaper alternative to the current state of the art. Furthermore, supercritical water reforming shows significant promise for biomass waste processing, but requires additional research focused on separation of the reactive water phase and the high pressure hydrogen. The catalytic dehydrogenation process developed by CFFS researchers also shows great potential to be competitive with current technologies due to the integrated carbon capture and marketable carbon nanotube byproduct.
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