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Abstract

     Contemporary energy scenarios include using enormous amounts of hydrogen as an energy carrier. Processes based on water decomposition do not emit climate-changing substances.  International investigations are underway into systems involving nuclear and solar heat sources to drive complex chemistries for thermochemical decompositon.  This paper describes some results of a multiinstitutional project for experiment, thermodynamic analysis, properties modeling, and process simulation for the Sulfur-Iodide process, perhaps the most efficient thermochemical route to large-scale hydrogen production.  
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1. Introduction

     Increasing global energy conversion and decreasing available energy reserves pose a major threat to the quality of human life.  Among the many options for future energy scenarios is hydrogen such as for fuel cells with mobile and fixed electric power, for residential and commercial space conditioning, as well as the current and expanding uses for ammonia synthesis, upgrading heavy oils, and coal gasification.  Hydrogen manufacture will not contribute to global climate change if the source material is water and the energy source is not fossil fuel.  Water-splitting processes for H2 production include thermochemical decomposition by high temperature heat, such as from a nuclear reactor [1-5], electrochemical cycles, and hybrid cycles.  Because of the immense scale of the facilities to be constructed and operated, reliable estimates must be made of the energy efficiency and process configurations of the competing process concepts. A number of efforts have been done along these lines [6-12].

     Among the thermochemical decomposition processes with the greatest potential, that using sulfur and iodine (SI Cycle) attracts the most interest.  Applying the chemistry of the SI cycle was first demonstrated by the General Atomics Corporation during 1974-1986 [13-15].  A schematic of the process is shown in Figure 1 [16].
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Figure 1: Schematic of Sulfur-Iodine Cycle.  The fundamental chemistry of each process is shown, as are organizations responsible for detailed studies of the various cycle sections.
     This paper uses completely general thermodynamic relations for a process model-free analysis of the Sulfur-Iodine thermochemical water decomposition processes of the type developed by General Atomics [13-15, 17-19].  The basic flow sheets are taken from the work of Mathias and Brown [20-24].  Their property models are used in AspenPlus for computing the energy needed for a reversible process and the consequences of introducing irreversibilities.  Then some comparisons are made for different property models for a particular GA flow sheet.  Finally a brief report is given of process configuration studies for the reactive distillation column central to Section 3.
2. Thermodynamic Analysis
     A thermodynamic approach to evaluate the utilization of energies for open systems uses balance equations about a "black-box" system, accounting for material, energy and entropy effects from interactions of the system and its surroundings [25].  Figure 2 illustrates the concept, where inlet and outlet streams at specified temperatures, T, pressures, P, and flow rates, expressed in molar amounts, {N}, plus work, W, and heat, Q, are related to the conservation of atoms and energy, as well as by the entropy balance incorporating entropy generation, Sgen. The value of Sgen is zero for reversible, or best case, systems, and is positive in real systems.

     The basic equations for a fixed-basis steady-flow system, such as an amount of a product, e.g., per mole, or per unit time, are:

Material Balance  
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Entropy Balance    
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Figure 2. Schematic of a general process for material, energy and entropy balances.

In equations (1) – (3), h is the molar enthalpy, s is the molar entropy.  The summation i is over input streams and the summation o is over output streams, so all mole numbers, {Ni} and {No} are positive.  The work and heat are associated with utilities; Qe is the heat which is discharged to the surroundings at Te.  Work is only from electricity for turbines, pumps, and compressors.   Heat, Qb, enters or leaves the system through heat exchangers at Tb, the absolute temperature at which the heat appears on the outside of the process boundary (surroundings).  If the heat is transferred to or from a stream with changing temperature, the log mean temperature is used.
     Note that this analysis does not take into account limitations within the process where heat might need to flow up a temperature gradient, as in a “pinch analysis” [7,8].  Process evaluations with temperature limitations should give lower efficiencies than here.  However, that approach would involve specific units, which we seek to avoid.

     A common evaluation assumes reversibility (Sgen = 0) and, after specifying the material flows, determines the minimum amount of input energy via a heat, a work, or a condition for a flow, plus the minimum heat to be discharged to the environment.  We find the He flow for specified inlet and outlet conditions and the heat rejection to the environment, since these must be dealt with in a real process.  We also find the usual efficiency, defined as the energy value of the product H2 divided by the energy input.
     Other analyses can either specify a value of Sgen > 0 and obtain changes in process conditions, or use actual or simulated process heat and work effects, made consistent with the energy balance (2), to find the process Sgen from the entropy balance (3).  The former case shows the effects of irreversibilities in different parts of a process and suggests potential efficiency improvements.  The latter case allows comparisons of process configurations with the one having the lowest value of Sgen being most efficient.
     This methodology is reliable only with accurate values of h and s.  Since the terms in the stream flows are often large numbers, so the differences in the summations can be relatively small, significant errors can appear in the computed values including the efficiency, even with apparently accurate properties.  This would be most obvious when a calculated Sgen is negative.  Since different property models are being used in  different international projects, it is worthwhile to compare their results, as below.

3. Analysis of Cases Based on the General Atomics Flowsheet with Aspen Property Modeling

3.1. Overall process

     The simplest case of analysis is for a reversible process taking in H2O and producing H2 and O2 at Te, with the energy source being a stream of high pressure, high temperature helium from a gas-cooled nuclear reactor, as shown in Figure 3.  Table 1 gives conditions and properties for the input and output components for a production basis of 1 kmol of H2.  Conditions can differ in various efficiency studies, as can the property values, which depend on the reference state.  Therefore, the numerical results here may be slightly different from those of others, but the trends with irreversibilities will be substantially the same.
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Figure 3.  Schematic of thermochemical decomposition of water using nuclear energy provided by He gas.

Table 1. Conditions for overall reversible generation of 1 kmol/hr of hydrogen via thermochemical decomposition of water using the General Atomics system [17-19] driven by high temperature Helium.  Molar enthalpy, h, and entropy, s, values from the AspenPlus property model of Mathias [19]
	 Component
	 Flow rate,

  kmol/hr
	    T, K 

 (Phase)
	   P,

 MPa
	        h,

MJ/kmol-H2
	          s,

MJ/kmol-H2-K

	      H2O
	     1.0
	275.00 (l)
	   0.4
	  -287.24
	    -0.169

	       H2
	     1.0
	386.15 (g)
	   4.0
	      -7.32
	    -0.023

	       O2
	     0.5
	346.57 (g)
	   0.4
	    -25.99
	    -0.007


     Figure 4 gives process efficiencies for a temperature difference, Ti -To  = 350 K over a range of Ti values from 900 to 1600 K.  As predicted by the Carnot effect, even for a totally reversible process, not all of the He energy can be utilized in the decomposition.  But the process becomes more efficient at higher Ti and smaller Ti-To.

     Next, one can introduce inefficiencies in this overall process, particularly if the target efficiency and He conditions can be specified.  For Ti  - To = 350 oC, Gorensek [7] suggested an efficiency target range of 50-60% and a Ti range of 1100-1200 K.  Figure 4 shows efficiency decreases to 85% and 70% of reversible, with the latter just meeting the target.  Also shown in Figure 4 are results when values of Sgen are specified to be 0.25, 0.50, and 0.75 MJ/kmol H2-K; only the first two meet the target.  Thus, the upper bound on irreversibilities for any process is for Sgen  0.50 MJ/kmol H2-K.  Note that the same variation with Ti is obtained when either a fraction of reversible or a fixed Sgen is specified.  Also the efficiency drop for Sgen changing from 0 to 0.25 MJ/kmol-K is greater than from 0.25 to 0.50 and from 0.50 to 0.75.  This means that initial departures from reversibility impact the process the most.  More detailed studies show that the minimum He flow is when Ti and Ti-To are largest, while the minimum Qe is for the largest Ti and smallest Ti-To, though efficiency is not a strong function of He conditions.
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Figure 4. Overall thermal efficiency of reversible and irreversible S-I processes for a Helium gas temperature drop of 350 oC. 

     When Sgen is 0.50 MJ/kmol H2-K, the He flow is 60% greater and the rejected heat is 4 times greater than for the reversible process.  These effects will have significant consequences for the equipment to be used in a process.  It also suggests that every effort needs to be made to minimize entropy generation.  The greatest amounts of Sgen are from heat exchange temperature differences rather than friction and mixing.

     The three sections of the GA S-I process can be analyzed in the same fashion as the overall process, allowing investigation of the effect of changing flow rates and compositions of the streams among the sections.  Then Equations (2) - (3) can be used to find potential heat flows between sections for the reversible and real cases.  Detailed results of this study are to be described elsewhere, but it is clear that recycle of material, especially between Sections 1 and 3, leads to increased energy rejection.  Irreversibility also increases the heat amounts; attempts to improve efficiency should focus on reducing recycle and temperature differences, as well as heat flows involving Section 1.

4. Comparison of Different Property Models
     The above analysis can be implemented to determine the effects of different property models on the energy flows and entropy generation for a proposed flow sheet.  Process simulations with a given software will satisfy material (1) and energy (2) balances, but not necessarily yield positive Sgen.  Other software may give different values; the configuration may not have energy balanced, or have Sgen > 0.

     We utilize the full process developed by General Atomics [17-19] with stream flows between sections reconciled by Summers [26] and by Murphy [27].  The processes are too complex to be shown here, but Table 2 gives the heat and work flows.  Some misassignments of sources/sinks might have been made, but all property model calculations were evaluated in the same way.  We used the AspenPlus properties model of Mathias [20-22] created for the SI process. The electrolyte NRTL model [28] is used for the aqueous liquid phase nonidealities, the Redlich-Kwong Equation of State for vapor nonidealities, and certain dissociation and solvation reactions are used, such as for HI ionization.  In addition we used the OLI model [29].  Finally, we were graciously provided h and s values for the streams from the JAEA modification of the OLI model [30] and from the ProSim model [31].    
Table 2. Heat and work by Sections of an S-I process from General Atomics [17-19, 26,27].  Heat source (> 0) or sink (< 0) from environment (e), Helium (He), or another Section (i) at temperature Tj. 

	Section
	Work, MJ/kmol H2
	Heat in from T1, MJ/kmol H2
	T1, K
	Heat In from T2, MJ/kmol H2
	T2, K
	Heat In from T3, MJ/kmol H2
	T3, K

	1
	39
	-17 (e)
	300
	-13 (e)
	360
	-748 (2)
	393

	2
	-7.8
	-134 (e)
	313
	67 (1)
	373
	358 (He)
	636-1250

	3
	9
	423 (e)
	561
	-209 (e)
	518
	56 (e)
	545


     Table 3 gives the total process energy balance and entropy generation amounts for each property model.  The top four rows are for the directly computed results.  It can be seen that while the energy is essentially balanced for the Aspen simulation, as it should, large amounts of heat must leave the system to yield an energy balance.  For Aspen, there is a large, negative Sgen for the process, indicating that it would actually be infeasible.  We speculate that this arises because of incorrect stream properties, which lead to excess heat outflow.  Examination of the values suggests that the Aspen h and s values are somewhat too negative for streams with large amounts of iodine, making the stream energy differences between the stream inlets and stream outlets too negative.  While the other software do not balance the energy, they do have Sgen > 0, though in excess of the model-free analysis amounts allowed for feasibility. While we did not have access to flow sheets for these other simulations, we might anticipate their simulated processes would reject less heat.  

     One option to balance the energy is to reduce Qe values until Qe = 0; the resulting energy imbalances are given in the 4th column of Table 3.  The Sgen results are given in the top four cells of the rightmost column of Table 3 (SgenAdjust).  While not all of the energies can be made fully consistent, most of the mismatches are relatively small, and the Sgen values are not far above the appropriate range for a viable process.

5. Process Simulations of the HI Decomposition Section

     Analysis of the SI process shows that the principal energy costs are in the H2SO4 decomposition reactors of Section 2 and in the HI decomposition and separation units of Section 3.  The main problem with the latter arises because the separation of the two liquid phases in Section 1 from the Bunsen reaction involves large amounts of H2O and I2 to be transported in and out of Section 3. Without this extra recycled material, the Bunsen separation is problematic, but with it, the processing is very inefficient. 

Table 3. Energy and entropy terms for Sections of an S-I process from General Atomics [17-19, 26, 27]. SgenAdjust from reducing Qe values to yield as close to zero Net Energy Adjust as possible. OLI (1-phase) and JAEA OLI (1-phase) results by using only properties from the model of the same single phase found in the Aspen simulation, instead of the multiphase streams reported.

	Property Model
	Net Energy, MJ/kmol H2
	Sgen,

MJ/kmol H2-K
	Net Energy Adjust, MJ/kmol H2
	SgenAdjust,

MJ/kmol H2-K

	AspenPlus [20-24]
	-14
	-1.85
	0
	-1.81

	SRNL OLI [29]
	-441
	2.28
	-97
	1.76

	JAEA OLI [30]
	-484
	2.41
	-102
	1.78

	ProSim [31]
	-238
	1.33
	175
	-0.20

	SRNL OLI [29](1-phase)
	-498
	2.40
	-101
	1.76

	JAEA OLI[30](1-phase)
	-484
	1.34
	-70
	0.60


     The original RD concept was by Roth and Knoche [32], who found high efficiencies with their calculations.  However, these results have never been able to be reproduced.  The literature on S-I RD processes, e.g., [6, 17, 26], suggests that the column configurations have not been optimized with regard to variables like column pressure, reflux ratio, feed stage location, and total stagess.  We therefore have made a manual exploration of these variables to search for opportunities for efficiency improvement.  Here we summarize the findings described in detail by Murphy [27]. 

     It was found that varying the reflux ratio (RR) over the range from 1.5 to 3.5 yielded energy requirements from 734 to 381 kJ/mol H2, with the minimum at an RR of 2.0, the value used by most investigators.  Next we studied variations in the number of plates and the feed stage location.  Figure 5 shows vapor mole fractions of the components, H2O, I2, HI, and H2 in the RD column for various numbers of stages with the same feed stage location as numbered from the condenser.  The goal is to have yH2 high at the top of the column and decreasing H2O and increasing I2 concentrations from top to bottom (left to right in the figures).  The profiles show that the rectifying section compositions are as desired, but that there is no change in any composition below the feed except in the reboiler, regardless of its location relative to the feed.  Varying the feed location indicated that 10 stages above the feed would adequately decompose the HI since the I2 concentration in the vapor and liquid streams were reduced enough to shift the decomposition equilibrium.  This total of 11 stages is in contrast to the 25 stages in the design of Goldstein, et al. [6] and the 15 stages used in the work by General Atomics.  Reducing the number of stages does not significantly affect the energy efficiency, but can make considerable improvement in.the capital investment of the process.  Since the energy, capital, and operating and maintenance costs are about equal, such reductions can be important. 
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Figure 5. Vapor phase concentration profiles as a function of number of stages, 
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: 11 (♦), 15 (▲), and 19 (■) with feed at plate 10.

     Finally, increasing pressure from 30 to 50 bar decreased the energy requirements of the RD column to 360 kJ/mol H2, apparently by lowering the heat of vaporization of the column liquids.  There is significant improvement in the H2 concentrations at the highest pressure. The General Atomics design of Section 3 includes several arrangements for energy recovery, which function quite well. The energy savings in the RD column from the above changes were actually recovered by their system.  Again, by eliminating the need for energy recovery, its complex equipment could be unnecessary.

     These simple approaches to improving Section 3 suggest that a more serious process synthesis investigation should be undertaken to determine how much improvement can be made.  However, it is unclear whether the necessary reduction of Section 3 energy to about 270 kJ/mol H2 can be achieved.

6. Conclusions

     A thermodynamic analysis of the S-I process for H2 manufacture has been carried out with a process model-free approach and with properties computed with different property model software.  Efficiencies and ultimate limitations on irreversibilities have been expressed in terms of entropy generation.  These suggest focuses for improving efficienty, and highlight the effects of differences in property models.  In addition, variations in process conditions such as total pressure and number of stages below the feed for the reactive distillation column to decompose HI to H2 and I2 provide improvements in efficiency and reduction in capital.
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