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PurposePurpose

Develop and implement a method Develop and implement a method 

of ranking waterof ranking water--splitting cycles splitting cycles 



OutlineOutline

�� Importance of HydrogenImportance of Hydrogen

�� Thermochemical/Hybrid Cycles Thermochemical/Hybrid Cycles 

�� Current Methods of EvaluationCurrent Methods of Evaluation

�� Our Methodology based on EfficiencyOur Methodology based on Efficiency

�� ResultsResults



Hydrogen EconomyHydrogen Economy

�� AdvantagesAdvantages

�� DisadvantagesDisadvantages

�� Methods for producing hydrogenMethods for producing hydrogen

�� Other suggested economy typesOther suggested economy types



Hydrogen EconomyHydrogen Economy

�� The current U.S. demand The current U.S. demand †

–– 11 MM tons/yr total11 MM tons/yr total

�� Crude lighteningCrude lightening

�� Produce cleanerProduce cleaner--burning fuelsburning fuels

�� Methanol/Ammonia productionMethanol/Ammonia production

–– Steam reformation of methaneSteam reformation of methane

�� Demand in Hydrogen Economy Demand in Hydrogen Economy †

–– 200 MM tons/yr for transportation200 MM tons/yr for transportation

–– 450 MM tons/yr for all other energy needs450 MM tons/yr for all other energy needs

† K. R. Schultz 2003, General Atomics, DOE grant



WaterWater--Splitting CyclesSplitting Cycles

� Only products are hydrogen and oxygen

� Only reactant is water

� Other species form and breakdown in a 

cyclic manner, non-effluent
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Water Splitting CyclesWater Splitting Cycles

�� Thermochemical CyclesThermochemical Cycles

–– Thermochemical reactions onlyThermochemical reactions only

�� Hybrid CyclesHybrid Cycles

–– Thermochemical reactionsThermochemical reactions

–– Electrochemical reactionsElectrochemical reactions

�� Some could benefit from nuclear plant heat Some could benefit from nuclear plant heat 

sourcessources

�� Over 200 known cyclesOver 200 known cycles



Water Splitting CyclesWater Splitting Cycles

�� Thermochemical ReactionsThermochemical Reactions

–– Established equipment in industryEstablished equipment in industry

–– Often require high temperaturesOften require high temperatures

�� Electrochemical ReactionsElectrochemical Reactions

–– More rare in industryMore rare in industry

–– Difficult to implementDifficult to implement

–– Occur at lower temperaturesOccur at lower temperatures



Water Splitting Cycle ExamplesWater Splitting Cycle Examples

�� Hallett Air Products (hybrid)Hallett Air Products (hybrid)

�� US Chlorine (thermochemical)US Chlorine (thermochemical)
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Water Splitting Cycle ExampleWater Splitting Cycle Example

Hallett Air Products (hybrid)Hallett Air Products (hybrid)



Water Splitting Cycle ExampleWater Splitting Cycle Example

US Chlorine (thermochemical)US Chlorine (thermochemical)



IssuesIssues
�� Coupled reactionsCoupled reactions

–– Cyclic ProcessCyclic Process-- Degrees of freedomDegrees of freedom

�� Special reaction methods (high Special reaction methods (high ∆∆G>0)G>0)

–– Electrolysis Electrolysis 

–– Continuous product removalContinuous product removal

�� Reaction EquilibriumReaction Equilibrium

–– ReversibilityReversibility

–– Equilibrium conversionEquilibrium conversion

�� Separation Energy (heat and work) may Separation Energy (heat and work) may 

complicate the complicate the flowsheetflowsheet



Prior Evaluation EffortsPrior Evaluation Efforts

�� L.C. Brown (2000, DOE) scored cycles L.C. Brown (2000, DOE) scored cycles 

based on known characteristicsbased on known characteristics

–– Qualitative approachQualitative approach

–– Questionable evaluation techniqueQuestionable evaluation technique

�� Point system for process complexitiesPoint system for process complexities

�� Equal weighting assigned to all criteriaEqual weighting assigned to all criteria

�� “Judgment call” basis“Judgment call” basis

�� Heavily favors wellHeavily favors well--researched cyclesresearched cycles



Prior Evaluation EffortsPrior Evaluation Efforts



Prior Evaluation EffortsPrior Evaluation Efforts

�� Lewis (2005, DOE) evaluated cycles based Lewis (2005, DOE) evaluated cycles based 

on efficiencyon efficiency

–– Quantitative approachQuantitative approach

–– Considers equilibriumConsiders equilibrium

–– Assumes 50% efficiency for all work processesAssumes 50% efficiency for all work processes

�� Actual efficiency may be better or worseActual efficiency may be better or worse

�� Different processes have different efficienciesDifferent processes have different efficiencies



Our Proposed SolutionOur Proposed Solution

Efficiency Based Ranking System:Efficiency Based Ranking System:

�� Find maximum possible efficiencyFind maximum possible efficiency

–– Pinch technology to determine hot utilityPinch technology to determine hot utility

�� Stream analysisStream analysis

�� Heat of reactionHeat of reaction

–– Estimate work requiredEstimate work required

�� Consider reaction equilibriumConsider reaction equilibrium

�� DOF: optimize flow rates and DOF: optimize flow rates and 

temperaturestemperatures



Cycle EfficiencyCycle Efficiency

�� Enthalpy of formation of water is minimum Enthalpy of formation of water is minimum 

energy required for waterenergy required for water--splittingsplitting
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Cycle EfficiencyCycle Efficiency

�� Only heat and work transferred across Only heat and work transferred across 

system boundary includedsystem boundary included

�� Heat termHeat term

–– Hot utilityHot utility

–– Heat for separationsHeat for separations

�� Work term Work term 

–– Pump/compressor workPump/compressor work

–– Electrical work in electrolysisElectrical work in electrolysis



EquilibriumEquilibrium
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EquilibriumEquilibrium
�� Sulfur Iodine Sulfur Iodine –– Reaction 1 (1123 K)Reaction 1 (1123 K)
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Excess ReactantsExcess Reactants

Two primary options of handlingTwo primary options of handling

�� RecycleRecycle

–– Increases separation Increases separation 

requirementrequirement

–– Strategic product Strategic product 

placementplacement

�� No RecycleNo Recycle

–– Increases heat Increases heat 

requirementrequirement

–– 2 configurations for cycles 2 configurations for cycles 

with 3 or more reactionswith 3 or more reactions



No Recycle HandlingNo Recycle Handling
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Strategic Separation



Minimum Separation



Degrees of FreedomDegrees of Freedom

Hallett AirHallett Air

ProductsProducts
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�� Caused by linearly dependent equationsCaused by linearly dependent equations

�� Assume design parameters to define systemAssume design parameters to define system



Degree of FreedomDegree of Freedom

10,1, 22
ξ−= OHOH nn

10,1, 22
ξ−= ClCl nn

11, 2ξ=HCln

11, 5.0
2

ξ=On

5.0

5.

1,1,1,1,1,1,

5.

1,

2

1,

11
][

)(

22222

2 P
nnnnnn

nn
TK

OHClOHClOHCl

OHCl

+++
=

Reaction #1:

20, 2ξ=HCln

22,2
ξ=Cln 22,2

ξ=Hn

Reaction #2 (electrolysis):

1,0, 22
1 OHOH nn +=

2,1,0, 222 ClClCl nnn +=

1,0, HClHCl nn =

Mix Point #1:

Mix Point #2:



Degree of FreedomDegree of Freedom

�� Example: Hallett Air Products CycleExample: Hallett Air Products Cycle

–– 10 variables10 variables

–– 9 linearly independent equations9 linearly independent equations

–– DOF = 10 DOF = 10 –– 9 = 19 = 1

�� After substitutions:After substitutions:

–– Define Define nnCl2,0Cl2,0
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Optimizing ExcessOptimizing Excess

�� Hallett Air Hallett Air 

Products CycleProducts Cycle

–– DOF = 1DOF = 1

–– Define Define nnCl2,0Cl2,0
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�� nnCl2,0 Cl2,0 = 1.49 mol= 1.49 mol

�� Efficiency = 44.7%Efficiency = 44.7%



Minimum UtilityMinimum Utility

�� Popular method of finding hot utilityPopular method of finding hot utility

�� Heat cascaded from high T Heat cascaded from high T �� low Tlow T

�� Pinch occurs at temperature where cumulative Pinch occurs at temperature where cumulative 

system heat is zerosystem heat is zero

�� No heat is transferred across the pinchNo heat is transferred across the pinch



Minimum UtilityMinimum Utility

�� Interval analysisInterval analysis

�� Single hot utility & cold utilitySingle hot utility & cold utility

�� Isothermal reaction Isothermal reaction 

�� Heat of reactionHeat of reaction



Effect of Effect of ∆∆TTminmin on on QQhothot
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Electrical WorkElectrical Work

�� Electrical WorkElectrical Work

–– Nernst equation for electrolytic cellsNernst equation for electrolytic cells

–– Assume steadyAssume steady--state operationstate operation

–– Assume cell efficiency of 90%Assume cell efficiency of 90%††

°⋅⋅−= EFnWElectric

†† Millikan, Christopher E., DOE 2002 



SeparationsSeparations

�� Separation EnergySeparation Energy

–– Minimum work foundMinimum work found

�� Estimate separation efficiencies as 50%Estimate separation efficiencies as 50%††

–– Complete separationComplete separation

–– Phase separation when possiblePhase separation when possible

–– Isothermal ProcessIsothermal Process

–– Real heat & work foundReal heat & work found

†† Michele A. Lewis, “FY 2005 Progress Report”Michele A. Lewis, “FY 2005 Progress Report”



Minimum Separation energyMinimum Separation energy

�� Separate species into streamsSeparate species into streams
–– Depends on excess handling configurationDepends on excess handling configuration

–– Phase separation requires no energyPhase separation requires no energy

�� Example:  Sulfur Iodine RXN#1 SeparationExample:  Sulfur Iodine RXN#1 Separation



Minimum Separation WorkMinimum Separation Work
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Minimum Separation WorkMinimum Separation Work



ResultsResults



Degree of FreedomDegree of Freedom

�� Constant for all configurations investigatedConstant for all configurations investigated

–– Does not include reaction temperaturesDoes not include reaction temperatures



�� Cycle rankings based on Cycle rankings based on QQhothot ((∆∆TTminmin=10K)=10K)

–– Optimized feeds, equilibrium considered, reactants recycledOptimized feeds, equilibrium considered, reactants recycled

Minimum Utility CriterionMinimum Utility Criterion



Minimum Utility and Electrolysis Minimum Utility and Electrolysis 

Work CriterionWork Criterion

�� Cycle rankings based on Cycle rankings based on QQhothot ((∆∆TTminmin=10K) and =10K) and 

WWelecelec onlyonly

–– Optimized feeds, equilibrium consideredOptimized feeds, equilibrium considered



Minimum Utility, Electrolysis Work and Minimum Utility, Electrolysis Work and 

(ideal) Separation Work ((ideal) Separation Work (ηη=0.5) Criterion=0.5) Criterion

�� Cycle rankings based on Cycle rankings based on QQhothot ((∆∆TTminmin=10K), =10K), WWelecelec, , 

and and WWsepsep

–– Optimized feeds, equilibrium consideredOptimized feeds, equilibrium considered



Temperature OptimizationTemperature Optimization

�� Limited by phase changesLimited by phase changes

–– Optimized feeds, equilibrium consideredOptimized feeds, equilibrium considered



Comparison of ResultsComparison of Results

�� W is ideal/0.5W is ideal/0.5

�� All energy terms have been includedAll energy terms have been included

�� Different option is best depending on cycleDifferent option is best depending on cycle



Comparison with Brown’s ResultsComparison with Brown’s Results



Real Separation EnergyReal Separation Energy

�� Numerous recycle configurationsNumerous recycle configurations

�� Numerous separation techniquesNumerous separation techniques

�� Difficult to achieve 100% separationDifficult to achieve 100% separation

�� Used membrane separators to estimate Used membrane separators to estimate 

separation work for gas phase separationsseparation work for gas phase separations

�� Membrane separators cannot operate at high Membrane separators cannot operate at high 

temperaturestemperatures



Real Separation EnergyReal Separation Energy

�� Real Separation work estimated for top 4 cyclesReal Separation work estimated for top 4 cycles

�� Estimated as compressor work for membrane Estimated as compressor work for membrane 

separatorseparator



Real Separation Work Real Separation Work 

(Membranes Only)(Membranes Only)
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Real Separation EnergyReal Separation Energy

�� Actual work for a given system can only Actual work for a given system can only 

be determined with a detailed flow sheetbe determined with a detailed flow sheet

Taken from Y.H. Jeong, M.S. Kazimi, K.J. Hohnholt, and B. Yildiz resource 



Real Separation WorkReal Separation Work

�� Comparison of efficiency for Lewis separation Comparison of efficiency for Lewis separation 

and real separation for top 4 cyclesand real separation for top 4 cycles



Screening ProcessScreening Process

�� Over 200 documented cyclesOver 200 documented cycles

�� Find a quick method of finding efficiencyFind a quick method of finding efficiency



Screening ProcessScreening Process

�� Exclude process with high exothermic Exclude process with high exothermic 

reaction(sreaction(s) at low temperature) at low temperature



ConclusionsConclusions

�� Efficiency based method can quickly rank Efficiency based method can quickly rank 

hydrogen producing cycleshydrogen producing cycles

�� Best configuration of excess handling Best configuration of excess handling 

depends on cycle being considereddepends on cycle being considered

�� Phase separation and good cascade Phase separation and good cascade 

properties benefit efficiencyproperties benefit efficiency



QuestionsQuestions
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