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EXECUTIVE SUMMARY

Under the U.S. Department of Energy’s (DOE’s) Light Water Reactor Sustainability (LWRS)
Program’s Flexible Plant Operation and Generation (FPOG) Pathway, research is performed to show how
existing light-water reactors (LWRs) can flexibly provide heat and power to industrial processes to
improve process cost and efficiency while diversifying their revenue sources. Researchers from Sandia
National Laboratories (SNL) have proposed a process for splitting water into gaseous hydrogen and
oxygen through a two-step liquid-metal-mediated process. First, steam oxidizes a reactive metal,
producing hydrogen. The resulting metal oxide is then electrochemically reduced to regenerate the metal
by off-gassing oxygen. This process is completed at high temperature and low pressure. Each step has
been experimentally demonstrated at the bench-top scale at SNL. A block flow diagram (BFD) of the
process is drawn in Figure ES1. An LWR could provide heat and power to this process to enable scaling
and more-efficient operation.
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Figure ES1. BFD of the proposed electrochemical metal-redox cycle [1].

The purpose of this present work is to model a scaled-up design of this process focused on the
exploration of this electrochemical metal-redox cycle using energy inputs from an LWR nuclear power
plant (NPP). The scale chosen was 500 MWe alternating current (AC) input to the process. Three use
cases have been envisioned for this novel process, including:

1. Hydrogen production

2. Heat augmentation

3. Energy Arbitrage.

The cycle’s ability to perform in these three key areas is analyzed in this study.

Hydrogen Production

The novel process is first and foremost a water-splitting operation, with hydrogen as its primary
product. Designing an efficient at-scale system requires robust heat integration, which is primarily
derived from the performance of the electrochemical step. Zinc oxide has a per-cell thermodynamic
potential that is very similar to the thermal neutral point of water, implying the possibility of a very
efficient overall system. With the assumption of 95% rectification efficiency, 90% Faradaic efficiency,
and an 8% nominal overpotential, an electricity requirement of 49.8kWh-e AC/kg-H2 can be obtained.
The latter two inefficiencies also define the temperature change across the reactor, which is based on the
heat of reaction, Joule heating, and the proportion of redox-inert metal in the oxide alloy.
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A process model was built in Aspen HYSYS using a custom thermochemical method based on
thermodynamic data from the FactSage database [2]. The feedwater is vaporized and superheated by
recuperating heat from the hydrogen product, oxygen-rich exhaust gas, and some low-grade heat from an
LWR NPP. The model was scaled to 500 MWe-AC input to the electrolysis process, producing
241 MT/day of hydrogen product. Using the electrochemical assumptions above, along with an alloy
composition of 87.5% tin (redox-inert carrier metal) and 12.5% zinc that is totally oxidized by an
equimolar steam flow, key stream enthalpies could be obtained that define the heat integration and
process-heat cogeneration capabilities of the system. Figure ES2 is a process-flow diagram (PFD) with
embedded heat-transfer/temperature diagram which demonstrates that 10.2 kWh-th/kg-H2 of process heat
linearly attenuated between 845 and 550°C is recoverable from the thermal oxidation outlet, as
2.4 kWh-th/kg-H2 of low-pressure steam is extracted from the NPP to vaporize a portion of the feedwater.

Figure ES2. PFD of the LWR-scale electrochemical metal-redox cycle, including an embedded heat
transfer vs. temperature diagram of the process heat co-product.

The high-grade process heat that can be delivered by this system is exclusively sensible heat, so it
cannot all be delivered at the oxidation outlet temperature (845°C), but some of it could be delivered
above the reduction inlet temperature (550°C). The embedded diagram is a useful tool for determining
how much heat could be delivered at a certain temperature. The oxide alloy enters the process heater at
845°C, corresponding to the top left of the diagram. The temperature drops as heat is transferred to the
secondary system until it reaches 550°C in the bottom right. The heat-transfer/temperature diagram shows
that the first 50.4 MW of process heat could be delivered to a process at 700°C while the remaining 52.0
MW could be delivered to another process at 550°C.

It is important to note that the process heat co-product recovers the electrical losses in the
electrochemical step as it is recovered from the chemical potential of the electrochemically reduced zinc.
This is a necessary result of practical cell thermodynamics—e.g., overpotentials present to support high
current density and side reactions within the molten salt electrolyte that dissipate electricity as heat.
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The H2Analysis tool was used to estimate a levelized cost of hydrogen (LCOH) of $2.00/kg-H2, with
a detailed list of the engineering and economic assumptions included in Section 2.4. If high-temperature
process heat is recovered and sold at a competitive price, the LCOH would be reduced to $1.84b/kg-H2.
The sensitivity analysis shows that electricity cost is the dominant driver of the LCOH. These
assumptions represent a reasonably achievable mature technology, and the LCOH sensitivity to the other
parameters is only minor.

Heat Augmentation

The redox cycle can be reconfigured to appear similar to an Ericsson cycle, with work going toward
manipulating the chemical potential, rather than the pressure, of the working fluid. In this case, the
exotherm of the metal-oxidation reaction would be captured electrochemically and used to partially drive
the metal-reduction reaction. This would allow a low-temperature heat duty to theoretically be supplied to
the metal-reduction reactor and, by using robust recuperation, allow a high-temperature heat rejection
from the oxidation step. This process would not produce a hydrogen product because the hydrogen
evolved in the oxidation reactor would be looped to assist in reducing the oxide, regenerating steam
instead of off-gassing oxygen at the anode. Figure ES3 is a BFD of this configuration.
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Figure ES3. BFD of the heat-augmentation configuration.

By analyzing the thermodynamic data from the FactSage database, the ideal coefficient of
performance (CoP) for a redox-cycle configuration that takes in heat at 450°C and outputs it at 800°C was
determined to be about 3. When considering the overpotentials required to drive the reactions, the
practical CoP drops to about 1 for the expected performance. This is a relatively poor-performing heat
pump. The same thermodynamic effects that make this effective for hydrogen production are the reasons
the system is not ideal for operating as a heat pump. These issues are addressable with a second
electrochemical step that is operated at low overpotential; however, currently no appropriate
low -temperature electrolyte exists in a temperature range suitable for LWRs. Future high-temperature
reactors or other heat sources could potentially employ this effect, but that is outside the scope of this
analysis.

The redox-cycle heat pump would theoretically replace natural-gas burners and electric furnaces for
high-grade heat delivery. For this system to be competitive, the capital cost of the heat-pump equipment
must be less than 1.6 times that of conventional equipment if the heat is delivered at 600°C, diminishing
to equivalent costs at 1200°C due to the decreasing CoP.
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Energy Arbitrage

The metal-redox cycle discussed has its own intrinsic storage capability. Using this feature provides
potential for value-added storage operation. The system operating in the configuration for the storage and
production of electricity is designed to produce hydrogen and then use the hydrogen to fuel a simple
combustion turbine. The turbine is modeled with a thermal efficiency of 56% on a lower-heating-value
basis. The simple gas-turbine case is not the most well integrated or efficient possible energy-storage
system (ESS); however, it represents a technical baseline using commercially available equipment. The
charge and discharge cycles of this ESS are depicted by Figure ES4.
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Figure ES4. ESS BFD for (a) a charging and (b) discharging cycle.

This represents a system with the same parameters for hydrogen production as the LCOH case. The
hydrogen storage medium is the redox-active zinc metal, which is reduced electrochemically during
periods of low demand from the electrical grid; the hydrogen-production reactor sizing is a major
component of overall system cost. Oversizing the hydrogen-production reactor allows for fast on-demand
hydrogen production from stored zinc during periods of high grid demand. In addition to using hydrogen
to produce electricity, the hydrogen can be used to supply batch-type operations where large amounts of
hydrogen are used or burned intermittently. This case, in which the expensive electrochemical reactor can
be undersized and operated on a more-continuous basis, is also discussed in the body of the report
(Sections 4.2 and 4.3).

Capital-cost estimates and economic assumptions are listed in Section 4.1. This case requires the use
of a pure zinc melt with controlled partial oxidation. The use of tin drastically increases the storage cost to
the point where the economics surrounding the ESS would be untenable. With a round-trip efficiency of
around 40% AC-to-AC, the 500 MWe charging cycle will take more than twice as long as the 500 MWe
discharge cycle, implying that the minimum levelized cost of storage (LCOS) should be calculated
between 6 and 8 hours, stored.

A key assumption is that the system will be sized to cycle as often as it can be physically charged and
discharged. This assumption may not be realistic to market conditions, and further detailed synthetic
market histories would be necessary to predict the LCOS with higher fidelity. While there are other
mitigating market factors, this represents a near best-case scenario for electricity storage and arbitrage
using the proposed storage configuration.

A simplified LCOS of $163/MWh was obtained for the 8-hour arrangement, based on assumptions
listed in Section 4.1. This was the minimum observed LCOS that corresponds roughly to the change in
baseload demand and renewable generation throughout a day. A range of storage durations from 4 to 24
hours were also studied and plotted with the contribution of capital expenditure and operational
expenditure broken down in the body of the report.
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Technical Evaluation of Electrochemical Metal Redox
Cycle for Hydrogen Production, Heat Augmentation,

and Energy Arbitrage

1. INTRODUCTION

Flexible plant operation and generation (FPOG) is one of the research pathways of the Light Water
Reactor Sustainability (LWRS) Program. The U.S. Department of Energy (DOE) supports existing light-
water reactor (LWR) nuclear power plants (NPPs) by researching potential ways of increasing and
diversifying their revenue, often by investigating energy-storage systems (ESS) and chemical processes
that use nuclear heat and electricity, especially in a way that accommodates versatility. In this study, a
novel hybrid thermal/electrochemical engine, invented at Sandia National Laboratories (SNL), is
analyzed at the engineering scale. The process has the potential to use nuclear power to split water,
yielding hydrogen and recoverable high-grade process heat [Error! Reference source not found.].

Error! Reference source not found. depicts a simplified block-flow diagram (BFD) of the system,
where a redox-active metal such as liquid zinc reacts exothermically with steam to produce hydrogen,
according to the reaction:

� � + � � � → � � � + � �

The oxide would then be conveyed to an electrochemical reactor by a redox-inert metal such as tin,
where it would be reduced and recycled, evolving oxygen gas:

� � � + 2 � � → � � + 1
2� � �

Figure 1. BFD of the electrochemical metal-redox cycle.

This report details the examination of such a system at the scale of 500 MWe-alternating current (AC)
in three different modes of operation:

1. Continuous operation for hydrogen production, in which steam is split into hydrogen and oxygen gas,
and low-grade waste heat is recovered to boil the feedwater

2. Continuous operation for heat augmentation, in which chemical potential from the metal-oxidation
reaction is recovered in an electrochemical step, and the resulting current and hydrogen are looped to
the reduction reactor

3. Variable operation in which the reduced zinc is used as a means of storing hydrogen, which can then
be burned in a recuperated combustion turbine.
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System configurations and first-principal physics are explored to define the expected performance
metrics. Using these preliminary results as inputs, the chemical reactions and heat-transfer-unit operations
were modeled to identify the requirements of the NPP in each of the cases.

2. HYDROGEN PRODUCTION

Employing the technology developed by SNL for hydrogen production via an electrochemical metal-
redox cycle is attractive for the at-scale production of hydrogen from LWR temperatures. The
arrangements of the system are explored, and theoretical efficiency is established. An estimated practical
efficiency and framework for further levelized cost of hydrogen (LCOH) calculation is also examined.
The thermochemical model was developed using thermodynamic data from the FactSage database
[Error! Reference source not found.], which examines the possibilities for heat integration, utility
requirements from a co-located NPP, and the potential to produce a high-grade process-heat coproduct in
addition to the main hydrogen product.

2.1 System Design and Background

The system must have a high degree of thermal integration. The oxygen-evolution step is
endothermic, and the hydrogen-production step is exothermic. Heat integration of these two steps is vital
for an efficient hydrogen-production system from the metal-oxide system, which is depicted as a process-
flow diagram (PFD) in Figure 2. Detailed discussion of heat integration, particularly as it pertains to
generating the superheated steam that oxidizes the zinc, is included in Section 2.3.

Alloy

Hydrogen

Oxide-Alloy

Air Sweep

Steam

Hydrogen to Pipeline

Oxygen-rich
Exhaust

Figure 2. Simplified hydrogen-production PFD.

The transient exothermic steps in the reactor can be performed in batch or continuous-stirred tank
reactor (CSTR) process. The heat produced in the exothermic reaction can bypass a heat-exchanger step
and simply deliver a higher-temperature fluid to the endothermic oxygen-evolution reaction. The ideal
thermal case can be accomplished via a number of equivalent alternative arrangements that will not be
described in detail at this stage. It is sufficient for the case to know that alternative arrangements are
possible.
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2.2 Thermodynamic Analysis

The thermodynamics of the system are analyzed in an ideal case. This is done using a limited toolset
and provides an order-of-magnitude estimate for the effect. The analysis also provides a framework for
the analysis for further theory.

2.2.1 Ideal Thermodynamics

Using FactSage calculations to derive optimal thermodynamic data, a theoretical efficiency is shown
in Figure 3, where Vtn is the thermal-neutral voltage of the reduction reaction, which corresponds to the
Δ� of reaction. Veq is the equilibrium voltage required to drive the reaction towards occurring
spontaneously, which corresponds to the Δ�  of reaction.

Figure 3. Thermodynamic-equilibrium data from FactSage calculations.

The thermodynamic potential for zinc oxide electrolysis is 1.38V/cell. The thermal-neutral voltage for
the higher heating value (HHV) of hydrogen is 1.48 V/cell. Because the equilibrium voltage is lower than
the equivalent to the HHV, the applied potential can operate at a point where, in the case of heat
utilization, 100% total energy efficiency can be achieved. However, overpotentials will be required to
drive the system at effective current densities. The potential of 1.38 V/cell also indicates that steam
production from an external heat source will only provide a small overall system efficiency. The thermal
neutral voltage is 1.90 V/cell; thus, in order to ensure the system operates efficiently, heat from the
hydrogen-production step must be used in the endothermic zinc-reduction step.

Thermal integration of the two reaction steps is critical for overall efficiency. Thermal integration
with other process heat can still provide benefits by delivering low-quality steam and using the process to
export higher-quality heat. In this scenario, coupling to an LWR could be beneficial by coupling the
steam system from the LWR and allowing a more-beneficial use of the high-quality process heat. Due to
the temperature exiting the system, by coupling a low-temperature heat source, the exergetic efficiency
can remain high if high-temperature heat is desired; i.e., the low-temperature heat source reduces the
recuperation required of the system, freeing up high-temperature heat, which has a greater capacity to do
work for another purpose.
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The work input and output can be calculated by differences in Δ� , and the heat output by difference
in Zn Δ�  to ΔH. These values are all shown as positive for simplicity in calculation reference for voltages 
to follow. Conversion from thermodynamic energy to voltage is through the equation:

�

� �
= � �

Where E is the thermodynamic voltage, and z is the electrons transferred per reaction, and F is Faraday’s
constant. z in this case is 4, as the basis of the reactions in the Ellingham diagram are for a mole of O2.

2.2.2 Practical Thermodynamics

With an ideal electrode, the system has an approximately ideal performance. With a real electrode,
overpotentials will be present. In any configuration, the overpotentials will still exist at each cell. A
nominal 0.2 V/cell electrode overpotential is a good first estimate for the expected practical level of
system effectiveness. A simple diagram showing efficiency vs. applied voltage is shown as Figure 4. Any
Faradaic efficiency would be multiplied by voltaic efficiency to give the overall efficiency of the
electrochemical steps.

Figure 4. Water-splitting thermodynamics as a function of applied voltage.

2.3 Process Modeling

Due to the favorable thermodynamics discussed above, a process model of an LWR-scale system was
developed to further investigate the thermal-integration capabilities of the system. The model was built
using Aspen HYSYS. Gaseous streams (hydrogen, oxygen, and air) were modeled using the Peng-
Robinson equation of state, water/steam was modeled using the NBS steam tables while the metal-metal
oxide stream and the reactions of the system were modeled using custom methods that relied on
thermochemical properties from the FactSage database [Error! Reference source not found.].

The stream tables from the model, described in detail below and depicted in Figure 5, are included in
Appendix A. The model shows that hydrogen production via the redox cycle requires 49.8 kWh-e
AC/kg-H2, with 10.2 kWh-th/kg-H2 of high-grade heat that is recoverable for chemical process integration
during continuous operation.

2.3.1 Reaction Modeling

A fluid package that accurately and reliably describes the thermochemical and electrochemical
interactions between zinc, hydrogen, oxygen, and steam was not identified within the Aspen databanks.
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Upon consultation with the inventor and lead experimentalist of the electrochemical metal-redox cycle,
the FactSage database was recommended as a property package that aligned well with experimental
results [Error! Reference source not found.]. The built-in unit operations were bypassed for the
thermal-oxidation and electrochemical-reduction reactions. HYSYS was only used to keep track of stream
flows, and spreadsheets were designed to perform conversion chemistry calculations using the FactSage
data.

Figure 5. PFD of the hydrogen production model.

2.3.1.1 Thermal Oxidation

The thermal oxidation reaction, displayed below, was modeled using three steps. The results of the
reactor are listed in Table 1, assuming equimolar steam and zinc flow and a 7:1 tin-zinc ratio in the feed
alloy.

� � + � � � → � � � + � �

Table 1. Thermal oxidation reactor results.

Stream Molar Composition Temperature

Tin Zinc Zinc Oxide Hydrogen Water -

Alloy 0.8750 0.1250 0.0000 0.0000 0.0000 450°C

Steam 0.0000 0.0000 0.0000 0.0000 1.0000 450°C

Reactants 0.7778 0.1111 0.0000 0.0000 0.1111 450°C

Products 0.7778 0.0000 0.1111 0.1111 0.0000 845°C

Overheads 0.0000 0.0000 0.0000 1.0000 0.0000 845°C
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Stream Molar Composition Temperature

Tin Zinc Zinc Oxide Hydrogen Water -

Oxide-Alloy 0.8749 0.0000 0.1250 0.0001 0.0000 550°C
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1. Conversion chemistry. Stoichiometry and the limiting reagent are used to determine the composition
of the outlet given the inlet molar flows of the reactants and inerts, according to equation:

� ̇ �
� � � = � ̇ �

� � + � � �

where � �̇ is the molar flow of a species � , � � is the stoichiometric coefficient where a negative
coefficient represents consumption of the component and 0 represents the component being inert. � is
the extent of reaction which is assumed to be defined by complete conversion of the limiting reagent.

2. Reaction thermochemistry. The molar flows of each component at the inlet and outlet of the reactor
are multiplied by the molar intrinsic stream enthalpy (ℎ � ), obtained from FactSage, which contains
sensible and latent heat as well as the heat of formation of each component to find the enthalpy flow
of the reactants at the inlet temperature ( � � � ), and of the products at an arbitrary outlet temperature
( � � � � ):

� ℎ � (� � � )

�

� ̇ �
� � = � ℎ � (� � � � )

�

� ̇ �
� � �

Because the thermal-oxidation reactor is meant to be adiabatic, an adjust block was used to vary the
arbitrary outlet temperature until the products and reactants had the same enthalpy flow. The results
were checked with a first-law balance to ensure that the heat of reaction and sensible-heat rise of the
products equated:

Δh� (� � � )� = (� � � � − � � � ) � � ̇ �
� � � � �

�

Where Δℎ � (� � � ) is the heat of reaction at the reactor-inlet temperature, obtained from FactSage, and
� � is the molar heat capacity of component � . This first-law balance confirms that the results of the
conversion reactor are self-consistent by demonstrating a relative error of −2.4 × 10 � � .

3. Oxide-alloy cooling. A similar method to Step 2 was employed to model the cooling of the oxide-
alloy to 550°C, which is the required inlet temperature for the electrochemical-reduction reactor.
Because this step is not adiabatic, the heat rejection rate � ̇

� � � � was added to the energy balance:

� ̇
� � � � = � ℎ � (� � � � � � � � )

�

� ̇ �
� � � � � � � − � ℎ� (550° � )

�

� ̇ �
� � � � � � �

It was found that 102.3 MWth of high-grade heat can be recovered by cooling the oxide-alloy to the
electrochemical-reduction feed temperature on the scale of a 500 MWe AC system. The scale of the
system is determined in Section 2.3.1.2. Because this is a sensible-heat-transfer operation, some of the
heat is available at temperatures higher than 550°C; Figure 6 is a heat-transfer vs. temperature
diagram that shows the ability for the oxide alloy to deliver process heat at different temperatures.

The oxide alloy enters the process heater at 845°C, corresponding to the top left of the diagram. The
temperature drops as heat is transferred to the secondary system until it reaches 550°C in the bottom
right. The heat-transfer/temperature diagram shows that the first 50.4 MW of process heat could be
delivered to a process at 700°C while the remaining 52.0 MW could be delivered to another process
at 550°C.
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Figure 6. Heat-transfer vs. temperature diagram for oxide-alloy cooling.

2.3.1.2 Electrochemical Reduction

The electrochemical-reduction rection was modeled in much the same way as the thermal-oxidation
reaction, with a few key exceptions discussed below. Table 2 lists the results from the reactor model.

� � � + 2� � → � � + 1
2� � �

Table 2. Electrochemical reduction reactor results.
Stream Molar Composition Temperature

Tin Zinc Zinc Oxide Hydrogen Oxygen -

Oxide Alloy 0.8749 0.0000 0.1250 0.0001 0.0000 550°C

Products 0.8235 0.1116 0.0000 0.0001 0.0588 497°C

Anode Off-Gas 0.0000 0.0002 0.0000 0.0011 0.9987 497°C

Regenerated Alloy 0.8748 0.1250 0.0000 0.0001 0.0002 450°C

1. Reaction electrochemistry. The outlet composition was found using the same extent of reaction
method as in Section 2.3.1.1, assuming complete conversion of the zinc oxide. The molar flow of zinc
oxide was used along with an assumed Faradaic efficiency ( � � = 90%), and an assumed cell voltage

( � = 1.6� ) to calculate the direct-current (DC) power ( � ̇
� � � � ) required to drive the reaction.

� ̇
� � � � = �

2� (� ̇ � � �
� � )

� �

where � is Faraday’s constant, the product of Avogadro’s number and the unit charge. An adjust
block was used along with a rectification efficiency of 95% to find the system flow rate at which the
electrochemical-reduction reactor consumes 500 MWe AC. As the electrochemical model is further
developed, a more-refined cell overpotential and efficiency will improve the fidelity of this model.
With the current assumptions, a flow rate of around 5000 kgmole/hr is required.
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2. Reaction thermochemistry. A method similar to the thermal-oxidation section was used to find the
electrochemical-reduction outlet temperature. This reaction is endothermic, but is not operated
adiabatically, so the electrolyzer DC power must be added into the energy balance:

� ℎ � (� � � )

�

� ̇ �
� � + � ̇

� � � � = � ℎ� (� � � � )

�

� ̇ �
� � �

3. Regenerated-alloy cooling. The same sensible-heat-transfer method as above was employed to cool
the regenerated alloy to 450°C so it can be recycled to the thermal-oxidation reactor. This heat is used
to preheat a sweep-air stream. The sweep-air flow rate is selected to dilute the overhead product to
40 mol% oxygen. The sweep air leaving the preheater is warmed to 273°C, and the overhead product
is 330°C. The heat in this oxygen-rich air is used to boil feedwater and exhausted. This system does
not readily allow for a steam sweep to be used to later isolate the oxygen product; however, if it is
desirable to use the oxygen for oxy-firing, a CO2 sweep could instead be used to form a carboxy-air
that is 60 mol% CO2 and 40 mol% O2. A smaller sweep flow rate would then be required, resulting in
an overhead temperature of 409°C and a slight increase to the amount of feedwater that the exhaust
stream could vaporize, leading to a slightly higher system efficiency by reducing the LWR steam
duty. The feedwater heat integration is discussed in more detail in the next section.

2.3.2 Heat-Integration Modeling

As with high-temperature steam electrolysis (HTSE), this system relies on recuperation to produce
superheated steam that is fed to the splitting stage. The hot hydrogen product, which is equimolar to the
steam feed, is advantaged by the exotherm of the thermal-oxidation reaction. Cooling the hydrogen
product, which comes out of the reactor at 845°C, to 420°C can superheat an equimolar atmospheric-
pressure saturated steam to the desired 450°C, with a duty of 17.6 MW on this 500 MWe AC scale. The
heat of vaporization for the required steam flow rate at near-ambient pressure is 56.5 MW. Boiling heat
transfer is generally of high performance, so it is assumed that the 420°C hydrogen and 330°C oxygen-
rich exhaust can boil the feedwater with a 5°C minimum approach, cooling each overhead stream to
106°C with duties of 12.7 and 19.4 MW, respectively. As Figure 7 depicts, the remaining 24.1 MW is
supplied by LWR steam. Saturated steam at 140.5°C and 3.366 bar is assumed to be extracted from the
low-pressure turbine of the associated NPP with a flow rate of 11.1 kg/s and condensed with 4°C of
subcooling along 2% nominal pressure drop.

If the redox cycle is to produce hydrogen offsite—i.e., it is not co-located with the NPP—and an
external steam source is not available, a different configuration is possible. The hydrogen would not be
used to superheat the feed steam and would, instead, be exclusively used to boil feedwater. Between the
full cooling duty of the hydrogen product and oxygen exhaust, the feed steam would have quality of
88.5%. Next, the bottom 24.1 MW of oxide-alloy cooling would have to be used to finish vaporizing and
superheating the feed steam. This would reduce the availability of high-grade heat from the redox cycle to
78.3 MW of linearly attenuated sensible heat from 845 to 620°C.

The final piece of the model is the compression of the hydrogen product. The reaction model predicts
no contamination of the product hydrogen, so the compression does not use cleanup. If excess steam were
fed to the thermal-oxidation reactor to ensure the total oxidation of the tin, knockout drums would need to
be added to the compression schematic. Each compression stage has a pressure ratio of 2.7, provided the
assumption of 75% isentropic efficiency, 40°C inlet, 175°C outlet, and 2% nominal pressure drop across
interstage and aftercoolers. The 241 MT/day of hydrogen product then consumes 21.9 MWe AC to reach
44.4 bar, which would be a modest pressure for a pipeline. With this level of compression, the feedwater
could easily be preheated to 101°C (saturated at near-atmospheric pressure), absorbing 8.4 MW from the
hot compressed hydrogen; 16 MW of additional cooling water or air cooling would be needed to reject
the remaining heat of compression. A chiller would likely be needed to further increase the density of the
hydrogen being fed into the pipeline, but the chiller is not modeled.
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Figure 7. Heat-exchanger network for the hydrogen-production configuration.

2.4 Levelized Cost of Hydrogen

2.4.1 Technoeconomic Analysis

The process model provides the technical baseline to produce an LCOH estimate. The overall capital
components have common parts with a solid-oxide electrolysis cell (SOEC) system as a basis of
comparison. Using costs on power supplies, blowers, and industrial vessels, an initial cost estimate can be
developed. The most substantial portion of the final cost of hydrogen is the electricity-feedstock price.

The H2Analysis tool was used to estimate an LCOH of $1.98/kg-H2, based on the following
assumptions:

 25-year capital lifetime

 Installed capital cost of $435/kW

 Electricity cost of $30/MWh-e

 Heat cost of $10/MWh-th

 Electricity consumption of 50 kWh/kg-H2

 Heat consumption of 2.4 kWh/kg-H2

 90% plant capacity factor

 12% internal rate of return (IRR) [3].

It is expected that the system, as designed, will have potential for cost increases as certain aspects of
the system may not have been captured. The main costs for the vessels, heat exchangers, and power
electronics are multiplied by a 1.3 installation factor to provide an estimate of $435 of direct capital costs.

Sensitivity analysis shows that electricity cost is the dominant driver of the LCOH. These
assumptions represent a reasonably achievable mature technology and the LCOH sensitivity to the other
parameters is only minor.
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2.4.2 Sensitivity Analysis

This shows the preliminary viability of the technique for hydrogen production using analogous costs
and kinetics of aluminum smelters and SOEC. By offsetting the hydrogen-production cost with the
equivalent value of the recoverable high-temperature process heat, a cost reduction from $1.98/kg H2 to
$1.82/kg H2 is achievable. The sensitivity results shown in the tornado chart (Figure 8) are based on using
the higher-grade heat recovery available from the system. The process has the greatest sensitivity to
feedstock (e.g., DC power) consumption, implying that any improvements that can be made to the
efficiency of the electrochemical reduction step will have a significant impact on the LCOH.

Figure 8. Tornado chart depicting the sensitivity of the LCOH to changes in certain parameters.

A waterfall chart (Figure 9) shows a best-case scenario version of the tornado chart where, if the costs
associated with all of the cost drivers are skewed towards the lower end of the spectrum, the LCOH may
be reduced to $1.62/kg.

Figure 9. Waterfall chart of cost reductions through technology improvements and optimizations.
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The proposed system, when used in conditions that meet the target needs, shows satisfactory
preliminary results for producing economic hydrogen. This leads towards the 2026 target of $2/kg of
hydrogen set by the DOE. Reduced electricity costs would result in further improvements. Additional
economic benefits can be gained if the value of high-temperature heat is captured. Changing electricity
costs from $30/MWh to $20/MWh reduced the baseline cost from $2.00 to $1.50/kg, and the sale of heat
will reduce the cost by 8 cents. This leaves a current technology case at as low as $1.42/kg H2 with lower-
cost electricity.

2.4.3 Technical Targets

The technoeconomic case for hydrogen production shows potential for economic competitiveness
with other green-hydrogen pathways. The electrochemical performance and further details of plant design
are necessary to further validate the assumptions in the design. The technical targets for economic
competitiveness suggest that a cell overpotential of less than 0.3 V would be necessary to have the
hydrogen-production case be viable over the baseline low-temperature electrolysis (LTE) or HTSE
production cases. Faradaic efficiency would also need to be greater than 90%. The experience in the
SOEC-technology family is that the area specific resistance is less than 0.5 ohm-cm2 [4]. The equivalent
capital ($/Amp) would have to be near equivalent for the capital cost estimates used in this work to be
valid.

To have similar current densities to aluminum smelters (>0.5 A/cm2) [5] the cell resistance would
need to meet a target of 0.6 Ohm cm2 for an efficiency of 70% on a lower-heating-value (LHV) basis
(83% HHV). Given the design similarities between the system and an aluminum smelter, this represents a
good basis for the initial design. By evaluating in context of an aluminum smelter, full cell overpotentials
are approximately 0.4–0.6 V for the full cell. These overpotentials would indicate the 0.2 V for half-
reactions as the initial overpotential is a valid starting point. Possible adjustments that can be
implemented to reduce the overpotential compared to the aluminum-smelter baseline would be the
existence of better electrodes in place of the sacrificial carbon electrodes used in aluminum smelting and a
thinner electrolyte layer.

The specific advantages of this system over SOEC are similar to the situational advantages of redox-
flow batteries compared to lithium-ion batteries. There is a tradeoff for system lifetime and scalability vs
efficiency. The metal-oxide system has the potential to have a similar or lower capital expenditure
(CAPEX) for the upfront costs. The expectation is that the electrolyte life and electrode and vessel life of
the system would need to maintain a lifetime greater than 10 years to be able to compete with a future
SOEC system.

3. HEAT AUGMENTATION

Employing the redox-cycle technology developed by SNL for heat-augmentation via a metal-
metal/oxide heat pump is an attractive possibility to produce high-temperature heat from LWR
temperatures. The potential arrangements of the system are explored, and a theoretical coefficient of
performance (CoP) is established. An estimated CoP for a practical system is also presented.

3.1 System Design and Background

The system required to yield a high CoP requires two electrochemical steps. The first step is
endothermic and is the heat-absorption step; the second electrochemical step is a high-temperature
exothermic step with heat recovery. The process can be approximated as an Ericsson cycle with
electrochemical compression and expansion occurring near isothermally. A simple PFD of this
configuration is included in Figure 10.
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Figure 10. Basic PFD of redox cycle configured for heat augmentation.

These isothermal electrochemical steps then interact with a recuperating heat exchanger between the
two stages. This ideal case can be accomplished via a number of alternative arrangements which will not
be described in detail at this stage. It is sufficient for the case to know that other arrangements are
possible.

3.2 Thermodynamic Analysis

The thermodynamics of the system are analyzed in an ideal case. This is done using a limited toolset
and provides an order-of-magnitude estimate for the effect. The analysis also provides a framework for
the analysis for further theory.

3.2.1 Ideal Thermodynamics

Using FactSage to derive thermodynamic data, a theoretical coefficient of performance of
approximately 3 is identified for the cycle. Using a hydrogen depolarized electrode, the cycle can use
steam/hydrogen instead of pure oxygen as the gas-phase working fluid. This is necessary for system
safety as pure oxygen at the relevant temperatures represents a significant hazard. As the system is
expected to operate at low pressure, hydrogen embrittlement is not a substantial concern for the types of
alloys expected to be used in the vessel. Molten-zinc and tin-alloy material compatibility is a topic of
future exploration after the initial technology prescreening assessment.

Table 3. Hybrid electrochemical heat-pump cycle reactions.

Reaction
Temperature

(°C)
Δ � of reaction

(kJ/mol)
Δ� of reaction

(kJ/mol)
Forward: � � + � � � → � � � + � � 800 -107.2 -51.6
Reverse: � � � + � � → � � + � � � 450 110.6 70.4
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The CoP presented in Table 4 is derived using the thermodynamic data from Error! Reference
source not found., and the definition of Gibbs free energy:

Δ�   + � Δ�   = Δ�

which is also the first law of thermodynamics for a steady-state steady flow system, neglecting changes to
potential and kinetic energies, where W is work and Q is heat transfer:

�   +  �   =  Δ�

For the forward reaction:

� � � � � � � �   = Δ� � � � � � � �

� � � � � � � �   = Δ� � � � � � � � − Δ� � � � � � � �

For the reverse reaction:

� � � � � � � �   = Δ� � � � � � � �

� � � � � � � �   = Δ � � � � � � � � − Δ � � � � � � � �

The net work is:

� � � �   = Δ � � � � � � � � + Δ� � � � � � � �

The heat delivered is:

� � � � � � � � � �   = � � � � � � � �

The coefficient of performance is:

� � �   =  
� � � � � � � � � �

� � � �

The work input and output can be calculated by the previous equations for the tabulated differences in
ΔG, and the heat output by the difference in Zn ΔG to ΔH. For the net work to be equal to the difference 
between the ΔG of reaction for the forward and reverse reactions, there must be ideal extraction of work 
and recovery of work. The difference between this ideal case and the practical case will be discussed in
Section 3.2.2. The values are all shown as positive for simplicity in the CoP reference shown in Table 4.

Table 4. CoP for the ideal redox-cycle heat pump.
Net Work
(kJ/mol)

Heat Delivered
(kJ/mol) Heat Absorbed CoP CoP Carnot

18.8 55.6 40.2 2.96 3.07

These values are superimposed on the thermodynamic diagram in Figure 11 to provide a visual
representation of calculating the CoP. The heat input is the space between the Δ� � and Δ� � lines at
450°C, and the heat output is the space between the lines at 800°C. The net work input is the difference
between the Δ� � line at the two temperatures. The CoP of 3 is represented graphically by the heat output
line being three times as long as the net work line. The slope of the Δ� � is steeper than the Δ � � , which
intuitively shows why a larger temperature differential leads to a smaller CoP; the net work that must be
provided to drive the low temperature reaction grows more quickly than the heat output.
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Figure 11. Heat-augmentation ideal thermodynamic cycle.

3.2.2 Practical Thermodynamics

With an ideal electrode, the system has an approximately ideal performance. With a real electrode
overpotentials will be present. In any configuration, the overpotentials will still exist at each cell. A
nominal 0.2 V/cell electrode overpotential is expected. Conversion from thermodynamic energy to
voltage is through the equation:

� =
Δ�

� �

where E is the thermodynamic voltage. z is the electrons transferred per reaction, and F is Faraday’s
constant. Z in this case is 2, as the basis of the reactions are for a mole of Zn. This changes the ratio of
electrical to heat input and output at each step. Overpotentials lead to a reduction of the work extracted
and work recovered, with each step requiring 38.6 kJ/mol of non-ideal work. The polarization losses at
the high-temperature step are dissipated as heat. The extra heat results in an increase in the total delivery
of high-temperature heat at the cost of an increase in work and a reduction in CoP.

Using the new work input of 96 kJ/mol and the heat delivered of 94 kJ/mol calculated by adding the
overpotential work from both electrodes to the net work, and one of them to the heat delivered, as
displayed in Table 5, yields a CoP change from 2.9 to 0.98.

Table 5. CoP of 0.2 V/cell overpotential.
Net Work
(kJ/mol)

Heat Delivered
(kJ/mol)

Heat Absorbed
(kJ/mol) CoP

96.0 94.0 1.7 0.98

Figure 12 is a graphical representation of the effect overpotentials have on the practical
thermodynamics of the heat augmentation cycle. At the high temperature, less electrical work can be
recovered than in the ideal case. The orange bar represents an 0.2 V overpotential, which is dissipated as
heat instead of driving the low-temperature reverse reaction. Not only is less work recovered from the
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forward reaction, but additional work corresponding to 0.2 V/cell is also needed to drive the low
temperature reverse reaction. When adding the two half-cell overpotentials to the ideal net work (depicted
by the purple bar), it can be shown that the CoP is reduced to approximately 1.

Figure 12: Heat-augmentation practical thermodynamic cycle including 0.2 V/cell overpotential.

The ideal case, while promising, changes quickly when including the consideration for the
overpotential needed to drive the system, as shown by the curve plotted in Figure 13 quickly approaching
a CoP of 1 for even modest overpotentials.

Figure 13. Redox cycle heat-pump CoP vs half-cell overpotential.
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3.3 Technoeconomic Analysis

A simplified estimate for LWRs using an electricity price of $30/MWh-e and heat price of
$10/MWh-th provides a case for the relative capital cost (compared to electric furnaces) for breakeven
with a simple payback period. A practical and ideal CoP are shown in Figure 14 for comparison.

Figure 14. Capital-cost ratio for the heat-delivery temperature.

These numbers suggest that a maximum capital-cost ratio of 1.6 for the ideal CoP and 1.3 for the
practical CoP with a heat delivery temperature of 800 °C are acceptable targets for system-breakeven
costs with the reference-technology estimates. The higher the inlet temperature of the system, the less
value is obtained in any heat-pump functionality.

The technoeconomic case for heat augmentation depends on there being key differences in system
kinetics for the heat-augmentation case compared to a design reference of an aluminum smelter. The
differences in system design make these differences feasible, but potentially challenging. Data suggesting
that a per-cell overpotential of less than 0.1 V would be necessary to have the heat-augmentation case be
viable over the baseline direct thermal-heating case via electric-resistive heating. These considerations do
not consider the present lack of electrolyte suitable for heat input from the LWR fleet. Overpotentials at
the lower electrode can displace heat supply needed for the heat augmentation. At present, these factors
suggest that simple electrochemical-cell investigations would determine the viability of the cycle.

Based on the evaluation, and experience in related industries, we can estimate the needed cell
performance. The experience in the SOEC-technology family is that the area-specific resistance in a cell
is less than 0.5 ohm-cm2 [4].The equivalent capital ($/Amp) would also need to be similar to or cheaper
than the capital cost of SOEC for economic viability. To have current densities similar to aluminum
smelters (0.5 A/cm2) [5], the cell resistance would need to meet a target of 0.1 Ohm cm2 for a CoP of 1.8.
Given the design similarities between the system and an aluminum smelter, this represents a good basis
for design. Evaluation of the system in the context of an aluminum smelter describes overpotentials that
are expected to be approximately 0.4–0.6 V for the full cell. These overpotentials would indicate the
0.2 V initial overpotential is a valid starting point. Possible adjustments that can be implemented to
reduce the overpotential compared to the aluminum-smelter baseline would be the existence of better
electrodes—in place of the sacrificial carbon electrodes used in aluminum smelting—and a thinner
electrolyte layer.
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4. ENERGY ARBITRAGE

The case for energy arbitrage is a flexible operation that is a hybrid between a pure heat-augmentation
case and a hydrogen-production case. While the technical targets for the heat-augmentation case still
show key barriers, the hydrogen-production case still has a route to producing high-quality heat without
substantially impacting hydrogen-production efficiency. Moreover, the molten-metal alloy represents
intrinsic hydrogen storage to the system. The alloy can be reduced as low-cost electricity is available, and
the decoupled hydrogen-production step can produce hot gas or hydrogen, as needed, to support other
operations. The levelized cost of storage (LCOS) is low for this case if using thermal energy and storing
hydrogen to produce electrical energy are acceptable. While this system is not better than specialized
systems at either task, its flexibility can produce greater economic value than two separate, dedicated
systems.

4.1 Levelized Cost of Electricity Storage

The redox cycle is attractive as an electrical-storage system. The electrochemical-reduction step can
be operated nearly continuously, regenerating redox-active liquid metal. When it is advantageous to ramp
up power production, the zinc can be oxidized rapidly, producing hydrogen that can be immediately
burned in a combustion turbine, as illustrated by Figure 15. This approach is attractive because it allows
the more expensive capital equipment—i.e., the electrochemical reactor—to be undersized relative to the
hydrogen-evolution reactor.

The redox cycle, as modeled in Section 2.3 requires 49.8 kWh-e AC/kg-H2, with 10.2 kWh-th/kg-H2

of high-grade heat that is recoverable during continuous operation, but may be more difficult to find a use
for in this case, and is not factored into the round-trip efficiency (RTE). The combustion turbine, which
was modeled in previous work [3] and described in Appendix B, has a fuel efficiency of 18.6 kWh-e/kg-
H2, which corresponds to 56% thermal efficiency on a LHV basis. This gives a total AC-AC RTE of
37.4%, which could be improved by lowering the overpotential and increasing the Faradaic efficiency.
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Figure 15. Schematic drawing of a metal-redox cycle used with a hydrogen-combustion turbine for
electricity storage.

These numbers and an economic model based on the following assumptions allow the calculation of a
relatively simple LCOS, which can be compared to previous work [3]:
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 25-year project lifetime

- Full investment in Year 0

- 30% availability in Year 1, 100% availability in Years 2–24

- Decommissioning in Year 25

 The combustion turbine is operated for 40% the duration of the electrochemical reduction charging
cycle, up to once per day

 Fixed operational expenditure (OPEX) of $9.4/kW annually [3, 6]

 $30/MWh-e electricity price for charging cycle and 40% RTE yield a discharge cost of $75/MWh-e

 Redox-cycle equipment cost of $250/kW

 Zinc cost of $2500/ton, corresponding to an ESS capital cost of $8.9/kWh [7]

 Turbine cost of $1060/kWe [3, 6]

 $25k per combustion turbine black-start [3, 6]

 IRR of 12% [3].

The electricity storage costs of the system are plotted in Figure 16 at different duration of storage and
expected cycles per year. The capital contribution is very high for short storage durations, but this comes
down to a lower level quickly as it approaches full utilization (between 6 and 8 hours stored), where the
simplified LCOS is $163/MWh. The variable OPEX is relatively constant because it is primarily
composed of the electricity price, which is always assumed to be $30/MWh. It does decrease slightly,
corresponding to the decrease in annual startups for the longer-duration storage.

Figure 16. LCOS breakdown for a range of energy-storage durations.
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4.2 Levelized Cost of Hydrogen Storage

The system has the potential to store energy for on-demand production of hydrogen in the reduced
metal alloy and to regenerate the alloy at a later time. The relative scale of the hydrogen-production
reactor and the redox reactor make the system able to store a large amount of hydrogen at a low-to-
moderate cost. This arbitrage schematic (see Figure 17) is nearly identical to the electricity-storage case,
except the combustion turbine is removed, and a generic batch process takes its place. This batch process
may be an intermittent chemical process, or something as simple as filling tube trailers for shipping.

The zinc steam-oxidation reaction allows for fast production. Given the current and historical costs of
zinc, the cost per unit capacity of zinc to hydrogen is $5/kWh HHV or $195/kg H2. This provides an
economical surge capacity compared to the alternative of storing hydrogen in pressure vessels, by
liquefaction, or by other storage methods. With a simple daily cycle of hydrogen storage to ensure near-
constant hydrogen availability and attempting to use cheap electrons (either overnight or during solar-
peak overproduction), the system is expected to cycle about once a day. With an economic lifetime of
20 years and an IRR of 12%, this gives a hydrogen cost adder of 7¢/kg.
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Figure 17. Schematic drawing of metal-redox cycle used for hydrogen storage.

4.3 Levelized Cost of Thermal-Energy Storage

Thermal-energy storage using the redox cycle is a subset of the hydrogen-storage case, as depicted by
Figure 18. Heat can be stored in chemical media and accessed in bulk by burning hydrogen when there is
a demand for combustion heat, for a capital cost of thermal-energy storage of $8/kWh. The cost of this
heat is electricity because the system largely does not store heat from a thermal source. It uses electricity,
which is a higher-cost feedstock, but the heat is available at temperatures comparable to natural-gas-fired
heaters, which is an upgrade over the thermal energy available from an LWR.
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Figure 18. Schematic drawing of metal-redox cycle used for combustion-heat storage.

This ESS is charged by electricity and outputs combustion-grade heat. Given the specific electricity
consumption of 49.8 kWh-e AC/kg-H2 and assuming a 95% stack efficiency on an LHV basis with the
recoverable process heat (10.2 kWh-th/kg-H2) used for combustion air preheating, an 83% AC-to-thermal
RTE can be calculated. This, along with the following assumptions, was used to calculate a non-electric
LCOS.
 25-year project lifetime

- Full investment in Year 0

- 30% availability in Year 1, 100% availability in Years 2–24

- Decommissioning in Year 25

 The stored hydrogen is generated and combusted for 83% the duration of the electrochemical-
reduction charging cycle, up to once per day

 Fixed OPEX of $3/kW annually

 $30/MWh-e electricity price for charging cycle and 83% RTE yields a discharge cost of $36/MWh-e

 Redox cycle equipment cost of $250/kW

 Zinc cost of $2500/ton corresponding to an ESS capital cost of $8.9/kWh [7]

 IRR of 12% [3].

The thermal-energy storage costs of the system are plotted in Figure 19 at different durations of
storage and expected cycles per year. The capital contribution is very high for short durations, but this
decreases quickly as the system approaches full utilization (between 10 and 12 hours stored), where the
simplified LCOS is $49.61/MWh. The variable OPEX is constant at $36/MWh because it consists
entirely of the electricity price.
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Figure 19. LCOS breakdown for a range of energy-storage durations.

5. FINAL REMARKS

5.1 Future Work

This report details the methodology and results from a study scoping the feasibility of integrating a
novel electrochemical metal-redox cycle into an LWR NPP for hydrogen production, heat augmentation,
and energy arbitrage. Several considerations would need to undergo further study, including:

 Liquid-metal pumping—it may be feasible to transport the metal/metal-oxide alloys between the two
reactors using steam pressure. The thermal-oxidation reactor would be operated at slightly elevated
pressure while the electrochemical-reduction reactor would be operated at a higher elevation. With
backflow prevention and control-system design, the system could be driven primarily by a low-
temperature feedwater pump. This would come at the expense of additional LWR steam because the
increased feedwater-boiling point would reduce the recoverable thermal energy from the overhead
products.

 Alloy compositions—tin has a very wide liquidus range, which makes it a good candidate carrier
metal for the redox cycle. It is also very expensive and may require exotic alloys or coatings; thus,
less performant but cheaper metals should be investigated, as should different proportions of zinc and
tin.

 Exergy analysis—the redox cycle is a complicated system involving tradeoffs between different types
of energy, including low- and high-grade heat, electricity, chemical potential, and combustion heat.
An exergy analysis will be conducted to contextualize the system through the ability for each energy
stream to do work.

 Improvements to the electrochemical and technoeconomic models—including:

- Vessel coating and material

- Physical arrangement of electrochemical step

- Electrochemical performance details.
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5.2 Conclusions

A novel hybrid electrochemical hydrogen production and energy storage system has been developed
by SNL. INL has evaluated the basic process arrangements and produced an initial technology screening
and techno-economic analysis. The system shows significant potential for hydrogen production. It also
has potential to use the intrinsic hydrogen storage capabilities of the liquid metal intermediate. The use of
the system as an electrochemical heat pump is likely to be impeded by practical thermodynamics. Exact
physical embodiments of the new equipment will be necessary to provide a more accurate assessment of
the LCOH. There is potential for improvement over the baseline case presented in this work; however, the
sensitivity analysis shows more potential for decreased viability than increased viability. The current level
of knowledge could be missing major factors that make the system uneconomical, but the level of
practical experience has not identified all of these possible effects. Cross-comparison with other
technologies is used to mitigate the risk of these unknown effects, but the risk of major unknown factors
is still present.

Based upon the screening effort, an LCOH of $2/kg is predicted. The levelized cost of storage for the
technology is dominated by low-to-moderate round trip efficiency. The capital cost contributions to the
cost of storage are small relative to the variable operating costs of energy inputs. A flexible system
utilizing zinc as an intermediate for hydrogen production as well as hydrogen, thermal, and electrical
energy storage may be able to leverage technology in any of the required configurations. The flexibility of
the system represents an attractive option for evaluating against conventional dedicated production and
storage options.

With respect to hydrogen production, the following conclusions may be made:

 Hydrogen production via the redox cycle requires 49.8 kWh-e AC/kg-H2

 10.2 kWh-th/kg-H2 high-grade heat is recoverable for chemical process integration during continuous
operation at temperatures between 550°C and 845°C

 The LCOH is $1.82/kg H2 and at best may be as low as $1.62/kg.

 The process has the greatest sensitivity to feedstock (e.g., DC power) consumption

Reconfiguring the process for heat augmentation, the following conclusions may be made

 For an ideal heat pump, the process achieves a coefficient of performance of 2.96

 Adding the overpotential work from both electrodes however reduces the COP to 0.98

 A maximum capital-cost ratio of 1.6 for the ideal CoP and 1.3 for the practical CoP are acceptable
targets for system-breakeven costs

Using the process for energy arbitrage:

 Hydrogen may be stored as zinc during periods of low cost electricity

 Hydrogen may be generated with the thermal oxidation process and either burned to produce
electricity in turbines during periods of high-cost electricity or used by process heat applications

 The LCOS for electricity storage is $163/MWh-e at full utilization (between 6 and 8 hours stored)

 The LCOS for thermal storage is $49.61/MWh-th at full utilization (between 10 and 12 hours stored).

 The contribution to the LCOH of storing hydrogen in the form of reduced zinc is 7¢/kg-H2.
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Appendix A

Electrochemical Metal Redox Cycle Process Modeling
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The main flowsheet of the process model is included as Figure A1, with stream tables following.

Figure A1. Redox-cycle process model main flowsheet.
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The hydrogen-evolution reactor sub-flowsheet of the process model is included as Figure A2, with stream tables following.

Figure A2. Redox-cycle process model hydrogen-evolution sub-flowsheet.
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The oxygen-evolution reactor sub-flowsheet of the process model is included as Figure A3, with stream tables following.

Figure A3. Redox-cycle process model oxygen-evolution sub-flowsheet.
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The hydrogen-compression sub-flowsheet of the process model is included as Figure A3, with stream tables following.

Figure A4. Redox-cycle process model hydrogen-compression sub-flowsheet.
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Appendix B

Hydrogen Combustion Turbine Process Modeling
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A process model (Error! Reference source not found.) for a hydrogen combustion turbine was
developed in Aspen HYSYS with the Peng-Robinson equation of state to study fuel efficiency and assist
with cost estimates. It is common to operate combustion turbines at a high pressure ratio (10–15:1), and to
use the bottoming heat to drive a Rankine cycle to improve the overall thermal efficiency of the power
plant. The bottoming cycle, which operates in the two-phase regime, provides significant inertia to the
power controller; therefore, combined-cycle power plants are preferred for baseload power. For energy
arbitrage, a more-dynamic plant, with quicker black-start capability, is desired to allow the system to
respond more rapidly to a call for power.

Figure B1. Combustion-turbine model.

With this in mind, a recuperated simple cycle with a lower pressure ratio was designed using
parameters listed in Table B1. The model results in a fuel efficiency of 18.6 kWh-e/kg-H2 (56% thermal
efficiency on an LHV basis). A report containing stream conditions and compositions was generated by
Aspen HYSYS and included in this appendix.

Table B1. Combustion-turbine model parameters.

Equipment Parameter Value Unit

Compressor
Compression Ratio 2.8 –

Isentropic Efficiency 75 %

Turbine
Net Power 500 MW

Isentropic Efficiency 90 %

Recuperator

Allowable Pressure Drop (shell/tube) 2 %

Minimum Approach 10 °C

Effectiveness 98.9 %

Combustion Chamber
Excess Air (burner) 20 %

Adiabatic Flame Temperature (afterburner) 1400 °C

Inlet Air
Temperature 20 °C

Relative Humidity 50 %
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The combustion chamber is broken down into two separate Gibbs reactors (reactors within the
AspenTech suite that are preprogrammed to determine products from reactants based on the theoretical
provision of the minimization of Gibbs free energy) with identical combustion reaction packages
attached. The purpose of this setup is to preserve the peak flame temperature to give a more-accurate
estimate of minor equilibrium reactions (nitrogen oxides, hydrogen peroxide, and ammonia). The reaction
package is listed below:

2 � � (� ) + � � ( � ) →  2� � � (� )

� � + 3 � � ↔ 2 � � �

� � + � � ↔ 2� �

2� � + � � ↔ 2 � � �

� � + 2 � � ↔ 2 � � �

� � + � � ↔ � � � �
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