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Concentrating solar power (CSP) with energy storage
could help meet our zero-emission energy needs.
This article explains how the Haber-Bosch process
for ammonia synthesis could be leveraged for
low-cost energy storage in CSP plants.

he Paris Climate Agreement aims to limit the humaninduced global temperature rise to less than 2°C.
Meeting that goal will require a global energy system
with net zero emissions by 2050 or sooner. Renewable
energy sources, such as wind and photovoltaics (PV), will
help make a zero-emission energy system a reality. However, the variable nature of these energy sources limits their
practical use for electricity generation.
Integrating energy storage with energy production is the
key to a zero-emission energy system future. Energy storage
can be built into a concentrating solar power (CSP) system,
without increasing the cost of the delivered energy. The standard industry approach of producing electricity with energy
storage is to heat a molten mixture of potassium and sodium
nitrate salts to high temperatures using the solar concentrators. The thermal energy can be stored or used on-demand in
heat exchangers to produce steam to power steam turbines.
The CSP industry is expanding, but is still a decade behind
PV in deployed capacity.
This article introduces the concept of leveraging the
Haber-Bosch ammonia synthesis process as a potential
lower-cost energy storage alternative to molten salts in
CSP plants.
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Ammonia as an energy storage medium
Solar thermochemical energy storage (TCES) exploits a
chemically reversible reaction by using solar energy to heat
an endothermic reactor. The reaction products are stored,
and when energy is needed, it can be recovered as heat given
off by an exothermic reactor that reconstitutes the original reactants. In addition to ammonia, reactions involving
hydroxides, carbonates, hydrides, and sulfates, as well as
methane reforming, have been investigated as TCES media
(see pp. TK–TK) (1–3).
Annual global production of ammonia is more than
160 million m.t., making ammonia the second-most-
common chemical commodity produced (after ethylene).
The Haber-Bosch process for ammonia synthesis has been
used industrially for over 100 years, and at scale in most
industrialized countries. The U.S., for example, has more
than 50 ammonia plants (4).
An industrial ammonia plant, as a whole, is a major
energy-consuming system. Typically, plants use natural gas
as a feedstock and as fuel to drive the operation. Much of the
plant is dedicated to the energy-intensive process of steam
reforming of natural gas to produce hydrogen and nitrogen
gas mixtures. (For more details on the ammonia production

process, read the Sept. 2016 CEP Back to Basics article
“Introduction to Ammonia Production,” pp. 69–75).
The Haber-Bosch ammonia synthesis reactors are, however, exothermic. The reaction heat is usually captured as
superheated steam that is used for cogeneration of electricity
or other plant processes. This approach could, instead, be
employed to operate a stand-alone CSP plant. The feedstock of hydrogen and nitrogen could be produced by the
decomposition of ammonia, driven by solar energy from a
concentrating solar thermal (CST) system, with the reactants
continuously recycled.
Ammonia has been shown to be a viable solar TCES
medium over three decades of research at Australian
National Univ. (ANU). Researchers at ANU demonstrated
24-hr operation of a complete system, with a dish concentrator, endothermic and exothermic reactors, and a storage
vessel (5). The Univ. of California, Los Angeles (UCLA) has
continued this work (6, 7). UCLA researchers are investigating cost-effective gas containment technologies, the use of
ammonia synthesis to enable production of 650°C steam for
a supercritical steam Rankine cycle, and integration of the
endothermic reactor within a CSP tower receiver (8).

How it works
In an ammonia TCES process (Figure 1), ammonia is
dissociated endothermically (NH3 + 66.8 kJ/mol ↔1/2 N2 +
3/2 H2) as it absorbs solar energy during the daytime. When
energy is required, the reverse reaction releases energy to
heat a working fluid, such as steam, to produce electricity.
A key feature of the process is the recuperative heat
exchangers paired with the
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u Figure 1. In an ammonia thermochemical storage system, hightemperature solar concentrators decompose ammonia. The products
of the decomposition, hydrogen and nitrogen, are stored underground
at ambient temperature. When energy is needed, the gases are fed to
the ammonia synthesis reactors, which give off heat that is used to
create high-pressure steam for power generation.

indefinitely, ammonia TCES has several other advantages:
• The simple reaction has no side reactions, so there is
no need for elaborate control systems or nonstoichiometric
mixtures to maintain complete reaction reversibility.
• The constituents are inexpensive and remain stable at
the proposed operating temperatures.
• The large differences between the densities of ammonia
(liquid at the operating pressure) and nitrogen and hydrogen gases enable their storage in the same tank with natural
phase separation.
• Because of the natural phase separation in the storage
tank, the availability of the feedstocks for the two reactors is
independent of the degree of completion in the other reactor.
• The vast industrial experience in ammonia synthesis
can be tapped.
Conventional ammonia synthesis reactions are run at
high pressures (up to 300 bar). Because high pressure favors
the synthesis reaction, the reaction can be conducted at
higher temperatures, which increases reaction rates. To adapt
the conventional method to a closed-loop ammonia TCES
system, high pressure is applied to both the endothermic
reactors and the reactant storage volume to avoid a large
loss of work during gas compression. Designing the entire
system for high-pressure operation is a major engineering
challenge of developing the technology.

Integrating reactors and solar receivers
Under pressure, the endothermic ammonia dissociation
step requires a temperature of around 700°C to achieve nearcomplete dissociation at reasonable reaction rates. A central
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receiver with heliostats or parabolic dish CST systems are
best suited to achieving this temperature. Trough or linear
Fresnel concentrators may also be considered, although
temperatures may reach only around 500°C and the level of
dissociation will be lower. To increase dissociation, however,
the phase separation of ammonia from the reactant mix in
storage could enable recirculation of unreacted ammonia.
Tower receivers with heliostat concentrators are currently favored by the CSP industry. Parabolic dish concentrators offer the highest optical efficiencies, but they are the
least commercially mature because they have so far lacked
a proven thermal energy storage solution. The ammonia
TCES system, with its ambient-temperature energy transport
feature, could enable CSP plants composed of multiple dish
concentrators.
Researchers at ANU designed a receiver reactor for
ammonia dissociation on a 20-m2 parabolic dish concenDish Concentrator

Receiver/Reactor

pu Figure 2. This
dish concentrator
prototype includes
a 15-kWsol solar
dissociation reactor
that is integrated
into the receiver.
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trator (Figure 2). The 15-kWsol receiver/reactor consists
of 20 catalyst-filled Inconel 601 reactor tubes mounted to
manifolds that provide parallel flow of the reactants (9).
The tubes form a cone inside an insulated cavity in the
receiver structure.
The system successfully handled start-up and shutdown
and operation under intermittent clouds. It operated at up to
30 MPa and 700°C; the temperature was controlled by varying the flowrate of the ammonia feed. Flow was distributed
among the tubes by tuning their pressure drop characteristics
during manufacturing.

An ammonia dissociation reactor in a tower receiver
Because much of the growth in CSP deployment has
involved tower receivers, our research focuses on the technical feasibility of operating a 100-MWe tower system with
six or more hours of storage.
Ammonia dissociation within a tower receiver has yet
to be demonstrated. Our research considers the conceptual
design of such a receiver. We examined the molten salt
tower receiver in the well-known U.S. National Renewable Energy Laboratory’s (NREL) System Advisor Model
(SAM) as a starting point (10). This receiver is designed for
a 100-MWe, 10-hr storage plant with a surrounding heliostat
field (similar to the Crescent Dunes plant in Nevada).
Our goal was to develop a conceptual design for an
ammonia dissociation receiver that fits within the same size
cylindrical envelope as the SAM receiver (17.7 m wide,
20.4 m high) and that has the same thermal capacity under
the design conditions (670 MWth).
The conceptual design uses multiple tubular packed-bed
catalytic dissociation reactors, similar to the parabolic dish
receiver designed at ANU, that are 2.7 m long with 5-cm
wide beds (Figure 3). We assumed the same iron-cobalt
catalyst used successfully in the ANU dish prototype. We
q Figure 3. The central receiver (left) of this conceptual design would
include a dissociation receiver (center) composed of multiple tubular
packed-bed catalytic dissociation reactors arranged in skirts (right).

also assumed that these endothermic reactors will operate at
30 MPa, as required by the exothermic heat recovery process.
In addition to containing the high pressure, the dissociation reactor/receiver must be able to convert sufficient quantities of ammonia to meet the thermal power requirement at
a reasonable operating temperature. The model established
that around 33,000 such tubes would be needed to absorb the
670 MWth design input, and that reactant temperature would
need to start at 450°C and increase to 700°C at the exit.
The tubes would be mounted at a downward angle
(7 deg. from horizontal) in a series of tight skirts (Figure 3).
The angle is intended to match the incident solar flux to the
requirements of the reaction. An angle equal to the rim angle
from receiver to the outermost heliostat would allow radiation from those heliostats to penetrate to the center of the
receiver, while radiation from closer heliostats would land
along the length of the tubes.
To enhance the receiver’s thermal efficiency, the tubes
are arranged so that the lower-temperature inlet condition
is at the outermost point and the higher temperatures are
toward the inside. The gaps between adjacent skirts serve as
cavities that shield the highest-temperature portions of the
reactor tubes from the surroundings, reducing radiation and
convection heat losses. The downward-angled tubes form a
stagnant, stably stratified air space inside the cavities, which
also reduces convection losses.
We predict this design will achieve a receiver thermal
efficiency of 94%.

Gas storage
A storage system capable of driving a 100-MWe generator for six hours would need a 1,300-MWht thermochemical
storage system. The nitrogen and hydrogen gas mixture
has an energy density of about 400 MJ/m3 at the proposed
storage conditions of 298 K and 30 MPa and requires
roughly 12,000 m3 of storage volume. To be conservative,
we assumed 20 MPa pressure and 33% cushion gas (i.e.,
the amount of gas that must be left in situ to preserve the
integrity of the underground storage space), which increases
the storage volume to about 24,000 m3.
The high pressure required to contain the gas could
necessitate a costly conventional steel pressure-containment
system. Therefore, we explored strategies to cost-effectively
contain the gas. We considered a variety of underground storage solutions that exploit the surrounding geology to provide
the bulk of the pressure containment — including storage in
depleted oil or gas wells, aquifers, salt caverns, rock caverns,
and buried pre-stressed reinforced concrete pressure vessels — as well as several technologies for boring and lining
underground holes. Because the liquid ammonia has a much
smaller volume than the gaseous phase (N2 + 3H2), it could
be stored in a connected ground-level containment vessel.

The pressure of the storage system will cycle between
maximum and minimum values as the system is charged by
ammonia decomposition and discharged by ammonia synthesis. If the synthesis reaction is operated at a fixed design
pressure (or between narrow limits), feed gas will need to
be compressed much of the time. The gas storage would be
designed for an economically optimal storage pressure that
is independent of the reaction system.
The storage options were evaluated based on attributes
such as estimated cost, location flexibility, potential for
contamination of the surrounding environment, potential for contamination of the gas store, and ease of gas
injection/extraction. Based on the initial evaluation, we identified mined salt caverns and drilling large-diameter shafts as
the most promising storage options.

Gas storage: Salt caverns
Salt caverns can be mined in either salt domes or salt
beds (Figure 4). Mining a salt cavern is simple and employs
established processes, such as solution mining or leaching,
whereby fresh water is pumped into the salt dome or bed
and brine is extracted. Over 2,000 salt caverns are used for
hydrocarbon and gas storage in North America, including
about 500 in Texas alone. Caverns are typically located at
depths of 200–2,000 m and can be as large as 500,000 m3,
and they are capable of tolerating pressures up to about
50 MPa.
The rock salt of the cavern walls is chemically inert to
hydrogen, and it is one of the only rock formations with
permeability low enough to contain hydrogen gas. Pure
hydrogen or hydrogen-rich gas mixtures have been stored in
salt caverns at several sites around the world. Praxair oper-
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p Figure 4. Salt caverns are a viable and economical option for gas
storage because the surrounding rock provides adequate pressure
containment, the salt deposits are inert to hydrogen, and the permeability
of the salt is low enough to contain hydrogen.
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5.5 m

bolts and then backfilled with earth and rock to complete the
pressure containment.
Shaft-drilling companies estimate a volume cost of
around $400/m3 for the storage system, which translates to
an energy storage cost of $4.80/kWhth if no cushion gas is
required, or $7.20/kWhth if 33% cushion gas is assumed.
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Driving power cycles
The overall ammonia production process is energy intensive. However, ammonia synthesis reactors actually produce
energy as heat.
Conventional ammonia synthesis reactors generally consist of adiabatic reactor beds connected in series in one or
more pressure vessels. Heat is extracted from the reactants
between beds to drop the reactants’ temperature to below the
chemical equilibrium state. Bayonet-type heat exchangers
are used to produce steam at around 450°C. The steam can
be used in standard steam turbine power blocks and achieves
reasonable conversion efficiencies.
The overall economic performance of a CSP system is
strongly linked to the conversion efficiency of its power
cycle, which can be improved by higher input temperatures.
State-of-the-art steam turbine power cycles employ steam at
pressures above 22.1 MPa (i.e, supercritical steam). Supercritical steam temperatures are typically higher than 600°C.
A primary goal of our research was to experimentally
demonstrate heating of supercritical steam by ammonia synthesis. Our aim was to heat the steam at 26 MPa from 350°C
to 650°C. To do this, we used a tubular packed-bed reactor with counterflow heat-transfer tubes for the steam. The
reactants experienced a rapid temperature increase of around

Steel Cap
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p Figure 5. The surrounding rock provides the majority of the pressure
containment for gas storage in an underground shaft. Shafts are not subject
to the location constraint of salt caverns.

ates a 470,000-m3 (71 million-Nm3) salt cavern hydrogen
storage facility at 15 MPa in Texas (11).
A 2008 U.S. Dept. of Energy (DOE) report on the
economic feasibility of syngas storage (12) estimated a salt
cavern facility would cost around $50/m3. For a 24,000-m3
facility, this translates to a very low thermal storage cost
of about $1/kWh of storage capacity. Because size is not
a limiting factor, a salt cavern could be suitable for longer
periods of storage at plants that are larger than our conceptual design.
Suitable salt deposits are present on every continent, and
there is sufficient overlap between areas with salt deposits
and areas of high solar radiation. The availability of salt
deposits is sufficient to allow ammonia CSP systems to provide a large fraction of electricity in countries
with high incident solar radiation. Nevertheless,
Table 1. The cost of an ammonia-based concentrating solar power (CSP)
siting CSP plants in areas with suitable salt
plant with energy storage is within the range of the DOE’s targets for 2020.
deposits is a significant constraint.
Fixed Costs

Gas storage: Underground shafts
Drilling large-diameter shafts for gas storage
removes the site choice constraint (Figure 5).
It is an established technology, although it has
not yet been used for gas storage. The mining
industry drills shafts that are 7.5 m wide and
reach depths of 1,000 m.
For a gas storage application, the shaft
would be lined with a relatively thin (about
12-mm) steel lining and grouted with cement,
and top and bottom plates would be welded in
place. The top plate would be located a sufficient distance below ground level to resist the
internal pressure and would be coupled to the
surface by a pressure pipe. The top would be
reinforced with a suitable concrete cap and rock
6
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$/kWth

Cost for 6 hr, $/kWhth

Reactor

22.11

3.69

Recuperating Heat Exchanger

17.07

2.85

Compressor

27.86

4.64

Chilled Separator and
other Balance of Plant (BOP)

19.50

3.25

Offset for Boiler*

–26.38

Variable Costs

–4.40
Salt Cavern

Shaft Drilling

Underground Storage Volume

—

1.50

7.20

Ammonia Inventory

—

1.50

1.00

Total

—

13.0

18.2

* The ammonia TCES system heats steam in the synthesis reactor directly, so a separate
steam generating heat exchanger is not required, as it is with a molten-salt-based storage,
for example. Thus, the equivalent cost of such a heat exchanger can effectively be counted
as a credit to the overall capital cost of ammonia-based TCES. The boiler heat exchanger
cost has been estimated.

50°C near the inlet, and the steam exited at a temperature
within about 15°C of the peak reactant temperature.
This approach and temperature characteristic could also
be applied to other advanced power cycles under development, such as those based on supercritical CO2.

Economics
The goal of the DOE SunShot program, which funds our
research, is to reduce the total levelized cost of solar energy
to $0.06/kWh of electrical energy produced by 2020 (6).
Within the SunShot effort, the target for thermal energy storage is an installed cost of $15/kWhth of capacity.
Table 1 presents the estimated cost of a 1,300-MWht
storage system. The overall cost of salt cavern storage and
shaft drilling would be $13/kWhth and $18/kWhth, respectively. For 6-hr storage, the ammonia TCES system cost is
within the SunShot target range.
Figure 6 compares the specific cost of installed storage
capacity as a function of the storage capacity in hours. The
specific cost includes the variable cost of storage and the
fixed cost amortized over the number of storage hours.
At 10–15 hr of storage, the effective cost of installed
storage capacity drops well below the SunShot target for
both salt cavern and shaft storage. The marginal cost of
storage in a salt cavern is sufficiently low, which suggests
that the technology could be suited to meeting peak demands
through several days of continuous clouds.
Closing thoughts
Solar energy systems with built-in energy storage will
be key to achieving the decarbonization of the energy sector
needed to keep global temperatures from rising more than
2°C. CSP integrated with thermal storage could be a good
solution to this challenge. Ammonia TCES is especially
attractive because of the vast established industry knowl50
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p Figure 6. The cost of an ammonia thermochemical energy storage
(TCES) system is a function of the storage capacity in hours. The broad line
widths represent the uncertainty in the estimates.

edge and capabilities. Salt caverns and drilled shafts could
meet the needs of high-pressure storage at an economically
feasible cost.
Recent work has demonstrated that ammonia synthesis
can heat supercritical steam from 350°C to 650°C, improving the potential efficiency of conversion. And, it has also
been shown that endothermic dissociation reactors can be
integrated into dish or tower receivers with high thermal
efficiency. Together, these advances have moved ammoniaCEP
based TCES closer to becoming a reality for CSP.
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