International Journal of Hydrogen Energy 111 (2025) 12-21

Contents lists available at ScienceDirect

International Journal of Hydrogen Energy

journal homepage: www.elsevier.com/locate/he

Check for

Hydrogen storage minimization under industrial flexibility constraints: A | e
techno-economic analysis of off-grid green ammonia production

Zachary Tully *®®", Jennifer King °, Kathryn Johnson ©°

a Advanced Energy Systems Graduate Program, Colorado School of Mines, Golden CO 80401, USA
b National Renewable Energy Laboratory, Golden CO 80401, USA
¢ Electrical Engineering Department, Colorado School of Mines, Golden CO 80401, USA

ARTICLE INFO ABSTRACT

Keywords:

Flexible ammonia

Off-grid hybrid wind and solar generation
Hydrogen storage

Seasonal variability

Optimal year-long ammonia plant operating
profile

Electrifying ammonia production using renewable energy (RE) and water electrolysis is a critical step in the
worldwide transition from fossil fuels to alternative energy sources. However, the common requirement that
the ammonia reactor operate at a steady production level harms the system’s economic feasibility due to
the large hydrogen and battery storage required to overcome RE variability. In this study, we examine the
sensitivity of the plant storage capacity requirement to the flexibility of the ammonia reactor. We examine
two aspects of ammonia reactor flexibility: ramping rate flexibility and the range of operation (turndown
flexibility). We develop a storage dispatch and ammonia reactor scheduling optimization, which computes
the minimum storage requirement given a RE generation profile and set of reactor flexibility parameters. We
optimize across a sweep of flexibility parameters for two locations in the United States. We find that turndown
flexibility is the most important, while ramping flexibility has little effect on the overall storage requirement.
Further, we see that seasonal variability in the RE generation profile is the primary driver of high storage
capacity requirement. We find that with a turndown flexibility of 60% of the ammonia plants rated capacity,
which is understood to be achievable with existing ammonia reactor technology, the storage capacity was
reduced by 84 % in one of the locations we examined, which resulted in a 22% decrease in the levelized cost
of ammonia with pipe-based hydrogen storage.

1. Introduction In their techno-economic comparison of several ammonia decar-

bonization pathways, Wang et al. identify RE-powered, electrolytic-

Ammonia is an essential chemical to humankind, as it is the main
ingredient in fertilizers that help produce the world’s food supply.
Ammonia may also serve a role in the transition to renewable energy
(RE) as an energy storage vector and carbon-free fuel. However, am-
monia production is responsible for 1.3% of global energy sector CO,
emissions [1], which is quite substantial for a single industry. In order
to continue supporting food production and meet climate goals, the
carbon intensity of ammonia production must be drastically reduced.

Ammonia is most commonly produced using the Haber-Bosch pro-
cess [1,2], which combines hydrogen and nitrogen in the presence of
an iron catalyst at elevated temperature and pressure to synthesize
ammonia. The primary source of emissions from ammonia production
is the steam methane reformation process used to supply the hydrogen
feedstock to the Haber—Bosch reactor (HBR) [3]. Additional emissions
come from any fossil fuel-based electricity used to extract nitrogen from
the air and run the auxiliary equipment in the ammonia plant.
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hydrogen-fed Haber-Bosch to be the most promising option for decar-
bonizing ammonia generation in the near-future [4]. Using RE to supply
the hydrogen feedstock via water electrolysis and for the plant’s aux-
iliary energy needs, effectively eliminates fossil fuels from the plant’s
inputs. With no fossil fuels in the feedstocks, the plant output is
low-emission green ammonia.

However, the temporal variability of wind- and solar-powered elec-
tricity and hydrogen generation poses a challenge for HBRs, which
are traditionally operated at steady-state. To support a steady-state
HBR, large-scale storage assets are needed to buffer the variability
in the hydrogen and electricity feedstocks. This large-scale storage
requirement and its associated cost is one of the major hurdles limiting
the viability of RE-powered green ammonia.

If instead of operating at steady-state, the HBR is allowed to operate
flexibly, then the storage requirement may be reduced, thus lowering
the cost RE-powered green ammonia. However, the impacts of flexible
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Nomenclature

u Mean feedstock generation

d,d Maximum, minimum end-use feedstock de-
- mand

g Maximum feedstock generation

MHz Hydrogen storage capacity

R End-use ramping rate limit

Cusu Air separation unit capacity

Cia Battery capacity

Cer Electrolyzer capacity

Ch, st Hydrogen storage capacity

CH-B R Haber-Bosch reactor capacity

Cyp Solar farm capacity

Cyr Wind farm capacity

dy End-use feedstock demand at time &

E, Energy in battery storage at time k

fr Ramping flexibility

fr Turndown flexibility

8 Feedstock generation at time k

My, i Hydrogen in hydrogen storage at time k

R, Ramping rate from hour k — 1 to hour &

T Turndown ratio

HBR operation on the design, operation, and economics of the rest of
the plant not well understood. In this paper, we aim to characterize the
value of HBR flexibility by addressing the following research questions:

1. What is the sensitivity of storage capacity to HBR flexibility?
2. What is the sensitivity of levelized cost of ammonia (LCOA) to
HBR flexibility?

In answering these questions, we hope identify relationships be-
tween the system design, operation, and economics that will inform
future RE-powered flexible green ammonia systems. The remainder
of this paper is organized as follows: We provide a background on
relevant literature on ammonia decarbonization and flexibility analysis
in Section 2. We present the flexible green ammonia system models
and hydrogen storage optimization in Section 3, and the simulation and
parameter sweep in Section 4. Finally, we conclude with a discussion
of the impacts of flexibility and storage on the LCOA in Section 5.

2. Background

With the increasing interest in ammonia decarbonization, research-
ers are investigating the flexibility of the Haber—Bosch process from
variety of perspectives. Using a steady-state process model, Cheema and
Krewer [15,16] identify the upper and lower limits for a selection of
process variables including temperatures, pressures, and stoichiometric
ratios throughout the system. They define flexibility limits by varying
process variables until the reaction is no longer autothermal and re-
quires additional heating or cooling. The work in [16] is expanded by
Fahr et al. [17], who optimized the design of the ammonia synthesis
loop for enhanced flexibility, finding that modifying the design of
certain HBR components, enables greater flexibility in the process
variables than in [16].

Building on the steady-state flexibility analysis, the authors of [18-
20] develop dynamic models of ammonia reactors with feedstocks
generated by variable RE. Deng et al. [18] and Sun et al. [20] model
the reactor startup dynamics during periods of intermittency. Rosbo
et al. [19] develop a controller to manage time-varying reactor inputs
while maintaining the stability of the ammonia synthesis loop near
unstable operating points close to the flexibility limits. While [18-

13

International Journal of Hydrogen Energy 111 (2025) 12-21

20] develop excellent models and controllers for exploring the capa-
bilities of flexible ammonia reactor operation, they only investigate
operational effects without in-depth analysis of system design or cost.

Techno-economic analyses expanding on the results from these
purely technical studies provide a framework to identify the impacts
of HBR flexibility. A list of techno-economic investigations relevant to
this study are presented in Table 1. Among the studies in Table 1, the
RE resource characteristics and the degree of HBR flexibility are found
to be significant drivers of LCOA.

Armijo et al. [8] find wind and solar variability to be the root
cause that drives the need for large-scale hydrogen storage and HBR
flexibility and conclude that leveraging hybrid wind/solar generation
to reduce variability can improve costs. Smith et al. [13] also examine
generation variability using artificial RE resource signals constructed
of sine waves with varying period to imitate RE variability on different
timescales. The authors of [13] find seasonal variability to be the main
factor behind hydrogen storage requirement and a significant driver of
LCOA. Nayak-Luke et al. [11] and Fasihi et al. [3] both perform sweeps
comparing several locations around the world. Both studies show that
the sites with low variability and high wind and solar capacity factors
yield lower LCOA.

A number of the studies in Table 1 examine ramping rate flexibil-
ity and/or turndown flexibility in their analyses and several authors
provide similar conclusions. Armijo et al. [8], Campion et al. [9],
Nayak-Luke et al. [21], and Wang et al. [14] consider both ramping
and turndown flexibility and all find that turndown flexibility is far
more impactful on the storage requirement and LCOA than the ramping
rate flexibility. Campion et al. [9], Salmon et al. [12], both analyze
a number of distinct turndown flexibility scenarios and find that in-
creased turndown flexibility allows the HBR to more closely follow
the RE generation reducing storage requirement and improving LCOA.
However both studies find diminishing marginal benefits for high levels
of turndown flexibility [9,12]. Campion et al. find that a turndown
limit of 40%-60% of the HBR rated capacity provides significant costs
savings but that increasing HBR flexibility further yields only marginal
improvements [9]. Salmon et al. find the cost savings drop off be-
yond a turndown limit of 60% of HBR rated capacity [12]. The point
of diminishing returns identified in [9,12] is an important factor in
understanding the value of HBR flexibility, however both studies use
relatively coarse flexibility sweeps so it is difficult to characterize this
effect.

Advancements in hydrogen storage technology hold potential for
achieving additional future cost reductions. Hydrogen can be stored
in various forms, including as a compressed gas, through chemical
processes, and via adsorption. While adsorption and chemical storage
methods offer certain advantages over compressed gas storage such
as improved efficiency and potentially lower cost, these options not
technologically mature and are therefore not viable alternatives in the
short term [22]. For compressed gas hydrogen storage, the available
options include pipe or tank-based storage, and cavern-based storage
utilizing either steel-lined rock caverns or salt caverns [23]. Among
these options, salt cavern storage is the most economically attrac-
tive [22,23]; however, its applicability is geographically constrained
limiting its broader implementation. Among the literature in Table 1,
some authors consider salt cavern storage [3,8], but the majority
assume hydrogen storage in pipe- or tank-based systems.

Among these works, there is consensus that increasing HBR flexi-
bility reduces the storage requirement, improves LCOA, and may be
critical for achieving cost-competitive RE-powered green ammonia.
However, the sensitivity of system design and economics to HBR flex-
ibility is not well-defined in the literature. The main contribution of
our study is that we map out these sensitivities in greater detail than
existing research so that RE-powered green ammonia systems may gain
the most value from HBR flexibility.
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Summary of relevant literature on RE-powered green ammonia case studies. Despite implementation differences, many of these studies find a
LCOA of 500 USD/t or lower to be attainable although some authors find significantly higher values. Studies in the “Flexible” category consider
HBR flexibility in their analyses and are used to inform the techno-economic parameters in this work.

Ref. Grid  Storage NH; capacity (t/year) LCOA (USD/t)  Location(s) Flexibility extent
Inflexible
[3] no battery, hydrogen (pipe 400000 465 World -
and cavern)
[5] yes battery, hydrogen (pipe) 443475 580 Iran -
[4] yes battery, hydrogen (pipe) 36500 460 - -
[6] yes battery, hydrogen (pipe) 50000 677 - -
[7] no battery, hydrogen (pipe), 671600 450 U.AE. -
thermal
Flexible
[8] yes battery, hydrogen (pipe 35000 487 Chile, Argentina ramping: 20%/h
and cavern) turndown: 60%
[9] yes battery, hydrogen (pipe) 499 320 803 Chile, Denmark, ramping: 20%/h
Australia turndown: 40%
[10] no battery, hydrogen (pipe), 1460 774 Morocco ramping: 20%/h
thermal
[11] no battery, hydrogen (pipe) - 660 World ramping: 100%/h
[12] no battery, hydrogen (pipe) 1533000 540 - turndown: 20%
[13] no battery, hydrogen (pipe) 36500 800 UK, Spain turndown: 40%
[14] no battery, hydrogen (pipe) - 483 Australia ramping: 20%/h
turndown 40%
This study no battery, hydrogen (pipe 245000 508 United States ramping: 20%/h
and cavern) turndown: 60%
Variable generation Storage Flexible end-use
P e mmm———— o — - 1 B e 1 B T 1
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Fig. 1. Block diagram of the RE-powered off-grid green ammonia system in this study. Arrows in black represent electrical power transfer, blue arrows represent hydrogen flow,
red arrows represent nitrogen flow, and green arrows represent ammonia output. The individual components are grouped into generation, storage, and end-use subsystems based
on their role in generating, storing, or consuming the HBR feedstocks. Wind resource data is from the NREL Wind Toolkit [24], and solar resource data from the NREL National

Solar Radiation Database [25].
3. Materials and methods

In this work, we model flexible ammonia synthesis via the Haber—
Bosch process, which is described by the chemical reaction in Eq. (1)
[15].

AH = -92.44kJmol~!

N, () +3H, (2) 2NH; (g)- (€Y

Fig. 1 shows the full green ammonia system with pathways from
wind and solar resources to the hydrogen, nitrogen, and power feed-
stock into the ammonia plant. The components are grouped into three
subsystems based on their role in providing the feedstocks to the
HBR. The variable generation subsystem contains the electrolyzer, wind
farm, and solar farm, which produce the time-varying hydrogen and
electrical feedstocks. The storage subsystem has hydrogen storage and
a small battery to support the relatively modest power requirements of
the end-use components. The flexible end-use subsystem contains the
air separation unit (ASU) and HBR.

The goal of this work is to identify the value of HBR flexibility
by finding the optimal sizing of the storage and end-use subsystems
for a given generation scenario and flexibility level. The diagram in
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Fig. 2 shows the order of calculations used in this analysis. Section 3.1
presents variable generation subsystem model used in Steps 1 and 2
of Fig. 2, Section 3.2 describes the end-use subsystem model, and Sec-
tion 3.3 explains the storage subsystem model. Section 3.2.2 describes
how the end-use subsystem is sized based on the generation profile and
flexibility level in Step 3 of Fig. 2 and Section 3.4 explains how the
minimum storage capacity is computed in Step 4. The LCOA calculation
in Step 5 is presented in Section 4.4.

3.1. Variable generation subsystem model

In our analysis, wind and solar power generation are modeled
using the NREL Hybrid Optimization and Performance Platform (HOPP)
software [27], which runs a year-long simulation at hourly resolution
leveraging the NREL wind toolkit (WTK) [24] and National Solar
Radiation Database (NSRDB) [25] for resource data. HOPP is used to
compute the hydrogen and power generation timeseries in Step 2 of
Fig. 2. We use proton exchange membrane (PEM) electrolyzers in this
work because their quick dynamics, on the order of seconds, makes
them well-suited to follow variable renewable power despite a slightly
higher cost than alternatives. The electrolyzer is modeled as a constant
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/ Cwr, Csr, Car / / RE Resource /

/ fr, fr

1. Size generation

2. Simulate generation

_

3.Size ammonia

C4. Scheduling Optimiza tion)/

Chyst., Cpar, NH3 /

5. Calculate LCOA

Fig. 2. XDSM diagram [26] showing the order of calculations in this research. The parameters coming into the top of each step represent the required inputs to that step and
variables coming out of the right represent the outputs from that step. In Step 1, the capacities of the generation subsystem components Cy, r,Cs,Cp, are defined. In Step 2., the
hydrogen gy, , and power g,, generation profiles are computed using HOPP [27]. In Step 3., the capacities of the end-use subsystem components Cy, gz, C,gy are defined using
the heuristic method in Section 3.2.2. In Step 4., the scheduling optimization in Section 3.4 is calculated, which yields the capacities of the storage subsystem Cy g, ,Cp, and the
total ammonia production NH;. In Step 5., the LCOA is calculated as described in Section 4.4. i

Table 2

Rated capacities of the generation subsystem com-
ponents. The system rated for 1 GW of electrical
generation and the electrolyzer is rated in proportion
to the electrical demands of the HBR and ASU.

Component Capacity

Wind Farm Cy p =500 MW
Solar farm Cgp =500 MW
Electrolyzer Cpp =933 MW

conversion of electrical power to hydrogen with a conversion rate of 55
kWh/kgH, [28] and is assumed to operate proportionally to the wind
and solar generation.

The green ammonia plant studied in this work is not connected
to the grid, so it cannot buy or sell power. We choose to investigate
off-grid power generation because it is a more restrictive case than
grid-connected and expect that any benefits of flexibility in the off-
grid case could also benefit the grid-connected case. Also, growing
concerns regarding the insufficient buildout of transmission infrastruc-
ture to support electrification [29] provides additional motivation for
investigating off-grid plants.

The wind and solar farms in this study have a combined nominal
capacity of 1 GW with individual capacities of 500 MW each. The wind
farm capacity Cy, r, solar farm capacity C, and electrolyzer capacity
Cp are listed in Table 2. The component capacities from Table 2 are
used as the inputs to Step 1 in Fig. 2. The optimal split of wind and
solar generation is highly location-dependent [30] and something we
hope to explore in future research. In this work, we use equal wind and
solar capacity to take advantage of complimentarity while avoiding bias
towards a single RE technology.

3.2. Flexible end-use subsystem model

The end-use subsystem from Fig. 1 consists of the HBR and ASU,
which are assumed to operate proportionally to each other. The ASU
is modeled as a constant-efficiency conversion of electricity with an
efficiency of 0.119 kWh/kg N2 [21]. The HBR is also modeled as a
constant-efficiency conversion process with an energy consumption of
0.6 kWh/kg NH; [21]. The HBR also requires hydrogen and nitrogen
feedstocks in the stoichiometric ratio from (1). We assume the HBR uses
the standard Haber-Bosch process with an iron catalyst.

The Sankey diagram in Fig. 3 shows the intermediate pathways that
the energy in the plant takes to produce hydrogen and nitrogen for
the ammonia reactor. With the electrolyzer model from Section 3.1
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BOS
0.60 kWh

NH3
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EL
9.8 kWh

ASU
0.098 kWh

N
0.82 kg

Fig. 3. Sankey diagram of the energy pathways from RE electricity to ammonia. The
majority of the electricity input goes into the hydrogen feedstock with a comparatively
small fraction being used for the nitrogen feedstock and balance of system components.
The total conversion rate is 10.50 kWh/kg NH; or 37.7 GJ/t NH3.

the total conversion efficiency of the system is 10.50 kWh/kg NH; or
37.7 GJ/t NH;, which aligns with the findings of Smith et al. [31] for
electrolysis-based Haber-Bosch ammonia production.

3.2.1. HBR flexibility

During simulation, the HBR operation is directly proportional to d,,
the demand for feedstocks during the kth hour of the year. The HBR
operates subject to two flexibility constraints: ramping flexibility fp,
and turndown flexibility f. The ramping rate during the kth hour of
the simulation is

Ry =(dy —di_/At, 2

where At = 1hr is the time step. The maximum ramping rate R imposes
an upper limit on the hourly ramping rate such that |R,| < R, Vk.
The feedstock demand d, is also constrained to an operating range:
d < dy < d, Vk, where d and d are lower and upper limits on dj,
respectively. The turndown ratio T, is the ratio of these two limits:

T=d/d 3)

The HBR capacity Cjpz is proportional to d, so T can be interpreted
as the ratio of the minimum HBR operating point to the rated HBR
operating point. For consistent notation, ramping flexibility is defined
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Fig. 4. Illustration of the HBR sizing as a function of f;. The HBR is sized based on
the upper demand limit d, which is set to the mean generation y when f; = 0 and
the maximum generation g when f; = 1. With higher f;, the HBR can accommodate
greater RE variability but it also becomes increasingly oversized.

as
fr=Rel[0,1] Q)
and turndown flexibility as

fr=1-T€]0,1], %)

hence both parameters are more flexible the closer their value is to 1.

3.2.2. HBR sizing

The rated capacity of the HBR should be tailored to fit each flex-
ibility case and generation scenario so that the feedstock demand is
matched to the feedstock generation. If the HBR is inflexible with f; =
0, then it should be rated to consume the mean feedstock generation u
during the year (i.e. d = y) so that it can achieve the highest possible
capacity factor. If instead, the HBR is fully flexible with f; = 1, the
it should be rated to consume the maximum feedstock generation g
during the year (i.e. d = g) so that it can follow the variable RE
generation and eliminate the need for storage altogether. Between these
two bounding cases, we develop a heuristic sizing method to specify d
and d as functions of y, g, and f; shown in (6) and (7) and plotted in
Fig. 4.

d=—0>Fr ©)
L+ (u/g—Dfr
d wir %)

T+ w/z- it

Egs. (6) and (7) are designed to produce the two bounding cases
described above while maintaining (3) and (5) in between. This sizing
methodology is used in Step 3 of Fig. 2. Using (6) and (7) to define
the HBR capacity may result in oversizing the reactor for the high
flexibility cases because it must consume the highest peaks in hydrogen
generation, which happen infrequently.

3.3. Storage subsystem model

The storage subsystem in Fig. 1 consists of a hydrogen storage
component and battery storage component. Hydrogen storage is more
cost-effective than battery storage at large scale [22] so it is preferable
to convert the energy to hydrogen instead of charging a battery. The
battery storage is necessary to run the ASU and auxiliary equipment in
the ammonia plant but is relatively small compared to the hydrogen
storage in terms of stored energy capacity.

Both the hydrogen and battery storage are modeled as integrators
where the storage states, E (battery) and My, (hydrogen storage), are
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equal to the discrete integration of the charging/discharging over all
preceding time steps. The storage states are described by
k
E = (gps —dp)at Vk
i=0
k

My, , = Z(gHz’k — dy, )AL VK.
i=0

(8

)]

The generation g, and demand d, at time k are further differentiated by
the subscripts P and H, for power and hydrogen, respectively. The hy-
drogen storage and battery are charged and discharged proportionally
to each other to maintain the correct stoichiometric ratios of ammonia
plant feedstocks.

3.4. Scheduling optimization

The hydrogen storage and battery are characterized by their energy
capacities and maximum charge/discharge rates, both of which are
computed in the scheduling optimization in (10). The purpose of the
storage subsystem is to support the HBR by absorbing the inevitable
discrepancies between the generation and consumption of HBR feed-
stocks. We optimize the dispatch of the end-use and storage subsystems
in (10) for a representative year to find the end-use operating schedule,
that minimizes the hydrogen storage capacity for a given generation
profile.

min My, (10a)
di, My, ‘

st My, > My, , vk (10b)
My, = My, j1 + 8y k — duy i Vk (10c)
d<dy, <d Vk (10d)

|dy, 1 = dyg, o1 1/4t <R Vk (10e)

My, ;>0 vk (10

MH2,0 = MH2,8760 (10g)

The hydrogen demand d;, and hydrogen storage state My, ; are chosen
at each hour-long interval k of the year to minimize the storage
capacity, which is equal to the maximum hydrogen storage state ﬁHz
during the year. The hydrogen storage charges and discharges to ab-
sorb the hourly difference between hydrogen generation g, and HBR
feedstock demand d, according to (10c), which is reflects the storage
model in (9). The turndown flexibility is enforced through (10d) using
the demand constraints from (6) and (7), and the ramping flexibility
is enforced through (10e). Constraint (10g) ensures that the storage
charging and discharging is balanced throughout the year. The opti-
mization problem is implemented in Python and solved using the SciPy
optimization package [32].

Since we are solving for a representative year in the plant’s life, the
exact starting date for the dispatch schedule can be arbitrarily chosen
without affecting the results. Accordingly, the storage state may be
non-zero at the start of the dispatch schedule. Constraint (10g) ensures
that the storage subsystem can only shift feedstock generation within
the representative year and prohibits inter-year generation shifting.
Constraint (10g) is a necessary condition to use the results of (10) as a
representative average throughout the plant life.

With the solution to (10), the hydrogen storage capacity Cy, ;, and
battery storage capacity Cp,, are set based on the maximum hydrogen
storage state MHz and the ammonia production is computed from the
end-use subsystem dispatch schedule, which is shown by Step 4 of
Fig. 2.

Together, the first four steps in Fig. 2 provide a methodology to
calculate the optimal plant design for a given HBR flexibility, which
begins to answer our first research question posed in Section 1. Through
this methodology, it is apparent that increasing flexibility reduces
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Table 3
Ramping and turndown flexibility attainable with traditional Haber-Bosch from the

literature. We use the values from [1] to represent the best available technology case.

Source [33] [8] [15] [17] [19] [11
fr 0.04 0.20 - - 0.60 0.20
fr 0.25 0.40 0.66 0.87 0.80 0.40

the amount of storage needed, which in turn reduces the LCOA. To
answer the research questions, and characterize the sensitivity of both
the storage capacity and the LCOA to HBR flexibility, we apply our
methodology in the parameter sweep described in Section 4.3.

4. Results

In this section, we present the parameter sweep used to identify
the sensitivity of storage capacity and LCOA to HBR flexibility. The
flexibility attainable with current technology is discussed in Section 4.1,
the locations investigated in the sweep are described in Section 4.2,
the results of the sweep are given in Section 4.3, and the LCOA cost
equations are described in Section 4.4.

4.1. HBR flexibility with current technology

To contextualize the results, we add a few additional remarks
from the literature. There is little consensus in literature on what
level of flexibility is achievable with today’s Haber-Bosch technology.
With different analysis methods — physical system-based model [33],
steady-state thermochemical analysis [15,17], controller stability anal-
ysis [19], expert interviews [1,8] — authors arrive at a wide range
of flexibility parameters that encompass different assumptions and
concerns. A list of the specific flexibility parameters used by these
authors are provided in Table 3. In this work, we investigate the full
range of ramping and turndown flexibility but, we focus in particular on
two cases: inflexible and best available technology (BAT). We use the
flexibility parameters from [1] (fx = 0.2 and f; = 0.4) to represent the
BAT case although they are conservative compared to some analyses in
Table 3.

Beyond what is physically possible with flexible ammonia synthesis,
there are additional design concerns when adapting an ammonia reac-
tor loop designed for steady-state to flexible operation. Among these
concerns are increased catalyst degradation in the reactor beds [71],
mechanical stress from thermal cycling of reactors, and safety near
unstable operating points [19,34]. Fatigue-based degradation models
of batteries [35] and electrolyzers [36] in RE settings may provide a
starting point for modeling degradation behaviors in the HBR [37].
Quantifying the impacts of thermal cycling and catalyst degradation
will provide valuable insight and should be addressed in future techno-
economic studies. However, it is out of the scope of this study and we
do not include these effects in our analysis.

4.2. RE resource case study in Texas and Iowa

The wind and solar resources at any given location have a sig-
nificant impact on the system design and resulting cost of ammonia.
A brief comparison of some sites in Texas and Iowa with notable
resource characteristics is presented in Table 4. A more comprehensive
investigation of the effect of resource characteristics will be key in
advancing the understanding of flexible green ammonia production but
is left for future work.

Using the WTK [24] and NSRDB [25] data, we examine four can-
didate locations in Iowa and Texas each for the parameter sweep as
detailed in Table 4. The cases are: Case 1. highest wind capacity factor
(“Wind CF”), Case 2. highest solar capacity factor (“PV CF”), Case 3.
highest complimentarity of wind and solar, and Case 4. similar hybrid
capacity factor and similar variability. We simulate an inflexible system
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and BAT flexible system at each location.

Texas generally has better renewable resources than Iowa, allowing
for greater energy production and higher overall ammonia production,
as shown in the fifth row of Table 4. Apart from the PV capacity factor
site (Case 2.), Texas has lower storage requirements than Iowa and
lower LCOA. Although it is not a comprehensive analysis, these four
cases clearly indicate that Texas is a superior location for producing
green ammonia.

We choose Case 4., which emphasizes similarity in hybrid capacity
factor and seasonal variability for a more in-depth comparison in
Section 5. We choose this case not to demonstrate the absolute lowest
possible LCOA but rather to show the potential for flexibility to enhance
other aspects of system design.

4.3. Flexibility parameter sweep

Using Case 4. from Table 4, we sweep fi and f; from inflexible
to fully flexible,optimizing the demand profile and computing the
hydrogen storage requirements for each pair of parameters. The results
are plotted in Fig. 5.

In both locations, the hydrogen storage capacity is far more sensitive
to f than it is to fz. The contours in Fig. 5 are nearly flat with respect
to fr except for at very low flexibility cases when f < 0.001. This
result aligns with the conclusions of [8,9,11,14], which find ramping
flexibility constraints to have minimal impact on the optimal system
design. On the other hand, there is a clear gradient in storage capacity
with respect to f; in Fig. 5, indicating that turndown flexibility is one
of the key factors behind storage requirements.

Similar to the results of [9,12], we find a decreasing sensitivity of
the storage requirement to f; as fp increases. The majority of the
storage requirement can be removed with f; = 0.2 and although the
storage continues to decrease with higher f;, the benefit diminishes
rapidly. This effect may be explained by the timescale of the RE vari-
ability that the system can accommodate for a given f;. If the seasonal
variability of the generation exceeds the HBR operating range, then the
storage will need to discharge for months at a time to supplement the
generation. If instead, the HBR is flexible enough to follow the seasonal
variability trends, then the storage is only needed for short duration
services, which can be provided with smaller storage capacity.

4.4. Costs

The costs for the generation subsystem are calculated within HOPP
[27]. The wind and solar subsystem costs come from the NREL Annual
Technology Baseline [38] and the PEM electrolyzer costs are calculated
using the cost model from Singlitico et al. [39] and are shown in
Table 5. For further details regarding the cost calculations for the
generation subsystem, the reader is encouraged to reference the HOPP
documentation [27].

The costs for the storage subsystem are also calculated within HOPP.
Due to economies of scale there is no single value for the CapEx and
OpEx of either the hydrogen storage or battery storage. The battery
storage cost model is implemented in HOPP based off the NREL System
Advisor Model (SAM) tool [40]. The hydrogen storage cost model
is also implemented within HOPP using pipe-based and cavern-based
hydrogen storage cost models from Papadias et al. [23].

The cost calculations for the end-use subsystem follow the method
in [21]. Capital Expenditures (CapEx) are calculated based off the size
of the component S, a cost constant K, and an exponential factor n
according to Eq. (11). The Operating Expenditures (OpEx) are assumed

to be a constant 5% of CapEx per year [21].
CapEx = KS" 1n

The specific parameters used to calculate end-use subsystem costs are
provided in Table 6.
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Comparison of candidate locations in Texas and Iowa with significant wind or solar resource characteristics: Case 1. highest wind capacity
factor, Case 2. highest solar capacity factor, Case 3. highest complimentarity of wind and solar, and Case 4. similar hybrid capacity factor and
similar variability. Where relevant, data is shown with the inflexible value followed by a slash then the BAT value (inflexible/BAT). We use

Case 4. for detailed analysis in the remainder of this study.

1. Wind CF 2. PV CF 3. Complimentarity 4. CF+Variability
1A TX 1A TX 1A TX 1A TX
Wind CF 0.37 0.43 0.33 0.32 0.24 0.26 0.37 0.33
PV CF 0.26 0.29 0.26 0.35 0.25 0.27 0.26 0.29
LCOE [¢/kWh] 3.75 3.25 4.01 3.75 5.05 4.63 3.75 3.92
AEP [TWh] 2.50 2.86 2.35 2.58 1.90 2.08 2.50 2.42
Ammonia [t/yr] 245340 280700 230840 253770 186950 204210 245340 237860
H, storage [t] 2401/614 2067/357 2575/392 3787/647 2713/616 2183/607 2401/614 2100/328
HBR Rating [t/h] 28/37 32/41 26/35 28/38 21/30 23/32 28/37 27/36
LCOA [$/t] 635/514 536/436 687/529 711/501 855/668 738/611 635/514 631/508
X TA
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Fig. 5. Surface plot of hydrogen storage requirement for a sweep of ramping and turndown flexibilities in Texas and lowa. The Texas BAT flexible case gives a 84.34% reduction
in storage and the Iowa BAT flexible case gives a 74.45% reduction in storage. Texas has a steeper gradient with respect to turndown flexibility than IA, which means it has a
better resource with lower variability. Note the ramping flexibility is plotted on a logarithmic scale, which has been modified to include 0 and 1 out of scale.

Table 5 Table 6
Capex and Opex for wind, solar, and electrolyzer components [38,39]. CapEx cost scaling parameters for the HBR and ASU [21].
Technology CapEx OpEx Component K n Size units
Wind farm 1530.31 $/kW 60.90 $/kKW/yr HBR 3.4x10° 0.50 t/day NH;
Solar farm 1146.68 $/kwW 21.24 $/kW/yr ASU 9.2x 10° 0.49 t/day NHg
PEM electrolyzer 514.20 $/kw 12.60 $/kW/yr
contribution from the storage components (H, and battery) decreases
The LCOA is calculated as and the cost contribution from the end-use components (HBR and ASU)
LCOA = CapEx,y + OpEx,y - L 12) increases. As f; increases, the end-use becomes increasingly oversized

8760
L-¥2o tinm, kAt
where iy, . is the hourly ammonia production, CapEx,,, and OpEx,,

are the total system costs, and L is the system lifetime, which is set to
30 years. Eq. (12) is implemented in Step 5 of Fig. 2.

5. Discussion
5.1. LCOA analysis

For the LCOA analysis, ramping flexibility is set to a constant
value of fr = 0.2, and we compare pipe storage and salt cavern
storage in Iowa and Texas. Fig. 6 shows the LCOA contributions from
each component in the off-grid ammonia system as a function of f;,
location, and storage type. As f; increases, two trends emerge: the cost
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to absorb a wider range of peaks and valleys in the generation signal,
which accounts for the increase in end-use cost contribution to LCOA.
The storage components decrease with flexibility, since the end-use can
directly absorb more of the generation variability.

Fig. 5 shows a large reduction in hydrogen storage capacity for a
relatively small increase in turndown flexibility from f = 0to fr = 0.4,
which is reflected in the cost of the storage components in Fig. 6. This
trend is more evident in Fig. 6a. and 6¢c. due to the higher cost of
pipe storage compared to cavern storage. In both storage technologies,
the majority of the cost savings from storage reduction come when f;-
increases from 0 to 0.4, after which the cost savings are less significant,
which aligns with the findings of [9,12].

The LCOA values for the inflexible and BAT cases are annotated
in Fig. 6. The inflexible case has high storage capacity requirements
resulting, in a high LCOA for pipe storage. However, the flexible case
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Fig. 6. LCOA sweep of f €[0,1] with fr =0.2 for the Texas and Iowa locations showing the cost contributions from all system components. The vertical dashed line indicates
a turndown flexibility of f; = 0.4 corresponding to the BAT. Subplots a. and c. show the LCOA reduction attainable through HBR flexibility when using pipe-based hydrogen
storage (21.8% reduction in TX and 21.0% reduction in IA). Subplot b. shows the LCOA attainable with salt cavern hydrogen storage in Texas only because Iowa has no natural
salt deposits. The cost savings from replacing pipe-based storage with salt cavern storage outweigh those from flexibility alone; however in locations without salt deposits, HBR

flexibility can offer a comparable LCOA reduction.

representing BAT reduces the LCOA with pipe storage to a point where
it is competitive with an inflexible system using salt cavern storage.
While salt cavern storage is usually more cost-effective at industrial
scale, the flexible system with pipe storage can be made cost effective
without being geographically constrained. This locational versatility
allows the plant designer to pursue alternative goals such as better
renewable resources or proximity to ammonia customers to avoid
transportation costs.

Our findings align well with several of the techno-economic studies
listed in Table 1. In Fig. 6, the LCOA decreases by 21.8% for the Texas
site and 21.0% for the Iowa site when comparing BAT to inflexible.
Salmon et al. [12] show roughly a 12% reduction in LCOA for the
same two flexibility cases although their calculated LCOAs are slightly
higher than ours. Smith et al. [13] find a reduction in LCOA as high
as 53% for one location comparing inflexible to flexible HBR cases
albeit with greater flexibility than we assume. Campion et al. [9] find
LCOA reductions of 15%-19% in the three locations they investigated.
Although there is little consensus among the studies in Table 1 about
the LCOA attainable with flexibility, our results are generally consistent
with other authors and are comparable with [8,12,14].

5.2. U.S. hybrid and ammonia plant locations

Our detailed analysis thus far considered only two sites. To place
these in context, we also run our LCOA analysis on two additional
sets (332 in total) of potential locations in the U.S., shown in Fig. 7.
The first set of locations is the currently operational U.S. hybrid plants
from [41], which is chosen to represent locations with attractive RE
resource. The second set of locations is the set of U.S. ammonia plants
from [42], which is chosen to show locations with access to existing
ammonia infrastructure.

The Texas and Iowa case study locations are also plotted in Fig. 7.
In both sets of locations, the LCOA spans a wide range values but
lowest is similar between the two and is comparable with our Texas
and Iowa case study locations. Fig. 7 further demonstrates the value of
HBR flexibility showing that a significantly higher number locations are
capable of reaching a given LCOA target with flexible operation than
without.

U.S. hybrid plants

S e
P f l,w \m ’ﬂ lMiﬂ'u

600 w B Inflexible
] I BAT
400 3

LCOA, pipe [USD/t]

U.S. ammonia plants

TX
1200 4 B

1000 1
800 ‘
600 — Bl
400 -

1400 - I

1 Inﬂex1ble

LCOA, pipe [USD/t]

Fig. 7. LCOA for inflexible and BAT-flexible plants using pipe-based hydrogen storage
evaluated at the locations of U.S. hybrid power plants [41] (top subplot) and U.S.
ammonia plants [42] (bottom subplot). The locations are sorted from left to right in
descending order by annual ammonia production. The Texas and Iowa results from our
case study are plotted as separate bars on the left.

5.3. Impact of starting date

Although the starting date of the representative year optimization
has no impact on the results and may be arbitrarily chosen as discussed
in Section 3.4, the absolute starting date when the plant first goes
online may be an important decision. The time of year that the plant
starts producing ammonia is an important consideration in the design
of the system due to the seasonal variability of the wind and solar
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Fig. 8. Wind, solar, and combined generation profiles for lowa and Texas using 2012
data [24,25]. The hourly generation profiles from WTK and NSRDB are filtered with
a 3-month moving average filter to highlight the seasonal variation for each location.
The range of the filtered data plotted as the standard deviation is used to quantify the
seasonal variability, which is 88.1 MW in Texas and 77.0 MW in Iowa.

generation shown in Fig. 8. Unless the storage is pre-charged by other
means, it is necessary to start the ammonia production when there
is higher than average generation so that the storage subsystem can
charge to support the plant for the rest of the year when there is lower
than average generation. The best time to start production depends on
both RE resource and the wind/solar mix for each individual scenario.

6. Conclusion

In this paper, we analyze the potential for flexibility in the HBR
to decrease the hydrogen storage requirement and thus the LCOA
of green ammonia production. We found that with reactor flexibility
achievable with existing technology, the hydrogen storage capacity
can be reduced by up to 84%, which in turn lowers the LCOA by
22% compared to an inflexible ammonia reactor. Our analysis shows
that turndown flexibility is more impactful than ramping flexibility,
particularly for managing seasonal RE variability. This suggests that
implementing relatively small increase in reactor turndown flexibility
can make green ammonia production more economically viable in
locations without access to low-cost salt cavern hydrogen storage. By
reducing the dependence on large-scale storage, more expensive pipe-
based hydrogen storage can be used, which opens new opportunities
for green ammonia plants to be built in locations with access to existing
ammonia infrastructure or agriculture marketplaces.

Future work should investigate the effects of RE resource character-
istics with a deeper look at wind/solar sizing and location, and improve
the ammonia reactor sizing methodology with an optimization-based
approach. In conclusion, enabling the flexible operation of ammonia re-
actors presents an economically viable pathway towards decarbonizing
ammonia production using renewable energy generation.
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