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Abstract

Cost-effective, low-carbon ammonia production is necessary for decarbonizing its
existing uses, but could also enable decarbonization of other difficult-to-electrify end-
uses like shipping where energy density is a key criterion. Here, we assess the lev-
elized cost of ammonia production (95% availability) at industrial-scale quantities (250
tonnes/day) in 2030 from integrating commercial technologies for renewable electricity
generation, electrolysis, ammonia synthesis and energy storage. Our analysis accounts
for the spatial and temporal variability in cost and emissions attributes of electricity
supply from variable renewable energy (VRE) sources and the grid, and its implica-
tions on plant design, operations, cost and emissions. Based on 2030 technology cost
and grid projections, we find that grid-connected ammonia in the midcontinental U.S.
costs 0.54-0.64 $/kg, as compared to 0.3-0.4 $/kg for natural gas-based ammonia and

depending on the generation mix of the grid, may have higher or lower CO4 emissions.



Fully VRE-based ammonia production, even with simultaneous wind and PV utiliza-
tion, is more expensive than grid connected outcomes, due to the need for storage to
manage VRE intermittency and continuous ammonia production. Instead, using VRE
and grid electricity for ammonia production under moderate carbon policy (50$/tonne
COg price) in the midcontinental U.S. can achieve 55-100% COg emissions reduction
per tonne of ammonia compared to natural gas routes and corresponds to levelized cost
range of 0.54-0.63 $/kg N H3). Further cost reductions are shown to be possible if the
ammonia synthesis loop can be made more flexible, which reduces the need for round-
the-clock electricity supply and the substitute use of battery storage with ammonia

storage.

Introduction

Global efforts for reducing greenhouse gas (GHG) emissions over the past decade have seen
the most success in the electric power sector, while emissions from other sectors have seen
only modest declines or remained stagnant. For example, in the U.S., CO, emissions from the
power sector declined by 26% during 2008-2018, while for the same period, transportation
CO, emissions increased by 1.4% and industrial CO, emissions decreased by 9%.! Decar-
bonization strategies for these sectors often cite electrification as a potential pathway, which
shifts the burden of emissions reduction from these sectors to the power sector, where contin-
ued growth of wind and solar generation is expected to further reduce the emissions intensity
of the electricity supply. While direct electrification of certain end uses is poised to grow
rapidly (e.g. light-duty vehicles), it may be challenging in particular applications such as
heavy-duty transport like shipping and aviation where high energy density requirements
remain a key performance criterion. For these end uses, using alternative energy carriers
like hydrogen (Hs) and by extension hydrogen-rich molecules like ammonia (NH3) and other
liquid fuels, produced using low-carbon pathways, remain an appealing prospect.

Ammonia offers some distinct advantages over other energy carriers, such as being carbon-



free at point of use, increased volumetric energy density vs. compressed Hs, ease of storage
and transport compared to liquid or gaseous Hy and long-track record for safe handling at
scale.?* The predominant route for ammonia production today relies on fossil fuels such as
natural gas and coal as a source of energy and hydrogen for thermochemical Haber-Bosch (H-
B) synthesis, and is estimated to result in about 2.3 tonnes of CO, per tonne NH3 produced.®
The reliance on natural gas for ammonia production also implies that cost of natural gas is
a key driver of the effective landed cost of the ammonia, ranging from 300-400 $/tonne in
the U.S. context® to higher prices near 700 $/tonne for other regions with limited domestic
natural gas supply and infrastructure constraints, such as India and Africa.”*

Declining costs of variable renewable energy (VRE)-based electricity and electrolyzers
have raised interest in producing low-carbon H, via electrolysis, as well as its use in de-
carbonization of industrial ammonia production.!%*? This route is among the most techno-

14716 and paves

logically mature process concepts for electricity-based ammonia production
the way for emerging electrochemical ammonia production pathways that are modular and
hence, amenable to deployment at smaller scales as compared to the conventional fossil-fuel-
driven process.*'” As noted earlier, electrically-driven ammonia production is potentially
appealing for many developing countries with relatively high natural gas costs, and where
ammonia use for fertilizer is projected to grow rapidly over the next few decades.!” Finally,
the ease of handling and storage of liquid ammonia relative to hydrogen also opens up the
potential for use of ammonia as a potential energy storage vector in a carbon-constrained
world. 518

Several recent studies have investigated the techno-economics of electrically driven am-
monia production process via low temperature electrolytic hydrogen production coupled
with thermochemical H-B synthesis. These studies tend to focus on one or more the follow-
ing aspects: a) NHj costs in a particular geographical region, including the Middle East,

Iceland,? Germany,?! Chile,?? China?® and India,?! b) alternate electricity supply options,

ranging from co-located VRE supply as part of islanded systems,?® to grid+contractual VRE



supply via power purchase agreements,?® ¢) representation of ammonia production require-
ments and process operational constraints, which are included in varying detail by some
studies?52"2% but overlooked in other cases?>2%3! and d) inclusion of alternative on-site
storage technologies to manage temporal variability in electricity supply, either from the

22,26,28:32 Tore, we note the salient contributions

grid or on-site or contracted VRE sources.
of some of these studies, while noting their differentiating aspects related to model fidelity
(i.e. temporal resolution, demand and operational constraints), regional characteristics and
level of decarbonization evaluated (see Table 1). Nayak-Luke et al.?® evaluate the effect of
VRE electricity on running a thermochemical Haber-Bosch process reactor with electrolytic
H, supply. They model electricity supply from different combinations of co-located PV and
wind generation while optimizing for the H-B system size that also accounts for process flex-
ibility. However, the authors do not model grid-based electricity supply or the full-spectrum

1'33

of storage options to manage VRE variability. Banares-Alcantara et al.”® evaluate the lev-

elized cost for an islanded ammonia generation facility, but overlook temporal variations

1.39 study offshore wind driven ammonia production in

in VRE generation. Morgan et a
the United States (U.S.) context while incorporating intermediate storage for the physical
ammonia process components but overlook the time and price variations in grid and wind
farm power output and its impact on hourly process operations and overall cost. Osman
et al.?® develop a techno-economic model that incorporate the effects of variability in solar
resources, the flexibility of the subsystems such as air separation unit (ASU), electrolyzers
as well as an ASPEN based process model, to study design and operations of a renewable
ammonia system in the Middle East. However they overlook the role of grid integration
which, as we discuss in later sections, may allow for lowering ammonia costs and eventually
CO, emissions as well. On similar lines, Armijo et al.3* focus on studying the potential for
renewable ammonia production in Chile & Argentina through a temporally resolved opti-

mization model and conclude that the combination of wind and solar resources for electricity

supply can drive down costs by reducing the overall variability in energy supply. The authors



also study the role of flexible H-B process operation as a key driver for eventual reduction of
costs. Schulte Beerbuhl et al®> develop a design and operations model for electricity-based
ammonia production that includes non-linear constraints related to some unit operation (e.g.
electrolyzer) which is shown to provide a more accurate representation of process flexibility.
Related to this, Allman et al.3¢ have focused on evaluating the effects of wind intermittency
on cost of ammonia production in the US upper Midwest. The authors also study the role
of intermediate Ny and Hy storage to ensure round-the-clock operation. Palys and Daou-
tidis also consider storage of intermediate Hy and Ny along with NHj as part of designing
a renewable energy storage and supply system for meeting MW-scale electricity demand.??
Due to the many unit operations choices being considered, the resulting design optimization
model considers plant operation over a limited number (672) of representative periods while

preserving chronology that is important to model seasonal energy storage.??
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In this study, we perform a detailed spatial and temporally resolved analysis of electri-
cally driven ammonia production via the process depicted in Figure 1. Our analysis is based
on modeling the least cost design and operation of the process while considering three key
attributes influencing the overall process economics: a) temporal variability in electricity
supply from grid and co-located VRE generation, b) detailed process considerations, in-
cluding operational inflexibility of the thermochemical H-B synthesis as well economies of
scale of investment in certain unit operations, and c¢) use of alternate on-site storage options
to manage temporal variability in energy inputs, including chemical storage and electricity
storage. We use the developed model to evaluate cost of electricity-based NHj supply for
various regions in the continental U.S. under various technology cost assumptions, carbon
policy and electricity supply scenarios (dedicated VRE or grid based, VRE + grid) for 2030.
Finally, we use the model to explore the economic value and process design implications of

introducing limited operational flexibility in thermochemical H-B synthesis.

Methodology

The integrated design and operations modeling framework used in this study is adapted
from prior work®® and incorporates the unique features influencing design and operations
of industrial processes like ammonia production: a) round-the-clock operation to maximize
capacity utilization, b) centralized production to maximize economies of scale of thermo-
chemical processes and c) limited operational flexibility owing to large thermal inertia of
units, and d) extensive heat and mass integration within the process. We formulate the de-
sign and operations assessment as a mixed integer linear program (MILP) with an objective
function corresponding to the sum of the annualized investment (CAPEX) and operating
(OPEX) cost of running the ammonia production facility shown in Figure 1. This objective
is minimized subject to a variety of operational and policy constraints that are enforced to

model plant operations throughout the year at a hourly resolution, resulting in 8760 opera-



tional periods. The resulting MILP model is solved via Gurobi®® run on a Xeon-g6 processor
with 4 GB of RAM across 32 cores on each compute node.“’ The average time to converge
for each run ranges from 200-900 seconds considering an optimality gap of 5% or lower. The
base system design parameters are shown in Table 2. Below, we describe the modeling of the
various unit operations in the process along with a summary of the key cost and performance
assumptions impacting their design and operations, with additional details provided in the

supporting information (SI).

Purge
i LN, storage

Air Air
——| separation |[r——— Purge gas
(PSA) |

Thermochemical Ammonia

Mixer i : . et
o - H-B Synthesis' Liguefaction f_ .

NH3 (1)

* Parameterized
In ASPEN Plus

Water

» GH, storage

- r========

wind, solar ————— Mass Flow
Figure 1: Simplified process flow diagram of ammonia production process based on elec-
trolytic Hy supply and thermochemical Haber-Bosch (H-B) Synthesis. Detailed ASPEN
model used to evaluate H-B synthesis is provided in appendix (see Figure SI 10) in sup-

porting information (SI). PSA = Pressure Swing Adsorption. H-B = Haber-Bosch. LN2 =
Liquid Nitrogen. GH2 = Gaseous hydrogen.

Electrolyzer

H, production via low-temperature electrolysis is modeled based on available cost and per-

formance projections for proton exchange membrane (PEM) electrolyzers for 20304 (see



Table 2: Design assumptions for electricity-driven ammonia process

Parameter Value  Units

Ammonia production capacity 250 tonnes/day

Plant minimum down time 48  hours

CAPEX contingency factor 21 %

Discount rate 8 %

Weather year for renewable availability data 2011

Cooling water use 1000 tonnes/tonneN Hj
Cooling water cost 0.0148 $/tonne

Plant annual availability 95%

Grid interconnection cost 30 $/EW

Supplementary Table SI 1 for assumptions). PEM electrolyzer capital costs projections re-
ported in the literature vary greatly, reflecting the emerging nature of this technology as
well as scales at which capital costs are quoted (e.g. kW vs. 1 or 10’s of MW*2). Here
we model PEM capital costs of 500 $/kW (see Table SI 1), based on projections for multi-
MW scale systems*™? that would needed for the modeled ammonia production facility (250
tonne/day). We assume electrolyzer lifetime of 20 years, with the cost of periodical stack
replacement included as part of the FOM cost (5%, see Table SI 1). PEM electrolyzers can
produce pressurized Hy at 30 bar which could be stored as a compressed gas for later use as
feed for H-B synthesis. The model sizes the optimal electrolyzer capacity as well as enforces
hourly operational constraints to track the power inflow into the system and produced H,
stream flow rates to the storage and H-B unit (Eqn:19,18 in SI). We also enforce the re-
quirement that PEM electrolyzer production must either be constrained above a minimum
loading level, set at 5% of nameplate capacity, or switched off.*? This behavior is modeled
using a binary variable in each time period that tracks whether the electrolyzer is on or off
(Eqn: 22. The cost impact of including this operating constraint is negligible ( 0.3%, see
Fig. SI 9), presumably because the minimum power load is quite low. However, the model
with the additional variables and constraints to model the minimum power load takes about
four times longer to solve as compared to the model without these variables or constraints,

implying that ignoring them could have a small cost impact but relatively large run time



impact.

Storage

We model four forms of storage using a common structure that separates sizing decisions
related to storage capacity (energy or mass) and maximum rate of charging or discharging
storage. The four storage types include: a) Li-ion battery storage, b) Gaseous hydrogen
(above-ground storage), ¢) Liquid nitrogen, and d) ammonia storage as a pressurized gas or
liquid. Storage operation is modeled to follow constraints that track storage inventory levels
from one hour to the next, as well as adherence to the installed capacity limits (see Eq.
10-12). We consider availability of ammonia storage only in the case when the H-B process

is modeled to be flexible. Storage parameters are summarized in Table SI 4.

Air separation unit

Nitrogen (N3) generation is modeled as per the specifications of the pressure swing adsorption
(PSA) process (see Table SI 2), that can adjust its hourly output flexibly. PSA units tend to
operate in a cyclical steady-state and this mode of operations allows for operational flexibility
that can be leveraged in an electrically-driven ammonia production process.** To account
for the economies of scale in the PSA process, we model the capital cost of the system as
a piece-wise linear function of capacity using 5 piece-wise linear segments (see Eq. 13-15 in
SI). The Ny output from PSA is then split into two streams - directly flowing into the H-B
synthesis loop or being liquefied for storage. The stored liquid Ny is pumped into the H-B

stream at the reactor pressure (250 bar) for further use.

Haber-Bosch (H-B) synthesis loop

The H-B synthesis loop section is simulated in ASPEN plus based on the flowsheet shown

in Figure 1, starting with input of pure Hy and Ny streams from the upstream production
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facilities. The H-B synthesis loop consists primarily of three sections: a) the compressor
train to compress the input feed gas (mixture of Hy and Ny) to 250 bar for the H-B reactor,
b) the H-B reactor which is maintained at a temperature of 500°C with a heat recovery
exchanger to recover waste heat from the output stream (Eq. 24-29) and c) finally a flash
tank which separates and liquefies the output NHj in the system to produce liquid ammonia
(99% purity)(Eq. 35-36). For the MILP model, the H-B synthesis loop is treated as a black
box with pre-defined process operating parameters related to power and cooling water inputs
from the ASPEN simulation (see Table SI 2).

Currently deployed H-B synthesis facilities tend to operate at steady-state and we have
incorporated this constraint in our modeling. At the same time, to understand the role of
flexible H-B synthesis and the impact on cost - we introduce three parameters to understand
the nature of flexibility in the synthesis loop: minimum stable production level, minimum
shutdown times and ramp rates. The minimum shutdown constraint (Eq. 31) enforces that
the plant has to be remain shutdown for a minimum amount of time (assumed to be 48 hours
based on 10°C /hour rate of temperature increase for the reactor)?® before being brought back

to full production (Eq. 33-34).

Electricity supply

Electricity is the only energy input for the entire process and we consider the availability
of VRE resources (solar (PV) and wind) as well as connections to the grid (including grid
interconnection + electricity supply costs and emissions) as a part of the set of available
electricity sources. The model takes inputs in the form of hourly VRE capacity factor data

as well as electricity price time series (see Eqns.:8, 9 in SI).

VRE resource modeling

To characterize VRE availability over the continental U.S., we define a grid consisting of

1487 nodal points across the region. Then for each grid point, the renewable energy resource
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availability profile is generated in line with Brown and Botterud*® and summarized in SI.
We consider renewable availability data for 2011 as a representative weather year for our

analysis.

Table 3: VRE Resource Cost assumptions. Cost assumptions reflect 2030 projections avail-
able from the literature”

Resource CAPEX FOM Lifetime Reference
$/kW % years

PV 500 1 20 47

Wind 1200 2 20 47

Grid Electricity Input

To evaluate the cost and emissions impact of grid electricity supply on electricity-based
ammonia production, we evaluated model scenarios using spatially and temporally-resolved
electricity system projections for 2030 available from National Renewable Energy Laboratory
(NREL)’s 2020 standard scenarios. 84 Specifically, we use simulated electricity prices and
marginal emission factors data for 2030 for each balancing area corresponding to NREL’s
mid-range renewable penetration scenario. The spatial distribution in CO45 emissions inten-
sity and marginal electricity prices for the region under focus in our study is presented in
Figure 2 and Figure SI 1, respectively.

While there are no direct CO4 emissions from the process shown in Figure 1, we account
for the CO4 emissions associated with the grid electricity supply in the model, which allows
for holistic assessment of shifting from natural gas to electricity driven processes. Therefore,
the hourly electricity requirement from the grid is tracked and the corresponding marginal
COs emissions intensity of the supplied grid electricity at each time period is incorporated in
computing the CO, emissions intensity of ammonia production. Marginal emission factors
are modelled in place of average emissions to account for the hourly variability in grid
operations.? As discussed in the results, this representation of grid electricity use allows

for exploring trade-offs between grid supply vs. co-located VRE supply under various CO,
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policy scenarios.
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Figure 2: Time-average of marginal CO, emissions intensity for 2030 projected by National
Renewable Energy Laboratory’s analysis under mid-range renewables cost assumptions*® for
focus area of study. Reported average emissions intensity calculated as a simple average
of hourly long-term marginal emissions factors reported for 8760 hours of the year. Major
ammonia production facilities shown for reference, with the size of the bubble proportional
to their annual CO, emissions in 20195

Results and discussion

Operational Dynamics of electricity driven ammonia production

We highlight the functionalities of the developed integrated design and operations model by
discussing the model outcomes for two locations in the United States - first (A) Amarillo,
TX and second (B) Greenfield, IN - based on the above-mentioned 2030 technology cost
assumptions and under scenarios with and without use of 2030 grid electricity conditions.
The 2020-21 cost of natural gas-based ammonia is around 0.4 $/kg,%? while the levelized cost

of ammonia (LCOA)? of the grid only case is 0.5-0.6 $/kg and the completely VRE driven case

'LCOA = (Annualized CAPEX + OPEX)/ Yearly NH3 Production
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(VRE only) is between 0.95-1.20 $/kg at 2030 cost scenarios for the locations being evaluated
(Figure 3). Based on simulated 2030 electricity prices and marginal emissions factors for the
two locations, grid-electricity derived ammonia production has a positive abatement cost of
85 §/tonne CO4 and corresponds to 77% COy emissions reduction in Amarillo, TX, while it
has a negative abatement cost (-28 $/tonne CO;) and leads to 340% greater CO5 emissions
in Greenfield, IN. Here, the cost of carbon abatement(CoCA) is calculated via Eq. 1 ,where
LCOA and CO;y emissions intensity of the incumbent natural gas process and emissions
intensity are assumed to be 0.4 $/kg and 2.35 tonnes CO,/tonne NH3.5 Here, we do not
include upstream emissions associated with the natural gas supply chain, that if included,

would further lower the CO, abatement costs estimated here.

COCA - (LCOAProcess - LCOAincumbent)/(Emiss'éonsincumbent - EmiSSionSProcess) (1)

Thus, while it is possible to realize 80% CO, emission intensity reduction at a location
with a low-emissions intensity grid (average grid emissions intensity at Amarillo, TX = 50
kgCO,/MWh), connecting to a high emission grid (average grid emissions intensity at Green-
field, IN = 856 kgCO5/MWh) results in higher emissions per tonne of ammonia and becomes
a counter-productive solution in this case. 100% process CO4 emissions removal is achievable
at the two locations using VRE electricity supply and corresponds to a CO, abatement costs
of 242 $/tonne COy and 342 $/tonne CO, based on dedicated VRE electricity supply for the
locations in TX and IN, respectively.

In addition to the levelized cost comparisons for these scenarios, the developed model
provides detailed information of the investment requirements for each of the components in
the facility (Figure SI 4) as well as the temporal dynamics of the system operation in response
to electricity supply variability. We simulate the operations of the facility to run at constant

production flow rate, which results in a constant baseline power input for operating the H-B
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Figure 3: Levelized cost of ammonia (LCOA) comparison for VRE & Grid driven ammonia
production for sample locations in Texas (near Amarillo, TX) and Indiana (Greensfield, IN).
Grid supply modeled as per 2030 grid scenarios available from NREL Standard Scenarios. 4
Storage cost includes levelized cost of 3 types of storage - Li-ion battery, hydrogen storage
(above ground) and nitrogen storage - see Figure SI 3 for details. Typical cost of natural
gas based ammonia production in the US is shown as a horizontal line
. ASU = Air Separation Unit, VRE = Variable Renewable Electricity, THB =
Thermochemical Haber-Bosch Synthesis loop, VOM = Variable operating and maintenance
cost.
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synthesis loop as well as constant flow of the reactants into the H-B synthesis loop. Figure
4 highlights the operation of VRE electricity-based plant, located in Amarillo, TX under
low VRE availability periods (hours 25-65). During these periods, the majority of energy
intensive and flexible processes (Hy generation through electrolyzer and ASU are turned
down/off(Figure 4(a)) while discharging from physical storage (Figure 4 (b,c)). Without
grid connection, Li-ion battery storage is the only feasible option to provide the baseline
power requirement for the base H-B synthesis loop and ammonia liquefaction (flash) during
low VRE availability periods and contributes a 5-7% of total ammonia cost in both Texas
and Indiana locations. Because of the availability of other lower cost forms of storage, Li-ion

storage is not used for managing the seasonal variations in VRE supply.

(a) Power supply dynamics
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(b) Power consumption profile from VRE technologies

= 200
=
5 150
E’x Electrolyzer
5 = Flash
2 100
8 mASU
S 50 uHB
¢ oM

0

0 24 48 72 96 120 144 168

Time (hours)

Figure 4: Plant operation over a representative week for VRE-based ammonia production
facility in Amarillo, TX. (a) Power supply dynamics (b) Power consumption profile from
VRE technologies
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Figure 5: Spatial distribution in the levelized cost of ammonia map for (a) Wind driven (left)
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Estimated costs for dedicated VRE-based ammonia production in

the United States

We evaluate the outcomes for both standalone solar(PV) and onshore wind driven ammonia
production for continental U.S., and find that the resulting LCOA distributions largely
follow spatial patterns in VRE resource availability owing to the dominant role of VRE
capital cost in LCOA (results for PV only based facility configurations shown in Figure SI
5). For PV only systems, the key areas which provide the lowest LCOA are in southwest
U.S. These regions, however, lack existing agricultural demand for ammonia (as inferred by
location of existing ammonia production facilities), and may also lack access to freshwater,
which might limit their deployment value. At the same time, for the emerging uses of
ammonia as an energy carrier or fuel, these regions could be favored to serve neighboring
demand centers such as California or the Gulf of Mexico region, wherein water needs could
be met using relatively inexpensive reverse osmosis of sea water®. In case of wind-driven
ammonia production (Figure 5a), the lowest cost regions better align with existing ammonia

consumption regions, primarily the U.S Midwest, which accounts for more than 90% of the
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ammonia production capacity in the country (Figure 2) . The costs of wind driven ammonia
across the U.S. ranges from 1-12 $/kg (5", median, and 95" percentile costs of 1.28 $/kg,
1.96 $/kg and 4.80 $/kg respectively) with about 93% of locations with a cost of less than
4 $/kg (more than 10x the cost of current fossil fuel driven ammonia production). Our
modeling also reveals the distinctive dynamics and investment decisions driving the levelized
cost outcomes for wind and PV driven systems. On comparing high wind (NE) and PV
(AZ) resource quality with similar LCOA (~ $1.04/kg), installed VRE capacity is almost
twice as high for PV than wind given lower capacity factor of solar resources. For the same
reasons, the intermediate storage options (Li-ion, Hs and N,) are relatively smaller (around
10% lower) for wind sites along with a higher capacity utilization of the electrolyzer (60%
capacity factor for lowest cost wind site vs 32% for lowest cost PV site) (See Figure SI 6).
Figure 5(b) highlights how allowing for PV and wind resources to be used jointly results
in lowering the cost of dedicated VRE-based ammonia production with a median cost of
1.20$/kg and 5" and 95" percentile of 1.01 and 1.80 $/kg, respectively. In fact, costs
below 1 $/kg levels are estimated for 4% (58 out of 1487) of locations in the continental
U.S. The complementary resource profiles for wind and PV led to reduced need for daily
storage requirements for the on-site production facility (see Figure SI 6). While there is
still a need for round-the-clock electricity supply to operate the inflexible H-B synthesis loop
which necessitates the deployment of Li-ion battery storage, the battery capacity required
is reduced with simultaneous wind and PV utilization (Figure SI 6). On average, battery
energy capacity reduces by 10% for the locations with less than $ 1/kg N Hj identified in
5(b) as compared to the wind only cases in 5(a). At each location, the relative contribution
of wind and solar to the electricity supply capacity is dependent on dominant VRE resource

in terms of resource quality for the region (Figure SI 7).
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Carbon footprint and cost of ammonia production using grid +

VRE electricity

The above analysis indicates that while dedicated VRE-based ammonia production can
achieve full decarbonization, it is estimated to be more expensive than reliance on grid
electricity-based supply even with 2030 technology cost assumptions that assume continued
cost declines from 2020 cost levels. Moreover, as the CO4 emissions intensity of the electric
grid is anticipated to decrease over time due to increasing VRE penetration, the relative
CO4 emissions benefits of pursuing dedicated VRE electricity supply vs. grid electricity use
are likely to diminish while the cost differences will remain. To understand this trade-off
further, we explore the LCOA and process design outcomes for ammonia production using
grid+VRE electricity supply under various CO, price scenarios. As identified in the previ-
ous section, the key demand and supply hubs for ammonia currently are in the Midwestern
states and Texas, and therefore we focus this part of our analysis on this region. To explore
the cost and emissions trade-offs of increasing VRE supply, we evaluate model outcomes for
this region under the four COy price scenarios: no policy, low COs price (10 $/tonne CO,),
medium (50 $/tonne CO3) and high CO, price (100 $/tonne COy). For the analysis, we
model the grid in 2030 as per the standard scenario projections from NREL for price and
marginal CO, emissions for the system.’

Figure 6 shows that under the no-policy scenario, grid connectivity leads to relatively
small spatial differences in LCOA outcomes but significant spatial variations in CO5 emis-
sions intensity. For example, under the no carbon price scenario, ammonia production in
Texas, North & South Dakota and Nebraska is estimated to have 60-80% lower carbon inten-
sity than ammonia production in Indiana or Illinois (Figure 6B top left panel). A 50 $/tonne
COs policy leads to greater role for VRE generation in electricity supply for ammonia pro-
duction and leads to more spatially uniform CO; emissions intensity outcomes (Figure 6b
bottom left panel), that are generally below that of natural gas-based ammonia production.

This is achieved by deploying more on-site VRE capacity at previously high-emission loca-

19



tions that can displace electricity use during high marginal emission intensity time periods
of the day.
In general, increasing VRE penetration in the electric grid tends to increase instances

t.54 Conse-

of low wholesale electricity prices due to the well-documented merit order effec
quently, we find that locations with low emissions intensity grid supply, synonymous with
greater share of grid-based VRE generation, tend to also have lower LCOA. This explains
why locations such as West Texas, Oklahoma & Kansas with low marginal CO, emission
intensity electricity supply tend to have lower LCOA compared to higher marginal COy emis-
sions intensity grid locations in Indiana and Illinois across all CO, price scenarios (Figure
6). This observation and our scenario results indicate that favorable locations for electricity-
based ammonia production, both in terms of cost and emissions, may overlap for different
carbon policy scenarios. An important caveat to this finding is the price-taker assump-
tion implicit in our calculation that assumes the industrial process represents a relatively

small electricity demand that and hence cannot influence electricity prices and marginal CO,

emissions substantially.

Impact of process flexibility on cost of VRE-based ammonia pro-

duction

As noted earlier, for dedicated VRE-based ammonia production, round-the-clock operation
of the H-B synthesis loop requires continuous electricity supply that necessitates the need for
deploying Li-ion battery storage. Here, we explore how innovations to introduce flexibility
in the H-B synthesis loop operations can contribute towards lowering the cost of dedicated
VRE-based ammonia production while still adhering to the same round-the-clock ammonia
supply requirements. Specifically, we investigate the cost and design impacts of the following
two modifications: a) allowing the H-B synthesis to function at outputs below its nameplate
capacity while constraining its ramp rate (10% change from previous hourly production level)

and b) allowing storage of produced ammonia to enable producing more than nameplate
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Figure 6: Spatial distribution in Levelized cost of ammonia (LCOA) (a) and average COq
emission intensity of ammonia production (b) for PV4+wind + grid connected electrolytic
ammonia production under different CO, price scenarios. Grid emissions and cost profiles for
each location based on 2030 projections available from NREL standard scenarios modeling

outcomes 849
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capacity at times of high VRE availability to make up for less than nameplate production
at low VRE availability periods. We consider two forms of ammonia storage - large scale
cryogenic ammonia storage at -33° C, 1 bar (larger than 20000 tonnes) and small scale high
pressure storage systems (20 bar, 25 ° C). It should be noted that ammonia is still modeled
to be output at a constant rate from the facility, which now can be supplied by a combination
of ammonia storage and the H-B synthesis loop, since the produced ammonia might be used
in other inflexible industrial processes (e.g. urea production).

Figure 7 highlights that introducing the specified flexibility in the H-B synthesis loop (e.g.
ability to turn down by 50% or 75% compared to nameplate and stay at that level for 48
hours) can enable a 10-15% decline in LCOA compared to the case of an inflexible H-B
synthesis loop. Figure 7 shows that the reduction in cost results from shifting the storage
requirement downstream into the production process, with decreasing N, and H storage and
increasing NHj3 storage with increasing process flexibility. Moreover, the relative decrease in
storage costs more than offsets the slight increase in cost of the H-B synthesis loop that needs
to be oversized compared to the case of the inflexible process to enable NHj3 storage. In both
the cases of flexible operations (50% and 75% flexibility cases), large scale cryogenic ammonia
storage is selected with a capacity capable of providing more than 12-15 days of continuous
ammonia output for the plant for the design capacity of the plant at 250 tonnes/day. Overall,
this framework can be used to study the maximum affordable cost impacts of innovations to

improve process flexibility that are valued in terms of improving the process economics.
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(a) Levelized cost comparison ($/kgNH3) (b) Installed physical storage (tonnes)
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Figure 7: LCOA comparison for electricity-driven ammonia production with varying levels
of flexibility for the thermochemical Haber-Bosch synthesis loop, ranging from no flexibility,
H-B system turndown to 75 percent of design flow rate and system turndown to 50 percent
of design flow rate (a), Storage Capacity installed for flexibility cases (b) (VOM : Variable
Operation and Maintenance Cost, ASU : Air Separation Unit, VRE : Variable Renewable
Energy, HB : Haber-Bosch Unit)

Conclusions

Here, we propose a systematic framework to explore the economics and C'O, emissions
impacts of commercially available electricity-driven ammonia production schemes while con-
sidering spatial and temporal variations in electricity supply from the grid as well as on-site
production via VRE resources. Our findings are based on a design and operations model-
ing framework that allows for co-optimizing the size of various components, including grid
connection, electricity, Hy, and Ny generation capacity and different types of on-site stor-
age while enabling round-the-clock, steady ammonia production. Based on 2030 technology
cost and electric grid projections, we find that ammonia produced solely via grid electricity
could achieve lower CO, emissions intensity as compared to natural gas based ammonia in
some locations (e.g. Texas) but could also lead to higher CO, emissions intensity in other
locations (E.g. Indiana) (C'Oy intensity of the grid drives which locations have higher or
lower emissions). As illustrated elsewhere (Fig SI 8), the key drivers of the levelized cost
is the cost of electricity - be it in the form of PV or Wind while variation in costs of other

components such as electrolyzer or HB has lower impact on the LCOA. In contrast to grid
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electricity use, dedicated wind- and solar PV-based ammonia production can reduce process
C'O4 emissions by 100% but have widely different process designs and abatement costs de-
pending on location, and configuration of VRE supply. Across the U.S., we investigated the
cost of VRE-based electricity driven ammonia production and estimated the 5'h percentile,
median and 95'h percentile values for resulting CO, abatement cost to be: 1) 343, 573, 984
$/tonne CO, for PV —based electricity supply(LCOA: 1.21,1.74,2.71 $/kg N H3), 2) 376, 665,
1873 $/tonne CO, for wind-based electricity supply (LCOA: 1.28,1.96,4.17 $/kg N H3) and
3) 260, 342, 596 $/tonne CO, for PV+Wind based electricity supply (LCOA: 1.01,1.21,1.80
$/kg NHs). The combination of grid4co-located VRE electricity supply locations may be
the most cost-effective way for reducing COy emissions from ammonia production in the
short-term since it reduces the on-site energy storage requirements for continuous ammonia
production. In the midcontinental US states with existing agricultural ammonia demand,
we find that 2030 grid + VRE connected ammonia under a $50/tonne CO, policy scenario
can achieve 55-100% CO, emissions reduction per tonne of ammonia produced compared to
natural gas based routes, which corresponds to an abatement cost of 61 to 180 $/tonne and
LCOA of 0.54-0.63 $/kg.

Finally, a key driver for cost of dedicated VRE systems is the need for battery storage to
enable continuous power supply for the H-B synthesis loop and ammonia liquefaction sys-
tems. In this context, enabling operational flexibility in H-B synthesis to allow some ramping
capability in ammonia production could be beneficial in reducing the cost of VRE-based am-
monia supply. This analysis also suggests that emerging ammonia production routes based
on electrochemical rather than thermochemical synthesis schemes that are likely to be more
flexible, may be more synergistic and cost-effective for using VRE electricity input.

The methodological contributions of this paper in modeling the design and operation of
electricity-driven chemical production can be extended to study other key industrial com-
modities with large carbon footprint like steel, cement, ethylene and methanol. In addition,

there is scope for incorporating alternative technology choices for each of the system compo-
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nents considered in the process, similar to the approach adopted by Palys and Daoutidis.?
For instance, where feasible, utilization of underground hydrogen storage could be modeled
with injection, withdrawal rates and pressurization requirements dependent on the location.
For a given location, availability of underground Hy storage, with lower capital cost per tonne
than above-ground storage, could contribute towards reducing LCOA for VRE-only systems
(see Figure SI 3 for Hy storage cost contribution to LCOA).
The findings of this study should be interpreted keeping in mind the following limitations,
which also are interesting areas of future work. First, our assessment of process and grid
interactions are based on a price taker assumption that assumes no change in wholesale elec-
tricity prices or marginal grid emissions factors due to increasing grid electricity consumption
by the ammonia production process. An interesting area of future work would be to represent
such industrial electricity demand with flexibility constraints in grid operations models to
understand the complete picture of large-scale electrification of industrial processes. Second,
our spatial assessment of LCOA does not account for spatial variation in the cost of land
or the cost of transporting ammonia from the production site to the point of consumption.
The impact of ammonia shipping on the final landed costs can range from relatively small
( 5-7%)? for transport of the product in the continental US, but can be higher for trans-
ocean shipments. Accounting for these attributes may lead to some locations being more
favorable than others in terms of delivered cost of ammonia rather than LCOA metric used
here. These factors could be included in a detailed supply chain analysis that also considers
the capital cost differences between distributed and centralized ammonia production as well
as alternate energy transport modes (electricity, ammonia) to connect energy production
and consumption sites.

Third, our analysis relied on characterizing VRE resource availability based on a single
weather year and while this is reasonable for a screening analysis, further assessment is
needed to understand the impacts of inter-annual variability in VRE output as well as the

impacts of climate change on VRE variability on LCOA of VRE-based ammonia production.
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Fourth, while our analysis has quantified the potential benefits of process flexibility, further
analysis using dynamic simulations is necessary to understand the operational implications

of flexible process operation.
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Supporting Information Available

SI 1. Additional model inputs

Renewable energy resource characterization

Hourly PV capacity factors (CF) are simulated using historical satellite-derived weather data
from the National Solar Radiation Database (NSRDB)®¢ as inputs to the open-source PVLIB
model.?” The native resolution of the NSRDB is 30min; modeled PV output is downsampled
to hourly resolution using trapezoidal integration. All PV generators are assumed to employ
horizontal single-axis tracking with a north-south axis of rotation (tracking from east to
west throughout each day) and a DC-to-AC ratio of 1.3. Numerical assumptions (DC-to-AC
ratio, system losses, temperature coefficient, etc.) are taken from Brown and Botterud“®
and generally match the assumptions used in the PVWatts model®® and recent industry
trends. PV capacity factors (CF) is simulated at an icosahedral mesh of sites spanning the
continental U.S.

Hourly wind CF is simulated using historical meteorological data from the NREL Wind

Integration National Dataset Toolkit (WTK)®® 5% and power curve data from commercial
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wind turbines assuming a 100m hub height. We simulated wind resource output based on
the Gamesa G26/2500 turbine power curve for the purpose of our study. A total of 42000
points in the continental U.S. was sampled which were then downsized to the 1487 points

grid considered for our study by locating the points closest to the grid locations.

Cost assumptions

Table SI 1: Electrolyzer cost and design Parameters. Fixed Operations and Maintenance
(FOM) costs noted here include the cost of periodic stack replacement, which explains why
they are higher than estimated FOM cost in the literature.®

Parameter Value Units Reference
Operating pressure 30 bar
CAPEX 500 $/kW 5
Yearly FOM cost 5 % of total capital cost %
Specific power consumption 53  kWh/kg 5
Minimum power load 5% % capacity
42
Lifetime 20 wyears
Water consumption 6.26 gal/kgH2 65

Table SI 2: Ammonia Synthesis and air separation unit Specific Parameters

Parameter Value Units Reference
H-B Synthesis Unit 3,734,400 $/(tonne/hr) 06

H-B Unit Power Use 0.725  MW/(tonne/hr)

PSA CAPEX See Table SI 3
PSA Power Use 0.29 MW/(tonne/hr) 33

Table SI 3: PSA system - modelled CAPEX segments(LB = Lower bound, UB = Upper
bound, Piece-wise Capex components modelled as upper(UB) and lower bounds(LB) of the
segment ) 33

Segment Capacityr,p Capacityyp Capexrp Capexyp

tonne/hr tonne/hr $ $
1 0 8.75 0 1,320,000
2 8.75 17.5 1,320,000 2,640,000
3 17.5 26.25 2,640,000 3,960,000
4 26.25 35 3,960,000 5,270,000
) 35 43.75 5,270,000 6,590,000
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ST 2. Additional Results

Electricity Price Map

States Under Evaluation with Average Electricity Price ($/MWh)

8

Average Electricity Price (S/MWh)

Annual Ammonia Production Emission (x10° MT COz)

® 1w @ 200 (@ 300 .400 .500

Figure SI 1: Average electricity price map for 2030 projected by National Renewable En-
ergy Laboratory’s analysis under mid-range renewable cost assumptions?® for focus area of
study. Major ammonia production facilities shown for reference, with the size of the bubble
proportional to their annual CO, emissions (and production capacity) in 2019 locations®

VRE Resource Map

o
b
Capacity Factor Map (Wind)

Figure SI 2: Average PV Capacity Factor (left), Average Wind Capacity Factor in continen-
tal US(right)

29



LCOA Comparison with storage cost contributons shown

Levelized cost ($/kg NH3)

' m Interconnection (CAPEX)
1.2 m Electricity Cost (OPEX)
- = VOM (OPEX)

1 m Flash (CAPEX)

0.8 - m THB (CAPEX)
m N2 Compression (CAPEX)
0.6 w ASU (CAPEX)
0.4 m Electrolyzer (CAPEX)
N2 storage (CAPEX)

0.2 m H2 storage (CAPEX)

0 m Battery storage (CAPEX)

VRE-TX Grd-TX VRE-IN  Grid-IN ™YRE(CAPEX)
Texas Indiana

Figure SI 3: Levelized cost of ammonia production for locations : Amarillo, TX and Green-
field,IN with storage cost split
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Infrastructure Deployment Mix for Base Case Model Runs

Amarillo, TX Greenfield, IN
< 500
2
= 400
%‘ 300 = Wind
]
2 200 uPV
(&)
o 100
£ o

VRE Only Grid+VRE VRE Only  Grid+VRE
2 3000
S 2500
S
S 2000 Hvd o
| |

2 1500 .yrogens orage
§ 1000 = Nitrogen Storage
[72]
& 500
.9 0
[72]
2 VRE Only Grid+VRE VRE Only Grid+VRE
o
= 800
=S
S 600
S
© 400 u Battery Storage
<]
® 200
2
g o
8 VRE Only Grid+VRE VRE Only Grid+VRE

Figure ST 4: Investment Decisions for VRE and grid based Ammonia production for a sample
location in West Texas(left) and Indiana(right)
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Figure SI 5: LCOA Map of PV only driven Ammonia production (5'h, median and 95'h
percentile COy abatement costs of 343, 573, 984 $/tonne COy)
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PV & Wind System Design Comparison

VRE Capacity (MW) H2 storage (tonnes) Battery (MWh) N2 storage (tonnes) ASU Capacity (tonne/hr)
700 180 620 4500 8.75
600 =PV =Wind 160 600 4000 87
140 3500
500 120 560 2000 8.65
560
400 100 2500 8.6
540
300 80 2000 8.55
200 60 520 1500 o5
40 500 1000 )
100 2 480 500 . 8.45
0 0 460 0 8.4
PVonly ~ Windonly PV+Wind PVonly ~ Windonly PV +Wind PVonly ~ Windonly PV +Wind PVonly Wind only PV + Wind PVonly Wind only PV + Wind

Figure SI 6: Comparison of individual system component sizing for the lowest LCOA lo-
cations for PV, Wind and hybrid PV 4+ Wind based ammonia production systems (LCOA
across locations in the range of 1-1.2$/kg)
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Figure SI 7: Ratio of Wind to total VRE Installed Capacity for combined Wind + PV
deployment scenario

Sensitivity Analysis for Ammonia TEA Model

Figure SI 8 shows that the impact of lowering renewable electricity costs can have a great
impact on changing the effective levelized cost of producing ammonia from the process envi-
sioned here. As we have shown in the previous sections, the cost contribution of electricity-
based ammonia production is dominated by VRE resource capital costs. A decline in the
costs of the same or variation can have impacts as high as 40% on the currently estimated

2030 cost scenario.
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Figure SI 8: Impact of CAPEX variation for NH3 synthesis process components (Analysis
for location near Amarillo, TX - with inflexible HB system

SI 3. Ammonia model description

Table SI 5: Model Indices and Sets

Notation | Description

teT where t denotes a time step and 7 is the set of operational time steps
modeled

ses type of storage technology

SBes where 8P set of electricity storage technologies with independent power

(for both charge and discharge) and energy capacity variables

SNe S set of N, storage technologies with independently sized charging, dis-
charging and energy capacity

Size S set of Hy storage technologies with independently sized charging (com-
pression), discharging and energy capacity. Fixed cost of discharging

capacity (e.g. pressure adjustment valve) is relatively minor and thus

ignored here
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SNH3 c 8

set of N Hj storage technologies with independently sized charging (com-

pression), discharging and energy capacity. Fixed cost of discharging

capacity is relatively minor and thus ignored here

geg set of generation technologies which includes grid imports and variable
renewable generators

GReg grid electricity supply

VRE € G | set of variable renewable generation technologies

ke set of piece-wise linear segments for modeling capital cost of air separa-
tion unit

a € ASU set of air separation technologies

ecé set of electrolyzer technologies

reHB set of Haber-Bosch ammonia synthesis reactor configurations

feLlrio set of ammonia separation technologies

Table SI 6: Decision Variables

Notation Description

Qg e R, Installed generation (or interconnection) capacity of technology y € VRE
(or y € GR) [MW]

Qf eR, Installed energy storage capacity of technology y € S [MWh for y € S
or tonnes if y € 72 U SV? U SNH3]

Qg eR, Installed charging capacity of technology y € S - for y € S®, charging and
discharging capacity are set to be equal [MW for y € 8P or tonnes/hour
if y € ST2 U SN2 U SNVHS]

Qf ceR, Installed discharging capacity of technology y € S™? [tonnes/hour]

QELY eR, Installed electrolyzer capacity of technology y € £ [MW]
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Q% e R,

QL9 e Ry

QY e Ry

Lo,k € R+

Wa k € {O, 1}
ASU

Ha,t S R-l—
ELY

He,t S RJr
HB

I € Ry
C

Hs,t € ]R—l-

F
Hf,t 6 RJ,_

G
0, € Ry

E
Ae,t € R-‘r
AeEZOfI PeRy
AEtoS c R+

e,s,t

ASSU € R,

Installed Haber-Bosch synthesis loop capacity of type y € HB
[tonne/hour]

Installed ammonia liquefaction capacity of type y € LZQ [MWinermal
Installed air separation unit capacity loop capacity of type y € ASU
[tonne/hour]

fractional value between 0 and 1 used to define cost and capacity of air
separation unit a € ASU in the piece-wise linear segment k € IC

binary variable used to define the active piece-wise linear segment k € IC
that is used to compute the cost and capacity of air separation unit
a e ASU

Power consumed by air separation unit a € ASU in time t [MW]

Power consumed by electrolyzer e € ELY in time ¢ [MW]

Power consumed by electrolyzer h € HB in time t [MW]

Power (or mass flow rate) consumed by charging storage technology of
type s € SP (s € SH2USN? U SV3) in time t [MW (or tonne/hour)]
Power consumed by NH3 liquefaction technology of type f € LZQ in
time ¢t [MW]

Power supplied by resource g € G in time ¢ [MW]

Power (or mass flow rate) supplied by discharging storage technology of
type s € SP (s € SH2USN? U SV3) in time t [MW (or tonne/hour)]
H2 flow rate from electrolyzer e € EL£)Y in time t [tonne/hr]

H2 flow rate to NH3 synthesis loop h € HB from electrolyzer e € ELY
in time ¢ [tonne/hr]

H2 flow rate to H2 storage s € S2 from electrolyzer e € ££) in time t
[tonne /hr]

N2 flow rate from air separation unit a € ASU in time ¢ [tonne/hr]
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AglﬁgtoHB eR,
ARS8 € Ry
AP e Ry
AHBtoS c R+

h,s,t

AhHJBtoOut c ]R+
o € {0,1)
vne € {01}
U}JitLY € {0,1}
Xflam& e {07 1}
Xt €{0,1}

7énlamf e {071}

Cui” € 40,1}

N2 flow rate from air separation unit a € ASU to ammonia synthesis
loop h € HB in time t [tonne/hr]

N2 flow rate from air separation unit a € ASU to storage loop s € S™V?
in time ¢ [tonne/hr]

NH3 output flow rate from Haber-Bosch ammonia synthesis loop h € HB
in time ¢ [tonne/hr]

NH3 output flow rate from Haber-Bosch ammonia synthesis loop h € HB
to NH3 storage s € SV#3 in time ¢ [tonne/hr]

NH3 output flow rate from Haber-Bosch ammonia synthesis loop h € HB
to export in time ¢ [tonne/hr]

Commitment state of the entire ammonia production facility at time ¢ -]
Commitment state of the Haber-Bosch Synthesis Loop h at time ¢ [-]
Commitment state of the electrolyzer h at time ¢ [-]

binary variable indicating startup of entire ammonia production facility
at time ¢ [-]

binary variable indicating startup of Haber-Bosch Synthesis Loop h at
time ¢ [-]

binary variable indicating shutdown of entire ammonia production facil-
ity at time ¢ [-]

binary variable indicating shutdown of Haber-Bosch Synthesis Loop h at

time ¢ [-]
', e Ry state of charge of storage of type s € S at time ¢ [MWh or tonnes]
Table SI 7: Parameters
Notation Description
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1,ASU
Ty k

I,HB

I,LIQ
Ty

Annualized capital cost of power generator y € G - for y € GR, this cor-
responds to interconnection cost, while for y € VRE this is an investment
cost [$/MW /year]

Annualized capital cost of electrolyzer y € ELY [$/MW /year]
Annualized capital cost of air separation unit y € ASU for upper capacity
limit of piece-wise linear segment k € K [$/year]

Annualized capital cost of air separation unit y € ASU for lower capacity
limit of piece-wise linear segment k € K [$/year]

Annualized capital cost of Haber-Bosch Synthesis loop y € HB
[$/(tonne/hour) /year]

Annualized capital cost of NH3 liquefaction loop y € LZIQ
[$/ MWiherma/year]

Annualized capital cost of storage charging y € S [$/MW /year if yinS®
else $/(tonne/hour) /year]

Annualized capital cost of energy capacity of storage y € S [$/MWh /year
if yinS? else $/(tonne/year|

Annualized capital cost of storage discharging y € SN2
[$/(tonne/hour) /year]

fixed operation and maintenance (FOM) cost of power generator y € G
[$/MW /year]

FOM cost of electrolyzer y € ELY [$/MW /year]

FOM cost of Haber-Bosch Synthesis loop y € HB [$/(tonne/hour) /year]
FOM cost of NH3 liquefaction loop y € LZQ [$/MW,pnermar/year]

FOM cost of storage charging y € S [$§/MW /year if yinS? else
$/(tonne/hour) /year]

FOM cost of storage discharging y € SV? [$/(tonne/hour) /year]
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Vv,sP

V,ELY
7Ty

V,HB
7Ty

P

MEF

B;SU

BfLY

5iie

5

Variable cost of storage discharging y € S [$/MWh if y € S? else
$/(tonne)]

Variable cost of electrolyzer y € £L£Y - includes cost of feed water sup-
ply[$/MWH]

Variable cost of Haber-Bosch Synthesis loop y € HB - includes cost of
cooling water supply and catalyst replacement cost [$/(tonne)]

price of electricity supply from resource y € GR at time ¢ [$/MWh]
marginal CO, emissions intensity of electricity supply from resource y €
GR at time ¢ [tonnes COo/MWHh]

capacity factor of electricity supply from resource y € VRE at time ¢ [-]
COs emissions penalty [$/tonne COs]

Upper bound of installed capacity of air separation unit y € ASU for
piece-wise linear segment k € K for [tonne / hour]

Lower bound of installed capacity of air separation unit y € ASU for
piece-wise linear segment k € K for [tonne / hour]

Electricity requirement associated with charging storage of type y €
SH2 Y SN2y SMH3 [MWh/tonne]

Electricity requirement associated with discharging storage of type y €
SN2 [IMWh/tonne]

Electricity requirement associated with air separation unit of type y €
ASU [MWh/tonne]

Electricity requirement associated with electrolyzer of type y € ELY
[MWh/tonne]

Electricity requirement associated with H-B synthesis loop of type y €
HB [MWh/tonne]

Electricity requirement associated with NH3 separation/liquefaction of

type y € LZQ [MWh/tonne]
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ops

Tplant

7_HB

OéNH3Flow

aplantavazl

n¢

nP

min,HB
Ph

min,ELY
h

HB

—HB,ELY

HB,ELY
i

Number of operating times steps, which is equivalent to index of last
operating time step of the year [hours]

minimum plant downtime period [hours]

minimum Haber-Bosch Synthesis loop downtime period [hours]

Design flow rate for the NH3 production facility [tonne/hour]

Annual plant availability factor [hours/year]

Charging efficiency of storage of type s € S

Discharging efficiency of storage of type s € S

Minimum production output of H-B synthesis loop as a fraction of name-
plate capacity [-]

Minimum production output of electrolyzer as a fraction of nameplate
capacity [-]

Hourly ramp rate of H-B synthesis loop output (upward and downward)
as a fraction of nameplate capacity [-]

Maximum capacity of Haber-Synthesis loop and Electrolyzer h €
HB,ELY [tonne/hour]

Minimum capacity of Haber-Synthesis loop and Electrolyzer h €
HB,ELY [tonne/hour]
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Objective function

The Objective Function(Eq. 2) minimizes sum of capital and operating costs of all units as

shown below.

D (% + w9 % 0D) + 3 (Y A < 9f)) ¢

yeG yeELY
S (M9 mEH) X 019 + 3 (e 2% 0)
yeLTQ yeEHB
c c E E D D
(1 o) ) + 35 (< o) ¢ 3 () ) 4
yeS yeS yeSN2
> 30 (oo @ =) i x ) ¢
ke ae ASU
V,sD D V,ELY ELY V,HB HBtoProd
ZZ(W?J X@yi)—kZZ(wy XIE) + D D (w7 Afperred) +
yeS teT yeELY teT yEHB teT
Z Z mce « @G Z Z P%EF C’O2 « @gt) (2)
yeEGR teT yeEGR teT

System-level constraints

The power balance constraint of the model (Eq. 3) ensures that electricity demand and

supply are in balance at each time step.

Z@it—i_ Z © t+Z@yt_

yeEGR yeEVRE yeSB

DRI SRR SE

yeELY yeASU yeSB

S Y e Y (x5 enis Y (@6 o
yeHB yELTQ yeSH2u5N2uSNH3 yeSN2

Eqn. 4 enforces that when the plant is online, the sum of ammonia exported from NH3
storage discharging and that exported to product from Haber-Bosch synthesis loop should
equal the design flow rate,o’V#3Fv  Eqns. 5 keeps track of when plant is online and online,

with constraint for the first period of the year looking back at the plant status in the last
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period (year length given by 7°P%) of the year. Eqn. 6 enforces minimum annual availability
of plant operation, specified by o™il Eqns. 7 enforces that when plant is shut down, it

should remain shut down for at least 7P/*™ number of hours.

Z HBtoOut_|_ Z (__) NHSFlow « Utplant Vie T (4)

heH seSNH3

Uflcmt _ Ufialnt + X?lant . flant \V/t € {T|t ?é 1}

Uflant _ Ufiaﬁ)tps . + Xplant plant Yt € {T|t _ 1} (5)
Z Uflant _ aplantavail (6)
teT

1— Uflant Z Z Cflant YVt € {T|t > Tplant}

ret—rplant 4]

plant pl ant plant
> G G

re(l,t] re[rops —pplant g rops)

Vt € {T|t < Tpiant } (7)

Power supply and storage constraints

Eqns. 8 and 9 enforce capacity constraints on the supply of electricity from VRE and grid
sources, respectively. Note that such a representation allows for VRE curtailment during
periods of excess VRE availability. Eqn. 10 enforces storage inventory balance constraint for
all storage technologies considered in the analysis. Eqn. 11 enforces the storage inventory
cannot exceed installed storage capacity for all time periods. Eqn. 12 enforces that rate
of charging and discharging on different storage technologies must adhere to their installed
capacity limits. For battery storage, charging and discharging capacity are the same variable,
while for nitrogen storage, charging and discharging are different decision variables. H2 and
NHS3 storage discharging rate is modeled to be unconstrained, given the relatively minor cost

associated with these equipment (e.g. valves).
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05, <pSi x QO Vge VRENteT (8)

0, <O VgegVteT (9)
@D
Doe=To1+n9 x1f, — == Vte{T/t>1},5s€8
T
@D
Dot =Tapprors 1+ 05 x 15, — =% Vte{T/t=1},s€S8 (10)
N, <OF vseSteT (11)

¢, <Qf vseSteT
N2, <Qf vseSPteT

2, <Qf VseS™ teT (12)

Air separation unit

Eqn. 13 - 15 models the piece-wise linear segments used to compute the capital cost of the air
separation unit. Eqn. 16 related electricity consumption of ASU with total N2 production
rate, while Eqn. 17 enforces that total N2 product sent to H-B synthesis loop and N2 storage

must equal the total N2 production rate from ASU at each time step.

O = 3 (s % (Y = B) +wa x Do) Va € ASU (13)
kel

Tk < War VYa € ASU k€K (14)

S we =1 Vae ASU (15)

ke

I3V = BV AV Wit e T,a € ASU (16)

AASU Z Agl}s;gtoHB I Z Ag‘f?tos VteT,a e ASU (17)
heHB seSN2
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Electrolyzer

Eqn. 18 relates electrolyzer electricity consumption with total Hs production rate, while
Eqgn. 19 enforces that total Hy product sent to H-B synthesis loop and H, storage must

equal the total Ny production rate from electrolyzer at each time step.

P = BEEY 5 AW Wte T,y e ELY (18)
APEY = N7 APRHE L NTAPS yie Toa€ ELY (19)
heHB scSH2

Eqns.20-21 models electrolyzer production capacity limits. The variable Qﬁfpr in the

right hand of Eqn. 20-21 is a continuous variable, representing the product of the binary

variable v/ and the continuous variable, QF%Y. This product cannot be defined explicitly,

since it will lead to a bilinear expression involving two variables. Instead, we enforce this
definition via the Glover’s Linearization as per the set of constraints in Eqn. 22 (also referred
McCormick Envelopes constraints for bilinear expressions, which is exact when one of the
variables is binary). Finally, Eqn. 23 ensures that when the plant is offline, the electrolyzer

is also offline.

AGPY <QUPYT Yhe ELYNteT (20)

A}];;fY > prinELY o QﬁtLY-i- Yhe ELY NtET (21)

QﬁtLYJr < ﬁfLY ” UhE,tLY Vhe ELY NtET
Qgthr > QELY v,ﬁtLY Vhe ELY Nt T
U2 - (1) < O he ety e T

QP < QP — (1—of ) x QP Vhe ELY Ve T (22)
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opY <off Vhe ELY teT (23)

(a) (b)
Comparison of Power Supply to Electrolyzer based with and without unit
commitment activation (Lower bound : 5%)

40 =VOM

w
o
-

uFlash

S

A
o
=3

=THB

. = N2 Compression
ASU
Electrolyzer
0.2
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 u Storage
Hours
0 uVRE

— Min-bound (5%) ~ ——I No-Min bound No Min bound Min bound (5%)

LCOA ($/kg NH3)
o
(=]

Power to Electrolyzer (MW)
= = NN W
o
o
i

o »n o o

Figure SI 9: (a) Comparison of electrolyzer power input with and without non-zero power
load (5%) for the electrolyzer. The effect of minimum load constraint on dispatch can be
seen near hour 23 where the blue line is above the red line. (b) Impact of lower bound for
electrolyzer power input on LCOA

Haber-Bosch synthesis

Eqn.24 - 25 enforces materials balances and stoichiometry of the net ammonia synthesis
reaction occurring in the H-B synthesis loop. Here are we are modeling 100% conversion of
the feed H2 and N2 into the H-B synthesis loop, which includes recycling of unconverted
products from the reactor and associated recompression energy and costs - see Fig. SI 10
for the flowsheet of the synthesis loop modeled in Aspen Plus that is used to parametrize

the energy (see Eqn. 26) and cost of the H-B synthesis loop in the optimization model.

S OAIP =3/14x > AP Vhe HB Ve T (24)
ecELY a€EASU

DOABIE 4 YT NRYHE = AP Vhe HBVEE T (25)
ecELY acASU
0P = BB x AP Vhe HBNYte T (26)
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Eqns. 27-28 models capacity limits on the production of NH3 from the H-B synthesis loop
in the general case when the H-B synthesis loop is assumed to have some flexibility. The
variable Qth * in the right hand of Eqn. 27-28 is a continuous variable, representing the
product of the binary variable v/7? and the continuous variable, Q. This product cannot be
defined explicitly, since it will lead to a bilinear expression involving two variables. Instead,
we enforce this definition via the Glover’s Linearization as per the set of constraints in Eqn.
29 (also referred McCormick Envelopes constraints for bilinear expressions, which is exact

when one of the variables is binary).

NP <Pt Yhe HBNVteT (27)

AJIB > primdTB 5 QUBY yh e HB,VE € T (28)

QBT <P x P Whe HBNVtET
QB > QfF x of'F Yhe HBVLe T
QP > QP — (1 - ofP) x Q)" VheHBVteT

QEBH < QIF (1 —0f'P) x Q8 Yh e HB Yt T (29)

If the H-B synthesis loop is inflexible, the variable v#Z = 1 for all time periods when the
plant is online and the rest of the constraints are simplified accordingly.

Eqns. 30 keeps track of when HB synthesis loop is online and online, with constraint for
the first period of the year looking back at the plant status in the last period (year length
given by 7°%) of the year. Eqns. 31 enforces that when plant is shut down, it should remain

rPlant number of hours. Eqn. 32 ensures that when the plant is

shut down for at least
offline, the H-B synthesis loop is also offline. Eqns. 33 - 33 constrain the rate of change in
production output from one hour to the next. For these constraints, the implementation for

t = 1 is based on looking at back at the production rate in the last time step of the year
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similar to the formulation of minimum downtime constraint shown in Eqn. 31.

ol =oP P = GNP Yhe HBt € {T|t # 1}

ol =l XD =GP YheHBte (Tt =1} (30)

L—offP > 3" (P Yhe HB,t € {TIt > Tytamt}

reft—rHB 1]

1—vffB > 3" P+ > CHE VheH t e {TIt< Tptane}  (31)
re[l,t] re[rors —rHB _t rops]

o <ol YheH, teT (32)

AIB _ NHB < WHB o QHE gl e 3 e (Tt > 1} (33)

AIB | NIB < GHB o QUE e 3y e (Tt > 1} (34)

NH3 liquefaction

The NH3 liquefaction unit is modeled as a single flash unit that uses as a refrigeration
system to condense out the product NH3. The liquefaction system is sized to be handle
the maximum outflow from the H-B unit as per Eqn. 35. The system CAPEX is rated in
terms of $ per unit of heat to be removed from the system per unit time (MW). The power
requirement for the system is considered as a function of the heat duty and the coefficient

of performance for the refrigeration system, as defined via Eqn. 36.

S ALE xafie < QUO vy e L1Qte T (35)
heH
ST x SO =THO wye 1O reT &2
heH
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Table SI 8: Process Heater Summary

Heater
Name COOL3 CcOO0L4 HEAT1
Property method RKS-BM RKS-BM RKS-BM
Use true species approach for electrolytes YES YES YES
Free-water phase properties method STEAM-TA STEAM-TA STEAM-TA
Water solubility method 3 3 3
Specified pressure [bar] 0 0 100
Specified temperature [C] 50 50
EO Model components
Calculated pressure [bar] 30 81 6.89
Calculated temperature [C] 50 50 164.83
Calculated vapor fraction 1 1 0.28
Calculated heat duty [J/sec] 698668 -3393340 36268220
Pressure-drop correlation parameter
Net duty [J/sec] 698668 -3393340 0
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Table SI 9: Heat Exchanger

HeatX

Name HEX

Hot side property method RKS-BM
Hot side Henry’s component list 1D

Hot side electrolyte chemistry 1D

Hot side use true species approach for electrolytes YES

Hot side free-water phase properties method STEAM-TA
Hot side water solubility method 3
Cold side property method RKS-BM

Cold side Henry’s component list 1D
Cold side electrolyte chemistry ID
Cold side use true species approach for electrolytes YES

Cold side free-water phase properties method STEAM-TA
Cold side water solubility method 3
Exchanger specification 330
Units of exchanger specification C

Inlet hot stream temperature [C] 500

Inlet hot stream pressure [bar] 250

Inlet hot stream vapor fraction 1

Outlet hot stream temperature [C] 247.45
Outlet hot stream pressure [bar] 250
Outlet hot stream vapor fraction 1

Inlet cold stream temperature [C] 89.93
Inlet cold stream pressure [bar] 250

Inlet cold stream vapor fraction 1

Outlet cold stream temperature [C] 330
Outlet cold stream pressure [bar] 250
Outlet cold stream vapor fraction 1

Heat duty [J/sec] 17302759
Calculated heat duty [J/sec] 17302759
Required exchanger area [sqm)] 124.38
Actual exchanger area [sqm)] 124.38
Average U (Dirty) [J/sec-sqem-K]| 0.08
Average U (Clean)

UA [J/sec-K] 105710.58
LMTD (Corrected) [C] 163.68
LMTD correction factor 1
Number of shells in series 1

Number of shells in parallel
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Table SI 10: Flash Unit

Flash2
Name FLASH2
Property method RKS-BM
Use true species approach for electrolytes YES
Free-water phase properties method STEAM-TA
Water solubility method 3
Temperature [C] -14.3
Pressure [bar] 170
Specified vapor fraction
Specified heat duty [J/sec] 0
EO Model components
Outlet temperature [C] -14.3
Outlet pressure [bar] 170
Vapor fraction 0.80
Heat duty [J/sec] -25049343
Net duty [J/sec] -25049343
First liquid / total liquid 1
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Table SI 12: Reactor

RGibbs

Name REACTOR

Property method RKS-BM
Henry’s component list 1D

Electrolyte chemistry ID

Use true species approach for electrolytes YES

Free-water phase properties method STEAM-TA
Water solubility method 3
Specified pressure |bar] 250
Specified temperature [C] 500
Specified heat duty [J/sec] 0

EO Model components

Outlet temperature [C] 500
Outlet pressure [bar] 250
Calculated heat duty [J/sec] -8524204
Net heat duty [J/sec] -8524204
Vapor fraction 1
Number of fluid phases 1
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