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Decarbonising ammonia production is an environmental imperative given that it independently accounts
for 1.8% of global carbon dioxide emissions and supports the feeding of over 48% of the global
population. The recent decline of production costs and its potential as an energy vector warrant
investigation of whether green ammonia production is commercially competitive. Considering 534
locations in 70 countries and designing and operating the islanded production process to minimise the
levelised cost of ammonia (LCOA) at each, we show the range of achievable LCOA, the cost of process
flexibility, the components of LCOA, and therein the scope of LCOA reduction achievable at present and
in 2030. These results are benchmarked against ammonia spot prices, cost per GJ of refined fuels and
the LCOE of alternative energy storage methods. Currently a LCOA of $473 t~1 is achievable, at the best
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locations the required process flexibility increases the achievable LCOA by 56%; the electrolyser CAPEX
and operation are the most significant costs. By 2030, $310 t! is predicted to be achievable with
multiple locations below $350 t~% At $25.4 GJ™! currently and $16.6 GJ™* by 2030 prior combustion,
this compares favourably against other refined fuels such as kerosene ($8.7-18.3 GJ~ ) that do not have

DOI: 10.1039/d0ee01707h

rsc.li/ees the benefit of being carbon-free.

Broader context

‘Green’ ammonia is produced from a carbon-free route using hydrogen from water electrolysis powered by renewable sources (wind and solar), however, its
production process has not been able to compete economically with fossil fuel-based technology until recently. The work identifies the range of achievable
LCOA (levelized cost of green ammonia), the cost of process flexibility, the components of LCOA, and how they are likely to change by 2030. The analysis
considered 534 locations in 70 countries and optimised the mix of renewable power sources (wind and solar), the green ammonia production plant design and
its operation to minimise the LCOA. It also considered country-specific financing risks for those locations with significant renewable energy potential but
financial barriers to implementation. Currently a LCOA of 473 USD t ™" is achievable and multiple locations are predicted to achieve LCOAs below 350 USD t~*
by 2030, with the electrolyser CAPEX and OPEX as its most significant cost components. In conclusion, this manuscript shows that green ammonia has the
potential to become economically competitive with that produced using conventional methods in several locations by 2030.

Introduction

Ammonia currently supports, as the primary component of the
nitrogen-based fertiliser industry, the feeding of over 48% of
the world’s population.>” Its current dependence on fossil fuels
for hydrogen feedstock means that it accounts for 1.8% of
global fossil fuel consumption.* The carbon-intensity of the
180Mt p.a. production combined with our current reliance
and predicted growth (1.9% annual growth in demand from
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2006 to 2018°) means that decarbonising this process is an
environmental imperative. In addition to this ammonia is also
a promising energy carrier,® due to its favourable chemical” and
technical characteristics, for use in large scale renewable energy
(RE) storage® " and “‘zero-emission” shipping.'?

Substitution of the current hydrogen feedstock, predominantly
from steam reforming (SMR) of natural gas or coal gasification,
with electrolysis of water, electrochemical reduction or photo-
catalytic reduction using renewable energy, would eliminate
GHG emissions. Each of these alternative methods however,
has its own difficulties. Incorporating electrolysis of water using
renewable energy with conventional Haber-Bosch synthesis (HB)
requires additional flexibility incorporated in plant design
(ramping of the HB™ and a “hydrogen buffer”'*>'") and
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optimising power allocation. Electrocatalytic and photocatalytic
production, while theoretically having a greater potential,
currently have production rates orders of magnitude smaller
than required for scale up.'>'® Biomass was not considered as a
feedstock due to the scale of production considered and the
dependability of supply. Therefore, due to its technology readiness
level and potential implementation in the short-term, this paper
only has considered the electrolysis of water pathway.

Previous investigations (compared in detail in ESI,T Note 10)
while all commonly considering the electrolytic production of
hydrogen and synthesis by the HB method, used varying
assumptions and their comparison should therefore be made
with caution. As shown, the studies vary considerably in the
location that they considered, the RE sources used and the
availability to grid connection. As for the results, the achievable
LCOA and electrolyser size vary considerably, while the relative
sizing of the HB and air separation unit (ASU) components are
widely not considered, and plant flexibility is commonly man-
aged by grid connection or an alternative power source.

In this research we further develop the techno-economic
model, initially outlined in ref. 13, to enable identification of
the optimal plant design, operation and renewable power
combination to minimise the achievable LCOA for the islanded
production of ammonia using water and air as feedstock. This
functionality is then used to calculate and compare the achievable
LCOA, optimal plant design and operation for 534 locations in
70 countries for both domestic and multi-national corporations in
a present-day and 2030 scenario. Thereby showing the achievable
range of LCOA and how this will develop to 2030, it is possible to
identify locations of significant potential but domestic financing
barriers (i.e. discount rates), the cost of process flexibility required
(due to RE) relative to an idealised power source, the components
of LCOA, the scope for LCOA reduction and the achievable LCOE.
This analysis is therefore a conceptual design investigation
to identify the cost of production and therefore enable the
compilation of a short-list of locations that warrant further
investigation. These results show that the combination of renew-
able sources, plant design and operation are highly specific to
location. In the 2019 scenario, production at the best location
considered by a multinational corporation (Cape Grim, Australia,
with an LCOA of $473 t '), despite being within the 2010-2019
range of spot prices, is not competitive, and the majority of
locations result in greater than (USD) $600 t '. However, by
2030 the LCOA achievable at the best location is predicted to fall
to $310 t !, with a large number of locations below $350 t ™.
These LCOA will likely be highly competitive against conventional
production, particularly if a carbon tax was implemented: setting a
tax of $50 t " CO,, production using SMR, Coal and Fuel Oil would
have to achieve LCOA of $230 t ', $160 t " and $120 t ' respectively
by 2030 to still be cost competitive against the best decarbonised
islanded production estimate. The intermittency of the renew-
able power relative to an ideal constant power profile at the
most favourable locations currently increases the achievable
LCOA by 56% and in 2030 by 76%, mainly due to the two
methods of process flexibility: a hydrogen buffer, and additional
power curtailment. The combination of this cost of flexibility
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analysis and attribution of the LCOA to its constituent com-
ponents has enabled us to identify the significant components
of cost and therefore to comment on the potential scope of
cost reduction.

Methodology

The research considers an islanded production plant, only
using renewable power sources (wind and solar photovoltaic),
that synthesises ammonia using the Haber-Bosch process fed
by hydrogen from water electrolysis and nitrogen from cryogenic
air separation (eqn (1)). Unlike conventional production, this
‘green’ production process must manage the intermittency of
renewable power. This is achieved by incorporating a hydrogen
buffer (ie. oversizing the electrolyser and storing the excess
hydrogen produced), allowing for curtailment of excess power
and decreasing the amount of ammonia synthesised through
flexible allocation of the available power. The economic cost and
the energy required for the compression of the hydrogen feed-
stock from the outlet of the electrolyser to that required in the
reactor, as well as the compression of the recycle loop are
considered within the HB. Excess hydrogen production is stored
at high pressure in bullet vessels to provide a feedstock buffer as
well as hydrogen that can be cannibalised for electrical power
(using the fuel cell) when required.

N»(g) + 3Ha(g) — 2NH3(g) AHP = —92.5kJ 1

To determine the lowest achievable LCOA for a specified
location the model, building on the brute-force approach
described in ref. 13, when provided with the required inputs
(including RE power profile, ESI, Notes 1-3) uses a genetic
algorithm to optimise three independent system design variables:
the rated power of the electrolyser, the combined rated power of
the HB and ASU, and the fraction of energy supplied by wind (the
rest comes from solar PV).

For each chromosome considered, the model, assuming that
the renewable power and the production plant is in steady state
operation and has perfect foresight, allocates the available
power for each segment of time (dictated by the resolution of
the RE data provided) to either the electrolyser (Pge.), hydrogen
storage (Py,), the HB and ASU (Pyg/asu, lumped for the purpose
of allocation) or to curtailment (Pcyril)- Assuming that the
electrolyser, the HB and ASU are able to ramp instantaneously,
the production process has four modes of operation:

(1) Curtailment of excess power and storage of excess hydrogen

(2) Storage of excess hydrogen

(3) withdrawing hydrogen from storage for feedstock only

(4) withdrawing hydrogen from storage for feedstock and
energy to run the HB and ASU processes

To determine the optimal operation schedule for the plant,
first the period with the lowest 20 day power within a calendar
year is identified and the plant and renewable power sources
are defined as off and scheduled for maintenance. This enables
the model to then check whether there are viable operation
schedules for the process components (i.e. electrolyser, HB and
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ASU) for the chromosome under consideration. If this is successful
the model allocates the available excess power, using a brute force
approach, to determine the operation schedule that minimises the
hydrogen storage requirement while maximising the total mass of
ammonia produced (see ESI, Note 4).

Having checked energy and mass continuity and scheduling,
the production process and its operation are costed and the
total mass of ammonia produced calculated. Using a dis-
counted cash flow and the ammonia mass produced, the LCOA
is then calculated. The model subsequently considers another
99 chromosomes, every generation converging on an optimal
solution.

While building on prior work presented in ref. 13 and
retaining the specified average supply of 100 MW from renew-
able sources and not taking economies of scale into account
when costing, this paper incorporates notable developments to
the method, technical constraints and economic considerations/
assumptions. The method for finding the optimal design of the
ammonia plant and the mix of renewable power sources has
changed from a brute-force approach to use of a genetic
algorithm (outlined in ESI,¥ Note 1). The allocation of power
has also changed from a prescriptive function, whereby any
specified amount of energy was always allocated in the same
proportions to the components, to a brute force approach that
re-allocates power in order to minimise the hydrogen storage
size while maximising ammonia production.

Having selected a chromosome to consider, therein defining
the mix of renewable power and rated power of the plant
components, the start of the power allocation process is to
set the HB’s power to its minimum for every segment of time
(as defined in ESI,¥ Note 4), the ASU’s power to operate
stoichiometrically, the electrolyser any remaining power with-
out exceeding its rated power, and curtailing any remaining. At
this point if there is not enough hydrogen to meet demand (for
ammonia production and cannibalised for energy) then the
chromosome considered is not viable. Otherwise, there is an
unnecessary excess of hydrogen produced. The range of time
over which power needs to be re-allocated is determined by first
finding the ¢ when the minimum cumulative net hydrogen
production is, and after that ¢ when the maximum is; power is
re-allocated over this rage of segments. The five power re-allocation
methods below are used to re-allocate power over the time range,
until there is no power left to allocate:

(1) Pcurtait and Py, — Pug/asu

(2) (Petec = Price stoic) and Puz — Pupjasu

(3) Petec = Pupiasu

(4) (PElec — Pgjec Stoic) — Pcurtail

(5) Pgiec = Pcurtail

Using constant specific energy consumption (see ESI,f
Note 3), these power vectors are translated to mass flow vectors.
Having calculated the size of the hydrogen storage and the
rated power of the hydrogen fuel cell the entire process is
costed. First, to enable costing of the electricity curtailed and
consumed by the production processes, the LCOE is calculated
from location specific installed capital cost per unit power,"”
the energy produced*® (ESI,+ Note 2) and the relevant, depending
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on the corporation involved, discount factor (ESI,f Note 12)."°
Combined with linear cost functions for capital expenditure
(CAPEX) and the other costing assumptions (ESI, ¥ Note 3), the
capital and operating costs of every component are calculated for
every year of operation. To calculate the LCOA, the time value of
money is taken into account with respect to both the costs and
the ammonia produced (eqn (2) where ¢ is the year and r is the
discount rate).

With the objective function of the genetic algorithm to
minimise the achievable LCOA the model calculates the LCOA
for each chromosome in that generation prior to populating the
next generation of chromosomes to consider in order to converge
on the optimal solution of process design for that location. In
concluding this optimisation, the model also outputs dependent
variables such as the levelised cost of electricity (LCOE), fraction
of energy curtailed, the load factor of each process, hydrogen
storage size (e.g. ESI,T Note 14), energy and mass flow profiles for
each process.

T CAPEX, + OPEX,
12) (147
LCOA = — 2
MINH;
=0 (1 + V)I

Calculations

To identify the impact of geographical location on the system
design of islanded green ammonia production and the achiev-
able LCOA, the model was used to consider 534 locations in 70
countries (Fig. 1) for two scenarios: present production and in
2030. With the majority of the production components being
extremely mature, their costs have been held constant. How-
ever, this is not the case for the renewable power nor the
electrolyser. Extrapolating from the exponential trend during
the 2009-18 period, the equivalent of a —4.5% and —8.9%
CAGR in the global LCOE minimum for wind and solar PV
respectively, the achievable LCOE for each has been calculated
for the 2030 scenario. Whereas, the electrolyser CAPEX is
predicted to fall from $700 kW '2°2 to $344 kW '.>* The
LCOE for the wind and solar resource has been calculated for

® Latin America &Caribbean
Sub-Saharan Africa ® Northern America

® Eastern Asia @ Southern Asia
B South-Eastern Asia Ml Western Asia

Europe

Northern Africa

Oceania

Fig. 1 The 534 locations considered grouped by geographic region.
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each location considered using the installed CAPEX, calculated
OPEX (ESL Note 3, Table 2) and the amount of energy produced
over the installation’s lifetime.

In both scenarios, the cost of production is considered for
both a domestic and a multinational company. For the domestic
company, the discount factors used are country specific: the renew-
able electricity production using a discount factor for utilities and
the components of the ammonia plant' (ESI, Note 12). To ensure
that the discount factors were reliable the LCOE achieved for each
location was cross-referenced against LCOE tender bids and indus-
try estimates by country. For the multinational corporation the
discount factors were set to the lowest currently obtainable from
the national dataset: 3.33% for renewable electricity components
and 7.14% for the ammonia plant.

In addition to the 2019 location dependent and independent
cost estimates (ESI,T Notes 3 and 12) the model was provided
with wind and solar power profiles for each location, calculated
from a representative year of wind speed and global irradiance
data with hourly resolution for each location'® (ESI, Note 2).

Results

Current (2019 estimate) viability of islanded-production of
ammonia from renewable power

As shown in Fig. 2a, the achievable LCOA for multi-national
companies has a range from $473 t ' to $2464 t ' with a
median of $962 t~' and 12 locations below $600 t™*. The best
location of each geographic region, while having notably different
LCOA are all, barring South-Eastern and Western Asia, below the
$720 t~' maximum spot price. Whereas, for a domestic corpora-
tion (Fig. 2b) this increases to $487 t '-$2984 t ' with a median
of $1057 t " and 5 locations below $600 t . Prediction of the
optimal decision variables to minimise LCOA is highly location
specific, but the optimal LCOA for the multi-national companies
has a strong (2nd-order exponential) relationship with the

5 1200 %
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supply capacity factor (with an R*> of 0.7132). When discount
factor is set constant across all of the locations (i.e. multi-national
corporation Fig. 2a), the most favourable locations are those that
have excellent wind resource that results in a high electrolyser and
HB capacity factor, and manage the required plant flexibility
predominantly through a hydrogen buffer and not through
curtailment. Of the other locations, only those with excellent
solar resource and low installation cost (e.g. New Delhi, India
with 1957 supply FLH and $661 kW' facilitating an LCOA
of $638 t' or Dakar, Senegal with 2000 supply FLH and
$805 kW' with an LCOA of $661 t~ ') are able to compete with
the inherently lower FLH achievable in a more solar dependent
process. More specifically, these solar dependent locations are
able to achieve these LCOA estimates, despite having a lower
supply, electrolyser and HB load factors, by having to manage
less seasonal power variation and using the low LCOE to be
more dependent on curtailment (rather than on a hydrogen
buffer) to provide the required process flexibility. Therefore,
despite increasing the cost of curtailment and electrolyser
CAPEX (due to the required oversizing), the electrolyser OPEX
and hydrogen storage costs are reduced.

As expected due to its energy consumption per unit mass,
significant CAPEX per kW rated power and an important
method of process flexibility as part of the hydrogen buffer,
the cost of hydrogen production, as shown in Fig. 3a, is the
dominant cost in this process in 2019. Electrolyser CAPEX and
OPEX accounting for between 58.2-71.4% of the total cost in the
best 10 locations by region. Those locations are predominantly
solar dependent and (as explained above) are responsible for the
upper range of the proportion of total cost due to curtailment
(0.1-13.0%) and the electrolyser rated power oversizing above the
stoichiometric requirement (3-102%). While the selection of the
RE employed, the design of the plant and its operation are highly
specific to the location considered, some general conclusions can
be drawn from the 2019 simulations. Locations with favourable
wind resource commonly choose to, at least in part, use it (aside

Northern Africa

Sub-Saharan Africa

Latin America and the Caribbean
Northern America

Eastern Asia

South-Eastern Asia

Southern Asia

Western Asia

Europe

o Oceania

~=--Maximum Ammonia Spot Price
----Mean Ammonia Spot Price

- Minimum Ammonia Spot Price

e memo o0

Levelised Cost of Ami

100

I 1 L 1 ! ! 1
2500 3000 3500 4000 4500 5000 5500
Electrolyser Full Load Hours Equivalent (FLH) [hours at rated power]

0
2000 6000

Fig. 2 2019 Scenario — Range of the optimal achievable LCOA and the respective electrolyser full load hours equivalent (FLH) grouped by geographic
region for a (a) multi-national and (b) domestic corporation. Benchmarked against the maximum, mean and minimum of 2000-2019 NOLA, Black Sea,
Middle East, Western Europe and US Tampa ammonia spot prices (720, 426 and $165 t~* respectively).! Estimates above $2000 t~* are not presented due

to prioritisation of lower estimates.
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Fig. 3 The components of the LCOA for the 10 locations with the lowest LCOA estimates by region: (a) 2019 scenario for multi-national corporation and
(b) for domestic corporation; (c) 2030 scenario for multi-national corporation and (d) for domestic corporation.

from the competitive LCOE) predominantly because it minimises
the process flexibility requirements that, at extra cost, need to be
designed for and operationally managed. The optimal plant
design for solar dependent locations often has much larger
electrolyser, HB and ASU rated power relative to the rated power
of the supply.

Currently the achievable LCOA, in agreement with the lowest
estimates from literature,'® even at the best locations consid-
ered are greater than the mean 2000-2019 spot price. Even with
the implementation of a $50 t~' CO, carbon tax, conventional
production by SMR would only need to achieve an LCOA of
$393 t™* to be cheaper than the best location considered. This
is readily achievable at many locations particularly given the
impact that shale gas has had on LNG prices.

The change in the achievable LCOA shown in Fig. 2a and b
due to the corporation involved on the project shows that
financing is an additional barrier to implementation even for
the most favourable locations, i.e. those dependent on excellent
solar resources with 2500-3000 electrolyser FLH. Fig. 3a and b
clearly identify other locations with the 10 lowest LCOA estimates
by region facing a financing barrier despite their excellent RE
resources. Furthermore, when not dominated by a single country

This journal is © The Royal Society of Chemistry 2020

(e.g: Japan in Eastern Asia, and India in South Asia) these Figures
also show how the change in financing affects each location’s
relative viability.

While there is the expected strong correlation of the LCOA
with the process’ achievable levelised cost of hydrogen (LCOH)
and the HB load factor, there is variation due to the requirement of
the process, in both design and operation, to be flexible in order to
manage the intermittency of the RE profile. The quantification of
this for both the average of the 10 lowest LCOA estimates by region
and all 534 locations can be seen Fig. 4a and b. The comparison of
the actual results for each location against the LCOA achievable
with an ideal power profile (ESL Note 6) showed that even for the
best locations the LCOA is 56% greater than the ideal (63% greater
for all locations considered). The dominant components of this
increase are largely expected: those required for a hydrogen buffer
(i.e. electrolyser CAPEX due to oversizing) or curtailment of power.
However, the electrolyser OPEX being greater (in spite of the
smaller rated power, due to the electrolyser having an 100% load
factor) and, particularly, a larger amount of ammonia produced in
the ideal scenario are also significant.

Using renewable power in its production and having very
favourable technical and chemical characteristics, the green

Energy Environ. Sci., 2020, 13, 2957-2966 | 2961
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Fig. 4 Cost of the required system flexibility for a Multi-national corporation: (a) mean of the lowest 10 LCOA estimates in the 2019 scenario, (b) mean of all the
534 locations in the 2019 scenario, (c) mean of the lowest 10 LCOA estimates in the 2030 scenario, (d) mean of all the 534 locations in the 2030 scenario.

ammonia produced could be used for renewable energy
storage. However, in the 2019 scenario even when using the
LCOA at the best location the LCOE for this process would be
$374 MW h™'. Even with its potential to store large amounts of
energy seasonally, this is currently uncompetitive against gas
peaker plants at $152-206 MW h™*.*

2030 viability of islanded-production of ammonia from
renewable power

By 2030 the predicted decrease in the achievable LCOE for both
solar PV and wind, combined with the reduction in electrolyser
CAPEX per kW rated power can be seen to dramatically reduce
the achievable LCOA of all locations. The LCOA for multi-
national companies, as shown in Fig. 5a has a range from
$310 t ' to $1736 t ' with a median of $457 t " and 36 locations
below $350 t . The LCOA for the best location of each geo-
graphic region are below $364 t ' significant when benchmarked

1

000

950 -

900
850
800
750
700
650
600
550
500

400
350
300
250
200

against the $420 t ' mean spot price for 2000-2019. For a domestic
corporation (Fig. 5b) this increases to $298 t ' to $1983 t ' with a
median of $502 t ' and 11 locations below $350 t .

Comparison of Fig. 2a and b against Fig. 5a and b highlight
that while all locations have an improved LCOA, solar dependent
locations have largely “caught-up” with the wind dependent
locations that were dominant in the 2019 scenario. Moreover
those locations with good solar and wind resource have over-
whelmingly increased their proportion of renewable power met
by solar PV. This combined with both of the significant costs of
plant flexibility (LCOE and electrolyser CAPEX) also decreasing
has led to a compounding impact on the reduction of LCOA: the
cost to both mitigate and manage the plant’s flexibility require-
ments has reduced. This combination of factors has led to a
considerable change in the optimal plant design for the majority
of the best locations and the average percentage of energy curtailed
for the best locations by region increasing from 11% to 17%.
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While a small number of locations have changed in the
lowest 10 LCOA estimates by region, the majority have remained, if
not always in their original regional ranking. Comparing Fig. 3a
and c, while the electrolyser CAPEX and OPEX are still a significant
proportion of the overall cost, their importance has now decreased
and accounts for between 44.3% and 64.7% of the total cost in the
best 10 locations by region. The HB synthesis CAPEX, despite a
reduction in its average rated power, is a greater proportion of the
total cost because cost per unit rated power has not changed.
Curtailment, despite being cheaper ($14 MW h™' on average for
the best locations in 2030 compared with $38 MW h™" in 2019),
is also a greater proportion of total cost due to its increased use
for flexibility.

Benchmarking the achievable LCOA predicted by 2030 for
islanded green ammonia against the 2000-2019 spot prices (or
against the ISPT’s LCOA estimate of $331 t '-$386 t ' for
conventional production®*) shows that this process has significant
potential to compete with conventional production methods. The
implementation of the previously considered $50 t * CO, carbon
tax in this scenario would mean that conventional production
methods would have to achieve an LCOA of $220 t™*, $160 t™*
and $130 t~* for SMR, coal and fuel oil (assuming 1.6, 3.0 and
3.6 t CO, (t NH;3) ') respectively. This CO, carbon tax analysis
has been duplicated for the best location in each country with a
$25 t7%, $50 t %, and $75 t " in 2019 and 2030 (ESL} Notes
24 and 25 respectively).

While not as clear in Fig. 5a and b, Fig. 3c and d show that
even with the reduced costs, there is still a barrier to implementa-
tion due to financing at some of the most favourable locations.
While the magnitude of the impact on the achievable LCOA due to
different financing costs is smaller than in the 2019 scenario, its
proportional impact has remained relatively constant.

Comparison with Fig. 4c and d show that even with lower
LCOE and electrolyser CAPEX, estimation of the LCOA using an
ideal power source when considering islanded production is erro-
neous. For the best locations the LCOA is 77% greater than the ideal
(91% greater for all locations considered), an increase comparable
with the 2019 analysis. While the dominant components of this
increase are the same as those identified previously (those required
for a hydrogen buffer and curtailment of power), their magnitude is
different due to the changes in plant design and the favouring of
power curtailment for flexibility.

The use of ammonia for energy storage produced in 2030 is
much more promising. At the best location, the LCOE for this
process will be $268 MW h™". sStill $62 MW h™" greater than the
most expensive gas peaker plants at the moment.>® To be cost
competitive a carbon tax of at least $80.81 t ' or increasing its
use from once to over six times a month is required.>®

Discussion

This analysis, its results and conclusions are relevant to all
stakeholders, particularly academia, industry and policymakers,
as they provide a better understanding of the economic viability of
green ammonia production thereby informing future decisions.

This journal is © The Royal Society of Chemistry 2020
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This analysis has shown that the green production of
ammonia, even using an islanded production process, will be
highly competitive with conventional production by 2030 in
every geographical region considered. This, combined with our
dependence on synthetic nitrogen fertiliser, predicted popula-
tion growth and the current amount of CO, emissions attribu-
table to production makes electrolytic ammonia production an
excellent commercial and environmental opportunity. What
remains to be seen is if private and public stakeholders take
actions to accelerate the timeline and seize the economic and
societal benefits sooner rather than later. However, how can the
competitiveness, scale-up and implementation of this process
to replace conventional production be accelerated? For many
locations, the reduction of LCOE and electrolyser CAPEX
(as shown in the 2030 scenario) will be strong enough drivers
by themselves and therefore any incentives to accelerate these
reductions in cost are the priority. At other locations (even with
comparable RE resources) there are financing barriers that need to
be overcome, either by multi-national corporation involvement or
by government incentives to reduce the cost of capital.

In some countries, limited affordable supply will also be a
key driver. Of the ten largest ammonia importing countries in
2016,” nine were considered (Taiwan being the exception). Of
these, five are predicted to have a location able to produce
ammonia with a LCOA at less than the mean 2000-2019 spot
price ($426 t ') by 2030, with South Korea (Mokpo) and Turkey
(silifke) only narrowly missing ($433 t ' and $432 t ' respectively).
A good example of a country with significant demand and
considerable potential for green production is India. Previously
identified as a country with many favourable locations for green
ammonia production (with a minimum of $338 t * at New Delhi
and nine locations considered below $365 t ' by 2030 facilitated
by excellent solar resources) and one of the second largest market
for nitrogen based fertiliser consumption.® This demand (currently
17.4 Mt p.a., 81% of which is urea®) is met by: importing 16% and
23% of India’s total ammonia and urea stock;> importing natural
gas feedstock to support indigenous production; and setting the
maximum retail price of urea (currently at INR 5360 t '/
$74.49 t ' resulting in INR 349.9 B/$4.87 B and INR 133.6 B/
$1.86 B budgeted in 2018-2019 for indigenous production and
imports respectively*®). The improvement of security of supply by
capitalising on the excellent solar resources using a green ammonia
production process rather than focusing on coal gasification®”® will
not only be significantly more sustainable but also more economical
(depending on date of implementation and coal subsidies).

Sub-Saharan countries predominantly have micronutrient
deficiencies.?® In the case of nitrogen this is largely due to the
price of synthetic fertilisers being prohibitively high. The
average price of urea for example in December 2019 (whose
cost in USD can be simplistically estimated as (LCOA x 0.58) +
9 +22%%), ranged from $359 t ' in Nigeria to $575 t ' in Malawi
with the majority of countries (barring Nigeria and Ghana)
being towards the upper end of this range. Kenya, Senegal and
Zambia are good examples, with urea prices in December 2019
of $480 t™', $516 t " and $543 t™ ' respectively.’’ While the
2019 and 2030 LCOA estimates for ammonia production
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($480 t™*, $516 t ' and $543 t ' in 2019 and $480 t ', $516 t "
and $543 t™' in 2030 respectively) compare favourably against
these prices using the simplistic urea estimation, it should be
noted that despite being lower than current prices this does not
account for the fact that it is unclear what price is required
before it is widely affordable.

Despite assuming perfect forecasting of the available power
and constant specific energy consumption of all processes, the
estimates of the achievable LCOA provided here are still likely
to be conservative. There are four main reasons for this: the
locations selected were chosen because of their reliable data
and geographical spread rather than because those locations
had the best renewable energy resources (e.g. only considering
one location, Casablanca, in Morocco); this analysis does not
take into account transmission of power (thereby enabling the
utilisation of renewable resources nearby that have a more
favourable power profile, such as geothermal generation); the
secondary revenue streams from the sale of oxygen, argon
(byproduct from the ASU), and excess hydrogen that could be
produced were not considered; and the possibility of semi-
islanded production that would not only mitigate the costs of
flexibility (specifically electrolyser oversizing, hydrogen storage
and curtailment) but also enable a greater HB load factor and
thereby production of more ammonia. The combination of
these factors, in spite of any additional cost for the grid power,
would see the LCOA tend towards the “ideal” shown in Fig. 4.
However, particular caution should be given to whether it is
prudent and practical to consider semi-islanded production.
For some locations connection to the regional/national grid is
not a viable option and in others the grid is not dependable
enough. If the supporting power network is highly fossil-fuel
dependent, then this has the potential of eliminating the
emissions benefits by becoming an inefficient method of
ammonia production, ie. if the process is highly dependent
on the grid, and the grid in turn is dependent on CCGTs, the
overall process would be an electrified but greater CO, emitting
version of SMR based production. Alternatively, if the power
network has significant RE penetration with a similar capacity
mix (ie. wind/solar PV) installed in close proximity to the
ammonia production process, then the power fluctuations
may be very similar thereby limiting the benefits of a grid
connection. When the ammonia process has excess power this
will have to be curtailed rather than exported to the grid, and at
low input power it would worth considering importing from the
grid when electricity spot prices are at their lowest.

For islanded production alone, and excluding the previously
mentioned methods of LCOA reduction such as transmission of
power, Fig. 3 and 4 show that there will be a significant
reduction of LCOA and can be used to indicate at least how
far further LCOA reductions are viable depending on individual
assumptions. While the key costs of electrolyser CAPEX and
LCOE have the potential to drop even further than the values
used in the 2030 scenario (due to even greater improvements
technological efficiency and reductions in cost), others such as
the HB CAPEX are unlikely to get much smaller due to the
technology’s maturity.
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Conclusions

In calculating the optimal plant design, renewable power sources
employed and the operation schedule to minimise the achievable
LCOA for 534 locations in 70 countries for the islanded production
of ammonia, we have six important results. The range of LCOA
achievable currently and predicted for 2030 by country and
geographic region; the components of LCOA; the impact of
intermittency on the LCOA and plant design; locations where
financing is a barrier to implementation; the scope for future
cost reductions; and therein the cost of power-to-ammonia-to-
power energy storage.

Our findings show that while current islanded production of
ammonia is not competitive with conventional (fossil fuel
dependent) methods, by 2030 numerous locations, both solar
and wind dependent, will be achieving a LCOA below $350 t™ .
The best location considered will fall from $473 t™* to $310 t ™,
and compared against locations with favourable wind resources,
solar dependent locations will be significantly more competitive
in 2030 than currently.

As expected, the production of hydrogen (electrolyser CAPEX
and OPEX), due to its high specific energy consumption and
capital cost per unit power, is currently a significant component
of the overall cost. However, previous analyses have not consid-
ered the compromise between the two methods of flexibility: a
hydrogen buffer (on which the electrolyser CAPEX and OPEX are
dependent) and curtailment of energy. The importance of
electrolyser CAPEX and OPEX has thus been shown to be
dependent both on the renewable mix employed, the best
combination to achieve the process flexibility required and the
scenario considered (present day or 2030).

Despite its importance, simplistic use of the electrolyser
CAPEX and the achievable load factor (i.e. therein OPEX) to
estimate the achievable LCOA for a given location while providing
a rough solution, will be overly optimistic as it does not account
for the cost of plant flexibility required. As shown by this
research, if an LCOA is estimated by these methods an LCOA
scaling factor (ESL,t Note 11) of at least 1.56 needs to be taken
into account due to the cost of process flexibility required. This
disparity between a simple estimation and an actually achievable
LCOA has been shown to widen in future estimations.

Specific countries, particularly in Northern Africa, have been
identified, despite their excellent potential to achieve low
LCOA, to currently and in the future have financial barriers to
implementation without the intervention of a multi-national or
government assistance to reduce the financing costs.

As for the scope of future cost reductions, the key cost
variables that have potential to continue to fall, the electrolyser
CAPEX and LCOE, have been identified and their impact can be
calculated.

Finally, with the currently achievable LCOA, ammonia’s
potential as an economically viable energy storage method is
presently unfavourable even in the best locations ($374 MW h™).
However, by 2030 it is a much more favourable prospect at
$268 MW h™ . Greater utilization, a carbon-tax or semi-islanded
production would improves its competitiveness even further.

This journal is © The Royal Society of Chemistry 2020
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To improve on the accuracy of the model future work should
relax the assumptions of perfect weather forecasting of avail-
able power and constant specific energy consumption of all
processes. To enable additional accurate valuable insights to be
gleaned, the technical and economic assumptions (ESL, T Note 3)
should be updated regularly and more detailed weather data be
secured (providing a more representative and more intermittent
dataset than a representative year), both location and resolution
of input data could be improved. Specific to the investigation,
and importantly the viability at the location being considered,
and the impact of semi-islanded production, sale of oxygen and
excess hydrogen and power transmission on the optimal process
design and LCOA will also provide valuable insights.

Despite these key findings there are still limitations to this
analysis that can be pursued as further work. The work presented
here does not consider the uncertainty of the RE sources. This
would increase the plant’s required flexibility and be highly
specific to location and the RE sources employed. The operation
& maintenance is considered here as a fraction of CAPEX per
annum instead of being specific to location. When constructing a
shortlist of locations to investigate further, considerations such
as water scarcity (while costed for in this analysis) could be
significant (e.g. Jodhpur in India, despite having a predicted
2030 LCOA of $340 t™* has significant water scarcity).
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