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Green ammonia is a promising derivative of hydrogen with the capability to decarbonise the fertiliser and maritime in-
dustries, and to supplement clean energy supply in nations where renewable energy potential cannot satisfy demand.
However, green ammonia production requires significant hydrogen and electricity storage infrastructure in order to con-
vert variable renewable energy supply into a stable production process, which can meaningfully increase project costs.
Here, we explore how a connection to the electricity grid may reduce these additional infrastructure costs. While previous
authors have considered green ammonia plant optimisation without a grid connection (islanded production), or a grid
connection with a fixed electricity price, this work considers the possibility of using both variable renewable energy and
variably priced grid electricity for a large number of locations. Using Australia as a case study, we use a MILP model to
optimise the production cost of green ammonia at a 1° spatial resolution, where the model can both buy and sell electricity
from the grid if the connection costs are economically justified. The minimum Levelised Cost of Ammonia (LCOA) achiev-
able when a grid connection is possible is almost 11% lower than if no grid connection is used, which amounts to savings
of 2.5 USD/GJ. Benefits from the grid are most significant in the state of Tasmania; although it does not have the cheapest
power on average, it provides the best opportunity for green ammonia plants to exploit low prices when they occur. We
demonstrate that where an ammonia plant is both a consumer from and supplier to the national electricity network, it is
robust to price fluctuation in the grid. Although no Australian electricity market is yet decarbonised, only a small fraction
of total power supply for green ammonia production (< 15%) comes from the grid, meaning that production using a semi-
islanded approach can still be considered green in most Australian locations; in some cases, where power is sold back to
the grid, the emissions avoided from electricity sale may be larger than the emissions generated from electricity purchase.

1 Introduction

The energy systems of many nations require large scale transport of fossil fuels to supply primary demand. As these
nations transition towards net zero carbon emissions by the middle of the century, there may be some trend towards local
energy generation; however, to a significant extent, importing of energy will remain necessary to continue to meet local
demand in some countries.2 Green ammonia is well-positioned to act as a vector which can supply this demand - because
it is significantly more energy dense than green hydrogen and other forms of energy storage, it enables renewable fuel to
be shipped large distances at comparatively low cost. >

For those reasons, many countries with a high-quality renewable resource are investigating the establishment of very
large green ammonia facilities for international export. Australia is one such nation: it has (i) a reliable wind and solar
resource, (ii) an abundance of available land, and (iii) is strategically located close to Japan and Korea, who have flagged
their intention to import green fuels like ammonia. However, the nascent Australian industry faces competition from other
global green ammonia producers such as Morocco, which may be able to produce at a lower cost because of a superior
resource”, and lower project costs.©

One previously unexplored strategic advantage for Australia’s green ammonia industry is its access to a reliable elec-
tricity network. Green ammonia production requires significant energy storage investment in order to maintain stable

operation of the Haber-Bosch ammonia synthesis loop, which can increase costs by up to 40%%; it may be possible to
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reduce the size of that energy storage if a grid connection can be exploited to supply back-up power when needed. This
’semi-islanded’” approach therefore has the capacity to both reduce costs and reduce the operating risks posed by relying
on batteries or hydrogen fuel cells for back-up supply. By contrast, ’islanded’ production must rely on only solar and wind

energy for power supply, which may pose challenges during extended periods of cloudy or still weather.

Many authors have estimated the cost of green ammonia or hydrogen production, although the optimisation approach
used is not always rigorous. For instance, the Hydrogen Economic Fairways Tool developed by Geoscience AustraliaZ®
estimates the NPV of producing green hydrogen at all locations in Australia, and considers the role of other infrastructure
in the cost estimation. However, it simplifies the renewable energy profile down to a simple estimation of load factor,

rather than optimising the size of all equipment based on the time-varying profile of the renewable source.

For authors who had a more robust approach, in the case of islanded production, techniques for optimisation include
brute-force optimisation and genetic algorithms®, although the most common approach is a mixed-integer linear program
(MILP) model which was used to design islanded green ammonia plants by Osman et al.1 and Fasihi et al.” Palys and
Daoutidis! used an MILP model to optimise the design of energy systems in 15 US cities; however, the model was designed
to use ammonia and other technologies to supply demand for electricity grids, as opposed to understanding how variable
grid electricity prices could minimise the production costs of ammonia. Similarly, Beerbiihl et al.12 used the electricity
grid to power ammonia production, but used only grid electricity, and did not also consider the role of on-site renewables
or power storage. Pan et al.1® also consider the use of the grid for green hydrogen production in China; however, their
model does not include wind energy, ammonia generation, variance in renewable energy potential at different locations

within the provinces they model, or an option for the plant to both buy and sell grid electricity.

This research also uses an MILP model; however, it extends on previous work by including consideration of (i) the
capital costs of grid connection at a large number of locations in Australia, and (ii) the variable retail price of electricity

which can be used to supplement onsite power generation.

Connecting a green ammonia plant to the grid is not only useful as a cost reduction strategy; in the future, sector cou-
pling between a green ammonia export industry and domestic electricity markets may simplify the challenge of achieving
local grid stability. Green ammonia plants must typically curtail some electricity because renewable equipment is oversized
during the design process; if peak grid demand coincides with periods when those ammonia plants have an oversupply of
power, it would be better to supply the grid with the excess electricity, rather than curtailing. We explore this opportunity

in the model by allowing the ammonia plant to act as both consumer and supplier in the national electricity market.

Wang et al.'¥ report that if a carbon-intense electricity grid is used to produce electrolytic ammonia, then its associated
emissions may exceed those of steam methane reforming. However, they did not consider a case in which electricity grids
provide back-up power, and therefore only represent a small fraction of total project electricity. Additionally, some Aus-
tralian states have electricity grids with very low carbon intensity. We include consideration of effective carbon emissions

in our assessment of semi-islanded production.
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2 Methodology

This section outlines the development of a model that optimises the production of green ammonia, including a grid
connection where appropriate. The key inputs to the model, the model variables, the list of sets and the list of parameters
are provided in the supplementary material in Tables [3]to [6]

The goal of the optimisation model is to minimise the levelised cost of ammonia. The levelised cost of ammonia is the
price at which ammonia must be sold in order to achieve a net present value of zero for a given plant lifetime and discount
rate. It is calculated from:

CRF ) CAPEXc+ ) OPEX,
CeSc 0€So

F

LCOA = (D

where S¢ and Sy are the set of all plant components with a CAPEX and OPEX requirement, and F is the annual
production of ammonia in tonnes. For the general case of this model, F is set to 1 MMTPA, which is the size of existing

large industrial ammonia plants. CRF is the capital recovery factor, calculated from:

i(1+i)PE
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(2)

where i is the discount rate and PL is the plant lifetime. A default value of 7.5% is used for the discount rate in this
work, consistent with modelling from CSIRO.!.> A plant lifetime of 30 years is assumed. Unless otherwise specified, all
costs in this analysis are reported in USD; where data is provided in AUD, a conversion rate of 0.7 AUD/USD is assumed,
which is the approximate long-term average value.1°

The model inputs and operation are summarised in Figure[l} The model imports power data from two sources: weather
data is obtained using the ERAS database, and grid data is available from the Australian Energy Market Operator (AEMO).
The model then compiles the data into a useful format, which also requires information relating to equipment CAPEX and
performance. The optimisation model itself then designs an operating green ammonia plant. Green ammonia production

SUZAI2 which should be consulted for a detailed explanation

has been described in detail in a number of publications
of each system component. The plant considered here uses electricity from any of the three power sources to (i) run a
water electrolyser which produces hydrogen, (ii) charge a battery, and/or (iii) operate the Haber-Bosch (HB) loop and
air separation unit (ASU), which together produce nitrogen and then react it with the hydrogen from the electrolyser to
produce ammonia. In order to maintain stable operation of the Haber-Bosch loop, the model includes hydrogen storage

and back-up power, which can be supplied by discharging the battery, or from a hydrogen fuel cell. The optimised solution

at a given location will sometimes exclude one or more of these components depending on the input data.

2.1 Input power data

Wind and solar data is sourced from the ERA5 database, which estimates a range of parameters relating to historical

weather data at hourly frequency on a 30 km grid.%? For this study, only locations on land were considered with a
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Fig. 1 Schematic demonstrating operation of ammonia production model. Boxes in dark blue represent input data to the model; boxes
in orange represent processes carried out by the model; the green box is the model output.

spatial resolution of 1 degree. Using the Python PVLib and the curve for a Vestas 3MW wind turbine, these weather
data were transformed into hourly energy production in MWh per installed MW of solar PV module and wind turbine
respectively. The model imports weather data from the same year as the grid data which it is considering. Because
hydrogen electrolysers typically use DC power, the DC power output from solar cells was used, which is more efficient; the
potential CAPEX implications of doing so are discussed in Section [2.2}

Australia has six major electricity markets. The East Coast markets - which include South Australia (SA), Victoria (Vic),
Tasmania (Tas), New South Wales (NSW) and Queensland (QLD) - are correlated by virtue of interconnectors between
these markets. The West Coast market - which includes only Western Australia (WA) - is entirely independent. AEMO
provides historical data describing the demand and retail price of grid electricity in each of these markets on a half hourly
basis?l; these prices and demands were averaged in order to convert the data to an hourly frequency, so that it would
match the weather data.

In order to select the most suitable grid connection point, the minimum distance between a nominated location and
Australia’s electricity grid was calculated. GeoPandas data listing all major Australian electricity transmission lines was
obtained from the Australian Government.?223 Transmission lines that are not part of major electricity grids were excluded
(e.g. microgrids which supply power to rural mines, and the Darwin-Katherine interconnection); it was assumed they
would not have the capacity to supply an adequate amount of demand to green ammonia plants. The minimum distance
is always used in the model, even if it causes a location to connect to a grid which is in a different state; if that occurs,
the model uses the electricity price from the state in which there is a connection to the grid, rather than the state in
which the plant is located. While it is possible that the optimum price may sometimes be obtained by connecting to a
more distant electricity grid in a state with a more complementary power profile, it is expected that this will be a very

rare occurrence given the cost and inefficiencies of long-distance electricity transport. Allowing the model the flexibility
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to select the optimal electricity grid would have significantly increased solving time, and thus this option was discarded.

In addition to the retail price, electricity consumers will typically need to pay Transmission Use of System (TUOS) and
Distribution Use of System (DUOS) charges. DUOS charges are neglected in this analysis; because the proposed designs
connect directly to the transmission system, and include the cost of power line construction and maintenance, they do not
rely on power distribution systems. TUOS charges are set each year by state grid operators based on the costs required to
maintain the electricity grid. Different users are charged in different ways depending on the nature of the grid contract.
On an energy basis, charges are typically in the order of 10 AUD/MWh?242%; however, site specific costs can be negotiated
with state grid operators. The cost allocation is driven both by average supply and peak demand. Green ammonia plants
face two advantages in negotating low TUOS costs: firstly, they will typically only draw power from the system during
periods of low demand (when it is affordable to do so), and they do not therefore contribute to peak demand. Secondly,
new green ammonia plants represent an emerging Australian industry and therefore may merit government support. It
is therefore reasonable to expect that lower TUOS prices may be negotiable. A conservative estimate of 10 AUD/MWh is
therefore used in this analysis, but sensitivity testing is performed in which it is as low as 5 AUD/MWh.

Electricity can be transmitted at low or high voltage (IV or HV), and as a DC or an AC current. In general, power losses
in wires are lesser for high voltages and DC currents; however, these also have increased capital costs due to the additional
transformers required. In the context of green ammonia production, there are also advantages to DC transmission, since
electrolysers use DC power. In the model, efficiency losses in the line manifest themselves as an increase in the price of
delivered electricity. That is, if the losses in transmission reduce the power to the site by a factor of €, then additional
power needs to be purchased to make up for those losses, and the cost of power increases by a factor of £~!.

The model is run over a single year of operation at a time (considering more than one year is possible, but the time
taken for the optimal result to be found becomes very large as more data is added). The majority of analysis in this report

uses 2019 as a base consideration, as it represents average grid behaviour.

2.2 Equipment CAPEX

Much of the equipment included in green ammonia plants is relatively new technology, and as such, cost estimation can
be challenging. Solar and wind costs, for instance, are falling rapidly as technologies improve and economies of mass
production develop. Where possible, recent costs were sourced for major equipment, and sensitivity testing is included to
understand how cost variability may impact results. The costs of all equipment are linearised (i.e. are not a function of
equipment size), as required by the MILP model. This is reasonable for the majority of components in a green ammonia
plant, which are typically modular and therefore do not benefit from economies of scale. The exceptions are the HB loop
and ASU; however, at very large scales (i.e. 1 MMTPA and greater) required for export, economies of scale are unlikely
to make significant contributions to the cost of these components, because they are approaching the size of the largest
individual units globally,%” meaning duplication is required to increase production. We have provided a more detailed
justification for the linearisation of ammonia production costs available in earlier work.?® The costs of all equipment are

listed in the Supplementary Material.
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Solar PV and Wind costs were sourced from the IRENA database“”, which takes historical data from a large number of
projects in order to form estimates. Solar costs are provided explicitly for Australia; wind data is provided for the region of
Oceania. The sensitivity modifications applied to solar are larger than those applied to wind (+30% as opposed to +10%),
because (i) the price of solar panels is falling more rapidly than the price of wind turbines, and (ii) the removal of the

inverter from the solar plant may enable savings that have not otherwise been considered here.

Previous techno-economic analyses of green ammonia production have used a wide range in costs of electrolyser
modules; even international bodies such as Bloomberg=? and the IEA=! differ significantly in their estimates of electrolyser
CAPEX. However, the majority of authors use estimates between 600 and 1,000 USD/kW of installed capacity.® Here, we
use an estimate of 700 USD/kW®, and a large sensitivity range of +30%. Similar uncertainties surround hydrogen storage

and fuel cells; again, a large sensitivity range is used to understand the impact of these parameters.

Cost estimation for batteries is complicated by the need to estimate both the costs of energy storage in kWh and power
output in kW. Most authors specify costs independently for both equipment types®=2 although typically the power to
energy ratio may constrain design (since very fast discharge is not possible). Because this model is on an hourly time
scale, the maximum value of the power-energy ratio allowable in the model is 1 W/Wh (i.e. the fastest a battery can
discharge completely is one hour). Smaller power-to-energy ratios tend to be easier to achieve in battery design, so it is
not expected that the batteries in this design will be constrained by their power-to-energy ratio.“? The power and energy
components in this model can therefore be estimated separately. The cost of the power component (here referred to as
the interface) is estimated from Cesaro et al°#. The cost of the energy storage component is then back-estimated from the

actual cost of a recent very large battery installation in South Australia.>

The two phases of this South Australian battery project had significantly different costs; the first phase cost only 300
USD/kWh, whereas the second required 700 USD/kWh (at the same power-to-energy ratio). The first phase was the
subject of significant media attention - at the time it was the largest battery ever built - which may explain its unusually
low price. For this model, a cost of 500 USD/kWh is used as the base cost, but the range observed by the actual installed

battery (i.e. 300-700 USD/kWh) is used for sensitivities.

The costs of transformers and wires were provided by CSIRO12, and their efficiency of transmission is estimated from
EUS% and IEA®7 resources. In general, the CSIRO estimates that LV AC is the cheapest form of transmission for short
distances, HV AC is cheapest for medium distances, and HV DC is best over longer ranges. The disadvantage of HV DC
is that rectification and inversion are required at the supply and demand sites respectively, in order to take AC power
from the grid and return AC power to users. However, since the demand site uses mainly DC power, this disadvantage is
comparatively small, as inversion is not required at the terminus of the transmission line, and a rectifier is required at some
point in the electricity transmission, regardless of the technology used (note that, particularly if the plant makes dominant
use of solar, a small inverter may be required to supply AC power to the Haber-Bosch synthesis loop and ASU, regardless
of whether the grid connection is used; however, since these represent around 3% of installed plant power capacity, the

associated costs are likely to be negligible). When the costs of inversion are excluded, there is very little difference in the
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Fig. 2 Schematic showing the increase to the LCOA as a function of the electricity transmission distance in different wires, for an
electricity price of 50 USD/MWh.

costs of HV DC compared to HV AC in the medium distance, as shown in Figure [2| which assumes that 7.5% of power
used to produce ammonia comes from the grid at an average price of 50 USD/MWh (this usage and price are averages
from the base case). For that reason, the model will use a IV AC connection for distances of 30 km or less, and a HV DC
connection at long ranges.

One possible benefit of HV DC which is not utilised in this model is that HV DC lines tend to have higher capacities
than LV AC. The IV AC lines considered here have a maximum capacity of 175 MW, which is fairly small compared to
most HV DC lines.!” Larger capacities can also be used for IV AC lines, but at increased cost. In this model, imported
power is capped at 175 MW, which could theoretically supply around 12% of a plant’s power if utilised at all times.
Higher capacities are not allowed for two reasons. Firstly, supplying more than 12% of a plant’s power from the electricity
grid, which is not entirely decarbonised, may increase the emissions associated during production beyond the minimum
threshold at which ammonia can be considered green. Secondly, at demands greater than 175 MW, ammonia plants would
begin to become very significant consumers of grid electricity. In Tasmania, the smallest electricity grid, average demand
on the entire grid is only around 1125 MW (this does not include electricity exported to Victoria). This 175 MW limit on

the grid is discussed further in Section|3.3.1

2.3 Ammonia plant optimisation

The optimisation model is implemented in Python using the pyomo package. The Gurobi solver is used, which is available

for free under academic license.

There are twelve constraints imposed on the optimisation problem. These fall into two groups: capacity constraints
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and balance constraints. Capacity constraints ensure that equipment is sufficiently large to handle the power and material
flows they receive. Balance constraints enforce energy and mass conservation around various units in the model.

There are eight capacity constraints:

E(C7D7t)+ﬁ(C7D7I)+Y(C7Dv[)SGC(C) vCGSCWZ)GSDateSt 3)
K(SC,D,t) < Gsc(SC) VSC € Ss¢,D € Sp,t € S; 4
Z B(C,D,t) < oc(Battery) VD e Sp,t €8; (5)
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Yy, Di)<opc VDeSpieS, )
C
n(HB+ASU,D,t)+ B(HB+ASU,D,t)+y(HB+ASU,D,t) > Gyug,,, - 6c(HB+ASU) VD e Sp,t €S8, @)

— GHBgamp doun - ¢ (HB+ASU) <
(m(HB+ASU,D,t) — n(HB+ASU,D,t — 1))+
(B(HB+ASU,D.t) — B(HB+ASU,D,t — 1))+
(Y(HB+ASU,D,t) — y(HB+ASU,D,t — 1))

< GHBRampup 'Gc(HB +ASU) VDeSp,tes (8)

Y Z(R,D,1)-0r(R) > {(D,t)  VDeSpteS, ©)]
ReSk
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tes;

< XGrid
24Gdays (Tlm(UB) + Nour (UB))

(10)

Equation requires that the installed capacity of each component be larger than the total power provided to it at
all times. Equation requires that, for each storage component, the capacity available for storage be large enough to
contain the capacity demanded by the model at that time. Equations and (6) ensure that the total power provided by
the battery and fuel cell respectively is less than their capacity. Equation is rarely constraining to the model, as due to
inefficiencies the power flowing into the battery is typically larger than that leaving it (already constrained by Equation
@), but it is possible that at some times the demand on the battery will exceed what it has the capacity to supply, and the
constraint is therefore necessary.

Equations and account for the limited flexibility of the Haber-Bosch plant. The former ensures that at least a
fraction of the total power is provided at all times; enforcing a minimum power requirement also imposes a minimum

hydrogen supply through the hydrogen balance constraint (Equation below). The latter prevents very rapid ramping
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of the ammonia plant; different maximum rates are imposed on the ramp-down and the ramp-up, since ammonia plants
can typically ramp down more quickly than they ramp up (as per Fasihi et al.”). Note that in Equation (8), r — 1 is used to
indicate the previous time step; if r = 1, then the previous time step is actually given by D — 1 and ¢ = 24, which the model
will use to define the constraint. Similarly, when D =1 and ¢ = 1, the previous time step is the last day of the year with
t = 24, this eliminates the need to provide an arbitrary initial condition.

Equations (9) and enforce sensible behaviour of the grid connection. The first requires that the maximum elec-
tricity curtailed at any given time be less than the total energy produced from renewable electricity; without this limit,
the model will tend to import very large amounts of electricity from the grid when the cost of grid electricity is negative;
in reality this imported grid electricity cannot be curtailed. The second equation switches on the binary grid connection
variable x,;; if any electricity is imported from or exported to the grid; the denominator in the fraction is used to scale the
total electricity import so that it must be between 0 and 1, where 1,;,(UB) and 1, (UB) are the upper bound on the values
of those variables at every time step. Since switching x¢,;; on increases the plant CAPEX, the model will only switch this
variable on if the benefits from electricity purchase or sale outweigh the grid connection costs.

There are four balance equations; this is one fewer than the total number of elements in the set of flows, as the power

from the fuel cell is incorporated into the hydrogen balance. The balance equations are shown below:

GHour
CF (7, NHz) —2ours <n(HB+ASU,D,t)+ﬁ(HB +ASU,D,t)+Y(HB+ASU,D,t)) =F 11
24Gpays =3,
teS;
Y (Z(R,D,r)ch(R)> +Min(D,1) = §(D,t) = Y. 7(C,D,1) + Nous (D, 1) VYD e Sp,t €S, (12)
ReSg CeSe

K(Battery,D,t) = Gpischarge K(Battery,D,t — 1) + CF (m, B)m(Battery,D,t) — Z B(C,D,t) VD e Sp,t €S, (13)
CeSc

k(Hydrogen,D,t) = k(Hydrogen,D,t — 1) + CF (n,H>) [n(Electrolyser,D,t) + ﬁ(Electrolyser,DJ)] -
CF(n,NH-
CF(m,NH;) [Z(HB+ASU,D,t)+ B(HB+ASU,D,t)+ y(HB+ASU,D,t)| — CF (H,,y) Y ¥(C,D,t) VYD eSp,t €S,
CF(H,,NH3) CeSe
(14

Equation is a simple sum of all ammonia produced; it must equal the target production. It includes a factor of
ﬁ%&j‘x; this is equal to the fraction of uptime available to the plant, accounting for some time off due to maintenance.
This is a conservative estimate; actual plants will typically schedule downtime for an optimum period based on high grid
prices or poor outlook for renewable production, when production would be either low, or comparatively expensive.

Equation is the power balancing equation; it requires that the total input power (from the renewables plus the

grid minus curtailment) equals the total power to each of the components plus any power sold back to the grid. Equations

and are the balances for the battery and the hydrogen storage unit respectively. In both cases, the current
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storage on day D at time ¢ is given by the storage in the previous time step, plus any flows in minus any flows out. As for
the Haber-Bosch ramping constraint - Equation - the previous time step is represented by ¢ — 1 in this equation, but the

model will look to the previous day, or to the last hour of the last day in the dataset, as required, to maintain continuity.

Material flows of ammonia and hydrogen are represented in tons, and energy flows are represented in MW. Suitable
conversion factors CF are used to convert units between flows as appropriate. In the case of power to material flows,
the conversion factor represents the amount of product produced from 1 MWh of electricity (or vice-versa for material to
power flows). For material to material flows, the conversion factor is the stoichiometric ratio (e.g. 17/3 for H, to NH3).
For power to power flows, the conversion factor represents efficiency losses. In the case of the battery, a self-discharge

factor is also included to represent losses which occur from the battery over time.

2.4 CAPEX and OPEX calculations

Having sized the plant equipment, the model estimates the CAPEX according to:

CAPEX = )" (ogCostg) + Y. (ocCosic) + Y. (osCCostsc) + (0pCCostrc) + (XGriaCostria) (15)
ReSR ceSe scessC

where Costg,y is the cost of a grid connection, equal to the connection fee (which includes transformers and substa-

tions) plus the wire cost, which depends linearly on the distance between the grid and the plant.

The OPEX is calculated according to:

CF(H,0,H;)

—_— twF 'APEX 16
CF(HQ,NH3)C0SW + CostouC. (16)

G OUrs
OPEX = —Hours Z (nin(Y(Dat)+TUOS) noutY(Dat)> +
24GDays DESp
tes,

There are three terms in the above expression. The first accounts for the cost of buying electricity, and the revenue
from selling it back to the grid. The second term includes the cost of water, which is estimated on a per tonne basis
assuming desalinated water is required for such large productions. This model does not factor in a variable water cost at
different locations, although it should be noted that water costs are a very small contribution of total LCOA, and factoring
in that variability is unlikely to meaningfully impact results.” The final term is an operating and maintenance cost that is

estimated as a fraction of the CAPEX.

3 Results and Discussion

The model was run in three regimes: without any grid connection (i.e. where 7n;; = N, = 0 for all times); with a
grid connection that could only draw from the grid (the consumer-only case, where n,,, = 0 for all times); and with a
grid connection that could both buy and sell electricity from the grid (the consumer-supplier case, where the maximum

constraint on 1;, and 7, is dictated by constraints on the transmission lines).
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3.1 Consumer-only case

A heat map showing the LCOA at each location, as well as the fractions of grid electricity and wind electricity used in each

location, is shown in Figure 3| The results are shown for the base case year, which is 2019.
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Fig. 3 Heatmaps showing LCOA at all locations within Australia. Transmission lines are shown in red. (a) - Top left: LCOA in USD/.
(b) - Top right: Fraction of renewable energy provided by wind as a percentage. (c) - Bottom left: Reduction in LCOA compared to a
no-grid case. (d) - Bottom right: Fraction of total power provided to the ammonia plant from grid. Note for (c) and (d), locations without
colour are not connected to the grid.

An electricity grid connection is included in slightly more than 40% of cases. Whether a site includes a grid connection
is a strong function of its distance from a major transmission line. At distances less than 150 km, all sites included a grid
connection, while above 400 km, no sites included a grid connection; between 150 and 400 km is a transition region.
Compared to the average site, grid-connected locations use more solar PV, because the majority of Australia’s electricity
grid is concentrated on the east coast, which has a solar-dominated renewable energy profile. However, a considerable
number of sites with wind-dominated profiles (in Western Australia, South Australia and Tasmania) also connect to the
grid.

The main role of the grid is energy supply when not enough wind and solar power are available. Because of the

maximum capacity constraint on the imported electricity discussed in Section the grid cannot be the main supplier
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Fig. 4 Comparison of equipment size in grid and non-grid cases. The series of only grid connected sites excludes the 60% of locations
that are too distant from the grid for a connection to be economically efficient.

of electricity to the plant. This predominantly causes a reduction in the size of energy storage equipment. Figure [4]

demonstrates this point - comparing the cases with no grid to the cases with a grid connection, the majority of the

equipment in the plant is unchanged, or changes only by a small proportion; however, the cases with a grid connection

eliminate batteries entirely, and require about 25% less hydrogen storage.

The best site in Australia for ammonia production (both with and without a grid connection) is in Tasmania - the

grid connection enables a 3.3% reduction in its LCOA. On average, the sites which included a grid connection in the

consumer-only mode reduced their LCOA by 4.7%. A summary of the results by state is included in Table

Table 1 Summary of results by state for 2019. All data is grouped according to the state in which the grid connection is made (or would
be made, if the site does not have a connection), not the state in which the site is actually located.

Average Average :];]Se(fﬁl gtz Avergge Aver.age Number of Average
State . LCOA . LCOA with reduction in relagve . grid . hours dlstanfze to
without grid . reductionin  power price Y (D,r) <40 transmission
wspyy ~ 81d (USD/Y (éscg/‘:),. LCOA (%))  (AUD/MWh) AUD/MWh line (km)’
NSW 921 880 50 4.9 85 378 61
QLD 864 845 46 4.6 72 828 97
SA 726 718 27 3.4 99 1098 78
TAS 801 750 51 6.0 94 1047 37
VIC 913 860 53 5.6 109 680 24
WA 712 701 40 5.3 46 3638 98

 Only grid connected sites included.

Somewhat counter-intuitively, the impact of the grid in Western Australia is the second smallest, even though the power
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price in Western Australia is around half that of other states. By contrast, Victoria, which has the highest power price,
sees the largest fall in its absolute LCOA from connecting to the grid. There are two reasons for this behaviour. Firstly,
Victoria’s electricity grid is much denser than Western Australia’s; while locations in Western Australia reach around 100
km to connect to the grid, the average distance required by a site in Victoria is around one quarter that distance. As per
Figure |2| increasing the transmission distance from 24 km to 98 km increases the LCOA by around 10 USD/t. Secondly,
Victoria is one of the worst performing states without the grid, meaning that even its comparatively expensive grid may

be better than its wind and solar electricity.

This unexpected impact of the grid may also be caused by the relationship between periods of good renewable energy
generation and low grid demand. In general, a grid connection will be more profitable if these two parameters are anti-
correlated, because the ammonia plant can use the grid cheaply when its on-site production is low. On the flipside, it
does not need to pay for expensive electricity when the grid is congested, as on-site production is good at those times.
Evidence of this behaviour is seen in the difference between Tasmania and South Australia’s grid connections. Although
the ammonia plants in both states are wind-dominated, and they have similar electricity prices, and a similar number
of hours per year in which the electricity is cheap (see Table [1)), the price reduction achievable with the grid in South
Australia is much less than that achievable in Tasmania. Even if only sites within 50 km of the grid are considered (in
order to prevent sites far from the grid in South Australia affecting the result), the cost reduction in Tasmania is about
40% more than the reduction in South Australia. This indicates that the synergies between the Tasmanian grid and its

local renewable energy profile are better than those in South Australia.

To some extent, those synergies depend on the demand electricity profile, but they also depend on the supply mix in the
electricity grid. Tasmania’s electricity network is predominantly (>80%) supplied by hydropower, which is dispatchable
as required. In contrast, South Australia’s network is transitioning towards a wind-battery mix, with some solar plants. All
coal plants in that state have been retired, and gas is used for dispatchable power to meet demand.8 This suggests that (i)
as decarbonisation continues, and grids themselves become more renewable, the benefits of ammonia plants connecting
to the grid may reduce, and (ii) the largest benefit from grid connection will come from sites whose renewable profile is
distinct from that which dictates the local electricity grid. However, if significant grid energy storage is available, and the
cost of grid electricity is dictated by demand, rather than supply, the grid connection may continue to be useful even if the

renewable profile onsite is similar to the renewable profile which drives the local grid.

Figure [5| provides a more detailed picture of the relationship between the grid and the ammonia plant. Panel (b)
shows that the role of the grid is different in different states based on their local energy profiles. However, in general, for
each state, higher grid consumption means higher electricity costs, and hence higher LCOAs; although the grid replaces
batteries, it has associated marginal costs and should be used as little as possible. In Western Australia, if a grid connection
is made, relatively large amounts of grid electricity (10-12%) can be used without significantly increasing the LCOA,
because the local electricity cost is so low. Therefore, if a site makes the expensive decision to construct a transmission

line in that large state, it will have high utilisation. Queensland and NSW also have high grid electricity consumption
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at their sites; because these states are solar dominated as per Figure |5| (a), they require more back-up power than the
wind-dominated states. In Tasmania, even though the grid meaningfully reduces the LCOA, the fraction of electricity used
from the grid is comparatively small. For the sites in those states, the wind energy is reliable, meaning the utilisation of
installed back-up power will be low. Given those conditions, it is better to use a low-CAPEX, high-OPEX grid solution than
a high-CAPEX, low-OPEX battery that will have a low load factor.

However, even though more electricity use tends to indicate that the LCOA will be higher, once a grid connection
has been made, there is almost no relationship between how much grid electricity is used and how much the LCOA falls
compared to a non-grid case, as shown by Figure [5| (¢); panel (d) of that Figure indicates the relationship depends much
more strongly on distance between a site and the grid. The main reason for cost reduction is the replacement of the
battery; there is relatively little relationship between the extent of grid electricity use and the reduction in the LCOA

because the battery represents a similar fraction of the total investment cost across all locations in a no-grid scenario.

(a) (b)
1200{ *m . 12004 + QLD SA "
. .
moo | § i . " mo0{ NSW WA . ¥
7 L] + 1 x &+
cFe vaex e = VIC s+ TAS i
%, N * [ ] a LBt ek
— 1000 A ST X + — 1000 - % oy
g + oy "1 + g XX gy
N 900 A ‘}iﬂ?f o7 x N 900 R
g TRM < e e 3 RIS Lt
+ ¥ XXX o X M . y
& so0 Lt SR x T g 8004 [ S
Q e TN T Q . LT ool X
] MR L WA | ] n L | X% e
700 oo “ o amA 700 N
+ A a x
4] a
6001 x NSW WA 600 .
" +
= VIC « TAS a a
500 - A 500 4
0 20 40 60 80 100 2 4 6 8 10 12 14
Fraction of renewable energy as wind (%) Fraction of electricity from grid (%)
() (d)
+ :
10+ -~ 104  x*x + Qb SA
% ot g e, x  NSW WA
L 2
—_0 a - c ! = VIC s+ TAS
Lo &7 . . . f-'{, ®E 8 "jﬁ‘l
=T . v X o Kot a
co Lo oo £5 e
=4 + g+ * = wxt %
5 69 . R - RIS i R B6 6 Hwdr o a "t
¥
g c n LN} 1 X 4 L% ¥ 3 % g '&-ui e ]
o) - NE AW o2 + RN
o= = N X x XXX + ] | I R
<-u5) 44 . " x X w B 4 << 44 m Wekx + o +
85 a l., x x e s SE LI ‘xﬁ’( x P
o XX + © X £+
=2 ,] - oo SA o R A 2] - Ol SV .
S x  NSW WA e mew R OET S ® % S S ’ . +
~ X +* + +7 x +
4 s +
ol ®MC s TAS x s . . * o X, ot * *
2 6 8 10 12 14 0 50 100 150 200 250 300 350

Fraction of electricity from grid (%)

Distance from grid (km)

Fig. 5 Relationship between energy source and LCOA for different states in 2019. (a) - Top left: LCOA against fraction of wind energy
installed, by state. (b) - Top right: LCOA against fraction of grid electricity used, by state. (c) - Bottom left: LCOA reduction compared
to a non-grid connection case, as a function of grid demand. (d) - LCOA reduction as a function of distance.

In general, wind-dominated sites have lower LCOAs than solar-dominated sites, which is observable for both sites
which are grid-connected and sites which are not grid connected. Consequently, the majority of locations use mostly wind
turbines rather than solar PV for power generation. This is contrary to the forecast of Fasihi et al.”, whose estimation

using 2020 data predicted that Australia’s optimal ammonia production sites would be dominated by solar PV, not wind.
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There are several points of difference between the analyses. Firstly, that work considered a global analysis, and did not
differentiate costs of equipment in different countries. Their CAPEX/kW for wind was almost double that used for solar.
In contrast, the costs used in this analysis are specific to Australia, based off information in the IRENA database; they
forecast a comparatively small difference per kW in the installed price of those two technologies. Secondly, that work used
a very low price for battery storage - around 280 USD/kWh; as discussed in Section[2.2] this is significantly cheaper than
has been observed in Australia. Cheap batteries are an enabler of solar PV dominated ammonia production, since they
enable continued operation through the night. Thirdly, that work used weather data from NASA; it may make different
predictions to the ERAS data considered in this analysis. Comparison between the results from these data sources would
be a useful area of further work. The significant use of wind in this analysis is not unexpected, for two reasons: not only
does wind electricity based on this input data have a lower LCOE (levelised cost of electricity) in most locations compared
to solar, but it tends to be more evenly distributed (i.e. it is available during the day and night), meaning higher utilisation

of the electrolyser is possible.

3.2 Consumer-supplier case

Allowing the model to sell electricity back to the grid, as well as importing electricity, enables further cost reductions.
Electricity which might otherwise have been curtailed can instead be sold back to the grid. In general, this makes grid
connection more favourable: an extra 42 sites achieve their minimum LCOA by connecting to the grid compared to a case
in which electricity can only be purchased from the grid. At the best site for ammonia production, the cost of production
fell by 11% compared to a no-grid case, or 8% compared to a consumer-only model. In total this reduces the LCOA from
around 520 USD/t to 460 USD/t, at which value the ammonia would have been competitive on a global spot market for
about 3 years in the last decade, compared to for about 1 year at the LCOA achievable without the grid.”

This mode of operation changes the sites which are best for ammonia production. 15 of the best 20 sites for ammonia
production use a grid connection; only 6 of these sites are in the top 20 if they do not use a grid connection at all. The
site in northern Tasmania which sees the largest reduction in its LCOA becomes the sixth best site in the country when
it can sell electricity; it is 104™ with no grid connection. A number of the new best sites are better suited for ammonia
export than their competitors, because their location is close to the coast (where the grid is concentrated), meaning costs
for ammonia pipelines and desalinated water will not accrue. Of the top 20 sites, 8 are coastal without a grid connection,
and 12 are coastal with a grid connection. The average distance to the coast for sites in the top 20 drops from 300 km to
around 150 km.

There are two changes to plant operation and design in the consumer-supplier mode: curtailment reduction and
renewable capacity increase. The curtailment of renewable plants falls by 40%, from an average of 5% to an average
of 3% at the sites which have a grid connection. Even though the plant can sell electricity to the grid, there are several
occasions on which it may still need to curtail: (i) if the total energy produced from the renewables exceeds the total
capacity of the plant plus the capacity of the electricity wires, which is set here to 175 MW - this is particularly common

in hybrid plants with both wind and solar installations; (ii) if the total energy produced from the renewables exceeds
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the total capacity of the plant, and the electricity price is negative; or (iii) if the renewables are exporting to the grid at
capacity, but the hydrogen storage is full, and the ammonia plant is below its operating limit (because of its slow ramp-up
rate), meaning limited power can be redirected to the plant.

Secondly, the size of the renewable equipment tends to increase slightly for grid connected sites compared to the
consumer-only model, as shown in Figure [6} there is an increase of 23 MW on average for solar, and 68 MW on average
for wind. Noting that the maximum rate at which electricity can be exported is 175 MW, this represents slightly over 50%

of the plant’s total capacity to export.
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Fig. 6 Comparison of equipment capacities for no grid, consumer-only, and consumer-supplier cases. Consumer-only and consumer-
supplier data are provided for the sites at which there is a grid connection in the consumer-only case. Sites which only have a
connection in the consumer-supplier case are excluded from the averaging to avoid skewing the data.

There is a relationship between how a plant produces the electricity which it sells and the size of the reduction in the
LCOA, which is shown in Figure[7} In general, sites which install more wind capacity see a larger reduction in their LCOA
than sites which simply curtail less electricity (See panels (a) and (c)). This trend is particularly observable in Tasmania
and Victoria, where some sites install significantly more wind in the consumer-supplier case compared to the consumer-
only case - in two cases, more than 200 MW of additional capacity is installed, even though only 175 MW can be sold
along the transmission wires (although wind turbines rarely produce at their maximum capacity). In those sites, sale of
green electricity is a profitable venture, independent of the presence of an ammonia plant; they could be considered to be
two separate sites where the sale of wind electricity subsidises the green ammonia (although there are still some synergies
- the consumer-supplier model allows a smaller electrolyser that operates with a higher load factor).

At other sites in Tasmania and Victoria, and in other states like Western Australia, the potential for profit from a wind

farm is smaller (either because the times at which the wind farm generates power at those sites do not correlate with
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high grid prices, or because the grid is generally low cost). In those cases, there is little benefit to increasing the size of
a wind farm - instead the electricity which is sold is simply electricity which would otherwise have been curtailed in a
consumer-only design. This approach still reduces the LCOA compared to the consumer-only case, but the benefits realised
are comparatively small. Most sites will therefore adopt a balance of the curtailment reduction approach and the increased

wind capacity approach, with every site increasing its capacity to some extent (as per panel (d) of Figure[7).
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Fig. 7 Relationship between the change in plant design and LCOA reduction when the model changes from consumer-only to
consumer-supplier mode. (a) - Top left: Change in wind capacity (only for sites with wind installed in the consumer-only case);
(b) - Top right: Change in solar capacity (only for sites with solar installed in the consumer-only case); (c) Change in curtailment
(absolute difference between the percentage of electricity curtailed at all sites); (d) Change in total installed renewable capacity (all
sites)

The relationship between increasing the capacity of a solar farm and the LCOA reduction is not clear (see panel (b)
of Figure[7). In some sites in Queensland and New South Wales, solar capacity is removed and replaced by wind power;
in others, additional solar capacity is profitable. South Australia’s behaviour is unique - the consumer-supplier case
almost always installs additional solar capacity, which in some locations even replaces wind. This behaviour is related

to the nature of the South Australian grid - as discussed in Section that grid relies heavily on wind power and has

comparatively little solar electricity, causing high daytime prices which can be exploited by a solar farm.
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3.3 Grid power constraints

The model in this report is strongly constrained by the limit applied to power imported from the grid, which is 175 MW. As
described in Section [3.1] this constraint forces the grid to adopt the role of energy storage, replacing the battery. However,
based on the trend in Figure [5| (b), an increasing fraction of grid electricity consumption will tend to drive up costs,
suggesting that few sites in the consumer-only model would change their behaviour if more electricity import from the
grid were available.

For the consumer-supplier model, the impact of this constraint depends on the site. For sites which tend to reduce
curtailment (rather than building extra equipment), the constraint on power export is not as significant, as these sites are
less likely to be constrained by this limit (since they are constrained by the power available at a given time). On the other
hand, for sites which install additional renewable capacity, the constraint on power export is very limiting; at those sites,
the construction of wind and solar farms is independently profitable, and if grid export is unconstrained then the model
will construct very large renewable energy facilities which mostly sell electricity to the grid (effectively creating a second
business which subsidises the green ammonia plant). In practice, there are many limitations which would prohibit such
operation: land may not be available in very large quantities; very large upfront capital expenditures would be required;
and there are market risks associated with being a very large contributor to Australia’s electricity grid, which is finite in
size.

In general, the ammonia plant in consumer-supplier mode will stabilise the operation of the national grid, by buying
electricity when the price is low, and selling it while the price is high. In 90% of cases, the cost of electricity sold to the
grid is greater than the cost purchased on a per MWh basis; assuming that the price is reflective of the grid demand, this
will have a stabilising effect. Most of the remaining 10% of cases were in Western Australia, whose grid is already far more
stable than the other states. Even in those locations, if the TUOS costs and efficiency losses are factored in, the levelised
cost of electricity sold exceeds the levelised cost of electricity purchased. However, the ammonia plants do represent a
large additional load on electricity grids; only in about 5% of cases did an ammonia plant sell more electricity than it

produced.
3.3.1 Emissions constraints

The suitability of using the grid as a back-up power supply is limited by the Scope 2 emissions associated with the
production of grid electricity®?, which may impact the accreditation of ammonia as ’green’. In the very short term,
some consumers may be willing to accept ammonia with a moderate carbon intensity in order to establish supply chains;
however, the demand for green ammonia will soon require low or zero carbon emissions intensity. There are few agreed-
upon standards for what constitutes low-carbon’ ammonia; the best which is available comes from CertifHy4?, who
require that the emissions associated with green hydrogen be less than 36 g of CO,-eq per MJ of fuel (which is equivalent
to approximately one third of the emissions associated with conventional ammonia production). The same limit is applied
here to ammonia.

Figure (8] shows the LCOA as a function of the carbon intensity at each site with a grid connection, calculated for
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the consumer-supplier case. The carbon intensity calculation neglects emissions associated with plant construction, and
considers solar and wind electricity to be entirely carbon neutral. The carbon intensity from the grid on a given day is
obtained from AEMO?!; daily data is not available for Western Australia, so an average annual rate is used instead. In
general, the carbon intensity of the grid in all states is consistent over the course of the year; the exception is Tasmania,
which relies mostly on hydro power, but which turns to dispatchable hydrocarbons during dry seasons.

There are clear differences between different states evident in Figure [8| (a). Tasmania, South Australia, and, to a lesser
extent, Western Australia, have relatively low grid carbon intensities, meaning the vast majority of sites in those states fall
below the CertifHy limit, independent of grid energy consumption. On the other hand, nearly every site in Queensland
and New South Wales will produce ammonia with a carbon intensity which cannot be considered green, although those
sites also tend to be significantly more expensive because of their substantial reliance on the grid, and were therefore poor
candidates for ammonia sites regardless of their emissions.

Panel (b) of Figure |8 assumes that sites are able to claim a carbon credit for the green electricity which they export to
the grid. This carbon accounting may be considered acceptable by potential consumers, particularly if it can be shown that
the green input to the grid has displaced a fossil-fuel electricity producer. In that mode, 75% of sites produce ammonia
with an acceptable carbon intensity; in some cases, the avoided emissions may even exceed the emissions associated with
consuming grid electricity. In two sites, the avoided emissions are much larger than the emissions from the grid; both sell
into the Victorian electricity grid, which is carbon intensive, and anti-correlated in price with the wind resources used at

those two sites.
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3.4 Sensitivities

3.4.1 Annual Variation

The analysis so far has focussed on data from 2019. In different years, both the renewable power available and the cost of
grid electricity fluctuates significantly. The difference caused by annual variation in electricity market behaviour is much
more substantial than the difference caused by annual variation in renewable power; using nationwide average costs for
electricity, the difference between the cheapest and most expensive year is around 75% of the median price between 2013
and 2020; even larger fluctuations are observable in individual states.

Because of this significant cost variation, it is important that ammonia plants which are designed to rely on semi-
islanded operation are robust to different grid behaviour. For that reason, a sensitivity analysis was performed by re-solving
the model using data from both 2016 and 2017 to understand the impact of this variation. In general, the electricity price
in 2016 was cheap (averaging 67 AUD/MWh), and 2017 was expensive (averaging 92 AUD/MWh), compared to 2019
(averaging 84 AUD/MWh); however, because each state has a slightly different trajectory in grid electricity costs over
time, results are reported on the basis of the local average electricity price, rather than the year for which the analysis was
performed.

In order to minimise the impact of interannual variation of in-situ renewable electricity production from this analysis
of the electricity grid’s impact on green ammonia costs, the basis for the reported results is the improvement enabled by
the grid. That is, grid performance is measured by taking the difference at each site between the LCOA with the grid and
without the grid (assuming that in-situ variation in renewable production impacts both grid and non-grid cases equally,
and therefore cancels out). Results are displayed in Figure [9}

In panel (a), which shows results for the consumer-only case, there is a consistent and unsurprising trend observable
in all states: as the electricity price becomes cheaper, connecting to the grid becomes a better proposition. However, in
panel (b), which shows the consumer-supplier case, this trend is not observable. Instead, in the three largest states (NSW,
QLD and Victoria), as well as in the national average, there is a local minima in the data: although very cheap electricity is
still preferable, ammonia producers which sell electricity back to the grid can exploit high prices, which in some cases will
offset the increased costs of drawing electricity from a more expensive grid. Although this is not observable in the three
smaller states, the trend in WA is much flatter for the consumer-supplier case than the consumer-only case, and Tasmania
and South Australia are decarbonising relatively quickly compared to the rest of the country, so there may be other factors
at play in those states.

While this analysis would be improved by being run over more years of data, there is evidence that across multiple

states, adopting a consumer-supplier model will make green ammonia production more robust to variable grid behaviour.

3.4.2 Sensitivity variations

A number of additional sensitivities were also considered in order to understand the impact of a number of key parameters

on the conclusions drawn in this analysis. The supplementary material summarises which parameters are modified, and
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over sites that connected to the grid in the consumer-only case for 2019. (a) - Left: Consumer-Only results; (b) - Right: Consumer-

Supplier results.

the size of the modification. Results are summarised in Table

Table 2 Sensitivity results

Consumer Only

Consumer-Supplier

Cheap Expensive Cheap Expensive
LCOA _ _
(USD/t) (Base = 775) (Base = 769)
Finance 634 928 627 922
Electricity 692 846 683 835
Electrolyser 733 822 723 815
Grid 773 780 767 774
Storage 769 781 763 774
Average fraction of
renewable electricity (Base = 77) (Base = 77)
from wind (%)
Finance 77 77 77 77
Electricity 54 87 56 87
Electrolyser 78 74 80 74
Grid 77 76 77 76
Storage 78 76 78 76
Fraction of sites with grid _ _
connection (%) (Base = 42) (Base = 48)
Finance 38 45 48 49
Electricity 37 46 44 50
Electrolyser 42 44 46 49
Grid 43 41 49 47
Storage 39 44 45 50
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Reducing the cost of finance can have a substantial impact on the LCOA, because such a significant portion of the
project costs are CAPEX. However, cheaper project finance will typically make a grid connection less desirable, because
the grid connection is a comparatively low CAPEX, high OPEX investment. This effect is only significant in the consumer-
only mode; in the consumer-supplier mode, since the grid connection often pays for itself through additional sales, the
impact of finance is relatively small.

Unsurprisingly, cheaper electrical equipment can also have a meaningful impact on the LCOA. Because the cheap
production scenario assumes a much larger drop in the price of solar than wind (30% compared to 10%) in line with
technology cost curves. Like cheap finance, cheap production also makes a grid connection less favourable, as onsite
electricity can be generated more cheaply compared to grid electricity. However, it should be noted that a significant drop
in the price of solar or wind is likely to correlate with a drop in the price of grid electricity which may be powered by those
renewables, meaning the grid may still be competitive as prices fall. Even in the cheap electricity scenario, a substantial
number (>40%) of sites still use a grid connection in the consumer-supplier mode.

Electrolyser and grid sensitivities were included because of the uncertainties associated with those parameters. Al-
though the electrolyser case had a moderate impact on the LCOA, neither case caused a substantial variation in the
fraction of wind used (which is indicative of the optimum plant design), or in the number of sites which connected to
the grid; this suggests that the results of this analysis are robust to the uncertainties in those parameters. The impact of
energy storage costs on both the LCOA and the fraction of wind energy used is fairly small. However, there remains a
moderate impact on the number of sites which connect to the grid (comparable in size to the impact from cheaper project
finance). This is further evidence for the behaviour described in Section which indicated that the grid substituted
energy storage equipment; if there is a significant fall in the price of that energy storage equipment, then it will become

preferable to the grid.

4 Conclusions

This paper has outlined the development of an optimisation model that minimises the cost of green ammonia for the
purposes of international energy export. The model demonstrates that a connection to an electricity grid can meaningfully
reduce the cost of ammonia production if a site is located nearby to that grid; those benefits are even larger where there is
opportunity to participate in the electricity market as both a producer and a generator. Even at sites that can produce cheap
ammonia in islanded operation, a grid connection can enable a reduction in the LCOA of more than 10%. Importantly,
sensitivity analysis demonstrated operating as a consumer-supplier can enable the plant to be robust to fluctuations in
grid electricity price. Despite carbon emissions associated with the use of the grid, the majority of sites would still meet
international standards associated with ’green’ hydrogen; in some cases, where electricity is sold back to the grid, the
avoided emissions from those sales may be larger than the emissions from grid electricity which is consumed.

This research demonstrates that the there are significant synergies between future Australian large scale industries
and its national electricity grid. In the short term, this can provide a spring board for first-mover projects to reduce the

production cost of renewable fuels, and therefore to establish global supply chains of green ammonia; in the longer term,
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it represents a blueprint for an energy system that can supply both domestic and international consumers with sustainable
power. Further research should expand the scope of this work by examining how the national grid will transform in
the future, and seek to understand how ammonia production for international export could be integrated into a wholly

renewable power system (including the possible domestic use of that ammonia as long-term energy storage).

Beyond the expansion of scope into an energy-system wide analysis, there are two additional areas which should
be explored in the future. Firstly, Australia has been selected as a case-study because it has well-published data on its
electricity grid, multiple different electricity markets, and a stated intention to export green hydrogen and ammonia. The
opportunity to integrate grid electricity into green ammonia should be considered for other countries where similar price
reductions may be achievable. Secondly, AEMO offers financial bonuses to companies which participate in frequency
ancillary services (FCAS). Some frequency ancillary services involve smoothing very short term fluctuations, which may be
within the range of operation of some electrolyser designs; there are further opportunities to profit from grid connection

in providing these services which should be explored.
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List of acronyms

AEMO  Australian Energy Market Operator
ASU Air separation unit
AUD Australian dollars
CAPEX Capital Expenditures
DUOS  Distribution use of system
HB Haber-Bosch
LCOA  Levelised cost of ammonia
MILP  Mixed integer linear program
MMTPA Million metric tonnes per annum
NPV Net Present Value
OPEX  Operating Expenditures
TUOS  Transmission use of system

UsD US Dollars
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A Supplementary Material

Table 3 Equipment Costs

Equipment CAPEX Sensitivity

Solar PV 1,250 USD/kw=22 + 30% (Electricity)
Wind 1,550 USD/kW22 + 10% (Electricity)
Electrolyser 700 USD/kW© + 30% (Electrolyser)
HB CAPEX 7,444 USD/kW®© -

Hydrogen storage 500 USD/t® + 20% (Storage)
Battery interface 271 USD/kw=4 + 20% (Electricity)
Battery storage 500 USD/kWh*> + 200 USD/MWh (Storage)
Fuel cell 960 USD/kW®© + 20% (Storage)
TUOS fee 10 AUD/MWh24 + 5 AUD/MWh (Grid)
HV connection fee 55 million AUD1> -

LV connection fee 23 million AUD4> -

HV DC wire cost 2.1 million AUD/km'1® -

HV AC wire cost 1.8 million USD/km1> -

LV wire cost 0.4 million AUD/km'1> -

HV transformer efficiency ~ 0.965¢ -

LV transformer efficiency ~ 0.991° -

HVDC wire efficiency 3% loss/1000 km*Z -
HVAC wire efficiency 4% loss/100 km*"7 -
LV wire efficiency 30% loss/100 km*/ -

The model defines six sets: renewables (solar and wind); components (electrolyser, HB 4+ ASU, battery), storage com-
ponents (battery, hydrogen storage), flows (power from renewables, power from battery, power from fuel cell, hydrogen
and ammonia), times (hours of the day), and days (the total days considered in the dataset). The battery is included as
both a component to size its power (in MW), and as a storage component to size its energy storage capacity (in MWh).
Although a hydrogen fuel cell is included in the model, because it does not behave like any other element of the ammonia
production process, it is treated uniquely and not as a set with any other piece of equipment.

These sets are used as the basis to define the model variables, parameters and constraints. There are twelve variables,
all of which are constrained to be > 0. The variables can be grouped into three categories: equipment capacities (3
continuous variables for the sets of renewables, components, storage components, plus an extra continuous variable for
the fuel cell, and a binary variable for the grid), power flows (6 variables), and storage capacity (standalone). Each
variable is defined over one or more sets; the model will select a suitable value of the variable for each element of the set
or sets over which it is defined. All equipment capacities are measured in installed MW capacity, except for the storage
components, which are measured in MWh (for the battery) and tonnes of hydrogen (for the hydrogen storage). The

power flows are all defined over at least two sets: time and day. There is also an extra variable specifying the destination
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Table 4 Variables used in the model

Model variables

Or(Renewables)

The installed capacity of the renewable energy source (in MW)

oc(Component)

The installed capacity of the plant component (in MW)

osc(StorageComponent)

The installed capacity of the storage component (battery in MWh;
hydrogen in t)

OFC The installed capacity of the fuel cell (in MW)

n(C,D,t) The power flow directly from input power to the specified compo-
nent (in MWh) at each time on each day

B(C,D,t) The power flow from the battery to the specified component (in
MWHh) at each time on each day

Y(C,D,t) The power flow from the fuel cell to the specified component (in
MWHh) at each time on each day

k(SC,D,time) The amount of electrical energy or hydrogen stored in the storage
component (in MWh for batteries, tons for hydrogen) at each time
on each day

Nin(D, 1) The amount of electricity imported from the grid at each time on
each day (in MWh)

Nour (D, 1) The amount of electricity sold to the grid at each time on each
day (in MWh)

&(D,t) The amount of electricity curtailed at each time on each day (in
MWh)

XGrid Binary variable indicating if the grid is active

component for electricity from (i) renewables (the sum of solar and wind), (ii) the battery, and (iii) the fuel cell. All
power flows are measured in MW, and since the time resolution of the model is one hour, this is numerically equivalent
to the energy flow in MWh. Storage capacity is defined over three sets: time, day, and storage component. It refers to the
amount of hydrogen or power stored in that component at any given time on any given day.

The parameters, like the variables, are defined over sets; they are summarised in Table [6]
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Table 5 List of sets in the model

Set Symbol Elements
Renewables  Sg Solar, wind
Electrolyser, battery, Haber-Bosch + air separation
Components S¢ (HB+ASU)
Storage
Components Ssc Battery, hydrogen storage
Power from renewables (1), power from batteries
Flows Sr (B), power from fuel cell (y), hydrogen(H,), ammo-
nia (NH3)
Times Sy One for each time step - 24 for hourly data
One for each day in the data set - 365 for one non-
Days Sp

leap year
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Table 6 List of parameters used in the model and their meaning.

Parameter Sets Symbol Meaning Data source
The power provided by each renewable
Power sup- Renewgbles, Z(R,D.1) at a given time for each time (fraction Transformed ERAS data
ply Days, Time between 0 and 1; 1 corresponds to the
installed power of the equipment)
Grid electric- . The cost of electricity provided by the 5T
ity cost Days, Time Y(D,1) grid for each time (in AUD) AEMO
Renewable
installation Renewables  Costg Inst'a lled cost of 1 MW of renewable ca- See Table
pacity
Cost
Component Installed cost of 1 MW of the nomi-
Cost Components  Costc nated component See Table
Storage Cost Storage Costse Installed cost of 1 MW of the nomi- See Table
Components nated storage component
Fuel Cell None Costpc Installed cost of 1 MW of fuel cell See Table
Cost
50 kWh/kg (hydrogen from elec-
tricity)©;
Conversion Amount of Flow 1 required to produce 1.'61 kWh/kg (HB + ? SU opera-
Factors Flows, Flows CF one unit of Flow 2 tion from electricity)*,
0.98 kWh/kWh (Power out of
battery from power into bat-
Total days None G The total number of days in the data set Dependent on number of years
y Days y modelled
Battery self- The fraction of energy lost by the bat- 0
discharge None Gpischarge tery each hour Assumed 5% per month
Annual The number of operating hours per . 5
hours None GHours year 8,424 (14 days offline/year)
HB Mini- The minimum operating rate of the
mum Capac- None GuB,,;, Haber-Bosch plant as a fraction of its 0.242
ity rated operation
The maximum rate at which the Haber-
HB  Ramp c
None Gpsp Bosch plant can ramp down as a frac- 0.2
down rate Ramp Down . . .
tion of its rated operation
The maximum rate at which the Haber-
HB Ramp up . e
rate None GHBgamp up Bosch plant can ramp up as a fraction 0.02
of its rated operation
Anm‘lal Pro- None P The mass of ammonia produced per 1 MMTPA
duction year
Water Cost None Costy The cost per t of water 2 USD/t®
Operating
and Main- The operating and maintenance costs
tenance None Costom as a fraction of CAPEX 2%
Costs
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