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a b s t r a c t

Currently, manufactured ammonia relies on natural gas or coal, which releases harmful carbon
emissions. We investigate the viability of a small-scale ‘‘green" ammonia plant where renewable
electricity is used to provide hydrogen via electrolysis and nitrogen via air liquefaction to a Haber–
Bosch system to synthesize ammonia. The relatively small scale, and measures such as continuous
preheating, are envisioned to provide response times on the order of minutes rather than the days
required by prevalent large-scale, fossil fuel-based ammonia plants. A green ammonia plant can serve
as a demand-responsive load and long-term energy storage mechanism (through chemical energy
storage in ammonia). We investigate its functional and economic viability within an agricultural
community microgrid, which is a new contribution to this area of study. This paper proposes a
coordinated operational mixed-integer linear programming (MILP) model of an electricity distribution
system and an electricity-run, green ammonia plant enabled by the Haber–Bosch process. Case studies
in both grid-connected and islanded modes are performed on an agricultural community microgrid
based on a modified Pacific Gas & Electric (PG&E) 69-node electricity distribution system coupled
with a flexible, small-scale ammonia plant and direct ammonia fuel cell. Results indicate the ammonia
plant can adequately serve as a demand response resource and positively impact the distribution
locational marginal price (DLMP) by reducing or removing voltage violations and line congestion in
the system. Studies showed this coupling decreased electricity costs of the ammonia plant by nearly
a third, with ammonia profits increasing 17%. Further, in an emergency, the direct ammonia fuel cell
can provide essential power. This cooperation among the food–energy–water (FEW) network offers a
unique solution to the challenge of a more efficient interconnection of renewable energy (RE) resources
to the grid. Additionally, this work has the potential to reduce grid dependence on fossil fuels and aid
in the decarbonization of ammonia production.

© 2022 Elsevier Ltd. All rights reserved.
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1. Introduction

Modern power distribution systems have seen an increase in
enewable energy (RE) technologies in recent years. With char-
cteristics of variability and uncertainty, these resources pose
hallenges for the aging power grid that was not originally en-
ineered to operate in this manner [1]. Mismatched power load

and generation has always been problematic. One of the signif-
icant operational challenges of RE penetration is the mismatch
that occurs due to the uncertain and variable generation output
from RE sources along with the increasing unpredictability of
customer demands due to an increased penetration of distributed
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E-mail address: hongyuwu@ksu.edu (H. Wu).
https://doi.org/10.1016/j.segan.2022.100736
2352-4677/© 2022 Elsevier Ltd. All rights reserved.
energy resources (DERs), such as small-scale wind and rooftop
photovoltaic (PV) technologies. Imbalances can lead to load shed-
ding, curtailed power generation, or the operation of base load
generators when it is not economical or necessary [2]. Solutions
proposed in the literature for this challenge typically include an
increase of energy storage resources and or demand response
techniques [3]. If excess renewable energy generation is present
n the system, energy can be stored and used later, so it does not
o to waste. On the other hand, if there is insufficient generation
n the system to match the load, flexible loads allow the energy
emand to follow the potentially fast-changing (on the order of
inutes/hours) generation supply. Further, authors in [4] indicate

sufficient operating reserve, through energy storage, demand re-
sponse, and flexible generators, reduces the cost of integrating

variable renewables into power grids.
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Storage options typically include traditional battery energy
torage, thermal energy storage [5], and pumped hydro stor-
ge [6,7]. These storage options, particularly conventional battery
nergy storage, face degradation of energy capacity over charging
nd discharging cycles, short storage times, and thermal runaway.
herefore, long-term (more than one day) energy storage solu-
ions should be explored. Ammonia can be consumed by a direct
mmonia fuel cell to provide energy to the grid in times of need,
hich can serve as another method to address the variability
f renewable energy resources. Therefore, cooperation between
lectricity distribution systems and green ammonia plants offers
unique solution to grid integration of renewable resources.
We propose a framework for a rural agricultural community

icrogrid to alleviate the aforementioned challenges. Community
icrogrids benefit both the community and the grid and have
haracteristics of (1) spanning a large area and benefitting many
ustomers, (2) can be owned by a utility, and (3) lowering sys-
em costs by deploying DERs at optimal locations. In contrast,
raditional microgrids are owned by individual customers and
ypically only benefit that single customer or a few surrounding
ustomers and do very little for the grid [8]. The cooperation
between a rural energy system and an ammonia synthesis plant
reduces peak electricity loads and allows chemical energy stor-
age in the form of ammonia to mitigate renewable generation
curtailment. Utility operators can shift ammonia plant electricity
demands to best serve the utility so long as the desired amount of
ammonia is produced by the end of a given time frame. In return,
the ammonia plant must be rewarded for providing these services
to the electrical system.

Buying and selling energy at the true cost of electricity at a
node is one method to accurately reward active resources in the
distribution grid. A technique that achieves this is the distribution
location marginal price (DLMP) mechanism, which is the marginal
cost to serve the next unit of power at a node. This method is
similar to the locational marginal price (LMP) mechanism used
in the electric transmission market today. With characteristics
of fair, transparent, and cost-causation prices, this mechanism
is very desirable for future distribution markets integrating var-
ious distributed energy resources [9]. A financial incentive for
ancillary services to ease operational issues such as voltage vi-
olations and congestion on lines comes from the integration of
this mechanism, as DLMPs are higher when these issues arise in
the system.

Ammonia is the focus of this work largely due to its impor-
tance to agriculture. Bio-available nitrogen is essential for all life
and is central to the food–energy–water (FEW) nexus. Manufac-
tured, nitrogen-rich ammonia (NH3) and derivatives like urea are
used to fertilize crops. The use of ammonia fertilizers is respon-
sible for about 40% of the global food production today [10,11]. It
has been proven that ammonia used as fertilizer can substantially
increase crop yields for the same input of water [10]. Many
armers use the anhydrous ammonia produced by the plant con-
idered in this work for crop fertilizer, and ammonia production
onsumes 30%–50% of the energy used for crop production [10].
Consequently, an ammonia plant serving as a flexible demand
to the distribution grid can provide a commodity that can be
used locally. Further, the global transport of ammonia is well
established. Existing infrastructure allows for bulk ammonia to
be transported by pipeline, road, rail, and ship [12]. Finally, the
use of ammonia as an energy vector (for hydrogen) is receiving
considerable attention [13–16], suggesting the existence of a
viable market for energy stored as ammonia.

Most large-scale ammonia producers do not rely on substan-
tial amounts of electricity for ammonia synthesis today. Typi-
cally, natural gas or coal is used as the fuel and or hydrogen
source for ammonia production, and NH is condensed using the
3

2

century-old Haber–Bosch process. This procedure is referred to
as ‘‘brown’’ ammonia. However, in the procedure studied in this
work, the ammonia is produced by deriving hydrogen (H2) from
water, through the energy-intensive water electrolysis proce-
dure, along with sourcing nitrogen (N2) through an air separation
unit. The N2 and H2, called syngas, are then fed into the exist-
ing Haber–Bosch catalyst to create NH3. If the electricity used
to power this process is generated from renewable resources,
the output is referred to as ‘‘green’’ ammonia. Fig. 1 outlines
the procedure for ammonia synthesis considered in this work.
This procedure decarbonizes ammonia production. Ammonia pro-
duced using fossil fuels produces an estimated 670 million metric
tons of fossil carbon dioxide (CO2) emissions per year [17]. Green
ammonia used as fertilizer can help lower the dependence of food
on fossil fuels while aiding in the decarbonization of ammonia
production.

Electricity-run green ammonia plants are not a new concept,
with the first research published in this area in the 1960s. Pio-
neering work published in 1977 proposes the concept of storing
wind energy in the form of hydrogen [18], but the process has
only recently approached economic feasibility. With the increase
in low-cost renewable energy technologies being added to the
grid, electricity prices have decreased in recent years [19], mak-
ing more environmentally friendly ammonia production feasi-
ble. Yet, the economics for synthesizing brown ammonia still
slightly outperform the method proposed in this paper. With
the energy demand of green ammonia and brown (natural gas)
ammonia being 7.7 MWh/tonNH3 [20] and 32.75 MBTU/tonNH3

(9.6 MWh/tonNH3 ) [21], and at the ten year (2010–2019) annual
average cost of natural gas at $3.3021/MBTU [22], electricity
prices will have to drop from current levels of about $0.1353/kWh
in the U.S. in 2020 [23] to below $0.014/kWh for the traditional
method of synthesizing ammonia using natural gas to be less
economical. The economics for green ammonia improve with
penalties/taxes for releasing carbon monoxide and carbon dioxide
into the atmosphere or incentives/premiums for green products.
Independently, the price of electricity is expected to fall in the
coming years. This price of electricity may be achievable within
10–15 years as renewable generation and battery storage in-
crease. Less reliance on traditional power plants, which have
comparatively higher operation and maintenance costs, will also
contribute to a decline in the price of electricity. These trends fa-
vor lower electricity prices and greater economic competitiveness
of green ammonia.

Using the true cost of electricity through the DLMP mechanism
can also be beneficial to green ammonia. There may be times
of very low DLMP values throughout the day, and the ammonia
plant can take advantage of this by consuming electricity during
these times.

Further, the start-up and shut-down of green ammonia syn-
thesis plants involve the three main sections of the process:
hydrogen production via electrolysis, nitrogen production via
membrane-based or cryogenic air separation, and ammonia syn-
thesis via the Haber–Bosch synthesis loop. The main challenge
for rapid start-up is heating the Haber–Bosch reactor to around
200–300 ◦C. This can be avoided by preheating the reactor at
all times, which requires negligible energy (relative to the to-
tal energy required to synthesize ammonia) for a reactor with
sufficient heat management. Further, membrane-based nitrogen
production (with subsequent polishing to remove trace oxygen)
and electrolysis [24] are comparatively flexible operations. There-
fore, green ammonia plants have excellent potential to serve as
demand-responsive loads to the electricity grid.

To illustrate the rapid changes taking place, consider that the
energy demand of green ammonia has recently reduced from
around 10.4 MWh/ton to 7.7 MWh/ton (the value used
NH3 NH3
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Fig. 1. Proposed green ammonia plant procedure. Arrow width indicates relative size of energy transfer. Power consumption rates provided here are discussed in
Section 3. (TPD = tons per day).
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above) due to a breakthrough in the commercialization of a solid
oxide electrolysis cell in the water electrolysis procedure [20].

In part because of the rapid changes, the energy management
f green ammonia plants has not been well researched to this
ate, to the best of the authors’ knowledge. Further, the impact of
nergy flexibility from green ammonia plants and direct ammonia
uel cells on the DLMP is yet to be explored.

There are many tangentially related papers within the realm of
lectrification of ammonia production. A recent, comprehensive
eview of the production, distribution, and storage of nitrogen-
ased alternative fuels, including green ammonia, is provided
n [25]. Further, authors in [12,26] provide reviews of ammo-
ia applications for power as well as the many factors that
rise therefrom. This area gained significant attention in the late
010s with substantial work that investigates electrolytic hydro-
en synthesis [27], green ammonia synthesis/power-to-ammonia
P2A) [28–33], and power-to-ammonia-to-power (P2A2P) tech-
ology [34]. Authors in [35] provide a process analysis of
enewable-powered ammonia production, focusing on solar
ower. However, these works mainly focus on the feasibility of
hese processes rather than the coupling between the ammonia
nd electricity sectors.
More specifically, many distantly related papers consider the

lanning of these two systems. For example, an alternating di-
ection method of multipliers algorithm is used in [36] to solve
co-planning model to optimize wind generation and ammo-
ia plant(s) siting and configuration as well as electricity trans-
ission system expansion with respect to total investment and
perational costs. While this work considers power balance con-
traints and direct current (DC) power flow modeling, real-time
r day-ahead scheduling of the two systems is beyond the scope
f this work. Additionally, authors in [37] consider joint planning
f hydrogen production and electrical systems to enable high
evels of variable renewable energy resources and energy system
ecarbonization. This work also analyzes the marginal cost of
lectricity under different hydrogen demand scenarios.
Further, under a similar concept to the research proposed in

his paper, our previous work [38] considers flexibility and en-
rgy storage in drinking water pumps and elevated water tanks,
espectively, when optimizing a day-ahead schedule in a distri-
ution system. Authors in [39] consider flexibility within an inte-
rated natural gas and electricity transmission system, including
ydrogen production via electrolysis and steam methane reform-
ng. A day-ahead scheduling model considering transmission grid
nd gas network constraints is provided. Authors in [40] consider
ydrogen (from electrolysis) production flexibility in transmis-
ion grids with variable renewable energy sources and consider
C power flow and balance constraints. Additionally, [41,42] con-
ider electrolytic hydrogen synthesis while considering transmis-
ion grid constraints, while [42] considers locational electricity
3

ricing. It is important to consider this transmission-level in-
eraction, but the models cited above do not focus on distribu-
ion systems, especially future distribution systems with diverse
istributed energy resources.
Complementary to this research, authors in [43] propose a

ulti-energy (electrical, ammonia, and thermal energy carri-
rs) thermo-electrochemical model with thermal and power
alancing constraints. Still, physical grid constraints were not
onsidered. The proposed methodology was tested on a laborat-
ry-level, small-scale microgrid. A comparison of various storage
echniques, including P2A, traditional battery storage, and power-
o-gas (P2G) applications, such as rapid response electrolysis for
ethane (CH4) and hydrogen (H2) is described. Authors in [44]
valuate the thermodynamic performance and energy efficiency
f solar-powered intermittency mitigation by way of clean am-
onia synthesis and direct ammonia fuel cells. The formulation
eveloped in [45] is used to optimally schedule wind-powered
mmonia generation with respect to least-cost annual opera-
ions. Authors in [46] provide a combined capacity planning and
cheduling of green ammonia production. Though the aforemen-
ioned works consider ammonia as a storage medium for excess
enewable generation and power balance constraints, they do not
onsider physical grid constraints. Therefore, the impact of this
rocedure on the grid and the DLMP appears to be a fruitful area
f inquiry.
The novelty of the work presented here resides in the quanti-

ative consideration of a combined electricity distribution system
nd ammonia production plant with constraints in a day-ahead
r real-time scheduling problem. The impact of the coordination
f the ammonia plant on the DLMP will be explored to discover
he optimal operation of an electricity distribution system and an
mmonia plant.
For the first time, we investigate the viability of a green

mmonia production plant to serve as a demand-responsive load
o the electric power system and test this concept on a realistic
lectricity distribution system. To achieve this, we propose a
ixed-integer linear programming (MILP) model of a merged
ower system and ammonia plant to optimally schedule DERs,
lectricity loads, and ammonia production, which is the first
odel of this kind. Here, the flexible electricity demand from

he ammonia production is coupled with the total electricity
emand. Power-to-ammonia-to-power applications are also con-
idered using a direct ammonia fuel cell to provide power to the
lectricity grid. When the demand is greater than the generation
n the power system or when the price of producing electricity
s high, the ammonia plant responds to this price by reducing
ts electricity load to aid in the power balancing of the electric
rid. When there is excess RE generation in the local system,
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the plant produces and stores more ammonia. The excess am-
monia is stored in tanks and sold into the ammonia market or
even fed back into the power system through direct ammonia
fuel cells. This P2A2P process using a fuel cell has a round-trip
efficiency of around 30% [47]. This procedure is only favorable in
slanded or emergency situations due to the costliness of consum-
ng ammonia which could otherwise sell for higher profits in the
ulk ammonia market. Further, the present-day power output of
ommercial fuel cells is still relatively small, typically in kilowatts.
The coupling proposed in this paper can reduce electricity

osts and renewable energy curtailment. When there is insuffi-
ient ramping down capability in thermal units or power line
ongestion, RE curtailment typically occurs, reducing the uti-
ization of available wind and PV energy [48]. The proposed
lectricity model does not consist of thermal units with ramping
onstraints; therefore, RE curtailment is caused by congested
ines and voltage violations. This model is optimized from the
erspective of the distribution system operator (DSO) and con-
iders physical constraints of both the ammonia plant and the
lectricity distribution system. The electricity costs of powering
he green ammonia plant determine a significant portion of the
perational costs and control the economics to make this process
ompetitive with brown ammonia plants. Therefore, ammonia
lant operational costs are reduced when the cost of supplying
lectricity is minimized.
A community microgrid based on a modified Pacific Gas &

lectric (PG&E) 69-node electricity distribution system is coupled
ith a demand-responsive ammonia plant is used to perform
ase studies. Under the future case of a distribution market (as
escribed in [49]), the capability of anhydrous ammonia to serve
s a storage medium of excess renewable energy is examined.
upplying energy using marginal operating costs is a central focus
f future distribution markets. Thus, the impact on the DLMP
rom the cooperation of the green ammonia plant is studied. The
ontributions of this work are as follows:

(1) A novel MILP model for coordinated operation of an elec-
tricity distribution system and ammonia plant while con-
sidering DLMP in the model is proposed. Constraints for a
small-scale, green ammonia plant are modeled for the first
time in this work.

(2) For the first time, the effect of the ammonia plant and
electrical system coordination in a future distribution mar-
ket considering a high penetration of renewable energy
and DLMPs is shown. The capability of the ammonia plant
in reducing line congestion and voltage violations in the
electricity distribution system is examined.

(3) To investigate the resiliency of an agricultural community
microgrid, an emergency case is considered. We examine
a case where wind turbines are shut down for safety pur-
poses, and only critical loads are met. The impact of a direct
ammonia fuel cell serving the community in times of need
is explored.

The remainder of this paper is organized as follows. We outline
he mathematical model for the electricity distribution system
nd ammonia plant and fuel cell in Sections 2 and 3, respectively.
ase studies utilizing anhydrous ammonia as a storage medium
or excess RE and its impact on the DLMP are provided in Sec-
ion 4. We provide important observations and conclude the work
n Section 5.

2. Electricity distribution model

An unbalanced three-phase electricity distribution system or
agricultural community microgrid is considered. Modified Dist-
Flow equations with losses are used. This model is adapted from
4

Fig. 2. Distribution branch with line i connecting bus u(i) to node i. The total
electrical load is comprised of non-ammonia base loads (pDi,t ) and ammonia plant
(pD,A

i,t ) demands. Here, ri and xi are line resistance and reactance.

our previous work in [50]. We index the substation node or the
point of common coupling (PCC) as 0 and order the rest of the
nodes from 1 to N , where N is the total number of nodes/lines.
As shown in Fig. 2, line i is the line connecting the upstream node,
u(i), and the set of downstream nodes, d{i}, to node i. All variables
related to line i are subscripted by index i ∈ N , for phase φ ∈ Φ ,
nd time t ∈ T .

.1. Objective function

The objective function, defined in (1), is the least cost sum of
operating the electrical distribution system and is captured in CE .

CE
=

∑
φ,t

λ
p0
t · p0,φ,t +

∑
φ,t

λ
q0
t · q0,φ,t

+

∑
i,φ,t

cG,P
i,φ,t · pGi,φ,t +

∑
i,φ,t

cG,Q
i,φ,t · qGi,φ,t +

∑
i,φ,t

ξ R
· sRi,φ,t (1)

The real and reactive LMP prices at the substation node con-
nected to the transmission system are represented by λ

p0
t and λ

q0
t ,

and the real and reactive net power injections at the substation
node are p0,φ,t and q0,φ,t , which is assumed to be an infinite
source. Negative net power injections indicate the DSO is buying
real or reactive power from the distribution system at the LMP
of the substation node. Distributed generators (DGs) bid at cG,P

i,φ,t

for real power and cG,Q
i,φ,t for reactive power. Here, the marginal

cost of the generator is used as the bid of the DG. The real and
reactive power supplied by the generators are indicated by pGi,φ,t
and qGi,φ,t . The reactive power output of the DG must lie within
a fraction, κG, of the real power output. The RE resources bid at
$0/MWh and are therefore not present in the objective function.
Similarly, under the assumption these assets are owned by the
DSO, the battery energy storage system (BESS) units and the
direct ammonia fuel cell do not bid into the market. Instead,
these resources operate to best serve the needs of the system.
The final term in (1) penalizes RE curtailment (sRi,φ,t ) at a value of
ξ R. This is to discourage inefficient utilization of the RE resources
in the system. Note the RE generation is curtailed equally across
all phases.

2.2. Power balance

Constrains (2)–(3) model the total system real and reactive
power balance. Here LPi,φ,t and LQi,φ,t are the linearized real and
reactive power losses. The real and reactive power net node
injection (pi,φ,t , qi,φ,t ) are modeled in (4)–(5). Variables pDi,φ,t and
qDi,φ,t are the real and reactive system power demands and pRi,φ,t
and qRi,φ,t are the real and reactive RE unit outputs. Real and
reactive BESS outputs are represented by pB and qB , and the
i,φ,t i,φ,t
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Ω

Ω

Ω

Ω

real and reactive direct ammonia fuel cell outputs are represented
by pFCi,φ,t and qFCi,φ,t . Reactive fuel cell generation is restricted to κFC

of the dispatched real fuel cell generation.

p0,φ,t +

∑
i

(pi,φ,t + LPi,φ,t ) = 0 (2)

q0,φ,t +

∑
i

(qi,φ,t + LQi,φ,t ) = 0 (3)

pi,φ,t = pDi,φ,t − pGi,φ,t − pBi,φ,t − pRi,φ,t − pFCi,φ,t (4)

qi,φ,t = qDi,φ,t − qGi,φ,t − qBi,φ,t − qRi,φ,t − qFCi,φ,t (5)

pBi,φ,t = p̂Bi,φ,t − p̌Bi,φ,t (6)

pRi,φ,t = pRi,φ,t − sRi,φ,t (7)

0 ≤ sRi,φ,t ≤ pRi,φ,t (8)

The net real power extraction of the BESS (pBi,φ,t ), defined in
(6), is the difference between the extraction (p̂Bi,φ,t ) and injection
(p̌Bi,φ,t ) power. The reactive power of the battery, qBi,φ,t , must lie
within zero and κB of the real power BESS extraction. Constraints
defining the state of charge, dis/charging rates, and the minimum
number of dis/charging hours of the BESS can be found in our
previous work [51].

Eq. (7) determines the dispatched real RE generation, pRi,φ,t ,
rom the expected generation, pRi,φ,t . Penalized in the objective
unction, the difference is captured in sRi,φ,t . The positive curtail-
ent is limited to a value less than the expected generation (8).
eactive RE generation is held within κR of the dispatched real
E generation.

.3. Distribution power flow

Defined in (9) and (10), the real and reactive power flows are
represented by variables Pi,φ,t and Qi,φ,t . Nodal voltage, vi,φ,t , is
defined in (11) in reference to the substation voltage, v0,φ,t . Sys-
em parameters MP

i,φ,j and MQ
i,φ,j are comprised of upstream and

ownstream incidence matrices and line resistance and reactance
iagonal matrices [52]. Originally quadratic relations of the real
nd reactive power flow, line impedance, and nodal voltage, real
nd reactive power losses (LPi,φ,t , L

Q
i,φ,t ) are approximated using

first-order Taylor series approximation around an exogenously
btained feasible point [53]. Specifics on the approximated loss
s presented in our previous work [52]. Voltage and line limit
ounds are enforced by constraints (12) and (13), respectively.
ere, ϵ is a small value, normally 5%, and S i,φ is the maximum

MVA line limit. The initially convex quadratic apparent power
flow limit, |Pi,φ,t |

2
+ |Qi,φ,t |

2
≤ S

2
i,φ , is linearly approximated in

(13). Obtained from Convex Optimization of Power Systems [54],
this equation models the outer approximation of the system
power flow. The real and reactive power imbalance between
phases at the substation node are restricted by (14) and (15)
ithin a small percentage, ∆φp and ∆φq, respectively.

i,φ,t = pi,φ,t +

∑
k∈d{i}

(pk,φ,t + LPk,φ,t ) (9)

i,φ,t = qi,φ,t +

∑
k∈d{i}

(qk,φ,t + LQk,φ,t ) (10)

i,φ,t = v0,φ,t −

∑
k∈N

MP
i,φ,k · (pk,φ,t + LPk,φ,t )−∑

∈N

MQ
i,φ,k · (qk,φ,t + LQk,φ,t ) (11)

− ϵ ≤ v ≤ 1 + ϵ (12)
i,φ,t

5

|Pi,φ,t | + |Qi,φ,t | ≤
√
2 · S i,φ (13)

|pi,φ,t − pi,φ′,t | = ∆φp ∀φ ∈ Φ, ∀φ′
∈ {Φ\φ} (14)

|qi,φ,t − qi,φ′,t | = ∆φq ∀φ ∈ Φ, ∀φ′
∈ {Φ\φ} (15)

An unbalanced, three-phase, real and reactive distribution sys-
em optimization model is represented in (1)–(13) and accounts
or DGs, RE units, BESSs, fuel cells, and green ammonia plant
oads. Validated in our previous work using commercially avail-
ble electricity model software (MATPOWER), the accuracy of the
lectricity distribution model measurements can be verified in
ef. [52].

.4. DLMP decomposition

Our linearized DLMP model, decomposed in Ref. [52], is lever-
aged here and extended to include the flexible demand of the
green ammonia plant. The DLMP components remain the same
for this case as the ammonia plant demand and fuel cell genera-
tion are not directly related to a marginal increase in electricity
demand. Shown in (16)–(17), energy, loss, voltage violation, and
congestion components are summed to the total real and reactive
DLMP (ΩP

i,φ,t , Ω
Q
i,φ,t ).

ΩP
i,φ,t = Ω

EP
φ,t + Ω

LP
i,φ,t + Ω

VP
i,φ,t + Ω

CP
i,φ,t (16)

Q
i,φ,t = Ω

EQ
φ,t + Ω

LQ
i,φ,t + Ω

VQ
i,φ,t + Ω

CQ
i,φ,t (17)

LP
i,φ,t = Ω

EP
φ,t

∑
j∈N

∂LPj,φ,t

∂pi,φ,t
+ Ω

EQ
φ,t

∑
j∈N

∂LQj,φ,t

∂pi,φ,t
(18)

Ω
LQ
i,φ,t = Ω

EQ
φ,t

∑
j∈N

∂LQj,φ,t

∂qi,φ,t
+ Ω

EP
φ,t

∑
j∈N

∂LPj,φ,t

∂qi,φ,t
(19)

VP
i,φ,t =

∑
i′

(vmin
i′,φ,t − vmax

i′,φ,t )
∂Vi′,φ,t

∂pi,φ,t
(20)

Ω
VQ
i,φ,t =

∑
i′

(vmin
i′,φ,t − vmax

i′,φ,t )
∂Vi′,φ,t

∂qi,φ,t
(21)

Ω
CP
i,φ,t =

∑
j∈u{i}

ρ1
i,φ,t

∂Sj,φ,t

∂pi,φ,t
(22)

Ω
CQ
i,φ,t =

∑
j∈u{i}

ρ2
i,φ,t

∂Sj,φ,t

∂qi,φ,t
(23)

The real and reactive energy components of the DLMP (ΩEP
φ,t ,

EQ
φ,t ) are determined by the shadow prices of (2) and (3). If the

substation node is providing the next marginal unit of power,
these values are equal to the LMP (λp0

t , λ
q0
t ) at the substation

node. Real and reactive loss components (ΩLP
i,φ,t , Ω

LQ
i,φ,t ) are deter-

mined by loss sensitivities with respect to nodal power injections.
Similarly, voltage components (ΩVP

i,φ,t , Ω
VQ
i,φ,t ) are determined by

voltage sensitivities to nodal power injections. The shadow prices
of (12) on all nodes i′ that meet a lower or upper voltage limit
are captured in vmin

i′,φ,t and vmax
i′,φ,t . Finally, congestion components

(ΩCP
i,φ,t , Ω

CQ
i,φ,t ) are determined by lines’ apparent power flow

sensitivities with respect to nodal power injections. The combina-
tions of the four Lagrange multipliers that come from expanding
the absolute values in (13) to a linear form are captured in ρ1

i,φ,t
and ρ2

i,φ,t . The combination of real and reactive power injections
is captured in Sj,φ,t [52].

3. Ammonia plant and fuel cell model

Similar to the electrical system, indices i ∈ N , φ ∈ Φ , t ∈ T
are used. Here, i is the node where the ammonia plant and fuel
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cell connect to the electricity distribution system. We consider
a balanced, three-phase, real and reactive load for the green
ammonia plant. Through the use of advanced power electronics,
the direct ammonia fuel cell is capable of providing real and
reactive power to the system [55,56].

.1. Ammonia plant model

The electricity demand and production tracking of an ammo-
ia plant are modeled by constraints (24)–(39). The electrical

load for ammonia (pD,A
i,φ,t ) is comprised of hydrogen production

from water electrolysis, nitrogen production from air separation,
and ammonia condensation through the Haber–Bosch process.
The chemical formula for ammonia production using this pro-
cedure is 6H2O + 2N2 → 4NH3 + 3O2. Hydrogen production
requires, by far, the largest amount of energy to run. Assumed at
a consumption of 41.79 MWh/tonNH3 of H2, this process requires
17.6% of the tons of ammonia produced in H2 [17]. The nitrogen
production assumes a rate of 0.243 MWh/tonNH3 of N2 while
requiring 82.4% of the tons of ammonia produced in N2 [17].
The Haber–Bosch process requires 0.144 MWh/tonNH3 of energy
to operate. In total, and as defined in (24), the energy demand
per metric ton (MWh/tonNH3 ) rate (pD,AR) for this process is 7.7
MWh/tonNH3 [20].

The power demand of the ammonia plant depends on the op-
erational mode of the plant and is captured in (24). We consider
the load equivalent across all three phases of the distribution
feeder; therefore, the total power demand is divided by three
and equally assigned to each phase. To ensure the ammonia
produced is categorized as ‘‘green’’ ammonia, the total demand
must be less than the total renewable power in the system at
a given time,

∑
i,φ pRi,φ,t , as in (25). Binary indicators IAi,φ,t and

P
i,φ,t allow for ‘on’, ‘off’, and ‘warming’ modes. If the plant is
on’ (IAi,φ,t = 1) and producing ammonia (IPi,φ,t = 1), the power
emand is a linear relationship between the production rate
nd the amount of ammonia produced in metric tons in that
imeslot, AP

i,t . To reduce the energy consumption when the price
f electricity is high, a ‘warming’ mode is considered. The Haber–
osch reactor can be warmed at a significantly lower power
emand than when producing ammonia due to the high energy
emand of water electrolysis. Considering maintaining British
hermal units, a warming model allows for the minimization of
hut-down and start-up operations. If the plant is ‘on’ (IAi,φ,t = 1),
ut not producing ammonia (IPi,φ,t = 0), it is in the ‘warming’
ode and the power demand is a constant based on the energy
ecessary for warming the reactor, pD,W . Finally, if the plant is ‘off’
IAi,φ,t = 0), which is a rare case but is included in this model for
completeness, there is no power demand. Note, the plant is not
allowed to be ‘off’ (IAi,φ,t = 0) and producing ammonia (IPi,φ,t = 1)
t the same time, as enforced in (26). Note, the power demand for
he ‘off’ mode is also reflected in (24) when IAi,φ,t and IPi,φ,t both
qual ‘0’ and there is no ammonia produced when IAi,φ,t is ‘0’, as
nforced in (27).
We consider the ammonia plant a demand response system

hat produces AP
i,t tons of ammonia in an hour. The amount of

mmonia produced in a timeslot must fall between the minimum
AP ) and maximum (A

P
) amount of ammonia capable of being

roduced in that time frame (27). Note, if the plant is not pro-
ucing ammonia, the amount produced in that timeslot is zero. At
he end of the time frame (T ), the summed amount of ammonia
roduced in a timeslot (AP

i,t ) and the ammonia consumed by the
uel cell (AFC

i,φ,t ), must sum to at least AS
i metric tons per day (TPD),

s determined by the ammonia plant owner (28). In the case of
xcess renewables and thus low-cost electricity, the ammonia
6

plant can produce more ammonia to best benefit the utility
in reducing voltage violations and line congestion. The excess
renewable energy is stored in ammonia. It can then be used as
fertilizer on-site, sold into the ammonia market, or consumed to
produce electricity using a fuel cell.

The feedstock of ammonia (AS
i,t ), and the reduction due to its

use by the fuel cell, is tracked as in (29), and must not exceed the
maximum amount of ammonia capable of being stored on-site,
AS
i . In the first timeslot, AS

i,t−1 is the initial value of the feedstock
of ammonia and is available for fuel cell use at the beginning of
the day.

pD,A
i,φ,t =

pD,W

3
· (IAi,φ,t − IPi,φ,t ) +

pD,AR

3
· AP

i,t (24)∑
i,φ

pD,A
i,φ,t ≤

∑
i,φ

pRi,φ,t (25)

IPi,φ,t ≤ IAi,φ,t (26)

AP
· IPi,φ,t ≤ AP

i,t ≤ A
P

· IPi,φ,t (27)

AS
i,T ≥ AS

i,0 + AS
i (28)

S
i,t = AS

i,t−1 + AP
i,t −

∑
φ

AFC
i,φ,t ≤ AS

i (29)

For best performance, we consider the ammonia plant to re-
main ‘on’ for a minimum of UTi number of hours and ‘off’ for a
maximum of DTi hours. Eqs. (30) and (33) ensure the ‘on’ (T on

i,φ,t )
and ‘off’ (T off

i,φ,t ) time counters are positive and do not exceed
the scheduling horizon limit (T ). Eqs. (31) and (34) increase the
espective counter by one if the unit remains ‘on’ or ‘off’. The
inimum number of consecutive hours ‘on’ and the maximum
umber of consecutive hours ‘off’ are constrained by (32) and
35) with the use of binary ‘on’ and ‘off’ indicators, Ioni,φ,t and Ioffi,φ,t ,
hich are ‘1’ in the timeslot the plant turns ‘on’ or ‘off’, and ‘0’
therwise. These indicators must not both be activated in the
ame timeslot (36). If there is a change in the plant’s ‘on’/‘off’
tatus within two timeslots the respective indicator will capture
his change (37).

≤ T on
i,φ,t ≤ T · IAi,φ,t (30)

T + 1) · IAi,φ,t − T ≤ T on
i,φ,t − T on

i,φ,t−1 ≤ 1 (31)
on
i,φ,t ≥ UTi · I

off
i,φ,t+1 (32)

≤ T off
i,φ,t ≤ T · (1 − IAi,φ,t ) (33)

− (T + 1) · IAi,φ,t ≤ T off
i,φ,t − T off

i,φ,t−1 ≤ 1 (34)
off
i,φ,t ≥ DTi · (1 − Ioni,φ,t+1) (35)
on
i,φ,t + Ioffi,φ,t ≤ 1 (36)
on
i,φ,t − Ioffi,φ,t = IAi,φ,t − IAi,φ,t−1 (37)

The ammonia plant can be turned ‘on’ and ‘off’ at a rapid rate,
n the order of minutes. Therefore, within an hour timeslot, the
n and off time lags can be ignored in the model. Further, the
mmonia plant is not able to instantaneously change its power
onsumption, but rather ramps up at RUi MW/h (38) and ramps
own at RDi MW/h (39).
D,A
i,φ,t − pD,A

i,φ,t−1 ≤ RUi (38)
D,A
i,φ,t−1 − pD,A

i,φ,t ≤ RDi (39)

.2. Fuel cell model

The power produced by the fuel cell (pFCi,φ,t ) is determined by
he linear relationship between the amount of ammonia con-
umed by the fuel cell and the conversion rate, pFC,R, as modeled



L. Edmonds, P. Pfromm, V. Amanor-Boadu et al. Sustainable Energy, Grids and Networks 31 (2022) 100736

f

(
b
m
t
(

p

A∑
3

i

Fig. 3. An agricultural community microgrid based on a modified three-phase PG&E 69-node distribution system with diverse distributed energy resources coupled
with an electricity-run ammonia production plant and a direct ammonia fuel cell.
in (40). The fuel cell is ‘on’ when the ammonia consumed by the
uel cell (AFC

i,φ,t ) is between the minimum (AFC
i,φ,t ) and maximum

AFC
i,φ,t ) consumption rate of the fuel cell in tons, and is indicated
y binary variable IFCi,φ,t (41). The ammonia used by the fuel cell
ust be less than the amount of the on-site ammonia feedstock in

he previous timeslot and the ammonia produced in that timeslot
42).
FC
i,φ,t = pFC,R

· AFC
i,φ,t (40)

FC
i,φ,t · IFCi,φ,t ≤ AFC

i,φ,t ≤ AFC
i,φ,t · IFCi,φ,t (41)

φ

AFC
i,φ,t ≤ AS

i,t−1 + AP
i,t (42)

.3. Coupled system model

The coupled electricity and ammonia plant model is captured
n the optimization problem P1. In this model, we consider the
ammonia plant as a demand response system. The ammonia pro-
duction is not optimized for the most profit, but all constraints,
including the minimum required metric tons per day, must be
met. Here, pDi,φ,t in (4) is a summation of the non-ammonia
electrical demand and the optimized ammonia demand, pD,A

i,φ,t ,
associated with its respective node i. A similar coupling can be
made for reactive power demand. The fuel cell real and reactive
generation is included in the nodal power balance constraints (4)
and (5). We define the coupled optimal power flow and ammonia
production problem, P1, as:

P1: min(1)
subject to: (2)–(15), (24)–(42)

4. Case study

We consider a modified, unbalanced three-phase agricultural
community microgrid based on the PG&E 69-node distribution
system connected to a small-scale, electricity-run ammonia plant
to validate our proposed model and investigate its impact on the
DLMP. Fig. 3 shows a oneline diagram of the system. We consider
a high renewable case with renewable generation units at Nodes
21, 22, 42, 44, 48, 49, and 61, with a maximum availability of
12.72 MW per phase. Three single-phase 0.5 MWh BESS units are
on each phase at Node 2. The BESS was sized to aid in balancing
the system. The unbalanced system, which follows a typical sum-
mer day load curve, sees a (non-ammonia) three-phase peak load
of 14.55 MW. This is representative of a distribution feeder, which
typically range from 0.6 to 28.5 MW per phase [57]. Further, a
7

Table 1
Green ammonia plant parameters used in case study.
UTi 2 h DTi 6 h
RUi 1 MW RDi 2 MW
AS
i 5 tons AS

i 200 tons

AP 0.05 tons AP 5 tons
pD,AR 7.7 MWh/ton pD,W 0.002 MW
AFC
i,φ,t 0.0025 ton/h AFC

i,φ,t 0.1 ton/h
pFC,R 1.6 MWh/ton

typical summer day is used, which exhibits the peak electrical
load.

The balanced, three-phase energy demands of the green am-
monia plant are included in the electrical demand for Node 7,
and the fuel cell can independently provide power to each phase
at Node 7. The substation LMP ranges from $16.56/MWh to
$42.14/MWh, modeled after a typical summer day. A balanced,
three-phase, 4.5 MW distributed generator is located at Node
62. This DG bids into the market at a cost higher than the LMP,
$61.69/MWh per phase, under the assumption that the marginal
cost of a DG is more expensive than buying power from the
grid. The historical data of Western Wind and Solar Integration
Study [58] is modified and used for hourly samples of wind and
PV generation.

The green ammonia plant, at minimum, must produce a de-
sired 5 TPD of ammonia. Table 1 shows the green ammonia plant
parameters considered in this study. The fuel cell is modeled after
a futuristic, scaled-up direct ammonia fuel cell currently in the
commercial market, the Gencell A5 fuel cell [59]. GAMS/CPLEX
28.1.0 [60] was used to solve the proposed MILP, P1. We define
the following cases:

Case 1 - Decoupled Electricity and Ammonia Models: The
ammonia plant operates without consideration of the grid
conditions. The ammonia demand is fixed and must be met
in the electricity model. The output of ammonia is exactly AS

i
tons. The electrical system is grid-connected and can buy and
sell energy at the LMP of the substation node.

Case 2 - Coupled Electricity and Ammonia Model: The elec-
tric utility operates the ammonia plant, which acts as a
demand-responsive system to best serve the electricity grid.
The output of ammonia must be at least AS

i tons but may

exceed this value. The electrical system is grid-connected.

Case 3 - Coupled Islanded Mode: The agricultural microgrid
is islanded. Buying and selling energy from the grid at the
substation node is not allowed. The system must meet all
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Fig. 4. Node 7 three-phase, component-wise DLMP comparison of decoupled and coupled models for the electricity distribution system and green ammonia plant
(Cases 1 and 2). The flexible, green ammonia plant operates to ease operational burdens (voltage violation, line congestion) in the electric grid in the coupled case,
improving the DLMP.
demands with the available DERs. The output of ammonia
must be at least AS

i tons but may exceed this value.

Case 4 - Coupled Islanded Mode with Fuel Cell: In this is-
landed agricultural microgrid, buying and selling energy from
the substation node is not allowed. This case is an emergency
situation where, perhaps, a natural disaster (e.g., hurricane)
destroyed essential transmission lines that fed power to this
system. Some of the distributed wind turbines must be shut
down due to high wind speeds. The need for power outweighs
the high cost of electricity. Therefore, the electric utility oper-
ates the typically high-cost fuel cell to best serve the islanded
agricultural microgrid. The fuel cell operation has a cost as-
sociated with it, but at a relatively lower rate than the DG
to discourage overuse of the fuel cell but allowing for liberal
operation. The fuel used by the DG may have other uses during
an emergency, so the cost associated with DG operation is
higher than the fuel cell. In contrast, ammonia does not have
other uses in a crisis.
The power demand is 30% of the normal demand. Wind speeds
in the area are considered too high, and the wind turbines at
buses 21, 22, 42, and 44 are shut down for safety purposes.
Furthermore, a cloudy day is considered; therefore, the PV
output is reduced and does not follow the typical sunny day
curve. The desired TPD limit and ‘on’/‘off’ constraints of the
ammonia plant are relaxed in this emergency case. The initial
stock of on-site ammonia for use by the fuel cell is 40 tons.

.1. Impact on DLMP

The coupling of the green ammonia plant and the electrical
ystem has a distinct impact on the three-phase DLMP, as shown
n Fig. 4. Decoupled Case 1 considers the ammonia plant running
t a constant load to produce the desired 5 tons by the end
f the day. Case 1 sees many voltage violations and line con-
estion occurrences throughout the day, as shown with voltage
nd congestion DLMP components in Fig. 4(a), which are scaled-

down to better understand the visualization. Further, power loss
is unavoidable. Therefore, the system has loss DLMP components
at every timeslot, though not all are visible due to their small
size. Negative DLMP components indicate that the system would
8

pay for extra load consumption to relieve operational issues. For
example, many timeslots see negative voltage DLMP components
due to the maximum voltage limit being met. The system would
therefore benefit from more energy demand at that node to
reduce the nodal voltage.

The decoupled green ammonia plant is unable to respond
to the needs of the electrical system that are reflected in the
DLMPs. Therefore, we consider a coupled green ammonia plant
and electrical system in Case 2. The ammonia plant can serve as a
demand-responsive load to the electricity distribution system and
therefore improve the DLMP of the system by reducing voltage
violations, line congestion, and RE curtailment to the best of the
plant’s ability. As shown in Fig. 4(b), the ammonia plant demand
is higher when the DLMP is lower (indicating fewer issues in the
electrical system) and lower when the DLMP is high. For example,
the ammonia plant is in the ‘warming’ or ‘off’ state for Timeslots
12–18 in Case 2 due to the high DLMPs at this time.

Further, the coupled system completely removed the large,
negative congestion DLMP components on Phase B in Timeslots 9
and 10 in the decoupled case. The ammonia plant consumes a bal-
anced three-phase power, which must be considered when serv-
ing the electrical system. For example, Timeslot 4 sees congestion
in the system on Phase A but a negative voltage component on
Phase B. Considering the overall DLMP and all other constraints,
the ammonia plant best serves the system by operating during
this timeslot.

4.2. Impact of demand-responsive Green ammonia plant

In addition to the improvements on the DLMP mentioned
previously, the coupled green ammonia plant also reduced the
amount of RE curtailed in the system, as shown in Fig. 5. In all
timeslots, the RE curtailment is lower in the coupled case. In
Timeslots 8 and 20, the coupled system is able to completely
remove the RE curtailment in the system by allowing the green
ammonia plant to consume excess RE generation. The decoupled
case requires a constant demand and increases the base, non-
ammonia plant demand equally throughout the day. The coupled
system increases the total demand in the system by storing excess
RE in ammonia. In some timeslots, the renewable energy is com-
pletely utilized by the base demand. For example, the ammonia
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Fig. 5. Comparison of decoupled and coupled electrical system and green
mmonia plant (Cases 1 and 2). Renewable energy curtailment reduces in the
oupled case as the flexible demand from the green ammonia plant increases.

lant is ‘warming’ in Timeslots 12–16 and ‘off’ in Timeslots 17–
8 to not increase the load further and require more expensive
nergy from the substation node or the distributed generator as
he total energy cost is minimized in the objective function. The
reen ammonia plant operates in a manner that attempts to level
ut the demand throughout the day.
Notice in most timeslots, the RE is still curtailed even in the

oupled case. Nodal voltage limits being met and or congested
ines in the system cause the RE curtailment, which is graphically
epicted in Fig. 4(b). This curtailment indicates the importance of
mart DER planning and grid upgrades to handle large amounts
f distributed renewable energy resources expected in future
istribution systems. Further, in both cases, the renewable energy
s sold to the substation node at LMP until a constraint is met
nd it can no longer sell the excess energy. The flexible demand
rom the ammonia plant allows some of the curtailed RE in the
revious case to be consumed by the ammonia plant. Due to the
ncentive in the objective function for selling excess energy, the
ystem will attempt this option first and then store excess RE
s ammonia. Therefore, we next consider an islanded system to
ompare the impact of the green ammonia plant on the system
hen there is no option to sell excess renewable energy to the

arger grid.
The comparison between coupled grid-connected and islanded

odels is depicted in Fig. 6. As expected, the renewable energy
urtailment is greater in the case of the islanded model (shown in
ed) in all timeslots except 9, as the excess RE cannot be exported
o the grid. A voltage limit is met in Timeslot 9 on Node 22
hat forces the curtailment in Case 2. The green ammonia plant
onsumes as much of the excess RE in the islanded case that
he constraints for both the ammonia plant and the agricultural
icrogrid allow, and the rest is curtailed at a penalty. Therefore,
e see a larger stock of ammonia at the end of the day in the

slanded case, Case 3. In Case 2 (shown in blue), the hourly
mmonia production is zero for Timeslots 12–18. The system
ould rather sell as much excess RE as the system allows than
roduce excess green ammonia. The ammonia produced and the
tilization of the renewable energy in the system for each case are
utlined in Table 2. Case 2 shows an improvement in renewable
nergy utilization over Case 1 while producing over three times
he amount of ammonia by the end of the day. The RE utilization
ecreases in Case 3 as the system is islanded, and excess RE can
o longer be sold back to the grid. However, more ammonia is
roduced by the end of the day to maximize the amount of RE
sed in the system. Under the emergency scenario in Case 4, the
otal available renewable energy was utilized while producing
mmonia only in timeslots with excess RE. Case 4 will be further
iscussed in the following section.
 t

9

Fig. 6. Comparison of coupled grid-connected and islanded models (Cases 2
and 3). The curtailment increases in the islanded agricultural microgrid case as
excess renewable energy cannot be sold to the grid. However, more ammonia
is produced in Case 3 in attempt to reduce this curtailment. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Table 2
Case study results comparison.

Case 1 Case 2 Case 3 Case 4

Tons of Ammonia 5 17.27 23.00 0.72
RE utilization 81.02% 84.56% 81.01% 100%

To investigate the financial impact of this coupling, simplified
ammonia plant electricity costs and profits are calculated post-
solve. The real and reactive DLMPs at Node 7 are multiplied to the
ammonia plant electricity demand in Cases 1 and 2 to calculate
the true electricity costs of the ammonia plant. Electricity costs
of $869.36 and $2665.66 were computed for Cases 1 and 2,
respectively. Recall the ammonia produced in Case 1 is 5.00 tons,
and the amount produced in Case 2 is 17.27 tons. Ammonia prices
are historically quite variable, with prices soaring over $1000 per
ton in 2021 [61]. However, the minimum average selling price of
ammonia in years 2008–2014 was $499 per ton of ammonia [62].
Therefore, this conservative market value is used to find the
simplified profit (only considering electricity costs) from selling
ammonia. The daily profits calculated for Case 1 and Case 2 are,
respectively, $1625.64 and $5952.71.

A decoupled case producing 17.27 tons of ammonia per day
and a coupled case producing 5.00 TPD are studied for a better
comparison. However, the decoupled case is designed to use a
constant power consumption across all timeslots by the ammonia
plant. The total electricity cost of this case is $3512.13, nearly a
32% increase in the coupled case’s (Case 2) electricity cost. This
higher cost results in the coupled case’s daily profit exceeding
that of the decoupled case by more than 16%. Next, a coupled
case held to 5.00 TPD is compared to Case 1. The flexible plant
produced ammonia when DLMPs were low. Electricity costs drop
by nearly a third, with the electricity cost of the ammonia plant
being $590.64. Ammonia plant daily profits increase 17% in this
case. The ammonia plant financially benefits from the flexible
coordination with the electricity DSO. Table 3 summarizes the
esults of this analysis.

.3. Impact of ammonia fuel cell in emergency state

The total system energy in Case 4 for each timeslot is depicted
n Fig. 7. The renewable energy exceeds the base, non-ammonia
lant demand in Timeslots 8 and 11–16. Under the assumption
hat all critical loads are met, excess RE can be consumed by the
mmonia plant and made available for future energy use through

he fuel cell. Due to the duration of the outage being unknown,
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Table 3
Daily economic performance for alternative configurations of ammonia production.
Configuration Tons NH3 Ammonia revenue Electricity cost Ammonia profit

Coupled 5.00 $2495.00 $590.64 $1904.36
Decoupled (Case 1) 5.00 $2495.00 $869.36 $1625.64
Coupled (Case 2) 17.27 $8618.38 $2665.66 $5952.71
Decoupled 17.27 $8618.38 $3512.13 $5106.24
Fig. 7. Phase A total power generation and demand in an emergency state (Case
). The flexible green ammonia plant operates when the RE generation goes
eyond the critical demand. The fuel cell operates to provide essential power
o the weakened agricultural microgrid.

nergy storage is recommended during this time so valuable
nergy is not wasted. In all other timeslots, the renewable energy
n the system is not enough to meet the base demand. Therefore,
he system relies on the BESS, direct ammonia fuel cell, and the
istributed generator. The battery does not bid into the system
nd is used freely to best serve the system. Thus, the BESS charges
uring times of high RE and discharges at timeslots later in the
ay that do not have RE available. The fuel cell bids at a lower
ost than the DG, and the system utilizes this resource in many
imeslots. The fuel cell alone is not enough in most cases, as it
as a relatively small power output. Therefore, the high-cost DG
perates to make up for the necessary generation.
Note, in most cases, the green ammonia itself is the value-

dded commodity. In the case of an emergency, when the price of
lectricity is extremely high, converting the green ammonia back
o electrons may be more cost-effective than selling to the bulk
mmonia market. In an emergency, supplying power to the most
ritical loads (e.g., life-supporting loads) is more important than
he cost of electricity.

. Conclusion

The case studies provide numerical evidence that indicate the
dvantages of using a green ammonia plant as a flexible load
nd storage solution for agricultural community microgrids. The
ollowing observations are made for the first time.

• The DLMP can be favorably impacted by coupling the flexi-
ble green ammonia plant to the agricultural microgrid. Con-
gestion and or voltage violations can be reduced or removed
by optimally scheduling the ammonia plant with respect
to grid conditions. Operational challenges in the microgrid
with high levels of RE can be mitigated as a result of this
coordination.

• The flexible operation of the green ammonia plant reduces
the curtailment of renewable energy sources in a high pen-
etration scenario. This is achieved by creating additional
ammonia to consume excess renewable generation.
10
• By optimally controlling the green ammonia plant, the elec-
tricity demand shifts away from the peak electricity time to
times with greater available renewable energy. A benefit of
the coordination between the microgrid and the ammonia
plant is the ability to shift demands to times where renew-
able energy would have otherwise been curtailed in a high
renewable energy scenario. Also, reducing peak demands by
allowing the ammonia plant to consume minimal energy
in the ‘warming’ mode provides additional relief to the
microgrid.

• As a result of this coupling, ammonia plant economics can
be improved. Case studies showed electricity costs of the
coupled ammonia plant could be reduced due to the plant
operating in timeslots with lower DLMPs. Therefore, ammo-
nia plants can gain higher profits when coupled with the
optimal operation of the electricity grid.

• Through the chemical energy storage capabilities of am-
monia, the coordinated agricultural microgrid and green
ammonia plant offer a unique solution for storing excess re-
newable energy. The excess renewable energy will be stored
in ammonia and sold to the bulk ammonia or hydrogen mar-
ket or used as electricity through the direct ammonia fuel
cell. An advantage of chemical energy storage in ammonia
over traditional batteries is long-term storage capability.

• The fuel cell offers additional power generation to the agri-
cultural microgrid in emergencies or when the price of
electricity is very high. Otherwise, green ammonia is more
profitable when sold to the bulk ammonia or hydrogen
market. The fuel cell allows this form of energy storage to
be sold back to the grid, similar to a traditional battery but
at a lower round-trip efficiency. The ability to sell ammonia
directly differentiates this storage solution from a traditional
battery.

A novel coordinated electricity and green ammonia plant
model was formulated and validated on an agricultural commu-
nity microgrid based on the PG&E 69-node distribution system.
The impact of coupling the electrical system and the green am-
monia plant on the DLMP was shown for the first time. This co-
operation could strengthen future electricity distribution markets
that consider DLMP. Further, the proposed model and method can
offer utilities a unique tool in managing high renewable energy
scenarios by coupling electricity distribution systems and green
ammonia plants for storage and demand response solutions.

Not studied in this work is the cost of electricity incurred
to the ammonia plant by storing excess renewable energy in
ammonia. Quantifying a financial incentive for demand response
services beyond the benefits of DLMP is interesting future work
and can be easily added to the proposed model. Further, this work
may impact policies regarding agricultural community microgrids
with significant amounts of renewable energy resources.

To enhance the impact of the demand-responsive green am-
monia plant, the anhydrous ammonia fuel and the direct am-
monia fuel cell can be moved to other locations (nodes) in the
system in the case of voltage instability, thermal line limits being
met, or an emergency. Therefore, mobile fuel cells allow not only
the temporal storage of electricity but also locational storage. The
power generated by the fuel cell could serve any node in need

and is not limited to a single node as most stationary power
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generators are. The total cost of this, including fuel and fuel cell
transport, would have to be less than the elevated DLMP at this
location.

This study can be adapted to analyze a variety of flexible
oads with storage capabilities, each with unique considerations
f advantages, drawbacks, and constraints. Our future work in-
ludes the consideration of the variability of renewable energy
eneration using stochastic programming techniques and the de-
elopment of a dynamic decision-making tool to assist with smart
lanning of the proposed technology and method.
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