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This article presents a comprehensive study that focuses on the techno-economic analysis of
co-located wind and hydrogen energy integration within an integrated energy system (IES).
The research investigates four distinct cases, each exploring various configurations of wind
farms, electrolyzers, batteries, hydrogen storage tanks, and fuel cells. To obtain optimal
results, the study employs a sophisticated mathematical optimization model formulated as
a mixed-integer linear program. This model helps determine the most suitable component
sizes and hourly energy scheduling patterns. The research utilizes historical meteorological
data and wholesale market prices from diverse regions as inputs, enhancing the study’s
applicability and relevance across different geographical locations. Moreover, sensitivity
analyses are conducted to assess the impact of hydrogen prices, regional wind profiles,
and potential future fluctuations in component prices. These analyses provide valuable
insights into the robustness and flexibility of the proposed IES configurations under
varying market conditions and uncertainties. The findings reveal cost-effective system con-
figurations, strategic component selections, and implications of future energy scenarios.
Specifically comparing to configurations that only have wind and battery combinations,
we find that incorporating an electrolyzer results in a 7% reduction in the total cost of
the IES, and utilizing hydrogen as the storage medium for fuel cells leads to a 26% cost
reduction. Additionally, the IES with hybrid hydrogen and battery energy storage achieves
even higher and stable power output. This research facilitates decision-making, risk mitiga-
tion, and optimized investment strategies, fostering sustainable planning for a resilient and
environmentally friendly energy future. [DOI: 10.1115/1.4063971]
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1 Introduction
The global pursuit of sustainable and environmentally friendly

energy sources has witnessed unprecedented momentum in recent
years [1]. As concerns about climate change and the depletion of
fossil fuel resources escalate, the urgency to transition toward
renewable energy solutions has become paramount [2]. Among
these renewable alternatives, wind energy has emerged as a
pivotal player, harnessing the power of nature’s winds to generate
clean electricity [3]. Wind power has experienced rapid growth
and remarkable advancements, contributing significantly to the
global energy mix and reducing greenhouse gas emissions;

investment in wind generation saw a remarkable 20% increase in
2022 [4]. However, despite its numerous benefits, wind energy’s
inherent variability poses challenges for grid integration and stabi-
lity [5].
One of the key challenges faced by wind power is its intermit-

tency—the natural fluctuations in wind speed and direction that
lead to varying energy output. Unlike conventional fossil fuel
power plants that can be adjusted to meet demand, wind turbines
generate electricity solely based on wind availability, leading to
mismatches between energy production and consumption. As a
result, the intermittent nature of wind energy can strain grid opera-
tions, potentially leading to grid instability and the need for expen-
sive backup power sources [6–8].
To address these challenges and unlock the full potential of wind

energy, the concept of power smoothing has emerged as a promis-
ing solution [9,10]. Power smoothing involves the deployment of
energy storage systems that can capture surplus energy during
periods of high wind availability and release it during low wind
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periods, effectively balancing the power supply and demand
[11–13]. This mitigates the intermittent nature of wind energy
and enables a consistent and predictable supply to the grid.
A wide array of energy storage technologies exists, including bat-

teries [14], flywheel systems [13], pumped hydro storage [15], and
compressed air energy storage [16]. These conventional storage
methods have been widely explored and have proven effective in
supporting renewable energy integration. Prior research under-
scores the importance of efficient energy storage and power
smoothing solutions for the successful grid integration of wind
energy. However, while these methods have proven effective,
they may present limitations concerning scalability, environmental
impact, or cost-effectiveness [17].
In recent years, there has been a notable shift toward exploring

innovative and sustainable energy storage solutions, with hydrogen
energy emerging as a highly promising and transformative candi-
date [5,6,18,1]. Hydrogen’s unique attributes as an energy carrier
make it exceptionally well suited for power smoothing and renew-
able energy integration. Notably, its ability to be stored over
extended periods allows for seasonal storage and flexible deploy-
ment, precisely when energy demand dictates. Moreover, hydrogen
can serve multiple purposes, ranging from electricity generation
[19], transportation [20], industrial processes [21], to heat produc-
tion [22]. This versatility positions hydrogen as a dynamic and
transformative energy vector, with the potential to revolutionize
various sectors of the economy. Hydrogen is the most abundant
element in the universe and can be produced through various
methods, including electrolysis [23–25], steam methane reforming
[26], and biomass gasification [27]. Of particular note,
power-to-hydrogen (P2H) technologies capitalize on excess elec-
tricity, such as surplus wind energy, to produce hydrogen through
electrolysis, offering a promising pathway for large-scale energy
storage.

1.1 Literature Review. Despite the promising aspects of
hydrogen-based energy storage, there is a need for in-depth
techno-economic analysis to provide a comprehensive understand-
ing of its practical applicability, especially in the context of wind
power smoothing. The field of techno-economic analysis of hydro-
gen energy for wind energy power smoothing has garnered signifi-
cant attention over the past few years. Researchers and experts have
explored various aspects of integrating hydrogen technology into
wind energy systems to address the intermittency and variability
challenges associated with renewable energy sources. Here, we
provide a concise overview of the current state of the art in inte-
grated wind and hydrogen systems, which can be categorized into
four main areas.
Hydrogen Production Technologies for Wind Energy Integra-

tion: The pursuit for efficient and sustainable energy solutions has
spurred numerous studies exploring various hydrogen production
methods that can seamlessly complement and enhance wind
energy systems. Among the prominent contenders, electrolysis, in
particular, has emerged as a promising candidate, offering innova-
tive avenues for harnessing excess wind energy and converting it
into valuable hydrogen resources. Two primary forms of electroly-
sis have taken the spotlight: proton exchange membrane electrolysis
[28] and alkaline electrolysis [29]. Both methods have been sub-
jected to thorough examination, highlighting their remarkable capa-
bilities in facilitating the conversion of surplus wind power into
clean, storable hydrogen fuel. Apart from electrolysis, researchers
have also delved into alternative avenues to achieve optimal hydro-
gen production alongside wind energy integration. One such
approach entails methane reforming [30], which has captivated
attention for its potential to effectively harness wind energy and
convert methane into hydrogen, thereby presenting a compelling
pathway for energy conversion and storage.
Hydrogen Storage and Transportation: The efficient storage and

seamless transportation of hydrogen constitute pivotal pillars in the
pursuit of transforming it into a highly viable and effective option

for power smoothing within the realm of wind energy. Over the
years, extensive research has diligently explored and evaluated a
diverse range of hydrogen storage techniques, each holding the
potential to unlock the full promise of this clean, abundant fuel
source. One of the primary avenues investigated is compressed
hydrogen storage [31], wherein hydrogen gas is compressed at
high pressures and stored in specially designed containers. This
approach offers an impressive balance between energy density
and practicality, making it suitable for a variety of applications,
including wind energy power smoothing. The advancement in
materials and engineering techniques has significantly enhanced
the safety and efficacy of compressed hydrogen storage solutions,
further solidifying its appeal. Another avenue of investigation lies
in the domain of liquid hydrogen storage [32], wherein hydrogen
is cooled and maintained at cryogenic temperatures to exist in a
liquid state. This method capitalizes on the superior energy
density of liquid hydrogen, allowing for increased storage capacity
and extended usability. While presenting unique challenges due to
the need for cryogenic systems, liquid hydrogen storage has shown
great potential, especially in long-term energy storage scenarios
where maximizing capacity is essential. In tandem with storage
advancements, researchers have diligently explored various trans-
portation methods, aiming to efficiently move hydrogen from pro-
duction sites to end-users or dedicated energy storage facilities.
Among these methods, pipelines [33] stand out as a primary
choice for large-scale transportation, offering a cost-effective and
reliable means of conveying hydrogen over significant distances.
Investment in pipeline infrastructure for hydrogen has been
growing, with the potential to form extensive networks that
connect diverse regions and enable widespread adoption of hydro-
gen energy.
Hydrogen Integration Strategies in Wind Farms: The pursuit of

maximizing the potential of renewable energy sources has sparked
considerable interest in integrating hydrogen technologies within
wind farms. This innovative approach aims to revolutionize
power generation and elevate system flexibility to new heights. A
plethora of studies have delved into various configurations, each
offering unique benefits and opportunities to establish a seamless
synergy between wind energy and hydrogen production. One prom-
ising avenue of exploration involves establishing co-located hydro-
gen production facilities within wind farms [34]. By situating
hydrogen production units in close proximity to wind turbines,
surplus energy can be efficiently harnessed during periods of high
wind generation. The excess electricity can then be diverted into
the hydrogen production process, enabling the transformation of
water into hydrogen through electrolysis. This integration not
only provides a valuable means of energy storage but also
unlocks the potential to utilize hydrogen as a clean, eco-friendly
fuel for various applications, further enhancing the overall sustain-
ability of the system. Furthermore, researchers have explored cen-
tralized hydrogen storage systems to complement wind farms
[35]. In this configuration, excess energy from multiple wind tur-
bines is channeled into a centralized hydrogen storage facility.
This approach facilitates optimal use of the surplus electricity,
ensuring that wind power does not go to waste during periods of
low demand. The stored hydrogen can then be utilized for various
applications, ranging from power generation during peak demand
hours to supplying clean fuel for vehicles or industrial processes,
thereby adding a layer of versatility to the integrated system.
Techno-Economic Analysis and Optimization Models: To gauge

the feasibility and potential benefits of integrating hydrogen energy
with wind power, researchers have devised sophisticated
techno-economic models and optimization frameworks [36–40].
These analytical tools serve as crucial instruments in evaluating
the economic viability and sustainability of such integrated
systems. By considering a myriad of factors, these models
provide comprehensive insights into the most optimal and cost-
effective pathways for successfully implementing hydrogen inte-
gration within wind energy systems. A key aspect analyzed by
these models is the capital and operational costs associated with
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various components of the integrated system. This includes costs
related to installing hydrogen production facilities, storage infra-
structure, and hydrogen utilization technologies. The models care-
fully weigh these expenditures against potential savings and
revenue streams generated from hydrogen sales or usage, ultimately
determining the financial viability of the integrated setup. Further-
more, energy efficiency is a critical parameter taken into account
by these models. The efficiency of hydrogen production methods,
storage systems, and utilization technologies significantly impacts
the overall performance and viability of the integrated system.
Researchers meticulously assess different technology options to
ensure that the overall energy conversion and utilization process
is as efficient as possible, minimizing losses and maximizing the
system’s overall efficiency.

1.2 Research Contributions. This article presents a holistic
and innovative approach to optimize renewable energy integration
by leveraging hydrogen-based energy storage for enhanced wind
farm stability. Through a rigorous exploration of various system
configurations, addressing existing gaps in the literature, and con-
sidering the influence of regional meteorological conditions and
future equipment costs, this study contributes valuable insights
that advance the seamless integration of renewable energy sources
into the power grid. The key contributions of this research can be
summarized as follows:

(1) Comprehensive System Integration With Hydrogen-Based
Storage: By considering a wide range of system configura-
tions, the research provides holistic insights into how hydro-
gen storage complements and enhances the stability and
reliability of wind farms.

(2) Utilization of Excess Wind Energy for Hydrogen Production:
By converting surplus wind power into hydrogen through
electrolysis, the study showcases a sustainable approach to
energy storage, thus maximizing the utilization of curtailed
wind energy.

(3) Evaluation of Hydrogen Storage and Fuel Cells for Energy
Conversion: This study evaluates the effective of both hydro-
gen storage and fuel cell technologies for efficient energy
conversion.

(4) Sensitivity Analysis on Future Equipment Costs: Recogniz-
ing the dynamic nature of the energy landscape, the study
conducts sensitivity analyses on future equipment costs.

(5) Regional Meteorological Impacts on Wind Farm
Stability: Taking into account the influence of regional mete-
orological conditions, the research sheds light on how
climate variations can affect wind farm stability and
performance.

The article’s remaining content is structured as follows: Sec. 2
outlines the techno-economic methodology applied in this study.
Section 3 illustrates the case studies and their corresponding
results, considering various combinations of integrated energy
system (IES) components. Finally, Sec. 4 summarizes the findings,
draws conclusions, and delves into potential areas for future
research.

2 Techno-Economic Analysis Methodology
The techno-economic analysis for the sector-coupled wind-

hydrogen IES is performed using the open-source techno-economic
tool, REopt (Renewable Energy Integration and Optimization),
developed by the National Renewable Energy Laboratory
(NREL) [41]. Figure 1 depicts the overall framework of the
REopt analysis for the integrated wind and hydrogen system.
REopt takes into account various factors, including weather condi-
tions, electrical load, wholesale electricity prices, and hydrogen
prices at the system’s location, to determine the capacity and dis-
patch decisions for the components of the IES. The primary objec-
tive is to optimize economic savings or profits from on-site energy
production while maximizing stabilized power output. It should be
noted that REopt is best suited for site-specific studies and is imple-
mented through net export or import limits to the system, rather than
for system-level analyses.
In our study, we have extended the capabilities of REopt by incor-

porating additional models for the electrolyzer, hydrogen tank
storage, and hydrogen fuel cell. Figure 2 illustrates the overall archi-
tecture of the REopt modules used in this study, along with the input
and output parameters of each component and their respective con-
straints. To model the IES, certain user inputs are provided to
REopt, including the capital cost, operations and maintenance
(O&M) cost, annual electricity consumption, battery charging and
discharging efficiency, and other relevant performance parameters
of the wind energy system. These inputs enable the estimation of
power generation for the wind and battery components. For the
hydrogen production model, the electrolyzer technology is

Fig. 1 Techno-economic analysis framework for the integrated wind and hydrogen system (modified from
Ref. [36])
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employed, which utilizes electricity and a feedstock like water to
produce hydrogen. User inputs for the electrolyzer in REopt
include the capital and O&M costs, feedstock type, electric energy
consumed to hydrogen produced ratio, hydrogen sale price, and
other relevant parameters [4,42–44]. The hydrogen storage tank is
modeled with considerations for minimum and maximum capacity
limits, installation cost, and O&M cost [43,45]. These inputs help
determine the appropriate storage capacity for the hydrogen
system. Various financial parameters, such as tax rates, investment-
based incentives, capital-based incentives, production-based incen-
tives, discount rate, and modified accelerated cost recovery system,
are also taken into account. These financial inputs are crucial for
obtaining realistic results that consider the economic aspects of the
integrated wind-hydrogen system.
By incorporating the electrolyzer, hydrogen tank, and fuel cell

technology into the existing REopt capability, we can now assess
the techno-economic performance of wind and hydrogen IES

under various conditions, including different meteorological condi-
tions, fluctuating electricity and hydrogen prices, and more.
Figure 3 depicts the overall structure of the grid-connected IES
with wind, battery, hydrogen, and fuel cells in this study. We
have comprehensively explored and compared the following four
scenarios.

(1) Case I: Wind+Battery (Base Scenario): This case involves a
wind power plant integrated with a conventional energy
storage device. The objective is to minimize system costs
while achieving maximum stabilized output power. It is
assumed in this study that the maximum stabilized output
power of the system aligns with the grid demand. This
approximation is derived from extensive empirical analyses.
Thus, it is important to note that, within the scope of this
study, we do not account for any potential grid demand def-
icits. The mathematical model optimizes the capacity and

Fig. 2 Model architecture of the REopt modules adopted/created in this study (modified from Ref. [36])

020903-4 / Vol. 146, FEBRUARY 2024 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/m

echanicaldesign/article-pdf/146/2/020903/7223766/m
d_146_2_020903.pdf by U

niversity O
f Texas At D

allas user on 08 February 2024



power size of the energy storage device, ensuring efficient
utilization of wind energy and enhancing grid stability.

(2) Case II: Wind+Battery+Electrolyzer (Electrolyzer Integra-
tion): In this case, an electrolyzer is added to the system to
convert excess wind energy into hydrogen, thereby increas-
ing system revenue and energy versatility. The optimization
process determines the optimal sizes of the electrolyzer and
energy storage device to maximize hydrogen generation
and storage while minimizing costs.

(3) Case III: Wind+Electrolyzer+Hydrogen Tank+Fuel Cell
(Hydrogen Storage and Fuel Cell Integration): This case
replaces conventional battery energy storage with hydrogen
storage and a fuel cell. The economic feasibility of this com-
bination is assessed, considering the lack of battery
state-of-charge (SOC) limitations, ensuring optimal energy
storage and utilization. The integration of hydrogen storage
and fuel cells enhances energy conversion efficiency and
offers a cleaner and sustainable energy option.

(4) Case IV: Wind+Battery+Electrolyzer+Hydrogen Tank+
Fuel Cell (Comprehensive Integration): This case represents
a holistic approach, incorporating electrolyzers, hydrogen

tanks, fuel cells, and traditional battery storage. A sensitivity
analysis examines the impact of future equipment cost reduc-
tion on system costs, providing valuable insights for long-
term planning and investment strategies. Additionally, grid
power integration is explored to enhance wind farm stability
during low wind periods and maximize curtailed wind
energy utilization. This comprehensive integration optimizes
the synergies between different components, offering an effi-
cient and resilient renewable energy system.

The modeling of the IES is a complex process that involves con-
sidering multiple technology, system, and financial constraints.
These constraints encompass energy balance, battery and storage
tank states, technology capacities, grid import/export limits, and sta-
bilized output requirements. The primary objective of the optimiza-
tion is to minimize the total cost of the IES, which includes
installation costs for the electrolyzer, wind energy system, batteries,
hydrogen storage, and fuel cells (if applicable), as well as O&M
costs, electricity purchases, taxes, incentives, and profits from elec-
tricity and hydrogen sales. The objective function is formulated as
follows:

Minimize
∑
t∈T

ccmt · Xσ
t + ccbt · Zσ

t

( )
︸�������������︷︷�������������︸

Generating Technology Capital Costs

+
∑
b∈B

ckWb · XbkW
b + ckWh

b + comb
b

( )
· XbkWh

b

( )
︸�������������������������︷︷�������������������������︸

Storage Capital Costs

+ 1 − f tow
( )

· f om ·
∑
t∈T

comσ
t · Xσ

t︸������︷︷������︸
Fixed O&M Costs

+
∑

t∈T h ,h∈H
comp
t · Xrp

th︸���������︷︷���������︸
Variable O&M Costs

+ come · Xrp
eh︸����︷︷����︸

Electrolyzer O&M costs

⎛
⎜⎜⎜⎜⎝

⎞
⎟⎟⎟⎟⎠

− 1 − f tow
( )

· f e ·
∑
h∈H

ceh · X
stg
h +

∑
t∈T

ceh · X
ptg
th

( )
︸�����������������︷︷�����������������︸

Energy Export Payment

+
∑
h∈H

chtsh · Xsell
eh︸������︷︷������︸

Hydrogen profit

⎛
⎜⎜⎜⎜⎝

⎞
⎟⎟⎟⎟⎠ − 1 − f tow

( )
·

∑
t∈T

Xpi
t︸��︷︷��︸

Production Incentives

(1)

The following constraints are considered in the optimization:

Xrp
th ≤ �b

σ
t · Z to

th︸��︷︷��︸
Maximum Power Rating

∀t ∈ T , h ∈ H (2)

Constraint (2) ensures that the system’s output is restricted to its
maximum power rating when it is turned on, and it must be 0
when it is off.

Xse
b,0 = w0

b · XbkWh
b︸�����︷︷�����︸

Initial State of Charge

∀b ∈ B (3)

wbkWh
b ≤ XbkWh

b ≤ �wbkWh
b ∀b ∈ B (4)

wbkW
b ≤ XbkW

b ≤ �wbkW
b ∀b ∈ B (5)

Constraint (3) establishes the initial state of charge for each storage
system as a fraction of its total energy rating. Constraints (4) and (5)
further constrain the size of the storage system by imposing lower
and upper bounds on its energy capacity and power output, respec-
tively. These bounds limit the range within which the energy capac-
ity and power output of the storage system can be optimized.

Xse
bh = Xse

b,h−1 +
∑
t∈T

η+bt · X
pts
bth

( )
− Xdfs

bh /η
−
b︸��������������︷︷��������������︸

Net Charging Energy

∀b ∈ B, h ∈ H (6)

Xse
bh ≥ wmcp

b · XbkWh
b︸������︷︷������︸

Minimum State of Charge

∀b ∈ B, h ∈ H (7)

Constraint (6) ensures inventory balance for the state of charge of
storage system b at the end of time period h. Constraint (7) enforces
a minimum state of charge requirement for the energy stored in the
battery. This constraint ensures that the energy in the battery does
not fall below the specified minimum level.

XkW
b ≥

∑
t∈T b

Xpts
bth + Xdfs

bh︸�������︷︷�������︸
Charging and Discharging Power

∀b ∈ B, h ∈ H (8)

XbkWh
b ≥ Xse

bh ∀b ∈ B, h ∈ H (9)

Constraint (8) restricts the power that can be charged or discharged
from the storage system in each time-step to the storage system’s
power rating. Additionally, constraint (9) sets a limit on the
amount of energy stored in the storage system in each time-step
to the storage system’s energy capacity.

Xpi
t ≤ min M · Zpi

t ,
∑
h∈H

irt · f pit · f pth · f lit · Xrp
th︸�������������︷︷�������������︸

Total Production Incentives

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

⎫⎪⎪⎪⎬
⎪⎪⎪⎭ ∀t ∈ T (10)
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Xσ
t ≤ �ıσt + �b

σ
t · 1 − Zpi

t

( )︸���������︷︷���������︸
Upper Bound on the System Size

∀t ∈ T (11)

Constraint (10) computes the total production incentives, if they are
available, for each technology. Constraint (11) sets an upper bound
on the system size that qualifies for production incentives.

f peh · f 1e · Xrp
eh︸�����︷︷�����︸

Actual Power of Electrolyzer

=Xp
eh ∀h ∈ H (12)

me · Xp
eh =

∑
t∈T

Xpte
th +

∑
b∈B

Xste
bh︸����������︷︷����������︸

Total Energy Input to the Electrolyzer

∀h ∈ H (13)

Xrp
eh ≤ Xkg

e ∀h ∈ H (14)

Constraints (12) and (13) give the input–output relationship and
energy balance equations for the electrolyzer operation process,
respectively. Constraint (14) sets a limit on the production of the
electrolyzer to the electrolyzer capacity.

Xsh
th = Xsh

t,h−1 + Xp
eh − Xsell

eh − Xetf
eh︸���������︷︷���������︸

Net Hydrogen Storage

∀h ∈ H (15)

Xsh
th ≤ Xtank ∀h ∈ H (16)

Constraint (15) ensures inventory balance for the state of charge of
hydrogen storage system at the end of time period h. Constraint (16)
sets a limit on the amount of hydrogen stored in the hydrogen
storage system in each time-step to the hydrogen storage system’s

capacity.

f pfh · f 1f · X
rp
fh · mf︸��������︷︷��������︸

Actual Hydrogen Consumption in Fuel Cells

=Xetf
eh ∀f ∈ T h, h ∈ H (17)

f pfh · f 1f · X
rp
fh︸�����︷︷�����︸

Actual Energy Generation from Fuel Cells

=Xftg
fh ∀f ∈ T h, h ∈ H (18)

Xrp
fh ≤ XkW

f ∀h ∈ H (19)

Constraints (17) and (18) give the relationship between the demand
for hydrogen and the production of electricity and its capacity at
each time point of the hydrogen fuel cells, respectively. Constraint
(19) sets a limit that hydrogen fuel cells cannot generate more
power per hour than their capacity.∑

t∈T
f pth · f 1t · Xrp

th︸�������︷︷�������︸
Actual Wind Energy Generation

+
∑
b∈B

Xdfs
bh

=
∑
t∈T

∑
b∈B

Xpts
bth + Xptg

th + Xpte
th + Xptc

th

( )
︸���������������������︷︷���������������������︸

Total Wind Energy Generation

+
∑
b∈B

Xste
bh + Xstg

bh

( )
︸��������︷︷��������︸
Total Battery Discharge

∀h ∈ H

(20)

∑
t∈T

Xptg
th +

∑
b∈B

Xstg
bh︸����������︷︷����������︸

Energy Delivered to the Grid

= δdh ∀h ∈ H (21)

Fig. 3 Overall structure of the grid-connected IES with wind, battery, hydrogen, and fuel cells
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∑
t∈T

f pth · f 1t · Xrp
th =

∑
t∈T

∑
b∈B

Xpts
bth + Xptg

th + Xpte
th + Xptc

th

( )
∀h ∈ H

(22)

∑
b∈B

Xstg
bh +

∑
t∈T

Xptg
th ≤ �δ

g
h ∀h ∈ H (23)

Constraint (20) ensures that the load is balanced by equating the
sum of power from all generation technologies and energy
storage systems. Constraint (21) allows both storage Xstg

h and pro-
duction X ptg

h to contribute to the energy delivered to the grid, but
the total contribution must equal the power demand, which is
also the stabilized output power of the system. Constraint (22)
limits the power allocation to all generation technologies at each
point in time. Constraint (23) ensures the transmitted power to the
grid does not exceed the interconnection limit.

XkWh
b , XkW

b ≥ 0 ∀b ∈ B (24)

Xstg
h , Xptg

h ≥ 0 ∀h ∈ H (25)

Xpi
t , X

σ
t ≥ 0 ∀t ∈ T (26)

Xpts
bth ≥ 0 ∀b ∈ B, t ∈ T , h ∈ H (27)

Xpte
th , Xptc

th , Xsh
th , X

rp
th ≥ 0 ∀t ∈ T , h ∈ H (28)

Xste
bh , X

dfs
bh , X

se
bh, X

se
b,0 ≥ 0 ∀b ∈ B, h ∈ H (29)

Xrp
eh, X

etf
eh , X

p
eh, X

sell
eh , Xrp

eh ≥ 0 ∀e ∈ T gh, h ∈ H (30)

Xkg
e ≥ 0 ∀e ∈ T gh (31)

Xrp
fh, X

ftg
fh ≥ 0 ∀f ∈ T h, h ∈ H (32)

XkW
f ≥ 0 ∀f ∈ T h (33)

Z to
th ∈ {0, 1} ∀t ∈ T , h ∈ H (34)

Zpi
t ∈ {0, 1} ∀t ∈ T (35)

Finally, constraints (24)–(33) ensure all of the variables in our for-
mulation assume nonnegative values. In addition to nonnegativity
restrictions, and constraints (34) and (35) establish the integrality
of the appropriate variables.
REopt extends its functionality to provide comprehensive

runtime support for the IES optimization model. This encompasses
tasks such as modeling and simulating the various constituent
modules within IES. Additionally, REopt plays a pivotal role in
supplying coefficients to the optimization model, coordinating the
entire optimization procedure, as well as efficiently handling
the processing and dissemination of the resultant outcomes [41].
The problem is formulated as a mixed-integer linear program, and
the FICO Xpress solver is utilized to find the optimal selection,
sizing, and dispatch strategy of technologies from a candidate
pool. Since the solver uses an exact algorithm rather than a heuristic
algorithm to obtain the optimal solution, this optimal solution is also
the global optimal solution. This approach ensures the maximiza-
tion of stabilized power output at each time-step while minimizing
the overall life cycle cost of the system, encompassing both system
costs and profit. The optimization process yields several important
outputs, including the maximized stabilized output power, optimal
component sizes, total system expenditure, capital expenditure for

each component, the trade-off between wind and hydrogen produc-
tion, the levelized cost of hydrogen (LCOH), and the levelized cost
of energy (LCOE) of the IES. Additionally, various financial
parameters such as payback period, life cycle cost, and net
present value are provided, offering valuable insights for IES
investment, planning, and operation decisions. This comprehensive
modeling approach empowers stakeholders with critical informa-
tion for designing, optimizing, and managing the IES effectively,
supporting the development of sustainable and economically
viable energy solutions.
In this research, a single-year optimization approach is employed

to estimate cash flows over an extended 25-year period, assuming
constant production and consumption throughout the entire analysis
period. This approach assumes perfect foresight in predicting all
future events, encompassing factors like weather conditions and
energy demand. While this method provides valuable insights, it
is subject to several inherent limitations that can influence the
results and their real-world applicability. These limitations stem
from various assumptions made in the analysis, including the pre-
sumption of consistent wind energy generation, fixed electrolyzer
efficiency, stable hydrogen storage costs, and simplified grid inte-
gration. Additionally, these analyses often rely on historical or esti-
mated data, potentially introducing uncertainties into the findings.
Furthermore, they may not fully account for the influence of tech-
nological advancements, environmental impacts, changing policies,
or economic factors.
Key limitations of these studies include the omission of environ-

mental costs and the oversight of potential technology break-
throughs. Regulatory changes, such as alterations in government
policies or incentives, can significantly affect project economics,
but these analyses often overlook such dynamics. Moreover, it is
important to acknowledge that these studies are typically location
specific and may not readily generalize well to different regions
with varying resource availability, infrastructure, and market
conditions.

3 Numerical Experiments
In this study, the IES is assumed to be located in Snyder, TX,

with a planned wind farm capacity of 253MW; thus, the decision
variable of wind farm size in this model will be fixed at 253MW.
Historical meteorological data from the year 2020, along with
wholesale market prices from the Electric Reliability Council of
Texas (ERCOT), serve as inputs for the study. Figure 4 visually rep-
resents the annual wind power generation obtained from the simu-
lation. The essential assumptions for setting up the hybrid energy
system are summarized in Table 1, with a planning horizon of 25
years. To conduct the techno-economic analysis, the analysis
employs 8760 hourly data points for the modeled year (2020).
To enhance the conciseness of this article while maintaining its

focus, we have carefully selected key parameters for inclusion in
Table 1. Our criteria for choosing these parameters are as follows:

Relevance to Key Components: We have included parameters
that are essential for understanding the key components of
our study.

Impact on Key Results: Parameters that significantly influence
critical outcomes, such as LCOE and total cost, have been
prioritized.

Focus on New Modules: In particular, we have focused on
parameters related to the newly added module, the hydrogen
system. For original modules like the wind system, we have
relied on default parameters as described in Ref. [41].

For future projections, the study takes into account changes in
grid energy costs and O&M expenses with a constant rate of
change. This approach incorporates discounting factors to account
for anticipated cost escalation or de-escalation rates. The study
assumes perfect predictions of all future events, encompassing
weather conditions and failure rates. Moreover, all costs and
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benefits are discounted using a specified discount rate to present
values, following standard economic practices.
Capital and operating costs for wind, battery storage, various

hydrogen generation technologies, fuel cell, and other system com-
ponents are referenced from the NREL Annual Technology Base-
line (ATB) [46]. This comprehensive approach allows for a
robust analysis of the IES, enabling strategic decision-making and
evaluation of economic viability and long-term sustainability over
the planning period.

3.1 Results and Discussion. Table 2 presents a comprehen-
sive overview of the optimal sizing of various components within
the IES, including wind, electrolyzer, battery, tank, and hydrogen
fuel cell, along with the corresponding total system costs for all
four cases. The results indicate significant cost reductions in case
II (electrolyzer integration) and case III (hydrogen storage and
fuel cell integration) by 7% and 26%, respectively, compared to
the benchmark case I. Particularly in case III, battery storage is
excluded and replaced by the integration of a hydrogen storage
tank and fuel cell system.
In case IV (comprehensive integration), the higher total system cost

is attributed to the increased stabilized IES power output (i.e., 57
MW). In order to further evaluate the economic advantages of the
case IV combination, we added two additional subcases, which
have the same stabilized IES output power as case II and case III,
respectively, namely case IV(a) and case IV(b). When comparing
the stabilized IES power outputs of 28.3MW (case IV(a)) and 39

MW (case IV(b)) to cases II and III, respectively, the total system
cost in case IV can be reduced by 23% and 26%. Notably, the cur-
tailed rate of wind energy is lower in case IV, suggesting the more
efficient utilization of the electrolyzer, which was deliberately
chosen to be smaller to meet the objective of minimizing the total
system cost while maintaining maximum stabilized output. Indeed,
case III exhibits the lowest curtailed rate among all the cases due to
its installation of the largest electrolyzer and its concerted effort to
maximize the utilization of wind energy. However, it is essential to
note that this configuration may not be the most economical option,
as the utilization of the electrolyzer is not optimized sufficiently.
This observation is further validated by the LCOH results, which indi-
cate that case III has the highest LCOH among all cases. Therefore,
while the wind curtailed rate in case III appears favorable, it must
be cautiously interpreted in light of the higher LCOH and potential
inefficiencies in the utilization of the electrolyzer. This information
is crucial for the IES planning, as it highlights the trade-offs
between curtailed rates and overall system economics and efficiency
in the decision-making process.
These findings shed light on the cost-effective configurations and

strategic component selections within the IES to achieve optimal
performance and address energy demands efficiently. The outcomes
provide valuable insights for decision-makers seeking to strike a
balance between system costs, renewable energy utilization, and
curtailment rates, while striving for a sustainable and economically
viable integrated energy solution.
Figure 5 provides a detailed view of the monthly energy output

distribution for each component in the four cases. A comparison
between case I and case II reveals that the addition of the electroly-
zer in case II, a power consumer component, results in a portion of
the wind power being allocated to supply the electrolyzer. Despite
the unchanged battery capacity compared to case I, the batteries in
case II occupy a larger share of the output, leading to an increase in
their utilization rate. In case III, the hydrogen fuel cell fully replaces
the function of the conventional battery pack. The results show that
the hydrogen fuel cell in case III effectively substitutes the conven-
tional battery pack and is capable of delivering higher stabilized
power output. Comparing case IV with case I, the combination of
the fuel cell and the battery further optimizes the IES’s potential,
resulting in higher stabilized power output. Nevertheless, the
installed capacity of both the fuel cell and the battery is reduced
compared to the previous cases.
These findings underscore the system’s adaptability and the

strategic allocation of components to achieve higher power
output and efficiency. The integration of the hydrogen fuel cell
and battery in case IV demonstrates the potential for improved

Fig. 4 The annual wind power generation of the simulated wind farm in 2020

Table 1 Key assumptions in the integrated energy system setup
[4,42–44,45]

Parameter Cost

Electricity consumed per kg of hydrogen produced
(low thermal energy)

55 kWh/kg

Hydrogen sale price $2/kg
Hydrogen slope for fuel cell 0.076 kg/kWh
Electrolyzer installation cost $48,000/kg/yr
Fixed electrolyzer O&M cost $3600/kg/yr
Variable electrolyzer O&M cost $0.24/kg
Fuel cell installation cost $500/kW
Fuel cell fixed O&M cost $30/kW
Planning period 25 years
Minimum allowable battery SOC 0.2
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performance while optimizing component sizes to achieve a
balance between system capabilities and resource utilization.
The detailed monthly energy output distribution offers valuable
insights into the system’s performance under varying conditions
throughout the year. It highlights how different configurations
impact the overall energy distribution among components, provid-
ing a clearer understanding of the IES’s operation and potential
energy savings.
To strike a balance between generality and specificity, the analy-

sis encompasses the system’s overall behavior while also zooming
in on its specific operational state. Figure 6 provides insights into
the wind power allocation and the state of charging (SOC) of
battery and hydrogen tanks within the IES over a randomly selected
168 consecutive hour period for the four cases. This view offers a
more detailed perspective on the operational behavior of system
components. Notably, the SOC of the battery in case II exhibits
more frequent fluctuations, which is consistent with the observa-
tions in Fig. 5. This highlights the dynamic nature of the energy
storage system in case II, where the battery’s charge and discharge

cycles respond to the variable wind power generation and hydrogen
production.
Examining the curtailed rate, the figure reveals that cases II and

III effectively utilize substantial portions of wind energy that would
have been curtailed, directing it to the electrolyzer for hydrogen pro-
duction. This observation aligns with the lower curtailed rates
reported in Table 2 for these cases compared to case I. Furthermore,
when comparing wind energy allocation to the electrolyzer in cases
II and IV, it is evident that more curtailed wind energy is efficiently
utilized by the electrolyzer in case IV, in line with the earlier men-
tioned higher utilization efficiency of the electrolyzer in that case.
Additionally, the SOC of energy storage devices in all four cases

during the hours 40–80 time period, characterized by a relative
shortage of wind energy resources, indicates that both batteries
and hydrogen tanks play crucial roles in compensating for the
IES power output gap during such wind energy shortages. This
comprehensive analysis of operational details sheds light on the
dynamic behavior and synergistic functioning of system compo-
nents within the IES.

Table 2 Integrated energy system component capacity and cost

Technology Case I Case II Case III Case IV Case IV (a) Case IV (b)

Wind 253MW 253MW 253MW 253MW 253MW 253MW
Stabilized IES power 28.3MW 28.3MW 39MW 57MW 28.3MW 39MW
LCOE of wind $0.0479/kWh $0.0479/kWh $0.0479/kWh $0.0479/kWh $0.0479/kWh $0.0479/kWh
Fuel cell N/A N/A 39,000 kW 32,284 kW 25,823 kW 33,001 kW
Hydrogen tank N/A N/A 185,236 kg 208,565 kg 59,247 kg 128,573 kg
Battery energy capacity 1,064,030 kWh 1,064,030 kWh N/A 867,950 kWh 54,217 kWh 160,555 kWh
Battery power capacity 224,497 kW 224,497 kW N/A 183,127 kW 11,439 kW 33,875 kW
Electrolyzer N/A 1965 kg/h 3888 kg/h 1908 kg/h 2157 kg/h 2214 kg/h
Total system cost $1,112,071,117 $1,033,978,268 $822,851,256 $1,193,795,109 $633,249,296 $767,428,831
Wind curtailment rate 79.1% 21% 0.02% 13.1% 27.4% 21%
LCOH N/A $4.07 $5.01 $4.38 $4.52 $4.56

Fig. 5 Monthly output energy of the IES for each component in the four cases
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3.2 Sensitivity Analysis. In case IV (comprehensive integra-
tion), three sets of sensitivity analyses were conducted on the IES
to assess the impacts of various factors. First, we explored the influ-
ence of hydrogen prices on system configurations and parameters.
This analysis provided valuable insights into key metrics such as
LCOH, total system cost, size of the electrolyzer, and curtailed
wind energy rates. Second, we examined how different regional
wind resources affected the IES. Finally, we assessed the effects
of future component prices on the IES, simulating different price
scenarios for wind, battery, electrolyzer, fuel cell, and hydrogen
tank installation costs. These analyses offered essential information
for decision-making, risk mitigation, and optimized investment
strategies, fostering sustainable planning and shaping policies for
a resilient and environmentally friendly energy future within the
IES.

3.2.1 Impact of Hydrogen Prices on System Configurations.
Regarding the impact of hydrogen selling price on the IES, our
investigation focused on four key parameters: LCOH, capital
expenditure (CAPEX) of the IES, size of the electrolyzer in the
IES, and the curtailed rate of wind energy within the system. In
the baseline case IV, the selling price of hydrogen was fixed at
$2/kg. However, for the sensitivity analysis, we introduced varia-
tions in the hydrogen sale price, ranging from $2/kg to $5.5/kg.
This allowed us to explore the effects of different price levels,
resulting in a total of eight new simulated cases to assess the influ-
ence of these changes.

Figure 7 illustrates a comprehensible result that emerged from
this analysis: as the price of hydrogen increases, the total cost of
the IES decreases. This outcome is understandable because the
higher hydrogen price leads to increased IES hydrogen revenues,
partially offsetting the total system cost. It is also relatively intuitive
to observe how the size of the electrolyzer and the curtailed rate of
wind energy are affected by the higher hydrogen price. As
the hydrogen price rises, the IES tends to install larger electrolyzers
to produce more hydrogen, aiming to reduce the total system
cost and, consequently, decreasing the amount of wind energy
curtailed.
However, one important finding is that the increase in LCOH is

mainly due to the larger size of the electrolyzer, which results
from the higher hydrogen price. As the size of the electrolyzer
increases, the utilization rate of the electrolyzer gradually
decreases, leading to a decrease in the hydrogen produced per
unit of installed capacity. Consequently, this increase in the
LCOH metric is observed. These insights are valuable for under-
standing the tradeoffs and interconnections between hydrogen
selling price, system cost, electrolyzer size, and curtailed wind
energy within the IES. It informs decision-makers on how to
strike a balance between these parameters to achieve cost-effective
and efficient operation while ensuring a sustainable and economi-
cally viable integrated energy system.

3.2.2 Impact of Regional Variations on System
Configurations. To capture regional variations, we consider four

Fig. 6 Hourly wind power allocation and SOC of battery and hydrogen tank within the IES over a randomly selected 168 con-
secutive hour period. Battery, grid, and electrolyzer in the legend represent the hourly wind power allocation to the battery,
grid, and electrolyzer, respectively. Curtailed and wind generation represent wind energy curtailment and actual wind power
generation, respectively.
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distinct wind farms located in strategic regions: the Electric Reliabil-
ity Council of Texas (ERCOT), the Midcontinent Independent
System Operator (MISO), the Southwest Power Pool (SPP), and
the Pennsylvania-New Jersey-Maryland Interconnection (PJM).
These locations were chosen to represent diverse independent

system operators (ISOs) with unique wind resource characteristics.
For a comprehensive representation, we have provided the geo-
graphic coordinates of these locations in Table 3. In this particular
sensitivity analysis, we investigate how different wind profiles
from diverse regions impact the IES. By thoroughly examining
key performance metrics, such as LCOE, LCOH, CAPEX, and cur-
tailed rates under various wind scenarios, this study reveals crucial
insights into the system’s overall performance and economic
viability.
The outcomes of this sensitivity analysis are depicted in Fig. 8,

which showcases how the different wind profiles in each region
affect the IES metrics. Among the four wind farms, the one situated
in ERCOT stands out with the most abundant wind resource, result-
ing in the lowest LCOE, LCOH, and CAPEX, while concurrently

Fig. 7 Sensitivity analysis of the impact of hydrogen price on LCOH, CAPEX, electrolyzer size, and
curtail rate

Table 3 The location of the four distinct wind farms located in
different ISO regions

ERCOT MISO SPP PJM

Lon. −100 −93 −94 −87
Lat. 32 46 40 40

Fig. 8 Sensitivity analysis of the impact of wind profile in different regions on LCOE, LCOH, CAPEX,
and curtailed rate
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exhibiting the highest curtailed rate. This valuable information aids
in understanding the strengths and challenges associated with each
region’s wind resources, guiding strategic decision-making and
potential investment opportunities for achieving enhanced system
performance and cost-effectiveness within the IES.
The ERCOT wind farm’s favorable outcomes highlight its poten-

tial as an attractive location for renewable energy integration and
hydrogen-based storage. The abundance of wind resources leads
to lower LCOE and LCOH, making the electricity and hydrogen
produced in this region more competitive in the energy market.
Additionally, the reduced CAPEX indicates that the initial invest-
ment required for establishing the IES is relatively lower in
ERCOT, potentially attracting investors and stakeholders interested
in sustainable energy projects. However, the high curtailed rate
observed in ERCOT suggests a challenge in efficiently utilizing

the surplus wind energy. This finding calls for innovative energy
storage strategies, such as hydrogen production and storage, to
effectively capture and store excess energy during periods of high
wind generation.
Conversely, wind farms in other regions, such as MISO, SPP,

and PJM, exhibit different tradeoffs. While these regions may
have higher LCOE, LCOH, and CAPEX due to relatively lower
wind resources, they also experience reduced curtailed rates, indi-
cating better utilization of wind energy. These regions may have
a higher focus on optimizing energy storage solutions and balanc-
ing mechanisms to align electricity supply with demand. To offer
decision-makers a more comprehensive grasp of the interrelation-
ships among the four systematic evaluation metrics, we have
further summarized their connections as follows. LCOE and
Wind Resource: Our analysis reveals that LCOE remains

Table 4 Annual technology baseline ($/kW) [46–49]

Year

CAPEX O&M

Wind Batterya Electrolyzer Fuel cell Tank Wind Batteryb Electrolyzer Fuel cell Tankc

2020 1874 840 48,000 500 1168 40 410 3600 30 116.8
2025 1323 838 46,000 450 1110 35 400 3500 28 111
2030 1274 620 44,000 400 1070 34 340 3400 26 107
2035 1231 512 42,000 350 1040 33 328 3300 25 104
2040 1188 454 40,000 300 1010 32 313 3200 24 101
2045 1145 410 38,000 250 980 31 300 3100 23 98
2050 1102 346 36,000 200 950 30 289 3000 22 95

aBattery CAPEX: Total upfront battery power capacity costs; energy capacity cost is half of it.
bBattery O&M: Battery power capacity replacement cost at time of replacement year.
cTank cost Unit: $/kg.

Fig. 9 Sensitivity analysis of future components’ prices
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consistent across all cases, signifying its primary association with
the wind resource available at a specific location. Areas with
superior wind resources tend to exhibit lower LCOE, and vice
versa. LCOH and LCOE Correlation: There exists a positive cor-
relation between LCOH and LCOE due to the significant influ-
ence of electricity, a major cost component in hydrogen
production, shared by both metrics. CAPEX and Cost Metrics:
CAPEX is found to be lower when both LCOE and LCOH
exhibit lower values, although the correlation is not extremely
strong. This suggests that reducing operational costs can poten-
tially lead to reduced capital costs. Curtailment Rate: The curtail-
ment rate is influenced by various factors such as wind resource
volatility and system configuration. It is suggested that consider-
ing wind curtailment rate as an additional optimization objective
in future research could facilitate multi-objective optimization and
provide deeper insights.

3.2.3 Impact of Future Component Prices on System
Configurations. The final set of sensitivity analyses investigates
the influence of component prices within the IES on key perfor-
mance metrics over a 30-year horizon [46–49], as presented in
Table 4. As technology matures, the prices of these components
are expected to decline. This analysis aims to assess how fluctua-
tions in prices for components like wind, battery, electrolyzer,
fuel cell, and hydrogen tank installation costs impact critical IES
metrics, including LCOE, LCOH, CAPEX, wind curtailed rate,
and system component sizes.
By understanding the implications of future component prices

on the IES, stakeholders can make informed decisions, mitigate
risks, and devise optimized investment strategies. It facilitates
sustainable planning, policy formation, and ensures long-term
sustainability. Moreover, this analysis offers competitive advan-
tages, fosters public acceptance, and aids in resource alloca-
tion. The comprehension of how price fluctuations influence
key IES metrics enables the development of cost-effective, resil-
ient, and environmentally friendly energy solutions for a sustain-
able future.
Figure 9 illustrates the temporal evolution of each key IES metric

and component sizes as prices decrease. Financial metrics, such as
LCOE, LCOH, and CAPEX, exhibit a progressive reduction. As
component prices decrease, the overall cost of electricity and
hydrogen production decreases, leading to more economically
viable solutions. Additionally, the electrolyzer size increases with
decreasing prices, enabling better utilization of curtailed wind
energy and consequently lowering the wind curtailed rate. The
larger electrolyzer capacity allows for more efficient conversion
of excess wind energy into hydrogen, maximizing the system’s
energy utilization. However, the sizes of storage devices and hydro-
gen fuel cells remain unchanged, primarily due to their limited sen-
sitivity to price variations as essential support components for IES
operations.

4 Conclusion
In this research, we conducted a comprehensive techno-economic

analysis of co-located wind and hydrogen energy within an IES to
explore cost-effective and sustainable energy solutions. It was
found that comparing to configurations that only have wind and
conventional battery combinations, incorporating an electrolyzer
results in a 7% reduction in the total cost of the IES, and utilizing
hydrogen as the energy storage medium for hydrogen fuel cells
leads to a 26% cost reduction.
The sensitivity analysis of hydrogen prices revealed that higher

hydrogen selling prices led to reduced total system costs due to
increased hydrogen revenues, thus partially offsetting IES
expenses. Moreover, as the hydrogen price increased, the IES stra-
tegically installed larger electrolyzers to convert excess wind energy
into hydrogen, resulting in a significant reduction of wind curtail-
ment rates.

Investigating regional wind profiles allowed us to identify
ERCOT as a region with the most abundant wind resource, resulting
in the lowest LCOE. However, the high curtailed rate in ERCOT
indicated the need for further consideration of grid limitations and
operational challenges in the region.
The analysis of future component prices illustrated a progressive

reduction in financial metrics, such as LCOE, LCOH, and CAPEX,
with decreasing costs over the 30-year horizon. The increase in the
size of the electrolyzer with decreasing prices led to improved uti-
lization of excess wind energy and a decrease in wind curtailment
rates. This demonstrates the system’s adaptability to changing tech-
nology costs and its potential for enhanced cost-effectiveness over
time.
Overall, our research offers valuable insights for decision-makers

and planners seeking to develop sustainable, resilient, and environ-
mentally friendly energy solutions within an IES. By considering
diverse scenarios and specific data findings, stakeholders can strate-
gically allocate resources, optimize component selections, and
devise investment strategies that align with long-term objectives
and market dynamics. This holistic approach to techno-economic
analysis empowers stakeholders to make informed decisions, miti-
gate risks, and shape policies that foster a sustainable and econom-
ically viable energy future. By harnessing the potential of
co-located wind and hydrogen energy, we pave the way for a
greener and more sustainable energy landscape, contributing to a
resilient and carbon-neutral future.
Future research directions in the field of co-located wind and

hydrogen energy within IES hold significant potential for advancing
sustainable energy solutions. Continued investigation into the opti-
mization of component configurations and sizing strategies can
further enhance system performance and economic feasibility.
Additionally, exploring advanced energy storage technologies,
such as advanced batteries and novel hydrogen storage solutions,
can improve the overall efficiency and reliability of the IES. Integra-
tion of advanced forecasting and control algorithms can also be
explored to better manage the variability of renewable energy
sources and enhance grid stability. Furthermore, research on the
scalability and replicability of IES models in different geographic
regions will be valuable for widespread implementation and adop-
tion. Finally, considering the social and environmental impacts of
IES deployment can contribute to fostering community acceptance
and promoting sustainable development in the energy sector.
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Nomenclature
M = arbitrary large number (unitless)
B = storage systems
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H = time-steps
T = technologies
�b
σ
t = maximum power rating for technology t (kW)
�l
σ
t = upper incentive limit for technology t ($)
mf = slope of the hydrogen rate curve for fuel cells (kg/kW)
me = slope of the power curve for electrolyzer (kW/kg)

come = operation and maintenance cost of electrolyzer per
unit of energy rating ($/kg)

fe = energy present worth factor (unitless)
fom = operation and maintenance present worth factor

(unitless)
ftow = tax rate factor for owner (fraction)
ccbt = y-intercept of capital cost curve for technology t ($)

ccmt = slope of capital cost curve for technology t ($/kW)

ckWb = capital cost of power capacity for storage system b
($/kW)

cbkWh
b = capital cost of energy capacity for storage system b

($/kWh)
comb
b = operation and maintenance cost of storage system b

per unit of energy rating ($/kWh)
comb
t = operation and maintenance cost of technologies using

hydrogen t per unit of energy rating ($/kWh)
comσ
t = operation and maintenance cost of technology t per

unit of power rating ($/kW)
ceh = export rate for energy in time-step h ($/kWh)

chtsh = export rate for hydrogen in time-step h ($/kg)
f 1e = levelization factor of technology t (fraction)

f lit = levelization factor of production incentive for
technology t (fraction)

f peh = production factor of electrolyzer at time-step h
(unitless)

f pth = production factor of technology t at time-step h
(unitless)

f pit = present worth factor for incentives for technology t
(unitless)

irt = incentive rate for technology t ($/kWh)

wbkWh
b = minimum energy capacity of storage system b (kWh)

�wbkWh
b = maximum energy capacity of storage system b (kWh)
�wbkW
b = maximum power output of storage system b (kW)

wbkW
b = minimum power output of storage system b (kW)

�wmcp
b = maximum percent state of charge of storage system

b (fraction)
w0
b = initial percent state of charge of storage system b

(fraction)
Xσ
t = power rating of technology t (kW)

Xdfs
bh = = power discharged from storage system b during

time-step h (kW)
Xetf
eh = hydrogen to fuel cells during time-step h (kg)

X ftg
fh = power to grid from fuel cells during time-step h (kW)

Xkg
e = capacity of electrolyzer (kg/h)

XkW
b = power rating for storage system b (kW)

XkWh
b = energy rating for storage system b (kWh)

XkW
f = capacity of fuel cells (kW)

X pi
t = production incentive collected for technology t ($)

X ptc
th = curtailed power from technology t during time-step h

(kW)
X pte
th = power from technology t supplied to the electrolyzer

during time-step h (kW)
X ptg
th = exports from technology t to the grid during time-step

h (kW)
X pts
bth = power from technology t used to charge storage

system b during time-step h (kW)

Xrp
eh = rated production of electrolyzer during time-step

h (kg/h)
Xrp
th = rated production of technology t during time-step

h (kW)
Xstg
bh = exports from storage b to the grid during time-step

h (kW)
Xse
b,0 = state of charge of storage system b at the end of

time-step 0 (kWh)
Xse
bh = state of charge of storage system b at the end of

time-step h (kWh)
Xsell
eh = hydrogen sold during time-step h (kg)

Xsh
th = state of charge of hydrogen tank during time-step

h (kg)
Xste
bh = power from storage b supplied to the electrolyzer

during time-step h (kW)
Xrp

fh = rated production of fuel cells during time-step h (kW)
Z pi
t = 1 if production incentive is available for technology; 0

otherwise (unitless)
Z to
th = 1 if technology t is operating in time-step h; 0

otherwise (unitless)
T gh ⊆ T = technologies that generate hydrogen
T h ⊆ T = technologies that burn hydrogen
T b ⊆ T = technologies that can charge storage system b

�δ
g
h = grid interconnection limit (kW)

δdh = grid power demand (kW)

η+bt = efficiency of charging storage system b using
technology t (fraction)

η−b = efficiency of discharging storage system b (fraction)
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