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ARTICLE INFO ABSTRACT

Keywords: Texas, with its substantial wind and solar capacities, plays a pivotal role in the U.S. strategy
Renewable energy to achieve net-zero emissions by 2050. Despite its leadership in wind energy generation and a
Hydrogen growing solar sector, the integration of large-scale renewable energy in Texas faces significant
Carbon emission reduction challenges, primarily due to the intermittent nature of renewables and uncertainties surrounding
Stochastic optimization future capacity expansion and demand growth. This study explores the potential of hydrogen

as a solution to these challenges through a stochastic optimization model that accounts for
the unpredictability of renewable energy installation timelines and fluctuations in electricity
demand. The model designs a hydrogen network to mitigate geographical mismatches between
energy supply and demand, providing a critical balancing mechanism. Our findings indicate
that hydrogen can significantly enhance renewable energy penetration while reducing carbon
emissions. Strategic placement of electrolyzers and hydrogen tanks, combined with inter-
regional hydrogen transport, could satisfy up to 92.4% of hydrogen demand in certain regions.
Additionally, annual hydrogen production across Electric Reliability Council of Texas (ERCOT)
is projected to reach 131 tons, which corresponds to a carbon emissions reduction of 1,300
tons. Sensitivity analyses further reveal that higher electricity prices for combined cycle gas-
turbine plants negatively impact the system’s overall energy efficiency, leading to an increase in
carbon emissions. For instance, when electricity prices rise to $250 MWh~!, annual system-
wide carbon emissions increase by 310 kilotons compared to the benchmark scenario. This
study highlights the critical role hydrogen can play in supporting Texas’s renewable energy
ambitions and underscores the necessity for policy backing, investment, and advancements in
both hydrogen and carbon capture technologies to fully realize its potential.

1. Introduction

The international community has set ambitious goals for reducing carbon emissions and controlling climate change
[1, 35, 23], with the United States aiming for net-zero emission electricity by 2035 [10]. In alignment with these
objectives, Texas, endowed with vast renewable energy resources, has committed to significantly expand its wind
and solar power capacities [12, 19, 2]. However, the intermittent nature of these renewable energy sources presents
significant challenges to grid stability and reliability, compounded by the uncertainty of the actual total installed
capacity in the future and the uncertainty of the growth of future demand for electricity. Without effective solutions,
these challenges could lead to potential power outages and inefficiencies in energy supply, undermining the state’s
renewable energy goals. To address these difficulties, Texas needs to implement additional measures, such as advanced
energy storage solutions and grid management technologies [19, 20, 29]. Specifically, integrating hydrogen production
and utilization can play a crucial role in stabilizing the grid and enabling more renewable energy generation. This
approach not only addresses the current limitations of renewable energy integration but also positions Texas as a
leader in the emerging hydrogen economy, with potential economic and environmental benefits (Fig. 1).

Robust energy storage solutions are critical for large-scale renewable deployment, and hydrogen offers a promising
option due to its capacity for long-term storage and versatility. Furthermore, Texas has a large-scale industrial demand
for hydrogen, particularly in the Gulf of Mexico, where it is used in refining, ammonia production, and chemical
processes [3, 27]. Currently, the hydrogen economy is in its nascent stage, with hydrogen production primarily used
in industrial applications and accounting for less than 1% of the global energy mix [36]. Scaling hydrogen to support
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Nomenclature

Sets and Collections heost Hydrogen price of SMR [k$]

1 Set of regions i hd, Zonal hydrogen demand [tons]

K Set of technologies k r° Oxygen rate [tons]

S Set of scenarios s v Water rate [tons]

T Set of time periods ¢ Decision Variables

Parameters (Constants) efﬁ‘i Charging in region i, time ¢, scenario s [MWh]
P Battery capacity [MWh] eds Discharging in region i, time ¢, scenario s [MWh]
A Hourly electricity demand [MWh] es2h Electricity to hydrogen in region i, time t, sce-
5 Discount rate [-] i nario s [MWh]

e Hourly generation [MWh] e Electricity from hydrogen in region i, time f,
nehe Charging efficiency [-] " scenario s [MWHh]

n’e Discharging efficiency [-] € Electricity purchase in region i, time t, scenario
K Hourly hydrogen demand [tons] s [MWHh]

A2 Efficiency from electricity to hydrogen [-] v, Hydrogen demand satisfaction rate in region i [-]
Ah2e Efficiency from hydrogen to electricity [-] 0;”.S Battery state of charge in region i, time t,
ot Hydrogen price [k$] scenario s [MWh]

p° Oxygen price [k$] ijm Hydrogen tank state of charge in region i, time
lifetime Lifetime of technologies [years] 1, scenario s [tons]

oW Water cost per ton [k$] hfj’s Hydrogen sold in region i, time ¢, scenario s [tons]
cins Installation cost per technology at each node [k$] /57 Hydrogen generated by SMR in region i, time 1,
com Fixed O&M cost per technology per year [k$] scenario s [tons]

cpen Penalty cost per MWh [k$] hi'.,, Hydrogen transfer from region i to j at time 7,
cP CCS cost per ton [k$] scenario s [tons]

e SMR carbon cost per ton [k9] 0,5 Oxygen usage in region i, time ¢, scenario s [tons]
ctr Transportation cost per unit [k$] Wi, Water usage in region i, time ¢, scenario s [tons]
fPo% Gas power emission factor [ton/MWh] X ) Technology installation in region i and technol-
o SMR emission factor [ton/ton] ogy k [MW]

renewable energy development requires substantial investment and technological advancements. Challenges include
the high cost and limited capacity of electrolyzers, the need for extensive Carbon Capture, Utilization, and Storage
(CCUS) for steam methane reforming (SMR) processes, and policy and market acceptance hurdles.

To address these uncertainties and challenges, this study introduces a stochastic optimization model that considers
different scenarios of future renewable energy deployment completions and electricity demand growth. Past studies
have often focused on changes in renewable energy generation due to meteorological factors [3, 40, 8, 5] and hydrogen’s
role in decarbonization through infrastructure development and regional hydrogen hubs [24, 43]. Studies have also
examined stochastic optimization to address energy uncertainties [45, 44] and the economic implications of hydrogen
deployment [41]. Furthermore, advancements in grid flexibility, CCUS technologies, and global case studies on
hydrogen integration highlight the potential for achieving cross-sectoral decarbonization [9, 30]. However, this study
takes a more macro view, considering the impact of total installed capacity and the growth rate of total energy demand
on the energy supply-demand balance. Additionally, it examines the construction of a hydrogen network across Texas
within the context of the regional hydrogen hub to address the uneven geographic distribution of energy supply and
demand. By incorporating these scenarios, the model provides a more comprehensive and realistic framework for
planning and optimizing hydrogen integration. This innovation enhances the resilience and flexibility of the energy
system by accounting for uncertainties in future deployment and demand.
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Figure 1: Conceptual Diagram of the Future Texas Power System with Hydrogen Integration. The future Texas power
system will rely on combined cycle gas-turbine (CCGT) plants, wind, and solar to meet Electric Reliability Council of Texas
(ERCOT)'s demand, with batteries and hydrogen providing energy storage. Natural gas will also produce hydrogen via
SMR for industrial use, with CO2 emissions from both gas plants and SMR captured and stored through CCUS technology
to achieve zero carbon emissions.

2. Methodology

This study covers the entire ERCOT jurisdiction, dividing it into eight weather zones based on ERCOT’s climate
zoning. Each zone shares the same meteorological data, meaning generating resources within each zone have the
same capacity factor, applicable to both installed and planned resources. The methodology involves a stochastic
scenarios design, considering three scenarios for the completion of planned installed capacity: low (0%, status quo,
no new equipment installed), medium (30% completion rate), and high (80% completion rate). The probabilities of
low, medium, and high scenarios occurring are assumed to be 0.1, 0.7, and 0.2, respectively [38]. For the analysis of
electricity demand growth, we added or subtracted 2% from ERCOT’s projected 2030 electricity demand for the low
and high demand cases, respectively, and projected values for the medium case [17]. The probabilities for the the cases
are 0.2, 0.5, and 0.3 (Table 1). By combining these cases, we end up with nine stochastic scenarios and the probability
of each occurring is summarized in Table 2. In this study, we focus on addressing the uncertainties associated with
future electricity supply and demand. While we acknowledge that future hydrogen demand is also subject to significant
uncertainty, obtaining reliable and accurate data on hydrogen demand remains challenging at this time. Additionally,
the inherent unpredictability of future hydrogen trends further complicates its modeling. To balance computational
complexity with the goal of producing meaningful and referable results, we have assumed a fixed value for future
hydrogen demand within the stochastic optimization model.

For the planned additional battery capacity, we assume a 100% completion rate. We also assume that hydrogen
demand will remain relatively stable over the next few years, considering factors such as the progress of hydrogen
hub completion, penetration of hydrogen vehicles, and changes in hydrogen demand in heavy industry and the
petrochemical sector.

The primary data used in the analysis include the existing installed capacities of solar, wind, and battery storage in
each region [15], the capacities of various types of equipment scheduled to come online by 2030 [38], and the demand
for electricity and hydrogen in each region [12, 16, 3]. This comprehensive approach allows us to accurately model the
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Table 1
Uncertainty scenarios for installed capacity and electricity demand growth
Parameters Scenarios Decription Probability
Low 2% decrease in ERCOT projections for 2030 0.2
Power demand Medium ERCOT projections for 2030 0.5
High 2% increase in ERCOT projections for 2030 0.3
Completion Low 0 0.1
rate of planned Medium 30% 0.7
installed capacity High 80% 0.2

Table 2
Probability of stochastic scenarios

Scenarios Power demand® Power generation Probability
0.02
0.14
0.04
0.05
0.35
0.1
0.03
0.21
0.06

[y

©oO~NO s WN
ITITIZZZrrrr
TIZrrTrxTr

2L for low case, M for medium case, H for high case.

Table 3
Key parameters used in the stochastic optimization model for the benchmark case study [3, 40, 6, 4, 27].
Category Items Value Unit
Electricity to hydrogen (4°%") 55 kWh /kg
Hydrogen to electricity (A"%) 17 kKWh/kg
Battery efficciency (nh?//ds) 0.95 -
Hydrogen price (p") 4 $/kg
General Project discount rate (§) 5% -
Life time 30 Year
Oxygen selling price (p°) 0.007 $/kg
Carbon capture and storage cost (¢?) 500 $/T
Deionized water cost (c*) 0.4 $/kg
Emission factor (SMR) (/™) 10 T/T
Emission factor (Power) (fPo¥er) 0.45 T/MWh
Capex cost (c}™) 588 $/kw
Electrolyzer O&M cost (co™) 3.50% -
water rate (r") 14.48  $/kW-year
Capex cost (c}") 1296  $/(km-kw)
H, Storage O&M cost (c5™) 5% -
Transportation cost per unit (c*) 3 $/km-T!
Fuel cell C.apex cost (c) 994 $/kw
Fixed O&M (c$™) 13.43  $/kW-year

impacts of different scenarios on the energy system, providing valuable insights into the future integration of renewable
energy and hydrogen in Texas. Some of the key data used in the stochastic optimization model are summarized in Table
3.
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The optimization model

This stochastic optimization model aims to optimize the design and operation of a renewable energy system
integrated with hydrogen storage and power generation technologies under various stochastic scenarios. The model
captures the interplay between energy demand, hydrogen generation, and storage technologies under uncertain future
scenarios [28, 26]. The core objective is to minimize the overall costs associated with the energy system, subject to
constraints related to energy balance, hydrogen and battery storage, and resource availability.

The objective of the optimization model is to minimize the total system cost, E (ATC), which comprises capital
expenditures (Capex) for installing technologies like electrolyzers, fuel cells, and hydrogen storage tanks across regions.
These costs are discounted over the lifetime of the technologies using a discount rate, accounting for the time value
of money. Additionally, the total cost includes fixed and operational expenditures, E (O&M;,), which cover hydrogen
transportation, water and oxygen costs, hydrogen production, carbon costs, and penalties for emissions and unmet
demand, while also factoring in revenue from the sale of hydrogen and oxygen. The operational expenses, occurring
during the runtime phase, are based on expected values across all stochastic scenarios, ensuring that uncertainties in
system performance and costs are captured (Egs. 10, 2, and 3).

Objective function

min E (ATC) = Capex + E (O&M;) (H

Here, ATC stands for the average total cost (sum of the capital expenditure and the expected operating & maintenance
costs). The operator E(-) represents the scenario-weighted expectation over all scenarios s. Capex is the total capital
cost, while O&M; denotes the operating & maintenance costs under scenario s.

clnS

Capex = 2 2 S @

=1 k=1 2emi (1+6)7

In this expression, x;, is the installed capacity of technology k in region i, where k = 1, 2, and 3 represent the
electrolyzer, hydrogen storage tank, and hydrogen fuel cell, respectively. clrlq is the installation cost per technology,

while 6 is the discount rate. The denominator Y™ (1+15)T is the present-worth factor over the lifetime of the
technology.
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Here, c ™ is the fixed O&M cost per technology per year, and &, is the probability of scenario s. ¢'f is the hydrogen
transportatlon cost per unit, hfrj s is the hydrogen flow from region i to region j at time 7 and scenario s, and d; ; i

the distance between regions i and j. ¢V is the water cost; w; , s is the water usage in region i; c® is the SMR carbon
cost; /3™ js the SMR emission factor; A is the hydrogen price of SMR; cP is the CCS cost; fPO% is the gas power
emission factor; cP*" is the penalty cost per MWh; €', is the purchased electricity; pP, p° are the prices of hydrogen

and oxygen, respectively; hbe is the hydrogen sold; and 0; ;5 is the oxygen usage.
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Constraints
The constraints ensure feasible system operation, respecting physical limits and balancing energy/resources. They
are grouped for clarity: energy balance, hydrogen balance, storage limits, resource usage, and demand constraints.
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Equation (4) states the energy balance, where €', is electricity generated from hydrogen, €;
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is battery discharging,

n
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Equation (5) captures hydrogen balance. 91}? . ¢ 18 the hydrogen tank’s state of charge, 220 is the efficiency of electricity-

to-hydrogen conversion, and A"2¢ is the hydrogen-to-electricity efficiency.
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b _ pb cha  ,cha _ _bLbS :
its gi,t—l,s +n €i,t,s ndis . Vits ©)
: : b cha dis : : H
Equntlon (6)is the b'attery storage balance. 91‘, 1518 the battery state of charge, " and #“*® are charging and discharging
efficiencies, respectively.
h .
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Equations (7) and (8) impose capacity limits on hydrogen tanks x; , and battery storage f;, respectively.

e2h
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Equations (9) and (10) specify water and oxygen consumption for hydrogen production, where r* and r° are the water
and oxygen rates per unit of hydrogen produced, respectively.

D&Y K =y hd, Viel (1D
SES teT

D E (RS R >k, Vit (12)
SES

Equations (11) and (12) enforce hydrogen demand satisfaction. h“e is hydrogen sold, 437" is hydrogen from SMR, y;
is the demand satisfaction rate, hd, is the total hydrogen demand and K;; is the hourly hydrogen demand.

M <xi5 Vits (13)

nt,s —
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es2h < X;1, Vit (14)
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Equations (13) and (14) limit electricity generation from hydrogen and electricity-to-hydrogen conversion by the

installed capacities x; 3 and x; , respectively.
0%, =088, Vis (15)
b _ .
005 =0, Vis (16)

Equations (15) and (16) set initial conditions for battery and hydrogen storage, respectively.

n I .
€hrs SMaX(7p5 =€, 0 0). Virtis (17)

Equation (17) restricts hourly power purchase €', by ensuring it does not exceed the gap between the demand y; ,
and renewable generation €}, . This promotes maximum use of renewables while allowing necessary flexibility via
CCGT power.

3. Results

3.1. Optimization of the power system

We optimize the energy mix for each zone within the ERCOT [18] by minimizing the total system cost of hydrogen-
assisted storage for renewable energy, considering future total installed renewable energy capacity and the capacity of
backup combined cycle gas-turbine (CCGT) plants under the uncertainties of both total expected installed capacity of
renewable energy and electricity demand growth. The objective is to achieve an optimal balance between renewable
and non-renewable energy sources throughout the year. The total system cost includes the capital and operational
costs of hydrogen-related equipment, such as electrolyzers, hydrogen storage tanks, and hydrogen fuel cells, as well
as the costs associated with hydrogen transportation, and the capture and storage of CO2 produced by SMR processes
used for hydrogen production and CCGT for power generation. For electricity from CCGT, we focus solely on the
wholesale tariffs and the costs of CO2 mitigation from these plants, rather than the expenses of constructing new gas-
fired power plants. This approach ensures a comprehensive assessment of the economic implications of integrating
hydrogen storage into the renewable energy framework, providing a clear understanding of the trade-offs and benefits
associated with different energy mix scenarios, and enabling the development of a cost-effective and sustainable energy
strategy for Texas (Fig. 2).

Taking into account the planned installed capacity of each region, the possible percentage of completion, the
demand for electric energy, the uncertainty in the growth rate of electric energy, the capacity factor of wind and
other resources, we prioritized renewable energy [38, 16, 15]. In this study, we assume that renewable energy is first
supplied to meet the demand for electric energy, and any surplus is used for hydrogen production. Additionally, we
consider the carbon dioxide factor of CCGT, hydrogen demand, and the efficiency of the conversion between hydrogen
and electricity. Based on these factors, we determined the optimal values for required installed capacity of CCGT,
the green hydrogen (electrolyzers with renewable energy) fulfillment rate, the state of charge of the battery, and the
state of the hydrogen tanks in each region, as summarized in Table 4. As shown in Fig. 4a, the stochastic optimization
effectively balances the system’s power supply. During peak renewable energy generation, excess electricity is stored
in batteries, while a portion is converted to green hydrogen via electrolyzers. In low generation periods, the system
meets demand by drawing on stored energy from both batteries and CCGT, ensuring continuous stability.

Itis observed that there are spatial and temporal differences in power generation between regions, such as hourly and
seasonal variations (Fig. 3 a, b), and differences in geographic location (Fig. 3 ¢, d). These differences are influenced
by the climatic variations across regions and the different proportions of solar and wind energy installations. As a
result, power generation in these regions is often out of sync with the electricity demand curve. To address this, our
model incorporates the scenario of load demand flexibility. By adding an acceptable range (+5% power demand) to
the hourly power demand while maintaining the total power demand constant, we shift power demand to align more
closely with the characteristics of renewable energy generation. This approach maximizes the use of renewable energy
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Minimize the system cost
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Figure 2: Structural Diagram of the Stochastic Optimization Model. This model focuses on maintaining three key system
balances: electricity demand, hydrogen demand, and carbon balance. The carbon balance addresses CCUS from CCGT
and SMR processes. Hydrogen and electricity are interconverted via electrolyzers and hydrogen fuel cells to maintain
equilibrium between electricity and hydrogen demand. The core influencing factors of these balances are the primary focus
of the model, with the objective function aiming to minimize the total cost of maintaining these three critical balances.

Table 4
Results for CCGT capacity, green hydrogen rate, and storage unit status for each region in the benchmark case.
Coast East Far North North South South West
west center center

CCGT (MW) 22,719 3,116 11,258 26,535 2,488 16,571 7,777 1,865
Green H2 rate 0 87.78% 59.33%  5.20% NA 0 92.93% NA
State of charge 55.99% 60.14% 60% 24.47% 69.37% 60.88% 46.62% 73.71%
State of tank NA 36.11% NA NA 34.3% NA NA NA

and minimizes reliance on non-renewable sources. The total annual electrical energy demand for CCGT across the
entire ERCOT region experienced a slight decline, dropping from 389,785,123 MWh to 389,164,389 MWh. Similarly,
the total annual demand for blue (SMR with CCUS) hydrogen showed a marginal reduction, decreasing from 3,309
kilotons (KT) to 3,307 KT. Fig. 4b illustrates the difference between the original power demand and the adjusted power
supply curve following load regulation. The visualization clearly shows that demand-side load regulation effectively
shifts the demand peaks, aligning them more closely with the system’s generation profile. This adjustment improves
the balance between generation and consumption, optimizing efficiency and easing the strain on resources during peak
demand.

To refine our analysis, we designed several sensitivity experiments to explore the robustness of our model under
varying conditions. For scenarios Al and A2, we varied the completion rate of the planned installed renewable energy
capacity by +10% for both medium and high completion cases. In scenarios A3 and A4, we analyzed the effects of
adjusting the growth rate of electricity demand by +5% for each case. Lastly, for scenarios A5 and A6, we reduced the
final installed capacity of the planned energy storage systems to 80% and 60% of the target levels. These sensitivity
analyses provide insights into the impact of key variables on overall system performance, helping us identify potential
risks and opportunities(Table 5).

The results reveal the impact of completion rates (defined in the Methods section) of planned renewable energy
capacities on future energy system operating costs and the operation of other equipment within the system. Higher
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Figure 3: Spatial and Temporal Differences Between Renewable Energy Generation and Electricity Demand in ERCOT. a
shows that peak renewable energy generation in ERCOT occurs between 9am and 3pm, while peak electricity consumption
is concentrated from 3pm to 7pm. Seasonally, b depicts renewable energy generation peaks in the second quarter, whereas
electricity demand peaks in the third quarter. These mismatches highlight the need for both short- and long-term storage
solutions to enhance renewable energy integration into the ERCOT grid. Figures ¢ and d illustrate the spatial distribution
of renewable energy generation and electricity demand across the eight weather zones within ERCOT (Both are results
for 2023, in kW), with darker colors representing higher values. The data reveal a clear spatial disparity: renewable energy
generation is primarily concentrated in the Midwest region, while electricity demand is predominantly focused in the
Southeast and North regions, highlighting significant geographic differences in supply and demand.

completion rates of planned renewable energy capacities significantly decreased the total system cost by utilizing more
low-cost renewable energy sources (i.e., from $150.5 billion to $146.8 billion). Conversely, lower completion rates
increased costs (i.e., from $150.5 billion to $154.4 billion), highlighting the economic benefits of higher renewable
energy penetration. At the same time, the supply of green hydrogen within ERCOT increases by 10,844 tons (+8%)
in the higher completion rate scenario, and decreases by 15,412 tons (-12%) in the lower completion rate scenario.
Meanwhile, the circulation of hydrogen increases by 5,979 tons (+5%) and 9,035 tons (-7%) in the higher and lower
completion rate scenarios, respectively. In terms of the utilization of energy storage and hydrogen storage equipment,
the increased completion rate has simultaneously driven a more efficient use of these storage systems. Notably, battery
utilization has reached an average of 64.8%, corresponding to 68,698 MWh of stored energy, up from a previous average
of 56.3% or 59,312 MWh. This trend highlights the critical role of energy storage in accommodating the growing
penetration of renewable energy sources. As renewable energy continues to expand, the need for higher capacity storage
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Figure 4: Results of Power System Optimization. a, Stochastic optimization results showing power balance within the
system. During peak clean energy generation, excess electricity is stored in batteries, while some is converted into green
hydrogen via electrolyzers. In periods of low generation, stored energy from batteries and CCGT work together to meet
power demand, maintaining system stability. b, The difference between original power demand and actual power supply
after load regulation. Demand-side adjustments successfully shift peak demand periods to better align with the system’s
power generation profile.

Table 5
Sensitivity analysis scenarios for optimization of the power system
Scenarios Description

Al + 10% completion rate of projected renewables installation
A2 - 10% completion rate of projected renewables installation
A3 + 5% final power demand
A4 - 5% final power demand
A5 80% completion rate of projected battery installation
A6 60% completion rate of projected battery installation

systems becomes increasingly evident to manage and balance the inherent fluctuations in energy supply, ensuring a
stable and reliable energy system.

3.2. Analysis and optimization of hydrogen systems

This study investigates the dual role of hydrogen in increasing renewable energy penetration and supporting
decarbonization in Texas. Hydrogen acts as an energy storage medium for managing renewable intermittency and
as a clean fuel to reduce emissions. We analyzed hydrogen demand across eight weather zones, detailed in Fig. 5. The
Gulf Coast, a major hub for U.S. hydrogen demand, driven by ammonia, methanol, and refinery industries, consumes
over 3 megatons annually (MT-yr™!), over a quarter of the national demand [42, 14]. About half of U.S. hydrogen
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production is concentrated in this region, where Air Products operates the world’s largest hydrogen pipeline network
[37]. The region also hosts a significant portion of the nation’s hydrogen pipelines. As of December 2020, the U.S.
had over 1,600 miles of hydrogen pipelines, nearly all of which are located in Texas and Louisiana[39]. These factors
position the Gulf Coast as a foundation for a cleaner hydrogen market. However, geographical discrepancies between
hydrogen demand and renewable generation prompted the design of a green hydrogen transportation network within
ERCOT (Fig. 6a). Hydrogen is transported between neighboring zones. Electrolyzers, storage tanks, and fuel cells are
installed at zone nodes to optimize hydrogen’s energy storage potential, with surplus renewable energy converted to
hydrogen. While hydrogen demand is met by SMRs, we accounted for carbon capture costs. Electrolyzer capacity was
capped at 500 MW, considering spatial constraints.

22,311Far west

108,336
South

Figure 5: Hydrogen demand (kg/Day)

The results of the stochastic optimization reveal that 3.8% of the hydrogen demand within ERCOT will be met
by green hydrogen. The results also revealed an unexpected strategy: instead of installing the electrolyzer in the
region with the highest hydrogen demand, the system opted to place the electrolyzer in areas with minimal or even
no hydrogen demand. This decision was driven by the economic efficiency of inter-regional hydrogen transportation
(Fig. 6a), and the availability of renewable energy (Fig. 3¢). This conclusion is supported by the economically optimal
results generated by the stochastic optimization model, which aims to minimize total system costs. In Zone East and
Zone North Center, 49 tons and 14 tons hydrogen storage tanks were strategically installed to address the mismatch
between hydrogen production and demand. Fig. 6b illustrates the hydrogen transfer between the eight regions, showing
a predominant flow direction from west to east and from north to south. Notably, Zone South Center meets 92.9% of its
total hydrogen demand through supply from the two green hydrogen production zones. However, despite Zone Coast
and Zone South being the regions with the highest hydrogen demand, the most economical solution to meet their needs,
given the current green hydrogen production capacity, is to rely entirely on gray hydrogen. This approach highlights
the complex interplay between production capabilities, regional demands, and economic viability within the hydrogen
supply network.

A series of sensitivity analyses were conducted to assess the impact of technological advancements on cost
reductions. In the first category of scenarios, we examined the effects of reducing the initial costs of hydrogen-related
equipment, including electrolyzers, hydrogen storage tanks, and hydrogen fuel cells, by incremental percentages of 5%,
10%, 15%, 30%, and 50%. These scenarios are designed to assess how these cost reductions influence the economic
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Figure 6: Inter-Zone Hydrogen Network in ERCOT and Results. a, The model assumes that hydrogen pipelines can only
connect two adjacent weather zones within ERCOT, with the straight-line distance between zone centers (in kilometers)
determining hydrogen transportation costs. b, Stochastic optimization results show that the system strategically installs
electrolysis units in central zones, using the hydrogen network to transport green hydrogen to surrounding zones, optimizing
both production and distribution efficiency. ¢ and d, Changes in the total cost of cases in the sensitivity analysis. As the
initial cost of hydrogen-related equipment decreases, the total system cost decreases, and the increase in CCGT tariffs
substantially increases the total system expenditures. e, Green hydrogen volume in weather zones in sensitivity analysis in
the case of power system optimization.
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Table 6
Sensitivity analysis scenarios for analysis and optimization of hydrogen systems
Scenarios Description

B1 - 5% Capex of hydrogen-related equipment
B2 - 10% Capex of hydrogen-related equipment
B3 - 15% Capex of hydrogen-related equipment
B4 - 15% Capex of hydrogen-related equipment
B5 -50% Capex of hydrogen-related equipment
B6 $50MWh-! wholesale electricity price
B7 $150MWh~! wholesale electricity price
B8 $200MWh~! wholesale electricity price
B9 $250MWh~! wholesale electricity price

viability and adoption rates of green hydrogen technologies within the energy system. In the second category of
scenarios, we modified the electricity tariff of the backup gas-fired power plants to explore how increases in this
tariff affect the overall system configuration. This scenario allowed us to observe the shifts in the energy mix and the
reallocation of resources within the system as the cost of backup electricity rises. (Table 6).

The results show that reducing the cost of hydrogen equipment alone did not significantly alter the system’s
configuration, changes in electricity prices from CCGT had a profound effect on the energy mix and deployment
strategy. When electricity prices rose to $200 MWh~!, the total installed capacity of CCGT plants dropped from
92,329 to 92,176 MW, while hydrogen fuel cell capacity increased from O to 296 MW. This led to greater use of
green hydrogen as an energy reserve, with stored hydrogen being converted to electricity during periods of low
renewable generation. Consequently, the total green hydrogen supply fell from 131,748 T to 40,232 T, while hydrogen-
to-electricity conversion surged to 1,789,688 MWh. Despite a 50% cost reduction in hydrogen technologies, they still
struggle to compete with gas-fired backup electricity. The system’s sensitivity to electricity prices highlights its reliance
on gas-fired plants, emphasizing the need for further cost reductions and advancements in hydrogen technologies to
enhance their competitiveness and influence in the energy mix. It is worth noting that the focus of this study is to
optimize the structure of the energy system under the uncertainty of future electricity supply and demand, and the
adjustment of electricity prices in the sensitivity analysis is only intended to show the direct impacts it brings to the
energy system, but it does not take into account the possible secondary economic effects of the electricity price increase,
such as the impacts on household incomes or industrial productivity, which require further in-depth analysis beyond
the scope of this study. Table 7 shows the difference in capacity of hydrogen-related equipment in each case of the
sensitivity analysis

3.3. CO2 emission abatement analysis

Most of the world’s environmental challenges stem from carbon emissions [7]. Global energy-related CO2
emissions surged by 1.1% in 2023, rising by 410 MT to hit an unprecedented record of 37.4 GT [22, 31]. As such,
a key goal in energy system development is to reduce carbon emission, and increasing the penetration of renewable
energy sources is a crucial part of this effort. However, the volatility of renewable energy necessitates reliable energy
storage solutions, and hydrogen emerges as a versatile option. It not only serves as a medium for long-term energy
storage but also acts as an industrial feedstock, particularly useful in hard-to-decarbonize sectors, further aiding in the
reduction of carbon emissions. This section of the study focuses on this context, using Texas’s 2022 carbon emissions
data as a reference [13]. As illustrated in Fig. 7, direct combustion and power generation contribute 28% and 54%
of Texas’s total carbon emissions, respectively, while other sectors account for only 18%. Therefore, targeting carbon
reductions in the areas of power generation and direct combustion presents the most impactful strategy for significantly
lowering Texas’s overall carbon emissions.

At the current stage, the penetration of renewable energy sources remains relatively low (30% [11]), leaving the
power system reliant on fossil fuels, either as a backup supply or as a direct part of the energy mix. Consequently,
reducing carbon emissions from the energy supply side is critical, but CCUS also plays a pivotal role in emission
reduction strategies [33]. Texas is particularly well-positioned to capitalize on its unique geologic structures for CCUS
to further minimize its carbon footprint. The state’s vast subsurface geology offers numerous potential sites for storing
captured carbon dioxide, including depleted oil and gas fields, saline aquifers, and unmineable coal seams [25].
The Gulf Coast region stands out, offering opportunities for both enhanced oil recovery (EOR) and permanent CO2

First Author et al.: Preprint submitted to Elsevier Page 13 of 19



Hydrogen's Role in Texas Renewable Energy and Carbon Reduction

Table 7
The optimal capacity of hydrogen-related equipment

Bl B2 B3 B4 B5 B6 B7 B8 B9
East 12P 500 500 500 500 500 | 500 500 500 500
East 2 51 a7 47 a7 53 49 47 a7 99
East 3 0 0 0 0 0 0 0 134 178
East 1 0 0 0 0 0 0 0 0 0
Far west 2 0 0 0 0 0 0 0 0 0
Far west 3 0 0 0 0 0 0 0 0 0
North 3 0 0 0 0 0 0 0 0 0
North center 1 500 500 500 500 500 | 500 500 500 500
North center 2 15 19 19 22 22 15 17 27 3
North center 3 0 0 0 0 0 0 0 2 0
South center 2 0 0 0 0 0 0 0 0 14
South center 3 0 0 0 0 0 0 0 153 271
West 1 500 500 500 500 500 | 500 500 500 500
West 2 0 0 0 0 0 0 0 0 19

2 The first two digits are the weather zone code, the last digit is the technology,
1 is the electrolyzer, 2 is the hydrogen tank, and 3 is the fuel cell.
b Electrolyzers are measured in MW, hydrogen tank in T, and fuel cells in MW.
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Figure 7: CO2 Emission Percentage. The figure illustrates the carbon emission shares from various energy sources across
ERCOT's zones: Coast, East, Far West, North, North Central, South, South Central, and West. Direct combustion and
electricity generation account for over 60% of total carbon emissions in each region. In Zone East, electricity generation
contributes a staggering 93.3% of the region's emissions due to its low renewable energy penetration and distance
from major wind and solar hubs in the Midwest. Zone Far West, a key fossil fuel production area, sees 33.9% of its
emissions coming from oil-related activities. Meanwhile, Zone Coast, despite being a core petrochemical region, has
minimal petroleum-related emissions, primarily because hydrogen used in its production processes is supplied from other
Gulf Coast states, reducing reliance on local fossil fuels. These patterns underscore the regional differences in carbon
emissions, driven by geographic, industrial, and energy resource factors across ERCOT'’s territory.

storage within its expansive saline aquifers and depleted oil fields [32]. According to the National Energy Technology
Laboratory (NETL), Texas’s saline formations alone could store up to 20 billion metric tons of CO2 [21, 34]. Integrating
CCUS with renewable energy and hydrogen solutions creates a comprehensive approach to achieving substantial carbon
reductions. In this study, we focus on the cost implications of implementing CCUS in CCGT and SMR units, examining
how these factors affect the overall system cost, energy mix, and future composition of the energy system.
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Table 8
Optimal sizes of hydrogen related equipment for C4
Coast East Far North North South South West
west center center
Electrolyzer (MW) 0 500 500 O 500 0 0 500
Tank (T) 0 117 33 0 28 0 9.8 18
Fuel cell (MW) 0 219 22 105 25 0 237 0

The results of our stochastic optimization reveal that by 2030, if ERCOT’s electricity demand is met solely by
a combination of wind, solar, and CCGT, the expected CO2 emissions from CCGT, considering various stochastic
scenarios, would reach 175.4 MT per year. However, by implementing load regulation on the demand side, these
emissions are reduced by 279 KT (Fig. 8a). Additionally, our analysis shows that in scenarios where the electricity price
from CCGT remains below $200 per MWh, the structure and composition of the energy system remain unchanged,
resulting in no reduction in overall carbon emissions. In contrast, when the price increases to $200 and $250 per
MWh, the system compensates by installing more hydrogen fuel cells to meet electricity demand, reducing CO2
emissions from CCGT to 174.6 MT and 174.4 MT, respectively. However, this shift necessitates greater reliance on gray
hydrogen to meet hydrogen demand, which subsequently raises CO2 emissions (Fig. 8b). Furthermore, the inefficiency
in converting electricity to hydrogen and then back to electricity results in energy losses, leading to an overall increase
in total system CO2 emissions. In sensitivity analyses that adjust the cost of hydrogen-related equipment (Table 6),
we observe no significant change to the energy system configuration, and thus the total carbon emissions remain
unchanged. This underscores the complexity of balancing cost, emissions, and system efficiency in future energy
scenarios. The carbon emissions reduction results presented in this study should be interpreted as an indicator of the
effectiveness of the stochastic optimization approach rather than its ultimate goal. The relatively modest reduction
of 1,300 tons of CO2 reflects the structural challenges within ERCOT’s energy system, where limited renewable
energy penetration and a reliance on fossil fuels drive high baseline emissions. While the optimization framework
minimizes system costs rather than maximizing emissions reductions, these results provide valuable insights into the
interplay between carbon mitigation and system economics, offering a foundation for further exploration of clean
energy deployment strategies.

a b
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Figure 8: Results of Sensitivity Analysis on Carbon Emissions. a, Through demand-side load regulation, renewable energy
utilization becomes significantly more efficient, leading to notable reductions in carbon emissions from both SMR and
CCGT. Completion rates and electricity demand directly impact these emissions, with low completion rates and high
demand increasing emissions from both sources. Reduced battery installation completion lowers renewable energy flexibility,
decreasing utilization rates and raising CCGT emissions, while SMR emissions remain unaffected. b, Higher CCGT tariffs
lead to increased conversion of green hydrogen to electricity, lowering overall electricity use efficiency. This shift raises
carbon emissions from SMR and the overall system, despite a reduction in emissions from CCGT.

To better understand the impact of CCUS costs on the overall system performance, we conducted a sensitivity
analysis by varying carbon pricing. In Scenarios 1 and 2, the cost of CCUS was increased to $100 and $150 per ton

First Author et al.: Preprint submitted to Elsevier Page 15 of 19



Hydrogen's Role in Texas Renewable Energy and Carbon Reduction

Table 9
Sensitivity analysis scenarios for CO2 emission abatement analysis
Scenarios Description
C1 $100 Carbon capture and storage costs
C2 $150 Carbon capture and storage costs
C3 $50 Power, $150 SMR
C4 $150 Power, $50 SMR

across the entire system, respectively. In Scenarios 3 and 4, we raised the CCUS cost to $150 per ton for either SMR or
CCGT individually, while maintaining the cost at $5 per ton for the other, to assess the impact on system configuration
(Table 9).

In the first three scenarios, the higher CCUS cost for SMR prompted the system to install a 500 MW electrolyzer
in the Far West region, reducing overall reliance on gray hydrogen and thus lowering total carbon emissions. However,
in Scenario C4, where only the CCUS cost for CCGT was increased (assumed the CCUS cost is higher than that for
SMR), total carbon emissions rose. This was primarily due to the increased cost of CCUS for CCGT, making the
system less efficient in managing emissions. Additionally, as shown in Table 8, a large number of hydrogen fuel cells
were installed (586 MW), leading to more green hydrogen being converted to electricity to meet system demand. This
shift forced the system to rely more heavily on gray hydrogen to satisfy hydrogen demand. As previously discussed,
the inefficiency of the hydrogen-to-electricity cycle resulted in significant energy losses, further contributing to an
overall increase in carbon emissions. This highlights the trade-offs between system configuration, energy efficiency,
and emission outcomes as CCUS costs fluctuate.

4. Conclusion and Discussion

This study underscores hydrogen’s pivotal role in enhancing renewable energy integration and driving decarboniza-
tion within Texas’s energy system. Through comprehensive modeling and analysis, we demonstrate that hydrogen,
when integrated with renewable sources such as wind and solar, serves not only as a crucial energy storage medium
but also as a versatile fuel that can address the intermittency of renewable generation. By strategically placing
electrolyzers in high-renewable, low-demand regions, hydrogen can contribute significantly to grid stability and
flexibility. Moreover, the development of a hydrogen transportation network enables efficient energy distribution
across regions, meeting up to 92.4% of hydrogen demand in certain areas and reducing the need for fossil fuel-based
generation.

Despite these promising results, several limitations must be acknowledged. The scenarios modeled, while extensive,
contain inherent uncertainties, particularly related to the completion rates of planned renewable installations and the
actual behavior of the market in future decades. These uncertainties, while managed through careful assumption-
setting, suggest that our findings should be interpreted as directional insights rather than precise forecasts. At the same
time, this study does not explicitly model future changes in renewable energy costs, such as increased land costs due to
siting challenges or cost reductions from technological advancements. Instead, these factors are indirectly reflected in
the planned installed capacity completion rate, assuming that cost dynamics will influence project implementation in
a market-driven economy. This study specifically focuses on hydrogen transportation via pipelines, given its relevance
to large-scale and long-term deployment within the Texas energy system. Other potential transportation methods, such
as road transport (e.g., tube trailers) and rail, were not included in the current model to maintain a clear focus on the
primary objective of addressing electricity supply-demand uncertainty and optimizing the role of hydrogen in this
context. However, we acknowledge that these alternative transport methods could significantly influence the economic
and operational performance of the system. Future research will aim to incorporate these modes of transportation,
along with additional storage options such as salt caverns, to develop a more comprehensive and integrated hydrogen
energy system model. Furthermore, while we accounted for the costs of CCUS in our carbon emissions analysis, we
did not fully address the installation and capacity constraints of CCUS infrastructure. This represents another area for
future investigation to ensure the feasibility of large-scale CCUS deployment. Given the focus and scope of this study,
we have conducted our analysis of carbon emission reduction results at the level of the entire ERCOT system, rather
than delving into the detailed emissions across the full lifecycle of the system. While this approach aligns with the
primary objectives of our research, we recognize the importance of a more granular and comprehensive evaluation.
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In future studies, particularly when examining the environmental and social value of hydrogen, we plan to conduct a
more thorough and detailed analysis of carbon emission reductions, encompassing lifecycle considerations to provide
a holistic perspective. As previously mentioned, this study does not incorporate the uncertainty of future hydrogen
demand into the stochastic optimization model. This decision was made after carefully considering the limitations in the
accuracy of available hydrogen demand data, the primary focus of this paper, and the challenges posed by computational
complexity. However, we recognize the importance of addressing this uncertainty to enhance the comprehensiveness
of our analysis. In future studies, we plan to integrate hydrogen demand uncertainty into our models to develop a more
unified and holistic energy system framework.

Our sensitivity analyses reveal that reductions in hydrogen equipment costs alone are insufficient to drastically
reshape the energy system. However, rising electricity prices from gas-fired plants do have a substantial impact
on the system’s configuration, emphasizing the need for policy-driven investments in hydrogen infrastructure and
technological advancements. Policy support will be critical in fostering the growth of hydrogen and renewable energy,
particularly in building regional hydrogen hubs and advancing CCUS technologies. These elements are essential for
aligning Texas’s energy system with its long-term decarbonization goals and national climate objectives.

In conclusion, hydrogen is positioned as a vital component in Texas’s future energy landscape. Its dual role as
an energy storage medium and a clean fuel allows it to effectively balance the variability of renewable generation,
while its versatility extends to decarbonizing hard-to-electrify sectors such as heavy industry and transportation.
Although uncertainties remain regarding the completion of renewable energy projects and the deployment of hydrogen
infrastructure, the potential benefits of hydrogen integration are clear. With continued policy support, investments
in hydrogen infrastructure, and advancements in CCUS technologies, Texas has the opportunity to achieve a more
resilient, flexible, and low-carbon energy system. Hydrogen stands as a key enabler of this transition, helping the state
meet its renewable energy and carbon reduction targets, ensuring a sustainable energy future.
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