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 A B S T R A C T

Hydrogen blending into natural gas networks is a candidate pathway for decarbonizing power generation while 
utilizing existing infrastructure. Yet, the effectiveness of such a decarbonization strategy is highly sensitive 
to the geospatial topology of transmission networks and the distribution of hydrogen injection points. This 
study presents a topology-aware planning and pathway-tracing framework for constructing California’s regional 
natural gas transport patterns and evaluating hydrogen injection strategies across three representative areas: 
the Bay Area, Los Angeles, and Bakersfield. The transmission network in each region is decomposed into 
a set of tree-like structures rooted at processing plants and terminating at power plants. Three coverage 
metrics, including pathway, plant, and flow, are defined to quantify hydrogen accessibility and diffusion, 
and show that coverage is a key determinant of both regional hydrogen penetration and heating-value 
uniformity. A multi-objective optimization and simulation model is also established to evaluate distributed, 
centralized, and optimization-based injection strategies. The results reveal clear trade-offs between hydrogen 
penetration and variance in gas heating-value. The findings highlight the topological sensitivity of hydrogen 
distribution, where facilities located near supply-tree roots exert broader influence but may entail higher 
transport costs and risks. Building on the framework, topology-sensitive and cost-aware planning strategies 
are proposed, including targeted siting of new facilities at the lowest common ancestors or cross-tree nodes 
to improve coverage and reduce heating-value disparities. The framework provides a scalable, generalizable 
tool for topology-aware simulation and policy-configurable optimization under real-world network constraints, 
supporting decision-making in clean-energy transitions.
1. Introduction

Hydrogen is widely recognized as a promising energy carrier to-
wards a low-carbon economy. It can be produced from diverse low-
carbon sources and deployed across diverse sectors, including seasonal 
energy storage, transportation, and heating and power for residential, 
commercial, and industrial users [1–3]. However, a key barrier to large-
scale adoption lies in the development of infrastructure to support 
these applications. To circumvent the high costs of dedicated hydrogen 
networks, exploring the integration of hydrogen into existing natural 
gas pipeline systems has gained growing interest [4,5].

Leveraging existing natural gas infrastructure provides a cost-effe-
ctive and scalable pathway for transporting and storing hydrogen [6,7]. 
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Injecting hydrogen into natural gas pipelines could defer some invest-
ment in new transmission assets while enabling line-pack and geologic 
storage across extensive networks [8]. This approach may create early 
electrolysis markets by connecting to dispersed demand centers.

Hydrogen-natural gas blends reduce greenhouse gas emissions when 
hydrogen comes from renewable electricity (wind, solar, or hydro) [9]. 
This integration mirrors gas-electricity system coordination [10,11] 
and may improve flexibility in balancing energy supply and demand. 
In heating, power generation, and transportation, blended fuels can 
reduce SO𝑥, NO𝑥 emissions [12,13]. Furthermore, hydrogen blending 
enables efficient long-distance delivery to remote locations via existing 
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pipelines, with localized extraction near end-user sites providing a 
cost-effective alternative to high-pressure hydrogen pipelines.

Despite these advantages, hydrogen blending into natural gas net-
works poses several technical and operational challenges that must be 
carefully considered in both infrastructure planning and policy design. 
Hydrogen can cause pipeline steel embrittlement, weakening struc-
tural integrity over time [14,15]. Hydrogen’s lower volumetric energy 
density (12.7 MJ/m3 versus 39.8 MJ/m3 for methane) also requires 
higher flow rates for equivalent energy delivery, increasing stress on 
pipeline capacity and flow management systems [16]. Moreover, most 
existing compressor stations are not optimized for hydrogen, which can 
reduce efficiency and raise operational costs [17]. Safety is another 
concern, as hydrogen’s wide flammability range, low ignition energy, 
and high diffusivity elevate the risk of leakage and explosion [18]. 
These constraints indicate the need for rigorous technical standards and 
regulatory frameworks to ensure safe and cost-effective deployment.

The power generation sector represents a particularly compelling 
end-user for hydrogen injection into natural gas networks, accounting 
for the largest share (≈40%) of U.S. natural gas, ahead of the industrial, 
residential, commercial, and transportation sectors [19]. Integrating 
hydrogen into the power generation sector fuel stream offers a great 
opportunity to enhance sustainability and accelerate energy system 
decarbonization. The geographic distribution of power generation fa-
cilities also provides a scalable platform for hydrogen deployment that 
extends to other applications.

Hydrogen produced from renewable electricity serves as an effec-
tive energy storage medium, allowing power systems to absorb excess 
generation and return it later as dispatchable energy [20–22]. This 
coupling between gas and power systems lays the groundwork for 
an integrated and resilient energy infrastructure capable of balancing 
intermittent renewables and achieving long-term sustainability goals.

This study focuses on evaluating the injection of hydrogen into 
natural gas supplies for regional power generation systems, simulat-
ing the operational performance and feasibility of hydrogen blending 
under various scenarios, quantifying the influencing factors, and con-
ducting sensitivity analyses to assess system behavior under different 
blending strategies. Results inform gas-power sector integration de-
sign and provide technical insight for transitions towards low-carbon, 
hydrogen-enriched energy systems.

2. Literature review

Hydrogen blending into natural gas pipelines has attracted growing 
attention for decades. Most existing studies have focused on modeling 
and simulating the impact of hydrogen injection on the properties of 
the gas mixture within pipeline networks.

Tabkhi et al. [23] propose a steady-state optimization model utiliz-
ing a simplified gun-barrel network topology to investigate the impacts 
of hydrogen injection on single pipeline energy transmission rates and 
compression operation. Abeysekera et al. [24] adapt the graph-based 
model to analyze the effects of hydrogen injection from centralized 
and decentralized gas sources in the distribution networks. Adolfo and 
Carcasci [25] also investigate the location impact of hydrogen injection 
within low-pressure gas networks. They find that the node positions for 
hydrogen injection can affect the characteristics significantly within the 
network. Cheli et al. [26] develop a steady-state model of a natural gas 
distribution network on a smaller scale in Tuscany, Italy, to investigate 
how the injection of hydrogen produced from local renewable sources 
would influence gas properties when taking into account both the gas 
demand and electricity demand profiles. The study highlighted the 
need for an appropriate choice of the hydrogen injection nodes and a 
flexible control strategy. Despite the substantial progress in natural gas 
pipeline modeling, most conventional approaches rely on nodal balance 
equations built upon incidence matrix formulations. These methods, 
often coupled with nonlinear solvers such as Newton–Raphson, are 
effective for detailed simulations and operational control in small- to 
2 
medium-scale networks [27]. However, when applied to large-scale 
regional systems, such as state-wide or national networks, these models 
face several critical limitations.

Timmerberg and Kaltschmitt [28] investigate the costs for produc-
ing hydrogen in North Africa and using existing pipelines operating 
between Algeria and Spain, Algeria and Italy, and Libya and Italy 
to transport hydrogen to central Europe with hydrogen blends of up 
to 10% by volume. Pellegrini et al. [29] perform an analysis with 
the intent of quantifying the amount of green hydrogen that could 
be produced and injected into the Italian natural gas grid without 
compromising its integrity or causing problems for end-users. As the 
concept of hydrogen blending moves from theoretical exploration to-
ward practical implementation, numerous projects are now underway 
across the globe [30]. Regional-scale case studies have also emerged 
as a growing area of interest in recent years, aiming to evaluate the 
feasibility and performance of hydrogen integration under localized in-
frastructure, demand, and regulatory conditions. These kind of regional 
case projects and studies includes France [31,32], Italy [4,33,34], the 
United Kingdom [35], Germany [36], the United States [37–39], among 
others. However, these studies mainly discuss the potential of the 
economic aspect without considering the transformation and influence 
of end-users.

Many of these regional studies adopt coarse-grained approaches, 
relying on simplified assumptions for pipeline topology and energy 
flow paths. Transmission routes are often manually defined rather 
than derived from infrastructure-level data or optimization principles, 
limiting their ability to reflect the operational complexity of real-world 
networks. In addition, these studies tend to focus on single blending 
scenarios using empirical or phenomenological models and qualitative 
arguments to examine the physical and regulatory impacts of blend-
ing hydrogen and natural gas [40], lacking systematic comparisons 
across alternative strategies or sensitivity analyses that could reveal 
critical trade-offs and operational thresholds. As a result, a gap remains 
between current modeling efforts and the nuanced decision-making 
required for the practical deployment of hydrogen at scale.

Although interest in low-carbon hydrogen blending is accelerating, 
earlier research has typically focused on individual pipelines or as-
sumed a uniform blend across an entire grid. As a result, there is still 
a significant lack of studies that explicitly identify the challenges and 
opportunities that may exist for hydrogen integration in a variety of re-
gional NG transportation topologies, subject to gas quality constraints. 
Hence, in this work, well-established simulation techniques are utilized 
to explore indicative case studies for specific regions of California and 
draw broader conclusions about topological characteristics that could 
influence the hydrogen injection performance for the power generation 
sector. The contributions of this study include:

(1) California’s natural gas transportation network in the power 
sector is reconstructed with the regional supply and decomposed into 
rooted tree structures that connect processing plants to power plants, 
allowing a topological analysis of the impacts of hydrogen mixing.

(2) Three coverage metrics — pathway, plant, and flow coverage — 
are defined and measured, and their explanatory capability is demon-
strated in linking network topology to hydrogen penetration outcomes 
and heating-value variance across regions.

(3) Distributed, centralized, and optimization-based hydrogen injec-
tion strategies are systematically compared through a multi-objective 
optimization and simulation model, with trade-offs in penetration, 
coverage, and variance quantified across the Bay Area, Los Angeles, 
and Bakersfield.

(4) Siting heuristics based on lowest common ancestors and cross-
tree nodes are introduced to balance hydrogen penetration, uniformity 
of the heating-value, and cost of the infrastructure.
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Fig. 1. Overall workflow of the modeling and analysis framework.

3. Methodology

To systematically evaluate the impacts of government subsidy
schemes and hydrogen injection strategies on hydrogen penetration 
and end-user gas quality, this study performs region-scale simulations 
for three representative areas in California — the Bay Area, Los Ange-
les, and Bakersfield — chosen to capture distinct pipeline topologies 
and heterogeneous supply–demand characteristics. An overview of the 
methodological workflow is shown in Fig.  1. Briefly, the analysis 
proceeds in three stages. First, region-specific natural gas infrastruc-
tures are constructed from data and abstracted as graph-based pipeline 
networks, with facilities represented as nodes and pipelines as edges. 
Second, transportation pathways and flow patterns are identified across 
each network, enabling the estimation of flow rates both at nodes 
and along edges. Third, hydrogen injection locations and volumes are 
specified under different predefined hydrogen injection schemes. Sub-
sequently, the resulting flow distributions are combined with hydrogen 
blending to quantify the heating-value delivered to end users and to 
evaluate regional hydrogen penetration levels.

3.1. Graph construction by data

3.1.1. Data collection
Publicly available data on power plants, gas processing plants, 

and hydrogen facilities (including their coordinates and capacities) 
are adopted to trace gas flows and then simulate hydrogen injection 
effects. Power generation data and gas processing data were sourced 
and extracted primarily from the Homeland Infrastructure Foundation 
Level Database and the US Energy Information Administration [41–
43] in 2022, respectively. The hydrogen facility data and pipeline 
network data were sourced primarily from the National Renewable 
Energy Laboratory [44]. According to the data adopted, there are 285 
3 
power plants with a consumption capacity of 2125.95MMscf∕d and 
18 processing plants with a processing capacity of 599.95MMscf∕d in 
California. There are 35 hydrogen facilities distributed in California.

3.1.2. Graph construction
According to the pipeline data, letting the network be represented 

by a weighted graph 𝐺 = (𝑁,𝐸,𝑊 ), where 𝑁 is the set of nodes and 𝐸
is the set of pipeline edges. 𝑊  represents the weight 𝑤𝑖𝑗 of each edge 
𝑒𝑖𝑗 ∈ 𝐸 connects two nodes (𝑛𝑖 and 𝑛𝑗). The assets, including processing 
plants 𝑆, power plants 𝐷, and hydrogen facilities 𝐻 , are mapped onto 
the nodes 𝑁 of 𝐺 so that they become part of the node set (𝑆 ⊆ 𝑁 , 
𝐷 ⊆ 𝑁 , 𝐻 ⊆ 𝑁). Each asset is associated with a specific node in the 
graph. If an asset is physically located at an existing pipeline node, 
it is directly mapped to that node. Otherwise, the asset is linked to 
the nearest pipeline node by adding a connector edge representing a 
short feeder pipeline. As a result, any route from a processing plant to 
a power plant will correspond to a path through the graph, and any 
hydrogen facility is connected into the graph for injection.

3.2. Transportation pathways and patterns determination

After the graph is constructed, transportation pathways and patterns 
are identified using a graph-based optimization approach proposed by 
the authors, which is named Algorithm for Transportation Pathways 
and Patterns through Pipeline network (ATP3) [45]. The procedure 
consists of three sequential stages: supply–demand balance, segment 
weight allocation, and minimum-cost flow (MCF) problem solution. 
The steady-state assumption is adopted because processing and con-
sumption data are statistical snapshots and do not support transient 
analysis. As the primary objective of this study is to evaluate how 
hydrogen injection affects heating-value and system-level penetration 
under different scenarios — excluding transit-related factors such as 
pressure — a steady-state framework is considered appropriate and 
sufficient for the intended analysis.

3.2.1. Supply–demand balance
In practice, reported supply and demand data are often imbalanced 

due to incomplete coverage, aggregation effects, or data uncertainty. 
To ensure a consistent point-level allocation, supply–demand balance 
is enforced using an entropy-weight-based allocation strategy. Briefly, 
multiple operational indicators are evaluated for each supply node and 
normalized to account for differences in magnitude and directionality. 
The information entropy of each indicator is then used to derive 
objective, data-driven weights, yielding a composite score that reflects 
the relative contribution potential of each supply node. These scores 
are subsequently scaled to allocate aggregate supply toward regional 
demand while respecting individual supply capacity constraints. The re-
sulting allocation ratios are used as weighting factors for outgoing flows 
at supply nodes, thereby providing a balanced and capacity-consistent 
input for subsequent analysis.

3.2.2. Segment weight allocation
After reconciling supply and demand at the system level, each 

pipeline 𝑒𝑖𝑗 is characterized by both a transportation cost and a trans-
portation capacity. Transportation cost is introduced to capture
distance-dependent attributes such as transportation expenditure, en-
ergy consumption, or emissions intensity associated with gas trans-
mission. Consistent with prior studies [46–48], these attributes are 
assumed to scale approximately linearly with both transported vol-
ume and transmission distance. Accordingly, the cost weight 𝑤𝑖𝑗 of a 
pipeline segment 𝑒𝑖𝑗 is represented by its physical length 𝑑𝑖𝑗 , which is 
computed using the Haversine formulation [49]: 
⎧

⎪

⎨

⎪

𝑎 = sin2
(

𝛥lat
2

)

+ cos(lat𝑖) cos(lat𝑗 ) sin
2
(

𝛥lon
2

)

,

𝑐 = 2 ⋅ atan2
(

√

𝑎,
√

1 − 𝑎
)

, (1)
⎩ 𝑑𝑖𝑗 = 𝑅Earth ⋅ 𝑐,
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Fig. 2. Natural gas supply pathways to California power plants. The map illustrates the natural gas supply chain for California power generation sector: 
light blue lines represent simulated supply pathways from processing plants to power plants. Line thickness corresponds to the volumetric flow rate (MMscf/d), 
and node size reflects the facility’s capacity. Green triangles denote the hydrogen facilities which are distributed in Bay Area, Los Angeles, and Bakersfield. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
where 𝛥lat and 𝛥lon denote the differences in latitude and longitude 
between nodes 𝑖 and 𝑗, respectively, and 𝑅Earth is the Earth’s radius 
(set to 3960miles in this study).

In addition to cost, each pipeline segment 𝑒𝑖𝑗 is associated with 
a capacity 𝑐𝑖𝑗 , representing the maximum volumetric throughput per-
mitted by physical and operational constraints. Under this weight 
representation, the pipeline system is transformed into a weighted and 
capacity-constrained graph, providing the structural basis for subse-
quent shortest path identification and minimum-cost flow optimization.

3.2.3. Minimum-cost flow solution
Given the weighted and capacity-constrained graph, the determi-

nation of transportation pathways and flow patterns is formulated as 
an MCF problem. In the present study, regional gas throughput is 
substantially lower than nominal pipeline capacity, allowing capacity 
constraints to be treated as non-binding without loss of generality [50]. 
Under this assumption, natural gas is routed along minimum-cost paths 
between supply and demand nodes, consistent with the objective of 
minimizing distance-dependent transportation metrics. This enables the 
MCF problem to be decomposed into two tractable subproblems: (i) 
identification of shortest paths between all supply–demand pairs based 
on segment costs, and (ii) solution of a transportation problem over the 
reduced cost matrix. The transportation problem is formulated as:
min :𝐽 =

∑

𝑖,𝑗
𝑤𝑖𝑗𝑥𝑖𝑗 (2)

𝑠.𝑡.
{ ∑

𝑗 𝑥𝑖𝑗 ≤ 𝑆𝑖 ∀𝑖
∑

𝑖 𝑥𝑖𝑗 = 𝐷𝑗 ∀𝑗
(3)

where 𝑤𝑖𝑗 represents the cost of transporting gas from source 𝑖 to sink 
𝑗, and 𝑥𝑖𝑗 is the capacity of gas transported, 𝑆𝑖 represents the supply of 
node 𝑖; 𝐷𝑖 denotes the demand of node 𝑗.

Since this is a linear optimization problem, the complete set of 
pipelines used for gas transport, along with the corresponding flow 
rates within each segment, can be obtained by linear programming. The 
natural gas supply pathways and patterns to California power plants, as 
obtained from ATP3, are shown in Fig.  2. There are 154 supply routes 
4 
from processing plants to power plants, and the natural gas flow along 
each path and on each node can also be solved by aggregation.

3.3. Hydrogen injection simulation

3.3.1. Hydrogen injection mode
It can be seen in Fig.  2 that the positions of existing hydrogen 

facilities are distributed mainly in three regions (the Bay Area, Los 
Angeles, and Bakersfield), which have been selected as the case studies. 
The power plants in each region mainly receive natural gas from 
out-of-state or geographically distant processing plants. To facilitate 
subsequent simulations, spatial boundaries for the three regions are 
first defined. Then, processing plants located outside these boundaries 
are uniformly relocated to the nearest pipeline node at the intersection 
of their original transportation pathway and the regional boundary. 
The capacity assigned to each relocated point corresponds to the total 
natural gas flow through that node. To simplify representation, ev-
ery processing plant within a specific region is denoted as a virtual 
processing node with 𝑣𝑝.

Two hydrogen injection modes are considered in this study: a 
distributed and a centralized mode [24,51]. In the distributed injection 
scheme, hydrogen is injected at the node corresponding to each existing 
hydrogen facility as mapped onto the graph. In contrast, under the 
centralized mode, hydrogen is injected at the virtual processing node 
(𝑣𝑝) that is geographically closest (in network distance) to the specific 
hydrogen facility. Perfect mixing is assumed at each injection node.

The hydrogen concentration and the heating-value at the end of 
each transportation pathway (power plant inlet) can be calculated by 
Eqs. (4) and (5), respectively. These equations account for the cumula-
tive effects of multiple hydrogen injection points along the pathway.

𝐶path𝐻2
=

∑

𝑗 𝑄
𝑗
𝐻2

𝑄path =

∑

𝑗 𝑄
𝑗
𝐻2

∑

𝑗 𝑄
𝑗
𝐻2

+𝑄path
𝑁𝐺

(4)

𝐻𝑉 path = 𝐶path ⋅𝐻𝑉 + (1 − 𝐶path) ⋅𝐻𝑉 (5)
𝐻2 𝐻2 𝐻2 𝑁𝐺
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where 𝑄𝑗
𝐻2

 represents hydrogen injection volume at injection node 
𝑗 along the pathway, 𝑄path

𝑁𝐺  represents natural gas volume along the 
pathway, 𝑄path represents gas mixture volume at the power plant inlet, 
𝐶path𝐻2

 represents hydrogen concentration reaching the power plant via 
this pathway, 𝐻𝑉 path represents heating-value of the gas mixture at 
the power plant inlet.

The hydrogen concentration and heating-value of the gas received 
by each power plant are then computed by aggregating the gas inflows 
from each incoming pathway 𝑖, using a weighted average based on the 
flow contributions of each pathway: 

𝐶plant𝐻2
=

∑

𝑖 𝑄
𝑖 ⋅ 𝐶 𝑖

𝐻2
∑

𝑖 𝑄𝑖 (6)

𝐻𝑉 plant = 𝐶plant𝐻2
⋅𝐻𝑉𝐻2

+ (1 − 𝐶plant𝐻2
) ⋅𝐻𝑉𝑁𝐺 (7)

where 𝑄𝑖 denotes gas flow rate along pathway 𝑖, 𝐶 𝑖
𝐻2

 denotes hydrogen 
concentration reaching the power plant via pathway 𝑖, 𝐶plant𝐻2

 denotes 
effective hydrogen concentration received by the power plant, 𝐻𝑉 plant

denotes effective heating-value received by the power plant.

3.3.2. Simulation case design: distributed injection
Scenario I is the distributed hydrogen injection scheme. The injec-

tion volume at each location is set to 5% of the natural gas volumetric 
flow rate through this node before any injection. The injections are as-
sumed to be operated simultaneously. To assess the system-level impact 
of hydrogen injection, two key performance indicators are considered 
in this paper:
1. Variance of heating-values at power plant inlets (𝑉 ). This metric quan-
tifies the uniformity of gas quality received by end users. A lower vari-
ance indicates a more uniform energy content across the region’s power 
plants, which is desirable for combustion stability and operational 
predictability [52,53]. The variance is calculated as follows:

𝑉 = Var(𝐻𝑉 plant) = 1
𝑁

𝑁
∑

𝑘=1

(

𝐻𝑉 plant
𝑘 −𝐻𝑉 plant

)2
(8)

where 𝐻𝑉 plant
𝑘  is the heating-value of the gas in power plant 𝑘, 𝐻𝑉 plant

is the average heating-value across all 𝑁 power plants, 𝑁 is the number 
of power plants in the region.
2. Regional hydrogen penetration rate (𝑃 ). This metric reflects the over-
all proportion of hydrogen in the gas mixture consumed across the 
region. It serves as a proxy for the decarbonization potential of hy-
drogen blending. The penetration rate is computed as a flow-weighted 
average of hydrogen concentration across all power plants: 

𝑃 = 𝐶region𝐻2
=

∑𝑁
𝑘=1 𝑄𝑘 ⋅ 𝐶

plant
𝑘

∑𝑁
𝑘=1 𝑄𝑘

(9)

where 𝐶plant𝑘  represents the hydrogen concentration in power plant 𝑘, 
𝑄𝑘 represents the total gas flow into power plant 𝑘, 𝑁 represents the 
number of power plants in the region.

While higher regional penetration rates are desirable from a decar-
bonization standpoint, they are subject to practical constraints such as 
safety regulations, pipeline material compatibility, and policy limits on 
maximum allowable hydrogen blending ratios [30].

3.3.3. Simulation case design: centralized injection
Scenario II is the centralized hydrogen injection scheme building on 

the results from Scenario I. To ensure a fair comparison between the 
two schemes, the same amount of hydrogen injection volume is main-
tained, thus preserving the overall regional penetration rate. Instead 
of injecting hydrogen at the previous nodes, each facility’s allocated 
injection volume is rerouted to the source 𝑣𝑝 node on the pathway 
that serves as a centralized injection hub. The injected hydrogen is 
then distributed downstream from the 𝑣𝑝 nodes to the connected power 
plants via the obtained gas flow pathways.
5 
3.3.4. Simulation case design: injection volume optimization
Scenario III is extended from Scenario I by applying an optimiza-

tion framework to determine the hydrogen injection volumes at each 
distributed node. Unlike the fixed 5% injection rate used previously, 
this approach allows injection volumes to vary across nodes, enabling 
a multi-objective optimization to balance gas quality uniformity and 
decarbonization potential. The control variables 𝐪 are a set of injection 
amounts of each hydrogen facility seen in Eq. (10). The optimization 
target is to simultaneously minimize the variance of heating-values 
received by power plants (𝑉 ) and maximizes the regional hydrogen 
penetration rate (𝑃 ). These two objectives can be combined into a 
single scalarized cost function using a tunable weighting parameter 
𝛼 ∈ [0, 1] [54,55], the objective function is defined as in Eq. (11). 

𝐪 =
[

𝑄1
𝐻2

𝑄2
𝐻2

⋯ 𝑄𝐽
𝐻2

]

∈ R1×𝐽 (10)

min
𝐪∈R𝐽

𝛼 ⋅ 𝑉 (𝐪) − (1 − 𝛼) ⋅ 𝑃 (𝐪)

s.t. 0.01 ⋅𝑄𝑗
𝑁𝐺 ≤ 𝑄𝑗

𝐻2
≤ 0.2 ⋅𝑄𝑗

𝑁𝐺 ∀𝑗 = 1,… , 𝐽

𝐶plant,𝑘𝐻2
(𝐪) ≤ 0.25 ∀𝑘 = 1,… , 𝑁

(11)

where: 𝑄𝑗
𝐻2

 denotes the hydrogen injection volume at node 𝑗, 𝑄𝑗
𝑁𝐺 de-

notes the natural gas flow at injection node 𝑗, 𝑉 (𝐪) denotes the variance 
of heating-values across all power plants, 𝑃 (𝐪) denotes the regional 
hydrogen penetration rate, 𝐶plant,𝑘𝐻2

(𝐪) is the hydrogen concentration in 
power plant 𝑘, 𝑁 is the total number of power plants in the study 
region, 𝐽 is the total number of hydrogen injection nodes

The first constraint limits the hydrogen injection volume at each 
node to 1%–20% of the local natural gas volume, primarily reflecting 
technical and safety considerations such as compressor tolerance and 
blending stability [18,19,56,57]. The second constraint imposes an 
upper bound of 25% on the hydrogen concentration at the inlet of 
each power plant, representing a safety-related limit derived from 
turbine and combustion compatibility [58]. In this study, these bounds 
are uniformly applied across all nodes and facilities as a modeling 
simplification, although the proposed framework can accommodate 
node-specific limits once detailed operational data become available.

To solve the optimization problem defined in Eq. (11), the Se-
quential Least Squares Programming (SLSQP) algorithm implemented 
in scipy.optimize.minimize is employed. SLSQP is a gradient-
based constrained optimization method that is well-suited for prob-
lems with nonlinear objectives and inequality constraints. In our case, 
both the heating-value variance and the hydrogen penetration rate 
are smooth. Differentiable functions and the constraint structure are 
convex. These properties make SLSQP an appropriate and efficient 
choice for solving this problem.

A Pareto front of each region is first generated by solving the 
optimization problem under varying values of 𝛼. This allows us to 
capture the full spectrum of feasible solutions that balance the compet-
ing objectives of minimizing 𝑉  and maximizing 𝑃 . To further explore 
the practical implications, three representative policy scenarios that 
reflect different levels of government subsidies for hydrogen injection 
are simulated:

∙ High subsidy: This scenario reflects strong policy support for 
hydrogen blending, such as direct subsidies or carbon credits. A 
higher emphasis is placed on maximizing hydrogen penetration 
with a lower value of 𝛼.

∙ Medium subsidy: This scenario represents a balanced policy 
environment in which both gas quality uniformity and decar-
bonization are equally valued.

∙ Low subsidy: This scenario reflects limited policy support or 
technical caution. The priority is placed on maintaining uniform 
gas quality with a higher value of 𝛼.
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Fig. 3. Natural gas transmission pattern and hydrogen facilities in the 
Bay Area region. The pattern contains one 𝑣𝑝 (red dot), 36 power plants (blue 
dots), and 8 hydrogen facilities (green triangles). A total of 36 gas transmission 
pathways (blue lines) are established, with line widths proportional to flow 
rates. All power plants are connected to the network via a tree-like structure 
rooted at the single 𝑣𝑝 node.  (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)

4. Results and discussion

Since the primary objective is to investigate how hydrogen injection 
performance is shaped by both policy incentives and the underlying gas 
transportation network topology, the results of Scenario I, II, and III for 
each of the three regions will be first illustrated. Then a cross-regional 
discussion will be conducted to compare different network structures 
and deliver policy recommendations.

4.1. Northern California (Bay Area)

The natural gas transmission patterns and infrastructure layout for 
the Bay Area region are shown in Fig.  3. Notably, all power plants 
in this region are supplied from a single source 𝑣𝑝1, forming a classic 
tree-like topology.

4.1.1. Comparison of distributed and centralized injection
Fig.  4 compares the heating-values received by power plants in the 

Bay Area under distributed and centralized hydrogen injection scenar-
ios. In the distributed case (left panel), spatial heterogeneity in injection 
results in a wide range of heating-values across the network, with a 
calculated variance of 0.596 MJ/m3. The variation is largely driven 
by numbers of upstream hydrogen injection points. In contrast, under 
centralized injection (right panel), hydrogen is blended at a single 𝑣𝑝
node before distribution, resulting in a uniform heating-value across all 
downstream power plants. The variance in this case is effectively zero.

To quantitatively evaluate the extent of hydrogen distribution in the 
network, three coverage metrics are defined as:

(1) pathway coverage ratio (𝑅path), defined as the proportion of 
hydrogen-carrying pathways among all pathways;

(2) plant coverage ratio (𝑅plant), defined as the fraction of power 
plants that receive hydrogen-blended gas;

(3) flow coverage ratio (𝑅flow), defined as the percentage of to-
tal natural gas flow volume that passes through hydrogen-injected 
segments.

When each hydrogen facility injects hydrogen at a fixed rate of 
5% of the local natural gas flow, the resulting regional hydrogen 
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penetration reaches 1.11%. Fig.  5 illustrates the gas and hydrogen flow 
received at each power plant under both distributed and centralized 
injection scenarios. In the distributed injection scenario (left panel), 
𝑅path and 𝑅plant are both 22.2% (8 out of 36), and 𝑅flow is 18.6% (63.97 
out of 343.77 MMscf/d). This limited spatial coverage results in non-
uniform heating-values across the region. In contrast, under centralized 
injection (right panel), the single tree-like network topology enables the 
hydrogen injected at 𝑣𝑝 node to reach all power plants (coverage ratio 
to be 100%), resulting in a fully uniform gas mixture.

4.1.2. Injection flow optimization
Building on the distributed injection, the hydrogen injection vol-

umes at each facility are optimized. The resulting Pareto front is shown 
in Fig.  6, highlighting the inherent trade-off between the two competing 
objectives: minimizing the variance of heating-values and maximizing 
the regional hydrogen penetration rate.

As the figure illustrates, improvements in hydrogen penetration 
come at the cost of reduced gas quality uniformity, and vice versa. To 
examine the practical implications of this trade-off under different pol-
icy environments, three representative subsidy regimes — low, medium, 
and high — corresponding to points along the Pareto frontier. These 
regimes reflect varying degrees of incentive for hydrogen adoption, and 
lead to different optimal injection patterns in the network, as discussed 
in subsequent analyses.

The resulting heating-value distributions under different subsidy 
regimes are shown in Fig.  7. As policy support increases from low 
to high subsidy levels, the optimized hydrogen injection volumes also 
increase accordingly. This results in a gradual rise in regional hydrogen 
penetration, but also leads to a corresponding increase in the variance 
of heating-values across power plants.

However, the magnitude of change in both objectives remains rela-
tively modest. As illustrated by the gas flow and hydrogen ratio results 
in Fig.  8, the power plants that receive hydrogen injections have rela-
tively low natural gas consumption. The natural gas flow coverage ratio 
is only 18.6%. Consequently, even under the high subsidy scenario, the 
overall regional hydrogen penetration remains below 4%.

The optimized hydrogen injection ratios at each facility are shown 
in Fig.  9. By integrating these results with the network flow patterns, 
following key observations are derived:

First, hydrogen facilities with higher natural gas throughput play 
a dominant role in determining the overall injection impact, regard-
less of the policy scenario. Their injection levels are more likely to 
approach the upper bound in high subsidy settings and contribute more 
substantially to regional hydrogen penetration.

Second, power plants that experience the largest changes in gas 
composition due to hydrogen injection can be broadly classified into 
two categories: (1) those located downstream of multiple hydrogen 
facilities — such as plant 4 (influenced by upstream facilities h_5, h_6, 
and h_8) and plant 26 (influenced by h_1 and h_2); and (2) those 
covered by major flow corridors linked to high-throughput facilities — 
such as plants 17 and 32 (both downstream of h_3), and plants 24 and 
31 (downstream of h_7).

4.2. Southern California (Los Angeles)

The natural gas transmission patterns and infrastructure layout for 
the Los Angeles (LA) region are shown in Fig.  10. The transportation 
topology is more complicated than that of Bay Area with two outside 
sources (𝑣𝑝_4 and 𝑣𝑝_5) and three local sources (𝑣𝑝_1, 2, and 3).
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Fig. 4. Heating-value distribution at power plants in the Bay Area. Left: Distributed injection leads to substantial variability (variance = 0.596 MJ/m3), 
reflecting spatial differences in injection intensity and network topology. The degree of heterogeneity is influenced by the number and placement of upstream 
hydrogen facilities. Right: Centralized injection results in a uniform heating-value (variance = 0), as hydrogen is blended at a single upstream node.
Fig. 5. Natural gas and hydrogen flow received by each power plant in the Bay Area. Bars outlined in black indicate power plants that are covered by 
hydrogen injection. Left: Distributed injection: only power plant 4, 14, 17, 23, 24, 26, 31, and 32 are covered by the upstream hydrogen injection. Right: 
Centralized injection: enables full network coverage (36/36 power plants) due to the single tree-like topology.
Fig. 6. Pareto front of heating-value variance versus hydrogen penetra-
tion in Bay Area. The shaded region indicates the feasible space. Three policy 
regimes are highlighted: A (low subsidy) prioritizes gas quality uniformity, B
(medium subsidy) balances both objectives, and C (high subsidy) emphasizes 
hydrogen penetration. Each corresponds to a different weighting of the multi-
objective optimization.

4.2.1. Comparison of distributed and centralized injection
Fig.  11 compares the heating-value distributions received by power 

plants in LA under distributed and centralized hydrogen injection sce-
narios. In this region, distributed case (left panel) also shows a larger 
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variation than the concentrated case (right panel). This is primarily due 
to the rerouting of all hydrogen volumes to 𝑣𝑝_3 and 𝑣𝑝_4, from which 
the gas is uniformly redistributed across the network.

The transportation topology in this region can still be interpreted 
as a combination of several tree-like substructures, each rooted at a 
distinct 𝑣𝑝. When each power plant is supplied exclusively by a single 
root node, or by multiple root nodes with identical hydrogen con-
centrations, uniform heating-values can be maintained. However, if a 
power plant receives supply from multiple 𝑣𝑝s with different hydrogen 
concentrations, fluctuations in heating-value are likely to occur. Such 
deviations are evident in plant 16 (supplied by 𝑣𝑝_1 and 4), 31 (by 𝑣𝑝_2 
and 4), and plant 38, 39, and 43 (by 𝑣𝑝_3 and 4), as well as plant 46 
(by 𝑣𝑝_4 and 5).

When each hydrogen facility injects hydrogen at a fixed rate of 5% 
of the local natural gas flow, the resulting regional hydrogen pene-
tration reaches 6.81%. Fig.  12 illustrates the gas and hydrogen flow 
received at each power plant under both distributed and centralized 
injection scenarios. In the distributed scenario (left panel), 𝑅path is 
76.9% (40 out of 52), 𝑅plant is 81.25% (39 out of 48), and 𝑅flow is 
86.45% (413.51 out of 478.34 MMscf/d). In the centralized scenario 
(right panel), 𝑅path is increased to be 82.69% (43 out of 52), 𝑅plant
is increased to be 87.5% (42 out of 48), and 𝑅flow is increased to be 
86.74% (414.90 out of 478.34 MMscf/d).

In the LA region, the gas transportation pattern is characterized by 
the presence of one tree-structured subnetwork that is largely isolated 
from the other tree structures. The overlap between this tree and 
the remaining network is limited primarily to peripheral or terminal 
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Fig. 7. Natural gas and hydrogen flow received by each power plant in the Bay Area under different subsidies. (a). 𝑉 : 0.075 MJ/m3, 𝑃 : 0.51%; (b). 𝑉 : 
1.984 MJ/m3, 𝑃 : 3.08%; (c). 𝑉 : 4.00 MJ/m3, 𝑃 : 3.94%.
Fig. 8. Heating-value distribution at power plants in the Bay Area under different subsidies. Bars outlined in black indicate power plants that are covered 
by hydrogen injection.
Fig. 9. Hydrogen injection flow at each facility in the Bay Area under different subsidies. At the facility level, the blue bars indicate the natural gas flow 
passing through each hydrogen facility, while the yellow hatched bars represent the hydrogen injection volumes. The percentage values denote the optimized 
injection ratio at each facility, serving as the key control variable in the multi-objective optimization.
nodes, indicating minimal structural redundancy or intersection at 
higher hierarchical levels. This topological separation, combined with 
an uneven spatial distribution of hydrogen facilities — which do not 
cover the isolated subnetwork — limits the effectiveness of centralized 
injection in this region. As a result, despite implementing centralized 
blending, there is no significant improvement in hydrogen coverage, 
nor a corresponding enhancement in heating-value uniformity across 
the entire network.

4.2.2. Injection flow optimization
Building on the distributed injection, the hydrogen injection vol-

umes at each facility are optimized. The resulting Pareto front is shown 
in Fig.  13, also highlighting the inherent trade-off between the two 
competing objectives.

The resulting heating-value distributions under different subsidy 
regimes are shown in Fig.  14. Increased policy support increases also 
results in a gradual rise in regional hydrogen penetration and a corre-
sponding increase in the variance of heating-values. As the hydrogen 
blending volume increases, the resulting heating-values allows the 
power plants to be clearly grouped into several distinct clusters. This 
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stratification arises from the fact that, hydrogen facilities in LA are 
predominantly located at higher-level nodes within the transportation 
tree. As a result, each injection point covers a larger number of down-
stream power plants, leading to similar heating-value trajectories and 
magnitudes within each group.

Under different policy scenarios, the variance of heating-values in 
LA ranges from 0 to 4.69 MJ/m3, comparable to that observed in the 
Bay Area. However, the maximum hydrogen penetration in LA reaches 
17.65%, which is significantly higher than that of the Bay Area. In 
addition to larger hydrogen coverage, this higher penetration can be 
attributed to the fact that several highest-consuming power plants (such 
as 12, 25, and 33) in LA are covered by hydrogen injection. As shown 
in Fig.  15, the inclusion of these major consumers under the hydrogen 
distribution path substantially amplifies the overall penetration rate, 
even under the existing blending constraints.

The optimized hydrogen injection ratios at each facility are shown 
in Fig.  16. It can also concluded that hydrogen facilities with higher 
natural gas throughput (h_7) play a dominant role in determining the 
overall injection impact.



Z.E. Liu et al.

Fig. 10. Natural gas transmission pattern and hydrogen facilities in the LA region. Right is the zoomed in illustration of area A in Left. The pattern contains 
5 𝑣𝑝s (red dot), 48 power plants (blue dots), and 15 hydrogen facilities (green triangles). A total of 52 gas transmission pathways (blue lines) are established, 
with line widths proportional to flow rates.  (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.)

Fig. 11. Heating-value distribution at power plants in LA. Left: Distributed injection leads to substantial variability (variance = 1.961 MJ/m3), reflecting 
spatial differences in injection intensity and network topology. The degree of heterogeneity is influenced by the number and placement of upstream hydrogen 
facilities. Right: Centralized injection results in a more uniform heating-value (variance = 0.529 MJ/m3).

Fig. 12. Natural gas and hydrogen flow received by each power plant in LA. Bars outlined in black indicate power plants that are covered by hydrogen 
injection. Left: Distributed injection: power plant 2, 7, 8, 9, 18, 21, 38, 44, and 45 are not covered by the upstream hydrogen injection. Right: Centralized 
injection: power plant 2, 7, 8, 21, 44, and 45 are not covered by the upstream hydrogen injection. 𝑅plant is improved from 81.25% to 87.5% by centralized 
injection, but there are still uncovered power plants because of the topology.
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Fig. 13. Pareto front of heating-value variance versus hydrogen pene-
tration in LA. The shaded region indicates the feasible space. Three policy 
regimes are highlighted: A (low subsidy) prioritizes gas quality uniformity, B
(medium subsidy) balances both objectives, and C (high subsidy) emphasizes 
hydrogen penetration. Each corresponds to a different weighting of the multi-
objective optimization.

4.3. Central California (Bakersfield)

The natural gas transmission patterns and infrastructure layout for 
the Bakersfield region are shown in Fig.  17. This region exhibits a 
distinct multi-source supply pattern, characterized by the presence of 9 
𝑣𝑝s. As a result, the overall transportation network is composed of nine 
tree-like structures, each rooted at a different 𝑣𝑝 node. This structure 
reflects a decentralized flow architecture, in which gas is distributed 
through multiple independent supply pathways rather than a single 
dominant source.

4.3.1. Comparison of distributed and centralized injection
Fig.  18 compares the heating-value distributions received by power 

plants in Bakersfield under distributed and centralized hydrogen in-
jection scenarios. When each hydrogen facility injects hydrogen at a 
fixed rate of 5% of the local natural gas flow, the resulting regional 
hydrogen penetration only appears as 0.45%. Fig.  19 illustrates the gas 
and hydrogen flow received at each power plant under both distributed 
and centralized injection scenarios. In the distributed scenario (left 
panel), 𝑅path is 8.0% (4 out of 50), 𝑅plant is 7.14% (3 out of 42), 
and 𝑅flow is 9.12% (45.25 out of 495.97 MMscf/d). In the centralized 
scenario (right panel), 𝑅path is increased to be 56.0% (28 out of 50), 
𝑅plant is increased to be 61.9% (26 out of 42), and 𝑅flow is increased 
to be 33.51% (166.18 out of 495.97 MMscf/d).

In the Bakersfield region, the limited number of hydrogen
facilities — only three in total — plays a key role in shaping the 
injection performance. Facilities h_1 and h_3 are located near leaf 
nodes, close to individual power plants, while h_2 is also positioned at 
a relatively low-level node within the network hierarchy. As a result, 
under the distributed injection scenario, hydrogen coverage remains 
limited and spatially fragmented. However, centralized injection allows 
hydrogen to be rerouted to a higher-level node, significantly expanding 
its reach throughout the network. This shift substantially increases 
the overall hydrogen coverage and leads to a marked reduction in 
heating-value fluctuations across power plants.

4.3.2. Injection flow optimization
Building on the distributed injection, the hydrogen injection vol-

umes at each facility are optimized. The resulting Pareto front is shown 
in Fig.  20, it can be seen that the two optimization objectives continue 
to exhibit a trade-off relationship. However, due to the limited spatial 
coverage of hydrogen in this region, adjusting the injection volumes 
alone yields only marginal improvements in either objective.
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Table 1
Key topological characteristics comparison in three regions.
 Category Bay Area Los Angeles Bakersfield  
 Leaf nodes 36 48 42  
 Root nodes 1 5 9  
 Topology Single-tree Multi-tree,

∼ isolated
Multi-tree,
∼combined

 

 Injection nodes 8 15 3  
 Facility position Mid-level,

low-level
High-level Low-level  

 𝑅path (%) 22.2 76.9 8.0  
 𝑅plant (%) 22.2 81.25 7.14  
 𝑅f low (%) 18.6 86.45 9.12  
 Maximum 𝑃 (%) 3.94 17.65 1.77  

The current hydrogen infrastructure lacks sufficient reach to mean-
ingfully influence gas quality or decarbonization potential. As such, 
further increases in regional penetration are unlikely to be achieved 
through injection control alone. Instead, expanding coverage through 
the strategic addition of new hydrogen facilities will be essential to 
improving performance in this region.

4.4. Cross-regional heterogeneity and topological interpretation

The results reveal substantial differences in hydrogen injection per-
formance across the Bay Area, Los Angeles, and Bakersfield. Although 
the same modeling framework and injection strategies are applied in 
all cases, the observed variations in hydrogen penetration and heating-
value uniformity indicate that regional outcomes are strongly condi-
tioned by underlying topological heterogeneity. Table  1 summarizes 
the key topological characteristics of the three regions, providing a 
consolidated basis for cross-regional interpretation.

The Bay Area represents a highly centralized system characterized 
by a single-tree supply structure rooted at one virtual processing node. 
This configuration enables hydrogen injected at upstream locations to 
propagate uniformly to all downstream power plants once centralized 
injection is implemented, resulting in near-zero variance in heating-
value. However, the limited coverage ratios constrain the achievable 
penetration level, even under optimized injection.

Los Angeles, by contrast, features a more complex multi-root topol-
ogy with multiple high-capacity virtual processing nodes and sub-
stantial overlap between hydrogen facilities and major transmission 
corridors. This structural alignment allows hydrogen to access a large 
share of regional gas flow, leading to the highest penetration potential 
among the three regions. At the same time, partial isolation between 
subnetworks prevents complete homogenization of gas composition, 
such that residual heating-value variance persists even under central-
ized or optimized injection. This combination of high penetration and 
incomplete uniformity distinguishes Los Angeles from the other two 
regions.

The Bakersfield region exhibits a combined, multi-tree structure 
with sparse hydrogen infrastructure and injection points predominantly 
located at low-level or leaf nodes. Consequently, hydrogen coverage 
under distributed injection remains highly fragmented, and adjust-
ing injection volumes alone yields limited system-wide impact. While 
centralized injection improves coverage by promoting hydrogen to 
higher-level nodes, overall penetration remains constrained by the 
limited number of facilities and their weak coupling to high-flow 
transmission paths. These characteristics make Bakersfield particularly 
sensitive to infrastructure siting rather than injection control.

Taken together, this cross-regional comparison demonstrates that 
differences in hydrogen injection performance arise primarily from 
topological heterogeneity—specifically, variations in network topology, 
coverage ratio metrics, and the relative positioning of hydrogen facil-
ities. These observations motivate a more systematic examination of 
coverage as a unifying explanatory variable.
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Fig. 14. Natural gas and hydrogen flow received by each power plant in LA under different subsidies. (a). 𝑉 : 0.11 MJ/m3, 𝑃 : 1.44%; (b). 𝑉 : 2.02 MJ/m3, 
𝑃 : 11.94%; (c). 𝑉 : 4.69 MJ/m3, 𝑃 : 17.65%.
Fig. 15. Heating-value distribution at power plants in LA under different subsidies. Bars outlined in black indicate power plants that are covered by 
hydrogen injection.
Fig. 16. Hydrogen injection flow at each facility in LA under different subsidies. At the facility level, the blue bars indicate the natural gas flow passing 
through each hydrogen facility, while the yellow hatched bars represent the hydrogen injection volumes. The percentage values denote the optimized injection 
ratio at each facility, serving as the key control variable in the multi-objective optimization.
4.5. Sensitivity and interplay of coverage metrics

To clarify the distinct roles of the three coverage metrics (𝑅path, 
𝑅plant, and 𝑅flow) introduced in this work, the behavior across the 
three representative regions using the existing simulation outcomes 
are examined. Although these scenarios were originally designed for 
qualitative comparison, together they span a sufficiently broad range 
of coverage values to reveal the governing relationships between the 
metrics and the resulting hydrogen blending performance.

4.5.1. Regional hydrogen penetration
Scenario III reveals the intrinsic penetration potential of each re-

gion when hydrogen supply amount are allowed to vary freely within 
existing topology and operational constraints. In this scenario, the three 
regions exhibit markedly different maximum achievable penetration 
levels: 3.94% in the Bay Area, 17.65% in Los Angeles, and 1.77% in 
Bakersfield. These differences closely follow their 𝑅flow. Los Angeles, 
whose network structure allows hydrogen to access the vast majority of 
high-volume transport corridors, attains the highest penetration ceiling; 
the Bay Area, with moderate flow coverage, reaches an intermediate 
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level; and Bakersfield, where only a small fraction of regional through-
put is structurally reachable by hydrogen, shows the lowest ceiling. 
This relationship is illustrated in Fig.  21, which demonstrates the strong 
dependence of the achievable penetration envelope on flow coverage 
across the three regions.

This behavior highlights that 𝑅flow governs not only the instanta-
neous penetration under a fixed injection volume, but also the upper 
boundary of penetration that the network can support when injection 
is optimized. Networks with higher flow coverage admit a substantially 
larger feasible region for hydrogen blending, enabling operators to 
raise penetration without breaching physical constraints. Conversely, 
networks with low flow coverage remain supply-constrained regardless 
of injection ratios. In this sense, 𝑅flow acts as a structural enabler for 
both high-penetration blending and flexible optimal control.

4.5.2. Heating-value uniformity
In contrast, the uniformity of the delivered gas (quantified by the 

variance of heating-value 𝑉 ) is largely insensitive to 𝑅flow but strongly 
conditioned by 𝑅plant and 𝑅path. Despite LA having far higher flow 
coverage (86.45%) than the Bay Area (18.6%), both regions exhibit 
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Fig. 17. Natural gas transmission pattern and hydrogen facilities in 
Bakersfield. Bottom is the zoomed in illustration of area A in Top. The 
pattern contains 9 𝑣𝑝s (red dot), 42 power plants (blue dots), and 3 hydrogen 
facilities (green triangles). A total of 50 gas transmission pathways (blue lines) 
are established, with line widths proportional to flow rates.  (For interpretation 
of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

similar range in heating-value variance 𝑉  in Scenario III. This demon-
strates that path and plant coverage dominate over flow coverage in 
controlling uniformity, particularly when injection is already able to 
access major flow corridors.

It can be seen in Fig.  22, transitioning from distributed to central-
ized injection leads to a marked increase in plant coverage across in 
Bay Area and Bakersfield (rising from 22.2% to 100%, and from 7.14% 
to 61.9%, respectively), while keeping the total injected hydrogen 
unchanged. This shift alone produces a substantial reduction in heating-
value variance, underscoring the dominant role of end-user coverage in 
shaping network-wide uniformity. In the Bay Area, where the pipeline 
network exhibits a single-tree topology, raising 𝑅plant to unity results 
in complete homogenization of the delivered gas, as all demand nodes 
12 
become downstream of the same mixing point. Los Angeles and Bak-
ersfield, where multiple source trees coexist and only partially overlap, 
also show large declines in variance when 𝑅plant increases. However, 
some residual variance persists because end-users continue to draw 
from branches fed by distinct upstream sources. This behavior reflects 
a structural constraint: even with higher coverage, path segmentation 
limits the propagation of uniform hydrogen compositions across the 
entire network.

Together, these observations demonstrate that plant- and path-level 
coverage govern the spatial distribution of the blended gas rather 
than flow coverage. As 𝑅plant and 𝑅plant increase, hydrogen becomes 
accessible to a broader and more topologically coherent subset of 
end-users, allowing compositions to equilibrate more effectively across 
downstream consumers.

The three coverage metrics introduced in this study capture comple-
mentary aspects of how hydrogen disperses through a heterogeneous 
pipeline network. 𝑅flow characterizes the share of regional through-
put that is structurally reachable by hydrogen, thereby determining 
the maximum achievable penetration envelope under operational con-
straints. 𝑅plant quantifies the fraction of end-users exposed to hydrogen-
blended gas and is therefore the primary determinant of heating-value 
uniformity, while 𝑅path captures topological coherence across flow 
corridors and governs the extent to which uniform compositions can 
propagate across sub-trees. These metrics offer a concise yet mecha-
nistic representation of the structural factors that regulate hydrogen 
blending performance.

4.6. Discussion and recommendation

Based on the multi-scenario simulation results across diverse re-
gional topologies, several practical insights emerge for designing hydro-
gen injection strategies and planning infrastructure investments. These 
findings offer actionable guidance for regulators, system operators, and 
infrastructure planners seeking to strike a balance between gas quality, 
decarbonization goals, and economic constraints.

(1) Maximize hydrogen coverage to reduce variance and en-
hance penetration. The results show that minimizing heating-value 
variance is primarily achieved by increasing the coverage of power 
plants and transmission pathways. When variance levels are compa-
rable across scenarios, higher coverage leads to greater achievable 
regional hydrogen penetration. Ensuring that a larger portion of the 
network receives hydrogen-blended gas improves both uniformity and 
decarbonization potential.

(2) Leverage tree-structured flow patterns for strategic injec-
tion. All regional gas networks can be decomposed into collections of 
tree-structured subnetworks, each rooted at a processing plant (supply) 
and terminating at power plants (demand).

(3) Policy-relevant recommendation for hydrogen injection sit-
ing. Hydrogen injection siting should adopt a topology- and demand-
aware strategy that balances system-wide effectiveness with economic 
feasibility. Upstream, high-level injection points offer less capital cost 
and improved control of gas-quality uniformity, but at the expense of 
higher transportation distances and operational risk. In contrast, down-
stream, low-level siting enables localized, lower-risk deployment with 
reduced delivery costs, yet provides limited system-wide influence and 
often requires a larger number of facilities to achieve comparable cov-
erage, which increases the capital investment. New hydrogen facilities 
should be sited to balance the coverage efficiency, transportation cost, 
and capital investment. Three practical heuristics are recommended:

• Select the lowest-level common ancestor of uncovered power 
plants as candidate sites for injection points.

• Identify and target intersecting nodes across distinct tree struc-
tures as candidate sites to expand coverage with minimal new 
facilities.

• Place facilities upstream of high-demand power plants and along 
high-flow pathways to ensure greater coverage and maximize 
system-wide hydrogen penetration.
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Fig. 18. Heating-value distribution at power plants in Bakersfield. Left: Distributed injection leads to a variance of 0.173 MJ/m3. Right: Centralized injection 
leads to a variance of 0.057 MJ/m3.
Fig. 19. Natural gas and hydrogen flow received by each power plant in Bakersfield. Bars outlined in black indicate power plants that are covered by 
hydrogen injection. Left: Distributed injection: h_1 only serves power plant 12, h_2 only serves power plant 4 and 12, h_3 only serves power plant 39. Right: 
Centralized injection: hydrogen is rerouted to 𝑣𝑝 5, 7 and 8 before distribution, significantly increased the coverage.
Fig. 20. Pareto front of heating-value variance versus hydrogen pen-
etration in Bakersfield. The shaded region indicates the feasible space. 
Three policy regimes are highlighted: A (low subsidy) prioritizes gas quality 
uniformity, B (medium subsidy) balances both objectives, and C (high subsidy) 
emphasizes hydrogen penetration. Each corresponds to a different weighting 
of the multi-objective optimization.

5. Limitations and future work

5.1. Limitations

Steady-State Pipeline Assumption. This study assumes steady-
state and equilibrium gas flows, which neglects transient fluctuations 
13 
Fig. 21. Relationship between flow coverage 𝑅flow and the achiev-
able hydrogen penetration envelope under multi-objective optimization.
Maximum penetration increases with the fraction of regional flow that is 
structurally reachable by hydrogen, reflecting topology-conditioned blending 
capacity.

inherent in real natural gas networks. In practice, pipeline pressures, 
demands, and line-pack vary dynamically, influencing flow distribution 
and compressor loading [59]. While steady-state models are com-
mon for high-level planning and topology screening [60], they cannot 
capture short-term dynamics. This simplification was made to isolate 
long-term, topology-driven effects, as a preliminary study of detailed 
operational planning.
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Fig. 22. Effect of increasing 𝑅plant on heating-value uniformity. Lines 
indicate transitions from distributed to centralized injection. Increasing 𝑅plant
substantially reduces heating-value variance in all regions, with complete 
homogenization in the single-tree Bay Area network.

Simplified Hydrogen–Methane Mixing. The analysis assumes in-
stantaneous and uniform hydrogen mixing within natural gas streams, 
disregarding incomplete mixing or stratification effects. In reality, 
buoyancy causes hydrogen to rise and methane to settle, forming 
concentration gradients under low-flow or laminar conditions [61]. 
Such stratification could create localized high-H2 pockets, posing safety 
and materials risks. Computational Fluid Dynamics (CFD) simulations 
are not performed in this study to account for these effects. Instead, this 
paper focuses on macro-scale injection topology, assuming sufficient 
turbulence or engineered mixing devices to ensure homogeneity.

Absence of CFD-Based Risk Analysis. No high-resolution CFD 
or experimental risk assessments were performed to analyze localized 
phenomena such as flame flashback, leakage, or material degradation. 
These effects can influence the safety and reliability of hydrogen in-
jection systems [61]. This study assumes that proposed configurations 
would later undergo site-specific CFD validation and compliance with 
engineering standards.

5.2. Future work

Building on these findings, future extensions will address the iden-
tified limitations through the following directions:

• Incorporate transient gas flow and time-series dynamics to assess 
operational stability under varying demand and supply condi-
tions.

• Integrate CFD-derived correlations to capture hydrogen concen-
tration gradients and ensure homogeneous blending.

• Embed cost functions for hydrogen production, transport, and 
infrastructure to balance technical optimality with financial fea-
sibility.

• Couple topology optimization with material safety limits, CFD-
based risk modeling, and contingency simulations to ensure safe 
operation under hydrogen blending.

By integrating these developments, the framework will evolve from 
a steady-state, topology-oriented tool into a comprehensive decision-
support system that balances technical, economic, and safety objectives 
for hydrogen–natural gas co-transport.

6. Conclusion

This study presents a pathway-tracing-based framework for deter-
mining and optimizing natural gas transmission patterns and simulating 
hydrogen injection across California’s power sector. By integrating spa-
tial infrastructure data with flow optimization and injection modeling, 
14 
this paper evaluate the gas quality and decarbonization performance 
under various blending strategies in three representative regions: the 
Bay Area, Los Angeles, and Bakersfield. Key insights are summarized 
as follows:

(1) Tree-based network decomposition. All regional transmission 
networks can be effectively decomposed into a collection of tree-like 
structures, each rooted at a processing plant (supply) and terminating 
at one or more power plants (demand). Hydrogen injected at any node 
within such a tree propagates downstream, influencing all descendant 
nodes—an essential property for targeting specific areas or clusters.

(2) Coverage as a control lever. The degree of regional hydrogen 
penetration and heating-value uniformity is tightly linked to what 
we define as coverage. This paper proposes three distinct metrics of 
coverage: (1) pathway coverage—the fraction of gas transmission paths 
intersected by hydrogen; (2) power plant coverage—the fraction of 
end users receiving hydrogen-blended gas; and (3) flow coverage—
the percentage of total gas volume exposed to hydrogen. Enhancing 
any of these coverage dimensions enables broader and more balanced 
decarbonization.

(3) Policy-informed infrastructure recommendations. This pa-
per introduces a set of siting, promotion, and optimization strategies 
to balance heating-value stability, hydrogen penetration, and deploy-
ment cost. These strategies account for regional topological sensitivity, 
spatial equity, and cost-risk trade-offs—offering actionable guidance 
for future hydrogen infrastructure planning under both technical and 
policy constraints.

Taken together, this framework offers a scalable approach to an-
alyzing hydrogen injection impacts under realistic gas transmission 
constraints. It also provides a principled basis for siting and regulat-
ing hydrogen blending infrastructure that aligns with California clean 
energy transition goals.
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