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According to the U.S. Department of Energy, 
“developing safe, reliable, compact, and cost-effective   
hydrogen storage technologies is one of the most technical-
ly challenging barriers to the widespread use of hydrogen as 
a form of energy.” Current approaches to storing hydrogen 
include the physical storage of compressed hydrogen gas in 
high-pressure tanks, the physical storage of cryogenic    
hydrogen in insulated tanks (cooled to -253°C), storage in 
advanced materials—such as within the structure or on the 
surface of certain materials—and storage in the form of 
chemical compounds that undergo a chemical reaction to 
release hydrogen. 

IEA, Global demand for pure hydrogen, 1975-2018, IEA, Paris https://www.iea.org/data-and-
statistics/charts/global-demand-for-pure-hydrogen-1975-2018 
IEA. License: CC BY 4.0 

 
Scientists are also investigating metal hydrides, adsorbent 

materials, and chemical hydrides that may offer greater  
potential for hydrogen storage. Hydrogen storage in materi-
als offers great promise, but additional research on the 
mechanism of hydrogen storage in materials under practical 
operating conditions is needed. Additional factors demand-
ing attention include storage capacity, uptake and release of 
hydrogen, management of heat during refueling, cost, and 
lifecycle impacts. In a report by Anne M. Stark [Disorder in 
Surface Materials Key to Better Hydrogen Storage, Novem-
ber 4, 2021] of the Lawrence Livermore National Laborato-
ry (LLNL) (Livermore, California), the U.S. Department of 
Energy and the National Nuclear Security Agency have 

found that atomic disorder in certain boron-based hydrogen 
storage systems can potentially improve the rate of hydro-
gen uptake. She states that borophenes—a single-layer vari-
ant of metal borides—are believed to have a regular       
arrangement of atoms. In many cases, however, LLNL   
researchers have shown that these atoms dynamically     
become disordered; a  surprise, insofar as most solid-state 
surfaces typically do not behave in this manner. But while 
surprising, the researchers found that such disorder provides 
for different local properties for each atomic site.  

Disordered boron surface structure of magnesium diboride probed by  atomistic modeling.  

 
The point is that some of these sites can make dissocia-

tion of hydrogen molecules easier, which in turn is expected 
to accelerate activation of the material during hydrogen 
storage. Moreover, this characteristic also has applications 
for superconductivity, electrocatalysis, optoelectronics, and 
as coatings for thermal and corrosion resistance. Brandon 
Wood—leader of the LLNL team on materials-based hydro-
gen storage—notes that this capability could be used for 
custom-tuning surface functionality for faster energy     
storage and conversion. 
 

Please refer to the article in this issue of IJME on page 29 
for an in-depth analysis of hydrogen storage. 

In This Issue (p.29) 
Hydrogen Storage, Atomic Disorder, Metal 
Borides, Borophenes, Corrosion Resistance, 

and Superconductivity. 
Philip Weinsier, IJME Manuscript Editor 
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Abstract  
 

By utilizing a fixed-point dynamical analysis with applied 
statistical methods for further development of bio-inspired 
cuttlefish fin locomotion, underwater aquatic surveillance 
for exploration and security and safety missions can be  
accomplished with autonomous underwater vehicles 
(AUV). Monitoring services that can be performed with a 
fishlike drone take into account several factors, such as  
environmental impact and scientific and business concerns, 
while preserving ocean resources. Using a regression analy-
sis, the authors examined the relationship between current 
and depth. This analysis revealed the influence of depth on 
ocean currents. The ideal system should provide a low-cost, 
low-maintenance, high-endurance, and agile sensor platform 
to feed into an intelligent control system. Most aquatic   
dynamical models do not incorporate buoyancy acting on 
the system and work with an undulating fin with a simple 
sinusoidal variation. This current review of the dynamical 
analysis did include the buoyancy factor. In this study, the 
authors focused on the fluid-structure interaction of the 
wave as it moved through the water, the fin’s forward    
motion, and the AUV’s buoyancy properties. This was 
based on statistical confirmation of depth impact to current 
flow through which the AUV would navigate as well as 
confirmation of neglecting buoyancy only when the density 
of the cuttlefish was much more significant than the water. 
 

Introduction  
 

In the review of swimming behaviors, developments in 
Lighthill’s (1971) theory and results from Wu’s theory were 
used to identify areas of opportunity for developing a novel 
solution. In a design of propulsion technology of the BCF 
mode, Chowdhury, Prasad, Kumar, Kumar, and Panda 
(2011) performed an undulation simulation of a fish tail. In 
that study, the authors proved that the swimming style of a 
fishtail was efficient over large distances and produced  
impressive speeds. The system is further explained below, 
along with developments on Lighthill’s (1971) theory. In 
the study of the braking performance of a biomimetic squid, 
various braking strategies were tested in terms of stopping 
ability and the forces acting on the controlled stage. The 
sizeable negative thrust produced by oppositely directed 
waves allowed for a short stopping distance and time. 
Therefore, under complex underwater conditions, the undu-
lating fin propulsion system can effectively perform braking 
(Rahman, Sugimori, Miki, Yamamoto, Sanada & Toda, 
2013). Development of innovative materials can be used for 

new actuators, such as piezoelectric, ion-conducting poly-
mer metal composite, and shape memory allow (SMA). 
Wang, Wang, and Li (2011) analyzed actuated SMA wires 
for propulsive thrust and propulsive efficiency. 
 

This study only included moving forward based on pass-
ing waves along the vehicle’s body and did not include  
propulsion as a  means of motion. The median paired fin 
locomotion fish has two types of pectoral swimming behav-
iors. The first is undulatory locomotion; a  wave-like pattern 
studied for many years. The second is oscillatory locomo-
tion, which is less commonly studied, based on a review of 
the literature. This movement involves undulatory waves 
propagated downward from the fish’s anterior to posterior. 
This literature review explored both types of locomotion/
swimming maneuvers and mechanisms typically evaluated 
via experimental evidence and mathematical models. The 
shape of not only the fins but also the body of the cuttlefish-
inspired robot was also considered. 
 

Swimming Behaviors 
 

Two primary swimming behaviors are undulatory loco-
motion and oscillatory locomotion. Undulatory swimming 
in fish is principally based on Lighthill’s (1960) Elongated 
Body Theory and Wu’s Waving Plate Theory (Singh &  
Pedley, 2008). Table 1 presents the general notations used 
for Lighthill’s and Wu’s equations. 
 
Table 1. The notation used in the Lighthill- and Wu-developed 
equations. 

The elongated body theory concludes that a wave that 
increases the body’s amplitude is laterally symmetric in 
order to enable forward motion. In response to this wave, 
the fish’s body is shaped to minimize the lateral recoil from 
the movement. The undulatory swimming mode has longi-
tudinal effects of flow separation that Lighthill addressed in 
a proposed combination of resistive/reactive force theory 
(Lighthill, 1960). Equation 1 shows how Lighthill’s lateral 

Control System for Bio-inspired Cuttlefish 
Fin Locomotion for an Autonomous 

Underwater Vehicle 
——————————————————————————————————————————————–———– 

Kendra Kim, Arizona State University; Sangram Redkar, Arizona State University 
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M Bending moment distribution 

mb 
Mass distribution along the body 
(i.e., mass per unit length) 

L Lift on the body 

ω Angular frequency of imposed body-wave  

⍴ Fluid density 
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motion takes the general form of an arbitrary continuous 
function of x and time t. This equation utilizes the bounda-
ries of the continuous function, where x is within the range 
of full body length from almost null to full range noted as b. 
 

(1) 
 

This arbitrary continuous function allows the flow to be 
the sum of the steady flow around a straight fin and results 
in the displacements, h(x,t). Equation 2 represents each 
cross-sectional move with lateral velocity relative to the free 
stream: 
 

(2) 
 

This velocity is used to determine the rate of change of 
momentum of the fluid passing to obtain the work rate by a 
fish’s transverse motion. The work dependent on the tail 
conditions can be translated to thrust using Equation 3: 
 
 

(3) 
 
 

The model of steady-state swimming proposed by 
Lighthill (1971) required that the rate of change of the    
lateral moment equal the resultant of the lateral forces and 
the rate of change of angular momentum about the y-axis 
equal to the moment of lateral forces about the fixed axis. 
Further development extended to the slender body theory, 
where rough approximations can be determined, and 
Lighthill developed the large amplitude elongated body 
theory. Based on the following three principles, the instanta-
neous force on the fish is shown in Equation 4:  
 
 
 

(4)   
 
 
 
 
Principle 1 
Water momentum near any fish sections is perpendicular to 
the backbone with a magnitude of velocity in that direction. 
 
Principle 2 
Within a volume of a fish’s boundary at each instant, the 
thrust can be determined by considering the rate of change 
in momentum. 
 
Principle 3 
Pressures generated by motions within the plane and the 
action of the results are to be taken into account, with the 
transfer of motion contributing to the momentum balance. 
In the instantaneous force equation developed by Lighthill, 
the motion occurs in the xz-plane where a is along the back-
bone of the fish and a = 0 is at the tail. Thus, the mean 

thrust can be found only in terms of the fish’s tail. The   
recoil is minimized by having an anterior body portion with 
a cross-sectional depth larger than the tail fin. There is an 
opportunity for further development, because the require-
ment of small curvature does not address the starts and turns 
of fish locomotion. The assumptions involving large lateral 
deformation and curvature do not address unsteady maneu-
vers. 
 

This opportunity for addressing the assumptions is to 
have a realistic representation of environmental circum-
stances. Without a  fundamental understanding of the control 
system, the applications of the AUV are limited. Expanding 
these assumptions to include the requirements of curvature 
will allow AUVs to maneuver in both starting motion and 
managing turns. In the current state, the AUV is only    
managed at a level of maintainability once the motion has 
reached equilibrium. The unsteady maneuvers are not     
addressed based on how the fin is considered an infinitely 
thin plate of uniform density hydrodynamically. Due to the 
symmetry on the xz-plane and the xy-plane, the only break-
ing from the deformation is on the xy-plane. Assumptions of 
large lateral deformations suggest a  force against the body 
in only the xy-plane that accounts for the translation along 
the y-axis but does not address the rotation about the z-axis. 
 

Environmental Conditions 
 

In addition to swimming behaviors, the control system 
required a consideration of environmental conditions that 
can be estimated with the distribution parameters identified 
from the residual plot. The CORREL function expresses the 
coefficient of the two arrays. This function results in the 
east current having a -0.038 relationship to depth. Figure 1 
shows the current values across a depth sample from 2 to 
10. At a lower depth, the current’s magnitudes are higher 
and lower; however, as the depth increases, the current   
values come closer to zero. Due to the trendline decreasing 
and the current values coming closer to zero, another review 
of the current at lower depths was considered. Evaluations 
of greater depths will assist in the unmanned underwater 
vehicle application, because the department of defense 
would need to be capable of having control at a  variety of 
depths. Therefore, evaluating different depths will afford a 
more practical application.  

Figure 1. East ocean current versus depth from 2-10. 
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Figure 2 shows the ocean current from depth samples of 
11 to 22. Opposite to the review from the depth trend line  
(2–10), increased depth has a positive slope, due to the   
currents being driven by the temperature gradients and   
density. Density-driven forces and gravity contribute to the 
fluctuation, as shown on the right side of the graph. The 
other consideration was that the temperatures were cold and, 
therefore, caused the density to increase. To verify this   
theory, the ocean currents were evaluated in a different  
direction, North. The evaluation at different directions was 
expected to show an opposite trend line, due to the wind 
direction affecting the current at lower depth samples and 
buoyancy requirements. 

Figure 2. East ocean current versus depth from 11-22. 
 

Figure 3 shows that the current had higher variability as 
ocean depth increased. The east ocean current had a higher 
variability, ranging from roughly -60 to 80, whereas the 
north current range was from roughly -20 to 80. The actual 
depth for the current range was not as predicted, nor was it 
linear. The predicted values included a number of outliers 
and a centralized gathering of current variability from -20 to 
20. This shows that the east current had not an increased 
range of current but a standard current, which means that 
the residual plot for the east current was expected to have a 
centralized current. The output summary review shown in 
Table 2 includes a regression model analysis, and ANOVA 
details are considered in Equation 5. The simple linear re-
gression model starts with the study of multiple R. The mul-
tiple R is the correlation coefficient that shows that the posi-
tive relationship was moderate. If this value were one, then 
the relationship would be nominal. The coefficient of deter-
mination indicates that the depth of the current explains 
10% of the variation of the current around the mean. There-
fore, 10% of the values fit the model. In addition to only 
having one x variable, there were over 1000 observations in 
the sample. 
 

The second part of the output is the comparison, where 
the sum of squares is divided into individual components—
the review of the ANOVA, including the sum of squares, 
regression MS, Residual MS, overall F test for the null hy-
pothesis, and Significant F. The last section of the output 
summary exposed specific information about the compo-
nents; in this case, the east and north currents. In addition to 

the p-value for the hypothesis test, the lower boundary for 
the confidence interval was the lower 95%, and the upper 
boundary for the confidence interval was the upper 95%. 
The most valuable part of this was determining the linear 
regression equation. This was the y = slope * x + intercept, 
as given by Equation 5: 
 

(5) 
 

Figure 3. East ocean current line fit  plot. 
 
Table 2. Output summary of regression statistics evaluating north 
currents. 

——————————————————————————————————————————————————– 
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Multiple R 0.325793 

R Square  0.106141 

Adjusted R Square  0.104362 

Standard Error 5.733469 

Observations 1008 

11.02 EastCurrent 0.01 NorthCurrent 0.15y = −  + 
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The degree of freedom is the sum of squares divided by 
the mean of squares. Since there are 1008 observations, the 
sum of squares of the residual was adjusted to equal 1005 
based on the regression fixed values. The df(regression) 
equals the number of predictor variables. The df(residual) is 
the sample size minus the number of parameters being   
estimated. With parameter tests using alpha = 5%, the two-
tail distribution of 2.5% is the critical value. This distribu-
tion is used when the p-value is less than alpha, and the  
confidence interval does not contain the hypothesized mean 
and is considered significant. When the parameter is close 
to being less than alpha, it is borderline significant. When 
the p-value is greater than alpha, there is a risk, meaning it 
is the least significant parameter. And, when the p-value is 
less than alpha, this is significant, and the zero values are 
the most significant. The 95% confidence interval for both 
parameters was 1.96 from the t-table. Therefore, the inter-
cept and the north current were significant. When the          
p-value is greater than alpha, there is a risk, which means it 
is the least significant parameter, the east current. 
 

Buoyancy Fixed-Point Analysis 
 

After reviewing the swimming behaviors and evaluating 
the environmental conditions, the cuttlefish dynamics model 
utilized the variables in Table 3 to analyze buoyancy. 
 
Table 3. The notation used in buoyancy fixed-point analysis 
equations. 

Equation 6 shows the wave equation that utilizes spatial 
frequency, temporal frequency, and the amplitude of undu-
lation. 
 

(6) 
 

When applying Newton’s 2nd Law to Equation 6, the re-
sulting equations provide the motion, shown in Equations 7 
and 8 in terms of the mass of the cuttlefish. 
 
 

(7) 
 

(8) 
 

Equations 7 and 8 are rewritten as equations of motion as 
a three-dimensional dynamical system, which is similar to 
the previous dynamical system except that there is a            
y-component to the motion now due to the weight of the 
cuttlefish and the buoyant force shown in Equations 9-11 as 
the amplitude of undulation. 
 
 

(9) 
 
 
 
 

(10) 
 
 
 

(11) 
 

The only major shift in this system is that there was a 
linear growth in the 3rd dimension of this dynamical      
system, which means that the topological properties were 
somewhat similar to the previous one. In Equation 12 there 
is a  focus on the y velocity stream. 
 

(12) 
 

The eigenvalue analysis of the system yielded three    
eigenvalues to this system, as expected and shown in   
Equation 13, where the criteria  of Equation 14 are applied. 
 

(13) 
 
 

(14) 
 

Looking at the system’s dynamic behavior, there is a clear 
indication that the system will behave quite similarly in the 
presence of buoyancy. Therefore, the neglect of buoyancy is 
only when the density of the cuttlefish is much more signifi-
cant than water, which is usually not the case. Controlling 
the volume of water stored in the cuttlefish UUV design 
should improve the controllability of the cuttlefish, which is 
very similar to the submarine model. This detail was used in 
the software simulation that established the incompressible 
flow. 
 

Software Simulation 
 

Figure 4 shows that the software simulation included a 
test diagram made up of 12 key aspects. Figure 5 shows that 
the first method was the development of the fin model.   
After the fin was developed, the next method was to create a 
simulation space that included 10x the longest axis of fin, 
which was 240 mm. This provided the simulation enough 
room for turbulences and any deviation in the fluid for   

A Amplitude of undulation 
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w Temporal frequency 
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confirmation. Therefore, the simulation space was 0.24m. 
After the simulation, the selection of settings for an incom-
pressible fluid flow provided a realistic application of water 
flow and neglected density variation. Simulation settings 
included a turbulence model of k-omega SST, a steady time 
dependency, and zero passive species. Once the simulation 
settings were established, the material settings for the water 
provided a Newtonian viscosity model that provided a 
9.338e-7 m2/s kinematic viscosity and a 997.3 kg.m2 densi-
ty. The boundary conditions included inlet, outlet, and static 
walls to support the proper flow through the simulation. The 
simulation control was set with a 1-second delta  time and an 
end time of 1000s. The mesh region refinement included 
physics-based meshing, automatic boundary layers, and a 
hex element core. The speed of the fluid was 0.25m/s with a 
mesh quality of two non-orthogonal corrections. Residual 
controls include 1e-6 absolute tolerances for velocity,     
pressure, and turb kinetic energy. The solver settings includ-
ed smooth solver settings for velocity, turb kinetic energy, 
and specific dissipation. 

Figure 4. Test diagram for simulation settings and optimization. 

 

Figure 5. Model of the cuttle fin used in the Simscale sim ulation. 

Simulation and development of the fluid-structure interac-
tions were used through the controller model to showcase 
stable conditions. It was based on creating a volume of 
space in which the liquid could move in order to show the 
fluid-structure interaction as the wave moved through the 
water. The dynamic condition showcased the interaction, 
and having an additional representation ensured a more  
accurate environmental condition evaluation. It was      
completed with a  box that was ten times as large for the 
fluid to encounter turbulence in order to capture deviations 
so that they could be accounted for in the simulation. Figure 
6 shows that, in order to ensure that the fin was being     
utilized as expected, the back face did not allow fluid to     
bypass. Based on the swimming behaviors of the fin, this 
model was inclusive of the force that is discussed in 
Lighthill’s theory, where thrust is only formed at the tail of 
a fish. Due to the recoil being reduced, based on having the 
anterior body portion with a  cross-sectional depth larger 
than the tail fin, the overall system was not simulated.   
Having the fin mounted in a structure that allowed the full 
velocity to be directly impacted by the fin showcased the 
overall structural impact of the cuttle fin design utilizing 
non-linear motion with the environmental impact captured. 

Figure 6. Full fluid flow against the cuttlefish fin. 
 

The simulation utilized an incompressible simulation of 
flow/fluid, which could simulate the flow of a  single fluid. 
In this simulation, the fluid density variations were negligi-
ble and the fluid could be approximated as incompressible. 
The settings of the material set in water in the simulation 
model were a Newtonian viscosity model with a  kinematic 
viscosity of 9.338e-7 m 2̂/s and a density of 997.3 kg/m 3̂. 
The simulation worked to a global variable in the x direction 
with a velocity of 0.25 m/s. Figure 7 show the impact in the 
z direction of pressure along with viscous and porous forces.  

 
Figure 7 also shows the z direction of pressure and vis-

cous and porous moments. As expected in the equations 
shown in the fixed-point analysis, this was significantly 
lower than the x and y coordinate systems but still had con-
sideration upon fluid impact and started to normalize over 
time. Figure 8 show the impact in the z direction of velocity 
and pressure, emphasizing the importance of buoyancy, as    
described by Equation 13. 

——————————————————————————————————————————————————– 
Control System for Bio-inspired Cuttlefish Fin Locomotion for an Autonomous Underwater Vehicle                 9 



——————————————————————————————————————————————–———— 

——————————————————————————————————————————————–———— 
10                                        International Journal of Modern Engineering | Volume 23, Number 1, Fall/Winter 2022 

Figure 7. Graphical representation of the simulation with forces 
and moments. 

Figure 8. Pressure (p) and velocity (U). 
 

Conclusions 
 

The software simulation confirmed the motion require-
ments per the environmental analysis, in addition to the 
fixed-point analysis for buoyancy variables in the cuttlefish 
fin application. This notes its relevancy to the overall    
modeling that would include a wave motion within an un-
derwater application. In addition, the non-linear model   
utilized in this system included an architecture that took into 
account environmental conditions and fluid-structure inter-
actions that could be used to develop a small-scale model to       
confirm the overall system architecture. This system had the 
ability to propel with a forward motion based on the       
submerged aspects that would be studied to understand the 
limitations it would have given the environmental condi-
tions of deployment. 
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Abstract 
 

Flatbed scanners have been previously used to measure 
the dimensions of a variety of objects. Previous studies have 
attempted to assess the accuracy of such measurements  
using NIST traceable distortion targets, but each only as-
sessed one scanner model/brand. In this current study, three 
different scanner models of the same brand were assessed 
for affine distortion resulting from their scanned images of 
such a target. At least two scanners of each model were  
assessed. Also, the potential effects on distortion due to 
scanning resolution, target position, and operator were   
explored. The authors found that the remaining overall   
distortion of the images was about 2.6%, after compensating 
for affine distortion. Statistical analysis indicated there was 
no significant effect on this distortion, based on the parame-
ters of operator, target position, and scanning resolution. 
However, there was a significant effect based on the model 
and individual scanner used to image the target. In addition, 
grayscale maps of the remaining distortion were generated 
and revealed two superimposed patterns: wavelike and 
columnlike. 
 

Introduction 
 

The common desktop (flatbed) scanner has been used to 
dimensionally measure a variety of objects. A brief review 
of such measurements was given by Jones, Callahan, and 
Bruce (2012), which ranged from rice grain size for food 
science to wire diameters for the electronics industry (Kee 
& Ratnam, 2009), where an accuracy of 2.5 mm was 
claimed. While the common flatbed scanner might not be as 
accurate for dimensional measurement as other equip-
ment—such as coordinate measuring machines and optical 
comparators—they are ubiquitous and relatively inexpen-
sive. Previous studies have attempted to assess the dimen-
sional accuracy of flatbed scanners by scanning NIST 
(National Institute of Science and Technology) traceable 
calibrated grid distortion targets (Blanco, Fernandez,     
Noriega, Alvarez, & Valiño, 2020; Jones, Hubbard, & 
Buyurgan, 2018; Sampson, Peterson, & Lozowski, 2002).  

 
Of these earlier studies, each only assessed one brand/

model of scanner and none assessed the same brand from 
the other studies. Another study did attempt to assess two 
different scanner brand/models (Elaksher & Ali, 2018). 
However, the study did not use a NIST traceable target. In 
this current study, the authors assessed the accuracy of three 
scanner models from the same brand using a NIST traceable 
target and modified method developed by Jones et al. 
(2018).  

The original purpose of this study was to determine 
whether the published method by Jones et al. (2018) could 
be successfully applied to all three scanner models. While it 
was found that all three models could be assessed under 
some combinations of scanning parameters (target position, 
scanning resolution, etc.), not all combinations could be 
assessed. Once the method was modified to compensate for 
the shear distortion inherent in all the scanners, all models 
under all scanning parameters were able to be assessed as 
described below.  
 

Overview of Method 
 

Figure 1 shows the overall method used to assess the  
dimensional accuracy of the scanners. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Method for assessing dimensional accuracy. 
 

First, one of two operators selected one of seven desktop 
scanners. The operator then positioned the distortion grid 
target in either the top or bottom area of the scanning bed. 
Then, one of four scanning resolutions was selected via the 
manufacturer’s scanning software. Without changing any of 
the above parameters, the target was repeatedly scanned 
three times in order to acquire three separate 8-bit grayscale 
images of the target’s grid of dots.  

Assessment of Affine Distortion 
in Flatbed Scanners 

——————————————————————————————————————————————–———– 
Martin P. Jones, Missouri State University; Peter A. Jones, United States Patent and Trademark Office 

1: Select Operator and Scanner 

2: Position Target on Scanner Bed  

3: Select Resolution 

4: Acquire 3 Grayscale Images  

Repeat above four steps for each 
variation of scanning parameters 

5: Acquire Centroids of Grid Dots 

6: Estimate Rotation and Shear 

7: Correct Rotation and Shear 

8: Order Centroids’ Coordinates 

9: Generate Affine Array Points 

10: Assess Affine Assumption 
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Steps 1 through 4 were then looped until all combinations 
of the scanning parameters had been performed: 2 operators, 
2 target positions, 4 scanning resolutions, 3 repeated scans, 
and 7 scanners. This resulted in 336 (2×2×4×3×7) grayscale 
images. In Step 5, all images were processed in order to 
acquire the coordinates of the dots’ centroids using ImageJ 
software (National Institutes of Health [NIH], 2022). The 
coordinates of the dots’ centroids were then exported to 
Microsoft Excel to be further processed and analyzed in 
Steps 6 through 10. The purpose of Steps 6-8 was to sort the 
centroids’ coordinates into a  mathematically addressable 
order to enable distortion analysis of the scanners. It was 
observed while initially attempting to order the centroids 
that a large component of the distortion was affine 
(especially shear and rotation factors). Therefore, in Step 6, 
the shear and rotation factors were estimated followed by 
their correction in Step 7d. This correction enabled the orig-
inal imaged centroids to be sorted into a mathematically 
addressable order (Step 8). If the distortion was assumed to 
be purely affine, theoretical affine array points could be 
generated that would perfectly predict the location of the 
imaged dots’ centroids. Therefore, in Step 9, theoretical 
(ideal) affine-distorted target array points were generated 
that best fit the coordinates of the centroids acquired in Step 
5 from the grayscale images. In Step 10, the positions of the 
imaged centroids were then compared to the best-fit coordi-
nates in order to assess the assumption of affine distortion 
inherent in the scanners. 
 

Equipment and Scanning Procedure 
 

All seven Hewlett-Packard (HP) brand scanners were 
purchased new for this current study—two were model 
N6310, two were model G4050, and three were model 
G3110. Coincidentally, the G3110 was also used by Elak-
sher and Ali (2018). Selection of these models was done in 
consultation with a corporate scanner expert from the 
Hewlett-Packard company, but no funding (neither cash nor 
in-kind funding) from HP was received, nor did their expert 
contribute to the distortion assessment procedure developed 
in this study. The authors only asked the expert to recom-
mend three scanner models that might exhibit some varia-
tion in the image distortion among the models; furthermore, 
the authors did not ask what the nature or the source of 
those variations might be, nor did they communicate any 
data from the present study to the expert. The sole purpose 
of seeking variation in image distortion among the scanner 
models was to challenge the applicability of the distortion 
assessment procedure developed in this study.  
 

Figure 2 shows the two positions at which the distortion 
target (dot array) was placed onto the scanners’ glass bed in 
order to increase the area of assessment. The depicted x-y 
coordinate system was left-handed, which is common in 
computer graphics. The distortion target was an Edmund 
Optics model 62-207 and consisted of a 151 by 151 square 
grid of 22,801 etched chromium dots, nominally spaced 
1.000 mm apart, each being 0.5 mm in diameter, on a soda 

lime glass substrate. It was NIST traceable within the     
following tolerances: ±0.001 mm from dot-to-dot centers,   
±0.003 mm from grid corner dots, ±0.002 mm for dot diam-
eters, and had an overall accuracy of ±0.002 mm. The 
square glass substrate was nominally 7.0 inches by 7.0 inch-
es with the dot grid starting about 0.5 inches from the edges 
of the substrate. 

Figure 2. Target placement on the scanning bed. 

 
Two operators (students) were chosen to independently 

perform aligning and scanning of the target. This was done 
to provide the reproducibility basis for a  gage-repeatability 
and -reproducibility (gage R&R) measurement analysis of 
the data. While gage R&R analysis is outside the scope of 
the present study, possible operator effect on image distor-
tion was considered. A protocol was developed to minimize 
the variability of aligning the target relative to the scanner 
bed. As depicted in Figure 2, the target was placed in the 
top position, flush with the top edge of the target and the top 
edge of the scanner’s plastic frame (near “Home Position”). 
At the same time, the target was centered in the frame by 
using a gage block to align it flush with the left edge of the 
target, which is in contact with the left edge of the frame.   
A similar procedure was used to place the target in the bot-
tom position. The scanner cover was not closed during scan-
ning of the target in order to avoid stress on the target that 
might cause damage or a  shift in its position. 
 

Once the target was in the top position, it was scanned 
three successive times at resolutions of 300, 600, 1200, and 
2400 dots per inch (dpi) without moving the target in order 
to obtain 8-bit resolution bitmap images of the dot grid. This 
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was done to minimize the potential for damage to the target 
from handling. By scanning three successive times, the  
repeatability basis for a gage R&R analysis was provided. 
Again, while gage R&R analysis is outside the scope of the 
present study, the repeatability aspect of image distortion 
was considered. The target was then moved to the bottom 
position and the above procedure repeated.  
 

Image Processing 
 

Images were processed in order to acquire the coordinates 
of the dots’ centroids using ImageJ software, based on a 
procedure developed by Jones et al. (2018). The software 
calculates coordinates of the dots’ centroids, based on the 
simple average of the x and y coordinates of all pixels that 
meet the criteria of being part of a dot. Those criteria      
consisted of grayscale threshold, circularity, and size      
requirements. The threshold requirement was set to 180 on a 
scale of 0 (no reflection) to 256 (total reflection). Thus, any 
pixel with a value of 180 or less was considered part of a 
dot. Also, it was required that an imaged dot have a circular-
ity greater than or equal to 0.5 and a range of area in pixels 
(px) depending on scanning resolution. Table 1 shows the 
required imaged ranges of areas of a nominal 0.5 mm     
diameter dot. 
 
Table 1. Criteria for range of area of an imaged target dot. 

The threshold criterion was empirically developed to  
result in an average imaged dot size that approximated the 
ideal area of a dot. The circularity and size criteria were 
empirically developed so that all dots on the target were 
detected, and that no “false” dots were generated. False dots 
could be generated due to the presence of lint, dust, smudg-
es, etc. on the surface of the target. 
 

Ordering of Centroids 
 

While the ImageJ software was successfully used to lo-
cate the estimated centroids of all 22,801 dots on the target, 
the located centroids were not always output listed in a 
mathematically addressable order to enable distortion analy-
sis. Paradoxically, it was found that the inherent distortion 
in the scanned images caused the output listed order of the 
centroids to vary randomly. It was further found that the 
distortion was significantly affine. Therefore, to put the cen-
troids in a mathematically addressable order, the centroids 
were first corrected for some of the affine distortion by ap-

plying an inverse rotation and shear transformation to all the 
coordinates of the centroids. While affine distortion        
involves translation, scale, rotation, and shear factors, only 
the correction of the latter two were needed to enable the 
centroids to be put into a mathematically addressable order. 
To obtain the inverse rotation and shear transformation, it 
was first necessary to estimate the numerical shear and rota-
tion factors. The following items describe the procedure for 
estimating the rotation and shear affine factors and correct-
ing the centroids’ coordinates (Steps 6 and 7 in Figure 1). 
 

1. Export the 22,801 centroids’ coordinates from     
ImageJ to Microsoft Excel in their original output 
listed order: xi, yi, where i = 1 to 22,801. 

2. Calculate the x and y coordinates of the center-of-
mass (COM) of all the centroids using Equations 1 
and 2: 

 
 

(1) 
 
 
 
 

(2) 
 
 

3. Calculate the squared distance of every centroid from 
the COM using Equation 3: 

 
(3) 

 
4. Order the centroids’ coordinates based on their great-

est COM squared distance to their smallest (using the 
Excel “SORT” function). 

5. Identify the four corner dots as those centroids with 

the four greatest squared distances, defined as    

(m = 1 to 4) with corresponding coordinates, . 
6. Identify and define corner dots as the ul, ur, ll, and lr 

dots (e.g., ul  upper left as shown in Figure 2) using 
the following logic: 

• If  and , then ul dot (upper 

left) with coordinates  xul, yul. 

• If  and , then ur dot (upper 

right) with coordinates  xur, yur. 

• If  and , then ll dot (lower 

left) with coordinates  xll, yll. 

• If  and , then lr dot (lower 

right) with coordinates  xlr, ylr. 
 

7. Determine if tilt of target, , is clockwise (CW) or 
counterclockwise (CCW), using logic Equations 4 
and 5: 

 
(4) 
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(5) 

 
 

8. Calculate the magnitude of , based on the angle 
between the upper left and upper right corners        
(ul ur) using Equation 6: 

 
 

(6) 
 
 

9. Correct tilt of the four corners’ coordinates and    

designate corrected coordinates with prime (): 

• For CCW tilt, use Equations 7 through 14: 
 

(7) 
 
 

(8) 
 
 

(9) 
 
 

(10) 
 
 

(11) 
 
 

(12) 
 
 

(13) 
 
 

(14) 
 

• For CW tilt, use again Equations 7-14 but make 

 negative. 
 

10. Calculate the averages of the x and y shear factors 

and , respectively, using the corrected four corners 
in Equations 15 and 16: 

 
 

(15) 
 
 
 
 

(16) 
 
 
 

xS

yS

Note that the tilt had to be corrected prior to calculating 
the shear factors, as tilt and shear are mathematically similar 
as representing a slope, which would have resulted in an 
overestimate of the shear factors. 
 

11. Correct the shear and tilt of all centroids: 

• For CCW tilt correction, use Equations 17 and 
18: 

 
(17) 

 
 

  (18) 
 
where, i = 1 to 22,801. 
 

• Define the shear-corrected centroid coordinates 

as , . These are related to the tilt-corrected 

centroid coordinates ,  by Equations 19 and 
20: 

 
(19) 

 
 

(20) 
 

Rearranging the above equation pair results in Equations 
21 and 22: 
 

(21) 
 
 

(22) 
 
where, i = 1 to 22,801. 
 

• For CW tilt, use again Equations 17 through 22, 

but make  negative. 
 

The original centroid coordinates were thus able to be put 
into a  mathematically addressable order (Step 8 of Figure 
1), as follows. Sort all the above shear/tilt-corrected cen-

troid coordinates pairs  from Equations 21 and 22, 

based on increasing size of -coordinates along with their 

corresponding original coordinates , using the Excel 

SORT function. Therefore, the first 151  pairs are 

those of the leftmost column of dots, the second 151  
pairs are those of the next column of dots that are to the 
right of the first column, etc., ending with the rightmost 

column of dots’ 151  pairs. While the coordinate pairs 
are now in the correct columns, they might not be in the 
correct order along a given column. To order the 151 pairs 
within each column, those pairs were sorted based on in-

creasing size of -coordinates (again using the SORT 
function). Therefore, the first coordinate pair was at the top 
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of the leftmost column (upper left) and the last pair (151 st) 
of that column was at the bottom (lower left). This column 
ordering continued through to the rightmost column where 
the top (upper right) coordinate pair corresponded to the 
22651st dot and the bottom coordinate pair corresponded to 
the 22,801st dot (lower right). Thus, the original coordinate 

pairs  were simultaneously sorted along with their 

corresponding shear/tilt-corrected  pairs in the same 
addressable order. The addressable order of original       
centroids was then designated using k  as the subscript for 

. 
 

Generation of Ideal Affine Array Points 
 

Estimates of the affine factors were needed to begin to 
generate an ideal affine array of points. The estimated    
factors thus far are given by Equations 1 and 2 for transla-
tion, Equation 6 for rotation, and Equations 15 and 16 for 
shear. The final estimated factors for scale are now given by 
Equations 23 and 24: 

 
 

(23) 
 

 
 
 

(24) 
 

 

Here, the estimated x and y scale factors, respectively  
and , were based on the centroid coordinates of the four 
corner dots. The average of the upper and lower edge 

lengths was used to calculate the  factor, and the average 
of the left and right edge lengths were used to calculate the 

 scale factor. M denotes magnification. Note that in the 
above equations, R is the scanning resolution (px/in or dpi), 
150 is the ideal length (mm) of an edge of the target grid, 
and 25.4 is the conversion factor from inches to millimeters. 
Thus, scale factors less than one would indicate an imaged 
edge length smaller than the actual length on the target, 
whereas scale factors greater than one would indicate an 
imaged edge length bigger than the actual length on the  
target (i.e., magnified).  
 

Based on Equations 1, 2, 6, 15, 16, 23, and 24, the esti-

mated affine factors are now, , and 
, respectively. The following procedure generated an 

ideal array of x and y coordinates (in pixels) based on scan-
ning resolution, ideal spacing of target grid dots, and COM. 
A left-handed coordinate system was used, as is common in 
computer graphics, to generate the ideal x-coordinates using 
two nested loops in Visual Basic (VBA) code: 
 
X = 0 
For c = 1 To 151 

( ),i ix y

( )" ",i ix y

( ),k kx y

xM

yM

xM

yM

, , , , ,x y xx y S S M

yM

For r = 1 To 151 
IdealX(r+X) = (R/25.4)(-76 + c) + Xcom 
Next r 
X = c * 151 
Next c 
 
where, (-76 + c) represents the x-coordinates of dots (in 
millimeters) along a column, c. 
 

Here, c = 1 represents the leftmost column of dots and r is 
the row number in which a dot is located; so that r = 1 is the 
uppermost row and r = 151 is the lowermost row. Thus, for 
all 151 dots in the first column (c = 1), the x-coordinate was 
-75 mm. Continuing to column 2 (c = 2), the x-coordinate 
was -74 mm for all its 151 dots, etc., until the last column  
(c = 151), where the x-coordinate was 75 mm for all its 151 
dots. The factor R/25.4 was to convert millimeters into   
pixels, where R was the scanned resolution (pixels per inch) 
and 25.4 was the conversion of 25.4 mm per inch. Assume 
the x-coordinate of the center dot of the ideal array was at 
the x-coordinate of the center-of-mass, obtained from Equa-
tion 1 as , and was represented by Xcom in the above 
code. The result of the above nested loops was a              
one-dimensional ordered array, IdealX(r + X), of the ideal   
x-coordinates (in pixels) representing the 22,801 centroids 
of the distortion target’s dot grid. This array was defined as  

, where i = 1 to 22,801. 
 

Similarly, generate Y ideal coordinates using two nested 
loops in Visual Basic code: 
 
Y = 0 
For c = 1 To 151 
For r = 1 To 151 
IdealY(r + Y) = (R/25.4)(76 - r) + Ycom 
Next r 
Y = c * 151 
Next c 
 
where, (76 - r) gives the y-coordinates of dots (in millime-
ters) along row r.  
 

Here, r = 1 represents the topmost row of dots and c is the 
column number in which a dot is located in the topmost 
row; where c = 1 represents the leftmost column and            
c = 151 is the rightmost column. Thus, for all 151 dots in 
the topmost row (r = 1), the y-coordinate was 75 mm. Con-
tinuing to row 2 (r = 2), the y-coordinate was 74 mm for all 
its 151 dots, etc., until the lowermost row (r = 151), where 
the y-coordinate was -75 mm for all its 151 dots. Again, the 
factor R/25.4 was to convert millimeters into pixels, where 
R was the scanned resolution (pixels per inch) and 25.4 was 
the conversion of 25.4 mm per inch. It was assumed the      
y-coordinate of the center dot of the ideal array was at the   
y-coordinate of the center-of-mass, defined in Equation 2 as 

, and was represented by Ycom in the above code. The 
result of the above nested loops was a one-dimensional  
ordered array, IdealY(r + Y), of the ideal y-coordinates (in 
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pixels) representing the 22,801 centroids of the distortion 

target’s dot grid. This array was defined as , where i = 1 
to 22,801. 
 

The ideal array coordinates,  and ,  were then sorted 
as pairs into an addressable ordered array using the follow-
ing procedure: 
 

All ideal coordinates pairs, , were first sorted based 

on increasing size of -coordinates using the Excel SORT 

function. Therefore, the first 151  pairs would be 

those of the leftmost column of dots, the second 151  
pairs would be those of the next column of dots to the right 
of the first column, etc., ending with the rightmost column 

of dots’ 151  pairs. The ideal coordinate pairs were 
then sorted into the correct order within each column based 

on increasing size of -coordinates using the Excel SORT 
function. Therefore, the first ideal coordinate pair would be 
at the top of the leftmost column (upper left) and the last 
pair (151st) of that column would be at the bottom (lower 
left). This column ordering continued through to the right-
most column, where the top (upper right) coordinate pair 
corresponded to the 22651st dot and the bottom coordinate 
pair corresponded to the 22,801st dot (lower right). The  
addressable order of ideal array coordinates was then desig-

nated using k  as the subscript: . Therefore, the       
addressable order of the ideal array coordinates had the 
same corresponding addressable order as the imaged      

centroid coordinates : 
 
 
 

Then affine transformed the ideal array coordinates 

, to best fit the imaged centroid coordinates, . 
These best-fitted ideal coordinates, defined as , were 
calculated by the affine transformation Equations 25 and 26: 
 

(25) 
 

(26) 
 
where, 
k  = 1 to 22,801 
ϕ is the tilt angle factor of the ideal array 

 is the scale factor of the ideal array in the x-direction 
 is the scale factor of the ideal array in the y-direction 

x is the translation factor of the ideal array in the 
    x-direction 

y  is the translation factor of the ideal array in the 
    y-direction 

 is the shear factor of the ideal array in the x-direction 
 is the shear factor of the ideal array in the y-direction 

 
Note that the tilt part of Equations 25 and 26 assumes that 

the ideal array will be rotated CW for positive values of ϕ 
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and rotated CCW for negative values of ϕ. The Excel Solver 
was then used to iterate the above seven affine factors so as 
to best fit the ideal array to the original imaged centroids. It 
was found that Solver consistently converged to a  solution 
only when the initial guesses for the seven ideal affine 
factors were set to the estimated affine factors: 
 
 
 

Solver was then used to find the best fit between the 

imaged centroids  and the affine-transformed ideal 
array , as follows: Solver iterated the affine factors 
in Equations 25 and 26 until the average distance between 

 and  was at a minimum. This average 
distance, in pixels, was calculated using Equation 27: 
 

(27) 
 

 can be converted to millimeters for a given scanning 
resolution. The “GRG Nonlinear” engine was selected for 
Solver. However, it was observed that Solver sometimes 
found the solution minimum using incongruous affine 
factors with respect to the values of affine factors obtained 
in the “Ordering of Centroids” section. For example, 
magnification factors  above 1.5 were sometimes 
arrived at by Solver, which clearly exceeded those estimated 
during ordering or which could be commonly observed by 
anyone using a desktop scanner. The other Solver engines 
of “Simplex LP” and “Evolutionary” also attempted to 
eliminate the incongruous solutions; however, they proved 
less successful than the GRG nonlinear engine. 
 

To eliminate incongruous solutions, constraints on affine 
factors varied by Solver were implemented. Using affine 
ordering results as a guide, the following constraints to 
Solver’s parameters were then implemented: 

 
 
 
 
 
 

Despite these constraints, it was observed that a few scans 
had significantly higher average distances, , than the vast 
majority of scans that resulted in  < 0.05 mm. To force 
Solver to find more consistent solutions for all scans, the 
constraint of  < 0.05 mm was added to Solver’s 
parameters. However, this resulted in Solver not converging 
to a  solution for some scans. In general, nonconvergence 
can often be caused by the poor choice of initial guesses of 
factors within the equations to be solved, such as the affine 

factors in Equations 25 and 26. Of those affine factors, x 

and y  were the simplest mathematically to vary in order to 
provide alternative initial guesses to Solver. Additional 
VBA code was added to force Solver to repeat with random 

shifts (less than 1mm) in initial guesses of x and y  if it 
failed to converge to a  solution.  

( ),k kx y

( ),k kx y
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Of 336 scanned images analyzed in this current study, 
only eight required Solver to be repeated using different 
initial guesses to achieve convergence. The highest number 
of different initial guesses required was six. Thus, ideal 
array points were constructed to individually simulate the 
affine distortion present in all 336 scanned images of the 
target. By comparing the ideal array point positions with 
their corresponding imaged centroids, the affine assumption 
of distortion was assessed as described below. Furthermore, 
if there remained underlying patterns of distortion, then they 
would not be affine.  
 

Results and Discussion:  Assessing Affine 
Assumption of Distortion 
 

The average distance  between the ideal array points 
and the imaged centroids was used to assess the assumption 
of affine distortion in the 336 scanned images. If all 
distortion of the images was intrinsically affine, then ideally 

 would be zero. As shown below,  was nonzero for all 
images. There were several major reasons that this would be 
expected. For example, the ideal array points might be 
inaccurate due to Solver being set to converge to a 
minimum  rather than set to zero. In practice, setting       

 = 0 resulted in nonconvergence. Another possible reason 
was that ImageJ did not always obtain the true centers of all 
the chromium dots due to variation of the imaged size and 
shape of each individual dot.  

 
While the above two reasons could randomly contribute 

to  being nonzero, there may also have been underlying 
patterns of distortion that were intrinsically nonaffine and 
which contributed to . Note that values of  were reported 
in millimeters to the sixth decimal place, but the authors do 
not claim this level of measurement precision. Table 2 gives 

 values drawn from groups based on various scanning 
parameters such as resolution and target position.  
 

JASP statistical software (JASP Team, 2022) was used to 
analyze the distribution of the 336 ´s from all scanned 
images. The mean  from all scanned images was 0.025692 
mm. Figure 3 shows a Sturges-type histogram of the ´s 
distribution, which indicates that it was nonnormal. Further-
more, the Shapiro-Wilk test resulted in p < 0.01, indicating 

nonnormality based on an  level of 0.05. Nonnormality of 
the ´s was also indicated when divided into subgroups, 
based on the scanning parameters of operator, target posi-
tion, scanning resolution, individual scanner, scanner    
model, and repeated scans (all other parameters the same). 
Therefore, nonparametric tests (Mann-Whitney U, Kruskal-
Wallis, and Friedman) were used to determine whether there 
were statistically significant differences in the ´s within 
the above subgroups. 
 

Table 3 summarizes the major results of the nonparamet-
ric tests of significance in distortion differences among the 
subgroups. 

Table 2.  based on each group parameter. 

Figure 3. Distribution of ´s among all scanned images. 

 
Table 3. Major results for tests of significance in distortion 
differences among subgroups.  

Group Name    (mm) Group Name    (mm) 

All Scans 0.025692 Scan #3 0.026154 

Operator A 0.025904 1st Model N6310  0.018995 

Operator B 0.025479 2nd Model N6310 0.022367 

Top Position 0.026242 1st Model G4050 0.022796 

Bottom Position 0.025141 2nd Model G4050 0.023175 

300 dpi 0.026546 1st Model G3110 0.025521 

600 dpi 0.025494 2nd Model G3110 0.032432 

1200 dpi 0.025713 3rd Model G3110 0.034557 

2400 dpi 0.025013 Model N6310 0.020681 

Scan #1 0.025863 Model G4050 0.022985 

Scan #2 0.025058 Model G3110 0.030836 

Subgroup  Test p-value  Significant? 

Operators M-W 0.396 No 

Target Positions M-W 0.051 No 

Resolutions (dpi) K-W 0.125 No 

Individual Scanners K-W 0.001 Yes 

Model Numbers K-W 0.001 Yes 

Repeated Scans F 0.42 No 
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In Table 3, “M-W” indicates Mann-Whitney U, “K-W” 
indicates Kruskal-Wallis, and “F” indicates Friedman tests. 

An  level of 0.05 was assumed for each of the tests. The 
Mann-Whitney U test between the two operators (A and B) 

resulted in a p-value of 0.396 that, based on an  level of 
0.05, indicated no significant difference between operators. 
This was expected, since operators were given detailed  
instructions on the careful placement of the target onto the 
scanner bed. Similarly, the Mann-Whitney U test between 
the two positions (Top and Bottom) resulted in a p-value of 

0.051 that, based on an  level of 0.05, indicated no signifi-
cant difference between positions. This was not expected, 
since it was thought that the scanner head might shift or 
rotate significantly as it moved from top to bottom posi-
tions. However, note that the p-value for the positions was 
much higher than for the operators. This indicated that the 
effect of position on the mean  was possibly greater than 
the operator effect. Figure 4 displays the mean  obtained 
at each scanning resolution.  

Figure 4. Mean  for scanning resolution. 

 
The error bars were based on a 95% confidence interval. 

Grouping the ´s according to resolution, the Kruskal-

Wallis test resulted in a p-value of 0.125 that, based on an  
level of 0.05, indicated no significant difference among the 
scanning resolutions. This was not expected, since it was 
thought that higher scanning resolutions would increase the 
precision in locating the centroids of the imaged dots and, 
thus, would reduce the differences between them and the 
ideal array points. However, while resolution was an essen-
tial factor in generating the ideal array, it was not allowed to 
vary in Solver to obtain the minimum . This indicated that 
any increased precision in locating centroids due to        
increased resolution did not significantly affect .  
 

Grouping the ´s according to their seven corresponding 
individual scanners, the Kruskal-Wallis test resulted in a     

p-value of 0.001 that, based on an  level of 0.05, indicated 
significant differences among the scanners. This was      
expected, since even small manufacturing variations, such 
as alignment of the scanner heads during their assembly, 
might affect the amount and type of image distortion.     

Additionally, it was expected that the amount and type of 
distortion would be more affected by the design differences 
among the three scanner models. Stated differently, it was 
expected that there would be no significant difference in 
distortion among scanners of the same model. However, 
Dunn’s post hoc pairwise comparison test on the seven 
scanners resulted in only the two scanners of model G4050 
having a p-value greater than the a level of 0.05, thus indi-
cating no significant difference in distortion. The Dunn’s 
pairwise comparisons also indicated that one of the model 
N6310 scanners had no significant difference in distortion 
compared to model G4050. All other pairwise comparisons 
among the individual scanners indicated significant differ-
ences. 
 

Grouping the ´s according to their three corresponding 
scanner models, the Kruskal-Wallis test resulted in a           
p-value of 0.001 that, based on an a level of 0.05, indicated 
significant differences among the scanner models. This was 
expected as discussed above. Dunn’s post hoc pairwise 
comparison test between the three scanner models resulted 
in a  p-value of 0.001 for both the model G3110-G4050 and 
the G3110-G6310 pairs. Based on an a level of 0.05, those 
two pairs differed significantly. However, the model G4050
-N6310 pairwise comparison resulted in a p-value of 0.05, 
thus indicating no significant difference. 
 

The final  grouping to be discussed were for repeated 
scans. These were scans where the target was scanned three 
times in succession for the same position, resolution, opera-
tor, and scanner (e.g., all parameters the same). Table 2 lists 
all scans that were first in succession, regardless of their 
scanning parameters, were grouped as Scan #1. Similarly, 
the second and third successive scans were grouped as Scan 
#2 and Scan #3, respectively. To determine the significance 
of successive (repeated) scanning on , the Friedman    
repeated measures test was performed and resulted in a       

p-value of 0.42. Based on an  level of 0.05, this indicated 
that successive scanning did not significantly affect . This 
was expected, since factors like the target’s angle relative to 
the scanning bed should vary minimally over successive 
scans.  
 

Regarding the seven factors  
used to generate the ideal array points from Equations 25 
and 26, only  were considered distor-
tions stemming from the scanners, whereas the factors ϕ, δx, 
and δy  were distortions that stemmed from the relative 
placement of the target onto the scanners’ beds. Since this 
current study sought to better understand the scanners’   
distortion factors, the magnification  and shear  
components of the affine distortion were analyzed. The 

mean  and  from all 336 images were 1.010531 and 
1.007065, respectively. This was interpreted as the images 
being about 1% larger than the target. While the magnifica-
tion in the x-direction differed only by about 0.3% from that 
in the y-direction, the Mann-Whitney U test indicated that 
the distributions of those respective magnifications were 

xM
yM
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significantly different from each other. The means  and 
 from all 336 images were 0.001429 and 0.000023,     

respectively. This indicated that the shear in the x-direction 
was over sixty times that of the y-direction. In addition, if 
one compares the x-coordinate of an upper right corner dot 
(UR) to that of a lower right corner dot (LR), the mean  
would shift the x-coordinate of the LR dot by 0.214 mm to 
the right of the UR’s dot x-coordinate. Furthermore, the 
maximum  result was 0.005000, which would translate 
similarly into a 0.75 mm shift. Considering that the target’s 
dot centers were nominally spaced 1.000 mm apart, this 
amount of shear shift in the imaged dots’ centroids supports 
the need to correct the shear (by Equations 19 and 20) to 
enable the centroids to be put into a mathematically address-
able order. Preliminary statistical analysis of the shear    
distortion was performed based on groups similar to those 
used above for . Discussion of those results and further 
analysis of the shear distortion will be left to future work. 
 

Patterns of Nonaffine Distortion 
 

As described above, the assumption of affine distortion 
resulted in a mean  of 0 .025692 mm from all 336 scanned 
images. Based on the nominal 1.000 mm dot spacing on the 
target, this result could be interpreted as an average error of 
about 2.6% in the prediction of the locations of the imaged 
centroids. From another viewpoint, if the estimated factors 
were used in an inverse transform to correct the affine    
distortion, there would still be about 2.6% average distor-
tion remaining. A possible contributing source of that error 
could stem from not optimizing the constraints under which 
Solver obtained those factors. In addition, perhaps the    
remaining distortion (nonaffine) could partially stem from 
the random mechanical, electronic, or reflective variation of 
the scanner head as it traveled down the scanner bed. This 
variation might be more systematic than random, such as 
mechanical periodicity from the head stepper motor drive or 
from the linear electronic delay of data transfer across the 
scanner head. If the remaining distortion was significantly 
from systematic sources, it was conjectured that there might 
be some patterns of distortion like barrel, perspective, etc., 
over the scanned area. To visualize any such patterns,    
distortion maps were created based on the distance, D,   
between an imaged centroid and its corresponding best-fit 
ideal array point (similar to Equation 27). Figure 5 shows an 
example of a distortion map from a model N6310 scanned 
at 1200 dpi with the target at the top position of the bed. 
 

Each distortion map had 22,801 D values, corresponding 
to each of the dots on the target. Each D value was assigned 
a relative 8-bit grayscale value, where the smallest D value 
was assigned 0 (white) and the largest D value was assigned 
255 (black). There seemed to be two dominant patterns in 
the distortion map of Figure 5. One pattern was wavelike in 
the y-direction (scan head travel) and the other was column-
like across the x-direction (scan head). Since the patterns 
seemed direction-dependent, the distortion data of Figure 5 
was divided into its x and y components, creating two sepa-

rate distortion maps, as shown in Figures 6 and 7. Figure 6 
shows that the y-component exhibited the wavelike pattern 
but not the columnlike pattern; whereas Figure 7 shows that 
the x-component exhibited a columnlike pattern but not a 
wavelike pattern. 

Figure 5. Grayscale map (150 mm by 150 mm) of distances 
between ideal points and imaged centroids of target dots. 

Figure 6. Grayscale map (150 mm by 150 mm) of distances 
between y-coordinates of ideal points and imaged centroids of 
target dots. 
 

Figures 6 and 7 indicate that the two patterns tend to be 
independent of each other and, therefore, might arise from 
separate sources. Future work will be needed to better    
understand how these patterns vary among the scanners and 
under different scanning parameters. Some preliminary 
qualitative observations, however, can be stated within the 
scope of the present study. All scanners exhibited these 
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wavelike and columnlike patterns, but the overall patterns 
seemed to vary more among the different scanner models 
than within a scanner model. Operator and target position 
parameters did not appear to affect the overall patterns as 
much as which scanner model was used. Patterns appeared 
to be most similar for repeated scans (same parameters). 
Columnlike patterns seemed to appear more frequently at 
higher scanning resolutions. 

Figure 7. Grayscale map (150 mm by 150 mm) of distances 
between x-coordinates of ideal points and imaged centroids of 
target dots. 

 

Conclusions 
 

Estimates of the scanners’ affine distortion factors were 
successfully used to order all centroids corresponding to the 
imaged dots of the target. Affine distortion factors were 
then iterated to generate an ideal array of points that best fit 
the corresponding centroids. Average error in distance for 
all 336 scans, , between generated array points and      
centroids was about 2.6%. The distribution of the ´s for all 
scans was nonnormal, thus requiring nonparametric statisti-
cal analysis. There were statistically significant differences 
in  when scans were grouped based on some scanning 
parameters. Grouped by scanner, there were significant  
differences in the ´s among the individual scanners. 
Grouped by scanner model, there were also significant   
differences in the ´s among the three scanner models. No 
statistically significant differences were found in ´s when 
grouped by operator, target position, or scan resolution. This 
indicated that to minimize image distortion, the specific 
affine factors iteratively obtained from an individual scan-
ner should be used rather than those factors typical of a 
scanner model. Therefore, to minimize distortion, the     
authors propose that a target should be imaged by a scanner 
and then the obtained affine factors used in an inverse affine 
transformation of all subsequent images from that scanner.  

Even with an inverse affine correction, there still was an 
average of about 2.6% distortion remaining. Distortion 
maps were created to visualize whether there were patterns 
to this remaining (underlying) distortion. Preliminarily, 
these maps revealed two dominant patterns present in the 
data from all scanners: wavelike in the y-direction and 
columnlike in the x-direction. Although the wavelike pattern 
was similar to that described by Jones et al. (2018), it did 
not show the columnlike pattern. While these patterns    
varied from scan to scan, overall patterns seemed to be more 
consistent (i.e., characteristic) within a given scanner model. 
Future work will be needed to understand the sources and 
consistency of these underlying nonaffine patterns in order 
to further correct image distortion inherent in these       
scanners.  
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Abstract  
 

The development of novel non-destructive methodologies 
for the verification of electronic component authenticity is 
imperative in reducing the economic and safety risks associ-
ated with the use of counterfeited products. Currently,    
inspection methods rely on a series of electrical and physi-
cal tests that usually are labor intensive, destructive, and 
still not 100% effective, given their dependence on human 
interpretation. In this paper, the authors present an alterna-
tive method using solid-phase microextraction (SPME) and 
comprehensive two-dimensional gas chromatography with 
electron ionization time-of-flight mass spectrometry 
(GCxGC/EI-TOF-MS) to chemically characterize electronic 
components. The novel approach outlined in this study   
utilized the high sensitivity of GCxGC/EI-TOF-MS systems 
to consistently identify more than 300 volatile markers in 
two different groups of 14-pin, 16-bit microcontrollers and 
one group of 16 GB microSDs from three different manu-
facturers. Results showed that the chemical characterization 
of the electronic components was effective, repeatable, and 
non-destructive.  

 
The significant volatile markers were found to be depend-

ent on the manufacturer, age, and type of electronic compo-
nent. Thus, the list of significant volatile markers of each 
electronic component could potentially serve as a basis for 
verifying the source of an electronic component. Compared 
to existing physical verification methods, this novel        
approach is faster and less ambiguous, and avoids the over-
look or false identification of counterfeits. In fact, this meth-
odology could potentially indicate if further inappropriate 
manipulations have taken place on the component, based on 
the presence and quantity of 1,3,5-cycloheptatriene, thereby 
reducing the risk of counterfeit components being installed 
in electronic systems. Using GCxGC/EI-TOF-MS and 
SPME techniques may be helpful in reducing the quantity of 
counterfeit electronic components found in warfare systems 
used by the United States Department of Defense (DoD), 
which is especially at risk, due to the rapid aging of        
deployed systems and a vast span of interconnected logistics 

supply chains that provide components for installation in 
such warfare systems. 
 

Introduction 
 

Electronic components are prevalent in many consumer 
products and throughout most warfare systems utilized by 
the United States Armed Services. Ensuring that these    
systems function reliably is mission-critical to the Army, 
Air Force, Navy, and Marine Corps (Petel, 2014). Thus, 
there is an incentive for the DoD to ensure that the compo-
nents and electronic devices used in complex electronic 
military systems function correctly, even in the most      
adverse and strenuous environments. This condition repre-
sents a  huge challenge for DoD, since the failure of elec-
tronic components is difficult to predict and usually caused 
by myriad conditions. However, failure can be significantly 
prevented (Semiconductor Industry Association SIA, 2011)
if the installation of counterfeit parts (i.e., remarked, repack-
aged, recycled, refurbished, or even cloned devices) are 
avoided (Mura, Murru & Martines, 2020) 
 

Given the evolving, modern sophisticated counterfeiting 
techniques, it is pertinent for the DoD to develop an effec-
tive method for identifying the authenticity of electronics to 
ensure national security. Common techniques currently 
available in the industry for identifying counterfeits include 
a series of electrical and physical tests that must be per-
formed by highly qualified experts, usually involving multi-
ple analytical techniques. On the one hand, analyzing con-
tact degradation, device parameter distributions, and chip 
curve trace are recommended practices for evaluating the 
electrical performance of a  component (Ahmadi, Tavousi, 
Favata, Shahbeigi-Roodposhti, Pelapur & 
Shahbazmohamadi, 2018) Physical characterization, on the 
other hand, encompasses the inspection of packaging quali-
ty, labeling on the integrated circuits (ICs), and analysis of 
the structure of the die through simple visual inspection and 
high-tech imaging techniques such as X-ray, infrared, 
acoustic microscopy, scanning electron microscopy, and 
focused ion beams (Chen, Zhang & Zhang, 2014) Neverthe-

Characterization of Volatile Markers in 
Electronic Components via Solid-Phase 

Microextraction and Comprehensive 
Two-Dimensional Gas Chromatography with 

Electron Ionization Time-of-Flight Mass 
Spectrometry (GCxGC/EI-TOF-MS) 

——————————————————————————————————————————————–———— 
Joseph Cacciatore, Purdue University; Petr Vozka, California State University, Los Angeles; Louis Edwards Caceres-Martinez, Purdue 

University; Ali Daneshkhah, Northwestern University; Mangilal Agarwal, Indiana University and Purdue University Indianapolis; 
Gozdem Kilaz, Purdue University; Eric Dietz, Purdue University 

——————————————————————————————————————————————–———— 
22                                       International Journal of Modern Engineering | Volume 23, Number 1, Fall/Winter 2022 



——————————————————————————————————————————————–———— 

(Livingston, 2010) Preliminary alternative approaches to 
identifying counterfeits include: 1) the analysis of the elec-
tromagnetic fingerprint of the IC as a contactless side chan-
nel for measuring its transient activity (Huang, Boyer & 
Ben Dhia, 2015),and 2) the chemical characterization of ICs 
through flowing atmospheric-pressure (helium plasma)  
afterglow mass spectrometry (FAPA-MS) complemented 
with chemometric techniques (Pfeuffer, Caldwell, Shelley, 
Ray & Hieftje, 2014) Nevertheless, the robustness and  
complete development of the electromagnetic method 
(Huang et al., 2015),and the variable response of FAPA-MS 
to different types of analytes (alkanes, alcohols, aldehydes, 
ketones, carboxylic acids, and organic peroxides), and the 
effects of further oxidation processes occurring in the after-
glow region are still matters of discussion (Brüggemann, 
Karu & Hoffmann, 2016). 
 

One-dimensional gas chromatography (GC) coupled with 
solid-phase microextraction (SPME) is a proven method for 
identifying trace volatile organic compounds (VOCs) in the 
headspace surrounding solid and liquid samples of unknown 
composition. SPME-GC/MS has been used to study the 
feasibility of canine detection of mass storage devices 
(DeGreeff, Cerreta & Rispoli, 2017) Additionally, these 
analytical techniques have been commonly used in chemical 
forensics for identifying unknown compounds at extremely 
low concentrations (Brasseur, Dekeirsschieter, Schotsmans, 
de Koning, Wilson, Haubruge & Focant, 2012; Gordin & 
Amirav, 2000) Aiming to complement these alternatives, a 
non-target approach, based on comprehensive two-
dimensional gas chromatography with electron ionization 
time-of-flight mass spectrometry (GCxGC/EI-TOF-MS) 
and solid-phase microextraction (SPME), is proposed here 
to characterize the chemical fingerprint of electronic     
components. GCxGC separates at least an order of magni-
tude more compounds compared to conventional one-
dimensional gas chromatography (GC) (Reddy & Nelson, 
2013)  

 
This capability broadens the possibility of studying com-

plex chemical mixtures usually found in forensic (Stadler, 
Stefanuto, Byer, Brokl, Forbes & Focant, 2012) environ-
mental, fuels, food, fragrances, and biological applications 
(Prebihalo, Berrier, Freye, Bahaghighat, Moore, Pinkerton 
& Synovec, 2018) However, to the best of the authors’ 
knowledge, GCxGC has not been used to study volatile 
markers present in electronic components. Thus, this work 
was aimed at the development of an alternative and non-
destructive method for identifying VOCs in electronics as a 
potential approach for assessing the authenticity of micro-
controllers and micro storage devices in the near future. The 
results of this study showed that different types of electronic 
components with different manufacturers, countries of 
origin, and ages have different chemical signatures, and 
demonstrated that it is possible to differentiate between 
equivalent components that differ along with these varia-
bles. 
 

less, these methods, especially those based on visual physi-
cal assessments, are time consuming, most of them destruc-
tive (Hillman, 2011) and still far from being 100% effective, 
since they rely on human interpretation. 
 

Despite all efforts, the amount of counterfeit electronic 
devices that have found their way into the DoD supply 
chain increased from 3868 in 2005 to 9356 in 2008 (U.S. 
Department of Commerce, 2010) Although this trend     
decreased in subsequent years, thanks to the creation of the 
Counterfeit Prevention Policy in 2013, the DoD has been 
unable to eradicate the issue in full (United States 
Government Accountability Office, 2016) The introduction 
and proliferation of counterfeit electronic devices in DoD 
systems are attributed to two causes: 1) many systems with-
in the DoD are used far beyond their expected end-of-
service dates, and 2) the development of the globally inte-
grated economy prevents logistically sourcing products  
produced solely within the United States (Gansier, 
Lucyshyn & Rigiliano, 2013) These factors have made it 
easier for counterfeit products to find their way into the 
DoD logistics supply chain. According to the Alliance for 
Gray Market and Counterfeit Abatement, about 100 billion 
dollars are reportedly lost worldwide by electronic compa-
nies every year, due to counterfeited products (Pecht & 
Tiku, 2006) Analogously, it is estimated that “as many as 15 
percent of all spare and replacement semiconductors      
purchased by the Pentagon are counterfeit” (Semiconductor 
Industry Association SIA, 2011. 
 

There are four primary sources for electronic components: 
the original manufacturer, the original manufacturer’s    
authorized distributors, independent distributors or brokers, 
or aftermarket manufacturers (Sullivan & Wilson, 2017. As 
a preventative method, the DoD always seeks to purchase 
components from a “trusted source,” which is a  source 
known to produce genuine electronic components. This 
trusted source is typically the original manufacturer. How-
ever, because some systems have been extended far past 
their end-of-service date, components may have to be     
purchased from sources other than the original manufacturer 
because they may no longer manufacture the component 
(Livingston, 2010) The DoD may be forced to purchase 
from the original manufacturer’s authorized distributors or 
even independent brokers, who may not be as completely 
vetted. This less-than-desirable situation creates an oppor-
tunity for counterfeit electronic components to find their 
way into DoD systems, creating a weakness in the Nation’s 
security, as components are not constructed to required 
specifications or are manufactured with a vulnerability to 
malicious malware through backdoor applications (Petel, 
2014) 
 

Under this perspective, it is imperative that alternative 
methods be developed to non-invasively and unambiguous-
ly determine the fidelity of electronic components such as 
semiconductors, microcontrollers, and processors used in 
warfare systems before their actual installation and use 
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Materials and Methods 
 

For this current study, three different types of electronic 
components were selected for sampling: two types of        
14-pin, 16-bit microcontrollers (Microchip Technology 
Incorporated, 2009; Texas Instruments, 2004) and a 16 GB 
microSD card (SanDisk, 2019) Thirty replicates of each 
component type were performed along with 16 controls 
designed to capture the baseline composition of environ-
mental and instrument VOCs adequately. Controls consisted 
of one run relative to a column blank, two runs designed to 
study the natural chemical elution of the SPME fibers, and 
thirteen runs of the SPME fibers exposed to empty vials. 
Compounds that were found in more than half of the control 
group samples were automatically excluded from considera-
tion for possible VOCs of significance in the electronic 
components. Table 1 details the sample size composition. 
Once each population was sampled, the chemical signatures 
of the electronic components were compared to the volatile 
compounds identified in the controls in order to determine 
the common and unique VOCs of each group. It is worth 
mentioning that the comparison with certified counterfeit 
components was not possible in this current present study, 
given the uncertainty related to their procurement process. 
 
Table 1. Sample information. 

Prior to sampling, 20 mL glass headspace vials were 
placed in an oven for eight hours to clean the vials of any 
VOCs remaining from manufacturing. Component samples 
were removed from the original manufacturer’s packaging 
and placed directly in the cleaned vials. The vials were then 
purged with nitrogen for 10 seconds to remove ambient 
environmental VOCs before submersion in a water bath at 
70℃. The temperature of 70℃ was selected to protect the 
electronic components from being destroyed during the 
sampling process. This temperature was within the safe  
operating temperature defined by the manufacturers 
(Microchip Technology Incorporated, 2009; SanDisk, 2019; 
Texas Instruments, 2004) Divinylbenzene/ carboxen/ poly-
dimethylsiloxane (DVB/ CAR/ PDMS) solid-phase micro-
extraction (SPME) fibers were preconditioned at 250℃ for 
ten minutes prior to sampling each day (DeGreeff, Cerreta 

& Rispoli, 2017). The fibers were manually exposed to the 
samples within the vial for 50 minutes before being manual-
ly injected into the inlet of the GCxGC/EI-TOF-MS, set at 
250℃ for desorption of the VOCs. 
 

In this study, the authors used GCxGC/EI-TOF-MS.   
Pegasus GC-HRT 4D (EI) High-Resolution TOF/MS 
(LECO Corporation, Saint Joseph, MI) with an Agilent 
7890B gas chromatograph, a  non-moving quad-jet dual-
stage thermal modulator cooled with liquid nitrogen, and an 
Agilent G4513A auto-injector was used for qualitative anal-
ysis of the samples. Table 2 shows the chromatographic 
conditions for GCxGC/EI-TOF-MS. The ion source temper-
ature was set to 250°C and the electron energy was 70 eV. 
ChromaTOF (Version 1.90.60.0.43266) software was     
utilized for data collection (with an m/z of 50-1000),      
processing, and analysis. The signal-to-noise ratio was set to 
three. Identification of the compounds was achieved by 
matching the measured mass spectra (similarity value of     
> 600) with Wiley (2011) and NIST (2011) mass spectral 
databases. This analysis method was selected in order to 
yield a broad spectrum of VOCs for consideration. 
 
Table 2. Chromatographic conditions for sample analysis. 

Peak tables generated by individual samples were manu-
ally analyzed to generate a list of reliable VOC markers for 
each sample group tested. For this current study, only com-
pounds that were named using the mass spectral databases 
listed above were considered. Duplicate named compounds 
within a given sample were removed from consideration. 
Furthermore, compounds were required to meet three     
criteria: 1) they had to be present in at least 25 of the 30 
replicates within each sample group, 2) they had to be    
present in less than half of the control samples, and 3) they 
had to have reliable retention times. Table 3 shows that, due 
to instrumental drift, similarly named compounds within 
sample groups were selected as reliable markers, if they fell 
within a reliable retention time range. 

Product 
classification 

14-pin 16-bit  
Microcontroller 

16 GB 
MicroSD Card 

 

Manufacturer 
Microship 

Technology 
Texas 

Instruments 
SanDisk 

Country of 
Origin 

Thailand Malaysia China 

Date of 
Manufacture 

October 2015 May 2017 2019 

Samples 
Collected 

30 30 30 

Parameter Description 

Columns 

Primary: ZB-35HT Phenomenex 
(60 m × 0.25 mm × 0.25 µm) 
Secondary: ZB-1HT Phenomenex 
(1.9 m × 0.25 mm × 0.25 µm) 

Carrier gas UHP helium, 1.20 mL/min 

Inlet 
Purge time: 60 sec 
Purge flow: 85 mL/min 

Oven Temperature 
Isothermal 40°C for 2 min, followed by a 
linear gradient of 8°C/min to a temperature 
of 280°C, being held isothermally for 1 min 

Modulation Period 2.0 s with a 0.6 s hot pulse time 

Temperatures 
Inlet: 250°C 
Transfer line: 250°C 
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Results and Discussion 
 

On average, more than 300 compounds were correctly 
identified for each group, exhibiting the success of the 
SPME technique and the excellent resolution achieved 
through GCxGC/EI-TOF-MS. The Microchip Technology 
microcontroller counted the least (319), while the microSD 
counted the highest (405) amount of volatile compounds. 
Inversely, the 14 pin, 16-bit microcontroller manufactured 
by Microchip Technology exhibited the largest standard 
deviation (70) among samples, while the microSD counted 
the lowest (20). The 14-pin, 16-bit microcontroller by Texas 
Instruments lay in between with 378 VOCs with a standard 
deviation of 24 compounds. The lower amount of VOCs 
and higher standard deviation of the microchip developed 
by Microchip Technology (Thailand) compared to the    
device manufactured by Texas Instruments (Malaysia) 
could be attributed to either different origins/manufacturing 
processes or aging conditions among them—with the last 
one being 19 months newer. Aging, in fact, has been a key 
factor previously identified that induced detectable changes 
in the electromagnetic fingerprint of ICs (Huang et al., 
2015)and it is expected to induce changes in the chemical 
fingerprint as well. 
 

 After narrowing down the list of identified VOCs to 
those unique to each component type, retention time analy-
sis was used to identify the significant VOCs across sam-
ples. Table 3 displays the list of significant VOC markers 
for each sample group that met the required selection crite-
ria, while achieving excellent consistency in terms of reten-
tion times. Across the three sample groups, there were two 
significant VOC markers identified in the Microchip Tech-
nology sample group, six in the Texas Instruments sample 
group, and twenty-one in the SanDisk sample group. These 
compounds could be considered as the chemical fingerprints 
of each electronic component and manufacturer represent-
ing potential key VOCs to be used for further comparison to 
counterfeit suspects. 
 

Most VOCs present in the microSD group were found to 
be around one order of magnitude greater than the VOCs 
found in either of the microcontroller sample groups. This 
condition allows identifying the total surface area of the 
electronic device sampled as a key factor affecting the diffu-
sion rates of VOCs into the headspace during the SPME 
(Pawliszyn, 2012) The total surface area of components 
showed that the surface area of the sampled microSDs 
(380.2 mm2) was slightly more than twice as large as the 
total surface area of the sampled microcontrollers        
(188.4 mm2). Differences among different ionization effi-
ciencies could also account for the differences in the peak 
areas among different chemical compounds. However, the 
difference in surface area, age, and manufacturer of the 
electronic component were clearly identified as critical  
factors, when comparing the peak areas for                     
1,3,5-cycloheptatriene, the only VOC marker identified as 

significant across all three sample groups. This compound, 
1,3,5-cycloheptatriene, is a  cycloolefin monomer commonly 
used as a polymerization retarder in the manufacturing pro-
cess of cross-linkable resins widely found in electronic 
components, due to their excellent electrical insulation 
properties, mechanical characteristics, and heat resistance 
(Sugawara, 2007). 
 

Based on these findings, further work should focus on 
quantifying significant VOCs as a function of the aging 
process under both virgin and expected normal use technical 
conditions. This mapping, to be unique for each electronic 
component produced by each manufacturer, could potential-
ly serve as the chemical fingerprint needed for unambigu-
ously identifying counterfeit products present in the DoD 
logistics supply chain. Given the high resolution and repeat-
ability achieved through SPME and GCxGC/EI-TOF-MS 
techniques, it is reasonable to expect that any use or modifi-
cation by means of relabeling, repackaging, or refurbishing 
(Sood, Das & Pecht, 2011)will modify both the chemical 
fingerprint and the quantity of 1,3,5-cycloheptatriene of the 
electronic component allowing the identification of the 
counterfeited product before jeopardizing more complex 
electronic systems. 
 

Conclusions 
 

From this study, the authors demonstrated a viable meth-
od for identifying VOC signatures of electronic components 
utilizing SPME and GCxGC/EI-TOF-MS. The high sensi-
tivity of this sampling method allowed for the identification 
of hundreds of potential VOC markers for any given elec-
tronic component. The methodology exhibited the possibil-
ity of differentiating electronic components that vary in 
their manufacturing, countries of origin, and production 
dates, based on their VOC signatures. It is possible that oth-
er VOC markers could be distinguished by further optimiz-
ing the methods outlined above in order to capture more 
indicative VOC markers for additional electronic compo-
nents.  

 
Table 3 outlined multiple VOC markers that were consist-

ently identified in each sample group. These significant 
VOCs could serve as chemical fingerprints for future     
research focused on identifying VOC markers present in 
such devices. 1,3,5-cycloheptatriene was identified as a 
common significant VOC present in the 14-pin, 16-bit   
microcontrollers and 16 GB microSD here studied. Aging 
and surface area of the electronic component were identified 
as critical parameters affecting the final VOCs and their 
quantity, especially for 1,3,5-cycloheptatriene. Therefore, 
further work should be related to comparing these findings 
to counterfeited products to evaluate the differences in 
terms of significant VOC markers and quantity of          
1,3,5-cycloheptatriene as a function of aging, under virgin 
and expected normal use conditions. 
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VOC Sample Group 
Retention T ime 

Range (s) 
Average Peak  

Area (un) 

Peak Area 
Standard 

Deviation (un) 

1,3-dimethyl benzene Microchip Technology 626-632 3.7E+05 2.0E+05 

1,3,5-cycloheptatriene Microchip Technology 496-522 5.3E+05 5.2E+05 

Phenol Texas Instruments 836-840 7.7E+05 2.4E+05 

1,1'-(1,2-cyclobutanediyl)bis-, trans-benzene Texas Instruments 1682-1686 2.9E+05 7.6E+04 

Benzaldehyde  Texas Instruments 846-850 3.1E+05 1.1E+05 

Hexanal Texas Instruments 546-550 1.1E+05 4.7E+04 

1,3-dimethyl-benzene Texas Instruments 628-632 2.4E+05 9.0E+04 

1,3,5-cycloheptatriene Texas Instruments 498-502 5.6E+05 2.4E+05 

Hexamethylene diacrylate SanDisk 1492-1496 7.9E+06 2.2E+05 

4-acetyl- morpholine SanDisk 1180-1184 1.3E+06 4.4E+05 

2,3-dihydro-5-methyl-furan SanDisk 370-376 6.5E+06 2.9E+06 

1,6-Hexanediol SanDisk 1062-1068 6.5E+06 1.9E+06 

2,2,4-trimethyl-3-hydroxy-, isobutyl ester pentanoic acid SanDisk 1228-1232 5.5E+06 9.3E+05 

1,3,5-Cycloheptatriene SanDisk 496-514 2.9E+06 1.4E+06 

2-methyl-, 1-(1,1-dimethylethyl)-2-methyl-1,3-propanediyl 
ester propanoic acid  

SanDisk 1430-1432 6.6E+06 2.0E+06 

2,4-Di-tert-butylphenol SanDisk 1390-1394 2.6E+06 1.1E+06 

Phenol SanDisk 838-842 6.5E+06 4.0E+06 

4-(methylthio)- benzaldehyde  SanDisk 1678-1682 7.6E+05 4.6E+05 

butyl dodecanoate SanDisk 1582-1586 7.3E+05 3.5E+05 

1,2-benzene-dicarboxylic acid, bis(2-methylpropyl) ester SanDisk 1732-1736 2.5E+06 1.5E+06 

1,2,3,5-Tetramethyl-benzene, 2-oxime- SanDisk 1426-1430 1.0E+06 4.2E+05 

Tetrahydropyrrolo[2,1-c] [1,4] oxazin-4-one SanDisk 1392-1396 2.4E+06 7.6E+05 

Tetracosamethyl-cyclododeca- siloxane SanDisk 1952-1956 2.0E+05 6.8E+04 

N,N,N- T riethylamine SanDisk 354-368 2.5E+06 1.6E+06 

2,4,6-trimethyl- benzoic acid SanDisk 1356-1362 4.2E+06 2.9E+06 

2,4,6-trimethyl- benzophenone SanDisk 1736-1740 9.7E+04 5.0E+04 

2-(1-methylethyl)- 9H-Thioxanthen-9-one SanDisk 1970-1978 4.8E+06 3.7E+06 

(2-decyldodecyl) -benzene SanDisk 1460-1472 2.4E+05 1.2E+05 

1,2,3-trimethyl-benzene SanDisk 812-814 8.1E+05 1.5E+05 

Table 3. Significant VOCs having consistent retention times. 
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Abstract 
 

There is a  growing demand for cleaner energy in the  
United States and across the globe, and a move away from a 
reliance on fossil fuels. According to the U.S. Energy Infor-
mation Administration (EIA, n.d.), our sources of energy 
include petroleum (35%), Natural Gas (34%), renewable 
energy (12%), coal (10%), and nuclear (9%). While natural 
gas is relatively clean burning, it still will need to be      
replaced in an effort to meet net-zero carbon demands. This 
discussion has been the catalyst for energy providers to  
determine if hydrogen can be the energy source of the    
future. In this current study, the authors compared natural 
gas to hydrogen in terms of storage medium availability and 
gas properties.  

 
The analysis provided the data needed to quantitatively 

model the gases and show technical and economic feasibil-
ity. Currently, natural gas is stored underground in domal 
salt, bedded salt, depleted reservoirs, and depleted aquifers;   
infrastructure and business models are in place for the trans-
mission and use of natural gas. Because the thermodynamic 
properties of natural gas and hydrogen differ, it takes three 
times the amount of hydrogen to provide the same amount 
of energy as natural gas. This means a greater cost for the 
operator and, consequently, the consumer. Simulation   
modeling of gas properties, expert interviews, and qualita-
tive and quantitative analyses revealed that an initial return 
on investment was estimated to be 160.8%/year for hydro-
gen gas storage.  

 
It was recommended that the storage of natural gas be 

continued as well as the investment in research and develop-
ment of hydrogen, which should include the technical feasi-
bility of storage mediums other than domal salt along with 
infrastructure and transmission needs and the cost of mov-
ing from natural gas to hydrogen. Expertise in the fossil fuel 
industry paves the way for a cleaner future for the   energy 
industry. 
 

Definition of Terms 
 

The net size of caverns is expressed in units of millions of 
barrels (mmbbls). The net size defines the amount of void 
space inside the cavern. Total capacity is defined as the total 
volume of gas needed to fill the cavern to maximum      
pressure. Total capacity is equal to the sum of base gas plus 
working gas. Base gas is defined as the volume of gas that 
must remain in the cavern to maintain minimum pressure 
gradients. Working gas is defined as the volume of gas 
within a cavern that can be withdrawn or injected into the 
cavern. Working gas is profitable. It is sold in units of    
energy (millions of btu per standard cubic feet, MMbtu/scf). 

Background/Introduction 
 

Storage of energy is a crucial factor in the business of 
selling energy. The fossil fuel portion of the energy industry 
provides the most power to consumers. According to the 
Energy Information Agency (EIA), fossil fuels make up 
60% of energy provided. Currently, natural gas is the most 
environmentally friendly fossil fuel and is used to power 
electrical plants, homes, and various other industries.     
Natural gas storage has provided, on average, 3464 bcf of 
gas between 2016-2020 (EIA). This is what helps to supply 
the energy demand in the U.S.; and 34% of this supply is 
provided by natural gas (EIA). This is done by storing    
natural gas in domal salt, bedded salt, depleted reservoirs, 
and depleted aquifers. 
 

Underground storage has been a business for many years. 
Today, depleted reservoirs, depleted aquifers, bedded salt, 
and domal salt are used to store natural gas. Domal salt, 
however, is also used to store other energy carriers includ-
ing oil, liquid natural gas (LNG), and hydrogen. Prior to 
storing each energy carrier, a cavern must be created within 
the salt dome. This is done by drilling a well into the salt 
formation, followed by leaching of the cavern using fresh-
water that reacts with the salt to create brine. The brine is 
withdrawn by injecting the energy carrier into the cavern, 
forcing the brine to the surface; the brine is then stored in 
brine ponds and/or saltwater disposal wells. The result of 
this process is the creation of a  void in which the energy 
carrier (oil, natural gas, LNG, hydrogen, etc.) can be stored. 
 

Hydrogen is the lightest element in the periodic table. It 
has a  density 1/8 that of natural gas. On a molecular level, a 
hydrogen molecule is four times smaller than a natural gas 
molecule. Additionally, hydrogen has a  higher compressi-
bility factor compared to natural gas (greater than 1). This 
means that, as hydrogen is compressed, it will occupy space 
less efficiently than natural gas. This is important because 
pressure increases with depth. Thus, hydrogen will store 
less efficiently than natural gas. In other words, three times 
more hydrogen is needed to provide the same amount of 
energy as natural gas. The thermodynamic properties of 
each gas define these major differences and help to deter-
mine how each gas will behave. The thermodynamic    
properties for hydrogen and natural gas are listed below 
(Minas, 2021).  
 
Hydrogen 

• Gas Density: 0.00531lbm/ft³ 
• Atomic Radius: 25pm 
• Dynamic Viscosity: 5.86E-06lbm/ft * 3 
• Compressibility Factor: 1.001 

Feasibility of Hydrogen Storage 
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• Net Heating Value: 
51586.212Btu/lbm, 273.943Btu/lbm 

• Joule-Thompson Coefficient : -0.00349 °F/psia 
• Thermal Conductivity: 0.101Btu/h * ft * °F 
• Isobaric Heat Capacity: 3.411Btu/lbm * °F 
• Flammability Rangy by Volume: 4 - 74% 

(Note: pm = 1 x 10-12 m). 
 
Natural Gas 

• Gas Density: 0.0424lbm/ft³ 
• Atomic Radius: 95pm 
• Dynamic Viscosity: 7.24E-06lbm/ft * 3 
• Compressibility Factor: 0.998 
• Net Heating Value: 

21525.407Btu/lbm, 912.034Btu/lbm 
• Joule-Thompson Coefficient: 0.058°F/psia 
• Thermal Conductivity: 0.0189Btu/h * ft * °F 
• Isobaric Heat Capacity: 0.528Btu/lbm * °F 
• Flammability Rangy by Volume: 5 - 15% 

(Note: pm = 1 x 10-12 m). 
 
The compositions of each gas were assumed to be 100% 

methane for natural gas and 100% hydrogen for hydrogen 
gas.  These numbers are integral to the understanding of the 
behaviors of natural gas and hydrogen gas. 

 

Hydrogen Production 
 

Hydrogen does not exist freely in the atmosphere; it is 
always found with other elements such as water (H 2O) and 
methane (CH4). Hydrogen production is the process of sepa-
rating hydrogen from other elements. Each type of produc-
tion is given a color. The color represents the method used 
to produce the hydrogen as well as the environmental     
impact. The most common method is steam methane      
reforming (SMR) coupled with a water-gas shift reaction 
(WGS), while the least common method is the utilization of 
electrolysis, a  process that uses electricity to split water into 
hydrogen and oxygen. The term grey hydrogen indicates 
SMR plus WGS with a release of CO2 into the atmosphere. 
Blue hydrogen indicates SMR plus WGS with the seques-
tration and storage of CO2. Green hydrogen indicates the 
use of electrolysis powered by renewable resources to    
produce hydrogen that has no harmful byproduct. Table 2 
shows the differences among the types of hydrogen produc-
tion. 
 
Table 2. Types of hydrogen production. 

They type of hydrogen production correlates to profitabil-
ity, as each has a  different cost. According to Earth.org 
(Shin, 2020), green hydrogen costs $3.00-$7.50 per kg, 
while grey hydrogen costs $0.90-$3.20 per kg. The aspect 
of cost must also consider the cost of developing a salt   
cavern for storage. According to Lord, Kobos and Borns 
(2014), the cost of developing a salt cavern is just over $60 
million, which translates to $1.60 per kg. The cost of hydro-
gen and the cost of storage development explain why the 
most widely used hydrogen production method is grey   
followed by blue, with green as the least used method. 
 

Literature Review 
 

The storage of gases underground has been researched 
extensively. The interest in underground hydrogen storage 
has increased as the discussion around cleaner energy takes 
hold. There have been various publications that detail the 
design and transport criteria , risks, and design considera-
tions. Tarkowski (2019) detailed the various types of stor-
age mediums to consider for hydrogen storage pros and 
cons for each type of storage. In that publication, the author 
proposed salt cavern storage as the dominant storage medi-
um since it is proven for hydrogen. The use of depleted  
reservoirs, aquifers, and bedded salt pose much greater risk, 
given the properties of hydrogen.  

 
The risk associated with hydrocarbon storage in bedded 

salt is discussed at length in a study by Daemen, Du, Jing, 
Yang and Zhang  (2013) in which the authors concluded 
that there is increased leakage risk with bedded salt as   
compared to domal salt or other storage mediums. In an 
article by Amid, Mignard and Wilkinson (2016), the authors 
evaluated the storage of hydrogen in depleted reservoirs and   
depleted aquifers, comparing natural gas storage in terms of 
working gas, base gas, and technical considerations. 
Ozarslan (2012) discussed the proven ability to store hydro-
gen in domal salt caverns. In another study, Panfilov (2016) 
detailed the threats surrounding the behavior of hydrogen 
within a storage medium and incorporated a risk discussion 
regarding the use of a pipeline to transport the hydrogen.  

 
The determination was that there was a significant differ-

ence between natural gas reaction with  formation compared 
to hydrogen in a depleted reservoir and depleted aquifer, 
including chemical reactions with surrounding formation, 
gas loss to the formation, and potential leakage rate. In addi-
tion, the author discussed pipeline infrastructure as a means 
of transporting hydrogen and concluded that a better under-
standing of metallurgical constraints and leakage potential 
were needed. Minas and Skaug (2021) discussed salt cavern 
design for hydrogen where the emphasis was on the proper-
ties of hydrogen and the resulting effect on metallurgical 
design for the construction of salt cavern wells for hydrogen 
storage. In an article by Nieland (2008), the author        
compared the salt cavern  design among hydrogen, natural 
gas, and compressed air in order to determine the amount of 
working gas versus base gas for each type of gas stored.  

 Grey Hydrogen  Blue Hydrogen 
Green  

Hydrogen  

Method SMR+WGS SMR+WGS Electrolysis 

Chemical 
Reaction  

CH4+2H2O= 
CO+4H2 

CH4+2H2O= 
CO+4H2 

H2O-->O2+H2  

Byproduct 
CO2 to 

atmosphere 

CO2  
sequestered and 

stored 

No harmful 
byproduct  



——————————————————————————————————————————————–———— 

The author concluded with a comparison of which type of 
gas had the greatest amount of working gas per storage  
capacity; natural gas had the greatest amount of working gas 
followed by compressed air with hydrogen having the least 
amount of working gas. 
 

Hydrogen Transportation Considerations 
 

An aspect of hydrogen storage that must be considered in 
the transportation of the gas. The capability to store hydro-
gen is just as important as the capability to transport the 
hydrogen to market. Cowell, Kurz and Vignal  (2020)    
provide insight into the metallurgical challenges as well as a 
decrease in pipeline deliverability that would occur as a 
result of hydrogen being introduced into the pipeline; the 
greater the amount of hydrogen, the greater the effects on 
metallurgy and deliverability. Additionally, the Hydrogen 
and Fuel Cell Technologies Office (2021) reviewed the  
current state of pure hydrogen pipelines and determined that 
a conversion of natural gas hydrogen pipelines to pure   
hydrogen pipelines would be extremely challenging. Such a 
project would require more research and understanding  
before projects of such magnitude could become a reality. 
 

There are multiple opportunities for growing the use of 
hydrogen in the energy sector. These uses and their finan-
cial implications have been studied and published. Weeda 
and Ball (2016) discussed reliance on fossil fuels being  
unsustainable when considering predicted population 
growth from now through 2050. The solution for this is the 
increased use of renewable resources, specifically hydrogen 
for fueling cars and providing power through electrolysis to 
enhance the overall power provided by renewable resources. 
Ballotpedia (2021) reviewed the history of environmental 
policies in the U.S. from the 1970s to the present. In this   
50-year history, there had been incremental increases in 
renewable resources as part of tax incentives. In more recent 
years, there has been a change from tax incentives being the 
only driver to enforceable environmental regulation driving 
implementation of renewable resources as well. 

 
Nguyen and Schwartz (2021) provided a financial model 

of the potential market for using the excess power from 
wind turbines to produce hydrogen through electrolysis and 
store it in salt caverns. In turn, the hydrogen could be used 
for power generation during periods of inactive wind activi-
ty. Frey, Morisani-Zechmeister and Simone (2021) modeled 
the use of a hydrogen-natural gas blend to meet the demand 
for cleaner energy. In that article, the authors also compared 
salt cavern storage for natural gas as a baseline for compar-
ing natural gas alone versus a blend of hydrogen and natural 
gas. Frey et al. (2021) also discussed transportation        
constraints and how these could affect the use of a hydrogen
-natural gas blend. 
 

Methodology 
 

In this current project, the authors conducted both qualita-

tive and quantitative research in order to determine the   
feasibility of underground hydrogen storage. The qualitative 
portion consisted of research, conferences, workshops,   
interviews, and interpretive analysis. The quantitative meth-
od used was modeling. The purpose of the modeling was to 
demonstrate the items listed below and use the results to 
complete the interpretive analysis portion of the qualitative 
methodology. This was done by researching and analyzing 
the methods of hydrogen production, infrastructure require-
ments, metallurgical considerations, storage mediums (i.e., 
domal cavern, bedded salt, depleted reservoir, depleted  
aquifer, etc.,), and ability to convert natural gas storage to 
hydrogen storage. Finally, the cost associated with hydrogen 
storage was analyzed and comparative modeling was used 
to determine hydrogen storage feasibility. Specifically, 

1) Volume of hydrogen that can be stored in a cavern at 
a given pressure and temperature.  

2) Volume of natural gas that can be stored in a cavern 
at a  given pressure and temperature. 

3) Volume of hydrogen working gas and base gas avail-
able at given pressures and temperatures. 

4) Volume of natural gas working gas and base gas at 
given pressures and temperatures. 

5) Amount of energy available in natural gas cavern 
versus hydrogen gas cavern. 

 
Figure 1 shows a broad view of a salt dome with small 

schematics of leached caverns. Figure 2 shows a basic    
cavern schematic with the casing shoe labeled. The gas  
volume is measured by reading pressure on the casing shoe 
then converting that pressure to a gas volume. The integrity 
of the cavern depends on operating within the pressure 
range allowed between base gas (minimum pressure) and 
maximum capacity (base gas plus working gas). Salt dome 
caverns vary in size and shape, thus the volume of base gas 
and working gas will differ. However, the minimum and 
maximum pressure gradients are the same. The recommend-
ed pressure gradients are defined in API 1170 Section 9.1 
(American Petroleum Institute). 

Figure 1. Salt  dome. 
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Figure 2. Basic salt  dome cavern schematic. 
 
The participants included interviews with subject matter 

experts as well as assistance with developing the quantita-
tive model. These participants had, collectively, 70 years in 
the energy industry. The qualitative instruments consisted of 
research papers, interviews, workshop presentations, confer-
ence presentations, and graphical data for interpretive analy-
sis. The quantitative instrument was a data simulation model 
that allowed for the input of gas properties needed to calcu-
late the amount of gas available in an underground storage 
cavern given various thermodynamic properties. Gas prop-
erties and calculation assumptions were inputted into the 
simulation model. The model then calculated total gas    
capacity, working gas capacity, and base gas capacity for 
the hydrogen gas cavern and natural gas cavern models. The 
results were collected and inputted into tables and graphs 
for interpretive analysis of the qualitative methodology. 

 
This procedure was repeated for three different scenarios: 

shallow-depth cavern, medium-depth cavern, and deep-
depth cavern. Each scenario had three iterations for model-
ing various cavern sizes along with the depths. The scenari-
os demonstrated the behavioral differences between hydro-
gen and natural gas at different pressures. This is important 
for the determination of working gas volumes and, thus, 
profitability. 
 

Quantitative Data Modeling 
 

The model was based on the formula PV = znRT: where, 
P is pressure; V is volume; z is the compressibility factor for 
the given gas; n is the amount of gas; R is the ideal gas con-
stant; and, T is the temperature (in degrees Fahrenheit). 
There were assumptions built into the model. These       
assumptions were gas composition, method for calculating 
the z factor, and method for calculating bottom hole pres-

sure (bhp). The model used assumed the AGA8 method for 
calculating compressibility factor, and z as defined in the 
American Gas Association’s Report No. 3. The Cullender-
Smith method was used for calculating bottom hole       
pressure, as described in Natural Gas Reservoir Engineering 
(Ikoku, 1992). The gas compositions assumed were 

• Hydrogen gas composition 
• H2 (hydrogen): 100% 
• Natural Gas composition* 
• C1 (methane): 94.920% 
• N2 (nitrogen): 0.285% 
• CO2 (carbon dioxide): 0.966% 
• C2 (ethane): 3.522% 
· C3 (propane) 0.223% 

 
[*Note: In this gas composition, the IC4 (isobutane), NC4 (normal 
butane), IC5 (isopentane), NC5 (normal pentane), C6 (hexanes), 
C7 (heptanes), C8 (octanes), and C9 (nonanes) make up 0.084% of 
the composition. This brings the total to 100%.] 
 

Additional assumptions are listed below. Their purpose is 
to have an “all else equal” baseline in order to narrow the 
focus on the difference in gas behavior and their related 
effects; that is, given that all costs and cavern parameters 
are equal. 

• Transportation 

• Pipeline Infrastructure 

• Surface Facility Infrastructure 

• Market Availability 

• Cavern Depths 

• Cavern Net Size 

• Casing Shoe Depth 

• Cavern Roof Depths 

• USD Gas Price $3.72/MMBtu (NASDAQ 2021 
Natural Gas Cavern Average) 

 
There were three scenarios with three iterations for each 

scenario. Scenario 1 was the shallowest of the caverns with 
a casing shoe depth of 2000 feet and a cavern roof depth of 
2100 feet, with a  total depth of 3500 feet. In Scenario 2, the 
casing shoe depth was 3000 feet, the cavern roof depth was 
3100 feet, and the total cavern depth of the cavern was 4500 
feet. In Scenario 3, the casing shoe depth was 4000 feet, the 
cavern roof was 4100 feet, and the total depth of the cavern 
was 5500 feet. Each scenario was run with three iterations. 
The iterations compared cavern size differences at the    
scenario depths. The net size for iteration one was a             
6-million-barrel cavern; iteration two used an 8-million-
barrel cavern; and, iteration three used a 10-million-barrel 
cavern. Table 3 shows the results of these iterations and 
scenarios. The parameters and assumptions were inputted 
into the model for both the natural gas composition and hy-
drogen gas composition assumptions. The resulting calcula-
tion yielded total gas capacity, base gas capacity, and work-
ing gas capacity in units of billion cubic feet (bcf). Table 4 
shows these capacities. 
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Table 3. Quantitative modeling scenarios and iterations. 

The working gas capacities were then converted to      
millions of btu per standard cubic feet (MMBtu/scf) in order 
to compare the energy content between natural gas and  
hydrogen. Table 5 shows the results of the conversion. The 
conversion formula for bcf to MMBtu is as follows: 

• Natural Gas = 1030 btu/scf  

• Hydrogen gas = 325 btu/scf 

• Therm = 100,000 BTU 

• Deka = 10 

• Dekatherm = 10*100,000 BTU = 1 million BTU 

• 1.030 million btu = MCF of Natural Gas = 1.030 
Dekatherms 

• Hydrogen = 0.325 million BTU or 0.325 Dekatherm 
 

The results of the model were used in the interpretive 
analysis of the qualitative portion of the methodology. 
 

Qualitative Interpretive Analysis 
 

The interpretive analysis used working gas capacity    
differences between natural gas and hydrogen gas. The  
results of the model showed that there was less working gas 
in hydrogen gas caverns than natural gas caverns for each 
iteration of each scenario. Additionally, hydrogen has 1/3 
less energy content than natural gas, as shown in the energy 
content conversion. This means the natural gas profit     
margin is greater than hydrogen. Figure 3 shows profit for 
natural gas versus hydrogen, assuming an equal market. The 
average 2021 market for natural gas was $3.72 MMBtu/scf. 
A clear difference in profit can be seen from this figure.  
 

In addition to this profit difference, three times more  
hydrogen is needed to provide the same amount of energy 
as natural gas. Currently, there is not enough underground 
storage available to replace natural gas with hydrogen. This 
is inferred because the only proven underground storage for 
hydrogen is salt dome caverns, as discussed by a number of 
authors found in the literature review for this paper. Natural 
gas is stored in salt dome caverns, bedded salt caverns,  
depleted reservoirs, and depleted aquifers. This means that, 
even if the profits were equal, the availability to provide the 
required energy that is in current demand would not be  
possible with hydrogen. The underground storage of natural 
gas is still a  necessity. The results of the model require a 

Quantitative Modeling Scenarios and Iterations 

Scenario 1 

Casing shoe depth 2000.00 ft 

Cavern roof depth 2100.00 ft 

Cavern total depth 3500.00 ft 

Iteration 1: Net Size = 6 mmbbls  

Iteration 2: Net Size = 8 mmbbls  

Iteration 3: Net Size = 10 mmbbls  

Scenario 2 

Casing shoe depth 3000.00 ft 

Cavern roof depth 3100.00 ft 

Cavern total depth 4500.00 ft 

Iteration 1: Net Size = 6 mmbbls  

Iteration 2: Net Size = 8 mmbbls  

Iteration 3: Net Size = 10 mmbbls  

Scenario 3 

Casing shoe depth 4000.00 ft 

Cavern roof depth 4100.00 ft 

Cavern total depth 5500.00 ft 

Iteration 1: Net Size = 6 mmbbls  

Iteration 2: Net Size = 8 mmbbls  

Iteration 3: Net Size = 10 mmbbls  

Quantitative Modeling Scenarios 
and Iterations Results 

Scenario 1 Scenario 2 Scenario 3 

6 8 10 6 8 10 6 8 10 

Hydrogen 

Total bcf 3.240 4.310 5.390 5.737 7.650 9.560 7.977 10.640 13.295 

Base  bcf 0.883 1.177 1.471 1.631 2.175 2.719 2.358 3.144 3.930 

Working bcf 2.353 3.137 3.922 4.106 5.474 6.842 5.619 7.492 9.365 

Natural Gas  

Total bcf 3.997 5.330 6.662 5.067 9.993 12.491 9.997 13.329 16.661 

Base  bcf 0.961 1.281 1.601 1.888 2.517 3.146 2.890 3.853 4.816 

Working bcf 3.036 4.049 5.061 5.607 7.476 9.345 7.107 9.476 11.845 

Table 4. Quantitative modeling scenarios and iterations results. 

Working Gas to Energy Content Conversion Results (bcf to MMBtu/scf)  

Natural Gas  MMBtu 3.13 4.17 5.21 5.78 7.70 9.63 7.32 9.76 12.20 

Hydrogen MMBtu 0.76 1.02 1.27 1.33 1.78 2.22 1.83 2.43 3.04 

Table 5. Working gas to energy content conversion results. 
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return to the assumptions. Specifically, transportation, pipe-
line infrastructure, and market conditions that would impact 
the market. If hydrogen gas were to replace natural gas, the 
additional cost incurred to update current infrastructure to 
meet the needs of hydrogen would be passed on to  the    
consumer. This would create an even greater profit differen-
tial between hydrogen and natural gas, thereby strengthen-
ing the results of the original model. 

Figure 3. Natural gas vs. hydrogen profit . 
 

Return on Investment 
 

The ROI for this project was compared for hydrogen gas 
storage and natural gas storage. There were two cases     
reflected for ROI. The values reflected for ROI considered a 
previously developed domal salt storage cavern storage  
facility that included four storage caverns. Table 6 shows 
the yearly maintenance cost for this project estimated the 
cost of one mechanical integrity test (MIT), yearly subsid-
ence report, yearly inventory logging, yearly maintenance 
logging, and yearly regulatory fees totaling $990,000.    
Further costs included facility maintenance and pipeline 
maintenance, each with a yearly cost of $6,250,000—
yielding a new total cost of $12,500,000. Noble inhouse 
labor was estimated to be $2,000,000 per year to support the 
planning and overall execution of the above stated O&M 
work. This cost included salary and overall benefits pack-
age, bringing the project total to $15,490,000. 
 

For this project, the numbers reflected assumed that    
hydrogen gas had the same market value as natural gas  
storage, which was $3.72 MMBtu/scf, according to 
NASDAQ 2021 averages. It was further assumed that all 
working gas was sold for each cavern. Table 7 shows a 
comparison of net return on investment of hydrogen and 
natural gas. In the case of hydrogen gas storage, and consid-
ering investment costs of $15,490,000 and a net return on 
investment of $24,910,000, an initial return on investment 
each year was estimated to be 160.8%. In the case of natural 
gas storage, and considering investment cost of $15,490,000 
and a net return on investment of $103,140,000, an initial 
return on investment each year was estimated to be 665.8%. 

Table 6. Cost of investment summary. 

Table 7. Net return on investment summary. 

Recommendations and Conclusion 
 

It can be seen in the results from this study that ROI was 
significantly higher for natural gas storage than hydrogen 
gas storage. This ROI did come with the assumption that the 
market for hydrogen and natural gas were equivalent and 
the infrastructure needs were equivalent. Additionally, the 
storage medium utilized was domal salt caverns since it was 
the only proven method for hydrogen gas. Given the as-
sumptions, it is recommended that natural gas storage con-
tinue to be stored and sold for energy needs. It is also rec-
ommended that a  percentage of revenue be dedicated to 
research into capital development and costs associated with 

1. Facility Infrastructure  
2. Pipeline Infrastructure 
3. Depleted Reservoir Storage  
4. Hydrogen production technology  

Cost of Investment   

Cavern Mechanical Integrity Test (MIT) $120,000 

Cavern Subsidence Reports $50,000 

Cavern Inventory Logging $150,000 

Regulatory Fees $20,000 

Cavern Maintenance Logging $650,000 

Facility Maintenance $6,250,000 

Pipeline Maintenance and Inspection $6,250,000 

Labor $2,000,000 

Total: $15,490,000 

Net Return on 
Investment 

Hydrogen (MMBtu/
scf) 

  

Cavern 1  0.76 $2,840,000 

Cavern 2  1.27 $4,740,000 

Cavern 3 2.22 $8,270,000 

Cavern 4 2.43 $9,060,000 

  Total: $24,910,000 

Net Return on 
Investment 

Natural Gas 
(MMBtu/scf) 

  

Cavern 1  3.13 $11,630,000 

Cavern 2  5.21 $19,390,000 

Cavern 3 9.63 $35,810,000 

Cavern 4 9.76 $36,310,000 

  Total: $103,140,000 
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The storage of hydrogen gas for the purpose of replacing 
natural gas will not be feasible financially or technically 
until it is cheaper to produce green hydrogen, the infrastruc-
ture is more thoroughly understood, and there are more 
available methods of storage. These cumulative factors must 
align in order for hydrogen gas storage to be profitable for 
an operator. In this project, the authors modeled natural gas 
and hydrogen gas at various depths and various cavern   
sizes. From this modeling, working gas, which was shown 
to have a greater capacity with natural gas than hydrogen in 
each scenario, was calculated. In addition, the modeling 
showed that the energy content for hydrogen was 1/3 less 
than the energy content of natural gas. This proved that 
more hydrogen is needed to provide the same amount of 
energy as natural gas. Thus, more storage space would be 
needed.  

 
From this project, the authors concluded that the only 

storage medium technically viable for hydrogen gas was 
domal salt. Thus, the authors recommend that more sound 
storage spaces for hydrogen be developed. Additional    
recommendations include investing in the future by taking a 
percentage of revenue and putting it toward research of  
infrastructure as well as green hydrogen production.       
Research funding is vital, as there is a responsibility on the 
operator to invest in the future of energy that incorporates a 
higher percentage of renewable resources than is currently 
part of the energy business. For the energy future to change, 
holding costs down is vital to the overall feasibility. These 
factors along with an estimated rate of return of 685.8% for 
natural gas compared to 160.8% for hydrogen lead to the 
recommendation that continuing to invest in the storage of 
natural gas while investing in a hydrogen future is in the 
best interest of the operator and the end user.  
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