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CHAPTER FOUR

RESEARCH Question 1
4. SUSTAINABILITY: Environmental, Economic, and Social

4.1  Introduction
What is sustainability in the context of hydrogen production? Therefore, to answer

the question, a definition of sustainability is provided, and then the question is answered
relative to the definition. According to McGill University, “Sustainability means meeting
our own needs without compromising the ability of future generations to meet their own
needs” (McGill, n.d.). It is also viewed as discretionary use of available resources and
processes that allow support for perpetual human existence. Sustainability has three
pillars, and they are: environmental, economic, and social. The objectives of this chapter
are to examine the environmental effects of transitioning from fossil fuels to low emission
hydrogen production, to explore the economic benefits of adopting hydrogen as an energy
carrier; and to investigate the potential sociological barriers to adoption such as
accessibility to hydrogen, leaks, explosions, and driving range of hydrogen powered
vehicles. The core objective is to produce hydrogen with minimal negative environmental,
economic, and social effects. In Figure 4.1 the three pillars of sustainability
environmental, economic, and social are shown in the Sustainability Venn Diagram (Hub,
2009). When the three pillars of sustainability are in alignment with each other,
sustainability is achieved at the center of the three intersecting circles (Purvis et al., 2019).
Various approaches exist that may be used to transition to sustainability. However, the
approach that is being discussed here is the adoption of green technologies and the
implementation of renewable energy resources while phasing out subsidies to fossil fuels
(Ripple et al., 2017).
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Sustainability

Economic

Environmental

Figure 4. 1 Sustainability Venn Diagram ((Hub, 2009) (Modified by Author: Patrick Ferron)

4.2  Environmental effects of transitioning from fossil fuels to low emission
hydrogen production

At the core of the sustainability concept is environmental sustainability. Awareness
of this emerged in the 1970s, and its fundamental function is to mitigate the negative
effects of humans on the environment to avert peril to future generations (Raskin, 2002).
It is envisioned that low emission hydrogen can be produced with minimal effect on the
environment. With this in mind, the environmental effects of transitioning from fossil
fuels to low hydrogen production are explored.

4.2.1 Mitigating Global Temperature Increase

The central driver for climate change that causes global temperatures to increase,
and thus spawn various negative environmental effects, are human activities largely
caused by burning fossil fuels which produces heat-trapping gases (United Nations,
2022a). Therefore, transitioning from fossil fuels to renewable energy sources can reduce

greenhouse gas emissions and subsequently arrest the increase in global temperatures
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(Morris, 2023) Slowing down or mitigating global temperature increases would result in
a decrease in the number of hotter (heat) days, a reduction in the occurrence and intensity
of heat waves, reducing the propensity for wildfires to easily start and spread (Climate
Atlas of Canada, 2023), less severe droughts, and a decline in heat related illnesses
(Molar-Candanosa, 2021).

In Table 4.1 the number of heat days when the global temperature exceeds 50 °C is
shown. In the 2010 -2019 decade the number of heat days where the global temperatures
exceeded 50 °C was almost double (86%) as compared to the previous decade (Dale &
Stylianou, 2021). It is anticipated that as the use of fossil fuel declines, global
temperatures can potentially decrease over time, and thus result in lowering the number
of heat days, and the frequency and intensity of heat waves.

Table 4. 1 Number of Heat Days when the Global Temperature exceeds 50 °C (122 °F)
(Contributed by Author: Patrick Ferron)

Period Number of Heat Days/year % increase in number of days
compared to the previous period
1980 -2009 14 -
2010 - 2019 26 86

(Data Sourced from (Dale & Stylianou, 2021))

Extreme Heat Related Events

When | Where
2019 | Globally
1.7 million deaths globally were associated with extreme heat and cold (356,000 were

attributed to heat).

When Where
2021 | Pacific Northwest, USA
In late June there were approximately 600 more deaths than average in the Pacific

Northwest USA (Washington & Oregon). However, the excess death figures from the
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states indicate that there were about 450 additional deaths in Washington, and
approximately 160 in Oregon (See the red bars in Figure 4.2 Pacific Northwest Heatwave
Related Deaths for Late June 2021. However, the states’ death figures indicate that the
official death counts appear to dangerously underestimate the heat wave’s devastating

effect on mortality (Popovich & Choi-Schagrin, 2021).

Week of the | ..,
heat wave
Washington
+300
T MORE DEATHS PER WEEK 2200
THAM WOULD BE TWFICAL
+100
—_ 4 1 Q
2019 2020 2021
-100
FEWER DEATHS
+ THAN TYPICAL
+300
Oregon 200
Heat
wave
+100
- t t L]
2019 2020 2021
-100

Figure 4. 2 Pacific Northwest Heatwave Related Deaths for Late June 2021 (Popovich & Choi-
Schagrin, 2021)
Also, an analysis was made public and reported that during the heat wave between June

25th and June 30™ there was an abrupt increase in the number of emergency department
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visits in the Pacific Northwest. To be specific, more than 1,000 heat-related visits to
hospital emergency rooms were reported on June 28", This is in comparison with fewer
than 10 visits during the same period of the previous year. Figure 4.3 shows the spike in
emergency visits on June 28" during the heat wave.

1,000

A Spike in Heat-Related Emergency Department Visits During the

heat wave
In the Pacific Northwest \

\_, 800

In 2019 In 2021

200

May 1 June 1 May 1 Junel

Figure 4. 3 Spike in Heat-Related Emergency Department Visits in the Pacific Northwest
(Popovich & Choi-Schagrin, 2021)
Table 4.2 shows extreme heat related events during the summer of 2022 in Europe.

Table 4. 2 Extreme Heat Related Events in Europe during the Summer of 2022 (Contibuted by
Author: Patrick Ferron)

When Where Events

2022 UK Historic heat wave. A temperature of about 104.4
degrees Fahrenheit was recorded at London’s
Heathrow Airport. This broke the record that was
recorded three years previously. Also, London Luton
airport, one of the biggest in Britain, buckled under the

extreme heat and had to temporarily shut down.
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When Where Events

2022 | Portugal Historic temperature of 116 degrees Fahrenheit
2022 Barajas Airport, Spain Historic temperature of 108 degrees Fahrenheit
2022 | Spain and France Early wildfire season coupled with intense caused more

than 1,100 deaths

Data Sourced from (Kaleem, 2022)

According to the U.S. Center for Disease Control and Prevention (CDC), 702 heat-
related deaths, 67,512 emergency room visits, and 9,235 occur annually (CDC, 2023).
In a MIT Climate Portal report, renewable energy is envisioned as performing a pivotal
role in climate change mitigation and fostering the energy transition (Morris, 2023) .
Therefore, transitioning from fossil fuels to renewable resources such as low emission
hydrogen can be instrumental in mitigating global temperature increases, subsequently
curtailing the devastating effects of extreme heat conditions, and preventing the loss of

lives globally.

4.2.2 Decrease in More Powerful and Dangerous Storms

Increased temperatures cause changes in the intensity of hurricanes that result in
storm surge, rising sea levels, flooding, and landslides. Expeditious cutbacks in
greenhouse gas emissions, with the core focus of stopping global warming, are crucial to
decrease the hazards of more powerful and dangerous storms (C2ES, 2023b). The
environmental effects would be a reduction in high winds, minimum storm surge, falling

sea level, reduced flooding, and landslides.

107



4.2.3 Decrease in Rising Sea Levels

Most of the heat from global warming is absorbed by the oceans (CO, sinks), and

the increased surface temperatures raise sea levels and threaten low lying coastal areas
(NASA, 2023). Therefore, transitioning to renewable energy sources such as low
emissions hydrogen can be instrumental in abating rising sea levels, and thus minimizing
the damage to low lying coastal areas, and reduce the tendency for flooding (US EPA,
2022d). Sea level is a climate change indicator, and Figure 4.4 shows that the cumulative
global average absolute sea level change from 1880-2021 is approximately 10 inches.
There is a correlation between temperature and sea level. Changes in temperature of the
earth reflect sea level changes that can subsequently affect human activities in coastal
areas. Halting or slowing down the global temperatures by using renewable energy
sources can potentially slow down the rising of sea levels, prevent the erosion of
shorelines and coastal flooding, and prevent the infiltration of salt water into estuaries

and groundwater sources.
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Figure 4. 4 Global Average Absolute Sea Level Change, 1880-2021 (US EPA, 2022c)
Data sources: (CSIRO, 2017); (NOAA, 2022)
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4.2.4 Gradual Reduction of the Negative Effects on the Ecosystem

Land and water species are at risk resulting from forest fires, extreme weather
conditions, and threats from pests and diseases due to increased global temperature (US
EPA, 2022¢). Wildfires can have devastating and far-reaching consequences on the
characteristic of rivers lakes and streams. Stormwater runoff is said to be the most
conspicuous consequence of wildfires. After the loss of vegetation, the soil can no longer
able to absorb water, and it encourages debris and sediment to flow to larger bodies of
water. The overall effect is the destruction of vegetation and the food source and homes
of various animals, and subsequently threatening their existence (Nelson, 2019).

Over the past few decades, the acidity of the ocean has increased due to elevated
levels of dissolved atmospheric carbon dioxide. The dissolved carbon dioxide forms
carbonic acid (H>CO3), and then it dissociates into hydrogen ions (H") and bicarbonate
ions (HCO3") (NOAA, 2020).

The following equation shows the series of chemical reactions.

CO, + H,O — H,CO3 — H" + HCO3” Equation 4. 1

Currently, the average pH of the oceans is about 8.1 which is alkaline, and it is
constantly decreasing (more acidic) due to the continued absorption of CO2 resulting

from greenhouse gas emissions.
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Fig 4.5 shows a diagram of the pH scale with 0 to 14.

The PH Scale
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Figure 4. 5 pH Scale (Researchgate)

Figure 4.6 shows that as the concentration of atmospheric carbon dioxide increases,
the concentration of carbon dioxide in the seawater increases, which then causes the pH

of the seawater to decrease, and thus making the seawater more acidic (NOAA, 2020).
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Figure 4. 6 Rising Levels of CO, Dioxide of the Coast of Hawaii (Smithsonian, 2018)

The increased acidity of the oceans creates an imbalance of the minerals in it. It
therefore makes it more difficult for many ocean species such as oysters and corals to
build protective skeletons and shells by combining calcium and carbonate from seawater
(US EPA, 2022¢) This ultimately affects the food supply chain and livelihood that the
oceans provide.

According to the IPCC the best way to combat climate change is by transitioning
from fossil fuels to renewable energy sources (Schipper et al., 2022). Low emission
hydrogen production which is derived from renewable energy resources, and which does
not emit any carbon dioxide can play a pivotal role in helping to reduce the negative
effects on the ecosystem. Slowing down the global temperature increases can reduce the
intensity of forest fires, preserve vegetation, and plant and animal life on land, and in the

oceans.

4.3  Economic benefits of adopting hydrogen as an energy carrier

In a study published on May 23, 2018, in Nature: “Large potential reduction in
economic damages under UN mitigation targets ”, scientists from Stanford discovered
that the global economy can potentially benefit from optimistic global limits that were
decided on in the United Nations Paris Agreement. The central objective of the Paris
Agreement calls for committed countries to limit the devastating effects of climate change
by restricting the increase of global temperature to well below 2°C above pre-industrial
levels and to aspire to limit the temperature increase to 1.5°C above pre-industrial levels
(UNFCCC, n.d.). The economic benefits of climate mitigation could be in the trillions of
dollars. Conversely, according to Stanford research, failing to achieve climate mitigation
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objectives as stipulated in the U.N. Paris Agreement could translate into tens of trillions
of dollars in losses for the global economy in a period of 100 years. The research also
stated that the estimated cost of climate change effects could result from causes such as
increases in spending to address reduced agricultural productivity, severe events, and
worse health issues. According to Burke, the lead author of the study, said that for most
of the global economy, they found powerful evidence that the benefits of achieving the
ambitious Paris targets are expected to immensely dwarf the costs (Horton, 2018).
Hydrogen as an energy carrier can potentially mitigate the cost of climate change
effects and thus lead to sustainable economic growth, increase the value of several
sectors in the economy, support the resurgence of American manufacturing, and foster
three of the hardest to decarbonize energy-intensive sectors of electricity generation,
transportation, and manufacturing (steel, cement, and chemicals) (Energy.gov, n.d.). In
addition, it can be used to bolster energy security and be exported as low or carbon-free

energy.

4.3.1 Mitigating the Cost of Climate Change Effects

Hydrogen can be used to produce energy, it does not emit the greenhouse gas
carbon dioxide, and subsequently it can mitigate climate change effects.
Methodology to assess projected economic benefits - A statistical sampling of various
historical data that show the damages and costs associated with various climate change
effects are researched, and then assessed as economic benefit with the notion that the
climate change effects were reduced or avoided. The avoided damages or costs are the

projected economic benefits of hydrogen as it relates to mitigating various climate change
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effects. Climate mitigation is based upon adhering to the United Nations targets of 1.5 °C

and 2 °C global warming commitments (Burke et al., 2018).

4.3.1.1 Reducing the Intensity and Frequency of Heatwaves

Slowing down or mitigating global temperature increases would result in a decrease
in the intensity and frequency of heat waves. This would then materialize in a reduction
of wildfires, droughts, and heat related illnesses, and subsequently a reduction in

economic damages or costs.

Economic Effects of Wildfires

Wildfires cause loss of property, resources, crops, people, animals, and
deterioration of the air quality that may result in various health issues. In addition, they
are disruptive to infrastructure services such as electric power, communications,

transportation, and water and gas supplies (WHO, 2023).

U.S. Wildfire Statistics

Table 4.3 shows a partial listing of U.S. wildfires by state (50) since 2016-2020.
There has been a total of 306,208 wildfires that burned 39.2 million acres country wide.
The most damage was done in California where 43,588 wildfires scorched more than 8
million acres during that period (Hurst, 2023). The average number of fires was about

61,000 fires per year and averaging approximately 1,277 fires per state.
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Table 4. 3 Partial Listing of U.S. Wildfires by State (50) since 2016-2020 (Contributed by
Author: Patrick Ferron)

Rank State Total Fires Total Acres
1 California 43,588 8,001,491
2 Alaska 5,723 3,802,064
5 Arizona 11,002 2,266,675
9 Texas 43,000 2,133,492
16 Florida 13,098 733,980
18 Georgia 16,444 285,224
20 North Carolina 19,993 180,097
Totals for all 50 States | 306,818 39,090,273

Secondary Source: (Hurst, 2023). Primary Sources: U.S. Forest Service, National
Interagency Fire Center, National Centers for Environmental Information

Figure 4.7 and Table 4.4 show that the acreage burned by wildfire in the U.S has
increased since the 1980s. Data from the National Interagency Fire Center show that the
10 years with the largest acreage burned occurred as of 2004 (shaded area in Figure 4.4)
(US EPA 2022). In addition, this period consists of many of many of the warmest
recorded years on a national scale. The severity, extent, and frequency of wildfires in the
U.S. are tracked by the "wildfire extent" indicator. Most of the damage caused by
wildfires occur in the summer months (US EPA, 2022a). The “wildfire extent” data is an
indication of the colossal economic, infrastructure, and environmental damages caused by

wildfires (Wang et al., 2021).
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Figure 4. 7 Wildfire Extent in the United States, 1983-2021 (US EPA, 2022a)
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Table 4. 4 Total U.S. Wildfires and Acreage Burned 1983-2022 (Contributed by Author: Patrick

Ferron)

Year Fires Acres Year Fires Acres

2022 68,988 7.577.183 2002 73,457 7,184,712
2021 58,985 7.125.643 2001 84,079 3,570,911
2020 58,950 10,122,336 2000 92,250 7,393,493
2019 50,477 4,664,364 1999 02,487 5.626.093
2018 58.083 8.767.,492 1998 §1.043 1.329.704
2017 71.499 10,026,086 1997 66.196 2.856.959
2016 67.743 5.509.995 1996 96.363 6.065.998
2015 68.151 10,125,149 1995 82.234 1.840.546
2014 63,312 3.595.613 1994 79.107 4.073.579
2013 47,579 4.319.546 1993 58.810 1,797,574
2012 67.774 0,326,238 1992 87.304 2,069,929
2011 74,126 8.711.367 19901 75,754 2,953,578
2010 71,971 3,422,724 1990 66,481 4,621,621
2009 78,792 5.921.786 1989 48,949 1.827.310
2008 78,979 5.292.468 1988 72,750 5,009,290
2007 85.705 0.328.045 1987 71.300 2.447.296
2006 06.385 0.873.745 1986 85.907 2.719.162
2005 66.753 8.689.389 1985 82.591 2.896.147
2004 65.461 8.097.880 1984 20.493 1.148.409
2003 63,629 3.960.842 1983 18.229 1,323,666

Totals | 2,799,216 | 213,213,868

Data Source: (NIFC, 2022)
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What is the Total Cost of a Wildfire?
The total cost of a wildfire is complicated and somewhat elusive due to the various
costs, and long term effects that are associated with it. The main classifications used to

ascertain the exorbitant costs of a wildfire are shown in Table 4.5.

Table 4. 5 Cost Classitications of a Wildfire (Contributed by Author: Patrick Feron)

Cost Classification Description

Direct Costs These include damage to private properties
(buildings, farmlands, timber, evacuation,
etc.,), infrastructure such as power lines,
communications, transportation, water, and
gas supplies. In addition, there are fire
suppression costs that are incurred during and
directly after the fire. These consist of federal,
state, and local government spending on
transportation (aviation, vehicles), and fire
crew (BLM, 2010).

Rehabilitation Costs Rehabilitating expenses include adapting the
landscape to reduce future fire damage.
Rehabilitation costs may be hard to evaluate
because it can take many years to fully

implement.

Indirect Costs These costs are downstream costs that include
decline in business revenue, lost tax revenues,
and persistent decline in property values and
capital investments. These costs are not
immediately obvious, and therefore the actual
price tag of the wildfire may be
underestimated. A guideline for estimating the
actual cost of a wildfire is to use a range of

two to thirty times the fire suppression and
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Cost Classification Description

associated resource impact costs (IAWF,
2015).

Special Costs Special costs are difficult to calculate. The are
associated with the sufferings of loss of life,
humans, animals, nature, and prolonged
health concerns. The effect on human health
can be costly and difficult to ascertain.
Wildfires leave behind a trail of toxic debris
in the environment, as well as potentially
irritating persistent asthma, pneumonia, and
other health conditions, and possibly death
long after the wildfire. A study ran by the
EPA in 2017 assessed the cost of short-term
exposure to U.S. wildfires between 2008-2012
that cause premature deaths or resulting
hospitalization to be a total of $63 billion.
Also, the cost of long-term exposure was
estimated at $450 billion.

Source: (wfca_teila, 2022)

The Three Most Expensive Wildfire Costs in the U.S.

In 2020 wildfire damages totaled $16.5 billion, and it was the third costliest. The
damages cause by wildfires in 2018 was $22 billion, and it was the second costliest. The
costliest year was 2017 with damages of $24 billion. The western states of California,
Washington, Oregon, and Colorado accrued over $2.2 billion in wildfire losses in 2020
(Masters, 2021). However, the indirect cost of these wildfires was much higher. A 2020
study published in Nature Sustainability assessed that $148.5 billion in direct and indirect

costs were attributed to the 2018 wildfire season in California (D. Wang et al., 2021). The
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economic effects are categorized as follows: $27.7 billion in capital losses; $32.2 billion
in health-related costs; and $88.6 billion (59%) in indirect losses (D. Wang et al., 2021).
Wildfires cause colossal damage that is produced by the increase in global temperatures.
The cost and damage discussed here are just examples of the total costs due to wildfires,
because the total cost of the many variables is realized over time. The use of hydrogen as
an energy carrier can play an instrumental role in decreasing the various costs that are
associated with wildfires. This is so because when hydrogen is used to provide energy it

does not emit greenhouse gases that cause global temperatures to increase.

Economic Effects of Droughts

Climate change is a significant contributor to drought. It causes warmer temperatures that
result in evaporation, subsequently it depletes the volume of surface water, and this
further causes dehydration of the soil and vegetation. Consequently, the rainfall periods
are normally drier than they would have been in cooler settings. An acute drought can
affect agriculture, public health, and infrastructure such as transportation, water supply,
and energy (C2ES, 2023a). All these drought related effects can be devastating and could
impose exorbitant costs on governments, businesses, and people. Figure 4.6 shows ten
billion-dollar drought related disaster events in the U.S. that are concentrated in the
western and central parts of the country. These areas are typically warmer during the
summer months and are prone to droughts. Each drought costs about $1 billion in
damages and the CPI adjusted to account for consumer’s income payments, income

eligibility requirements for government assistance, and provisions for automatic cost-of-
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living adjustments (BLS, 2023). The use of hydrogen to provide energy can help to

reduce drought related events since it is instrumental in reducing climate change effects.

Table 4. 6 Ten Drought Billion-dollar Disaster Events in the U.S. 2010-2021 (CPI-adjusted)
(Contributed by Author: Patrick Ferron)

Event Begin Date End Date CPI-Adjusted Deaths
Estimated Cost
(in Billions)
Western Jan 1, 2021 Dec 31,2021 | $9.7 229
Drought and
Heat Wave 2021
Western/ June 1, 2020 Dec 30, 2020 5.2 45
Central
Drought and
Heat Wave
Summer-Fall 2020
Southwest/ June 1, 2018 Dec 30,2018 | $3.6 0
Southern

Plains Drought
Summer-Fall 2018

North Dakota March 1, 2017 | Dec 31, 2017 | $3.1 0
South Dakota and
Montana Drought
Spring-Fall 2017

West/Northeast Jan 1, 2016 Dec 31,2016 | $4.4 0
Southeast Drought
2016

Western Drought Jan 1, 2015 Dec 31, 2015 $5.8 0
2015

Western Drought Jan 1, 2014 Dec 31,2014 | $5.1 0
2014

Western/ Plains March 1, 2013 | Nov 30, 2013 | $13.7 53
Drought/
Heat Wave
Spring-Fall 2013

U.S. Drought/ Jan 1, 2012 Dec 31,2012 | $39.9 123
Heat Wave 2012

Southern Plains/ March 1, 2011 | Aug 31,2011 | $16.4 95
Southwest Drought
and Heat Wave
Spring-Summer
2011

Source: (Smith, 2020) National Centers for Environmental Information
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reduce drought related events since it is instrumental in reducing climate change effects.
The avoided costs of drought related events are economic benefits for using hydrogen to
produce energy.

Economic Effects of Heat Related Ilinesses

The economic costs of heat related illnesses are immense. Currently the annual losses in
the United States are more than $100 billion, and the figures are continuously increasing.
The losses are concentrated on the productivity of the workforce, and how it is constantly
being eroded by extreme heat . The losses do not account for the economic effect of heat
on healthcare costs, tourism, infrastructure, and energy. Unfortunately, losses of
approximately $200 billion by 2030 and $500 billion by 2050 will increase as climate
change gets worse (Atlantic Council, 2021). Work-related risk circumstances occur in
warm or hot environmental situations that include heavy physical activity. Dangerous
heat exposure is not restricted to only heat wave conditions, but it can occur during any
season where it affects both indoor and outdoor workers (OSHA, n.d.). Table 4.7 shows

some industries where workers have suffered heat-related illnesses.

Table 4. 7 Partial list of Industries where Workers have Suffered Heat Related IlInesses (OSHA,
n.d.)

Outdoors Indoors

Agriculture Bakeries, kitchens, and laundries (sources
with indoor heat-generating appliances)

Construction — especially, road, roofing, Electrical utilities (particularly boiler rooms)
and other outdoor work

Construction — roofing work Fire Service

Landscaping Iron and steel mills and foundries

Mail and package delivery Manufacturing with hot local heat sources,
like furnaces (e.g., paper products or
concrete)

Oil and gas well operations Warehousing
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The use of hydrogen to provide energy can be instrumental in reducing the cost of
heat related illness over the long term - since it does not emit any greenhouse gases.
Therefore, one of the proposed economic benefits of implementing hydrogen production
is reducing the cost of heat related illnesses.
4.3.1.2 Reducing the Occurrence of Powerful and Dangerous Storms

The occurrence of powerful and dangerous storms is driven by warmer
temperatures that trigger water to evaporate from the oceans. Energy and water vapor are
transferred to the atmosphere, and this results in more extreme storms that produce
torrential rains (AMNL, n.d.). Hydrogen can help to reduce the occurrence of destructive
storms because it does not produce heat trapping gases when it is used to produce energy
— the heat trapping gases cause the global temperatures to increase.

Economic Effects of Powerful and Dangerous Storms.

Table 4.7 shows the cost of extreme hurricanes after the year 2000. The damages
caused by these hurricanes are colossal and reducing them would provide the economic
benefit of avoided costs of hurricane damages, and related downstream costs.

Table 4. 8 Cost of Extreme Hurricanes after Year 2000 (Contributed by Author: Patrick Ferron)

Hurricane | Year | Category | Extreme Damages Deaths | References
Feature Wikipedia
Ivan 2004 5 127 Tornados $26.1 Billion 124 | (2023c)
Wilma 2005 5 Most Intense $22.4 Billion 52 (2023d)
Katrina 2005 5 Most Damaging $125 Billion | 1,392 | (Wikipedia,
2023d)
Humberto | 2007 1 Quickest Forming | S50 Million 1 (Wikipedia,
2023b)
Sandy 2012 3 Largest (1,150 Mi) | $68.7 Billion 233 (2023g)
Harvey 2017 4 Most Damaging $125 Billion 107 (2023e)
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4.3.1.3 Economic Effect of Rising Sea Levels

As global temperatures increase due to heat trapping gases, the water from melting
ice sheets and glaciers are raising the levels of oceans. In addition, as the oceans heat up,
their volume expands and adds to the rise in sea level (Lindsey et al., 2022). According to
a new report, massive sections of the U.S. coastline could be flooded by the rise in sea
level, and then subsequently be submerged by the water (Lubben, 2022).

Research compiled by Climate Central assessed the economic effect of sea level
rise on the tax revenue generated by hundreds of U.S. shoreline counties. The grim
prediction is that the counties would possibly lose vast amounts of taxable properties due
to displacement of the tidal boundaries. The tidal lines that several coastal states use to
demarcate the boundary line between public and private property are being shifted due to
coastal flooding caused by rising sea levels (Climate Central, 2022). Figure 4.8 shows
state property boundary tidal datums. This is a diagram that is used for referencing the
elevation and phase of the tide. Developed by NOAA it is used to show each state’s
demarcation between public and private property. Any land under the water line is
considered as public property. Therefore, as the sea level rises, public property acreage
will increase while private property acreage decreases.

The rise in sea levels will present potential risks for the coastal counties and their
tax revenue stream. It is estimated that about 4.4 million acres of coastal land that
consists of about 650,000 taxable private properties are likely to be below the applicable
tidal level. Also, to underscore the seriousness of the situation, over 48,000 properties
may be submerged below the applicable tidal boundary (Climate Central, 2022). At a

minimum $108 billion of property assets are in danger from rising sea levels by the year
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2100. Coastal flooding is pervasive along the coastal U.S., with dire economic
consequences for coastal properties, and on the tax revenue that finances emergency

services, schools, and other public agencies (Climate Central, 2022).

State Property Boundary
Tidal Datums

" State Owned Privately Owned

Mean Higher High Water Line

Mean High Water Line
AL, AK, CA, CT, FL, GA, MD, MS NJ, NY,
NC, OR, RI, SC, WA

" State Owned Privately Owned

Mean Low Water Line
DE., MA, ME, NH, PA, VA

" State Owned PrivatelyOwned'

Mean Low Water

Figure 4. 8 State Property Boundry Datums (Climate Central, 2022 — Adopted from NOAA Tidal
Datums)

Coastal flooding is used as a climate change indicator. In Figure 4.8 the frequency
of flooding along the U.S. coasts is shown for the periods 1950-1959 and 2011-2020.
Flooding was recorded when the sea level rose above a local threshold. The small orange
bar graph compares the initial decade of extensive measurements with the 2011-2020
decade — purple graph (US EPA, 2021). The maximum average number of flood days per
year was 15 during the 2011-2020 period, while it was only 5 during the period 1950-
1959. This indicates a 200% increase in the number of flood days, which demonstrates
that coastal flooding has changed over time. The figure also shows that most of the

coastal flooding happens along the eastern coasts of the U.S.
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Figure 4. 9 Frequency of Flooding Along U.S. Coasts, 2011-2020 Versus 1950-1959 (US EPA,
2021a) Data Source: NOAA, 2021
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In Table 4.9 the projected economic effects of extreme sea level rise are shown for
the economic centers of seven Asian cities that are in coastal proximity. The projected
effect on the GDP for the seven cities is approximately US$724 billion relative to a
population of 15.3 million people in 2030 (Wang & Kim, 2021). These projections raise
the alarm to implement climate mitigation methods to slow and possibly prevent the rise
in sea levels.

Climate change effects such as wildfires, droughts, extreme heat, powerful and
dangerous storms, and rising sea levels can have devastating and far-reaching socio-

economic consequences. Therefore, hydrogen as an energy carrier can potentially provide
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economic benefits by mitigating these various climate change effects when it is produced
from renewable energy sources such as solar, wind, and biomass to provide carbon free

energy.

Table 4. 9 Projected Economic Impact of Extreme Sea-Level Rise in Seven Asian Cities in 2030
(J. Wang & Kim, 2021)

Impacted GDP (PPP) in Impacted population in

Cly e s USS$ billion millions
Bangkok 1512.94 51228 10.45
Hong Kong 27.36 2.24 0.09
Tokyo 7928 68.19 0.83
Jakarta 109.38 68.20 1.80
Seoul 16.52 469 013
laipei 46.93 29.64 0.43
Manila 57.29 59.24 1.54

4.3.2 Foster the Decarbonization of the Electricity Generation, Transportation and
Manufacturing Sectors

Decarbonization means lowering or removing the amount of carbon dioxide
content in a process or system. Therefore, relative to energy production, decarbonization
can be accomplished by reducing the use of fossil fuels by transitioning to low-emission
hydrogen. Hydrogen, as a multipurpose energy carrier and critical chemical feedstock,
can provide energy and be the raw material or resource for chemical and manufacturing
processes (US DOE, 2020). These features allow it to support developments in energy
production and direct uses that can facilitate decarbonization of the electricity generation,
transportation, and manufacturing sectors. These are three of the most energy-consuming
sectors of the economy. Figure 4.10 shows the variety of applications where the use of

hydrogen is currently being implemented as well as the anticipated increase in utilization.
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Figure 4. 10 Existing and Emerging Demands for Hydrogen (US DOE, 2020)

Transportation

The transportation sector was the largest source of carbon dioxide emissions in the

U.S. In 2022, carbon dioxide emissions from the U.S. transportation sector were 1.84

billion metric tons of carbon dioxide, and this represents an increase of 1.5 % compared

to the previous year. Overall CO2 emissions from the transportation sector were

approximately 28 % of the total U.S. carbon dioxide emissions for 2022 (Tiseo, 2023).

Hydrogen and fuel cell technologies can be instrumental in reducing emissions for hard-
to-decarbonize transport vehicles such as long-haul heavy-duty trucks, and other medium
and heavy-duty vehicles that carry very heavy loads, travel longer distances, and require
faster refueling times than battery electric-only vehicles (US DOE, 2022).

Hydrogen can be linked with carbon dioxide to produce synthetic fuels that can be
burned in internal combustion engines, and to support hard-to-decarbonize long-distance
commercial air transportation. One such application is Sustainable Aviation Fuel (SAF)

which has similar characteristics to jet fuel but with a smaller carbon content. In addition,
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SAF affords airlines the benefit of decoupling greenhouse gas emissions from airline
flights. SAF is normally made from renewable biomass sources such as wood,
agricultural, and forest wastes, and energy crops. (EERE, n.d.-j). However, Honeywell is
pioneering the production of SAF by combining hydrogen and carbon dioxide to produce
lower-carbon methanol, which is then converted into fuels including SAF (Kelly & Kelly,
2023).

Additional opportunities for hydrogen include maritime applications where
stringent requirements on the sulfur content of fuel oil are being implemented, therefore,
the use of hydrogen as an energy carrier is a viable alternative. Also, it is being
implemented in rail transportation to replace diesel fuel, and where it might be cost-
prohibitive to deploy the catenary infrastructure for electrified trains (US DOE, 2022).
This was evidenced when Germany launched two of the world’s first hydrogen-powered
trains in 2018. The traveling range of the train is similar to that of diesel trains, it can run
for approximately 620 miles on a single tank of hydrogen (India Today, 2018) (France-
Presse, 2018). In 2022 Germany launched an additional 14 hydrogen-powered trains,
replacing 15 diesel trains. It is estimated that more than 422,000 gallons of diesel fuel

will be saved by using green hydrogen fuel cell trains (AP NEWS, 2022).

Electricity Generation
In 2022 the electric power sector played a major role in the release of carbon
dioxide emissions in the U.S. It was second to the transportation sector where it released

1.54 Gt of carbon dioxide. From 1990 to 2015 it was the largest source of CO2 emissions,
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but since 2016 CO- emissions have decreased substantially due to the implementation of
renewable energy sources and the phasing out of coal (Tiseo, 2023).

Hydrogen can provide clean power to a wide range of power-generation
applications via the electrochemical process of combining hydrogen and oxygen in fuel
cells, or through direct combustion of hydrogen using simple or combined cycle
generation turbines. Fuel cells ranging from one kilowatt up to multi-megawatt power
levels are deployed globally, supplying stationary primary and standby power to
industrial, commercial, and residential facilities.

Hydrogen can be burned to produce energy like synthetic gas, natural gas,
gasoline, and other fuels. It is used in rocket engines as a propellant for launching rockets
into space (NASA, 2021). Hydrogen combustion affords power generation advantages
such as blending hydrogen with other fuels, the capacity to support large electricity
requirements, and load following due to variable generation. Hydrogen and natural gas at
specific ratios can be used in simple or gas plus steam (combined cycle) turbines to
generate electricity. Given the advantage of hydrogen burning without producing carbon
dioxide, more R&D is needed to solve challenges in material compatibility and
combustion attributes such as the production of NOx gases.

Hydrogen can be integrated into hybrid energy systems to be highly beneficial to
the electric power sector. In reference to Figure 20, a hybrid energy system (HES)
combines power generation, various forms of energy storage, energy conversion
systems, and advanced features and functionalities, and higher profit margins as
compared to discrete energy systems. The integration of hydrogen technologies in an

HES provides distinctive benefits that include the following: grid stabilization and
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leveling services that maximize the fast response of electrolyzers; long duration and
seasonal energy storage; and simultaneous production of electricity, hydrogen, synthetic

fuels and chemicals (US DOE, 2022).
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Figure 4. 11 Hybrid Hydrogen Energy System (U.S. DOE, 2022)

Manufacturing — Chemicals and Industrial Applications

Currently, fertilizer production using ammonia as the feedstock, and oil refining
demands huge quantities of hydrogen (EERE, 2017). In addition, other processes and
applications are driving the use of hydrogen. It is anticipated that hydrogen can play a
pivotal role in reducing the emissions from steel, cement , and chemicals which are three
of the most difficult to decarbonize industries. The processes are heat-intensive and
demand large quantities of fossil fuels. The steel industry uses coke to heat and convert
iron ore to elemental iron. Nevertheless, hydrogen which does not emit any carbon
dioxide can be used to provide heat and be the primary reducing agent for the process
(Poulter, 2023). Cement manufacturing accounts for 814 kilograms of carbon dioxide for

every 1,000 kilograms of cement made. The overall carbon dioxide emissions (about 8%)
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(Lehne & Preston, 2018) are even higher when factoring in the carbon costs associated
with mining and transportation of the raw materials, which is approximately 1 ton of
carbon dioxide emitted for each ton of cement produced (Poulter, 2023). Substituting

hydrogen for coal could greatly reduce carbon dioxide and NOx emissions.

The various applications that hydrogen and fuel cell technologies can support
underscore the magnitude of the techno-economic possibility of the hydrogen economy.
On a global scale, governments and industries from many countries are investing in
hydrogen to take advantage of its huge economic potential. According to the Hydrogen
Council, the hydrogen economy could be highly beneficial for the energy system, the
environment, and businesses worldwide. It could potentially avoid 6 Gt of carbon dioxide
emissions, generate a $2.5 trillion global hydrogen and fuel cell market, and provide jobs
for more than 30 million people by 2050 (Hydrogen Council, 2017). On a national scale,
the Fuel Cell & Hydrogen Energy Association (FCHEA) coordinated a group of
companies and organizations and developed a report on a roadmap for the U.S. Hydrogen
Economy. The report conveyed the overarching significance of developing hydrogen
technologies now because it can bolster U.S. energy leadership and fortify the economy.
By 2030 the hydrogen value chain is projected to produce approximately $140 billion in
revenue annually and support 700,000 jobs. Also, it has the potential to promote
development by creating an estimated $750 billion annually in revenue and a sum total of

3.4 million jobs (FCHEA, 2019).
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4.3.3 Bolster Energy Security and Export as Carbon-free Energy

The three pillars of energy security are access, supply, and affordability of energy
resources; in this case, it is oil resources. Oil-importing countries fear the disruption of
the constant supply of oil. Breaches in oil supply from the origination to the destination
can be caused by natural disasters such as hurricanes and storms, or manmade events
such as wars, political conflicts, and technical failures during the delivery process.
Therefore, to alleviate the effects of any disruptions in the supply, various governments
have implemented strategic oil reserves. The US has the world’s largest stockpile of oil
reserves via the Strategic Petroleum Reserve (SPR) that is held by the United States
Department of Energy (DOE). The authorized size of the US’s SPR is 714 million barrels
of oil, and its colossal size decreases its vulnerability to oil import disruptions and gives it
strong leveraging capabilities in foreign policy. Also, IEA member countries are required
to maintain oil reserves equivalent to 90 days of imported oil, and support member states
in oil allocation if warranted due to emergency disruption.

The Strategic Petroleum Reserve is a short-term solution. Therefore, governments
should explore strategies to reduce the dependency on oil by transitioning to various
other energy resources, and financial instruments such as taxation, subsidies, and
incentives. This should materialize in sustained and reliable sources of energy that are
within the control of the various governments, thus giving them some level of energy
independence.

While climate change is facing policy problems such as uncertainty in science and
skepticism, we still need to be conscious of the continued emission of GHGs in the

pursuit of energy security. Coal is more polluting than other energy sources such as oil
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and gas, and transitioning from coal would help advance climate change policy
implementations. Coal to liquid (CTL) and gas to liquid (GTL) are feasible alternatives to
oil; however, they should only be used during periods of oil shortages due to their high
carbon content. Their sustained use would run contrary to climate change goals. A
complete decarbonization in the electricity sector, and reduced use of petroleum products
in the transportation sector would be highly instrumental in helping to meet the IEA
climate change goals (limit global temperature rise to 2 °C). This would require the
implementation of renewables such as solar, wind, and biomass, low-emissions hydrogen,
and carbon capture and sequestration systems to accomplish the task. These in
themselves present huge challenges and logistical problems that need to be solved for
implementation to be feasible.

Hydrogen is an energy carrier that can be produced locally from renewable
resources like solar energy, wind, and biomass. This greatly reduces the dependency and
challenges associated with importation and use of fossil fuel sources that are stated in the
foregoing paragraphs. Hydrogen is currently being used to power automobiles, and there
is continuous development to support medium and heavy duty transport (EERE, n.d.-a).
In addition, there are numerous power generation systems that are sourced by hydrogen
to provide primary and standby power, as well as being the feedstock for various
chemical processes. Given these capabilities and demonstrated performance, hydrogen is
poised to bolster national energy security, reduce fuel consumption, and continue to
provide innovative solutions for all types of transportation technologies. Hydrogen may
also be exported instead of fossil fuels to combat climate change. This would result in net

positive carbon-free fuel export.
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4.4

Perceived Social Barriers to the Adoption of Hydrogen

Some of the potential social barriers to the adoption of hydrogen include

accessibility, leaks, explosions, cost, regulation, and driving range of hydrogen powered

vehicles.

Table 4. 10 Perceived Social Barriers to the Adoption of Hydrogen (Contributed by Author:

Patrick Ferron)

Perceived Barriers

Proposed Solutions

Accessibility — Limited Infrastructure
The current hydrogen buildout in the
United States is limited or concentrated in
California and Hawaii. The perception is
that the slow buildout of hydrogen
infrastructure is impeding the nationwide
adoption of hydrogen fuel cell vehicles
and power generation applications. There
is a direct correlation between hydrogen
costs and the number of refueling stations,
their frequency of use, and the daily
volume of hydrogen delivered (IEA,
2019b).

Leverage Natural Gas Infrastructure
and Build additional Transport
Facilities

The resolution of these issues is
predicated on the socio-economic
participation of investors, industry, and
local and national governments. The
existing natural gas pipeline infrastructure
can be leveraged to transport hydrogen for
the energy, transportation, and
manufacturing sectors (IEA, 2019) In
addition, renewable energy power plants,
hydrogen production, storage, and
distributing facilities can be built near
transportation corridors, as well as near
industrial and manufacturing facilities. As
of 2023 there are 52 retail hydrogen
stations in California, and 2 in Hawaii. An
additional 45 are in the planning and
construction stage in California (AFDC,
2023)
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Perceived Barriers

Proposed Solutions

High Costs

The cost of hydrogen, which can be a
barrier to widespread adoption is based
upon the production technology: Grey
hydrogen - SMR without CCUS; Blue
hydrogen - SMR with CCUS; Green
hydrogen - electrolysis from renewable
energy. Hydrogen produced by SMR
without CCUS has the cheapest cost,
however, carbon dioxide emissions are
not mitigated. Hydrogen production via
renewable electricity is the preferred
method because it is emission-free.
However, the cost of renewable electricity
is still relatively expensive, and there are
efforts underway to lower the cost of
renewable electricity and subsequently
hydrogen.

Policy Incentives

Several U.S. policies have been enacted to
advance innovations of copious,
economical, and dependable clean energy
technologies in the U.S. One of the main
policies is the DOE’s Energy Policy Act
of 2005 (EPACT 2005). SEC.802
stipulates the fundamental PURPOSES,
two of which are listed here: (1) enable,
develop, demonstrate commercial
hydrogen and fuel cell technology, (2)
invest in private and public institutions to
increase innovation and industrial growth
(US DOE, 2020). In June 2021 the U.S.
Department of Energy launched the first
Energy Earthshot program — its goal is to
decrease of clean hydrogen by 80% make
it available at a cost of $1 per 1 kilogram
in 1 decade (US DOE, n.d.).
the Biden-Harris Bipartisan Infrastructure
Bill has allocated $750 million for the

In addition,

advancement of Clean Hydrogen
Technologies and Grid Decarbonization
(US DOE, 2023b).

Leaks and Explosions

The words leaks and explosions evoke
immense fear when they are associated
with flammable gases. This is the case
with the legacy of the Hindenburg
hydrogen-filled airship that burst into

Design Safe Fuel Systems with Proven
Standards

One of the major characteristics of all
fuels is the potential danger that can
materialize if they are not handled and

used properly. The three requirements for
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