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Executive Summary

While the emergence and increased penetration of electric vehicles has helped reduce
carbon emissions in the transportation sector, physical limitations exist that will make
these solutions difficult to deploy in certain segments of the sector, e.g., long-haul trucking
and aviation. Hydrogen is a promising option as it has a gravimetric energy content of
122kJ/g, nearly 2.5 times higher than gasoline, has no carbon-containing combustion
byproducts, and can be employed in high efficiency fuel cell vehicles. However, hydrogen
production can be a significant source of carbon dioxide, as over 95% of the hydrogen
produced in the United States is made from steam-methane reformation, of which CO: is
a major byproduct.

In order for hydrogen production at scale to be considered a viable option for
transportation emission reductions, the hydrogen system must be configured to a)
minimize carbon reductions and b) produce hydrogen at a cost that is competitive with
conventional production or that meets Federal targets (i.e., < $2.00 /kg H2 produced). This
report compares the technoeconomic assessment of three hydrogen production
configurations:
1. Steam methane reforming (SMR) of natural gas with solvent-based carbon
capture using Selexol™ (SMR — CC)
2. Electrolytic hydrogen generation from water using alkaline water electrolysis
AEC
3. (Electr)olytic hydrogen generation from water proton exchange membrane
electrolysis (PEM)

Economic models were developed using input parameters likely encountered along the
Midwest region of the Interstate 80 corridor, with a focus on three unique scales of
production: refueling station (1500 kgH. / day), mid-sized (50000 kgH. / day) and
centralized (314000 kgH2 / day). Major findings of this study reveal that steam methane
reformation of natural gas coupled to carbon capture is the most cost-effective route to
low-carbon hydrogen at every scale, meeting DOE targets for H2 production in the mid-
sized and centralized facilities. Further, markets for carbon dioxide along the 1-80 corridor
match well with the scale of CO2 production from refueling stations and could make logical
source-sink pairings for carbon dioxide supply to niche, small-scale markets. Reliable
storage is possible given the large scale of CO. potentially captured at centralized
hydrogen production facilities, with suitable reservoirs within proximity to minimize
transport cost via pipeline. Finally, while renewably-powered electrolysis cannot match
SMR — CC at current input conditions and equipment costs, optimistic mid-decade cost
projections for electrolyzers provide a pathway for AEC and PEM to become cost-
competitive, particularly when the goal is minimal carbon footprint.
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Introduction

While the emergence and increased penetration of electric vehicles has helped reduce
carbon emissions in the transportation sector, physical limitations exist that will make
these solutions difficult to deploy in certain segments of the sector, e.g., long-haul trucking
and aviation. Hydrogen is a promising option as it has a gravimetric energy content of
122kJ/g, nearly 2.5 times higher than gasoline, has no carbon-containing combustion
byproducts, and can be employed in high efficiency fuel cell vehicles (HFCV)."? It is
anticipated that by 2050, HFCVs will drive the hydrogen gas to a market value of $1
Trillion.®> However, hydrogen production can be a significant source of carbon dioxide, as
roughly 95% of the hydrogen produced in the United States is made from steam-methane
reformation,* of which COz is a major byproduct, via reactions 1 and 2:

CH, + H,0 = CO + 3H, (1)
CO + H,0 = CO, + H, (2)

Generally speaking, for every one tonne of Ho produced, 9 tonnes of CO> is generated.
The outlet stream from the low-temperature shift reactor is approximately 86 % H2, 12%
CO2, 0.3 - 1% CO, and 1.6% CHa4° After separation of H via pressure-swing adsorption
(PSA), the PSA tail gas is approximately 45.1 mol% CO2, making it a prime candidate
stream for CO2 separation given the high CO- content, along with the steam reformation
flue gas (19.1 mol% CO>).® Typically, at low acid gas partial pressure (<20%) chemical
solvents, e.g. monoethanolamine (MEA) are favored due to higher uptake and fast
kinetics. However, streams with a higher CO> content are more suitable for physical
solvent separation, where physical solvents like methyldiethanolamine (MDEA) typically
outperform their chemical counterparts in terms of acid gas loading and have lower
regeneration penalties. Rubin et al. show that pre-combustion capture from integrated
gasification combined cycle power plants with Selexol™ has a lower avoided cost of CO>
capture than amine separation from pulverized coal and natural gas combined cycle using
post-combustion capture with amine solvents.” Note that the CO2 content post-shift in the
IGCC plant (ca. 37 mol%) is much higher than that typically encountered in the flue gas
of natural gas and coal fired power plants (ca. 5 and 12 mol%, respectively), and is on
the order of that observed in the PSA tail gas from SMR H> production.

Carbon capture at SMR facilities is not a new practice, with the state-of-the-art approach
recommendation of MDEA capture from the shifted syngas. Collodi et al. studied five
SMR-CC configurations for a plant size of 100,000 Nm3h (ca. 210,000 kg H> / day).?
These configurations included a base case of SMR without carbon capture, SMR with
monoethanolamine (MEA) capture from the SR flue gas, SMR with MDEA capture from
the shifted syngas, SMR with MDEA capture from the PSA tail gas, and SMR with



membrane capture from the PSA tail gas, where the latter case exploits the higher partial
pressure of CO2 in the PSA tail gas stream to drive diffusion across the membrane. Their
findings show that the least-cost option is MDEA capture from shifted syngas (+18% over
base levelized cost of hydrogen (LCOH)), and the highest cost is MEA capture from the
SR flue gas (+45% over base LCOH). However, while the specific CO2 captured is
comparable for MDEA or membrane technology applied to the post-shift or PSA tail gas
(ca. 5 kg CO2/ kg H2, or a capture rate of around 55%), the highest capture rate and thus
the greatest CO2 reductions is achieved via MEA applied to the SR flue gas, at 90%; thus,
the hydrogen plant operator will observe a cost premium to maximize CO- capture at the
facility.

Cormos et al. evaluated the physical solvent Selexol™ poly (ethylene glycol) dimethyl
ether) against MDEA, capturing from the post-shifted syngas at a 100,000 Nm?3 / hr
hydrogen SMR facility. These configurations achieved capture rates of 65 and 70%,
respectively, owing to the higher selectivity for CO2 in chemical solvents.® Inclusion of
pre-combustion capture resulted in a specific capital investment increase of 37 and 45%
for the Selexol™ and MDEA configurations, respectively, over the base case SMR facility
without carbon capture. More importantly, the increase in hydrogen production cost over
the base case was lower for Selexol™ (+10%) than in MDEA capture (+14%). Further,
the avoided cost of CO- — the levelized cost of CO. adjusted for CO2 emitted directly and
indirectly — was 36% lower for Selexol™ capture compared to MDEA.

Since the cost of fuel dominates SMR H: production, the falling cost of natural gas in the
US, in particular in regions coinciding with shale exploration, makes SMR economically
attractive. Facilities with larger scales of production may be able to take advantage of city
gate natural gas pricing (ca. $3.78 / MSCF) or hub pricing (ca. $2.43 / MSCF). Other
feedstocks are available but exist currently at a cost premium. For example, hydrogen
generation from biogas is shown to be highly dependent on the feedstock cost, with a
study yielding a cost of $2.69 and $4.27 /kg Hz for 150000 and 1500 kg Hz / day production
facilities, respectively.'

In the goal of low-carbon hydrogen production, electrolysis of water using low-carbon
electricity has emerged as a promising option, particularly with the increasing presence
of low-cost renewable energy sources. Further, this technologically simple approach
obviates the need for carbon capture installation and subsequent treatment and transport
of captured CO.. However, electrolysis is an energy intensive process, with a
thermodynamic energy yield of 20 — 40 kg H> / kWh (compare at 60 kg H2 / kWh for
conventional SMR)." Electrolysis is also capital intensive, with costs in the US ranging
from $500 — $1400/kW for alkaline electrolyzers and $1100 — $1800/kW for proton
exchange membrane (PEM) electrolyzers. This results in a higher cost range for H>



production than observed in SMR production, at $2.85 — $28.75 / kg Hz.'? A case-study
of electrolysis used in a hybrid system in Texas showed the flexibility of electrolysis paired
with intermittent sources and yielded a hydrogen breakeven cost of $3.53 / kg H2."®

According to the literature analysis above, three technologies have been selected for
technoeconomic analysis:
1. Steam methane reforming (SMR) of natural gas with solvent-based carbon
capture using Selexol™ (SMR — CC)
2. Electrolytic hydrogen generation from water using alkaline water electrolysis
(AEC)
3. Electrolytic hydrogen generation from water proton exchange membrane
electrolysis (PEM)

Selexol™ was selected as the optimal carbon capture technology due to its observed
lower cost of CO2 avoided and smaller increase to the LCOH when compared to other
technologies. Two electrolysis technologies were selected for comparison: AEC is more
mature and has a lower capital intensity, while PEM is projected to be the dominant
electrolysis technology over the next decade.



Results and Discussion

To assess the economic impact of competing hydrogen generation technologies along
the 1-80 corridor, a full technoeconomic model was built and adapted to convey 2018
USD costs of hydrogen production in the functional cost of $/kg H. for three separate
pathways:
1. Steam methane reforming (SMR) of natural gas with solvent-based carbon
capture using Selexol™ (SMR — CC)
2. Electrolytic hydrogen generation from water using alkaline water electrolysis
(AEC)
3. Electrolytic hydrogen generation from water proton exchange membrane
electrolysis (PEM)

These technologies were evaluated for three production capacities with unique input

parameters and plant properties, characteristic of that anticipated to be encountered
along the Midwest region of I-80. These parameters are described below in Table 1.

Table 1. Parameters and input costs for three scales of hydrogen production facilities.

Type Capacity Price of NG Price of Plant Capital
(kg Hz2 / day) ($/MSCF) electricity economic recovery
($/MWh) lifetime (yrs) factor
(%)
Refueling Station 1500 7.66 92.9 20 0.0802
Mid-sized 50000 3.78 60.0 40 0.0583
Centralized 314000 243 30.0 40 0.0583

Technoeconomic models were adjusted from the literature for SMR with carbon capture,
electrolysis using AEC'>¢, and electrolysis using PEM"’, using constant 2018 USD and
adjusting inputs to reflect current retail, city-gate and hub pricing. Results from our
technoeconomic analysis are conveyed in Table 2. Our findings show that SMR with
carbon capture is the least-cost option of those considered at every scale, with a low
value of $0.99 / kg H2 assuming a natural gas price of $2.43 / MSCF and electricity price
of $30/MWh. For this technology, the dominant capital expense is the steam methane
reformer (47% of total capital) followed by the pressure swing adsorption unit (11%) and
the Selexol™ capture unit (10% (Figure 1). The total capital investment for a 1500 kg
Hz/day production plant is estimated at $4.7 M USD(2018), whereas the mid-sized and
centralized production facilities will command roughly $77 M and $337 M USD(2018),
respectively. The dominant operational expense is the cost of natural gas (32%) followed
by overhead (22%) and labor and maintenance (17% each). However, these costs only
cover production of hydrogen. Transportation of hydrogen off-site from mid-sized and



Table 2. Cost projections for hydrogen generation from SMR with carbon capture and competitive
electrolysis technologies.

Hydrogen production cost (2018% / kg Hz)

Type SMR -CC AEC PEM

Refueling Station 3.24 6.21 6.64

Mid-sized 1.47 4.16 4.60

Centralized 0.99 2.54 2.97
CAPEX BREAKDOWN

u Steam Methane Reformer
= Water Gas Shift Reactor
u Selexol ™
CO2 Compression
= PSA System
= Cooling Towers
uWater Systems
u Piping
u Instruments and Control (1&C)
u Electrical Systems
= Buildings and Structures

OPEX BREAKDOWN

mLabor

= Maintenance

w Taxes and Insurance
Overhead

m Catalyst and Chemicals

= Natural Gas

mMakeup Water

melectricity

Figure 1. Capital (top) and operating (bottom) expense breakdown for a steam methane
reformation facility equipped with carbon capture (Selexol™).

centralized production is dependent on distance to site with longer range hauling (over
150 mi.) commanding closer to $5/kg H: (at a general transport cost of $0.03 /kg Hz2 / mi.)



Included in this analysis is an estimated transportation and storage cost of $22/tCO,. With
capture, the anticipated cost of CO> fully delivered is $43/tCO..

The amount of CO> captured over a single year at a 1500 kg Hz/day production plant
equates to approximately 3050 tonnes. This is on par with the scale of many niche
demand opportunities along the I-80 corridor, e.g., beverage carbonation plants or use as
a refrigerant in large supermarkets. Additional opportunities may be available regionally
if extended delivery (> 100 mi) is considered. Figure 2 depicts the geospatial distribution
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Figure 2. Geographical dispersion of potential primary and secondary market sinks for carbon
dioxide captured along the I-80 corridor. Outside of enhanced oil recovery (white circles), most
opportunities are low volume (< 1 ktCO2/ yr.) Extended transport to +/- 100 miles from 1-80 increases
the potential CO2 market volume by the order of 3.5x.

of geological storage reservoirs and carbon dioxide sinks surrounding the Midwest
(lMinois, Indiana, Michigan, Ohio, and Pennsylvania) stretch of Interstate 80. Together,



532 sites are identified as primary and secondary markets for carbon dioxide. Primary
markets currently take CO2 as an input and (likely) have incumbent suppliers and
contracts for supply. Primary markets include beverage carbonation (113 sites, 162.3
ktCO2 / yr demand), EOR (9 sites, 323.3 ktCO_ / yr demand), and urea manufacturing (1
site, 112.5 ktCO2 / yr demand). Primary markets benefit from existing infrastructure to
handle CO2 delivery and storage, as well as mature processes to incorporate the CO2
into a valuable product. The drawback of primary markets exists in the nature of
incumbent providers, where cost competitive CO2 is delivered in bulk from merchant CO2
suppliers. Industry analysis shows that the range of delivered COz ranges from $40-$50
to $400-$600 per short ton,'® with high purity CO2 delivery at ISBT specifications (99.9%
CO») suitable for food and beverage use commanding higher prices. Secondary markets
are defined as those that do not currently take CO2 as an input but could in the future.
These markets include refrigeration systems and various chemicals manufacturing. The
obvious disadvantage of secondary markets is uncertainty surrounding process design
and deployment. Additional opportunities and the cumulative estimated demand for CO-
are listed in Table 3. A more conservative estimate for CO> sink opportunities limits the
delivery region to between — 41.0 and — 42.2 latitude. This spans an approximate 83-mile
wide region through which Interstate 80 traverses. This confined region results in a total
CO2 market of approximately 215000 tonnes per year, a factor of 3.5x times lower than
the total market listed in Table 3, notably due to the exclusion of high demand EOR
opportunities in Northern Michigan. Confinement to this smaller region would be
motivated to reduce transportation costs, particularly in trucking delivery. Trucking CO2 in
low volumes is economically inefficient and commands a cost of $0.15/tonne/mile and
greater. High volume CO: transport by pipeline on the other hand is shown to be much
more economical in the long run, commanding lower than $0.05/tonne/mile for volumes
of 2 million tonnes per year and larger. Generally, trucking is more economical for very
low volumes while pipeline is more suitable for bulk transport, with a rough crossover of
500000 tonnes per year transport at which pipeline overtakes trucking as the more
economical mode of transport.'®

At 50000 and 314000 kg H. /day capacities, SMR equipped with carbon capture can
capture approximately 105000 and 650000 tonnes CO», respectively. Both of these
volumes meet the minimum threshold to qualify for Federal tax credits for storage
(currently $25 / tCO2, escalating to $50/ tCO2) or beneficial reuse (currently $15/ tCO»,
escalating to $35/ tCO.). Since delivered CO2 from these processes is priced at near
$40/tCO,, these tax credits have the potential to offset a substantial amount of the
incremental cost of capture. If the CO: is sold at market value ($40 - $60 / tonne for bulk
and higher for ISBT grade), CO. capture could be profitable to the hydrogen production
plant. Further, at these larger volumes, both facilities would meet the criteria suitable for
injection into underground reservoirs for the purpose of permanent sequestration.



Table 3. Primary and secondary carbon dioxide markets located within the IL/IN/OH/MI/PA stretch

of Interstate 80.

Cumulative CO2 demand

Carbon dioxide market Facility count (ktCO2/ yr)
Chemicals 1 0.005
Enhanced oil recovery 9 323.229
Fireproofing materials 6 0.094
Food Products-Retail 5 2.341
Gas-Industrial & Medical-Cylinder & Bulk 25 0.821
Grocers-Retail 336 127.692
Methanol 1 6.383
Plastics & Plastic Products 10 1.150
Plastics-Foam 1 0.070
Plastics-Manufacturers 1 0.085
Plastics-Raw Materials/Powder/Resin 4 1.839
Polyurethane Products 13 27.640
Resins 1 0.187
Safety Equipment & Clothing 1 0.226
Soft Drink Manufacturing 113 162.348
Sponges 1 0.245
Urea Manufacturing 1 112.480
Urethane & Urethane Products 3 2.224
Total 532 769.062
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Figure 3. Sensitivity analysis to the cost of energy inputs for the SMR — CC centralized plant.



A sensitivity analysis is presented around the energy input costs (natural gas and
electricity) for the centralized SMR-CC configuration (Figure 3). The levelized cost of
hydrogen is very sensitive to the cost of natural gas, as this represents roughly 60% of
the operating cost as indicated in Figure 1. The LCOH is less sensitive to the cost of
electricity, with a change in cost of +/- $10/MWh leading to a change of +/- $0.01 to the
overall LCOH.

Alongside SMR-CC, two electrolysis approaches were evaluated for economic impact.
Both electrolysis technologies are considered non-competitive with SMR-CC and are
highly dependent on the cost of electricity. Figure 4 shows the sensitivity of both
electrolysis as a function of electricity price measured against SMR—CC. The major
difference between cost estimates comes down to a difference in the (uninstalled) capital
cost ($1000-1200/kW and $1800-2000/kW for AEC and PEM, respectively) and the
greater stack lifetime (ca. 1.5 x) for AEM, leading to lower equipment replacement costs
over the lifetime of the plant. However, both systems were modeled at a consistent plant
availability of 97%. It is known that PEM technology is more flexible and thus suited for
pairing with intermittent sources; thus, a PEM system is likely to operate at a higher
capacity factor when compared with an AEC linked to an intermittent power source,
leading to a greater cost parity between these two technologies.
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Figure 4. Levelized cost of hydrogen production as a function of electricity cost. The energy-
intensive electrolysis process is far more sensitive to electricity cost than SMR with CC, yet costs
do not converge even at optimistic electricity cost projections. Analysis conducted at a fixed NG
cost of $3.50/MSCF for a large scale (centralized plant) facility.



A recent expert solicitation study projects PEM to overtake AEC as the dominant
technology in 2030 cost projections.?’ Figure 5 shows the sensitivity of the levelized cost
of hydrogen production to electrolyzer capital cost. Through learning projections driven
by increased RD&D the next decade, it is anticipated that by 2030 PEM will become cost-
competitive with AEC, with both technologies projected to have a capital cost between
$600 and $800 / kW.
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Figure 5. Sensitivity of hydrogen production cost to electrolyzer capital cost, placed against SMR-
CC. Increased RD&D over the next decade is anticipated to converge PEM and AEC capital
costs. Neither technology, however, is anticipated to overtake SMR-CC as the most cost-effective
route to low-carbon hydrogen.

Levelized Cost of Hydrogen Production [$/ kg H,]

A note on carbon intensity: electrolysis of water is extremely energy intensive; thus, it is
imperative to have a near-zero carbon source of electricity to supply operations. Use of
intermittent renewable energy may pair better with a more flexible process like PEM
electrolysis than with the more mature AEC process. Nevertheless, using grid electricity
is not recommended under any circumstance if low carbon intensity hydrogen is the goal.
Figure 6 shows the effect of electricity carbon intensity on the specific carbon emissions
during hydrogen production (kg CO2 / kg Hz). These emissions consider both those
emitted directly, as in the SR flue gas from SMR-CC hydrogen production, and the indirect
emissions associated with electricity consumption. Results indicate that a crossover point
occurs around 50 gCO> whereby electrolysis becomes less carbon intense than SMR-CC
/ KWh. It is important to recall that SMR-CC can become less carbon intensive through
the addition of an MEA capture unit on the SR flue gas, but at a cost premium of 45%
over the base case of SMR without carbon capture; thus, as the hydrogen manufacturer
demands a product with minimal carbon footprint, electrolysis coupled to renewable
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energy becomes the least cost option. Note that this excludes any potential revenue
gained from COz resale to consumers from SMR-CC operations.

IN

2 60
oN

o

g 50
c

]

° 40
-

T

(o]

o

c 30
Q

(o2}

(o]

5

> 20
T

N

(]

2>

= 10
c

2

£

c 0
[e]

Ko

S

©

(3]

Figure 6. Carbon intensity of hydrogen production as a function of the carbon intensity of the
electricity source. Electrolysis becomes competitive when the electricity source dips below 50

e

0

| | Solar

—Nuclear

Tl

PA grid
Technology I | OH, IN grid!
SMR - CC ILgrid| | Migrid |
AEC
PEM o | |
|| | f
[ ] | |
[ | |
1 | |
[ ] | |
[ | |
[ | |
[ ] | |
o | | | D B S
I 1 I I
100 200 300 400 500 600 700 800

Carbon Intensity of Electricity [gCO,/kWhe]

gCOz2 / kWh, the range occupied by renewable sources like solar, wind, and geothermal energy (in
the US), as well as power from nuclear plants.
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Conclusions and Recommendations

This study has examined the economic impact of three approaches to hydrogen
production, covering mature SMR with carbon capture and electrolysis options, using
market conditions relevant to the Midwest section of Interstate 80 and adjusted to scale:
refueling station (1500 kg H/day), mid-sized (50000 kg Ho/day), and centralized
production. The major findings are as follows:

e Steam methane reforming with carbon capture was the least cost option
considered — at each scale — spanning $1 to $3.24 / kg H2. The physical solvent
Selexol™ proved to be optimal in terms of incremental cost of capture, yielding an
avoided cost of around $21 / tonne CO; at a capture rate of near 70%.

e Alkaline electrolysis proved to be more cost effective than proton exchange
membrane, though there is not a reasonable configuration of inputs (cost of
electricity or cost of natural gas) to make electrolysis economically competitive with
steam methane reformation.

¢ Increased RD&D is expected to drive down the capital cost of electrolyzers, and
PEM technology is expected to be the predominant form of electrolysis by 2030,
despite an anticipated cost edge to alkaline electrolysis. This is due to the added
flexibility of PEM and ability to operate at a higher availability when coupled to
renewable energy sources.

e The total market for CO2 in the Midwest stretch of Interstate 80 is 215,000 tonnes,
with a possible 770,000 tonnes within reach if extended transport is considered (at
a rate of approximately $0.15/tonne/mile for trucking, $0.05/tonne/mile for
pipeline). This includes high volume EOR and urea manufacturing facilities, as well
as numerous, well-dispersed lower volume facilities (e.g., beverage carbonation)
that match well with the scale that could be provided from carbon capture at
refueling stations.

¢ In the goal of minimizing carbon footprint of hydrogen generation, only low-carbon
(under 50 g CO2 / KWH) sources like nuclear and renewable power yield a smaller
footprint than SMR-CC based hydrogen generation. As the carbon intensity of
hydrogen becomes more stringent, electrolysis (both technologies under study)
prove more cost effective than SMR-CC. Note that this excludes the resale of CO>
to external customers or the inclusion of Federal tax credits for beneficial reuse.

e The scale of carbon capture from mid-sized and centralized hydrogen generation
facilities has the potential volume to be considered for pipeline transport to
geologic storage sites. The Midwest region of Interstate 80 is well situated to take
advantage of proximal CO. storage in geological reservoirs.
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To properly assess hydrogen generation along the [-80 corridor (Midwest), a full
analysis of hydrogen plant spacing needs to be conducted. Additional factors must be
assessed including, but not limited to: proximity to carbon dioxide providers, proximity to
hydrogen providers, natural gas line infrastructure, spatial considerations for on-site
equipment and storage and, if electrolysis is desired, spatial considerations for PV
panels and storage. Additionally, the full hydrogen delivery cost should be estimated,
including filling station costs, transport costs (hydrogen and carbon dioxide) and any
resale value or applicable tax credits.
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