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Executive Summary

This paper describes the design of the plant which produces microelectronic grade green
hydrogen, and research-grade oxygen as a coproduct. The design incorporates Aspen Plus v14
modeling, adsorption equilibrium data, and a life cycle economic analysis of the plant. The
motivation for this plant is to provide a clean and sustainable way to produce hydrogen gas for
the microelectronics industry to reduce carbon footprint and environmental impacts of the

hydrogen production industry, currently dominated by gray production processes.

The process begins with the purification of river water to create a suitable inlet for
high-purity green hydrogen production. The water is first run through a coarse filter to remove
large debris present in the river. Then, the water is put through a rapid sand filter, to remove
smaller suspended particles, a UV disinfection tube, to kill and present bacteria and algae, and a
Granulated Activated Carbon (GAC) filter, to remove organic contaminants. This water is further
purified by a reverse osmosis (RO) unit, heated to 25°C temperature, and fed to the PEM

electrolyzer.

The electrolyzer splits the water into hydrogen (H,) and oxygen (O,) gas, which are then
sent to downstream purification processes. The gasses first encounter, in separate processes, a
condenser to remove the majority of water vapor picked up in the electrolyzer. Then, the gasses
are sent to a pressure swing adsorption (PSA) column, to remove further impurities. The
hydrogen and oxygen separation processes use SA and 13X zeolite, respectively. After sending
the gasses through a multistage compression and bottling process, the hydrogen gas is ready to
be sold to the microelectronics industry and the oxygen gas to the research industry, both at

99.999% purity.



The plant is designed to operate for 8,000 hours a year, producing 1,864,000 kg of
hydrogen per year and 15,334,000 kg of oxygen per year. This gives a yearly hydrogen revenue
of $394,413,880.66 and an oxygen revenue of $45,109,684.35. The plant’s costs include a $34
million equipment cost, $202 million capital cost, $400,000 yearly material cost, $4.5 million
yearly utility cost, and a total yearly operating cost of $15 million. After conducting a 20 year
economic analysis on the lifetime of the plant, using a 10-year straight line depreciation, the
internal rate of return (IRR) was found to be 64%, and expected revenue at 6.6 billion dollars.
Additionally, because the IRR value is greater than the estimated hurdle discount rate of 18%, we
can conclude that this process is economically feasible. Therefore, we believe that this project
should be executed because it is entirely carbon-neutral, beneficial for the environment, and

ultimately a financial success.



1. Introduction

1.1 Background

Hydrogen is a crucial part of our current economy, playing large roles in fertilizer
production, semiconductors, and fuel cell use. Its role in fertilizer production cannot be
understated, with over half of all hydrogen produced being used in the Haber-Bosch process to
create ammonia (AIChE, 2019). Fuel cells may also serve as a potential future use of hydrogen.
This has attracted particular interest as they would provide carbon-neutral electricity without
requiring recharging, making this technology particularly attractive for car usage (U.S.
Department of Energy, n.d). Lastly, hydrogen presents a large variety of uses in the electronics
industry, where it is used for both heat transfer capabilities and as a reducing and etching agent
(Cigal, n.d.). Therefore, as the modern world’s dependence on electronics continues to expand, it
is essential to optimize the production of hydrogen.

Unfortunately, the cheapest and most common method of hydrogen production is sourced
from fossil fuels (“gray hydrogen™). This process uses steam methane reformation with a
water-gas shift reaction, consequently releasing dangerous levels of greenhouse gasses. As
concerns regarding climate change grow, it becomes increasingly important to invest in
technologies that reduce global carbon footprints. Production of green hydrogen mitigates this
environmental challenge by using renewable energy sources (such as wind and solar) to perform
water electrolysis, generating hydrogen and providing a carbon-free process to meet our
economies’ hydrogen needs.

However, currently, green hydrogen's largest barrier to implementation is cost, priced at
over four times that of gray hydrogen (BloombergNEF, 2023). Our process utilizes byproducts of

electrolysis to increase profits by selling co-produced oxygen at research-grade. Additionally, the



electronics industry is the optimal consumer of hydrogen because of its highest-value market
price. These strategies ensure that our green hydrogen process satisfies global electronic needs,

economically viable, and environmentally friendly.

1.2 Product Overview

In this process, ultrapure hydrogen and research-grade oxygen are produced by the
electrolysis of water. The chemical formulas of the products are H, and O,, respectively. The
intended market for our hydrogen product is the semiconductor and microelectronics industries,
which require a minimum of 99.999% purity (Process Sensing Technologies, n.d.). This also
requires that gas contaminations below the thresholds of than 2 ppm CO,, 2 ppm CO, 2 ppm N,,
1 ppm O,, and 3.5 ppm water (Smith, n.d.). The intended market for our oxygen product is the
research industry, which is globally regulated by the World Health Organization (WHO).
Currently our process aims to reach a minimum of 99.999% oxygen purity, ensuring less than 1
ppm CO,, 1 ppm CO, 4 ppm N,, and 1 ppm H,O (CO, Meter., n.d.). The hydrogen and oxygen

products will be bottled in 250 L gas cylinders and sold at 70 MPa and 15.2 MPa, respectively.

1.3 Starting Materials

There is no recordable data of the water composition specifically for Lake Tornetrisk or
the water just downstream in the Torne River, so the composition was estimated using data
collected from the River Torne watersheds and other northern Nordic river systems.
Table 1-3-01 below shows the chemical data (pH, alkalinity, total organic carbon, phosphorus,
and nitrogen) collected for seven River Torne watersheds between 2004-2005. The chemical

properties of the input water to our process were estimated by taking the average values of these
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seven watersheds. Using this estimation, our input water has a neutral pH of 7.05, a TOC content
of 1.36 mg/L, 5.43 ng/L phosphorus, and 150 pg/L nitrogen (Lénsstyrelsen., n.d.).

These estimations are comparable to the values recorded in a separate study of 20 Nordic
rivers between 2013-2017 (Mean pH = 7.01, TOC = 2.68 mg/L, phosphorus = 6.38 pg/L,
nitrogen = 291 ug/L). The two rivers Alna and Orreevla were excluded from mean calculations
because their water content is influenced significantly by nearby urban areas and agricultural
activity; these are not influences that affect Abisko where our plant is located (NIWA, n.d.).
Given the similarities in results between the two studies, further chemical characterization of our
input water was made using this second study of Norwegian rivers. The mean values of the data

can be seen in Table 1-3-02 below.



Table 1-3-01. Chemical Properties and Phytoplankton Status for the River Torne Northern

Highland Watersheds and Torne River Estimation

Total
Total Season  Cyanobacte
Total Total
Organic Mean ria Volume
Lake pH Phosphorus Nitrogen
Carbon Bacteria  in August
(ng/L) (ng/L)
(mg/L) Volume (ng/L)
(ng/L)
Partaljaure 6.85 1.5 5 130 69 0
Saanaharvi 7.1 1.5 5 147 74 0.3
Tjalmejaure 7.21 1.5 6 140 149 0.9
Toskal Jarvi 7.49 0.7 6 90 65 0
Aggojaure 7.17 2.1 7 137 125 2
Latnjajaure 6.41 0.7 3 207 55 0
Abiskojaure 7.12 1.5 6 201 55 0
Average
(estimate 7.05 1.36 543 150 85 0.46
near Abisko)




Table 1-3-02. Torne River Chemical Characterization Using Mean Values of Norwegian Rivers

Component Concentration (mg/L)
Suspended particulate matter 2.61
Calcium 2.
Silica 2.94
Arsenic 1.3e-4
Lead 2.1e-4
Cadmium 1.5e-6
Copper 1.1e-3
Zinc 3.1e-3
Chromium 2.5¢-4
Nickel 5.0e-4

1.4 Scale
1.4.1 Microelectronics-Grade Hydrogen

To determine the scale of this project, the market size for green hydrogen in the
microelectronic industry was analyzed. Globally, this industry has been estimated to reach $3.6
billion by 2030 (AIER, 2024), and our goal is to control 10% of this market (generating around
360 million dollars in revenue from hydrogen). However, overestimates of product loss in initial
purification calculations resulted in our plant producing around 10.9% of the market, equaling a

hydrogen revenue of $394,413,880.66, 15,334,000 kg, and 1,538,400 bottles produced yearly.
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1.4.2 Research-Grade Oxygen
As a byproduct of electrolysis, the scale of research-grade oxygen is set through the
hydrogen’s production goals. Therefore, this plant produces or 1,864,000 kg of oxygen yearly

bottled within 36,550 gas cylinders, generating $45,109,684.35 in revenue.
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2. Discussion

Water will be pumped directly from the Torne River to our green hydrogen plant. The
water will be purified by a pretreatment system containing a coarse filter, rapid sand filter,
ultraviolet disinfection, granular activated carbon (GAC) filter, and reverse osmosis (RO) unit.
All contaminants except dissolved gasses such as carbon dioxide (CQO,), nitrogen (N,), and
oxygen (O,) are removed from the water before being sent to a PEM electrolyzer where the
water is split into hydrogen and oxygen. The outlet hydrogen and oxygen streams from the
electrolyzer will contain dissolved gas contaminants mentioned above and water vapor (H,O).
The condenser units will condense the majority of the water impurities to be recycled back into
the electrolyzer. The hydrogen and oxygen streams will then pass through pressure swing
adsorption units, which will purify them to over 99.999%. These purified products will be
compressed to be stored and shipped to buyers. In the discussion section below, it is broken into
four major sections: water purification, PEM electrolysis, hydrogen purification and oxygen

purification. The overall block flow diagram for this process is shown in Figure 2-0-01 below.

12
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Figure 2-0-01. Block Flow Diagram for Green Hydrogen Plant

2.1 Plant Location

Our plant will be located in Abisko, Sweden, co-locating with a microelectronics
producer for easy access to our hydrogen. We chose Sweden because the most significant cost to
our plant was the energy costs, and Sweden offers inexpensive wind energy compared to other
places in the world. Our specific chemical processing facility will be erected on 27 acres of land,
based off of a Swedish water processing facility with similar processing capacities (Heat
Pumping Technologies, n.d.). Abisko is the ideal location for our plant for several reasons. First,

Abisko is a low-resident town with an abundance of available land for development. Second, it is

13



right beside Lake Tornetrédsk, an open lake that is believed to be the primary water source for the
Torne River. This is extremely convenient for our water-centric process. Third, the Torne River
has the highest salinity at the downstream estuary near the Gulf of Bothnia and has a decreasing
salinity as you move upstream. Abisko is located upstream of the Torne River, so the water we

will be sourcing for our process will have a low salinity and require less pretreatment.

Sweden

K y?ﬂ?rway Finland

St
Oslo CaHk

4 Stockholm

Estonia

Latvia

Figure 2-1-01: Green Hydrogen Plant Location (Google Earth, n.d.)

One key issue we addressed before process design was the potential for the lake or river
to freeze entirely, which would cut off our supply of water. Abisko has an average annual
temperature of -1.7 °C (29.0 °F) and experiences a significant amount of rainfall (1012 mm per
year) (Climate Data, n.d.). Due to the low temperatures, Lake Tornetrdsk and the Torne River are
typically frozen between December and May. The ice thickness of the Torne River has been
measured at the observation site in Tornio since 1964, most frequently on 30 March, and found
that the mean thickness during the period 1964-2019 was 76.5 cm (Norrgard & Helama, 2022).

On average, Abisko is ~3.0 °C colder than Tornio year-round, so the mean ice thickness is

14
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expected to be slightly greater than 76.5 cm (Climate Data, n.d.). However, Lake Tornetrésk has
a maximum depth of 168 m and the Torne River has a maximum depth of 294 m. Both Lake
Tornetrask and the Torne River are large sources of water, so we are confident there will be

plenty of fresh flowing water even during the coldest months of January and February.

2.2 Water Pretreatment Design

2.2.1 Coarse Mesh Screen

When sourcing water from natural bodies of water, it is important to remove large
impediments such as algae, leaves, moss, sticks, small rocks, or fish in order to protect the inlet
pump and downstream water purification units from clogging and will extend their lifetimes. It is
common to see either a screen around the pump or a filter membrane at the entrance of the pipe.
Our team decided to implement the coarse mesh screen around the pump. No calculations or
estimations were made for the concentration of large impediment content within the river water
because the screen is “self cleaning,” meaning it has a continuous backwashing system that
prevents contaminant build-up on the filter’s surface.

For this step, we will be using the RF-100 Pump (Rotorflush, n.d.) seen in Figure
2-2-1-01 below. There were multiple screen sizes to choose from: 100 pm and 250 pm. The 250
um was chosen in order to support the required flow rates for our process. The 250 pm version
can process up to 3,593 kg/hr of water. Our process requires 8994.8 kg/hr of water during normal
operations and 13,258 kg/hr of water during GAC and coarse filter backwashing. In order to
accommodate our maximum 13,258 kg/hr of water demand, we need four RF100 Duplex Pump
Self-Cleaning Filters. For redundancy and in case of unexpected maintenance or errors, a fifth

unit will be installed.

15
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The filter’s mesh is made of a nylon material that degrades over time and it is
recommended that they be replaced or cleaned with water and detergent every 5000 hours of use.
Given this recommendation, each filter will be cleaned with water and detergent during summer
shutdown in July and each filter will be replaced during end-of-year shutdown in December.

- Valve to control flow

Tee on Filtered water

Backwash Supply
from Pump output ~

~ to Cleaning Rotor

(This may require a infine vaive to
control flow depending on pump)

Suction pipe
to Pump

FILTER

Figure 2-2-1-01: Image of Coarse Mesh Screen Apparatus (Rotorflush, n.d.)

2.2.2 Rapid Sand Filter

After the coarse mesh screen, the water passes through a rapid sand filter. Sand filters are
used to remove suspended particulate matter (SPM). By decreasing the turbidity of the river
water, we reduce the probability of downstream clogging of filters such as GAC and RO. The
two types of sand filters are slow and fast sand filters. Rapid sand filters use fine sand and high
flow rates for quicker water purification, while slow sand filters employ coarser sand and lower
flow rates, relying on biological processes. Rapid filters are more efficient but require more
maintenance, whereas slow sand filters are simpler and naturally self-cleaning (1-2 days versus

3-4 months. Since our process requires a relatively high flow rate of up to 10606 kg/hr water
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during GAC backwashing, our team decided to proceed with the rapid sand filter, specifically the
The Parkson DynaSand® Filter (Parkson, n.d.) seen in Figure 2-2-2-01 below.

As seen in Table 1-3-02, the input water is estimated to contain 2.61 mg/L of SPM, which
is equivalent to a turbidity of 7.83 NTU. The Parkson DynaSand Filter is capable of purifying a
stream from 10 NTU to 0.1 NTU (99% efficient). Since 7.83 NTU is similar in magnitude to 10
NTU, we assumed a similar efficiency for our system. The remaining 1% of SPM impurities will
be removed by later water purification steps. This filter will have a fiberglass-reinforced plastic
(FRP) shell. This was chosen over 304 stainless steel and carbon steel shells because FRP is
cheaper and is just as resistant to corrosion. To calculate the required filter cross-sectional area,
we divided the inlet flow rate during normal operations (7,195 kg/hr) by the loading rate of 9,779
kg/hr/m? (4 gal/min/ft*) found in the manual and obtained a cross-sectional area of 0.73 m?.
During backwashing of GAC, the inlet flow rate to the sand filter will temporarily increase to
10606 kg/hr, which will change the loading rate to 14,529 kg/hr/m? (5.94 gal/min/ft?), which is
within the loading capacity limits of this instrument.

Many sand filter systems require additional coagulation or flocculation steps that
encourage the SPM to clump together to make them easier to remove. The Parkson DynaSand®
Filter utilizes a proprietary process known as Continuous Contact Filtration that performs
coagulation and flocculation within the sand bed, eliminating the need for external flocculators
and clarifiers. It is best suited to remove small floc, which can help reduce chemical
requirements by 20-30% over conventional treatment. Given this, no additional design of

coagulation or flocculation were performed.
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Figure 2-2-2-01: Image of Continuous Rapid Sand Filter (Parkson, n.d.)

2.2.3 Waste Tank

The SPM that is filtered out of the rapid sand filter will be a 1:1 slurry of the removed
suspended particles and water. This waste will be collected in a holding tank that will be
disposed of at an off-site landfill. Our team decided to empty the tank and dispose of the waste
on the 28th of each month. The suspended particulate matter filtered out by the rapid sand filter
exits at 0.037 kg/hr under normal operations and 0.055 kg/hr during GAC backwash. There will
be about 10 GAC backwashes per month with each lasting 20 min, so one month's operation will
result in about 30 kg SPM/water waste. Assuming density of the sludge is the same as water, we

will be installing a 37.85 L (10 gallon) stainless steel tank for this unit.
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2.2.4 UV Disinfection

After the rapid sand filter, the water will be passed through a UV disinfection tube to kill
the live bacteria that could cause biofouling and deteriorate the GAC and RO membranes.

As seen in Table 1-3-01, the mean annual volume of bacteria is 85 pg/L and the
concentration of cyanobacteria is estimated to be 0.46 ug/L. Figure 2-2-4-0 shows the Polaris
Scientific UVA-60B product (US Water Systems, n.d.) we will be using. It can kill up to 99.99%
of these live contaminants using 5 LED lamps that emit a wavelength of 254 nm. The 304
stainless steel tube has dimensions of 13.9 cm x 93.8 cm (5.5 in x 36.93 in) and has a maximum
capacity of 13,627 kg/hr (60 GPM) of water, which is sufficient for our maximum required flow
rate of 10606.82 kg/hr of water during GAC backwash. Therefore, the target residence time is

~3.8 sec. The dead cell-debris will then be filtered out by either the GAC filter or the RO system.

i . N

Figure 2-2-4-01: Image of UV Disinfection Instrument (US Water Systems, n.d.)

This product has a rated life of 9,000 hours. Our plant will be operating at about 8,000

hours per year, so the UV disinfection tube lamps will be replaced during the end-of-year

shutdown in December.
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2.2.5 GAC Filter

After UV disinfection, the water is sent through a granular activated carbon (GAC) filter,
which is used to remove organic contaminants such as chlorine, iron, hydrogen sulfide, heavy
metals via redox reactions.

As seen in Table 1-3-02, the TOC content was found to be 1.36 mg/L. We are assuming
that the GAC filter will remove over 99% of the organic contaminants. We will be using the
Crystal Quest® Commercial Granular Activated Carbon (GAC) Filters (Crystal Quest Water
Filters, n.d.) shown in Figure 2-2-5-01. The service flow rate of this product during normal
operations is 32,800 kg/hr/m? (15 gal/min/ft?). Since we need to process 7,195 kg/hr water under
normal operations, the GAC filter will have a cross-sectional area of 0.22 m?. The Crystal Quest
requires non-continuous backwashing to clean the filter’s membrane, so two GAC filter units
will be installed and they will be alternated every three days to perform backwashing. The
backwashing process only takes 20 minutes and the flow rate is temporarily increased to 10,606
kg/hr water in order to support both the production minimum flow rate of 7,195 kg/hr and the
required backwashing flow rate of 3,411 kg/hr. During backwashing, the loading rate increases to
48,209 kg/hr/m? (19.3 gal/min/ft?) which is within the operating limits of this instrument. The

backwashed water will exit out of a drain line, pumped and released to the nearby river.

Figure 2-2-5-01: Image of GAC Filter (Crystal Quest Water Filters, n.d.)
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2.2.6 Reverse Osmosis and Water Storage Tank

After GAC, the water is sent through a reverse osmosis (RO) system (Crystal Quest
Water Filters, n.d.) to remove any of the remaining contaminants. The RO unit shown in Figure
2-2-6-01 has an efficiency that ranges from 33% to 50%. Given the extensive pretreatment of the
water prior to RO it is expected that the efficiency will be closer to 50%, but for the purposes of
over designing and being conservative, we assumed an efficiency of 33%. Using this efficiency,
our process requires an input flow rate of 7195 kg/hr of water into the RO system. To
accommodate this, we will be installing four RO units in parallel that each have a maximum
capacity of 6,548 kg/hr of water and 14 membranes. Two RO units will be operational at a time.
On the 28th of each month (also when the GAC filters are swapped), the RO units will be
swapped for cleaning and maintenance. With proper maintenance, these RO units are expected to
last 4 years.

The water storage tank is another level of redundancy. It is designed to hold 4 hours'
worth of purified water in case there are any unexpected issues with the water pretreatment
system. During the start-up process, the water storage tank will be filled with 9.53 m® of purified
water. This will be held in a 10,000 liter carbon steel tank. Once this target is hit, the valve on
stream 12 and stream 10 will open and the process will run continuously, feeding the heat

exchanger a steady 2374 kg/hr of water.
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b
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Figure 2-2-6-01: Image of RO System (Crystal Quest Water Filters, n.d.)
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2.3 Electrolysis Design

2.3.1 Electrolyzer Type

One of the first considerations for electrolysis before getting into design parameter
engineering is the type of electrolyzer for the process. Given our main goal for the process is to
produce high-purity hydrogen at commercial volumes, we compared reported and short-term
projections of performance for different electrolyzer technologies in the context of our design
criteria. There are four types of electrolyzers we considered: alkaline water electrolyzers (AWE),
anion-exchange membrane (AEM) water electrolyzers, solid oxide water electrolyzers (SOE),

and proton-exchange membrane (PEM) water electrolyzers.

2.3.1.1 Alkaline water electrolyzers

Alkaline water electrolyzers (AWESs) are the current choice for many industrial
applications of hydrogen production. As Kumar and Lim report, established players in the field
such as Cummins from Canada, Sunfire from Germany, and GreenHydrogen from Denmark all
leverage alkaline water electrolysis for their hydrogen production (2022). AWE is a relatively
mature technology compared to the other electrolysis methods and thus has benefits associated
with that longer-term development. AWE does not require noble metals for electrodes which
significantly reduces costs, and many commercial demonstrations have shown long lifespans of
hydrogen production (Kumar and Lim, 2022). However, the biggest drawback with alkaline
water electrolysis is the lowest current density (0.1-0.5 A/cm?) among active electrolyzer
technologies (Emam et al., 2024). Current density directly affects the amount of water that is

able to be electrolyzed, and thus, the amount of hydrogen that can be produced. Low current
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density is a significant bottleneck for our process given the volume of hydrogen we are aiming to
produce. While research on better electrode and membrane performance could improve

performance, we do not feel that alkaline water electrolyzers are suitable for our process.

2.3.1.2 Anion-exchange membrane water electrolyzers
Anion-exchange membrane water electrolyzers are another interesting choice for
hydrogen reaction. This technology is primarily in research and development, but has the
potential to address the low current density issue of alkaline water electrolysis without adding
too much in cost, while offering up to 10% additional improvement in energy-to-production
efficiency (Kumar and Lim, 2022). However, commercial applications of AEM electrolysis have
not been demonstrated as of yet, and there is simply a lack of data available to make large-scale
designs for long-lifespan AEM plants (Xu et al., 2022). While this technology could be worth
revisiting given developments in AEM research, it is not feasible for commercial design at
present.
2.3.1.3 Solid oxide water electrolyzers
Solid oxide water electrolysis is one technology we considered, but it is also in
developmental stages and has a similar design outlook to AEM electrolysis as mentioned
previously. The attraction of SOE is in its high energy-to-production efficiency (80%-90%) and
potentially low cost of material construction (Emam et al., 2024). Again, a lack of
implementation at commercial scale combined with inadequate design data make it impractical
to suggest any plant setups with SOE at present, but it should be a technology that is revisited

once it reaches larger-scale viability.
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2.3.1.4 Proton-exchange membrane electrolyzers

Proton-exchange membrane (PEM) electrolysis is the technology we pursued for this
design given its suitability for serving our high production goals, prevalence at commercial scale,
and existence of reliable modeling techniques to gather process data. PEM electrolysis strikes a
good balance between the benefits and drawbacks of the previous discussed technologies. It
offers one of the highest gas purities of all the technologies (>99.999%) while maintaining high
current densities (1-2 A/cm?) for increased hydrogen production, both of which are critical for
our design (Xu et al., 2022). PEM electrolyzers are also used by leaders in the industry such as
Siemens in Germany and Nel in Norway, demonstrating the technology’s commercial viability
(Kumar and Lim, 2022). The only notable drawback of PEM electrolysis is its high cost, but we
hope through our recommended design and economic analysis to illustrate the economic viability

of this technology.

2.3.2 PEM Theory
Electrolysis can be described by the reactions that occur at the anode and cathode, known
as half-reactions, that oxidize or reduce materials, respectively The relevant half-cell and full-cell
reactions for the water electrolysis process are shown below:
H,O — 2H" + 50, + 2¢ (2-3-2-01)
2H" +2e — H, (2-3-2-02)

H,0 — H, + %0, (2-3-2-03)

Equation 2-3-2-01 is the oxidation half-reaction occurring in the anode, equation

2-3-2-02 is the reduction half-reaction occurring in the cathode, and equation 2-3-2-03 is the
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overall reaction. This third equation is the fundamental underpinning of this entire design: by
supplying an external electromotive force, water can be split into the target hydrogen gas and a

separate oxygen gas stream.

Cathode 1 Anode
2H* +2e'~ H, ; : H,0 - 2H* + %4 0, + 2¢°

GDL
Flow field separator plates Flow field separator plates

Cathode Electrode (Pt/C) Anode Electrode (Ir0,)

Figure 2-3-2-01: Schematic image of a PEM electrolyzer (Kumar and Lim, 2022).

Figure 2-3-2-01 shows a schematic representation of the PEM electrolyzer functionality.
Water is split at the anode as indicated by the oxygen evolution reaction (Equation 2-3-2-01).
The generated protons travel from the anode to the cathode through the membrane, at which
point they gain electrons and evolve into hydrogen gas (Equation 2-3-2-02). This transport of the
protons through a selective membrane is what makes PEM electrolysis different from other

electrolysis types.

E =—2F (2-3-2-04)

V=E +V 4V __ +iR (2-3-2-05)

cell Act,c Act,a cell
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Equations 2-3-2-04 through 2-3-2-07 outline the foundational electrokinetics equations
behind water electrolysis theory and our model. Equation 2-3-2-04 is the reversible cell potential
difference between the anode and cathode. The water electrolysis reaction is not spontaneous at
standard state (AG® = 236.483 kJ/mol, which is greater than 0, hence the non-spontaneity), so
this reversible cell potential represents the minimum electrical work needed to drive the splitting
reaction assuming thermal criteria are met. E’,,, is 1.229 V for this reaction (Falcdo and Pinto,
2020).

This potential is only valid at standard temperature and pressure, and because it is derived
assuming no loss in the system, it represents the minimum potential required. In reality, there are
activation losses, ohmic losses, and mass transport losses that necessitate an overpotential to
drive the cell. Equation 2-3-2-05 represents these considerations. E.,; is the open circuit voltage,
Vo and V., , are the activation overpotentials at the cathode and anode, respectively, i is the
current density, and R, is the electrolyzer cell resistance. The literature on PEM modeling does
not generally consider mass transport losses since those are only relevant at high current
densities not typical for PEM electrolyzers (Falcdo & Pinto, 2020).

Equation 2-3-2-06 is a form of the Nernst equation used to calculate the open circuit
voltage mentioned in Equation 2-3-2-05. It relates the reversible cell potential discussed earlier
with temperature and partial pressure of the outlet gasses at operating conditions to get the open

circuit voltage. Equation 2-3-2-07 is the Butler-Volmer equation which relates exchange current
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densities at the anode and cathode (i, and i,.) and the charge transfer coefficients at the anode
and cathode (a, and a,) to the activation overpotential required at the electrodes to initiate the
oxygen and hydrogen evolution reactions.

The goal of modeling is to use these kinetic equations to map current density (i) with
final cell potential (), in a relationship known as the polarization curve. From there, we can

select an appropriate operating potential and calculate gas production.

2.3.3 Recommended PEM construction material choices from literature

One of the key design choices needed in our model was material of the electrolyzer
components because that directly affects parameters such as conductivity and proton diffusion.
Given a lack of ability to accurately test/simulate different materials, we reviewed the current
literature and industrial recommendations for material design choices. The research on PEM
electrolysis appears to be fairly consistent with regard to electrode and membrane choice, which

is presented below.

2.3.3.1 Electrode material
Each of the half-reactions needs a suitable electrode material to catalyze the reaction.
Literature recommends an iridium-oxide electrode for the anode and a platinum electrode for the
cathode, both because of fast electrokinetics (Zhao et al., 2015). The exchange current density of
platinum on carbon support is 0.2 A/cm? and the exchange current density of iridium oxide on
carbon support is 0.05 A/cm?®. Smolinka et al. do note that ruthenium oxide has demonstrated
better kinetics when used as the anode, but it is not suggested for industrial-scale applications

because of its instability.
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2.3.3.2 Membrane material

The membrane is the material in the middle of the membrane electrode assembly (MEA)
and is responsible for facilitating the diffusion of the protons that are generated in the oxidation
reaction from the anode to the cathode, where the protons are reduced and combined to form the
target hydrogen gas (oxidation half-reaction shown in Equation 2-3-2-01 above). Literature
suggests that the sulfonated tetrafluoroethylene-based fluoropolymer—copolymer, known as
Nafion, is the industry standard for membrane choice in PEM electrolyzers. Nafion has a
relatively high proton conductivity of 0.1 S/cm due to its sulfonic acid side chains and does not
easily degrade, making it an ideal membrane choice (Kumar et al., 2018). This membrane has a

lifetime of around 5 years (Office of Energy Efficiency and Renewable Energy, n.d.).

2.3.4 Modeling
We used a Simulink/MATLAB R2023b model adapted from a combination of the work

presented by Liso et al. (2018) and Mo et al. (2016) for the PEM simulation.

Electrical Supply

Water Heat Anode Fluid Membrane Electrode Cathode Gas
Supply . ) Exchanger Channels Assembly Channels
Recirculation - Hydrogen
[ Output

Dehumidifier

A
H20 A B in
1
H2 ut A B H2

20

oul

Figure 2-3-4-01. Simulink model of the PEM electrolyzer

Figure 2-3-4-01 shows the base model in Simulink with blocks for the

membrane-electrode assembly (MEA), electrical supply, water input, and final hydrogen output.
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We modified material properties, as discussed in section 2.3.3, from the baseline to reflect
current industrial electrolyzer recommendations. Additionally, we tested and optimized three key
process parameters: power source, stack size, and water temperature/pressure entering the
electrolyzer. Given the initial design basis and assuming an 80% recovery of the hydrogen
downstream, we calculated the target production rate of hydrogen gas for the electrolyzer to be

6500 kg/day.

2.3.4.1 Power source

Comparing the hydrogen production of a system connected to an intermittent solar power
supply with a system connected to a constant power supply shows that the constant power supply
produces more hydrogen (1870 kg H, per day on intermittent source versus 6500 kg H, per day
on a constant source). Zhao et al. confirm this result by noting that electrolyzers are more
efficient when minimizing variability in the power source (2015). This is a critical factor in our
design, especially given the intermittent nature of renewable energy, which our plant must use to
stay in line with decarbonization objectives. This is one of the other reasons for locating the plant
in Sweden; power purchase agreements there have pledged a constant supply of on-shore wind

energy, which we rely on to make the design work.

2.3.4.2 Cell sizing
A greater cell size increases the surface available for the hydrogen and oxygen evolution
reactions but also requires more material for the electrodes, adding to capital cost. As expected,
the modeling prefers increased cell sizing with regard to hydrogen production but also demands a

greater power supply to maintain the necessary overpotential. Thus, cell sizing did not change
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the final hydrogen production per kWh, which remained at roughly 0.026 kg H,/kWh for all

tested cell sizes (10 cm?, 50 cm?, 100 cm?, 500 cm?, 1000 cm?, 1250 cm?, 1500 cm?).

2.3.4.3 Water temperature and pressure
Given that the river water can be near-freezing at some points in the year, one of the
factors studied was the impact of inlet temperature on electrolyzer performance. Badgett et al.
suggest that below 20°C, electrolysis loses significant efficiency, so water temperatures between
20°C and 90°C were tested in increments of 10°C to investigate its impact on electrolyzer
performance. No significant differences were observed in hydrogen production over the interval
(6480 kg H, per day at 20°C and 6530 kg H, per day at 90°C). Pressure had a similarly negligible

effect on performance (for small changes in pressure beyond atmospheric level).

2.3.4.4 Operating values

A cell size of 1250 cm?* was chosen based on the slightly higher hydrogen production per
kWh (0.02604 kg H,/kWh). 50 cells were assigned to a stack, which was a choice made based on
commercial offerings of PEM electrolyzers (Kumar and Lim, 2022). For this sizing, a 100 kW
constant power source was needed per stack to ensure the electrolysis takes place. Based on the
polarization curve generated at these conditions and literature recommendations for PEM
electrolyzers to avoid operation at high current densities (> 1.7 A/cm?) to mitigate degradation
and overheating, a current density of 0.98 A/cm? was chosen, which corresponds to an operating
voltage of 1.63 V (Zhao et al., 2015). The reversible cell potential for water electrolysis is 1.229
V as noted in section 2.3.2, which puts the overpotential of each cell at 0.401 V. The current

efficiency of the cell is 93.3%, meaning 6.7 kW of the 100 kW inlet is not put towards the
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electrolysis reaction and instead dissipated as heat. Given that this dissipation is an order of
magnitude smaller than the inlet power, cooling of the electrolyzer was not considered. Details of

the final design specifications can be found in section 3.2.

2.4 Hydrogen Purification

2.4.1 Hydrogen Purity Exiting Electrolyzer

The purity of the hydrogen exiting the electrolyzer is determined by the temperature of
the water in the electrolyzer, 25 °C. This determines the amount of dissolved air contaminants
and water vapor present in the hydrogen stream leaving the electrolyzer. The amount of water
vapor present in the hydrogen stream was calculated using the vapor pressure of water at 25°C

and determined to be 3.13% using equation 2-4-1-01 below.

. __ Vapor Pressure __ 3.171kPa __ 0
Water Vapor Fraction = ——————""— = — 0 >- = 3.13% (2-4-1-01)

For dissolved air contaminants, Henry’s Law was used to determine the solubility of a
variety of gasses in water at 25°C; these gasses include nitrogen, oxygen, carbon dioxide, ozone,
ammonia, argon, helium, neon, and helium. The Henry’s Law equation and values used for each
contaminant are summarized in equation 2-4-1-02 and Table 2-4-1-01, respectively. The Henry’s
Law constants were sourced from NIST and shown in Table 2-4-1-01. Additionally, the partial
pressure of each gas contaminant was calculated using equation 2-4-1-03, which uses the
contaminant volume percent, presented in Table 2-4-1-01, sourced from the NOAA (NOAA,
2023).

Solubility = K, * Partial Pressure (2-4-1-02)

Partial Pressure = P * Volume % (2-4-1-03)
atmosphere
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Table 2-4-1-01 is shown below summarizing the K;, values, partial pressures, and
subsequent calculations to determine the flow rate from electrolysis. The flow rate from

electrolysis was determined from equation (2-4-1-04).

Flow Rate from Electrolysis = Reacted Water * Solubility * Molar Mass (2-4-1-04)
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Table 2-4-1-01. Henry's Law Calculations for Air Contaminants in Water

Flow Rate
Partial
Gas K, Volume % in Solubility from
Pressure in
Contaminant (mol/kg*bar) Air (mol/kg) Electrolysis
Air (Pa)
(kg/hr)
Nitrogen 0.0006 78 79,000 4.74e-4 3.17e-2
Carbon
Dioxide 0.035 0.04 35.5 1.24e-5 1.3e-3
Oxygen 0.0013 21 21,300 2.77e-4 2.11e-2
Ozone 0.012 0.0467 473 5.68e-6 6.5e-4
Ammonia 27 0.00001 0.0101 2.74e-6 l.1e-4
Argon 0.0014 0.93 946 1.32e-5 1.26e-3
Neon 0.00045 0.001818 1.84 8.3e-9 3.98e-7
Helium 0.00038 0.000524 0.531 2e-9 1.98e-8

Furthermore, it is a possibility that the carbon dioxide may react within the electrolyzer to
create carbon monoxide. Due to an unknown conversion of carbon dioxide, a conservative
decision was made to conduct downstream purification processes under the assumption that all
carbon dioxide was converted to carbon monoxide but still remained fully in the existing stream.

The carbon monoxide flow rate was calculated using equation 2-4-1-05 below.

% CO Molar Mass
CO2 Molar Mass

Flow RateCO = Flow Rateco2 (2-4-1-05)
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These impurity flow rates can now be added to the hydrogen flow rate exiting the
electrolyzer and be used to determine the overall and water vapor flow rates exiting the
electrolyzer; these are summarized in Table 2-4-1-02 below.

Table 2-4-1-02. Flow Rates for Hydrogen Stream Exiting Electrolysis

Component Flow Rate (kg/hr)
Gas Impurities and Hydrogen 267.88
Water Vapor 77.11
Total Flow 345.00

2.4.2 Water Condenser

The condenser was placed immediately after the electrolyzer to remove the majority of
the water vapor in the hydrogen stream. Because the water vapor is a relatively large percentage
of the hydrogen stream, it is important to first remove a significant amount of the water vapor to
allow for efficient separation of gas contaminants further downstream. Importantly, the water
goes through a compressor before entering the condenser to increase the pressure to the required
900 kPA for the condenser.

When modeling the condenser unit, it was found that the heat requirement for the unit
was much more dependent on the temperature at which the unit is run at than the pressure of the
unit. A lower temperature will result in a higher water vapor removal, as will a higher pressure.
However, as it is more energy efficient to increase the pressure of the condenser, it was decided

that the pressure would be increased far more than the temperature would be decreased. The
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pressure and temperature of this unit were determined based on a combination which yields a
greater than 90% water removal when modeled in aspen.

The heat removal needed for this unit is provided by a cooling water jacket with cold
river water running through it. Design specifications for the condenser were conducted on Aspen
Plus v14, using the NRTL-RK method. Heat exchange area for the cooling jacket was also found

using Aspen with a heat exchanger block representing the system.

2.4.3 Pressure Swing Adsorption (PSA)

The pressure swing adsorption system is needed to further purify the hydrogen gas by
removing much of the remaining water vapor and reducing gas contaminants to acceptable
levels. For the hydrogen separation, we have determined that SA zeolite provides adequate
adsorption of both water and gas contaminants, while minimizing hydrogen adsorption/loss. The
temperature of the PSA is higher than that of the condenser, so an intermediate heat exchanger is
needed (see 2.6.2.2)

The amount of 5A zeolite needed was determined by calculating the maximum amount of
zeolite required to meet the required semiconductor-grade hydrogen specifications for each
contaminant. The largest necessary amount of zeolite was, therefore, used in the column to meet
all required specifications. Figures 2-4-3-01, A (Luberti, 2022), B (Talu, 1996), and C
(Azhagapillai, 2022), were used to determine the amount of zeolite needed for each contaminant

in our system.
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Figure 2-4-3-01 (4, B, C): A) Adsorption Isotherm for 5A Zeolite Gas Contaminants
(Luberti, 2022); B) Adsorption Isotherms for Nitrogen and Oxygen on 5A Zeolite (Talu, 1996);

C) Adsorption Isotherm for Water on 5A Zeolite (Azhagapillai, 2022)

The amount of zeolite needed was calculated using Equations 2-4-3-01, 2-4-3-02, and
2-4-3-03. Furthermore, after the amount of zeolite was determined, the amount of hydrogen

exiting the PSA unit was determined using Equation 2-4-3-04.

Allowed Contaminant Flow Rate = W * Hydrogen Flow Rate (2-4-3-01)

Contaminant Adsorption Quantity = Allowed Contaminant Flow Rate —

Entering Contaminant Flow Rate (2-4-3-02)
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Zeolite Needed = Contaminant Adsorption Quantity (2_4_3_03)

Adsorption Coef ficient
Hydrogen Exit Flow Rate = Entering Flow Rate — Adsorbed Quantity =

Entering Flow Rate — [Zeolite Quantity * Adsorption Coef ficient] (2-4-3-04)

Table 2-4-3-01 summarizes the specification PPM and adsorption coefficient from Figure
2-4-3-01; the table only includes values for contaminants which have required specifications.

Table 2-4-3-01. Summary of Contaminant Specification PPM and Adsorption Coefficients

Compound Specified PPM Adsorption Coefficient
Nitrogen 2 1.5
Carbon Dioxide 2 6
Carbon Monoxide 2 4
Oxygen 1 1.1
Water 3.5 8.889
Hydrogen N/A 0.2

However, the zeolite bed will be fully saturated with contaminants after an hour of use; it
is necessary to regenerate the zeolite bed after an hour of continued use. According to Talu et al.,
this can be accomplished by decreasing column pressure to lower gas contaminant adsorption
capabilities and increasing temperature to remove adsorbed water molecules from the bed. A

purge stream of the purified hydrogen can then be flowed through the column to remove the
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contaminants. Based on our purity requirements, a purge stream containing 13% of the purified
hydrogen stream should be used (Nikolic, 2007).

Because hydrogen has a high energy density of 33.6 kWh per kg hydrogen burned (RMI,
2019), burning the hydrogen used to purge the impurities in a furnace and converting it to
electricity with a turbine allows the system to save money in electricity costs, assuming around
49% energy efficiency of the turbine (Power Engineering, n.d.), and that 100% of hydrogen gas
is converted into steam (to be later vented to the atmosphere) following Equation 2-4-3-05
below.

H, + 1/20, — H,0 (2-4-3-05)

2.4.4 Hydrogen Compression Process

This compression process is needed to meet the desired microelectronic grade hydrogen
pressure of 70 MPa (700 bar). This process involves a multistage compressor sequence with
intermediate heat exchangers to reduce the hydrogen temperature and improve compressor
efficiency.

2.4.4.1 Compressors

To achieve the necessary compression, three stages will be needed to keep a reasonable
compression ratio between 3 and 5. Furthermore, for more efficient compression, the hydrogen
needs to be cooled down using a heat exchanger (see 2.4.4.2 for more). The compressors were
modeled in Aspen Plus v14 as polytropic compressors using the American Society of
Mechanical Engineers (ASME) method. It was assumed that no partial condensation of gas

occurred in the interstage cooling.
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2.4.4.2 Heat Exchangers

The heat exchanger units in between the compressor stages are needed to cool the
compressed stream temperature and allow for more efficient hydrogen compression. The cooling
stream for these heat exchangers is sourced from the Torne river water itself at 0°C. The exit
temperature of this cooling water is 98°C for the first heat exchanger, 96°C for the second heat
exchanger, and 99°C for the third heat exchanger. To minimize pumping costs, it is necessary to
determine the minimum amount of water required to cool the hydrogen stream to 25°C.
Additionally, as the hot water from the first condenser is being supplied to a previous heat
exchanger to heat up the hydrogen stream exiting the condenser (see 2.6.2.2), the flowrate must
be chosen to accommodate both needs.

This heat exchanger was modeled in Aspen Plus v14 as a countercurrent heat exchanger
to obtain values for stream outlet temperatures, total heat transferred, and heat exchange area.

The modeling equations used by Aspen are shown below in equations 2-4-4-2-01, 2-4-4-2-02,

and 2-4-4-2-03.

Q=M* Cp * AT (2-4-4-2-01)
Q=U*A* AT, (2-4-4-2-02)

AT —AT
AT, = —2-—"2 (2.4-4-2-03)

Im end 1

ln(ATc”rle)

2.4.4.3 Bottling

The number of bottles needed will be based on a 250 L bottle and a hydrogen gas density
at 25°C and 700 bar using the Redlich-Kwong Equation of state. Equation 2-4-4-3-01 will be

used to calculate the number of bottles needed. The density was found to be 0.03987 kg/L using
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Aspen properties. Additionally, Austenitic Stainless steel bottles will be used due to their

resistance to hydrogen attack.

Gas produced per year
Density * 250 (2_4-4-3_01)

Number of Bottles per Year =
2.5 Oxygen Purification

2.5.1 Oxygen Purity Exiting Electrolyzer

The purity of the oxygen gas leaving the electrolyzer is determined by the temperature of
the water in the electrolyzer, 25 °C. This determines the amount of dissolved air contaminants
and water vapor present in the hydrogen stream leaving the electrolyzer. The amount of water
vapor present in the oxygen stream was calculated by using the vapor pressure of water at 25°C,
resulting in a water vapor fraction of 3.13% by using Equation 2-4-1-01.

For dissolved air contaminants, it was difficult to determine what amounts leave with the
hydrogen versus the oxygen stream. For modeling purposes, a conservative assumption was
made: all of the dissolved air contaminants exit with the oxygen stream. Thus, the contaminant
calculations for oxygen are the same as hydrogen. So, again, Henry’s Law was used to determine
the solubility of air gasses in water at 25°C; these contaminant gasses include nitrogen, carbon
dioxide, ozone, ammonia, argon, helium, neon, and helium. The Henry’s Law equation and
values used for each contaminant are summarized in equation 2-4-1-02 and Table 2-5-1-01,
respectively. The constants used in Henry’s Law were sourced from NIST and are shown in
Table 2-5-1-01. The partial pressure of each gas contaminant was calculated using equation
(2-4-1-03), which uses the contaminant volume percent, presented in Table 2-5-1-01, sourced
from the NOAA (NOAA, 2023).

A table is shown below summarizing the K, values, partial pressures, and subsequent

calculations to determine the flow rate from electrolysis.
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Table 2-5-1-01. Henry's Law Calculations for Air Contaminants in Water in Oxygen Stream

Gas K, Volume Partial Pressure Solubility Flow Rate from

Contaminant (mol/kg*bar) % in Air in Air (Pa) (mol/kg)  Electrolysis (kg/hr)

Nitrogen 0.0006 78 79,000 4.74e-4 1.59¢-2
Carbon
Dioxide 0.035 0.04 355 1.24e-5 6.55e-4
Oxygen 0.0013 21 21,300 2.77e-4 1.06e-2
Ozone 0.012 0.0467 47.3 5.68e-6 3.29¢-4
Ammonia 27 0.00001 0.0101 2.74e-6 5.58e-5
Argon 0.0014 0.93 946 1.32e-5 6.36¢-4
Neon 0.00045 0.001818 1.84 8.3e-9 2.0e-7
Helium 0.00038 0.000524 0.531 2e-9 9.68e-9

Unlike the scenario with hydrogen, because the oxygen is exiting in the anode, we expect
that any carbon monoxide will be oxidized and reacted into carbon dioxide. Therefore, we
assume that there will be no carbon monoxide remaining in the stream as an impurity.

The flow rates of the impurities can now be added to the oxygen flow rate exiting the
electrolyzer and be used to determine the overall and water vapor flow rates exiting the

electrolyzer which is summarized in Table 2-5-1-02 below.
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Table 2-5-1-02. Flow Rates for Oxygen Stream Exiting Electrolysis

Component Flow Rate (kg/hr)
Gas Impurities and Hydrogen 2132.12
Water Vapor 38.75
Total Flow 2170.86

2.5.2 Water Condenser

The condenser was placed immediately after the electrolyzer to remove the majority of
the water vapor in the oxygen stream. Because the water vapor is a relatively large percentage of
the oxygen stream, it is important to first remove a significant amount of the water vapor to
allow for efficient separation of gas contaminants further downstream. Importantly, the water
goes through a compressor before entering the condenser to increase the pressure to 608 kPa.

Similar to the condenser unit in the hydrogen purification process, it was found that the
heat requirement for the unit was much more dependent on the temperature at which the unit is
run at than the pressure of the unit. A lower temperature will result in a higher water vapor
removal, as will a higher pressure. However, as it is more energy efficient to increase the
pressure of the condenser, it was decided that the pressure would be increased more than the
temperature would be decreased. A cooling water jacket with cold river water running through it
is used to remove heat from this condensing unit. The design specifications for the condenser
were conducted on Aspen Plus v14, using the NRTL-RK method. Heat exchange area for the

cooling jacket was found using Aspen with a heat exchanger block representing the system.
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2.5.3 Pressure Swing Adsorption (PSA)

The pressure swing adsorption system is needed to further purify the oxygen gas by
removing much of the remaining water vapor and reducing gas contaminants to acceptable
levels. For the oxygen separation, we have determined that 13X zeolite provides adequate
adsorption of both water and gas contaminants, while minimizing oxygen adsorption/loss.

The amount of 13X zeolite needed was determined by calculating the maximum amount
of zeolite required to meet the required research-grade oxygen specifications for each
contaminant. The largest necessary amount of zeolite was, therefore, used in the column to meet

all required specifications.

—B— Oxygen(54)
—&— Oxygen(13X)

1.8
1.6

—&—Nitrogen(5A)
1.4 || —a—Nitrogen(13X)
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Figure 2-5-3-01 (a, b): a) Adsorption Isotherm for 13X Zeolite Gas Contaminants

(Javadi, n.d.) ; b) Adsorption Isotherms for Water on 13X Zeolite (Son et al., 2019)

The amount of zeolite needed was calculated using equations 2-4-3-01, 2-4-3-02, and
2-4-3-03. Since water was the greatest contaminant in the oxygen stream, figure 2-5-3-01 (b) was
used to determine the amount of zeolite needed at 20°C to meet the specifications for research
grade oxygen. The graph shows the adsorption data for water at different temperatures: the dark
blue represents water at 20°C, the turquoise line is water at 40°C, the light green is water at

60°C, the yellow is water at 80°C, and the red is water at 100°C. After determining that, figure
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2-5-3-01 (a) was used to determine how much nitrogen and oxygen were removed with the
amount of zeolite found that was needed to remove the water. After the amount of zeolite was
determined, the amount of oxygen exiting the PSA unit was found using equation 2-4-3-04.
Table 2-5-3-01 summarizes the specification PPM and adsorption coefficients from Figure
2-5-3-01; the table only includes values for contaminants which have required specifications.

Table 2-5-3-01. Summary of Contaminant Specification PPM and Adsorption Coefficients

Compound Specified PPM Adsorption Coefficient
Nitrogen 5 1.6
Water 0.5 16
Oxygen N/A 0.6

The 15 kg of zeolite will be fully saturated with contaminants after an hour of use, so it
is necessary to regenerate the zeolite bed after an hour for continued use. To properly regenerate
the bed, the column should be purged with a portion of the purified oxygen stream at a vacuum
gauge pressure of 0 kPa and a temperature of 400°C (Talu et al., 1996). The decreased pressure
creates lower adsorption capability for the gas contaminants and the increased temperature
removes the adsorbed water molecules from the bed. The purge oxygen stream will be used to
sweep desorbed gas contaminants off of the zeolite, composed of 10% (volume basis) of total
oxygen produced (Nikolic, 2007).

Consequently, the entire regeneration process will take roughly two hours: 37 minutes to
heat up the purge stream and column from 32°C to 400°C, 45 minutes to purge at 400°C, and 37

minutes to cool down the column and purge stream. Therefore, two additional columns are
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needed to achieve constant oxygen output during the regeneration process. The purged impure
oxygen stream can be released to the atmosphere. Additionally, similar to hydrogen design, an
extra adsorption column was added to the design to make a total of 4 columns; this was done to
extend the longevity of all the columns and provide back-up if maintenance is needed on any of
the other columns.

This PSA purification process ultimately produces an oxygen stream of 99.999904%
oxygen, 0.405 ppm N,, 0.01 ppm water, and 0.01 ppm CO, + CO with an overall oxygen

recovery of 89% and a flow rate of 1917 kg/hr.

2.5.4 Oxygen Compression Process

This compression process is needed to meet the desired research grade oxygen pressure
of 15200 kPa (2200 psi) (MESA Gas., n.d.). This process involves a multistage compressor
sequence with intermediate heat exchangers to reduce the oxygen temperature and improve

compressor efficiency.

2.5.4.1 Compressors
The purified oxygen stream exiting the PSA unit is at 20°C and 600 kPa. In order to bring
this stream to 15200 kPa with a reasonable compressor ratio (3-5), it was found that 3
compressor units are needed with each compressor having a ratio of 2.94. This was modeled
using the ‘mcompr’ function in the Aspen Plus v14 software where the compressors had an
average power requirement of 241.7 kW, and the heat exchangers had an average power

requirement of 227 kW.
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2.5.4.2 Heat Exchangers
The heat exchanger units in between the compressor stages are needed to cool the
compressed stream temperature and allow for more efficient hydrogen compression. The cooling
stream for these heat exchangers is sourced from the Torne river water itself at 0°C. To minimize
pumping costs, it is necessary to determine the minimum amount of water required to cool the

oxygen stream to 25°C.

2.5.4.3 Bottling
The number of bottles needed will be based on a 250 L bottle and the oxygen gas density
at 25°C and 15200 kPa using the Redlich-Kwong Equation of state. Equation (2-4-4-3-01) was
used to calculate the number of bottles needed. The density was found to be 0.204 kg/L using
Aspen properties. Additionally, carbon steel bottles will be used to bottle as there are no adverse

reactions that should occur.

2.6 Ancillary Equipment

2.6.1 Pumps

Pumps were calculated using the equation 2-6-1-01 below, where P represents the
hydraulic power requirement of the pump (in Watts), QO represents the volumetric flow rate (in

m?/s), and Ap represents the differential pressure (in Pa).

P=QAp (2-6-1-01)

Frictional loss in pipe was set to a conservative 50.66 kPa, and an additional 50.66 kPa

was allocated for frictional loss due to the control valve, given that these are centrifugal pumps.
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Furthermore, certain pumps (if applicable) were given an additional 50.66 kPa for loss through a
heat exchanger and a gravity head, as calculated using the following equation

Ho=pgh  (2-6-1-02)

H, is the gravity head, p is the density of the fluid, g is the gravitational constant, and /4 is

the height change traversed by the fluid.

2.6.2 Heat Exchangers
The final design has two heat exchangers, excluding those which are a part of the oxygen

and hydrogen purification processes.

2.6.2.1 Purified Water Heat Exchanger

This heat exchanger plays the role of increasing the purified, river water temperature to
25°C. This is needed to optimize the electrolysis process, as well as allowing dissolved gasses to
escape, making downstream separation easier. The water from the compression process is briefly
split to supply the hydrogen purification heat exchanger (see 2.6.2.2). This water is then
combined with the rest of the hydrogen compression water to be supplied to this water
purification heat exchanger. The heated purified water is then briefly exposed to an air space to
allow any previously dissolved gasses to exit the system.

This heat exchanger is modeled using the same methods as the previous heat exchangers.
They are modeled in Aspen Plus v14 as a countercurrent heat exchanger to obtain values for

stream outlet temperatures, total heat transferred, and heat exchange area. The modeling
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equations used by Aspen are the previously shown equations 2-4-4-2-01, 2-4-4-2-02, and

2-4-4-2-03.

2.6.2.2 Hydrogen Purification Heat Exchanger

This heat exchanger is needed to increase the temperature of the hydrogen stream exiting
the condenser to perform the PSA at the proper temperature. As mentioned in 2.6.2.1, a hot water
stream from the compression process will be used to provide the heat needed for this exchange
and will then be supplied to the water purification heat exchanger to further utilize any remaining
heat. The split stream of heated water from the hydrogen multistage compression process enters
this heat exchanger with a flowrate of 2000 kg/hr and a temperature of 98 °C; it exits at a
temperature of 93°C. It heats up the hydrogen exiting the condenser from a temperature of 20°C
to 32°C.

As with the other heat exchangers, this was modeled using Aspen Plus v14 as a
countercurrent heat exchanger to obtain values for stream outlet temperatures, total heat
transferred, and heat exchange area. The modeling equations used by Aspen are the previously

shown equations 2-4-4-2-01, 2-4-4-2-02, and 2-4-4-2-03.
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3. Recommended Design
3.1 Water Pretreatment Process
The figure below shows the overall process flow diagram (PFD) for the water

pretreatment process.
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Figure 3-1-01: Overall PFD for Water Pretreatment Process

Additionally, relevant streams within this process are shown below.
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Table 3-1-01. Water Purification Stream Table

Stream Number Flowrate (kg/hr) Main Component

Normal Operation = GAC Backwashing

1 8994.80 13258.56 Water
2 7195.82 10606.85 Water
3 7195.82 10606.85 Water
4 0.037 0.055 Suspended Particles
5 7195.82 10606.85 Water
6 7195.82 7195.82 Water
7 n/a 3411 Water
8 2374.62 n/a Water
9 4821.20 n/a Water
10 2137.16 n/a Water
11 237.46 n/a Water
12 237.46 n/a Water
13 2374.62 n/a Water
25 1798.96 n/a Water
30 6000 n/a Water
31 6000 n/a Water
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3.1.1 Coarse Mesh Screen (P-100, F-100)

As mentioned earlier, we will be using the RF100 Duplex Pump Self-Cleaning Filter seen
in Figure 2-2-1-01. This pump is equipped with a 250 pm filter. As seen in Table 3-1-01, 8994.8
kg/hr of water will enter F-100 from stream 1 during normal operations and 13,258 kg/hr during
GAC backwashing. The continuous backwashing system uses 25% of the pump’s inlet water
(1798.96 kg/hr during normal operations and 2651.71 kg/hr during GAC backwashing) to drive
the internal backwashing, cleaning the whole screen every 0.5 seconds. The continuous
backwash stream will be disposed of directly back into the river in stream 25 via a drain line.

The filter’s mesh is a nylon material that will be cleaned with water and detergent during
summer shutdown in July and each filter will be replaced during end-of-year shutdown in

December.

3.1.2 Rapid Sand Filter (F-101)

After the fine mesh filter, the water enters F-101 in stream 2 at 7,195 kg/hr during normal
operations and 10,606 kg/hr during GAC backwashing. The Parkson DynaSand® Filter
(Parkson, n.d.) uses the No. 20 Silica Sand (diameters between 0.45 mm and 0.55 mm) to capture
impurities as small as 20 um (Miller, 2024) and it removes 99% of SPM impurities. This filter
will have a fiberglass-reinforced plastic (FRP) shell. The filter has a bed depth of 2.032 m (80 in)
and a cross-sectional area of 0.73 m?.

The Parkson DynaSand® Filter also has a continuous backwashing system that uses air to
pump a 1:1 slurry of the removed suspended particles and water in stream 4 out a drain line into

a waste tank (T-100) at 0.037 kg/hr under normal operations and 0.055 kg/hr during GAC
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backwashing. The 20 Silica Sand is replaced every two to three years, and an evaluation of its

conditions will be performed during the end-of-year shutdown in December.

3.1.3 Waste Tank (T-100)
The SPM waste filtered out of the water will be collected in the waste tank T-100. This is

a 50 L carbon steel tank that will be emptied on the 28th of each month.

3.1.4 UV Disinfection (V-100)

After the rapid sand filter, the water passes through V-100 at 7,195 kg/hr during normal
operations and 10606 kg/hr during GAC backwashing. The Polaris Scientific UVA-60B product
removes up to 99.99% of these live contaminants and is equipped with 5 LED lamps that emit a
wavelength of 254 nm. The 304 stainless steel tube has dimensions of 13.9 cm x 93.8 cm (5.5 x
36.93 in). The target residence time is ~3.8 sec. The dead cell-debris will then be filtered out by
either the GAC filter or the RO system. The UV disinfection tube lamps will be replaced during

the end-of-year shutdown in December.

3.1.5 GAC Filter (F-102)

After UV disinfection, the water is sent through a granular activated carbon (GAC) filter
(F-102). The Eagle Redox Alloy® (ERA) (Crystal Quest Water Filters, n.d.) media consists of
high purity copper-zinc granules. Again, the water enters at 7,195 kg/hr water under normal
operations and 10,606 kg/hr during backwashing. The GAC filter will have a cross-sectional area

of 0.22 m? and will be backwashed every three days for 20 minutes.

52



We will install two GAC filters in parallel where only one will be operational at a time.
Every three days, the GAC filters will be alternated in order to perform backwashing. During the
transition, the flow rate will temporarily increase from 7,195 kg/hr to 10,606 kg/hr of water in
order to maintain a constant volume of water flowing to the RO unit while also accommodating
the backwash process. Once backwashing is complete, the flow rate will decrease back to 7,195
kg/hr water. The backwashed water will exit out of a drain line in stream 7 and will be pumped
and released to the nearby ocean. The GAC filter membranes will be replaced every year (Fresh

Water Systems, n.d.) during the end-of-year shutdown in December.

3.1.6 Reverse Osmosis and Water Storage Tank (F-103, T-101)

The RO unit F-103 has an efficiency of 33%. Our process requires an input flow rate of
7195 kg/hr of water (stream 6) into the RO system at 4.06 atm. We will be installing four RO
units in parallel that each have a maximum capacity of 6,548 kg/hr of water and 14 membranes.
Two RO units will be operational at a time. On the 28th of each month (also when the GAC
filters are swapped), the RO units will be swapped for cleaning and maintenance. With proper
maintenance, these RO units are expected to last 4 years (US Water Systems, 2023). The reject
water will be disposed of directly into the river through stream 9.

The water storage tank is designed to hold 4 hours' worth of purified water in case there
are any unexpected issues with the water-pretreatment system. During the start-up process, the
water storage tank will be filled with 9.53 m® of purified water. This will be held in a 10,000 liter
carbon steel tank. Once this target is hit, the valve on stream 12 and stream 10 will open and the

process will run continuously, feeding the heat exchanger a steady 2374 kg/hr of water.
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3.2 Proton-Exchange Membrane (PEM) Electrolyzer Design

The overall process flow diagram (PFD) for the electrolysis system is shown below.
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Figure 3-2-01: Overall PFD for PEM Electrolysis

The overall process flow diagram (PFD) for the electrolysis system is shown below.

Table 3-2-01: Stream Table for PEM Electrolysis

Stream Number Flowrate (kg/hr) Main Component
13 2374.62 Water
14 345.00 Hydrogen
18 2170.86 Oxygen
19 36.28 Water
36 70.74 Water

We recommend a proton-exchange membrane (PEM) electrolyzer (R-100) for the design
because it is a proven technology that offers one of the more promising efficiencies, both in

terms of hydrogen production and energy usage. There are several key design considerations for
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the electrolyzer: membrane type, anode/cathode catalyst, inlet water temperature/pressure, cell

sizing, and power source.

3.2.1 Electrolyzer material recommendations

For membrane type and electrode catalysts, we follow current industrial choices and
literature recommendations. Our design uses Nafion for the membrane, iridium oxide for the
anode, and platinum for the cathode. The membrane should be replaced every 5 years to
maintain proton conductivity, and we assumed for our design that the electrodes last the lifetime

of the plant (Zhao et al., 2015).

3.2.2 Water temperature and pressure recommendations

Inlet water temperature and pressure of streams 13, 19, and 36 will be set to 25°C and 1
atm, respectively, given the minimal effect of these two parameters on hydrogen production.
While a slightly higher temperature produces more hydrogen, we estimate that it is not worth the
additional energy requirement for the heat exchanger, so the cells will also be operating at 25°C.

Keeping the pressure at atmospheric level also reduces the hydraulic power requirement of the

pump.

3.2.3 Cell sizing recommendations

On a mole basis, 99.8% of inlet water gets converted into hydrogen gas on a single pass.
This high conversion is expected given the extensive pretreatment done to eliminate any
contaminants in the inlet water. We found a 1250 ¢cm? cell size running on 100 kW had the best

hydrogen production-to-power ratio. Each cell produces 0.026 kg hydrogen per kWh consumed.
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50 cells were assigned to a stack, producing 52 kg H, per day. To reach the overall production
goal with intentional overdesign to account for losses in the purification system, 125 stacks were

chosen to bring the final daily production of hydrogen from the electrolyzer to 6500 kg per day.

3.2.4 Polarization curve
Figure 3-2-02 below shows the final polarization curve after modeling with the
recommended design parameters.
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Figure 3-2-02. Polarization curve for the PEM electrolyzer at design specifications

The voltage versus current density curve is approximately linear (over a small range of
voltages and current densities) due to the constant power supply. The voltage also decreases as
current density increases, which is to be expected. Zhao et al. emphasize that PEM electrolyzers
do not work well at high current densities (> 1.7 A/cm?) because of degradation and overheating

effects of large current densities, so a voltage corresponding to a relatively low current density
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was chosen (2015). For this system, each cell will be operating at 1.63 volts and a current density

of 0.98 A/cm?.

3.2.5 Power consumption
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Figure 3-2-03. Power consumption and heat dissipation per stack of the PEM electrolyzer

A 100 kW constant power supply that will be connected to each of the 125 stacks in
R-100. Due to cell losses discussed in section 2.3.2, some of the electrical work will not be put
towards driving the reaction; instead, it will be dissipated as heat. Each stack will dissipate about
6.7 kW constantly, which is an order of magnitude less than the energy supply (Figure 3-2-03).
This heat also does not seem to significantly impact electrolyzer performance, so we do not

require any cooling and regulation for the design.
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3.2.6 Electrolyzer recommendation summary
Below is a table summarizing the final design recommendations for R-100.

Table 3-2-02. Electrolyzer design specifications chosen based on PEM modeling

Parameter Design Specification

Number of stacks 125
Number of cells per stack 50
Cell area 1250 cm?
Inlet water temperature (to electrolyzer) 25°C
Inlet water pressure (to electrolyzer) 1 atm
Power supply (per stack) 100 kW
Voltage (per cell) 1.63V
Current density (per cell) 0.98 A/cm?
Membrane material Nafion

Anode material

Cathode material

Iridium Oxide

Platinum
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3.3 Hydrogen Separation
Figure 3-3-01 below depicts the overall process flow diagram (PFD) for the hydrogen

separation process.

. HYDROGEN H-100 H-100
{
RIVER, PURGE
36 . i 4 STREAM
ELECTROLYZER - { \ 40| HOT RIVER
RECYCLE 1 | WATER i A
WATER 2% OT RIVER
P-105 47| P 30HOT RIVER o | HOT RIVER
WATER WATER
L | v_H-101
14 T 1 - 23
- | B : "\ A - A -
POST 4 |[‘“’\m:“‘9‘R J 15 A\ ¥ “H-103 1 \._¥/ HYFROGEN
ELECTROLYSIS ] i it H-104  PRODUCT
HYDROGEN c101 C-102
| . cooL 5 _
— P-106| (™ 1 30| River = 5AS
C-106 i Al WATER ““) CONTAMINANTS
cooL 4
RIVER |° v 1]
WATER L ( )
. | ~ ¥ |P-108
{ \ I \ ',
H-100 f = = G.100 - Y A
| — ;gi cooL
RIVER
WATER

TURBINE

FURNACE

Figure 3-3-01: Overall PFD for Hydrogen Separation

Table 3-3-01 below depicts the stream table for all relevant streams within the hydrogen

separation process.
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Table 3-3-01. Hydrogen Separation Stream Table

Stream Flowrate Temperature Pressure Main
Number (kg/hr) O (kPa) Component
14 345 25 101.325 Hydrogen
15 274.26 20 900 Hydrogen
16 267.82 32 900 Hydrogen
17 181.06 760 900 Steam
22 20.63 32 900 Hydrogen +
Impurities
23 233 25 70000 Hydrogen
28 17.41 32 900 Hydrogen
29 6000 0 101.325 Water
30 6000 95.78 101.325 Water
36 70.74 20 900 Water
37 5000 92.9 101.325 Water
38 5000 0 101.325 Water
39 233 32 900 Hydrogen
40 2000 98.1 101.325 Hydrogen
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This hydrogen separation process is needed to meet product purity and certain gas
specifications to sell to the microelectronics industry. To achieve this specification, a condenser
and pressure swing adsorption (PSA) process are used to remove water and other gas impurities

from the hydrogen stream exiting the electrolyzer.

3.3.1 Water Condenser (H-108, C-106)

The condenser has been designed to run at a temperature of 20°C and at 900 kPa. Before
the water enters this condenser, it will go through a compressor (C-106) to increase the pressure
to 900 kPa; this also increases the temperature to 430°C. 5000 kg/hr of cooling water (stream 38)
from the river at a temperature of 0°C will be used to keep the condenser temperature at 20°C
and remove the -508 kW heat duty; the cooling water exits at a temperature of 71.37°C. The area
required for this heat exchange is 24.8 sq. meters. This resulted in 92% water removal and

created an exit stream of 0.27% water vapor and 99.7% hydrogen.

3.3.2 Pressure Swing Adsorption (PSA) (A-100)

The column is set to operate at 32°C and 900 kPa, as this allows for a quality separation
of hydrogen and contaminants than other pressures and temperatures (Luberti & Ahn, 2022). As
the column is operating at 32°C and the stream exiting the condenser is at 20°C, it is necessary to
increase the hydrogen stream temperature with a heat exchanger (See 3.5.2.2).

From these calculations, it was determined that roughly 40 kg of 5A zeolite are needed to
achieve the required contaminant purity requirements, for one hour of flow. This resulted in a

single pass hydrogen recovery of 99.994%.
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This is not, however, the overall hydrogen recovery, as some of the hydrogen must be
used in combination with a pressure swing, to regenerate and desorb the zeolite bed (stream 28).
To properly regenerate the bed, the column must be purged with a portion of the purified
hydrogen stream at a gauge vacuum pressure of 0 kPa and a temperature of 400°C (Talu, 1996).
The purge hydrogen stream will be used to sweep desorbed gas contaminants off of the zeolite,
composed of 13% (volume basis) of total hydrogen produced (Nikolic, 2007). This sweep stream
will additionally result in an increase of the bed’s temperature temperature from 32°C to 400°C
at a rate of 10°C/min (Azhagapillai, 2022). This yields an 87% hydrogen recovery rate.

Consequently, the entire regeneration process will take roughly two hours: 37 minutes to
heat up the purge stream and column from 32°C to 400°C, 45 minutes to purge at 400°C, and 37
minutes to cool down the column and purge stream. This requires two additional columns to
achieve constant hydrogen output during the regeneration process. Importantly, the purge gas is
collected over an hour but must be released over two hours. Therefore, a tank (not shown) should
be used to hold the gas when collected. This makes the flowrate of stream 28 half of what it
would be, otherwise.

The purged, impure hydrogen stream will be burned and reacted into steam. This steam
(stream 17) will be burned in a furnace, then converted to electricity by propelling a stainless
steel, axial gas turbine, providing an extra 274 kW of energy which will be supplemented
towards the multistage hydrogen compression unit. Additionally, an extra (4th) adsorption
column was added to the design to extend the longevity of all the columns and provide back-up

if maintenance is needed on any of the other columns.
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This PSA purification process ultimately produces a hydrogen stream of 99.9996%
hydrogen, 0 ppm N,, 0 ppm O,, 0 ppm CO,, 0 ppm CO, and 3.49 ppm water with a hydrogen

recovery of 97% and a flow rate of 233 kg/hr.

3.3.3 Hydrogen Compression
3.3.3.1 Compressors (C-100, C-101, C-102)

The purified hydrogen exiting the PSA unit (stream 16 & 39) is at 32°C and 900 kPA. In
order to bring this stream to 70 MPa, 3 compressor units are needed with a ratio of 4.267.

The first stage increases the stream pressure from 900 kPa to 3840 kPA; due to the
compression, the temperature of the stream was increased to 270°C. This was then lowered to
25°C in a heat exchanger (see 3.3.3.2 Heat Exchangers). The stage had a power requirement of
225 kW. The second stage increased the stream pressure from 3840 kPA to 16.4 MPa, while
increasing the temperature to 260°C. Again, the temperature was lowered to 25°C. This stage
had a power requirement of 227 kW. Lastly, the third stage increased the stream pressure from
16.4 MPa to 70 MPa and increased the temperature to 270°C. This stage had a power
requirement of 260 kW, yielding a total compressor power requirement of 712 kW. Again, a heat

exchanger was used after this step to cool the hydrogen stream to 25°C.

3.3.3.2 Heat Exchangers (H-102, H-103, H-104)
It was determined that the minimum cooling water flow rate needed to cool the hot
compressed hydrogen streams, while staying within the liquid phase is 6,000 kg/hr (stream 29).
The supplied cooling river water has a temperature of 0°C. This yields a post heat exchanger

temperature of 98°C for the first heat exchanger, 96°C for the second heat exchanger, and 99°C
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for the third heat exchanger. The three heat exchangers had areas of 3.55 m?, 3.52 m?, and 3.63
m?, respectively. It should be noted, however, that a yearly fluctuating river water temperature
may require different cooling water flow rates throughout the year. However, given that this river
is sourced from glacial melt, we do not believe the river water temperature will have large

fluctuations and 6,000 kg/hr should be an adequate all-around cooling water flow rate.

3.3.3.3 Bottling

A quantity of 1,538,400 250 L bottles per year of Austenitic Stainless steel are needed for

this bottling process.
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3.4 Oxygen Separation
Figure 3-4-01 below depicts the overall process flow diagram (PFD) for the oxygen

separation process.
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Figure 3-4-01: Overall PFD for Oxygen Separation

Table 3-4-01 below depicts the stream table for all relevant streams within the oxygen

separation process.
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Table 3-4-01. Oxygen Purification Stream Table

Stream Number Flowrate (kg/hr) Main Component

18 2170.86 Oxygen

19 36.28 Water

20 2134.58 Oxygen

21 2129.72 Oxygen

24 2129.72 Oxygen

26 215.4 Oxygen + Impurities
27 212.97 Oxygen

32 6000 Water

33 6000 Water

34 4000 Water

35 4000 Water

This oxygen separation process is necessary in order to meet product purity and certain
gas specifications to sell to the research industry. A condenser and pressure swing adsorption
(PSA) process are used to remove water along with other gas impurities from the oxygen stream

exiting the electrolyzer.
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3.4.1 Water Condenser (H-109, C-107)

The condenser has been designed to operate at a temperature of 20°C and at 608 kPa.
Before the water enters this condenser, it will go through a compressor (C-107) to increase the
pressure to 608 kPa; this also increases the temperature to °C. 4000 kg/hr of cooling water
(stream 34) from the river at a temperature of 0°C will be used to keep the condenser
temperature at 20°C and remove the -176.75 kW heat duty. The stream exits at a temperature of
40°C. The area required for this heat exchanger that maintains the condenser temperature is 3.56
sq. meters. This process allowed for 87.8% of the water to be removed from the oxygen stream,

resulting in an exit stream of 0.39% water vapor and 99.6% oxygen.

3.4.2 Pressure Swing Adsorption (PSA) (A-101)

The column is operating at 20°C and 600 kPa, as this allows for optimal separation of
oxygen gas from the contaminants in the stream. It was determined that roughly 15.3 kg of 13X
zeolite are needed to achieve the required contaminant purity specifications. This resulted in a
single pass oxygen recovery of 99.995%.

Since some of the oxygen is used in combination with a pressure swing to regenerate and
desorb the zeolite bed, this is not the overall oxygen recovery. To properly regenerate the bed, the
column must be purged with a portion of the purified oxygen stream at a gauge vacuum pressure
of 0 kPa and a temperature of 400°C (Talu, 1996). The purge oxygen stream will be used to
sweep desorbed gas contaminants off of the zeolite, composed of 10% (volume basis) of total
oxygen produced (Nikolic, 2007). This sweep stream will additionally result in an increase of the

bed’s temperature temperature from 32°C to 400°C at a rate of 10°C/min (Azhagapillai, 2022).

67



This yields an 89.995% oxygen recovery rate. This purged oxygen stream will be vented to the
atmosphere (stream 26).

The entire regeneration process will take about 2 hours to complete: 37 minutes to heat
up the purge stream and column from 32°C to 400°C, 45 minutes to purge at 400°C, and 37
minutes to cool down the column and purge stream. As a result, this regeneration process
requires two additional columns to achieve constant oxygen output during the regeneration
process, with one extra for backup, totaling 4 PSA columns.

This PSA purification process ultimately produces an oxygen stream of 99.9999% O,,
0.405 ppm N,, 0.01 ppm CO,, 0 ppm CO, and 0.001 ppm water with an oxygen recovery of 89%

and a flow rate of 1917 kg/hr.

3.4.3 Oxygen Compression
3.4.3.1 Compressors (C-103, C-104, C-105)

The purified oxygen exiting the PSA unit is at 20°C and 600 kPA. In order to bring this
stream to 15200 kPa with a reasonable compressor ratio (3-5), it was found that 3 compressor
stages are needed with each compressor having a ratio of 2.94.

The first stage increases the stream pressure from 600 kPa to 1764 kPa; due to the
compression, the temperature of the stream was increased to 172°C. This was then lowered to
25°C in a heat exchanger (H-105). The stage had a power requirement of 75.15 kW. The second
stage increases the stream pressure from 1764 kPa to 5186 kPa; due to the compression, the
temperature of the stream was increased to 179°C. Again, this was then lowered to 25°C in a
heat exchanger (H-106). The stage had a power requirement of 76.13 kW. The third stage

increases the stream pressure from 5186 kPa to 15247 kPa; due to the compression, the
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temperature of the stream was increased to 177°C. This was then lowered to 25°C in a heat
exchanger (H-107). The stage had a power requirement of 75.62 kW, yielding a total compressor

power of 227 kW.

3.4.3.2 Heat Exchangers (H-105, H-106, H-107)

It was determined that the minimum cooling water flow rate needed to cool the hot
compressed hydrogen streams, while staying within the liquid phase is 6,000 kg/hr (stream 32).
The supplied cooling river water has a temperature of 0°C. This yields a post heat exchanger
temperature of 33°C for the first heat exchanger, 35°C for the second heat exchanger, and 38°C
for the third heat exchanger. The three heat exchangers had areas of 1.314 m?, 1.398 m?, and
1.538 m?, respectively. It should be noted, however, that a yearly fluctuating river water
temperature may require different cooling water flow rates throughout the year. However, given
that this river is sourced from glacial melt, we do not believe the river water temperature will

have large fluctuations and 6,000 kg/hr should be an adequate all-around cooling water flow rate.

3.4.3 Bottling

36,550 250 L bottles each year made of Carbon steel are needed for this bottling process.

3.5 Ancillary Equipment

3.5.1 Pumps

The final design has a total of 18 pumps operating at all times. For each unique stream
location which requires a pump, one spare pump is allocated. There are 4 pumps for river water

intake, which come attached to the fine mesh mechanical screen that serves as the first step of the
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water pretreatment. Otherwise, there is only one pump for all other relevant locations. Table
3-5-1-01 below shows the differential pressure, volumetric flow rate, and hydraulic power for
each pump in the process.

Table 3-5-1-01. Pump Summary

Equipment Name  Differential Pressure Volumetric Flowrate = Hydraulic Power

Stream (kPa) (m’/s) (W)
P-100 411.38 0.0037 1520
P-101 755.88 0.0029 2230
P-102 44583 0.00095 422
P-103 131.72 0.000066 8.67
P-105 658.61 0.00020 129
P-106 151.98 0.0014 211
P-107 1013.25 0.0059 6030
P-108 151.98 0.00167 253
P-110 658.61 0.000010 6.64
P-111 151.98 0.0011 167
P-112 709.28 0.0046 3230
P-113 151.98 0.00167 253
P-114 151.99 0.00066 100

Most pumps in the system will have water as the fluid, except for streams 14, 18, 27, and

28, which contain either oxygen or hydrogen gas that is produced from the electrolyzer and
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coming out of pressure-swing adsorption. There are no additional material considerations for
these fluids, so carbon steel centrifugal pumps with control valves were chosen for the design.

These will operate at about 70% efficiency.

3.5.2 Heat Exchangers
This section details the design of the two remaining heat exchangers not associated with
hydrogen and oxygen compression. A summary of all heat exchangers is shown in Table

3-5-2-01.
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Table 3-5-2-01. Heat Exchanger Summary

Heat Cold Inlet Cold Outlet Hot Inlet Hot Outlet Heat

Exchanger Temperature Temperature Temperature Temperature Exchanger

‘O ‘O ‘O O Area (m’)
H-100 0 25 95.8 86.6 1.00
H-101 20 32 98 93 0.22
H-102 0 98 270 25 3.55
H-103 0 96 260 25 3.52
H-104 0 99 270 25 3.63
H-105 0 33 172 25 1.31
H-106 0 35 179 25 1.40
H-107 0 38 177 25 1.54
H-108 0 12 25 20 8.03
H-109 0 4.04 25 20 1.34
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3.5.2.1 Water Purification Heat Exchanger (H-100)

Heated water from the hydrogen multistage compression process (stream 30) is sent
through this heat exchanger to heat up cold, purified, river water at a temperature of 0°C to 25°C.
The heated water enters the heat exchanger at a flow rate of 6000 kg/hr and a temperature of
95.8°C (after merging with the split stream supplied to the hydrogen heat exchanger, see 3.5.2.2);
the stream exits the heat exchanger at a temperature of 86.6°C. Given these requirements, the
heat exchanger uses a double pipe, carbon steel, shell and tube configuration with 1 square meter

of heat transfer area.

3.5.2.2 Hydrogen Purification Heat Exchanger (H-101)
A split stream of heated water from the hydrogen multistage compression process (stream
40) 1s sent through this exchanger to heat up hydrogen exiting the condenser at a temperature of
20°C to 32°C for proper separation in the PSA unit. The heated water enters the heat exchanger
at a flow rate of 2000 kg/hr and a temperature of 98°C; the stream exits the heat exchanger at a
temperature of 93°C and mixes back with stream 30 to enter the water purification heat
exchanger. Given these requirements, the heat exchanger uses a double pipe, carbon steel, shell

and tube configuration with 0.22 square meters of heat transfer area.

3.6 Plant Operation Schedule

The following chart (Figure 3-6-01) shows the plan for our operational schedule. Out of
the 8760 hours in the year, we will be operating for 8000 hours to hit the per annum hydrogen
production design target. This equates to about 335 days of operation and 30 days of downtime.

Green indicates regular operational hours, when the process has reached steady-state, and counts
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towards the 335 days of operation. Grey indicates scheduled maintenance. There are two routine
long-term maintenance blocks allotted in the year: one week at the end of the calendar year
(December 25 - January 2 of the next year) and one week in the middle of the year (July 11 - July
19). This is where larger but expected maintenance projects such as electrolyzer membrane
replacement, GAC/RO membrane replacement, and inlet mesh screen cleaning. Yellow indicates
start-up and shutdown processes, which are scheduled for before and after maintenance weeks.
Production during this time will not be at normal, steady-state capacity. Orange indicates
alternation of GAC and RO units, which occurs once a month to ensure both filtrations are
running at expected levels. Blue indicates unscheduled maintenance, reserved for unintended
downtime where equipment needs to be serviced. There are nine days allotted for these
shorter-term maintenance projects, which are currently set at the first of every month, but in
reality they will occur as needed throughout the year. Otherwise, the normal operating schedule

will follow.
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Figure 3-6-01: Plant Operation Schedule
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4. Economic Considerations

This process was priced using a variety of sources. Older prices from research articles
and websites which were expected to have experienced significant changes due to inflation were
adjusted accordingly (AIER, 2024). Similarly, items and information priced with older textbooks
and Capcost accounted for outdated costs through scaling with the Chemical Engineering Cost
Plant Index (CEPCI) (The University of Manchester, n.d.), using 800 as 2024’s CEPCI value.

Aspen was also used where applicable.

4.1 Total Capital Cost

4.1.1 Land

As described above, based on existing water processing facilities in Sweden, our property
will be on 27 acres of land. Land cost was determined using agricultural prices for production in
Upper Norland (Statistikmyndigheten SCB, 2018), where our plant is located.

Table 4-1-1-01. Capital costs associated with land usage

Land Usage (acres) Cost per Area ($/acres) Total Cost

27 761.01 $20,547.23

4.1.2 Water Pretreatment Equipment Costs

The first step of water purification is the mesh screen with included pumps. This was
priced as the RF100 Duplex Self-Cleaning Filter via Rotorflush (Rotorflush, n.d.), accounting for
all 5 necessary pumps. The table below refers to this specific piece of equipment as a
combination of both a pump and coarse filter, as represented in the water purification section’s

PFD. Because these filters included pumps and were a part of the water purification process, they
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are not priced with all additional pumps within the Ancillary Equipment Costs (Section 4.1.6)

portion of this paper.

Table 4-1-2-01. Cost for Inlet Pumps and Mesh Filters

Equipment Base Cost Quantity Total Cost

P-100, F-100 $454.54 5 $2,272.70

The continuous rapid sand filter was priced under the assumption that the primary
equipment cost was the shell of the filter. Because the equipment selected for this design is made
from a plastic (FRP), a different, comparable plastic (high-density polyethylene) tank was used
when selecting a vessel of the adequate volume for accurate shell pricing (Grainger, n.d.). The

base price was then doubled to account for unincluded costs such as granular media (sand), and

beyond.
Table 4-1-2-02. Cost for Continuous Rapid Sand Filter
Equipment Base Cost Scaling Factor Total Cost
F-101 $2,685.87 2 $5,371.74

The stainless steel tank required to collect was priced via The Cary Company (The Cary

Company, n.d.).
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Table 4-1-2-03. Cost for Continuous Rapid Sand Filter Waste Tank

Equipment Size Quantity Total Cost

T-100 3795 L 1 $312.49

The UV disinfection tube cost was collected from US Water Systems (US Water Systems,
n.d.) using their 60 GPM Polaris Scientific Ultraviolet Disinfection System - UVA-60B model.

Table 4-1-2-04. Cost for UV Disinfection Tube

Equipment Flow Capacity Quantity Total Cost

V-100 13,627 kg/hr 1 $3,977.80

The price of the GAC filter was determined via Crystal Quest Water Filters 60 GPM
model (Crystal Quest Water Filters, n.d.) based on our system’s required flowrate, and

accounting for alternation required to maintain the GAC filters.

Table 4-1-2-05. Cost for Granular Activated Carbon (GAC) Filters

Equipment Flow Capacity Quantity Total Cost

F-102 13,627 kg/hr 2 $9,638.00

Our reverse osmosis system was priced, again, with Crystal Quest Water Filters (Crystal
Quest Water Filters, n.d.) using the 30,000 GPD model. Similarly, the price is dependent on both
flow rate and the fact that 2 of 4 total RO systems will be run simultaneously, and rotated on a

monthly basis.
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Table 4-1-2-06. Cost for Reverse Osmosis (RO) Systems

Equipment Flow Capacity Quantity Total Cost

F-103 6,548 kg/hr 4 $164,116.60

The final equipment in the water purification process is the water storage tank, used as a
backup in case any prior step in the purification process undergoes unexpected shutdown. The
tank was priced as a carbon steel tank with Plant Design and Economics for Chemical Engineers
(Peters et al., 2003). As the figure used for this base cost was created in 2002, that year’s CEPCI
(395.6) was accounted for while scaling for total cost.

Table 4-1-2-07. Cost for Water Storage Tank

Equipment Size Base Cost Scaling Factor Total Cost

T-101 10,000 L $11,250 800/395.6 $22,750.25

4.1.3 Electrolysis Equipment Costs

The cost of our PEM electrolysis unit was based off of flowrate requirements, while
ensuring that we have a slight overcapacity for processing water into hydrogen and oxygen. The
price to purchase electrolysis units (in bulk) which are capable of processing 1 kg/hr of water
into high-purity hydrogen was determined using Alibaba (Alibaba, n.d.), and scaled accordingly

to account for the total inlet flow rate to the electrolysis block.

78



Table 4-1-3-01. Cost for PEM Electrolysis Units

Equipment Base Cost Scaling Factor Total Cost

R-100 $10,000 2,500 $25,000,000.00

4.1.4 Hydrogen Purification Costs
CapCost was used to price the compressor (carbon steel, centrifugal pump) used to
compress and pump the hydrogen stream exiting electrolysis with a CEPCI of 800.

Table 4-1-4-01. Cost for Hydrogen Stream Compressor

Equipment Power Requirement Quantity Total Cost
(kW)
C-106 455 1 $304,000.00

Plant Design and Economics for Chemical Engineers (Peters et al., 2003) was used to
price the condenser used to remove water from the hydrogen stream, priced as a multiple-pipe,
carbon-steel heat exchanger.

Table 4-1-4-01. Cost for Hydrogen-Water Condenser

Equipment Heat Exchange Base Cost Scaling Factor Total Cost
Area
H-108 24.8 m? $1,200.00 800/395.6 $2,426.69
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The hydrogen pressure swing adsorption unit was priced using two major costs: the
equipment itself (Alibaba, n.d.), constituent of 4 total columns, and the quantity of SA zeolite
required (40 kg) per each of the 4 columns (MSE Supplies LLC, n.d.). This produces the scaling
factor of 160 shown below in the table. Due to the regeneration and longevity of its lifetime,
zeolite is considered a one-time (capital) cost rather than a material or operating cost.

Table 4-1-4-02. Cost for Hydrogen Pressure Swing Adsorption

Equipment Base Cost Scaling Factor Total Cost
5A Zeolite $47.40/kg 160 $7,584.00
A-100 $9,500.00 N/A $9,500.00

The final step of the hydrogen purification process is the multi-stage compressor. This
was modeled in Aspen Plus v14 using three heat exchanger and three compressor blocks. Each of
the compressor blocks were priced by Aspen’s economic analysis tool, however the heat
exchangers were priced separately as carbon steel, double pipe shell and tube heat exchangers
using Plant Design and Economics for Chemical Engineers (Peters et al., 2003). Because figures
in that textbook were produced in 2002, a CEPCI of 395.6 was used in scaling of the base cost.
Additionally, the logarithmic scale of the figure used resulted in negligible price differences

between the subtly different heat exchanger areas.
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Table 4-1-4-03. Heat Exchanger Prices for Hydrogen Multi-Stage Compression

Equipment Heat Exchange Base Cost Scaling Factor Total Cost
Area

H-102 3.55 m? $1,100.00 800/395.6 $2,224.47

H-103 3.52 m? $1,100.00 800/395.6 $2,224.47

H-104 3.63 m? $1,100.00 800/395.6 $2,224.47

Table 4-1-4-04. Compressor Prices for Hydrogen Multi-Stage Compression

Equipment Total Cost
C-100 $1,907,400.00
C-101 $2,009,700.00
C-102 $2,000,000.00

4.1.5 Oxygen Purification Costs
CapCost was used to price the compressor (carbon steel, centrifugal pump) used to
compress and pump the hydrogen stream exiting electrolysis with a CEPCI of 800. CapCost

prices any compressor below a power requirement of 450 kW as the minimum compressor cost.
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Table 4-1-5-01. Cost for Oxygen Stream Compressor

Equipment Power Requirement Quantity Total Cost
(kW)
C-107 160 1 $302,000.00

Plant Design and Economics for Chemical Engineers (Peters et al., 2003) was used to
price the condenser used to remove water from the oxygen stream, priced as a double-pipe,
carbon-steel heat exchanger.

Table 4-1-5-02. Cost for Oxygen Stream Condenser

Equipment Heat Exchange Base Cost Scale Factor Total Cost
Area
H-109 3.56 m? $1,010.00 800/395.6 $2,042.47

The oxygen pressure swing adsorption unit was priced using two major costs: the
equipment itself (Alibaba, n.d.), constituent of 2 total columns, and the quantity of 13X zeolite
required (15 kg) per each of the columns (MSE Supplies LLC, n.d.). There are 4 total columns
required for our process, producing the scaling factor of 60 shown for the zeolite below. Again,
due to its ability to regenerate and longevity of its lifetime, purchase of the zeolite is considered a

one-time (capital) cost rather than a material or operating cost.
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Table 4-1-5-03. Cost for Oxygen Pressure Swing Adsorption

Equipment Base Cost Scaling Factor Total Cost
13X Zeolite $47.50/kg 60 $2,850.00
A-101 $4,000.00 2 $8,000.00

Unlike hydrogen’s compression system, the multi-stage oxygen compression system
(including all heat exchangers) was priced as one unit according to the ‘mcompr’ block in Aspen
Plus v14. The table below represents this as the three compressors and heat exchangers shown in
the oxygen purification system’s PFD.

Table 4-1-5-04. Cost for Oxygen Multi-Stage Compression System

Equipment Total Cost

C-103, H-105, C-104, H-106, C-105, H-107 $1,930,400.00

4.1.6 Ancillary Equipment Costs

All pumps, besides the inlet pumps which have attached filters, were priced using
CapCost. These were priced as carbon steel, centrifugal pumps. Any pump with a shaft power
under 1 kW was valued at the minimum purchase price, and any pump with a shaft power above
300 kW was valued using pumps in series. The value of the CEPCI for 2024 (800) was included

in the calculation CapCost performed.
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Table 4-1-6-01. Cost for Pumps Modeled in CapCost

Equipment Shaft Power  Discharge Base Cost Total Cost
(kW) Pressure
(kPag)
P-101 2.23 654.6 $8,341.00 $16,682.00
P-102 0.422 0 $7,650.00 $15,300.00
P-103 0.0087 0 $7,650.00 $15,300.00
P-105 0.129 0 $7,650.00 $15,300.00
P-106 0.211 0 $7,650.00 $15,300.00
P-107 6.03 810.6 $10,439.00 $20,878.00
P-108 0.253 101.325 $7,650.00 $15,300.00
P-110 0.00664 0 $7,650.00 $15,300.00
P-111 0.167 0 $7,650.00 $15,300.00
P-112 3.23 506.65 $8,933.00 $17,866.00
P-113 0.253 101.325 $7,650.00 $15,300.00
P-114 0.1 0 $7,650.00 $15,300.00

CapCost was additionally used to price the turbine used to burn purge hydrogen coming

out of the PSA unit, assuming the turbine is 34.2% energy efficient. The turbine was valued as a

stainless steel axial gas turbine.
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Table 4-1-6-02. Cost for Turbine Modeled in CapCost

Equipment Energy Produced (kW) Total Cost

G-100 274 $509,625.00

The final pieces of ancillary equipment not already accounted for are the heat exchanger
required to heat water pre-electrolysis, as well as the heat exchanger used to increase the
temperature of hydrogen before PSA. The heat exchangers were priced as a carbon steel, double
pipe shell and tube heat exchanger with Plant Design and Economics for Chemical Engineers
(Peters et al., 2003), Table 14-15. CEPCI was accounted for in the scaling factor.

Table 4-1-6-03. Cost for Heat Exchangers

Equipment Heat Exchange Base Cost Scaling Factor Total Cost
Area
H-100 1.00787 m? $1,000.00 800/395.6 $2,022.24
H-101 0.2169 m? $950.00 800/395.6 $1,921.13

4.1.7 Total Capital Costs

Total capital investment based on equipment cost was determined and scaled according to
Plant Design and Economics for Chemical Engineers (Peters et al., 2003), following Table 6-9
as a fluid processing plant. Because there is no chemical inventory required for our process,
working capital was assumed to include all costs associated with bottling. A breakdown of costs,

along with total capital investment, is seen below.
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Table 4-1-7-01. Breakdown of Total Capital Investment

Direct Costs
Purchased Eqpt. Delivered $34,695,057.76
Purchased Eqpt. Installation $16,306,677.15
Instrumentation and Controls $12,490,220.79
Piping $23,592,639.28
Electric Systems $3,816,456.35
Buildings (including services) $6,245,110.40
Yard Improvements $3,469,505.78
Service Facilities $24,286,540.43
Total Direct Plant Cost $124,902,207.93

Indirect Costs

Engineering and Supervision $11,449,369.06
Construction Expenses $14,224,973.68

Legal Expenses $1,387,802.31
Contractor’s Fee $7,632,912.71
Contingency $15,265,825.41

Total Indirect Plant Cost $49,960,883.17

Fixed Capital Investment (FCI) $174,863,091.10
Working Capital (15% total investment) $30,878,601.40
Total Capital Investment $205,741,692.50
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4.2 Yearly Operating Costs

4.2.1 Raw Material Costs

The only inlet material stream required for this process is water to be pumped from the
Torne river. Total yearly flow was determined by averaging the backwashing and
non-backwashing flow rates in conjunction with pricing information for process water from
Peters et al. (2006), assuming the price of process water is equal to the price paid to the
municipality of Sweden where the river water is taken from. The price used in calculations has
already been scaled to account for the CEPCI in 2006 (500) of 0.05 cents per kg.

Table 4-2-1-01. Cost for Inlet Water

Base Cost Total Material Total Yearly Cost

$0.0008/kg 72,116,315 kg $57,693.05

Beyond water, membranes used within equipment should be replaced within a certain
timeline. As stated in sections above, electrolysis Nafion membranes (Ion Power, n.d.) require
replacement every 5 years, GAC membranes (Crystal Quest Water Filters, n.d.) every year, and
RO membranes (Espwater, n.d.) every 4 years. The PEM electrolysis unit has 125 stacks, with 50
cells per stack, each containing one membrane. The two GAC filters each have 1 membrane,

whereas each of the four RO units have 16 membranes.
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Table 4-2-1-02.

Cost for Membrane Replacements

Membrane Base Cost Filters Scale Factor Total Yearly
Type Required Cost
Nafion $270.00 6,250 1/5 $339,290.60
GAC $19.75 2 1 $39.50
RO $369.00 56 1/4 $5,166.00

4.2.2 Utility Costs: Onshore Wind Electricity

All electricity from this system is sourced from onshore wind in Sweden. Converting

from Euros to USD, the cost for onshore wind electricity was found to be 0.038 USD/kWh

(Swedish Wind Energy Association, n.d.). Any major equipment with electricity requirements is

shown below. Scaling factor is based on the number of equipment items in the system; i.e, two

RO units are always run simultaneously, and therefore electricity requirements are given on a

per-unit basis. The energy requirements for the PSA units is an hourly average based on the

changing start up and shut-down electricity needs.
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Table 4-2-2-01. Onshore Wind Electricity Costs for Major Equipment

Equipment Electricity Scale Factor Operational Total Yearly
Requirement Hours Cost
(kW)

P-100, F-100 0.380 4 8,000 $462.08
F-101 225 1 8,000 $68,400.00
V-100 0.039 1 8,000 $11.86
F-103 2.25 2 8,000 $1,368.00
R-100 100 125 8,000 $3,800,000.00
C-106 455 1 8,000 $138,320.00
A-100 17.2 1 8,000 $5,228.80

C-100, H-102,
C-101, H-103, 438 1 8,000 $133,152.00

C-102, H-104
C-107 160 1 8,000 $48,640.00
A-101 7.28 1 8,000 $2,213.12

C-103, H-105,
C-104, H-106, 227 1 8,000 $69,008.00

C-105, H-107

Similarly, energy requirements for pumps (other than inlet because of its attached screen)

are shown in the table below.
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Table 4-2-2-02. Onshore Wind Electricity Costs for Pumps

Equipment Electricity Operational Hours Total Yearly Cost
Requirement (kW)
P-101 2.23 8,000 $677.92
P-102 0.422 8,000 $128.42
P-103 0.00867 8,000 $2.64
P-105 0.129 8,000 $39.22
P-106 0.211 8,000 $64.14
P-107 6.03 8,000 $1,833.12
P-108 0.253 8,000 $76.91
P-110 0.00664 8,000 $2.02
P-111 0.167 8,000 $50.77
P-112 3.23 8,000 $981.92
P-113 0.253 8,000 $76.91
P-114 0.1 8,000 $30.40

4.2.3 Utility Costs: Cooling River Water
Cooling river water required to be pumped into the system (as a utility) was priced using

values for process water from Peters et al. (2006).
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Table 4-2-3-01. Cooling River Water Costs for Overall Process

Equipment Base Cost Water Operational Total Yearly
Requirement Hours Cost
(kg/hr)
H-102, H-103, 6,000 (2,000
$0.0008/kg 8,000 $38,400.00
H-104 each)
H-105, H-106, 6,000 (2,000
$0.0008/kg 8,000 $38,400.00
H-107 each)
H-108 $0.0008/kg 5,000 8,000 $32,000.00
H-109 $0.0008/kg 4,000 8,000 $25,600.00
4.2.4 Labor Costs

Total labor costs were determined using Figure 6-8 in Plant Design and Economics for
Chemical Engineers (Peters et al., 1991), using an anticipated production rate of around 50 tons
daily, and assuming operators are required 365 days per year for 13 processing steps to get the
total number of operators. Operator pay rate was determined to be around $38.12 per hour (US
Bureau of Labor Statistics, 2023). Supervisor pay was assumed to be 20% of total operator cost

yearly.
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Table 4-2-4-01. Overall Labor Costs

Labor Source Number Total Yearly Cost
Operators 65 $5,064,623.20
Supervisors 11 $1,012,924.64

4.2.5 Operating Costs and Product Revenue
In the table below, total operating costs are summarized to include raw materials,
electricity, and utility water consumption.

Table 4-2-5-01. Overall Operating Costs

Operating Cost Total Yearly Cost
Raw Materials $402,189.15
Utility: Onshore Wind Electricity $4,270,768.25
Utility: Cooling River Water $134,400.00
Total $4,807,357.40

Additionally, revenues from hydrogen and oxygen are listed below. Hydrogen prices were
collected from Azo Materials (Azo Materials, 2020), whereas oxygen was priced using data from

Sci Analytical Laboratories (SCI Analytical, n.d.).
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Table 4-2-5-02. Overall Revenue

Product Wholesale Price Quantity Produced Total Yearly
Revenue
Microelectronics- $212.59/kg 1,864,000 kg $394,413,880.66
Grade Hydrogen
Research-Grade $2.94/kg 15,334,000 kg $45,109,684.35
Oxygen
Total $439,523,565.01

4.2.6 Taxes and Other Fees

The remaining operating costs include waste disposal taxes, insurance costs, property
taxes, and maintenance fees. The total yearly SPM removal (coming from the continuous sand
filter) is a function of taxes currently set in place in Sweden for biodegradable landfill (European
Environment Agency, 2023). Insurance was valued at 1% of total FCI, and similarly maintenance
fees at 4% FCI (Peters et al., 1991). Property taxes in Sweden, assuming our plant is considered
an industrial property, cost 5% of FCI (Skatteverket, n.d.). Income taxes and depreciation will be

discussed in section 4.3 below.
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Table 4-2-6-01. Taxes and Other Fees

Expense Total Yearly Cost
Disposal Taxes $19.76
Insurance Costs $1,748,630.91
Property Taxes $874,315.46
Maintenance Fees $6,994,523.64

4.3 Cash Flow Analysis

A cash flow analysis was conducted to determine if our green hydrogen production plant
should ultimately be built and operated or not. This factors in a 20.6% yearly corporate income
tax (PWC, n.d.), and a 10-year straight line depreciation from years 1-10. Our plant was assumed
to have a 20-year lifetime, with an 18-month start-up period. In year -1, two-thirds of the total
capital investment is spent. For the first six months of year 0, the remaining third of capital
investment is spent, while for the remaining half of the year the plant is operational at half total
capacity. At year 20, the plant is shut down, and some capital costs are recuperated by selling all
pumps, RO units, multistage compressors, the turbine, and land. The actual cash flow table is

shown below for the plant’s lifetime.
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Table 4-3-01. Actual Cash Flow

Year Actual Cash Flow
-1 -$134,922,082.27
0 $32,175,574.07
1-10 $336,883,157.20
11-19 $332,698,705.60
20 $341,707,093.84

Sum After 20 Years Operation

$6,602,618,780.62

Discounted cash flow (DCF), as a method of assessing previous and future value of an

investment is another key component in the go-no-go decision for a chemical operating plant.

Setting a discount hurdle rate of 18%, due to the relative novelty of this process, but lack of

safety or market risks, gives us the graph displaying DCF below. This DCF scenario has a net

present value (NPV) of around $1.38 billion.

95



300

250

200

150

100

50

4 0 1 2 3 4 5 6 7 8 @ 10 11 12 13 14 15 16 17 18 19 20

-50

-100

Discounted Cash Flow (DCF) in Millions

-150

-200
Year

Figure 4-3-01: Discounted Cash Flow (DCF) at Hurdle Rate

Setting the NPV to zero, the internal rate of return can be calculated (via Excel) to be
64%. To further confirm our profitability, return on investment (ROI) was calculated as the ratio
of the net return to the cost of investment, giving a ROI of 32.1. Because, jointly, the ACF shows
extreme profitability after 20 years, the hurdle discount rate is lower than the calculated IRR, and

the ROI is greater than one, this process is economically viable and should be executed.

4.3.1 Alternate Scenario: Lower-Grade Hydrogen Production

Although an IRR of 64% is possible, it is slightly larger than what is anticipated of a
green hydrogen plant. This number likely holds the greatest dependence on the price of
microelectronics-grade hydrogen, which could be susceptible to changes if the existing market

fluctuates in value. Therefore, another cash flow analysis is shown in the table below using the
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scenario that our hydrogen produced only meets 99.99% purity, and is sold at half the price

($106.30/kg) (Azo Materials, n.d.).

Table 4-3-1-01. Actual Cash Flow for Lower-Grade Hydrogen Production

Year Actual Cash Flow
-1 -$134,922,082.27
0 -$17,126,161.01
1-10 $180,354,673.84
11-19 $176,116,394.97
20 $185,124,783.21
Sum After 20 Years Operation $3,421,670,833.03

The discounted cash flow within our plant’s lifetime for this scenario is shown below,

assuming the same hurdle rate of 18%.
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Graph 4-3-1-01: Discounted Cash Flow (DCF) at Hurdle Rate for Alternate Scenario

Using the same calculations as above by setting the NPV to zero, we calculate that the
IRR of this alternate scenario is roughly 46%. As a result, we can conclude that despite hydrogen
being sold at half of the price per kilogram, our process still proves to be financially viable with

an IRR above the hurdle discount rate, and a positive ACF after 20 years of operation.

4.3.2 Alternate Scenario: Transportation Fees

One key economic assumption in our profitability is the ability to co-locate with a
microelectronics production facility. This removes high fees associated with the transportation of
hydrogen, which is extremely dangerous and therefore challenging to ship. In the scenario where
this co-location was not possible, a cash flow analysis was conducted in the same manner as
demonstrated above, using a hurdle rate of 18%. Including a capital cost of $26 million dollars

for port and harbor construction, operating costs of $27 million dollars yearly for port and harbor
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maintenance, and $50 million dollars yearly for shipping hydrogen (using a rate of $26.68 per
kg, shipping 3000 km), it was determined that our process was still economically feasible. The
port and harbor construction costs were estimated using the upper estimate of the range provided
by Fin Models Lab (Ryzhkov, 2024). The transportation cost rate was overestimated with the
goal of performing a conservative economic sensitivity analysis. The highest transportation rate
of 2.668 per kg, per 3000 km, was multiplied by 10 to get our transportation rate (Blanco, 2022).
At the end of the plant lifetime, profit is expected to reach $2.2 billion dollars, with a calculated

ROI of 9.5, and IRR of 37%.
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5. Safety and Environmental Concerns

5.1 Safety Concerns

This process does not have many safety concerns due to the main components of the
system being water, oxygen gas, and hydrogen gas. The water does not provide any safety
concerns. The oxygen gas supports combustion as it is one of the three legs of the fire triangle.
An oxygen gas leak should be properly ventilated while ensuring that all fuel and ignition
sources are avoided in order to minimize the risk associated with this leak.

The hydrogen gas provides the greatest safety concerns for this process due to its
flammability and explosivity risks. The most credible safety event surrounding this concern is a
gasket failure in the hydrogen compressor which results in a jet fire that was modeled in

ALOHA, shown in Figure 5-1-01.

miles
1.5

wind

2 3
miles

greater than 8.0 psi (destruction of buildings)

greater than 3.5 psi (serious injury likely)

[_] greater than 1.0 psi (shatters glass)

— — wind direction confidence lines

Figure 5-1-01: ALOHA Modelling for Hydrogen Explosion
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The most conservative estimations were used in order to model the worst case scenario
regarding this safety concern. The compressed hydrogen gas that is leaving the final compressor
in the hydrogen purification process was determined to pose the greatest risk. This was modeled
to flow through a 5.3 inch diameter pipe that is 100 feet long. The atmospheric conditions in
Abisko, Sweden were found to fall under stability class C as there were 8.6 mph winds, 93%
humidity, temperatures as low as -7.9°C, and partial cloud coverage.

Since our plant is located in a congested area due to the surrounding trees and equipment,
the potential blast associated with this event would cause the destruction of buildings within a
mile by half mile area, serious injuries within a mile by mile area, and the shattering of glass

within a two mile by three mile area.

5.2 Environmental concerns

This process contains a few environmental concerns that had to be considered. First, the
water purification process produces a concentrated sludge waste after the continuous rapid sand
filter. While the European Union is looking into adopting protocols that require advanced sludge
treatment technologies that remove toxic compounds and have better odor control in the distant
future, this is not a concern of our plant as it only produces about 440 kg of waste per year. This
was determined by finding the exit waste stream per hour by completing a material balance
around the operating unit then multiplying it out by 8000 hrs. At this amount, it is able to be
disposed of in a landfill.

The standards set by the European Union for wastewater treatment and disposal vary on a
case by case basis. They require that companies must obtain permits or authorizations from

authorities before discharging wastewater into rivers. These permits specify discharge limits
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along with other conditions that need to be met to ensure compliance with the regulations set in
place. While that is the case, we can assume that we will not be violating any environmental
safety requirements by disposing of this wastewater into the Torne river as it should have less
organic contaminants and suspended solids than the amounts specified by the European Union
in the Urban Waste Water Treatment Directive. In 2039, they will implement greater restrictions
on the nitrogen and phosphorus contents of the waste water, so our process may have to be
re-evaluated at that time. Additionally, the cooling water streams leave the system at 86.6°C;
before they can be returned to the river, they must be mixed with cooler water to protect the
wildlife in the river.

Since the hydrogen purge stream is burned off and sent to an axial gas turbine, there are
no environmental concerns with this process due to it being a clean conversion of the hydrogen
waste product. The hydrogen purge waste stream is burned by a furnace to generate electrical
energy, so none of it will be released or flared to the atmosphere. The oxygen purge waste that is
vented to the atmosphere is not of any environmental concern as it only contains trace amounts

of contaminants that are already found in the atmosphere.

5.3 Societal Concerns

As mentioned in the safety section, there would be concerns regarding hydrogen safety as
there is potential for an explosive event occurring. This would cause concern for those living
within a few miles of the plant as their homes and lives would potentially be at risk. This could
cause insurance prices to increase while also causing property values to decrease. While that is
the case, this plant as it is currently designed would create many jobs in Abisko, Sweden. The

total cost of operators would be over five million dollars, as operators would make around $38
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per hour, and the total cost of supervisors would be over one million dollars. Average wages in
Sweden were reported to be about $2,800 per month (Horizons, 2023), so this project would
provide a significant pay raise for many of the workers in the area, boosting the surrounding
area’s economy.

Furthermore, the surrounding community could be upset due to the nearly thirty acres of
land being taken up near the Torne River for a chemical plant rather than it being used for

residential or commercial construction among other applications.
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6. Conclusions and Recommendations

After analysis of the entire process and conducting an economic evaluation, we
recommend that this process moves forward. This project offers numerous benefits and
opportunities, both to the local economy in Sweden and the world as a whole. Firstly, the process
is extremely profitable, generating 6.6 billion dollars in revenue by the end of the 20-year plant
lifetime. The profitability of this project also lends itself to boosting the local economy through
the generation of jobs and the above-average salary provided to the workers. Secondly, this
process is entirely carbon-neutral, helping to reduce greenhouse gas emissions and assist in the
fight against climate change. We are, therefore, hopeful that this process can ultimately serve as
the pioneer project which transitions industrial hydrogen production away from fossil-fuel based
processes, and towards green processes like our own.

Despite the promising outlook of this project, there is still room for improvement both in
terms of design and increasing profitability. One key assumption we made was that the
electrodes would last the lifespan of the facility. One consideration for future designs would be to
obtain good data on electrode lifespans and maintenance timelines. This would likely add to
operating costs and decrease the final internal rate of return, but we could not make accurate
estimations of the electrode lifespan at present. Furthermore, RO modeling proved to be difficult,
and therefore values for rejection rates were taken from literature. For a more accurate estimate
in future work, RO modeling should be conducted using manufacturer-provided softwares.
Additionally, an analysis should be conducted to determine if selling oxygen at research-grade
purity (99.999%) with the operation of a condenser generates a greater profit than selling the

oxygen at a lower, medical-grade purity (99.5%) without the condenser. With these design
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suggestions in mind, we are confident in the current and future potential of our green hydrogen

production plant to succeed.
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