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Abstract

Recirculating aquaculture systems (RAS) are developing rapidly as a pathway towards
a more sustainable and efficient aquaculture industry. Such facilities allow for precise
control of parameters involved in fish farming, such as oxygenation units for providing
oxygen and replenish oxygen saturation levels in the recirculated water. In order to
locally supply the oxygen demand to these facilities, water electrolysis technology may
be a complementary solution of which oxygen and heat are secondary products, typically
unutilized in conventional production units, in addition to the main product which is
hydrogen.

To study the synergetic effects of combining RAS facilities for Atlantic salmon and
water electrolysis systems, three pre-defined case studies of varying sizes have been
established with regards to the technical feasibility, impact on the production cost of
hydrogen, as well as sensitivity analyses of relevant economical variables. Simulation of
the alkaline water electrolysis process is also carried out through Aspen Plus software,
and the varying oxygen demand during the growth of Atlantic salmon is modeled for
each case study presented in this report.

The three case studies show considerable economical benefits through scale-up of the
combined facilities. A promising hydrogen production cost of 27.74 kr/kg H2 was
achieved for the largest facility (case 3), producing more than 50 tonnes of O2 per day,
where revenues from oxygen sales and district heating are included. A more detailed
techno-economic analysis, optimization of the general concept, a study of including alter-
native energy sources such as wind and solar, as well as further work with the simulated
process in Aspen Plus may be recommended for future studies of the established cases
in this paper.
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Sammendrag

Resirkulerande akvakultursystem (RAS) er i stadig utvikling som eit lovande alterna-
tiv for å oppnå ein meir bærekraftig og effektiv akvakulturnæring. RAS-anlegg gjer
det mogleg å kontrollere viktige parametre i fiskeoppdrett, som til dømes oksygenering-
seiningar for å tilføre oksygen og oppfylle metningsnivå i det resirkulerte vatnet. For å
lokalt kunne dekke oksygenbehovet til desse anleggene, kan vatnelektrolyse fungere som
ein komplementær løysning der oksygen og varme er sekundære produkt, som typisk
ikkje er nytta i konvensjonelle produksjonseiningar, i tillegg til hovedproduktet som er
hydrogen.

For å studere dei synergetiske effektane av å kombinere RAS-anlegg for atlantisk laks og
vatnelektrolyse, er det etablert tre forhandsdefinerte casestudier av ulike dimensjonar
med hensyn til teknisk gjennomførbarhet, innvirkning på produksjonskostnadene for
hydrogen, samt sensitivitetsanalyser av relevante økonomiske parametere. Simulering
av den alkaliske vatnelektrolyseprosessen er òg utført gjennom Aspen Plus-programvare,
og det varierande oksygenbehovet gjennom vekstperioden til atlantisk laks er modellert
for kvar case-studie.

Dei tre casestudiene kan konkluderast med at det er store økonomiske fordeler ved opp-
skalering av dei kombinerte anlegga. Ein lovande hydrogenproduksjonskostnad på 27,74
kr/kg H2 er oppnådd for det største anlegget (case 3), som produserer i overkant av 50
tonn O2 per dag, der inntekter fra oksygensal og fjernvarme er inkludert. Ein meir detal-
jert teknoøkonomisk analyse, optimalisering av det generelle konseptet, studie angåande
inkludering av alternative energikjelder som vind- og solkraft, samt vidareutvikling av
simuleringa i Aspen Plus er anbefalt som vidare arbeid med dei etablerte casene i dette
prosjektet.
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Nomenclature
Abbreviations

AEC Alkaline electrolysis cell
AEMEC Anion exchange membrane electrolysis cell

BoP Balance of Plant
C Carbon

CCS Carbon capture and storage
Co Cobalt
CS Carbon steel

CAPEX Capital expenditure
CEPCI Chemical engineering plant cost index
CDMM Crustaceans, diadromous fish, marine fish and miscellaneous species

DNA Deoxyribonucleic acid, the hereditary material in almost all organisms
FC Fuel cell

HTO Hydrogen to oxygen, hydrogen breakthrough to anode of electrolyzer stack
ICE Internal combustion engine

KOH Potassium hydroxide
LCOH Levelized cost of hydrogen

LH2 Liquid hydrogen
LMA Longterm market analysis
LSM Lanthanum magnate
LOx Liquid oxygen
Mo Molybdenum
Ni Nickel

NOK Norwegian kroner
NVE Norwegian Water Resources and Energy Directorate

OPEX Operational expenditure
Pd Palladium

PEMEC Proton exchange membrane electrolysis cell
PFSA Perfluorosulfonic acid
PSA Pressure swing adsorption

Pt Platinum
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Ru Ruthenium
RAS Recirculating aquaculture system
SDG Sustainable development goal
SGR Specific growth rate
SMR Steam methane reforming

SOEC Solid oxides electrolysis cell
SS Stainless steel

UV Ultraviolet light
YSZ Yttria-stabilized zirconia
øre Norwegian cents, 1 kr contains 100 øre

Symbols

A kW Capacity factor
ACell m2 Individual cell area
C C Coulomb, the SI derived unit of electric charge
CA kr Local area cost
CBM $ Bare module cost
CELt kr Cost of electricity in year t
CF dimensionless Capacity factor
COL kr Cost of operating labour
CP $ Purchase cost for compressor at base conditions
Cstor €/Nm3 Cost of storage
Ct kr Fixed and variable operational and maintenance cost

in year t
Ctotstor €/kr Total cost of hydrogen and oxygen storage
Cx °Cx Temperature loss constants related to gas purity
dg days Number of days interval
dx bar Additional loss constants owing to pressurized oper-

ation
e− Electron
Ex bar Pressure loss constants related to gas purity
exp 2.71828... Eulers number
F 96, 485C ·mol−1 Faraday constant
FBM Dimensionless Bare module factor, considering material type
fx % Faraday efficiency constants
∆rG kJ ·mol−1 Molar Gibbs energy of water decomposition reaction
∆rH kJ ·mol−1 Standard molar enthalpy of water decomposition re-

action
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i A ·m−2 Current density
It kr Investment cost in year t
j % Long-term inflation
k dimensionless Correction factor
ṁ kg/s Massflow
mH2tot kg Total production of hydrogen in year t
mO2 mg · kg−1 ·min−1 Specific oxygen consumption
MR % Total mortality rate
m1 g Starting body mass
m2 g Ending body mass
n year Lifetime
Ncell quantity Number of cells in cell stack
Nel quantity Number of electrons
Nhour hours · year−1 Operating hours per year
Nnp quantity Number of non-particulate processing steps
NOL quantity Number of operators per shift
NS quantity Number of processing steps involving handling of

particulate-solids
Nw weeks Number of weeks interval
nH2,prod mole Number of hydrogen moles produced
nH2,th mole Theoretical amount of hydrogen moles that should

be produced
p bar Operating pressure
P MW Average electricity usage at top level
Q1 quantity Fish quantity at the start of the week
Q2 quantity Fish quantity at the start of the next week
r % Interest rate
R kr/MW Tariff rate consumption
RDH kr Revenues from district heat
RO2 kr Revenues from oxygen sales
Rr % Real rate of return
rx °Cx Ohmic loss constants
s V Coefficient for overvoltage on electrodes
SHw kJ/kg Specific heat capacity for water
∆rS J ·K−1 ·mol−1 Molar entropy of reaction
T °C Operating temperature
Tw °C Water temperature
tx V Coefficient for overvoltage on electrodes
u % Marginal loss rate
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UCell V Real cell potential
URev V Reversible voltage
UTherm V Thermoneutral voltage
V̇H2 Nm3 Daily production volume of hydrogen
V̇O2 Nm3 Daily production volume of oxygen
W g Body weight
WF dimensionless Working factor
Wstack W Power input to cell stack
η̂ V Overpotential
η̂an V Anode overpotential
η̂cat V Cathode overpotential
η̂ohm V Ohmic overpotential
η̂conc V Concentration overpotential
ηF % Faraday efficiency

Important definitions

Currency convert 10.35 (NOK/EUR) as of June 14 2022 9:13 UTC +2 [1]

Currency convert 1.05 (EUR/USD) as of June 14 2022 9:13 UTC +2 [1]

Currency convert 9.90 (NOK/USD) as of June 14 2022 9:13 UTC +2 [1]

Electrolyte Refers to the Potassium hydroxide (KOH) present as elec-
trolyte in the alkaline electrolyzer stack.

Salmon By salmon it is referred to Atlantic salmon (Salmo Salar),
which is the salmon produced in Norway. This thesis refers
to salmon as the general species. Besides, it is referred to as
salmon when the weight is higher than 1 kg, as in contrast to
smolt and post-smolt.

Smolt Refers to salmon juveniles that have undergone smoltification
and have adapted to life in seawater. This thesis refers to
smolt as salmon with a weight between 5 g and 100 g.

Postsmolt Refers to the first stage after the salmon have undergone
smoltification. The size range of postsmolt is not clearly de-
fined, but in this thesis postsmolt is refered to as salmon with
a weight of about 100 g to 1 kg.
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Chapter 1

Introduction

As the future prospects of energy and food security in the world are ever-changing, a
need for finding new and resilient solutions while maintaining the general development
and basis of these industries become apparent. This thesis aims to bring forward a syn-
ergy study to dig deeper into combining solutions regarding these aspects, in particular
land based aquaculture and electrolytic hydrogen production, which may be deemed
important to meet the food and energy demands of the future.

1.1 Background information

According to United Nations (UN), the global population is expected to increase by 835
million people between 2019 and 2030 reaching a total of 8.5 billion, expanding the global
food demand (including animal products and particularly fish) [2], [3]. In September
2015, the UN launched the "Agenda 2030" for sustainable development, which was to
serve as a blueprint for global peace and prosperity. By adopting the "Agenda 2030",
countries demonstrated determination to take bold and transformative steps to shift the
world onto a more sustainable and resilient path [4].

Global aquaculture production has seen a large increase in the past two decades, with
more than a tripling in production from 34 Mt in 1997 to 112 Mt in 2017. This in-
volves freshwater fish, algae, mollusks, crustaceans, diadromous fish, marine fish, and
miscellaneous species [5]. This growth can be seen in Figure 1.1.

Asia is the largest aquaculture producer that accounted for 92% of the live-weight volume
of animals and seaweeds in 2017. China alone supplied 58% of the volume, and is thus
by far the greatest contributor. Outside of Asia, the largest aquaculture producers are
Norway and Chile, both supplying 1-2% of the global production, mainly from Atlantic
salmon (Salmo salar) farming [5]. In order to shed light on the contemporary challenges
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CHAPTER 1. INTRODUCTION

Figure 1.1: Growth of global live-weight aquaculture production, where CDMM includes
crustaceans, diadromous fish, marine fish, and miscellaneous species [5]

of the world, the UN has presented 17 sustainable development goals (SDG) as shown
in Figure 1.2. The goals represent pathways towards solving many of the challenges we
are faced with in the world today and also partly mirrors the importance of the main
task of this thesis; to study synergies between the production of pollution-free energy
carriers, ie. hydrogen, and recirculating aquaculture systems (RAS) with next to zero
impact on marine environments and minimal water consumption.

The task of the project has either a direct or indirect influence on many of the SDG´s.
Among those that are directly influenced are goals 2, 6, 7, 9, 12, 13, and 14, where
the impact is of such significance that the further development of the concept may
contribute to a great degree towards these goals. Also, goals 1, 3, 8, 11, 15 and 17 are
being contributed towards in a more indirect manner where certain ring effects may be
apparent to provide supportive measures.

When it comes to producing hydrogen gas from electrolysis, the development of new
and more efficient technology and incentives issued by both national and international
governing bodies are worth mentioning. In 2020, the Norwegian government released a
detailed hydrogen strategy plan towards 2030, "Regjeringens hydrogenstrategi" [6], to
further bring a call to action with incentives regarding production, further processing,
storage and distribution of electrolytic hydrogen in particular. The strategy involves
plans for the maritime transportation sector for increased usage of fuels such as hydrogen
and ammonia, where all types of vessels and propulsion systems such as fuel cells (FC)
or internal combustion engines (ICE) are to be considered.

By combining the production of green hydrogen for the maritime industry and RAS
facilities through the utilization of by-products, oxygen and heat, the overall efficiency
of the electrolysis process may be greatly increased, which is one of the main challenges
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CHAPTER 1. INTRODUCTION

Figure 1.2: The 17 Sustainable Development Goals as presented by the UN [8]

of electrolysis today. For conventional electrolyzer units, regardless of type, the oxygen
produced is usually disregarded for further processing and utilization and is simply
vented into open air downstream of the O2 gas separation unit. In most cases, the
cost-benefit of electrolytic oxygen with regards to storing, selling and transporting is
not deemed profitable where other technologies are available [7]. However, in order
to increase the product yield of the water electrolysis, storing and utilizing the locally
produced oxygen is of particular interest for industries such as land based recirculating
aquaculture where such a synergetic effect may be economically viable for all parts
involved.

1.2 Objectives

The objective of this thesis is to evaluate the technical feasibility of an integrated recir-
culating aquaculture system (RAS) with water electrolysis units to provide the minimal
necessary oxygen input. The main activities included is the establishment of the in-
tegrated concept (scaling between hydrogen production and oxygen demand based on
pre-defined case studies), simulation (modeling) of the baseline concept, and thermody-
namic analysis of the concept, as well as high-level economic analysis of the concept to
study possible effects on hydrogen production costs.

The thesis seeks to answer the following questions:

• Q1 - Technical feasibility: what are the demands of an oxygenation unit in the
RAS, O2 storage and compression

• Q2 - Demand modeling: scaling between hydrogen production and oxygen
demand based on fish species and RAS size for optimal utilization

• Q3 - Cost analysis: achievable cost impact on hydrogen, comparing different
scenarios, sensitivity analysis
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The questions are answered by providing a current and comparable analysis of green
hydrogen production from electrolysis. To do this, comparable costs are required. The
cost of hydrogen over the lifetime (Levelized Costs Of Hydrogen - LCOH) is the lowest
long-term sales price hydrogen can have for the economic result of a particular hydro-
gen plant to be zero. It provides a unit cost in NOK/kg H2 which provides a direct
comparison of technologies, despite different production sizes and other project-specific
prerequisites.

1.3 Methodology

The structure of the workflow to carry out this master thesis is given in Figure 1.3.
The left box indicates the work performed before the first step, as well as before step
4. Literature reviews and system identifications are then used as a starting point for
answering the research questions stated. The main workflow is indicated in the middle,
while intermediate steps and outputs are shown to the right. Step 1, 2 and 3 are
performed to answer the first objective about technical feasibility. This is based on an
empirical approach and calculations. Step 3 and 4 includes the validation of electrolyzer
size based on differing oxygen demands in order to answer the second objective about
modeling demands. This validation is necessary in order to perform step 5 to answer
the third objective about cost analysis.

Figure 1.3: Workflow of this master thesis

The sources of information are based on the available literature (such as scientific ar-
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ticles), except for some techno-economic variables, which are either known (such as
exchange rates) or verified using expert citations and interviews. All calculations made
under their respective section are explained thoroughly. Three different case studies are
represented, the last two being based on simulation of case 1: Small scale facility. Using
Aspen Plus and Aspen Custom Modeler as a tool to simulate the production of oxygen
and hydrogen, it is easy to scale up this scenario in order to fulfill cases 2 and 3.

The model relied upon is earlier work of Sanchéz et al. [9], [10], but scaled up in
production outcome of hydrogen and oxygen. This is done by increasing power input
to the cell stack as well as increasing the pre-defined parameters; cell number and cell
number area. To maintain a stable simulation it is important to keep the temperature of
the cell stack to ∼75°C. Aspen Plus gives the output as hydrogen and oxygen produced.
The scaling is based on oxygen demand calculations.

1.4 Scope and limitations

The main focus of this thesis is to study the synergies between water electrolysis and
recirculating aquaculture systems (RAS). The scope includes simulation of the electrol-
ysis process through Aspen simulation software, scaling of process units with a basis in
three different case studies, as well as specific techno-economic analyses and comparative
studies of the defined cases.

The aim of the study is the establishment of the concept and to evaluate synergetic
effects of integrating RAS facilities with water electrolysis units. Further performance
optimization and work regarding improvement of the technical solutions and potential
cost savings are disregarded and considered beyond scope of the project. However, the
suggestions for further work presented in Chapter 6 provide suggestive measures and
pathways on the way forward to achieve these goals.

Due to difficulties obtaining real data for the varying oxygen demand of different RAS
facilities, a model was implemented to simulate these parameters. A mean value of
the required oxygen demand of each of the defined cases was further utilized as the
dimensioning factor for the water electrolysis units and the Balance of Plant (BoP).

1.5 Thesis outline

This thesis has been organized in 5 main parts; Chapter 2 Recirculating aquaculture
systems and Chapter 3 electrolyzer technologies consists of theory based on a typical
RAS and various water electrolyzer technologies. Chapter 4 Establishment of case study
presents data and theory behind the techno-economic variables used for three different
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case studies, which are modeled and simulated using AspenTech software. Chapter 5
Results and discussion contains the solutions for the case studies which are then further
discussed. Chapter 6 Conclusion contains the conclusion of the thesis with a section
presenting suggestions for further work.
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Chapter 2

Recirculating aquaculture systems

A recirculating aquaculture system, known as RAS, is a process made to farm fish or
other aquatic organisms by reusing the water in the production. The process involves
many technologies such as mechanical and biological filters, disinfection units, and oxy-
gen (O2) and carbon dioxide (CO2) adjustment units. RAS can be used for many types
of species such as; shrimps, clams, or fish, although fish farming is primarily used [11].

RAS is growing rapidly and can be deployed in huge farms generating thousands of
tonnes of fish every year, or in small systems used for restocking or to save endangered
species. The main reason for utilizing such a system is because of low environmental
impacts, such as the use of less water from the environment compared to other tech-
nologies, e.g flow-through systems. RAS contributes to decreasing the eutrophication
potential of the outlet water and eliminates potential disease transfer of wild stock. Be-
cause of a bio-secure culture environment, these systems can also help to limit the use
of antibiotics and vaccines. Other benefits are also the possibility to re-use discharged
nutrients in agriculture or produce biogas in an anaerobic digester [11], [12].

Re-circulation of the water can be carried out at different intensities depending on how
much water is re-used. This has a direct correspondence with how much fish or stock
is produced. Re-circulation also enables the farmer to control all the parameters in the
production process. A simple block flow diagram for a typical RAS can be seen in Figure
2.1 [11].

2.1 Components

As aforementioned the RAS facility involves many different technologies and process
units for aquaculture farming. The main components of the process will be given a
more detailed explanation in this section.
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CHAPTER 2. RECIRCULATING AQUACULTURE SYSTEMS

Figure 2.1: Simplified block flow diagram of a recirculating aquaculture system

2.1.1 Fish tank

Mainly there are three types of fish tanks being used with each one having a different
design; Circular tank, D-ended raceway, and raceway type. Each tank design has its
advantages and disadvantages. Different tank properties include; Self-cleaning effects,
space utilization, oxygen control, regulation, and low residence time of particles. The
different types of fish tanks being used can be seen in Figure 2.2 [11].

Figure 2.2: Circular, D-ended raceway and raceway type fish tank used in RAS [11]

2.1.2 Solide-filtration

To remove organic waste products, the most practical solution is to apply a mechanical
filtration unit at the outlet of the fish tank. Mechanical filters can remove organic
particles from the stream, improve conditions for nitrification and reduce the load on
and provide a stabilizing effect on the bio-filter [11]. Almost all RAS facilities filter
the outlet water by using a micro-screen fitted with a filter cloth, typically 40 to 100
microns. The drum-filter is the most commonly used type of micro-screen.
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2.1.3 Bio-filtration

The finest particles and dissolved compounds such as phosphates and nitrogen (N2) will
pass through the mechanical filter, thus enabling the use of a bio-filter. Phosphate is
an inert substance with no toxic effect, but nitrogen in the form of ammonia (NH3)
is toxic. This need to be transformed into the more harmless nitrate (NO3), which
happens in the bio-filter. This breakdown of organic matter in the filter is carried out
by using bacteria. The bacteria oxidize the organic matter by consuming oxygen and
producing carbon dioxide, ammonia, and sludge. Nitrifying bacteria first convert free
ammonia into nitrite (NO2

-) and then finally to nitrate. The efficiency of the bio-filter
is primarily dependent on the pH of the system and the water temperature [11].

2.1.4 Carbon dioxide removal

If the concentration of CO2 in the water is too high, it will cause a reduction of the
pH in the water re-circulation system. The CO2 in the water is produced by the fish
when digesting the feed and from the biological activity of the bio-filter. Free N2 is
also present. The accumulation of CO2 and N2 will have detrimental effects on the
growth and welfare of the fish. Hydrogen sulfide (H2S) can also be produced, but under
anaerobic conditions and especially in salt water systems. H2S is extremely toxic to fish,
and the fish will be killed if this is generated in the system.

The CO2 is removed by aeration of the water by the use of degassing. This method is
often referred to as stripping. Aeration is carried out by pumping air into the water,
creating a turbulent environment between the air bubbles and the water. This drives
out unwanted gases.

Another efficient method for removing gases is by using a trickling filter system, also
called a de-gasser. In this process, the gases are stripped off by creating physical contact
between the water and some plastic media stacked in a column. The water is flushed
from the top, creating turbulence through the column, thus maximizing the contact [11].

2.1.5 Disinfection

Common disinfection treatment is by applying ultraviolet light (UV). This destroys the
DNA in biological organisms such as pathogenic bacteria and one-celled organisms in
aquaculture. It is an old treatment that has been in use for decades in the medical field
and is ensured not to harm or impact the fish as the process is carried out outside of
the fish tank. Bacteria grow very rapidly in organic matter, and it is thus best to use a
disinfection unit combined with the filtration processes for removing the organic matter.
The UV dose is often expressed in microWatt-seconds per cm2 [µWs/cm2]. The units
are placed underwater for best efficiency [11].
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2.1.6 Oxygenation

The aeration process described in Section 2.1.4 is adding oxygen to the water by the
simple exchange between the gases in the water and the gases in the air, depending
on the saturation level of oxygen in the water. The equilibrium of oxygen in water is
100% saturation. When the water is in the fish tanks, the oxygen is used by the fish,
thus the levels of oxygen have been lowered from 100% down to approximately 70%.
This percentage is further reduced in the bio-filter before the aeration brings the oxygen
levels up to around 90% or 100% [11].

Having above 100% in the inlet water for the fish tank is often preferred to have sufficient
oxygen available for a stable and high growth rate of fish. To have saturation levels above
100% requires the use of pure oxygen, which is mainly delivered in tanks in form of liquid
oxygen [11].

Water with 200-300% saturation is called super-saturated water, and to achieve this
there is a need for high-pressure oxygen cone systems or low-head oxygen systems. The
principle is the same as the water and pure oxygen are mixed under pressure whereby
the oxygen is forced into the water. The oxygen cone typically reaches pressures of about
1.4 bar using a pump. In an oxygen platform, the pressures are much lower, about 0.1
bar, and water is pumped through the box, which mixes the oxygen and water. The
difference in these systems is that the oxygen cone solution uses a small part only of
the circulating water for oxygen enrichment, and the platform is used for the main re-
circulation flow. Using pure oxygen as the oxygenation technique rather than simple
aeration could yield up to five times more transfer rate [11], [12].

The process of oxygenation should be controlled with accurate measurements and the
best way to do so is to use an oxygen probe which measures after the oxygenation
system.

2.2 Fish species

A RAS facility can operate under a wide range of operational circumstances, where
conditions such as temperature and oxygen saturation levels can be controlled with
high precision. Due to this level of manipulation of the environmental conditions for
the fish breed, new opportunities arise for culturing a wide array of underwater species
regardless of the local climate.

2.2.1 Demands

Different species require different conditions for optimal growth and to reduce stress
levels. The most common species being bred in both open and closed fish farm facilities
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in Norway are typically cold water species such as Atlantic salmon and Rainbow trout,
although Atlantic cod is also a growing curiosity among industrial actors.

For closed facilities onshore, various tropical warm water species such as King prawn
(Whiteleg shrimp) and Yellowtail kingfish have a growing interest in Norway due to
exclusivity in markets by the likes of for example sushi restaurants. These species are
traditionally bred in tropical climates, and the market in Norway has been sustained
through import which in most cases includes large travel distances with additional costs,
concerns with regards to fish welfare, product freshness, and emissions.

When it comes to oxygen consumption, warm water species in general demand more
oxygen because of a higher metabolism rate. Also, warm waters tend to hold less
oxygen compared to cold water, which again leads to a higher demand for oxygenation
units in closed facilities to fulfill the optimal saturation levels in the inlet water for the
fish tanks.

The focus of this study is the farming of Atlantic salmon in recirculating aquaculture
systems, due to its popularity both in the Norwegian market as well as for export.
Norwegian seafood company Mowi, previously known as Marine Harvest, predicts a
growing global demand for Atlantic salmon and suggests the market for locally produced
salmon to be a good fit for global macro trends [13].

2.2.2 Modelling the growth and oxygen demand of Atlantic salmon

To determine the different parameters governing the growth and oxygen demand, a
model was implemented based on information for the specific growth rate (SGR) of
Atlantic salmon from smolt to slaughter size (see Appendix C). Specific growth rate
(SGR) is a percent measure for estimating the daily growth of a species, as given in
Equation 2.1:

SGR(%) =

((
m2

m1

) 1
dg

− 1

)
× 100 (2.1)

where m1 is starting body mass, m2 is ending body mass and dg is the number of days
interval. If the SGR rates are known, Equation 2.1 may be rearranged to determine the
periodic growth of Atlantic salmon through a general feed ration:

m2 = m1

(
1 +

SGR

100

)dg

(2.2)

Equation 2.2 is applied to the model, where the growth of any given quantity of salmon
is determined weekly based on SGR tables for smolt and full-size salmon by Norwe-
gian feed producer Skretting [14]. Due to variation in oxygen consumption with the
live weight of the fish, demands may be expressed as a function of body mass, water
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temperature, growth rate, feeding rate, swimming velocity, and stress levels [15]. A sim-
plified expression presented by Christiansen et al. giving the consumption as a function
of water temperature and body mass was chosen for the model [16]:

mO2 = 5.5W 0.2 × exp0.7Tw (2.3)

where mO2 is specific oxygen consumption (mg·kg-1·min-1), W is body weight (g) and
Tw is water temperature (°C). Using a water temperature of 12°C which is common for
salmon farming, weekly growth, and oxygen demand are calculated for all three cases
presented in Chapter 4.

Mortality among the farmed fish is an undeniable occurrence for any facility. Mortality
rates may become quite severe especially in open facilities offshore due to reduced fish
welfare (stress), illnesses as well as environmental factors such as algal blooms [17]. One
of the critical arguments in support of moving fish farms onshore is to reduce illnesses
and hence mortality rates, which also affects wild species offshore due to shared envi-
ronments. The mortality rates of open fish farms in Norway have increased drastically
in recent years. In the cases presented in Chapter 4, total mortality rates are set to 24%
for smolts (100 g), a relatively acute number for closed facilities, and 2% for post-smolt
and slaughter size salmon up to 5 kg [18]. The mortality is calculated weekly through
Equation 2.4:

Q2 = Q1

(
1− MR

Nw

)
(2.4)

where Q1 is fish quantity at the start of the week, Q2 is the fish quantity at the start of
the next week, MR is the total mortality rate and Nw is the number of weeks interval.
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Chapter 3

Electrolyzer technologies

In order to split water to produce pure hydrogen, electrolyzers are used. It is a well-
established technology mostly used in the chemical industry. The principle is simple and
allows different technological variations based on physical-chemical and electrochemical
aspects [19]. The overall global reaction occurring in a water electrolysis system is the
reforming of water (H2O) into dihydrogen (H2) and dioxygen (O2) [20]:

H2O(l) + electrical energy → H2(g) +
1

2
O2(g) (3.1)

Reaction 3.1 takes place in an electrochemical system which is composed of two elec-
trodes; anode and cathode, where oxidation and reduction of water occur, respectively
[20]. The reaction occurs under different conditions and environments which are all
more explained in the following sections. The three main technologies used today, as
well as a more experimental fourth one [19], [20], are classified into:

• Alkaline electrolysis cell (AEC)

• Proton exchange membrane electrolysis cell (PEMEC)

• Solid oxides electrolysis cell (SOEC)

• Anion exchange membrane electrolysis cell (AEMEC)

3.1 Theory

The standard molar enthalpy of water decomposition, ∆rH, is the energy that is required
to split 1 mole of H2O into 0.5 mole of O2 and 1 mole of H2. Parts of the total energy
needed corresponds to the thermal energy necessary for the reaction to take place.
Thus, increasing the thermal energy provided to the system can allow for a reduction
in electrical energy required for the reaction of water splitting. The thermodynamic
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relation is given below in Equation 3.2, where ∆rG is the molar Gibbs energy of water
decomposition, and ∆rS is the molar entropy [20]:

∆rH = ∆rG− T∆rS (3.2)

Gibbs energy is the minimum electric energy and T∆rS is the minimum heat required
for the reaction to take place. An external electric generator, either from the grid
or renewable energy sources such as wind or solar will provide the electrical energy
needed (∆rG), and the heat energy (T∆rS) will be provided by the working temperature
conditions [20].

From equation 3.2 we can define two electrolysis voltages. One is the Gibbs energy,
which is the thermodynamic voltage (URev), also called reversible voltage. The second
voltage is the enthalpic voltage (UTherm), which is also called the thermoneutral voltage
of the water decomposition reaction. This represents the global energy required for the
reaction to occur. The two electrolysis voltages can be calculated from equation 3.3 and
3.4, where F is the Faraday constant (96,485 C mol-1) and Nel is the number of electrons
exchanged (Nel=2) [20].

URev =
∆rG

NelF
(3.3)

UTherm =
∆rH

NelF
(3.4)

In the cases for electrolysis under standard temperature (T = 298K = 25°C ) and pres-
sure (P = 1 bar = 105 Pa), water is under liquid phase and the products are under
gaseous phases, which are often employed for alkaline and acidic electrolysis systems.
The standard energy values can be defined as:

∆rG
◦ = 237.22kJ mol−1 → URev =

∆rG
◦

2F
≈ 1.23V (3.5)

∆rH
◦ = 285.8kJ mol−1 → UTherm =

∆rH
◦

2F
≈ 1.48V (3.6)

From equations 3.5 and 3.6, a supplementary voltage (UEnt=0.25 V) can be defined.
This is derived from the entropy ∆rS (163.15 J mol-1 K-1) change, i.e the heat demand
for the reaction to occur, corresponding to the minimum overvoltage with respect to
URev to be applied to the electrolysis cell in order to start the reaction.

Its important to note that all the thermodynamic values (∆rG, ∆rH, URev, UTherm)
are dependent on temperature, and thus can change depending on the environment and
conditions. It can then be noted that the standard cell voltage for Formula 3.1 is 1.23
V independently on the electrolysis system.
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3.1.1 Alkaline electrolyzer cell (AEC)

These are the simplest and commercially most used types of electrolyzers. They have a
simple cell stack and system design which makes them relatively easy to manufacture.
The electrode area can be as high as 3 m2 and use potassium hydroxide (KOH) in high
concentrations (25-30%) as the electrolyte. Nickel (Ni) coated stainless-steel is used for
electrodes and zirconium dioxide (ZrO2) based diaphragms. Figure 3.1 illustrate a typi-
cal alkaline cell design [19]. KOH and water is permeating through the porous structure

Figure 3.1: Alkaline electrolyzer cell [19]

of the diaphragm with hydroxyl ion (OH-) as the ionic charge carrier. This provides
functionality for the electrochemical reaction [19]. The reactions taking place are:

Anode:
4OH - ↔ 2H2O +O2 + 4e- (3.7)

Cathode:
4H2O + 4e- ↔ 2H2 + 4OH - (3.8)

The hydrogen and oxygen produced are mixed and dissolved in the electrolyte, which
limits the lower power-operating range and the ability to operate at higher pressures.
In order to prevent this, a thicker diaphragm is used, but in turn, this creates lower
efficiencies as the current resistance increases. Lifetime of an alkaline electrolyzer may
reach above 30 years. [19]

3.1.2 Proton exchange membrane electrolyzer cell (PEMEC)

These "electrolysis cells" use a thinner perfluorosulfonic acid (PFSA) membrane and
more advanced electrodes which achieves higher efficiencies because of less resistance.
The membrane is mechanically and chemically more robust, allowing for higher pres-
sures. Because of this they can operate at up to 70 bar with the oxygen side at atmo-
spheric pressures. Cell design can be seen in Figure 3.2. [19] The reactions taking place
are:
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Figure 3.2: PEM electrolyzer cell [19]

Anode:
2H2O ↔ O2 + 4H+ + 4e- (3.9)

Cathode:
4H+ + 4e-+ ↔ 2H2 (3.10)

The acidic environment, oxygen evolution and high voltages create a very oxidative
environment, which demands using materials that can withstand such conditions. This
implements a need for titanium-based and noble metal catalysts to ensure a long-term
stability of the cell; hence, increasing the cost of the PEM´s. PEM´s are very compact
and have a simple system design, but are sensitive to mineral impurities in the water.
Lifetime of large-scale PEM systems still have to be validated. [19]

3.1.3 Solid-oxide electrolyzer cell (SOEC)

These operate at a high temperature range of between 700-850°C, which allows for the
use of relatively cheap nickel electrodes. Part of the energy needed for separation is
provided through heat, where waste heat can be used, causing a decrease in electricity
demand. Typical SOE cell can be seen in Figure 3.3. [19] The reactions taking place are:

Figure 3.3: SOEC cell [19]
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Anode:
2O2- ↔ O2 + 4e- (3.11)

Cathode:
2H2O + 4e- ↔ 2H2 + 2O2- (3.12)

Solid-oxide electrolyzers are only in the laboratory stage and are thus only deployed at
the kW-scale [19].

3.1.4 Anion exchange membrane electrolyzer cell (AEMEC)

These are the latest technology, and the potential lies in the combination of a less harsh
environment than alkaline and the efficiency and simplicity of the PEM electrolyzer.
It enables the use of titanium-free components as well as non-noble catalysts and can
operate at high pressures as the PEM. Figure 3.4 illustrate the AEM cell [19]. The

Figure 3.4: AEM cell [19]

reactions taking place are:

Anode:
4OH - ↔ 2H2O +O2 + 4e- (3.13)

Cathode:
4H2O + 4e- ↔ 2H2 + 4OH - (3.14)

The AEM membrane has mechanical stability and chemical problems leading to unstable
lifetime profiles. Performance is not yet as good as the expected outcome because of
low conductivity, slow catalyst kinetic and poor electrode architectures [19].

3.2 Products

For all the electrolysis technologies the products are the same; hydrogen, oxygen, and
excess heat. All of the products can be utilized, either for on-site production purposes
or for sale, and will be discussed further in this section.
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3.2.1 Hydrogen

All technologies can provide an H2 output purity of 99.99 percent. There are however
minor differences in pressure range; 1-35 bar for AEC, 1-70 bar for PEMEC, 1-35 bar for
AEMEC and 1-40 bar for SOEC [19], [21]. Hydrogen as an energy carrier can be used in
new applications such as management of smart grids for more energy flexibility, hydrogen
refueling stations for fuel cell powered vehicles or as chemical storage of renewable
energies [22].

3.2.1.1 Storage

Hydrogen can be stored stand-alone both as a compressed gas, as well as in liquid
form at cryogenic temperatures under the boiling point at 1 atmospheric pressure of
-253°C, so-called liquid hydrogen (LH2) [23]. The most common storage method is
to compress the hydrogen in tanks or pressure vessels, although new pathways and
opportunities for storage applications are under research such as underground storage
in depleted oil and gas wells, aquifers, salt caverns or lined-hard rock caverns [24].
Currently, extensive research work is also being conducted to study the properties of
storing hydrogen bound with different materials and compounds [25]. However, different
hydrogen storage materials and underground storage are disregarded for the purposes
presented in this project.

Compressed hydrogen in gas form may be stored under a wide range of service pres-
sures, all dependent on the application use and convenience. Generally, due to the low
volumetric density of hydrogen, high service pressures for the pressure vessels ranging
from short-term storage solutions compressed to 200 bar in steel cylinders, to purpose
built lightweight composite cylinders capable of handling upwards of 800 bar for long
term storage and transport applications are available on the market today [23]. Due to
the scope of this project, the hydrogen produced from the electrolyzer is assumed to be
separated, dried, and compressed to 200 bar in a steel tank cylinder for further use.

3.2.1.2 Current markets

The major current uses for pure hydrogen are mainly for producing ammonia for fertil-
izers, food production, metallurgical uses, and treatment and in oil refining to be used
for hydro-treating the crude oil in the refining steps in order to improve the hydrogen-
to-carbon ratio in fuels, as well as other industries. In the coming years, the use of
hydrogen in transportation might become the main applications. Several advancements
in fuel cell technology, storage and transportation of hydrogen has been seen in recent
years, creating a possible market for easier handling and sale of hydrogen as a product
[22].
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In Norway, DNV GL [26] has an estimation for a future market for national use of about
250,000 tonnes of H2/year in 2030. Hydrogen used in the production of ammonia and
methanol accounts for about 75% of this, and is mostly produced for and by Yara Herøya
and Tjeldbergodden. The use of hydrogen for transport is expected to increase and the
market potential is estimated to be upwards of 60,000 tonnes of H2/year in 2030. New
use in the industry represents a limited market given the expected cost-competitiveness
of hydrogen towards 2030 [26]. Figure 3.5 gives estimation for different categories in
kilotonnes and percentages. Maritime sector demands correspond to approximately
∼18,000 tonnes H2, which would be the preferred market for H2 sales because of location
purposes of the facility, which would realistically be close to the shore.

Figure 3.5: Estimated demands for hydrogen in 2030 by DNV GL [26]

3.2.2 Oxygen

For Alkaline water electrolysis, there are several manufacturers (such as NEL and Hy-
drogenics) which promises oxygen output purity of 99.5% [22]. The oxygen can be used
in various industries, mainly these include; paper production, glass manufacturing, steel
and metal industry, medical care industry, food, thermal gasification, oxy-fuel carbon
capture systems (CCS) as well as fish farming and water oxygenation which is the scope
of this paper [21].

To store the oxygen produced on the anode of the electrolyzer stack, some modifications
are necessary towards the Balance of Plant (BoP). In a PEM unit, utilizing the oxygen
may be beneficial in the case of running the stack in balanced mode, with equal operating
pressures on both the anode and cathode side, which again allows for a thinner membrane
due to a reduction in mechanical stress from pressure difference [19]. The benefits
of a thin membrane includes a higher overall efficiency due to the lower internal cell
resistance, as well as reduced gas permeation through the membrane contributing to an
increase in production rate as well as higher purity levels of the hydrogen and oxygen
leaving the stack.
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Modifications to the BoP on the anode side may include an O2 gas separator unit, a
pressure swing adsorption unit (PSA) with a low-pressure compressor, a buffer tank
and alternatively a high pressure, multi-stage booster compressor and filling ramp for
long-term storage of oxygen in cylinder tanks [7], [27]. The oxygen is stored typically
at a service pressure ranging from 100-300 bar, depending on use. Medical oxygen is
usually stored in smaller cylinders pressurized at 150-200 bar and fed to the patient
through a pressure regulator [28]. Similarly, industrial oxygen is filled into cylinders of
different sizes with full service pressure ranging from 150-200 bar.

As with the storage and transport of hydrogen, liquefying the oxygen (LOX) for the
duty is in many cases considered a viable option, especially if the oxygen is purchased
from a supplier and not generated on-site with an oxygen generator or through a PSA
unit. The cryogenic temperatures for oxygen are under the boiling point of roughly 90
K (-183 °C) at atmospheric pressure, and an evaporator is needed in order to heat the
cool, liquid oxygen into gaseous form after storage for further use [29].

The electrolytic oxygen delivered to the RAS facilities in the three cases presented in this
report is compressed in a 2-stage compressor and temporarily stored in steel vessels at
200 bar. This is due to the importance of securing the oxygen supply to the oxygenation
process within the RAS facility. A shortage of oxygen supplied to the facility may lead
to catastrophic consequences, both with regards the mass mortality of fishes and also
economically for the production.

3.2.3 Heat

The excess heat can be utilized in district heating, especially for PEMEC and AEC.
The operating temperature of these systems is typically 70-90°C for AEC and 50-80°C
for PEMEC. Current systems (2020) can provide heat for utilization at 50°C, which
are expected to increase up to 70°C within 2024 according to manufacturers [21]. For
Solid-oxide the recoverable heat will be fed into the system again to be used as input to
the cells in order to decrease the energy demand for operation [21].

3.3 Comparison of technology

Water electrolysis is considered as a well-established technology where AEC has been
in use industrially for decades, and PEMEC has been available commercially for many
years now even though in limited sizes as compared to AEC. SOEC and its high temper-
ature steam electrolysis can be considered as relatively new, with less development on
a system level [30]. This also accounts for AEMEC technology which are considered to
only be at the R&D stage. Both SOEC and AEMEC require more effort towards devel-
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Table 3.1: Main characteristics of AEC, PEMEC, SOEC and AEMEC systems [19],
[31]–[33]

Description AEC PEMEC SOEC AEMEC
Electrolyte 20-40% KOH Membrane YSZ Polymer
Cathode Ni-Mo alloys Pt, Pt-Pd Ni/YSZ Pt, Pd, Co
Anode Ni-Co alloys RuO2, IrO2 LSM/YSZ PtRu/C
Current density (A/cm-2) 0.2 - 0.4 0.6 - 2.0 0.3 - 2.0 0.2–2
Cell voltage (V) 1.8 - 2.4 1.8 - 2.2 0.7 - 1.5 1.4–2.0
Voltage efficiency (%HHV ) 62 - 82 67 - 82 <110 -
Cell area (m2) <4 <0.3 <0.01 >0.03
Operating temp. (°C) 60 - 90 50 - 80 700 - 1000 40 - 60
Operating pressure (bar) <30 <200 <25 <35
Prod. Rate (m3

H2/h) <760 <40 <40 -
Stack energy (kWhel/m3

H2) 4.2 - 5.9 4.2 - 5.5 >3.2 4.6–5.9
System energy (kWhel/m3

H2) 4.5 - 6.6 4.2 - 6.6 >3.7 5.1–6.2
Gas purity (%) >99.5 99.99 99.9 >99.9
Lower dynamic range (%) 10 - 40 0 - 10 >30 >5
System response Seconds Milliseconds Seconds -
Cold-start time (min) <60 <20 <60 <20
Stack lifetime (h) 60,000 - 90,000 20.000 - 60.000 <10,000 >5,000
Maturity Mature Commercial Demo R&D
Capital cost (€/kWel) 1000 - 1200 1860 - 2320 >2000 -

opment for a system integration. Table 3.1 compares the main characteristics in terms
of cell materials, performances, capacity and cost of the different types of electrolysis
technologies.

3.3.1 Advantages and Disadvantages

Considering that the AEM technology is only at the R&D stage and is highly unavailable,
it will be left out of this and future sections for comparison. Thus, the main three
technologies left will be further looked upon.
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Alkaline electrolyzer [21]:

Advantages

• Long stack lifetime of more than
100,000h currently

• MW scale systems are already be-
ing deployed

• Has a low operating temperature,
with quick start up for response
in grid services making it suitable
for use as a flexible technology

• Technology is very mature and
can be adapted to both central-
ized and decentralized plants

Disadvantages

• Less flexibility under atmospheric
operation

• The use of highly caustic elec-
trolyte

• High membrane resistance (ineffi-
ciency)

• Leakage of KOH
• Low maximum operational cur-

rent density, nominally operated
around 0.6 A/cm2

Proton exchange membrane [21]:

Advantages

• Smaller footprint
• Quick response times
• PEM modules has a low operat-

ing temperature, low noise, high
power density

• Pressurized hydrogen can be pro-
duced for direct storage without
compression; however, it is chal-
lenging due to mechanical insta-
bility for very high pressures

• Current densities >1.0 A/cm2 can
be used for operational systems
leading to compact system sizes

• MW scale systems are already be-
ing deployed

Disadvantages

• Very sensitive to impurities, with
a prerequisite of very pure water
as input

• Lifetime of the system is still un-
certain

• Catalyst used in electrode layers
are expensive and scarce

• Cost efficient water treatment and
drying the hydrogen at high pres-
sure are still challenges to be ad-
dressed

• Modules are expensive due to cat-
alysts and bipolar plates (oxide
resistant elements)
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Solid- oxide electrolyzer [21]:

Advantages

• Has high efficiency, high produc-
tion rates

• Can be operated at high current
densities at or above 0.8 A/cm2

• Can be used to make synthesis gas
from co-electrolysis of steam and
CO2. CO-electrolysis plants have
been commercialized

• Can cope with transient varia-
tions due to quick response times

• Can be used reverse mode as a
fuel cell for grid balancing

Disadvantages

• Are still in demonstration phase
for large scale applications for hy-
drogen production and are not
readily commercially available

• The stack components are suscep-
tible to corrosion

• Current SoA lifetime is short com-
pared to Alkaline and PEM

Tables 3.2 and 3.3 presents a list of manufacturers which can provide AEL and PEM
production systems [30]. Please note that these lists are from 2015.

Table 3.2: Manufacturers of AEC and system characteristics [30], [34]

Manufacturer Country Product
name

Capacity
range

(Nm3 h-1)

Pressure
(bar)

Energy
consumption
(kWh Nm-3)

IHT CH - 760 30 ∼ 4.6
NEL Hydrogen Norway A485 [34] 485 1 ∼ 4.5
Wasserelektrolyse Germany EV150 225 1 ∼ 5.3
Erredue s.r.l Italy G256 170 30 ∼ 5.3

Hydrogenics Canada/EU HyStat60 60 25 ∼ 5.2

Mc. Phy France - 60 10 ∼ 5.2

Teledyne Energy United States SLM1000 56 10 -

Table 3.3: Manufacturers of PEMEC and system characteristics [30]

Manu-
facturer Country Product

name

Capacity
range

(Nm3 h-1)

Pressure
(bar)

Energy
consumption
(kWh Nm-3)

Siemens Germany E60 60 30 ∼ 4.9
Areva H2Gen France E60 60 30 ∼ 4.9
Proton on-site United States Hogen C30 30 30 ∼ 5.8
ITM United Kingdom HPac 40 2.4 15 ∼ 4.8

NEL Hydrogen is a global dedicated hydrogen company. Their roots date back to 1927,
and since then, have had a long history of development and continuous improvement of
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hydrogen technologies. Today, their solutions cover the entire value chain from hydrogen
production technologies [35]. The company claims to have the world’s most energy effi-
cient electrolyzers, the A series, which features a cell stack power consumption between
3.8-4.5 kWh/Nm3 of hydrogen gas produced, up to 2.2 MW per stack. The A series
electrolyzers comes in varying sizes, from 50 Nm3/h to 19,400 Nm3/h [34].

Because of the availability and its local position in Norway, their AEL product range is
chosen as the base for the case studies based on arguments presented in the aforemen-
tioned sections, mainly that:

• Technology is very mature and can be adapted to both centralized and decentral-
ized plants

• MW scale systems are already being deployed

• Long stack lifetime of 100,000h currently

Three products from the A series is presented in Table 3.4.

Table 3.4: Specifications of AEL systems from NEL Hydrogen

Specifications A300 A1000 A4000 Unit
Net Production Rate 300-485 600-970 2,400-3,880 Nm3/h
Power Consumption stack 3.8-4.5 3.8-4.5 3.8-4.5 kWh/Nm3

Delivery Pressure 1-200 1-200 1-200 barg
Purity 99.99 to 99.998 99.99 to 99.998 99.99 to 99.998 %
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Chapter 4

Establishment of case studies

Based on comparisons made in chapter 3, AEL is the chosen type of technology to be
used in three different case studies. It is simulated using Aspen Plus with a pre-defined
model based on the original paper of Sánchez et al. [9], as well as an example retrieved
from the website of AspenTech under "Hydrogen Sustainability Applications" [36], which
is based upon the same model. In this chapter, three case studies are represented, each
with different dimensions of input/output flows and techno-economic evaluations.

4.1 Process description

A simplified flowsheet of the system without cooling flow can be seen in Figure 4.1.
A detailed flow diagram with the cooling flow included is presented in Appendix A.
H2 and O2 are generated at a steady state from the cell stack (STACK). The rate of
production is mainly determined by the operating pressure and temperature, as well
as the power input. The cell stack is modeled with a fixed circulation of KOH and
operates adiabatically (with a minor specified heat loss to the surroundings). KOH is
added as a component to model the heat capacity more accurately. Explicit electrolyte
chemistry is not modeled. The anode and cathode operate with equal pressures such
that the electrolyte is balanced 50/50. H2 and O2 are removed at the cathode and anode,
respectively. The gases are separated in a flash column (H2-SEP and O2-SEP) and the
electrolyte recirculates through two intercoolers (IC-R1 and IC-R2). The coolers are
specified for a fixed cooling flow outlet temperature of 62°C. The circulating cooling
flow as seen in Appendix A is split 50/50 between the two coolers, and the flow is
adjusted to meet a specified stack temperature. The fan (FAN) is modeled with a
COOLER block and its power demand are not computed.
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Figure 4.1: Simplified process flow diagram for the simulation setup in Aspen Plus,
cooling flow excluded

4.2 Model description

The cell stack is not modeled using actual physics, but with empirical correlations
that predict the electrochemical behavior under different operating conditions such as
temperature (T) and pressure (p). The equations for the cell stack allow for determining
the polarization curve, gas purity, and Faraday efficiency as a function of the current.
These equations were developed by the previous work of Sánchez et al. [10] and are
based upon Ulleberg´s [37] model developed in 2003, which is one of the most widely
used models to describe the electrochemical response of an electrolyzer.

The polarization curve analyzes the different over- potentials that occur during the
electrolysis of water to determine the cell potential (Ucell) according to the current
density [9]. For the reaction to occur, the minimum voltage is required, (Urev), which
was briefly explained in section 3.1. Nevertheless, the cell voltage (Ucell) is always higher
than (Urev) because of the appearance of a series of overpotentials due to kinetic and
resistive effects. So, the real cell voltage (Ucell) can be defined as the sum of reversible
voltage and each of these overpotentials (η̂), activation overvoltages (η̂cat,η̂an), ohmic
overpotentials (η̂ohm) and concentration overpotentials (η̂conc) [9], as shown in equation
4.1:

Ucell = Urev + (η̂cat + η̂an + η̂ohm + η̂conc) (4.1)

Equation 4.1 can be expressed as equation 4.2 by introducing different constants arrived
from previous works [10].

Ucell = Urev +
(
(r1 + d1) + r2 · T + d2 · p

)
· i+ s · log

[(
t1 +

t2
T

+
t3
T 2

)
i+ 1

]
(4.2)

Where r1, r2, d1, d2, t1, t2, t3 are polarization curve coefficients given in Table 4.1, T is
operating temperature, p is operating pressure and i is the current density. The Faraday
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efficiency, ηF , describes the effectiveness of the process, and by comparing the moles of
H2 produced, nH2,prod, and the theoretical moles that should be produced during the
same time, nH2,th, the formula is defined in Equation 4.3 [9].

ηF =
nH2,prod

nH2,th

(4.3)

As in Equation 4.2, the Faraday´s efficiency can also be modelled using empirical cor-
relations. For a given temperature and using 4 parameters (f11, f12, f21 and f22) [[9],
[37]], we end up with equation 4.4:

ηF =

(
i2

f11 + f12 · T + i2

)
·
(
f21 + f22 · T

)
(4.4)

In Equation 4.5 a model for the hydrogen breakthrough, HTO, which is the mole fraction
of H2 in O2 product at the anode (dry basis), has been made. This is based on results
of previous works [[10], [38]] and considers the influence of temperature and pressure on
the purity of the gases [36]:

HTO =

[
C1 + C2 T + C3 T

2 +
(
C4 + C5 T + C6 T

2
)
· exp

(
C7 + C8 T + C9 T

2

i

)]
+

[
E1 + E2 p+ E3 p

2 +
(
E4 + E5 p+ E6 p

2
)
· exp

(
E7 + E8 p+ E9 p

2

i

)]
(4.5)

All coefficients and parameters of Equation 4.5 has been calculated through a non-linear regres-
sion using MATLAB with input from actual data from their pilot-scale hydrolysis unit. This is
previous works of Sánchez et al. [9], [10]. Temperature, T, operating pressure, p, and current
density, i, are variable parameters, and all other terms appearing are constant. Equations
4.2-4.5 defines the core of the cell stack used in Aspen Plus for the simulation and is created
using the Aspen Custom Modeler software. The current density, i, is not directly specified in
the simulation, but rather the power input, Wstack, is fixed by an input stream. By applying
Equation 4.6, it is however possible to obtain the current density [36].

Wstack = Ucell ·Ncell · i ·Acell (4.6)

where Ucell is the cell voltage, Ncell is the number of cells and Acell is their individual area [36].
Table 4.1 gives the coefficients considered in equations 4.2-4.5.
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Table 4.1: Constants used in the electrochemical model of the AEC in Aspen [9]

Model Coefficient Value Unit
Polarization curve r1 4.45153× 10−5 Ω m2

r2 6.88874× 10−9 Ω m2 °C-1

d1 −3.12996× 10−6 Ω m2

d2 4.47137× 10−7 Ω m2 bar-1

s 0.33824 V
t1 -0.01539 m2 A-1

t2 2.00181 m2 °C A-1

t3 15.24178 m2 °C2 A-1

Faraday efficiency f11 478645.74 A2 m-4

f12 -2953.15 A2 m-4 °C-1

f21 1.03960 -
f22 -0.00104 °C-1

Gas purity (H2 in O2) C1 0.09901 -
C2 -0.00207 °C-1

C3 1.31064× 10−5 °C-2

C4 -0.08483 -
C5 0.00179 °C-1

C6 −1.13390× 10−5 °C-2

C7 1481.45 A m-2

C8 -23.60345 A m-2 °C-1

C9 -0.25774 A m-2 °C-2

E1 3.71417 -
E2 -0.93063 bar-1

E3 0.05817 bar-2

E4 -3.72068 -
E5 0.93219 bar-1

E6 -0.05826 bar-2

E7 -18.38215 A m-2

E8 5.87316 A m-2 bar-1

E9 -0.46425 A m-2 bar-2

4.3 Techno-economic analysis

Input costs for the H2 and O2 production process are determined by analyzing factors involved
in the design of the whole system. The cost parameters are divided into different categories
shown below [39]:

• Investment cost: The single time investment which includes electrolyzer cost, con-
struction and design

• Variable operating and maintenance cost: This includes cost of de-ionised water,
KOH, material and all costs related to operating the system

• Electricity cost: Includes the cost of the electricity demand of the system
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In this case, the H2 production is greatly influenced by the electrolyzer capital cost as well as
the electricity cost during operation. The operating hours of the facility will to a great extent
impact the cost of H2 costs [39]. Figure 4.2 gives a brief illustration of how the costs and
revenues are diversified.

Figure 4.2: Techno-economic parameters

The required rate of return for the project can be calculated by using a set rate and using the
current inflation. However, in this thesis, the rate of return is collected from Enova´s 2022
profitability analyses [40], under other power production, from which they found it to be 6.1%.
Adjusting for a tax rate of 22% [41], the real rate of return can be calculated as follows:

Rr = 6.1% · (1− 0.22) ≈ 4.8% (4.7)

Thus, the real rate of return to be used in the case studies is set to 4.8%.

4.3.1 Investment cost

It is assumed that the investment costs for the projects consists of three parameters; design,
the actual construction and electrolyzer costs, and installation of the facility. The land cost
would be a preferred cost to include but is not accounted for because of unavailable data as
well as difficult to predict placement. According to NVE [42], the distribution of investment
costs in the energy sector can be sorted as follows in Table 4.2:

Table 4.2: Distribution of investment costs for thermal technologies without electricity
production [42]

Component Share of investment cost
Machines and equipment 65%
Construction costs 20%
Design / administration 15%
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To arrive at a satisfactory price estimate for the investment cost associated with the electrolyzer,
various literature studies are used that provide data for this. Average price in €/kW has been
used as this was the most used currency, adjusted for into NOK, and is seen as a summary in
table 4.3.

Table 4.3: Economic data for AEL

Studies Year €/kW kr/kW
Danish Energy Agency [21] 2021 ∼€750 7,762.5
IRENA [19] 2020 ∼€7141 7,4251

J. Brauns et al. [43] 2020 ∼€1,150 ∼11,903
J. Proost [44] 2019 ∼€1,150 ∼10,868
A. Buttler et al. [45] 2018 ∼€1,150 ∼11,903
NVE [46] 2017 ∼€1,100 ∼11,385
Average ∼€985 ∼10,200

Thus, 10,200 kr/kW are used as the base investment costs for the electrolyzers. This is also
confirmed as a realistic price to be used through meetings with technology users [47]. It is
assumed that the prices in Table 4.3 are from ∼2020, as most studies are from 2018 through
2021. The costs in the three case studies have been adjusted using a calculated inflation factor.
The inflation factor is calculated by Equation 4.8, using the long-term inflation, and that there
are two years between the reference year (2020) and the start year (2022):

(1 + j)start year−ref.year (4.8)

where j is the long-term inflation given by Statistics Norway [48]. This gives an inflation factor
as follows:

(1 + 5.4%)2 ≈ 1.11% (4.9)

Any cost reductions from the reference year to the start year are not taken into account in the
case studies. For re-investment costs2, on the other hand, technology development and cost
reductions achieved were taken into account. Components that are replaced are mainly the cell
stack, but also compressors, pumps, and other parts that are exposed to a lot of wear and tear.
Technology development is taking place as a result of the increasing installation of electrolysis
systems globally. At the same time, ever-larger plants are being installed that reduce capital
costs and provide economies of scale [42]. To estimate what the cost is for re-investing in
electrolyzers in the future, literature assessments of future costs were used. This can be seen
as a summary in Table 4.4:

1Adjusted from $750
2Only stack replacement is included in the re-investment costs
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Table 4.4: Forecasted prices for AEL in 2030

Studies €/kW kr/kW
O. Schmidt et al. [49] €635 6,572
Danish Energy Agency [21] €570 5,900
A. Buttler et al. [45] €580 6,003
J. Proost [44] ∼€850 8,800
Average ∼€660 ∼6,800

The average price estimate for AEL in 2030 is summarized as ∼6,800 kr/kW. The operating
hours are set rather conservatively to 90 000 hours. This is due to different claims by manu-
facturers where state-of-the-art electrolyzer units are reported to last over 100 000 hours [19],
[21]. The re-investment comes after approximately 11 years as shown in Equation 4.10:

Operating hours

Hours per year · CF
=

90, 000

8760 · 0.9
≈ 11 years (4.10)

where CF is the capacity factor set to 0.9, which simply represents the fraction of time that
the facility is on-line and operating at the design capacity. Typical values of CF for continuous
chemical processes are in the range of 0.92-0.98 [50]. Well-managed plants typically shut down
for one/two weeks per year for scheduled maintenance, giving a CF of 0.96/0.98. In this thesis,
it is chosen to use a value of 0.9 for conservative measures.

Using 11 years as stack-replacement time, the yearly reduction in investment costs can be
calculated:

((985 · 1.11%)− 660) €/kW

11 years
≈ 39 €/kW ≈ 404 kr/kW 3 (4.11)

4.3.1.1 Compressors

From R. Turton et al. [50], it is possible to calculate a given bare module cost for the compressors
for the storage facility, using the following Equation:

CBM = CP · FBM (4.12)

Where CBM is the bare module cost, CP is the purchased cost for the base conditions and FBM

is a bare module factor representing the materials used. FBM is a factor found in the appendix
of the book, using carbon steel (CS) as the material type for the oxygen output, and stainless
steel (SS) for the hydrogen output side, this was found to be 2.7 and 5.7, respectively. CP is
calculated as follows:

log10CP = 2.2897 + 1.3604 · log10(A)− 0.1027 · (log10(A))2 (4.13)

3Yields a yearly reduction of 3.95% and will be used further in the case studies.
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Where A is a capacity factor, in this case, it represents the amount of kW duty for the com-
pressors. It is important to note that the cost values are from 2001 and has to be adjusted
accordingly. This can be done by using the Chemical Engineering Plant Cost Index (CEPSI).
In 2001 this index was 394 [50], [51], and as of February 2022 has increased to 806.3 [51].

4.3.1.2 Storage

Storage prices for compressed hydrogen vary with the type of storage vessel and pressure range.
In this thesis, it is assumed to be hydrogen at 200 bar, and the chosen material type is steel
tanks. Steel tanks are cheaper than carbon fiber/composite materials, but in return provide
lower pressure ranges. Steel tanks can be made larger, and is highly available and cost-effective
in terms of maintenance. Van Leeuwen and Mulder [52], found that high-pressure steel tanks
vary in cost between 20-100 €/Nm3 across the literature, with extremes at 195 €/Nm3 and
490 €/Nm3. This thesis assumes a cost of 60 €/Nm3 for case 1, 40 €/Nm3 for case 2 and 20
€/Nm3 for case 3. Squadrito et al. [27] formulated a mathematical expression for calculating
the total storage cost:

Ctotstor = 3 · Cstor · (V̇H2 + V̇O2) (4.14)

Where Cstor is the storage cost in €/Nm3, 3 represents the amount of days of storage capacity.
which is assumed to be a sufficient amount. V̇ is daily volumes of hydrogen and oxygen
produced in Nm3.

4.3.2 Variable operating and maintenance cost

The variable operating and maintenance costs included are the price of electricity including
grid rent and tax fees, cost of maintenance and the cost of labor. The associated costs are
detailed in the sections below.

4.3.2.1 Electricity price model

To determine a set electricity price, its important to first understand the factors defining it.
The electricity net cost has three main factors which drive the total price [53]:

• Electricity cost: The electricity price is the cost of the actual electricity used. It will
always have an average price, but it is calculated based on what is spent every hour
throughout the month and what the price has been for the individual hour - unless there
is a fixed price agreement. Electricity is an item that can be ordered from the electricity
suppliers anywhere in the country.

• Grid rent cost: The electricity must be transported to the system. It is the grid
companies that operate and maintain the electricity grid through which the electricity
is transported. Grid rent covers the cost of having the electricity transported to the
facility.
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• Taxes and fees: About half of what is paid in grid rent is taxes and fees to the state.
The largest fee is VAT for electricity consumption.

4.3.2.2 Electricity cost

It is difficult to predict the exact future cost of electricity, as there are many factors affecting
this. The current uncertain political situation taking place in Eastern Europe affects gas prices
to a large extent and leads to unusually high electricity prices for Norway, and other parts
of Europe. The situation is extremely abnormal, and it will thus be very difficult to decide
on long-term costs based on this. Therefore this thesis relates to previous publications from
2021 [[54], [55]] to determine a potential correct price for the next 20 years (project period).
Table 4.5 gives the prices in weeks 17 and 16 from 2022, as well as past years to make a quick
comparison of how much the current instability causes on electricity prices [56]. One can see

Table 4.5: Weekly price in øre/kWh for different areas in Norway [56]

Area in
Norway Week 17, 2022 Week 16, 2022 Week 17, 2021 Week 17, 2020

East 253.1 205.1 71.3 11.4
South-West 252.6 205.1 71.1 11.4
Mid 38.1 68.8 67.8 11.5
North 18.4 16.8 53.1 9.2
West 253,0 207.3 71.3 11.4
Average4 186.4 189.2 64.5 33.6

that already in 2021 that the price had almost doubled on average from the same week in 2020.
This only goes to show that currently, we are in a time of major changes in the energy system
in Europe. Only in 2020-2021 have there been changes that are likely to have an impact on the
power system and power prices for the long term. EU has decided to raise its emission targets
for 2030 and put forward proposals for changes in regulations to achieve this. This has already
contributed to raising the CO2 price significantly and has had a clear effect on power prices in
Norway over the past year [54].

Norges Vassdrags- og Energidirektorat (NVE) analysis [54] points to the fact that we can
expect higher power prices in Norway in the future than we have seen historically. This is
partly because the exchange capacity between the Nordic countries and Europe is increasing
and that we expect a persistently high CO2 price in the years ahead. Power prices will increase
towards 2030-35, but will fall in the longer term as renewable production in Europe increases.
This fall in the longer term can be seen in Figure 4.3.

4The method for calculating variable price contracts is the average of contracts offered in more than
ten network areas [56]
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Figure 4.3: Price estimate model for future electricity price done by NVE [54]

In Figure 4.3, NVE has summed up historical, annual average power prices in Norway (black
dotted line) and weighted average Norwegian power price from 2025 to 2040 basic scenario in
their 2021 long-term- market analysis (LMA 21, blue solid line), and 2020 year’s LMA (Green
dotted line). The outcome space around the base course (blue shaded field) is given by lower
and higher fuel and CO2 prices. All prices are measured in 2021 kroner. Statnett [55] has given
their LMA from 2020 in Figure 4.4.

Figure 4.4: Price estimate model for future electricity price done by Statnett [55]

The green line in Figure 4.4 gives the high estimate for Statnett´s LMA 20, the blue line gives
the low estimate and the black line gives the basis. The prices are listed in EUR/MWh, which is
approximately the same as øre/kWh used in Figure 4.3. Both NVE´s and Statnett´s estimates
for the long-term market analysis indicate that the price will descend around 2035-2040.
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Figure 4.5: Simulated annual average prices in 2030 by Statnett [55]

Figure 4.5 indicates that the prices are differing from north to south in Norway in 2030. How
long the price difference between north and south lasts will depend on several factors. In
LMA20, Statnett expected that the difference in average price would be evened out towards
2040 as a result of more consumption in the north and grid reinforcements in the north-south of
the Nordic region. As the price differences are even higher in their updated LMA from 2021, the
price signals also become stronger. In the south, the signals will provide stronger incentives for
more power production, while in the north, the incentives for establishing more consumption
will increase. At the same time, the current political opposition limits the possibilities for wind
power on land in Norway, while bottom-fixed offshore wind is not yet profitable with the price
of power alone. Development of power production in Norway is therefore also a political issue
[55].

The equalization of price differences can still take place earlier than in LMA20, but this will
then primarily be driven by consumption development in the north, combined with grid rein-
forcements. This especially applies to consumption development in northern Sweden, where,
among other things, there are enormous plans related to the steel industry [55].

4.3.2.3 Grid cost

Generally, industrial players above 15 MW in capacity and 100 GWh per year in consumption
have their own industrial tariff in the transmission network in Norway. Agder Energi Nett, for
example, has chosen to practice the same model in its distribution network. If the customer
meets these requirements, the customer qualifies for a tariff reduction of 50%. Grid rent cost
consists of two elements, a fixed link (power link) and a variable link (energy). The fixed link
can be calculated as follows [57]:

Fixed Link = P · k · (R− 50%) (4.15)

Where P is average usage at top load in MW and R is tariff rate consumption in NOK/MW. k is
a correction factor that is calculated for each connection point in the transmission network. The
calculated k -factor for the point is used when adjusting the settlement basis for all consumption
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in the connection point, regardless of the type of consumption (large consumption or ordinary
consumption). This factor is set to 0.6 [57]. The variable link can be calculated as:

Variable Link = CA · u · P ·Nhour (4.16)

Where CA is local area price in NOK/MWh from Agder Energi Nett, u is marginal loss rate
and Nhour is operating hours per year. The net grid rent cost can then be found using equation
4.17:

Grid Rent cost =
Fixed Link + Variable Link

P ·Nhour

(4.17)

Values in Table 4.6 are given by Statnett [57] and Agder Energi Nett, obtained from an industry
expert [58].

Table 4.6: Constants used in the grid rent cost calculation [57]

Equation Coefficient Value Unit
Fixed link P AEC size MW

k 0.6 Unitless
R 414 000 NOK/MW

Variable Link CA 570 NOK/MWh
u 3.5 %

Nhour 7884 h

4.3.2.4 Taxes and fees

In the last of the crisis packages presented to Stortinget in May 2020, the Norwegian government
announced a strengthened focus on hydrogen-related research and technology development as
a measure to meet these challenges. For pure hydrogen to become a competitive energy carrier,
production costs have to be reduced. For hydrogen from water electrolysis, this means reducing
the costs for the electrolysis plant itself, but also developing plants and systems that more effi-
ciently convert electricity into hydrogen. Through the Research Council of Norway, Innovation
Norway, and Enova, the public sector contributes to the development and demonstration of
more energy- and cost-effective methods for the production of pure hydrogen. Power delivered
for use in the electrolysis of water is currently exempt from the consumption tax [6]. The
ordinary VAT of 25% is thus the only fee to pay on the power consumption, as well as the grid
rent cost.

4.3.2.5 Maintenance cost

Estimation of maintenance cost includes the general maintenance of the electrolyzer facility
as well as costs regarding the operational aspects, such as the purchase of feed water, KOH,
cooling water, and other fixed charges. Maintenance cost is calculated as a percentage of
CAPEX and is set to 5% for case 1, 4% for case 2, and 3% for case 3 based on assumptions
made by Greensight AS for their hydrogen electrolysis case studies (3-5% of CAPEX) [59].
The percentages are again based yearly where they are deemed to be constant for the entire
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production period, and the percentage reduction from cases 1-3 is assumed due to the cost
benefits of scale.

4.3.2.6 Labor cost

The cost of operating labor can be calculated using Equation 4.18 from R. Turton et al. [50,
p. 241-242]:

COL = NOL ·WF · yearly salary (4.18)

where NOL is the number of operators per shift and WF is a working factor. To find NOL, the
following Equation is used:

NOL = (6.29 + 31.7 · (NS)
2 + 0.23 ·Nnp)

0.5 (4.19)

where NS is the number of processing steps involving the handling of particulate solids (trans-
port, distribution, particulate size control, and removal). Nnp involves the number of non-
particulate processing steps, this includes heating and cooling, compression, and reaction.
Pumps and vessels (such as separators) are not included. Nnp is found from Figure 4.1, count-
ing the number of coolers, compressors, and reactors, not taking into account the cooling loop.
The AEL is assumed to be a reactor, in this case, thus Nnp is equal to 4. Number of processing
steps involving particulate solids is 0, giving a NOL of:

NOL = (6.29 + 0.23 · 4)0.5 ≈ 2.69 (4.20)

The working factor WF is taking into account how many weeks a single operator works per
year and how many shifts are available in a year. It is assumed that a worker have 6 weeks off
in a year including vacation and sick leave. The working factor is calculated as follows:

WF =
365 days/year · 3 shifts/day

46 weeks/year · 7 shifts/week
≈ 3.4 (4.21)

This means that 3.4 operators are hired for each operator needed in the plant at any time.
Multiplying these numbers and rounding up to the nearest integer yields 10 operators, not
including support or any supervisory staff. According to Statistics Norway [60], process- and
machine operators have a monthly salary of ∼42,690 kr (in 2021), giving a yearly salary of
512,280 kr, not including benefits and additions. This gives a cost of operating labor per year
as:

COL = 10 · 512, 280 kr = 5, 122, 800 kr/year (4.22)

4.3.3 Revenues

The revenues come from three different sources of income; hydrogen, oxygen, and district
heating sales. A more detailed look at the current markets for the three products is presented
in this subsection.
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4.3.3.1 Hydrogen sales

While the sales price of hydrogen in industry or for re-electrification is determined by the price
of natural gas [46], the use of hydrogen in the transport sector allows for a significantly higher
sales price. the price depends on the willingness of the end-user to pay for a low-emission
fuel, compared to the price for fossil fuels. In Norway, the price for hydrogen as a fuel for
the transport sector is currently at 8.99 kr/hg hydrogen [[61], [62]], which corresponds to 72
kr/kg hydrogen plus VAT. This price is artificially set to be approximately equal to the price of
petrol and diesel [46]. While the maritime sector would be the preferred market for this thesis,
as stated in Section 3.2.1.2, the actual hydrogen sales price will be set as the levelized cost
of hydrogen plus the margin for a given return (rate of return). More information regarding
levelized cost of hydrogen is given in Section 4.3.4.

4.3.3.2 Oxygen sales

To make the supply of oxygen from water electrolysis an economically preferable choice for
industrial players within land-based aquaculture, the sales price of electrolytic oxygen has to
be competitive with conventional industrial oxygen production alternatives as discussed in
Section 3.2.2. Generally, the price of industrial oxygen per unit mass is dependent on the scale
and demand of the end-user. Large scale facilities usually benefit from a lower oxygen price
per unit mass which may be as much as halved from smaller facilities. In Norway, prices are
in the range of 2-4 kr/kg O2 [[46], [59], [63]], depending on the size of the facility. For the case
studies in this thesis, a sales price of 2 kr/kg O2 is assumed in the budget accounts, although
for the sensitivity analyses the oxygen price is varied to study the cost impact on the produced
hydrogen and other key values.

4.3.3.3 District heating sales

Excess heat can be sold as thermal energy to the district heating system of the nearby local
industries, and commercial and residential buildings. A district heating sales price can be
calculated using the bulletins below [64]. It is worth mentioning that the district heat price is
under the energy law [65], which states that: "The price for district heating shall not exceed
the price for electric heating in the relevant supply area". However, NVE is currently working
on a new law, which is to be more specific towards the pricing, making it more favorable for
the customers. This thesis uses the current energy law as an assumption.

• Fixed link: A monthly payment (depending on the company).

• Power link: The highest hourly value in the period. This is the maximum consumption
and is used as a basis for calculating the power link. It is an expression of how much
capacity must be reserved so that the customer will get enough heat in the coldest hour.
In this thesis, the price is determined by the local network company and is expressed per
kW.

Page 38



CHAPTER 4. ESTABLISHMENT OF CASE STUDIES

• Energy link: The number of kWh available for sale during the period. The price is the
sum of the spot price with the surcharge/electricity certificate and the energy link from
the local grid company.

Thus, the following equation is considered to calculate the revenues of selling excess heat, in
this thesis:

RDH = Fixed link + Energy link + Power link (4.23)

The price will be calculated at a monthly rate, then multiplied by 12 to get a yearly price to
be used in the project lifetime of 20 years. Using data obtained from Lyse AS [66], Table 4.7
gives prices and values for business customers. Prices for private consumers are different (a bit
higher).

Table 4.7: Monthly prices for business customers, from Lyse AS [66]

Price plan Fixed link Energy link Power link
Business 31.7 kr 42.2 øre/kWh Monthly electricity price (spot)
Business Plus 699 kr 37.2 øre/kWh Monthly electricity price (spot)

The final price can be calculated using Equation 4.23 and Table 4.7 as follows:

RDH = Fixed link + (Energy link + Power link) · Available heat (4.24)

The amount of available heat has been estimated based on available literature by using the
average percentage value of input energy into the electrolyzer stack. An average percentage
of ∼21.4% of the input energy as shown in Table 4.8 was found, and will be used to further
calculate the potential revenues made from heat recovery. The amount of district heat available
for sale is split into a summer and winter fraction, where a considerable reduction (factor 0.05)
in demand is assumed for sales during the summer period.

Table 4.8: Percentage of input energy to the electrolyzer available as recoverable heat

Studies Percentage
Rambøll/Embassy of Denmark [67] 17 - 22%
A technology user [47] ∼20%
Sánchez et al [9] ∼24%
F. Hepperger [68] 20%
A. Ottoson [69] ∼24%
Average ∼21.4%

4.3.4 Levelized cost of hydrogen

The levelized cost of hydrogen (LCOH) represents the lowest H2 sales price (per unit of mass
of H2 produced) that would be required to recover different costs, such as those of investment,
operating and maintenance costs of the producing plant over the assumed lifetime. It provides
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a unit cost in NOK/kgH2 that provides a direct comparison of different production sizes and
other project-specific prerequisites. LCOH is calculated by summing the total costs over the
life of a plant, and dividing it by the total production over the life, as shown in Equation 4.25
[39], [42]:

LCOH =
Total Lifetime Costs

Total Lifetime H2 Production
=

Σn
t=1

It+Ct+CELt

(1+r)t

Σn
t=1

mH2tot

(1+r)t

(4.25)

where It is the investment costs, Ct is the fixed and variable operational and maintenance costs
in year t, CELt is the cost of electricity in year t, mH2tot is the total production of H2 in year
t, n is the lifetime and r is the interest rate. The weakness of calculating the LCOH using
Equation 4.25 is that the expression does not take into consideration that costs change during
the lifetime of the project, i.e using a constant electricity price based on current markets [70].

4.3.5 Production costs

Production costs refer to the total cost of producing a quantity of a product, in this case
hydrogen. This cost is also represented in kr/kg H2, as it is with LCOH, and can be calculated
using Equation 4.26.

CPC =
Total Lifetime Costs − Revenues
Total Lifetime H2 Production

=
Σn
t=1(It + Ct + CELt)− Σn

t=1(RO2t +RDHt)

Σn
t=1mH2tot

(4.26)

Where RO2t is the revenue of oxygen sales in year t, and RDHt is the revenues of district heating
sales in year t. This cost is somewhat lower than LCOH, utilizing the revenues in the project
period to bring the total cost of hydrogen production down.

4.3.6 Cost estimates

According to R. Turton et al. [50], there are five cost estimate classifications that are generally
accepted and most likely to be encountered in the process industries; class 1 (detailed estimate),
class 2 (definitive estimate), class 3 (preliminary estimate), class 4 (study estimate) and class
5 (order-of-magnitude estimate). This thesis considers class 4 (study estimate) as the cost
estimating classification, and the accuracy range and the approximate cost are given in Table
4.9. to use the information in Table 4.9, it is necessary to know the accuracy of a class 1
estimate. A class 1 estimate (detailed estimate) is typically +6% to −4% accurate. This
means that by doing such an estimate, the true cost of building the plant would likely be in
the range of 6% higher than and 4% lower than the estimated price.

For a class 4 estimate, the accuracy range is between 3 and 12 times that of the class 1 estimate.
Thus, we end up with 4 ranges of price estimates, which can be calculated as follows:
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Table 4.9: Classification of cost estimate, originally from [71], but given in [50]

Class
of

estimate

Level of
project

definition (as %
of complete
definition)

Typical
purpose

of estimate

Expected accuracy
range (plus/minus
range relative to
best index of 1)

Preparation
effort (relative

to lowest
cost index of 1)

Class 5 0% to 2%
Screening

or
feasibility

4 to 20 1

Class 4 1% to 15% Concept study 3 to 12 2 to 4

Class 3 10% to 40%
Budget

authorization
or control

2 to 6 3 to 10

Class 2 30% to 70%
Control

or
bid/tender

1 to 3 5 to 20

Class 1 50% to 100%
Check

estimate or
bid/tender

1 10 to 100

Lowest Expected Cost Range:

High value for actual plant cost: (CAPEX) · [1 + (0.06) · (3)]

Low value for actual plant cost: (CAPEX) · [1− (0.04) · (3)]
(4.27)

Highest Expected Cost Range:

High value for actual plant cost: (CAPEX) · [1 + (0.06) · (12)]

Low value for actual plant cost: (CAPEX) · [1− (0.04) · (12)]
(4.28)

4.4 Case studies

In this section the aforementioned case studies will be presented in detail. Case 1 represents a
small scale RAS facility for smolt production, case 2 is a post smolt production facility, whereas
case 3 is a large full size RAS producing both a large quantity of post-smolt as well as full
size salmon. The cases are determined due to different demands for oxygen, which again may
provide insight into the economies of scale of combining RAS facilities with electrolysis units.

4.4.1 Case 1: Small scale facility

For the smallest case, it is intended to use an AEL unit in the order of 1 MW to produce
enough oxygen for a small RAS facility producing small smolts of approx. 100 g. The oxygen
demand was modeled applying the fish growth parameters explained in Section 2.2 and using
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(a) Total oxygen demand per week for the
growth of smolt in case 1

(b) Average body weight per week for the growth
of smolt in case 1

Figure 4.6: Graphical presentations of oxygen demand and growth in case 1

Equation 2.3, where a correlation between the O2 demand and average weight of the salmon
smolt is observed, referring to Figures 4.6a and 4.6b. A quantity of 13,000,000 salmon roes
are hatched and grown to a smolt size of 100 g. The production period is 34 weeks, and by
then the quantity has been reduced significantly to 10,290,099 smolts, following the mortality
rate formula presented in Equation 2.4, and assumed mortality rates for smolt production [18].
The total biomass at the end of the period is roughly 1,000 tonnes. It is a common practice
by fish farmers to even out the distribution of salmon release through the year. For example, a
fish farm may divide the quantity of salmon fry into four major releases throughout the year.
This is carried out to even out the production, oxygen demand, feed demand and other factors
that is necessary to ensure cost efficiency and even out production rates. For the growth model
presented in this report, the seasonal release of salmon fry is disregarded, as it is beyond the
scope of the project. The main interest is to gain insight into average oxygen demands for
various RAS facilities as a means to scale the electrolyzers for optimizing oxygen yield.

The facility requires a daily average of approximately 3 tonnes of purified oxygen to supply the

demands of smolt production. The A300 unit from NEL has the potential to produce oxygen

in the range of 2.5 up towards in excess of 5 tonnes a day, where oxygen production surplus

may be compressed and stored to ensure operational security.

Electrolyzer stack
Important economical parameters for this unit is presented in Table 4.10, where in-
vestment costs are calculated according to Table 4.2 and 4.3. The stack replacement
cost has been set to ∼26% of the AEL cost, according to the IRENA report [19], from
where they state that capital costs estimate for large stacks (> 1 MW) is approximately
€250/kW1. Using the estimated average cost from Table 4.3, this relation is found to
be 26%. Cost for new cell stacks at the time of investments is calculated in Equation

3IRENA report uses $270, which is approximately ∼€250 as of June 3rd, 9:13 UTC +2 [1]
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4.29 and 4.30:
€985, 000 · 0.26 = €256, 100 ≈ 2, 650, 635 kr (4.29)

First reinvestments for stack replacements happens in 2033, and cost is calculated with
the aid of using the percentage reduction in prices:

€256, 100 · (1− 0.0395)11 ≈ €164, 392 ≈ 1, 701, 457 kr (4.30)

During the project lifetime of 20 years, there will only be one reinvestment in terms of
new cell stack.

Compressors and storage
To find the cost for the two compressors (at the oxygen output and hydrogen output),
Equations 4.12 and 4.13 are to be used. From the Aspen Plus simulation, we have a
compressor duty at the oxygen side of ∼12 kW. Using this as the capacity factor, we
get:

log10CP = 2.2897 + 1.3604 · log10(12)− 0.1027 · (log10(12))2

log10CP = 3.638

CP = 103.638 = $4, 345

(4.31)

Inserting Equation 4.31 into Equation 4.12, and using FBM=2.7, we get:

CBM = $4, 345 · 2.7

= $11, 731
(4.32)

Using the CEPCI for February 2022, this price is adjusted as follows:

$11, 731 · 806.3
394

≈ $24, 007 ≈ 237, 670 kr (4.33)

The compressor for the hydrogen storage system is calculated the same way, using a
material bare module factor, FBM=5.7 (stainless steel), and with a duty of ∼23 kW.
Adjusting this price as well, using the CEPCI, we end up with ∼ $104,447 (1,034,025
kr). This price can be verified by comparing it to NVE´s report [46], from where they
have a slightly higher price at ∼ $136,000 (1,350,000 kr), but includes storage. Storage
cost is calculated from Equation 4.14:

Ctotstor = 3 · Cstor · (V̇H2 + V̇O2)

= 3 days · 60 €/Nm3 · (5063 Nm3 + 2531 Nm3)

= €1, 366, 920 ≈ 14, 147, 622 kr

(4.34)
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Total costs for two compressors with 3 days of storage capacity, are thus found to be:

∼ 15, 419, 317 kr (4.35)

Revenues
The available amount of heat for sale as district heating was found in Table 4.8 to be
∼21.4% of installed input energy. For this case, the amount of district heat available
for sale is calculated as follows:

24 · 365
2

· 0.9 · 214 = 843, 588 kWh (6 month winter demand)

24 · 365
2

· 0.9 · 214 · 0.05 = 42, 179.4 kWh (6 month summer demand)
(4.36)

This results in a total demand of ∼885,767 kWh per year, which is equivalent to ∼73,814
kWh per month, below the 150,000 kWh limit for business plus plan according to Table
4.8. Thus, this gives a yearly revenue as follows:

RDH = 3170 øre · 12 months+ (42.2 øre/kWh + 60 øre/kWh) · 885, 767 kWh

≈ 905, 635 kr/year
(4.37)

The hydrogen sales price is determined based on LCOH without funds from Enova. The
revenue on a yearly basis for this case is thus:

RH2 = 105.29 kr/kgH2 · 149, 796 kg/year ≈ 15, 771, 485 kr/year (4.38)

Collected values
Collected values are presented in table 4.10, these are then transferred to Microsoft
Excel, see Appendix D.

Table 4.10: Mean values of techno-economic data for a 1 MW AEL unit

Description Parameter Value Unit
Revenues Electrolyzer size 1 MW

Stack lifetime 90,000 hours
Real rate of retun 4.8 %

District heating sales 905,635 kr/year
Hydrogen sales 15,771,485 kr/year

OPEX Maintenance cost 5 % of Capex [59]
Electricity cost 81.44 øre/kWh
labor cost 5,122,800 kr

CAPEX Electrolyzer and equipment 10,194,750 kr
Stack replacement cost 1,701,457 kr in 2033
Construction costs 3,136,836 kr
Design/administration 2,352,627 kr
Compressors and storage 15,419,317 kr

Total investment cost 32,804,988 kr
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4.4.2 Case 2: Medium scale facility

For this case, it is intended to use an AEL unit in the order of 5 MW to produce enough
oxygen for a medium sized RAS. The facility grows post smolt to a size of approx. 1 kg
before transferring to seawater. The oxygen demand and mean weight is presented in
Figures 4.7a and 4.7b, where similarily to Case 1 a direct correlation between the two
may be noticed. As with Case 1, it is assumed an even distribution of periodic release
throughout the year, although only the total quantity and demands are shown here.

(a) Total oxygen demand per week for the
growth of smolt in case 2

(b) Average body weight per week for the
growth of smolt in case 2

Figure 4.7: Graphical presentations of oxygen demand and growth in case 2

The facility starts the production period with a quantity of 17,500,000 salmon roes
hatched and grown to 1 kg, and the quantity is reduced to 13,747,886 at the end, which
equates to a total biomass estimation of 14,000 tonnes. The average oxygen demand
throughout the production period is roughly 15 tonnes a day, which is used as the
dimensioning factor for the electrolyzer unit.

The economical details of the unit are carried out in Table 4.11, where the stack pro-
duces oxygen in the range of 10-16 tonne/day, depending on load and demand.

Electrolyzer stack
Cost for new cell stacks at the time of investments is calculated in Equation 4.39 and
4.40:

€4, 925, 000 · 0.26 = €1, 280, 500 (4.39)

First re-investments for stack replacements happens in 2033, and cost is calculated with
the aid of using the percentage reduction in prices:

€1, 280, 500 · (1− 0.0395)11 ≈ €821, 960 ≈ 8, 507, 286 kr (4.40)

During the project lifetime of 20 years there will only be one reinvestment in terms of
new cell stack.
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Compressors and storage
From the Aspen Plus simulation we had a compressor duty at the oxygen side of ∼12
kW and ∼23 kW at the hydrogen side, for case 1. In this case, 5 times more production
of hydrogen and oxygen is assumed, thus increasing the compressor duties, accordingly.
This yield compressor costs as follows:

log10CP = 2.2897 + 1.3604 · log10(60)− 0.1027 · (log10(60))2

log10CP = 4.383

CP = 104.383 = $24, 154

(4.41)

Using FBM = 2.7 (carbon steel), we get:

CBM = $24, 154 · 2.7

= $65, 215
(4.42)

Using the CEPCI for February 2022, this price is adjusted as follows:

$65, 215 · 806.3
394

≈ $133, 459 ≈ 1, 381, 300 kr (4.43)

The compressor for the hydrogen storage system is calculated the same way, using a
material bare module factor, FBM = 5.7 (stainless steel) and with a duty of ∼115 kW.
Adjusting this price as well, using the CEPCI, we end up with ∼ $528,293 (5,230,100
kr). Storage cost is calculated from Equation 4.14, using a cost of storage for steel tanks
as 40 €/Nm3:

Ctotstor = 3 · Cstor · (V̇H2 + V̇O2)

= 3 days · 40 €/Nm3 · (25, 315 Nm3 + 12, 657 Nm3)

= €4, 556, 640 ≈ 47, 161, 224 kr

(4.44)

Total costs for two compressors with 3 days of storage capacity, are thus found to be:

∼ 53, 772, 624 kr (4.45)

Revenues
The available amount of heat for sale as district heating was found to be ∼21.4% of
installed input energy. According to this percentage, case specifications is calculated as
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follows:

24 · 365
2

· 0.9 · 1070 = 4, 217, 940 kWh (6 month winter demand)

24 · 365
2

· 0.9 · 1070 · 0.05 = 210, 897 kWh (6 month summer demand)
(4.46)

This results in a total demand of ∼4,428,837 kWh per year, which is equivalent to
∼369,070 kWh per month, well above the 150,000 kWh limit for business plus plan
according to Table 4.8. Thus, this gives a yearly revenue as follows:

RDH = 69, 900 øre · 12 months+ (37.2 øre/kWh + 60 øre/kWh) · 4, 428, 837 kWh

≈ 4, 313, 218 kr/year

(4.47)

The hydrogen sales price is determined based on LCOH without funds from Enova. The
revenue on a yearly basis for this case is thus:

RH2 = 72.13 kr/kgH2 · 747, 977 kg/year ≈ 53, 953, 058 kr/year (4.48)

Collected values
Collected values are presented in table 4.11, these are then transferred to Microsoft
Excel, see Appendix D.

Table 4.11: Mean values of economic data for a 5 MW AEL unit

Description Parameter Value Unit
Revenues Electrolyzer size 5 MW

Stack lifetime 90,000 hours
Real rate of return 4.8 %

District heating sales 4,313,218 kr/year
Hydrogen sales 53,953,058 kr/year

OPEX Maintenance cost 4 % of Capex [59]
Electricity cost 81.44 øre/kWh
Labor cost 5,122,800 kr/year

CAPEX Electrolyzer and equipment 50,973,750 kr
Stack replacement cost 8,507,286 kr in 2033
Construction costs 15,684,235 kr
Design/administration 11,763,179 kr
Compressors and storage 53,772,624 kr

Total investment cost 140,701,074 kr

4.4.3 Case 3: Large scale facility

The final case addresses a large RAS facility split between post smolt production in
addition to producing full size salmon of roughly 5 kg. The case is heavily inspired by
Viking Aqua’s planned 33,000 tonne RAS facility in Skipavika, Norway [72].
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The facility considered in this case study produces roughly 5,600 tonnes of post smolt and
27,400 tonnes of full size salmon weighing in at approximately 5 kg. A total estimate of
14,000,000 salmon roes make up the demand for the scale of the facility, where 5,454,275
post smolt and 5,466,609 full size salmon are produced, applying the same parameters
to the growth model as have been conducted in the previous cases.

A RAS setup of the scale and extent of the case presented here requires a substantial
amount of oxygen supplied throughout the production period. The oxygen demand
and average body weight may be seen represented in Figures 4.8a and 4.8b, where the
discontinuity observed in Figure 4.8a is due to the export of post smolt from the facility.
Based on discussions with representatives at Viking Aqua, the daily oxygen demand for
such a facility is in the range of 50 tonne/day [73].

(a) Total oxygen demand per week for the growth
of smolt in case 3

(b) Average body weight per week for the
growth of smolt in case 3

Figure 4.8: Graphical presentations of oxygen demand and growth in case 3

Electrolyzer stack
Figure 4.9 gives the estimated total price, not including the compressor and storage.

Figure 4.9: Price estimation for total cost in case 3
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Yellow line represents costs obtained from an industry expert [58]. The triangles are
real costs associated with 1, 5 and 15 MW system, but are not to date. The grey
line represents the cost found earlier in this thesis, 985 €/kW. As this is a linear price
estimate, it overshoots a lot when it comes to scaling of large systems (>10 MW). The red
line with the yellow squares, located at 1 MW and 5 MW, are the price estimates for the
two earlier cases. These two estimates are confirmed to be realistic by a technology user
[47], thus the trend of the red graph can be confirmed to behave realistically according
to old data (yellow line) and the two earlier cases. From this it can already be decided
that the price has to follow the trend of the yellow line, only a bit lower. Using the
earlier linear price (grey line), the data obtained from an expert, as well as the blue line,
from which the estimates was found by Parra and Patel [74] for very large systems, a
new price estimate can be found. The blue line is a bit low in pricing the two earlier
cases, as well as a realistic case 3 price, thus this is set to be the minimum value. The
grey line is set to be the maximum value, and we know that the yellow is real, but a
bit high due to old data. Taking these average prices at 15 MW, the last square in the
red line can be found. This price is confirmed using the Danish Energy Agency report
[21] (green line), from which they estimate an almost equal total price at 15 MW. This
total price estimate are thus found to be:

∼ €10, 040, 000 ≈ 103, 914, 000 kr (4.49)

Cost for new cell stacks at the time of investment is calculated in Equation 4.50 and
4.51:

€10, 040, 000 · 0.65 · 0.26 = €1, 696, 760 (4.50)

First re-investments for stack replacement happens in 2033, and cost is calculated with
the aid of using the percentage reduction in prices:

€1, 696, 760 · (1− 0.0395)11 ≈ €1, 089, 159 ≈ 11, 272, 795 kr (4.51)

There will only be one re-investment in terms of a new cell stack in this case study as
well.

Compressors and storage
In this case, it is assumed 15 times more production of hydrogen and oxygen, thus
increasing the compressor duties accordingly to ∼180 kW and ∼345 kW, respectively.
These values yield compressor costs as follows, using the same steps as in case 1 and
2 with carbon steel for the oxygen compressor and stainless steel for the hydrogen
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compressor:

Oxygen compressor = $377, 886 ≈ 3, 741, 077 kr

Hydrogen compressor = $1, 402, 409 ≈ 13, 883, 849 kr
(4.52)

Storage cost is calculated from Equation 4.14, using a cost of storage for steel tanks as
20 €/Nm3:

Ctotstor = 3 · Cstor · (V̇H2 + V̇O2)

= 3 days · 20 €/Nm3 · (75, 945 Nm3 + 37, 972 Nm3)

= €6, 835, 020 ≈ 70, 742, 457 kr

(4.53)

Total costs for two compressors with 3 days of storage capacity, are thus found to be:

∼ 88, 367, 383 kr (4.54)

Revenues
The available amount of heat for sale as district heating was found to be ∼21.4% of
installed input energy. The amount of district heat available for sale according to this
particular case and specifications, is calculated as follows:

24 · 365
2

· 0.9 · 3210 = 12, 653, 820 kWh (6 month winter demand)

24 · 365
2

· 0.9 · 3210 · 0.05 = 632, 691 kWh (6 month summer demand)
(4.55)

This results in a total demand of ∼13,286,511 kWh per year, which is equivalent to
∼1,107,209 kWh per month, well above the 150,000 kWh limit for business plus plan
according to Table 4.8. Thus, this gives a yearly revenue as follows:

RDH = 69, 900 øre · 12 months+ (37.2 øre/kWh + 60 øre/kWh) · 13, 286, 511 kWh

≈ 12, 922, 877 kr/year

(4.56)

The hydrogen sales price is determined based on LCOH without funds from Enova. The
revenue on a yearly basis for this case is thus:

RH2 = 54.04 kr/kgH2 · 2, 243, 931 kg/year ≈ 121, 198, 821 kr/year (4.57)

Collected values
Collected values are presented in table 4.12, these are then transferred to Microsoft
Excel, see Appendix D. The share and breakdown of costs is given in Figure 4.10 for
easy presentation purposes.
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Table 4.12: Mean values of economic data for a 15 MW AEL unit

Description Parameter Value Unit
Revenues Electrolyzer size 15 MW

Stack lifetime 90,000 hours
Real rate of return 4.8 %

District heating sales 12,922,877 kr/year
Hydrogen sales 121,256,696 kr/year

OPEX Maintenance cost 3 % of Capex [59]
Electricity cost 79.46 øre/kWh
Labor cost 5,122,800 kr

CAPEX Electrolyzer and equipment 67,544,100 kr
Stack replacement cost 11,272,795 kr in 2033
Construction costs 20,782,800 kr
Design/administration 15,587,100 kr
Compressors and storage 88,367,383 kr

Total investment cost 203,554,178 kr

Figure 4.10: Share and breakdown of investment costs in case 3
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Results and discussion

5.1 Levelized cost of hydrogen

The lowest costs of hydrogen in kr/kg are given in Table 5.1 for each case. The values
are calculated according to Equation 4.25. The costs are presented with Enova support,
without support as well as with- and without compressor and storage.

Table 5.1: Levelized costs of hydrogen produced from the cases with and without Enova
support, presented in NOK/kg

Without compressor & storage With compressor & storage

No support Support No support Support

Case 1 96.27 92.55 105.29 97.51
Case 2 65.56 61.84 72.13 65.45
Case 3 37.36 35.72 40.86 37.64

The lowest cost achieved is 35.72 kr/kg H2. This is without the investment cost of
compressor and storage, and with Enova support of 45% of the initial investment cost.
DNV [26] considers a price between ∼23 and ∼43 kr/kg to be realistic in Norway.
Keeping this in mind, one can see that case 1 and 2 gets too expensive, but the cost is
decreasing as the systems get larger in size. According to that same DNV [26] report, the
cost of using another process, in this case, steam methane reforming (SMR), they found
that a realistic price is between ∼9.5 and ∼15.3 kr/kg H2, including carbon capture
and storage (CCS). SMR, even with CCS, gives the cheapest production cost, but the
hydrogen produced is blue hydrogen, which is not considered as clean as green hydrogen
[75]. If the average production costs using SMR-CCS and PEM, with numbers from
DNV, are compared to this report with the lowest production cost achieved, we see in
Table 5.2 the percentage size for how much case 3 compares to other technologies.
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Table 5.2: Comparing the best scenario of case 3, with numbers from DNV [26]. Please
note that this report is from 2019, and their numbers are from 2017

Technology kr/kg H2 Difference in %
Case 3 AEL 35.72 ∼7.6%
DNV PEM ∼41.5 -16.2%
DNV SMR-CCS ∼12.4 ∼34.7%

We have in Table 5.2, that the best scenario in case 3, 35.72 kr/kg H2, is compared to the
AEL cost from DNV, which is found to be an average of ∼33 kr/kg H2, as well as their
PEM and SMR-CCS analysis. PEM was found to have an average cost which is ∼16.2%
higher than case 3 AEL, and SMR-CCS was found to be ∼34.7% cheaper than case 3
AEL. Case 3 shows that it is well within expected costs, and deviates approximately
by 7.6%, considering DNV´s AEL analysis in Norway. Costs are expected to be lower
if the system has its own electricity production systems, as this power is exempt from
grid rent costs [26]. These may include own hydropower plants or wind power plants.

5.2 Production costs

Using oxygen and heat as yearly sales, it is possible to attain lower production costs
for hydrogen in kr/kg H2. For all cases, it was assumed that the oxygen was sold at 2
kr/kg. This price is verified by an industry expert [58] and NVE [[46], [63]], which all
states that 2 kr/kg for high volumes and 4 kr/kg for low volumes can be expected.

Table 5.3: Production costs of hydrogen, with and without Enova support presented in
NOK/kg

Without compressor & storage With compressor & storage

No support Support No support Support

Case 1 71.35 68.99 77.06 72.14
Case 2 40.90 38.54 45.06 40.83
Case 3 27.57 26.52 29.79 27.74

Using the best scenario from Table 5.3, case 3 with Enova support and with no com-
pressor and storage, costs get as low as 26.52 kr/kg H2. This is well within expected
costs, and is ∼24.4% cheaper than the average cost given by DNV [26].

5.3 Net present value

Table 5.4 gives the net present value for each case, as well as the calculated internal
rate of return, with and without Enova support. The calculations are done in Microsoft
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Excel, and the spreadsheet for each case can be viewed in Appendix D.

Table 5.4: Net present value and internal rate of return for the cases with and without
Enova support, presented in NOK

Without support With support

NPV Internal rate of return NPV Internal rate of return

Case 1 11,480,082 8.61% 26,242,327 18.74%
Case 2 54,675,569 9.00% 117,991,052 19.34%
Case 3 163,814,050 13.00% 255,413,430 25.62%

5.4 Cost estimates

Estimates for all three cases are given in Table 5.5, where both the lowest and highest
expected cost range was calculated according to Equations 4.27-4.28.

Table 5.5: Low and high cost estimates in NOK

Lowest expected cost range Highest expected cost range

Low value High value Low value High value

Case 1 28,868,389 38,709,885 17,058,593 56,424,579
Case 2 123,816,945 166,027,267 73,164,558 242,005,847
Case 3 179,127,676 240,193,930 105,848,172 350,113,186

The actual expected range would depend on the level of project definition and effort.
If the effort and definition of the project are at the higher end, then the expected cost
range should be in the first two columns of Table 5.5. If the effort and definition are at
the low end, then the expected cost range should be in the last two columns of Table
5.5. In this report it is presumed that the effort and definition are at the higher end,
thus, the lowest expected cost range is the most realistic costs associated with case 1, 2
and 3, given in NOK.

5.5 Sensitivity analysis

Sensitivity analysis of case 3 was done as this is the most interesting case to look at in
terms of Viking Aqua´s goals. Figure 5.1 gives the production costs of hydrogen in kr/kg
based on an electricity price ranging from 10 øre/kWh up to 100 øre/kWh, as well as a
difference in oxygen sales price from 0.5 kr/kg up to 5 kr/kg. The color is ranging from
red (high-range) to green (low-range) and yellow (mid-range). Keep in mind that these
electricity prices are total, thus including grid rent fees and taxes. NVE [76] estimated
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Figure 5.1: Production cost for case 3 with different costs and sale prices. These values
are for the entire project, including Enova support of 45%

Figure 5.2: NPV in million NOK for different hydrogen and oxygen sale prices for case
3. These values are for the entire project, excluding Enova support of 45%

that an electricity price downwards of 26 øre/kW can be achieved in areas with good
wind resources for a wind turbine. Using this as well as an oxygen sales price of 2 kr/kg,
we can see from Figure 5.1 that a production cost could go as low as ∼8.80 kr/kg H2.
From Figure 5.2 the NPV of case 3 in million NOK for different sale prices of hydrogen
and oxygen are given. In this analysis the same amount of district heat is kept constant,
as in the original case study of case 3. If we consider the artificial price of hydrogen at
72 kr/kg H2, covered in Section 4.3.3.1, and still keep the same oxygen sale price of 2
kr/kg O2, the NPV of the total project will be approximately 1.12 billion NOK. The
corresponding internal rate of return of the NPV values in Figure 5.2 can be seen in
Figure 5.3.

Figure 5.3: Internal rate of return for case 3 with different hydrogen and oxygen sale
prices. These rates are for the entire project, excluding Enova support of 45%

Page 55



CHAPTER 5. RESULTS AND DISCUSSION

5.6 Energy analysis

All three cases have available excess energy, which in this project has been regarded as
a possible revenue in terms of district heat. Keeping the correct water temperature in
the RAS is an important feature for the well-being of the fish. Several fish species have
different preferences in terms of temperature, thus utilizing a possible way to use the
available excess energy. A common temperature for salmon farming is 12°C, neglecting
heavy usage of heat transfer to warm up the water. The Norwegian sea-waters had an
average of ∼10.9°C [77] at 25th of June 2022. Just to give a prospect on the scale of
case 3, a quick calculation can be made to find if the available energy is enough in order
to maintain a stable temperature of 12°C. From interview with Trond Ove Høie [73] it
was stated that Viking Aqua´s RAS is going to have 400,000 m3/h of circulating water.
This corresponds to 111,111.1 kg/s, assuming a density of 1000 kg/m3. Using a specific
heat capacity for water at 4.18 kJ/kg, raising the temperature only 1.1 degrees, from
10.9°C to 12°C, the energy required can be calculated as follows:

Q = ṁ · SHw ·∆T

= 111, 111.1 · 4.18 · (12− 10.9)

≈ 510, 888 kW

≈ 4, 027, 840, 992 kWh/year

(5.1)

A massive 159 times greater energy demand than what is available annually by the 15
MW AEL unit in terms of heat if 1.1 degrees celsius was a fixed assumed difference in
temperature.

5.7 Uncertainties

Here we will discuss some of the uncertainties encountered in the case studies. These
range from the simulation model itself, where different errors in design and modeling of
the system may have issues according to a realistic point of view, to the techno-economic
analysis. Several points in the analysis are assumed values which may not represent a
realistic case.

5.7.1 Simulation model

• Model parameters
The model parameters of which were described in detail in Section 4.2, may be
less suitable for upscaled simulation setups such as 1 MW input to the stack. The
parameters are verified through lab tests of the performance of a 15 kW electrolyzer
stack, and it is therefore uncertain if the accuracy is indeed impacted for the 1
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MW simulation setup.

• Heat loss factor
The heat loss factor is a set value which represents the heat loss to the surround-
ings. In the model it is preset to 0.1 (10%), but when up-scaling to 1 MW, it was
initially increased in order to hold a temperature in the cell stack to 75°C. How-
ever, this in turn negatively affected the production rates and hence the efficiency
of the custom stack model, and it was determined to keep the original preset of
0.1.

• Oxygen demand
From Figures 4.6a, 4.7a and 4.8a one can note that the oxygen demand is not
constant. This is due to the growth of the fish where an increased body weight
results in more consumed oxygen. In the case studies, the oxygen demand has
been at a constant value of which is the average demand throughout the year. In
reality, the production of oxygen should be less in the beginning of the year and
then slightly ramping it up towards the end of the year. From the figures, the
demand through the year is increasing exponentially. A certain amount of stored
oxygen should of course be taken into consideration to supply when the growing
demand is larger, and when maintenance and shutdowns are due.

5.7.2 Techno-economic analysis

• Electrolyzer price
The chosen price has been estimated by calculating an average sum of pre-existing
values and data stated from different studies and literature. These may not be
representative in terms of "deal packages" one can get from manufacturers, where
other machines and equipment (compressors, storage etc.) may be included. The
price is also listed in "price/kW" for easy scaling purposes. The problem with this
is that scaling from e.g 1 MW to 2 MW doesn’t necessarily give a double amount
in costs, as the electrolyzer system in itself doesn’t have to be double in size in
terms of construction, site preparations as well as machines and equipment.

• Compressor and storage
The oxygen compressor cost is calculated using a material factor representing
carbon steel, while high austenitic stainless steel is assumed to be used both for
the compression unit and storage on the hydrogen side. This is due to hydrogen
embrittlement, which can occur with carbon steel [78]. In reality, the industry
often use a diaphragm compressor for hydrogen. This proved to be difficult to
find accurate prices for in terms of size and capacity, and thus, stainless steel was
the chosen material type. The storage cost are also assumed to be in the order of
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60/40/20 €/Nm3 with case 1/2/3, respectively. This is mainly argumented for by
using the economies of scale principle, where often larger systems and units will
provide cheaper cost per unit. This might not be realistic in terms of the true
cost of storage, where probably hydrogen storage would have a higher price than
oxygen.

• Electricity price
The thesis uses the LMA from NVE [54] and Statkraft [57]. Both analyzes give
roughly the same electricity price in the long run, approx. 40-50 øre/kWh. How-
ever, for conservative measures, this thesis uses 60 øre/kWh as an annual expense.
This price is very unpredictable, and as mentioned in previous sections, it is dif-
ficult to say specifically what this will be on an annual basis. Fluctuations will
occur weekly, monthly or by political means or news, which should or can be taken
into account. By using the sensitivity analysis, it makes it possible to look at the
electricity price with the oxygen sales price, in order to more easily see the costs
for produced hydrogen in NOK/kg H2

• District heating prices The calculations exclude cost of infrastructure for dis-
trict heating and heat recovery. This has to be considered when doing a more
realistic case analysis. Also the price is assumed to be constant in winter and
summer, while in reality the price will follow the electricity price to a large extent.

• Land cost
Has not been accounted for. This is due to difficulty of getting real numbers
for these associated costs. Normally, land cost is a large sum in the investment
costs for the calculation of CAPEX in a project period, but because the thesis is
mainly focusing on existing RAS, we assumed that the land area has already been
acquired.

• Labor cost
Is included in the OPEX, and although accounted for in terms of real data from
Statistics Norway, will not be realistic in the long run. Labor cost is something
that is negotiated annually by means of collective agreements. This is therefore
something that can change from year to year during the project period, and will
thus never truly be accurate in the long run. This is also true for any additions
including in the salary, such as shift allowance for instance. The labor cost is also
chosen to be the same for each case, when in reality this may not be true.

• Inflation
The inflation factor is a set value from which is calculated using the long-term
inflation. The long-term inflation is given by Statistics Norway, but is an ever
changing variable renewed by a monthly basis. This is difficult and will not be
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accurate to account for in a long-term scenario.

• End of project period
Usually there is either a cost related to the demolition of the plant at the end of the
project period (as a % of CAPEX), or earnings in terms of selling the equipment
and land. This is something to consider at the last year of the project period, but
is not accounted for in this analysis.

• Maintenance costs
Due to the alkaline environment flowing through the AEL stacks, degradation
related to corrosion of anode and cathode material and general wear over time
may influence maintenance costs. In this report the costs are assumed as a fixed
% of CAPEX per year, and therefore added costs due to stack degradation is
disregarded. Yearly use of KOH as well as feed water is also included in the fixed
% of CAPEX per year, rather than being calculated based on the real yearly
amount. The feed water is assumed to be clean de-ionized water, which in itself
have a cost to produce/buy, with its own system and process.

• Cost estimates
The main reasons why capital cost estimates may be underestimated, comes from
failure to include all of the equipment needed in the process. Typically, as a design
progresses, the need for additional equipment is uncovered, and the estimate accu-
racy improves. In our estimates, additional equipment other than those mentioned
in the overall thesis is not covered, which of course will contribute to estimation
errors.
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Conclusion

Throughout the thesis, we have performed theoretical modeling of alkaline water elec-
trolysis, using simulation tools, to achieve the production capacities needed for three
different RAS sizes; small, medium and, large. The purpose was to determine the
demands of the oxygenation units along with a given fish species and the number of
quantity of fish in the system, as well as achievable cost impacts on hydrogen, including
a sensitivity analysis and comparing different scenarios in a techno-economic sense.

The results show that it is preferred to invest in a large-scale 15 MW alkaline electrolysis
system, if Enova support and all assumptions is provided. This will yield in an internal
rate of return of 25.62%, with a net present value of approximately 255,413,430 NOK
if considering a sales price of the hydrogen using the calculated LCOH. The total cost
estimated for realizing such a project have an expected cost range between 179,127,676
kr and 240,193,930 kr. The lowest production cost of hydrogen was found to be 26.52
kr/kg H2, excluding the investment cost of the compressor and storage system, and with
an oxygen sales price of 2 kr/kg O2 and revenues from district heating.

Three general questions were presented in Section 1.2 to be answered in the thesis.
Regarding the technical feasibility of the system, a solution has been proposed with the
inclusion of compression and storage units to act as a buffer and security for the supply
of oxygen to the oxygenation units. Furthermore, the oxygen demand has been modeled
both with regards to the oxygen consumption of Atlantic salmon and the production
rates of alkaline electrolyzers. Last, but not least, the acquired data from modeling
has been used further to perform a detailed cost analysis for each of the cases to study
achievable cost impact on hydrogen, scenario comparisons and sensitivity analyses of
relevant economical variables.
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6.1 Important findings

This thesis indicates that it is possible to achieve a reasonable production cost for
hydrogen which is within real estimates using economies of scale in synergistic processes
with RAS. A scale-up of the combined facilities proves to be economically beneficial
for both parties involved where a lower production cost of hydrogen is achieved, which
again may influence the price of oxygen sold to the adjacent RAS facility.

6.2 Further work

Current research and quality of estimates would benefit greatly from further research.
Enlisted below are bulletins that provide more detail on key points as a suggestion for
improving this thesis further.

6.2.1 Model improvements

• Cooling water loop
Due to a model limitation in mass flow (1000 kg/h) for the cooling water loop,
upscaling the electrolyzer stack model from the original 10 kW stack is difficult.
This limitation leads to higher operating temperatures leaving the stack for the
1 MW model (as seen in Appendix A), and bigger problems might occur during
further scale-up. A solution is to increase the heat loss factor from the stack itself,
which may be altered in the model, although this ultimately affects the production
rates and efficiency of the process. Other alternatives include increasing the outlet
temperature of cooling fluid leaving IC-R1 and IC-R2, and likewise decreasing the
inlet temperature to increase the heat transfer from the electrolyte stream to the
cooling stream. Again by altering these parameters, logic must be applied to make
sure the temperatures stay within the range of what may be deemed realistic for
a cooling loop and for the equipment as well.

• Electrolyte
As stated in chapter 4, section 4.1, KOH is added as a component in order to
model the heat capacity more accurately, and explicit electrolyte chemistry is not
modeled. This can have impact on the model. The reason why KOH is utilized is
due to its special properties in that it has a large specific conductivity. From the
Aspen Physical Property System [79], they state that:

In electrolyte solutions a larger variety of interactions and phenomena
exist than in non-electrolyte solutions. Besides physical and chemical
molecule interactions, ionic reactions and interactions occur (molecule-
ion and ion-ion). Electrolyte activity coefficient models (NRTL, Pitzer)
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are therefore more complicated than non-electrolyte activity coefficient
models. Electrolytes dissociate so a few components can form many
species in a solution. This causes a multitude of interactions, some of
which are strong.

This is difficult to model accurately, but should be considered to ensure a more
realistic case.

As shown in Figure 6.1, one can see how different mass fractions can affect specific
conductivity [43]. The fact that 35% wt is used can affect the model in the form of
lower efficiencies, compared with a somewhat lower (25-27% wt) fraction (which
is used by NEL [34]). Implementing an electrolyte package in Aspen will probably
improve the results in the model.

Figure 6.1: Specific electrolyte conductivity as a function of the concentration of potas-
sium hydroxide (KOH) [43]

6.2.2 Techno-economic analysis

• Equipment cost
Equipment such as pumps, vessels, heat-exchangers etc. has not been calculated
separately in terms of costs as it probably should. The unit price should be
calculated according to operating pressures, temperatures, as well as the type of
material. Whether it is a stainless steel alloy or carbon steel can cause a large
impact on the bare module costs. This should thus be accounted for in further
work of a similar system in order to get a more accurate capital expenditure of
the system with its components.
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• Variation in H2 price and electricity
The hydrogen price will most likely vary in the same way and possibly as much
as the electricity price, according to technology user [47]. It would therefore be
interesting to investigate how flexible production could have been used, where the
price of electricity or the price of hydrogen (set against each other) determines
the capacity and production of the electrolyzer and the system. An optimized
operation according to what is required of oxygen in the RAS in a daily or weekly
timeframe. If one also takes into account the cooling of hydrogen to approx. minus
253°C, to be more accessible for the maritime sector, and uses financial hedging
[80] as a security measure for future spot prices, the project could be even more
sustainable, flexible and economical.

6.2.3 Other variables

• Energy utilization with other fish species
It would be interesting to check in more detail how much of the excess energy realis-
tically could be used. Salmon have a relatively low comfort temperature of around
12°C, but for example Yellowtail kingfish (Seriola lalandi) have a slightly higher
comfort temperature. Orellana et al. [81] did an experiment where they kept this
type of fish alive in a RAS for 488 days. In addition to other important parameters
(pH, mineral level, oxygenation etc.), keeping a higher temperature was central.
Here, the average temperature was 22.6°C ± 1.4°C, with the lowest value at 15.1°C
and the highest at 28.3°C, represented by winter and summer time, respectively.
Thus, a proposal for further work regarding a more detailed look into how large
a RAS could realistically be when keeping these temperatures just by using the
excess energy, is given. Other proposed aquaculture species may include Western
king prawns (Penaeus latisulcatus) or Green seaweed (Ulva lactuca), which was
experimented upon by Khoi and Fotedar [82], where the temperature was kept
steady between 24°C and 25°C.

• Local energy production and environmental aspects
The possibilities of local energy production and environmental aspects should be
investigated. Examples may include solar photovoltaic´s on the roof of the RAS
facility, local windpower- onshore or offshore, or nearby biogas reactors utilizing
the waste products from the fish in order to produce natural gas and hydrogen.
These may act as a backup fuel for a gas turbine, or as a locally produced fuel for
local transport. The CO2 from the biogas reactor may be used in a greenhouse for
vegetable production [83]. These examples just goes to show how far this concept
can be stretched, minimizing the environmental impacts as well as working as an
example of circular economy in practice.
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APPENDIX A. ASPEN PLUS FLOW DIAGRAM

Appendix A

Aspen Plus flow diagram
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Appendix B

Aspen Plus stream summary
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Appendix C

Growth model and oxygen demand
template (Excel)
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APPENDIX C. GROWTH MODEL AND OXYGEN DEMAND TEMPLATE
(EXCEL)
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APPENDIX C. GROWTH MODEL AND OXYGEN DEMAND TEMPLATE
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Appendix D

Case budget accounts from Enova
template (Excel)
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