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Abstract:

I denne rapport udvikles den kon-
tinuerlige faseseparation af HTL-
produkter og demineraliseringen
af HTL-olie ved tilsættelse af CO2
som forsuringsmiddel. Arbejdet blev
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ret på Steeper Energy’s proprietære
Hydrofaction™ teknologi. En demine-
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drift. En af de primære ustabiliteter
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Preface

This M.Sc. thesis is an experimental study on Steeper Energy’s proprietary Hydro-
faction™ separation and demineralisation process. The project has been conducted
in collaboration with Steeper Energy.

Reading Guide

Figures, equations and tables are numbered according to the chapter of their
appearance. For example, the third figure in Chapter 4, will be numbered 4.3, same
applies for equations and tables. Every figure and table is provided with a caption,
explaining its content.

Nomenclatures describing variables used in equations, will be placed after each
set of equations, with a symbol, a description and a unit. When an abbreviation is
first introduced in the text, it will be written in full, followed by the abbreviation
presented in parenthesis. A separate nomenclature list at the beginning of the re-
port will display a list of the abbreviations used.

Throughout the report, citations appear as numbers in brackets. The numbers
will refer to the complete bibliography in the end of the report. Books and articles
are listed with author, title, year, and publisher, and websites are listed with author,
title, URL and date.

Appendices are placed at the end of the report and are denoted A, B and so on.

Aalborg University, May 31, 2019
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Nomenclature

BPR.# Back Pressure Regulator

CA Citric Acid

CBS1 Continuous Bench Scale

CFPump.# Continuous Flow Pump

CSD Continuous Separation and Demineralisation

EES Engineering Equation Solver

EU European Union

GHG Green House Gas

HTL Hydrothermal Liquefaction

IEA International Energy Agency

L.# Conductive Level Sensor

MEK Methyl Ethyl Ketone

PFD Process Flow Diagram

Pressure� 2 Pressure of the CSD’s vessel 2

Pressure� 3 Pressure of the CSD’s vessel 3

RO Reverse Osmosis

RO� 2 f low RO water flow into vessel 2 of the CSD

RO� 3 f low RO water flow into vessel 3 of the CSD

S.# Scale

SDS Sustainable Development Scenario

xi
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TAN Total Acid Number

Temp� 2 Temperature of the CSD’s vessel 2

Temp� 3 Temperature of the CSD’s vessel 3

V.# Valve

W/O Water in Oil

ww2 Waste water from vessel 2 of the CSD

ww3 Waste water from vessel 3 of the CSD



1 Background

On the path towards decarbonisation of the transport sector, no proper solution
yet exist for heavy transport (i.e. heavy trucks, marine and aviation). This sector is
dif�cult to electrify, and despite ef�ciency increases in the sector, the Green House
Gas (GHG) emissions keep increasing [6]. Biofuels, and in particularly advanced
biofuels can contribute signi�cantly to the decarbonisation of the heavy transport
sector in a sustainable manner [7]. Advanced biofuels are produced from non-food
biomass wheres conventional biofuels are produced from food crops.

The European Union (EU) focuses on the development of technologies for pro-
ducing transport biofuels. Member states are committed to reaching 14 % renew-
ables in transport fuels by 2030 [1]. Advanced biofuels are double-counted towards
the target of 14 %, which implies that the member states are rewarded for choosing
advanced biofuel technologies instead of conventional biofuel technologies. Ac-
cording to the International Energy Agency (IEA), the development of plants for
producing advanced biofuels need to be accelerated [11]. In order to meet the Sus-
tainable Development Scenario (SDS) from IEA, the capacity of advanced biofuel-
producing plants need to reach 2.3 billion litres by 2023, and the capacity was 0.4
billion litres in 2017 [11]. The capacity of advanced biofuel-producing plants is
illustrated in Figure 1.1.

1



2 Chapter 1. Background

Figure 1.1: Projected and current capacity for advanced biofuel-producing plants. Edited from [11]

In [13] six conversion pathways for renewable jet fuel production are studied.
It compares the short-term economic feasibility of the conversion pathways and
�nds that the Hydrothermal Liquefaction (HTL) is one of the most feasible solu-
tions. Hydrofaction™ , which is Steeper Energy's proprietary HTL technology for
ef�cient conversion of biomass into advanced liquid biofuels, can contribute to a
sustainable solution for decarbonisation of the heavy transport sector. The technol-
ogy �ts well into the already existing infrastructure of transportation fuels due to
the similarities between Hydrofaction™ biocrude and fossil crudes [12]. In general,
biocrudes are oxygenated and need to be deoxygented to meet transport-fuel spec-
i�cations. In the Hydrofaction™ technology platform the oil is deoxygeneted by
hydrotreating. The upgraded biocrude can enter the already established re�nery
industry, which is one of the advantages with the Hydrofaction™ technology.

The main process streams of the Hydrofaction™ process are illustrated in Fig-
ure 1.2. The HTL process and hydrotreating have been proven to run continuously
in pilot scale [12]. The product from the HTL process is a mixture of oil, water,
gas and inorganics, where the oil needs to be separated from the others before it
can be further processed. The separation and demineralisation process is essen-
tial as conventional hydrotreating is sensitive to high inorganic and water content
of the oil, which can induce fouling and deactivation of the catalyst beds [10].
The separation and demineralisation of the Hydrofaction™ oil have been proven
in batch-wise procedures by Steeper Energy and by [12]. Next step is to prove



3

the technique in a continuous pilot scale. As illustrated in Figure 1.2, the sepa-
ration and demineralisation process is the link between biocrude production and
hydrotreating and is necessary to prove in continuous pilot scale towards a fully
continuous Hydrofaction™ process.

Figure 1.2: The Hydrofaction™ technology main process. Green marks the focus of this project. Note
that only the main process �ow is illustrated. From the separation of the HTL process products, an
oil and aqueous phase are recycled and added in the feed preparation.

In the previous procedure for the separation and demineralisation of the Hy-
drofaction™ oil, Citric Acid (CA) and rotary evaporators are used with satisfying
results; CA for acidi�cation, which improves demineralisation of the oil, and a ro-
tary evaporator for removing water at the end of the process. Inorganic content
was reduced from 37000 ppm to 370 ppm, and water content of the oil was reduced
from 14.3 wt.% to 0.6 wt.% [12]. This procedure is though time-consuming, and
the CA is a consumable, which are two of the motivational reasons for designing
and building a new separation and demineralisation system. The new system is
continuous, which reduces the time consumption and is a more scalable solution;
it utilises CO 2(aq) as acidi�cation agent [14], which is an excess product from the
HTL process. This reduces the consumption of consumables in the process.

In [12] CO2 as the acidi�cation agent was tested in lab scale experiments. Inor-
ganic content of a Hydrofaction™ oil was reduced fromr 42000 ppm to 1019 ppm.
This result emphasises that the CO2 as an acidi�cation agent can demineralise the
Hydrofaction™ oil.

One of the success criteria for the separation and demineralisation process is to
get below 15 ppm inorganic content in the oil, which would result in a hydrotreat-
able oil in terms of inorganics content. The value is given by Steeper Energy.
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1.1 The CBS1

The Continuous Bench Scale Hydrofaction™ Plant 1 (CBS1) is the pilot plant at
which the Hydrofaction™ technology is being developed and demonstrated. The
pilot is a product of the collaboration between Aalborg University, which owns the
plant, and Steeper Energy, which operates the plant. It has >1750 oil-producing
operating hours, and in Q3-Q4 2018 its feed preparation and separation and dem-
ineralisation system were upgraded from semi-batch to a continuous operating
principle. The Process Flow Diagram (PFD) of the CBS1 is illustrated in Figure 1.3.
The pilot plant is located at Aalborg University and is build inside the containers,
depicted in Figure 1.4.

Figure 1.3: Simpli�ed PFD of the CBS1. The non-transparent components and lines represent the
pilot's separation and demineralisation system. The magnifying glass illustrates the experimental
focus of this project. RO is the abbreviation for Reverse Osmosis. Edited from [12].
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Figure 1.4: Picture of the pilot plant.

1.2 The CSD

The continuous separation and demineralisation system of the CBS1, referred to as
the CSD, is a new state-of-the-art system. Its main functions are to reduce inorganic
and water content of the Hydrofaction™ oil and separate the three phases entering
the system from each other; An aqueous phase, an oil phase and a gas phase. Going
from a lab scale proof of concept to a continuous pilot scale naturally increases
the complexity of the system. However, it is hypothesised that by experimental
testing on the pilot-scale CSD, one would achieve more relevant knowledge about
the separation and demineralisation process for a commercial scale system, than if
the process is further tested by lab-scale experiments. It is also in the interest of
Steeper Energy to prove the principle of the CSD towards commercialisation of the
Hydrofaction™ technology platform. A detailed version of the CSD is illustrated
in Figure 1.5.
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Figure 1.5: PFD of the CSD. It is a simpli�ed version of the original PFD. However, relevant com-
ponents for this project are displayed in this �gure. As in Figure 1.3 the experimental focus of this
project is marked by the magnifying glass.

• Vessel 1: Process �ow from the oil-producing part of the CBS1 enters vessel
1, where the process aqueous phase is extracted and recycled in the Hydro-
faction™ process. The oil phase is partially demineralised and led into vessel
2. The gaseous phase is led through each vessel and in the end to the venti-
lation.

• Vessel 2: Aqueous CO2 is the acidi�cation agent of the CSD - RO water is
thereby mixed with the process gas prior to entering vessel 2. The diluent
is added to dilute the oil phase from vessel 1 to reach a suf�ciently low
density, such as the oil phase �oats on top of the aqueous phase. The oil
phase is further demineralised, and it is expected that in vessel 2 the highest
demineralisation rate is achieved. The aqueous phase, which is separated
from the oil phase, is extracted and is a waste product of the process.

• Vessel 3: The process gas is mixed with RO water to acidify the environment.
The carbonated water is mixed with the oil phase prior to entering vessel 3,
where the aim is to reach an inorganic content suf�ciently low to make the
oil upgradable/hydrotreatable.

• Flash vessel: The diluent, and the remaining water of the oil phase is �ashed
off in the �ash vessel.
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• Online/of�ine operation: The CSD can be operated in online and of�ine
mode, where online is when the whole CBS1 is in operation, and of�ine is
when only the CSD is in operation. In of�ine operation mode vessel 1, is not
in operation and feed is pumped directly into vessel 2.

• Automatic control of liquid �ows: Liquid �ows within the system are con-
trolled automatically by conductive level sensors (L.1 to L.7). These sensors
detect the interfaces between the phases in the separator vessels due to the
difference in conductivity of the phases. They control the liquid �ows by
needle valves (V.3, V.6, V.9, and V.10 in Figure 1.5) for the oil phase and sluice
systems for the aqueous phase.

• Temperature and pressure: The separator vessels are pressurised to increase
the amount of CO 2. The system is approved up to 50 bar. The CSD is mon-
itored by temperature and pressure sensors mounted inside the separator
vessels and lines between the vessels.

• Mass balances: Scales, a wet gas meter (measuring the volumetric �ow of
gas), and a gas analyser, enables the operator to calculate mass balances.

The PFD of the CSD in Figure 1.5 is rather complex and in order to illustrate the
adjustable operating conditions of the CSD, Figure 1.6 is presented. The outputs of
interest are the inorganic and water content in the oil, as these values are a measure
of how well the CSD performs.

Figure 1.6: Illustration of input parameters (adjustable operating conditions) for the CSD and its out-
puts of interest. The input parameters can be adjusted in several parts of the CSD. E.g., temperature
is adjustable by four heaters and by nine sections of heat tracing. This adds up to the complexity.

In summary, the CSD is a complex system with a large number of adjustable
parameters. It is considerably more complex than the lab-scale batch reactors,
where the previous development of the process have been conducted.
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1.3 The Three-Phase Separator Vessels

The design of the three-phase separator vessels, named vessel 1, 2 and 3 in Figure
1.3, is illustrated in Figure 1.7. Solids and inorganic content of the oil phase precip-
itate during the separation and demineralisation process. It is preferable that the
content settles in the aqueous phase, as this is, in most cases, the waste product of
the process. The three-phase separator vessels are designed such that the aqueous
phase is the bottom phase, the oil phase is in the middle, and the gas phase is the
top. The oil phase is led above an over�ow plate and through its outlet.

Figure 1.7: Illustration of the three-phase separator vessels. The green dots on the level sensor
illustrates detectable conductivities and the red dots illustrates undetectable conductivities. Note
that the vessel is mirrored if compared to the separator vessels in Figure 1.3.

Vessel 1 of the CSD, which separates the HTL process products from each other,
has partly been commissioned in [22]. Experimental studies on the commissioning
of vessel 2 and 3 are this project's focus, as the vessels have not yet been commis-
sioned and further development of this part of the process in order to scale up the
technology.
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