
Techno-economic evaluation of hydrochar 

via hydrothermal carbonisation of organic 

residues

Abdirahman Abdullahi

Sustainable Energy Engineering, master's level 

2022

Luleå University of Technology 

Department of Engineering Sciences and Mathematics



Acknowledgement

This master thesis is 30 Credits and is the examining course for the Master of science program
in Sustainable Energy Engineering (300 Credits) at Luleå University of technology. This work
is part of a part of the OSMET 3.0 and is carried out between January to June 2022 at the
Division of Energy Engineering at Luleå University of technology.

OSMET 3.0 is a research project where, among others, Swerim, LTU, Höganäs, Outokumpu
participate. In the OSMET project, it is proposed to upgrade residues from pulp and paper
mills to valuable products that are utilized in metallurgical processes.

I am very thankful to my examiner and supervisor Elisabeth Wetterlund who has supported
and helped me throughout the work with great joy. I would also like to extend my gratitude
to her colleagues at the Division of Energy Engineering for their kind welcome and support.

Finally, I want to express my gratitude to Martin Hitzl and Borja Oliver who was my contact
person at Ingelia. During the work, Borja has provided me with process and economic data
and we have had fruitful discussions.

Abdirahman Abdullahi

Luleå, 2022



Sammanfattning

Denna examensarbete har undersökt den tekno-ekonomiska genomförbarheten av att upp-
gradera slammet från ett kemisk massabruk till hydrokol via hydrotermisk karbonisering (HTC).
Den avsedda användningen av hydrokol var att ersätta fossilt kol inom metallurgiska tillämp-
ningar i järn och stålindustri.

Processmodeller utvecklades för att erhålla mass- och energibalanser för HTC-processen. Bal-
anserna användes för att utvärdera de ekonomiska prestanda, i form av produktionskostnad för
hydrokol samt olika lönsamhetsparametrar. Följande två huvudscenarier undersöktes:

• Scenario-1: HTC-processen integrerad med massabruket

• Scenario-2: Fristående HTC-process.

För att se effekten av att ha en eller två HTC-reaktorer utvecklades två fall för varje scenario, där
det första fallet endast använde blandat slam från massabruket som råvara för HTC-processen
(fall 1, en reaktor), medan det andra fallet använde både blandat slam och bark som råmaterial
(fall 2, två reaktorer).

I scenario 1 undersöktes effekterna på massabrukets mass- och energibalanser av att integrera
HTC-processen. Resultaten visade endast mycket små effekter på massabruket, på grund av
att HTC-processen är betydligt mindre än bruket. Den totala mängden ånga till ångturbinen
ökade med 0.8 % och 0.9 % för fall 1 respektive 2. I kombination med bortfall av slammet,
som annars förbränns i brukets barkpanna, innebar detta en total ökning av förbrukningen av
trädbränsle i pannan med 3.2 % respektive 3.6 %.

Genom att implementera en andra HTC-reaktor skulle produktionskostnaden för hydrokol i det
integrerade scenariot (scenario 1) kunna sänkas från 4 600 SEK/ton (fall 1) till 3 700 SEK/ton
(fall 2). Motsvarande produktionskostnader i det fristående scenariot (scenario 2) uppgick till
5 400 SEK/ton (fall 1) respektive 4 200 SEK/ton (fall 2). Både integration med massabruk och
ökning av produktionskapaciteten av HTC visade sig därför vara strategier som kan leda till
minskade produktionskostnader för hydrokol . Men även den lägsta produktionskostnaden som
noteras i denna rapport är betydligt högre än motsvarande pris på kol. Detta tyder på att det
krävs andra åtgärder för att hydrokol ska bli konkurrenskraftigt ur kostnadssynpunkt gentemot
fossilt kol i den metallurgiska industrin. Exempel är möjligheten att använda ännu billigare
råvaror, såväl som policyverktyg som riktar in sig på t.ex. CO2-utsläppen från användning av
fossila material och energibärare inom järn- och stålindustrin.

Baserat på resultaten från investeringskalkylen dras slutsatsen att HTC-processen integrerad
med ett massabruk är att föredra jämfört med en fristående HTC-process. Anledningen till
att integrerad HTC föredras är att det ger högre netto nuvärde (NPV ) och motsvarande lägre
återbetalningstid, samt lägre produktionskostnader för hydrokol.
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Abstract

This thesis has investigated the techno-economic feasibility of upgrading the sludge from a
chemical pulp mill to hydrochar via hydrothermal carbonization (HTC). The intended use of
the hydrochar was to replace fossil coal within metallurgical applications in the iron and steel
industry.

Process models were developed in order to obtain mass and energy balances of the HTC process
for different technical configurations. The balances were used to evaluate the economic perfor-
mance, in terms of hydrochar production cost as well as different profitability parameters. Two
main scenarios were investigated:

• Scenario-1: HTC process integrated with the pulp mill

• Scenario-2: Stand alone HTC process.

To see the effect of having one or two HTC reactors, two cases were developed for each scenario,
where the first case used only mixed sludge from the pulp mill as feedstock for the HTC process
(case 1, one reactor), while the second case used both mixed sludge and bark as feedstock (case
2, two reactors).

In scenario 1, the effects on the pulp mill’s mass and energy balances of integrating the HTC
process were investigated. The results showed only very small impacts on the pulp mill, due
to that the HTC process is significantly smaller than the mill. The total amount of steam to
the steam turbine increased by 0.8 % and 0.9 %, for case 1 and 2, respectively. In combination
with the removed sludge, which is otherwise combusted in the mill’s so-called power boiler,
this entailed a total increase of the wood fuel consumption in the boiler by 3.2 % and 3.6 %,
respectively.

By implementing a second HTC reactor, the production cost of hydrochar could in the inte-
grated scenario (scenario 1) be decreased from 4 600 SEK/ton (case 1) to 3 700 SEK/ton (case
2). The corresponding production costs in the stand alone scenario (scenario 2) amounted to
5 400 SEK/ton (case 1) and 4 200 SEK/ton (case 2), respectively. Both integration with the
pulp mill and increasing the HTC production scale were thus found to be strategies that can
lead to decreased hydrochar production cost. However, even the lowest production cost noted
in this report is significantly higher than the corresponding price of coal. This indicates that
other measures are required in order for hydrochar to become cost competitive to fossil coal in
the metallurgical industry. Examples are the possibility to use even lower-cost feedstocks, as
well as policy tools targeting, e.g., the CO2 emissions from using fossil materials and energy
carriers in the iron and steel industry.

Based on the results from the investment calculation, it is concluded that the HTC process
integrated with a pulp mill is preferable compared to a stand alone HTC process. The reason
why integrated HTC is preferred is that it gives higher NPV and correspondingly lower payback
time, as well as lower hydrochar production costs.
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1 Introduction

A third of Sweden’s territorial CO2 emissions come from the industrial sector, which is domi-
nated by the iron and steel industry with as much as 38 % of the total industrial CO2 emissions
[1]. Coal is used as a reducing agent and fuels in the conversion of iron ore to iron, which
contributes 85 % of the total emissions from the iron and steel industry [2].

Reducing emissions from the use of fossil fuels and reductants is a major challenge faced by the
iron and steel industry. The utilisation of upgraded organic residues as replacement of fossil
carbon can reduce CO2 emissions from the steel industry. Available organic residues such as
biosludge and fiber reject from the pulp mill, forest residues, anaerobic digestates, etc. can be
recycled and upgraded via hydrothermal carbonization (HTC) process.

Hydrochar upgraded from biosludge and fiber reject from pulp mills, have been tested in lab-
oratory, pilot, and short industrial trials as partial replacement of fossil energy carriers in the
steel industry. Hydrochar is used as a chemical energy source and as a slag foaming agent, it
is charged with the scrap in an electric arc furnace (EAF). Potential reduction of CO2 emis-
sions in Sweden’s steel industry is estimated at 180 000 tons/year based on this concept [3].
This concept can be an effective means of helping key industry sectors to achieve sustainable
development and reach the global targets established in the 2030 Agenda.

1.1 Aim and objectives

The aim of this master thesis is to investigate the techno-economic feasibility of upgrading
the sludge from pulp mills via HTC to hydrochar, for the intended use within metallurgical
applications in the iron and steel industry.

The following are project objectives:

• Develop overall process models of HTC that uses pulp mill sludge, both integrated with
a pulp and paper mill and stand alone

• Obtain the mass and energy balances and assess the production cost of hydrochar

• Determine the impact that the HTC plant’s scale has on the production cost of hydrochar
and the mass and energy balance in the pulp mill.

• Perform an investment analysis for HTC and determine which of the integrated or stand
alone case is preferable from an investor’s perspective.

1.2 Delimitations

This project is limited to a techno-economic analysis at plant level that involves upgrading
the sludge from pulp mills via HTC to hydrochar. The process model presented in this report
shows only the main processes and no detailed schedule is shown. A model pulp and paper mill
from a previous study is used as a case, and not an actual pulp mill. In this work, the quality
of hydrochar and its suitability for metallurgical processes are not taken into account.
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2 Background

This chapter provides background information regarding steel production, coke and hydrother-
mal carbonisation.

2.1 Steel making process

Steel is made by primarily using a blast furnace or electric arc furnace [4]. 29 % of steel
production takes place in EAF [5]. The electric arc furnace (EAF) takes steel scrap as raw
material, see Figure 1. The scrap is loaded together with slag formers and coal sources. In the
EAF, the charged material is melted using a mixture of electrical and chemical energy. Coal
and coke are used in the EAF both as chemical source energy and as slag foaming agents. The
electrical energy used in EAF is introduced through electrodes by the electric arcs which ignite
between electrodes and charged material [6].

Figure 1: Simplified diagram showing how steel is made, the primary and secondary routes of steel
production are shown in this figure in the form of Blast furnace and Electric arc furnace [5].

2.1.1 Coal and coke

Fossil carbon is used in the EAF as an additional source of chemical energy and contributes to
the foaming process. The suitability of the coal used is determined by the energy content and
the amount of carbon in the coal. The coal or coke used in EAF should have a high carbon
content with a low sulfur and ash content [7]. Based on carbon and energy content, coal is
classified into the following four groups [8]:

• Anthracite coal, this type of coal has highest energy content in this four groups and
contains 86-97 % carbon

• Bituminous coal, carbon content of this type is between 45 % to 86 % and it is this type
of coal that is used in the production of coke

• Sub-bituminous coal, this type of coal contains 35-45 % carbon

• Lignite, carbon content of this type is between 25 % to 35 %.
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2.2 Hydrothermal carbonisation

Biomass feedstocks can be converted to biofuels through thermochemical process. The three
different pathways for thermochemical conversion of a biomass feedstock are shown in Fig-
ure 2, [9]. The hydrothermal process that is of interest for this report are the hydrothermal
carbonization process (HTC).

Figure 2: An overview of conversion pathways of biomass via thermochemical conversion. The parts
that is marked green are of interest for this report.

HTC is a thermochemical process that converts wet biomass feedstock into hydrochar. This
process takes place in an aqueous environment at 180-250 °C at autogenous pressure [10]. It
takes a few hours and the process products are hydrochar, process water and a small fraction
of gas, which is mainly carbon dioxide, see Figure 3. Hydrochar with 5 % moisture content
is obtained by firstly reducing the process water to 50 % by mechanical dewatering. Then,
through thermal drying, the moisture content is reduced to approximately 5 %. The hyrochar
is then pelletised [10], [11].

Figure 3: Schematic description of the HTC process.
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Over the years, various biomass feedstocks have been tested that are suitable for the HTC
process among these are, sludge from pulp and paper mill, sewage sludge and waste products
from food industry [12], [13], [14].

The discovery of this process was made by Friedrich Bergius in 1913 who was awarded the
Nobel Prize in 1931 for his discovery [15], [16]. HTC technology expanded rapidly with the
discovery of carbon nanotubes in 1991. Nowadays, the main industrial application of HTC
biomass technology is the production of hydrochar as fuel [15].

HTC technology is still under development and today there are no fully commercial plants
operating. However, there are some companies that promote this technology and operate pilot
facilities on an industrial scale, among these are Igelia, C-green, HTCycle, TerraNova Energy
and SunCoal [17], [15], [18].
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3 Methodology and input data

This section presents the approach used to implement the different parts of the project. Suitable
HTC configuration cases were identified and modeled in order to obtain the mass and energy
balances. The mass and energy balances were then used for the economic evaluations. All
modeling was done as spreadsheet modeling using Excel.

3.1 Studied cases - description and input data

To get a better understanding of the HTC process, comparison between different process con-
figurations was made. Intended outcomes from the cases studied here are the mass and energy
balance, the production cost of hydrochar and the profitability parameters such as the net
present value and the payback time. The following two scenarios were selected to be studied in
more detail:

• Scenario-1: HTC process integrated with a pulp mill

• Scenario-2: Stand alone HTC process.

In order to evaluate the impact of process scale on the resulting hydrochar production costs,
two cases were analysed for each of the scenarios, incorporating one (Case 1) or two (Case 2)
HTC reactors, respectively. The first case used mixed sludge (which is a combination of both
primary and secondary sludge) as feedstock, the second case used mixed sludge and bark from
the pulp mill as feedstock. The bark that is used was assumed to consist of 50 % pine and 50
% spruce. The properties of the different biomass feedstock and fuels used in this report are
described in section 3.1.3.

3.1.1 HTC process

The HTC process used in this report is Ingelia’s HTC process, see Figure 4. In the presence
of catalyst, the biomass feedstock in the HTC reactor is treated under high temperature (250
°C) and pressure (30 bar). The HTC reaction is spontaneous and exothermic but insufficient
to maintain the reactor temperature, so heat must be supplied to the reactor. The thermal
energy is supplied in the form of steam. Table 3 gives a summary of the energy requirements
for the HTC process. From the HTC reactor comes hydrochar slurry, process gases. The gas
consists mostly of CO2 but also CO, H2, NH3 and Cx Hy, the properties of the process gases
are shown in Table 4.

HTC processes also produces substances that are not chemically reactive, so-called inert. Inert
is mainly composed of wet rocks and sand. As can be seen in Figure 4, these inerts are removed
in the ash removal process.

The majority of the hydrochar sludge consists of process water. Through the drying process,
the hydrochar sludge is dewatered to obtain hydrochar powder. The drying step consists of two
steps, a mechanical dewatering (with a filter press) followed by thermal drying (where the hot
exhaust gases from the boiler are used), in the diagram they are shown together as a drying
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process. Finally, the hydrochar powder is compressed into briquettes in the briquetting process.
The property of the produced hydrochar is shown in table 5.

Figure 4: Schematic description of Ingelia’s HTC process.

Table 3: The energy needs of the HTC process, this data is provided by Ingelia.

Parameters Case 1 Case 2 Unit

Electrical energy to the HTC reactor 19 35 [kW]

Electrical energy for the briquetting process 8 17 [kW]

Steam (HTC reactor) 275 549 [kW]

Exhaust Gases (drying process) 69 147 [kW]

Table 4: The characteristics of the HTC gas, the composition data in this table has been provided by
Ingelia, [19].

Species Value Unit

CO2 97 [%]

CO 1.3 [%]

H2 0.2 [%]

Other organics (methane, ethane) 1.5 [%]

HHV 1 100 [kJ/kg]

LHVd.b 1 056 [kJ/kg]
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Table 5: The characterization of hydrochar, this data is provided by Ingelia.

Parameters
Hydrochar from

mixed sludge

Hydrochar from

mixed sludge + bark

Proximate analysis %:

Moisture content 6 6

Voltile matter 65 60

Fixed carbon 20 27

Ash 10 8

Ultimate analysis %:

Carbon, C 60–64 60–65

Hydrogen, H 6–7 5–7

Nitrogen, N <4 <3

Sulfur, S <0.3 <0.2

3.1.2 Model pulp and paper mill

To see the effects that the integration will bring, a model mill of the kraftliner type was used,
hereafter referred to as "the pulp mill". The pulp mill was developed within the FRAM project,
it is built according to commercially proven technology, and is described in detail in [20]. The
two qualities of kraftliner produced in the pulp mill are brown and white top, the production
of these two qualities takes place on two parallel machines. As shown in Table 6 the pulp mill
operates 355 days per year and has a total paper production capacity of about 1 Mton per year.
In the Table it can also be seen how much of the different sludge that is produced daily.

Table 6: Operations data from the pulp mill, DS in the unit column stands for dry substance [20].

Parameter Value Unit

Production kraftliner 1 006 000 [ton/year]

Operating days 355 [days/year]

Primary sludge 1 200 [kg DS/day]

Biosludge (Secondary sludge) 7 000 [kg DS/day]

Mix sludge 8 200 [kg DS/day]

The energy system in the pulp mill consists of recovery boiler, power boiler and steam turbine,
see Figure 5. The main producer of high pressure (HP) steam is the recovery boiler. As
the steam from the recovery boiler is not sufficient to meet the steam needs of the processes,
additional HP steam is produced in the so called power boiler, where bark from the debarked
pulp wood and other fuels are combusted. The steam is expanded in the steam turbine where
part of the steam’s thermal energy is converted into electrical energy. The following steam
levels, intermediate pressure (IP) steam, medium pressure (MP) steam and low pressure (LP)
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steam are extracted from the turbine. The extracted steam is used for different processes in
the pulp mill. The steam data is given in Table 7. This analysis will focus on both the power
boiler and the turbine as there will be no change in the recovery boiler. The boundary system
for the analysed system is defined by the blue dashed line in Figure 5.

Table 7: Pulp mill steam data [20].

Steam Temperature [°C] Pressure [bar]

HP-Steam 490 80.0

IP-steam, extracted for sootblowing 275 25.0

MP-steam, desuperheated 200 9.0

LP-steam, desuperheated 150 3.5

Figure 5: An overview of the energy system in the pulp mill where the system boundary for this
analysis is defined by the blue dashed line.

3.1.3 Feedstocks and fuels

Table 8 and 9 gives a summary of the assumed fuel and biomass feedstock composition used in
this report.
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Table 8: Properties of the biomass feedstock and fuels that is used in this report (Primary sludge and
Biosludge from pulp mile sludges), (Bark, spruce and Bark, pine) and Wood Chips, spruce [12], [21],
[22], [23], [24], [25].

Parameter Biosludge Primary
sludge

Bark,
spruce

Bark,
pine

Wood chips,
spruce

Unit

Moisture content 55 35 45 45 5 [%]

Ash content 21 9.5 2.3 1.6 0.44 [%]

Elemental composition

C 44.8 41 50 54 47.2 [wt%dry]

H 5.8 6.3 5.9 5.5 6.1 [wt%dry]

O 24 42.5 41.4 34.4 43.3 [wt%dry]

N 4.4 0.7 0.4 0.14 0.08 [wt%dry]

S 2.3 0.42 0.03 0.01 0.01 [wt%dry]

LHVw.b 6.98 9.59 7 7.7 15.8 [MJ/kg dry]

Specific heat capacity 4.2 4.2 1.4 1.4 2.5 [kJ/kg·K]

Table 9: The characteristics of the fuel mix both before and after HTC integration. Before the HTC
integration the fuel mix used in the power boiler consists of; primary sludge, biosludge, spruce bark, pine
bark and spruce wood chips. After the HTC integration the fuel mix used in the power boiler consists
of; spruce bark, pine bark and spruce wood chips and the added gas from the HTC reactor.

Parameters
The power boiler Scenario 1

before HTC integration Case-1 Case-2 Unit

Fuel mix

Moisture content 37 36 37 [%]

Ash content 1.7 1.4 1.7 [%]

Elemental composition

C 50 50.1 50.1 [wt%dry]

H 6 6 5.9 [wt%dry]

O 40.9 41.2 40.9 [wt%dry]

N 0.3 0.3 0.3 [wt%dry]

S 0.05 0.02 0.05 [wt%dry]

LHVw.b 10.4 10.6 10.4 [MJ/kg dry]

Specific heat capacity 1.8 1.8 1.8 [kJ/kg·K]
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3.2 Modeling of the cases

The developed process models are described in this section.

3.2.1 Scenario-1: HTC process integrated with a pulp mill

In Scenario 1, the HTC process is integrated with the pulp mill. A fundamental assumption
in the modelling has been that the current steam and electricity production for the pulp mill
processes will be maintained, adding necessary production to also cover the demands of the
HTC process.

For this scenario, it was assumed that the thermal energy requirement in the HTC process is
supplied in the form of steam from the steam turbine, but also in the form of the exhaust gases
from the boiler. The exhaust gases cover the energy needs of the drying process, while the
steam covers the energy needs that arise in the HTC reactor. The process gases from HTC are
intended to be burned in the power boiler, see Figure 6.

Figure 6: Chart that illustrates the process scheme for Scenario-1: for case 1 mixed sludge is used as
biomass feedstock and in case 2 both mixed sludge and bark are used as biomass feedstock.

3.2.1.1 Power boiler mass and energy balance

It is necessary to model the power boiler, since the integration of the HTC process affects both
the mass and the energy balance of the power boiler. The model used to evaluate the mass and
energy balance of the power boiler is described in this section.

As shown in Figure 5, the HP-steam is produced in both the recovery boiler and the Power
boiler, the power boiler is designed with a bubbling fluidised bed (BFB). Energy and mass
balance calculations made for the power boiler were based on the model shown in Figure 7.
The following references were used for the modeling of the steam boiler: [26], [27].
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Figure 7: The model used to calculate the mass and energy balance of the power boiler. * After the
integration, sludges are moved from the boiler to the HTC as they are used as biomass feedstock for the
HTC process

Before integration, the boiler was fed with a mix of five fuels; primary sludge, biosludge, spruce
bark, pine bark and spruce wood chips. The fuel specifications for these fuels are given in Table
8 and 9. To simplify the calculations, the characteristics of the mixed fuel shown in Table 9
were used.

The main element composition of a fuel is, C, H, O, N , but in the fuel it can also contain ash
and moisture content. For this report, complete combustion is assumed, which means that all
hydrogen and carbon content in the fuel reacts completely with oxygen. The reaction formula
with complete combustion of 1 kg of fuel with air is given by equation (1), note that this formula
does not take into account the formation of NOx and SO2:

CαHβOγNδ + uO2 · λair · (O2 + 3.76 ·N2) → a · CO2 + b ·H2O + c ·N2, (1)

where λair is the air factor and uO2 is the theoretical amount of O2 needed for complete reaction
and is defined according to equation (2). In order to obtain the necessary fuel flow and the
resulting gas flow, a knowledge of both the theoretical uO2 and the actual uO2 · λair amount of
O2 is needed. The equations needed for these calculations are presented below:

u02 =
xC

MC

+
1

2
· xH2

MH2

− xO2

MO2

mole/kgfuel, (2)

where xC , xH2 and xO2 is the mass fraction of carbon, hydrogen and oxygen in the fuel expressed
in g/kgfuel, MC , MH2 and MO2 is the molar mass of the elements. The mass fractions of carbon
(xC), hydrogen (xH2) and oxygen (xO2) used in equation (2) is found in Table 9. The energy
content of the air was calculated using the mass flow of air and enthalpy of air found in 9. The
first and second terms in equation (2) represent the oxygen demand for complete combustion
of carbon and hydrogen in the fuel. The reason why the third term has a minus is that the
oxygen content of the fuel acts as an oxidizer substance, thus reducing the need for oxygen
from the air.

The minimum amount of air required for complete combustion is defined according to equation
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(3):

lO2 = 22.7 · 10−3 · ρNair · (1 + 3.76) · uO2 kgair/kgfuel, (3)

The normal air density used in equation (3) is 1.28 kg/m3.

In practice, complete combustion is achieved by using excess air and therefore equation (4) is
used, this equation calculates the actual amount of air needed:

le = λair · lO2 kgair/kgfuel, (4)

where λair is the air factor. The air factor assumed is 1.3 because the boiler is fluidized bed.

The amount of the combustion gases is calculated according to equation (5):

ge = le + (1− xash) kggas/kgfuel, (5)

The mass flow of the combustion air entering the power boiler, the combustion gases and the
residues leaving the power boiler are defined according to the following equations (6), (7), (8):

ṁair = ṁfuel · le, (6)

where ṁfuel is the necessary fuel flow and le is the actual amount of air needed.

ṁgas = ṁfuel · ge, (7)

where ṁfuel is the necessary fuel flow and ge is the amount of the combustion gases.

ṁresidue = ṁfuel · xash, (8)

where ṁfuel is the necessary fuel flow and xash is the mass fraction of ash present in the fuel
and it is found in Table 9.

Finally, the heat output of the power boiler was calculated using equation (9).

Pboiler = Pin − Ploss − Presidue − Pgas, (9)

where Pin is the total energy input to the boiler, Ploss is the rate of heat loss to the environment
through radiation, Presidue is the rate of heat loss through the ash and Pgas is the rate of heat
loss to the combustion gases. Pin, Ploss, Presidue and Pgas are defined according to the following
equations (10), (13), (14), (16):

Pin = (LHVw.b + hfuel + hair · le) · ηC · ṁfuel, (10)

where ηC is the combustion efficiency, the efficiency was assumed to be 98 %, LHVw.b is the
lower heating value of the fuel in wet basis and is found in Table 9, hfuel is the enthalpy of the
fuel and it was calculated using equation (11), hair is the enthalpy of the incoming air and it
was calculated using equation (12).

hfuel = Cp,fuel · (Tfuel − Tr), (11)
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where, Cp,fuel is the specific heat capacity of the fuel and it is found in Table 9, Tfuel is the
temperature of the incoming fuel which was assumed to be 15 °C, and Tr is a reference temper-
ature and according to [26] it is a common practice to use 0 °C as the reference temperature.

hair = Cp,air · (Tair − Tr), (12)

where, Cp,air is the specific heat capacity of the incoming air which is 1 kJ/kgK, Tair is the
temperature of the incoming air which was assumed to be 135 °C and Tr is the reference
temperature and is the same as in the equation (11).

Ploss = loss · Pin, (13)

where, loss is the radiation loss expressed in %. The loss term in equation (13) depends on the
size of the boiler and is estimated at 0.8 %. The radiation loss was estimated using diagram 4
given in [27]. The boiler size used for this report is approximately 60 MW, the same boiler size
was assumed to estimate the radiation loss.

Presidue = ṁresidue · hash, (14)

where ṁresidue is the mass flow rate of ash, hash is the enthalpy of the ash and it was calculated
using equation (15).

hash = Cp,ash · (Tash − Tr), (15)

where, Cp,ash is the specific heat capacity of the ash which was assumed to be 0.84 kJ/kgK,
Tash is the temperature of the ash which was assumed to be 160 °C and Tr is the reference
temperature and is the same as in the equation (11).

Pgas = ṁgas · ηC · hgas, (16)

where ηC is the combustion efficiency, ṁgas is the mass flow rate of the combustion gases, hgas

is the enthalpy of combustion gases and it was calculated using equation (17).

hgas = Cp,gas · (Tgas − Tr), (17)

where, Cp,gas is the specific heat capacity of the ash which was assumed to be 1.71 kJ/kgK, Tgas

is the temperature of the ash which was assumed to be 124 °C for case 1 and 140 °C for case 2
and Tr is the reference temperature and is the same as in the equation (11).

After the integration, the boiler was fed with a mix of thee fuels; spruce bark, pine bark and
spruce wood chips. In addition to these fuels, gases from the HTC reactor are also burned
in the boiler, the characterization of these gases is found in Table 4. After integration what
happens is that both the primary sludge and the biosludge are used as a biomass feedstock for
the HTC process. To cover the energy required for the system integration, the amount of wood
chips is increased.

The calculation procedure used here is the same as before, but in this case the amount of wood
chips used is unknown as there is a fuel increase after the HTC integration. The increase in
mass flow was iterated using the goal seek function in Excel. The properties of the fuel mixture
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and the input parameters used for the calculations are be found in Table 9.

3.2.1.2 Turbine mass and energy balance

It is necessary to model the turbine, since the integration of the HTC process affects both the
mass and the energy balance in the turbine. The model used to evaluate the mass and energy
balance of the turbine is described in this section. As shown in Figure 5, the steam that comes
out of the steam turbine is superheated steam and to get the desired steam temperatures for
the different steam levels, desuperheaters are used. For more information on desuperheaters
see [28].

The energy and mass balances made for the turbine were based on the model shown in Fig-
ure 8. The state of the steam after the desuperheater is known, see Figure 8, however the
temperature of the superheated steam that comes out directly from the steam turbine is un-
known. The equations below and the T-s diagram of the steam turbine were used to obtain
these temperatures.

Figure 8: The turbine model on which both mass and energy balance were based. The number 1 in
the model is the position where HP-Steam enters the turbine and 2 *, 2, 3, 4 is the position where the
superheated HTC-Steam, IP-Steam, MP-Steam and LP-Steam leave the turbine, respectively.

Figure 9 shows a T-s diagram for the steam turbine before the HTC process is integrated with
the pulp mill. The isentropic process is indicated by the dashed red line while the actual process
is shown by the green dashed line. The state of the steam after desuperheaters is indicated
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by the blue dots. The black dots or intersection between the actual process and the blue lines
corresponds to the state of the steam directly after the steam turbine.

Figure 9: The T-s diagram for the steam turbine before the HTC process is integrated with the pulp
mill.

The temperatures to be determined are as follows, see Figure 8:

• The temperature of the IP-steam, the steam directly after the steam turbine, i.e. before
desuperheater (T25bar)

• The temperature of the MP-steam before the desuperheater (T9bar)

• The temperature of the LP-steam, the steam directly after the steam turbine (T3.5bar).

The unknown temperatures were then determined in the same way using the Xsteam plugin
for Excel. Xsteam is an excel function that gives the searched parameter when two other state
parameters are known. The other state parameters used for this purpose are pressure and
the calculated enthalpy, see equation (18). The isentropic efficiency, ηs in equation (18) was
determined using the goal seek function in Excel. The value used for these calculations is 79.9
%.

The actual enthalpy hOuta is the enthalpy that the outgoing steam has after the turbine and it
is calculated according to equation (18)

hOuta = hin − ηs · (hin − hOuts), (18)

where hin is the enthalpy that the incoming steam has, hOuts is the isentropic enthalpy that
the outgoing steam has after the turbine, which was obtained by using Xsteam and ηs is the
isentropic efficiency of the turbine.

outgoing steam has after the turbine, which was obtained by using Xsteam

The power produced by the steam turbine was calculated according to equation (19)

Pbefore = ηm · [ṁ1 · (h1 − h2a) + (ṁ1 − ṁ2) · (h2a − h3a) + (ṁ1 − ṁ2 − ṁ3) · (h3a − h4a)], (19)
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where ṁ1 is the mass flow of HP-Steam and ηm is the mechanical efficiency of the turbine,
ṁ2 is the mass flow of IP-Steam, ṁ3 is the mass flow of MP-Steam , ṁ4 is the mass flow of
LP-Steam.

When the HTC process is integrated with the pulp mill, the heat demand of the HTC reactor
is supplied in the form of steam from the steam turbine. The HTC process uses steam with a
quality of 250 °C and 30 bar. Because there is no such steam level in the pulp mill an extra
extraction step from the turbine was put where the HP steam 490 °C, 80 bar is reduced through
the steam turbine and steam of 30 bar, 250 °C is extracted, see Figure 8.

In this case the state of the HTC process steam after the desuperheater is known, it is 30 bar
and 250 °C. Just as mentioned earlier the temperature of the superheated steam that comes
out directly from the steam turbine is unknown. In order to obtain the temperature, the same
procedure was used as before. Figure 10 shows T-s diagram for the steam turbine after the
HTC process is integrated with the pulp mill. One of the integration consequences is that
more HTC steam is extracted than is needed for the HTC process. The energy content of the
available excess steam is shown in Figure 10 (it is the energy between 2a* and the blue dot on
the 30 bar line).

Figure 10: The T-s diagram for the steam turbine after the HTC process is integrated with the pulp
mill. 2a* is the new extraction point, where the superheated HTC-Steam leaves the turbine, see also in
Figure 8.

The power produced by the steam turbine was calculated according to equation (20):

Pafter = ηm · [ṁ1 · (h1 − h2a∗) + (ṁ1 − ṁ2∗) · (h2a∗ − h2a)+

(ṁ1 − ṁ2∗ − ṁ2) · (h2a − h3a) + (ṁ1 − ṁ2∗ − ṁ2 − ṁ3) · (h3a − h4a)],
(20)

where ṁ1 is the mass flow of HP-Steam after integration and ηm is the mechanical efficiency
of the turbine, ṁ2∗ is the mass flow of HTC steam, ṁ2 is the mass flow of IP-Steam, ṁ3 is the
mass flow of MP-Steam and ṁ4 is the mass flow of LP-Steam.

Now that the state of the incoming and outgoing steam from the steam turbine is known, the
only thing left to determine is the mass flow ṁ2∗. The mass flow ṁ2∗ was iterated using the
goal seek function in Excel and equation (20).
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3.2.2 Scenario-2: Stand alone HTC process

In scenario 2, the HTC plant is a stand alone plant, ie it is not integrated with pulp mill as
in scenario 1. A fundamental assumption in the modeling has been that an external biomass
boiler is used to supply the thermal energy needed for the HTC process, see Figure 11. The
fuel that is assumed to be used in this case is wood chips, spruce. The electrical energy needed
for the HTC process is intended to be purchased from the grid.

In this scenario, when the HTC plant is stand alone, it was assumed that the incoming biomass
feedstock will need to be transported because it is not directly integrated with the pull mill as
in scenario 1. Transport has not been explicitly considered in this study but a general sludge
handling cost has been assumed, this cost is due to the fact that the sludge is not produced on
site when the HTC plant is stand alone.

Figure 11: Chart that illustrates the process scheme for Scenario-2: for case 1 mixed sludge is used
as biomass feedstock and in case 2 both mixed sludge and bark are used as biomass feedstock.

In this scenario, it was assumed that all the thermal energy needed for HTC is supplied by the
boiler in the form of steam, so in this case the exhaust gases from the boiler are not used for
the drying of hydrochar as was done in scenario 1. It has also been assumed that the HTC
gases will not be burned in the boiler as was done in scenario 1. With the limited information
on the biomass boiler, it was not possible to model the boiler used for scenario-2. However, the
fuel flow was calculated by using equation (21) according to [29]

ṁf2 =
TEHTC

ηB2 · LHVw.b

, (21)

where TEHTC is the thermal energy needed for the HTC process, ηB2 is the efficiency of the
biomass boiler and LHVw.b is the lower heating value of the fuel in wet basis. The assumed
boiler efficiency for this case is 87 % [30].
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3.3 Economic analysis

The economic input data and methods used for the economic evaluations are described in this
chapter.

3.3.1 Investment evaluation methods

The economic feasibility of the HTC process was evaluated using the following three key metrics:
net present value (NPV ), payback time and production cost of hydrochar.

3.3.1.1 Present value method

The present value method is used as a comparison measure to determine which of the four
cases studied here performs best from an investor’s perspective. The decision strategy for this
method can be divided into profitability requirement and selection criteria. The profitability
requirement states whether an investment is profitable and it says that if the NPV is positive,
then the investment is profitable, and returns more than the discount rate [31], [32]. The
selection criteria indicate how different investment options are ranked. The investment option
with the highest NPV should be ranked highest or selected [32].

It is not appropriate to use only the present value method as a comparison measure for in-
vestment projects with different lifespans [32]. This method is used here because all the cases
studied here are assumed to have the same lifespan. The calculation procedure of this method
begins by first calculating the present value sum, PV , of the entire economic process. This is
done by discounting the annual net cash flow to a common reference date which is often year
zero. The calculation of this method was done using equation (22) according to [32]

PV =
R

(1 + r)N
+

N∑
n=1

NCFn

(1 + r)n
, (22)

where R is residual value which is the market value of the plant at the time when the economic
life ends, r is the discount rate, N is economic life time, NCFn is net cash flow for year n and
n is the time in years. For the economic calculations, the residual value, R, was set to zero.

The cash flow from the investment project consists of the sum of the period’s inflows and
outflows. These in- and outflows are a direct consequence of the initial investment being made
[31].

The annual net cash flow, NCFn, was calculated according to equation (23) from [31], [33]

NCFn = (
∑

CIF − COF ) · (1− tr) +DC · tr, (23)

where CIF is future annual cash inflow, COF is future annual cash outflow, DC is depreciation
cost and tr is tax rate.

The cash outflow in equation (23), COF , consists of maintenance cost, fuel costs, electricity
cost, sludge management cost, cost of the bark that is used as a biomass feedstock to the HTC
and staff costs for the operators who work around the clock.
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The cash inflow in equation (23), CIF , consists of revenue from the sale of hydrochar, annual
savings generated by the available excess HTC stem.

Depreciation costs or capital cost in equation (23), DC are not considered as payment in the
investment calculation, this is used as tax savings [32], DC is calculated according to equation
(24)

DC = CAPEX · Af1, (24)

where Af1 is the annuity factor for the interest rate, Af1 is calculated according to equation
(25),

Af1 =
rs

1− (1 + rs)−n
, (25)

where rs is the interest rate, n is the time in years.

Net present value, NPV , can now be calculated according to equation (26),

NPV = −CAPEX + PV, (26)

where CAPEX is capital expenditure, PV is present value.

3.3.1.2 Payback method

The payback period is the time it takes before capital expenditure is covered by the investment’s
accumulated cash surplus. This method can be used with or without discount rate [32].

The decision strategy for this method can be divided into profitability requirement and selec-
tion criteria. Profitability requirement states whether an investment is profitable and it says
that the investment is profitable if the payback period is shorter than a maximum allowable
payback period. The selection criteria indicate how different investment options are ranked.
The investment option that has the shortest payback period should be ranked highest or should
be selected.

The method is not adapted to be used when comparing two investment alternatives that have
different economic life.

3.3.2 Production cost of Hydro-char

Production cost of hydrochar, PCOH is an important parameter that calculates the production
cost of hydrochar and it is stated in SEK/tonhydrochar. PCOH is calculated according to
equation (27) following the procedure outlined in [34]

PCOH =
COF +DC − Saving

E
, (27)

where E is the annual production of hydrochar in ton/year, Saving is the savings generated
by the available excess HTC steam and it is calculated according to equation (30), see section
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3.3.3, DC is decpriciation cost in SEK/year and is obtained by using equation (24), COF is
annual cash outflow in SEK/year.

3.3.3 Economic assumptions and input data

Table 10 and 11 summarize the data used for the economic evaluations.

Ingelia, which is an HTC supplier for the Osmet project, has a techno-economic model that
they used in order to provide the CAPEX used in this report, see Table 10. What is included
is the pumping system, evaporator and HTC reactor, ash removal, drying and briquetting. For
scenario 2, CAPEX also includes the additional external boiler. Ingelia has also provided data
for the maintenance cost and the number of operators needed for the operation. As shown in
Table 10 the maintenance cost for both scenarios is the same.

Table 10: Input data for the investment calculation.

Parameters
Scenario-1 Scenario-2

Case-1 Case-2 Case-1 Case-2 Unit

CAPEX 35 53 38 57 [MSEK]

Maintenance 0.7 1 0.7 1 [MSEK/year]

Staffing (24/7) 4 6 4 6 [Operators]

In scenario 2, it was assumed that there would be an external sludge management cost. This
cost is due to the fact that the sludge is not produced on site in the stand alone HTC plant.
The sludge handling cost has been reported to be between 200 and 700 SEK/ton [35]. Here, the
average value was used (450 SEK/ton, see Table 11). In scenario 1, when the HTC is integrated
with the pulp mill, it was assumed that there are no sludge handling costs, as the incoming
biomass feedstock was assumed to come directly from the pulp mill.

For case 2 in both scenarios 1 and 2, it was assumed that there is an additional cost for the
bark used as a biomass feedstock to the HTC (cost of the feedstock expressed in SEK/year,
ABc), and this cost was calculated according to equation (28)

ABc = Bc ·OPH · LHVw.b · ṁbark, (28)

where Bc is the cost of the bark used as a biomass feedstock to the HTC, expressed in
SEK/MWh, OPH is the operating hours per year (see Table 11), LHVw.b is the calorific value
of the bark and ṁbark is the mass flow of the bark in kg/s. The price data used for this calcu-
lation was based on the average fuel price for by-products between 2009 and 2021 according to
[36], this data is found in Table 11.

The process operator’s monthly salary is estimated at 30 000 SEK [37]. For the employer, the
annual salary costs per employee (operator) will end up at the value shown in Table 11 [38].

The annual fuel cost, Afc was calculated by using equation (29)

Afc = Fc · LHVw.b · ṁfuel, (29)
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where Fc is the fuel cost in SEK/MWh, LHVw.b is the calorific value of the fuel and ṁfuel is
the fuel mass flow expressed in kg/s. The fuel used is wood chips and the cost calculation was
based on the average price between 2009 and 2021 which are shown in Table 11 [36].

The annual electricity cost was calculated by taking the product between the electricity re-
quirement for HTC and the electric cost found in Table 11, this was then added to a connection
fee for electricity grid that is 26 kSEK/year. Cost of electricity consists of average electricity
price from Nord Pool, electricity transmission fee and energy tax. The price of electricity, 345
SEK/MWh, was estimated by taking the average electricity price for the last 5 years (April
17-2017 to March 17-2022) [39]. The assumed electricity transmission fee and energy tax was
22 SEK/MWh [40] and 260 SEK/MWh [41] respectively.

The sale of the produced hydrochar generates revenue which is used as future annual cash
inflow, CIF . The hydrochar price is between 5 200 SEK/ton to 6 200 SEK/ton [42] and the
value used for these calculations is the average value which are found in Table 11.

One of the integration consequences is that more HTC steam is produced than is needed for
the HTC process. For the economic evaluation, it was assumed that the available excess HTC
steam generates revenue for the project, which is treated as a savings. The HTC steam savings
is calculated according to (30)

Saving =
AHS

ηboiler
·OPH · Fc, (30)

where AHS is the available excess HTC steam expressed in MW, OPH is the operating hours
per year (see Table 11), Fc is the fuel cost, ηboiler is the efficiency of the boiler, which in this
case is about 81%.

The discount rate and the interest rate found in Table 11 are assumed values [43].

Table 11: Economic input parameters and assumptions used for investment calculations.

Parameter Value Unit

Discount rate, r 6 [%]

Interest rate, rs 4 [%]

Tax rate, tr 22 [%]

Economic life time, N 20 [years]

Operating hours, OPH 8 520 [h/year]

Average hydrochar price 5 700 [SEK/ton]

Cost of electricity 624 [SEK/MWh]

Average costs for sludge management 450 [SEK/ton]

Average fuel cost of wood chip spruce (skogsflis), Fc 194 [SEK/MWh]

Average fuel price for by-products (Bark), Bc 168 [SEK/MWh]

Annual cost per operator 500 [tSEK/year]
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3.3.4 Sensitivity analysis

Sensitivity analysis was done because there are a lot of uncertainties in the future price devel-
opments and the assumptions that were made. The analysis was performed by changing the
following parameters one at a time: CAPEX, hydrochar price, the electricity price, sludge
management cost, cost of the bark (biomass feedstock),the fuel cost, the interest rate, staffing
and the discount rate. Each of the parameters were varied between -30 % to 30%, with the
exception of the interest rate and discount rate, which were varied between -100% to 100%.
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4 Results and discussion

This chapter presents and discusses the results of the techno-economic assessment performed
for this thesis. The results are divided into two parts: the resulting mass and energy balances,
and the analysis of the economic feasibility for the studied process configurations.

4.1 Mass and energy balance

The following sections present the balances for the HTC process, the turbine and the boiler.

4.1.1 Mass and energy balances for the HTC process

In Table 12, below is a summary of the mass and energy balance of the HTC process, for a
more detailed balance, see Figure A.3, A.6, A.9 and A.10, in Appendix A.

As can be seen in Table 12, the majority of the process products are in the liquid phase. The
hot gases that are produced in the process are burned in the power boiler. The process also
produces substances that are not chemically reactive, so-called inert. These inerts are removed
via the ash removal process. Inert is mainly composed of wet rocks and sand. Most of the
inerts come from the sludge and since the same amount of mixed sludge was used in both cases,
as shown in Table 12, the amount of inert produced is almost the same in both cases. As can
be seen in Table 8, the bark has little ash content compared to the sludge, therefore the inert
increase is not noticeable in case 2.

It is worth noting that the treatment capacity of the HTC reactor increases with the humidity of
the biomass because the HTC process takes place in aqueous medium and the typical moisture
content is around 70 % to 85 % according to Ingelia. For case 1, the processing capacity is
limited to 6 180 tons/year due to the moisture content of mixed sludge, which is 52.9 %. By
increasing the capacity of treatment, the production of hydrochar, which is the main product,
also increases. Hydrochar production doubled slightly for case 2 compared with case 1.
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Table 12: Resulting mass and energy balance for the HTC process for the four modeled cases,
provided by Ingelia.

Parameters
Scenario 1 Scenario 2

Case-1 Case-2 Case-1 Case-2 Unit

Inlet:

Mixed Sludge
1 720 720 [kg/h]

5 5 [MW]

Mixed Sludge + Bark
2 1 440 1 440 [kg/h]

8 8 [MW]

Electrical energy to the HTC
(import from grid) 27 52 [kW]

Incremental fuel need to the HTC 0.6 1 0.4 0.8 [MW]

Electrical energy to the HTC
(internal generation, from the pulp mill) 27 52 [kW]

Outlet:

Produced hydrochar
200 420 200 420 [kg/h]

1 3 1 3 [MW]

Process Gases
3 6 3 6 [kg/h]

1 2 1 2 [kW]

Inerts 69 71 69 71 [kg/h]

Excess Process Water 380 770 380 770 [kg/h]

Evaporated Water 170 370 170 370 [kg/h]

1 Moisture content in the mixed sludge is 52.9 %.
2 Moisture content in the mixed sludge + bark is 55 %.

4.1.2 Mass and energy balances for the boiler

Table 13 summarizes the balances for the boilers, with details given in Figure A.2, A.5 and
A.8, in Appendix A. Prior to integration, the boiler used a fuel mix consisting of primary
sludge, biosludge, bark spruce, bark pine and wood chip spruce. After the integration, both
the primary sludge and the biosludge are used as a biomass feedstock for the HTC process. To
cover the energy required for both the pulp mill and the HTC after integration, the amount of
wood chips is increased. What can be noted in Table 13 is that in case 1 the amount of wood
chip used in the power boiler is increased by 12.9 % compared to the amount of wood chip used
before the integration, this corresponds to a total fuel increase of 3.2 % after integration. In
case 2, the increase in wood chips is 13.9 %, which corresponds to a total fuel increase of 3.6
%.

24



The fuel used for the external biomass boiler in scenario 2 is, as mentioned, wood chips, the
amount of fuel used in each case are shown in Table 13. It is worth noting that the reason
why the fuel mass flow for scenario 2 is less compared to scenario 1 is that it only covers the
thermal energy needed for the HTC process. In contrast, the amount of fuel for scenario 1
covers both the thermal and electrical energy requirements for HTC. The fuel also covers the
energy content of the relocated sludge from the boiler to HTC, see Figure 12.

The heat that the power boiler produces is increased by 5 % for case 1 and 6 % for case 2,
respectively, compared with the heat output in the pulp mill before the integration took place,
which is approximately 61 MW. For scenario 2 the heat output of the boiler are shown in Table
13.

Table 13: Results from the model analysis, what is shown is the incremental fuel need for the boiler
and the incremental heat output of the boiler.

Parameters
Scenario 1 Scenario 2

Case-1 Case-2 Case-1 Case-2 Unit

Incremental fuel need:
1 100 1 200 90 180 [kg/h]

(Wood chip-spruce) 4.8 5.1 0.4 0.8 [MW]

Incremental heat output 3.2 3.6 0.3 0.7 [MW]

Figure 12: Incremental energy balance for scenario-1.

4.1.3 Scenario 1: mass and energy balances for the turbine

A more detailed mass and energy balance for the turbine are shown in Figure A.1, A.4 and A.7,
in Appendix A. As can be observed from the mass and energy balances of the steam turbine,
the amount of IP, MP and LP steam leaving the turbine is the same both before and after the
integration. This is because it is desired to maintain the same steam and electricity production
in the pulp mill and to achieve this and also cover both the steam and electricity needed for
the HTC process, the incoming HP steam is increased in both cases. An extra steam outlet
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is added to the turbine for the HTC process, see position 2∗ in Figure 8. This extra steam
extraction position is added as a direct consequence of the integration.

Before integration, the mass flow of HP steam that enters the turbine is 435 000 kg/h, this
amount is increased by about 0.8 % in case 1 and 0.9 % in case 2, thus the mass flow for the
added HTC steam are 3 500 kg/h and 3 900 kg/h, respectively. The HTC process requires a
steam level that is 30 bar, 360 ◦C with a mass flow of 350 kg/h for case 1 and 690 kg/h for case
2. 360 ◦C steam comes out directly after the turbine and to achieve the desired HTC steam
properties it is cooled down via desuperheaters.

The electrical energy produced by the steam turbine is increased by 0.05 % for case 1 and
0.09 % for case 2, respectively, compared to the amount of energy produced in the pulp mill
before the HTC plant was integrated with the model plant, which is approximately 61 MW.
The reason why the increase is so small is because the total electrical energy requirement for
the HTC plant is very small compared to the pulp mill’s electricity use. For scenario 2, no
turbine is used, which is because the thermal energy comes directly from the biomass boiler
and the electrical energy is purchased from the grid. Therefore, no value is presented in this
section for scenario 2 that can be compared to scenario 1.

One of the integration consequences is that more HTC steam is produced than is needed for
the HTC process. The mass of the available excess steam for each case is 3 100 kg/h and 3
200 kg/h, it has an energy content of 2.7 MW and 2.8 MW. This steam is used to preheat the
combustion air.

4.2 Economic analysis

This section presents the results of the economic evaluation, the results were obtained using
the assumptions and data presented in the method section.

Table 14 summarizes the profitability parameters for both scenario 1 and scenario 2. What
can be observed here is that the net present value for both case 1 and case 2 in scenario 1 is
positive, and case 1 has the lowest payback period, which means that scenario 1 is profitable
based on the profitability criteria mentioned in section 3.3.1.1 and 3.3.1.2.

What can be seen in Table 14 is that the net present value for case 1 in scenario 2 has a negative
value,and this scenario also has the longest payback period, which means that this case is not
profitable based on the profitability criterion.

Case 2 in scenario 2 has a positive net present value, which makes this case profitable based on
the profitability criterion. However, from an investor’s perspective, scenario 1 is preferred, as
it provides higher NPV and lower payback period than scenario 2.

In table 14 it is clear that the production cost of hydrochar decreases for both scenario 1 and
scenario 2 when the production capacity is doubled, despite the additional feedstock cost (bark).
This is due to economy of scale effects, explained by that CAPEX does not increase linearly
with a corresponding increase in capacity. It is also clear that scenario 1 results in significantly
lower production costs, than for the corresponding cases of scenario 2, which highlights the
benefits of integration.
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Table 14: Economic results from the investment calculations.

Profitability parameters
Scenario 1 Scenario 2

Case-1 Case-2 Case-1 Case-2 Unit

Net present value, NPV 12 57 -1 42 [MSEK]

Payback time, PBT 9 6 12 7 [year]

Production cost of hydrochar, PCOH 4 600 3 700 5 400 4 200 [SEK/ton]

Figure 13 shows a breakdown of the hydrochar production costs for the studied cases. What
can be observed here is that the fuel cost (net fuel cost) is highest in scenario 1 compared to
scenario 2. As mentioned in section 4.1.2, the amount of fuel used in scenario 1 covers both
the thermal and electrical energy needs for HTC but it also covers the energy content of the
primary sludge and the biosludge that was used as biomass feedstock for the HTC process.

Figure 13: Breakdown of the production cost of hydrochar, the breakdown of the cost into individual
cost components was based on equation (27).

Figure 14 shows the cash flow for both scenario 1 and scenario 2. What can be seen in this
figure is the discounted and undiscounted cumulative cash flow. The discounted cumulative
cash flow is the present value of the sum of future cash flows, where the time value of money
is taken into account through the discount factor, thus improving the prediction of investment
profitability compared with the undiscounted cash flow.

The PBT that was presented in Table 14 can also be read in Figure 14, i.e. it is the intersection
between the undiscounted cumulative cash flow and the horizontal axis. This payback period
is an important parameter for decision makers as it provides a quick answer to the question of
how long it takes for the investor to recover the initial investment. But the disadvantage of
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this payback time is that it does not take into account the discount rate. The payback period
that takes into account the discount rate can be read in Figure 14 since it is the intersection
between the discounted curve and the x-axis. When taking the discount rate into account, the
PBT for case 1 and case 2 in scenario 1 changes to 13 and 7 years respectively. For case 2
in scenario 2, the PBT changes to 9 years, whereas in case 1 the PBT changes to just over
20 years. As can be seen in Figure 14, the curve of the discounted cumulative cash flow for
scenario 2 case 1 does not intersect the horizontal axis during the assumed economic lifetime
of the project, in other words, the project will not be able to repay the investment during the
lifetime of the project. This is also the reason why this case shows a negative NPV .

Figure 14: Discounted- and undiscounted cumulative cash flow for Scenario-1 and Scenario-2.
Scenario-1: HTC process integrated with a pulp mill. Scenario-2: Stand alone HTC process. Case
1: Only mixed sludge as feedstock. Case 2: Mixed sludge and bark as feedstock.

4.2.1 Sensitivity analysis

This section presents results from sensitivity analysis performed for both Scenario 1 and Sce-
nario 2.

The sensitivity analysis performed for the payback period is shown in Figure 15. What can
be seen in this figure is that most input parameters have a small effect on the payback time.
The input parameters that most affect the payback period are the fuel costs and the hydrochar
price. For scenario 1: case 1 it can be observed that a 30 % fuel price increase results in a longer
payback period, payback time increases from 9 years to 16 years, whereas a 30 % increase on
hydrochar price entails a shorter PBT , it decreases from 9 years to 6 years. In the investment
calculation, the hydrochar price is used as a revenue, therefore the payback time is reduced as
the hydrochar price is increased.

As shown in Figure 15, the effect on scenario 2 is greater than on scenario 1 and the main
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explanation behind this is the high sensitivity of PBT to CAPEX and the sludge handling
cost. The stand alone HTC plant requires a separate boiler, while the integrated plant benefits
from the addition of steam from the pulp mill’s boiler (via the steam turbine).

The lowest possible PBT in the sensitivity analysis is around 3 years (scenario 1: case 2).
However, this would require a hydrochar price that is 30% higher than the base case assumption,
which corresponds to a hydrochar price of approximately SEK 7 400/ton.

Figure 15: Sensitivity analysis performed for both Scenario 1 and Scenario-2. Scenario 1: HTC
process integrated with a pulp mill. Scenario-2: Stand alone HTC process. Case 1: Only mixed sludge
as feedstock. Case 2: Mixed sludge and bark as feedstock. The figure illustrates how the payback time,
PBT, is affected when the input parameters are varied between -30 % to 30 % and -100 % to 100 %
(interest rate and the discount rate). Note that the y-axis has been truncated at 20 years, with the
maximum value of scenario 2: case 2 falling outside that range (PBT 41 years).

The relationship between the the hydrochar price and payback period can be seen in Figure 16.
What can be observed here is that the payback time for scenario 1: case 1 and scenario 2: case
1 is extended the most when there is a 30 % reduction in the hydrochar price. The Hydrochar
price is between 5 200 SEK and 6 200 SEK. With this hydrochar price, scenario 1: case 2 and
scenario 2: case 2 gives the lowest PBT which is around 4 years.
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Figure 16: Sensitivity analysis done for Scenario-1 and Scenario-2. Scenario-1: HTC process inte-
grated with a pulp mill. Scenario-2: Stand alone HTC process. Case 1: Only mixed sludge as feedstock.
Case 2: Mixed sludge and bark as feedstock. The figure illustrates the relationship between the payback
time and the hydrochar price when the price varies between -30 % to 30 %. The two dashed vertical
lines show indicated hydrochar price from the literature.

Figure 17 shows the results of sensitivity analysis performed for the production cost of hy-
drochar. Which input parameter affects the production cost the most differs between the
scenarios and the cases. For scenario 1 case 1, it is clear that fuel cost (Net fuel cost) has
the greatest impact on PCOH, followed by CAPEX. However, in case 2, the net fuel cost
has less effect on the production cost, which can be explained with equation (27), case 2 has
higher production of excess HTC steam (savings) and higher production of hydrochar, which
minimizes the net fuel cost. Conversely, for scenario 2, the parameters with the greatest impact
are sludge management cost followed by CAPEX. For scenario 2 case 1, sludge management
cost and CAPEX have the same effect on the production cost, therefore their lines overlap
each other, which means that the line for CAPEX cannot be seen in Figure 17.

The lowest achievable production cost in the sensitivity analysis is 3 000 SEK/ton (scenario 1:
case 2). This would, however, require a fuel price 30 % lower than the base case assumption,
which is probably not realistic. This production cost is still higher than the price of coal which
is 1 500 SEK/ton [44].
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Figure 17: Sensitivity analysis performed for both Scenario 1 and Scenario 2. Scenario 1: HTC
process integrated with a pulp mill. Scenario 2: Stand alone HTC process. Case 1: Only mixed sludge
as feedstock. Case 2: Mixed sludge and bark as feedstock. The figure illustrates how the production cost
of hydrochar, PCOH, is affected when the input parameters are varied between -30 % to 30 % and -100
% to 100 % (interest rate and the discount rate).
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5 Conclusions

The purpose of this thesis has been to investigate the techno-economic feasibility of upgrading
the sludge from a pulp mill via HTC to hydrochar. A process model was developed where the
intended outcomes are the mass and energy balance and the production cost of hydrochar as
well as the profitability parameters.

Best economic performance was found when the HTC was integrated with the pulp mill (sce-
nario 1) instead of operated as a stand-alone facility (scenario 2), and when the HTC facility
incorporated two reactors (case 2) rather than one (case 1). The main explanation behind this
is the high sensitivity of the economic performance indicators to the CAPEX. The stand-alone
HTC plant requires a separate boiler, while the integrated plant benefits from being supplied
steam from the pulp mill’s boiler (via the steam turbine). Correspondingly, economy of scale
effects strongly motivate the inclusion of two reactors, for co-processing of the sludge with bark
as secondary low-cost feedstock.

Both integration with the pulp mill and increasing the HTC production scale were found to
be strategies that can lead to decreased hydrochar production cost. However, even the lowest
production cost noted in this report is still significantly higher than the corresponding price of
fossil coal. This indicates that other measures are required in order for hydrochar to become
cost competitive to coal in the metallurgical industry. Examples are the possibility to use even
lower-cost feedstocks, as well as policy tools targeting, e.g., the CO2 emissions from using fossil
materials and energy carriers in the iron and steel industry.

Based on the results from the investment calculation, it is concluded that the HTC process
integrated with a pulp mill is preferable compared to a stand alone HTC process. The reason
why integrated HTC is preferred is that it gives higher NPV and correspondingly lower payback
time, as well as lower hydrochar production costs.

The property of of the sludge used in this work was based on information found in the literature.
However, it would be worthwhile to investigate the properties of the sludge in a specific plant
as this information is important for estimating the final ash content of hydrochar. Since this
hydrochar must be used in metallurgical processes, it is important to have the information
about the ash content, especially sulphate and phosphorus content.
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Appendices

A Mass and energy balances

A.1 Mass and energy balance for the power boiler and steam turbine
before HTC integration

Figure A.1: The steam turbine in the pulp mill before the HTC process is integrated with the mill.
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Figure A.2: The mass and energy balance of the power boiler in the pulp mill before the HTC process
is integrated with the mill.

A.2 Mass and energy balance for scenario 1: case 1.

Figure A.3: The mass and energy balance for Scenario 1: HTC process integrated with a pulp mill.
Case 1: Only mixed sludge as feedstock.
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Figure A.4: The mass and energy balance of the steam turbine in the model mill after the HTC
process is integrated with the mill. Scenario 1: HTC process integrated with a pulp mill. Case 1: Only
mixed sludge as feedstock.

Figure A.5: The mass and energy balance of the power boiler in the pulp mill after the HTC process
is integrated with the mill. Scenario 1: HTC process integrated with a pulp mill. Case 1: Only mixed
sludge as feedstock.
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A.3 Mass and energy balance for for scenario 1: case 2.

Figure A.6: The mass and energy balance for Scenario 1: HTC process integrated with a pulp mill.
Case 2: Mixed sludge and bark as feedstock.

Figure A.7: The mass and energy balance of the steam turbine in the pulp mill after the HTC process
is integrated with the mill. Scenario 1: HTC process integrated with a pulp mill. Case 2: Mixed sludge
and bark as feedstock.
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Figure A.8: The mass and energy balance of the power boiler in the pulp mill after the HTC process
is integrated with the mill. Scenario 1: HTC process integrated with a pulp mill. Case 2: Mixed sludge
and bark as feedstock.
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A.4 Mass and energy balance for Scenario-2: Case-1 and Case-2

Figure A.9: Mass and energy balance for Scenario 2: Stand alone HTC process. Case 1: Only mixed
sludge as feedstock.

Figure A.10: Mass and energy balance for Scenario 2: Stand alone HTC process. Case 2: Mixed
sludge and bark as feedstock.
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