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Abstract
This work deals with techno-economic analysis studies in the context of production of
various grade biocarbon for utilization as reducing agents in metallurgical industries. A
detailed process design was developed for wood handling, debarking, chipping, drying,
carbonization, and combined heat and power production using Aspen Plus for 10 ton per
day (TPD) biocarbon output. A Fortran based user defined function was developed for the
carbonization process by considering pressure, temperature and particle size effects using a
Box — Behnken approach. The empirical correlation indicates a strong influence of
temperature as well as a significant influence of pressure and particle size on the biocarbon
yield and its fixed carbon content. Fixed carbon content increases with temperature, pressure
and particle size. Mass and energy balance results from Aspen Plus provided necessary
results for cost parametrization considering three influencing parameters; temperature,
pressure and plant scale on the equipment costs, operating expenses and production cost of
biocarbon. Four scenarios are compared i.e. logwood supply, woodchips supply, co-
production of biooil and replacing the carbonization agent from nitrogen to air. The results
indicate that logwood supply is more economical than supplying woodchips to the plant
gate. Economic benefits in terms of cost is ~5% (at 1 bar and 450-500°C, 55-60 TPD) and
~4% (at 10 bar, 450-500°C, 55-60 TPD). Co-production of biooil decreased the production
cost of biocarbon ($/GJ) by 40-44% (at 1 bar, 450-500°C, 40-60 TPD) and 30-36% (at 10
bar, 450-500°C, 40-60 TPD), respectively. Finally, the economic return based on IRR

suggests that highest IRR is achieved for scenario C, where biooil is a co-product, it is due

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

Energy & Fuels

to high market price of woody tar at 500 $/ton. Transportation of forest biomass (logwood)
from 20 to 220 km increased the cost of logwood from 4.75 $/GJ to 7.15 $/GJ, which is

significant in terms of operating cost.

Keywords: Biocarbon/Charcoal, Carbonization, Process design and simulation,

parametric cost modelling

1. Introduction

Norwegian metal production industries are facing challenges with respect to CO, emissions.
According to Statistics Norway ', metallurgical industries use large quantities of pit coal
briquettes, about 541990 tons per year, and coal coke and semi-coke, around 353818 tons
per year, as reducing agent during production. As well, wood charcoal is used in these
sectors in the amount of 26000 tons annually. Under Norwegian conditions, 100% of the
charcoal is imported. The major source of bioenergy in Norway is forest biomass > and the
main kinds of trees are spruce, pine, birch and alder °. In that perspective, Norway has
potential to utilize forest woody biomass as an attractive alternative feedstock for the
production of high value energy carriers such as charcoal/biocarbon. Charcoal/biocarbon is
produced in a thermochemical conversion process that operates under inert atmosphere or
starved oxygen condition called carbonization * °. Traditional carbonization processes are
heavily criticized due to the low yield of charcoal and direct emissions generated by these
industries ®. Charcoal is considered to be an international commodity; charcoal production
in these traditional production processes demands a long residence time and gives a low
charcoal yield &7 According to worldwide charcoal utilization, 50 million tons of charcoal
is consumed for various industrial uses, for example as reducing agent °, co-firing and as a

domestic cooking fuel in developing countries . With an assumption of 15% average
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charcoal yield on dry wood basis, there is a consumption of 1 billion m® of woody biomass.
Hence, there is a demand for more sustainable charcoal production processes to be applied
in the industrial sector. As well in the European region, there is large consumption of coal,
coke and other fossil derived synthetic carbon as reductants in the metal production
industries. This is causing a wide range of damaging effects such as emission intensity raise
and health hazards. To tackle the low yield charcoal production processes and improve the
economic viability, self-sustainable production of charcoal under Norwegian conditions is
highly relevant. Carbonization processes can be classified based on the temperature regimes
of operation in the pyrolysis process as a low temperature carbonization (torrefaction) and
high temperature carbonization. This depends on the use of upgraded biomass of different
grades for the purpose of reducing agent in metal production furnaces or co-firing in
furnaces or boilers. Biocarbon product quality is normally assessed based on the fixed
carbon content as the main quality index criteria in several metallurgical industries.
Aluminum production requires very high fixed carbon content, above 95%, whereas SiMn
and FeMn around 95%, Si and FeSi above 70% and SiC above 80%. In that perspective,
carbonization process operating conditions, as peak temperature in the carbonization
process, have an influential effect on reaction paths and biocarbon properties * '°. However
increasing the temperature reduces the yield of charcoal. This demands a process that can
mimic the natural process occurring under the earth based on an elevated pressure, which
plays a significant role in improving the yield of charcoal and fixed carbon. Studies on the
influence of elevated pressure dates back to 1853, started by Violette et al. " Later, there is
decades of experience from University of Hawaii, and also in collaboration with Norwegian
researchers, by Antal and coworkers on the influence of elevated pressure in a flash type
carbonization reactor for various feedstocks > '*'*. Recently, a few works from Australia in

the area of improved charcoal production using an auto-thermal reactor at atmospheric
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conditions have been reported 1516 Other important parameters that govern the process are
vapor residence time and heating rates, influencing the charcoal yield and fixed carbon
content > '’ Depending on the process operating conditions and process reactor the quality
of biocarbon in terms of fixed carbon content, reactivity, porosity and surface area will be
influenced. Based on these properties, biocarbon can be utilized for cooking, residential
heating, peak load boilers, adsorbent, soil conditioning and metallurgical production. In this
context, a detailed techno-economic evaluation of carbonization processes based on plant-
gate analysis is carried out under Norwegian conditions. This work deals with techno-
economic studies in the context of production of various grade biocarbon as reducing agents
and for co-firing in the metallurgical industries. The plant gate analysis involves process
system analysis using Aspen Plus with user defined functions development using Fortran
expressions for the wood handling zone consisting of debarking, chipping, drying,
carbonization process and combined heat and power (CHP) production. This study also
investigates the influence of process conditions such as carbonization temperature, pressure
and particle size on the overall biocarbon yield through semi-empirical methods. The case
design is developed based on the principles of an integrated process system analysis
approach. A novel simplified multifunctional regression model has been proposed to predict
the product yields as a function of the carbonization process parameters temperature,
pressure and particle size. The study also integrates a heat and power system coupled to the
carbonization process to produce electricity and provide heat to external customers, e.g.
district heat production. A techno-economic value chain is designed for the supply of

biomass from the Norwegian forest, for example spruce, as a potential feedstock.

2. Process plant design and approach
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Figure 1 shows the process flow diagram for the biomass carbonization plant. Main process
steps are i) feedstock handling consisting of stem wood storage, debarking, chipping and
screening, chips drying, ii) carbonization process and iii) combined heat and power
production. Process plant design is carried out in the commercial software Aspen Plus using
user defined Fortran programming. The commercial process simulation software is based on
the basic engineering relations (mass and energy balance, phase equilibrium and reaction
kinetics). This allows simulating process behaviors including chemical reactions. It is
possible to simulate one block element or the complete integrated system for different
process configurations. In this work, the Peng — Robinson equation of state was used for
properties determination. The advantage of using a cubic form is that it has capability to
handle non ideal behavior for hydrocarbons '®. Details of the process models developed in

each process zone are presented below.

2.1 Feedstocks characteristics
Norwegian spruce biomass is considered as the feedstock. Fuel characterization such as
proximate analysis, ultimate analysis and heating values are shown in Table 1 for spruce

stem wood, spruce woodchips, spruce bark and spruce forest residues.

2.2 Process modelling and simulation
Logwood handling system modelling in Aspen Plus: Logwood harvested from the forestry
is transported via trucks to the carbonization plant. Logwood harvested will have a cut length
of 3 m. The diameter of the logwood can vary from 0.15 m to 0.5 m (Norwegian Institute of
Bioeconomy Research). Logwood handling system consists of debarking to remove the bark,
chipping, screening and drying as shown in Figure 2. Details of the sub-process models are

depicted in the following subsections.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

Energy & Fuels

Debarking process: Traditionally, bark separation from the stem wood was usually carried
out for pulping processes. The advantage of bark separation in the pulping process is to
reduce the cooking chemical consumption as well as to avoid contamination due to ash rich
compounds (silica and calcium compounds, dirt) '°. Similarly, bark separation is also
relevant in the biocarbon production for metallurgical industry. The amount of bark on the
stem wood varies according to tree species, for spruce 8-15%, for birch 7-15% and for pine
10-17% *. According to standard EN14961-2, production of Class A1 pellets from bark for
energy purpose is not suitable due to the high ash content in the bark. In a drum debarker, the
volumetric loading is in the range of 25-35% with a drum speed around 4-7 rpm. In our
estimation we used industrial data (length: 18 m and 5 m diameter) and a residence time in
the debarking process of around 40 mins (Jan 2016). In the Aspen Plus system model, a
simple splitter model is used with user defined expressions. Specific electricity consumption
P [kW] for the debarker (DE) was calculated as shown in equation 1, where Xpg — electricity
consumption for static load [kW], Spg — static load [kg/h] and Mg — logwood mass flow

rate [kg/h]. In the model power requirement for debarker (Xpg) is 34.5 kW and the static

load (Spg) is 85000 kg/h.

X
Pog = ﬁ' MLog (1)
6

ACS Paragon Plus Environment

Page 6 of 60



Page 7 of 60

©CoO~NOUTA,WNPE

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

Energy & Fuels

Chipping and screening: Quality specifications and classes selected in the biocarbon process
value chain is based on the European standards (e.g. EN 14961-1), this includes all solid
biofuels and it is probably targeted for industries, even though it is meant for all groups. The
particle sizes are classified according to standard EN 15149-1. Typically, metallurgical
industries require an ash content below 3% *'. The chipper model is based on industrial scale
data, implemented as a Fortran expression in the model. Specific power consumption P [kW]

for the chipper (CH) is based on mass flow rate into the chipper according to equation 2.

X
Pen = ﬁ Min—cHip ()

where Xcy — electricity consumption for static load [kW], Scy — static load [kg/h] and M.
cuip — mass flow rate into the chipper [kg/h]. A power consumption Xcy of 522.5 kW and a
corresponding static load Scy of 36000 kg/h are used as a model parameters. The screening
model is based on the Aspen Plus built in model. Weight fractions data are gathered from
Laitila et al. **. Weight fractions for the drum and disc chipper used in the model are shown
in Table 2.

Chips drying: The belt dryer model use air as a drying medium. Heat is supplied by flue
gas and LP steam from the CHP unit. Drying rate is calculated based on a drying curve for
woodchips, experimental data is gathered from Johansson et al. », and the normalized
drying rate v(a) according to equation 3 is implemented in Aspen Plus, and are shown in

Figure 3 and also included as supplementary data in Appendix D.

current drying rate _ Z-Zeq

v(a) = (3)

drying rate 1st drying period o= Zer—Zeq
where a — normalized moisture content, Z — current moisture content on dry basis [kg/kg],
Z. — Critical moisture content on dry basis (0.831 kg/kg), Z.q — equilibrium moisture
content on dry basis (0.01 kg/kg)** depends on the relative humidity and temperature of the
drying medium, air. The drying rate is expressed in kg/(kg/s). For our drying conditions,

reaching a moisture content of 10% is a reasonable assumption, and the normalised drying

7
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rate have in this work been applied until achieving this moisture content. Air goes first
through heat exchangers (HE) where heat from the recycled air is recovered, next the air is
preheated by flue gas, and the last heat exchanger is used when flue gas is not sufficient to
provide all the heat needed and then low-pressure steam is used. Hot air is split into two
streams, that are directed to the second and third stages. After that they are mixed and
directed to the first stage as shown in Figure 4. The heat demand is dependent on the
moisture content in the feedstock.

Carbonization process modelling: A schematic is shown in Figure 5. The heart of the
process design is the carbonization reactor. The sub-model for the carbonization reactor is
modelled through development of an empirical multifunctional regression model using
experimental yields from several literature sources * ' % The yields data are included as
supplementary data in Appendix C. The model for the carbonization/pyrolysis is based on an
user defined yield calculator using Fortran expressions. Heat to the reactor is supplied by
flue gas. The pressure in the pressurized pyrolysis is provided by compressed nitrogen or air,
where the air in this work is considered inert with respect to the pyrolysis products
prediction. Pyrogas and biooil are burnt in the combustor to produce heat for the pyrolysis
process and for CHP production. The main product is biocarbon.

Pyrolysis modeling to predict products:

ACS Paragon Plus Environment
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Pyrolysis modeling to predict products is done in accordance  with
Neves et al. °. The model allows prediction of the carbon, hydrogen and oxygen (CHO)
composition of produced biocarbon [kg/kg dry ash free biocarbon] based on empirical

equations, which are correlated to temperature (T) in °C:

Yepe = 0.93 — 0.92 - exp(—0.42- 1072 - T) , R = 0.65 (4)
Yigc = —0.41-1072 4 0.10 - exp(—0.24 - 1072 - T) , R = 0.75 (5)
Yogc = 0.07 + 0.85 - exp(—0.48 - 1072+ T) , R*=0.56 (6)

These equations are reasonable and validated for woody biomass by Neves et al. *°.
Woodchips produced in the chipper below 3.15 mm becomes dust (sawdust) and above 45
mm is reintroduced into the chipper. The model was developed by gathering literature data
for the biocarbon yield.
Biocarbon yield by statistical design:
Biocarbon yield (Ypiocarbon) Was introduced by a Box — Behnken approach. This approach is
rotatable and requires three levels for each factor. The main purpose is to optimize the
response surface, which is impacted by the process condition 2728 This approach can be
expressed by equation 7.

Y = Bo + Bicy Bixi + Tiey B xF + LIS B, Byxixg + € (7)
where x|, Xy, ..., Xk are the input variables which influence the response of y, Bo, Bi, Bii (1 =1,
2,...k),Bi(i=1,2,...,k;j=1, 2, ..., k) are unknown parameters and ¢ is a random error.
The B coefficients are obtained by the least squares method *’. The developed biocarbon

yield [kg/kg dry biomass] function (Yp;ocarbon) 15 Shown in equation 8.

Yiiocarbon=126.3-0.3406-T-4.5-p+4.13-d +0.00031-T>+0.19-p2-0.204-d>  (8)

+0.0050-T-p-0.00971-T-d+2.29-p-d, R*=0.90

where T is temperature in °C, p is pressure in bar and d is particle diameter in mm.
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Gas yields [kg/kg dry ash free biomass] are based on empirical equations which are
functions of temperature (T in °C, in the range 350 — 1000 °C) **. Main gas compounds in

the pyrolysis gas are usually H,O, H,, CH4, C;Hy4, CO and CO,.

Yyp = 1.145- (1 — exp(—0.11-1072-T))*38% | R*=0.94 9)
1
Yeo = Yuz ' soom— oo — R*=0.73 (10)
1+(T/632)
Yepa = —2.18-107% 4+ 0.146 - Y, , R*=0.88 (11)

Additionally an equation for the pyrolysis gas LHV in MJ/kg was used to calculate the
energy balance of the pyrolysis process (T in °C) .

LHVgas = —6.23 + 2.47 - 1072 - T, R*=10.78, 300-900°C (12)

The Neves et al. * correlations indicate that there is a weak relationship between the
elemental composition of tar and pyrolysis temperature. The recommended correlations °

for the tar elemental composition [kg/kg dry tar] is shown in equations 13 to 15.

YC,tar =114 YC,biomass (13)
YH,tar =1.13 'YH,biomass (14)
YO,tar = 0.80 'YO,biomass (15)

where Y; piomass 15 the biomass elemental composition [kg/kg, dry ash free basis].

The products carbon dioxide (CO,), ethylene (C;H4) and biooil (organics and water) are
calculated based on (C, H, O) balances and energy balance based on LHV by solving a set
of equations in the spreadsheet solver. The reader should understand that by implementing
this pyrolysis products modelling approach the pressure influence only adheres directly to
the biocarbon yield and indirectly to the yields of biooil and gas, however, not directly to
their composition. I.e. this means that to satisfy conservation of mass, elements and energy,
the unknowns in the gas composition must be adjusted accordingly. As C,H, is a minor
species compared to the other remaining unknown carbon containing gas species, i.e. CO,,

the CO, concentration must then be adjusted to satisfy the conservation laws. Even if this

10
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results in an incorrect gas composition as a function of pressure, this do not really matter in
this work, as it is the energy content and the elemental composition of the gas that matters,
and not the species composition.

The model assumes that biooil consists of two model compounds, acetic acid (CH;COOH)
and phenol (C¢HgO), in addition to water. The mass ratio is assumed to be 1:1 when closing
the mass balance, which is reasonable assumption due to decomposition of cellulose and
lignin in a wider temperature range for slow pyrolysis conditions. The yield functions
developed in the Excel solver are reintroduced as Fortran functions in Aspen Plus. The
model is able to close both mass and energy balances in the temperature range of 300 to
500°C and in the pressure range 1-20 bar. Mass balance results for the carbonization model
at 500°C and varied pressure are shown in Table 3. According to the validated results, the
gas yields do not change very significantly for pressurized carbonization under slow

pyrolysis conditions )

Pyrolysis reactor sizing and scaling:

The concept of the pressurized reactor is based on Flash Carbonization™ by Antal et al. '*

3% The design idea is to use 2 or 3 pressurized vessels in a swing mode (semi — continuous)
as shown in Figure 6(a) and (b). Woody biomass dried in the belt drier is conveyed to the
pyrolysis reactor and pressurized to the desired carbonization pressure by the carbonization
agent, nitrogen or air. Nitrogen to carbonization reactor is used based on the experimental
data of Lucas et al. *. The heat for the carbonization process is supplied by flue gas. As a
simplification in this work, the pyrolysis products modelling is independent of using
nitrogen or air as carrier gas, i.e. they are both considered inert agents. This is a justifiable
assumption as in the case of air the amount used is too low to support gasification of char,
and hence a direct influence of the air addition on the pyrolysis process and its products yield

can be neglected. This assumption then enables using the same biocarbon yield model

11
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independent of the carrier gas, and the choice of the Flash Carbonization reactor then
becomes a generic choice.

CHP: The Aspen CHP flow sheet is presented in Figure 7. Pyrolysis volatiles (biooil) and
non-condensable gases are combusted in the combustor. The combustor is simulated by the
built-in Aspen Plus Gibbs reactor model. Hot flue gas is passing through a series of heat
exchangers (superheater, re-heater, evaporator and flash drum using built in Aspen Plus heat
exchanger models). This mimics an industrial boiler *', and remaining heat from the flue gas
is passing through the economizer and air preheater. The flue gas after the air preheater
supplies heat to the dryer. Part of the flue gas after the superheater is used to supply heat to
the pyrolysis reactor (as shown in Figure 7). After heat recovery the flue gas goes to the
stack. The production of steam is fixed to 700 kg/h independently from operating conditions,
because the amounts and quality of pyrolysis gas and biooil is varying. HP steam is produced
with a steam quality of 550 °C and 60 bar, and the power to steam ratio is kept constant at
0.18. HP steam is expanded in a series of steam turbines (high pressure, intermediate
pressure and low pressure) where electricity is produced. LP steam after the LP turbine is
used for drying and district heat production. Recycled condensed steam is mixed with the
make-up water and pumped to the economizer.

Details of the design specifications implemented in Aspen Plus are
shown in Table 4. The pressure was limited to 10 bar to avoid extreme combinations of

parameters according to the Box — Behnken approach.

3. Biocarbon process system efficiency analysis
The details of the mass and energy flows for major identified streams are supplemented as
respectively appendixes A and B for the 10 TPD biocarbon output base case plant. The

tables includes the effect of carbonization process conditions (T, P) on the mass and energy

12
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flows through the system for logwood entering the plant with 40% moisture content on wet
basis, which is according to the PFD shown in Figure 1. Based on the mass and energy flows
simulation results, overall system efficiencies, that is biocarbon energy efficiency, district
heat (hot water) efficiency, electricity generation efficiency and overall heat utilization
efficiency are illustrated below. The mass and energy flows are also used in the techno-

economic analysis.

3.1 Biocarbon energy efficiency
Elevated pressure results in increased biocarbon yield and higher fixed carbon yield as
shown in Figure 8(a) and (b), where the fixed carbon yield [kg/kg dry ash free biomass] is

defined by

FC
ytc = Ybiocarbon "T00-A (16)

where FC — percent fixed carbon content in the dry biocarbon on mass basis, A — percent
ash content in the dry biomass on mass basis and the biocarbon yield [kg/kg dry biomass], is

defined as

__ Mpiocarbon
Ybiocarbon T e (17)
biomass

where My;pcarpon 15 the mass flow rate of dry biocarbon [kg/h] and my;pmass 1S the mass
flow rate of dry biomass [kg/h].

As well, to utilize biocarbon in metal production industries, quality criteria for the biocarbon
product vary depending on the type of metal production industry, but generally the fixed
carbon content should be above 70%. This means increasing the operating temperature to
400 — 500 °C. The feedstock moisture content does not influence the biocarbon energy
efficiency, since in each case the feedstock is dried to 10% moisture content on wet basis
before entering the carbonization reactor, however, it influences on the additional energy

requirement for heating up the moisture/water vapor in the pyrolysis process. Hence, in this

13
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work we have not studied the effect of moisture content on the carbonization process. Even
though the moisture content in the feedstock may have an influence on the biocarbon yield,
we have kept the moisture content of 10% on wet basis which is a reasonable assumption
based on the experimental results from Antal et al. . However, increased pressure gives an
increased biocarbon yield while both increasing pressure and temperature also give an
increased fixed carbon yield. This means that there is a coupling between pressure and
temperature in increasing the fixed carbon yield, which is also confirmed by the literature *
%13 n this model the fixed carbon content is only dependent on temperature.

Biocarbon energy efficiency is defined as

Nbi bon = Mpiocarbon"HHVbiocarbon (18)
iocarbon —
Mpiomass HHVbiomass

where, m — mass flow rate [kg/h], HHV — higher heating value [MJ/kg]. Effect of operating
pressure and temperature on the biocarbon energy efficiency is shown in Figure 8(c). The
trend shows that biocarbon energy efficiency decreases as the peak temperature increases
from 300-500 °C, because of volatiles losses (Figure 8(a)). However, these volatiles losses

favors an increased fixed carbon content in the biocarbon (Figure 8(b)).

3.2 Effect of feedstock moisture content on district heat efficiency

District heat efficiency is defined as

MpH = Ooi (19)

Mpiomass'HHVbiomass

where Qpy — heat available for district heat production [MJ/h]. Moisture content has strong
influence on district heat efficiency (Figure 9). Increasing the pyrolysis temperature
improves district heat efficiency (Figure 9), which is because the production of volatiles are
higher and they are used as fuel. Increasing the pressure causes a slight decrease in district
heat efficiency because it favors secondary pyrolysis reactions and hence less tar is

produced. For the wood having 60% moisture, there is no district heat production for export,

14

ACS Paragon Plus Environment

Page 14 of 60



Page 15 of 60

©CoO~NOUTA,WNPE

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

Energy & Fuels

all the low-pressure steam is consumed for thermal drying of the feedstock (Figure 9(c)).

Extra heat is needed and this penalty equals 8 — 9.4% of the HHV of input biomass.

3.3 Electricity generation efficiency

Electricity generation efficiency is defined as

3.6'Pe

Mpiomass'HHVbiomass

Nel = (20)

where P, — electricity output from the turbines [kW]. Base case steam production is fixed to
700 kg/h at all operating conditions. This is due to variations in the quality and quantity of
produced fuel (pyrolysis gas and biooil). At lower temperatures less fuel is produced and 700
kg/h is minimum steam load. Base case electricity produced in the steam turbine is 127.95
kW, which is according to the fixed steam load to the turbine. Total production of biocarbon
is set to 10 TPD biocarbon output in the base case model. Raw feedstock mass flow rate is
changing according to biocarbon yield, which is a function of temperature and pressure.
Electricity consumption is calculated based on mass flow rate in each equipment. Electricity
generation efficiency is shown in Figure 9(d). Electricity generation efficiency decreases
with increasing temperature, which is because the yield of biocarbon decreases. However,
the steam load is set to minimum level and a portion of the steam is fed to the drying zone,
which is depending on the moisture content. Low-pressure steam bleeded from the steam

turbine is used for the district heat production.

3.4 Effect of feedstock moisture content on overall heat utilization efficiency

Overall heat utilization efficiency is defined as

Mpark’ HHVpark+Maust-HHVgust (21)

= Ny + +
Noverall Nbiocarbon NpH Mbiomass'HHVbiomass

where 1 — efficiency, m — mass flow rate [kg/h], HHV — higher heating value [MJ/kg dry].
Bark and sawdust (assuming the same composition and heating value as woodchips) are also
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taken into account when calculating the overall heat utilization efficiency. Note that the
overall efficiency do not include district heat negative efficiency, the meaning with showing
(later) a negative efficiency for district heat is to show that additional external heat is
required to supplement the district heat plant, or alternatively the bark and sawdust could be
burned to maintain the heat production. As shown in Figure 10, the model predicts higher
energy efficiency in the low temperature range (300 — 350 °C), however the quality of the
biocarbon mimics torrefaction quality, which is below 66% fixed carbon content. Overall
heat utilization efficiency decreases almost linearly with increasing pyrolysis temperature.
There is a strong influence of feedstock moisture content on the overall heat utilization
efficiency (Figure 10); increasing moisture content means a higher energy consumption for
drying. Increasing pressure also increases the heat utilization efficiency due to increasing

biocarbon yield.

4. Techno — economic analysis (TEA)

The next stage of the model is techno — economic analysis, which allows estimating the
costs associated with production of biocarbon as a function of three parameters: scale of
production and process temperature and pressure. Aspen Plus results developed for the base
case (10 TPD) is based on a fresh logwood moisture content of 40%. TEA analysis is
conducted based on the hierarchical three factors simulation coupled to cost parametric
analysis. Four different scenarios are identified to analyze the biocarbon value chain.
Statistical simulation experiments (Box — Behnken approach) have been used for simulation
of experimental design and the results of mass and energy balances for each scenario are
used as input to the cost modeling. Parametric cost modeling functions are developed using

the cost models based on the three factors Box-Behnken approach. The obtained results
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were used to assess economic viability. The TEA modelling method is described in the

flowchart shown in Figure 11.

4.1 Scenario description

Four scenarios are identified for the biocarbon value chain studies as shown in

Table 5.

Scenario A is based on the transport of logwood from the forest to the plant as shown in
Figure 12. In this scenario, logwood handling is considered similar to the pulp and paper
industries' practices. The feedstock is fresh logwood that is processed in the plant's wood
handling zone involving storage, debarking, chipping and drying, followed by the
carbonization and CHP. Here in this case, pyrolysis vapors, both non-condensable gases and
condensable hydrocarbons are burnt in the CHP plant. The main product of this scenario is
biocarbon. Electricity and district heat are co-products. After internal utilization of steam to
the plant for woodchips drying, the excess heat generated can be sold to nearby industrial
cluster office buildings.

In Scenario B, shown in Figure 13, the woodchips are transported to the plant gate and it is
investigated how far the production cost of biocarbon deviate from scenario A. The wood
handling process steps are woodchips storage and drying (debarking and chipping are
eliminated). All other steps remain the same as in scenario A. The main product is
biocarbon, co-products are electricity and district heat.

In Scenario C the CHP plant is eliminated as shown in Figure 14. Here the pyrolysis vapors

are quenched in the condenser to produce the biooil and this will be sold as a co-product.
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The feedstock is fresh logwood that is processed in the plant pretreatment zone. Pyrolysis
gas is burnt in a gas burner and heat is supplied to the dryer and pyrolysis reactor by indirect
heat exchangers. Excess heat required for the dryer is supplied by the external heat supply
(e.g. burning the bark and sawdust). As well, additional electricity required for the process is
supplied from the grid. This makes sense as rather cheap electricity is available from the
Norwegian hydropower dominated electricity grid. The main products are biocarbon and
biooil. The price for biooil (tar) is set to 500$/ton according to market price. There is
possibility to cut down Norwegian wood tar import. According to the statistics, the annual
wood tar import is 250 tons *, which is a small amount. However, there are other alternative
markets for tars/biooil, for example extraction of valuable chemicals.

Scenario D is a copy of scenario A with a change of compression gas. Air is used instead of
nitrogen as it is used in Flash Carbonization™ by Antal et al. ***. This will reduce the costs

associated with the supply of nitrogen. The scenario configuration is shown in Figure 15.

4.2 Purchase equipment and installation costs
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The purchase equipment cost is defined as

Crpeci = Csb,zb (5/Sp)9 (22)

where Crpgc; is the purchase equipment cost in $ evaluated for each equipment i, Cs, 1 1S
the base year purchase equipment cost in $ for base-case equipment size S;, (arbitrary unit),
g is the equipment scale index, S is actual equipment size (in the same arbitrary unit) based
on scale specification.

The purchase equipment and installation cost were evaluated based on the function defined

1. 33 which is a modified version of the Guthrie-Ulrich method *’,

by Kempegowda et a
and includes pressure, materials and required auxiliary systems, i.e., electric system, piping
and valves, instrumentation and control, through simple multiplication factors.

The purchase equipment and installation cost in $ for each equipment i is defined as:

Cori = foverallCTPEC,i(I/Ib)k?_nb (23)

where the cost index I (arbitrary unit) used in this study is based on the Chemical
Engineering Plant Cost Index (CEPCI). It is updated for the year 2015 and I, is the cost
index (in same arbitrary unit as I) in the base year, k? ~™ s the train cost factor since the n"
train is relatively cheaper than the train number n; of the reference base case because both

can use part of the auxiliary equipment, the parameter k, is assumed to 0.9 *°. Overall

installation factor is

foverall = fmatfpfinst (24)

where fp is the pressure factor, f,,,¢ 1S the material factor and f;;,5; is the installation factor.
The installation factor varies based on the type of equipment in the process value chain. This

is evaluated based on equation 25.

finse =1+ fM[1 + (L/M)kL] (25)
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with fy, and (L/M) representing installation module factor and labor to module cost ratio

and k; = 1.47 is the labor factor for Norway. Coefficients for each process equipment were

used based on Wood et a

Overview of process equipments for the Aspen Plus base scale is shown in

Table 6.
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The cost calculation for the dryer is based on the surface area of each stage in accordance
with equation 26.

Caryer = (15000 + 10500A4) (26)

where A4 is the surface area of the dryer in m? and h is the number of stages. The cost is

calculated in $ in base year 1998. Other factors are presented in
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Table 6. The cost of the carbonization reactor is calculated based on the weight of vessels,
assuming three hot reactors, whereof one heating and one cooling section are used to ensure
the continuity of the process. The cost of each reactor is equal

Creactor = 73fepWy' 1 27)

where f;; is the cost factor, W, is the weight of one vessel in kg, u is the total number of

vessels. The cost is calculated in $ in base year 2002. Other factors are presented in
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529  Table 6. As well,
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541  Table 7 presents the base scale TPEC costs for the different scenarios based on the cost
o5 542  components involved in the process chains. Purchase equipment cost decreased significantly
27 543  for scenario C, due to removal of the CHP unit. TPEC for scenario A and D is the same
29 544  because there is only a change in pressurizing medium.

31 545

546 4.3 Total permanent investment
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The total permanent investment [$] include the cost components outside the battery limit
(OSBL). These are coupled to purchase equipment installation factors through equation 28.

This is based on the work of Kempegowda et al. 3

Crpr = (i Cs1i)[1 + Fsite + fouilding * flana][1 + feont + feng][1 + faev + feom] (28)
where (Zi CS,“) is the total purchase and installation cost in $, for the overall plant, and f;
represent additional costs factors including civil work associated with site preparation and
process-equipment building, offsite accessibility and services, contingency margin,

contractors, land, royalties and patents. Cost factors are shown in

Table 8. Cost associated factors to estimate the Total Permanent Investment (TPI) **

Factor Cost associated factors ~ Typical value Adopted value
fsite Site preparation 0.05-0.2 0.05

fbuilding Buildings 0.05-0.1 0.05

fland Land 0.05-0.1 0.05

fecont Cost of contingency 0.05-0.15 0.05

feng Engineering 0.02-0.05 0.02

fdev Project development and  0.02 — 0.03 0.02

fcom Commissioning 0.1 0.1
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575 TPEC is only one part of the total costs associated with plant construction, as shown in

576  Table 7. According to Timmerhaus et al. 3 total purchase and installation cost is typically 4

©CoO~NOUTA,WNPE

10 577  —5 times higher than TPEC for solids processing. In this model the ratio is around 4.5.
12 578

14 579 4.4 Operating expenses
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The operating expenses (OPEX) in $ per annual basis are calculated from

Copex = Cp + Copa + Copi + Crapor (29)

where Cg is cost of biomass supply, C,p, ¢ Tepresents the total direct variable, operational
dependent on the annual biomass to biocarbon conversion, C,,; is the fixed indirect
operational costs not directly dependent on the amount of biomass processed but required
for having the plant in activity, and C;,p,, s the labor cost.

Labor cost in § is calculated based on the exponential function of employed people Ey,;; and

appropriate annual salaries D; in $ according to equations 30 and 31.

Ciapor = Zi Eppl,iDi (30)
Pace Pt
Eppl,i - (Pbaste) (1)

where P, is actual biocarbon production in TPD, Py, = 10 TPD. Base scale labor costs and
their scaling factors are presented in Table 9.

The reference values for the fixed indirect operational costs C,p; are shown in

Table 10. The direct variable operational cost Cy, 4 depends on the used media and the
produced wastes, which are proportional to annual plant operating time. The cost of biomass
supply in $ can be estimated from

Co = (Mptyroa/Ps)|Cexpt + Cenip + Cerp + Corily] (32)

where M indicates the plant capacity [kg/h] based on the input biomass mass flow rate,
tproa 1 the annual production time [hours], pp is the input biomass density [kg/m3 1, Cexpr 18
the forest exploitation cost per unit volume of biomass [$/m’], Cchip 18 the cost for biomass
chipping and storage per unit volume of biomass [$/m’], Cer,r 18 the fixed transport costs per
unit volume of biomass [$/m’] and Cer,1, 18 the variable (distance-dependent) transport costs

per unit volume and transport distance of biomass [$/m’/m] and
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. 1/2
Ly = 2(Mgtyroa/my s) (33)

is the average biomass transport distance [m], which depends on the annual biomass
conversion of the plant, with my s as the biomass production per unit area [kg/m?].

Annual base scale 10 TPD OPEX for the different scenarios is shown in Table 11. Visible
differences in the costs arise from the various scenario configurations. In scenario B cost of
biomass supply is higher because woodchips used as feedstock is more expensive than
logwood. The lowest OPEX is in Scenario D, where air is used instead of expensive
nitrogen to pressurize the pyrolysis reactor. Scenario C is characterized by the highest
operating expenses due to removal of the CHP unit. The excess heat and electricity must
then be purchased externally.

Biomass supply cost comparison: Biomass supply under Norwegian conditions is the
largest share of OPEX together with labor cost, as shown in Table 11. Biomass supply
variables under Norwegian conditions are shown in Table 12. Two different feedstocks
(spruce logwood and spruce woodchips) were compared at different operating conditions
(temperature and pressure) and scale of biocarbon production. Replacement of logwood for
woodchips resulted in an increased cost in the supply of biomass by 18%, which is
independent of the operating conditions. With the increasing of operating pressure from 1 to
10 bar, there is a decrease of biomass supply cost of around 11% in the carbonization
temperature range of 450 — 500 °C and at a biocarbon production of 45 — 60 TPD. This
attribute is common for all cases, and this is due to the increased yield of biocarbon at
elevated pressure in the carbonization temperature range. The details of biomass supply cost
in MM$/year for various carbonization conditions are supplemented as Appendix E.

Biomass cost = xo + Txt + pxp, + Wxy + T?xpr + p?xpp + W2k + Tpxpp + TWxpy +

pPWxpw (34)
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where T is temperature in °C, p is pressure in MPa in this equation, W is scale of biocarbon

production in TPD, and the x coefficients for logwood and woodchips are shown in Table 13.

Influence on the overall OPEX: Figure 16(a) and (b) shows the influence of operating
conditions pressure and temperature versus plant scale on the overall operating expenses.
Generally, all cases showed increasing trend for OPEX. Scenario B has higher OPEX, which
is due to higher price of woodchips (284 NOK/m®) supplied to the plant compared to
logwood (236 NOK/m”). It also depends on the biomass share of total operating expenses.
The difference is around 7 — 8.5% (450 — 500 °C, 1 — 10 bar and 60 TPD). In scenario A
increasing pressure from 1 to 10 bar increases OPEX by 6 — 8% (450 — 500 °C and 40 — 60
TPD). Scenario C gives higher OPEX than scenario A, around 50 — 55% increase in the cost
of biocarbon is estimated. This is due to purchase of heat and electricity for the auxiliary

utilities in the plant.

4.5 Economic viability
Economic viability analysis is carried out for the four scenarios described
in section 4.1. Impact of different process configurations, operating conditions (temperature
in the range 300 — 500 °C and pressure in the range 1 — 10 bar) and scale of biocarbon
production (10 — 60 TPD). The results were compared based on the relative difference

between scenarios B, C, D and reference scenario A according to equation 35.

R

i=Ra. 100 (35)
Ry

RD% =
where RDy, is the relative difference in percent, R; is the result for scenario i (i = B, C, D),
R, is the result for reference scenario A.

Financial parameters are gathered in Table 14. Economic viability is calculated based on 20

years plant lifetime with plant operating factor 85% (7446 hours/year). The equipment is
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depreciated according to a straight line depreciation model during a 20 years period. The
investment is financed 30% by equity and 70% by loan. Loan repayment period is set to 10
years with 7% interest rate. The total permanent investment cost (TPI) is updated to US$
(2015) based on Chemical Engineering Plant Cost Index (CEPCI 2015). According to
Norwegian condition income tax rate is 28%.

Specific plant cost comparison: Specific plant cost TPEC/kW biocarbon output is the cost
associated with the purchased equipments expressed as the cost per unit of product output.
Influence of carbonization process conditions (pressure and temperature) on the TPEC
versus various plant capacities are shown in Figure 17(a), (b) and (c). TPEC follows the
scale of economics rules and shows decreasing trend with increasing plant capacity .
Scenario B is around 1 — 8% cheaper compared to scenario A, this is due to scenario A
having more functional units for handling the logwood (debarker and chipper).

Influence of pressure: Elevated pressure in the reactor decreased TPEC, increasing pressure
from 1 to 10 bar (Figure 17(a)) decreases the TPEC around 10% in the temperature range of
450 — 500 °C and for 60 TPD. This attribute is due to the increased biocarbon yield at
elevated pressures. TPEC for scenario C is decreasing relatively to scenario A, the cost
reduction is around 5 — 6% for 10 bar, 450 — 500 °C and 60 TPD and 12% for 1 bar, 450 —
500 °C and 60 TPD. The reason for such decrease is elimination of the CHP unit in scenario
C and production of biooil as a co-product. Pyrolysis gases are burnt in the gas burner and
produced heat is utilized for the drying and pyrolysis reactor. The associated cost is based on
the burner configuration rather on the complete CHP unit. Scenario D is not shown because
it has the same cost as Scenario A, the difference is only in OPEX (air instead of nitrogen).
Influence of temperature: Similarly, influence of carbonization temperature (300 °C to 500
°C) on TPEC are shown in Figure 17(b) and (c). Increasing temperature increases the plant

specific TPEC, which is due to a decreasing biocarbon yield at the same pressure, shown for
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1 bar in Figure 17(b) and 10 bar in Figure 17(c). TPEC almost doubles at high temperature,
however, the quality of biocarbon produced at low temperature carbonization may not be
suitable to replace coke as a reductant, which is due to the high volatiles content and the low
fixed carbon content.

Cost of biocarbon: Cost of biocarbon [$/GJ] is evaluated over the entire lifetime of the
plant, assuming that the project is financed 100% from loan, and is calculated from equation

36.

Co. _ Zu=1[B"(Crpiu+CoprExu=Cinu)] (36)
biocarbon Yt=1HHVbiocarbonPbeu

where u is the year starting from the plant construction, U is the plant lifetime in years,
B =1/(1 + ) is the discount factor which represents time value of money, r is the interest
rate. Crp; 4 is the annual permanent investment cost in $, Copgx,, is the annual operating
expenses in $, Cjy,, is the annual income in $ from selling co-products (electricity, heat,
bark, sawdust and CO, replacement), however, in our TEA analysis, the bark and sawdust
are not included in the evaluation. HHV};ocqrpon 1S the HHV of produced biocarbon [MJ/kg
dry biocarbon], pp, is the annual biocarbon production [ton]. The annual operational
income in § is calculated from equation 37.

CIN,u = Leju + Cheat,u + CCOZ,u (37)

where C,;,, is annual income in $ from selling electricity, Cpeqt ,, 1S annual income in § from
selling heat, C¢p, 4, is annual income in § from replacement of fossil fuel to renewable based
on avoided CO; emission. Reference values are shown in Table 15.

Influence of operating conditions on the cost of biocarbon: The cost of biocarbon is the

decision parameter for evaluating the economic viability of the biocarbon production
scenarios based on the current market conditions. The economic viability is estimated for

the scenarios A, B, C and D at operating temperatures 300 — 500°C and pressures 1 — 10 bar
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and for scale of biocarbon production of 10 to 60 TPD. The results are shown in Figure 18,
Figure 19 and Figure 20.

Increasing pressure from 1 bar to 10 bar in Scenario A results in increased biocarbon cost
(Figure 18). The increase is ~10% in the lower temperature range (300 °C) where the price
increased from ~10.5 $/GJ to ~11.5 $/GJ and ~1.5% at a temperature of 500 °C where the
price increased from ~14 $/GJ to ~14.3 $/GJ, which is at the production scale of 50 — 60
TPD (Figure 18). Similar costs were estimated for Finnish conditions for torrefaction and
for charcoal production™. Increasing pressure in the carbonization reactor at high
temperature carbonization does not increase the cost significantly (Figure 18), this is due to
the higher yield of biocarbon with increasing pressure.

Scenario C shows a large decrease in the production cost of biocarbon compared to scenario
A (Figure 18), around 40 — 44% (1 bar, 450 — 500 °C and 40 — 60 TPD) the estimated price
is ~8 $/GJ and around 30 — 36% (10 bar, 450 — 500 °C and 40 — 60 TPD) the estimated
price is ~9.3 $/GJ. This is due to the advantage of co-production of biooil at the market price
500 $/ton. Increasing pressure in this case results in decrease of biooil yield, according to
secondary pyrolysis reactions, which results in higher biocarbon and gas yields.

Supply of woodchips to the plant is increasing the cost of biocarbon for scenario B as shown
in Figure 19. In comparison to the logwood purchasing scenario, there is direct purchase of
woodchips to the plant at higher cost, the relative difference of production cost is around 5%
compared to scenario A (1 bar, 450 — 500 °C and 55 — 60 TPD) with biocarbon price ~14.5
$/GJ and around 4% higher compared to scenario A (10 bar, 450 — 500 °C, 55 — 60 TPD)
with biocarbon price 14.7 $/GJ. An interesting observation is that for the base scale, where
the production is 10 TPD and the temperature range below 400 °C, there is an advantage of
woodchips purchase to the plant by ~1% decrease in production cost (Figure 19), the

biocarbon price is ~18 $/GJ. However, the grade of biocarbon produced at these conditions
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is not suitable for metallurgical industries, this is because of the low fixed carbon content in
the product.

When air is used to pressurize the reactor (scenario D), there is a decrease in biocarbon
production cost of around 8% (Figure 20) compared to scenario A at 1 bar and scenario D at
10 bar at 500 °C and production scale 60 TPD, where the price is reduced from ~14 $/GJ to
~13%$/GJ, Figure 20. This attribute is due to the compression energy consumption
differences.

Influence of biomass transportation distance: Scenario A and D are considered for studying

the influence of transport distance. Modelling results suggests that a carbonization
temperature of 500 °C is suitable to achieve highest fixed carbon content (81%) . Thus, the
obtained biocarbon can be widely used in metallurgical industry as a reductant. In order to
minimize the cost of production, a scale of production of 60 TPD is chosen for transportation
cost analysis. The influence of biomass transportation distance on biocarbon production cost
is shown in Figure 21Figure 21.

The cost of logwood is increasing with transportation distance according to a linear
correlation. Under Norwegian conditions fresh woody biomass costs 4.75 $/GJ for a 20 km
transportation distance and it is increasing up to 7.15 $/GJ when the transportation distance
is 220 km, Figure 21(a). Therefore, it is reasonable to transport biomass up to several tens of
kilometers. The plant location should be properly selected to avoid additional cost and
emissions related with biomass transportation. Figure 21(b) shows the influence of biomass
transport on biocarbon production cost for scenario A and Figure 21(c) for scenario D.
Increasing pressure additionally increases the cost of biocarbon production.

Economic viability on selling price of biocarbon product: Internal rate of return (IRR) is
used as a financial viability indicator to analyze the project viability. It is defined as the

discount rate that would make the net present value (NPV) of the investment equal to zero.
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Project IRR for scenario A, B and C is selected for analyzing the (500 °C, 60 TPD biocarbon
production) economics at 70% debt as shown in Figure 21(d). The highest IRR achieves
scenario C, where biooil is a co-product, it is due to high market price of woody tar at
5008/ton. The IRR decrease at elevated pressure according to lower biooil yield. The
difference between scenario A and D is related to the difference in pressurizing agent

(nitrogen and air).

5. Conclusions

Detailed simulation of the biocarbon production value chain consisting of logwood handling,
debarking, chipping, drying, carbonization, and combined heat and power production plant
was developed using Aspen Plus. Carbonization process yields (product yields) are predicted
with a multifunctional model considering pressure, temperature and particle size effects. The
empirical correlation indicates a strong influence of temperature as well as a significant
influence of pressure and particle size on the biocarbon yield. As well, biocarbon energy
efficiency is higher in the low temperature carbonization regime, however, the biocarbon
quality with respect to fixed carbon content is lower in the low temperature carbonization
regime. For high temperature carbonization, above 400°C, increasing pressure in the
carbonization reactor increases the fixed carbon yield.

Feedstock moisture content has strong influence on district heat efficiency. For the fresh
wood having 60% moisture, both district heat efficiency and steam export is negative, since
all the low-pressure steam is consumed for thermal drying of the feedstock, which has a
penalty of 5-10% of the HHV of input feedstock. A parametric function for district heat
production is developed for the carbonization process parameters (temperature, pressure) and
production scale. Techno-economic analysis was conducted for the four case scenarios,

Scenario A is based on logwood transport from the forest to the plant gate with biocarbon as
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the main product and district heat and electricity as the co-products. Scenario B is based on
the supply of woodchips to the plant with biocarbon as the main product and district heat and
electricity as the co-products. Scenario C is based on the biocarbon as a main product and
biooil as co-product. In Scenario D nitrogen is replaced with air as inert agent air in the
carbonization reactor.

A novel approach for a parametric cost modelling function for the overall plant design is
developed based on a statistical approach using the Box and Behnken technique to the study
the influence of scale and operating variables (temperature and pressure). TEA reveals that
specific plant cost (TPEC) can be reduced by reducing wood handling (scenario B) by
supplying woodchips in the range of 1-8% in comparison to scenario A. Also, there is a
decrease in total purchase equipment cost (TPEC) with increasing pressure by (Scenario A)
~10% (from 1 to 10 bar, 450-500, 60 TPD), because of the higher pressure effect on the
biocarbon yield. Moreover, increasing scale of production results in decreasing specific
TPEC, which follows the scale of economics rule. Specific TPEC cost in Scenario C is
decreased by 5-6% (for 10 bar, 450-500°C, 60 TPD) and 12% (1 bar, 450-500°C, 60 TPD) as
compared to scenario A. The major share of OPEX is the biomass feedstock price. Overall
OPEX cost is higher in scenario B where woodchips are purchased at market rate. The
difference is around 7-8.5% (450-500°C, 1-10 bar, 50-60 TPD). In Scenario A, increasing
pressure from 1 bar to 10 bar increased OPEX ~6-8% (450-500°C, 40-60 TPD). Scenario C
gives higher OPEX than scenario B, around 50-55% due to purchase of heat and electricity.
Cost of biocarbon production ($/GJ) is higher in Scenario B than Scenario A by ~5% (1 bar,
450 -500°C, 55-60 TPD) and ~4% (10 bar, 450-500°C, 55-60 TPD). There is an advantage
of woodchips purchase by ~1% regarding production cost at lower scale for the base scale of
10 TPD and carbonization temperature below 400°C. In Scenario A increasing pressure

from 1 bar to 10 bar increased production cost of biocarbon ($/GJ), with ~9.7% at a
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temperature of 300°C and 1.3% at 500°C, both in the production range of 50-60 TPD, which
can be regarded as insignificant.

Scenario C, with biooil as co-product, exhibits a large decrease in the production cost of
biocarbon ($/GJ) of 40-44% (1 bar, 450-500°C, 40-60 TPD) and 30-36% (10 bar, 450-
500°C, 40-60 TPD).

However, increasing the pressure from 1 bar to 10 bar decreased the yield of biooil due to
increased biocarbon yields at elevated pressure. Under Norwegian conditions, supply of
woodchips instead of logwood to the plant gate increases the supply cost of biomass by 18%
(independent of the operating conditions).

Cost of biomass supply increased from 4.75 $/GJ to 7.15 $/GJ by increasing the
transportation distance of logwood supply from forest to the plant gate from 20 to 220 km.
This also suggest that cost of biocarbon production increase linearly at a rate of 0.5 $/GJ for
every 40 km transport distance for the best selected case for metallurgical industry (60 TPD
at 500°C). Case D with pressurization of the carbonization reactor with air decreased the
cost of biocarbon by ~1 $/GJ in comparison with nitrogen at the same operating conditions.
Pressurization by air reduced the cost of biocarbon by 0.5 $/GJ at 5 bar and 1 $/GJ at 10 bar
for the same transport distance of forest logwood. Finally, the economic return based on
IRR suggests that highest IRR achieved for scenario C, where biooil is a co-product, which
is due to high market price of woody tar at 500 $/ton. Finally, the TEA reveals the influence
of different grades of biocarbon, i.e. different fixed carbon contents, for metallurgical and
cofiring applications. Higher grades of biocarbon increases the cost of production of

biocarbon, however, for metallurgical industries a relatively high grade is needed.
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Aq
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Csp1p
C

CB' Cop,d' Cop,i' Clabor' COPEX

Cbiocarbon

Cchip
CCOZ,u

Cdryer
Cel,u
Cexpl

Cheat,u
CIN,u

COPEX,u

Creactor
CS,I,i

CTPEC,i
CTPI,u
CTPI

Cirf
Ctr,L
D;
Eppl,i

fep

Plant capacity based on the input biomass mass flow rate (kg/h)

Dryer surface area (m?)

Scaling factor (-)

Purchase cost of base scale equipment ($)

Cost of biomass supply ($)

Cost biomass, direct operating expenses, indirect expenses, cost of labor,
annual operating expenses ($)

Cost of biocarbon ($/GJ)

Biomass chipping and storage cost ($/m’)
Annual income from replacement of fossil fuel to renewable based on

avoided CO, emission ($)
Cost of dryer ($)

Annual income from selling electricity ($)
Forest exploitation cost ($/m*)

Annual income from selling heat ($)
Annual income from selling co-products ($)
Annual operating expenses ($)

Cost of carbonization reactor ($)

Purchase cost of actual equipment ($)

Total purchase cost of equipment ($)
Annual permanent investment cost ($)
Total permanent investment ($)

Fixed transport cost ($/m®)
Variable transport cost ($/m*/m)
Annual salaries ($)

Number of employed people
Cost factor (-)
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Installation module factor (-)

Material factor, pressure factor, installation factor (-)
Overall installation factor (-)

Site factor, building construction factor, land factor, contingency factor,
engineering factor, development fee, commissioning factor (-)
Higher heating value of bark (MJ/kg dry)

Higher heating value of biocarbon (MJ/kg dry)

Higher heating value of biomass (MJ/kg dry)

Higher heating value of dust (MJ/kg dry)

Base year cost index (same arbitrary unit as I)

Labor factor (-)

Equipment train factor (-)

Average biomass transport distance (m)

Gas lower heating value (MJ/kg)

Mass flow rate of dry bark (kg/h)

Mass flow rate of dry biocarbon (kg/h)

Mass flow rate of dry biomass (kg/h)

Mass flow rate of dry sawdust (kg/h)

Biomass production per unit area (kg/m?)

Mass flow rate into the chipper (kg/h)

Logwood mass flow rate (kg/h)
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Power consumption chipper (kW)
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Carbon content in biomass (kg/kg dry ash free biomass)
Carbon content in tar (kg/kg dry tar)

Weight fraction of carbon in produced biocarbon, dry ash free basis (-)
Gas yield of CHy4 (kg/kg dry ash free biomass)

Gas yield of CO (kg/kg dry ash free biomass)

Fixed carbon yield (kg/kg dry ash free biomass)

Weight fraction of hydrogen in produced biocarbon, dry ash free basis (-)
Hydrogen content in biomass (kg/kg dry ash free biomass)
Hydrogen content in biomass (kg/kg dry tar)

Gas yield of H, (kg/kg dry ash free biomass)

Weight fraction of oxygen in produced biocarbon, dry ash free basis (-)
Oxygen content in biomass (kg/kg dry ash free biomass)
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Overall heat utilization efficiency

Critical moisture content on dry basis (kg/kg)
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A Ash content in biomass (kg/kg dry biomass)
d Particle diameter (mm)
FC Fixed carbon content in biocarbon (kg/kg dry biocarbon)
g Equipment scale index (-)

h Number of dryer stages

I Cost index (arbitrary unit)

L/M Labor to module cost ratio (-)

n Train cost factor (-)

p Pressure (bar)

r Interest rate

S Actual equipment size (arbitrary unit)

T Temperature (°C)

u Plant lifetime in years

v(a) Normalized drying curve (-)

Z Current moisture content on dry basis (kg/kg)
[od Normalized moisture content (-)

B Discount factor

Subscripts
i Equipment index
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944  Figure 1. Biocarbon production process flow diagram
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946  Figure 2. Aspen Plus model for logwood handling and thermal drying
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1039

1040 List of Tables

1041 Table 1. Feedstock characteristics (Proximate and ultimate analysis, heating value)

©CoO~NOUTA,WNPE

Input fuel Spruce Spruce Spruce  Spruce
10 stem wood bark forest
11 wood chips residues
12 Fixed carbon (% wt. dry)  27.27 19.65 26.85 24.49
Volatiles (% wt. dry) 72.43 79.97 70.62  69.82
13 Ash (% wt. dry) 0.30 0.38 253 5.69

15 C (% wt. dry ash free) 4738 4878  49.09  51.53
16 H (% wt. dry ash free) 6.40 6.27 6.06 6.51
17 O (% wt. dry ash free) 46.1 448 444 415
N (% wt. dry ash free) 0.09 0.13 0.45 0.44
18 S (% wt. dry ash free)  0.01 0.01 0.02 002
19 Cl (% wt. dry ash free)  0.002 - 0.04  0.02

21 HHV (MJ/kg dry) 19.90 20.13 20.25 19.94
22 1042

24 1043 Table 2. Woodchips size distribution

26 Size distribution (mm)  Weight fraction

28 63 —45 0.04
30 45-31.5 0.08
32 31.5-16 0.69
16—8 0.06
37 8—3.15 0.09

39 3.15-0 0.03

41 1044
43 1045
45 1046
1047
50 1048
52 1049
o4 1050

1051
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Table 3. Mass balance distribution (kg/kg dry ash free biomass) for 500 °C at different pressures

Energy & Fuels

Pressure [bar]

1 4 8 12 16 20

CHAR 0.30968 0.32469 0.34525 0.36642 0.38820 0.41059
BIOOIL(tar + water) 0.58667 0.57541 0.56000 0.54413 0.52780 0.51101
Tar 0.36039 0.34069 0.31372 0.28594 0.25735 0.22797

Phenol 0.18020 0.17035 0.15686 0.14297 0.12868 0.11398

Acetic acid 0.18020 0.17035 0.15686 0.14297 0.12868 0.11398
Water 0.22627 0.23472 0.24629 0.25819 0.27045 0.28305
GAS 0.11028 0.10647 0.10124 0.09586 0.09033 0.08463
H, 0.00036 0.00036 0.00036 0.00036 0.00036 0.00036
CH, 0.00727 0.00727 0.00727 0.00727 0.00727 0.00727
C,H, 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001
CO 0.05131 0.05131 0.05131 0.05131 0.05131 0.05131
CO, 0.05133 0.04752 0.04229 0.03691 0.03138 0.02568
TOTAL (CHAR+BIOOIL+GAS) 1.00663 1.00657 1.00649 1.00641 1.00632 1.00624

Table 4. Specification of process design parameters used in the analysis

Process parameter Value
Biocarbon output 10 ton/day
Raw logwood moisture (wet state) 20 - 60%
Bark content (weight fraction) 8%

Air temperature to the dryer 170 °C
Air pressure to the dryer 2 bar
Chips moisture content after dryer (wet state) 10%
Pyrolysis temperature 300 —500 °C
Pyrolysis pressure 1 —10 bar
SH steam temperature 550 °C
SH steam pressure 60 bar

[P steam temperature 550 °C

IP steam pressure 20 bar

LP steam temperature 220 °C

LP steam pressure 4 bar
Condensate temperature 80 °C
Feed water temperature after economizer 145 °C
Flue gas to stack temperature 120 °C
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1080

1081
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1088
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Table 5. Overview of the different scenarios

Scenario Feedstock Pressurized Electricity Products
gas production
A Logwood Nitrogen Yes Biocarbon -
B Woodchips Nitrogen Yes Biocarbon -
C Logwood Nitrogen No Biocarbon Biooil
D Logwood Air Yes Biocarbon -
55
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Table 6. Biocarbon process equipments for the base scale scenario A (10 ton/day, 500 °C, 10 bar)

Equipment Scale Base Actual  Max  Cg.;, Ul g  foverm TPEC; Cg); Ref
specification  scale scale load/  MMS$ MMS$
Sy S train MMS$
Logwood Mass, 335 2.26 110 1.000 1.457 0.6 2.34 0.174 0.591 40
Storage ton
Debarking Mass flow 36.0 2.08 85 1.008 1.457 0.6 2.34 0.182 0.621 40
And Chipping rate,
With Auxiliary ton/day
Equipment
DRYER - 3 surface area, - - - - 1457 - 256 0.604  2.250 4
Stages Belt m’
Dry Woodchips ~ Mass flow 33.5 1.33 110 1.000 1.457 0.6 2.34 0.123 0.418 40
Storage rate,
ton/day
Chips Conveyor ~ Mass flow 33.5 1.33 110 0350 1457 0.8 237  0.027 0.091 40
rate,
ton/day
Pyrolysis Weight of - - - - 1946 - 414 0452 3.642 38
Reactor the vessel,
kg
Compressor Power, MW 10 0.015 - 6.030 1457 0.6 251 0.076 0.278 40
Biocarbon Mass flow 33.5 0.42 110 0.350 1.457 0.8 2.37 0.010 0.036 40
Conveyor rate,
ton/day
Biocarbon Mass, 335 0.42 110 1.000 1.457 0.6 2.34 0.058 0.197 40
Storage ton
Steam Turbine MWe 10.3 0.13 - 5100 1457 0.7 237 0236 0.815 40
And Steam
System
Burner Volumetric 1.0 83142 - 0.002 1.457 0.7 2.19 0.214 0.682 37
flow rate
m’/h
Flue Gas Volumetric 10 1.94 64 0.053 1457 0.5 2.50 0.023 0.085 37
Scrubber flow rate
m’/s
Bag Filter Volumetric 1 1.94 - 0.005 1474 1 250 0.009 0.034 37
flow rate
m/s
Total  2.188 9.741
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1103 Table 7. Purchase equipment cost (TPEC, MMS$) for the different scenarios (10 ton/day, 500 °C, 10 bar)

=
o

[
-

Equipment Name Scenario A Scenario B Scenario C Scenario D

el
W N

Feedstock Storage 0.174 0.160 0.174 0.174

=
[62 ¥

Debarking And Chipping

With Auxiliary Equipment 0.182 0.000 0.182 0.182

e
~N o

Dryer - 3 Stages Belt 0.604 0.604 0.604 0.604

2
© ©

Dry Woodchips Storage 0.123 0.123 0.123 0.123

N
o

Chips Conveyor 0.027 0.027 0.027 0.027

NN
N -

Pyrolysis Reactor 0.452 0.452 0.452 0.452

NN
W

Nitrogen Compressor 0.076 0.076 0.076

N
ol

Air compressor 0.070

NN
~N O

Biocarbon Conveyor 0.010 0.010 0.010 0.010

N
[os]

Biocarbon Storage 0.058 0.058 0.058 0.058

W N
o ©

Steam Turbine And Steam System 0.236 0.236 0.000 0.236

w
=

Burner 0.214 0.214 0.137 0.214

w w
w N

Flue Gas Scrubber 0.023 0.023 0.017 0.023

w
N

Bag Filter 0.009 0.009 0.005 0.009
Total Purchase Equipment Cost (TPEC) 2.188 1.992 1.865 2.188

wWww
~N O Ol

Total Purchase and Installation Cost 9.741 9.073 8.639 9.741

w w
o

Total Permanent Investment (TPI) 13.424 12.504 11.906 13.424
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Table 8. Cost associated factors to estimate the Total Permanent Investment (TPI) **

Factor Cost associated factors ~ Typical value Adopted value
fiite Site preparation 0.05-0.2 0.05

fbuilding Bu11d1ngs 0.05-0.1 0.05

flana Land 0.05-0.1 0.05

feont Cost of contingency 0.05-0.15 0.05

feng Engineering 0.02-0.05 0.02

fiey Project development and 0.02 — 0.03 0.02

feom Commissioning 0.1 0.1

Table 9. Labor cost for base scale plant of 10 ton/day biocarbon production

Position Employed people, E,;  Salary $/year, D; Scaling factor, b;
Plant Manager 1 120000 0
Plant Engineer 1 96000 0.6
Maintenance Support 1 72000 0.6
Lab Manager 1 72000 0
Shift Supervisor 1 72000 0.6
Lab Technician 1 72000 0.6
Maintenance Tech 1 72000 0.6
Shift Operators 4 72000 0.6
Yard Employees 1 60000 0.6
Clerks & Secretaries 1 72000 0.2
Total labor cost $996 000

Table 10. Indirect operational costs C,p;

Indirect (Fixed) Operational Reference value

Cost

Maintenance, Cppaint
Administration, C,qm,

Insurance, Cipsur

2% Crpp
2% Crpp
1% Crpp
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Table 11. Annual OPEX for different scenarios (10 ton/day, 500 °C, 10 bar)

Parameter Scenario A Scenario B Scenario C Scenario D
Biomass Supply 926 558 1099 583 926 558 926 558
Fresh Water 593 593 432 593
Waste Water Treatment 10 159 10 159 7411 10 159
Fly Ash Disposal 495 495 261 495
Nitrogen 333793 333793 333793 -
Electricity - - 46 923 -

Heat - - 248273 -

Labor cost 996 000 996 000 996 000 996 000
Maintenance 268 479 250079 238 128 268 468
Administration 268 479 250079 238128 268 468
Insurance 134 240 125039 119 064 134 234
Total, $/year 2 938 796 3065819 3154971 2 604 974

Table 12. Biomass supply variables under Norwegian conditions

Parameter Value

Biomass density 500 kg/m’
Forest exploitation cost 200 NOK/m®
Cost of chipping (if buying chips) 48.4 NOK/m®
Fixed transport cost 24 NOK/m*
Variable transport cost 0.6 NOK/m*/km
Annual biomass production 1000 ton/km’

1 NOK in USD 0.12 USD/NOK

Table 13. Coefficients for biomass cost supply calculation

Coefficient A —logwood B — woodchips
Xo -325331 -400648
Xr 657 847

Xp 777531 913153
Xw -4992 -4987
XrT 0.34 0.35

Xpp 31453 36902
Xww 34.1 334

XTp -2015 -2369
XTw 223.74 262.85
Xpw -10206 -11984
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Table 14. Financial parameters for biocarbon plant construction

Financial parameter

Values/assumptions

Debt equity ratio

Depreciation model

70-30

Straight line depreciation model, depreciation period 20 years

Construction and commissioning duration 3 years period

% required capital during construction

and commissioning
Income tax rate

Loan repayment period
Interest rate
Currency and reference year

Plant cost update

30% year 1, 40% year 2 and 30% year 3

28%

10 years

7%

US$ (2015)
CEPCI 2015

Table 15. Direct variable operational costs and reference values for operational income **

Parameter Value

Fresh water 0.4865 $/m’
Waste water 8.34 $/m’
Fly Ash disposal 40 $/ton
Nitrogen 0.353 $/Nm’
Electricity (scenario C) 0.111 $/kWh
Heat (scenario C) 70 $/MWh
Heat price 70 $/MW
Electricity price 0.111 $/kWh
CO, intensity (Norway crude oil) 6.2 gCO,/MJ
CO, avoided emission 70 $/ton
Biooil price 500 $/ton
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