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Abstract 7 

This work deals with techno-economic analysis studies in the context of production of 8 

various grade biocarbon for utilization as reducing agents in metallurgical industries. A 9 

detailed process design was developed for wood handling, debarking, chipping, drying, 10 

carbonization, and combined heat and power production using Aspen Plus for 10 ton per 11 

day (TPD) biocarbon output. A Fortran based user defined function was developed for the 12 

carbonization process by considering pressure, temperature and particle size effects using a 13 

Box – Behnken approach. The empirical correlation indicates a strong influence of 14 

temperature as well as a significant influence of pressure and particle size on the biocarbon 15 

yield and its fixed carbon content. Fixed carbon content increases with temperature, pressure 16 

and particle size. Mass and energy balance results from Aspen Plus provided necessary 17 

results for cost parametrization considering three influencing parameters; temperature, 18 

pressure and plant scale on the equipment costs, operating expenses and production cost of 19 

biocarbon. Four scenarios are compared i.e. logwood supply, woodchips supply, co-20 

production of biooil and replacing the carbonization agent from nitrogen to air. The results 21 

indicate that logwood supply is more economical than supplying woodchips to the plant 22 

gate. Economic benefits in terms of cost is ~5% (at 1 bar and 450-500ºC, 55-60 TPD) and 23 

~4% (at 10 bar, 450-500ºC, 55-60 TPD). Co-production of biooil decreased the production 24 

cost of biocarbon ($/GJ) by 40-44% (at 1 bar, 450-500ºC, 40-60 TPD) and 30-36% (at 10 25 

bar, 450-500ºC, 40-60 TPD), respectively. Finally, the economic return based on IRR 26 

suggests that highest IRR is achieved for scenario C, where biooil is a co-product, it is due 27 
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to high market price of woody tar at 500 $/ton. Transportation of forest biomass (logwood) 28 

from 20 to 220 km increased the cost of logwood from 4.75 $/GJ to 7.15 $/GJ, which is 29 

significant in terms of operating cost. 30 

 31 

Keywords: Biocarbon/Charcoal, Carbonization, Process design and simulation, 32 

parametric cost modelling 33 

 34 

1. Introduction 35 

Norwegian metal production industries are facing challenges with respect to CO2 emissions. 36 

According to Statistics Norway 1, metallurgical industries use large quantities of pit coal 37 

briquettes, about  541990 tons per year, and coal coke and semi-coke, around 353818 tons 38 

per year, as reducing agent during production. As well, wood charcoal is used in these 39 

sectors in the amount of 26000 tons annually. Under Norwegian conditions, 100% of the 40 

charcoal is imported. The major source of bioenergy in Norway is forest biomass 2 and the 41 

main kinds of trees are spruce, pine, birch and alder 3. In that perspective, Norway has 42 

potential to utilize forest woody biomass as an attractive alternative feedstock for the 43 

production of high value energy carriers such as charcoal/biocarbon. Charcoal/biocarbon is 44 

produced in a thermochemical conversion process that operates under inert atmosphere or 45 

starved oxygen condition called carbonization 4, 5. Traditional carbonization processes are 46 

heavily criticized due to the low yield of charcoal and direct emissions generated by these 47 

industries 6. Charcoal is considered to be an international commodity; charcoal production 48 

in these traditional production processes demands a long residence time and gives a low 49 

charcoal yield 
4, 7

. According to worldwide charcoal utilization, 50 million tons of charcoal 50 

is consumed for various industrial uses, for example as reducing agent 8, co-firing and as a 51 

domestic cooking fuel in developing countries 6. With an assumption of 15% average 52 
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charcoal yield on dry wood basis, there is a consumption of 1 billion m3 of woody biomass. 53 

Hence, there is a demand for more sustainable charcoal production processes to be applied 54 

in the industrial sector. As well in the European region, there is large consumption of coal, 55 

coke and other fossil derived synthetic carbon as reductants in the metal production 56 

industries. This is causing a wide range of damaging effects such as emission intensity raise 57 

and health hazards. To tackle the low yield charcoal production processes and improve the 58 

economic viability, self-sustainable production of charcoal under Norwegian conditions is 59 

highly relevant. Carbonization processes can be classified based on the temperature regimes 60 

of operation in the pyrolysis process as a low temperature carbonization (torrefaction) and 61 

high temperature carbonization. This depends on the use of upgraded biomass of different 62 

grades for the purpose of reducing agent in metal production furnaces or co-firing in 63 

furnaces or boilers. Biocarbon product quality is normally assessed based on the fixed 64 

carbon content as the main quality index criteria in several metallurgical industries. 65 

Aluminum production requires very high fixed carbon content, above 95%, whereas SiMn 66 

and FeMn around 95%, Si and FeSi above 70% and SiC above 80%. In that perspective, 67 

carbonization process operating conditions, as peak temperature in the carbonization 68 

process, have an influential effect on reaction paths and biocarbon properties 9, 10. However 69 

increasing the temperature reduces the yield of charcoal. This demands a process that can 70 

mimic the natural process occurring under the earth based on an elevated pressure, which 71 

plays a significant role in improving the yield of charcoal and fixed carbon. Studies on the 72 

influence of elevated pressure dates back to 1853, started by Violette et al. 11. Later, there is 73 

decades of experience from University of Hawaii, and also in collaboration with Norwegian 74 

researchers, by Antal and coworkers on the influence of elevated pressure in a flash type 75 

carbonization reactor for various feedstocks 9, 12-14. Recently, a few works from Australia in 76 

the area of improved charcoal production using an auto-thermal reactor at atmospheric 77 
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conditions have been reported 15, 16. Other important parameters that govern the process are 78 

vapor residence time and heating rates, influencing the charcoal yield and fixed carbon 79 

content 
9, 17

. Depending on the process operating conditions and process reactor the quality 80 

of biocarbon in terms of fixed carbon content, reactivity, porosity and surface area will be 81 

influenced. Based on these properties, biocarbon can be utilized for cooking, residential 82 

heating, peak load boilers, adsorbent, soil conditioning and metallurgical production. In this 83 

context, a detailed techno-economic evaluation of carbonization processes based on plant-84 

gate analysis is carried out under Norwegian conditions. This work deals with techno-85 

economic studies in the context of production of various grade biocarbon as reducing agents 86 

and for co-firing in the metallurgical industries. The plant gate analysis involves process 87 

system analysis using Aspen Plus with user defined functions development using Fortran 88 

expressions for the wood handling zone consisting of debarking, chipping, drying, 89 

carbonization process and combined heat and power (CHP) production. This study also 90 

investigates the influence of process conditions such as carbonization temperature, pressure 91 

and particle size on the overall biocarbon yield through semi-empirical methods. The case 92 

design is developed based on the principles of an integrated process system analysis 93 

approach. A novel simplified multifunctional regression model has been proposed to predict 94 

the product yields as a function of the carbonization process parameters temperature, 95 

pressure and particle size. The study also integrates a heat and power system coupled to the 96 

carbonization process to produce electricity and provide heat to external customers, e.g. 97 

district heat production. A techno-economic value chain is designed for the supply of 98 

biomass from the Norwegian forest, for example spruce, as a potential feedstock.  99 

 100 

2. Process plant design and approach   101 
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Figure 1 shows the process flow diagram for the biomass carbonization plant. Main process 102 

steps are i) feedstock handling consisting of stem wood storage, debarking, chipping and 103 

screening, chips drying, ii) carbonization process and iii) combined heat and power 104 

production. Process plant design is carried out in the commercial software Aspen Plus using 105 

user defined Fortran programming. The commercial process simulation software is based on 106 

the basic engineering relations (mass and energy balance, phase equilibrium and reaction 107 

kinetics). This allows simulating process behaviors including chemical reactions. It is 108 

possible to simulate one block element or the complete integrated system for different 109 

process configurations. In this work, the Peng – Robinson equation of state was used for 110 

properties determination. The advantage of using a cubic form is that it has capability to 111 

handle non ideal behavior for hydrocarbons 18. Details of the process models developed in 112 

each process zone are presented below. 113 

 114 

2.1 Feedstocks characteristics  115 

Norwegian spruce biomass is considered as the feedstock. Fuel characterization such as 116 

proximate analysis, ultimate analysis and heating values are shown in Table 1 for spruce 117 

stem wood, spruce woodchips, spruce bark and spruce forest residues.  118 

 119 

2.2 Process modelling and simulation 120 

Logwood handling system modelling in Aspen Plus: Logwood harvested from the forestry 121 

is transported via trucks to the carbonization plant. Logwood harvested will have a cut length 122 

of 3 m. The diameter of the logwood can vary from 0.15 m to 0.5 m (Norwegian Institute of 123 

Bioeconomy Research). Logwood handling system consists of debarking to remove the bark, 124 

chipping, screening and drying as shown in Figure 2. Details of the sub-process models are 125 

depicted in the following subsections. 126 
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Debarking process: Traditionally, bark separation from the stem wood was usually carried 127 

out for pulping processes. The advantage of bark separation in the pulping process is to 128 

reduce the cooking chemical consumption as well as to avoid contamination due to ash rich 129 

compounds (silica and calcium compounds, dirt) 19. Similarly, bark separation is also 130 

relevant in the biocarbon production for metallurgical industry. The amount of bark on the 131 

stem wood varies according to tree species, for spruce 8-15%, for birch 7-15% and for pine 132 

10-17% 20. According to standard EN14961-2, production of Class A1 pellets from bark for 133 

energy purpose is not suitable due to the high ash content in the bark. In a drum debarker, the 134 

volumetric loading is in the range of 25-35% with a drum speed around 4-7 rpm. In our 135 

estimation we used industrial data (length: 18 m and 5 m diameter) and a residence time in 136 

the debarking process of around 40 mins (Jan 2016). In the Aspen Plus system model, a 137 

simple splitter model is used with user defined expressions. Specific electricity consumption 138 

P [kW] for the debarker (DE) was calculated as shown in equation 1, where XDE – electricity 139 

consumption for static load [kW], SDE – static load [kg/h] and MLOG – logwood mass flow 140 

rate [kg/h]. In the model power requirement for debarker (X��) is 34.5 kW and the static 141 

load (S��) is 85000 kg/h. 142 

P�� = �	

�	


∙ M���   (1) 143 
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7 

 

Chipping and screening: Quality specifications and classes selected in the biocarbon process 144 

value chain is based on the European standards (e.g. EN 14961-1), this includes all solid 145 

biofuels and it is probably targeted for industries, even though it is meant for all groups. The 146 

particle sizes are classified according to standard EN 15149-1. Typically, metallurgical 147 

industries require an ash content below 3% 21.  The chipper model is based on industrial scale 148 

data, implemented as a Fortran expression in the model. Specific power consumption P [kW] 149 

for the chipper (CH) is based on mass flow rate into the chipper according to equation 2. 150 

P�� = ���
���

∙ M�������    	(2)       151 

where X�� – electricity consumption for static load [kW], S�� – static load [kg/h] and MIN-152 

CHIP – mass flow rate into the chipper [kg/h]. A power consumption X�� of 522.5 kW and a 153 

corresponding static load S�� of 36000 kg/h are used as a model parameters. The screening 154 

model is based on the Aspen Plus built in model. Weight fractions data are gathered from 155 

Laitila et al. 22. Weight fractions for the drum and disc chipper used in the model are shown 156 

in Table 2. 157 

Chips drying: The belt dryer model use air as a drying medium. Heat is supplied by flue 158 

gas and LP steam from the CHP unit. Drying rate is calculated based on a drying curve for 159 

woodchips, experimental data is gathered from Johansson et al. 23, and the normalized 160 

drying rate �(�� according to equation 3 is implemented in Aspen Plus, and are shown in 161 

Figure 3 and also included as supplementary data in Appendix D.  162 

v(α� = � !!"#$	%!&'#(	!)$"
%!&'#(	!)$"	*+$	%!&'#(	,"!'-% 					α =

.�./0
.12�./0

                 (3)   163 

where α – normalized moisture content, Z – current moisture content on dry basis [kg/kg], 164 

Zcr – Critical moisture content on dry basis (0.831 kg/kg), Zeq – equilibrium moisture 165 

content on dry basis (0.01 kg/kg)24 depends on the relative humidity and temperature of the 166 

drying medium, air. The drying rate is expressed in kg/(kg/s). For our drying conditions, 167 

reaching a moisture content of 10% is a reasonable assumption, and the normalised drying 168 
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rate have in this work been applied until achieving this moisture content. Air goes first 169 

through heat exchangers (HE) where heat from the recycled air is recovered, next the air is 170 

preheated by flue gas, and the last heat exchanger is used when flue gas is not sufficient to 171 

provide all the heat needed and then low-pressure steam is used. Hot air is split into two 172 

streams, that are directed to the second and third stages. After that they are mixed and 173 

directed to the first stage as shown in Figure 4. The heat demand is dependent on the 174 

moisture content in the feedstock. 175 

Carbonization process modelling: A schematic is shown in Figure 5. The heart of the 176 

process design is the carbonization reactor. The sub-model for the carbonization reactor is 177 

modelled through development of an empirical multifunctional regression model using 178 

experimental yields from several literature sources 4, 9, 10, 25. The yields data are included as 179 

supplementary data in Appendix C. The model for the carbonization/pyrolysis is based on an 180 

user defined yield calculator using Fortran expressions. Heat to the reactor is supplied by 181 

flue gas. The pressure in the pressurized pyrolysis is provided by compressed nitrogen or air, 182 

where the air in this work is considered inert with respect to the pyrolysis products 183 

prediction. Pyrogas and biooil are burnt in the combustor to produce heat for the pyrolysis 184 

process and for CHP production. The main product is biocarbon.  185 

Pyrolysis modeling to predict products:  186 
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9 

 

Pyrolysis modeling to predict products is done in accordance with  187 

Neves et al. 26. The model allows prediction of the carbon, hydrogen and oxygen (CHO) 188 

composition of produced biocarbon [kg/kg dry ash free biocarbon] based on empirical 189 

equations, which are correlated to temperature (T) in °C: 190 

Y�,5� = 0.93 − 0.92 ∙ exp	(−0.42 ∙ 10�A ∙ T� , R2
 = 0.65    (4) 191 

Y�,5� = −0.41 ∙ 10�A + 0.10 ∙ exp	(−0.24 ∙ 10�A ∙ T� , R2 = 0.75  (5) 192 

Y�,5� = 0.07 + 0.85 ∙ exp	(−0.48 ∙ 10�A ∙ T� , R2 = 0.56   (6) 193 

These equations are reasonable and validated for woody biomass by Neves et al. 26. 194 

Woodchips produced in the chipper below 3.15 mm becomes dust (sawdust) and above 45 195 

mm is reintroduced into the chipper. The model was developed by gathering literature data 196 

for the biocarbon yield.  197 

Biocarbon yield by statistical design:  198 

Biocarbon yield (Ybiocarbon) was introduced by a Box – Behnken approach. This approach is 199 

rotatable and requires three levels for each factor. The main purpose is to optimize the 200 

response surface, which is impacted by the process condition 
27, 28

. This approach can be 201 

expressed by equation 7. 202 

 G = HI +∑ HKLKM
KN* + ∑ HKKM

KN* LKA + ∑ ∑ HKOLKLOM
ONA

M�*
KN* + P   (7)  

where x1, x2, …, xk are the input variables which influence the response of y, β0, βi, βii (i = 1, 203 

2, …, k), βij (i = 1, 2, …, k; j = 1, 2, …, k) are unknown parameters and P is a random error. 204 

The β coefficients are obtained by the least squares method 27. The developed biocarbon 205 

yield [kg/kg dry biomass] function (QRKSTUVRSW) is shown in equation 8.  206 

YX'-�)!X-#=126.3-0.3406·T-4.5·p+4.13·d +0.00031·T2+0.19·p2-0.204·d
2
         (8) 207 

+0.0050·T·p-0.00971·T·d+2.29·p·d,    R2 = 0.90 208 

where T is temperature in °C, p is pressure in bar and d is particle diameter in mm.  209 
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10 

 

Gas yields [kg/kg dry ash free biomass] are based on empirical equations which are 210 

functions of temperature (T in °C, in the range 350 – 1000 °C) 26. Main gas compounds in 211 

the pyrolysis gas are usually H2O, H2, CH4, C2H4, CO and CO2. 212 

Y�A = 1.145 ∙ (1 − exp(−0.11 ∙ 10�A ∙ T��Y.Z[\ ,  R
2
 = 0.94   (9) 213 

Q]^ = Q_A ∙ *
Z∙*I`ab c.cade

fg(h ijd�⁄ `l.dj
   ,   R2 = 0.73   (10) 214 

Q]_\ = −2.18 ∙ 10�\ + 0.146 ∙ Q]^  ,  R2 = 0.88   (11) 215 

Additionally an equation for the pyrolysis gas LHV in MJ/kg was used to calculate the 216 

energy balance of the pyrolysis process (T in °C) 26. 217 

nopqrs = −6.23 + 2.47 ∙ 10�A ∙ t,  R2 = 0.78, 300-900°C          (12) 218 

The Neves et al. 26 correlations indicate that there is a weak relationship between the 219 

elemental composition of tar and pyrolysis temperature. The recommended correlations 
26

 220 

for the tar elemental composition [kg/kg dry tar] is shown in equations 13 to 15. 221 

Y�,$)! = 1.14 ∙ Y�,X'-u)++    (13) 222 

Y�,$)! = 1.13 ∙ Y�,X'-u)++    (14) 223 

Y�,$)! = 0.80 ∙ Y�,X'-u)++    (15) 224 

where QK,RKSvUww is the biomass elemental composition [kg/kg, dry ash free basis]. 225 

The products carbon dioxide (CO2), ethylene (C2H4) and biooil (organics and water) are 226 

calculated based on (C, H, O) balances and energy balance based on LHV by solving a set 227 

of equations in the spreadsheet solver.  The reader should understand that by implementing 228 

this pyrolysis products modelling approach the pressure influence only adheres directly to 229 

the biocarbon yield and indirectly to the yields of biooil and gas, however, not directly to 230 

their composition. I.e. this means that to satisfy conservation of mass, elements and energy, 231 

the unknowns in the gas composition must be adjusted accordingly. As C2H4 is a minor 232 

species compared to the other remaining unknown carbon containing gas species, i.e. CO2, 233 

the CO2 concentration must then be adjusted to satisfy the conservation laws. Even if this 234 
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results in an incorrect gas composition as a function of pressure, this do not really matter in 235 

this work, as it is the energy content and the elemental composition of the gas that matters, 236 

and not the species composition.   237 

The model assumes that biooil consists of two model compounds, acetic acid (CH3COOH) 238 

and phenol (C6H6O), in addition to water. The mass ratio is assumed to be 1:1 when closing 239 

the mass balance, which is reasonable assumption due to decomposition of cellulose and 240 

lignin in a wider temperature range for slow pyrolysis conditions. The yield functions 241 

developed in the Excel solver are reintroduced as Fortran functions in Aspen Plus. The 242 

model is able to close both mass and energy balances in the temperature range of 300 to 243 

500°C and in the pressure range 1-20 bar. Mass balance results for the carbonization model 244 

at 500°C and varied pressure are shown in Table 3. According to the validated results, the 245 

gas yields do not change very significantly for pressurized carbonization under slow 246 

pyrolysis conditions 
29

.     247 

Pyrolysis reactor sizing and scaling: 248 

The concept of the pressurized reactor is based on Flash CarbonizationTM by Antal et al. 12, 29, 
249 

30. The design idea is to use 2 or 3 pressurized vessels in a swing mode (semi – continuous) 250 

as shown in Figure 6(a) and (b). Woody biomass dried in the belt drier is conveyed to the 251 

pyrolysis reactor and pressurized to the desired carbonization pressure by the carbonization 252 

agent, nitrogen or air. Nitrogen to carbonization reactor is used based on the experimental 253 

data of Lucas et al. 4. The heat for the carbonization process is supplied by flue gas. As a 254 

simplification in this work, the pyrolysis products modelling is independent of using 255 

nitrogen or air as carrier gas, i.e. they are both considered inert agents. This is a justifiable 256 

assumption as in the case of air the amount used is too low to support gasification of char, 257 

and hence a direct influence of the air addition on the pyrolysis process and its products yield 258 

can be neglected. This assumption then enables using the same biocarbon yield model 259 

Page 11 of 60

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
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
53
54
55
56
57
58
59
60



12 

 

independent of the carrier gas, and the choice of the Flash Carbonization reactor then 260 

becomes a generic choice.   261 

CHP: The Aspen CHP flow sheet is presented in Figure 7. Pyrolysis volatiles (biooil) and 262 

non-condensable gases are combusted in the combustor. The combustor is simulated by the 263 

built-in Aspen Plus Gibbs reactor model. Hot flue gas is passing through a series of heat 264 

exchangers (superheater, re-heater, evaporator and flash drum using built in Aspen Plus heat 265 

exchanger models). This mimics an industrial boiler 31, and remaining heat from the flue gas 266 

is passing through the economizer and air preheater. The flue gas after the air preheater 267 

supplies heat to the dryer. Part of the flue gas after the superheater is used to supply heat to 268 

the pyrolysis reactor (as shown in Figure 7). After heat recovery the flue gas goes to the 269 

stack. The production of steam is fixed to 700 kg/h independently from operating conditions, 270 

because the amounts and quality of pyrolysis gas and biooil is varying. HP steam is produced 271 

with a steam quality of 550 °C and 60 bar, and the power to steam ratio is kept constant at 272 

0.18. HP steam is expanded in a series of steam turbines (high pressure, intermediate 273 

pressure and low pressure) where electricity is produced. LP steam after the LP turbine is 274 

used for drying and district heat production. Recycled condensed steam is mixed with the 275 

make-up water and pumped to the economizer.  276 

Details of the design specifications implemented in Aspen Plus are  277 

shown in Table 4. The pressure was limited to 10 bar to avoid extreme combinations of 278 

parameters according to the Box – Behnken approach.  279 

 280 

3. Biocarbon process system efficiency analysis  281 

The details of the mass and energy flows for major identified streams are supplemented as 282 

respectively appendixes A and B for the 10 TPD biocarbon output base case plant. The 283 

tables includes the effect of carbonization process conditions (T, P) on the mass and energy 284 
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flows through the system for logwood entering the plant with 40% moisture content on wet 285 

basis, which is according to the PFD shown in Figure 1. Based on the mass and energy flows 286 

simulation results, overall system efficiencies, that is biocarbon energy efficiency, district 287 

heat (hot water) efficiency, electricity generation efficiency and overall heat utilization 288 

efficiency are illustrated below. The mass and energy flows are also used in the techno-289 

economic analysis. 290 

 291 

3.1 Biocarbon energy efficiency  292 

Elevated pressure results in increased biocarbon yield and higher fixed carbon yield as 293 

shown in Figure 8(a) and (b), where the fixed carbon yield [kg/kg dry ash free biomass] is 294 

defined by  295 

yy� = YX'-�)!X-# ∙ z�
*II�{    (16) 296 

where FC – percent fixed carbon content in the dry biocarbon on mass basis, A – percent 297 

ash content in the dry biomass on mass basis and the biocarbon yield [kg/kg dry biomass], is 298 

defined as 299 

YX'-�)!X-# = 	u|}~1�2|~�
u|}~����

    (17) 300 

where �RKSTUVRSW is the mass flow rate of dry biocarbon [kg/h] and �RKSvUww is the mass 301 

flow rate of dry biomass [kg/h].  302 

As well, to utilize biocarbon in metal production industries, quality criteria for the biocarbon 303 

product vary depending on the type of metal production industry, but generally the fixed 304 

carbon content should be above 70%. This means increasing the operating temperature to 305 

400 – 500 °C. The feedstock moisture content does not influence the biocarbon energy 306 

efficiency, since in each case the feedstock is dried to 10% moisture content on wet basis 307 

before entering the carbonization reactor, however, it influences on the additional energy 308 

requirement for heating up the moisture/water vapor in the pyrolysis process. Hence, in this 309 
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work we have not studied the effect of moisture content on the carbonization process. Even 310 

though the moisture content in the feedstock may have an influence on the biocarbon yield, 311 

we have kept the moisture content of 10% on wet basis which is a reasonable assumption 312 

based on the experimental results from Antal et al. 7. However, increased pressure gives an 313 

increased biocarbon yield while both increasing pressure and temperature also give an 314 

increased fixed carbon yield. This means that there is a coupling between pressure and 315 

temperature in increasing the fixed carbon yield, which is also confirmed by the literature 4, 
316 

9, 13
. In this model the fixed carbon content is only dependent on temperature. 317 

Biocarbon energy efficiency is defined as 318 

ηX'-�)!X-# =	u|}~1�2|~�∙���|}~1�2|~�
u|}~����∙���|}~����

     (18) 319 

where, m – mass flow rate [kg/h], HHV – higher heating value [MJ/kg]. Effect of operating 320 

pressure and temperature on the biocarbon energy efficiency is shown in Figure 8(c). The 321 

trend shows that biocarbon energy efficiency decreases as the peak temperature increases 322 

from 300-500 °C, because of volatiles losses (Figure 8(a)). However, these volatiles losses 323 

favors an increased fixed carbon content in the biocarbon (Figure 8(b)).  324 

 

3.2 Effect of feedstock moisture content on district heat efficiency 325 

District heat efficiency is defined as  326 

η�� = �	�
u|}~����∙���|}~����

     (19) 327 

where ��_ – heat available for district heat production [MJ/h]. Moisture content has strong 328 

influence on district heat efficiency (Figure 9). Increasing the pyrolysis temperature 329 

improves district heat efficiency (Figure 9), which is because the production of volatiles are 330 

higher and they are used as fuel. Increasing the pressure causes a slight decrease in district 331 

heat efficiency because it favors secondary pyrolysis reactions and hence less tar is 332 

produced. For the wood having 60% moisture, there is no district heat production for export, 333 
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all the low-pressure steam is consumed for thermal drying of the feedstock (Figure 9(c)). 334 

Extra heat is needed and this penalty equals 8 – 9.4% of the HHV of input biomass.  335 

 336 

3.3 Electricity generation efficiency 337 

Electricity generation efficiency is defined as  338 

η"� =	 Z.�∙�/�
u|}~����∙���|}~����

     (20) 339 

where P"� – electricity output from the turbines [kW]. Base case steam production is fixed to 340 

700 kg/h at all operating conditions. This is due to variations in the quality and quantity of 341 

produced fuel (pyrolysis gas and biooil). At lower temperatures less fuel is produced and 700 342 

kg/h is minimum steam load. Base case electricity produced in the steam turbine is 127.95 343 

kW, which is according to the fixed steam load to the turbine. Total production of biocarbon 344 

is set to 10 TPD biocarbon output in the base case model. Raw feedstock mass flow rate is 345 

changing according to biocarbon yield, which is a function of temperature and pressure. 346 

Electricity consumption is calculated based on mass flow rate in each equipment. Electricity 347 

generation efficiency is shown in Figure 9(d). Electricity generation efficiency decreases 348 

with increasing temperature, which is because the yield of biocarbon decreases. However, 349 

the steam load is set to minimum level and a portion of the steam is fed to the drying zone, 350 

which is depending on the moisture content. Low-pressure steam bleeded from the steam 351 

turbine is used for the district heat production. 352 

 353 

3.4 Effect of feedstock moisture content on overall heat utilization efficiency 354 

Overall heat utilization efficiency is defined as  355 

η-�"!)�� = ηX'-�)!X-# + η�� + u|�2�∙���|�2�bu����∙�������
u|}~����∙���|}~����

    (21) 356 

where η – efficiency, m – mass flow rate [kg/h], HHV – higher heating value [MJ/kg dry]. 357 

Bark and sawdust (assuming the same composition and heating value as woodchips) are also 358 
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taken into account when calculating the overall heat utilization efficiency. Note that the 359 

overall efficiency do not include district heat negative efficiency, the meaning with showing 360 

(later) a negative efficiency for district heat is to show that additional external heat is 361 

required to supplement the district heat plant, or alternatively the bark and sawdust could be 362 

burned to maintain the heat production. As shown in Figure 10, the model predicts higher 363 

energy efficiency in the low temperature range (300 – 350 °C), however the quality of the 364 

biocarbon mimics torrefaction quality, which is below 66% fixed carbon content. Overall 365 

heat utilization efficiency decreases almost linearly with increasing pyrolysis temperature. 366 

There is a strong influence of feedstock moisture content on the overall heat utilization 367 

efficiency (Figure 10); increasing moisture content means a higher energy consumption for 368 

drying. Increasing pressure also increases the heat utilization efficiency due to increasing 369 

biocarbon yield. 370 

 371 

4. Techno – economic analysis (TEA) 372 

The next stage of the model is techno – economic analysis, which allows estimating the 373 

costs associated with production of biocarbon as a function of three parameters: scale of 374 

production and process temperature and pressure. Aspen Plus results developed for the base 375 

case (10 TPD) is based on a fresh logwood moisture content of 40%. TEA analysis is 376 

conducted based on the hierarchical three factors simulation coupled to cost parametric 377 

analysis. Four different scenarios are identified to analyze the biocarbon value chain. 378 

Statistical simulation experiments (Box – Behnken approach) have been used for simulation 379 

of experimental design and the results of mass and energy balances for each scenario are 380 

used as input to the cost modeling. Parametric cost modeling functions are developed using 381 

the cost models based on the three factors Box-Behnken approach. The obtained results 382 
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were used to assess economic viability. The TEA modelling method is described in the 383 

flowchart shown in Figure 11. 384 

 385 

4.1 Scenario description  386 

Four scenarios are identified for the biocarbon value chain studies as shown in  387 

 388 

 389 

 390 

 391 

Table 5. 392 

Scenario A is based on the transport of logwood from the forest to the plant as shown in 393 

Figure 12. In this scenario, logwood handling is considered similar to the pulp and paper 394 

industries' practices. The feedstock is fresh logwood that is processed in the plant's wood 395 

handling zone involving storage, debarking, chipping and drying, followed by the 396 

carbonization and CHP. Here in this case, pyrolysis vapors, both non-condensable gases and 397 

condensable hydrocarbons are burnt in the CHP plant. The main product of this scenario is 398 

biocarbon. Electricity and district heat are co-products. After internal utilization of steam to 399 

the plant for woodchips drying, the excess heat generated can be sold to nearby industrial 400 

cluster office buildings. 401 

In Scenario B, shown in Figure 13, the woodchips are transported to the plant gate and it is 402 

investigated how far the production cost of biocarbon deviate from scenario A. The wood 403 

handling process steps are woodchips storage and drying (debarking and chipping are 404 

eliminated). All other steps remain the same as in scenario A. The main product is 405 

biocarbon, co-products are electricity and district heat.  406 

In Scenario C the CHP plant is eliminated as shown in Figure 14. Here the pyrolysis vapors 407 

are quenched in the condenser to produce the biooil and this will be sold as a co-product. 408 
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The feedstock is fresh logwood that is processed in the plant pretreatment zone. Pyrolysis 409 

gas is burnt in a gas burner and heat is supplied to the dryer and pyrolysis reactor by indirect 410 

heat exchangers. Excess heat required for the dryer is supplied by the external heat supply 411 

(e.g. burning the bark and sawdust). As well, additional electricity required for the process is 412 

supplied from the grid. This makes sense as rather cheap electricity is available from the 413 

Norwegian hydropower dominated electricity grid. The main products are biocarbon and 414 

biooil. The price for biooil (tar) is set to 500$/ton according to market price. There is 415 

possibility to cut down Norwegian wood tar import. According to the statistics, the annual 416 

wood tar import is 250 tons 32, which is a small amount. However, there are other alternative 417 

markets for tars/biooil, for example extraction of valuable chemicals.  418 

Scenario D is a copy of scenario A with a change of compression gas. Air is used instead of 419 

nitrogen as it is used in Flash CarbonizationTM by Antal et al. 29, 30. This will reduce the costs 420 

associated with the supply of nitrogen. The scenario configuration is shown in Figure 15. 421 

 422 

4.2 Purchase equipment and installation costs 423 
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The purchase equipment cost is defined as  424 

����],K = ���,��(� �R⁄ ��      (22) 425 

where CTPEC,i is the purchase equipment cost in $ evaluated for each equipment i, ���,�� is 426 

the base year purchase equipment cost in $ for base-case equipment size �R (arbitrary unit), 427 

g is the equipment scale index, S is actual equipment size (in the same arbitrary unit) based 428 

on scale specification. 429 

The purchase equipment and installation cost were evaluated based on the function defined 430 

by Kempegowda et al. 33, 34, which is a modified version of the Guthrie-Ulrich method 35, 431 

and includes pressure, materials and required auxiliary systems, i.e., electric system, piping 432 

and valves, instrumentation and control, through simple multiplication factors. 433 

The purchase equipment and installation cost in $ for each equipment i is defined as:  434 

��,�,K = �S��VU������],K(� �R⁄ �� W�W�      (23) 435 

where the cost index I (arbitrary unit) used in this study is based on the Chemical 436 

Engineering Plant Cost Index (CEPCI). It is updated for the year 2015 and �R is the cost 437 

index (in same arbitrary unit as I) in the base year, � W�W� is the train cost factor since the ¡th 438 

train is relatively cheaper than the train number ¡R of the reference base case because both 439 

can use part of the auxiliary equipment, the parameter �  is assumed to 0.9 36. Overall 440 

installation factor is  441 

�S��VU�� = �vU �¢�KWw      (24) 442 

where �� is the pressure factor, �vU  is the material factor and �KWw  is the installation factor. 443 

The installation factor varies based on the type of equipment in the process value chain. This 444 

is evaluated based on equation 25.  445 

�KWw  = 1 + �£¤1 + (n ¥⁄ ��¦§      (25) 446 
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with �£ and (n ¥⁄ � representing installation module factor and labor to module cost ratio 447 

and �¦ = 1.47 is the labor factor for Norway. Coefficients for each process equipment were 448 

used based on Wood et al. 37. 449 

Overview of process equipments for the Aspen Plus base scale is shown in  450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 

 462 

 463 

 464 

 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

Table 6.  473 
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The cost calculation for the dryer is based on the surface area of each stage in accordance 474 

with equation 26. 475 

C%!&"! = h(15000 + 10500A%�     (26)  476 

where Ad is the surface area of the dryer in m2 and h is the number of stages. The cost is 477 

calculated in $ in base year 1998. Other factors are presented in  478 

 479 

 480 

 481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 

 492 

 493 

 494 

 495 

 496 

 497 

 498 

 499 

 500 
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Table 6. The cost of the carbonization reactor is calculated based on the weight of vessels, 501 

assuming three hot reactors, whereof one heating and one cooling section are used to ensure 502 

the continuity of the process. The cost of each reactor is equal  503 

�V�UT SV = 73�T¢«�
I.��μ      (27) 504 

where fcp is the cost factor, «� is the weight of one vessel in kg, µ is the total number of 505 

vessels. The cost is calculated in $ in base year 2002. Other factors are presented in  506 

 507 

 508 

 509 

 510 

 511 

 512 

 513 

 514 

 515 

 516 

 517 

 518 

 519 

 520 

 521 

 522 

 523 

 524 

 525 

 526 

 527 

 528 
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Table 6. As well,  529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 

Table 7 presents the base scale TPEC costs for the different scenarios based on the cost 541 

components involved in the process chains. Purchase equipment cost decreased significantly 542 

for scenario C, due to removal of the CHP unit. TPEC for scenario A and D is the same 543 

because there is only a change in pressurizing medium. 544 

 545 

4.3 Total permanent investment 546 
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The total permanent investment [$] include the cost components outside the battery limit 547 

(OSBL). These are coupled to purchase equipment installation factors through equation 28. 548 

This is based on the work of Kempegowda et al. 
33

.  549 

C­�� = ®∑ C�,�,'' ¯°1 + f+'$" + fX '�%'#( + f�)#%²°1 + f�-#$ + f"#(²¤1 + f%"� + f�-u§           (28) 550 

where ®∑ ��,�,KK ¯	is the total purchase and installation cost in $, for the overall plant, and �K 551 

represent additional costs factors including civil work associated with site preparation and 552 

process-equipment building, offsite accessibility and services, contingency margin, 553 

contractors, land, royalties and patents. Cost factors are shown in 554 

 555 

 556 

 557 

 558 
 559 
 560 
 561 
 562 
 563 
 564 
 565 
 566 
 567 
 568 
 569 
 570 
Table 8. Cost associated factors to estimate the Total Permanent Investment (TPI) 33  571 

 572 

 573 

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 

fcont Cost of contingency 0.05 – 0.15 0.05 

feng Engineering 0.02 – 0.05 0.02 

fdev Project development and licenses0.02 – 0.03 0.02 

fcom Commissioning 0.1 0.1 
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. 574 

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

Table 7. According to Timmerhaus et al. 
38

 total purchase and installation cost is typically 4 576 

– 5 times higher than TPEC for solids processing. In this model the ratio is around 4.5. 577 

 578 

4.4 Operating expenses 579 
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The operating expenses (OPEX) in $ per annual basis are calculated from 580 

�^��³ = �´ + �S¢,µ + �S¢,K + ��URSV                                       (29) 581 

where CB is cost of biomass supply, �S¢,µ represents the total direct variable, operational 582 

dependent on the annual biomass to biocarbon conversion, �S¢,K is the fixed indirect 583 

operational costs not directly dependent on the amount of biomass processed but required 584 

for having the plant in activity, and ��URSV is the labor cost. 585 

Labor cost in $ is calculated based on the exponential function of employed people Eppl,i and 586 

appropriate annual salaries Di in $ according to equations 30 and 31. 587 

��URSV = ∑ ¶¢¢�,K·KK        (30) 588 

¶¢¢�,K = ¸ �¹º»
��¹¼½

¾
R¿

       (31) 589 

where Pact is actual biocarbon production in TPD, Pbase = 10 TPD. Base scale labor costs and 590 

their scaling factors are presented in Table 9. 591 

The reference values for the fixed indirect operational costs Cop,i are shown in  592 

 593 

Table 10.  The direct variable operational cost �S¢,µ depends on the used media and the 594 

produced wastes, which are proportional to annual plant operating time. The cost of biomass 595 

supply in $ can be estimated from  596 

�´ = ®¥À ÁÂ¢VSµ Ã´⁄ ¯°Ä�Å¢� + ÄTÆK¢ + Ä V,Ç + Ä V,¦nÇ²   (32)  597 

where ¥À Á indicates the plant capacity [kg/h] based on the input biomass mass flow rate, 598 

Â¢VSµ is the annual production time [hours], Ã´ is the input biomass density [kg/m
3
], Ä�Å¢� is 599 

the forest exploitation cost per unit volume of biomass [$/m3], ÄTÆK¢ is the cost for biomass 600 

chipping and storage per unit volume of biomass [$/m3], Ä V,Ç is the fixed transport costs per 601 

unit volume of biomass [$/m3] and Ä V,¦ is the variable (distance-dependent) transport costs 602 

per unit volume and transport distance of biomass [$/m3/m] and  603 
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nÇ = 2®¥À ÁÂ¢VSµ �Ç,�È ¯* A⁄
       (33) 604 

is the average biomass transport distance [m], which depends on the annual biomass 605 

conversion of the plant, with �Ç,� as the biomass production per unit area [kg/m2]. 606 

Annual base scale 10 TPD OPEX for the different scenarios is shown in Table 11. Visible 607 

differences in the costs arise from the various scenario configurations. In scenario B cost of 608 

biomass supply is higher because woodchips used as feedstock is more expensive than 609 

logwood. The lowest OPEX is in Scenario D, where air is used instead of expensive 610 

nitrogen to pressurize the pyrolysis reactor. Scenario C is characterized by the highest 611 

operating expenses due to removal of the CHP unit. The excess heat and electricity must 612 

then be purchased externally. 613 

Biomass supply cost comparison: Biomass supply under Norwegian conditions is the 614 

largest share of OPEX together with labor cost, as shown in Table 11. Biomass supply 615 

variables under Norwegian conditions are shown in Table 12. Two different feedstocks 616 

(spruce logwood and spruce woodchips) were compared at different operating conditions 617 

(temperature and pressure) and scale of biocarbon production. Replacement of logwood for 618 

woodchips resulted in an increased cost in the supply of biomass by 18%, which is 619 

independent of the operating conditions. With the increasing of operating pressure from 1 to 620 

10 bar, there is a decrease of biomass supply cost of around 11% in the carbonization 621 

temperature range of 450 – 500 °C and at a biocarbon production of 45 – 60 TPD. This 622 

attribute is common for all cases, and this is due to the increased yield of biocarbon at 623 

elevated pressure in the carbonization temperature range. The details of biomass supply cost 624 

in MM$/year for various carbonization conditions are supplemented as Appendix E. 625 

Biomass	cost = xI + Tx­ + px, +WxÒ + TAx­­ + pAx,, +WAxÒÒ + Tpx­, + TWx­Ò +626 

pWx,Ò                                                                                            (34) 627 
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where T is temperature in °C, p is pressure in MPa in this equation, W is scale of biocarbon 628 

production in TPD, and the x coefficients for logwood and woodchips are shown in Table 13. 629 

Influence on the overall OPEX: Figure 16(a) and (b) shows the influence of operating 630 

conditions pressure and temperature versus plant scale on the overall operating expenses. 631 

Generally, all cases showed increasing trend for OPEX. Scenario B has higher OPEX, which 632 

is due to higher price of woodchips (284 NOK/m3) supplied to the plant compared to 633 

logwood (236 NOK/m
3
). It also depends on the biomass share of total operating expenses. 634 

The difference is around 7 – 8.5% (450 – 500 °C, 1 – 10 bar and 60 TPD). In scenario A 635 

increasing pressure from 1 to 10 bar increases OPEX by 6 – 8% (450 – 500 °C and 40 – 60 636 

TPD). Scenario C gives higher OPEX than scenario A, around 50 – 55% increase in the cost 637 

of biocarbon is estimated. This is due to purchase of heat and electricity for the auxiliary 638 

utilities in the plant. 639 

 640 

4.5 Economic viability 641 

Economic viability analysis is carried out for the four scenarios described  642 

in section 4.1. Impact of different process configurations, operating conditions (temperature 643 

in the range 300 – 500 °C and pressure in the range 1 – 10 bar) and scale of biocarbon 644 

production (10 – 60 TPD). The results were compared based on the relative difference 645 

between scenarios B, C, D and reference scenario A according to equation 35. 646 

Ó·% = Õ¿�ÕÖ
ÕÖ

∙ 100      (35) 647 

where RD% is the relative difference in percent, Ri is the result for scenario i (i = B, C, D), 648 

RA is the result for reference scenario A. 649 

Financial parameters are gathered in Table 14. Economic viability is calculated based on 20 650 

years plant lifetime with plant operating factor 85% (7446 hours/year). The equipment is 651 
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depreciated according to a straight line depreciation model during a 20 years period. The 652 

investment is financed 30% by equity and 70% by loan. Loan repayment period is set to 10 653 

years with 7% interest rate. The total permanent investment cost (TPI) is updated to US$ 654 

(2015) based on Chemical Engineering Plant Cost Index (CEPCI 2015). According to 655 

Norwegian condition income tax rate is 28%.  656 

Specific plant cost comparison: Specific plant cost TPEC/kW biocarbon output is the cost 657 

associated with the purchased equipments expressed as the cost per unit of product output. 658 

Influence of carbonization process conditions (pressure and temperature) on the TPEC 659 

versus various plant capacities are shown in Figure 17(a), (b) and (c). TPEC follows the 660 

scale of economics rules and shows decreasing trend with increasing plant capacity 33. 661 

Scenario B is around 1 – 8% cheaper compared to scenario A, this is due to scenario A 662 

having more functional units for handling the logwood (debarker and chipper).  663 

Influence of pressure: Elevated pressure in the reactor decreased TPEC, increasing pressure 664 

from 1 to 10 bar (Figure 17(a)) decreases the TPEC around 10% in the temperature range of 665 

450 – 500 °C and for 60 TPD. This attribute is due to the increased biocarbon yield at 666 

elevated pressures. TPEC for scenario C is decreasing relatively to scenario A, the cost 667 

reduction is around 5 – 6% for 10 bar, 450 – 500 °C and 60 TPD and 12% for 1 bar, 450 – 668 

500 °C and 60 TPD. The reason for such decrease is elimination of the CHP unit in scenario 669 

C and production of biooil as a co-product. Pyrolysis gases are burnt in the gas burner and 670 

produced heat is utilized for the drying and pyrolysis reactor. The associated cost is based on 671 

the burner configuration rather on the complete CHP unit. Scenario D is not shown because 672 

it has the same cost as Scenario A, the difference is only in OPEX (air instead of nitrogen). 673 

Influence of temperature: Similarly, influence of carbonization temperature (300 °C to 500 674 

°C) on TPEC are shown in Figure 17(b) and (c). Increasing temperature increases the plant 675 

specific TPEC, which is due to a decreasing biocarbon yield at the same pressure, shown for 676 
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1 bar in Figure 17(b) and 10 bar in Figure 17(c). TPEC almost doubles at high temperature, 677 

however, the quality of biocarbon produced at low temperature carbonization may not be 678 

suitable to replace coke as a reductant, which is due to the high volatiles content and the low 679 

fixed carbon content.  680 

Cost of biocarbon: Cost of biocarbon [$/GJ] is evaluated over the entire lifetime of the 681 

plant, assuming that the project is financed 100% from loan, and is calculated from equation 682 

36. 683 

CX'-�)!X-# =
∑ °×�®�ØÙ},�b�ÚÙ
Û,���ÜÝ,�¯²Þ�ßf

∑ ���|}~1�2|~�,,|1,�Þ
�ßf

    (36) 684 

where u is the year starting from the plant construction, U is the plant lifetime in years, 685 

H = 1/(1 + á� is the discount factor which represents time value of money, r is the interest 686 

rate.	���K,â is the annual permanent investment cost in $, �^��³,â is the annual operating 687 

expenses in $, ��ã,â is the annual income in $ from selling co-products (electricity, heat, 688 

bark, sawdust and CO2 replacement), however, in our TEA analysis, the bark and sawdust 689 

are not included in the evaluation. oopRKSTUVRSW is the HHV of produced biocarbon [MJ/kg 690 

dry biocarbon], äRT,â is the annual biocarbon production [ton]. The annual operational 691 

income in $ is calculated from equation 37.  692 

��ã,â = ���,â + �Æ�U ,â + �]^A,â                                               (37) 693 

where ���,â is annual income in $ from selling electricity, �Æ�U ,â is annual income in $ from 694 

selling heat, �]^A,â is annual income in $ from replacement of fossil fuel to renewable based 695 

on avoided CO2 emission. Reference values are shown in Table 15. 696 

Influence of operating conditions on the cost of biocarbon: The cost of biocarbon is the 697 

decision parameter for evaluating the economic viability of the biocarbon production 698 

scenarios based on the current market conditions. The economic viability is estimated for 699 

the scenarios A, B, C and D at operating temperatures 300 – 500ºC and pressures 1 – 10 bar 700 
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and for scale of biocarbon production of 10 to 60 TPD. The results are shown in Figure 18, 701 

Figure 19 and Figure 20. 702 

Increasing pressure from 1 bar to 10 bar in Scenario A results in increased biocarbon cost 703 

(Figure 18). The increase is ~10% in the lower temperature range (300 °C) where the price 704 

increased from ~10.5 $/GJ to ~11.5 $/GJ and ~1.5% at a temperature of 500 °C where the 705 

price increased from ~14 $/GJ to ~14.3 $/GJ, which is at the production scale of 50 – 60 706 

TPD (Figure 18). Similar costs were estimated for Finnish conditions for torrefaction and 707 

for charcoal production
39

. Increasing pressure in the carbonization reactor at high 708 

temperature carbonization does not increase the cost significantly (Figure 18), this is due to 709 

the higher yield of biocarbon with increasing pressure.   710 

Scenario C shows a large decrease in the production cost of biocarbon compared to scenario 711 

A (Figure 18), around 40 – 44% (1 bar, 450 – 500 °C and 40 – 60 TPD) the estimated price 712 

is ~8 $/GJ and around 30 – 36% (10 bar, 450 – 500 °C and 40 – 60 TPD) the estimated 713 

price is ~9.3 $/GJ. This is due to the advantage of co-production of biooil at the market price 714 

500 $/ton. Increasing pressure in this case results in decrease of biooil yield, according to 715 

secondary pyrolysis reactions, which results in higher biocarbon and gas yields. 716 

Supply of woodchips to the plant is increasing the cost of biocarbon for scenario B as shown 717 

in Figure 19. In comparison to the logwood purchasing scenario, there is direct purchase of 718 

woodchips to the plant at higher cost, the relative difference of production cost is around 5% 719 

compared to scenario A (1 bar, 450 – 500 °C and 55 – 60 TPD) with biocarbon price ~14.5 720 

$/GJ and around 4% higher compared to scenario A (10 bar, 450 – 500 °C, 55 – 60 TPD) 721 

with biocarbon price 14.7 $/GJ. An interesting observation is that for the base scale, where 722 

the production is 10 TPD and the temperature range below 400 °C, there is an advantage of 723 

woodchips purchase to the plant by ~1% decrease in production cost (Figure 19), the 724 

biocarbon price is ~18 $/GJ. However, the grade of biocarbon produced at these conditions 725 
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is not suitable for metallurgical industries, this is because of the low fixed carbon content in 726 

the product.  727 

When air is used to pressurize the reactor (scenario D), there is a decrease in biocarbon 728 

production cost of around 8% (Figure 20) compared to scenario A at 1 bar and scenario D at 729 

10 bar at 500 °C and production scale 60 TPD, where the price is reduced from ~14 $/GJ to 730 

~13$/GJ, Figure 20. This attribute is due to the compression energy consumption 731 

differences.  732 

Influence of biomass transportation distance: Scenario A and D are considered for studying 733 

the influence of transport distance. Modelling results suggests that a carbonization 734 

temperature of 500 °C is suitable to achieve highest fixed carbon content (81%) 26. Thus, the 735 

obtained biocarbon can be widely used in metallurgical industry as a reductant. In order to 736 

minimize the cost of production, a scale of production of 60 TPD is chosen for transportation 737 

cost analysis. The influence of biomass transportation distance on biocarbon production cost 738 

is shown in Figure 21Figure 21.  739 

The cost of logwood is increasing with transportation distance according to a linear 740 

correlation. Under Norwegian conditions fresh woody biomass costs 4.75 $/GJ for a 20 km 741 

transportation distance and it is increasing up to 7.15 $/GJ when the transportation distance 742 

is 220 km, Figure 21(a). Therefore, it is reasonable to transport biomass up to several tens of 743 

kilometers. The plant location should be properly selected to avoid additional cost and 744 

emissions related with biomass transportation. Figure 21(b) shows the influence of biomass 745 

transport on biocarbon production cost for scenario A and Figure 21(c) for scenario D. 746 

Increasing pressure additionally increases the cost of biocarbon production.  747 

Economic viability on selling price of biocarbon product: Internal rate of return (IRR) is 748 

used as a financial viability indicator to analyze the project viability. It is defined as the 749 

discount rate that would make the net present value (NPV) of the investment equal to zero. 750 
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Project IRR for scenario A, B and C is selected for analyzing the (500 °C, 60 TPD biocarbon 751 

production) economics at 70% debt as shown in Figure 21(d). The highest IRR achieves 752 

scenario C, where biooil is a co-product, it is due to high market price of woody tar at 753 

500$/ton. The IRR decrease at elevated pressure according to lower biooil yield. The 754 

difference between scenario A and D is related to the difference in pressurizing agent 755 

(nitrogen and air).  756 

 757 

5. Conclusions 758 

Detailed simulation of the biocarbon production value chain consisting of logwood handling, 759 

debarking, chipping, drying, carbonization, and combined heat and power production plant 760 

was developed using Aspen Plus. Carbonization process yields (product yields) are predicted 761 

with a multifunctional model considering pressure, temperature and particle size effects. The 762 

empirical correlation indicates a strong influence of temperature as well as a significant 763 

influence of pressure and particle size on the biocarbon yield. As well, biocarbon energy 764 

efficiency is higher in the low temperature carbonization regime, however, the biocarbon 765 

quality with respect to fixed carbon content is lower in the low temperature carbonization 766 

regime. For high temperature carbonization, above 400ºC, increasing pressure in the 767 

carbonization reactor increases the fixed carbon yield.  768 

Feedstock moisture content has strong influence on district heat efficiency. For the fresh 769 

wood having 60% moisture, both district heat efficiency and steam export is negative, since 770 

all the low-pressure steam is consumed for thermal drying of the feedstock, which has a 771 

penalty of 5-10% of the HHV of input feedstock. A parametric function for district heat 772 

production is developed for the carbonization process parameters (temperature, pressure) and 773 

production scale. Techno-economic analysis was conducted for the four case scenarios, 774 

Scenario A is based on logwood transport from the forest to the plant gate with biocarbon as 775 
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the main product and district heat and electricity as the co-products. Scenario B is based on 776 

the supply of woodchips to the plant with biocarbon as the main product and district heat and 777 

electricity as the co-products. Scenario C is based on the biocarbon as a main product and 778 

biooil as co-product. In Scenario D nitrogen is replaced with air as inert agent air in the 779 

carbonization reactor.   780 

A novel approach for a parametric cost modelling function for the overall plant design is 781 

developed based on a statistical approach using the Box and Behnken technique to the study 782 

the influence of scale and operating variables (temperature and pressure). TEA reveals that 783 

specific plant cost (TPEC) can be reduced by reducing wood handling (scenario B) by 784 

supplying woodchips in the range of 1-8% in comparison to scenario A. Also, there is a 785 

decrease in total purchase equipment cost (TPEC) with increasing pressure by (Scenario A) 786 

~10% (from 1 to 10 bar, 450-500, 60 TPD), because of the higher pressure effect on the 787 

biocarbon yield. Moreover, increasing scale of production results in decreasing specific 788 

TPEC, which follows the scale of economics rule. Specific TPEC cost in Scenario C is 789 

decreased by 5-6% (for 10 bar, 450-500ºC, 60 TPD) and 12% (1 bar, 450-500ºC, 60 TPD) as 790 

compared to scenario A. The major share of OPEX is the biomass feedstock price. Overall 791 

OPEX cost is higher in scenario B where woodchips are purchased at market rate. The 792 

difference is around 7-8.5% (450-500ºC, 1-10 bar, 50-60 TPD). In Scenario A, increasing 793 

pressure from 1 bar to 10 bar increased OPEX ~6-8% (450-500ºC, 40-60 TPD). Scenario C 794 

gives higher OPEX than scenario B, around 50-55% due to purchase of heat and electricity.  795 

Cost of biocarbon production ($/GJ) is higher in Scenario B than Scenario A by ~5% (1 bar, 796 

450 -500ºC, 55-60 TPD) and ~4% (10 bar, 450-500ºC, 55-60 TPD). There is an advantage 797 

of woodchips purchase by ~1% regarding production cost at lower scale for the base scale of 798 

10 TPD and carbonization temperature below 400ºC. In Scenario A increasing pressure 799 

from 1 bar to 10 bar increased production cost of biocarbon ($/GJ), with ~9.7% at a 800 
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temperature of 300ºC and 1.3% at 500ºC, both in the production range of 50-60 TPD, which 801 

can be regarded as insignificant.  802 

Scenario C, with biooil as co-product, exhibits a large decrease in the production cost of 803 

biocarbon ($/GJ) of 40-44% (1 bar, 450-500ºC, 40-60 TPD) and 30-36% (10 bar, 450-804 

500ºC, 40-60 TPD).  805 

However, increasing the pressure from 1 bar to 10 bar decreased the yield of biooil due to 806 

increased biocarbon yields at elevated pressure. Under Norwegian conditions, supply of 807 

woodchips instead of logwood to the plant gate increases the supply cost of biomass by 18% 808 

(independent of the operating conditions).  809 

Cost of biomass supply increased from 4.75 $/GJ to 7.15 $/GJ by increasing the 810 

transportation distance of logwood supply from forest to the plant gate from 20 to 220 km. 811 

This also suggest that cost of biocarbon production increase linearly at a rate of 0.5 $/GJ for 812 

every 40 km transport distance for the best selected case for metallurgical industry (60 TPD 813 

at 500ºC). Case D with pressurization of the carbonization reactor with air decreased the 814 

cost of biocarbon by ~1 $/GJ in comparison with nitrogen at the same operating conditions. 815 

Pressurization by air reduced the cost of biocarbon by 0.5 $/GJ at 5 bar and 1 $/GJ at 10 bar 816 

for the same transport distance of forest logwood. Finally, the economic return based on 817 

IRR suggests that highest IRR achieved for scenario C, where biooil is a co-product, which 818 

is due to high market price of woody tar at 500 $/ton. Finally, the TEA reveals the influence 819 

of different grades of biocarbon, i.e. different fixed carbon contents, for metallurgical and 820 

cofiring applications. Higher grades of biocarbon increases the cost of production of 821 

biocarbon, however, for metallurgical industries a relatively high grade is needed.  822 
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 Nomenclature  

  

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

A%	 Dryer surface area (m2)  

b' Scaling factor (-) 

C�|,�|	 Purchase cost of base scale equipment ($) 

C5 Cost of biomass supply ($) 

C5,	C-,,%, C-,,', C�)X-!, C���� 	 Cost  biomass, direct operating expenses, indirect expenses, cost of labor, 

annual operating expenses ($) 

CX'-�)!X-# Cost of biocarbon ($/GJ) 

c�æ',	 Biomass chipping and storage cost ($/m3) 

C��A,  Annual income from replacement of fossil fuel to renewable based on 

avoided CO2 emission ($) 
C%!&"!	 Cost of dryer ($) 

C"�,  Annual income from selling electricity ($) 

c"ç,�	 Forest exploitation cost ($/m3) 

Cæ")$,  Annual income from selling heat ($) 

C��,  Annual income from selling co-products ($) 

C����,  Annual operating expenses ($) 

C!")�$-!	 Cost of carbonization reactor ($) 

C�,�,'	 Purchase cost of actual equipment ($) 

C­���,'	 Total purchase cost of equipment ($) 

C­��,  Annual permanent investment cost ($) 

C­��	 Total permanent investment ($) 

c$!,y	 Fixed transport cost ($/m3) 

c$!,�	 Variable transport cost ($/m3/m) 

D' Annual salaries ($) 

E,,�,'	 Number of employed people 

f�, Cost factor (-) 
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fê Installation module factor (-) 

fu)$, f,, f'#+$	 Material factor, pressure factor, installation factor (-) 

f-�"!)��	 Overall installation factor (-) 

f+'$",	fX '�%'#(,	f�)#%,	f�-#$, f"#(, f%"�,	f�-u	 Site factor, building construction factor, land factor, contingency factor, 

engineering factor, development fee, commissioning factor (-) 

HHVX)!í Higher heating value of bark (MJ/kg dry) 

HHVX'-�)!X-#	 Higher heating value of biocarbon (MJ/kg dry) 

HHVX'-u)++	 Higher heating value of biomass (MJ/kg dry) 

HHV% +$ Higher heating value of dust (MJ/kg dry) 

IX	 Base year cost index (same arbitrary unit as I) 

k�	 Labor factor (-)  

k$#�#|	 Equipment train factor (-) 

Ly	 Average biomass transport distance (m) 

LHV�)+	 Gas lower heating value (MJ/kg) 

mX)!í Mass flow rate of dry bark (kg/h) 

mX'-�)!X-#	 Mass flow rate of dry biocarbon (kg/h) 

mX'-u)++	 Mass flow rate of dry biomass (kg/h) 

m% +$ Mass flow rate of dry sawdust (kg/h) 

my,�	 Biomass production per unit area (kg/m2) 

M�������	 Mass flow rate into the chipper (kg/h) 

M���	 Logwood mass flow rate (kg/h) 

nX	 Base case train cost factor (-) 

P)�$	 Actual production (arbitrary unit) 

PX)+"	 Base scale production (same arbitrary unit as Pact) 

pX�,  Annual biocarbon production (ton) 

P��	 Power consumption chipper (kW) 

P��	 Power consumption for debarker (kW) 

P"�	 Electricity output from CHP (kW) 

Q��		 District heat thermal power (MJ/h) 

RD%	 Relative difference in percent 

R'	 Result for scenario i (arbitrary unit) 

Rô Result for scenario A (same arbitrary unit as Ri) 

SX	 Base equipment scale (same arbitrary unit as S) 

S��	 Static load Chipper (kg/h) 

S��	 Static load Debarker (kg/h) 

t,!-%	 Annual production time (hours) 

W�	 Weight of one vessel (kg) 

X��	 Chipper electricity consumption for static load (kW) 

X��	 Debarker electricity consumption for static load (kW) 

YX'-�)!X-#	 Biocarbon yield (kg/kg dry biomass) 

Y�,X'-u)++	 Carbon content in biomass (kg/kg dry ash free biomass) 

Y�,$)!	 Carbon content in tar (kg/kg dry tar) 

Y�,5�	 Weight fraction of carbon in produced biocarbon, dry ash free basis (-) 

Y��\	 Gas yield of CH4 (kg/kg dry ash free biomass) 

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

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

Y�,5�	 Weight fraction of hydrogen in produced biocarbon, dry ash free basis (-) 

Y�,X'-u)++	 Hydrogen content in biomass (kg/kg dry ash free biomass) 

Y�,$)!	 Hydrogen content in biomass (kg/kg dry tar) 

Y�A	 Gas yield of H2 (kg/kg dry ash free biomass) 

Y�,5�	 Weight fraction of oxygen in produced biocarbon, dry ash free basis (-) 

Y�,X'-u)++	 Oxygen content in biomass (kg/kg dry ash free biomass) 

Y�,$)!	 Oxygen content in biomass (kg/kg dry tar) 

Y-�"!)�� Overall heat utilization efficiency 

Z�!	 Critical moisture content on dry basis (kg/kg) 

Z"ö	 Equilibrium moisture content on dry basis (kg/kg) 

ηX'-�)!X-#	 Biocarbon energy efficiency (MW biocarbon/MW biomass) 

η��	 District heat efficiency (MW district heat/MW biomass) 

η"�	 Electricity generation efficiency (MW electricity/MW biomass) 

ρ5	 Input biomass density (kg/m3) 

µ	 Number of vessels 
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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(��	 Normalized drying curve (-) 

Z	 Current moisture content on dry basis (kg/kg) 

α	 Normalized moisture content (-) 

β Discount factor 

Subscripts	

	

 

i	 Equipment index  

 935 

 936 

 937 

 938 

 939 

 940 

List of Figures  941 

 942 
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 943 

Figure 1. Biocarbon production process flow diagram  944 

 945 

Figure 2. Aspen Plus model for logwood handling and thermal drying 946 

 947 

 948 

 949 

 950 
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 951 

 952 

 953 

Figure 3. Normalized drying curve implemented in Aspen Plus model 954 

 955 

 956 

 957 

Figure 4. Staged drying model in Aspen Plus 958 
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 959 

 960 

Figure 5. Simplified pyrolysis process flow diagram used in Aspen Plus 961 

 962 

 963 

(a)     (b) 964 

Figure 6. Pyrolysis reactor (a) and schematic idea of reactor in semi-continuous operating 965 

configuration (b) - modified Antal design 30  966 

 967 

 968 

 969 
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 970 

Figure 7. CHP process flow diagram 971 

 972 

(a)        

 

(b)  

 (c)  

 

Figure 8. (a) Calculated biocarbon yield, (b) Fixed carbon yield, (c) Biocarbon energy 973 

efficiency  974 

 975 

 976 
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     (c)                                                                                            (d) 

 

 

Figure 9. Effect of  moisture content (wet basis) on dictrict heat efficiency (a) 20%, (b) 40%, (c) 983 

60% and electricity generation efficiency (d) 984 

  

 (a)

 

 

     (b)

 

 

 

(c) 
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Figure 10. Overall heat utilization efficiency: (a) moisture content 20% wet basis, (b) 40%, 985 

(c) 60% 986 

 987 

Figure 11. The workflow of techno – economic analysis 988 

 989 
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 990 

Figure 12. Simplified process flow diagram for Scenario A 991 

 992 

Figure 13. Simplified process flow diagram for Scenario B 993 

 994 

Figure 14. Simplified process flow diagram for Scenario C 995 

Page 48 of 60

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
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
53
54
55
56
57
58
59
60



49 

 

 996 

Figure 15. Simplified process flow diagram for Scenario D 997 

 998 

 999 

 1000 

 1001 

 1002 

 1003 

 1004 

Figure 16. Influence of carbonization pressure (a) and temperature (b) on the OPEX for 1005 

scenario A, B and C  1006 

(a) (b) 
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 1007 

Figure 17.  Influence of carbonization pressure (a) and temperature (b)-1 bar and (c)-10 bar 1008 

on specific total purchase equipment cost (TPEC) for scenario A, B and C 1009 

 1010 

 1011 

 1012 

 1013 

 1014 

Figure 18.  Influence of carbonization pressure and temperature for scenario A logwood conversion 1015 

to biocarbon and Scenario C logwood conversion to biocarbon and biooil  1016 

 1017 

(a) (b) (c) 
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 1018 

Figure 19. Influence of carbonization pressure and temperature for scenario B woodchips 1019 

conversion to biocarbon 1020 

 1021 

Figure 20. Influence of replacing inert agent from nitrogen to air for scenario D for 1022 

logwood conversion to biocarbon 1023 

 1024 

 1025 

 1026 

  1027 
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(d) 

 1028 

Figure 21. Influence of biomass transportation distance on (a) logwood cost, (b) biocarbon 1029 

production cost for case A – nitrogen as pressurized gas, (c)  biocarbon production cost for 1030 

case D – air as pressurized gas and (d) internal rate of return versus biocarbon selling price 1031 

for case A, C and D  1032 

 1033 

 1034 

 1035 

 1036 

 1037 

 1038 

 (c) 

(a) 
 (b) 

Page 52 of 60

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
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
53
54
55
56
57
58
59
60



53 

 

 1039 

List of Tables 1040 

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

Input fuel Spruce 
stem 
wood  

Spruce  
wood  
chips  

Spruce 
bark 

Spruce 
forest 
residues  

Fixed carbon (% wt. dry) 27.27 19.65 26.85 24.49 
Volatiles (% wt. dry) 72.43 79.97 70.62 69.82 
Ash (% wt. dry) 0.30 0.38 2.53 5.69 
     
C (% wt. dry ash free) 47.38 48.78 49.09 51.53 
H (% wt. dry ash free) 6.40 6.27 6.06 6.51 
O (% wt. dry ash free) 46.1 44.8 44.4 41.5 
N (% wt. dry ash free) 0.09 0.13 0.45 0.44 
S (% wt. dry ash free) 0.01 0.01 0.02 0.02 
Cl (% wt. dry ash free) 
 

0.002 - 0.04 0.02 

HHV (MJ/kg dry) 19.90 20.13 20.25 19.94 

 1042 

Table 2. Woodchips size distribution 1043 

Size distribution (mm) Weight fraction 

63 – 45 0.04 

45 – 31.5 0.08 

31.5 – 16 0.69 

16 – 8 0.06 

8 – 3.15 0.09 

3.15 – 0 0.03 

 1044 

 1045 

 1046 

 1047 

 1048 

 1049 

 1050 

 1051 
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Table 3. Mass balance distribution (kg/kg dry ash free biomass) for 500 °C at different pressures 1052 

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 

H2 0.00036 0.00036 0.00036 0.00036 0.00036 0.00036 

CH4 0.00727 0.00727 0.00727 0.00727 0.00727 0.00727 

C2H4 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 

CO2 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 

 1053 

 1054 

Table 4. Specification of process design parameters used in the analysis  1055 

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 

IP 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 

 1056 

 1057 

 1058 

 1059 
 1060 

 1061 

Page 54 of 60

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
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
53
54
55
56
57
58
59
60



55 

 

 1062 

Table 5. Overview of the different scenarios  1063 

Scenario Feedstock Pressurized  
gas 

Electricity  
production 

Products 

   A Logwood Nitrogen Yes Biocarbon - 

   B Woodchips Nitrogen Yes Biocarbon - 

   C Logwood Nitrogen No Biocarbon Biooil 

   D Logwood Air Yes Biocarbon - 

 1064 

 1065 

 1066 

 1067 

 1068 

 1069 

 1070 

 1071 

 1072 

 1073 

 1074 

 1075 

 1076 

 1077 

 1078 

 1079 

 1080 

 1081 

 1082 

 1083 

 1084 

 1085 

 1086 

 1087 

 1088 
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Table 6. Biocarbon process equipments for the base scale scenario A (10 ton/day, 500 °C, 10 bar)  1089 

Equipment  Scale  
specification 

Base  
scale  
Sb 

Actual  
scale  
S 

Max  
load/ 
train 

C�|,�|  

MM$  

I/Ib g foverall TPECi 

MM$ 
C�,�,' 

MM$ 

Ref 

Logwood  
Storage  

Mass, 
ton 

33.5  2.26 110  1.000  1.457 0.65 2.34 0.174 0.591 40 

Debarking  
And Chipping  
With Auxiliary  
Equipment 

Mass flow  
rate,  
ton/day 

36.0  2.08 85  1.008  1.457 0.6 2.34 0.182 0.621 40 

DRYER - 3  
Stages Belt  

surface area,  
m2   

- - - - 1.457 - 2.56 0.604 2.250 41 

Dry Woodchips  
Storage  

Mass flow  
rate,  
ton/day 

33.5 1.33 110 1.000  1.457 0.65 2.34 0.123 0.418 40 

Chips Conveyor  Mass flow  
rate,  
ton/day 

33.5  1.33 110 0.350  1.457 0.8 2.37 0.027 0.091 40 

Pyrolysis  
Reactor  

Weight of  
the vessel,  
kg   

- - - - 1.946 - 4.14 0.452 3.642 38 

Compressor  Power, MW  10  0.015 -  6.030  1.457 0.67 2.51 0.076 0.278 40 

Biocarbon  
Conveyor  

Mass flow  
rate,  
ton/day 

33.5 0.42 110 0.350 1.457 0.8 2.37 0.010 0.036 40 

Biocarbon  
Storage  

Mass,  
ton 

33.5 0.42 110 1.000  1.457 0.65 2.34 0.058 0.197 40 

Steam Turbine  
And Steam  
System 

MWe  10.3  0.13 -  5.100  1.457 0.7 2.37 0.236 0.815 40 

Burner  Volumetric  
flow rate  
m3/h  

1.0  831.42 - 0.002  1.457 0.7 2.19 0.214 0.682 37 

Flue Gas  
Scrubber  

Volumetric  
flow rate  
m3/s 

10  1.94 64  0.053 
 

1.457 0.5 2.50 0.023 0.085 37 

Bag Filter  Volumetric  
flow rate  
m3/s 

1  1.94 -  0.005 1.474 1  2.50 0.009 0.034 37 

       Total 2.188 9.741  

 1090 

 1091 

 1092 

 1093 

 1094 

 1095 

 1096 

 1097 

 1098 

 1099 
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 1100 

 1101 

 1102 

Table 7. Purchase equipment cost (TPEC, MM$) for the different scenarios (10 ton/day, 500 °C, 10 bar)    1103 

 1104 

 1105 

 1106 

 1107 

 1108 

 1109 
 1110 
 1111 
 1112 
 1113 
 1114 
 1115 
 1116 
 1117 

Equipment Name Scenario A Scenario B Scenario C Scenario D 

Feedstock Storage 0.174 0.160 0.174 0.174 

Debarking And Chipping  
With Auxiliary Equipment 

0.182 0.000 0.182 0.182 

Dryer - 3 Stages Belt 0.604 0.604 0.604 0.604 

Dry Woodchips Storage 0.123 0.123 0.123 0.123 

Chips Conveyor 0.027 0.027 0.027 0.027 

Pyrolysis Reactor 0.452 0.452 0.452 0.452 

Nitrogen Compressor 0.076 0.076 0.076  

Air compressor     0.070 

Biocarbon Conveyor 0.010 0.010 0.010 0.010 

Biocarbon Storage 0.058 0.058 0.058 0.058 

Steam Turbine And Steam System 0.236 0.236 0.000 0.236 

Burner 0.214 0.214 0.137 0.214 

Flue Gas Scrubber 0.023 0.023 0.017 0.023 

Bag Filter 0.009 0.009 0.005 0.009 

Total Purchase Equipment Cost (TPEC) 2.188 1.992 1.865  2.188 

Total Purchase and Installation Cost 9.741 9.073 8.639  9.741  

Total Permanent Investment (TPI) 13.424 12.504 11.906 13.424 
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 1118 
 1119 
 1120 
 1121 
 1122 
 1123 
Table 8. Cost associated factors to estimate the Total Permanent Investment (TPI) 33  1124 

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 

fcont Cost of contingency 0.05 – 0.15 0.05 

feng Engineering 0.02 – 0.05 0.02 

fdev Project development and licenses0.02 – 0.03 0.02 

fcom Commissioning 0.1 0.1 

 1125 

 1126 

Table 9. Labor cost for base scale plant of 10 ton/day biocarbon production  1127 

Position Employed people, Eppl,i Salary $/year, Di Scaling factor, bi 

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  

 1128 

 1129 

 1130 

Table 10. Indirect operational costs Cop,i 1131 

Indirect (Fixed) Operational 

Cost 

Reference value 

Maintenance, Cu)'#$ 2% C­�� 
Administration, C)%u 2% C­�� 
Insurance, C'#+ ! 1% C­�� 
 1132 

 1133 

 1134 
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Table 11. Annual OPEX for different scenarios (10 ton/day, 500 °C, 10 bar) 1135 

Parameter Scenario A Scenario B Scenario C Scenario D 

Biomass Supply 926 558 1 099 583 926 558 926 558 

Fresh Water 593 593 432 593 

Waste Water Treatment 10 159 10 159 7 411 10 159 

Fly Ash Disposal 495 495 261 495 

Nitrogen 333 793 333 793 333 793 - 

Electricity - - 46 923 - 

Heat - - 248 273 - 

Labor cost 996 000 996 000 996 000 996 000 

Maintenance 268 479 250 079 238 128 268 468 

Administration 268 479 250 079 238 128 268 468 

Insurance 134 240 125 039 119 064 134 234 

Total, $/year 2 938 796 3 065 819 3 154 971 2 604 974 

 1136 

 1137 

Table 12. Biomass supply variables under Norwegian conditions 1138 

       1139 

 1140 

Table 13. Coefficients for biomass cost supply calculation 1141 

Coefficient A – logwood B – woodchips 

x0 -325331 -400648 
xT 657 847 
xP 777531 913153 
xW -4992 -4987 
xTT 0.34 0.35 
xPP 31453 36902 
xWW 34.1 33.4 
xTP -2015 -2369 
xTW 223.74 262.85 
xPW -10206 -11984 

 1142 

 1143 
 1144 
 1145 

 1146 

 1147 

Parameter Value 

Biomass density 500 kg/m3 

Forest exploitation cost 200 NOK/m3 

Cost of chipping (if buying chips) 48.4 NOK/m3 

Fixed transport cost 24 NOK/m3 

Variable transport cost 0.6 NOK/m3/km 

Annual biomass production 1000 ton/km2 

1 NOK in USD 0.12 USD/NOK 
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Table 14. Financial parameters for biocarbon plant construction 1148 

 1149 

Financial parameter Values/assumptions 

Debt equity ratio 70-30 

Depreciation model  Straight line depreciation model, depreciation period 20 years 

Construction and commissioning duration 3 years period  

% required capital during construction  
and commissioning  

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

Income tax rate  28% 

Loan repayment period 10 years 

Interest rate  7% 

Currency and reference year  US$ (2015) 

Plant cost update  CEPCI 2015 

 1150 

 1151 

 1152 

Table 15. Direct variable operational costs and reference values for operational income 33 1153 

Parameter Value 

Fresh water 0.4865 $/m3 

Waste water 8.34 $/m3 

Fly Ash disposal 40 $/ton 

Nitrogen 0.353 $/Nm3 

Electricity (scenario C) 0.111 $/kWh 

Heat (scenario C) 70 $/MWh 

Heat price 70 $/MW 

Electricity price 0.111 $/kWh 

CO2 intensity (Norway crude oil) 6.2 gCO2/MJ 

CO2 avoided emission 70 $/ton 

Biooil price  500 $/ton 

 1154 

 1155 
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