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Abstract

Lignin conversion to vanillin is one of the promising routes for lignin valorization. This study presents an economic analysis for
the conceptual design of vanillin production from 10 t/h Kraft lignin. The vanillin plant includes alkaline oxidation of lignin with
NaOH, ultrafiltration, chromatographic separation, and crystallization to purify vanillin. A boiler for the combustion of waste
lignin was used to supply steam required for oxidation reactions and water evaporation. Sodium carbonate (Na,COs) formed in
the combustor was regenerated into NaOH using lime. The heat network was integrated to reduce the consumption of cooling
water, steam, and electricity. The plant produced 0.52 t/h vanillin with a yield of 5.2%. The return on investment (ROI) and
payback period of this plant were 10.1%/year and 8.0 years, respectively. The ROI was most sensitive to the vanillin price. The
desired ROI of 15%/year can be achieved with a plant size of 20 t/h lignin.

Keywords Kraft lignin - Vanillin - Alkaline oxidation - Alkali regeneration - Economic analysis - Heat integration

1 Introduction

Lignin is one of the most abundant aromatic substances in
woody materials, agricultural residues, and other plant mate-
rials, representing approximately 25% of the available bio-
mass [1, 2]. The main source of lignin is black liquor from
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the pulp and paper industry, where the Kraft process accounts
for almost 80% of chemical pulp production [3, 4]. Even
though around 60 million tons of lignin was extracted in
2015 [5], only a small amount of lignin was used as raw
material for the production of added-value chemicals [6, 7].
The most lignin is generally burnt at the factory as a fuel [7-9].
The insufficient usage of lignin is mainly caused by its recal-
citrant nature and heterogeneous structure [2]. Lignin is a bio-
polymer, which mainly consists of methoxylated
phenylpropane structures and can potentially be used as a
raw material for high-value chemicals [7, 10]. Among these
chemicals, vanillin (CgHgO5) as a mono-aromatic compound
is a good candidate because it is widely used in the food,
cosmetic, and pharmaceutical industries [11]. In addition, van-
illin is one of the most widely produced aroma chemicals as it
is a non-toxic aromatic with reactive functional groups that
can be chemically modified [12].

Three major approaches have been developed for vanillin
synthesis: oxidation of eugenol, oxidation of lignosulfonates,
and the contemporary technique utilizing guaiacol and
glyoxylic acid based on petrochemical routes [13]. The oxi-
dation of eugenol is not commercially applied, whereas the
glyoxylic technique currently dominates the market [5].
Lignosulfonate fractions from the sulfite pulping process are
oxidized in order to depolymerize lignin and produce vanillin
in an alkaline environment at high temperature under high
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pressure [8, 14]. The commercial process for vanillin produc-
tion from lignosulfonates includes alkaline oxidation, solvent
extraction, distillation, and crystallization [§8]. However, the
lignin-based vanillin production is not widely available be-
cause of the intensive purification process [15] and low pro-
duction yield [16].

Under alkaline condition, lignin is ionized, oxidized, and
depolymerized by oxygen to aromatic aldehydes such as van-
illin and organic acids such as formic acid [1, 17]. In most
studies, vanillin was produced from lignin solution, where
sulfite liquor served as the raw material, leading to a higher
yield of vanillin by direct oxidation (15 wt%) than achieved
from Kraft lignin (12 wt%) [18]. However, because Kraft
lignin (brown powder) accounts for the majority of lignin
extracted from the chemical pulping process [8], oxidation
of Kraft lignin has been studied for producing high value-
added compounds [7]. Mathias et al. oxidized Kraft lignin in
an alkaline medium comprising 2 M NaOH [19]. Alkaline
oxidation of Kraft lignin was performed to produce vanillin
in a bubble column reactor with structured-packing, affording
high O, mass transfer [11]. Silva et al. [20] proposed an inte-
grated process including oxidation of Kraft lignin in alkaline
medium, vanillin recovery with ultrafiltration and ion-
exchange chromatography, and synthesis of polyurethane.
Aragjo et al. proposed a mathematical model for the oxidation
of Kraft lignin in a batch reactor [21]. Vanillin with a yield of
6.5% was produced from Kraft lignin via alkaline oxidation in
the presence of a Cu-Mn mixed oxide catalyst [22]. A high
vanillin yield of 10.9% was reported combining solvent frac-
tionation and CuSQy, catalyzed oxidation of Kraft lignin [7]. A
sequence involving alkaline oxidation, filtration, chromato-
graphic separation, and crystallization was proposed for the
recovery of vanillin from Kraft lignin [23, 24]. Gomes and
Rodrigues [15] obtained vanillin with a purity of 96% by a
lab-scale experiment with an alkaline oxidation of Kraft lig-
nin, ultra- and nano-filtrations, adsorption, extraction by ethyl
acetate, and crystallization.

Besides alkaline oxidation of Kraft lignin, several studies
suggested acidic lignin oxidation processes. Partenheimer
successfully isolated a number of expected products, includ-
ing vanillin and syringaldehyde, from various lignins by using
metal/bromide catalysts in acetic acid [25]. A promising
amount of vanillin (7 wt% yield) was extracted from Indulin
AT Kraft lignin in methanol/water solvent [26], where lignin
was oxidized with O, at 10 bar. Werhan et al. performed
acidic oxidation of Kraft lignin in a batch reactor, as well as
a continuous two-phase micro-reactor [27]. Nevertheless, the
acidic oxidation of lignin is in the early stage of development
[2].

Efficient lignin conversion into desired aromatics is an es-
sential topic in the current biorefinery research [9].
Technological advances in Kraft lignin-based vanillin produc-
tion were reported, making lignin-based vanillin plants
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economically viable. Zabkova et al. recommended a down-
stream process using ultrafiltration and ion-exchange for the
recovery of vanillin from a lignin/vanillin mixture [28].
Wongtanyawat et al. compared several separation technolo-
gies for a vanillin plant with acidic oxidation of Kraft lignin in
terms of energy consumption and life cycle analysis, where
vanillin separation via adsorption on a zeolite was the best
alternative because the solvent recovery system for extraction
was not needed [4]. Khwanjaisakun et al. investigated the
internal rate of return (IRR) of Kraft lignin-based and
petroleum-based vanillin production, and showed that the
lignin-based vanillin plant with solvent extraction using ethyl
acetate was compatible with the petroleum-based plant [16].
Unfortunately, the solvent extraction processes require a large
amount of solvent and a solvent recovery unit. Even though
the combination of ultrafiltration and chromatographic sepa-
ration is expected to be a good candidate for solvent-free van-
illin separation, economic feasibility analysis of the solvent-
free vanillin process has never been presented. Moreover, pre-
vious studies focused exclusively on vanillin production with-
out considering alkali regeneration and wastewater treatment.

In this work, economic analysis of a conceptual Kraft
lignin-based vanillin plant is undertaken. Based on the simi-
larity between alkaline lignin oxidation and Kraft pulping, the
alkali regeneration process is integrated with the vanillin plant
in order to recover alkali (NaOH). The process consists of
alkaline aerobic oxidation of lignin, solvent-free vanillin sep-
aration and purification, combustion of waste lignin in a steam
boiler, NaOH regeneration, and wastewater treatment. The
process performance with heat integration is evaluated in
terms of the vanillin production yield and energy consump-
tion. The economic parameters, such as the total capital in-
vestment (TCI), total production cost (TPC), return on invest-
ment (ROI), and payback period (PBP), are estimated. This
study provides a useful tool for assessing the technical and
economic value of the lignin-to-vanillin process.

2 Process description and design

Indulin AT Kraft lignin with a moisture content of 4.5% was
used as the feedstock in this study. The results of proximate
and ultimate analyses are shown in Table 1 [29]. The lower
heating value (LHV) of lignin, calculated by using the Boie
formula [30], was 25.2 MJ/kg.

The vanillin plant for processing Kraft lignin included eight
areas: alkaline aerobic oxidation of lignin (A100), ultrafiltra-
tion (UF) and chromatographic separation for solvent-free
vanillin recovery (A200), crystallization of vanillin (A300),
waste lignin combustion (A400), low-pressure (LP) and
medium-pressure (MP) steam generation (A500), alkali re-
generation (A600), wastewater treatment (WWT) and utilities
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Table1 Proximate and ultimate analyses of the Kraft lignin used in this

study [29]

Proximate analysis (wt%) Moisture 4.5
Volatile matter 60.0
Fixed carbon 322
Ash 33
Total 100

Ultimate analysis (wt%, dry basis) C 63.9
H 5.8
(¢} 24.6
N 0.7
S 1.5
Ash 35
Total 100

for cooling water, refrigeration, and steam (A700), and natural
gas (NG) combustion (A800), as shown in Fig. 1.

2.1 Operating conditions and process performance

The operating conditions and process performance are sum-
marized in Table 2 for the main equipment in each area. The
alkaline oxidation reactor in A100 is a key piece of equipment
for producing vanillin from Kraft lignin. A structured-packing
bubble column reactor was used for the lignin oxidation. Sixty
percent lignin with O, was oxidized over a copper-based cat-
alyst and depolymerized at 160 °C and 10 bar in 7.4% NaOH
solution; 40% lignin was left in the solid phase [21]. The
converted lignin (60%) in the liquid phase was modeled by
vanillin (CgHgOs), syringaldehyde (CoH;¢0,), vanillic acid
(CgHgQy,), acetovanillone (CoH;O3), acetic acid (C,H40,),
formic acid (CH,0,), lactic acid (C3HgO3), and p-hydroxy-
benzaldehyde (C;HgO,) with an inlet lignin-based yield of 6,
0.5, 3, 1, 20, 10, 10, and 9.5%, respectively, which was in-
spired by the work of Jeon et al. [22] and Lyu et al. [17]. All
organic compounds except for recovered vanillin were

A300
Crystallization

Recycled A700

NaOH WWT/Utilities -
Vanillin

Lignin A100 A200
gaOH Alkaline oxidation Ultrafiltration/adsorption
2 Iy}

A600 A400
Alkali regeneration Waste lignin combustion

v
Natural L\ A800 . ’{ A500 ’:>
Gas NG combustion LP/MP steam generation LP/MP

. steam
(= material stream, --— heat stream)

Fig. 1 Conceptual design for vanillin production from Kraft lignin

assumed to be treated in the wastewater treatment area
(A700). The two different vanillin forms were defined as
vanillin-1 (liquid) and vanillin-2 (crystal). The residence time
was assumed to be 40 min [21].

The vanillin separation efficiency using ultrafiltration and
chromatographic separation was assumed to be 95% [31] and
96.2% [32], respectively. Vanillin with 99.5% purity and
94.3% yield [16] was produced in a crystallizer. Thus, the
overall recovery of vanillin based on the inlet Kraft lignin
was 5.18%, which is lower than that (8.2%) reported by
Wongtanyawat et al. [4] and higher than that (4.3%) obtained
by Gomes and Rodrigues [23].

The alkaline oxidation reactor in A100 operating at 160 °C
and 10 bar was heated by MP steam. Three evaporators oper-
ating at 100 °C and 1 bar were present in A300 (crystalliza-
tion), A400 (lignin combustion), and A700 (WWT) to remove
water from the vanillin solution, wet waste lignin, and NaOH
solution, respectively. The permeate stream exiting ultrafiltra-
tion was subjected to strong cation exchange chromatography
to recover vanillin [32]. The vanillin mixture was crystallized
at 5 °C, where the solubility of vanillin in water was obtained
from the literature [33].

The waste lignin as the retentate from ultrafiltration was
concentrated in a three-stage multi-effect evaporator [34] in
A400 (see Fig. S5 in the Supplementary Material). The waste
lignin combustor equipped with an electrostatic precipitator
(ESP) was operated at 850 °C, with a carbon conversion of
99% [34]. One hundred percent NaOH left in the lignin resi-
due formed Na,CO3 with CO, in the combustor. N, from
primary and secondary air and lignin decomposition formed
NO with a conversion of 0.1%. Ninety-nine percent sulfur in
lignin was converted to SO,, emitting approximately
1000 ppm SO,. During flue gas desulfurization, the flue gas
was cooled with limewater, and 92% SO, was removed. The
flue gas from the lignin combustor (A400) and NG combustor
(A800) exited through the stack, where the SO, concentration
was 9 ppm satisfying the regulation limit (under 25 ppm) [35].

The steam boiler in AS00 produced LP steam at 2.3 bar and
MP steam at 8.7 bar using the heat obtained from the waste
lignin combustor in A400 and NG combustor in A800. The
NG was composed of 94.7% CHg, 2.1% C,Hg, 0.4% C3Hg,
0.2% C4H;o, 1.0% CO,, and 1.6% N,. The MP steam was
used to heat the alkaline oxidation reactor (A100), while the
LP steam was supplied to the three evaporators. The alkali
regeneration process in A600 included the recausticizing re-
actor, water scrubber, filter, and calcination reactor. Na,CO;
(molten smelt) separated in A400 was recausticized at 90 °C
into NaOH with Ca(OH), [36]. CaCO; was calcined at
1100 °C to form CaO [37], where NG was used for heating.

The cold and hot energy streams such as cooling water and
steam were collected and distributed in the utility area (A700).
All organic compounds soluble in the wastewater were
digested in the aerobic bioreactor in A700 to give water and

@ Springer
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Table 2  Operating conditions and performance of main reaction and separation processes
Area Equipment Operating condition Performance Reference
A100 Alkaline oxidation reactor T=160 °C Lignin conversion = 60% Araujo et al., 2010
P=10 bar Vanillin yield = 6.0%
Residence time =40 min
7.4 wt% NaOH solution
A200 Ultrafiltration T=25°C 7* of liquid = 95% Arkell et al., 2014
P=41 bar
Chromatographic separation T=25°C 7 of vanillin=96.2% Gomes and Rodrigues, 2019
P=1 bar
A300 Evaporator 1 T=100 °C 7 of water = 98%
P=1 bar
Crystallizer T=5°C Crystallization yield = 94.3% Khwanjaisakun et al., 2020
P=1 bar Vanillin purity = 99.5%
A400 Evaporator 2 T=100 °C 7 of water = 98%
P=1 bar
Waste lignin combustor T=850°C Carbon conversion = 99% Humbird et al., 2011
P=1.04 bar NaOH conversion = 100%
NO conversion =0.1%
SO, conversion = 99%
Flue gas desulfurization T=56°C SO, removal efficiency = 92%
P=1 bar
A500 Steam boiler LP steam: MP steam: Humbird et al., 2011
T=125°C T=175°C
P=223 bar P=8.7 bar
A600 Alkali regeneration T=90 °C Na,CO; conversion = 80% Sanchez, 2007
P=1 bar
Filtration of solid T=254°C 7 of solid = 96% Sanchez, 2007
P=5 bar Water in solid =20%
Calcination T=1100 °C CaCOj; conversion = 100% Lundqvist, 2009
P=1 bar
A700 Evaporator 3 T=100 °C 7 of water = 98%
P=1 bar
Aerobic bioreactor T=25°C Aerobic reaction conversion: 100% Humbird et al., 2011
P=1 bar
Cooling water tower Tou=28 °C Cooling water loss = 1.5%
Tin=37 °C
A800 Natural gas combustor T=812 °C Carbon conversion = 100%
P=1.1 bar

1. separation efficiency (= 100 x outlet mass/inlet mass)

CO, [34]. The cooling water was supplied at 28 °C and
returned at 37 °C throughout the facility. A total of 1.5%
cooling water was lost in the cooling water tower. A refriger-
ator with ammonia as a refrigerant was used for the crystalli-
zation system operating at 5 °C [38].

Figure 1 shows the basic design flowsheet with heat inte-
gration inside each area. Heat integration between areas is
required to reduce the energy consumed for the cooling water,
steam, and electricity.

2.2 Heat exchange networks
In high energy consumption plants, the integration of a heat
exchange network for the cold and hot streams is needed to

save the operating cost by reducing the cold and hot utilities
[39—41]. The pinch point is a location in the heat exchange

@ Springer

network where the temperature difference (A7,,;,) between the
cold and hot streams is minimum. The higher the AT,;,, the
more utility is required. However, a lower AT,,;, requires larg-
er and more costly heat exchangers. The optimal value of
AT min 1s commonly 15-20 °C [42]. In this study, AT i, was
set to 20 °C.

Four heat integration streams with additional heat ex-
changers were employed in the vanillin plant, as shown in
Fig. 2. The hot product stream at 161 °C and 41 bar before
entering ultrafiltration must be cooled to 25 °C in A200.
Before entering the crystallizer, water has to be removed from
the liquid product and evaporation heat is needed in A300,
which is heated by LP steam. Two more evaporators are pres-
ent in A400 and A700, as mentioned earlier. The heat ex-
change networks between A100, A200, A300, A400, and
A700 are integrated and the energy consumption is reduced.
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2.3 Process flow diagram with heat integration

The process flow diagram (PFD) for the vanillin plant
with heat integration was constructed using a commercial
process simulator (ASPEN Plus, ASPEN Tech, USA) to
calculate the mass and energy balances. The alkaline ox-
idation reactor in A100 was modeled by a yield reactor
(RYield), whereas the reactors such as the waste lignin
combustor in A400, recausticizing and calcination reac-
tors in A600, aerobic bioreactor in A700, and NG com-
bustor in A800 were formulated as stoichiometric reactors
(RStoic) with a given conversion. All separation equip-
ment such as the ultrafiltration, chromatographic separa-
tion, crystallization, and solid filter systems were modeled
by a simple separator with a given separation efficiency
that was obtained from the literature (see Table 2).
Figure 3 presents the PFD focused on heat integration
between areas. The heat integration streams between
A100-A200, A200-A400, A200-A300, and A200-A700
are represented by HI1-HI2, HI3-HI4, HI7-HIS, and
HI5-HI6, respectively. Four heat exchangers satisfying
ATnin for the heat integration are shown in Fig. S1
(A100), Fig. S4 (A300), Fig. S5 (A400), and Fig. S9
(A700) in the Supplementary Material. The detailed
PFDs for the eight areas (A100-A800) are presented in
S1 (flowsheets) in the Supplementary Material. The tem-
perature (7), pressure (P), mass flow rates (F), enthalpy
flow rates (H), compositions (x;), heat duty (Q), and work
(W) are indicated in S2 (stream tables) in the
Supplementary Material.

Since the process includes polar non-electrolyte com-
pounds such as acetic acid, the non-random two-liquid
Hayden-O’Connell (NRTL-HOC) thermodynamic model
was chosen for A100—-A400. The Peng-Robinson and
Boston-Mathias (PR-BM) equation of state was selected for
the remaining areas.

Recycled A700
NaOH WWT/Utilities

A300
Crystallization
Lignin A100 A200
NaOH Alkaline oxidation Ultrafiltration/adsorption

Vanillin

) (!
Recycleg A600 A400
NaOH Alkali regeneration Waste lignin combustion
v
Natural Ly A800 L ’{ A500 ’:>
Gas NG combustion LP/MP steam generation LP/MP
steam

(¢> heat integration stream)

Fig. 2 Heat integration proposed in this study for vanillin production
from Kraft lignin

3 Economic analysis method

Economic analysis was performed to calculate the TCI, TPC,
ROI, and PBP [43, 44] under several assumptions. The sensi-
tivity analysis was conducted to examine the effect of the
fluctuation in key economic parameters on the process
feasibility.

3.1 Estimation of TCl and TPC

The equipment type and size were determined based on
the stream data obtained from the process simulation.
The direct and indirect equipment cost (Cpy), including
the equipment purchased cost, installation cost, and indi-
rect cost, was calculated using the capacity ratio method
[40]:

AN 1
Cpr = Cpiref | — 1
o= Ot () (1

where A is the capacity of the equipment; Cpy s is the direct
and indirect cost of the equipment with a capacity of A, and /
and /.. are the chemical engineering plant cost index (CEPCI)
of the current year (2018 in this study) and the reference year,
respectively. The capacity exponent (¢) was in the range of
0.6—1, depending on the type of equipment. The reference cost
(Cpirer) Was obtained from the NREL reports of 2011, 2015,
and 2018 [34, 45, 46] and Couper et al. [47], considering
2009, 2010, 2011, 2013, 2014, and 2016 as reference years.
The CEPCIs in 2009, 2010, 2011, 2013, 2014, 2016, and
2018 were 521.9, 550.8, 585.7, 567.3, 576.1, 541.7, and
603.1, respectively.

The fixed capital investment (FCI) and TCI were estimated
using the factorial method [40, 44]. The FCI is the sum of all
Cpp and project contingency, and the TCI includes the FCI
and working capital.

FCI= (14 ¢)¥) Cpyj (2)

TCI = (1 4 d)FCI (3)

where N is the number of equipment, ¢ is the project contin-
gency factor (0.1), and d is the working capital factor (0.05)
[43, 44].

The TPC comprises the raw material cost (Cy), utility cost
(Cy), and fixed cost (Cf):

TPC = Cr + Cy + Cr (4)

Cy includes the costs of cooling water, refrigeration, NG,
and electricity. Cy is the sum of the operating labor cost
(Ciabor), maintenance cost (Cpnain), operating charges (Coper),
plant overhead (Cop), and general and administration cost

@ Springer
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Fig. 3 Process flow diagram (PFD) of plant with heat integration for vanillin production from Kraft lignin

(Cga) [40, 44].

CF = Clabor + Cmain + Copcr + COH + CGA (5 )

where Cain is set to 7% of the FCI and Coper, Con, and Cga
are 25%, 70%, and 8% of Capo, respectively. Thus, Eq. (5)
leads to

Cr = 0.07FCI 4 2.03C}apor (6)

where Cia,o; is calculated for 16 laborers and 5 supervisors
with a salary of 40,000 $/year/person and 80,000 $/year/per-
son, respectively [44].

3.2 Calculation of ROI and PBP

The ROI and PBP are well-known economic criteria for in-
vestment decisions [44]. The gross profit before tax (Pg ) for
each year (n) is given as

PG = ASR(1 4+ )" =TPC(1 4+ )" —Caepn—Caebin (7)

where ASR, Cyep, and Cyep, are the annual sales revenue, de-
preciation cost, and debt repayment cost, respectively. ASR is
the selling profit from vanillin. Cy,, is given as an equal value
of FCI divided by the plant life (L,,), while Cgey is repaid with
fully amortized principal and interest payments during Lj, [43].

The annual net profit (Py,) is the profit after paying the
corporation income tax ((3):

Prn = Poa(1-P) (8)

@ Springer

The average net profit (Py 4v,) i an average of the present
value of Py, over L, with the interest rate () [43].

(arr)

1+7)"
The ROl is defined as the percentage of Py 4y, to the TCL:

1

Ly
TPZn:l (9)

PN,an =

PN,an

ROI =1
OL (%/y) = 100 —~

(10)

The PBP is calculated by diving the FCI by the present
value of the annual cash flow (CF,)) averaged for L, [40, 44]:

)

CFn = PN,n + Cdep,n_ccap,n

FCI

< CF,

(1+7)"
CF, is given as follows:

PBP =

1 (11)

—vh
Lp Zn:l

(12)

where the annual capital expenditure (C,p ) Was assumed to
be 30% of the FCI divided by Ly, which corresponds to 30%

equity [44].
3.3 Economic assumptions

Table 3 shows the economic assumptions used in this study.
The plants were constructed with 30% equity, resulting in a
debt ratio (M) of 0.7. The working time (H,) was given as
8000 h per year. The plant life (L,) was 20 years. The startup
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period was 4 months in the first year. «, 3, and vy were 2%/
year, 20%, and 6%/year, respectively.

The costs of cooling water, electricity, and NG were set to
0.066 $/m>, 0.099 $/kWh, and 10.4 $/GJ, respectively. The
operating cost for refrigeration was assumed as 20% of the
refrigerator equipment cost [38]. The prices of Kraft lignin
and vanillin were 260 $/t [5] and 20 k$/t, respectively. Since
the price changes with time and location [5, 35], the prices of
Kraft lignin and vanillin have a range of 180-340 $/t and 14—
26 k$/t, respectively, to consider their uncertainty in
Section 4.3. The raw material costs and product prices reflect
the market values in 2018 [45].

4 Results and discussion

The energy consumption before and after heat integration was
compared for the vanillin plant. The economic parameters
such as the TCI, TPC, ROI, and PBP were evaluated.
Sensitivity analyses were performed for the major economic
factors such as the lignin and vanillin prices, TCI, and TPC.
The effect of the plant size on the ROI and PBP was deter-
mined to identify the plant size providing the desired ROI of
15%/year.

4.1 Energy consumption of vanillin plant

Table 4 compares the utility consumption before and after heat
integration. Before entering ultrafiltration, one part of the hot
product stream in A200 (HI1 in Fig. 3) is used to increase the
temperature of the feed stream in A100 and is returned to

Table 3 Assumptions for economic analysis

Economic parameters Value

Debt ratio (\) 0.7

Plant availability (/) 8000 h/year

Plant life (L) 20 years

Startup time (50% plant performance) 4 months

Inflation rate (a) 2.0%/year
Corporation tax rate () 20%

Interest rate () 6.0%/year

Price of utilities, raw materials, and products Value

Electricity 0.099 $/kWh

NG heating price 10.4 $/GJ

Cooling water 0.066 $/m’

CaO 109.7 $4t

Kraft lignin 260 $/t (180-340 $/t)
Vanillin 20 k$/t (14-26 k$/t)
NaOH(s) 235 $/t

Ca(OH), 262 $/t

Table 4 Consumption of utilities before and after heat integration

Utilities Heat integration Utility reduction (%)*
Before After

Cooling water (m*/h) 298 240 19

NG (GWy) 520 353 32

Electricity (MW,) 44 4.0 9

 Utility reduction (%) = 100 x (utility amount before HI — utility amount
after HI)/(utility amount before HI)

A200 in stream HI2 (see Fig. 3). The pair of HI3 and HI4 is
used to increase the temperature of the stream before entering
the evaporator in A400. The two pairs (HIS-HI6 and HI7-HI8
in Fig. 3) conserve the thermal heat required for the evapora-
tion of water in A700 and A300, respectively. The four pairs
of heat integration allow conservation of 167 GWy, of NG,
which corresponds to a 32% reduction in the NG utilization
(see Table 4). Consequently, the amount of cooling water is
reduced from 298 to 240 m>/h and the electricity for pumping
the cooling water also decreases by 9%.

4.2 Analysis of economic parameters

The TEA aims to estimate the economic feasibility of the con-
ceptual design. A breakdown of the TCI for the vanillin plant
after heat integration is presented in Table 5. The equipment
type and size in each area are presented in detail in S3 (main
equipment and TCI) in the Supplementary Material. The pur-
chased equipment cost (PEC) and direct and indirect equipment
cost (DIC) are also reported in S3. The total direct and indirect
equipment cost (Cpy) is $62.2 million, where A400 (lignin

Table 5 Breakdown of total capital investment (TCI) for vanillin pro-
duction from Kraft lignin in 10 t/h plant

Area Cost (M$  Percentage (%)
in 2018)
Alkaline oxidation (A100) 2.3 3.8
Ultrafiltration and adsorption (A200) 29 4.6
Crystallization (A300) 4.0 6.4
Waste lignin combustion (A400) 222 35.6
LP/MP steam generation (A500) 0.9 14
Alkali regeneration (A600) 0.3 04
Wastewater treatment and utility (A700) 11.7 18.9
NG combustion (A800) 123 19.8
Other costs (site and warehouse) 5.7 9.1
Total direct and indirect cost (Cpy) 62.2 100
Fixed capital investment (FCI) 68.5
Total capital investment (TCI) 71.9
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TPC of vanillin production
from 10 t/h Kraft lignin:

m Kraft lignin

® NaOH and others

 Hot & cold utilities

TPC of vanillin production
from 10 t/h Kraftl ignin:

b

H Fixed costs

Fig. 4 Breakdown of total production cost (TPC) for vanillin production from Kraft lignin in 10 t/h plant. a Before heat integration. b After heat

integration

combustion and boiler area) and A800 (NG combustion area)
account for 35.6% and 19.8%, respectively, representing over
50% of the Cpy. The FCI (Eq. (2)) sums the Cp; and project
contingency (10% of Cpy). The TCI (Eq. (3)), including the FCI
and working capital (5% of FCI), is $71.9 million.

Figure 4 presents the breakdown of the TPC for the vanillin
plant before and after heat integration. After heat integration,
the TPC of the vanillin plant was reduced from 77.1 to
62.6 M$/year due to the lower utility cost. The utility cost
comprises the highest portion of the TPC in both cases. The
cost of lignin is 20.8 M$/year, which is 33% of the TPC for the
plant after heat integration (see Fig. 4b). The fixed cost

(6.9 M$/year), including salaries (1.0 M$/year), maintenance
cost (4.8 M$/year), operating charges (0.3 M$/year), plant
overheat (0.1 M$/year), and administration cost (0.7 M$/
year), is 11% for the plant after heat integration.

The ASR averaged over the L, is 102.6 M$/year for the
vanillin plant after heat integration. The ROI and PBP are
10.1%/year and 8.0 years, respectively. The PBP was 6.2 years
for the Kraft lignin-based vanillin production with solvent
extraction followed by distillation [16], which is more opti-
mistic than that of this study. The acceptable ROI of greater
than 10%/year with a PBP of less than 5 years is commonly
chosen as a target in bioenergy production [48, 49]. Thus, the

Fig. 5 Plot of sensitivity of ROI — 36
to economic parameters suchas [ Tttt ngn.m_ price
lignin and vanillin prices, TCI, Vanillin price
and TPC - =-TPC
=+ = TCI cost 25
M. ———-Expected ROI (15 %/y)
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Fig. 6 Effect of plant size (5, 10, 20, 50, and 100 t/h Kraft lignin) on ROI
and PBP

vanillin plant with 10 t/h lignin is not economically feasible as
the PBP is unacceptable. The economic conditions providing
an acceptable ROI and PBP are identified in the next section
from sensitivity analysis.

4.3 Sensitivity analysis

Sensitivity analysis of the effect of the economic parameters
on the ROI with + 30% variation is shown in Fig. 5. The effect
of the vanillin price on the ROI is opposite to that of the lignin
price, TCI, and TPC. The desired ROI (15%/year) is indicated
by a horizontal line. The greater the slope of the ROI, the
greater the influence of a given parameter on the ROI [44].
The most influential factor affecting the ROI is the vanillin
price, where a 10% price increase (from 20 to 22 $/kg) in-
creases the ROl to 16%/year. The TPC has a greater influence
on the ROI than the TCI, which suggests that the vanillin plant
is production cost intensive rather than capital cost intensive.
The 15%!/year ROI can be achieved by reducing the TPC from
63 to 56 M$/year (11% reduction) or decreasing the TCI from
72 to 57 M$ (20% reduction). The ROI approaches 15%/year
when the lignin price is close to 180 $/t (30% reduction).

A large plant size is preferred with regard to economies of
scale [41]. The effects of the plant size, in the range of 5-100 t/
h of Kraft lignin, on the ROI and PBP are shown in Fig. 6. The
ROI trend is opposite to that of the PBP, as presented in Egs.
(10) and (11). The plant size of 20 t/h Kraft lignin provides an
ROI over 15%/year and a PBP of approximately 5 years.

5 Conclusion

This study presented a conceptual design for vanillin produc-
tion from Kraft lignin in a 10 t/h plant. Vanillin produced from
the alkaline oxidation of lignin was recovered via ultrafiltra-
tion, chromatographic separation, and crystallization, where
the overall recovery based on the feed lignin was 5.2%.

Alkali regeneration and wastewater treatment were fully taken
into account. The energy consumption was reduced via heat
integration over the entire plant. The ROI and PBP were
10.1%/year and 8.0 years. The ROI can exceed 15%/year for
a plant using 20 t/h Kraft lignin, which makes the vanillin
plant economically feasible. The proposed vanillin production
plant may be applicable to the pulping processes having the
recovery boiler and wastewater treatment unit, saving the cap-
ital cost.
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