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2,3-butanediol (2,3-BDO) is a precious chemical owing to its extensive industry applications. In addition to the
traditional chemical synthesis, the production of 2,3-BDO from biomass-based feedstock is an attractive alternative. Nevertheless, this production way consumes considerable energy because the concentration of product
from the conversion of biomass is low. In this study, several novel multi-eﬀect-evaporation-assisted distillation
(MEED) conﬁgurations are proposed to improve the energy eﬃciency of 2,3-BDO production from a fermentation broth. The binary interaction parameters between 2,3-BDO and water were determined through regression using experimental data. All conﬁgurations were designed and optimized using the sequential quadratic
programming methodology. The results indicate that the proposed MEED conﬁgurations can create the synergistic eﬀect by combining the multi-eﬀect evaporator and distillation processes, which is able to increase
substantial energy eﬃciency as compared the conventional distillation column. Notably, the total annual cost
(TAC) of the MEED conﬁgurations with double eﬀect, triple eﬀect, quadruple eﬀect, quintuple eﬀect, and sextuple eﬀect can be reduced by up to 12.3%, 16.9%, 20.1%, 21.7%, and 17.5%, respectively. The proposed MEED
conﬁguration with heat integration signiﬁcantly reduced the TAC by up to 38.9%. Furthermore, CO2 emissions
were estimated and compared between a conventional column and the suggested conﬁgurations.

1. Introduction
Currently, because fossil fuels are becoming increasingly depleted
and the petroleum price is rising, bio-based chemical compounds produced from bioreﬁneries are receiving substantial interest [1,2]. Among
many bio-based chemical compounds, microbial 2,3-Butanediol (2,3BDO) has recently attracted signiﬁcant attention worldwide [3,4]. 2,3BDO is a valuable chemical because of its extensive industry applications as printing inks, perfumes, softening and moistening agents,
pharmaceuticals, anti-freeze agents, and liquid fuels [4,5]. 2,3-BDO can
be converted to many useful chemicals, e.g., 1,3-butadiene, which can
be used in synthetic rubber production, and methyl ethyl ketone, which
is an eﬀective fuel additive with a larger combustion heat than that of
ethanol [1].
Economical fermentation and eﬃcient separation are considered as
challenges in large-scale microbial 2,3-BDO production. Many research
eﬀorts have focused on improving the eﬃciency and economic performance, such as strain improvement for a higher product yield [6],
using low price substrates [7] and production process improvement [2].

To produce 2,3-BDO from a fermentation broth, the separation process
contributes more than 50% of the total production costs [5]. Therefore,
the key economic barrier to the commercialization of microbial 2,3BDO production is the separation step, rather than the fermentation
step [4].
Hitherto, the simulated moving bed (SMB) implemented in a
LanzaTech fermentation plant is the only commercial technique to
produce anhydrous ethanol and 2,3-BDO [8,9]. Nevertheless, the behaviors of the SMB system is strong nonlinear [10], and it has high fault
probability during operation due to the alternating loads of the pumps.
[11]. Furthermore, a considerable amount of stationary phase material
is required in the SMB equipment [12]. Therefore, several techniques
such as pervaporation [13], steam stripping [14], solvent extraction
[15], salting-out extraction [16], and reactive extraction [17] have
been described. A simpler and more economical technique is still required for downstream processing in the production of 2,3-BDO from
biomass.
Using evaporators to concentrate solutions by extracting the
greatest amount of water/solvent possible is typical in industries
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2.3. Optimization method

[2,18]. However, a substantial amount of energy used for releasing the
water or solvent renders evaporation an energy-intensive process. To
improve the evaporator, several solutions can be considered, such as
using a blower-assisted evaporator [2], or a multi-eﬀect evaporator
(MEE) [19,20]. Many studies conﬁrm that the MEE, in which each effect reuses the energy from the previous eﬀect, oﬀers a signiﬁcant reduction in energy requirement [20–22]. First, external steam is used to
evaporate water from the feed in the ﬁrst eﬀect. The vapor is produced
and subsequently used to evaporate the water/solvent from the feed in
the second eﬀect. The vapor produced from the second eﬀect is subsequently used for evaporating the liquid in the third eﬀect. This process continues until the ﬁnal eﬀect. The temperatures and pressures of
the vapors from each eﬀect become progressively lower from the ﬁrst to
the ﬁnal eﬀect.
The recovery of 2,3-BDO from the fermentation broth consumes
high energy owing to its low concentration after reaction step with a
high boiling point (180 °C), and the removal of 90 wt% water. Although
the MEE is a promising conﬁguration for removing water from the feed
mixture, using only the MEE is insuﬃcient to purify 2,3-BDO with high
purity and for its recovery. Furthermore, using only conventional distillation in bioreﬁneries is also not wise. Thus, in this study, several
novel multi-eﬀect evaporation-assisted distillation (MEED) conﬁgurations are proposed and investigated in detail to improve the eﬃciency
of 2,3-BDO recovery from a fermentation broth. The nonrandom two
liquid (NRTL) property method was used to estimate the binary parameters of 2,3-BDO and water by regressing the experimental data. All
conﬁgurations were simulated rigorously using Aspen Plus and subsequently optimized using the reliable sequential quadratic programming
method. They were compared to the conventional distillation process
based on the energy requirements, total operating costs (TOC), total
annual costs (TAC), and total carbon dioxide emissions (TAE). The synergistic eﬀect of combining the multi-eﬀect evaporator and distillation
processes was then evaluated and analyzed.

The sequential quadratic programming (SQP) algorithm, which is an
eﬃcient method for solving nonlinearly constrained optimization problems [28–31], was employed to optimize all conﬁgurations studied in
this work [32,33]. This method has a theoretical basis that is related to
(1) the solution of a set of nonlinear equations using Newton’s method,
and (2) the derivation of simultaneous nonlinear equations using
Kuhn–Tucker conditions (KTC) to the Lagrangian of the constrained
optimization problem [34,35]. The basic idea of SQP is to model nonlinear programming (NLP) at a given approximate solution say xk by a
quadratic programming subproblem and then to use the solution to this
subproblem to construct a better approximation xk+1 [36]. This process
is iterated to create a sequence of approximations that it is hoped will
converge to a solution x*.
Consider a nonlinear optimization problem with only equality
constraints [34,35]:
Find x which minimizes f(x)

(1)

Subject to: g(x) = b
The Lagrangian function for this problem is
L(x, λ) = f(x) + λT(g(x)-b)

(2)

and the KTC are
m

∇x L = ∇f (x ) +

∑ λi ∇gi (x ) = 0
i=1

(3)

and
g(x) = b

(4)

Eqs. (3) and (4) is a set of (n + m) nonlinear equations in the n
unknowns x and m unknown multipliers λ. These nonlinear equations
can be solved by Newton’s method. Because SQP is available in Aspen
Plus, optimization can be implemented easily.
Note that to optimize the conventional distillation column, the TAC
involving the operating cost and investment cost was used as the objective function during optimization. TAC was optimized by varying the
number of stages. For each value of the number of stages, the locations
of feed and side stream were also varied to search the minimum value
of TAC.
Because operating cost is dominant as compared to investment cost
in these conﬁgurations, which have small number of stages. In addition,
to simplify the optimization problem, the distillation column have kept
same with base case when optimizing hybrid evaporation and distillation conﬁguration and MEED conﬁgurations. Thus, to optimize hybrid
evaporation and distillation conﬁguration, the duty and operating
temperature of the evaporator were considered as design variables. For
each operating temperature value of the evaporator, the amount of heat
in the evaporator is optimized using SQP in Aspen Plus. The objective
function during optimization using SQP is total operating cost and
constraints are purity (99.0%) and recovery (90.0%) of 2,3-BDO. For
the MEED conﬁgurations, the duty of the ﬁrst evaporator, operating
temperature of the ﬁrst evaporator, and feed split ratio were considered
as the primary variables.

2. Thermodynamic model, simulation and optimization
2.1. Thermodynamic model
Because the vapor-liquid-equilibrium (VLE) binary parameters of
2,3-BDO and water are required to carry out the simulation, they were
estimated by employing the open-literature VLE data [23,24]. The
Aspen Plus was used as an eﬃcient tool for regressing and correlating
experimental data to obtain binary interaction parameters. The NRTL
[25] equation was evaluated as the thermodynamic models for the VLE
behaviors. The literature data [23,24] for the T-xy equilibrium phase
diagram was used to regress and determine the binary interaction
parameters. As shown in the Fig. 1, the regression curves matched the
experimental data closely. Thus, the binary parameters of 2,3-BDO and
water listed in Table 1 can be found. Furthermore, as shown in this
table, the average absolute deviation (AAD) value is 0.0047, which is a
small value, indicating a good agreement between the calculated and
experimental value. Thus, the NRTL was selected as the property
package for all simulation in this study.
2.2. Process simulation

3. Proposed sequences

All conﬁgurations were rigorously simulated in Aspen Plus. Table 2
lists the feed for the real fermentation broth, operating conditions, and
product requirements [26]. In all the proposed process conﬁgurations,
99 wt% 2,3-BDO was ﬁxed to have fair comparison. The minimum
approach temperature of each heat exchanger was designed to be 10 °C.
The investment costs were estimated using the Aspen Process Economic
Analyzer to perform an economical evaluation of all conﬁgurations,
while TOC, TAC and TAE were calculated based on equations shown in
Appendix section. Note that Gadalla’s methodology was employed for
calculating the CO2 emissions [27].

3.1. Conventional distillation column
The major tasks to the economics of 2,3-BDO from biomass will be
the development of an eﬃcient and aﬀordable downstream processing
method. Among separation processes, distillation is the most eﬀective
solution for removing large amounts of water and/or solvent in
downstream processing of bioreﬁneries [2]. Thus, a side distillation
column was proposed and considered as a base process conﬁguration to
108
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Fig. 1. 2,3-butanediol + water VLE phase diagram compared with literature values at (a) 760 mmHg; (b) 500 mmHg; (c) 350 mmHg; and (d) 200 mmHg.
Table 1
VLE binary interaction parameters of the NRTL model for
2,3-butanediol (i) and water (j).
Parameter

Thermodynamic model
NRTL

aij
aji
bij (K)
bji (K)
cij
AAD

2.43182
−2.00197
35.5157
409.421
0.3
0.0047

Table 2
Feed mixture conditions and product requirements.
Variable

Value

Feed ﬂow rate
Feed component and
composition (wt%)

20000 kg/h
water (87.5); 2,3-BDO (9.3); formic acid (0.027);
acetic acid (0.89); lactic acid (0.0712); succinic
acid (0.2026); ethanol (1.05); acetoin (0.934)
820 mmHg
25 °C
1691.28 kg/h of 2,3-BDO ≥ 99 wt%

Feed pressure
Feed temperature
Product requirement

Fig. 2. TAC plot of the conventional distillation column.

distillation column and bottom ﬂow rate, respectively. For each value
of the number of stages, the locations of feed and side streams were also
varied to minimize the reboiler duty. As shown in Fig. 2, the optimal
total stages was found at 12 while the optimized feed and side locations
are at 3rd and 10th stages, respectively. It is noteworthy that the numbers here are the same with the Aspen Plus number. This means that the
ﬁrst stage is counted with number 2.
Note that a feed split was considered to solve the column hydraulic
problem and optimize the distillation column. The optimal split ratio of
0.29 was found to achieve the lowest reboiler duty while satisfying
suﬃcient hydraulic performance. The optimal conﬁguration of the

purify 2,3-BDO from other impurities. In this side stream column, the
side stream containing mainly 2,3-BDO is the main product stream,
while water and heavy components were completely removed from the
distillate and bottom streams, respectively.
In each simulation, the 2,3-BDO product and bottom temperature
(240 °C) speciﬁcations were achieved by varying the reﬂux ratio of the
109
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Fig. 3. Simpliﬁed ﬂow sheet illustrating conventional distillation column.

With this way, the duty of the distillation column can be reduced. In
particular, as shown in Fig. 5, the distillation reboiler duty is decreased
from 13,132 kW to 8,061 kW. However, the total energy requirement of
this conﬁguration is higher than that of the conventional distillation
column. This causes an increase of 3.8% in terms of the TAC. Additionally, Table 3 shows the utility cost data [37]. To enhance the
performance using the evaporator to assist the distillation, the MEEassisted distillation sequence can be considered.

conventional distillation is shown in Fig. 3. The results show that the
distillation requires a reboiler duty of 13,132 kW to achieve the target.
This conventional distillation column is considered as the base case.
3.2. Hybrid evaporation and distillation
In the puriﬁcation step, 2,3-BDO should be preconcentrated and
other impurities should be removed from the broth before applying a
distillation process. In particular, in this study, evaporation process is
considered to assist the distillation by vaporizing a portion of water
and/or solvent to generate a more concentrated solution. A vacuum
system is used to generate the vacuum condition of the evaporator. It is
noteworthy that the top vapor stream of the evaporator is condensed
and subsequently pumped using liquid pump. This can minimize the
cost to create the vacuum condition of the system. To optimize this
conﬁguration, the duty and operating temperature of the evaporator
were considered as design variables. For each operating temperature
value of the evaporator, the amount of heat in the evaporator was
optimized using SQP in Aspen Plus. Fig. 4 indicates the eﬀect of the
evaporator operating temperature on the performance of the entire
process. Thus, the evaporator temperature was selected as 50 °C to
minimize the operating cost as well as to use the cooling water.

3.3. Multi-eﬀect-evaporator assisted distillation sequence
The MEE process is the oldest process in desalination. Here this
process is used to assist the distillation process in the puriﬁcation of 2,3BDO. Viscosity is one of criteria to select suitable MEE arrangement. If
viscosity is main constraint, backward feed arrangement is good because the last liquid is in the ﬁrst eﬀect, which has high temperature
reducing the viscosity of that liquid. In this case, viscosity of main
product is only 0.5193 cp, which is a relatively small value. Thus,
viscosity should not be a critical constraint to aﬀect the separation in
this case.
In a forward-feed operation, an external steam was used to evaporate water from the feed in the ﬁrst eﬀect. Vapor was produced and
subsequently used to evaporate the water/solvent from the feed in the
second eﬀect. The vapor produced from the second eﬀect was subsequently used for evaporating the liquid in the third eﬀect. This process
continues until the ﬁnal eﬀect. The vapor in the last eﬀect was condensed in the primary condenser. The feed and vapor enter the eﬀects
and ﬂow in the same direction. The temperatures and pressures of the
vapors from each eﬀect become progressively lower from the ﬁrst to the
ﬁnal eﬀect. Last eﬀect has lowest temperature and pressure, it is suitable for main product, which is sensitive with temperature. In other
words, if the main product is sensitive with the temperature, the feed
forward arrangement can be considered as a suitable solution to design
the process. Furthermore, with this conﬁguration, no pump was required to transfer the solution from one stage to the next. Thus, a forward-feed operation was considered to design the MEE in this case.
However, the product could not satisfy the target purity of 99 wt%
by the MEE conﬁguration. Therefore, after water was removed using
the MEE, the concentrated liquid was separated and further puriﬁed
using the distillation column, which forms the MEED (as shown in
Fig. 6). Furthermore, using evaporators in a vertical arrangement permits reducing the quantity of tubing and the size of the enclosing

Fig. 4. The eﬀect of operating temperature of evaporator on the total annual
cost.
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Fig. 5. Simpliﬁed ﬂow sheet illustrating hybrid evaporation and distillation.

The pressure of the ﬁrst evaporator and second evaporator were automatically set to satisfy the operating temperature. Because the product
could not satisfy the target purity of 99 wt% by the double-eﬀect evaporator conﬁguration, the concentrated liquid was subsequently separated and puriﬁed further using the distillation column.
To optimize this conﬁguration, the duty of the ﬁrst evaporator,
operating temperature of the ﬁrst evaporator, and feed split ratio were
considered as the primary variables. The results indicate the cooling
water cost, steam cost, and TOC savings of 5.6%, 15.0%, and 14.9%,
respectively, compared to a conventional distillation column.
Consequently, a TAC saving of 12.3% can be obtained. In addition, the
results show that the TAE, which was estimated using Gadalla’s methodology, in MEED with double eﬀect is decreased by up to 16.9%
compared to that of the conventional distillation column.
The same methodologies were used for other cases including the
triple, quadruple, quintuple, and sextuple eﬀect. Table 4 shows the TAC
saving of diﬀerent structural alternatives. Fig. 7 indicates that the water
fraction is reduced, and the 2,3-BDO fraction increases when entering
the distillation column along with the increase in the number of eﬀects.
Both the ﬁrst evaporator duty and distillation reboiler duty are decreased when the numbers of eﬀects increase. Fig. 8 shows the variation
in the total annual cost with the number of eﬀects indicating that the
TAC saving increases along with the increase in the number of eﬀects.
The pump power used to transfer the feed solution to the ﬁrst evaporator is very small. For example, this power is 0.4143 kW in sextupleeﬀect-evaporation assisted distillation conﬁguration. Thus, the
pumping cost was ignored in the economic evaluation.
However, owing to the small temperature diﬀerence between eﬀects
in the sextuple eﬀect case because the steam temperature was 120 °C
and the temperature of the ﬁnal evaporator was selected as 50 °C to use
cooling water, the recovery of heat is reduced in this conﬁguration as
compared to others. Note that temperature minimum approach of 10 °C

Table 3
Utilities cost data [37].
Utility

Price ($/GJ)

Cooling Water
Steam (LP)
Steam (HP)

0.35
14.05
17.70

vessels by the same amount [20]. The feed stream enters at the top of
the eﬀect and ﬂows on the inside surface of the tube, and the heating
for evaporation is on the outside surface of the tube bundle [20].
To design the double-eﬀect- and higher-eﬀect-assisted distillation
conﬁguration, the temperature diﬀerences are assumed equal [38]

ΔT =

TS − TN
N

(5)

T1 = TS − ΔT

(6)

Ti + 1 = Ti − ΔT , i = 1, 2…,N − 1

(7)

where TS is steam temperature, Ti and TN is operating temperature of
eﬀect number i and N, respectively.
Double, triple, quadruple, quintuple, and sextuple eﬀect cases
(Fig. 7) were performed to obtain the best conﬁguration. For example,
in the double-eﬀect case, as shown in Fig. 7a, external steam was used
to evaporate water from the feed in the ﬁrst eﬀect. Vapor was produced
and subsequently used to evaporate water from the feed in the second
eﬀect. The vapor produced from the second eﬀect was subsequently
cooled. The steam temperature was 120 °C and the temperature of the
ﬁnal evaporator was selected as 50 °C to use cooling water. Two evaporators were used, and the temperature diﬀerence between the ﬁrst
and second evaporator was 35 °C. Thus, the temperature of the ﬁrst
evaporator and second evaporator were 85 °C and 50 °C, respectively.

Fig. 6. Simpliﬁed ﬂow sheet illustrating multi-eﬀect-evaporation-assisted distillation conﬁguration.
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Fig. 7. Simpliﬁed ﬂow sheet illustrating multi-eﬀect-evaporation-assisted distillation conﬁguration with (a) double eﬀect; (b) triple eﬀect; (c) quadruple eﬀect; (d)
quintuple eﬀect; (e) sextuple eﬀect.

was used to design heat integration in MEE. In addition, both the ﬁrst
evaporator duty and distillation reboiler duty are increased as compared to the quintuple-eﬀect case. This causes the TAC of the sextuple
eﬀect to be higher as compared to that of the quintuple eﬀect. Thus, the
quintuple eﬀect is the optimum number when the steam temperature
was 120 °C. It is noteworthy that when the steam temperature is higher,
the optimum number of eﬀects can be increased.
Furthermore, as mentioned above, the product could not satisfy the

target purity of 99 wt% by the MEE conﬁguration, while the conventional distillation requires large reboiler duty. Combining these two
technologies to form MEED conﬁgurations can generate the synergistic
eﬀect, which can improve the energy eﬃciency. Furthermore, these
conﬁgurations are eﬃcient, practical, and simple to implement and
operate.
Heat integration was then considered to improve the performance of
MEED conﬁgurations. In this case, the latent heat of the top vapor
112
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Table 4
Comparison of diﬀerent structural alternatives.

Energy requirement saving in
condenser (%)
Energy requirement saving in
reboiler (%)
TOC (USD/year)
TOC saving (%)
TAC (USD)
TAC saving (%)
TAE (kg/year)
TAE saving (%)

Conventional distillation
column

Hybrid evaporation and
distillation

Double eﬀect

Triple eﬀect

Quadruple
eﬀect

Quintuple eﬀect

Sextuple eﬀect

–

−17.0

5.6

14.7

20.0

23.1

19.1

–

−0.5

15.0

21.1

24.8

27.0

23.5

7,355,087
–
7,498,209
–
33,645,085
–

7,408,699
−0.7
7,782,310
−3.8
32,876,690
2.3

6,260,655
14.9
6,579,902
12.3
27,960,869
16.9

5,813,946
21.0
6,228,392
16.9
26,067,324
22.5

5,539,173
24.7
5,994,676
20.1
24,886,478
26.0

5,419,138
26.9
5,870,408
21.7
24,375,854
27.6

5,633,607
23.4
6,182,961
17.5
25,328,669
24.7

in every case. Thus, when applying heat integration in MEED, in case of
double eﬀect, the ﬁrst evaporator temperature is so small that the vapor
stream of distillation column can cover all of heat of evaporator. In
other cases, such as triple, quadruple, quintuple and sextuple case, the
ﬁrst eﬀect temperature is higher than that in double eﬀect, so heat
transferred by heat integration is less than that in double eﬀect case.
This saving is better than that of the hybrid-blower-and-evaporatorassisted distillation conﬁguration, which can reduce the TAC by 27.6%
[2]. Note that the current process is being developed using continuous
distillation process. Because the required capacity of the developed
process is large, the continuous process is more suitable as compared to
batch process [39,40].
4. Conclusions
Owing to its potential in many applications, 2,3-BDO production
from biomass was studied. The outlet of fermentation step required
further processing to remove water and other impurities for purifying
2,3-BDO. Several novel MEED conﬁgurations was proposed to enhance
the energy eﬃciency of 2,3-BDO puriﬁcation process eﬀectively. The
NRTL model showed that it is the proper property package for the
proposed design. The binary interaction parameters of 2,3-BDO and
water were determined successfully by regressing the experimental data
and validating. The MEED conﬁguration proved to be a promising
technique for improving the energy eﬃciency and TAC of the process
by generating the synergistic eﬀect of the combination of MEE and
distillation process. Consequently, the proposed MEED conﬁguration
with heat integration signiﬁcantly reduced the TAC by up to 38.9%.
This is comparable to the latest conﬁguration proposed by [2].

Fig. 8. Eﬀects of number of eﬀects.

stream was employed for supplying the heat directly to the heat exchanger of the ﬁrst evaporator (Fig. 9). As a result, the evaporator duty
can be reduced signiﬁcantly, thus resulting in a substantial TAC saving.
In particular, the TAC savings are 25.4%, 28.9%, 30.3%, and 26.2% for
the triple, quadruple, quintuple, and sextuple-eﬀect-evaporation-assisted distillation conﬁgurations with heat integration, respectively.
Fig. 8 also shows the eﬀect of the number of eﬀects on the TAC saving
when considering heat integration. In these conﬁgurations, the saving
trend is similar to that in the MEED conﬁgurations without heat integration. The reason for the trend is similar with that of the MEED
distillation conﬁgurations without heat integration.
It is interesting that the double-eﬀect-evaporation-assisted distillation conﬁguration with heat integration can reduce the TAC by 38.9%.
This is because when increasing the number of eﬀect, the ﬁrst evaporator temperature also increases. Every distillation column in MEED
conﬁgurations operated in 1 atm, so temperature of top steam is similar
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Appendix A
A Cost correlations
a. Operating cost (Op):
Op = Csteam + CCW

(8)

where Csteam is the cost of the steam and CCW is the cost of cooling water.
b. Total annual cost (TAC)

TAC = capitalcost ×

i(1 + i) n
+ Op
(1 + i) n − 1

(9)

where i is the fractional interest rate per year and n is the number of years
B Estimation of the CO2 emission [27]
In the combustion of fuels, air is assumed to be in excess to ensure complete combustion so that no carbon monoxide is formed. The amount of
CO2 emitted, [CO2]Emissions (kg/s), is related to the amount of spent fuel, QFuel (kW), in the heating device, as follows:

Q
C%
⎞α
[CO2 ]Emissions = ⎛ Fuel ⎞ ⎛
⎝ NHV ⎠ ⎝ 100 ⎠

(10)

where α ( = 3.67) is the ratio of the molar masses of CO2 and C, while NHV, which is equal to 47,141 (kJ/kg), represents the net heating value of
natural gas with a carbon content of 75%.
The amount of spent fuel can be calculated using the following equation:

QFuel =

QProc
T − TO
(hProc − 419) FTB
λProc
TFTB − Tstack

(11)

where λProc (kJ/kg) and hProc (kJ/kg) are the latent heat and enthalpy of steam delivered to the process, respectively, while TFTB (°C) and Tstack (°C)
are the ﬂame and stack temperatures, respectively.
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