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Abstract: For every nine tons of produced biodiesel, there is another ton of glycerol as a byproduct.
Therefore, glycerol prices dropped significantly worldwide in recent years; the more significant
biodiesel production is, the more glycerol exists as a byproduct. glycerol prices also impact the
biodiesel manufacturing business, as it could be sold according to its refinement grade. The primary
objective of this work was to evaluate the economic potential of the production of 1,2-propanediol
derived from the biodiesel produced in Colombia. A plant to produce 1,2-propanediol via catalytic
hydrogenation of glycerol in a trickle-bed reactor was designed. The plant comprised a reaction
scheme where non-converted excess hydrogen was recycled, and the heat generated in the reactor was
recovered. The reactor effluent was sent to a separation train where 98% m/m purity 1,2-propanediol
was attained. Capital and operational costs were estimated from the process simulation. The net
present value (NPV) and the modified internal return rate (MIRR) of the plant were used to assess
the viability of the process. Their sensitivity to key input variables was evaluated to find the viability
limits of the project. The economic potential of the 1,2-propanediol was calculated in USD 1.2/kg; for
the base case, the NPV and the MIRR were USD 54.805 million and 22.56%, respectively, showing
that, for moderate variations in products and raw material prices, the process is economically viable.

Keywords: 1,2 propanediol; biodiesel; glycerol as a byproduct; Colombia case-study; trickle-bed reactor

1. Introduction

The current models of production and consumption are affecting the world, producing
inequality and environmental damage. Studies show that the increment of biobased
products is more effective in the reduction of greenhouse gases (GHG) [1,2]; moreover,
using an alternative to fossil resource that fulfills the same technical requirements as its
fossil counterpart is defined as adding value [1]. Biodiesel is an attractive added value
bioresource. Since it is carbon-neutral and compatible with the petroleum-based fuel
supply infrastructure, it can reduce the transport sector’s greenhouse gas (GHG) emission,
estimated as 15% of the total GHG emissions [3].

Developing countries such as Colombia implemented laws such as 693 from 2001
and 939 from 2004, which ruled blends between biofuels as well as gasoline and biofuels
mixtures for diesel engines; these laws promoted new business opening in bioethanol and
biodiesel production enterprises. As of today, Colombia’s biodiesel production capacity
is estimated at 591 tons per year. Between 2009 and 2013, Colombia’s biodiesel produc-
tion grew 197.1%. An increasing biodiesel production trend across the globe was also
observed [4], but its negative impact on markets such as glycerol was evident.

Biodiesel production is commonly done via catalyst-based transesterification. In this
type of reaction, for every 9 tons of produced biodiesel, there is another ton of glycerol as a
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byproduct [5]; therefore, glycerol prices dropped significantly worldwide [6]. The larger
the biodiesel production is, the more glycerol there is as a byproduct. Lower glycerol prices
also impact biodiesel production, as it could be sold depending on its refinement [7,8].
The opportunity to make biodiesel production plants more profitable by generating added
value products using glycerol as a raw material source would impact the biofuels market,
making it nearly as profitable as Petro fuels [9]. Increasing the availability of carbon-
neutral commodity chemicals and contributing to the implementation of circular economy
biorefineries [1].

Glycerol can be used to obtain several commodity chemicals, especially but not
exclusively by chemo-catalytic methods [10-12]. Glycerol can be catalytically oxidized
using Pd, Pt, and Au as catalysts to obtain dihydroxyacetone (DHA) [13,14], hydroxypyruic
acid (HYPA) [14], and glyceraldehyde (GLYALD) [15,16], which can serve as final products
or intermediaries to other commodity chemicals such as formic acid and lactic acid [11].
It can also be dehydrated to obtain acrolein, a chemical intermediate to produce acrylic
acid esters and polymers [17]. In the presence of metallic catalysts and hydrogen, the
selective hydrogenolysis of glycerol can also be carried on producing 1,2-propanediol [18]
or 1,3-propanediol [19,20].

The 1,2-propanediol is one of the most promising platform chemicals, as it is a raw
material for polyester unsaturated resins, a solvent, an antifreeze agent, and an additive in
food and cosmetics [18,21,22]. As shown in [8], the calculated sales price/total production
cost ratio of 1,2-propanediol is 1.57, making it a high added value product compared with
acrolein (1.34) and PHB (1.42). Therefore, the production of 1,2-propanediol from glycerol
derived from biodiesels production would add value to the biodiesel production chain and
become an alternative source of carbon-neutral commodity chemicals for several industries.
It would to some degree, reduce the carbon footprint of well-established processes that are
already buying petroleum-derived 1,2 propanediol in Colombia.

This work is the technical and the economic analysis of a 1,2-propanediol production
plant that uses glycerol, a byproduct of Colombian biodiesel’s production. Technological
aspects such as reaction technology selection, separation train design, and non-converted re-
actants recycle are addressed, while their impact on the process capital and the operational
cost is calculated.

2. Materials and Methods
2.1. Raw Materials and Products
2.1.1. Glycerol

The (1,2,3-propanetriol) can be found as a component of different fatty acids, which
are present naturally, forming triglycerides. At least 10% of total fatty acids are glycerol.
Glycerol is found on many industrial products, and it is practically on almost every modern
day life product. Figure 1 shows the consumption proportion from different industries
regarding glycerol as raw material. Therefore, the glycerol market is vast, and it can be
purchased at different concentrations or grades. The glycerin obtained from the biodiesel
production line is called raw glycerin. It can be refined to reach United States Pharmacopeia
(USP) standards or the Food Chemical Codex (FCC) standards for pharmaceutical or food
industry products.

Raw glycerin composition is rich in methanol, water (12% max), soaps, and 80% to 88%
glycerol. On technical grade commercially traded items, glycerin is a clear liquid substance
with a 98% minimum glycerol content, and no water, methanol, or salts are expected to be
present. USP glycerin is a highly refined substance that complies with the USP standards
monitored and controlled by the United States Food and Drugs Administration (FDA) (SRS
Engineering, 2013).
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Figure 1. Glycerol consumption distribution (%) [21].

2.1.2. Hydrogen

Hydrogen worldwide production is as high as 54 million tons. In total, 95% of the
total output comes from production facilities that use it as raw material in their production
lines. Only 5% is sold but only to nearby facilities [22]. Most of the hydrogen also comes
from fossils fuels such as natural gas. However, production processes are already tested to
obtain hydrogen from biomass [23].

2.1.3. 1,2-Propanediol

Additionally, known as propylene glycol, it has a market value estimated at 1.58 million
tons per year. It is the primary raw material on the polyester unsaturated resin manu-
facturing business used in construction and transport companies. At least 75% of total
polyester unsaturated resins are reinforced with fiberglass and substances to reinforce
plastics, making them highly resistant and light-weight [24]. Propylene glycol is also
used as a solvent in anti-freezing industry, freezing media in the food industry, and even
polyglycol industry responsible for the hydraulic braking systems industry. Recent studies
indicated the rising concerns on ethylene glycol and its toxicity; therefore, a rise in the
propylene glycol demand as a substitute for ethylene glycol could be expected.

2.2. Glycerol Catalytic Conversion to 1,2-Propanediol

Glycerol is the primary raw material for 1,2-propanediol, ethylene glycol, and other
sub-products such as lactic acid, acetol, and prop-2-enal as well as degradation products
such as methanol and carbon dioxide, methane, and propanol [25]. The dehydration—
hydrogenation reaction seen in Figure 2 was achieved in the presence of Cu-based cata-
lysts [26-28]. In [29], two adsorption sites were assumed in the reaction mechanism, and
a Langmuir-Hinshelwood kinetics was proposed. Therefore, for the reactor design, the
kinetic model expressed by Equations (1) and (2) extracted from [28] was used.

. k1boCo O
! 1+ bgeg +baca + bpecp
ry = k1bacaby Py )

(1+bgeg +baca + prp) (1 + v bHPH)Z

where rq is the acetol formation rate, rp is 1,2-propanediol formation rate, ¢ is molar
concentration, b the adsorption constant, Py is hydrogen pressure, and the sub-indexes A,
G, P, and H stand for acetol, glycerol, 1,2-propanediol, and hydrogen, respectively. The
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reaction and the adsorption constants were modeled according to Equations (3) and (4),
and the parameters of Table 1 obtained in [28] were used.
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Figure 2. Two-step mechanism proposed by Dasari et al. [25].

Table 1. Kinetics parameters from Zhou et al. [28].

Parameter Pre-Exponential Activation Energy
ky 1.54 x 10* 86.56
ko 7.16 x 103 57.8
ba 222 x 1073 36.42
bg 8.73 x 1073 25.94
bp 58 x 1073 25.77
by 1.86 x 10~ 36.24

Table 1 constants k; and b; are based on (mol . g’1 : s’l) and (m3 mol_l), respec-

tively, by, is on MPa~!, and the activation energy is on kJ/mol. These constants were
experimentally obtained for a Cu-ZnO-Al,Oj3 catalyst on a 1:1:0.5 molar proportion and
a 0.17 mm particle size by Zhou et al. [28]. The selectivities used in the present for these
reaction conditions were 93.4% for 1,2-propanediol, 1.2% for acetol, 2.7% for ethylene
glycol, and 2.7% for other compounds such as methanol, ethanol, and propanol [28].

2.3. Reactor Technology Selection and Design

There is a significant industrial background for the trickle bed reactor (TBR) tech-
nology for hydrogenolysis, hydrodesulfurization, hydrocracking, and hydro-refinery
processes [30,31]. Therefore, this reactor type was selected as the most suitable technology
to obtain 1,2-propanediol. The reactor operates using a liquid and gas phase percolation
through a fixed catalytic bed on a co-current operation (ideal operation is assumed). Thus,
the gaseous phase is the continuous one, while the liquid phase creates a thin film that
descends and covers the surface of the catalyst particles. This kind of reactor enables
continuous operation, high pressure operating conditions, and a more considerable length
to diameter (L /D) ratio.

Conversely, low mass transfer coefficients limit the reaction process as the catalyst gets
partially covered with the liquid [31]. The reactor was simulated with the RStoic model in
Aspen Plus using the selectivity mentioned above, operating adiabatically at 5 MPa and
an outlet temperature of 243.588 °C. The calculations of the mass transfer limitations and
the reactor sizing were done using Matlab® with the methodologies developed in [31,32].
For the solution of the model presented in Equations (5) and (6), catalysts deactivation
mechanism was assumed (coke formation) as 14 h according to [33].

dF
— 2 =ncepe(1—ep)n (5)

dF.
T; = [cer2 + (1 = nce)\r3 Jpe(1 — €p) ©
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where Fp, and F; are the 1,2-propanediol, glycerol mole flows inside the reactor, #cf is the
wetting of the catalyst surface calculated as in [31], and ep is the bed voidage calculated for
the HIFUEL W220 [34] from Alfa Aesar, which is the commercially available catalyst more
similar to what is described in [28].

2.4. Design and Simulation Methodology and Considerations

The economic analysis for the 1,2-propanediol produced from biodiesel’s glycerol and
the conceptual process design were performed using Aspen Plus and Aspen Economic
Analyzer software. The thermodynamic model used for liquid phase simulation was
non-random two liquids [35], and for the gas phase, the Redlich-Kwong model [36].

The process comprises two stages—the reaction and the heat recovery stages—where
the glycerol is converted, the excess hydrogen is recovered, and the purification stage
occurs, where the 1,2 propanediol is recovered with 99% purity.

The reaction and heat recovery process diagram is shown in Figure 3. The outlet
temperatures on heat exchangers HX1 and HX2 were optimized to reach the maximum
energy recovery. Feeding proportion rates between glycerol and hydrogen were set to 5:1 as
suggested in the literature to achieve the 1,2-propanediol formation [25] successfully. As the
hydrogen proportion is five times larger than glycerol, considering that the stoichiometric
ratio is 1:1, the excess of hydrogen must be recycled. Therefore, the reaction process design
considered heat exchangers and flash separators to recover a fraction of the heat generated
during the reaction step and use it as heating media on the reactor’s inlet stream. A
stoichiometric reactor was selected for the simulation, assuming 100% glycerol conversion
and the selectivity mentioned earlier.

Purge 5%

Flash
3

Heater 2

Turbine

Reactor

I

Heater 1

®

Glycerol

T HX 1
Pump

Flash
1

Flash

®

Figure 3. Reaction process flow diagram.

As the reactor effluent was rich in excess hydrogen, successive cooling and condensate
recovery in flashes 1, 2, 3, and 4 allowed the recovery of the excess hydrogen that was
recirculated and combined with the fresh feed. The reactor scheme was designed using a
hierarchical approach [37,38] combined with optimization of key temperatures [39,40] to
achieve an effective recovery of the heat generated in the reactor.

Figure 4 illustrates the distillation process. After the reaction process step was com-
pleted, hydrogen traced, and the other two most volatile compounds were removed from
reaction products at the first distillation tower. In the next distillation tower, the lightest
compounds such as acetol and propanol were separated from ethylene glycol. However, as
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1,2-propanediol has a mid-boiling point, thus it could be found at both the top of the distil-
lation tower (stream 7) and the bottom of the distillation tower (stream 6). In order to refine
1,2-propanediol up to 99% purity, it was necessary to take stream 7 to a distillation tower
where volatile compounds such as acetol were separated from 1,2-propanediol, which came
out of the bottom of the distillation tower. Stream 6 was also taken to a 65 stages distillation
tower to isolate ethylene glycol from 1,2-propanediol; in this step, 1,2-propanediol came
out of the top of the distillation tower. Both streams were then mixed and then cooled to
25 C in stream 8 to reach 99% purity.

H.0 Distillation Tower 4

McOH "

0.1 MPa

0.1 MPa

Y
-
a

s s

I

Distillation Tower 1 Distillation Tower 2

o
3

A

ﬁ
E‘
Distillation Tower 3

Figure 4. Separation process.

Distillation was first designed using the Winn-Underwood-Gilliland equations, which
are included on the DSTWU unit from Aspen Plus. Once the initial design parameters
were estimated, the RadFrac module from Aspen Plus was used, and the parameters
were adjusted to fulfill the design specifications more precisely. The distillation train
was designed based on non-sharp distillations to separate the ethylene glycol and the
1,2-propanediol which have close boiling points [41,42].

Production Rate Based on the Colombia Case Study

A private association in Colombia in which some of its primary responsibilities in-
clude the national alcohol sustainable production supporting, enabling, and designing the
regulations required for biofuels production and usage. This federation is called Fedebio-
combustibles; according to them, biodiesel production during 2017 was 460.121 tons [43].
As stated earlier, for every 9 kg of produced biodiesel, another kilogram of glycerol is pro-
duced. Thus, an average production of 4.260 tons of glycerol every month was estimated.
In this paper, it is assumed as a calculation base that 3.924 kg /h of glycerol will enter our
reaction process.

Another critical assumption is the glycerol quality, which was selected as raw glycerin.
After the preliminary isolation and purification process, salts and other compounds are
separated from our inlet stream, leaving 84% glycerol, 1% methanol, and 14% water as
total stream composition. Hydrogen comes as a pure gas from an available storage tank at
1.000 psi of pressure, and the hydrogen pressure must be reduced as low as 734.8 psi via
turbo expansion [28].
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2.5. Economic Analysis Methodology and Considerations

Economic analysis was done based on material and energy balances from process
simulation for a plant that processes 3.924 kg/h of glycerol to produce 2514.84 kg/h of
1,2-propanediol. Aspen economic analyzer was selected as the calculation engine. Initial
parameters fed to the software were aligned with Colombia’s economic benchmarks using
US dollars as reference coin and a 10-year operation period, with 52 weeks/year and
24 h/day. An annual interest rate of 17%, straight-line depreciation, and a 34% tax rate
were also considered to model project economics outcomes. Labor costs of USD 2.14/h
for the operator’s labor time and USD 4.29/h for supervisors were used. Power cost was
estimated at USD 0.03044/kWh, and other utilities such as water (USD 1.252/ m3) and
low-pressure steam (USD 8.18/ton) were also included [8,44]. A glycerin cost of USD
0.2/kg and a hydrogen cost at 1000 psi of USD 2/kg were selected as the base case for
calculations. USD 1.54/kg for the 1,2-propanediol price was assumed considering historical
data presented in [45] and information from local importers in private communications.

The economic assessment of the process was performed based upon the concept
of money time value under the discounted cash flow (DCF) methodology [1,46]. Based
on this methodology, the net present value (NPV) and the modified internal return rate
(MIRR) were selected as the plant’s profitability indices. The following models were used
to calculate the profitability indices:

_yn G
NPV =), , E )
FV\ 1
MIRR = (PV> 1 ®)

where C; is the net cash flow, r is the discount rate, FV is the future value of the cash
flows at the reinvestment rate, PV is the present value of the negative cash flows at the
finance rate, t is the period, and # is the number of periods of the analysis. The economic
analysis was performed based on the variation of the net present value (NPV) and the
modified internal return rate (MIRR) with the baseline prices of glycerin, hydrogen, and
1,2-propanediol. The catalyst price was estimated fixed at USD 95/kg, yet the refresh rate
of the catalyst and its regeneration remain uncertain, and most of the consulted studies are
still in early stages [18,33,47,48] for the specific reaction; therefore, the refresh rate of the
catalysts was introduced as an input variable to calculate the viability of the project.

3. Results

As a result of applying the methodology, the plant simulations were followed by an
optimization procedure to adjust the system to design specifications. The data obtained
from the plant simulation economic analysis revealed the economic potential of the process
and its sensitivity to relevant input variables. The lack of information impeded the catalysts’
deactivation simulation; therefore, the catalyst refresh rate was added as an economic input
variable, and the plant’s NPV was analyzed.

3.1. Reactor Design

With the same methodology used in [31,32], the total catalyst required to reach a
100% conversion was calculated. Equations (1)-(4) with the parameters reported in Table 1
were used as the trickle bed reactors” kinetic model described by differential Equations (5)
and (6). Figure 5 shows the results from the simulation used to design the reactor, where
3700 kg was calculated as the necessary mass of catalysts to carry on the reaction.
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3.2. Simulation and Design Results
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Table 2 shows process stream compositions and temperatures for the simulated pro-
cess. It was observed that, even though the distillation system includes four distillation
towers, stream 8, which is the final product stream, had a 99% mass fraction for 1,2-

propanediol but still had a 1% mass fraction of ethylene glycol.

Table 2. Simulation results for Figures 3 and 4 flowsheets.

Streams *
Parameter
1 2 3 4 5 6 7 8
Mass Flow (kg/h) 87.62 3924.00 41191 433591 3997.72 2433.55 206.59 2514.84
Temperature (°C) 25.00 25.00 200.00 243.59 176.35 187.42 130.28 25.00
Pressure (bar) 68.95 1.00 49.78 50.00 50.00 1.00 1.00 1.00
Vapor Frac. 1.00 0.00 1.00 0.89 0.00 0.00 0.00 0.00
Mass Fraction
1,2-Propanediol 0 0 0.00009 0.58685 0.63638 0.97500 0.80418 0.98885
Ethylene glycol 0 0 0 0.01383 0.01500 0.02373 0.01060 0.00897
Acetol 0 0 0.00007 0.00734 0.00791 0.00127 0.08766 0.00218
1-Popanol 0 0 0.00291 0.01516 0.01447 1.17766 x 10~ 0.00098 1.87134 x 10~?
Water 0 0.15 0.01548 0.29239 0.30863 2.00252 x 1077 0.09631 5.00583 x 10~7
H, 1 0 0.97673 0.06631  6.64086 x 10~° 0 0 0
Methanol 0 0.01 0.00472 0.01811 0.01754 2.5741 x 10712 0.00028 7.1212 x 10712
glycerol 0 0.84 0 0 0 0 0 0
Cost $/hr 96.58102 502.9981

* The stream numbers correspond to Figures 3 and 4.

3.3. Estimated Capital Cost

The total project cost of capital was USD 15,456,582.64, out of which USD 6,757,832
were associated with direct cost and can be seen in Table 3, USD 1,796,000 were related
to indirect construction and installation cost, and USD 7,094,051 were administrative and
non-field costs. The total cost included process unit procurement and installation costs,
instrumentation, pipelines, steel procurement, civil and electrical works, and isolation

where required.
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Table 3. Detailed direct costs of the plant in USD.

Labor Cost Mat Cost Total Cost
Equipment 135,772.95 2,573,980.00 2,709,752.95
Piping 477 ,683.95 333,634.47 811,318.42

Civil 104,195.42 140,486.82 244,682.24

Steel 16,730.19 94,990.92 111,721.11
Instruments 286,258.38 1,162,905.89 1,449,164.27
Electrical 129,173.18 973,076.62 1,102,249.80
Insulation 138,412.94 125,151.70 263,564.64

Paint 47,330.64 18,047.51 65,378.15
Total Direct Field Costs 1,335,557.65 5,422,273.92 6,757,831.58

Table 4 shows the cost of all the process equipment in the plant. As expected, the
most expensive fixed costs were the reactor (including catalyst) and the distillation train.
Nevertheless, the catalyst was not a fixed cost, as it must be refreshed periodically. The
catalyst’s stability was a concern, as it is a key factor for the plant’s operation.

Table 4. Process equipment, as labeled in Figures 3 and 4, cost in USD.

Total Direct Cost Equipment Cost Total Direct Cost Equipment Cost

Heater 1 48,300.00 10,000.00 Distillation Tower 1 456,100.00 94,400.00
Heater 2 53,300.00 11,900.00 Distillation Tower 2 430,000.00 81,400.00

HX1 60,200.00 12,400.00 Distillation Tower 3 2,110,200.00 1,500,100.00
HX 2 55,400.00 10,500.00 Distillation Tower 4 397,500.00 92,600.00
HX3 76,300.00 12,500.00 Cooler 64,400.00 13,600.00
Flash 1 123,300.00 32,300.00 Turbine 183,100.00 92,600.00
Flash 2 109,600.00 32,300.00 Pump 90,700.00 54,900.00
Flash 3 121,900.00 32,300.00 Reactor 140,900.00 32,300.00
Flash 4 121,700.00 32,300.00 Catalyst 362,700.00 349,280.00

3.4. Estimated Profit and Operational Cost

Operational cost reached USD 10,002,707.23/year; raw materials, operational la-
bor, utilities, and general and administrative costs were also included in the income
statement calculation.

As it can be observed in Table 5, raw materials were as high as 85.73% of the total
operating cost.

Table 5. Manufacturing unit operational cost.

Cost Items Annual Cost (USD) Cost Contribution
Raw materials 8,575,486.53 85.3%
Labor 72,735.30 0.73%
Maintenance 202,631.90 2.03%
Utilities 255,044.79 2.55%
Operating charges 18,183.83 0.18%
Plant Overhead 137,683.60 1.38%
Administrative cost 740,941.28 7.41%

Due to the heat recovery proposed early in the design phase, fluid services cost was
lower than administrative cost. If the total production was sold, the net income could
reach USD 38,490,503.50/ year, enough to cover the cost of capital by two. 1,2 Propanediol
economic potential was calculated at USD 1.2/kg.

Table 6 shows the cost of heating and cooling in the exchangers of the plant. A
factor that allowed us to diminish the heating utility expenses recycled the heat generated
in the reactor, which was recovered using HX1 and HX2 with a combined heat duty of
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400.1052 k] /s. The cooling water mass flow was 406,604.837 kg/h, and the steam flow was
5665.7344 kg /h for the heat duties reported in Table 6.

Table 6. Heating and Cooling duty of the plant.

Total heating duty KJ/s 2744.6214

Total cooling duty kJ/s 2336.759%4

Net duty (Total heating duty—Total cooling duty) kJ/s 407.8620
Total heating cost flow US$/h 24.0990
Total cooling cost flow US$/h 1.7834
Net cost (Total heating cost + Total cooling cost) US$/h 25.8824

3.5. Sensitivity Analysis

The economic viability of the project is dependent on the cash flow of the plant.
The net present value (NPV) of the project is sensitive to economic changes such as the
variability of the raw materials cost and the product’s sales price. For the base raw material
costs and product price, the NPV of the project for a 10-year period is USD 54,805 million,
and the modified internal rate of return (MIRR) was 22.56%.

Figures 6 and 7 show the variations of the NPV and the MIRR as raw materials prices
varied from the baseline case established in Section 2.5.

70 ] ] ] ] | ] | | ||
—e— Hydrogen
—o— Glycerol

Net Present Value in Million USD

4[) L L L L L L L 1 L
-50 -40 -30 =20 -10 0 10 20 30 40 50

Variation from baseline price in %

Figure 6. Sensitivity analysis for the NPV of the project as the raw material cost varies.
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Figure 7. Sensitivity analysis for the MIRR of the project as the raw material cost varies.

Figure 8 shows the sensitivity of the project to the sales price of the product. The
actual price of 1,2-propanediol allowed the project to be profitable, yet the project was most
sensitive to the high prices of the product. The MIRR presented a nonlinear variation with
the product price, which was not observed with the raw materials.
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Figure 8. Sensitivity analysis for NPV and MIRR of the project as the sales price of 1,2-propanediol varies.
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Figure 9 shows how the NPV varies as the catalysts must be replaced as it deactivates.
The deactivation amount is expressed in spent catalyst per year/reactor’s catalyst capacity.

56 | T | T |

50 |-

48 |-

46 |-

Net Present Value in Million USD

42 L L L L L
0 200 400 600 800 1000 1200

% (Spent catalyst per year / Reactors catalyst capacity)

Figure 9. Sensitivity analysis for the catalysts refresh rate.

4. Discussion

This work explored a promising way to take advantage of the residual glycerol from
biodiesel production based on the Colombian industrial context. The conceptual design
and the economic analysis of the production of 1,2-propanediol were performed without
neglecting the byproduct formation. As a result, a small ethylene glycol fraction was
formed. Its higher boiling point altered the distillation column train design strategy for
a non-sharp distillation, which resulted in efficient recovery of 1,2-propanediol. Conse-
quently, operational and capital costs would rise; this portrays a more realistic economic
analysis of the selected catalytic and the reaction technology in the separation train. With
all these considerations, the profit margin remains attractive for investment.

The reactor technology selection led to a three-phase reactor in which a complex mass
transfer process took place. Therefore, a much more complicated model was used for the
sizing of the reactor, leading to the calculation of a 3700 kg catalyst load, which would
allow a high conversion of glycerol, avoiding its presence in the separation train which
would raise the utility costs, as glycerol normal boiling point is 290 °C.

The high temperature of the reactor allowed the recovery of 400.1052 kJ /s used for
heating the inlet streams; this accounts for a 12% reduction in the heating costs compared to
the total heating duty of the plant without the thermal energy recycle. The excess hydrogen
required for the reaction to take place was recycled with high purity.

The capital cost estimation led to a USD 5,456,582.64 where the process equipment
cost account was 17%, and electrical, instrumentation, and piping costs were 21.8%. This
means that the initial investment was significant, and with a process start-up period of
20 weeks, the process reaches the equilibrium point after the second year.

Raw materials accounted for 85.73% of the operational costs, and all the plant’s income
was calculated based on the 1,2-propanediol as the only product. Therefore, these were



Energies 2021, 14, 5081

13 of 15

the key input values for economic analysis. The net present value (NPV) measured the
economic potential and the risk of commercialization of the current process; the positive
NPV meant that the process was profitable. With a base NPV of USD 54.805 million for a
10-year period, the sensitivity analysis showed that the plant profitability depended on the
sale price of 1,2-propanediol followed by the glycerol cost, which highly depended on its
availability. The modified internal return rate MIRR assumed that any positive cash flow
was reinvested at the external rate of return, making this a more accurate way to measure
the viability of the project. As with NPV, the tendencies were the same; the plant was highly
dependent on the variability of the 1,2-propanediol price followed by the glycerol price.

A non-accounted factor during the design due to the lack of mathematical models was
the catalyst’s refresh and regeneration rates. In consequence, the impact of the catalyst’s
refresh rate was analyzed. In conclusion, the plant is not viable (NPV < 0) if the catalyst
has to be totally replaced every seven days, much less than expected of a commercial
catalyst. This factor highly affects the plant’s economy, and further research must be done
to establish its deactivation mechanism and exact cost.

5. Conclusions

The conceptual design and the economic analysis of a process are potent tools for
possible solutions to existing problems—in this case, the surplus glycerol produced by
the biodiesels industry in a country such as Colombia. Nevertheless, many assumptions
induce uncertainty to the result in this analysis. In this case, logistics costs analysis
was not considered, as there is not enough information to predict the distribution chain
of glycerol in the country, especially for a facility as big as the designed one, with the
country’s biodiesel production scattered across the territory. The availability of data on
the reaction also limits the reach of the predictions; most of the available kinetics were
obtained at a laboratory scale under particular conditions. Yet, an effort was made to use
the intrinsic kinetics combined with the mass transfer equations to dimension the reactor
as accurately as possible. Although the deactivation kinetics of the chosen Cu/Zn/Al,O3
is not available, it was possible to consider its economic effect on the plant. Accurate
calculations are possible, especially in the separation where most of the utilities are spent,
and, therefore, energetic predictions are considered reliable. The estimates of operational
costs, raw material prices, and product prices are also accurate, as they are done based on
the literature and well-known analysis methodologies and software.

With the above-mentioned limitations, the potential of the 1,2 Propanediol production
as an alternative for re-valuing raw glycerin is high, since the production costs and the
revenues exceed capital costs in the long term, even under moderate variations on feedstock
costs. In the short term, the project would start being profitable after the second year.
Since glycerol production is increasing worldwide, all alternatives should be considered
to produce added value processes that make the biodiesel refinery more profitable and
promote carbon-neutral alternatives to petroleum-derived products.
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