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CHAPTER 1
INTRODUCTION

1.1 Background and problem statement

Renewable energy is gaining attention as a consequence of the ever-
increasing global energy demand and greenhouse gas emissions from the combustion
of fossil fuels [1]. To reduce reliance on imports of fossil fuels, industries are
attempting to develop and use domestically produced renewable energy, especially
in the transportation sector [2]. In Thailand, the target for reducing CO, emissions
from the energy and transportation sectors has been anticipated to be reduced to
113 million tonnes of CO, by 2035 [3]. One important strategy to accomplish CO,
emissions reduction is the utilization of biofuels. Most of the existing technologies are
mainly focused on the production of fatty acid methyl ester (FAME) or biodiesel
since it causes less environmental impact compared to fossil fuels [4-6].

The world production capacity of biodiesel is about 41 billion liters in 2019
and is anticipated to increase to about 50 billion liters by 2030 [7]. Thailand is an
agricultural country with advantages in raw materials such as palm oil, which can be
used as feedstock for the production of biodiesel [4]. Biodiesel production has
piqued the interest of entrepreneurs in the palm oil sector. In addition, the Thai
government has a policy to promote the production and use of biodiesel [8].
Therefore, the development of the biodiesel industry plays an important role in
increasing the economic benefits.

Biodiesel is commonly produced through the transesterification process of
either animal or vegetable fats [9]. The main by-product from this process is glycerol
which is typically obtained at approximately 1 kg of glycerol per 10 kg of biodiesel
produced [10]. The size of the global glycerol market, which is at 2.8 MT in 2020, is
expected to reach 4 MT by 2027 [11]. Given the high volume of biodiesel production,

a large amount of glycerol is produced. Currently, the size of the glycerol market



cannot support the large surplus of glycerol [12]. This is one of the major issues in
biodiesel production that still requires wise management to improve its sustainability.

Glycerol has a wide range of applications. It is traditionally used in the
pharmaceutical, cosmetic, personal care products, and food industries [13, 14]. Many
researchers have paid attention to glycerol management through the synthesis of
valuable chemicals via biological, thermochemical, and catalytic conversion
pathways as given in Figure 1.1. In general, the thermochemical conversion pathway
could deal with a large amount of excessive glycerol. However, the thermal
degradation of glycerol could lead to emissions of toxic gases that are harmful to the
environment [12]. Regarding the catalytic conversion pathway, it offers higher
conversion of glycerol and higher selectivity of valuable products, compared to the
other pathways. Nevertheless, the extreme operating conditions could lead to safety
and environmental concerns [15-21]. Alternatively, glycerol conversion via the
biological conversion pathway could be attractive given its milder operating
conditions (about the atmospheric condition) and its better eco-friendliness due to
less CO, emissions [12]. Accordingly, glycerol conversion via the biological pathway
was the focus in our work.

C3H30,
Glycerol

Biological pathway Catalytic pathway Thermochemical pathway

— 3-hydroxypropionic acid

— Lactic acid
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1.1 Potential chemicals producible from glycerol



Glycerol could be used as a raw material in fermentation and anaerobic
digestion to produce valuable chemicals since microorganisms could use glycerol as
their carbon and energy sources. The utilization of glycerol also offers other
advantages including, 1) glycerol is readily available and the pretreatment process of
refined sglycerol is not as complex as those pretreatments found in the
lignocellulosic biomass (2" generation feedstock), and 2) the utilization of glycerol
does not engage in the food-fuel competition as faced by the 1% generation
feedstock. Accordingly, sugars, e.g., slucose, xylose, and sorbitol that can be attained
from the first and second generation feedstocks could be replaced with glycerol to
produce valuable chemicals via fermentation [22, 23].

Regarding the fermentation of glycerol, a wide range of chemicals can be
synthesized by this process such as 1,3-propanediol, lactic acid, propionic acid,
succinic acid, etc. [6, 24-26]. These chemicals are used in a broad variety of
industries. Chemicals that have the potential to be produced from glycerol must be
feasible for their production and have the potential to replace products from the
petrochemical industry. The selection of the appropriate chemicals produced from
glycerol depends on the technological know-how, market demand, application, and
production cost. Initially, we calculated the gross profit margin of each alternative, as
present in Appendix A. From the analysis results, there are three chemicals with high
gross profit margins, including propionic acid, succinic acid, and dihydroxyacetone.

Ranked as one of the top thirty platform chemicals [27], propionic acid (PA)
and its derivatives could be converted into valuable chemicals and biomaterials [28].
Currently, the existing technology of PA synthesis employs petroleum-based
feedstock. Although the petroleum-based technology provides a higher conversion of
glycerol and a higher selectivity of PA, this technology depends on the non-
renewable feedstock which is not sustainable in long term. Thus, to align with the
attempt to replace the petroleum-based feedstock, PA should be produced
alternatively via fermentation of glycerol.

The fermentation of glycerol for the PA production is influenced by several

factors. Among all types of bacteria, Propionibacterium [29] exhibited the highest



efficacy to produce PA which had been shown promising for industrial applications.
Apart from the fermentation technology, acid-recovery technologies also play key
roles in the production of carboxylic acids (e.g., propionic acid, succinic acid, and
lactic acid) [30, 31]. Specific to PA production, the recovery of PA containing in the
fermentation broth (about 2 wt% of PA) could not be undertaken by conventional
techniques. For example, the conventional distillation could not be utilized since PA
and water form a minimum-boiling azeotrope [32].

Therefore, advanced techniques for the acid recovery are required to recover
PA effectively, which directly affects the overall process economics [33, 34].
Regarding the acid recovery process, there are several methods for the efficient
recovery of dilute propionic acids in aqueous solutions. Such methods include an
electrodialysis, a reverse osmosis, an adsorption, an anion exchange, as well as a
reactive extraction [33, 35]. Among these technologies, the reactive extraction has
received the most attention for the recovery of organic acids [10, 36-38].

In the reactive extraction, there are two steps involved: the forward and the
backward steps. Initially, an extractant and a diluent were present in the organic
phase whereas a propionic acid and other by-products were present in the aqueous
phase. In the forward step, the extractant (generally organic compounds such as
amines) reacts with the propionic acid to form the organic complex that can dissolve
in the organic phase. The organic phase containing the organic complex is sent to the
backward step. In this step, the organic complex is cleaved using various back-
extraction techniques, including a utilization of NaOH, a temperature-swing
regeneration, a diluent-swing regeneration, and a utilization of trimethylamine (TMA)
to recover the reusable extractant and the salable propionic acid [36, 37, 39].

In fact, the appropriate selection of diluent and extractant pair as well as the
back-extraction technique in the reactive extraction are especially important when
the reactive extraction is considered for upscaling to a commercial level. To facilitate
the selection that accounts for these factors, a process simulation is employed in

this work.



Meanwhile, the conversion of glycerol to succinic acid (SA) has received
growing attention [26, 30, 40, 41] due to its versatility and its intriguing market growth
[42]. SA is a crucial chemical since it is typically used in a variety of industrial
processes including the production of biodegradable plastics, food, pharmaceuticals,
and chemical industries [43-45]. Nowadays, petroleum is the primary source of SA
production through the hydrogenation of maleic anhydride [31]. However, bacterial
fermentation provides various advantages over the petroleum pathway, including
milder operating conditions, a greener approach, and lower GHG emissions [46].

Glycerol can be used as a substrate for the SA production. However, the
redox imbalance during cell growth hindered the application of microorganisms in
the production of SA. To increase the rate, the addition of external electron
acceptors was found effective as evidenced in A. succinogenes according to Carvalho
et al. [23]. Dimethyl sulfoxide (DMSO) was found to be a highly effective electron
acceptor, leading to a significant boost in both SA synthesis and sglycerol
consumption [23]. Furthermore, DMSO is a non-toxic commercial organic solvent. Its
usage has increased for pharmaceutical and electronics manufacturing purposes [47].
Additionally, DMSO is inexpensive as it is a by-product of kraft paper manufacturing
[48]. The price of DMSO is about 0.267 USD per kg [49]. Therefore, the addition of
DMSO in SA production could be cost-effective and environmentally friendly.

In addition to the upstream process, the separation and purification of SA
obtained from the fermentation broth also needs careful investigation. According to
Cok et al. [50] and Morales et al. [31], the two promising technologies of SA
purification, e.g., reactive extraction and direct crystallization were proposed. To
assess this, the simulation of bio-based SA production is developed in this work
along with the sustainability assessment tools to identify hotspots of the bio-based
SA such that further enhancement could be undertaken.

Moreover, the conversion of glycerol to 1,3-dihydroxyacetone (DHA) is
focused in this work due to the attractive market growth and the high price of DHA
[51, 52]. DHA is a specialty chemical, used as an effective ingredient in sunless

tanning products [53]. DHA also serves as a building block for chemicals synthesis



such as lactic acid [30]. DHA can be produced from glycerol using either chemical
(catalytic oxidation) or biological routes [54]. Commercial synthesis of DHA is
preferred via the biological route as compared to the chemical route due to the
nature of their microorganisms and the mild process environment [55, 56]. Although
the biological route can give excellent DHA selectivity, they have some limitations.
The main challenge of DHA production is the inhibitory effect on bacterial growth
due to the high concentrations of glycerol, leading to the low DHA production
capacity [57, 58].

To improve the bacterial growth rate, recent studies attempted to add
secondary carbon sources such as sugars. According to Lu et al. [55] and Liebminger's
work [59], the growth efficiency of Gluconobacter strains was greatly enhanced by
growing the strains in a medium, containing glucose and sorbitol as the secondary
carbon sources. By considering these works, it can be inferred that the addition of
secondary carbon sources can be beneficial for cost reduction. To prove this
inference, process simulation is needed.

Given the useful properties of these three chemicals, their biological synthesis
can be a promising candidate for the development of a sustainable process that can
help solve the problem of glycerol surplus. Nevertheless, approaches and
technologies for using glycerol to produce these chemicals are still lacking. Also, their
purification is a challenge in biological processes. This is because the purification
requires high energy and costs, making it an economic disadvantage compared to the
chemical processes [33, 34]. Consequently, the concept of process design and
comparing it to existing processes is an excellent tool for increasing the profitability
of the biodiesel industry.

As mentioned above, this study aims to identify the promising technology for
the productions of value-added chemicals from glycerol. This study has been divided
into three parts including 1) sustainable process design of propionic acid production
by Propionibacterium acidipropionici, 2) succinic acid production from glycerol by

Actinobacillus succinogenes: techno-economic, environmental, and exergy analyses,



and 3) process design and evaluation of the production of dihydroxyacetone. The
optimum scenarios of each process are compared with the conventional process.
The process model of glycerol-derived biochemical processes is expected to
serve as a guideline for reassurance to the biodiesel plants for further investment in
the development of by-products. It is also expected that this process model could
be used to assist entrepreneurs in selecting technologies developed from this work

to increase their competitiveness and enhance the economy of the industry.
1.2 Research objective

To design and evaluate the productions of value-added chemicals from
glycerol, including propionic acid, succinic acid, and dihydroxyacetone as sustainable

alternatives for biodiesel industry using computer-aided tools.
1.3 Scope of research

1.3.1 Design possible processes for the productions of value-added chemicals
from glycerol based on research data related to production
technologies.

1.3.2 Create a process model to assist in decision-making for optimal process
selection using the Aspen Plus® program.

1.3.3 Assess the economic performance of the designed processes in terms of
discounted present value (DPV), discounted payback period (DPP), and
discounted cash flow rate of return (DCFROR).

1.3.4 Assess the energy utilization of the designed processes in terms of
specific energy consumption (SEC).

1.3.5 Assess the environmental impact of the designed processes in terms of
CO, equivalent emission.

1.3.6 Improve the designed processes by enhancing the process efficiencies
which can be conducted by identifying hotspots for further

improvement.



1.4 Expected outcomes

1.4.1 To assist industry in decision-making the best alternatives for the designs
of value-added biochemical productions from glycerol obtained from
biodiesel industry.

1.4.2 To increase the competitiveness of the industry and lead to the
development of the sustainable biodiesel industry in the future.

1.4.3 The development of the biodiesel industry by valorization of glycerol to
the production of chemicals can reduce the environmental burden and

disposal problem.



CHAPTER 2
FUNDAMENTAL THEORY AND LITERATURE REVIEWS

This chapter provides the necessary theory and the basic knowledge of value-
added chemicals production from sglycerol including background of biodiesel
production, glycerol grades, refining of crude sglycerol, applications of glycerol,
propionic acid production, succinic acid production, and dihydroxyacetone
production. It also provides literature reviews related to the development of
chemical production for both upstream and downstream processing. Moreover,

sustainability assessments are also reviewed to gain more understanding.
2.1 Fundamentals
2.1.1 Biodiesel

Biodiesel is an alternative fuel for fossil fuels. The ability to release air
pollution in small quantities makes it more environmentally friendly than petroleum
fuels [4]. Recently, Thailand has implemented the Renewable and Alternative Energy
Development Plan with the objective of reducing dependence on conventional fuels
[3]. There is a strategy to develop biofuels that can replace petroleum diesel,

especially biodiesel from oil palm [60].
2.1.1.1 Overview of biodiesel

The global biodiesel production is around 41 billion liters in 2019 and is
expected to be approximately 50 billion liters by 2030 [61]. In Thailand, biodiesel
production is 1.4 billion liters in 2014 and is expected to be approximately 1.85
billion liters by 2027 [7]. Biodiesel can be produced from a variety of raw materials.
Oleaginous crops are the most commonly utilized raw materials as shown in Table
2.1. In Europe, rapeseed is the main feedstock, whereas in the USA, Argentina, and
Brazil, soybeans are the main feedstock. Palm oil also has a significant market in this

biofuel from Indonesia, Colombia, and Thailand [62, 63].



Table 2.1 Biodiesel production ranking and major feedstock in 2022 [63]

10

Country

Production ranking

(base period)

Major feedstock

United States 2 (18.3%) Used cooking oils, soybean oil

European Union 1(32.2%) Rapeseed oil /Palm oil/ used cooking oils
Brazil 4(12.3%) Soybean oil

China 5(3.6%) Used cooking oils

India 15 (0.4%) Used cooking oils

Canada 12 (0.7%) Canola oil / used cooking oil/soybean oil
Indonesia 3 (17.6%) Palm oil

Argentina 6 (3.3%) Soybean oil

Thailand 7(3.0%) Palm oil

Colombia 10 (1.2%) Palm oil

Paraguay 17 (0.02%) Soybean oil

According to Table 2.2, the cost of biodiesel production is strongly reliant on

raw material costs. The challenge of high raw material costs could be handled by

using lower-cost feedstocks such as waste cooking oils [64].

The widespread use of biofuels in the future depends on the development of

new production technologies to produce high quality transportation fuels from

various agricultural feedstocks.

Table 2.2 Biodiesel price of using different feedstocks [64]

Oil Concentration

Price of Crude

Price of B100

Feedstock
(Yow/w) Feedstock ($/ton) Biodiesel ($/ton)
Soybean 15-20 735 800-805
Rapeseed 38-46 815-829 940-965
Palm oil 45-55 610 720-750
Seed 35-40
Jatropha curcas - 400-500
Kernel 50-60
Waste cooking oil - 224-360 600
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2.1.1.2 Biodiesel production via transesterification

Figure 2.1 depicts the schematic diagram for biodiesel production. The
important steps in biodiesel production are oil extraction and transesterification. In
oil extraction step, oleaginous crops are subjected to physical, chemical, or
enzymatic treatments to extract the oil. The main product obtained is crude oil that
is used as the main feedstock for biodiesel production through transesterification

[65].

Alcohol & Catalyst

Biodiesel

Biomass Drying Pressing Oil extraction Transesterification Separation Washing Drying

Crude
biodiesel

Glycerol

|7 Feedstock preparation I Biodiesel production I

Figure 2.1 Schematic diagram for biodiesel production

Transesterification of triglycerides, as shown in Figure 2.2, is the most
common method for biodiesel production from a variety of raw materials [9]. When
triglycerides react with alcohol in the presence of a catalyst, biodiesel is produced as
the main product and glycerol as a by-product. The most common types of alcohol
used are ethanol or methanol, in particular methanol, which generally is less
expensive and has a better reaction. Although the reaction requires three moles of
alcohol per one mole of triglycerides, excess alcohol is required to shift the
equilibrium towards products and achieve a high yield [14]. In general practice, the
most recommended mole ratio is 6:1 of methanol to oil. After the reaction is
completed, the excess methanol is recovered and recycled in the reaction process.
The crude biodiesel is washed and dried under vacuum to achieve low moisture

content of the final product [9].

(6] 0
| Il
CH;-0-C-R CH;-0-C-Ry
| o (0] CH, - OH
| | II |
CH -0-C-R; + 3CH;OH =3 CH;-O-C-R;, + CH-OH
(Catalyst) |
| O (0] CIT - OI1
\ \ I
CH,-0-C-R; CH;-0-C-R;
Triglyceride Methanol Mixture of fatly esters  Glycerol

Figure 2.2 Transesterification of triglyceride with methanol [64]
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2.1.2 Glycerol

Glycerol, also known as glycerin, is a by-product from the production of
biodiesel through transesterification [44, 64]. Figure 2.3 shows the flow chart of
biodiesel and glycerol production. Generally, for every three moles of methyl ester,
one mole of glycerol is generated, which is approximately 10 wt% [64]. Glycerol is a
colorless, odorless, viscous liquid soluble in different polar liquids, such as methanol,
ethanol, isopropanol, and insoluble in fatty oils, hydrocarbons, and chlorinated
solvents such as hexane, benzene and chloroform [45]. Crude glycerol is a mixture of
glycerol and other contaminants such as water, methanol, soap, and matter organic
nonglycerol (MONG). The components of crude glycerol vary depending on the
feedstock, the process used for biodiesel production, and the post-treatment
methods used [66]. Table 2.3 provides glycerol contents ranging from 20.0% to over

85.0% (w/w).

Qils or Fats

FFA<2.5wt% FFA>2.5w1%

Catalyst

Pretreatment

Alcohol

Neutralized oil

Transesterification

Crude glycerol type

1 Glycerolpurty 30:50%6 | OWEIORE

Re-neutralization

Biodiesel phase

Crude Biodiesel

e
IV. Glycerol purity 80-88% Crude Glycerol
(amendable for glycerol refining industry) _____ ‘e |

V. Vacuum distillation/Ion exchange
Glycerol purity 99% or higher
(amendable for pharmaceutical industry)

IIL. Removal of water and methanol Alcohol Recovery

Figure 2.3 Simplified flow chart of biodiesel and glycerol [67]
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Table 2.3 Chemical compositions of crude glycerol from various feedstocks [66]

Sources of crude glycerol Glycerol Methanol Soap MONG

Feedstock Catalyst (w/w) (w/w) (w/w) (w/w) (w/w)
Soybean oil KOH 62.0% 12.8% 25.2% n/a
Chicken fat /soybean oil (50/50, KOH 62.3% 14.4% 23.2% n/a
w/w)
Canola oil NaOH 56.5% 28.3% 15.3% n/a
Sunflower oil 0.5% NaOH 75.0% 1.0% 9.3% n/a
Sunflower oil 0.5% NaOH 90.0% <1.0% n.d. n/a
Seed oils 3.8-4.2% NaOCH; 62.5-76.6% n/a n/a n/a
Soybean oil n/a 63.0% 6.2% n.d. n.d.
Soybean oil n/a 22.9% 10.9% 26.2% 23.5%
Soybean oil n/a 33.3% 12.6% 26.1% 22.3%
Waste vegetable oil n/a 27.8% 8.6% 20.5% 38.8%
Jatropha oil n/a 18.0-22.0% 14.5% 29.0% 11.0-21.0%
Palm oil n/a 80.5% 0.5% n/a <2.0%

Notes: n/a: not available; n.d.: not detected

2.1.2.1 Glycerol grades

The industry divides between different grades of glycerol, based on its purity
(by wt%). Many grades of glycerol are available in the market. Glycerol can be
categorized into three main types - crude glycerol, technical glycerol, and refined

glycerol. An overview of the different glycerol grades is summarized in Table 2.4.

Table 2.4 Properties of the different glycerol grades [44, 64, 68]

Properties Crude glycerol Technical glycerol Refined glycerol

(USP & FCC grade)

Market price (USD/kg) 0.14 0.66 0.895
Glycerol (wt%) 78 wt% min 95 wt% min 99.7 wt% min
Methanol (wt%) 0.3 wt% max 0.1 wt% max -
Water (wt%) 12 wt% max 5 wt% max 0.5 wt% max
Ash (wt%) 2 wt% max - -
Moisture (wt%) 1.5-6.5 wt% 2 wt% max 0.3 wt% max
Soap (wt%) 3-5 wit% 0.56 wt% -
Chlorides (ppm) - 10 ppm max 10 ppm max
Color (APHA) - 34-45 1.8-10.3

pH 9.8-11.2 6.7-6.9 6.7-6.8
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From this table, crude glycerol generated from biodiesel production is sold
with methanol concentration of 0.3% (max) and glycerol concentration of 80-88%
purity (min) for lower grade applications. In the current market, crude glycerol
produced from biodiesel is the form most commonly sold by biodiesel producers
[44]. Due to various impurities, crude glycerol has very little economic worth.
However, it can be further purified in a wide variety of purification processes to
increase purity and reach higher market levels (see Figure 2.4). Technical glycerol
grade with glycerol concentration of 95% purity (min) is used as a chemical building
block while United States Pharmacopeia (USP) and Food Chemicals Codex (FCC)
grade with glycerol concentration of 99.7% purity (min) are suitable for use in

cosmetics, pharmaceuticals, and food [64].
2.1.2.2 Refining of crude glycerol

The refining process or purification of crude glycerol consists of three stages:
1) neutralization to remove non-glycerol compounds, soaps and salts, 2) evaporation
to eliminate methanol and water, and 3) deep refining to obtain required purity
through vacuum distillation, ion exchange, membrane separation and activated

carbon adsorption [66].

Glycerol
Remove soaps, catalyst,

} Falts, matter organic non
o Neutralization glycerol

}

40-70% Glycerol

'

Vacuum
evaporation

[ Remove most of the
- methanol and water

>80% Glycerol

O :
Refining

(Vacuum distillation, Ton exchange, membrane
separation, activated carbon adsorption)

Further remove impurities
for improved glycerol
purity

>95% Glycerol

Figure 2.4 A general refining process of crude glycerol
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Table 2.5 summarizes and compares advantages, disadvantages, and
performance of four deep refining technologies. Currently, vacuum distillation is the
most popular method of glycerol purification. Glycerol is operated under a vacuum
because it is susceptible to high temperatures. The use of this technique avoids the
polymerization or dehydration of glycerol [69]. Purification processes of crude
glycerol generally require significant energy input, are high in chemical consumption,
and have high production costs. The development of cheap and efficient purification

processes that can be deployed at scale is essential to the biodiesel industry.

Table 2.5 Comparison of four deep refining technologies [66]

Purity of refined

Technology Advantages Disadvantages
glycerol (w/w)
Vacuum - Simple and wide adaptability - Intensive energy requirement 94-96.6%
distillation - Applicable for small - Temperature sensitive to feed

to large-scale continuous operation  steam variations

- High quality glycerol

lon exchange - Low energy input - Generation of pollutant 95-99%
- Suitable for small- and medium- wastewater (Technical grade)
sized plants - Strict requirement for salt

content in crude glycerol

- High cost for resin reuse

Membrane - Low energy requirement - Fouling and durability issues of 99.0% (Technical
separation - Easy to control and set up unit membranes grade)
- Environment compatibility - Lack of suitable membranes for
- Various membrane materials specific operations
Activated carbon - Easy to operate; efficient color - Inefficient for the removal of 99.7% (USP &
adsorption reduction other impurities, such as oleic FCC-grade)

acid and stearic acid

Notes: Food Chemical Codes (FCC); United States Pharmacopeia (USP); Technical grade has not been exactly
defined, mostly >96.0%.

In recent years, the emerging purification technology of glycerol is membrane
separation which offers both economic and environmental benefit [70]. The
combination of more than one method can enhance the process and increase the

purity level. However, the purification process of crude glycerol to its pure form is an
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expensive process which is unfeasible for small and medium. Thus, developing

strategies for efficient use of crude glycerol may be possible for manufacturers.
2.1.2.3 Applications of glycerol

Glycerol is widely used in foods and beverages, which acts as a sweetener
and preservative. It may indirectly be used as an emulsifier and stabilizer in many
food products. Besides, it is used in pharmaceuticals, personal care products and
animal feed [13]. Glycerol is considered as a building block to produce bio-based
products for example, 1,2-propanediol, 1,3-propanediol, acrolein, dihydroxyacetone,
glycerol carbonate, polyglycerols, etc. [71-74] During the forecast period of 2019-
2027, the biochemical market is expected at a compound annual growth rate CAGR)
of 16.67% [75]. In fact, the production of biochemical is a viable alternative for
reducing the dependence on petroleum by lowering CO, emissions [71].

Glycerol can be converted into value-added chemicals by two main routes
which are chemical and biological processes. These processes produce many
chemical compounds with different properties and applications. The list of chemicals
from glycerol via the chemical process is summarized in Table 2.6. Glycerol is a
significant by-product of biodiesel production. The large glycerol availability
(overproduction) has prompted chemical manufacturers to investigate methods for
converting it to chemical building blocks [76].

For instance, Sanchez et al. [77] developed the catalyst for the production of
allyl alcohol from glycerol deoxydehydration. Using ZSM5-supported iron catalysts,
modified by rubidium deposition, as stable materials achieved a 99.9% conversion
and 11.9% selectivity at 340°C, 1 bar, 35 wt% glycerol, GHSV 100 h'. Allyl alcohol
derivatives are used in the preparation of perfume, medicine, and food. This wide
range of uses causes allyl alcohol to have a higher commercial value than other
products such as acrolein.

El Roz et al. [78] studied the effect of supports (SiO,, ZSM-5, TiO,, y-Al,Os) for
glycerol oxidation to glyceraldehyde. The results showed that the best selectivity
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was obtained with Pt/ SiO, and found that y-ALO; was not suitable for
glyceraldehyde because it obtained glyceric acid, the main by-product from
glyceraldehyde production, with high selectivity.

Wang et al. [79] examined zirconia supported noble metal catalysts (Ru, Rh,
Pt, Pd) for propylene glycol production via glycerol hydrogenolysis. Ru tended to
accelerate the cleavage of C-C bonds, which led to the ethylene glycol and methane
formation, while Pd showed the highest selectivity with 90.5%.

Glycerol is an attractive alternative carbon source in biological processes
because glycerol is readily available and inexpensive. It also has a higher degree of
reduction of carbon atoms in glycerol compared to sugar [22, 80, 81]. In this way,
glycerol may be used as a replacement for traditional carbohydrates, such as
glucose, sucrose, and starch in the fermentation process [5]. Fermentation using
glycerol as a carbon source has been of great interest for the productions of various
chemicals, such as propionic acid, 2,3-butanediol, succinic acid, and others. List of
chemicals from glycerol by fermentation process are summarized in Table 2.7.

For example, Tabah et al. [82] used glycerol for 1,3-propanediol production
via anaerobic fermentation by Saccharomyces cerevisiae. It produced with a
maximum yield of 0.423 g/g. Global production of 1,3-propanediol is continuously
growing at around 45,300 tonnes per year [13]. It is an important chemical
intermediate in manufacture. 1,3-propanediol can be produced via chemical process
and fermentation. The fermentation of glycerol to 1,3-propanediol is more
environment-friendly than chemical process, and generally, it has advantage because
of milder conditions and less energy requirements [82].

Acetol can be produced from dehydration of glycerol or dehydrogenation of
propylene sglycol, but these processes are costly [83]. Acetol is used as an
intermediate in the chemical industry, as a substitute for sodium dithionite in the
textile industry, as an ingredient in the cosmetic industry, and as aroma for foods
[84]. Zhu et al. [83] performed acetol production from glycerol fermentation using
Escherichia coli Lind3 strain. The highest yield reached was 0.37 ¢/g, and production
concentration was 5.38 g¢/L in 21 h at 28°C.
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Cybulski et al. [85] screened VYarrowia lipolytica strains for glycerol
fermentation to pyruvic acid, and identified that the Y. lipolytica SKO6 strain was the
best producer and suit for pyruvic acid production at industrial scale with process
yield of 0.63 ¢/¢ and volumetric production rate of 1.18 ¢/L/h. Yarrowia lipolytica is
one of the most widely studied microorganisms. It is commonly used in industry as a
robust producer [40].

Yarrowia lipolytica was also applied by Gao et al. [40] to study succinic acid
from glycerol. Using the fed-batch system and Y. lipolytica PGC01003 strain produced
yield and productivity of succinic acid with 0.4 ¢/¢ and 0.4 g¢/L/h, respectively.
Succinic acid is one of the most important building block chemicals and has various
applications. As a result, the global SA market is growing rapidly and expected to
reach 97,099 tonnes by 2024 [86].

Nowadays, the valorization of glycerol has been successfully implemented in
the commercial scale, such as the production of 1,3-PDO via bacterial fermentation
[87, 88]. Table 2.8 provides the global overview of plant status for each chemical.
Key attributes, enabling the success include 1) the versatility of 1,3-PDO - it is used
as a coating agent, a solvent and a starting material to produce a polyester [89], 2)
the high yield of 1,3-PDO in the biological platform - 0.729 ¢ of PDO is produced per
1 ¢ of converted glycerol [89], 3) the increasing demand of 1,3-PDO - the
compounded annual growth rate (CAGR) of 7% during the forecast period of 2021 to
2026 [90], and 4) the high sale price of PDO comparing to glycerol. Thus, value-added
chemicals that have similar attributes should be perceived as the potential
chemicals for the sustainable valorization of glycerol.

However, some chemicals have a complicated manufacturing process or may
produce the required substance in small quantities, resulting in a non-profitable
production process. Therefore, it is necessary to find out the suitability of production

and the economic cost-effectiveness.
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2.1.3 Propionic acid (PA)

Propionic acid is a C-3 carboxylic acid with the formula of CH;CH,COOH. It is
on the list of the top thirty potential chemicals that can be transformed into high-
value chemicals, according to the National Renewable Energy Laboratory (NREL) [28].
Table 2.9 lists the PA properties. PA and its derivatives could be converted into
valuable chemicals and biomaterials [28]. The application of its derivatives is
illustrated in Figure 2.5. Further, PA is versatile — it is used as a food preservative as
well as an ingredient in pharmaceutical products, perfumes, herbicides, paints, and
polymers [14, 110, 111]. The world market demand of propionic acid was
approximately 470,000 tonnes in 2020 [112] with the CAGR of up to 10% by 2027
[113]. The four top PA manufacturers are BASF, Dow, Eastman Chemical Company,
and Perstorp [114]. The largest producer of propionic acid is BASF company,
accounting for about 31% of the total market share [110]. In addition, the price of PA
is 3 USD per kg [115] which is more expensive than the price of crude glycerol (see

Table 2.4).

Table 2.9 Properties of propionic acid [116]

Property Name Property Value
Molecular Formula C3HgO,
Molecular Weight 74.08 g/mol
Melting Point -24 to -23°C
Boiling Point 141°C

Density 0.993 ¢/mL at 25°C
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Figure 2.5 Chemical structures and prices of propionic acid derivatives [27]

Currently, the existing technology of PA synthesis employs petroleum-based
feedstock. In this technology, ethylene, CO, and steam are converted into PA at 285
°C and 230 bara via the carboxylation process [110, 114]. The reaction takes place in
a high-pressure tubular reactor where Ni(CO), is used as a catalyst. Although
petroleum-based technology provides a higher conversion of glycerol and a higher
selectivity of PA, this technology depends on non-renewable feedstock which is not
sustainable in the long term. Thus, to align with the attempt to replace the
petroleum-based feedstock, PA should be produced alternatively via fermentation of
glycerol using various types of bacteria [10, 117, 118].

Glycerol has been considered as a suitable raw material given its high
availability and its cost advantage [27]. In addition, as provided in Table 2.10, the
major advantages of using glycerol for the production of bio-based PA are the highest
product yield and the highest product quality when compared to other types of

renewable sources [117-120].
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Table 2.10 Propionic acid from different carbon sources and microbial strains

Substrate Propionic acid

Productivity Yield
Strain Substrate concentration  concentration Ref.

(g/L/h) (s/9)

(g/L) (g/L)

P. freudenreichii  Glucose 20 6.40 0.07 0.16 [117]
P. freudenreichii  Glycerol 20 9.00 0.18 047 [117]
P.acidipropionici  Glucose 20 8.70 0.24 0.22 [117]
P.acidipropionici  Glycerol 20 12.0 0.42 0.64 [117]
P.jensenii Glycerol 300 33.2 0.15 0.11 [120]
P.acidipropionici  Glycerol 50 28.5 0.19 0.57  [119]
P.acidipropionici  Sorbitol 40 20.4 0.39 0.55 [118]
P.acidipropionici  Xylose 40 18.4 0.25 0.48 [118]

The fermentation of glycerol for PA production is influenced by several
factors, including microbial types, pH, temperature, and concentrations of carbon
and nitrogen sources [33]. Among all types of bacteria, Propionibacterium [29]
exhibited the highest efficacy for the production of PA which had been shown
promising for industrial applications [110]. In addition, as provided in Table 2.10,
Propionibacterium could digest other carbon sources, such as glucose, sorbitol, and
xylose for the production of PA [121]. Thus, the flexibility of utilized feedstocks is

also another advantage gained in the fermentation process using Propionibacterium.

2.1.4 Succinic acid (SA)

Succinic acid is a substance that has a wide range of applications. The major
applications of succinic acid are surfactants, detergents, and foaming agents. Second,
use is as an anti-corrosion agent for metals. Next, it is used in food industries as a pH
modifier, flavoring agent, and microbial growth inhibitor. Besides, it is applied in
antibiotics, amino acids, and vitamins [31, 122]. It serves as a precursor in the
synthesis of high-value chemicals as shown in Figure 2.6, such as 1,4-butanediol,
tetrahydrofuran, and succinonitrile [123]. Owing to its broad range of applications, the

global succinic acid market is growing rapidly. The demand for SA is expected to
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increase, from 50,276 tonnes in 2017 to 97,099 tonnes by 2024 [86]. In addition, the
price of SA is 3 USD per kg [124], which is relatively high compared to other glycerol-
derivative products [125]. Table 2.11 lists the properties of SA.

Table 2.11 Properties of succinic acid [116]

Property Name Property Value
Molecular Formula C,H.O,
Molecular Weight 118.09 g/mol
Melting Point 185°C
Boiling Point 235°C
Density 1.19 ¢/mL at 25°C

OH
/\/\/ NH
2
HO H N/\/\/

1,4-Butanediol 2
1,4-Diaminobutane

O G

Tetrahydrofuran
-~ / Succinamide O

o
o o OH
HO CN
ﬁ — s o
——

Succinic acid 0 Succinonitrile

\ CH,

R '
H

o N
N | ﬁ
o N
m N-Mtetyl-2-Pyrrolidinone
N-Vinyl-2-pyrrolidinone

Butyrolactone

2-Pyrrolidinone

Figure 2.6 Some chemicals produced from succinic acid [14]
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Nowadays, petroleum is the primary source of SA production through the
hydrogenation of maleic anhydride [31]. Synthesis from non-renewable fossil fuels
with butane is the starting material to produce maleic anhydride via direct oxidation
and then converted it to succinic acid [57]. As evidenced in 2021, the petroleum-
based SA held a market share of more than 50% [126]. The cost of maleic anhydride
is important to the overall cost of succinic acid from this path [14]. Moreover, due to
the price fluctuations of petroleum-based SA as well as the environmental impacts
caused by the utilization of petroleum, an attempt has been made to replace
petroleum-based technology with bio-based technologies in SA synthesis [123].

According to bio-based technologies, bacterial fermentation provides various
advantages over the petroleum pathway, including milder operating conditions, a
greener approach, and lower GHG emissions [46]. In addition, SA microbiological
production requires the addition of CO, to the culture broth, contributing to the
direct consumption of CO, [23]. The strains typically employed to produce SA were
Actinobacillus succinogenes, Anaerobiospirillum succiniciproducens, Mannheimia
succiniciproducens, and Escherichia coli (E. coli) [31]. These microorganisms can
metabolize a wide range of sugars derived from agricultural or industrial wastes, such
as crude glycerol, wheat, and waste bread as shown in Table 2.12. At present, SA is
commercially produced using sugar as a raw material. The bio-based SA
manufacturers are BASF, Myriant, and Succinity. However, glycerol is very competitive
when compared with other carbon sources such as glucose, xylose, and fructose.
Owing to the high degree of reduction per carbon of glycerol, it can be used as a
substrate instead of a sugar platform [81].

The commercialization of bio-based SA appears to be restricted by its higher
production costs; hence, the technological advancements that can reduce the
overall production cost are key to the success of the bio-based SA commercialization

[46].
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Table 2.12 Succinic acid from different carbon sources and microbial strains

Strain Substrate Succinic acid Productivity  Yield Ref.
concentration (g/L) (g/L/h) (¢/9)

A. succinogenes glycerol 18 0.24 0.84 (6]
A. succinogenes wheat 15.9 0.31 0.47 [127]
A. succinogenes waste bread 47.3 1.12 1.16 [128]
A. succinogenes sugarcane bagasse 22.5 1.01 0.43 [129]
A. succinogenes cassava roots 93.34 1.87 0.77 [130]
A. succinogenes xylose 27.4 0.45 0.70 [131]
B. succiniciproducens  xylose 25.97 0.55 0.76 [131]
M. succiniciproducens ~ wood hydrolysate 11.73 1.17 0.56 [132]
Y. lipolytica glycerol 160.2 0.40 0.40 [40]
E. coli glucose 97.5 1.21 0.96 [133]

2.1.5 Dihydroxyacetone (DHA)

Dihydroxyacetone (DHA) is one of the most significant value-added chemicals
from glycerol. Its main usage is as an ingredient in tanning products [22, 134]. In the
United States, the tanning market grew 27% from USD 135 million to USD 171 million
from 2011 to 2016 [53]. For many years, it has been utilized in the cosmetic, food,
and pharmaceutical industries [53, 72]. It also serves as a key component in the
synthesis of chemicals such as lactic acid, a biodegradable polymer. Moreover, it can
be used as a nutritional supplement in the development of the visual system and
the prevention of heart disease [54].

The global DHA market value was worth 169.6 million USD in 2022 and has
been projected to increase to 224.7 million USD by 2028 [51]. Europe is the largest
market with over 60% of the market share, followed by China which contributes
about 28% of the market share [135]. In addition, the price of DHA is 25 USD per kg
[52], which is relatively high compared to other glycerol-derivative products [125].
Table 2.13 lists the properties of DHA.
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Table 2.13 Properties of dihydroxyacetone [116]

Property Name Property Value
Molecular Formula C,HO,
Molecular Weight 90.08 g/mol
Melting Point 75-80°C
Boiling Point 107.25°C
Density 1.52 ¢/mL at 20°C

DHA can be produced from glycerol both chemical route by oxidation and
biotechnological route, but oxidation results in low selectivity values. This involves
significant investment in DHA separation and purification, which is a significant part of
the total cost of the process [72]. Moreover, this route involves costly catalysts, for
example, Au/C Au-Pd/C, Pt/C, or Pt-Bi/C. The production of DHA is expensive from
chemical synthesis and the process requires more safety. Therefore, DHA synthesis is
more economically appropriate through microbial processes [22].

Commercial synthesis of DHA is preferred via the biological route as
compared to the chemical route due to the nature of their microorganisms and the
mild process environment [55, 56]. The industrial strains for producing DHA from
glycerol are Acetobacter species, Yeast species, and Gluconobacter species [55].
Among these, Gluconobacter strains have been used extensively in the recent
studies of DHA production as shown in Table 2.14 [55, 136-138].

Although the biological route can give excellent DHA selectivity, they have
some limitations. The main challenge of DHA production is the inhibitory effect on
bacterial growth due to the high concentrations of glycerol [57, 58], leading to the
low DHA production capacity.
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Table 2.14 Dihydroxyacetone produced from different carbon sources and microbial

strains

DHA concentration  DHA productivity  Yield Ref.

Carbon source Strain
(g/L) (g/L/h) (g/9)

Crude glycerol Acetobacter sp. 48.3 0.50 0.48 [136]
Crude glycerol B. licheniformis 39.2 0.41 0.39  [136]
Crude glycerol G. oxydans 69.0 0.72 0.69  [136]
Crude glycerol G. frateurii 23.8 0.44 0.79  [137]
Refined glycerol  G. thailandicus 58.0 0.81 097  [138]
Crude glycerol G. thailandicus 40.8 0.55 0.68 [138]
Treated crude G. thailandicus 55.8 0.78 0.93  [138]
glycerol
Crude glycerol +  G. oxydans 39.0 1.65 0.98 [55]
Glucose
Crude glycerol +  G. oxydans 36.0 1.50 090  [55]

Sorbitol

2.2 Literature reviews

Researchers have paid attention to the utilization of glycerol for the synthesis
of diverse chemicals. For example, Posada et al. [10] evaluated the stand-alone
processes for production of nine selected chemicals from glycerol by chemical
routes (syn-gas, acrolein, and 1,2-propanediol) and biochemical routes (ethanol, 1,3-
propanediol, D-lactic acid, succinic acid, propionic acid, and poly-3-hydroxybutyrate).
The results revealed that the designed processes were profitable given the
cheapness and the high availability of glycerol. They also concluded that the
purification step in each production highly influenced the process feasibility, which
can be implied that proper selection and design of the purification technology could
be key to feasible commercialization.

The followings are examples of research for the production of value-added
chemicals from glycerol that can indicate production efficiency as well as guidelines

for developing production from both upstream and downstream processes.
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2.2.1 Propionic acid (PA)

The alternatives to the bio-based PA production have been extensively
investigated. The advantage of using glycerol as a carbon source could decrease the
number of purification steps and improve the quality of the final product because
less acetic acid is produced during the glycerol consumption [33, 119]. The most
commonly used bacteria for the propionic acid producer is Propionibacteria [29].
According to Gonzalez-Garcia et al. [110], Propionibacteria is the best and most
suitable propionate producer for industrial production. Propionic acid has been
studied through strains such as P. shermanii and P. jensenii, but this does not
compete with P. acidipropionici. Propionibacterium is an excellent natural propionic
acid producer.

In 2000, Himmi et al. [117] compared two strains of bacteria, P.acidipropionici
and P. freudenreichii ssp. Shermanii, and found that P.acidipropionici was higher
effective. Furthermore, the effects of carbon sources (glucose, glycerol) have been
compared. This research showed that the acetic acid concentration from glycerol
consumption is twice as low (2 ¢/L) compared to glucose (4 g/L). This represents the
production of glycerol as an advantage over the use of glucose.

In 2015, Zhang et al. [108] compared the production of propionic acid from
glycerol and glucose using P. acidipropionici. It was found that the production from
glycerol gave better yields and less co-products, which had a positive effect on the
separation process. The yield and productivity of glycerol and glucose were 0.7 ¢/g,
0.12 ¢/L/h, and 0.35 ¢/g, 0.2 ¢/L/h, respectively.

In 2016, Liu et al. [120] used P. jensenii for the propionic acid production.
However, this strain still needs to be improved due to its low yield and intense
concentration of glycerol used (300 ¢/L). In addition to upstream studies,
downstream technologies play a significant role in the production of carboxylic acids.
According to Morales et al. [31] indicated that 60-70% of the total cost of production
is obtained through the purification process.

According to the study of Keshav and Wasewar [39], appropriate selection in

the forward and the backward steps was justified based on the extraction efficiency
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of propionic acid. For example, if the temperature-swing regeneration technique was
selected as the backward step, the appropriate pair of extractant and diluent was
TOA and MIBK. If the utilization of TMA was selected, the appropriate pair of
extractant and diluent was TOA and 2-octanol. Although the appropriate selection
had been provided, other factors (e.c., the process economics, the energy
consumption, and the CO, emission) should be accounted for in the appropriate
selection also. In fact, these factors are especially important when the reactive
extraction is considered for upscaling to a commercial level. To facilitate the

selection that accounts for these factors, a process simulator should be employed.
2.2.2 Succinic acid (SA)

Tan et al. [139] demonstrated succinic acid production when using various
biomass derivatives. The economic viability depends on three indicators: the price of
biomass per tonnes, the availability of biomass, and the yield. In this work, fifteen

biomass sources were compared, one of which was glycerol as shown in Table 2.15.

Table 2.15 Biomass ranking in terms of feasibility on a commercial scale [139]

Scores for cost Scores for Scores for availability Total scores
Ranking Biomass
(per 40) yield (per 40) (per 20) (per 100)
1 Corn straw 39.1 24.4 20.0 83.4
2 Glycerol 30.3 40.0 11.8 82.1
3 Cotton straw 39.2 37.0 2.1 78.3
3 Wheat straw 38.1 22.3 18.0 78.3
5 Rice straw 39.7 18.9 15.8 74.4
6 Waste bread 38.6 34.9 0.0 735
7 Sugarcane bagasse 40.0 26.8 1.5 68.2
8 Corn core 39.7 26.8 1.7 68.1
9 Wheat 27.5 24.4 13.9 65.7
10 Sugarcane molasses 34.4 289 1.1 64.4
11 Wood (oak) hydrolysate 27.8 26.5 0.0 64.3
12 Soybean meal 15.2 1.9.2 3.0 374
13 Rapeseed meal 24.8 3.6 0.6 29.0
14 Whey 0.0 24.1 0.0 24.1
15 Sake lees NA 17.7 NA 17.7
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Glycerol has the potential to be comparable to other commercial succinic
acid feedstocks for succinic acid fermentation because glycerol has a global
availability of approximately 600 million tonnes per year of crude glycerol from the
biodiesel manufacture. It also has a conversion of up to 1.33 g of succinic acid per 1
g of glycerol. However, the cost of raw glycerol is 0.22 USD per kg, which is still
higher than some biomass, such as corn straw, wheat straw, etc.

To decrease the production cost of the bio-based SA, two regimes should be
focused on including the advancements in the upstream (e.g., SA productivity) and
downstream (e.g., SA separation and purification) technologies.

The advancement in upstream technology improved yield and selectivity of
SA. The strains typically employed to produce SA were Actinobacillus succinogenes,
Anaerobiospirillum  succiniciproducens, ~ Mannheimia  succiniciproducens, and
Escherichia coli (E. coli) [31]. However, their low production rates, caused by the
redox imbalance during cell growth hindered the application of these microorganisms
in the production of SA from glycerol. To increase the rate, the addition of external
electron acceptors was found effective as evidenced in A. succinogenes according to
Carvalho et al. [23].

Carvalho et al. [23] reported that the use of dimethyl sulfoxide (DMSO) as an
electron acceptor at concentrations ranging from 1 to 4 Vol% significantly increased
the production of succinic acid and glycerol consumption. In fed-batch fermentation,
the yield was 0.87 g SA/g glycerol, and the production rate was 2.31 ¢ SA/L-h, which
was the highest record in literature for A. succinogenes using glycerol as a carbon
source. This impressive result could offer a new perspective on glycerol valorization
via fermentation with A. succinogenes for bio-based SA production. Furthermore,
DMSO is a non-toxic commercial organic solvent that its usage has been increased for
pharmaceutical and electronics manufacturing purposes [47]. Additionally, DMSO is
inexpensive as it is a by-product of kraft paper manufacturing [48]. The price of DMSO
is about 0.267 USD per kg [49]. Therefore, the addition of DMSO in SA production
could be cost-effective and environmentally friendly.

In 2016, Gao et al. [40] applied Yarrowia lipolytica to study the succinic acid

production from glycerol. This strain has great tolerance to environmental stress. It
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was demonstrated the robust production of succinic acid by yeast Y. lipolytica from
crude glycerol without pretreatment. The fed-batch system and the VY. lipolytica
strain PGC01003 showed the productivity of succinic acid at 0.4 g¢/L/h, and also
obtained the highest succinic acid titer of 160.2 g/L.

In 2020, Kuenz et al. [140] tested the use of pure glycerol and crude glycerol
as a carbon source for the production of succinic acid. When pure glycerol was
applied, the yield was 1.3 ¢/g and the productivity was 0.34 ¢/L/h, while using pure
glycerol, the yield was 0.9 ¢/¢ and the productivity was 0.33 ¢/L/h. This study
showed that pure glycerol and crude slycerol can be effectively used as a carbon
source to generate succinic acid.

In addition to the upstream process, the separation and purification of SA
obtained from the fermentation broth also need careful investigation. A variety of
technologies were proposed for the recovery of bio-based SA, including
electrodialysis, ion exchange, extraction, direct crystallization, and membrane
separation [123, 141]. Technological performances of some of the downstream
processes were evaluated through process simulation as exemplified in the work of
Morales et al. [31].

Morales et al. [31] studied the downstream technologies including reactive
extraction, electrodialysis, and ion exchange reactions. The processes were assessed
with sustainable assessments, including environmental impact, economic and hazard.
The work concluded that using £. coli in the fermentation paired with the reactive
extraction for the purification was the most competitive technology that provided
sustainable benefits, particularly for the environment.

Cok et al. [50] evaluated the separation and purification processes in SA
production e.g., direct crystallization, electrodialysis and ammonium sulfate (by-
product) production. It was found that electrodialysis required a large amount of
electricity, which was consistent with Morales et al. [31]. The overall results indicated
that direct crystallization was the environmentally beneficial approach for bio-based
SA - the reduction of greenhouse gas emissions by 48% and 40% was obtained when

compared to the electrodialysis and the ammonium sulfate production, respectively.
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2.2.3 Dihydroxyacetone (DHA)

The main challenge of DHA production is the inhibitory effect on bacterial
growth due to the high concentrations of glycerol [57, 58], leading to the low DHA
production capacity. To improve the bacterial growth rate, recent studies attempted
to add secondary carbon sources such as sugars. According to Lu et al. [55] and
Liebminger's work [59], the growth efficiency of Gluconobacter strains was greatly
enhanced by growing the strains in a medium, containing glucose and sorbitol as the
secondary carbon sources. By considering these works, it can be inferred that the
addition of secondary carbon sources can be beneficial for cost reduction. To prove
this inference, process simulation is needed.

Liu et al. [142] studied the effect of impurities contained in crude glycerol on
cell growth rate and DHA production. They observed that the high concentration of
sodium ion in crude glycerol could affect the DHA production [143]. According to
Jittiang et al. [138], crude glycerol that was treated with an ion exchange resin
(capable of 74% removal efficiency relative to the sodium salt input) could yield the
DHA content comparable to that produced from refined glycerol. The results from
this work suggested that the removal of the sodium content in crude glycerol could
enhance the DHA production.

According to de la Morena et al. [72], increasing glycerol concentrations had
an important inhibitory effect on the product. It can be stated that the oxygen
transfer rate (OTR) depends on the concentration of biomass. Also, in terms of
production conditions, pH is necessary to maintain production and should be higher
than 4 to ensure glycerol consumption. It was found that the consumption of
glycerol decreased when the pH dropped below 4.

In 2010, Hu et al. [58] used Gluconobacter oxydans to produce DHA using
total glycerol at concentrations of 182.5 ¢/L and pH 5.0. The result was 161.9 ¢ /L of
DHA at glycerol conversion rate of 88.7%. This work shows the effect of glycerol
feeding strategies on DHA production, in line with de la Morena's work. The initial
biomass concentration determines the final content of bacteria produced in the

broth, which is considered to have a direct influence on the rate of DHA production.
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2.2.4 Sustainability assessment

The sustainability assessment is crucial for the development of sustainable
processes. In this regard, recent works available in the literature provided
performance assessments of chemical processes in terms of economic, energy,
exergy, and environmental impact [144-146]. Such an assessment contributed to the
identification of hotspots, by which further process enhancement could be
undertaken.

Mongkhonsiri et al. [124] evaluated the performance of a biorefinery-
integrated kraft pulping network in terms of energy consumption, and economic and
environmental impacts. The hotspots that consumed an excessive amount of energy
were identified. The innovative scenarios were suggested to achieve the enhanced
sustainable process. Thus, it was confirmed that the integration of biorefinery
networks in an existing pulping process could improve the sustainability of the
pulping process — the process performances in terms of economic, energy utilization
and environmental impacts were improved.

Charoensuppanimit et al. [147] designed the process that converted ethanol
into diethyl ether (DEE) through analysis of energy consumption, economic, and CO,
emissions. This analysis facilitated the identification of hotspots, which resulted in a
process improvement that was more energy efficient and caused less environmental
impact. For example, the acetaldehyde removal from DEE using adsorption was more
economically attractive and more energy efficient when compared to the
conventional method using extractive distillation.

Zhou et al. [148] applied the life-cycle analysis in achieving sustainable
development goals for DHA production from glycerol. By applying the life-cycle
analysis, the hotspots were identified — the production and transportation process of
purified glycerol has the most significant contribution to non-renewable energy and
greenhouse gas emissions, accounting for 28-38%, and 57-63%, respectively.

Morales et al. [30] designed the process for lactic acid production from
glycerol through analysis of environmental and economic aspects. The analysis

revealed that the novel cascade process from using biocatalytic DHA production
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from glycerol followed by chemocatalytic LA production was shown to have
substantially lower operating costs and less harm to the environment compared to
the traditional technology. Thus, both environmental and economic assessments
were proven capable of facilitating the decision-making for raw materials and
technology selection that caused less environmental impacts.

Sadhukhan [124] evaluated the environmental performance of the sewage
sludge application in energy generation and agricultural processes using Life Cycle
Assessments (LCA). The results of the evaluation showed that the anaerobic digestion
of sewage sludge contributed to a significant reduction in atmospheric emissions and
considerable saving of fossil resources. Biogas produced by anaerobic digestion of
sewage sludge can reduce global warming potential by 0.079 kg of CO, equivalence
per MJ of biogas production. Thus, the LCA was proven capable of facilitating the
decision-making for raw materials and technology selection that caused less
environmental impacts.

Marchesan et al. [146] designed the process for lactic acid production from
sugarcane via fermentation and compared their designed cases using techno-
economic analysis. The analysis revealed that the novel process configuration
demonstrated economic potential and decreased fuel demand when compared to
the conventional process. Also, by applying the energy analysis, the hotspots were
identified — the downstream processes were the most contributor in energy demand.

As seen from the previous examples, the hotspot identification was
undertaken based on a typical evaluation of economic, energy consumption and
environmental impacts. Another performance index that could directly point out
inefficient unit operations namely exergy was found useful by many researchers [149-
151].

Meramo Hurtado et al. [151] evaluated the production of levulinic acid from
banana empty fruit bunches through exergy analysis. The processes could be divided
into three main categories: pretreatment, acid-dehydration, and separation. According
to the exergy analysis, the pretreatment stage presented the lowest exergy efficiency
(66%). These results indicate that the pretreatment stage in biological processes is

still a technology that needs to be improved in order to achieve higher efficiency.
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Additionally, acid-dehydration has shown the greatest potential for waste recycling to
optimize process performance since this unit provided the highest exergy of waste.
Im-orb et al. [149] investigated the synthesis of bio-methanol from oil palm
waste through a gasification pathway. In terms of exergy analysis, the gasifier had the
highest exergy destruction, which implies that the gasifier was an important unit for
enhancing overall process efficiency. The analysis of the variation of the exergy
efficiency under various gasification conditions revealed that the exergy efficiency of
the system decreased with increasing the gasification temperature. In addition, bio-
methanol was reduced due to the concentration of hydrogen in syngas decreasing

when the gasification temperature increased.
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CHAPTER 3
METHODOLOGY

This chapter provides the details of research procedures. The research
procedures were divided into two parts including process simulation and process

evaluation as follows.
3.1 Process simulation

In this section, Aspen Plus® V.11 was used to simulate the entire process. The
UNIFAC model was employed to describe the phase-equilibrium behaviors of the
systems, according to Eric Carlson’s recommendation [152]. The process simulation
of value-added chemicals was divided into three main parts including sustainable
process design of propionic acid production from glycerol: a comparative study of
bio-based and petroleum-based technologies (Chapter 4), succinic acid production
from glycerol by Actinobacillus succinogenes: techno-economic, environmental, and
exergy analyses (Chapter 5), and sustainability assessment of dihydroxyacetone (DHA)
production from glycerol: A comparative study between biological and catalytic
oxidation routes (Chapter 6).

In this study, an overview of the superstructure of biochemical production
from glycerol is illustrated in Figure 3.1. The process was designed on the basis of
laboratory information (residence time, temperature, pH controller, feed
concentration to the fermenter, etc.). It was assumed that reported laboratory scale
data will be applicable to an industrial process. The operating conditions were fixed
at the same values as appeared in the fermentation experiment. Details are provided
in Appendixes B to D. In the downstream processes as well, conditions were adjusted
to be consistent with the experimental results. Therefore, the simulation could give a
correct mass balance (which corresponded with the operating conditions) that

reflected what happened in the experiment.
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Initially, the operating unit must be selected in accordance with the available
data and indicate operating conditions such as temperature, pressure, and
conversion. Please note that stoichiometric reactor (RStoic) block was used for the
fermentation tanks. Since the reaction pathway occurred in the fermenter could not
be identified exactly due to the complexity involved in a biological process, earlier
studies circumvented such complexity by converting the experimental results into
stoichiometric coefficients [153]. Hence, the stoichiometric coefficients were
employed to describe the fermentation process.

In separation and purification steps according to Figure 3.1, the fermenter
effluent was sent to the flash drum and the tubular cross-flow filter to separate gas
and microorganism, respectively. For the recovery of biochemicals different
technologies have been proposed such as electrodialysis, ion exchange, reactive
extraction, and precipitation. For the PA recovery, the technologies based on reactive
extraction were investigated. Please note that reactive extraction is a multifunctional
reactor having reaction and extraction in a single unit. However, Aspen Plus does not
have a unit operation that could perform the reactive extraction directly. Therefore,
the reactive extraction was designed by a cascade model containing the reactor and

the decanter (Figure 3.2) according to Nieder-Heitmann [154].

extract
water, acid

(solvent, acid) TMA, acid
Reactive Back-
extraction extraction
raffinate solvent recycle TMA
RE
=y EXTRACT
G

RStoic model .
AQUEOUS|—T

Decanter model

Figure 3.2 Simulation of the reactive extraction unit in Aspen Plus

For SA and DHA recovery, the main unit of production of SA and DHA was
crystallization. The crystallizer model was used based on solubility data. The
purpose was to crystallize SA and DHA from the aqueous slurry, because in the
industry these chemicals are sold in solid form. The simulation data of the

crystallizer model is shown in Figure 3.3.
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[ @ specifications | @ Crystallization I @Solubility | Recirculation | PSD | Crystal Growth | Flash Options | Comments [~ Reactants Crystal product
Operating conditions Component Coefficient SACRYS (CISOLID) ~
- 20 ¢ > > | SA (MIXED) -1 Coefficient
Pressure hd 1 atm v 1

Solubility basis
Saturation calculation method Salt specifications ol
) i Salt compone )
Solubility data t component I @ Soluhon
Solubility function Move crystallizing salt from C1 Solids substrearr
Chemistry Move crystalized salt to Cl Solids substream Ry
Solubility data type Concentration v Temperature  Concentration

User subroutine
C v gmd M

Valid phases Operating mode 11.85 4552

Vapor-Liquid - Crystallizing -

Figure 3.3 Aspen simulation of the crystallizer model

In the distillation column simulation, please note that a flash model was
used to determine the bubble point pressure. After that, a shortcut distillation model
(DSTWU) was used to determine the basic information (e.c., feed stage location,
reflux ratio, and distillate rate), and then used the resulting data in the RadFrac
model. The simulation data of the RadFrac model is shown in Figure 3.4. To achieve
the purity required by industry, design specification may be necessary. Detailed
information on the streams and equipment was calculated by employed simulator
and then forwarded to the next step for analysis. The detailed descriptions of
process simulations involved in the production of value-added chemicals are

described in Chapters 4 to 6.

Setup options

View Top / Bottom h

Calculation type Equilibrium -

- Top stage / Condenser pressure
Number of stages 44, | Stage Wizard

—— Stage 1 / Condenser pressure 2 atm -

Condenser Total -
Reboiler Kettle - Stage 2 pressure (optional)
Valid phases Vapor-Liquid - @ Stage 2 pressure bar v
Convergence Standard - Condenser pressure drop bar

Operating specifications Pressure drop for rest of column (optional)

Distillate rate ~ Mass - 811.023 kg/hr - Stage pressure drop bar

Reflux ratio ~ Mole - 0.0202803 @) Column pressure drop 0.5 atm -

Figure 3.4 Aspen simulation of RadFrac model

3.2 Process evaluation

In this work, several performance indexes were used in the process
evaluation to acquire a broader perspective on the sustainability of the technology,
including glycerol and carbon utilization, process economics, energy utilization,
exergy analysis, and environmental impacts. Ultimately, these indexes were used to
assess the process performances comparing to the petroleum-based production and

were useful in decision-making regarding the feasibility of bio-based production.
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3.2.1 Glycerol and carbon utilization efficiencies

The glycerol utilization was calculated as the quotient between the desired
substance present in the product stream and glycerol feed amount as expressed in
Equation (1), whereas the carbon utilization [122] was calculated as the quotient
between carbon content in the product stream and carbon content in the glycerol
stream as expressed in Equation (2).

Desired substance present in the product stream (kg/h)

Glycerol utilization = (1)
Glycerol feed amount (kg/h)

Carbon content in the product stream (kg/h)
Carbon utilization = (2)
Carbon content in the glycerol stream (kg/h)

3.2.2 Economic performance

Economic analysis is necessary for the process design because it can
determine whether the process is economically feasible. In the economic analysis,
Aspen Economic Analyzer was used to quantify the three economic indicators
including discounted present value (DPV), discounted payback period (DPP), and
discounted cash flow rate of return (DCFROR). To perform equipment sizing and cost
estimation for the major equipment, we first matched the equipment type with each
unit operation in the flowsheet. Then Aspen Plus Process Economic Analyzer
evaluated the size of the equipment. After that, we clicked on the button "Project
evaluation" to perform calculations. An example of selecting the type of equipment
is illustrated in Figure 3.5.

Please note that the economic assessment of each simulated process was
estimated based on 15 years of the project lifetime. A brief of the investment
parameters considered in this work is presented in Table 3.1. The prices of utilities
and feedstocks involved in the production scenarios are given in Tables 3.2 and 3.3.
For simplification, the price of microorganism was assumed at 0.03 USD per kg based

on previous studies [124, 155].
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Equipment Tag Equipment Type Description
E-100 DHE FIXED T S = I Fixed tube sheet shell and tube exchanger
% Equipment Selection X
Project Equipment Name  |£-100
Q Project Components
Heater Process equipment
’:’ Heat exchangers, heaters (HE RB FU)
=& Map Options X \:| Heat exchanger
Source
Map selected unit operation(s)
® Map all unit operations Spiral plate heat exchanger
Tank suction heater

stSIs Waste heat boiler

. Last mapping Sanitary corrugated double pipe exchanger

- Default Water heater(shell & tube - hot water set)

) Sanitary multi-zone plate and frame exchanger

Evaluéte Optrmns Sanitary direct steam heat module

Size eqLVnment Fixed tube sheet shell and tube exchanger

[ Customize sizing Floating head shell and tube exchanger

[ Evaluate Cost U-Tube shell and tube exchanger

OK Cancel
| ] ‘ | ’ OK ‘ I Cancel |

Figure 3.5 The “Equipment Selection” window to modify the equipment type

Table 3.1 General investment parameters for economic analysis
Parameter Value
Plant life 15 years
Tax rate 20% (based on Thailand) [156]
Interest rate 0.5% (based on Thailand) [157]
Working capital cost 5% of fixed capital investment
Salvage value 20% of initial capital cost
Depreciation method straight line
Plant life 15 years
Table 3.2 Summary of the prices of utilities
Utility Price Unit Reference

Electricity 0.107 S/kWh [158]
Process water 0.177 $/tonne [159]
Cooling tower water 0.378 $/GJ [159]
Low pressure steam 4.54 $/GJ [159]
Medium pressure steam a7 $/GJ [159]
High pressure steam 5.66 $/GJ [159]
Refrigerant a.77 $/GJ [159]
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Table 3.3 Summary of raw material and product prices

Chemicals Price ($/kg) Reference
2-octanol 0.7 [160]
Acetone 0.67 [161]
Ammonia 0.42 [124]
Benzyl alcohol 0.6 [160]
Calcium hydroxide 0.08 [160]
Carbon dioxide 0.035 [162]
Carbon monoxide 0.39 [162]
Crude glycerol 0.14 [163]
Dihydroxyacetone 25 [52]
Dimethyl sulfoxide (DMSO) 0.267 [49]
Dimethylformamide (DMF) 0.79 [160]
Ethylene 1.01 [164]
Glucose 0.35 [165]
Hydrochloric Acid 0.15 [146]
Magnesium carbonate 0.5 [160]
Methanol 0.55 [166]
Methyl isobutyl ketone (MIBK) 1 [163]
Microorganism 0.03 [124]
Nickel propionate (NP) 1 [163]
Nitrogen 0.09 [160]
Oxygen 0.03 [162]
Phosphoric acid 1.22 [167]
Propionic acid 3 [115]
Refined glycerol 0.895 [163]
Sodium hydroxide 0.4 [124]
Sorbitol 0.54 [168]
Succinic acid 3 [124]
Trimethylamine (TMA) 0.65 [163]
Trioctylamine (TOA) 1 [163]
Non-Hazardous waste disposal* 0.032 [169]
Wastewater disposal* 7.7TTE-05 [170]
Solid waste disposal* 0.037 [169]

*Waste treatment costs are served as a penalty for emission of pollution.
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3.2.3 Energy utilization

The energy utilization was quantified using the specific energy consumption
(SEC) expressed in Equation (3) [171, 172]. According to this expression, the smaller
the SEC was, the higher the performance of energy utilization became. Heating,
cooling, and electrical power are the three main components of energy utilization.
The total amount of utilized energy can be found by defining the type of utility in
each unit operation in Aspen Plus. An example of selecting the type of utility is
illustrated in Figure 3.6.

Total amount of utilized energy (kW)

SEC = (3)
Total rate of product production (kg/h)

Main Flowsheet -~ C-100 (RadFrac) « | + Main Flowsheet C-100 (RadFrac) i
| @ Configuration | Gstreams | @Pressure | & Condenser \ @ Configuration ‘ @ Streams I @ Pressure | @ Condenser | @ Reboiler ]
Condenser specification Optional
Temperature ¢ | Reboiler outlet pressure bar
Distillate vapor fraction Mole Reboiler return feed convention Above-Stage
Utili LP -
Subcooling specification I ty I
Subcooled temperature v (
9 Both reflux and liquid distillate are subcooled
Only reflux is subcooled
Utility specification )
Utility COOLING I RadFrac

Figure 3.6 Utilities related to equipment

3.2.4 Exergy analysis

According to Table 5.6, the total energy consumption was the major problem
with the bio-based SA production. Therefore, if inefficient units can be identified and
developed, the bio-based production would be more promising and could compete
with the petroleum-based production. The exergy is the maximum theoretical work
of the process based on the second law of thermodynamics. The exergy analysis is
beneficial to indicate its most inefficient component. According to Wiranarongkorn et
al. [173], the exergy balance equation of each component could be performed as

expressed in Equation (4).



a8

. Q . W . o Q . W . .
EX/’n * EX/’n + Z m/’neXin_ EXout * EXout + Z moutexout+ EXd (4)

where m,, and m,, are the mass flow rate of the inlet and outlet stream,

respectively, ex;,, and ex,, are the specific exergy of the inlet and outlet streams,
respectively, Ex° and Ex" are the exergy rate related to heat transfer (Equation (5))

and mechanical work or electrical work (Equation (6)), respectively, and [—'xd

represents the exergy destruction rate related to irreversibility.
S h T,
B =0 (17‘7) (5)

where Q is the heat transfer rate at the inlet or outlet of the component or system,

Ty is the reference temperature (25°C), and T is the absolute temperature boundary.

BV =y 6)

where W is the work transfer rate of mechanical work at the inlet or outlet of the
component.
According to Equation (4), the specific exergy (ex) was obtained from the

physical exergy and chemical exergy, as seen in Equation (7).
exX; = EXpp; + EXcn (7)

where ex,,; is the physical exergy, exq,; is the chemical exergy. The physical exergy
and chemical exergy could be determined from Equation (8) and Equation (9),

respectively.

where h; and h, are the specific enthalpy of the stream / at the operating and
reference conditions (25°C, 1 atm), respectively, and s; and s, are the specific entropy

of the stream i at the operating and reference conditions (25°C, 1 atm), respectively.

0
eXehi = Zyjexch,j + R, Zyjlnyj 9)
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where y; is the mole fraction of component j, exth is the standard specific chemical
exergy of component j, and R represents the gas constant in kJ/kmol K. In this study,
the standard specific chemical exergy of components is expressed in Table C15 in
Appendix C.

To identify the significant losses within the process, the exergy efficiency (¥)

and the irreversibility (y,) were computed using Equation (10) and Equation (11),

respectively.
Exergy
y= —2 (10)
Exergym
EXC/,/( ( )
V.= - 11
by Exqx

Please note that Aspen Plus can calculate only physical exergy of stream, but
chemical exergy can also be added to the analysis without too much effort. In
“Property sets” folder, search through the options for the three exergy-related
options name “EXERGYFL”, “EXERGYML”, and “EXERGYMS”, as shown in Figure 3.7.
Preferred units can be selected in the “Units” column next to the “Physical
properties” column. Mass exergy (EXERGYMS) will calculate the exergy value per unit
mass of the process stream. Molar exergy (EXERGYML) will calculate the exergy value
per unit mole of the process stream. Exergy flow rate (EXERGYFL) will calculate

exergy per unit time that the process stream is carrying.

Simulation < } Capital: ____USD Utilities: ____USD/Year C’ Energy Savings: ____ MW (___ %) () " Excha

All ltems X

Main Flowsheet Property Sets - EXERGY ©  +

[ Setu 4 3
[ @ Properties I Qualifiers I Comments |
4 | Property Sets
(@] EXERGY —
Substream MIXED v Search

b @ Flowsheet Properties
[ Streams s Physical properties Units Units
£% Blocks 1 exerGyFL  Exergy flow rate W
Lo Utilties EXERGYML Molar exergy 10/kmol
. EXERGYMS Mass exergy 1/kg

b L Convergence
- Flowsheeting Options
> Model Analysis Tools

Figure 3.7 Exergy calculation in the “Property Sets” folder
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Next, select the “Setup” | “Unit Sets” | “Report Options” | “Stream” menu,
clicked on the “Property Sets” button. Move the desired exergy property sets from

“Available property sets” to “Selected property sets”, as shown in Figure 3.8.

All tems & Main Flowsheet  Setup - Report Options +
4 g Sety 2 r [ @
m:a] S::eciﬁcaﬁons | General lFIowsheeQ lBIock | @ stream | @ Property [ADA i & Property Sets X
open.
[@] Calculation Options Property sets
= vl vl ipti
E Stream Class = Generate a standard stream report V! Include stream descriptions Aallable property sate Selacter Dronerty aets
|3 Solid: e
- COI © ” Items to be included in stream report 1 * EXERGY |
omp-Groups
y Comp-Lists — .
“9 S:)mp : Flow basis Fraction basis Stream format
ream-Groups N . .
e 3 V| Mole "1 Mole @ Standard (80 ch;
[ Variable-Groups ) e |
[@] Costing Options V] Mass [] Mass © Wide (132 {LJ
(g stream Price ‘ [7] Std.liq.volume [7] Std.liq.volume 71 Sort steffims alphanumerically New |
2@ Unit Sets
[@] Custom Units [¥] Components with zero flow or fraction
* E Report Options - —
| Include Streams J { Exclude Streams Jl Property Sets l Component Attribut¢ Close ‘
. Properties ‘

Figure 3.8 Select property sets in the “Report Options” menu

3.2.5 Environmental impacts

To compare the environmental impacts of all simulated processes, the Life
Cycle Assessment (LCA) approach was adopted. The LCA is a standardized method
that is extensively accepted and used to assess the potential environmental impacts
of a product system throughout its life cycle [122]. The four main stages of an LCA
study are as follows: goal and scope definition, life cycle inventory, impact

assessment, and interpretation as shown in Figure 3.9.

Life cycle assessment framework

Goal & scope

definition Life cycle inventory Impact assessment Interpretation

Energy Resources Water

‘ ‘ ‘ Cradle to gate

Raw material acquisition B 4 Chemical production

Waste Emissions

Figure 3.9 Life cycle assessment of chemical production

Herein, the goal of the LCA study was to compare the environmental impacts
of chemical production from biological and chemical routes. The functional unit was

one kilogram of value-added chemicals produced. The system boundary was cradle-
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to-gate, as indicated in Figure 3.9. It involved two sections, namely, the acquisition of
raw materials, and the production of value-added chemicals.

For the environmental impact assessment of propionic acid and succinic acid
production scenarios, the global warming potential was quantified using the CO,
equivalent emission. The emissions of other pollutants, such as ethylene, CO, and N,

were also converted to the CO, equivalence (CO,.,) expressed in Equation (12).

CO,..q = Characterization factor x Inventory value (12)

where, the characterization factor was the potential to cause the CO, equivalent
emissions which was collected from the previous research works [174, 175] and
OpenlCA software [176].

For the environmental impact assessment of dihydroxyacetone production
scenarios, the main categories of impacts considered can be divided into six
categories, including global warming, terrestrial ecotoxicity, human non-carcinogenic
toxicity, land use, fossil resource scarcity, and water consumption. The LCA was
undertaken via SimaPro V. 9.3.0.3 based on Ecoinvent 3.8 and USLCl inventory
databases. An example of entering life cycle inventory data in SimaPro is illustrated in

Figure 3.10.

D p p Parameters System description
Products

Outputs to Products and co-prod Amount Unit Quantity Allocation % Waste type Category Comment
| DHA treated K kg Mass 100 % not defined Chemic...\Transformation

Add line ’
Outputs to technosphere. Avoided products Amount Unit Distribution ~ SD20r25D  Min Max Comment

Add line

Inputs

Inputs from nature Subcompartment Amount Unit Distribution SD2 or 25D Min Max Comment
Water, cooling, unspecified natural origin, TH 293019527 m3 Undefined
Inputs from technosphere: materials/fuels Amount Unit Distribution  SD20r25D  Min Max Comment
Glycerin, at biodiesel plant/kg/RNA 1.319300641 kg Undefined |
Tap water (RER)| market group for | Cut-off, | 2083766617 | kg | Undefined
Hydrochloric acid, at plant /kg/RNA 0017548966 | kg Undefined
Ammonia, anhydrous, liquid {SAS}| ammonia production, steam reforming, liquid | Cut-off,| 000075831 | kg | Undefined
Sodium hydroxide, without water, in 50% solution state (GLO)| market for | Cut-off, S | 0019251439 | kg | Undefined
Methanol {GLO}| market for | Cut-off, S 0217859094 | kg | Undefined
Acetone, liquid {GLO}| market for | Cut-off, S |"0.43003022 kg |"Undefined
Cationic resin (GLO)| market for | Cut-off, S [o13t6172¢8 | kg | Undefined
Anionic resin (GLOJ| market for | Cut-off, S 0144385791 | kg Undefined

Add line
Inputs from technosphere: electricity/heat Amount Unit Distribution  SD20r25D  Min
Electricity, medium voltage (TH}| market for | Cut-off, S [0060047256 | kWh Undefined [
Heat, central or small-scale, biomethane (GLO)| market group for heat, central or small-scale, biomethane | Cut-off, S 127955288 | M | Undefined |
Outputs to technosphere: Waste treatment Amount Unit Distribution SD2 or 25D Min Max Comment
Spent cation exchange resin from potable water production (GLO}| market for | Cut-off, S | 0.131617248 | kg Undefined
Spent anion exchange resin from potable water production (GLO| market for | Cut-off,S | 0.144385791 | kg | Undefined

Add line

Figure 3.10 The life cycle inventory data in SimaPro
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CHAPTER 4
SUSTAINABLE PROCESS DESIGN OF PROPIONIC ACID PRODUCTION FROM
GLYCEROL: A COMPARATIVE STUDY OF BIO-BASED AND PETROLEUM-
BASED TECHNOLOGIES

Regarding the simulation study, the process economic of the bio-based PA
production could be improved by enhancing the performance of the PA recovery
process. This could be undertaken by selecting the appropriate diluent and the
extractant as well as the suitable technique in the backward step in the reactive
extraction. Thus, this chapter aims to 1) demonstrate that proper design of the acid-
recovery process can significantly enhance the overall process performances in terms
of glycerol utilization, economic, energy consumption and CO, equivalent emissions
of every design project, and 2) provide insight of the bio-based production such that
its advantages in terms of CO, equivalent emissions and disadvantages in terms of

economic compared to the petroleum-based production could be pointed out.
4.1 Process description of propionic acid production

In this study, PA production at 10,000 tonnes per year was considered,
representing 2.13% of global PA demand in 2020 [112]. The synthesized product was
industrial-grade propionic acid with the product purity of 99.5 wt% according to the
propionic acid supplier data [177]. UNIFAC model was employed to describe phase-
equilibrium  behaviors of the systems, according to the Eric Carlson’s
recommendation [152]. In this study, the major advantages of UNIFAC model
included 1) UNIFAC was a group-contribution method capable of describing phase-
equilibrium behaviors based on molecular structures - this model was typically
applied when the equilibrium data were limited or unavailable, and 2) UNIFAC was
developed based on the local-composition theory which was suitable for non-ideal
systems. In this study, there were 4 investigated scenarios. Scenarios | to Il were the

bio-based production of PA whereas Scenario IV was the petroleum-based
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production, which was provided for comparative purposes. For clarity, the key

attributes in each scenario are summarized in Table 4.1.

Table 4.1 Key attributes in Scenarios | to IV for propionic acid production

Reactive extraction

Scenario Production type Forward step
Backward step
Extractant Diluent
Bio-based TOA MIBK Temperature-swing
regeneration
Il Bio-based TOA MIBK Utilization of TMA
Il Bio-based TOA 2-Octanol  Utilization of TMA
\Y, Petroleum-based - - -

According to Table 4.1, the difference between Scenarios | and Il was the
selected technology in the backward step of the reactive extraction. In Scenario |, the
temperature-swing-regeneration technique was employed in the backward step. This
technique utilized thermal energy to cleave the bond of PA-TOA complex, which was
presented in the organic phase. Then, water (which was not a foreign component
and was not costly) was added to extract PA back to the aqueous phase. For
illustrative purposes, Figure 4.1 provides the change in PA feed composition (from
the left-hand side to the right-hand side of the azeotrope point) after the
temperature swing regeneration was applied. In other words, the temperature-swing-
regeneration technique was used to change the concentration of PA such that PA
could be purified using distillation — the high purity PA could be obtained as the
bottom product. However, the addition of water may put burden on the PA
purification since the large amount of the added water must be removed.

In Scenario Il, the addition of water was not required due to the utilization of
TMA in the backward step. In this technique, TMA directly substituted TOA - the
resultant PA-TMA complex was completely miscible in the aqueous phase. Although
the addition of TMA was required, the separation of TMA from the aqueous solution

was undertaken easily given the high volatility of TMA. Since the addition of water
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was not required in this technique, an advantage should be attained in the PA

purification as well as the lower environmental impact caused by the wastewater.

1.0
09 Pure PA (Bott(zl:rl)/—
08
= ;
G 07 i L
c | -
kel 0.6 : ,/’
S - Left-hand side| Right-hand side -7
= 0.5 | la”
: - .-
£ 04 et
5 -
S 03 |
> g
0.2 [pPa
Pure water Minimum-boiling azeotrope point (Distillate)
01 (Bottorpl=*" |
ooo Feed of PA 2 wt9 Feed of PA after the temperature-swing-regeneration applied

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Liquid mass fraction of PA

Figure 4.1 The shift of PA feed composition after the temperature-swing-

regeneration applied

The utilization of TMA in Scenario Il could display better performances in
terms of glycerol utilization, energy utilization, economics and CO, equivalent
emissions when compared to the temperature-swing-regeneration technique in
Scenario I. The performance of Scenario Il could be enhanced further by changing
the diluent to 2-octanol (Scenario ll). Lastly, the bio-based production was compared

with the carbonylation of ethylene (Scenario V).

4.1.1 Scenario | (extractant: TOA, diluent: MIBK and back-extraction:

temperature-swing regeneration)

For illustrative purposes, Figure 4.2 provides the general block flow diagram
of bio-based process. The comprehensive process flow diagram is given in Figure Bl
in Appendix B. Details of the processing blocks are given as follows.

Zone | given in Figure 4.2 highlichted the glycerol fermentation. Crude
glycerol and other compounds were fed to the mixer. The mixer effluent was sent to

a sterilizer operating at 121°C to prevent death of Propionibacterium [178]. After the
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sterilization, the outlet stream was passed through two heat exchangers to reduce
the temperature and sent to a fermenter.

Since the reaction pathway occurred in the fermenter could not be identified
exactly due to the complexity involved in a biological process, earlier studies [153]
circumvented such complexity by converting the experimental results into
stoichiometric coefficients. Hence, the stoichiometric coefficients as expressed in
Equation (13) were employed to describe the fermentation process in R-100, whose
operating temperature was maintained at 32°C and 1 bar. Then, the fermenter

effluent was sent to the knock-out drum to remove gas.

C,HgO,+ 0.042 NH, —> 0.64 C,H,O,+ 0.04 C,H,0,+0.06 C4H 04+ 0.08 C,HgO
+0.209 CH, 5Oy sNg p+ 0.784 Hy+ 0311 CO,+ 0.592 H,O  (13)

The product stream was passed through a tubular filter to remove a solid
impurity. This solid representing microorganism (CH; 05Ny ») that did not exist in the
Aspen Plus database was treated as a CISOLID. The properties of microorganism were

obtained based on the data from National Renewable Energy Laboratory (NREL)

forward step of reactive extraction
Glycerol
Water Trioctylamine (TOA) Aqueous phase
Ammonia Methy! isobutyl ketone (MIBK) queous p
Nitrogen
Microorganism °
l Reactive extraction USRI LULLUC
(solvent) .
o Backward step of reactive
Mixing tank extraction
l Organic phase (solvent+PA) Back-extraction <—|
sterilization |—f Distillate
Water (for case I) Aqueous phase (TMA solution)
l Trimethylamine (TMA solution+PA)
(TMA) (for case II, 111)
fermentation
l Distillation | Distillate (wastewater)

Gas separation —— Microorganism removal
l il Bottom (PA) Distillation Il PA (2 99.5 wt %)
Carbon dioxide Solid waste
Hydrogen Bottom (PA)
Nitrogen

° Glycerol fermentation @ Purification of propionic acid Waste (succinic acid)

Figure 4.2 General block flow diagram of bio-based PA production
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Zone Il given in Figure 4.2 highlishted the forward step of the reactive
extraction (also see Figure B1 in Appendix B for the detailed process description). The
forward step in the reactive extraction was modeled using a reactor (R-101) and a
separator (S-101) connected in series according to Jurado and coworkers [180].
Trioctylamine (TOA as the extractant) and methyl isobutyl ketone (MIBK as the
diluent) were selected based on the best combination that maximized the extraction
efficacy of 85% according to (Keshav) [181]. TOA and MIBK were mixed in M-101
before entering the extractive reactor (R-101).

In R-101, three sequential steps had been proposed for the chemical binding
process between TOA (amine (R3N)) and propionic acid (carboxylic acid (HA)). The
binding process included the dissociation of carboxylic acid as expressed in Equation
(14), the transfer of proton to the amine as expressed in Equation (15), and the

recombination of acid-amine complex as expressed in Equation (16) [38].

Dissociation of carboxylic acid

HA <> H'+ A (14)
Proton transfer to amine

RN +H" <> R;NH" (15)
Recombination of acid-amine complex

R;N +A" <> R;NHA (16)
The overall reaction

RsN +HA <> RyNHA (17)

Zone Il in Figure 4.2 provides the backward step of reactive extraction.
Stream 19 was increased from 32°C to 90°C before entering the R-102 where the
cleavage of PA-TOA complex occurred. Water was added to R-102 to extract PA back
to the aqueous phase. The R-102 and the decanter (S-102) were simulated based on
the experimental results from Keshav & Wasewar [39]. After the bond cleavage, the
organic phase consisting of TOA and MIBK was recovered and recycled whereas PA
that had stronger affinity to water dissolved back to the aqueous phase. Please note

that after the back extraction, the feed composition of PA was shifted to the right-
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hand side of the azeotrope point as demonstrated in Figure 4.1. Thus, the aqueous
phase was sent to the distillation column (C-100) to obtain high purity PA. Details of
the operating conditions of C-100 were shown in Table B5 in Appendix B.

Zone IV in Figure 4.2 provides the purification of propionic acid. The bottom
stream from C-100 was sent to the distillation column (C-102) to separate the
remaining water. The bottom stream of C-102 comprised the heavy extractant and
the organic acids. This stream was delivered to the evaporator (D-105) whose
operating pressure was 1 bar. After the evaporation, propionic acid at the purity of

99.5 wt% was attained.

4.1.2 Scenario Il (extractant: TOA, diluent: MIBK, back-extraction:
utilization of TMA)

The process flowsheet for Scenario Il is depicted in Figure B2 in Appendix B.
Since the fermentation and the forward-step of reactive extraction blocks were
identical to those in Scenario |, this section provided details regarding the backward
step of reactive extraction, e.g., the utilization of TMA.

The organic phase from S-101 and TMA were fed to the R-102 where the
reaction between TMA and PA-TOA complex occurred [39]. The reactor effluent was
sent to the decanter (S-102) to recover the organic phase (for recycling) and the
aqueous phase containing the PA-TMA complex for further PA purification. The
stream containing PA-TMA complex was passed through the pump (P-100) prior to
the column (RD-100). The reactive distillation column (RD-100) was utilized to
simultaneously remove water and thermally decompose the PA-TMA complex as
expressed in Equation (18).

PA-TMA compiex — PA + TMA (18)

In the top products of RD-100, TMA and water were attained. Since the
relative volatility of TMA and water were 35, which was significantly different, TMA
could be recovered easily using a one-stage evaporator D-102.

After the back-extraction process, water was removed via the top product of

C-100 whereas PA and succinic acid were obtained at the column bottom. Since the
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relative volatility of PA and succinic acid were 310, which was significantly different,
utilization of a one-stage condenser (D-104) was sufficient. Finally, PA with the
product purity of 99.5 wt% was attained. The comprehensive stream table of process

simulation is given in Table B8 in Appendix B.

4.1.3 Scenario lll (extractant: TOA, diluent: 2-octanol, back-extraction:

utilization of TMA)

According to Keshav & Wasewar [39], when the utilization of TMA was
selected as the back-extraction technique, the appropriate pair of extractant and
diluent was TOA and 2-octanol. To illustrate this, the degree of extraction (E), the
distribution coefficient (Kp), and the extraction equilibrium constant (Kg) obtained
from Keshav & Wasewar [39] were used to select the most appropriate compounds
in the forward-step of reactive extraction. As seen in Table 4.2, the pair of TOA and
2-octanol exhibited the highest performance as indicated. Furthermore, the price of
2-octanol was slightly cheaper than that of MIBK and the production of 2-octanol

was more environmentally friendly [182].

Table 4.2 Summary of optimum diluent [181]

Extractant Diluent E (%) Kp* Ke** (m>/kmol)
tri-n-octylamine (TOA) MIBK 85.0 5.67 16.5
tri-n-octylamine (TOA) 1-decanol 924 121 37.7
tri-n-octylamine (TOA) Oleyl alcohol 85.1 572 16.4
tri-n-octylamine (TOA) 2-octanol 93.3 13.9 44.5

* Distribution coefficient (Kp) = [acid],,y/[acid],,

** Extraction equilibrium constant (K¢) = [complex],/[extractant],[acidl,,

Accordingly, 2-octanol was selected to investicate if the change of diluent
could improve the performances of PA production leading to the analysis in Scenario
lll. Regarding the process flowsheet, each processing block was relatively the same as
that in Scenario Il — the only difference between Scenarios Il and Ill was the utilized

diluent, i.e., MIBK VS 2-octanol.
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4.1.4 Scenario IV (propionic acid production from the petroleum-based

feedstock)

The process flowsheet in Scenario IV followed the BASF design [183]. Since
the process was operated at a high temperature of 285°C and a high pressure of 230
atm, the Peng-Robison model was used in describing the physical properties
according to Eric Carlson’s guideline [152]. The flowsheet of petroleum-based
propionic acid production is shown in Figure 4.3. The four reactants, including
ethylene, CO, steam, and nickel propionate were fed to the reactor (R-100) where

the reactions given in Table 4.3 occurred.

Ethylene
Carbon monoxide

Steam
Nickel propionate

Mixing tank

Reactor

Distillate (wastewater) PA (=99.5 wt %)

Bottom (DMF+PA) Distillation 11

'

DMF

Solid
separation

Distillation |

f

Dimethylformamide

(DMF)

Gas separation

Carbon dioxide
Steam

Nickel propionate

Figure 4.3 General block flow diagram of petroleum-based PA production

A portion of the reactor effluent was recycled to the reactor for temperature
control [183], whereas the remaining in Stream 8 was passed through the pressure
reducing valve (V-100) to 2 atm before entering the catalyst separation. Stream 9
containing Ni(CO), and PA was treated using N, and O, at 80°C and 2 atm to remove
nickel carbonyl from a product stream [184]. The solid impurity was removed from
the stream using S-100 via stream 14. The aqueous mixture containing PA in stream
16  was delivered to the extractive distillation column C-100 using
dimethylformamide as the entrainer. Finally, PA with the purity of 99.5 wt% was
obtained as the top product from C-101.
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Table 4.3 Summary of reactions involved in petroleum-based production of

propionic acid

Key Conversion
Reaction Chemical Reaction
reactant (%)

Catalyst formation  Ni(C;H;O,), + 5CO + H,0 —> Ni(CO), + 2HC;H,0, + CO, Nickel 42.4

propionate
Carbonylation C,H, + CO + H,0 — C4H,O, Ethylene 93.0
Water-gas shift H,0+ CO — CO, + H, Carbon 5.87
reaction monoxide
Ethane formation H, + C,H, — C,H, Ethylene 3.66
Diethyl ketone H, + 2C,H, + CO — CiH,,0 Ethylene 1.40
formation
Ethanol formation  H,0 + C,H, — C,H,O Ethylene 0.036
Ethyl propionate C,HgO + C3H O, = CsHyoO,+ H,O Ethanol 100
formation

4.2 Process evaluation

4.2.1 Representation of selected thermodynamic model

Since the bio-based processes were low-pressure operation that involved the

coexistence of polar and non-polar compounds, the local composition models, such

as NRTL, UNIQUAC and UNIFAC should be employed. Given the absence of binary

interaction parameters between the amine and the involved compounds in the NRTL

model, the group-contribution model, viz. UNIFAC was utilized to circumvent the

problem. To ensure accuracy of the UNIFAC model, the VLE data that were available

in NIST TDE were tested via the model representation depicted in Figure 4.4. As seen

from the figure, the UNIFAC model was capable of representing the equilibrium

behavior of PA and water with appreciable accuracy.



61

150.0 -~

W

100.0 H
o
v ® 1.0bar
5 500 -
© m 0.27 bar
(]
o —UNIFAC
OEJ 0.0
|_ N T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Propionic acid mol fraction
Figure 4.4 Representation of propionic acid/water vapor-liquid equilibrium system

using UNIFAC model
4.2.2 Glycerol utilization

The production capacity of propionic acid and its corresponding amount of
required glycerol in each scenario are summarized in Table 4.4. According to
Equation 1, the glycerol utilization was determined for each scenario as: 0.35 for

Scenario |, 0.36 for Scenario Il and 0.38 for Scenario lIl.

Table 4.4 Summary of glycerol utilization for propionic acid production scenarios

Propionic acid production Glycerol feed rate Glycerol
Scenario
[tonnes/y] [tonnes/y] utilization
[ 1.00E+04 2.82E+04 0.35
I 1.00E+04 2.76E+04 0.36
I 1.00E+04 2.60E+04 0.38
Propionic acid from reactor Propionic acid after back-
Scenario % Recovery
effluent [tonnes/h] extraction [tonnes/h]
| 1.39 1.17 84.3
I 1.36 1.15 84.4
1l 1.28 1.15 89.6

As seen from the determined results, Scenario Il displayed the highest
glycerol utilization when compared to other scenarios. This was contributed to the

highest recovery of propionic acid offered by the appropriate choices of 1) the
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appropriate pairing of extractant and diluent, e.g,, TOA and 2-octanol and 2) the
appropriate choice of back-extraction technique, e.g., the utilization of TMA. To
highlight this, the percentage recoveries of PA are also provided in Table 4.4 for
comparative purposes. According to Table 4.4, the significant increase of PA recovery
was observed in Scenario lll. Thus, in terms of the glycerol utilization, the optimal
design was obtained when TOA and 2-octanol as well as the utilization of TMA were

selected in the reactive extraction for the efficient recovery of propionic acid.

4.2.3 Energy utilization

According to Table 4.5, the SEC of each scenario was determined as 98.4
kWh/ke, 83.3 kWh/kg, 80.6 kWh/kg, and 5.09 kWh/ke for Scenarios | to IV, respectively.
The significant reduction of the SEC value was observed when Scenarios Il and |l
were compared with Scenario |, indicating the improvement of the energy-utilization
performance. As seen in Table 4.5, the substantial amount of thermal energy was
consumed in Scenario I. This was contributed by the removal of water and MIBK
recovery as required by the temperature-swing-regeneration technique. Thus, the
utilization of TMA as the back-extraction technique was more attractive given the

better performance in terms of extraction efficacy [39] and the energy utilization.

Table 4.5 Summary of energy utilization for propionic acid production scenarios

Scenario Scenario Scenario Scenario

Type of duty Unit
| I Il v
Total heating duty kw 5.64E+04 4.76E+04 4.61E+04 2.77E+03
Total cooling duty kw 5.57E+04 4.73E+04 4.58E+04 3.05E+03
Total electric power kW 57.68 56.44 54.38 0.241
Total power requirement kw 1.12E+05 9.50E+04 9.20E+04 5.81E+03
PA production ke/h 1.14E+03 1.14E+03 1.14E+03 1.14E+03
SEC kWh/kg 98.4 83.3 80.6 5.09

However, if the SEC value of Scenario lll was compared with that of Scenario
IV, the petroleum-based production still outperformed the bio-based production. In

Scenario lll, the complexity of separation-and-purification scheme in the bio-based
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production demanded a large amount of energy given the dilute amount of PA
present in the fermentation broth. To resolve this issue; thus, the bacterium used in
the production of PA should be reengineered to provide a higher yield and the
higher selectivity of propionic acid that eventually increased the acid content in the
broth.

However, the comparisons of process performances between Scenarios Il and
Il using either of these indexes were not clear-cut given their slight differences. Thus,
the economic performance which is highlighted in the following section was used to

justify which scenario was more superior.
4.2.4 Economic performance

The economic indicators obtained in each scenario are provided in Table 4.6.
As seen from Scenarios | to lll, the bio-based processes were feasible given the
positive numbers of DPV. Fermentation tanks for bio-based PA production were
batch. The size of each fermenter was 1,000 m>, which was comparable to the
fermenter used by DuPont [185]. With a production capacity of 10,000 tonnes per
year and a fermentation period of 62.5 hours, a total of 7 fermentation tanks were
required. For this reason, the fermenters were the most expensive equipment which
was about 80-84% of the total equipment cost.

In scenario |, the total equipment cost as well as the total operating cost
appeared the highest when compared to other scenarios. The highest costs
contribute largely from the selection of temperature-swing-regeneration technique.
To elaborate this, a large amount of water was required in this technique to achieve
the MIBK recovery at 32°C and part of the cost was due to the water separation.

Please note that the addition of TMA (Scenarios Il and IIl) did not introduce
the burden previously observed in Scenario I. To illustrate this, PA-TMA complex
could dissolve in the aqueous phase at appreciable amount without the addition of
water. Furthermore, TMA was highly volatile. Thus, it could be concluded that the
choice of back-extraction technique highly influenced the feasibility of the bio-based

production.
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As seen in Table 4.6, Scenario Il was more attractive than Scenario Il given the
higher DPV of 118 million USD, the higher % DCFROR of 18.2% and the shorter DPP
of 7.12 years. The better economic results obtained in Scenario Il were contributed
from the higher recovery of PA as provided in Table 4.4. In addition, in terms of the
recovery of diluent, 2-octanol was separated from water more easily than MIBK. To
illustrate this, the solubilities of 2-octanol and MIBK in water were 1,120 mg/L and
19,000 mg/L at 25°C [116]. Given the better separation from water, the fresh-feed
amount of 2-octanol was lower when compared to MIBK since a larger amount of 2-
octanol was recycled; 0.861 tonnes/h VS 0.342 tonnes/h. This led to the cost saving
of about 5.45 million USD/y as reported in Table 4.7.

Table 4.6 Summary of economic performance for propionic acid production

scenarios

Scenario Scenario Scenario Scenario

Economic information Unit
| I n v
Total Capital Cost $ 3.89E+07 3.68E+07 3.69E+07 1.13E+07
Total Operating Cost Sty 2.65E+07 2.53E+07 2.08E+07 1.22E+07
Total Equipment Cost $ 9.10E+06 8.74E+06 8.77E+06 1.02E+06
Total Operating Labor Cost Sly 1.08E+06 1.08E+06 1.08E+06 9.20E+05
Total Maintenance Cost Sry 8.56E+05 8.33E+05 8.35E+05 9.31E+04
Total Utilities Cost Sty 9.05E+06 7.68E+06 7.45E+06 5.45E+05
Total Products Sales Sly 2.71E+07 2.71E+07 2.72E+07 2.74E+07
Total Raw Materials Cost Sly 1.23E+07 1.26E+07 8.66E+06 9.03E+06
Main Material Cost
Glycerol Sly 3.81E+06 3.72E+06 3.51E+06 -
Methyl isobutyl ketone (MIBK) Sly 8.36E+06 7.55E+06 - -
Trioctylamine (TOA) Sly 9.96E+05 9.74E+05 9.23E+05 -
Trimethylamine (TMA) Sly - 1.22E+06 2.66E+06 -
2-Octanol Sly - - 2.10E+06 -
Carbon monoxide Sly - - - 4.89E+06
Ethylene Sly - - - 4.61E+06
Economic indicator

DPV $ 3.24E+07 5.18E+07 1.18E+08 2.62E+08
DCFROR % 5.65 8.81 18.2 85.6

DPP y 12.6 10.8 7.12 2.32
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Table 4.7 Comparison of hotspots for propionic acid production scenarios

Hotspot Unit Scenario | Scenario |l Scenario Il Scenario IV
The most expensive $ 7.35E+06 7.35E+06 7.35E+06 4.29E+05
equipment (R-100) (R-100) (R-100) (C-101)
Contribution in the total % 80.8 84.2 83.9 41.9

equipment cost

Diluent fresh feed rate tonnes/h 0.95 0.861 0.342 -
(MIBK) (MIBK) (2-Octanol)
Diluent cost Sry 8.36E+06 7.55E+06 2.10E+06 -

According to Table 4.8, the ratio of total capital investment to propionic acid
production rate of each scenario was determined as 4.29 USD/kg, 4.06 USD/kg, 4.07
USD/kg, and 1.25 USD/kg for Scenarios | to IV, respectively. The reduction of this
value was observed when Scenarios Il and Il were compared with Scenario |,
confirming the improvement of the back-extraction technique by the utilization of

TMA.

Table 4.8 Summary of total capital investment for propionic acid production

scenarios

Information Unit  Scenario | Scenario Il Scenario Il Scenario IV
Fixed capital investment Y% 4.09e+07 3.86E+07 3.88E+07 1.19E+07
Working capital Sty 2.04E+06 1.93E+06 1.94E+06 5.93E+05
Total capital investment Sty 4.29E+07 4.06E+07 4.07E+07 1.25E+07
PA production ke/y 1.00E+07 1.00E+07 1.00E+07 1.00E+07
Total capital investment/PA  $/kg 4.29 4.06 4.07 1.25
production

However, in terms of economics, the bio-based production in Scenario |l
could not compete with the petroleum-based production in Scenario IV. Given the
less complexity and the much simple chemical reactions involved in the petroleum-
based production, Scenario IV yielded the lowest capital cost, operating cost and raw
material cost as reported in Table 4.6. However, since the utilization of ethylene and
CO was not sustainable, its CO, equivalent emissions should be taken into

consideration.
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4.2.5 CO, equivalent emissions

Figures 4.5 and 4.6 show the feedstocks, utilities, as well as the emissions
from the processing blocks of PA production. The CO, emissions in each scenario
of CO, raw material

were categorized based on the origins acquisition,

transportation, reaction, as well as recovery and purification as illustrated in Table

4.9.

Feedstocks Emission from feed || Emission from Emission from vrinities
feed Low pressure steam
Glycerol Glycerol transportation N
Ammonia Ammonia Ammonia Water gs?:im(g':rll?ter Emission from Emission from
Nitrogen Nitrogen Nitrogen ger: waste waste
Feedstocks Electricity Carbon dioxide Carbon dioxide
Water
Raw material . . . e
L Transportation Fermentation Mg Gas separation Solid filtration
acquisition Fermentation
broth
Feedstocks
. . q e Product
TOA Reactive extraction Back-extraction Purification ionic acid
Diluent o Sl Propionic aci
tragiaRieglac Water or TMA recycle T
recycle
Emission from waste Feedstocks Emission from Emission from waste
Wastewater Water (for case I) waste Utilities Wastewater
TMA (for case 11, I11) Carbon dioxide Low pressure steam Carbon dioxide
Medium pressure steam
Cooling water
—— Process flow stream it
- Utilities (for case I) Refrigerant
— Utilities Low pressure steam Electricity
—— Emission Refrigerant

Figure 4.5 Diagram with relevant parameters of glycerol-based process

Emission from

Emission from feed transportation
Ethylene Ethylene )
Carbon monoxide Carbon monoxide Feedstocks —
Nitrogen Nitrogen Water \Iilmtlssmn from feed
Oxygen Oxygen Nickel propionate ater
Feedstocks
Ethylene R "
. aw material . r
Carbon monoxide isiti Transportation Reaction
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Oxygen

Feedstocks A
Nitrogen Gas separation Purification Propionic acid
Oxygen l P!

Utilities Emission from waste Feedstocks Utilities \EVrTa]slfeS\I/Santef:om waste
Cooling water Carbon monoxide DMF High pressure steam Carbon dioxide

Cooling water

—— Process flow stream Electricity

—— Utilities

—— Emission

Figure 4.6 Diagram with relevant parameters of petroleum-based process




67

According to Table 4.9, the greatest CO, equivalent emissions were observed
in Scenario IV followed by Scenarios |, Il and lll. In Scenario IV, about 82% of the total
emissions originated from the reaction block which was contributed from the
estimated CO, equivalence (CO,.,) caused by the utilization of petroleum-based
feedstocks, e.g., CO and ethylene (see Table B4 in Appendix B). Furthermore, about
7.16 kg CO,.y/kg product was discharged to the environment in Scenario IV
compared to the 4.75 to 5.39 kg CO,q/kg product range in the bio-based scenarios

from the cradle-to-gate analysis.

Table 4.9 Summary of emissions of CO, equivalence (cradle to gate) for propionic

acid production

CO, origin Unit Scenario | Scenario |l Scenario Il Scenario IV
Raw material kg CO,ey/h 2.06E+03 2.01E+03 1.90E+03 6.73E+03
Transportation kg CO,e¢/h 5.08E+01 5.07E+01 5.06E+01 1.39E+02
Reaction kg CO,.¢/h 2.82E+03 2.75E+03 2.60E+03 1.89E-01
Recovery and kg CO,e¢/h 1.22E+03 8.27E+02 8.74E+02 1.30E+03
purification
Total kg CO,/h 6.15E+03 5.65E+03 5.43E+03 8.16E+03
PA production ke/h 1.14E+03 1.14E+03 1.14E+03 1.14E+03
CO,.oq emissions kg CO,./kg PA 5.39 4.95 4.75 7.16

In addition, significant reduction of the total CO, emissions was observed in
the bio-based production. To elaborate this, if Scenario Il (the best bio-based
production scenario) was compared with Scenario IV, the total CO, emissions was
significantly reduced by 34%. Accordingly, although the petroleum-based production
was superior to the bio-based production in both economic and energy-utilization
perspectives, the petroleum-based production caused more harm to the

environment as evidence by the estimated CO, emissions.
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4.3 Process sensitivity

In this work, the price variability was set at +50% for each material. For the
bio-based production, only Scenario lll was selected for the sensitivity analysis given
its most promising economic performance compared to other bio-based scenarios.
According to Table 4.6, the main feeding materials for the bio-based PA production
included glycerol, TOA, TMA, and 2-octanol. As seen from the cost per year of these
materials, the cost of TOA was significantly lower compared to other materials. Thus,
glycerol, TMA and 2-octanol were included in the sensitivity analysis. Propionic acid

was also included in the analysis given the main product in this study.

g slycerol 2-octanol B TMA propionic acid

4.0E+08
3.2E+08
2.4E+08
1.6E+08
8.0E+07
0.0E+00
-8.0E+07
-1.6E+08

DPV (USD)

-50% -40% -30% -20% -10% O 10% 20% 30% 40% 50%

Variability (%)

Figure 4.7 Effect of the price of Scenario Ill on DPV for propionic acid production

The results obtained from the sensitivity analysis are illustrated in Figure 4.7.
According to the figure, the process DPV appeared highly influenced by the price of
propionic acid. If the price of PA was reduced by 30%, the DPV became negative.
Regarding the feeding materials, the DPV appeared sensitive to the price of glycerol.
However, it was not as sensitive when compared to the price variability of propionic
acid. Therefore, if the price of propionic acid was lower than 2.1 USD/kg, the bio-

based production of propionic acid became infeasible.
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CHAPTER 5
SUCCINIC ACID PRODUCTION FROM GLYCEROL BY ACTINOBACILLUS
SUCCINOGENES: TECHNO-ECONOMIC, ENVIRONMENTAL, AND EXERGY
ANALYSES

This chapter investigates the enhanced succinic acid productivity via the
addition of dimethyl sulfoxide along with the selection of the purification
technologies justified by the performance indexes (e.g., economic, energy
consumption, and GHG emissions). In addition, the exergy analysis, which had never
been undertaken for bio-based succinic acid production would be provided. This
would be useful for further improvement plans since inefficient unit operations
would be identified. Therefore, this chapter aims to analyze the DMSO-assisted bio-
based SA production from glycerol via process simulation to evaluate process
performances in terms of economic performance, energy consumption, exergy

analysis, and greenhouse gas (GHG) emissions.
5.1 Process description of succinic acid production

In this techno-economic study, glycerol was fermented with Actinobacillus
succinogenes for an SA production capacity of 10,000 tonnes per year (required
about 12,851 tonnes/year of glycerol which was sufficient based on the surplus
amount of glycerol at 57,159 tonnes/year of Pathum Vegetable Oil Company, a
major biodiesel producer in Thailand) [186] with a purity of 99.5 wt% industrial grade
[187]. The rigorous process simulation for the production of SA was performed using
Aspen Plus® V.11. According to the guideline of Carlson [152], the UNIFAC model was
used in the simulation based on the operating conditions and the existence of polar
and non-polar compounds in the simulated systems.

The different process routes investigated are listed in Table 5.1. According to
the table, the difference between Scenario | and Scenario Il was the downstream
technique for the removal of water (water was the major problem with the

purification of SA production). However, the fermentation of glycerol consumed a
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substantial amount of time. To miticate this, the additive, DMSO served as an
electron acceptor could be utilized to enhance the SA productivity in the

fermentation process as highlighted in Scenario lll and IV.

Table 5.1 Key attributes in Scenarios | to IV of glycerol-based production

Scenario Fermentation description Downstream processing
| pH controlled by MgCOs, 75 h, 37°C Direct crystallization
I pH controlled by MgCOs, 75 h, 37°C Reactive extraction
i DMSO 1.8% Vol, pH controlled by NaOH, 30 h, 37°C" Direct crystallization
\Y, DMSO 1.8% Vol, pH controlled by NaOH, 30 h, 37°C Reactive extraction

* The experimental data was obtained from Vlysidis et al. [6]

** The experimental data was obtained from Carvalho et al. [23]

5.1.1 Scenario I: SA purification using direct crystallization (no addition of

DMSO)

The comprehensive process flow diagram for Scenario | is depicted in Figure
C1 in Appendix C. For illustrative purposes, the general block flow diagram of bio-
based SA production is shown in Figure 5.1. The SA production was divided into three
sections. In each section, the various equipment involved was identified and
designed. Major detailed descriptions of each section are as follows.

Zone | in Figure 5.1 provides details about crude glycerol pretreatment. Crude
glycerol from the biodiesel industry contains about 83% g¢lycerol [188]. Common
impurities in crude glycerol include water, ash, methanol, and matter organic non
glycerol (MONG). These impurities should be eliminated to achieve higher glycerol
consumption in the fermentation stage. For the ash removal in crude glycerol, the
Ssplit filter model (S-100) was applied. After that, the glycerol stream was treated via
an evaporator (D-100) at 0.1 atm to remove methanol and water according to Chang
[189]. Finally, Stream 8 containing glycerol and MONG was passed through the pump
(P-100) before the separator (S-101) to increase the pressure at 1 atm. The separator

was used to separate MONG.
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Figure 5.1 General block flow diagram of bio-based SA production
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Zone |l in Figure 5.1 provides details about glycerol fermentation. Before
entering the fermenter (R-100), the relevant feedstocks must be sterilized (E-101) at
121°C to avoid possible contamination [123]. Due to the complexity involved in
biological processes, the previous research works [30, 153] circumvented such
complexity by converting the experimental results to stoichiometric coefficients to
simplify the fermentation process. SA fermentation from glycerol has vyield,
concentration, and productivity of 0.84 ¢ SA/g glycerol, 18 g¢/L, and 0.24 g¢/L/h,
respectively. Details of the reaction of R-100 are available in Table C5 in Appendix C.

Zone Il in Figure 5.1 provides details about separation and purification. The
fermentation broth (Stream 20) was sent to the flash drum (D-101) and the tubular
cross-flow filter (S-102) to separate off-gas and solid impurities, respectively. After
that, Stream 24 was passed through the heater (E-104) before the evaporator (D-102).
In the evaporation process, the dissolved product stream was concentrated by the
evaporator (D-102) at 101.2°C. After that, CR-100 was used to separate SA into solid
form for further SA purification. The solid was separated using S-103. Finally, SA with
a product purity of 99.5 wt% was attained after drying (in DR-100) with hot air. The

full stream table of rigorous process simulation is given in Table C6 (in Appendix Q).

5.1.2 Scenario Il: SA purification using reactive extraction (no addition of

DMSO)

The process flow diagram is given in Figure C2 in Appendix C. The
fermentation process was the same as that in Scenario |. The difference in
production started after the S-102. The reactive extraction was designed by a
cascade model containing the reactor (R-101) and the decanter (5-103) according to
Nieder-Heitmann [154]. Please note that reactive extraction is a multifunctional
reactor having reaction and extraction in a single unit. However, Aspen Plus does not
have a unit operation that could perform the reactive extraction directly.
Trioctylamine (TOA) and 1-octanol were used as the extractant and the diluent,
respectively due to the best combination for succinic acid extraction with 96%

extraction efficiency [190].
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Regarding the reactive extraction, Stream 25 containing SA and water was sent
to R-101. At this stage, the reactive extraction was performed by the formation of a
complex compound between SA and TOA (SA-TOA complex) which could dissolve in
the 1-octanol-rich phase. After the reactive extraction, Stream 30 (1-octanol-rich
phase containing SA-TOA complex) was passed to the back-extraction system,
consisting of the reactor (R-102) and the decanter (S-104). Trimethylamine (TMA) was
added in this step to substitute the TOA by which the SA-TMA complex was formed.
The organic phase consisting of TOA and 1-octanol was recovered (Stream 36) and
returned to the reactive extraction, whereas Stream 34 containing SA-TMA complex
was sent to the crystallization (CR-100). CR-100 was operated at 20°C to obtain a
solid form of SA via the separator (5-105). The crystallizer effluent was sent to the
evaporator (D-102) to recover the TMA for recycling. Product (Stream 41) was passed

to the dryer (DR-100) and obtained product in Stream 49 with a purity of 99.5 wt%.

5.1.3 Scenario lll: SA purification using direct crystallization (addition of

DMSO)

In this techno-economic study, dimethylsulfoxide (DMSO) was used as an
electron acceptor in the sglycerol fermentation by Actinobacillus succinogenes.
According to Carvalho et al. [23], it was stated that the use of an electron acceptor
such as DMSO helped increase the glycerol consumption rate and succinic acid
production. The detailed descriptions of unit operations involved are schematized in
Table C9 (in Appendix C).

Zone |l in Figure 5.1 provides the separation and purification of SA. The
addition of DMSO required additional equipment to recover DMSO for recycling. The
crystallizer effluent (Stream 30) was passed through the pump (P-101) before the
distillation column (C-100). The column was used to separate water and DMSO.
DMSO was passed through the valve (V-101) and the cooler (E-108) to reduce the
pressure and the temperature to 1 atm and 37°C, respectively. This process was able

to recover approximately 90% of DMSQO, resulting in an actual DMSO feed rate of 112
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ke/h. A full stream table is provided in Table C10 in Appendix C. After the drying
process, SA at the purity of 99.5 wt% was attained.

5.1.4 Scenario IV: SA purification using reactive extraction (addition of

DMSO)

For complete comparisons among all scenarios, Scenario IV consisting of the
addition of DMSO in the fermentation plus the utilization of reactive extraction in the

purification was also provided.
5.2 Process evaluation

In this techno-economic study, the simulated processes were evaluated with
five performance indexes, including glycerol and carbon utilization, economic
performance, energy utilization, exergy analysis, and GHG emissions. Ultimately, these
indicators were useful in decision-making regarding the feasibility of bio-based

succinic acid production.
5.2.1 Glycerol and carbon utilization

According to Table 5.2, the glycerol utilization of each scenario is determined
as 0.59, 0.50, 0.76, and 0.71 for Scenarios | to IV, respectively. Likewise, the carbon
utilization of Scenarios | to IV is determined as 0.62, 0.52, 0.79, and 0.73, respectively
(see Table 5.3). Scenario Il is more attractive than Scenario |, given the highest
glycerol and carbon utilization. This was due to the addition of DMSO which could
improve the SA yield while the fermentation time was reduced to 30 h. However,
Scenario | was the most efficient in terms of SA recovery as seen in Table 5.2. This
indicated that the addition of DMSO reduced the SA separation efficiency — SA was
carried over with DMSO in Stream 31. It was also observed in the downstream
processing (e.g., SA separation and purification) that the direct crystallization had
better SA recovery performance and glycerol utilization than the reactive extraction

as seen from the 87% SA recovery compared to 73% SA recovery.
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Table 5.2 Summary of glycerol utilization for bio-based production scenarios

Salable Succinic acid Glycerol feed rate Glycerol
Scenario
[tonnes/y] [tonnes/y] utilization
| 1.00E+04 1.68E+04 0.59
[ 1.00E+04 2.00E+04 0.50
1l 1.00E+04 1.32E+04 0.76
v 1.00E+04 1.42E+04 0.71
Succinic acid from reactor Salable Succinic acid (after
Scenario % Recovery
effluent [tonnes/y] purification) [tonnes/y]
| 1.15E+04 1.00E+04 87.0
I 1.37E+04 1.00E+04 73.2
Il 1.29E+04 1.00E+04 7.7
v 1.36E+04 1.00E+04 73.5

Table 5.3 Summary of carbon utilization for bio-based production scenarios

Carbon content in product Carbon content in glycerol Carbon
Scenario
[tonnes/y] [tonnes/y] utilization
[ 4.06E+03 6.58E+03 0.62
| 4.06E+03 7.82E+03 0.52
If 4.06E+03 5.17E+03 0.79
v 4.06E+03 5.54E+03 0.73

5.2.2 Economic performance

In terms of economic performance, the results obtained from Aspen
Economic Analyzer are shown in Table 5.4. The results of the three indicators in the
table showed that Scenario Ill gave the highest DPV of 190 million USD, the highest %
DCFROR of 33.3%, and the shortest DPP of 4.48 years when all four scenarios were
compared. Although DMSO recovery added complexity to Scenarios Il and IV, it
lishtly affected the process economics since DMSO could be separated from water
using the single distillation column (C-100) - the distillation column costs only 4.3%
of the total equipment cost. To emphasize this, the hotspots for each scenario are

illustrated in Table 5.5.
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Total equipment cost is highest in Scenario Il. Thus, it could be concluded
that the choice of downstream technique significantly influenced the feasibility of
bio-based SA production. However, if comparing the operating cost in Scenarios Il and
IV with the work of Morales et al. [31] using glucose derived from wood, the
operating cost per succinic acid produced in Scenarios Il and IV was reduced by 11%
(2.32 VS 2.6 USD/kg SA). This indicated that although TOA and 1-octanol were used in
the same downstream technique, the glycerol-based carbon source was preferable
to wusing glucose. As a result, the expensive procedures necessary for the
lignocellulosic pretreatment could be avoided when using glycerol as the starting
material, which was consistent with Tan et al. [139]. Furthermore, glycerol has a
greater reduction state of carbon than glucose, which leads to better product yields

[191].

Table 5.4 Summary of economic performance for bio-based production scenarios

Scenario Scenario Scenario Scenario

Economic information Unit

I Il I v
Total Capital Cost S 437E+07  4.95E+07  2.80E+07  3.24E+07
Total Operating Cost Sty 2.19E+07 2.32E+07 1.63E+07 2.33E+07
Total Equipment Cost S 1.13E+07 1.25E+07  5.46E+06  5.99E+06
Total Operating Labor Cost Sly 9.20E+05 1.08E+06  1.08E+06 1.77E+06
Total Maintenance Cost Sty 1.12E+06 1.19E+06 5.09E+05 5.29E+05
Total Utility Cost Y% 1.40E+07 1.01E+07 1.04E+07 1.21E+07
Total Product Sales Sy 2.70E+07  2.71E+07  2.70E+07  2.72E+07
Total Raw Material Cost Sy 3.02E+06  7.74E+06  2.09E+06  6.51E+06
Main material cost
Glycerol Y% 227E+06  2.70E+06  1.79E+06  1.91E+06
Trimethylamine (TMA) Sty - 2.95E+06 - 3.01E+06
2-Octanol Sry - 1.19E+06 - 1.14E+06
Dimethyl sulfoxide (DMSO) Sy - - 1.23E+05  2.62E+05
Economic indicator
DPV S 9.89E+07  7.36E+07  1.90E+08  8.89E+07
DCFROR % 13.9 10.0 333 15.2

DPP Y 8.45 10.1 4.48 8.16




14

Table 5.5 Comparison of the most expensive equipment in each scenario

Hotspot Unit Scenario | Scenario Il Scenario I Scenario IV
The most expensive $ 1.02E+07 1.10E+07 4.16E+06 4.16E+06
equipment (R-100) (R-100) (R-100) (R-100)
Contribution to the total % 90.3 87.9 76.1 69.5

equipment cost

In addition to the influence of the separation technique, it was revealed in
Table 5.5 that the highest equipment cost was observed at the fermentation tank
which accounted for 76% to 90% of the total cost in each scenario. As observed
from the table, Scenarios lll and IV had the lowest cost of the fermenter as a result
of the addition of DMSO that accelerated the fermentation process as discussed

previously.
5.2.3 Energy utilization

Heating, cooling, and electrical power are the three main components of
energy utilization as provided in Table 5.6. The SECs of Scenarios | to IV were
determined as 134.4, 115.3, 100.3, and 113.7 kWh/kg product, respectively. Even if no
foreign substances (TOA, 1-octanol, and TMA) were added in Scenario |, the
separation process in Scenario | consumed a substantial amount of energy due to
the heat required for the water removal in the evaporator (E-104) — accounted for
31.9% of the total energy consumption as shown in Figure 5.2. In other words,
although the reactive extraction in Scenarios Il and IV required the addition of foreign
substances, the energy utilization was lower when compared to the direct

crystallization in Scenario I.

Table 5.6 Summary of energy utilization for bio-based production scenarios

Type of duty Unit Scenario | Scenario I Scenario Il Scenario IV
Total heating duty kW 1.01E+05 6.53E+04 7.35E+04 8.18E+04
Total cooling duty kW 5.23E+04 6.62E+04 4.10E+04 4.78E+04
Total electric power kw 7.43E+01 8.35E+01 3.09E+01 3.26E+01
Total energy requirement kW 1.53E+05 1.32E+05 1.14E+05 1.30E+05
SA production kg/h 1.14E+03 1.14E+03 1.14E+03 1.14E+03

SEC kWh/kg 1344 1153 100.3 113.7
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However, a significant reduction of the SEC value was observed when
Scenario Il was compared with Scenario I. Even with the DMSO recovery unit,
Scenario Il yielded less SEC value (about a 25% reduction) than Scenario I. The
addition of DMSO could reduce the fermentation time resulting in less number of
fermenters which influenced the power consumed by the agitation calculated from
CheCalc [192]. It was found that the power used for the fermenter was reduced by
58% when DMSO was added in Scenario lll. Furthermore, the addition of DMSO also
reduced the heat duty in the sterilization as a result of the less feed to achieve the

same 10,000 tonnes per year of SA.
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Figure 5.2 Effect of the utility duty of the bio-based succinic acid production:

(a) Scenario I, (b) Scenario II, (c) Scenario lll, and (d) Scenario IV
5.2.4 Exergy analysis

The exergy analysis was carried out in Scenario Ill to identify inefficient energy
units and to highlight the importance of the energy which could be utilized further
for the heat integration design. Table 5.7 depicts the contribution of units to exergy

destruction (Exd), exergy efficiency (), and irreversibility (y,,).
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As shown in Table 5.7, column C-100 had the highest exergy destruction rate
of 3,326 kW and the lowest exergy efficiency of 47.05% due to the amount of high-
pressure steam required in the reboiler. The heater (E-101) after the sterilization
stage contributed the second highest exergy destruction rate of 1,761 kW. When the
exergy destruction rates of all the units were compared, they revealed that the C-
100 had the highest irreversibility ratio of 44.56%. In order to achieve the most
efficient design in terms of energy, a heat integration design could be undertaken to

reduce the exergy losses.

Table 5.7 Summary of exergy analysis for Scenario Il

Stage Exergy inlet (kW) Exergy outlet (kW) Exd (kw) Yy (%) W (%)
S-100 6.75E+03 6.75E+03 2.87E+00 0.04 99.96
V-100 6.68E+03 6.68E+03 2.99E-02 0.00 100.00
E-100 6.72E+03 6.70E+03 1.13E+01 0.15 99.83
D-100 6.70E+03 6.70E+03 5.50E-01 0.01 99.99
P-100 6.65E+03 6.65E+03 5.13E-02 0.00 100.00
S-101 6.65E+03 6.65E+03 4.97E-02 0.00 100.00
M-100 1.56E+04 1.54E+04 1.71E+02 2.29 98.91
E-101 2.43E+04 2.26E+04 1.76E+03 23.60 92.76
E-102 2.26E+04 2.18E+04 7.90E+02 10.58 96.50
E-103 1.58E+04 1.56E+04 2.74E+02 3.68 98.27
R-100 1.61E+04 1.55E+04 5.59E+02 7.49 96.52
D-101 1.61E+04 1.61E+04 3.54E+01 0.47 99.78
S-102 1.56E+04 1.56E+04 2.05E+01 0.28 99.87
E-104 2.15E+04 2.12E+04 3.62E+02 4.85 98.32
D-102 2.12E+04 2.12E+04 3.25E+00 0.04 99.98
E-105 1.30E+04 1.29E+04 8.21E+01 1.10 99.37
CR-100 1.29E+04 1.29E+04 5.06E+00 0.07 99.96
S-103 1.30E+04 1.29E+04 1.56E+01 0.21 99.88
P-101 7.98E+03 7.98E+03 5.17E-01 0.01 99.99
C-100 6.28E+03 2.96E+03 3.33E+03 44.56 47.05
V-101 7.89E+03 7.89E+03 4.27E+00 0.06 99.95
E-108 7.89E+03 7.86E+03 3.37E+01 0.45 99.57
E-109 3.10E+00 1.94E+00 1.16E+00 0.02 62.68
DR-100 4.98E+03 4.97E+03 3.73E+00 0.05 99.92

sum 2.83E+05 2.75E+05 7.46E+03 100
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Please note that although the exergy analysis suggested that heat integration
should be undertaken, heat integration was not performed in this work due to two
practical reasons. First, the condenser and reboiler in C-100 were used primarily to
control the distillate and bottom product purities. The temperature control in C-100
would be more difficult if the heat integration was applied to the condenser and the
reboiler in C-100. Second, the temperature in Stream 16 was too high to cool

streams that required cooling.
5.2.5 Greenhouse gas emissions

The GHG emissions were calculated based on the emission factor from
OpenLCA software. The results are shown in Table 5.8. According to Table 5.8, the
GHG emissions boundary of the SA production was divided into four categories
according to the cradle-to-gate: raw materials acquisition, transportation, upstream

processing, and downstream processing.

Table 5.8 Summary of emission of CO, equivalence (cradle to gate) for bio-based

production scenarios

Scenario Scenario Scenario Scenario
CO, origin Unit
I I n v

Raw material kg CO,.eo/h 1.60E+03 1.90E+03 9.16E+02 9.80E+02
Transportation kg COzeo/h 5.26E+01 5.34E+01 4.91E+01 4.92E+01
Upstream processing kg CO,eo/h 1.80E+03 2.14E+03 8.99E+02 3.46E+02
Downstream processing kg COzeq/h 1.23E+03 1.65E+03 1.05E+03 2.15E+03
Total kg COs.eo/h 4.68E+03 5.74E+03 2.92E+03 3.53E+03
SA production ke/h 1.14E+03 1.14E+03 1.14E+03 1.14E+03
CO;..q €Missions kg COj.eokg SA 4.10 5.03 2.56 3.09

The greatest GHG emissions were observed in Scenario Il followed by
Scenarios |, Scenario IV and Ill with 5.03, 4.10, 3.09, and 2.56 kg CO,-eq/kg product,
respectively. In all four categories, the transportation sector had the least impact on
GHG emissions. The raw materials acquisition showed that glycerol was the hotspot,
followed by pH controller and ammonia, respectively. According to Table C1 in

Appendix C, ammonia from the steam reforming had a higher characterization factor
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than glycerol from the palm oil production. However, glycerol was used as the main
feedstock to produce succinic acid. Therefore, it had a significant impact on GHG.

The results also demonstrated that steam and cooling water used in the
downstream processing were the biggest contributors to GHG emissions (see Table C4
in Appendix C). When comparing the GHG emissions in every scenario, Scenario Il
yielded the lowest GHG emissions given 1) the lower emission from transportation
due to the better glycerol efficiency (less required raw material to produce 10,000
tonnes/y SA, 2) the lower energy consumption in the upstream and downstream
processes as indicated from the less power used in agitation from the less number of
fermenters and the lowest SEC value.

According to the simulated processes, scenario Il was suitable for further
development to an industrial scale from the perspective of economic performance,
energy utilization, GHG emissions and exergy analysis. Thus, this scenario was
compared with the petroleum-based process to highlight the benefit of adopting bio-

based production.
5.3 Comparison between bio-based and petroleum-based SA production

In this section, the three bio-based productions were compared with
petroleum-based production in terms of operating cost, SEC, and GHG emissions.
Data regarding the impact categories for petroleum-based production were obtained
from the previous studies by Morales et al. [31] for the operating cost and the GHG

emissions data and Pinazo et al. [193] for the energy consumption data.

Table 5.9 Comparison between glycerol-based and petroleum-based SA production

Scenario Scenario Scenario  Scenario

Indicator Unit Petroleum
| [ If v
Operating cost $/kg 2.19 2.32 1.63 2.33 1.92°
Energy aspect (SEC) kWh/kg 134.4 1153 100.3 113.7 153"
Environmental aspect kg CO,eq /7Kg 4.10 5.03 2.56 3.09 3.46

(CO;4.eq EMISSIONS)

* The data was obtained from Morales et al. [31]

** The data was obtained from Pinazo et al. [193]
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According to the results shown in Table 5.9, the bio-based production in each
scenario consumed more energy than the petroleum-based production. However, in
terms of the GHG emission and operating cost, the bio-based production in Scenario
Il was superior to the petroleum-based production. To highlight this, the operating
cost of 1.63 was attained in Scenario Il which was about 15% lower when compared
to the petroleum-based production. A significant reduction in the total GHG
emissions was also observed, 2.56 VS 3.46, which was about a 26% reduction. This is
due to the production of succinic acid from maleic anhydride through hydrogenation
followed by hydration involves an expensive catalyst like palladium. Furthermore,
the recycling and purification of water in the hydration tank increase the
consumption of electricity by 20% [193]. This observation also emphasized that the
addition of DMSO was environmentally beneficial as seen from the significant
decrease in the SEC value and the GHG emissions in Scenario Il compared to

Scenario |.
5.4 Process sensitivity

In this study, the sensitivity analysis was conducted to investigate and
understand the influence of the uncertainties associated with the feedstock costs,
the product sales price, the utility cost, and the plant capacity on the economic

indicators.
5.4.1 Effect of feedstock and product prices on DPV

In sensitivity analysis, only Scenario Ill was considered due to the most
promising production based on previous assessments. According to Table 5.4, the
main raw material in Scenario Il consisted of glycerol and the make-up DMSO.
Therefore, the variations in the costs of glycerol, DMSO, utilities and the selling price
of SA were investigated. The prices of all these parameters varied between -50% and

50% of their nominal values.
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Figure 5.3 Effect of the price of Scenario Il on DPV for succinic acid production

The results obtained for each case of price sensitivity on the process DPV are
provided in Figure 5.3. According to the figure, the price of succinic acid had a
significant effect on the DPV, as evidenced by the negative DPV when the price fell
below 50% (1.5 USD/kg). Meanwhile, the price effect of the two feedstocks, glycerol

and DMSO, was relatively negligible in comparison to the SA sales price.
5.4.2 Effect of SA production capacity on economic indicators

The results of the sensitivity analysis with three production capacities are
summarized in Table 5.10. All production capacities were analyzed for techno-
economic study by the same investment parameters. Please also note that the SA
yields (or glycerol conversion) in this work were assumed to be the same values from
the experiments of Vlysidis et al. [2] and Carvalho et al. [23]. In practice, however,
extrapolation from the experimental data may not be undertaken straightforwardly
given that large reactor sizes (e.g., 250, 500 and 1,000 m? as seen in this work) could
affect the SA production such as agitation and poor heat transfer problems. In fact,
these problems could be minimized with a proper design during the process scale-
up. For example, implementation of similarity law of sizing geometry and utilization
of standard aspect ratios of tank and agitator could help minimize such problems.
Thus, to assert that the fermentation size used in this work was practical, a

commercial fermenter tank with a maximum capacity of 1,000 m? was implemented
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according to DuPont company [185]. The design of the fermentation tank was
undertaken using the operation of 6-8 batch fermenters to enable continuous
production of SA from the reactor in Table 5.10. Details of the fermentation reactor

design are available in the supplementary material.

Table 5.10 The economic indicators with a different succinic acid capacity of

Scenario Il
Capacity [tonnes/y]
Information Unit

5,000 10,000 30,000
Fermenter
Number of required fermenters tank 6 6 8
Reactor size m’ 250 500 1,000
Economic indicator
DPV S 7.20E+07 1.90E+08 6.68E+08
DCFROR % 19.1 333 59.3
DPP Y 6.76 4.48 3.06

According to Table 5.10, all production capacity numbers are feasible given
the positive DPV. Based on the SA sales price adopted in this work, the results
suggested that the bio-based production of SA in Scenario lll was attractive since it
began to be profitable at 5,000 tonnes/y of SA production (required 6,616 tonnes/y
of glycerol) with the pay-out period of about 6.76 years, which was half of the
assumed plant life. If the glycerol availability was more than 6,616 tonnes/y, there
would be room for the production of other chemicals. In other words, the glycerol
conversion complex (e.g. production of various chemicals from glycerol) would be

less vulnerable since the revenue did not depend only on the SA sales volume.
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CHAPTER 6
SUSTAINABILITY ASSESSMENT OF DIHYDROXYACETONE (DHA)
PRODUCTION FROM GLYCEROL: A COMPARATIVE STUDY BETWEEN
BIOLOGICAL AND CATALYTIC OXIDATION ROUTES

Previously, a variety of naturally occurring microorganisms have been proven
capable of consuming crude glycerol, making microbial conversion more effective
than other approaches. This novel study for the first time simulates slycerol-based
DHA production via microbial fermentation. Regarding the simulation study focused
herein, the process of glycerol-based DHA production could be improved by
enhancing the performance of the upstream processing. This could be undertaken by
selecting an appropriate carbon source, controlling the impurity contained in crude
glycerol, and choosing suitable techniques in the upstream processing. Therefore,
this chapter aims to develop the more efficient production of DHA from crude
glycerol using process simulation to evaluate process performances in terms of

energy utilization, economic, and environmental performance.
6.1 Process description of dihydroxyacetone production

For illustrative purposes, Figure 6.1 depicts an overview of the applied
framework, including data collection, process simulation, process evaluation, and
process improvement by heat integration. In this study, the DHA production at 2,000
tonnes per year was considered [53]. According to DHA supplier data, the synthesized
product was industrial-grade DHA with a product purity of 99 wt% [52]. Aspen Plus
V.11 was employed. According to Eric Carlson’s guideline [152], the UNIFAC model
was used to describe phase-equilibrium. In order to evaluate the techno-economic
feasibility of the DHA production, the efficiency of glycerol and carbon utilization,
energy consumption, economic performance, and environmental impacts were
evaluated. A hotspot in the promising scenario was identified and the subsequent
debottlenecking was conducted using heat integration. Finally, scenarios with the

heat integration were re-evaluated.



Data collection

'

Process simulation

Process evaluation

Heat integration

””” * Using Aspen Plus V.11

86

Glycerol utilization
DHA production (kg /h)
Glvcerol feed rate (kg/h)

Energy utilization
Total utilized energy (kw)
DHA production (kg /h)

Economic evaluation
Using Aspen economic analyzer
Net present value (NPV)

Internal rate of return (ROR)
Payout period (POP)

Environmental impacts
Using SimaPro V.9.3.0.3

..... * Using Aspen ecnergy analyzer

!

Process evaluation of new alternatives

v

Identification of best process

'

Sensitivity analysis

» Feedstock price

*  Product price

----- * Energy, economic and environmental impacts

Figure 6.1 Overview of the framework in the design of DHA production

In this section, the process was designed on the basis of laboratory

information. In this study, there were six investigated scenarios. Scenarios | to V were

the microbial fermentation to produce DHA whereas Scenario VI was the catalytic

oxidation. For clarity, the key attributes in each scenario are summarized in Table 6.1.

Table 6.1 Overview of Scenarios | to VI for DHA production

Scenario  Production type Carbon source Strain Process description
I Conventional Refined glycerol  G. thailandicus — Refined glycerol 60 ¢/L, 72 h, 30°C*
production

| Fermentation Crude glycerol G. thailandicus  Crude glycerol 60 g/L, 72 h, 30°C*

If Fermentation Treated crude G. thailandicus ~ Treated crude glycerol 60 g¢/L by ion
glycerol exchange, 72 h, 30°C*

v Fermentation Crude glycerol + G. oxydans Crude glycerol 40 ¢/L, glucose 20
Glucose g/L, 24 h, 30°C**

V Fermentation Crude glycerol + G. oxydans Crude glycerol 60 g/L, sorbitol 80
Sorbitol g/L, 24 h, 30°C**

VI Catalytic Catalyst = 2Au/Cu0, glycerol conversion = 100% , DHA selectivity = 70.6%

oxidation

, 5 h of reaction, temperature = 50°C, pressure = 10 atm

* The experimental data was obtained from Jittjang et al. [138]

**The experimental data was obtained from Lu et al. [55]
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According to Table 6.1, the difference between Scenarios | to lll was the types
of glycerol, e.g., refined glycerol, crude glycerol, and treated crude glycerol. DHA is
commercially produced using bacteria of the genus Gluconobacter and generally
produced using refined glycerol [53, 194]. Herein, Scenario | represents commercial
production. Typically, the fermentation of glycerol consumed a substantial amount
of time. To mitigate this, glucose and sorbitol were served as the secondary carbon
sources that could be utilized to enhance the DHA productivity in the biological

route as highlighted in Scenario IV and V.
6.1.1 Biological route

The comprehensive process flow diagram for Scenarios | to V is depicted in
Figure D1-D3 in Appendix D. Note that the difference between Figure D1 and D2 was
the ion-exchange units (S-100 and S-101), by which the sodium content was removed
from crude glycerol to obtained treated crude glycerol in Scenario lll. For illustrative
purposes, the general block flow diagram of bio-based DHA production is shown in
Figure 6.2. The DHA production was divided into seven major steps as shown in
Figure 6.3 — the fermentation, the gas and solid separation, the water separation, the
crystallization, the methanol recovery, the washing, and the drying. Major detailed
descriptions of each section are as follows.

Crude glycerol used in this work was estimated from a palm oil-based
biodiesel plant in Thailand operated by Patum Vegetable Oil (composition: 83.3 wt%
glycerol, 11.2 wt% water, 4.8 wt% sodium salts, 0.62 wt% other organics) [188].
According to Figure 6.3, crude glycerol and other compounds were fed to the mixer.
Before entering the fermenter (R-100), the relevant feedstocks must be sterilized (E-
101) at 121°C to avoid possible contamination [123]. After the sterilization, the outlet
stream was passed through two heat exchangers to reduce the temperature from
121°C to 30°C. After the reduction of temperature, the stream was sent to a

fermenter where the conversion of glycerol occurs at 30°C and 1 bar.
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Figure 6.2 General block flow diagram of DHA production
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Because of the complexity of biological routes, the previous research works
[30, 153] simplified the fermentation process by converting the experimental results
to stoichiometric coefficients. Details of the reaction of R-100 are available in Table
D7 in Appendix D. The fermenter effluent (Stream 11) was passed to the flash drum
(D-100) to separate off-gas and the tubular crossflow filter (S-100) to separate solid
contaminants. This solid, which represented a microorganism (CH;gOgsNo,), was
handled as a CISOLID in Aspen Plus. The properties of microorganisms were
determined using the data from National Renewable Energy Laboratory (NREL) [179].

The next stage was to remove the water component from the product
stream, which can be divided into two main steps. The first step was the evaporator
(D-101) to evaporate some of the water before entering the distillation column (C-
100) in the second step. In the evaporation process, the dissolved product stream
was concentrated by the evaporator at 101.85°C. Residual water was removed using
the distillation column (C-100) (see Table D7 in Appendix D for the detailed unit
description). As provided in Figure 6.3, the pressure in Stream 21 was reduced from
25 atm to 1 atm and the temperature from 249°C to 5°C before entering the
crystallizer (CR-100).

Crystallization was the key unit operation for producing high-quality DHA. The
difficulty in DHA crystallization was due to its high solubility in aqueous solutions
[195]. To deal with this issue, a solvent was employed. In this study, methanol was
used as the solvent for the crystallization of DHA because methanol exhibited the
best performance according to Martinez-Gallegos et al. [196]. Solubility was the most
significant factor when considering a solvent — DHA solubility in methanol was 78.96
g/L at 5°C [196].

After crystallization, the solid was separated using S-101. The DHA after the
solid separation, was further washed (SWASH solid model in Aspen Plus) with
acetone. The acetone to DHA mass ratio in the input and output of the washer was
set to 2 [197]. Finally, DHA with a product purity of 99 wt% was attained after drying
(in DR-100) with hot air. The hot air to DHA mass ratio in the dryer was set to 1 [1971].
The full stream table of rigorous process simulation is given in Table D8 (in Appendix

D).



91

6.1.2 Chemical route (catalytic oxidation)

The process flowsheet for Scenario VI is depicted in Figure D4 in Appendix D.
The downstream processing was the same as that in Scenarios | to V whereas the
difference was at the upstream processing. Crude glycerol from the biodiesel industry
contains approximately 83 wt% slycerol [188]. Common impurities in crude glycerol
include water, ash, methanol, and matter organic non-glycerol (MONG). These
impurities should be eliminated to achieve higher DHA productivity in the chemical
route since the impuirities affected the product yield [138, 198].

The Ssplit filter model (S-100) was used to remove ash from crude glycerol.
Then, the glycerol stream (Stream 5) was treated using an evaporator (D-100) at 0.1
atm to remove methanol and water based on the work of Chang [189]. Finally,
Stream 7 containing glycerol and MONG was passed via the pump (P-100) to increase

the pressure by 1 atm. Finally, MONG was separated using the separator (S-101).

Table 6.2 Summary of reactions involved in catalytic oxidation

Reaction Chemical Reaction Key reactant Conversion (%)
DHA formation C3HgO4 +0.50, —> C4H O, + H,O Glycerol 100
Glycolic acid formation  C,H,0, + 1.50, — C,H,0, + CO,+ H,O DHA 29.4
Oxalic acid formation C,H,05 + 0, — C,H,0, + H,0 Glycolic acid 95.2
CO, formation C,H,0, + 050, — 2CO, + H,0 Oxalic acid 99.3

In the chemical route, the four reactants including glycerol, water, catalyst,
and oxygen were fed to the reactor (R-100), whose operating temperature and
pressure were maintained at 50°C and 10 atm for the reactions listed in Table 6.2.
Then, the fermenter effluent was sent to the knock-out drum (D-101) to remove gas.
The product stream was passed through a tubular filter to remove a solid impurity.
After this, the downstream process was the same as that in biological route,
consisting of the water separation, the crystallization, the methanol recovery, the

washing, the acetone recovery, and the drying to obtain DHA at a purity of 99 wt%.
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6.2 Process evaluation
6.2.1 Glycerol and carbon utilization efficiencies

According to Table 6.3, the glycerol utilization of each scenario was
determined as 0.79, 0.45, 0.63, 0.64, 0.59, and 0.37 for Scenarios | to VI, respectively.
Likewise, the carbon utilization of Scenarios | to VI was determined as 0.82, 0.47,
0.66, 0.67, 0.62, and 0.38, respectively (see Table 6.4). Superficially, Scenario | could
be more attractive than other scenarios, given the highest glycerol and carbon
utilizations. This was due to the high purity of glycerol which could boost the DHA
yield. Moreover, the major impurity in crude glycerol obtained from biodiesel is
sodium chloride (NaCl) which negatively affects the DHA yield [138], as observed in
Scenario Il. To emphasize this, the DHA percentage recoveries are also presented in
Table 6.3. According to Table 6.3, a relatively high DHA recovery was also observed in
Scenario | due to the purity of the glycerol as well as the advantage of less impurities
(slyceric acid, CO,) from fermenter effluent as compared to Scenarios IV to V which

the secondary carbon source was added.

Table 6.3 Summary of glycerol utilization for DHA production scenarios

Glycerol feed rate Glycerol
Scenario DHA production [tonnes/y]
[tonnes/y] utilization
| 2.00E+03 2.53E+03 0.79
I 2.00E+03 4.41E+03 0.45
Il 2.00E+03 3.17E+03 0.63
Y 2.00E+03 3.12E+03 0.64
Vv 2.00E+03 3.37E+03 0.59
Vi 2.00E+03 5.40E+03 0.37
DHA from reactor effluent
Scenario DHA production [tonnes/y] % Recovery
[tonnes/y]
| 2.45E+03 2.00E+03 81.7
I 2.50E+03 2.00E+03 80.1
I 2.45E+03 2.00E+03 81.5
\% 2.54E+03 2.00E+03 78.8
Vv 2.52E+03 2.00E+03 79.3

\Y 3.65E+03 2.00E+03 54.7
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Table 6.4 Summary of carbon utilization for DHA production scenarios

Carbon content in product Carbon content in glycerol Carbon
Scenario
[tonnes/y] [tonnes/y] utilization
| 8.13E+02 9.89E+02 0.82
Il 8.13E+02 1.72E+03 0.47
If 8.13E+02 1.24E+03 0.66
Y 8.13E+02 1.22E+03 0.67
Y 8.13E+02 1.32E+03 0.62
Vi 8.13E+02 2.11E+03 0.38

When comparing the DHA production from the biological route in Scenarios |
to V with the chemical route in Scenario VI, the results indicated that Scenario VI had
the lowest DHA recovery. This was due to the DHA yield of chemical route lower
than that of the biological route. In addition, the large amount of water was required
to dilute glycerol because the required glycerol concentration was only 0.1 molar for
the catalytic oxidation route [199]. Since a substantial amount of water must be
removed in the purification process, the loss of DHA dissolved in water was

inevitable in the DHA production via the catalytic oxidation route.
6.2.2 Energy utilization efficiency

According to Table 6.5, the SEC of each scenario was determined as 47.2
kWh/kg, 68.1 kWh/kg, 49.5 kWh/kg, 86.0 kWh/kg, 80.4 kWh/kg, and 211.7 kWh/kg for
Scenarios | to VI, respectively. When Scenarios | to V were compared with Scenario VI,
a significant reduction in the SEC value was observed. This could point out the
superior energy efficiency of the biological route compared to the chemical route.

Furthermore, as observed from Table 6.5, the amount of feed water in each
scenario played a crucial role in the overall energy efficiency of the system - the
larger the water feed amount, the higher the SEC values became. To illustrate this,
the energy consumption in each scenario was contributed to 1) the sterilization step
- steam was required to increase the temperature to 121°C; cooling water was used
to reduce the temperature to 30°C before entering the fermentation tank, and 2) the

water removal step - the utilities were used in the evaporation and the distillation
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for water removal. In other words, the larger the amount of water present in the
system, the more energy would be required in the sterilization and the water
removal steps. Also, the SEC value in Scenario VI was the highest among other
scenarios. This again stressed that for DHA production, the biological route was

superior when compared to the catalytic oxidation route.

Table 6.5 Summary of energy utilization for DHA production scenarios

Scenario Scenario Scenario Scenario Scenario Scenario

Type of duty Unit
I I 1] v \Y VI

Total heating duty kw 6.78E+03 9.88E+03 7.15E+03 1.27E+04  1.18E+04  4.75E+04
Total cooling duty kw 3.97E+03  5.63E+03 4.14E+03 6.92E+03 6.51E+03  7.07E+02
Total electric power kw 1.18E+01 1.53E+01 1.37E+01 8.21E+00 7.87E+00  1.31E+02
Total power kw 1.08E+04 1.55E+04 1.13E+04 1.96E+04 1.83E+04  4.83E+04
requirement

PA production ke/h  2.28E+02 2.28E+02 2.28E+02 2.28E+02 2.28E+02  2.28E+02
SEC kWh/kg 47.2 68.1 49.5 86.0 80.4 211.7

Although Scenario | could be preferred given the highest glycerol utilization
and the lowest energy consumption, the price of refined glycerol that were more
expensive than crude glycerol should be considered also, i.e., refined glycerol was
about 8 times more expensive than crude glycerol. Thus, the economic performance

which is highlighted in the following section was also evaluated.
6.2.3 Economic performance

As seen from all scenarios in Table 6.6, the glycerol-based processes were
feasible given the positive numbers of DPV. In scenario I, the total equipment cost
appeared the highest when compared to other scenarios. The highest costs were
contributed largely from the selection of crude glycerol as a carbon source. This was
due to the large amount of water required in this technique to achieve the DHA
production at 2,000 tonnes per year, and part of the production cost was due to the

water separation.
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Table 6.6 Summary of economic performance for DHA production scenarios

Scenario Scenario Scenario Scenario Scenario Scenario

Economic information Unit
| Il Il \Y \ \
Total Capital Cost $ 2.41E+07 252E+07 2.41E+07 1.98E+07 1.95E+07 2.12E+07
Total Operating Cost S/y  T.21E+06 6.18E+06 5.46E+06 6.27E+06 6.20E+06 1.20E+07
Total Equipment Cost $ 3.10E+06 3.48E+06 3.03E+06 2.33E+06 2.28E+06 2.75E+06
Total Operating Labor Cost ~ $/y  1.24E+06 1.24E+06 1.24E+06 1.24E+06 1.24E+06 1.24E+06
Total Maintenance Cost $/y  3.05E+05 3.46E+05 2.92E+05 2.19E+05 2.14E+05 2.54E+05
Total Utilities Cost $/y  1.16E+06 1.62E+06 1.21E+06 1.99E+06 1.87E+06 6.46E+06
Total Products Sales $/y  4.56E+07 4.56E+07 4.56E+07 4.56E+07 4.56E+07 4.56E+07
Total Raw Materials Cost S/y  2.89E+06 1.42E+06 1.24E+06 1.31E+06 1.38E+06 2.13E+06

Economic indicator

DPV $ 6.38E+08 6.24E+08 6.44E+08 6.44E+08 6.45E+08 5.58E+08
DCFROR % 113.23 1123 118.2 142.2 144.05 107.81
DPP % 2.06 2.06 2.03 1.79 1.78 2.11

According to Table 6.6, the results of the three indicators in the table showed
that Scenario V gave the highest DPV of 645 million USD, the highest % DCFROR of
144.05%, and the shortest DPP of 1.78 years when all six scenarios were compared.
These results showed that the use of sorbitol as the secondary carbon source to
accelerate microbial growth could increase profitability. This was because the
fermentation time played an important role in equipment costs - when the
fermentation time was reduced, the equipment cost was also reduced due to the
smaller size of the fermenter.

In general, Aspen Plus is a steady-state simulator. However, to make ASPEN
reflect the batch operation of the fermenters, we simulated them as if we had a
staggered batch operation. Herein, the size of each fermenter is shown in Table 6.7.
With a production capacity of 2,000 tonnes per year and the fermentation time of 72
hours in Scenarios | to Il and 24 hours in Scenarios IV to V, multiple fermentation
tanks were required. For this reason, the fermenters were the most expensive
equipment which was about 55-71% of the total equipment cost (as indicated in

Table 6.7).
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Table 6.7 Comparison of hotspot in each scenario for DHA production

Scenario Scenario Scenario Scenario Scenario Scenario

Information Unit
I Il Il v Vv \
Number of required tank 10 10 8 5 5 4
fermenters
Reactor size m’ 70 90 90 100 95 180

The most expensive $ 2.13E+06 2.48E+06 1.98E+06 1.32E+06 1.28E+06 1.50E+06
equipment (R-100) (R-100) (R-100) (R-100) (R-100) (R-100)

Contribution in the % 68.7 71.2 65.4 56.7 56.1 54.6

total equipment cost

Regarding the types of secondary carbon sources, Scenario V gave better
economic results than Scenario V. Although the total raw material cost in Scenario V
was higher (sorbitol 0.54 USD per kg VS glucose 0.35 USD per kg), a large amount of
water must be added in scenario IV to reach a glucose concentration of 20 ¢/L [55].
The water component is a key factor in the separation process, resulting in low
capital and utilities costs. Thus, Scenario V had better overall economic indicators
than Scenario IV.

When the raw material costs in Scenario | was compared to Scenario I, it was
found that the total raw material cost in Scenario | was approximately twice relative
to that of Scenario Il. Although Scenario | gave the best glycerol and energy efficiency
outcomes as shown in Tables 6.3 and 6.5, the results of the economics evaluation
were not different from Scenario Il since the price of refined glycerol at 99.7 wt% was
0.895 USD per kg whereas the price of crude glycerol was 0.135 USD per kg [163].
Furthermore, it was found that scenario VI was the least profitable, corresponding
with glycerol and energy efficiency. This highlighted that the production process for

DHA was more economically viable if produced via the biological route.
6.2.4 Environmental impacts

The relevant parameters in each processing block of DHA production required
for LCA are depicted in Figure 6.4. As a result of the glycerol refining process, the

environmental impacts of refined glycerol should be higher than crude glycerol.
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However, refined glycerol was not available in the SimaPro database. To increase the
accuracy of evaluating refined glycerol, the life cycle inventory of glycerol refining

were used according to Cespi's work [200].
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NaOH cooling water, electricity
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Figure 6.4 Diagram with relevant parameters of the glycerol-based DHA production

According to Table 6.8, it was found that terrestrial ecotoxicity was the most
important factor causing the highest environmental impact, followed by land use and
global warming. Scenario | was the most environmentally friendly compared to other
scenarios because 1) glycerol was required less than other scenarios to produce the
same amount of DHA at 2,000 tons per year, and 2) it used lower amounts of heating
and cooling duties. When all input and output substances were considered, it was
discovered that heating was the leading cause of environmental impacts in several
aspects as seen in Tables D1-D6 in Appendix D. As a result, Scenarios Il to VI which
needed a huge amount of heat (see Table 6.5) had a significant influence on the
environment, particularly scenario VI, which had the highest total energy

requirement.
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Table 6.8 Summary of environmental impacts (Cradle to gate)

Scenario Scenario Scenario Scenario Scenario Scenario

Impact category Unit
I I 11 v \ Vi

Global warming ke CO, eq 4.782 4.961 5.055 5.227 5.102 15.99
Terrestrial ecotoxicity kg 1,4-DCB 7.303 7.919 7.968 9.372 8.902 424.0
Human non- ke 1,4-DCB 1.925 2.298 2.634 2.729 2.585 73.15
carcinogenic toxicity

Land use m’a crop eq 4.877 7.079 5.097 5.125 5.488 11.18
Fossil resource scarcity ke oil eq 2.166 1.626 1.679 1.687 1.659 4.226
Water consumption m’ 2.903 4.009 3.046 4.608 4.392 1.383

In addition, the catalytic oxidation caused more harm to the environment. To
elaborate this, if the g¢lobal warming aspect of Scenario VI was compared with
Scenarios | to V, the total amount of CO, emissions would be significantly larger by
about three times. This result emphasized that the biological route was superior to
the chemical route in both economic and environmental perspectives.

From the evaluation of simulated processes in terms of glycerol utilization,
energy utilization, and environmental impacts, it was found that Scenario | preferred
to produce DHA. However, economic analysis revealed that Scenario V was the most
profitable. The problem with using crude glycerol as a substrate was due to its high
energy requirement. Therefore, if energy consumption in the system could be
reduced or an alternative to enhance energy efficiency could be found, the
production of DHA from crude glycerol could be more promising than from refined
glycerol due to its price advantage. To further enhance the potential of DHA
production from crude glycerol, the heat exchanger network design was

implemented in this work, as described in detail in the following section.

6.3 Heat integration

The process that produced DHA from glycerol consumed a substantial
amount of energy. Excessive energy was released into the atmosphere resulting in
environmental impact and increasing production costs. Therefore, heat exchanger

network design was important for the design of the DHA production process from
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glycerol. Starting from the pinch analysis, the composite curve was generated as
illustrated in Figure 6.5 (example of Scenario V). These indicated that some of the

energy in the process streams could be exchanged internally.
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Figure 6.5 The composite curve of Scenario V

In this work, the Aspen Energy Analyzer V.11 program was used to design the
heat exchanger network (HEN). After the HEN was completed, the processes with HEN
were re-evaluated in terms of energy utilization efficiency, economic performance,
and environmental impacts. The results after HEN are shown in Tables 6.9-6.11.
According to the analysis of the energy utilization of each unit operation in Scenarios
| to V showed similar hot spots — the same two units with high energy consumptions
were that 1) sterilization required a large amount of cooling water in the E-101 to
cool down before entering the fermenter, and 2) water evaporation required a large
amount of steam in the E-103. Therefore, the heating from the E-101 unit could be
exchanged with the cooling from the E-103 unit as shown in Figure 6.6. As a result of
heat exchange, the overall energy efficiency could be increased by 52-58%. However,
Scenario VI cannot implement the heat exchanger network design because there are

no units capable of exchanging enough excess heat in the system.
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Figure 6.6 Heat integration of DHA production via the fermentation process

Table 6.9 Summary of energy utilization after HEN

Scenario Scenario Scenario Scenario Scenario

Type of duty Unit
| Il M \Y \Y,

Total heating duty kw 4.00E+03  5.66E+03 4.17E+03 7.01E+03 6.56E+03
Total cooling duty kw 1.18E+03  1.41E+03 1.16E+03 1.25E+03 1.25E+03

Total electric kW 1.18E+01 1.53E+01 1.37E+01 8.21E+00 7.87E+00
power
Total power kW 5.19E+03 7.09E+03 5.34E+03 8.27E+03 7.82E+03

requirement

PA production ke/h 2.28E+02  2.28E+02 2.28E+02 2.28E+02 2.28E+02

SEC kWh/kg 22.7 31.1 234 36.3 34.3




Table 6.10 Summary of economic performance after HEN

101

Scenario  Scenario  Scenario  Scenario  Scenario
Economic information  Unit
I M v \
Total Capital Cost S 2.39E+07 2.50E+07 2.38E+07 1.97E+07 1.95E+07
Total Operating Cost Sty 6.81E+06 5.55E+06 5.03E+06 5.40E+06 5.40E+06
Total Equipment Cost $ 3.10E+06 3.47E+06 3.03E+06 2.29E+06 2.27E+06
Total Operating Labor Sy 1.24E+06 1.24E+06 1.24E+06 1.24E+06 1.24E+06
Cost
Total Maintenance Cost  $/y 3.05E+05 3.46E+05 2.93E+05 2.19E+05 2.14E+05
Total Utilities Cost S/y  T7.87E+05 1.03E+06  8.05E+05 1.19E+06 1.13E+06
Total Products Sales Sry 4.56E+07 4.56E+07 4.56E+07 4.56E+07 4.56E+07
Total Raw Materials Sry 2.89E+06 1.42E+06 1.24E+06 1.31E+06 1.38E+06
Cost
Economic indicator
DPV $ 6.47E+08  6.30E+08  6.56E+08  6.55E+08  6.56E+08
DCFROR % 115.4 115.1 121.9 145.4 148.4
DPP y 2.04 2.04 1.99 1.78 1.75
Table 6.11 Summary of environmental impacts after HEN
Scenario Scenario Scenario Scenario Scenario
Impact category Unit
I I i v \Y%
Global warming ke CO, eq 4.104 3.935 4.403 3.848 3.822
Terrestrial ecotoxicity ke 1,4-DCB 5.592 5.332 6.144 5.894 5.673
Human non-carcinogenic ke 1,4-DCB 1.424 1.539 2.100 1.709 1.638
toxicity
Land use m’a crop eq 4.823 6.997 5.039 5.015 5.386
Fossil resource scarcity ke oil eq 2.008 1.387 1.522 1.365 1.361
Water consumption m’ 2.803 3.288 2.768 2.314 2.190

The overall assessments of all scenarios are shown in Figure 6.7. From the

fisure, it was found that Scenario VI had the greatest impact on the environment,

especially terrestrial ecotoxicity caused by copper oxide used as a catalyst.

Furthermore, it was found that Scenario V was more environmentally friendly than

other scenarios when considering the global warming aspect. As a result of reduced
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energy consumption, less carbon dioxide was discharged into the atmosphere. The
production cost was also reduced, which was observed from the DPV, DCFROR, and
DPP effects of Scenario V as shown in Table 6.10. From the evaluation of several
factors, it could be concluded that Scenario V was the best process for producing

DHA from crude glycerol.

Land use
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Energy utilization
POP

L
IRR SRR

NPV

Glycerol utilization

0% 10%  20% 30% 40% 50% 60% 70% 80%  90%  100%
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Figure 6.7 Summary of all assessments of DHA production
6.4 Process sensitivity

In this work, the price variability was set at +50% for each material. Only
Scenario V was chosen for the sensitivity analysis due to its more promising
economic performance when compared to other scenarios. Glycerol, sorbitol, and
acetone were the main feedstocks for the manufacture of DHA based on
biotechnology. Given that DHA was the main product in this study, its sale price was
also included in the analysis.

Figure 6.8 depicts the results obtained for each case of price sensitivity on DPV.
According to the results, it was found that all of the price variabilities were feasible
given the positive DPV. In addition, the process feasibility was most sensitive to the
variability of DHA price. On the other hand, the impact on the price of feedstock was

minor.
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Figure 6.8 Effect of the price of Scenario V on DPV

Regarding the environmental impact, the geographical location as well as the
production of raw materials influenced the environmental impact also. Please note
that only the variability of locations that glycerol was obtained was examined
because glycerol was served as the primary raw material in this work. According to
Figure 6.9, it was observed that when using glycerol derived from Brazilian soybean
oil, it had an impact on several environmental aspects, especially terrestrial
ecotoxicity, global warming, and land use. Additionally, the environmental impact
could be decreased in this design process if glycerol derived from French waste

cooking oil was selected.
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£ Glycerol {BR}| esterification of soybean oil | Cut-off, S

Figure 6.9 Effect of the origins of glycerol on environmental impacts



104

CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions
7.1.1 Propionic acid production

The bio-based propionic acid production was thoroughly investigated. Since
the propionic acid content present in the fermentation broth was typically dilute, the
acid recovery using conventional techniques, such as distillation and liquid-liquid
extraction were not effective. To enhance the recovery, the reactive extraction was
implemented in this study. According to this work, it was found that the appropriate
selection of 1) diluent and extractant pair and 2) the back-extraction technique in
reactive extraction greatly improved the overall process performances.

Scenario lll provided the best economic performance, i.e., 118 million USD of
the DPV, 18.2 of the % DCFROR, and 7.12 years of the DPP. This scenario also
outperformed other bio-based scenarios in terms of glycerol utilization, energy
utilization, as well as CO, equivalent emissions. Although the addition of a foreign
component was required in Scenario lll, the utilization of TMA helped reduce the
burden of water removal which eventually enhanced the process economic
substantially. In addition, the useful sensitivity analysis was performed to point out
which compound that involved in the bio-based production influenced the process
profitability. According to the results, it was found that the process feasibility was
most sensitive to the price variability of propionic acid.

Regarding the current study, the bio-based production could not compete
with the petroleum-based production from the perspectives of economic and energy
utilization. However, the CO, equivalent emissions caused by the petroleum-based
production caused more harm to the environment than the bio-based production
since the estimated CO, equivalence was significantly higher. The main culprit for
such high emissions was the utilization of non-renewable feedstocks, e.¢., CO and

ethylene. Although the bio-based production was not as attractive as the petroleum-
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based production in terms of the profitability, the best production scenario Il
appeared promising given the implementation of glycerol valorization, especially if

the price of the product continued to increase.
7.1.2 Succinic acid production

Processing technologies in both upstream and downstream in the bio-based
SA production from glycerol were evaluated in terms of economic, energy, exergy,
and GHG emissions analyses. From a techno-economic study, direct crystallization
was proven the most promising technique for removing SA from the fermentation
broth. According to this work, the results indicated that adding DMSO to the
fermenter with direct crystallization as the SA purification method (Scenario Ill) was
the most cost-effective and environmentally friendly. The best economic
performance was attained in Scenario Il with 190 million USD of DPV, 33.3% of
DCFROR, and 4.48 years of DPP. Furthermore, this scenario yielded about a 26%
reduction in GHG emissions when compared to the petroleum-based SA production
from maleic anhydride.

Future work should focus on the reduction of energy consumed in bio-based
production as pointed out by the high SEC values in Table 5.6. The major bottleneck
encountered in bio-based production was the downstream processing technology
used in SA purification. If a technique that was more energy efficient was developed,
bio-based production would be more attractive and could eventually replace

petroleum-based production.
7.1.3 Dihydroxyacetone production

The bio-based DHA production was thoroughly investigated. Since the DHA
yield was usually less if crude glycerol was used as the only carbon source, this
study used the addition of a secondary carbon source to increase the efficiency of
DHA production. From this work, it was found that 1) the addition of sorbitol as the
secondary carbon source was the most cost-effective and environmentally friendly,

2) the HEN greatly improved overall process efficiency, and 3) the microbial
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fermentation was superior to the catalytic oxidation for DHA production from crude
glycerol.

Scenario V had the highest economic performance, with the DPV of 656
million USD, the % DCFROR of 148.4%, and the DPP of 1.75 years. Even though the
addition of a foreign component, e.g., sorbitol was needed in Scenario V, the
reduction in fermentation time helped reduce the number of fermenters which
eventually enhanced the process economics. Moreover, important findings from this
investigation also revealed that the amount of water had a major effect on both
energy utilization and CO, emissions into the atmosphere. In addition, apart from the
safety measures and regulations that encouraged the utilization of the biological
route, the results available in this work confirmed that DHA production via the
biological route was superior in terms of the raw material utilization, the economic
performance, and the environmental impacts than the catalytic oxidation route.

Finally, the biodiesel manufacturer could gain benefits from the production of
high-value-added chemicals from crude glycerol such as DHA. According to this
study, DHA produced from crude sglycerol had a high potential for commercial

production as observed from the process performances evaluated herein.

7.2 Recommendations for future works

The following recommendations are provided for further studies on the
development of production of value-added chemicals from glycerol.

7.2.1 The development of techniques that can be more energy efficient
should be emphasized in process design to address bottlenecks due to the high
energy consumption of biological processes.

7.2.2 Since the variability of geographic locations as well as raw material
acquisition processes affect environmental assessments, these aspects should be
considered in environmental assessments.

7.2.3 For better process improvement, the other factors that can affect
biological production should be investigated such as microbial species, and carbon

source concentration.
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7.2.4 Future work should compare which chemicals are the best to produce
from glycerol under the same operating conditions to ensure that the comparisons
are equitable. This work is difficult to compare because it employs different variables

and unit operations, such as the types of glycerol, the refining of crude glycerol, etc.
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APPENDIX A

GROSS PROFIT MARGIN ANALYSIS

Assumption

- Capital costs, utilities and operating costs were not considered.

- By-products were classified as non-valuable products.

- The amount of glycerol (feedstock) was 1 ke.

130

Since g¢lycerol can be converted to various value-added chemicals. The

chemicals selected were determined by the price of substance and conversion to

calculate a suitable product to be produced from glycerol. Initially, the gross profit

margin was calculated for each alternative according to Equation (1). Gross profit

margin is obtained by subtracting the raw materials costs from revenue products. The

results of gross profit calculations are shown in Table Al, where the top three

substances were selected to be considered - propionic acid, succinic acid, and

dihydroxyacetone.

Gross profit margin = revenue — cost

Example Gross profit margin for 1,2-propanediol production (conversion = 71%)

Reaction Glycerol + Hydrogen — 1,2-propanediol
MW (g/mol) 92 2 76
Mole 1 1 0.71
Mass (g) 92 2 53.96
1 1
Feed (kg) 1 =—x2 =—x53.96
92 92
=0.022 = 0.587

+ Water

18
0.71

12.78

1

=——x1278
92

= 0.139

Gross profit margin = (0.587 kg)(1.66 USD/kg) - (1 kg)(0.14 USD/kg)

- (0.022 kg)(3.19 USD/kg)
= 0.76 USD
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Table Al Gross profit margin analysis results of value-added chemicals from glycerol

Chemicals

Process

Gross profit margin (USD)

Dihydroxyacetone
Succinic acid
Propionic acid
Polyhydroxyalkanoate
Lactic acid
1,3-propanediol
Triacetin
2,3-butanediol
Erythritol

Acrolein

Citric acid
1,2-propanediol
Ethylene glycol
Polyglycerol
Polyhydroxybutyrate
Butanol
3-Hydroxypropionic acid
Ethanol

Hydrogen
Epichlorohydrin

Fermentation
Fermentation
Fermentation
Fermentation
Fermentation
Fermentation
Esterification
Fermentation
Fermentation
Dehydration
Fermentation
Hydrogenolysis
Hydrogenolysis
Etherification
Fermentation
Fermentation
Fermentation

Fermentation

Steam reforming

Chlorination

4.70
1.92
1.32
1.13
1.13
1.10
1.08
1.03
0.94
0.92
0.80
0.76
0.75
0.69
0.60
0.49
0.46
0.22
-0.28
-4.25
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APPENDIX B
SUPPLEMENTARY INFORMATION OF CHAPTER 4

Table B1 Summary of CO, equivalence in scenario |

‘ Raw material Transportation Reaction

Recovery & Purification

Analyze the contributions to the environmental impact (kgcozeq/h)
Glycerol 1.89E+03 - - - 1.89E+03
NH; 1.61E+02 2.58E+01 - - 1.87E+02
N, 1.01E+01 2.50E+01 - - 3.51E+01
Water - - 2.04E+01 2.72E+00 2.31E+01
Steam - - 8.09E+02 2.10E+02 1.02E+03
Cooling water - = 6.47E+02 1.49E+02 7.96E+02
Refrigerant - 5 1.31E+03 4.82E+02 1.79E+03
Electricity - - 3.41E+01 7.17E-01 3.48E+01
Wastewater - > \ 1.36E+02 1.36E+02
CO, - - - 2.37E+02 2.37E+02
sum 2.06E+03 5.08E+01 2.82E+03 1.22E+03 6.15E+03

Table B2 Summary of CO, equivalence in scenario |l

Recovery &

Raw material Transportation Reaction

Purification

Analyze the contributions to the environmental impact (kgcozeq/h)

Glycerol 1.85E+03 - - - 1.85E+03
NH; 1.57E+02 2.57E+01 - - 1.83E+02
N, 9.90E+00 2.50E+01 - - 3.49E+01
Water - - 2.00E+01 - 2.00E+01
Steam - - 7.90E+02 6.94E+01 8.60E+02
Cooling water - - 6.32E+02 3.76E+01 6.69E+02
Refrigerant - - 1.28E+03 3.68E+02 1.65E+03
Electricity - - 3.36E+01 4.74E-01 3.41E+01
Wastewater - - - 1.18E+02 1.18E+02
CO, - - - 2.34E+02 2.34E+02
sum 2.01E+03 5.07E+01 2.75E+03 8.27E+02 5.65E+03
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Table B3 Summary of CO, equivalence in scenario |ll

Recovery &

Raw material Transportation Reaction

Purification

Analyze the contributions to the environmental impact (kgcozeq/h)

Glycerol 1.74E+03 - - - 1.74E+03
NH; 1.48E+02 2.56E+01 - - 1.74E+02
N> 9.34E+00 2.49E+01 - - 3.43E+01
Water - - 1.88E+01 - 1.88E+01
Steam - - 7.46E+02 8.77E+01 8.34E+02
Cooling water - - 5.96E+02 5.08E+01 6.47E+02
Refrigerant - - 1.21E403 4.04E+02 1.61E+03
Electricity - - 3.23E+01 5.01E-01 3.28E+01
Wastewater - = - 1.10E+02 1.10E+02
CO;, - = = 2.21E+02 2.21E+02
sum 1.90E+03 5.06E+01 2.60E+03 8.74E+02 5.43E+03

Table B4 Summary of CO, equivalence in scenario IV

Recovery &

Raw material Transportation Reaction

Purification

Analyze the contributions to the environmental impact (kgcozeq/h)
Ethylene 9.10E+02 3.53E+01 - - 9.45E+02
Cco 5.81E+03 5.50E+01 = - 5.87E+03
N, 3.68E+00 2.45E+01 - - 2.81E+01
0, 3.15E+00 2.43E+01 - - 2.74E+01
Water - - 1.89E-01 - 1.89E-01
Wastewater - - T 4.07E-01 4.07E-01
CO, - - - 1.20E+03 1.20E+03
Steam - - - 5.00E+01 5.00E+01
Cooling water - - - 4.88E+01 4.88E+01
Electricity - - - 1.45E-01 1.45E-01
sum 6.73E+03 1.39E+02 1.89E-01 1.30E+03 8.16E+03
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APPENDIX C
SUPPLEMENTARY INFORMATION OF CHAPTER 5

Table C1 Summary of CO, equivalence in scenario |

Upstream Downstream

Raw material Transportation

processing

processing

168

Analyze the contributions to the environmental impact (kgcozeq/h)

glycerol 1.13E403 - - - 1.13E+03
NH3 3.06E+01 2.45E+01 - - 5.51E+01
MgCO5 4.40E+02 2.82E+01 - - 4.68E+02
CO, - - -4.28E+01 8.60E+01 4.32E+01
water - - 2.40E+01 - 2.40E+01
steam - < 9.41E+02 8.84E+02 1.82E+03
cooling water - - 8.31E+02 - 8.31E+02
refrigerant - = - 1.23E+02 1.23E+02
electricity - - 4.48E+01 - 4.48E+01
wastewater - = 3.42E-01 1.36E+02 1.37E+02
sum 1.60E+03 5.26E+01 1.80E+03 1.23E+03 4.68E+03

Table C2 Summary of CO, equivalence in scenario |l

Raw material

Transportation

Upstream

processing

Downstream

processing

Analyze the contributions to the environmental impact (kgcozeq/h)

glycerol 1.34E+03 - - 1.34E+03
NH, 3.64E+01 2.45E+01 - 6.09E+01
MgCO, 5.23E+02 2.89E+01 - 5.52E+02
CO, - - -5.09E+01 1.02E+02 5.14E+01
water - - 2.85E+01 - 2.85E+01
steam - - 1.12E+03 6.07E+01 1.18E+03
cooling water - - 9.89E+02 - 9.89E+02
refrigerant - - 1.33E+03 1.33E+03
electricity - - 5.04E+01 - 5.04E+01
wastewater - - 4.06E-01 1.63E+02 1.64E+02
sum 1.90E+03 5.34E+01 2.14E+03 1.65E+03 5.74E+03




169

Table C3 Summary of CO, equivalence in scenario Il

Upstream Downstream
Raw material Transportation ) .
processing processing
Analyze the contributions to the environmental impact (kgcozeq/h)

glycerol 8.87E+02 - - - 8.87E+02
NH; 2.81E+01 2.44E+01 - - 5.25E+01
NaOH 7.56E-01 2.47E+01 - - 2.55E+01
CO;, - - -3.85E+02 2.73E+01 -3.58E+02
water - - 1.69E+01 - 1.69E+01
steam - - 6.62E+02 6.65E+02 1.33E+03
cooling water - - 5.86E+02 5.90E+01 6.45E+02
refrigerant - S - 2.07E+02 2.07E+02
electricity - - 1.82E+01 4.74E-01 1.86E+01
wastewater - > 2.69E-01 9.54E+01 9.57E+01
sum 9.16E+02 4.91E+01 8.99E+02 1.05E+03 2.92E+03

Table C4 Summary of CO, equivalence in scenario IV

Upstream Downstream

Raw material Transportation

processing

processing

Analyze the contributions to the environmental impact (kgcozeq/h)
glycerol 9.50E+02 - - - 9.50E+02
NH3 3.01E+01 2.45E+01 - - 5.45E+01
NaOH 0.00E+00 2.48E+01 - - 2.48E+01
CO, - - -4.12E+02 2.92E+01 -3.83E+02
water - - 1.80E+01 - 1.80E+01
steam - - 7.09E+02 7.70E+02 1.48E+03
cooling water - - 1.09E+01 7.47E+01 8.56E+01
refrigerant - - - 1.18E+03 1.18E+03
electricity - - 1.91E+01 5.58E-01 1.97E+01
wastewater - - 2.88E-01 1.02E+02 1.02E+02
sum 9.80E+02 4.92E+01 3.46E+02 2.15E+03 3.53E+03
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Fermenter design

Example of Scenario lll, the design of the fermentation tank was undertaken

using fermenters of 500 m>. The calculation is exemplified as follows.

Assumption
1. The loading time of 7.5 h and the unloading time of 7.5 h of each batch reactor

should be reasonable for the 500 m? reactor tank. Please note that the loading
time is the time that would be required to fill the fermenter.

2. The total mass flowrate feed to the fermenter is 53,215 kg¢/h (obtained from
Scenario Ill)

3. Residence time (reaction time) is 30 h.

Table C13 Calculation of batch reactor system with the reaction time of 30 h

Every 7.5 h Unload Load 7.5 15 22.5 30
7.5 1 6 5 4 3 2
15 2 1 6 5 4 3
22.5 3 2 1 6 5 4
30 4 3 2 1 6 5
37.5 5 4 3 2 1 6
a5 6 5 4 3 2 1

According to the table above, at 7.5 h, tank 1 is completely unloaded, tank 6
is completely loaded, tank 5 has been in the fermentation process by 7.5 h, tank 4
by 15 h, tank 3 by 22.5 h, and tank 2 by 30 h. This means that at the next time step

(15 h), tank 2 is completely unloaded as displayed in the table.
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The calculation of height and diameter was exemplified as follows.

Calculation example

Reactor size 500 m?
Height to diameter ratio 3
1

reactor sizex4 /3

Diameter —_— =597Tm
3

Height 3X597 =179 m
Land use for 1 reactor 5.97X5.97 = 35.6 m?
Land use for 6 reactors 35.6x6 = approximately 213.6 m?

In this work, the power requirement for mixing the reactor contents was

calculated based on the website from CheCalc [192].

Reactor Geometry

Liquid volume in reactor 403.3 m” (obtained from Scenario Ill)
Agitator Pitched blade

Agitator diameter to tank diameter ratio 0.4

Scale of agitation 3

Fluid Properties

Density of liquid 989.7 kg/m’ (obtained from Aspen Plus)
Viscosity of liquid 0.739 cP [206]
Result

Motor Power requirement 5 kw
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Exergy analysis

Table C14 Summary of Gibbs free energy of components that unknown specific

chemical exergy

Chemical ‘ Formula ‘ Specific Gibbs free energy (kJ/mol)
Dimethyl sulfoxide C,HsOq -251.75
Succinic acid CaHeO4 -548.68
Tripalmitin Cs51Hgg0¢ -325.66

According to the table above, the specific Gibbs free energy data was
obtained from Chemeo [207]. This values were used in the chemical exergy

calculations by Exergoecology [208] as seen in Table C15.

Table C15 Specific chemical exergy of the chemical components in the SA

production
Chemical ‘ exgh,j (kJ/mol) References
Acetic acid 1.03E+03 [209]
Ammonia 3.38E+02 [209]
Carbon dioxide 1.99E+01 [209]
Dimethyl sulfoxide 1.89E+03 [208]
Formic acid 1.19E+03 [151]
Glycerol 1.76E+03 [210]
Hydrogen 2.36E+02 [209]
Microorganism 6.17E+02 [209]
Nitrogen 7.20E-01 [209]
Oxygen 3.97E+00 [209]
Sodium chloride 5.33E+00 [208]
Sodium hydroxide 3.85E+01 [208]
Succinic acid 1.81E+03 [208]
Tripalmitin 3.18E+04 [208]
Water 9.00E-01 [209]
Methanol 7.22E+02 [211]
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APPENDIX D
SUPPLEMENTARY INFORMATION OF CHAPTER 6

Fermenter design

Example of Scenario |, the design of the fermentation tank was undertaken

using fermenters of 70 m>. The calculation of height and diameter was exemplified as

follows.

Calculation example

Reactor size

Height to diameter ratio

Diameter
Height
Land use for 1 reactor

Land use for 10 reactors

70 m?
3

Y
reactor sizex4 3
_— =31m

31
3X3.1=93m

3.1X3.1=9.61 m?

9.61x10 = approximately 96.1 m?

In this work, the power requirement for mixing the reactor contents was

calculated based on the website from CheCalc [192].

Reactor Geometry

Liquid volume in reactor

Agitator

Agitator diameter to tank diameter ratio
Scale of agitation

Fluid Properties

Density of liquid
Viscosity of liquid
Result

Motor Power requirement

44.77 m? (obtained from Scenario 1)
Pitched blade

0.4

3

989.7 kg/m? (obtained from Aspen Plus)
0.954 cP [206]

1.16 kw
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