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Abstract

The principal goal of this research was to explore a new avenue of utilizing crude glycerin in potential electricity
generation via gasification process integrated with Stirling engine generator. Glycerin (C,H,0,) is a byproduct of
vegetable oil or animal fat transesterification process for biodiesel production. An externally heated fixed bed
gasification unit was installed to achieve thermal decomposition of glycerin. Glycerin was gasified in the externally
heated gasifier. The effects of bed temperature (650, 700, and 750°C) and water to glycerin ratio (0%, 15%, and
30%) on the products yield (gas, liquid, and particulates), gas composition and heating value were investigated.
The gas production rate reached 53.4% of the product weight during gasification of crude glycerin. Glycerin
gasification produces gas with a relatively medium heating value of 13.14 MJ/m3. The maximum hydrogen mole
fraction of 43.6% was obtained under the bed temperature of 750°C. A scenario of integrating crude glycerin
gasification system and Stirling engine generators was created for potential electricity generation. An economic
analysis model was developed to determine the cost of electricity generation. Using a 5 Mg/day fluidized bed
gasifier integrated with four Stirling engine generators, electricity could be potentially generated with the cost of

$0.142/kWh.
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Introduction

Glycerin (C;H,0,) is a byproduct of vegetable oil or animal fat
transesterification process. In this process, where biodiesel is the
primary product, glycerin is produced in a ratio of 1:10 kg/kg, glycerin
to biodiesel [1]. The capacity of glycerin production worldwide has
been increased to almost 3 million ton per year [2]. While glycerin
availability is rising sharply, the market is unable of expanding at such
a rate, which creates glycerin oversupply. As a result, its price fell from
$2.20/kg in 1996 to $1.10/kg in 2006. Subsequently, the price dropped
to 0.13/kg in 2016 [3].

Crude glycerin contains excess alkali metal catalysts, salts, excess
methanol and unrecovered biodiesel which affects its market and
industrial value. Finding an alternative feasible conversion process,
such as gasification of crude glycerin to a higher value product, has
become essential. Gasification is a thermochemical process that has
proven itself as an alternative method to produce useful synthetic gas
from various types of feedstocks. It is the thermal decomposition of
organic compounds in a starving oxygen environment to produce
combustible gases, tar, and char [4]. The distribution of the products
depends on the feedstock composition, bed temperature, gasifying
media and bed pressure. Glycerin gasification is particularly attractive
for its ability to produce synthetic gas. The two reactions of synthetic
gas production, through the glycerin steam gasification and glycerin
air/steam gasification, are given below:

Glycerin steam gasification:
CH,0,+3H,0-7H,+3CO, (1)
Glycerin air-steam gasification:

CHO,+A(0,+376N,)) + BHO > DH,+ECO+FCH, +G
CO, +13.76 N, )

As a result, several research projects have been conducted to
explore the possibilities of producing hydrogen and producer gas from
crude glycerin mainly via steam gasification or air/steam gasification
processes. Chaudhari and Bakhshi [5] carried out steam gasification

of glycerol with a steam flow rate of 2.5 g/h, 5 g/h and 10 g/h at 600°C
and 700°C and glycerol flow rate of 4 g/h. They reported that about
80 wt% of glycerol was converted when the steam flow rate of 10 g/h
at 700°C was used. This process produced 92.3 mo1% syngas mixture
of the approximately H,/CO ratio of 2. They recommended that the
syngas could be used as a fuel for fuel cells. Additionally, Adhikari
et al. [6] found that the maximum hydrogen yield was obtained at
650°C with MgO as a supported catalyst. Valliyappan [7] found that
the maximum hydrogen production of 68.4% was produced from
glycerol gasification using Ni/Al O, catalyst at a temperature of 800°C
and steam to glycerol ratio of 25:75. Steam gasification of glycerol was
also, studied in a laminar flow reactor [8]. The main objective of their
study was to produce the liquid product. They carried out experiments
at 650 - 700°C with a residence time of 0.1 s and a steam flow rate of
1 g/min. The products of glycerol gasification using steam at 650°C
and 1 atm were acrolein and acetaldehyde with yields of 52 mol and
48 mol, respectively. For a shorter residence time (0.1s) and lower
temperatures, acrolein and acetaldehyde were primary liquid products.
As the temperature increased to 700°C, syngas of 76.4 mol (a mixture
of carbon monoxide 43.5 mol and hydrogen 32.9 mol) was the major
gaseous product.

Burning the producer gas internally in a combustion engine
usually creates a challenge due to the existence of tar and particulates
[9]. Alternatively, burning the producer gas externally to power a
Stirling engine-generator system could be an exceptional technique.
A Stirling engine is a heat engine in which gaseous working medium,
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i.e,, hydrogen, is contained and enclosed within the machine [10]. A
portion of the engine is maintained at a constant high temperature
and another portion at a constant low temperature. The working gas
is transferred back and forth between the hot and cold portions of the
machine by the movement of the engine’s pistons. Expansion at the hot
end pushes on the top of each of the four pistons to produce power and
compresses the cold gas below each piston. The reciprocating motion
of the pistons is converted to rotary motion via a swash plate drive,
which powers the electricity generator. Rokni [11] reported that the
production price of electricity could reach 0.12 $/kWh for a small-scale
gasification system integrated with a Solid Oxide Fuel Cell (SOFC)
and a Stirling engine for Combined Heat and Power (CHP) with a
net electric capacity of 120 kW . They used woodchips as gasification
feedstock to produce syngas, which was then utilized to feed the anode
side of the SOFC stacks.

Although glycerin gasification technology and Stirling engine-
generator technology are both proven concepts, a system integrating the
two concepts to generate electricity is not commercially available. This
manuscript attempted to create the scenario of integrating the two
concepts to gain the technical and economic understanding of the
issues needed to advance the system to near profitable viability. The
successful deployment of glycerin-fueled Stirling engine generation
systems would be attractive to numerous organizations including
the biodiesel industry, municipalities, utilities and remote power
applications. Therefore, the objectives of this paper were;

a) To evaluate the effects of reactor temperature and water to
glycerin ratio on the quality and quantity of the synthetic gas
produced from crude glycerin gasification and:

b) To create and evaluate a scenario of driving a Stirling engine-
generator using the synthetic gas.

Materials and Methods

An externally heated fixed bed gasification unit was installed to
achieve thermal decomposition of glycerin into volatile compounds
(gases such as hydrogen, carbon monoxide, carbon dioxide and
methane), and solids (char) in a limited environment of oxygen. A
schematic diagram of the gasification system utilized in this study is
shown in Figure 1. This system was built to try glycerin gasification on
a small scale. The fixed bed gasification system consists of the following
seven subsystems including air supply system, glycerin supply system,
gasification reactor, ash removal system, tar and moisture collection
system, gas analysis system and, data acquisition system. Details of
each subsystem are provided.

Air supply system

Air was used as a gasifying media throughout gasification tests. The
air supply system consists of an air cylinder, a pressure gauge and a
mass flow controller to control airflow rate. A compressed air cylinder
was used. An Alicat Laminar Mass Flow Controller (model MCR
500SLPM - D/5M, LIN) with a maximum capacity of 500 liters/min
and an accuracy of 1% of the full scale was used. The mass flow meter
was digitally controlled to control airflow rate.

Glycerin supply system

The glycerin supply system consists of a glycerin tank and a
peristaltic pump. Preheated glycerin was fed through Tygon tubes
to the reactor. A peristaltic pump controlled glycerin feed rate to the
reactor.

Gasification reactor

The length of the reactor is 18” with a diameter of 1.5”. The reactor
was constructed of stainless steel tubing. Two distributor plates, located
at the inlet and exit of the inflow and outflow of gaseous, were attached
to two spacers to keep sand in place during each run. Fourteen holes,
1/8” diameter, were drilled into the distributor plates, which provide
a sufficient pressure drop for air to be evenly distributed. Distributor
plates evenly distribute the purging gas into the sand bed. The reactor
was placed in a tube furnace (Fisher Scientific, Single Setpoint 120v
50/60 Hz) that can control the final temperature. Sand was weighted
and placed in the reactor.

Ash removal system

Efficient solid-gas separation system was an essential part of the
gasification system. This system consists of two 2”7 diameter cyclone
separators in series. The Cyclones were located at the exit of the reactor
to remove the ash and char that was contained in the product stream.
The Cyclones were designed with about 50% cut diameter of 3 pm at
the typical flow rates of the system. They were made of galvanized steel.
They consisted of cylindrical and conical sections. A gas outlet pipe of
17 diameter was extended 2” from the cylinder wall. The fine dust and
ash particles were collected at the bottom of each cyclone in the ash
collector with an approximate volume of 0.2 liters.

Tar and moisture removal system

The tar and moisture collection system consists of a condenser train
and a thimble filter to collect tar and moisture. The condenser train is a
tube design. The condensers were packed with glass wool to help clean
the producer gas of tar and moisture. The condenser train was placed in
an ice path. Each stage contains a 0.25” pipe surrounded by a 1.5” pipe.
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Figure 1: A schematic diagram of a fixed bed glycerin gasifier.
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Producer gas flowing through the central pipe was cooled by the ice
path. A single pipe of relatively large diameter is used in each stage of
condensation to avoid plugging vicious, high molecular weight organic
compounds that condense.

The second stage was the thimble filter provided by the gas
analyzer provider. The height of the filter is 4” with a diameter of 1”.
The filter is designed to remove remaining tar and particulates through
interception and impaction on the fiber. After exiting the filter, the gas
exit to the gas analyzer.

Gas analysis system

A Nova analyzer unit was used to analyze the producer gas. The
unit has the ability to analyze the concentrations of CO (0 - 100%), CO,
(0 - 100%), H, (0 - 100%), O, (0 - 25%) and CH, (0 - 100%).

Data acquisition system

The data acquisition system contains a Campbell Scientific data
logger CR 1000 and an AM 16/32 multiplexer. Through the multiplexer,
the signals from several thermocouples were sent to the data logger
then to a PC. PC400 Campbell Scientific software was used to record
raw data at a prescribed rate of 10 seconds. Data were analyzed in
spreadsheet format. The unit has several thermocouples located in the
reactor, the cyclones, and the condensers.

Glycerin gasification run

The gasification system ran each experiment for the 1-hour
duration in the following manner:

1. Glycerin-water mixture was added to the glycerin tank.
2. The peristaltic pump was adjusted at the required flow rate.

3. The mass flow of air, m , was adjusted to the desired level,
which remained constant through the test.

4. 'The condenser train was immersed in the ice path.

5. Thermocouples and pressure gauges were checked to determine
their installation and interference with the data acquisition
system.

6. The tube furnace-heating element was adjusted to maintain the
bed temperature, T, ;

7. The system remained in the steady-state conditions for 60
minutes.

8. The heating element was turned off.

9. The system cooled off to room temperature.

10. Char/particulates were collected and weighted.

11. Tar and moisture captured by the glass wool were weighted.
Experimental design

Five experiments runs were performed to test the effects of
gasification temperature and water to glycerin ratio on the producer
gas quality. Table 1 shows the experimental design.

Glycerin thermogravimetric analysis

Thermogravimetric analysis was performed for crude glycerin to
study the changes in weight concerning changes in sample temperature.
Thermogravimetric tests were carried out in a thermogravimetric
analyzer (TGA 4000-PerkinElmer, Waltham, MA) in a nitrogen

Experimental No. = Bed temperature°C Water to glycerin ratio %

1 650 15
2 700 15
3 750 15
4 700 0

5 700 30

Table 1: Experimental design.

environment. The sample weight loss was always monitored under four
heating rates of 10, 20, 30, and 40°C/min until the sample temperature
reached 700°C.

Economic analysis

The economic analysis, presented in this study, has been adapted
from Lysenko et al. [12]. The current study used the results of the
existing experimental data and the cost estimates from a pilot scale
gasifier located at BECON facility in Nevada, IA as the basis for
calculating the costs. Lysenko et al. [12] presented details of the
economic analysis determination.

Results and Discussions

Glycerin characteristics

Crude glycerin was produced in the Bioenergy Laboratory, the
University of Arkansas during the esterification process of oil. The
same lab performed the characteristics of analysis of crude glycerin.
Table 2 shows the crude glycerin characteristics. The heating value
of the locally produced glycerin was 24.27 MJ/kg which presents that
some alcohol still exists in the glycerin. The heating value obtained
from the current study is slightly lower than the crude glycerin heating
value of 25.5 MJ/kg as reported by Crnkovic et al. [13].

Thermogravimetric analysis of crude glycerin

Thermal decomposition analysis of crude glycerol is a significant
factor for designing direct combustion and gratification of crude
glycerin. The weight loss (%) curves and weight loss derivative (%/
°C) curves of crude glycerin show five distinctive zones over the
temperature range of 30°C to 700°C (Figures 2 and 3). The first zone
took place in the temperature range of 30.0 to 142.0°C. In this zone,
there was a slight weight reduction resulting from the evaporation of
the remaining water as well as unrecovered methanol. In the second
zone (142.0 - 302.6°C), there was a severe weight reduction caused
by the decomposition of crude glycerin to volatile matters. There was
a lower weight reduction in the third zone (302.6°C-412.6°C) as it is
shown by the lesser slope of the weight reduction curves compared to
the weight reduction in the second zone. The fourth zone, which took
place between 412.6-505.3°C, showed another level of sharp weight
reduction. The weight loss corresponds to the fourth zone, perhaps was
due to partial decomposition of some hydrated salts presents in crude
glycerin as the temperature level is high enough for such decomposition.
During the three former zones (II, III, and IV), the intermolecular and
intramolecular of crude glycerin tended to undergo decomposition,
which led to the formation of more volatile matter. The transformation
of glycerol content in crude glycerin may have generated part of the
substances responsible for the weight reduction loss showed in the
fourth zone. The fifth zone did not show any changes in the sample
weight. This could be attributed to the complete decomposition of
crude glycerin in zones I - IV. Crnkovic et al. and Cordoba [13,14]
reported that crude glycerin decomposes thermally in three zones
between 30°C and 600°C. This could be due to the differences in the
crude glycerin characteristics.
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Figure 2: Glycerin decomposition degradation as affected temperature by
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Figure 3: Glycerin weight loss derivative as affected by temperature and
heating rate.

Increasing the heating rate decreased the peak weight derivative
for crude glycerin under the four studied heating rates as shown in
Table 3. Only two exceptions from the previous observation were
found when doubling the heating rate from 10°C/min to 20°C/min in
the first zone and when the heating rate increased from 20°C/min to
30°C/min in the third zone. It is not known why these two cases were
dissimilar to others. The highest peak decomposition of 0.0468 %/°C
was observed during the second zone at 10°C/min. On the other hand,
the lowest peak decomposition of 0.0114 %/°C was found during the
third zone at 20°C/min. It is worth noting that almost all crude glycerin
decomposition took place within the first four zones. Additionally,
Table 2 shows the maximum temperature corresponding to peak
decomposition for crude glycerin under the four studied heating
rates. Increasing the heating rate from 10°C to 40°C/min during crude
glycerin decomposition increased the peak temperature by 31.4°C,
69.8°C, 40.9 and 20.3°C for Zones I, II, II and IV, respectively. Once
again, the fifth zone showed no weight loss clarifying that all crude
glycerin had been decomposed under the temperature level of 550°C.

Product distribution

The final products of the gasification process were affected by the
bed temperature and water to glycerin ratio. Figure 4 shows the effects
of reactor temperature on the gas, liquid, and solids produced from
crude glycerin gasification. Increasing the bed temperature increased
the gas production rate. It was observed that the gas yield increased

Page 4 of 7
Parameter Crude glycerin

pH (-) 9.65

Viscosity (cP) 46.1

Heating value (MJ/kg) 24.27
Flash point (°C) 50-65

Table 2: Glycerin characteristics.
Heat rate Zone | Zone ll Zone lll Zone IV

(°C/min) °C %/°C °C %/°C °C %/°C °C %/°C

10 110.6 | 0.0266 ' 232.8| 0.0468 371.7 A 0.0148 485 | 0.0304
20 122.3  0.0403 266 @ 0.0417  396.3  0.0114 | 501 | 0.0298
30 121 | 0.0336 | 280 | 0.0414 @ 403.5 | 0.0131 501.5| 0.0294
40 142 | 0.0205 | 302.6  0.0397 | 412.6 | 0.0116  505.3 | 0.0256

Table 3: The temperature corresponding to peak and the peak weight derivative
(%/°C).

by 26.2% when the bed temperature increased from 650°C to 750°C. It
was also noticed that the bed temperature has an adverse effect on the
liquid yield and particulate production. Increasing the bed temperature
from 650°C to 750°C decreased the liquid yield by 17.0%. Thermal
cracking of the liquids could be the main reason for the increase in
the gas yield and the decrease in the liquid yield. Solid yield in these
experiments is higher than what could be found in the literature due to
the impurity of the crude glycerin. Maybe some catalyst residual from
the transesterification process increased the char.

The effects of water to glycerin ratio on the products yield are
also presented in Figure 4. In all studied cases, increasing the water to
glycerin ratio increased the gas yield and the particulate production.
The increase in the gas yield could be attributed to the gas shift reaction,
which helps to convert H,0 and CO to H,and CO,,. Increasing the water
to glycerin ratio showed an adverse effect on the liquid production. A
26.9% reduction of the produced liquids was observed by increasing
the water to glycerin ratio from 0% to 30%. Particulate production
increased from 27.2% to 30.2% by increasing the water to glycerin
ratio from 0% to 30%. This may be due to the higher energy required
to evaporate the water which did not allow more slat decomposition.

Gas composition

The effects of bed temperature on the gas composition were
obtained and shown in Figure 5. The maximum hydrogen mole
fraction of 43.6% was observed in the case of bed temperature of 750°C.
However, the lowest hydrogen mole fraction of 34.8% was observed in
the case of bed temperature of 650°C. The maximum value of hydrogen
mole fraction produced in the current study was lower than that was
reported by Valliyappan, et al. [7]. Their results showed that hydrogen
mole fraction reached 68.4%. This could be due to the utilization of
Ni/ALO, catalyst at a relatively higher temperature of 800°C. Methane
mole fractions also increased with an increase in the bed temperature.
Additionally, Figure 5 shows the effects of water to glycerin ratio on
the producer gas compositions. It was evident that increasing the water
to glycerin ratio from 0% to 30% increased the hydrogen production
by 12.3%. The increase in hydrogen mole fraction could be attributed
to the gas shift reaction, which usually takes place in these conditions.
It was observed that carbon dioxide mole fraction also increased with
increases in the water to glycerin ratio. Again this can be attributed
to the gas shift reaction (CO + H,O - H,+ CO,). Increasing the bed
temperature from 650°C to 750°C and the water to glycerin ratio from
0% to 30% decreased the carbon monoxide mole fraction by 32.2% and
17.3%, respectively. Suero et al. [15] studied the steam gasification of
water/glycerin mixtures. They analyzed the influence of temperature
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Figure 4: Effects of gasification temperature (a) and water to glycerin ratio (b)
on the product distribution.

(600-900°C) and water/glycerin ratio (6-12 wt/wt,%) on the gas
composition (H,, CO, CH . and CO,). They reported that increasing
the gasification temperature increased the fraction of hydrogen. These
results are in agreements with other researchers [16-21].

Gas heating value

The effects of bed temperature on the heating value of the producer
gas are shown in Figure 6. It was observed that the highest heating
value (13.14 MJ/m®) of the producer gas was obtained in the case of
bed temperature of 750°C. However, the lowest heating value of the
producer gas (10.96 MJ/m?®) was observed in the case of 650°C. The
higher energy content of the producer gas could be attributed to the
increase in hydrogen and methane.

Figure 6 also shows the effects of water to glycerin ratio on the
heating value of the producer gas. It was observed that there was a
decrease in the heating value from 13.25 MJ/m® to 11.72 MJ/m® when
the water to glycerin ratio increased from 0% to 30%. This could be
attributed to the reduction of CO, which reduced the heating value of
the producer gas. The current research produced gas with higher energy
content as compared with the one reported by Suero et al. During the
steam gasification of crude glycerin, they produced synthetic gas with
an energy content of 10 MJ/m’.

Potential electricity generation from crude glycerin gasification

This section signifies a scenario of fueling a Stirling engine-
generator system using the energy content of the producer gas. Stirling
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Figure 5: Effects of gasification temperature (a) and water to glycerin ratio (b)
on the gas composition.

engine manufacturing stated that the Stirling technology allows them
to use any combustible fuel or adequate source of heat. As mentioned
earlier that the economic analysis, presented in this study, has been
adapted from Lysenko et al. as well as other researchers [22-25]. The
feed rate of glycerin to the fluidized bed gasifier is 208 kg/h, and the cost
of delivered glycerin to the plant is $130/Mg. It was assumed that only
one employee would run the system. Four Stirling Engines-Generators
(55 kWe each) were used in the current scenario. Table 4 shows the
economic model assumptions as well as the data required to determine
the cost of electricity generation. Microsoft Excel (Microsoft, 2013,
Chula Vista, CA, USA) sheet was developed to determine the electricity
cost. Based on the previous assumptions, the electricity generation
cost is equal to $0.142/kWh under the base assumptions. The cost of
electricity generation obtained from the current study is 15% higher
than that obtained by Rokni. He reported that the production price of
electricity could reach $0.120/kWh for a small-scale gasification system
integrated with a Solid Oxide Fuel Cell (SOFC) and a Stirling engine.

A sensitivity analysis was performed on the integrated gasification-
Stirling Engine generator system cost as a function of glycerin cost, labor
cost, and the number of the employee. The baseline values and ranges
for this analysis are summarized in Table 5. Changing the glycerin cost
to $110/Mg decreased the electricity generation cost to $0.136/kWh. On
the other hand, increasing the glycerin cost to $150/Mg increased the
electricity generation cost to $0.148/kWh. Similar results were obtained
by increasing the labor wages and the number of employee managing the
operation. Increasing the number of the employees from 1 to 5, increased
the electricity generation cost by almost 200%.
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Glycerin | Electricity Labor | Electricity | Number of Electricity
cost cost wages cost Employee cost
520 ($) ($/kWh) ($/h) ($/kWh) () ($/kWh)
E || —snv 110 0.136 15 0.114 1 0.142
=
S| 120 0.139 20 0.128 2 0.212
< | —a
g L 130 0.142 25 0.142 3 0.283
s10F 140 0.145 30 0.156 4 0.353
%D 5 I 150 0.148 35 0.17 5 0.424
:clx:“ﬁ [ Table 5: The range of variables used for sensitivity study on the unit cost of
0 I L L ‘ ) electricity generation system.
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Temperature (°C) temperature level of 550°C.
e The maximum producer gas yield of 53.4% was obtained at a
20 bed temperature of 750°C during gasification of crude glycerin.
‘?\5 v The lowest liquid and solid productions of 18.6% and 28.0%,
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g’ H 0
= e S | 750°C.
10 | . N
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z2 s I gas yield and solids production and decreased the liquid
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as heating value to 13.14 MJ/m?. The reverse effects on the gas
& g g
Water (%) heating value were obtained by increasing the water to glycerin

Figure 6: Effects of gasification temperature (a) and water to glycerin ratio (b)
on the gas heating value.

Item Assumption or Estimated cost
Loan period in years (n) 20
Interest rate (i) 0.1
Annual hours of operation (hours/year) (95% ) 8322
Glycerin cost per unit mass ($/Mg) 130*
Glycerin feed rate per hour (kg/hr) 208
Number of employees operating the system (-) 1*
Avg. Hourly wage ($/hr) 25*
Insurance percent of fixed cost 0.01
Local taxes percent of fixed cost 0.02
Producer gas production (kg/hr) 271
Producer gas heating value (MJ/m?) 131
Electricity generation (kWh) 796
Air supply system ($) 4,000
Glycerin feed system ($) 7,000
Gasifier ($) 35,000
Control system ($) 23,000
Stirling engines ($) 210,000

Table 4: Economic model assumptions, equipment costs, material for installation
cost and direct cost during air gasification of glycerin.

Conclusions

Gasification of crude glycerol offers a promising solution,
where roughly 24.27 MJ/kg of glycine could be provided back to
the biodiesel plant in the form of a combination of heat and power.
The primary goal of this paper was to explore gasification of crude
glycerin for potential electricity generation via a scenario of fueling
a Stirling engine-generator system using the energy content of the
producer gas. Several significant conclusions could be drawn from
the results:

ratio.

e Using a 5Mg/day fluidized bed gasifier integrated with four
Stirling engine generators could potentially generate electricity
with the cost of $0.142/kWh.

e Labor cost and the number of employee managing the power
plant are actively affecting the cost of electricity generation as
compared with the glycerin cost.
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