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In Part 2 of the work we describe a modified measuring system for
precise monitoring of the dehydration process of bioethanol production. This
is based on the earlier proposed system for measuring the concentration of
solutions and two-liquid mixtures using devices with capacitive sensors
(1-300pF), which provides a stable measuring resolution of +0.005 pF at
measuring the capacitance of a sensor. In this part of our work we determine
additional requirements that are to be imposed on the measuring system at
monitoring the ethanol dehydration process and control of bioethanol
production. The most important parameters of the developed measuring
system are identified. An exemplary calculation is given for the thermo-
compensated calibration of measuring devices. The results of tests have
shown a good performance of the developed measuring system.
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1. INTRODUCTION

In Part 1 [1] of the work we described in detail a precise and effective
system for measuring concentration in mixed liquids by estimation of their
dielectric parameters. We also pointed out there wide possibilities for application
of the measuring system and provided a guidance for estimation of the key
parameters and operating modes of the system with a capacitive sensor. To
maximally use the advantages of the developed measuring system, it is necessary
first to define its parameters, such as the temperature range of the liquid sample,
the type of the capacitive sensor, its operating frequency, supply voltage, and the
expected equivalent capacity range determined by the properties of liquid. Apart
from that, it is necessary to estimate the resolution of the measuring device, the
least amount of the sample liquid to be measured (in some cases even pico-litres
[2]) as well as the influence of the active component of its equivalent conductance
on the device precision [1,3]. A number of factors that together define the
measuring system's quality are mutually contradictory; therefore, compromise
solutions are required.
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2. USE OF THE DEVELOPED MEASURING SYSTEM
IN BIOETHANOL PRODUCTION

The measuring system [1] was adapted to the determination and monitoring
of the composition of ethanol-water mixture in the ethanol production process at
different locations of condensate that flows through a dehydration column.

The bioethanol is ethanol (ethyl alcohol) obtained from biomass. To
minimize gas emissions caused by the use of agricultural land for cultivation of
plants from which biofuel is produced the EU legislature recently required of
member states urgent transition to new forms of biofuel production from such
biomass kinds as straw, seaweed and the biodegradable fraction of waste.

Bioethanol as a component of fuel for vehicles, unlike ethanol used in the
food industry, is not fully purified from different admixtures — esters, methanol,
aldehydes, etc.

In the technological procedure of ethanol dehydration a high concentration
of the final product 99.5% - 99.7% alc/vol (alcohol by volume) is achieved.

Raw alcohol is used as source material for the industrial production of
bioethanol. The production process consists of hydrolysis from starch, sucrose or
wood-based natural plant products containing carbohydrates, with deriving glucose
to be used for fermentation where yeasts serve for excretion of zymase (the enzyme
complex); this last acts as a catalyst in the fermentation process to produce ethanol
(with carbon dioxide as a by-product). The yeasts die at the ethanol concentration
exceeding 11%-18% alc/vol., which limits the achievable ethanol purity. To obtain
the 96 +0.2% ethanol, this is separated from the ethanol-water mixture by
fractional distillation.

The unique characteristic of ethanol is its ability to form a homogeneous
binary mixture of ethanol-water azeotropes, so by fractional distillation it is
impossible to remove the last 4% of water. This is explained by the fact that there
is a common boiling point of the binary mixture — though differing for each
component.

Currently, in the dominating ethanol dehydration technology, 60-70% of the
total necessary energy is consumed for bioethanol production. A new bioethanol
dehydration method has been developed at the Latvia University of Agriculture
(LUA) [4] based on the bioethanol semi-dry congruent dehydration principle
(EU patent application [5]). According to this method, water is separated from the
liquid mixture by moving granules absorbing water. In the dehydration process the
water-saturating pellets are regenerated at elevated temperatures and return to the
dehydration container. This innovative technology gives up to 70% of energy
saving and ensures the continuity of the production process. Therefore, the device
for determination of the ethanol composition in the dehydration process was
designed taking into account the technology of bioethanol production [4, 5].

To adapt our system [1] for use in the specific process of alcohol dehydration
the measuring device was equipped with a cylindrical capacitive sensor of stainless
steel (capacity 10 pF in the air). A platinum thermal sensor (resolution 0.001°C,
precision > 0.02°C, operating temperature 15°-30°C) is built in the electrode
(inner diameter 3mm) of capacitive sensor. The maximum voltage initiating the
sinusoidal alternating current of the sensor is 400 mV.
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The measurement range of ethanol-water mixture in the bioethanol samples
is 80%-100% alc.vol. If necessary, the measurement ranges of temperature and
sample concentration can be widened in the process of calibration of the measuring
device. The minimum volume of liquid required for the measurements was set at
10 ml.

The sensor and the measurement data processing devices (microcontroller
included) are integrated in a common 120 mm long sensor unit with a diameter of
14 mm (Fig. 1a).

Fig.1. View of the measuring device: a — sensor unit; b — recording and control unit.

The recording section of the measuring device, together with the second
microcontroller, control unit and colour LCD display, is shown in Fig. 1b.

For using the measuring system in the ethanol dehydration process,
particular attention was given to the calibration of the device for measuring the
sample concentration, to reading the actual temperature, and to adjusting the results
to the standard temperature (20°C).

To carry out calibration, two types of the thermostat with electronic control
were designed: a two-contour flow-type thermostat and a 14 | stationary
thermostat.

The thermostats maintain the temperature of a measured sample from
+10 °C to 80°C, with the temperature setting accuracy of +0.1°C and the
temperature maintaining accuracy of +0.02°C. For the temperature measurements
a mercury thermometer (resolution +0.01°C) and a platinum thermal sensor
(resolution +0.02°C) were also used.

The mathematical computation of the temperature-compensated (Coyrc)
concentration (% alc/vol.) of a given liquid sample is based upon a polynomial
calibration equation (obtained as shown below). In order to illustrate the proposed
computations, an example for thermo-compensated measuring device will be
provided.

It is recommended that the procedure for calculation of the thermo-
compensated volume concentration of a binary liquid sample is carried out step-
wise as follows.

Step 1. Dividing the measurement range of sample concentration (defined
above) into smaller segments and setting the upper concentration limit (Cyy) for
each segment. In our case the range from 80% to 100% was divided into five
segments (see Table 1).

Step 2. Preparing the reference sample mixture with the ethanol
concentration (Cygr) of 81, 85, 90, 95, 99.98 % alc/vol. The number of data points
should be as great as possible.
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Table 1
Concentration and its upper limits by segments of a binary liquid sample

Concentration segment Concentration, Cy; yo Concentration upper limit, Coy
A, or Agy— Ags 80 — 85% 85.0%
B, or Bg — Bgs 85— 90% 90.0%
C, orCg —Cgs 90 — 95% 95.0%
D, or Dgy— Dgs 95 -97.5% 97.5%
E, orEgy— Egst 97.5-99.8% 100%

Step 3. Preparing and sorting the measured data ns for Table 2 by ascending
percentages of concentration. Reading and recording the measured concentration of
the reference sample cyr value ns set to the measured sample temperatures
t; 20°C and 25°C.

Table 2
Measured ng values sorted by ascending percentages of the reference sample
concentration co,g and by measured sample temperatures t;

Concentration segment Concentration, Cog Temperature, t; Measured ng
Ago 81.0 % 20.01°C ny= 13185
Ago 81.0 % 25.01°C n,= 12849
Ags;  Bgs 85.2% 20.00°C n;= 12435
Ags;  Bgs 85.2% 25.00°C n,= 12112
Boo; Coo 90.0 % 20.02°C ns= 11519
Boo;  Cgo 90.0 % 25.02°C ne= 11212
Cos;  Dgs 95.1 % 20.00°C n,= 10645
Cos; Dgs 95.1 % 25.00°C ng= 10366
Dg75 Eg7s 97.5% 20.01°C ne= 10115
Dg75 Eg7s 97.5 % 25.01°C nye= 9848
Egosg 99,8 % 20.00°C ny= 9556
Egosg 99.8 % 25.00°C Ny, = 9359

Step 4. Using the measured and recorded ng values (Table 2):
Ny, N3, Ns, N7, Ng, Ny obtained at the sample temperature of 20°C, to perform a
regression analysis. The result is the volume percent ethanol concentration (Cy,)
depending on the n values according to the calibration equation:

Copo = 1.47607-10"° n®— 5.19895.10°°. n2+ 0.05532:n — 82.84077 (1)

Similarly, using the appropriate n values measured at the sample temperature
of 25°C the following calibration equation is obtained:

Copos= 1.30738-10"° n*— 4.46297-10°° n’ + 0.04498:n — 36.40556 )

The squared correlation coefficient of both curves in Fig. 2 corresponding to
Egs. (1), (2) is R? = 0.99999.

Step 5. Doing exemplary calculation of the thermo-compensated volume
concentration Corc Of a given ethanol-water mixture sample:

a) For the actual sample temperature t, and concentration n (expressed in
notional units n) measured and fixed using the developed measuring device.
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For the chosen sample the values t,, = 23°C and n,=11360 are measured and
recorded.
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Fig. 2. The calculated thermo-compensated volume concentration cy,
for a given ethanol-water mixture sample at the actual measured sample temperature t,.

b) Using Egs. (1) and (2) and assuming n,, = 11360, the following volume
percentages are obtained:

Cop20 = 91.064% |, and Coios = 89. 285% .

c) Substituting the above Cy, values, for t,;=23°C the thermo-compensated liquid
measured concentration is calculated by the equation:

Costc= Co20t[(C o620 — C oe2s) (20 — tm) /A (3)
In our case Ay =25—-20=5.

As a result, we will have:

C o7c=91.064+[(91.064 - 89. 285) (20 — 23)]/5 = 89.997 = 90%.

The microcontroller of the sensor unit performs the calibration and recording
of measured data as well as processes the data of the previous example, and records
the final results.

3. DISCUSSION

The existing measuring system [1] has been successfully developed to
enable measurements of ethanol concentration in a binary aqueous solution. To
widen its application scope and increase convenience at use of the developed
measuring device it was equipped with a number of auxiliary accessories and
supplements. The measured ethanol concentration of the ethanol-water mixture is
calculated and recorded in different mutually convertible units: percentage by
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volume (% alc/vol), weight (% alc/wt), and weight of ethanol per volume (kg/m®)
or (g/cm®). Furthermore, the measuring device also provides the option to see the
actual measured temperature of the mixture, the measurement time (hour, minute,
second) and the date (day, month, year). The data received from the sensor unit
together with the results obtained from the recording and control section are
optionally shown on a liquid-crystal display located in the recording section of the
measuring device. The measuring unit and display are controlled by the
microcontroller using five buttons located under the display. The data can also be
displayed on the computer screen using a wireless bluetooth (Smart Bluetooth
Module) link (Fig.3). The operating distance of the wireless link is up to 10 m.

4/ Latvia University of Agriculture Research Centre e
%alc/vol %alc/weight kg/m3 glem3 ©
99,52 99,24 791,6 0,7916 19,6

l GAPTURE I ‘ RESET ‘ ‘ PRINT ‘

%alc/vol %alc/weight kg/m3 g/cm3 c Date Time
99,52 99,23 7916 0,7916 19,54 27.09.13 20:09:29
99,53 99,24 7916 0,7916 19,59 27.09.13 20:10:52
99,53 99,24 791,6 0,7916 19,61 27.09.13 20:12:02
99,53 99,24 791,6 0,7916 19,61 27.09.13 20:12:17
99,53 99,24 791,6 0,7916 19,61 27.09.13 20:13:23
99,53 99,24 7916 0,7916 19,59 27.09.13 20:14:04
99,53 99,24 791,6 0,7916 19,6 27.09.13 20:14:53
0 0 0 0 0 00.00.00 00:00:00
0 0 0 0 0 00.00.00 00:00:00
0 0 0 0 0 00.00.00 00:00:00
[} 0 0 0 0 00.00.00 00:00:00
0 0 0 0 0 00.00.00 00:00:00
0 0 0 0 0 00.00.00 00:00:00
0 0 0 0 0 00.00.00 00:00:00
0 0 0 0 0 00.00.00 00:00:00
- Battery s Bluetooth

(3] [ [ [ 00 TR 0 R

Fig. 3. The computer screen showing the measurement data and the results
obtained from the recording and control section of the measuring device.

To calibrate the measuring device, the certified ethanol and double-distilled
deionized water mixture samples were used. The test results have shown that the
sensor capacitance values can be determined with a stable resolution of +0.005 pF.
These values, which characterize the ethanol concentration in the solution, enable
the measurements with resolution +0.01% and accuracy +0.1% throughout the
measurement range. In work [1], we have shown that the measurement accuracy
decreases when the measured conductivity of the sample solution increases. Also,
the water content and ionic contamination is found to affect the electrolytic
conductivity of the sample solution. The conductivity of pure synthetic ethanol
is ~ 5 uS/m [6], while for bioethanol this can reach the value up to 0.5 mS/m and
greater.

The measurements on solution samples from different places in the
dehydration column taken during the bioethanol dehydration process have shown a
significant spread in their electrical resistance. In turn, the impedance
measurements made with a high-precision commercial LCR-821 meter using the
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developed capacitive sensor at a frequency of 100.000 kHz and a sample
temperature of 20°C evidence that this resistance (~ 40 kQ for high-quality
water and ethanol mixtures) can be up to 20 times lower. Applying (in the case
of neutral pH of the sample) a higher frequency of the sensor’s excitation current
(500.000 kHz) has allowed keeping high resolution and accuracy at the
concentration measurements.

4. CONCLUSIONS

In order to extend the range of application for our measuring system so that
it also enables monitoring and control of bioethanol dehydration process during
bioethanol production, the operation mode of capacitive sensor was optimized and
the system was equipped with appropriate supplements and auxiliary accessories.
To this end, the frequency of the capacitive sensor’s excitation current was raised
up to 500.000 kHz, the measured data were recorded in five different mutually
convertible measuring units, and the possibility of data transfer to a computer
screen via wireless bluetooth link was realized.

Results of the measurements and tests confirm that the developed measuring
system maintains its high quality indicators also in such application as monitoring
and control of the bioethanol dehydration process.
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DIVU SKIDRUMU MAISITUMA SASTAVA NOTEIKSANA,
[ZVERTEJOT TO DIELEKTRISKOS PARAMETRUS
2. MODIFICETA MERISANAS SISTEMA BIOETANOLA
DEHIDRATACIJAS PROCESA MONITORESANALI

0. Vilitis*, P. Sipkovs', D. Merkulovs®
A. Rucin$?, K. Zihmane-Ritina?, G. Bremers?

Kopsavilkums

Raksta esam apskatijusi miisu izstradatas divu Skidrumu maisijumu sastava
precizas noteikSanas meériSanas sist€mas izmantoSanas iespg&jas dehidratacijas
tehniska procesa monitorésanai un kontrolei. MériSanas sist€émas darbiba balstita uz
kapacitiva sensora (no 1 pF Iidz 300 pF) izmantoSanu, un tas pielietoSanas iesp€jas
tika parbauditas, nosakot bioetanola razoSanas galaprodukta kvalitati atbilstosi
sertifikata paredzétajiem parametriem. Saja mériSanas ierices konfiguracija pie
sensora ierosinaSanas stravas frekvences 100.000 kHz eksperimentalie parbauzu
rezultati paradija stabilu sensora kapacitates meriSanas izskirtsp&ju +0,005pF,
procentualo bioetanola tilpuma koncentracijas merisanas izskirtsp&ju ne zemaku
par +£0,01% un koncentracijas mériSanas precizitati ne sliktaku par +0,1% visa
mérisanas diapazona.

Lai panaktu Iidzvertigus merisanas kvalitativos raditajus, mérot bioetanola
un Gidens maisfjuma paraugus, kas dehidratacijas tehnologiska procesa gaita nemti
no dehidratacijas kolonnas dazadam vietam, tika paliclinata kapacitiva sensora
ierosinaSanas stravas frekvence (500.000 kHz). Frekvences palielinaSanas
nepiecieSamiba ir saistita ar to, ka, salidzinajuma ar sertifictu bioetanolu, So
Skidruma paraugu elektrolitiska vadamiba var but pat Iidz 20 reizu lielaka, kas
palielina parauga bioetanola koncentracijas mériSanas kludu. Sensora palielinata
ierosinasanas stravas frekvence (pie neitralas parauga pH vertibas) lauj pilnvertigi
izmantot izstradatas meériSanas sisteémas priekSrocibas ari bioetanola razoSanas
dehidratacijas procesa monitoréSanai un kontrolei. Papildus tam ar §im nolikam
modificéto mérisanas ierici izméritie dati tika registréti piecas dazadas savstarpéji
konvertgjamas meérvienibas, ka art tika realizéta datu parraide uz datora ekrana ar
bezvadu blootooth saites starpniecibu, kas paplasina me&riSanas ierices
ekspluatacijas iesp€jas. Raksta skaitliska pieméra veida paradita ari merama
parauga etanola termokompensétas koncentracijas veértibas noteikSanas metodika
un izteikti apsverumi merisanas ierices precizai kalibréSanai.
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