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Introduction

It is important for Latvian electricity supply system to develop domestic power production capacity and use local renewable energy sources at
the largest extent for the electricity production. Well developed district heating systems of various sizes allow to utilise advantages of
cogeneration of electricity and heat. The use of bioethanol fuel cell cogeneration systems could help to reduce reliance on imported electricity
and fuel and increase the share of electricity produced from renewable energy sources since fuel cell cogeneration plants can achieve high
energy efficiencies, and bioethanol can be produced from various sources such as cellulose, waste etc. Maximisation of hydrogen production
from bioethanol via reforming process is one of the main tasks for advancing techno-economic feasibility of fuel cell cogeneration systems. The
main goal of the work was to obtain regression relations between most critical dependent variables such as hydrogen and carbon monoxide
content of reformate gas and independent factors such as air-to-fuel ratio (1) which is calculated as actual air-to-fuel ratio divided by
stochiometric air-to-fuel ratio, steam-to-carbon ratio (S/C), inlet temperature of reactants into reforming process, etc. by using the data from
experimental investigations of the bioethanol reforming process. The obtained regression equations allow to optimise the reforming process for
obtaining the highest yield of hydrogen and minimising carbon monoxide concentration in the reformate gas.

The work is based on experiments done in Fraunhofer Institute for Solar Energy Systems on the experimental autothermal reforming (ATR)
system where bioethanol is used as a fuel. The ATR system consists mainly of evaporator, ATR reactor and low-temperature water-gas shift
reactor. All parts of the system were tested at various operational conditions by varying S/C ratio, 4 value, inlet temperature of reactants flowing
into ATR, temperatures of water-gas-shift reactors etc. with the aim to achieve the best operational point for the system, i.e. maximum hydrogen
content and minimum carbon monoxide content in the reformate gas. The experimentally obtained results of hydrogen and carbon monoxide
concentrations downstream of ATR reactor are compared with equilibrium calculations done with the simulation program of chemical processes
,,ChemCAD”.

The results of the work show the empirical relations between hydrogen and carbon monoxide content and the controlling parameters
downstream of ATR reactor. The obtained regression relations allow to maximise hydrogen content and minimise carbon monoxide content in
the final reformate gas composition which is fed into the fuel cell.

Experimental investigation of autothermal reforming process of bioethanol

The autothermal reforming is a combination of steam and partial oxidation reforming pathways — where preheated fuel (bioethanol), water and
air are fed into ATR reactor (figure 1).
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Figure 1. Process flow diagram

The system was operated at several conditions, were parameters were varied in the following ranges: S/C — 0,5...2,5; 4 — 0,19...0,36; pressure in
the reactor (p) — 0,12...0,47 bar; inlet temperature of reactants into ATR (7;,) — 230...360 °C; mass flow of reactants (M) — 0,56...1,07 kg/h
(mass flow of mixture of bioethanol, water and air). Concentrations of the following reaction products: hydrogen, carbon monoxide, carbon
dioxide, methane, nitrogen and water were measured with gas chromatography.

The central aim of the investigation of the reforming process was to achieve high hydrogen concentration and low carbon monoxide
concentration since the reformate gas was fed into proton exchange membrane fuel cell, which is highly sensitive to CO.

Results of experiments

The regression equations are based on measurements of reformate gas composition downstream of ATR reactor. S/C, A, T;,, p and mass flow of
reactants divided by volume of the catalyst (M/V.,;) were chosen as the independent variables that are used in regression analysis. Factor M/Vcat
was included in the list of explanatory variables because it was found during experiments that with increase of mass flow of reactants
concentration of hydrogen in the reformate gas increases as well at constant size of catalyst. Inclusion of this factor considerably improved
correlation between the experimental data and the regression values. This can be explained by the fact that increase of mass flow of reactants
over surface of catalyst improves utilisation of the catalyst surface. Regression equation obtained for hydrogen concentration in the reformate gas
downstream of ATR reactor is the following:

4

cat

H, =-24,824+0,04- (W j +0,270- (%)2 ~274,092- 2+ p— 601,194 2* - 0

—108,468- p* —0,022-T, +371,833-1+141,73- p

where
H, — hydrogen concentration (% vol. in dry gases);
Veat — catalyst’s volume (1).

Number of data points used in regression analysis is 146; value of R-squared of the model is 84,3 %. Achieved F-ratio is 91,75 which is much
larger than the critical value Fi, = 2,64 at the significance level p = 0.01 which indicates that the regression equation can be used in the studied
range of independent parameters. Independent parameters which are used in the regression equation are all statistically significant at the 99%
confidence level since for all coefficients |t| >t (Where ti,, — critical t-value at the significance level p = 0.01).
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Figure 2. Visual representation of predicted versus observed values of hydrogen concentration and residuals versus row number

By using multiple linear regression analysis the model which describes dependence of concentration of carbon monoxide in the reformate gas
downstream of ATR reactor as the function of the considered independent variables is the following:

CO=24,15-30,644-p+0,053-T;, +

+134,468-1- p+ 6,565 - (%)2 +12,747 - ln(%)— 34,432 % @
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Number of data points used in regression analysis is 138; value of R-squared of the model is 95,9 %. Achieved F-ratio is 515,94 which is much
larger than the critical value Fi, = 2,94 at the significance level p = 0.01 which indicates that the regression equation can be used in the studied
range of independent parameters. Independent parameters which are used in the regression equation are all statistically significant at the 99%
confidence level since for all coefficients [t| > ty,. Plot of the residuals versus row order (Fig.2, 3) do not indicate autocorrelation and
heteroscedasticity problems of the residuals.
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Figure 3. Visual representation of predicted versus observed values of hydrogen concentration and residuals versus row number

The regression equation for CO concentration (Eq. 2) does not contain M/Vcat factor since inclusion of it gave multicollinearity with S/C.

To check whether the obtained regression expressions give the same characteristics of change of the dependent variables as would be expected
according to theoretical calculations, chemical equilibrium simulations with “ChemCAD” were done, where ATR reactor was chosen as
adiabatic Gibbs reactor, which means that the enthalpy change is 0. In the first simulation, the 4 value was changed from 0,24 to 0,34
corresponding to the range of experimental data used in the regression analysis (Fig. 4) and equilibrium concentrations of H, and CO were
calculated at constant values of other independent variables, and the results were compared with the values given by the regression models.
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Figure 4. Comparison of dependence of H, and CO concentrations downstream of ATR reactor on 4 value given by chemical equilibrium
calculations and regression equations at S/C=1.5; p=0.26 bar; T,~n=3000C; MV, =43,831

In the second simulation, the S/C value was changed from 0,5 to 2.5 corresponding to the range of experimental data used in the regression
analysis (Fig. 5) and equilibrium concentrations of H, and CO were calculated at constant values of other independent variables, and the results
were compared with the values given by the regression models. As can be seen, the changes of response variables depending on explanatory
variables given by regression equations and equilibrium calculations are in quite good agreement (Fig. 4, 5).
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Figure 5. Comparison of dependence of H, and CO concentrations downstream of ATR reactor on S/C value given by chemical equilibrium
calculations and regression equations at 4=0.3; p= 0,26 bar; T,~,,=3OOOC; M/V.ys=43,831

Conclusions

Multiple regression analysis of the data obtained by measurements of the reformate gas composition downstream of ATR reactor shows that the
equations which can be used to evaluate H, and CO concentrations in the reformate gas depending on S/C, A, p, T}, and mass flow of reactants
can be obtained. Statistical analysis of the obtained regression models showed that the models can be used for calculation of the considered
dependent variables. Comparison of the results obtained from the regression equations and chemical equilibrium calculations show that the
regression model correctly reflects also physical nature of relation between response and explanatory variables. The obtained regression
equations can be used further for optimisation of the reforming process within the range of influential parameters measured in this work.

Markova D., Valters K., BaZbauers G. Bioetanola parveidoSana iidenradi izmantoSanai kurinama elementa kogenerdcijas iekartas

Darba ir veikta bioetanola autotermiskas parveidosanas procesa eksperimentald izpéte un iegiito mérijumu datu regresijas analize. Darba galvenais mérkis bija, izmantojot
eksperimentalos datus, iegiit regresijas sakaribas starp biitiskakajiem atkarigajiem mainigajiem, tadiem kda idenraza un oglekla oksida koncentrdcija iegiitaja gaze, un
neatkarigajiem mainigajiem, tadiem ka gaisa patérina koeficients, iidens-oglekla molara attieciba, reagentu temperatiira parveidosanas reaktora ieeja un spiediens reaktora.
Eksperimentala autotermiska parveidotdja sistema sastav no iztvaicétdja, reaktora un vienpakapes tidens-gazes apmainas reakciju reaktora. Darba attélotas empiriski
iegiitas sakaribas starp iidenraza un oglekla oksida koncentrdcijam un tas ietekméjoSiem faktoriem izeja no autotermiskas parveidosanas reaktora. Udenraza un oglekja
oksidu koncentrdciju vertibas, kas aprékindtas ar regresijas vienadojumiem, tiek salidzinatas ar vértibam, kuras tiek iegiitas no kimiska lidzsvara aprékiniem, kas veikti ar
imitacijas datorprogrammu ,,ChemCAD”. legiitos regresijas vienadojumus var lietot parveidoSanas procesu optimizésanai, lai iegiitu maksimalas udenraza un minimalas
oglekla oksida koncentracijas parveidotaja gaze.

Markova D., Valters K., Bazbauers G. Reforming of bioethanol to hydrogen for use in fuel cell cogeneration plants

Experimental investigation of the autothermal reforming (ATR) process of bioethanol and regression analysis of the data is performed in the work. The main goal of the work
was to obtain regression relations between the most critical dependent variables such as hydrogen and carbon monoxide content of reformate gas and independent factors
such as equivalent air-to-fuel ratio, steam-to-carbon ratio, inlet temperature of reactants into reforming process and pressure in the reforming reactor by using the data from
experimental investigations of the bioethanol reforming process. The experimental ATR system consists of an evaporator, a ATR reactor and a one-stage water-gas shift
reactor. The results of the work show the empirical relations between hydrogen and carbon monoxide content and the controlling parameters downstream from the ATR
reactor. The values of hydrogen and carbon monoxide concentrations calculated from the regression models are compared with the results of the equilibrium calculations
made with the simulation program of chemical processes ,, ChemCAD . The obtained regression equations permit to optimise the reforming process for obtaining the highest
yield of hydrogen and minimising carbon monoxide concentration in the reformate gas.

Mapxkosa /l., Banmepc K., Bayxcoayspc I. Pepopmunz ouodmanona ona noayuenHus 6000pooa 071 UCHOIb30GAHUA 6 KO2EHEPAUUOHHBLIX YCHIAHOGKAX MONTIUGHBIX
Inemenmoe

B pabome npouseedenvi saxcnepumenmanbhsie UCcie008anUs NPoYecca asmomepMuiecko2o peropmunea Smanond U pecpecCUOHHbII aHAIUu3 Noay4eHHbIX 0auHblx. 1 agHas
yeno pabomul, UCNOL3YA IKCHEPUMEHMANbHLIE OdHHble, NOJNYYUMb PecPecCUOHHble VPABHeHUs, UCNONb3VA CYWecmeeHHble 3asucumbvle nepeMeHHble, Makue Kak
Koapuyuenm nompebraemozo 8030yxa, MOIAPHOE OMHOUleHUe 600bl U Yenepood, MeMnepamypa peazeHmos8 HA 6xode 6 peakmop U OdeleHue 8 peaxmope.
IKCNEPUMEHIMANbHASL CXeMA ABMOMEPMULECKO20 PeaKmopda COCMOUM U3 UCNApumens, peakxmopa u OOHOCYNEHYAmO20 Peakmopd, Ha OCHOGe peakyuu 3ameujeHus. B
pabome npedcmasiervl IMIUPUYECKUE 3ABUCUMOCTIU MENHCOY KOHYEHMPAYUAMU 6000P00A U OKUCU Y2aepo0d U SRUAIOWUMU QAKMOPAMU HA 8bIX00e U3 A8MOMEPMULECKO20
peakmopa. 3nauenus KOHYeHmMpayuli 6000po0d U OKUCU y21epood, KOMopbie pacCHUmanbl UCNOAb3YsL PeSPeCcCUOHHbIE YPAGHEHUE, CDABHEHbL CO 3HAYEHUSMU, NOLYYEHHbIMU U3
PAacuémos XumMu4ecko2o pagHo8ecUs, UCNOAb3YA UMUmMayuonuyo npocpammy ,,ChemCAD”. Ilonyyennvie pespeccuonHbvie ypagHeHuss Mo2ym Obimb UCHOIb308AHbL, YMOOb
ONMUMUUPOBAMb NPOYECC PehoPMUH2A C Yebl0 NOYUEHUS MAKCUMATbHOU KOHYEHMPAyuu 6000p00d U MUHUMATLHOU KOHYEHMPAYUU OKUCU Yenepood 8 NOLY4eHHOM 2a3e.
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