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Accepted: 28 August 2018 Abench-scale updraft gasifier was used as a fluidized-and fixed-bed gasification unit in three modes (fluidized-bed at equivalence ratios (ER) =0.2 and 0.25, and a mode infixed-bed). The experiments were done in five differenttemperatures (650, 700, 750, 800 and 850oC). To obtain therequired data to develop a thermodynamic equilibriummodel, the proximate and ultimate analysis were carriedout on potato shoot as feedstock. Since the developed modelis a temperature-based model, it gives different outcomes indifferent temperatures. The model gave a completely exactresult to predict CH4 in fluidized-bed at ER=0.25. The averageerror for the difference between each produced gas inexperiments and the model showed the best result of themodel for CO with the error of just 0.7%. Regarding eachexperiment data difference with the model data, the modelwas more accurate to be used in fluidized-bed, especially atER=0.25 than the other two modes. Moreover, the bestperformance of the model was obtained for CO, N2 and CO2,according to the average errors. Since the maximum amountof high heating value (HHV) and carbon conversion efficiency(CCE) was observed at higher temperatures, it can becontended that the model has better performance at highertemperatures.
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InTroducTIonFrom global requirements for new sourcesof energy, biomass is gaining growing attention,and it is the most applied renewable sourceof energy now in the whole world (Kirkils &Verbong, 2011). In most industries such asagriculture, generating and consumption ofenergy is of great importance (Ghatrehsamaniet al., 2016). Forestry and agricultural residues,human, animal as well as industrial wastesare considered as important sources of bio-mass. Agricultural wastes are considered asfundamental problems after harvesting themain product. Among these residues, theones which cannot be restored to the soil aremore bothersome. From another point ofview, these materials could be considered asa source of energy not a waste (Masmoudi etal., 2014). In order to achieve environmentaland economic benefits from this source ofenergy, efficient and clean ways of using themare of great importance. Although fossil fuelshave several applicants in human’s currentlife, environmentally friendly ways to extractenergy from biomass could be a great substi-tute (Vaezi et al., 2011).Potato is a really compatible plant that isproduced in more than 140 countries. TheFood and Agriculture Organization of theUnited Nations (FAO) reported that the worldproduction of potatoes in 2014 was about385 million tons (Faostat, 2016). China, India,and Russia are the greatest potato producersin the world (FAO, 2011). However, potatoplanting is common in Iran (Khajehpour,1999). From about 1.19 million hectares ofpotato in more than 140 countries of theworld, 330 million tons of potatoes would beharvested and after wheat, rice and corn, po-tato is in the fourth rank in the world (WorldPotato Atlas, 2015). Despite the fact that it isone of the major agricultural products in allover the world, all potato’s stems and leaves(shoots) are considered as wastes becauseof a toxic content named solanine. Owing tothis content, the huge amount of potato shootcannot be consumed for animal nutrition andit cannot be restored to soil so it could be

used as fertilizer. Accordingly, they are thrownaway each year, and farmers remove themfrom their farm (Mweetwaa, 2012). Despitethe large amount of fields which are underthe potato planting (around 1.19 millionhectares), the huge amount of side productsof these fields which are the shoots of potatoesare considered to be useless and waste(Dokhani, 2003). Potato shoot can be a prom-ising source of fuel energy. Using these planttissues to produce energy will help preservea lot of energy.Different technologies have been offered tomake biomass energy applicable such as com-posting, burning in waste incineration andenergy recovery, pyrolysis, gasification (con-version to gas), biogas production, recyclingand reuse of solid wastes (Arnavat, 2011).From among them, thermochemical conver-sions received great interest due to variouskinds of energy that could be offered in thisway, such as electricity, liquid, and gaseousfuels. One method to produce fuels which isgaining growing attention these years is gasi-fication (Banapurmath & Tewari, 2009). Theproduced gas from gasification can be usedin several ways like as a fuel for gas engines,gas turbines, and in solid oxide fuel cells(Aloui & Halouani, 2007). As Xiao et al. (2007)mentioned that biomass gasification processcan be divided into three main steps: initialpyrolysis, tar- cracking, and char gasification.Air gasification has been done on differentkinds of feedstocks like wood sawdust (Caoet al., 2006), pine wood block (Pengmei etal., 2007), hazelnut shell (Midilli et al., 2001)and rice husk (Ghani et al., 2012). The residuesof agricultural crops such as wheat, barley,rye, oat, maize, rice, canola and sun flowerare considered as high potential bioenergyfeedstock (Monforti et al., 2013). The resultsof study on them showed that the estimatedcrop residue resources in EU-27 could providefuel for about 850 plants expected to produceabout 1500 PJ/yr (Monforti et al., 2013).Gasifiers are classified into two main cate-gories according to reactor design: fluidized-bed and fixed-bed (Thunman & Leckner,
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2005). Fluidized-bed gasifiers are mostlyused for large scale gasification. In this case,as the name implies, the biomass is fluidizedin a bed material like sand (Giltrap et al.,2003). On the other hand, fixed-bed gasifiersare simple and usually used for small scalegasification (Babu & Sheth, 2006). Since flu-idized-bed gasifiers mainly come with highparticle heating rate and uniform productquality, they are considered as potentially ef-ficient gasifiers (Xue et al., 2011). In order to optimize the biomass gasifierdesign and performance modeling can bebeneficial. Moreover, modeling would be prof-itable in financial point of view (Ahmed etal., 2012). By far in different studies variousmodels have been proposed as shown inTable 1.The equilibrium models are based on ther-modynamic parameters as well as the chemicalequilibrium of the process. Usually the resultsof the gas composition from the model are

not exactly the same with the results of ex-perimental producer gas. The most importantcomponents of the syngas are Nitrogen (N2),Hydrogen (H2), Carbon monoxide (CO), Carbondioxide (CO2) and methane (CH4) (Giltrap etal., 2003). The thermodynamic equilibriummodel is a tested method to simulate fuelproduction and can be helpful to manage theeffective factors in gasifier performance. Pre-diction of the syngas by a validated modelcan reduce the cost and time that any re-searcher would spend to know by experiment.The objective of this research is to develop avalidated model in order to predict the com-position of syngas produced by a fluidizedand fixed bed updraft gasifier which is influ-enced by the feedstock (potato shoot), tem-perature and the amount of air inlet. Anotherpurpose of this study is to recognize the bestperformance of the model in different modesof the gasifier.

Theoretical and Experimental Study of Potato Shoot ... / Javidi Gharacheh et al.

Authors Feedstock (Gasifier type) Modeling Main result

Di Blasi, 2000 (downdraft gasifier) Unsteady numerical model Most effective factors on the dynamic be-havior of the reactor: -Quality of the pro-ducer gas -the structure of the reaction front Xie et al., 2012 forestry residues (two-stage biomassgasifier and solid oxide fuel cell system) A multi-physics model Electrical efficiency of the system=25%fuel utilization efficiency=44%Giltrap et al., 2003 (downdraft gasifier) One dimensional model The amount of CH4 was overestimated
Zainal et al., 2001 Wood, paper, paddy husk and municipal waste (downdraft gasi-fier) Equilibrium model increase in moisture→-nitrogen and methane were almost con-stant-hydrogen and carbon dioxide increased-carbon monoxide decreased
Roy et al., 2013 Blend of cow dung and wood ( IC engine) One dimensional model - cow dung cannot be a suitable feed-stock-its mixture with woody can be consid-ered as an applicable feedstockPlis and Wilk,  2011 Wood and oat husk pellets (fixed-bed gasifier) Thermodynamic Equilib-rium model -the produced gas was completely different- oat husk is not capable to produce enoughhigh calorific value syngasesYan et al., 2018 Biomass/coal char blends Kinetic modeling biomass blending ratio affects: - the particle structure - compositionJiang et al., 2017 Coal A modeling tool to explore thetheory of reverse combustion hot linkage and abundance of char in placeafter reverse combustion linking are ofbenefit to underground coal gasificationMozafariet al.,  2017 Waste tire Thermodynamic frame-work maximum hydrogen efficiency:pyrolysis→35.45%gasification→98.03%Current Study Potato shoot Thermodynamic Equilib-rium model -

Table 1.
Summary of the Literature on the Gasification of Agricultural Wastes
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METhodoloGy
The implementation phaseIn order to investigate the performance ofa bench-scale gasifier, experiments were doneon the gasifier in two different modes (fixedand fluidized bed), and a thermodynamicequilibrium model was developed. It has tobe known in which mode the model wouldbe able to predict closer results to experimentaldata. To use the gasifier as fluidized-bed driedsand with two different ERs (0.2 and 0.25),and to obtain fixed-bed dried sand with theER equal to 0.2 was employed. Potato shootis a toxic agricultural waste which cannot berestored to the soil. This is the reason it isused as the feedstock of this study. The potatoshoot samples were pelletized and fed intothe updraft gasifier three times with the feed-ing rate of 0.116 kg/hour. Feeding was donethree times in order to obtain homogeneousgas. Gasification was done in five differenttemperatures from 650oC to 850oC with 50oC

interval. Figure 1 shows a complete view ofthe updraft gasifier which is mounted in Uni-versity Putra Malaysia. The reactor in theFigure 1 was made of stainless steel with850mm height. Its internal diameter was50mm. potato shoot cubes were feed fromthe right side of the reactor and the hot pro-duced gas came out through the left side.The produced gas losses heat in two steps,firstly gas goes through a condenser coveredby cold water and secondly goes through athree-neck bottle which was sank in ice-water. After reducing the heat, the gas goesthrough a piece of cotton, on which the tarwas collected. The gas was led into silica gelcubes to reduce its moisture content. Thesyngas also collected three times and analyzedto search the gas components. The reactorwas equipped with thermocouples and tem-perature indicator controller. The reactor wasdirectly heated by an electrical furnace.

Theoretical and Experimental Study of Potato Shoot ... / Javidi Gharacheh et al.

Figure 1. A complete preview of the gasifier reactor and other parts (a) feedstock inlet,(b) syngas outlet, (c) condenser, (d) reactor, (e) air inlet, (f) silica gel, (g) tar collectioncotton, (h) ice-water
developing the modelTo develop the model, some inputs are re-quired such as chemical formula and moisturecontent of sample, air inlet to the gasifierand gasification temperature. Proximate and

ultimate analysis on the sample is needed inorder to reach the inputs. The results of prox-imate and ultimate analysis can be seen inTable 2.
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According to the results of ultimate analysisshown in Table 2, percentage of carbon inchemical formula of potato shoot is 42.2%. Mass number of carbon is 12, so:
C: 42.2/12=3.52 (1)

Theoretical and Experimental Study of Potato Shoot ... / Javidi Gharacheh et al.

Proximate analysis (%)Volatile matter 62.7Fixed carbon 16.3Ash 15.8Moisture 5.25
ultimate analysisHydrogen 5.97Carbon 41.65Oxygen 48.88Nitrogen 3.4Sulfur 0.1

Table 2
Proximate and Ultimate Analysis of Potato Shoot

Mass numbers of hydrogen, oxygen, nitrogenand sulfur are 1, 16, 14 and 128, respectively.Due to the percentage portion of each elementobtained from the ultimate analysis:
H 6.148/1=6.148 (2)
O 46.74/16=2.92 (3)
N 3.611/14=0.26 (4)
S 1.29/128=0.01 (5)Based on a single atom of carbon, the portionof each element in chemical formula is calcu-lated from the equations 6-9:
H 6.148/3.52=1.747 (6)
O 2.92/3.52=0.83 (7)
N 0.26/3.52=0.074 (8)
S 0.01/3.52=0.003 (negligible)                (9)Hence, the chemical formula of potato shootwould be CH1.747 O0.83 N0.074. Air inlet suppliedby air compressor and its amount calculatedby a rotameter. Gasification temperature iscalculated by a thermometer hanging fromthe top of the gasifier into the reduction zone.After preparing all inputs, global gasificationreaction is utilized to develop the model.

CHxOy Nz + mw H2 O + Xg(O2+3.76N2 ) → X1CO + X2 H2

+ X3 CO2 + X4 H2 O + X5 CH4 + (z/2+Xg 3.76) N2  (10)

Five Xis in the right side of the reaction areunknowns which have to be calculated tocompare with the amount of gas componentsfrom experimental data in both fluidized andfixed bed. In the global gasification, CHxOyNz,mw and Xg are chemical formula of typicalwoody material, amount of moisture contentand oxygen in each kilo mole of feedstock,respectively. CHxOyNz for potato shoot wasobtained CH1.747 O0.83 N0.074. By thermal gravi-metric analysis (TGA), the amount of moisturecontent (MC) in the sample can be obtained,therefore referring to the below formula mwwas calculated 1.65 (Zainal et al., 2001).
mw= 24MC/18(1-MC) (11)Regarding CHN analysis of the sample, Xgalso can be calculated as below:

(12)where, mass of the material as weighed inthe analytical lab of UPM was 0.23g. Molecularweight of the sample would be:
12+1×1.747+16×0.83+14×0.074= 28.063And, %O from ultimate was %46.74. Bysubstituting these amounts in equation 12,
Xg becomes 0.06. To calculate the five un-
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knowns, five equations are required. Threemass balance equations for C, H and O in theglobal gasification equation, and two equi-librium constant equations (K1 and K2) wereconsidered to solve gasification equation. Fivementioned equations are as below:Cbalance: X1+X3+X5=1 (13)                             H balance: 2X2+2X4+4X5=1.747+2×1.65 (14)O balance: X1+2X3+X4= 0.83+1.65+2×0.06 (15)                                                    (16)
(17)

where, K1 and K2 are obtained from equilibriumconstants of methane formation and shift re-action:methane formation: C+2H2↔CH4 (18)                                                                   shift reaction:CO+H2 O↔CO2+H2   (19)K1 and K2 can be obtained by the followingequations (Zainal et al., 2001):
(20)
(21)

where, T is gasification temperature. By en-tering all equations in MATLAB and try tosolve them together, just temperature wouldbe unknown which can be inserted as aninput for each temperature in MATLAB soft-ware. Now a MATLAB code is ready to solveequations and find five unknowns due toeach temperature, while in previous modelsjust one constant temperature as a sampleinserted to the equations and the set of equa-tions solved by Newton-Raphson method(Zainal et al., 2001). When user inserts thetemperature as the input, the software wouldsolve the equations and give different answersin which non-imaginary and positive answers

are acceptable. The temperature measuredvia a thermocouple hanging through the re-actor from the head of the reactor to the re-duction zone. After receiving the results forunknowns from MATLAB and substitutingthem into the gasification global reaction themodel was developed.
Validating the modelThe results of experiments on the percentageof syngas components were obtained fromthe analytical lab at UPM. The amount of highcalorific value gases and effective in the modelare collected and other components such asO2, C2H2 and etc. neglected, since they are notconsidered in the global gasification reaction.After finishing the experiments and developingthe model, the experiments results were com-pared with the results of model in order toinvestigate the validity of the model. The re-sults of experiments in each mode was com-pared with the model in related temperaturesseparately to know in which mode and tem-perature the model performs better thanother conditions. The results of the modeland experiments were compared in differentways to assure about the validity of the modelwhich are discussed completely in next sec-tion.

rESulTS And dIScuSSIon 
Evaluation of model performanceFigure 2 compares each gas portion in pro-duced gas in the experimental results in dif-ferent modes with predicted results of modelat 650oC. For H2 model over predicted in com-parison with other modes. Although, in thiscase the model’s error for the three modeswas not negligible, in fixed bed gasifier itwas more than the others. The amount of N2in the produced gas in all modes and in themodel was more than all other components.Comparing the results of all experimentaldata with the model showed that the amountof this component was more than what modelpredicted. The results of the model to predictthe amount of CO and CH4 were more thanexperiments in all cases. The best model per-

Theoretical and Experimental Study of Potato Shoot ... / Javidi Gharacheh et al.
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formance in this case was for fluidized-bedat ER=0.2 with the error of 7%. ER can affectthe gasification process. Increasing ER in-creases the air into the reactor which leads
to rise in gasification temperature, so it canaccelerate the gasification process (Lv et al.,2004).

Theoretical and Experimental Study of Potato Shoot ... / Javidi Gharacheh et al.

Figure 2. Comparison of experimental data in different modes with predicted data at 650oC
Figure 3 demonstrates the differences be-tween experimental and model results fordifferent modes of at 700oC. The model over-estimated the amount of all gas componentsexcept for N2 for all modes. The most exactresults for H2 and CO from model were for

fluidized-bed at ER=0.2. The least error forfluidized-bed under this circumstance wasfor N2 and CO2 but in fixed-bed the modelwas more trustful to predict CH4 than othersyngases in contrary with the results of Simoneet al. (2013).

Figure 3. Comparison of experimental data in different modes with predicted data at 700oC
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For fluidized-bed at ER=0.25 and 750oC, themodel gives more accurate results for CO,CO2 and N2, with the errors of just 6%, 12%and 17%, respectively. The most reliableresults for CO were obtained from the modelat ER=0.2 and fixed-bed for 750oC.To predictCO under this condition for ER=0.2 small

amount of underestimation and for fixed-beda little overestimation was observed with theerror of 7%. As shown in Figure 4, the modelover predicts the amount of CH4 in comparisonwith other modes. In this case the model’sresult was closer to fixed-bed result.

Theoretical and Experimental Study of Potato Shoot ... / Javidi Gharacheh et al.

Figure 4. Comparison of experimental data in different modes with predicted data at 750oC
The comparison between experimental andmodel results at 800oC can be seen in Figure5. The model estimates the amount of H2more than actual ones in all modes, anyway,the results of fluidized-bed at ER=0.25 incomparison with the other two modes werecloser to the model. In contrary with H2 andCO, the predicted amounts of N2 and CO2

were low in comparison with experimentalresults. For N2 and CO2 the model predictscloser results to experiment in fixed-bed witherrors of 6 and 11%, respectively. To predictCH4, the model gave the most accurate resultsfor fluidized-bed at ER=0.2 in which the errorwas 15%.

Figure 5. Comparison of experimental data in different modes with predicted data at 800oC
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Unlike for CO2, the model predicts theamount of H2 more than all experimentalmodes at 850oC. Comparing all related resultsof experiments, the closest result to predicteddata at 850oC was for fluidized-bed atER= 0.25 with the error of 15%. As shown infigure 6 the model doesn’t seem valid enoughto predict H2 in fixed-bed because of highamount of error. Totally at 850oC, the model’sresults were close enough to experimentalresults to be considered as a valid model forthis situation except for CO2. As Xie et al.(2012) implied the amount of CO2 increasesby increasing ER. This result is in compliancewith the result of the current study (Xie etal., 2012). The least error for fluidized-bedwas at ER=0.25 with the error equal to 0 andfor fixed-bed the error was 9%. When ERincreased from 0.15 to 0.25 in the study doneby Doranehgard et al. (2017), syngas and hy-

drogen yield had an increasing trend, risingfrom 2.1 to 2.45 Nm3/kg biomass and 37–41g/kg biomass respectively. In this case, theresults of the mentioned research are inagreement with the results of the currentstudy. In the second stage, ER ascended from0.25 to 0.3, where the hydrogen yield de-creased, it is not in compliance with theresults obtained from gasification of potatoshoot (Doranehgard et al., 2017). In contrastto the mentioned results in the current study,an increase in the ER decreased fuel gasesand Lower Heating Value (LHV) in the researchdone by Monteiro et al. (Monteiro et al., 2017).In the study done by Sales et al. the ER wascalculated using mass balance. They reportedan optimum ER of less than 0.412, whichconfirmed the ERs used in the current study(Sales et al., 2017).

Theoretical and Experimental Study of Potato Shoot ... / Javidi Gharacheh et al.

Figure 6. Comparison of experimental data in different modes with predicted data at 850oCFigure 7 shows the differences between av-erage experimental and model results in dif-ferent modes and statistical point of viewthat LSD method was employed. For H2, theresults obtained from the model and experi-mental data at ER=0.25 were the same andthere were no significant difference betweenthem, unlike for ER=0.2 and fixed-bed. Similar

to H2, the difference between predicted andexperimental results for N2 at ER=0.25 wasnot significant and could be considered reli-able. The difference between the predictedand experimental results at both ERs wasnegligible for CO and CO2. Therefore, in statisticpoint of view, the model is valid to predictthese product gases for all modes. According
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to this analysis exactly like N2, for CH4 alsothe model results has no significant differencewith experiment results at ER=0.25 and fixed- bed but different from experiment results atER=0.2.
Theoretical and Experimental Study of Potato Shoot ... / Javidi Gharacheh et al.

Figure 7. Comparing the average percentages of produced gases at different experimental modes withpredicted data
As can be seen in all temperatures, similarto the results of Zainal et al. (2001) theamount of N2 was more than all other gascomponents. Generally, the least error forfluidized-bed at ER= 0.2 and ER= 0.25, andfixed-bed was observed for CO2 at 650oC, CH4at 850oC and N2 at 800oC, respectively. The re-lated errors were 7, 0 and 6%, respectively.Considering the average error for each mode,for fluidized bed at ER=0.2 the best resultsobtained for CO2 with the average error of16%, following by N2 and CO with errors ofsomehow more than 20%. On average,ER=0.25 showed better results than ER=0.2with the average errors of 0.7% for CO and9% for N2. In this case CO2 was at the thirdrank with the error of 20%. For fixed-bed,the model’s closest result was for N2 with14% error, CO and CO2 were at the next steps.Since the better results in all modes observedfor CO, CO2 and N2, similar to what Simone etal. reported in their study, according to averageerrors the model is more trustful to predictthese three mentioned components (CO, CO2and N2) than the other two (H2 and CH4) (Si-mone et al., 2013). In total, to predict N2 thebest performance of the model observed for

fluidized-bed at ER=0.25, then for fixed-bedand fluidized-bed at ER=0.2 was at the lastrank. To predict CO the best results of themodel obtained for fluidized-bed at ER=0.25.In this case, fluidized-bed at ER=0.2 and fixed-bed were at the next steps, respectively. Theclosest results of the model to predict CO2was shown for experimental data of fluidized-bed at ER=0.2. Similar to the results of pre-dicting CO, to predict CO2 also fixed-bed wasthe least accurate data for the model.By comparing the results of all experimentaldata with the results of the model separately,the most accurate result was obtained to pre-dict CH4 in fluidized-bed at ER=0.25 in whichthe result of model was exactly the same asthe results of the experiment. By consideringthe average errors, the best result of themodel was for CO with the error of just 0.7%.In sum, the model is most trustful to be usedin fluidized-bed especially at ER=0.25. Fur-thermore, according to the average errorsthe best performance of the model was ob-tained for N2, CO and CO2, therefore, it is notrecommended to be used to estimate theamount of H2 and CH4 specially for fluidized-bed at ER=0.2 and fixed-bed.
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Effect of temperature on hhV and ccEAt ER=0.2 the produced gas reached to itsmaximum high heating value (HHV) at 850°Cequal to 3.02 MJ/Nm3. HHV can be calculatedby the following equation (Xiao et al. 2007):
HHV= (CO% ×3018+ H2% ×3052+CH4%
×9500)(0.01×4.1868)(KJ/Nm3 ) (22)where, CO%, H2% and CH4% are the volumetriccomposition of the syngas produced, respec-tively. As table 3 illustrates, increasing tem-perature of the gasifier increased the amountof HHV. In typical biomass gasification process,when temperature increases, the H2 and COwill increase due to gasification reactionsthat occur simultaneously during the process,thus, this causes increase in HHV as the H2and CO are the major role in the equation(Xiao et al., 2007). Regarding equation 22,the portion of CO, H2 and CH4, are the mosteffective components of produced gas onHHV. According to the experiments’ resultsat 650°C, the portion of CO, H2 and CH4 weremore at ER=0.25 in comparison with othermodes, therefore, HHV in this mode was themost. As Table 3 demonstrates, increase inER leads to increase in HHV in all temperatures.By increase in temperature more than 750°C,the amount of CH4 and CO and consequentlyHHV was more in fixed-bed than the othermodes. It would be interesting to be notedthat even in higher temperatures H2 hadhigher amounts at ER=0.25 than the others.The tar and light hydrocarbons were not con-sidered in the presented model, which leadsto overestimation of HHV. The portion of char,oil and tar were 18.7%, 3.4% and 0.4%, re-spectively. Carbon Conversion Efficiency (CCE)showed a maximum value, 81.32% at thetemperature 850°C which was calculated asbelow (Hernández et al., 2010):

CCE= 1- Ma/Mb ×100%                      (23)where, Ma is total mass of biomass after ex-periment and Mb is total mass of biomassbefore experiment. Increase in temperature

also leads to increase in CCE in this study.Higher temperature increases the carbon con-version because of improving the gasificationprocess (Xie et al. 2012). Additionally, whentemperature increases, the CCE will also in-crease as high temperature provides high de-gree of combustion which converts most ofthe organic matter of biomass to syngas (Lvet al., 2004). In compliance with ER=0.2 at ER=0.25 andfixed-bed the highest HHV was observed at850°C. At ER= 0.25 also an increasing ratewas seen for HHV by increasing temperaturewith 17%, 5.7% and 0.6% char, oil and tar,respectively. At ER=0.25 and 850°C, HHV was7.39 MJ/Nm3 which is the highest HHV in allmodes. In contrary with ER=0.2, table 3 showsthe highest amount of CCE for ER=0.25 at650°C but similar to the results of ER=0.2 forother temperatures increase in temperatureleads to increasing CCE. Comparing the resultsshown in Table 3 indicates that HHV and CCEincrease with increase in ER in all tempera-tures. As can be seen in Table 3 an increasingtrend is observed in HHV and CCE by increasein temperature in fixed-bed similar to othermodes. What’s more, in fixed mode the amountof HHV and CCE was less than the related re-sults for all temperatures in fluidized-bed inboth ERs.
concluSIonA thermodynamic equilibrium model wasdeveloped and solved to predict the gas com-position of potato shoot gasification. Proximateand ultimate analysis should be done in orderto have the required data to develop themodel. According to these results, chemicalformula of potato shoot as the feedstock ofcurrent study, and oxygen in each kilo moleof feedstock were CH1.747 O0.83 N0.074 and 0.06,respectively. Moisture content also obtainedfrom TGA analysis which is needed to calculatethe amount of mw. A bench-scale updraftgasifier also applied to achieve the real datafrom the experiments in order to validatethe model’s data under different consideredconditions. The conditions considered in these
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experiments were five different temperaturesin three different ERs. Generally, the modelresults reach to a good agreement with ex-periment especially for fluidized-bed gasifierat ER= 0.25. The model results were closeenough to experimental results to be consid-ered as a valid model in all modes specificallyto estimate the amount of N2, CO and CO2.Mainly the model was observed to have higheramount of error in lower temperatures; how-ever, the amount of error was not huge enoughin lower temperature to make model be con-sidered as invalid under these conditions.The average error for the difference betweeneach produced gas in experiments and themodel showed the best result of the modelfor CO with the error of just 0.7%. Briefly,the developed model can predict the per-formance of an updraft gasifier with satisfac-tory agreement with experimental data in allmodes. According to the results of HHV andCCE, performance of the gasifier is mainlybetter in fluidized-bed than fixed-bed espe-cially at ER=0.25. It can lead to this conclusionthat at higher temperatures the gasifier per-forms with higher efficiency, as HHV and CCEhave an increasing trend by temperature. Byconsidering the potential of potato shoot toproduce high calorific value gases such as H2,CO and CH4, which was observed in the ex-periments of this study, this agriculturalresidue can be mentioned as a source ofenergy not waste.

AcknowlEdGEMEnTSThe authors gratefully acknowledge the fi-nancial support provided by Ferdowsi Uni-versity of Mashhad (Grant No. 37231).
rEFErEncESAhmed, T.Y., Ahmad, M.M., Yusup, S., Inayat,dA., & Khan, Z. (2012). Mathematical andcomputational approaches for design ofbiomass gasification for hydrogen produc-tion: A review. Renewable and Sustainable

Energy Reviews, 16, 2304-2315. Aloui, T., & Halouani, K. (2007). Analyticalmodeling of polarizations in a solid oxidefuel cell using biomass syngas product asfuel. Applied Thermal Engineering, 27, 731-737.Arnavat, P. M. (2011). Performance modeling
and validation of biomass gasifiers for tri-
generation plant. Unpublished dissertation,Department of Mechanical Engineering,University of Rovirai Virgili, Spain.Babu, B.V., & Sheth, N.P. (2006). Modelingand simulation of reduction zone of down-draft biomass gasifier: effect of char reac-tivity factor. Energy Conversion and Man-
agement, 47, 2602-2611. Banapurmath, N.R., &Tewari, P.G. (2009).Comparative performance studies of a 4-stroke CI engine operated on dual fuelmode with producer gas and Honge Oiland its Methyl Ester (HOME) with andwithout carburetor. Renewable Energy, 34,

Theoretical and Experimental Study of Potato Shoot ... / Javidi Gharacheh et al.

Temperature 650°c 700°c 750°c 800°c 850°c

HHV(MJ/Nm3) ER=0.2 1.99 2.12 2.53 2.6 3.02ER=0.25 3.47 2.24 3.4 4.42 7.39Fixed-bed 1.83 1.94 2.13 2.38 2.78Predicted 6.53 3.75 8.4 4.96 7.02
CCE (%) ER=0.2 79.72 58 78.92 79.44 81.32ER=0.25 83.04 77.68 79.96 81.88 82.96Fixed-bed 78.6 78.81 78.89 79.23 80.11

Table 3
Effect of Temperature on HHV and CCE
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