Scale-up research in a dual fluidized bed gasification process
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Abstract
A successful co-gasification of plastics and biomass was achieved on the 100 kW dual fluidized bed (DFB) gasification pilot plant. The results of a pilot plant experiment were used as a sound basis for scale-up prediction to 750 kW semi-industrial DFB plant. By an eightfold increase of mass and heat flows a rather simplified co-gasification process was predicted. Namely, the losses occurring in gasification plants are expected to be relatively smaller in larger plants. The effect of decreased losses was studied with an equilibrium model. Three different situations were simulated with the following fixed values of losses: 70 kW, 115 kW and 160 kW. The model showed an increase in fuel conversion when losses were reduced.
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1. Introduction

Gasification is a route of thermo-chemical conversion by which solid fuels (e.g. wood, straw, shredded plastics) are transformed to a secondary fuel, i.e. product gas. With the change in state of matter, new possibilities of fuel use arise.1 Gaseous fuel of suitable quality can run gas engines and gas turbines. An application in a chemical synthesis (e.g. production of methanol, Fischer-Tropsch synthesis) is also possible, but acceptable levels of impurities in the gas are much lower in these cases.2
When biomass is used as a feedstock, the resultant secondary fuel is carbon-neutral. If any auxiliary fuel is required, rapeseed methyl ester (RME) represents a solution proven in practice.3 With the use of other feedstocks (e.g. shredded plastics) the product gas is no longer carbon neutral. However, some other benefits are present: less waste in the landfills and the consumption of mineral fuels is slowed down by using product gas as a partial or complete substitute.
Different feedstocks or a combination of these can be processed in gasification plants. By feeding the feedstocks to a gasifier from separate hoppers the suitability of different feedstock ratios can be assessed by simply changing the corresponding mass flows.4 In case of Slovenia which is a heavily forested country the wood pellets or wood chips can represent at least a part of the gasifier’s fuel. 
The quality of product gas is influenced by the gasifier’s design and process parameters. There are three main types of gasifier: moving bed, fluidized bed and entrained flow reactor.2 Fluidized bed gasification is a state-of-the-art technology,2 while dual fluidized bed system represents its further commercially successful development with new plants built in Austria, Germany and Sweden.5 A combination of DFB technology and Fischer-Tropsch synthesis yields a fuel that resembles current market fuels. The development of such technologies is meaningful as the reserves of crude oil, represented by reserves-to-production ratio, are only sufficient for the next 53 years.4 The price of goods will increase when they become rarer, making the alternatives affordable even before the fossil fuels are completely depleted.    
The description of 100 kW dual fluidized bed gasification pilot plant is common in the literature.5,6,7 The plant consists of two reactors: one for gasification and one for combustion. The latter is also called riser.8 Net effect of reactions is endothermic in the gasification reactor and exothermic in the riser. Between the two vessels the heat is transferred by recirculating bed material (e.g. olivine). The bed material must be resistant to abrasion and preferably has a tar cracking activity. In the gasification reactor the fluidization is achieved with steam and the fuel particles are subject to drying, heating up, pyrolytic decomposition and gasification reactions. A part of char produced in the gasification reactor by fuel decomposition descends to the riser together with recirculating bed material. In the riser the fluidization is achieved with air and combustion takes place therein. An addition of heating oil to the riser is necessary to keep up the operation in the 100 kW pilot plant. 
By gasification of solid fuel with steam a product gas free of nitrogen can be produced without an investment in expensive air separation unit.2 The temperature-dependent equilibrium constraints exist in the gasification reactions. It can be deduced from the published results that water-gas shift reaction is generally close to equilibrium.5,9 
The basic criteria for experiment-based scale-up of 100 kW pilot plant to 750 kW semi-industrial plant are (i) similarity of residence times and temperatures in the gasification reactor and (ii) proportionality of mass and heat flows. 
The steps of drying, heating up and pyrolytic decomposition have been studied by thermal gravimetric analysis (TGA).4 Based on the TGA measurements the decomposition time at any fixed temperature value can be mathematically predicted.10 This decomposition time can serve as a rough estimate of residence time.  
Temperature is an important parameter that influences both reaction kinetics and equilibrium constants.2 Besides, practical limitations to the choice of temperature are present: too low temperatures are not suitable because by them the tar content in product gas is increased,2 too high temperatures are not suitable because ashes must remain solid in the process.
The heat and mass flows are related. Eq. 1 was used in previous work4 to describe this correlation. 
Pi = (LHVi + (hi,T – hi,298K))mi							    (1)

The mass and heat balances can be joined in a mathematical model without an increase in the number of variables, when temperatures of the flows are measured. However, the losses are also included in the heat balance and must be estimated. They amount to 20 kW in the 100 kW pilot plant.4,7 In the larger plants the losses can be relatively smaller, when the plant is well constructed: good insulation and low surface-area-to-volume ratio are prerequisites.6 The surface-area-to-volume ratio is itself in relation to the size (fuel power) of the plant. It was estimated in the study11 that the losses in an industrial 10 MW DFB gasification plant would amount to 5 % of fuel power.
The efficiency of the plant can be evaluated by comparing the lower heating value of cold product gas to lower heating value of input (biomass, plastics or any other feedstock). The heating oil added to the combustion reactor is also present in the cold-gas efficiency (CGE) calculation.12 Its addition influences the CGE in a negative way, as can be deduced from Eq. 2. 
CGE=(mDG·LHVDG - mO·LHVO)/(mP·LHVP + mB·LHVB)     				(2)
In a design of industrial plant the equilibrium model can be helpful, see the literature11 for an example of 10 MW DFB plant. Advantage of mathematical modelling over experimental work is that mathematical simulations are cheaper than experiments and enable easy changes of parameters.13 However, experimental work in which credible information regarding the plant performance was gathered still represents a foundation.      

2. Experimental

Two materials were used in the experiments: wood pellets and shredded polyethylene plastics, from here on called “biomass” and “plastics” respectively. Three kinds of experiments related to current work were conducted: TGA analysis of mixed plastics-biomass samples for prediction of decomposition times, 100 kW pilot plant experiments in which biomass and plastics were co-gasified and 750 kW experiment with biomass as feedstock.  
The TGA experiments are described in previous work,4 while the description of isoconversional method commonly used for prediction of polymer decomposition times can be found in the paper.10 
The co-gasification experiments on pilot plant are found described in detail in the literature.4 Of the pilot plant experiments there, only one was chosen as basis for scale-up procedure. Short description of the experiment is provided: the biomass and plastics were put in two separate hoppers. In the experiment the fuel power was decided to be 90 kW, of which 75 % was provided by plastics and 25 % by biomass. LHV and elemental composition of both fuels were experimentally assessed. The mass of recirculating bed material amounted to 100 kg. The temperature in the gasification reactor was kept at 850 °C. The mass flows were 5.6 kg/h for plastics, 4.6 kg/h for biomass, 16.1 kg/h for steam, 5.9 kg/h for air 1 and 62.7 kg/h for air 2. For a depiction of DFB system and its flows see Fig. 1. Important measurements included the dry gas composition as well as tar, dust and entrained char concentrations in product gas. The suitable mass flow of fuel oil (fuel for combustion) was also determined in the experiment.    
[image: ]
Fig. 1: Schematic representation of mass and heat flows. Losses of gasification reactor (losses 1) and losses of riser (losses 2) are presented separately on this figure. Their sum represents the losses of plant. Original image is found in the literature.4  
In the biomass gasification experiment on 750 kW DFB plant a limited amount of data was collected, because the plant lacked the online dry gas analyzer. Experiments were conducted with biomass as fuel and steam as fluidization agent. The temperature of gasification reactor was 780 °C. Mass flows were 180 kg/h for biomass and 125 kg/h for steam. The gas was sampled during the plant operation and analyzed later in the laboratory. The usual number of samples taken in an experiment was four. Flue gas composition has not been assessed.
   
3. Modeling

The model4 is based on three elemental mass balances and one heat balance. It is used for fitting the experimental results and also to calculate the equilibrium composition of dry gas. Two assumptions in the latter case are (i) no methane content in dry gas and (ii) equilibrium of water-gas shift reaction in product gas is achieved. In literature the equilibrium methane content was calculated to be close to nought.11,14 Equilibrium predictions share some basic data with the experiments, e.g. mass inflows and the measured temperatures.4
Two notable modifications have been made to the model. Firstly, the input data was modified to account for larger plant. Basic mass and volume flows encountered in the pilot plant experiment (biomass, plastics, steam, air 1 and air 2) were increased eightfold, while the temperatures and compositions of these flows remained the same. Secondly, alternative values of losses not stemming from an experimental background were used in the heat balance. The chosen values of this parameter were 70 kW, 115 kW and 160 kW. The lowest value is roughly equal to 10 % of fuel power, which seems a reasonable lower limit, taking aforementioned values of 20 % for 100 kW pilot plant and 5 % for 10 MW plant in consideration. The model is written in Wolfram Mathematica software. Detailed presentation of original equations and supplementary data is found in the literature.4

4. Results and discussion

4.1 TGA

The residence time is of significant importance in chemical kinetics, but bears little significance for the steady-state predictions. In short, the decomposition time of mixed plastics-biomass samples was estimated based on TGA and Vyazovkin’s formulae to be 2.5-6 minutes at 850 °C, depending on the particle size of the biomass.4 It is mentioned here to shed light on a general scope of the gasification process. 

4.2 Pilot plant

The feasibility of biomass and plastics co-gasification on DFB plant was proven by the co-gasification experiments on 100 kW pilot plant. Many valuable experimental results were collected in the pilot plant run, e.g. dry gas composition and content of undesirable compounds in product gas. In fact, these were the most complete data at disposal for a scale-up procedure. 
Table 1: Composition of dry gas in the pilot plant experiment (75 % plastics, 25 % biomass).4,6
	
	75 % plastics, 25 % biomass

	H2 (%vol,dry)
	49.5

	CO (%vol,dry)
	24.1

	CO2 (%vol,dry)
	8.4

	Hydrocarbons (%vol,dry)
	17.9

	LHVdry gas (MJ/Nm3)
	16.0



The experimentally assessed composition of dry gas is presented in Table 1. The hydrogen fraction is ca 10% higher and carbon dioxide fraction is ca 10 % lower than in biomass gasification on the same plant. Fraction of carbon monoxide is quite similar to the one found in biomass gasification, while the content of hydrocarbons is slightly higher. See the literature for dry gas compositions usually achieved with biomass feedstock in DFB plants.9 The product gas composition is relatively close to chemical equilibrium of water-gas shift reaction.15  
In the experiment the smooth operation was achieved and the levels of undesirable compounds in product gas were low. The content of GC-MS tars measured in a one day long co-gasification experiment amounted to 8.2 g/Nm3dry gas, while this content is ca 6 g/Nm3dry gas in an equally short biomass gasification experiment. In a prolonged experiment a decreased production of tars is expected.5,16 By scrubbing a product gas from biomass gasification with RME3 it becomes clean enough to be used in gas engines. An acceptable tar load for gas engines is 0.1 g/Nm3 dry gas.2 It is plausible to assume that a combination of prolonged plant operation and RME scrubbing would reduce the tar content in the co-gasification product gas to an acceptable level for a gas engine use. 
During experiment the temperatures at various points of DFB reactor were measured. The temperatures were 850 °C for gasification reactor and 939 °C for combustion reactor. Steam entered the gasification reactor with temperature of 311 °C. The temperatures of air 1 and air 2 were 49 °C and 367 °C respectively. Known values of temperatures are prerequisite for calculation of heat flows, which are presented together with mass flows in the literature.4  
 
4.3 Semi-industrial plant

The carbon monoxide fraction in semi-industrial plant experiments is ca 20 % higher and hydrogen fraction is ca 20 % lower than in case of biomass gasification on 100 kW pilot plant.9 It should be emphasized that both are DFB technologies, with steam as gasification agent and biomass as fuel, thus similarity of results was expected, but the measured values show that this does not apply. 
The additional observations are that the amount of heat transported to gasification reactor is quite low, i.e. the combustion reactor of semi-industrial plant seems to be undersized. Also, in some parts of the loop the air is used to achieve fluidization.17
Table 2: Composition of product gas in the semi-industrial 750 kW plant. 
	
	H2 (%vol,dry)
	CO (%vol,dry)
	CO2 (%vol,dry)
	CH4 (%vol,dry)
	C2H4 (%vol,dry)
	H2O (%vol)

	Sample 1
	21.0
	45.3
	21.5
	7.5
	3.9
	38

	Sample 2
	22.7
	42.1
	20.3
	8.9
	4.7
	43

	Sample 3
	28.1
	39.1
	18.8
	8.3
	4.3
	43

	Sample 4
	21.0
	45.2
	21.1
	7.9
	4.2
	25



[image: ]
Fig. 2: The 750 kW semi-industrial plant. Photo courtesy of Bosio d.o.o. Author: J. Mele.17
It is not known to what extent these observations are related to the measured product gas composition shown in Table 2. As there is no significant fraction of nitrogen in product gas, it is also not very likely that oxygen from air contributes much to the formation of carbon monoxide. With better measuring equipment more data would be gathered in experiments and further improvements on semi-industrial plant would make the plant more competitive. 

4.4 Scale-up predictions

In current work the four scale-up predictions are discussed. The first scale-up prediction is based on the idea that the semi-industrial plant only requires minor adjustments in set temperatures, mass and heat flows to improve the gasification process and even be ready for a co-gasification. With three equilibrium predictions the influence of losses on the performance of gasification plant is revealed.  
A simple scale-up of the pilot plant experiment is shown first (see Fig. 3). The procedure in this case was to increase the mass and heat flows found in the co-gasification pilot plant experiment by eightfold, while the temperatures do not differ from the temperatures measured in the pilot plant experiment. In this situation 798 kW of dry gas is produced. Note that this value encompasses both heating up from 25 °C to 850 °C and the LHV of dry gas, see Eq. 1. A considerable amount of fuel oil must be fed to the riser (35. 2 kg/h or 410.7 kW), by which an efficiency of the plant is reduced, see also Eq. 2. The experimentally obtained dry gas contains hydrocarbons which heighten its LHV. There are two additional flows not shown on Fig. 3: tars and entrained char. A sum of both amounts to ca 33 kW for a plant of 720 kW fuel power.
The procedure of scale-up from experimental data takes in account the formation of undesirable compounds as well as the fact that the chemical equilibrium in product gas was not achieved. From this perspective the result (Fig. 3) is considered to be quite realistic, with possible exception of the relatively high losses for such a plant size. In reality the larger plants are expected to have good insulation and small surface-area-to-volume ratio, both factors contributing to the reduction of losses.6 
The low CGE values are caused by high losses and high steam-to-fuel mass ratio.12 In the experiment that was taken as a basis for predictions, steam-to-carbon mass ratio amounted to quite a high value of 2.3 kg/kg. The losses were subject to variation in the model, and by decreasing them the CGE value heightens (see Fig. 3 and Table 3).
[image: ]
Fig. 3: Scale-up results obtained by taking pilot plant experiment as a basis. With 160 kW of losses the cold-gas efficiency amounts to 45 %.
The equilibrium model simulations are similar to the first prediction regarding the flows of air 1, air 2, biomass, plastics and steam. The heating oil is added in this model in such a manner that the full load operation (1) of combustion reactor is provided. With different ratios of char and oil fed to combustion reactor, the output of heat remains almost constant. Important differences are however found in regard to the gasification reactor.
The redistribution of heat as well as changes in mass flows are clearly seen in Table 3. When losses are reduced, more energy is available for chemical conversion of feedstock. Thus, by lowering the losses the following effects in mass flows exiting the gasification reactor are seen: higher mass flow of dry gas, lower mass flows of steam and char. Additionally, CGE and quality of dry gas are higher when losses are lower. LHV value of dry gas increases, while carbon dioxide fraction decreases (see Table 3). Smaller mass flow of char must be compensated for by adding more fuel oil to the riser (due to the assumption of =1). This has no adverse effect on the efficiency of the plant, because the heat flow of the dry gas increases simultaneously. The experiment-based case is quite similar to the one with 70 kW losses in amount of oil added. However, due to the smaller heat flow of dry gas the efficiency achieved in the experiment is smaller.
Table 3: Dry gas compositions, mass and heat flows as predicted by equilibrium model. The flows of air 1, air 2, plastics, biomass and steam to gasification reactor are the same as in Fig. 3 for all three simulations. 
	
	Losses of 160 kW
	Losses of 115 kW
	Losses of 70 kW

	mC (kg/h)
	26.3
	12.8
	0.1

	mO (kg/h)
	17.2
	28.0
	38.2

	mDG (kg/h)
	99.3
	134.3
	164.7

	mSG (kg/h)
	84.8
	63.3
	45.7

	mFG (kg/h)
	592.2
	589.5
	587.0

	PC (kW)
	248.0
	120.5
	0.5

	PO (kW)
	200.6
	326.6
	445.2

	PDG (kW)
	613.6
	792.9
	962.4

	PSG (kW)
	40.9
	30.5
	22.0

	PFG (kW)
	171.9
	174.4
	176.7

	CGE (%)
	48
	54
	59

	yH2 (%vol., dry)
	71.8
	67.6
	64.6

	yCO (%vol., dry)
	16.9
	22.8
	27.9

	yCO2 (%vol., dry)
	11.3
	9.6
	7.5

	LHVdry gas (MJ/Nm3)
	9.9
	10.2
	10.5



The effects of additional heat on gasification reactor performance, described by the equilibrium simulations, are of interest in the case of 750 kW semi-industrial plant, due to the suspicion that too low heat transfer between reactors is an obstacle to better performance of the plant. The output of combustion reactor in all four cases is ca 320 kW. Taking the losses in account, there remains 160-250 kW of heat for chemical reactions. It can be concluded from Table 3 that product gas benefits from increased heat delivery to the gasification reactor.              
 
5. Conclusions

The results of experimental work (TGA, 100 kW pilot plant and 750 kW semi-industrial plant) paved the way to scale-up procedure: minimal residence time in the gasification reactor for the biomass and plastics co-gasification is cca. 5 minutes. Mass and heat flows for continuous and efficient operation of the pilot plant are known. With scale-up the problem of losses appears-they are assumed to be between 70 kW and 160 kW in the semi-industrial plant of 750 kW. With equilibrium model the effect of losses can be simulated, while the experiment-based prediction remains the most important. 
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7. Notation

	h
	Enthalpy, kJ/kg

	LHV
	Lower heating value, kJ/kg

	CGE
	Cold-gas efficiency,/

	m 
	Mass flow rate, kg/h

	P
	Heat flow rate, kW



Greek letters 
	
	air–fuel equivalence ratio, /



Subscripts
	A1
	air 1

	A2
	air 2

	B
	biomass

	C
	char 

	DG
	dry gas

	FG
	flue gas

	O
	fuel oil

	P
	plastics

	S
	steam to gasification reactor

	SG
	steam in product gas
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