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Abstract

A static and a dynamic model of a straw-fired boiler have been developed. The  boiler is a super critical grate boiler, with a maximum load of 100 MW thermal. Both models use a lumped model assumption with 9 control volumes (zones) inside the boiler. The conversion of the solid matter, the gas phase reactions and the thermal radiation in the furnace are modeled. The straw conversion is modeled by dividing the conversion into 4 stages (drying, pyrolysis, gasification and combustion) located in 4 different zones. The assumption of chemical equilibrium is used in the 5 gas phase zones above the bed, and the thermal radiation is modeled by use of a simple analytic expression based on combined surface and flue gas radiation. 

1. Introduction

The amount of installed controllable electrical power in Denmark has decreased during the last decades because of a growing quantity of decentralized combined heat and power production and wind power production. This leads to high demands for fast and intelligent regulation for the remaining primary power plants. The boiler that is modeled in this project is the straw-fired grate boiler at Enstedværket in Aabenraa, Denmark (Bio-EV3). This plant is a primary plant and the largest biomass fired boiler in Denmark (100 MW, thermal). The boiler can operate at super critical pressures and has the approximate dimensions: 7m(8m(23m (L(W(H).

This work covers the development of both a static and a dynamic model. The main aim of the dynamic model is to predict the dynamic behavior of the heat absorbed in the water/steam circuit and the flue gas condition at the outlet of the furnace. Dynamic operation may occur when for instance there is a change in load or a change in the water content of the straw used. The computational speed of the model is also a very important issue, because the model should be fast enough to be used for control purposes. The model is based on both basic theory and measurements carried out on Bio-EV3. The model is implemented in Engineering Equation Solver (EES), which will be described briefly in Chapter 4.

Initially a thorough study of the heterogeneous mechanisms governing the conversion of solid material (straw) into gas and ashes has been accomplished. Also the chemical reactions in the gas phase and the radiation phenomena inside the boiler is investigated. This study forms the basis for the first model, which is a static model. The static model is then made dynamic by a few modifications (cf. Chapter 3.1.2). These two models will in the following be referred to as the static model and the dynamic model. If none of the words static or dynamic are stated, the term model refers to both models. 

A more elaborate version of the presented work can be found in [1].

2. Physical System

Many different physical phenomena are present in the boiler, with the following areas as the most important for this model: 

1. Heterogeneous processes:


Conversion of solid material (straw) into gases and ashes.

2. Homogeneous processes:


Gas phase processes, mainly oxidation of combustibles.

3. Heat transfer:


Heat transfer to the water cooled boiler walls caused by thermal radiation and convection in the furnace.

The heat transfer to the water circuit in the main grate is determined from an empiric expression. A few other physical variables are also determined from functions based on measurements. These are the amount of false air into the furnace and the pressure loss over the two water-steam circuits. These empiric functions are validated by measurements when possible.

2.1. Heterogeneous processes
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Figure 1. Schematic picture of the boiler (Bio-EV3). Different flows are showed with arrows.

The straw enters the boiler on the front grate and is being pushed to its end. Hereafter the solid material falls down on the main grate and continues moving downwards through the furnace by the vibrations of the main grate (cf. Figure 1). The heterogeneous processes take place in the solid material as it moves from the inlet on the front grate to the outlet on the main grate. The processes can be divided into four stages: drying, pyrolysis, gasification and combustion. 

Just after the straw enters the front grate it begins to dry due to the high temperature in the furnace. When the drying is finished the straw begins to devolatize (pyrolysis), which means that the straw is thermally converted into char, ashes, tar and different gases (volatiles). The tar leaves the bed with the gases, while the char and the ashes continues on the grate for further processes. The remaining heterogeneous processes consist of the conversion of the char (almost pure carbon) into CO and CO2 by reactions with the oxygen in the air added at the bottom of the boiler. The char is converted by reaction with O2 to form CO or CO2 (combustion) or by reaction with CO2 to form CO (gasification). In general the combustion process is much faster than the gasification process. This means, that practically no gasification will occur as long as there is a surplus of oxygen in the bed.

2.2. Homogeneous processes

The flue gas leaving the bed contains a large amount of combustible gases, which comes from the volatiles and the CO from the char conversion. The main combustible gases are CO, CH4 and H2. The main non-combustible gases are N2, CO2, H2O and O2. Air is added through the walls of the boiler at different levels to ensure a complete combustion of all the combustible parts in the flue gas. The primary air is added through the main grate (cf. Figure 1), and just below and above the front grate ignition air is added to speed up the processes of drying and pyrolysis. This happens as the volatiles are being partly oxidized and hereby produce a large amount of heat. Secondary air is added at two levels just as the following addition of over fired air.

The tar content in the volatiles is ignored in the model, as it will convert into gases right after its formation. This will happen as a consequence of a combined thermal cracking and partial oxidation of the tar. In [2] experiments with the conversion of tar show, that with temperatures above 900 °C thermal cracking takes place, and by adding just a small amount of air partial oxidation occurs. Both processes reduce the tar content substantially. This leaves only the 7 major gas species for further consideration. The species are CO, CH4, H2, N2, CO2, H2O and O2.

2.3. Heat transfer

There are two separate water/steam circuits in the boiler. One is in the water walls and the other is in the main grate. The heat absorption in the water walls is by far the biggest of the two. The heat transfer to the walls consists of radiation and convection, where radiation contributes with about 90 % [3]. The heat transfer to the main grate consists of radiation and conduction and is determined by an empiric expression.

Radiation constitutes as mentioned the most important contribution to the heat transfer in the furnace. Both surface radiation and volumetric gas radiation are taken into account. Radiation from particles in the flue gas is ignored because of the relative small amount. 

3. Mathematical Model

Both models consist of 11 control volumes. 4 volumes (zones) contains the bed processes, 5 volumes (zones) are placed in the gas phase region above the bed and the remaining 2 volumes are the two water-steam circuits, with one in the grate and the other one in the water walls of the boiler (cf. Figure 2). Both models are lumped models in the sense that there are no internal gradients in the zones. Energy balance and element balances are used for every single control volume. All the outflows from a zone have a common temperature called the zone temperature, which is determined by an energy balance:
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where 
[image: image3.wmf]x

n

&

 is the molar flowrate of element x, hx is the molar specific enthalpy, T is the temperature and 
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 is the added heat to the volume.

The static model consists solely of algebraic equations whereas the dynamic model also contains an ordinary differential equation. The static model is made dynamic by introducing dynamics only where the largest time constants are present. This means that the model is only made dynamic where the time response is slow. By studying the reaction rates in the different control volumes it is found, that the conversion of char is by far the slowest process. Thus the two zones dealing with char conversion are made dynamic and the rest of the zones stay as in the static model. The way the two bed zones are made dynamic is by introducing the amount of char on the main grate as a dynamic variable. 
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Figure 2. Schematic picture of all the flows of material and transport of heat, used in the model. The 11 control volumes are shown with solid line rectangles. The name of each zone is written within the rectangles.

3.1. Bed Processes

The 4 bed zones are characterized by the processes taking place within them. The processes are drying, pyrolysis, char gasification and char combustion. The equations governing the outflow from each zone are deduced from energy balance, element balance and a few empiric expressions. The rate of conversion of char is used in the dynamic model. The physical location of each zone may vary in time, and eventually part of, for instance, the gasification zone may be placed on the front grate and the other part remain on the main grate.

3.1.1. Drying and Pyrolysis of Straw

In the drying zone the total water content of the straw evaporates and diffuses through the material to the surrounding gas. The water content of the added straw is measured and is therefore specified as an input to the model. The required amount of heat is determined from the energy balance and it is taken from the ignition air zone. The water leaves the bed and the dry straw continues to the pyrolysis zone.

The dry straw is assumed to consist solely of carbon, hydrogen, oxygen and ashes, which in reality make up about 98-99 wt.%. The content of these elements is measured and used as input to the model. In the pyrolysis zone the straw is converted into the volatile matter (CO, CO2, H2O, CH4 and H2) and the remaining solid, composed of pure carbon and ashes. The pure carbon that is left as char, is the amount of fixed carbon in the straw. The fixed carbon content makes up about 20 wt.% of the dry straw. This number is used as a parameter in the model. To determine the remaining 5 unknowns in the volatiles, 5 equations are needed. The element balances of C, H and O give 3 equations.

By experiments, it is found that the enthalpy of reaction for the pyrolysis process is almost constant regardless of the actual pyrolysis process. The enthalpy of reaction is very small and in the area of 0 to 600 kJ/kg dry straw [4], [5], [6], [7] and [8]. This number is chosen as a parameter in the model, and the value is set to 
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where the summation is for the 5 gases, 
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 is molar flowrate, h° is standard enthalpy of formation, 
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 is mass flowrate, HHV  is higher heating value of the dry straw and 
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 are the molar flowrate of carbon and hydrogen respectively in the straw added. The higher heating value of the dry straw is used because the enthalpy of formation for straw is unknown. The higher heating value is chosen to be an input to the model. 

The remaining 5th equation in the pyrolysis zone is found by fixing the fraction of water in the volatiles. [4], [9] and [10] have found the water fraction to be between 12.7 and 13.3 wt.%. Thus the water fraction is fixed to 13 wt.%.

3.1.2. Char Conversion

The char conversion is taking place in the combustion zone and the gasification zone (cf. Figure 2). The gasification zone is defined to start when all the oxygen in the primary air is used. If the addition of oxygen in the primary air is larger than the amount used by combustion, the gasification zone will not exist (cf. Figure 3, state B and C). The only relevant reactions are shown in Figure 3, where nitrogen and ashes are assumed inert. The flow of ashes and carbon going into Figure 3 are known from the pyrolysis zone, and the flow of oxygen and nitrogen in the primary air are set as input to the model. Also the percentage of unburned carbon leaving the combustion zone is fixed to a value based on measurements on Bio-EV3.
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Figure 3. Schematic representation of the three states (A, B and C) used in the model to describe converting of char. The vertical, bold arrows indicate flowrates, and the horizontal arrows indicate addition of heat (mostly negative). The air-fuel ratio is increasing from state A to B to C.

In state C in Figure 3 the outflows of CO2 and O2 are known from element balances on C and O. In state A there are 5 unknowns, which are the CO, CO2 and C from the gasification zone, and the CO and CO2 from the combustion zone. Element balances on C and O on the two zones give 4 equations. The remaining equation is given by fixing the ratio between the CO and CO2 formed in the combustion zone to 0.4. [11], [12], [13] and [14] have investigated char conversion and found this ratio to be between 0.2 and 0.5 with different air-fuel ratios less than 1 and comparable temperatures.
 Thus for continuity reasons there must be a state B between state A and C. In state B the ratio between the CO and CO2 from the combustion zone goes from 0.4 to 0 as the air-fuel ratio is increased. Thus in state B CO is formed and no O2 leave the zone contrary to state C.

In the dynamic model a few changes are made in the combustion and gasification zones, but the states defined in Figure 3 still apply. However the element balance for carbon no longer holds. As explained, the dynamic variable is the total amount of carbon in the two zones, which implies the introduction of the rate of conversion of carbon in each zone. The rate of conversion is defined as the ratio between the rate of converted carbon and the total amount of carbon in the zone. Now the conversion can either be limited by the calculated rate of conversion or by the available amount of oxygen. 

The rate of conversion in the combustion zone and the gasification zone are determined from the zone temperatures and the concentrations of O2 and CO2 respectively. The two functions are deduced from basic theory and experimental data from [15] and [11]. Combustion is assumed limited by diffusion of O2 to the char surface. Gasification though is assumed limited by diffusion of CO2 for temperatures higher than 950 °C and by kinetics for temperatures lower than 950 °C.

The air available for the heterogeneous processes is mainly the primary air, because these processes are assumed to take place on the main grate. As a matter of fact parts of the solid matter manage to convert on the front grate by use of the ignition air. To achieve the right air-fuel ratio for the heterogeneous processes a fixed fraction of the ignition air is added to the primary air in the model. This ratio is named ( and it is specified as a model parameter ((([0,1]).

3.2. Gas Phase Processes

The entire gas phase volume above the bed surface is divided into 5 separate zones, with one zone for each level where combustion air is added (cf. Figure 1). In both the static and the dynamic model the gas phase chemistry is modeled under the assumption of chemical equilibrium in the outflow from each zone. The 7 species, that are assumed present are CH4, CO, CO2, H2, H2O, N2 and O2, where N2 again is assumed to be inert.

In the static model the equilibrium composition in the flue gas is calculated by minimization of Gibbs free energy by use of Lagrange undetermined multipliers. All the gases are assumed ideal, which leads to the following expression:
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where 
[image: image15.wmf]o

f

g

 is the Gibbs free energy of formation, R is the ideal gas constant, T is the absolute temperature, x is the molar fraction, P is the total pressure, 
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 is evaluated, ( is the Lagrange undetermined multiplier, ai,j specifies the number of elements j in the gas specie i and 
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 is the molar flowrate out of the zone. The remaining 3 equations are given by the element balances on C, H and O. When the molar fraction approaches zero (x < 10-3) Equation 3 is rewritten for computational reasons as:
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The equilibrium model described above is too elaborate to be used for dynamic simulation. A simpler equilibrium model was therefore developed. Basically the full equilibrium model is replaced with a simpler model based on a few stoichiometric assumptions and the water gas shift equilibrium. The assumptions are made from observations found with the full equilibrium model and the temperatures found in the static model. The simplification of the dynamic model is made to make it faster and more robust. It was found that combustibles and oxygen were not present to a great extent at the same time. Furthermore CH4 is almost totally converted to other gases right after its formation. An equilibrium composition will not contain CH4 as long as the temperature is above approximately 900 °C. Thus it is assumed that when the air-fuel ratio in the gas phase zones is greater than 1, only CO2, H2O and O2 are present. The composition can in this case be calculated solely by use of element balances. When the ratio is less than 1, only CO, CO2, H2O and H2 are present. The remaining equation is given by assuming equilibrium in the water gas shift reaction:
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where the equilibrium constant Kp is a function of the temperature: 
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Equation 7 together with the 3 element balances were solved analytically by hand to speed up the simulation process.

3.3. Thermal Radiation

It is assumed, that the heat transfer to the water steam circuit in the boiler walls is caused only by thermal radiation from the adjoining flue gas and the surface of the char bed on the main grate. The radiation model is a simplified analytic expression based on a combination of radiation between surfaces and between surfaces and gases in the furnace. This model determines the absorption of heat in the evaporator circuit. Both surfaces and gas volumes are assumed diffuse and gray,
 with constant emissivity. Furthermore the surfaces are assumed unable to transmit radiation, and the gas volumes are assumed unable to reflect radiation. These assumptions lead to:

Surfaces:
(surf = (surf = constant 
(8)

(surf ( (surf = 1
(9)

Gas volumes:
(gas = (gas = constant 
(10)

(gas ( (gas = 1
(11)

where ( is the emissivity, ( is the absorptivity, ( is the reflectivity and ( is the transmissivity. The emissivity of the boiler walls and the straw char surface are set to 0.8 and 0.9 respectively. The emissivities of the gas volumes are calculated for each zone as a function of geometry, the gas temperature and partial pressure of CO2 and H2O.

The boiler walls are assumed isothermal with a temperature corresponding to the saturation temperature of the water in the evaporator circuit. With these assumptions and Equation 8 to 11 the heat flux caused by radiation from each gas zone to the adjoining boiler walls, 
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where ( is the Stefan-Boltzmann constant, ( is the emissivity and T is the temperature.

To simplify the expression concerning the radiation from the char bed surface, it is assumed that the boiler walls are unable to reflect the radiation from the char bed back to the char bed. By use of equation 8 to 11 the heat flux from the bed surface to the boiler walls, 
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4. Mathematical Solver


[image: image28.wmf]gasification

drying

OFA, 2

OFA, 1

sec. air, 2

sec. air, 1

combustion

pyrolysis

ignition air

explicit given variables


Figure 4. Calculation order for the 9 zones in the boiler model. 

As mentioned in the introduction the model is implemented in the program Engineering Equation Solver (EES). This program is developed to solve differential-algebraic equations and has a lot of useful built-in features. The algebraic equations are solved by a variant of the Newton Raphson method, and the integration is performed by use of a second-order predictor-corrector algorithm. Among the useful built-in features are thermophysical property functions. 

When solving the algebraic equations, EES uses a block-method to organize the equations before they are solved. This means that equations, which can be solved independently of the other equations, are solved as one block. Equations in a block can only depend on known variables and variables, which are solved for in the current block. Thus the order, of which the blocks are solved, is important. When EES has organized the equations, the blocks of equations are solved sequentially. Hereby the stability and the speed of the calculation process are improved radically, especially for nonlinear equations. 

Figure 4 shows that the equations for the 9 zones in the furnace can be solved in 7 blocks. The inflow to the drying zone is given as model input, and inflow to the pyrolysis zone is outflow from the drying zone etc. The three zones joined in one block are coupled because of the temperature dependent heat transfer taking place between them. The radiation between the 5 gas phase zones is ignored in the model, to ensure that these zones are not coupled.

5. Results

 In [16] measurements on Bio-EV3 at full load (100 %) and part load (35 %) are presented. These measurements are used as validation for the static model. Measured flowrates and temperatures of the added straw and combustion air together with the chemical composition of the straw are used as input to the simulations. The modeled and measured temperature distribution in the gas phase region from the bed surface to the furnace outlet is reproduced in Figure 5. The height above grate for the simulation results corresponds to the level of the outflow from the current zone.
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Figure 5. Modeled and measured static temperature distribution in the flue gas in Bio-EV3. 100 % load (left) and 35 % load (right). The measurements are from [16].

Reference [16] also contains concentrations of selected gas species. The modeled and measured concentrations of CO2, CO and O2 are shown in Figure 6. The concentrations of CH4, H2, H2O and N2 have not been measured and are therefore not shown in Figure 6.
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Figure 6. Modeled and measured gas concentrations in the flue gas in Bio-EV3. 100 % load (left) and 35 % load (right). Measurements made by [16].

The total absorption of heat in the evaporator circuit in the boiler walls deviates from the measured values with (3 % and (4 % for 100 % load and 35 % load respectively.

The dynamic model is validated with measurements performed by Sønderjyllands Højspændingsværk who operates Bio-EV3. These measurements are quite sparse, but performed continuously throughout the day. It is chosen to use a period of time of about 140 minutes covering a rapid decrease in load from about 85 % load to about 34 % load. The initial value for the amount of char on the main grate is calculated by assuming steady state in the system at time = 0. Simulations are carried out for ( = 0 and ( = 0.3 (( is the fraction of the ignition air added to the primary air, defined in Chapter 3.1.2). The absorbed amount of heat in the evaporator circuit is shown in Figure 7. It should be noticed, that in about 50 minutes after the load decrease, the simulated values for the heat absorption are about 20-25 % too small. 
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Figure 7. Measured and simulated values for the absorption of heat in the evaporator circuit. All values are divided with the measured value at   time = 0.

A comparison between simulation results from the dynamic and the static model is shown in Figure 8. The static simulations are executed by using the same inputs as used in the dynamic model at the current time. The dynamic model seems to operate almost quasi static giving approximately the same results as the static model.
 However there is a difference between the two set of results for ( = 0. This is caused by the fact that for ( = 0 the initial amount of char is a lot greater than for ( = 0.3. Thus there is a char buffer for ( = 0, which does not exist for ( = 0.3. In Figure 9 the simulated temperature distribution in the gas phase is shown.
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Figure 8 (above). Simulated values for the absorption of heat in the evaporator circuit. All values are divided with the measured value of the heat absorption at time = 0. Comparison between the results from the static and the dynamic model for ( = 0 (left) and ( = 0.3 (right).
Figure 9 (left). Simulated values for the flue gas temperature at different levels in the boiler. ( = 0.3.

6. Conclusion

A static and a dynamic model of a straw-fired boiler has been developed. Both models use a lumped model assumption with 9 control volumes inside the boiler. The conversion of the solid matter, gas phase reactions and the thermal radiation in the furnace are modeled. The assumption of chemical equilibrium is used in the gas phase region above the bed.

The simulation results from the static model are compared with measured data, measured at 35 % load and 100 % load. In general a good agreement is observed. The absorption of heat in the evaporator circuit is within (3 % to (4 % of the measured values. The composition and temperature of the gas from the bed surface to the furnace outlet also agrees well with the measured data.

The dynamic model is validated against measured data from a load reduction of roughly 60 %. The model predicts a more rapid dynamic response from the absorption of heat in the evaporator circuit, than measured. In a short period of time after the load reduction, the model predicts the absorption of heat to be 20-25 % lower than the measured values. It can be seen that the dynamic model operates under almost quasi-static conditions. 
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� The air-fuel ratio is here defined as the molar ratio between the converted carbon (C) and the used oxygen (O2). Under static condition, the converted carbon equals the flow of fixed carbon in the straw exclusive the amount of unburned carbon.


� Diffuse radiation means that the radiation is equal in all directions (hemispherical), which also applies for reflected radiation. Equation 8 and 10 defines a gray medium. 


� CO2 and H2O are the only gas species in the flue gas that are able to emit and absorb radiation to an essentially extent.   


� When a dynamic system operates quasi static, it means that the dynamic response is so fast that the system constantly is in equilibrium.
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