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In this study, effects of straw co-firing with a renewable fuel — low heating value biogas — on the combustion
characteristics, heat output from the device and composition of flue gas, are studied and analyzed with the
aim to achieve more efficient use of straw for energy production. The study combines experimental research
and mathematical modelling of the processes developing at co-firing of straw pellets with a low heating value
biogas, which consists of 60 % methane and 40 % CO,. The complex research of the effects of straw co-firing
on the gasification and combustion characteristics suggests that the increase of the biogas supply from 0 up to
1.35 I/min (additional heat input up to 0.4 kW) stabilizes the after-flame stage of the combustion of straw
pellets, thus completing the burnout of volatiles, increasing the average value of the axial flow velocity, the
flame temperature and the heat output from the device by about 25 — 30 %. The mathematical modelling of
the straw co-firing with biogas is provided with account of variations of combustible volatiles by increasing the
biogas supply into the experimental setup. A mathematical model of the combustion dynamics has been
developed using MATLAB. A system of dimensionless parabolic type partial differential equations was used to
describe the formation of the 2D compressible reacting swirling flow, the variations of the mass fraction of
volatiles, flame species and flame temperature at thermo-chemical conversion of volatiles. Results of the
numerical simulation were analyzed considering the processes developing downstream the combustor.

1. Introduction

The rapidly increasing global warming strengthens the requirements for local heat producers to limit the use of
fossil fuels for heat production by providing a more effective use of renewable energy sources for energy
production to mitigate climate changes. The researchers in Denmark, United Kingdom and other EU countries
continue their extensive studies concerned the more intensive use of local plant biomass resources, especially
agricultural waste, e.g., straw, which is considered as an important fuel for future advanced power/heating
stations (Rathmann et al., 1995). However, the relatively low net heating value, the high nitrogen and ash
contents can cause an excessive production of NO,, CO and the problems related to the boiler operation
stability (Olsson, 2012). Nowadays these problems restrict the utilization of straw for the heat energy
production. To minimize the negative effects, the co-firing of straw with a fossil solid fuel (Pedersen et al.,
1996; Barmina et al., 2018a), propane (Barmina et al., 2017b), or with natural gas (Overgaard et al., 2015;
Agbor, 2015) has been studied to assess the feasibility of the straw co-firing for the improved use of straw for
heat energy production with the reduced greenhouse carbon (CO;), NOy, CO, GHG emissions and ash. For
this reason, heat producers will increasingly practice the burning of fuel mixtures, partially replacing fossil fuels
(coal, natural gas) with local renewable fuels (wood, straw). That have the advantage regarding the CO»
neutrality and fossil fuel economy, which reserves are limited and rapidly deplete. Today the co-firing of
biomass with fossil fuels has become a common and mature technology for energy production. However, only
a few studies have been carried out to find out additional options for the co-firing of straw with biogas and to
estimate the advantages and disadvantages of this process. In this context, the complex experimental
research, mathematical modelling and numerical simulation of the processes developing at the wheat straw
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co-firing with biogas have been carried out with the aim to find out the main factors affecting the thermal
decomposition of straw, the combustion efficiency, the heat energy production and the flue gas composition.

2. Experimental

Effects of the wheat straw gasification/co-firing with a biogas, which is composed of CHa4 (60 %) and CO> (40 %),
were studied using a batch-size experimental setup with an average heat power up to 1.5 kW (Barmina et al.,
2017b). The estimation of the low heating values (LHV) of the biogas and straw, respectively, 17.6 MJ/kg and
17.3 MJ/kg, suggests that they are comparable. The main parts of the setup are a biomass gasifier filled with
straw pellets, two water-cooled sections of the combustion chamber and a gas burner which ensures the co-
firing of straw with the biogas. The biogas burner provides a heat flux onto the upper layer of straw pellets. It
initiates the thermal decomposition of straw and sustains the combustion of volatiles. The biogas supply (Qbio)
in the test experiments was varied from 0.99 I/min up to 1.35 I/min, thus varying the additional heat input into
the setup from 0.39 kW up to 0.45 kW, which corresponds to 27-36 % of the total heat output from the device.
To assess the effect of the biogas co-firing on the thermo-chemical conversion of straw, the experimental
study involved complex measurements of the main gasification and combustion characteristics using the
experimental methodology described in Barmina et al. (2018a). The methodology supposes combined
measurements of the straw weight loss rate (dm/dt) at the thermal decomposition of pellets, of the composition
of volatiles entering the combustor, of the axial and tangential flow velocities, of the flame temperature, of the
heat power of the device, of the total produced heat energy per mass of burned solid fuel, and of the flue gas
composition at different rates of the additional heat input by the biogas flame flow.

3. Result and discussion

The results of previous studies show that the thermo-chemical conversion of wheat straw when co-firing it with
solid (Barmina et al.,, 2018a) or gaseous (Barmina et al., 2017b) fuels is a very complex process which
involves a series of reactions and is strongly influenced by the elemental and chemical composition of
biomass (Barmina et al., 2018a), determining the thermal decomposition of straw, the formation, ignition and
combustion of volatiles. The thermal decomposition of straw at its co-firing with a biogas results in complex
variations of the weight loss of straw pellets at different stages of the straw thermo-chemical conversion,
depending on the biogas supply rates. During the primary pre-combustion stage (t = 500 — 1,000 s), the
increase of the biogas supply into the gasifier slows down the weight loss rate of straw pellets and, as a result,
decreases the release of combustible volatiles (Figure 1a, 1b). During the self-sustaining burnout of volatiles (t
= 1,000 — 2,600 s), increasing the biogas supply into the gasifier results in a slight increase of the weight loss
rate of straw pellets (by about 6 %) with a correlating increase of the volume fraction of the combustible
volatiles (CO, Hz) produced at - thermal decomposition of straw (Figure 1a, 1b).
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Figure 1: Effect of the biogas supply rate variations on the average values of the straw weight loss rate (a) and
on the kinetics of release of combustible volatiles entering the combustor (b).

A similar effect of the biogas supply on the kinetics of volatile formation is deduced from the results of the
FTIR spectrum analysis of the gasification gas composition. These results confirm that the co-firing of straw
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with the biogas results in a slight delay of the volatile formation at the primary pre-combustion stage (t = 500 —
1,000 s), with the enhanced and more lasting formation of volatiles at t > 1,000 s (Figure 2, a-d). The analyzed
IR absorption wavelengths of the CH4, CO,, CyH4, CoH, components are 3,017; 668; 950; 732 cm’™

accordingly.
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Figure 2: Effect of the biogas supply rate variations on the kinetics of volatiles formation at the gasifier outlet
when co-firing straw with biogas.

The most pronounced variations of the main flame characteristics (flow velocity and flame temperature) were
observed during the self-sustaining burnout of volatiles (t = 1,000 — 2,600 s), when co-firing of straw pellets
with biogas results in the increase of the straw weight loss rate (Figure 1a), with the enhanced release of the
combustible volatiles (Figure 2). Increasing the biogas supply into the device up to 1.35 I/min during this stage
of straw co-firing, the average value of the axial flow velocity at the flame base (L/D = 1.5) increases from
0.195 m/s to 0.31 m/s, while the average flame temperature (L/D = 2.7) increases from 860 K up to 970 K.
Moreover, by analogy with time-dependent variations of the absorption intensity of volatiles (Figure 2), the
time-dependent variations of the flame temperature at different rates of the biogas supply confirm a more
lasting volatiles burnout. Along with the effect of biogas co-firing on the axial flow velocity and on the flame
temperature, the variations of the setup heat power and total produced heat energy per mass of burned straw
pellets were observed (Figure 3a, 3b). By analogy with the kinetics of volatiles formation at the gasifier outlet
(Figure 2) and time-dependent variations of the flame temperature, increasing the biogas supply into the
device results in the more lasting heat output from the experimental setup (Figure 3a), completing burnout of
carbon monoxide by about 30 — 50 % during the char conversion stage of straw (Figure 3c) and increasing the
total produced heat energy by ~32 % at the thermo-chemical conversion of straw (Figure 3b). The complex
measurements of the main flame characteristics as well as the flue gas composition suggest that the co-firing
of straw with biogas improves the combustion process by decreasing the air excess ratio and the mass
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fraction of CO in the products at the final stage of char conversion (t > 2,600 s), whereas it increases the
volume fraction of carbon-neutral CO; emissions in the products (Figure 3c, 3d).
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Figure 3: Effect of the biogas supply rate variations on the heat power of the setup (a), on the average values
of the total produced heat energy per mass of burned solid fuel (b), on the time-dependant variations of the
CO volume fraction in the flue gas (c), on the average values of the CO, volume fraction and on the air excess
ratio (alpha) in the flue gas (d) when co-firing wheat straw with biogas.

4. Results of mathematical modelling and numerical simulation

For the mathematical modelling, a system of dimensionless parabolic type partial differential equations was
used to describe the formation of the 2D compressible reacting swirling flow, the variation of the mass fraction
of the combustible volatiles (CO, Hz) downflow in the reaction zone and the main parameters of the flame flow
during the combustion of these volatiles.

A mathematical model for the combustion of volatiles downstream the combustor has been developed using
MATLAB with the account of variations in CO, Hz supply into the combustor by varying the biogas input into
the setup. The results of the numerical simulation were analyzed considering two exothermic second chemical
reactions developing at the combustion of the volatiles (Westley, 1980; Douglas et al., 1956):

H, + OH — H,O + H (1)

CO+0OH—->CO;+H 2)
The chemical reactions Eq(1, 2) were used for mathematical simulation of the combustion process of the main
volatiles produced at the biomass thermal decomposition when co-firing wheat straw pellets with the biogas.
The input data (Table 1) for the simulation taken from the physical experiment are the average values of the
molar density of the volatiles C'1 (H2) and C’s (CO) at different straw co-firing regimes with variation of biogas
amounts supplied into the combustor.
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Table 1: Input data of average values of the molar density of the combustible volatiles (H, and CO) for
numerical simulation by varying the biogas supply into the combustor (qpio).

Jbio 0 I/min 1.00 I/min 1.17 l/min 1.23 I/min
C'i(Hz), mol/m>  1.500 1.525 1.475 1.490
C’s (CO), mol/m®>  1.689 1.853 1.854 1.717

In the mathematical model, the mass fractions of the reactants at the combustor inlet are presented as C,
where k is the reactant or the product number from 1 to 6, where C4 is Hz, C2 — OH, C3 — H20O, Cs4 — H, Cs —
CO and Cg is CO,. In respect to the Eq(1, 2) described mechanism, one can assume Ci + C; + Cs = 1,
whereas the mass fractions of the products are C3= C4= Cg= 0.

In addition to reactions Eq(1, 2), two other exothermic reactions Eq(3, 4) for the combustion of volatiles with
account of the three reactants C4 (CO), C, (O2), C4 (H2) and two main products Csz (COy), Cs (H20) (without
OH, H) were considered in the mathematical model (Martinez, 2018).

2 Hy;+ O, — 2H0 (3)

2CO0+02,—-2CO0O; (4)

At the inlet of the combustor, the conditions C4 + C, + C4 =1 and C3 = C5 = 0 are fulfilled, where C4 is Hy, Co —
Oy, C3 — H20, C4 — CO, and Cs is CO,. The following dimensionless values were used for the mathematical
modelling (Martinez, 2018): the heat effects q1 = 11.20, g2 = 5.48, the scaled activation energies &1 = &, =
18.75, the scaled reaction-rates pre-exponential factors A = 1.72-108, A= 3.37-108

For the mathematical modelling, a 2D axially symmetric ideal, laminar compressible swirling flow with six
chemical species of reactions Eq (1 — 4) developing downstream the coaxial cylindrical combustor of radius ro
= 0.05 m and length zo = 0.1 m was used. The parameters z, r, t, T, u, w (length, radius, time, temperature,
axial and radial components of velocity) are expressed in the dimensionless coordinates and, correspondingly,
are normalized at the inlet (z = 0) by the radius ro at the time to = ro/Uo, where Ug = 0.1 m/s is the normalized
velocity, To = 300 K is the temperature at the process start and Vo = 3Up. The approximation is based on the
implicit finite difference and alternating direction (ADI) method (Douglas et al., 1956). The numerical results
depending on (z, r, t) were obtained for0 <z<2;0<r<1;0<t<1.

Table 2: Numerical simulation of the values of the mass fractions of chemical species (Ck, end), maximum (Tmax)
and average (Tav) flame temperature, maximum axial (Umax) and radial (Wmax) flow velocities versus the varying
rate of biogas supply into the combustor inlet (teng = 0.5 S; C», end = 0).

0 1.00 1.17 1.23 0 1.00 1.17 1.23
I/min I/min I/min I/min [/min I/min I/min I/min
Cisat? 0370 0.380 0.370 0.370 Ci st ? 0375 0.381 0.368 0.373
Cs sat'*?  0.420 0.460 0.460 0.430 Cu e 0.422 0.463 0.464 0.429
Ca st ™ 0.210 0.160 0.170 0.200 Cysat©?  0.203 0.156 0.168 0.198
C1, end 0.327 0.336 0.327 0.327 Ct, end 0.357 0.369 0.355 0.356
Cs, end 0.195 0.294 0.279 0.215 C4, end 0.312 0.364 0.355 0.318
Cs,end ™9 0.082 0.067 0.068 0.215 Csend™?  0.157 0.112 0.119 0.151
Cs4, ena™ 0.012 0.009 0.010 0.012
Ce,ena“9?  0.353 0.261 0.284 0.337 Csena“9? 0173 0.155 0.171 0.175

Species® Species?

Umax 3.54 3.34 3.37 3.50  Umax 3.77 3.50 3.60 3.75
Wnax 2.51 2.49 2.49 2.50
Trmax 2.19 1.95 1.99 214 Tmax 2.46 2.16 2.25 2.44
Tav 2.07 1.86 1.89 2.02

' _ values for the parameter obtained using the Eq(1, 2) chemical reaction mechanism.
2 _ values for the parameter obtained using the Eq(3, 4) chemical reaction mechanism.

Regarding the mechanism described by the Eq(1,2), the maximum values of the temperature Tmax, flow
component velocities Umax, Wmax, Mmass fractions Cy eng Of the species CO (Cs), Hz (C1), CO2 (Ce), H (C4) and
averaged temperatures T, are summarized in Table 2. The mass fraction of the reactant OH (C.) decreases
to zero by the time teng = 0.5 s. The mass fraction of H, (C1) decreased nearly to 0.04 and remained almost
constant during the selected time for all simulated series depending on the biogas supply variations.

The results of the numerical simulation showed a strong decrease of the main combustion products (CO, and
H20) for the biogas supply 1 I/min, with a slight increase of this parameters afterwards. The maximum and
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averaged temperature values as well as the flow velocity values also exhibited a strong decrease at the
selected biogas supply rate. Although the gradual increase of the biogas supply improved the flame
characteristics and the mass fraction of the main combustion products, the calculated data at straw co-firing
with a maximum biogas supply of 1.23 I/min reached only the initial parameters related to straw combustion.
Similar results were obtained with the 1D model using MATLAB routine “pdepe” for reactions Eq(1, 2). For
reactions Eq(3, 4) it is shown that at this calculated time the mass fractions for H, (C4) and CO (Cy) nearly
decreased by 3-5 % and by 21-26 %, respectively, for all calculated series of the biogas/straw co-firing.
Otherwise, the simulation of the variation of the main combustion parameters corresponds to the changes
obtained using the Eq(1, 2) reaction mechanism.

5. Conclusions

As a result of the experimental study, it was found that the co-firing of straw and biogas accelerates the
thermal decomposition of biomass, improves the burning of volatile biomass gasification products and
increases up to 36 % the total amount of the heat collected from the experimental setup. The co-firing
technology improves the main characteristics of the flame (temperature, air excess) as well as reduces the
amount of harmful emissions into the atmosphere, especially at the final stages of char conversion.

The results of the mathematical modelling have shown that, in accordance with the data of the experimental
study, the co-firing of wheat straw with biogas at the supply ratios below 1.23 I/min leads to the decrease of
the flame temperature and its axial flow motion, decreasing along the burnout of CO and the formation of CO,.
The results of 1D and 2D modelling of the straw co-firing with biogas show that the maximum values of the
products are obtained at the 1.23 I/min biogas supply rate, however, to improve the numerical simulation,
higher values of the biogas supply rate should be considered in the next studies.

The consolidated results of this work prove that the additional heat from the biogas flame allows controlling the
thermal decomposition of straw pellets, the formation, ignition and burnout of the volatiles and the
development of the combustion dynamics, thus completing the combustion of biomass and leading to cleaner
heat energy production.
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