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The goal of this study is to provide a more effective use of wheat straw for energy production by co-firing it with a gaseous fossil fuel – propane. The study includes experimental work and mathematical modelling of the processes developing at co-firing – the influence of the additional heat supply on the thermal decomposition of straw, on the formation, ignition and combustion of volatiles, on the heat output from the device and on the flue gas composition. Experimental results give evidence that the straw co-firing with propane enhances the thermal decomposition of wheat straw pellets providing so faster formation, ignition and more complete burnout of the volatiles. By increasing the propane supply into the device up to 0.6 l/min (≈ 0.9 kW), the volume fractions of H2 and CO at the gasifier outlet increase by about 36 % and 45 %, respectively. The improved combustion of the volatiles downstream the combustor results in correlating increase of the temperature in the flame reaction zone (from 1,060 K up to 1,200 K), hence, increasing the heat power of the device by about 44 %. In addition, the wheat straw co-firing with propane improves the flue gas composition, decreasing the mass fraction of unburned CO in the products from 1.800 ppm to 800 ppm, H2 from 250 ppm to 40 ppm and the mass fraction of the hazardous NOx emission from 400 ppm to 250 ppm. A mathematical model of the combustion dynamics at co-firing straw with propane has been developed using MATLAB, considering the variations of the additional heat energy supply from the propane flame flow.
Introduction
The main goal of the current research refers to the EU 2030 targets to reduce the overall greenhouse gas (GHG) emissions by 40 %, to increase the energy production efficiency and the utilization of renewable energy sources by 27 %, thus minimizing the effect of heat producers on the GHG emissions and global warming. In this context, the use of different types of agriculture and harvesting residues for the energy production is severe (EU Commision, 2018). Although there is a debate concerning the agriculture residue life-cycle emissions, some plant biomasses (wheat straw) are accepted as a CO2 neutral fuel that does not contribute to global warming. Despite this, straw is a problematic fuel due to the high nitrogen and ash contents, with the low carbon and hydrogen contents (Vassilev et al., 2012), determining the low heating value of straw. In addition, the use of straw for heat production can cause problems related to slagging, corrosion (Veijonen et al., 2003), the increased emission of both NOx and CO, and also causes the formation of ash agglomerates (Jandačka et al., 2012). To minimize the negative effects, the co-firing of straw with wood (Nordgren et al., 2013), coal (Wang et al., 2014), peat (Barmina et al., 2018a) or with natural gas (Agbor, 2015) was studied considering the feasibility of the straw co-firing to improve the utilization of straw for the combustion processes. Nowadays the co-firing of biomass with fossil (Nussbaumer, 2003) and renewable (Basu, 2018) fuels has become an ordinary and mature technology for energy production. However, the efficiency of heat production and the composition of flue gases are highly influenced by the specific properties of the fuel components and additional studies are needed to assess their impact on the main biomass/propane co-firing characteristics and on the composition of combustion products.
Experimental
Effects of the wheat straw gasification/co-firing with propane were studied using a batch-size pilot device (P0, av ≈ 1.5 kW) consisting of a fixed bed discrete portion biomass gasifier, a combustion chamber and a propane flame burner (Pprop varied from ~0.5 kW up to ~0.9 kW). To assess the effect of additional heat supply on the thermo-chemical conversion of straw biomass when co-firing it with propane, complex measurements of the main gasification and combustion characteristics were carried out. They include measurements of the weight loss rate of the biomass layer (dm/dt), the composition of volatiles entering the combustor, the flame temperature, the heat output from the device, the total produced heat energy per mass of burned solid mass and the flue gas composition. The methodology of experiments is described in detail in (Barmina et al., 2018a; 2018b).
Results and discussion
As follows from the DTA and DTG studies (Barmina et al., 2018a), the thermo-chemical conversion of wheat straw in an oxidative atmosphere (air) resulted in formation of main weight loss rate and temperature peaks at around T = 560 K and 710 K. The formation of the first peak refers to the thermal decomposition of holocellulose and lignin which are responsible for the emission of: CO2 mainly at decarboxylation of hemicellulose, CO at decarbonylation of cellulose and light hydrocarbons, such as C2H2 and C2H4, and CH4 and H2, mainly due to the recombination and reduction processes. The formation of lignocellulosic char is accompanied by the devolatization processes – by CO, CO2 and H2 emission due to this char surface red-ox reactions (Yang et al., 2007).
When co-firing straw pellets with gas, propane plays a significant role in enhancing the biomass heating and dewatering processes. The results of the experimental study suggest the most effective thermal decomposition of straw pellets to take place at the primary pre-combustion stage (t = 160  600 s). During this stage, an increase of the additional heat input up to 0.9 kW (by the propane flame flow) into the device ensures the enhanced thermal decomposition of wheat straw by increasing the average weight loss rate of the pelletized biomass from 0.027 g/s to 0.062 g/s (Figure 1a). The time-dependent study of the thermal decomposition of the wheat straw pellets under different co-firing regimes showed an increase of the weight loss rate at 300 s and at around 700 s up to 0.08 g/s and to 0.15 g/s, correspondingly (Figure 1b). The effect of the additional heat input on the biomass weight loss rate gradually decreased after t > 600 s when the layer of the pelletized biomass went down below the propane flame inlet nozzle. Further, at the biomass self-sustaining combustion stage, the propane flame flow predominately advances the burnout of volatiles emitted by the biomass, thus the effect on the biomass weight loss rate was reduced.
 
[bookmark: _Hlk5023050]Figure 1: The effect of additional heat input on the averaged values of biomass weight loss rate (a) and on the time-dependent variations of the weight loss (b) during wheat straw / propane co-firing.
The time-dependent variations of the volatiles release (CO, H2) presume the development of a two-step process of wheat straw thermal decomposition responsible for the formation of two peak values of CO at about 1,000 – 1,200 s and at 1,400 – 2,000 s. When increasing the heat input up to 0.9 kW, the first peak of the CO formation kinetics rapidly reached 86 g/m3 (from 58 g/m3) and slightly shifted from ~1,200 s to ~1,000 s time. The second CO formation peak demonstrates a more pronounced and faster growth if compared to the first peak: the peak value of the CO average volume fraction at the outlet of the gasifier increased from 38 g/m3 up to 75 g/m3 and shifted from 2,000 s to 1,400 s (at Pprop ≈ 0.9 kW,), thus indicating a faster oxidation of the straw lignocellulosic char (Figure 2a). As follows from Figure 2b, the additional heat supply from the propane flame flow enhances the thermal decomposition of holocellulose As a result, the average values of C2H2 and C2H4 IR absorption increase when increasing the propane supply, which correlates with the weight loss rate increase during the primary stage of the flame formation (Figure 1a, t = 160 – 600 s).
 
[bookmark: _Hlk5708436]Figure 2: The effect of straw co-firing on the time- dependence variations of the CO formation (a) and the average values of volatile absorption intensity (b).
The variations of the straw thermal decomposition by increasing the additional heat input at co-firing of straw with propane determine the complex variations of the main combustion characteristics promoting the growth of the flame temperature and heat power of the device (Figure 3a, 3b). As follows from Figure 3, the dominant variations of the main flame characteristics occur during the primary stage of flame formation (t < 600 s), when the flame temperature increases from 960 K up 1,250 K, whereas the heat power at this stage increases from 0.19 kW up to 0.44 kW. Besides, the co-firing of straw with propane demonstrates the influence on the flow dynamics increasing the average value of the flow axial velocity from 0.3 up to 0.62 m/s while decreasing the swirl intensity and swirl number of the secondary airflow from 1.2 to 0.8. Considering the effect of the additional heat input on the flow dynamics, one suggests that the additional heat input by propane flame enhances the downstream convective heat transport and partially restricts the reverse swirl flow formation, gradually decreasing the reverse heat transfer up to the surface of the biomass layer and the thermal decomposition of straw. This is confirmed by the measurements of the average values of the weight loss rate during the self-sustaining burnout of volatiles, when increasing of the additional heat input into the device above 0.5 kW results in a decrease of the weight loss rate of straw (Figure 1a).
 
[bookmark: _Hlk5023542][bookmark: _Hlk5708542]Figure 3: The effect of additional heat input on the flame temperature (a) and on the heat power of the device (b) when co-firing straw with propane.
The enhanced burnout of volatiles during the straw co-firing is also confirmed by variations of the products composition at the output of the device, determining the increase of the volumes fraction of CO2 emission with the correlating decrease of the CO and H2 mass fraction in the flue gas (Figure 4a, 4b). Moreover, the enhanced release of the combustible volatiles at the thermal decomposition of straw results in decrease of the air excess ratio in the flame reaction zone and in the products (Figure 4a), improving thus the combustion characteristics. Besides, the increase of the additional heat input into the device at straw co-firing results in decrease of the NOx mass fraction in the products from 400 ppm to 240 ppm, indicating a cleaner and more efficient heat energy production.

[bookmark: _Hlk5023652]Figure 4: The variations of the flue gas composition providing the additional heat input into the straw combustion chamber by propane flame flow.
Results of mathematical modelling and numerical simulation
The mathematical model of the CO, H2 combustion downstream the combustor was developed using MATLAB, considering the variations in CO/H2 supply into the combustor and varying the propane flame flow input with account of the two second order exothermic gas phase reactions:
	
	(1)

	
	(2)


The variations of the molar fractions of six chemical species downstream the combustor were considered H2 = M1, OH = M2, H2O = M3, H = M4, CO = M5, CO2 = M6. E1 = 14,965.2 and E2 = 29,930.4 J/mol are the activation energies of reactions Eq(1, 2); A’1 = 22 and A’2 = 15,000 m3/(mol·s) are the reaction-rate pre-exponential factors (Westley, 1980).
The input data for the simulation taken from the physical experiment at different amounts of biogas supply into the combustor is represented at Table 1.
Table 1: Input data of the average values of the molar density of the combustible volatiles (H2 and CO) for numerical simulation by varying the propane supply into the combustor (qprop).
	qprop
	0 l/min
	0.325 l/min
	0.447 l/min
	0.545 l/min
	0.619 l/min

	C’1 (H2), mol/m3
	0.990
	1.100
	1.045
	1.345
	1.270

	C’5 (CO), mol/m3
	1.251
	1.513
	1.410
	1.821
	1.780



[bookmark: _Hlk5024513]These values were used to describe the inlet conditions (decreasing the concentration values 4 times) of the combustion processes. At the inlet of the combustor, the mole fractions of the reactants H2, OH and CO (Ck, k = [1; 6]) satisfy the condition C1 + C2 + C5 = 1, whereas the mass fractions of the products H2O, H and CO2 – C3 = C4 = C6 = 0. For 2D modelling, an axially symmetric ideal, laminar, compressible swirling ﬂow in a coaxial cylindrical pipe (radius R0 = 0.05 m, length Z0 = 0.1 m), with the axial velocity u = uz/U0, radial velocity ur = ur/U0, tangential velocity w = uϕ/V0, density ρ/ρ0, mass fraction Ck for eight species and temperature T/T0 was calculated, considering the dependence on the time t, the axial z = Z/R0 and radial r/R0 coordinates, using MATLAB for the defined functions Eq(3-13). At the inlet z = 0, U0 = 0.1 m/s, V0 = 3·U0, ρ0 = 1 kg/m3, T0 = 300 K, the scaled time t/t0 (t0 = R0/U0 = 0.5 s). Four Euler, temperature and six reaction-diffusion equations were considered to solve the problem. The perfect gas model p = ρT was used, where p is the dimensionless pressure. To describe the chemical reactions, the following parameters of Arrhenius kinetics were used (Smooke et al., 1987): R = 8.314 J/(mol·K) is the universal gas constant; m1 = 2, m2 = 17, m3 = 18, m4 = 1, m5 = 28, m6 = 44 g/m3 are the molecular weights of the species; h1 = 0, h2 = 39.46, h3 = –242, h4 = 218, h5 = –111, h6 = –394 kJ/mol are the enthalpies of the species, cp = 1,000 J/(kg·K) is the specific heat at constant pressure. For mathematical modelling, a PDE system of eleven equations was considered, describing the 2D compressible reacting swirling flow (four equations) and the heat with six diffusion-reaction equations in the following dimensionless form:
	∂ρ/∂t + M(ρ) + ρ (∂w/∂z + r -1·∂(r·u)/∂r) = 0
	(3)

	∂ur/∂t + M(ur)  S·v2/r3 = – ρ-1∂p/∂r + Re-1 · (∆ur – ur/r2)
	(4)

	∂u/∂t + M(u) = ρ-1 · ∂p/∂z + Re-1·∆u
	(5)

	∂w/∂t + M(w) = Re-1 · (∂2w/∂z2 + r·∂/∂r · (r -1·∂q/∂w))
	(6)

	∂T/∂t +M(T) = P0·ρ-1·∆T + q1·S1 + q2·S2
	(7)

	∂Ci/∂t + M(Ci) = Pi·∆Ci + ai·mi · S1/m1, where i = 1 or 3, a1 = –1, a3 = 1
	(8-9)

	∂Ci/∂t + M(Ci) = Pi·∆Ci + ai·mi · S1/m1 + ai·mi · S2/m2, where i = 2 or 4, a2 = –1, a4 = 1
	(10-11)

	∂Ci/∂t + M(Ci) = Pi·∆Ci + ai·mi · S2/m2, i = 5 or 6, where a5 = –1, a6 = 1
	(12-13)


where M(q) = u·∂q/∂z + ur·∂q/∂r, ∆q = ∂2q/∂z2 + r-1∂/∂r(r ∂q/∂r) are the convective and diffusion terms, S1 = ρ·A1·C1·C2·exp(–δ1/T), S2 = ρ·A2·C2·C5·exp(–δ2/T) are the chemical source terms, Pk = Dk/(U0r0) = 0.01, k = [1; 6], P0 = λ/(cp·ρ0·U0·r0) = 0.05, q1 = Q1/(cpT0) = 124.9, q2 = 9.42, Q1 = (m1·h1 + m2·h2 – m3·h3 – m4·h4)/(m1·m), Q2 = (m2·h2 – m4·h4 + m5·h5 – m6·h6)/(m2·m) expressed in J/kg are the heat effects of each reaction, δk = Ek/(R·T0), (δ1 = 6.0, δ2 = 12.0) are the scaled activation energies, λ = 2.5·10-1 W/(mK) is the thermal conductivity, Dk = 2.510-4 m2/s is the molecular diffusivity of the species, m = 18.3 g/m3 is the averaged value of the molecular weights of the species. A1 = A’1ρ0r0/(U0m2) = 647.1, A2 = A’2ρ0r0/(U0m5) = 2.7·105 are the scaled reaction-rate pre-exponential factors, S = u0/w0 = 3 is the swirl number, Re = U0r0ρ0/μ = 10,000 is the Reynolds number, μ = 5·10-7 kg/(m·s) is the viscosity.
The boundary of the pipe (r = r0) is a subject to the heat loss modelled by Newtonian cooling to the ambient surroundings at a temperature T0 and with the heat transfer coefficient h = 0.1 J/(s·m2·K). The dimensionless boundary conditions are as mentioned in Kalis et al. (2018). To solve the discrete problem with the time step 0.0008, we use the ADI method (Kalis et al., 2018) in the vector form of eleven functions in Eq(3 – 13). The numerical results depending on (z, r, t) were obtained at 0 < z < 2; 0 < r < 1; 0 < t < 1.
Regarding the mechanism described by the chemical reactions Eq(1, 2), the maximum values of the temperature Tmax, flow component velocities ur, max, umax, mass fractions Ck, end of the species CO(C5), H2(C1), CO2(C6), H(C4) and averaged temperatures Tav are summarized in Table 2. The maximum value of H, CO2, umax, Tmax, Tav, ur, max and the minimum value of CO were obtained for the first three regimes of the propane flame flow. The mass fraction for H2(C1) decreased by about 0.040 and was almost constant for all the series. The mass fraction of the reactant OH(C2) decreased to zero at t = tf = 0.5 s. The variations of the Tmax, ur, max, umax and CO2 mass fractions during the straw co-firing with propane correlate with the results of the experimental study (Figures 3a, 4a).
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 (ur, max) flow velocities versus the variation of the biogas supply rate into the combustor (tend = 0.5 s; C2, end = 0).
	Species
	0 l/min
	0.325 l/min
	0.447 l/min
	0.545 l/min
	0.619 l/min

	C1, start (H2)
	0.25
	0.28
	0.26
	0.34
	0.32

	C5, start (CO)
	0.31
	0.37
	0.35
	0.46
	0.45

	C2, start (OH)
	0.44
	0.35
	0.39
	0.20
	0.23

	C1, end
	0.209
	0.243
	0.222
	0.299
	0.282

	C5, end
	0.002
	0.027
	0.028
	0.235
	0.185

	C3, end (H2O)
	0.268
	0.150
	0.194
	0.072
	0.078

	C4, end (H)
	0.026
	0.026
	0.023
	0.012
	0.013

	C6, end (CO2)
	0.485
	0.539
	0.536
	0.354
	0.416

	umax
	4.63
	4.14
	4.35
	3.48
	3.60

	ur, max
	2.60
	2.52
	2.53
	2.50
	2.51

	Tmax
	3.71
	2.98
	3.28
	2.62
	2.26

	Tav
	3.45
	2.78
	3.06
	2.01
	2.73


Conclusions
The complex measurements of the thermal decomposition of straw and combustion of volatiles during the co-firing of straw with propane give evidence that the co-firing of straw assures the enhanced thermal decomposition of straw pellets (by about 25 – 50 %) with the enhanced input of volatiles into the combustor at the primary pre-combustion stage (up to ~25 %), which improves the heat production in the reaction zone and increases the flame temperature at the primary flame formation stage, thus enhancing the ignition of the biomass and increasing the produced heat energy per mass of burned solid fuel. The improvement of the combustion conditions correlates with the improvement of the products composition almost by half decreasing the mass fraction of the polluting CO and NOx emissions in the flue gas.
The results of the mathematical modelling confirm that, in accordance with the results of the experimental study, the co-firing of straw with propane advances the decrease of the average values of the ﬂame temperature at the self-sustaining combustion stage, which in the experimental work is described by the variations of the flame flow dynamics caused by a cross flow of the propane flame. However, the decrease of the temperature, axial ﬂow velocity and of the mass fractions of the main combustion products (CO2, H2O) indicates the incomplete combustion of the volatiles (CO and H2) along the pipe. Upon analyzing the obtained numerical results of the mathematical modelling, it is suggested that more factors should be accounted in for the mathematical model to improve the numerical results and to make them more applicable to the simulation of experimental results.
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1. Are references written according to Harvard Style?:........................no
The references are formatted according to the style described at “CET template vol 70”. The references have been double checked: article`s titles were capitalized, accessed date was corrected, few punctuation corrections have been made.
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Please, any advice on editing references according to proper style would be very nice, if the reviewer notice crucial mismatch with the references styling according to CET template vol 70.

2. English should be checked, there are grammatical errors and some words in the text.
The English grammatical errors are checked and corrected
3. Normally the main objective of the study is at the end of the introduction, first begin by contextualizing the reader.
The main objective of the study is fully described at the abstract and introduction was used to introduce the reader with the previous works and the advancements in this field. Due to the text limitations the authors managed to exclude the repeating information and give more space to the brief literature review.

4. It is low heating Value and not low calorific value
Energy content or calorific value is the same as the heat of combustion, and can be calculated from thermodynamical values, or measured in a suitable apparatus. Other names for calorific value are heat of combustion, heating value. Still, to be consistent and not to confuse the reader, the authors replaced this term for LHV.
https://www.sciencedirect.com/topics/engineering/lower-calorific-value
https://www.engineeringtoolbox.com/fuels-higher-calorific-values-d_169.html
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5. It is said in the introduction that "Nowadays the co-firing of biomass with fossil and renewable fuels has become an ordinary and mature technology for energy production" but the reference is 15 years ago, the reference should be changed, in 15 years the processes have had quite a lot of progress.
The reference is replaced by EU Commision  2030-climate &energy framework directive.

6. It is necessary in the experimental section to show a flowchart or an image of the used gasification chamber.
As the reviewer has been already mentioned, the manuscript text is limited for six pages, that is the reason the authors have decided to leave only the most urgent points of the experimental setup and also describe the variative parameters in the experiment, to focus on the propane supply variation effect on the straw thermal decomposition an the combustion of the volatile matter. Thus, the authors gave the references to their previous works, there the experimental setup and the methodology of the experiment and measurements of the combustion/gasification characteristics are well and completely described.
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Barmina I., Kolmickovs A., Valdmanis R., Zake M., 2017b, Co-firing of Straw with Electrodynamic Process Control for Clean and Effective Energy Production, EUBCE-17, 25th European Biomass Conference and Exhibition, 12–15 June 2017, Stockholm, Sweden, 579592.

7. It is not mentioned if the reactor is fixed bed, fluidized, CFB, etc.
The reactor type is fixed bed discreate portion reactor. The text has been supplemented with this information.
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8. There can not be a reference of 2021.
Corrected to (Westley, 1980) according to references list.
[image: ]

9. The titles of the figures are not understood, they should be rewritten
Rewritten: Please, any advice on naming the figures would be very useful.
Figure 1: The effect of additional heat input on the averaged values of biomass weight loss rate (a) and on the time-dependent variations of the weight loss (b) during wheat straw / propane co-firing.
Figure 2: The effect of straw co-firing on the time- dependence variations of the CO formation (a) and the average values of volatile absorption intensity (b).
Figure 3: The effect of additional heat input on the flame temperature (a) and on the heat power of the device (b) when co-firing straw with propane.
Figure 4: The variations of the flue gas composition providing the additional heat input into the straw combustion chamber by propane flame flow.

10. The references of the equations in the text do not agree with the conditions of the journal, they must be corrected; Where were the equations from 3 to 12 taken, there are no references and it is not said in any part of the text if they are from the evaluated process
The references of the equations in the text are corrected as follows:
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Regarding the equations from 3 to 12, they describe a PDE system of 2D compressible reacting swirling flow (four equations) and the heat (with six diffusion-reaction equations) in the following dimensionless form. The reference to this equations is given in text.
[image: ]
Due to the restrictions of the manuscript length the authors were not able to provide full description of the mathematical model. The extended version of the description of the mathematical model of co-firing of gaseous fuel with solid biomass will soon can be found at yet the unpublished author’s manuscript of the 23th International Conference on Mathematical Modelling and Analysis (MMA2018) held in May 29 – June 1 of 2018th in Sigulda, Latvia.

11. There is no initial characterization of the Straw, the properties are also important in the gasification process, this is because the products depend on it. Did they work with straw sawdust or straw pellets? It is not very clear.
The authors gave the straw elementary composition and TG/DTA curves at the cited previous works in the experimental description section.
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https://www.aidic.it/cet/18/65/016.pdf
Barmina I., Valdmanis R., Zake M., 2018b, The Effects of Biomass Co-Gasification and Co-Firing on The Development of Combustion Dynamics, Energy, 146, 4–12.
[image: ]
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Indeed, the authors consider the straw elemental and chemical composition very important issue in thermochemical conversion of solid mass during co-firing it with gas.

The authors many provide the information on type of straw fuel they use (straw pellets) in text – in abstract:
[image: ]
in results and discussion:
[image: ]
in conclusions:
[image: ]

12. Nowhere are work temperatures shown
On figure 3 there is the average values of the flame temperature (experimental) at different stages of biomass conversion and calculated average temperature curve depending on additional heat supply into the reaction zone.
[image: ]

13. This paper turns out to be very similar to work “effect of straw and biogas co-firing on the combustion characteristics. This work must be greatly improved so that it can be published, because they only change combustion by gasification and in one they show equations and in the other they do not.
The process of co-firing of straw with biogas differs from co-firing of straw with propane. The propane gas has higher LHV and it is fossil fuel, which is responsible for the formation of greenhouse CO2 emission. Biogas is renewable fuel with lower LHV, because it contains up to 40% CO2. Besides, the combustion of biogas does not produce greenhouse carbon emissions and, therefore, produces cleaner heat energy. The difference in LHV of propane and biogas determine the different proportions of the additional heat supply during co-firing with straw. The authors could comply co-firing of straw with biogas and propane into one manuscript, but due to the limitation of the CET papers to 6 pages it was more reasonable to divide them and give present many more results and parts of the mathematical analysis, rather it would have been shown in one consolidate paper. Nevertheless, considering the differences in gaseous fuel composition, the additional gaseous fuel supply is much higher for biogas to be reached to sustain combustion heat of the propane in the combustion chamber. This changes the dynamics of the vortex flow completely and influences the combustion dynamic of the straw. And variations of the combustion dynamics is one of the reasons why authors decided to present the results of the co-firing of the straw with various gases in two separate papers.

a
selfsus (600 - 2600 s)	0	0.5	0.67000000000000071	0.8	0.88000000000000012	9.2079174647981946E-2	9.6391028803461024E-2	9.4039351851851846E-2	9.3082135676520975E-2	9.2838196286472274E-2	sum (160 - 2600 s)	0	0.5	0.67000000000000071	0.8	0.88000000000000012	8.3270249810749458E-2	8.54700854700855E-2	8.8852988691437929E-2	8.6853533359652721E-2	8.8317944600562026E-2	gasif (160 - 600 s)	0	0.5	0.67000000000000071	0.8	0.88000000000000012	2.6923076923076883E-2	4.2232277526395176E-2	6.1728395061728426E-2	5.5741360089186162E-2	6.2562206739655929E-2	Pprop, kW

dm/dt, g/s



b
prop-0 	60	150	194	280	330	400	430	475	523	547	594	612	627	656	712	746	769	803	833	869	903	941	963	990	1033	1066	1094	1148	1190	1267	1292	1331	1356	1392	1423	1479	1502	1540	1593	1628	1669	1722	1777	1803	1828	1862	1896	1936	1990	2015	2039	2057	2108	2137	2166	2198	2233	2271	2305	2335	2386	2404	2438	2466	2508	2561	2603	2635	2673	2700	2727	2797	2836	5.6980056980056289E-3	1.2307692307692259E-2	1.9556714471968703E-2	2.3668639053254427E-2	3.1885213232363575E-2	4.1862899005756231E-2	3.7523452157598364E-2	5.6148231330713193E-2	8.8757396449704221E-2	9.8800282286520866E-2	0.10430247718383323	9.1848450057405162E-2	9.7508125677139748E-2	0.10465724751439039	0.12714558169103626	0.12507817385866168	0.1033295063145811	8.9186176142697832E-2	9.4674556213017902E-2	0.10171646535282909	9.4674556213017708E-2	9.8461538461538572E-2	9.3951849677040594E-2	6.8159688412852956E-2	5.8794708476237106E-2	5.3578262533486416E-2	5.4390054390054413E-2	7.5662042875157598E-2	9.2678405931418045E-2	0.11076923076923077	0.10569583088667064	8.3160083160083331E-2	8.4299262381454382E-2	8.3160083160083276E-2	7.2398190045249028E-2	8.2601961796592682E-2	7.3698756333486881E-2	6.7624683009298414E-2	6.6889632107023422E-2	7.9120879120879159E-2	8.7082728592162623E-2	9.8901098901098994E-2	0.11635423400129277	9.2539039907461026E-2	7.5973409306742692E-2	8.0442433383609999E-2	8.6067778375470777E-2	0.11443102352193261	0.1173402868318122	0.1134930643127364	0.10902483343428244	9.8199672667757865E-2	0.12307692307692321	0.12629161882893228	0.12174875484228009	0.11229646266142619	9.0497737556561028E-2	9.2539039907461026E-2	9.2539039907461026E-2	9.3951849677040664E-2	0.10088272383354356	8.8192062714355743E-2	0.10256410256410264	9.1033227127901684E-2	0.10256410256410262	0.11068068622025456	0.11166253101736973	9.4966761633428293E-2	9.4384143463898063E-2	-4.5584045584045555E-3	-2.8207949000028237E-3	-1.6501196336734427E-3	0	prop-0.5kW	60	160	200	240	260	325	370	410	440	470	500	570	600	670	710	750	810	860	900	930	960	966	992	1000	1060	1090	1120	1190	1240	1300	1360	1390	1410	1440	1470	1490	1520	1560	1590	1630	1670	1700	1720	1755	1775	1817	1869	1896	1929	1962	1998	2031	2061	2125	2176	2198	2239	2259	2284	2307	2342	2372	2401	2473	2518	2575	2693	2737	2774	7.6923076923075991E-3	1.8648018648018606E-2	2.7149321266968316E-2	2.7149321266968316E-2	3.4188034188034226E-2	5.3050397877984004E-2	7.1005917159763329E-2	5.7692307692307876E-2	5.7692307692307709E-2	3.846153846153854E-2	3.6630036630036576E-2	5.1282051282051273E-2	6.5934065934065908E-2	9.7165991902834023E-2	9.7165991902834148E-2	0.11965811965811959	0.11282051282051289	0.1161103047895502	0.11705685618729102	0.10989010989011012	7.692307692307708E-2	7.4441687344913188E-2	8.4134615384615266E-2	6.4777327935222673E-2	7.6923076923076913E-2	8.7912087912087808E-2	8.3333333333333343E-2	9.2307692307692535E-2	0.10859728506787326	0.10989010989011007	0.13986013986014012	0.15384615384615402	0.15384615384615413	0.12820512820512811	0.11538461538461536	9.8901098901098994E-2	8.2051282051282065E-2	8.7912087912087988E-2	9.4674556213017763E-2	9.8461538461538448E-2	0.11721611721611726	0.10519395134779749	9.2927207021166802E-2	0.10911074740861997	0.10989010989010993	0.12732095490716175	0.14311270125223621	0.12535612535612539	0.11655011655011657	9.4384143463898187E-2	7.7787381158167718E-2	9.2123445416858671E-2	8.6430423509075205E-2	0.11481056257175655	0.14245014245014259	0.14114326040931544	0.14936519790888725	0.10891763104152492	9.2044707429322789E-2	7.4142724745134433E-2	6.9930069930069935E-2	7.5786282682834424E-2	5.7955742887249737E-2	5.8275058275058238E-2	6.0096153846153903E-2	-4.1822255414488427E-3	-2.8564083521380201E-3	-1.1241954975970321E-3	0	prop-0.67kW	60	160	200	260	293	323	367	398	430	467	524	584	614	655	678	719	774	799	839	872	902	933	961	991	1046	1106	1137	1175	1200	1229	1259	1305	1355	1378	1422	1460	1515	1537	1569	1593	1623	1657	1704	1728	1771	1821	1843	1878	1918	1956	1992	2030	2062	2080	2108	2163	2198	2221	2268	2295	2347	2388	2415	2470	2503	2530	2562	2599	2636	1.9670958512160285E-2	3.7491479209270664E-2	4.5741849634065142E-2	6.6425120772946794E-2	7.8061638280616533E-2	8.4876543209876726E-2	7.7848549186128838E-2	6.5710872162485098E-2	6.6425120772946739E-2	6.5011820330969319E-2	7.9365079365079222E-2	9.0534979423868484E-2	7.6388888888888923E-2	8.4876543209876726E-2	7.59144237405108E-2	8.9869281045751578E-2	0.11935763888888884	0.11401326699834158	0.12522768670309647	0.11554621848739496	8.4876543209876726E-2	7.947976878612717E-2	8.6805555555555525E-2	8.3031400966183652E-2	9.9206349206349256E-2	0.11178861788617886	0.10018214936247728	9.4017094017094141E-2	7.8853046594982115E-2	8.2028337061894066E-2	7.4982958418541357E-2	8.8709677419354732E-2	8.5937500000000028E-2	8.6477987421383629E-2	9.353741496598654E-2	0.11487050960735169	0.15560699588477381	0.14004629629629653	0.12448559670781896	0.10185185185185186	8.2582582582582525E-2	7.4525745257452508E-2	8.7929656274979964E-2	8.1481481481481433E-2	8.3144368858654782E-2	9.0534979423868484E-2	8.2028337061894205E-2	8.0409356725146208E-2	9.5486111111111008E-2	0.11088709677419339	0.12152777777777769	0.15277777777777771	0.16975308641975279	9.7517730496453944E-2	7.6388888888888881E-2	9.2592592592592754E-2	9.2281879194630864E-2	9.1483699268130339E-2	0.11432350718065008	0.10476190476190485	0.10772792022792027	0.10758998435054767	9.353741496598654E-2	9.4745908699397183E-2	9.1896407685881365E-2	-3.623188405797105E-3	-2.3852892705351742E-3	-1.1756658543884409E-3	0	prop-0.91kW	60	170	210	272	320	363	394	437	478	532	609	642	680	711	740	762	797	817	840	862	924	942	997	1023	1066	1094	1137	1189	1220	1255	1294	1362	1392	1408	1443	1478	1513	1554	1598	1630	1682	1703	1756	1791	1837	1883	1920	1945	1964	1996	2043	2085	2102	2123	2170	2208	2243	2276	2337	2351	2373	2421	2437	2475	2510	2537	2586	2620	2661	1.7751479289940832E-2	3.9856516540454294E-2	5.0167224080267532E-2	6.5268065268065292E-2	7.7896786757546271E-2	8.1929904415111471E-2	7.1556350626118079E-2	6.7542213883677316E-2	6.854531607006846E-2	6.87580575848733E-2	8.2207868467410586E-2	0.11538461538461536	0.10519395134779762	0.13062409288824378	0.15384615384615402	0.15384615384615402	0.1332525741974562	0.12307692307692321	8.8192062714355729E-2	7.6445293836598316E-2	8.6673889490790787E-2	8.0971659919028424E-2	9.890109890109923E-2	9.2678405931418045E-2	0.10989010989011001	0.10511227902532252	9.7991180793728483E-2	8.0035571365051197E-2	7.1556350626118079E-2	8.0442433383609846E-2	8.2601961796592752E-2	0.10610079575596816	0.10171646535282898	8.4299262381454285E-2	7.9404466501240833E-2	8.0971659919028313E-2	7.2826581702321425E-2	7.2276716572018632E-2	8.7633885102239614E-2	8.6000955566173071E-2	8.9330024813895834E-2	8.5470085470085402E-2	8.4427767354596728E-2	9.9900099900100028E-2	0.12113870381586919	0.13614703880190629	0.11257035647279544	8.7912087912087836E-2	0.10033444816053506	0.10902483343428239	0.10902483343428239	0.11257035647279551	8.7288597926895695E-2	8.0442433383609846E-2	7.3698756333486909E-2	8.6067778375470777E-2	9.4674556213017777E-2	8.4880636604774559E-2	0.12307692307692318	9.9255583126551014E-2	7.8607523862998394E-2	9.2838196286472219E-2	7.2276716572018576E-2	8.4880636604774462E-2	0.10188487009679061	-4.8512780085503832E-3	-3.5695163305372157E-3	-1.7615971814445108E-3	0	time, s

dm/dt, g/s




a
prop-0 	700	800	1000	1200	1400	1600	1800	2000	2200	7.3788	14.118	53.274000000000001	57.018000000000001	38.064	33.735000000000028	40.638000000000012	39.195000000000029	31.901999999999987	prop-0.51kW	700	800	1000	1200	1400	1600	1800	2000	2200	7.41	46.370999999999995	58.811999999999998	52.494	54.950999999999993	37.791000000000011	37.791000000000011	26.169	33.657000000000004	prop-0.61kW	700	800	1000	1200	1400	1600	1800	2000	2200	5.85	45.279000000000003	83.811000000000007	74.334000000000003	68.64	68.718000000000004	38.805	33.891000000000005	39.468000000000011	prop-0.65kW	700	800	1000	1200	1400	1600	1800	2000	2200	18.603000000000005	50.387999999999998	76.986000000000004	55.340999999999994	74.997000000000057	48.672000000000011	46.644000000000005	39.975000000000001	37.089000000000006	time, s

CO, g/m3



b
CO2 median	0	0.5	0.67000000000000071	0.8	0.88	0.71060000000000045	0.71740000000000004	0.81320000000000003	0.7393000000000004	0.77500000000000058	CH4 avg	0	0.5	0.67000000000000071	0.8	0.88	0.30377727272727301	0.33960444444444493	0.31286818181818216	0.2892318181818182	0.34808000000000028	C2H2 integr	0	0.5	0.67000000000000071	0.8	0.88	63.697500000000012	72.077499999999986	77.815000000000012	101.39999999999999	100.42500000000001	C2H4 integr	0	0.5	0.67000000000000071	0.8	0.88	42.527500000000003	46.182500000000012	57.082500000000003	53.514999999999986	62.452500000000001	Pprop, kW
Aνav (CO2, CH4)
∫Aν (C2H2 , C2H4)


a
Tav;numerical;	0	0.5	0.67000000000000071	0.8	0.88	3.4499999999999997	2.7800000000000002	3.06	2.0099999999999998	2.73	Tav-exp.;400-2400s	0	0.5	0.67000000000000071	0.81	0.91	2.9548937364651064	2.5576005164084634	2.6331380976178602	2.4	2.8190665371090073	Tav;160-600s	0	0.5	0.67000000000000071	0.81	0.91	3.1893434618291785	3.2666666666666666	3.8666666666666667	4.18	4.1866666666666674	Pprop, kW

Tav / T0



b
Psum;straw; 150-600s	0	0.5	0.67000000000000071	0.81	0.91	0.19370000000000001	0.15540000000000018	0.34990000000000027	0.44169999999999998	0.39830000000000038	Psum;straw;600-2800s	0	0.5	0.67000000000000071	0.81	0.91	0.67000000000000071	0.995	0.82399999999999995	0.94199999999999995	0.90900000000000003	Psum;straw; 150-2800s	0	0.5	0.67000000000000071	0.81	0.91	0.59889999999999999	0.84000000000000041	0.75000000000000044	0.85000000000000042	0.8280000000000004	Pprop, kW

Pdevice, kW



a
CO2	0	0.5	0.67000000000000071	0.81	0.91	10.5	12.33	13.15	13.63	12.76	a	0	0.5	0.67000000000000071	0.81	0.91	2.0099999999999998	1.58	1.45	1.3900000000000001	1.46	Pprop, kW

CO2, vol %

α

b
CO	0	0.5	0.67000000000000071	0.81	0.91	1776	851.1	1152.4000000000001	919.9	816.8	H2	0	0.5	0.67000000000000071	0.81	0.91	252.7	125.9	118.6	42.7	43.2	Pprop, kW

CO, 10–2 ppm

H2, ppm
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0.0008,-we-use-the-ADI-method- (Kalig-et-al.,-2018) in-the-vector-form-of-eleven-unknown-functions-in-Eq(3==
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Regarding- the- mechanism- described- by. the- chemical- reactions- Eq(1.- 2),- the- maximum- values- of- the-
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surroundings-at-a-temperature-To-and-with-the-heat-transfer-coefficient h-=-0.1-Ji(s-m*-K).-The-dimensionless-
boundary-condtons-are-as mentioned-in Kals et al(2015) - SONEE A EEIEPONETAMHREAMESIEn
0.0008, we-use-the- ADI method (Kais:t a. 2012} in the-veclor form-of eleven -unknov-funclions in £q(3 —
13). The-numerical-results-depending-on-(z, 1, t) were-obtained-at-0-<z-<2; 0-<1-<1;-0<t=1§
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the-heat-output-from-the-device. the-total-produced-heat-energy-per-mass-of-burned-solid-mass-and-the-flue-
gas compostion The-methodology-of experiments is-described in-detailin Barina et al.-(2018a;:2018b)
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Figure 1. DTG (a) and DTA (b) analysis of the thermal decomposition of wheat straw and peat pelets in
oxidative atmosphere.
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Table 1: The elemental composition and heating values (HHV) of straw pellets, peat pellets and their mixtures
(dry mass)

Biomass T% W% 0%  N% Moisture, % Ash, % FHV, Mikg
Wheat straw 4662 500 w2 13 210 426 1850
Peat 5383 512 693 111 140 302 2120
Straw10%+peat 5311 512 st 143 117 a4 2083
Straw20%+peat 5238 511 809 115 1084 327 2039

Straw30% +peat 5167 511 3867 117 1071 339 2032
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he-device-and-on-the-Tlue-gas- composition.- Experimental- results- give- evidence- that- the- straw- co-firing - with-
propane-enhances-the-thermal-decomposition-of-wheat straw-pelléts -providing-so faster-formation, ignition-and-
more-complete-burnout-of-the-volatiles.-By-increasing-the-propane-supply-into-the-device-up-to-0.6-l/min-(=-0.9
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When-co-firing-straw-pellets with-gas, -propane- plays-a-significant-role-in-enhancing- the-biomass- heating-and-
dewatering- processes.- The- fesults- of the- experimental- study- suggest- the: most- effective- thermal-
decomposition-of straw-pellets to-take-place-at-the-primary-pre-combustion stage- (t-=-160—600-s).-During-this
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The-complex-measurements-of-the-thermal-decomposition-of-straw-and-combustion-of-volatiles-during-the-co-
firing- of- straw- with- propane- give- evidence- that- the- co-firing- of- straw- assures- the- enhanced- thermal
decomposition-of straw-Belléts- (by-about- 25— 50°%) with-the-enhanced-input-of-volatiles-into-the-combustor-at-
the-primary-pre-combustion-Stage-(up-10-~25%), which-mproves-the-heat-production-in the-reaction-zone-and
increases- the- flame- temperature- at- the- primary- flame- formation- stage, - thus- enhancing the- ignition- of- the:
biomass-and- increasing- the- produced- heat- energy- per- mass- of- bured- solid- fuel- The- improvement- o-the-
combustion-conditions-correlates-with-the-improvement-of the-products-composition-aimost-by-half-decreasing
the-mass-fraction-of-the-polluting-CO-and-NOx-emissions-in-the-flue-gas.
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Figure-3:-The-effect-of additional heat input by propane-on-the straw-combustion-flame-temperature-(a)-and-on
the total heat power of the-experimental device-(b).§
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