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Summary

The objective of this study was through full-scale combustion trials demonstrate to the 
CHP market that straw is a useful fuel as a ready mix with wood fuels. In addition, the 
objective was to demonstrate that there are new resource efficient additives that can reduce 
the risk of operating problems. Thermochemical model calculations were used to estimate 
the effect of mixing of two different additives (gypsum and elemental sulphur) in a fuel 
mix of barley straw and wood chips on the slagging and the deposit forming tendency. 
The results from these calculations were later used to estimate suitable ranges of additive 
to fuel ratios to be further studied experimentally in full scale combustion trials in a CHP-
plant. The results showed the ability to reduce deposit formation/corrosion on the super 
heaters and convection area when using a fuel mix with 20 weight % straw and gypsum 
as additive in a grate fired boiler. 
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Introduction

Today, biomass fuels as different assortments of wood chips, waste and recycled fuels are used 
at thermal power plants. In order to secure fuel volumes and flows of biomass fuels in the future, 
more types of biomass fuels need to be tested and verified, for example, in Sweden, straw is a 
virtually unused fuel. The difficulty with straw is that it requires a more advanced logistics and 
fuel handling to feed the fuel into the boiler. For the majority of the existing heating plants that use 
woodchips today, will become interested in bringing the straw in their production, it is required that 
the fuel is delivered as a ready made fuel product from a terminal. The use of biomass fuels such as 
straw can cause troublesome ash-related operational problems, including deposit formation, high 
temperature corrosion and bed agglomeration in CHP plant facilities. To blend straw with wood 
fuels may increase the risk of these problems as straw usually contains higher concentrations of K 
and Cl. One way to reduce the ash related operational problems is to add additives. So far, various 
materials and chemicals have been tested as additives in different biomass combustion reactors, 
facilities and plants, with large amounts of experimental data produced and reported (Ivarsson & 
Nilsson, 1998;  Herstad Svärd et al., 2011; Piotrowska et al., 2015; Rebbling et al., 2014). Although 
there is a wealth of experience, there is still a clear need for continued development in several areas. 
Relatively new studies on gypsum, used as an additive, shows in contrary to previous studies a 
great potential (Piotrowska et al., 2013, 2015; Rebbling et al., 2014). The objective of this study 



2

was through full-scale combustion trials demonstrate to the CHP market that straw is a useful fuel 
as a ready mix with wood fuels. In addition, the objective was to demonstrate that there are new 
resource efficient additives that can reduce the risk of operating problems. 

Material and Methods

Thermochemical model calculations
Thermochemical model calculations were used to estimate the effect of mixing of two different 

additives (gypsum and elemental sulphur) in a fuel mix of straw and wood chips on the slagging 
and the deposit forming tendency. The results from these calculations were later used to estimate 
suitable ranges of additive to fuel ratios to be further studied experimentally in the combustion trials. 
The software program used was FactSage 6.4. This program uses the method of minimization of 
Gibbs (G) free energy of the system. A global approach including atmospheric pressure (1 bar) and 
an air-to-fuel ratio (λ) of 1.5, corresponding to a typical global oxidizing condition in a grate firing 
boiler was employed. The fuel compositions were used as input for the calculations. Furthermore, 
the calculations were made covering a temperature interval from 700–1300°C. 

Full scale combustion trials
For the full scale combustion trials a fuel mix of 80% weight wood chips and 20% weight barley 

straw was used. When producing the fuel mix a crusher of type CBI 8400 was used In order to get 
a good mix of fuel and additive (gypsum and elemental sulphur), a scoop fuel wood and a straw 
bale was loaded every other time. The additives were weighed and placed on top of the straw bale. 
The combustion trials were conducted at a CHP-plant in Borås in Sweden in their biomass boilers, 
two boilers with a grate of 65 MW each. Four trials were conducted lasting approximately 24 h, 
respectively, of which measurements were carried out during daytime (08:00 to 16:00). During 
the trials, the same operating data (steam data 31–32 t h-1, equivalent to 25–26 MW for each 
boiler) was held and the same fuel mix/composition were used. The flue gases were analyzed with 
respect to SO2, HCl, NOx, CO, CO2 and O2. To determine the particles (mass) size distribution 
and aerodynamic diameter as well as the chemical composition of each particle fraction size, a 
low pressure impactor (LPI) was used. The particles were divided into 14 size fractions. Total 
dust samples were taken in connection with impactor measurements. During all experiments, the 
deposit formation was measured on a simulated super heater tube for 4 h. The deposit growth was 
quantified by an air-cooled probe with removable sample rings. The cooled surface temperature of 
each sample ring was set at 430, 480 and 530°C and was maintained throughout the test period. The 
flue gas temperature where the probe was located was around 550°C. Sampled particles from the 
impactor and the deposit probe rings were analyzed by chemical composition by X-Ray Fluorescence 
(XRF). A number of deposit samples were also analyzed by X-Ray Diffraction (XRD) analysis 
to identify the crystalline phases in the samples. Fuel samples, fly ash samples and bottom ash 
samples were taken on dry ash during the latter part of the test period for each trial and a general 
sample was compiled after each trial. The samples were analyzed according to standard methods 
at a fuel accredited laboratory.

Results and Discussion

Thermochemical model calculations

The results from the thermochemical model calculations performed at a normal excess air and 
assuming complete mixing between the ash forming elements in the fuel mixes and gypsum particles 
and sulfur particles indicates the theoretical possibility of reducing both the slagging tendency 
and the deposit formation tendency. In theory, i.e. according to calculations, a required additive 
addition of just above 1% gypsum and a few tenth percent of sulfur to the fuel mix that contains 
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20% by weight barley straw is needed to achieve significant effects. Practically it may require a 
higher blend levels because these estimates are based on perfect mixing of fuel and additives. For 
the full scale trials an addition of 2% gypsum and 0.3% sulphur was therefore used. 

Full scale combustion trial
The results from full-scale combustion tests showed that the fuel mixes with 20% weight barley 

straw, generally worked well to manage in the plant's fuel feeding system. The straw tended to 
get stuck in some places and some adjustments were made to reduce the risk of blockages. The 
straw was relatively coarsely shredded and with a more finely chopped straw and a mixing ratio of 
10–15% by weight, it is estimated that the fuel feeding should work without problems. By mixing 
in the additives in connection with the decomposition of the straw, i.e. where the additive is passing 
through the crusher with the fuel, the blending succeeded very well. In the experiments, the gypsum 
was supplied in powder form (Fig. 1) and the sulphur was delivered in the form of small granules.

Fig. 1. Particle size distribution of gypsum powder.

Fig. 2 shows that sulphur and chlorine content increases with the blending of straw, however, 
the chlorine content was lower than expected in the straw. This may be because the straw was 
laying in string in the field a couple of weeks before pressing, due to rainy weather. Of the main 
ash forming elements, mainly Si, K and Ca is increasing with the straw content. The adding of 
sulphur and gypsum additive resulted in a significant increase in sulphur content. The adding of 
the gypsum powder also increases the Ca content. Meanwhile, there is also a natural variation in 
e.g. Ca content of the straw when it comes from different fields. 

Fig.2. The chemical composition of the main ash forming elements of the fuel, with and without additives. 

As Table 1 shows, the mean concentration of CO decreases and the mean value of O2 is lowered 
with mixing of straw due to the supply of drier fuel and the CO value drops further when adding 
the additives. SO2 increases markedly when adding gypsum powder and sulphur as additive. The 
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increase in SO2 levels show that significant amounts of the added sulphur and gypsum additive 
react with the ash-forming elements in the fuels during combustion. The sharp increase indicates 
that the addition of additives was somewhat oversized since the blending of additives in the fuel 
mix succeeded very well. In addition, the chlorine content in the straw was lower than expected.

Table 1. Mean values for the measured gas concentrations in the polluted flue gas. Reference 
fuel is 100% wood chips. Straw mix is 20 % barley straw and 80 % wood chips

 Ref. Straw mix Straw mix + S Straw mix + gypsum
Temp oC 462 507 545 532
NOx mg nm-3 6% O2 95 88 108 130
CO mg nm-3 6% O2 490 121 84 120
CO2 % real value 13 15 14 12
O2 real value 7 5,5 5,6 7,9
SO2 mg nm-3 6% O2 3 37 550 401

Fig. 2 shows the analysed element distribution of the solid deposits on the probe rings and Fig. 
3 shows the analysed element distribution of the loosely attached deposits, knocked off before it 
was analyzed. As Fig. 2 shows, the chlorine content is higher in the reference fuel than the fuel 
mix with 20% barley straw. The sulphur content is also high for the straw mix without additives. 
The reason for this is that the chlorine content was low and sulphur content high in the used straw 
fuel. When adding the additives, the chlorine was reduced even more. The loose deposit show 
higher levels of mainly Ca, Si, and lower levels of K, Cl and S for all samples (what could be 
related to that most loose deposit was released from the rings lee side), (Fig. 3). The results of XRD 
analysis of the deposits that was peeled off from the entire ring, shows that the phases identified 
can be NaCl, CaSO4 (not present in the fuel ref), KCl, K2SO4, (Ca, Fe) SiO3, SiO2 and KAlSi3O8. 
The identified phase KCl, was reduced with the blending of straw and additives while K2SO4- and 
CaSO4 content increased.

Fig. 3. Measured elemental distribution of the solid deposit on the rings. The metals Fe, Cr and 
Ni have been removed from the figure as the main source is found in the ring material. Each bar 
in the graph consists of averages from four analyzes evenly spread across the ring circumference.
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Fig. 4. Measured elemental distribution of the loose deposit that was knocked away before the 
deposits were analysed. This loose deposit is a mixture of the three probe rings exposed at every 
operating case. The reason they were mixed to obtain a sufficient amount of sample for the analysis.

Fig. 5. Chlorine content of fine particles from the impactor sampling. 

Fig. 6. Sulphur content of fine particles from the impactor sampling.

Figs 5–6 shows the results of the impactor sampling. Concentrations of the analyzed elements 
below should not be taken as absolute levels instead used for comparison purposes. The assessment 
is that S-concentrations partly come from sulphur compounds such as K2SO4, but also from unreacted 
elemental sulphur in the cases concerned. Chlorine or chlorides can probably be assumed to be 
KCl, which can be confirmed by XRD analyses. The results from the project show that the same 
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effect can be achieved with gypsum and sulphur, when used as additives. The results are in line with 
previous studies and show the ability to reduce deposit formation/corrosion on the super heaters 
and convection area when using gypsum as additive in grate fired boilers (Piotrowska et al., 2013, 
2015; Rebbling et al., 2014).
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