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15
16 �We have developed a method to perform thermodynamic modeling for a 140 MWth BFB boiler using Excel and FactSage macros.
17 � We have demonstrated that the speciation of Cu is correlated to the PCDD/F production.
18 � We have shown that peat co-firing can aid PCDD/F abatement if Cu content in the fuel mixture is low.

19

2 1
a r t i c l e i n f o

22 Article history:
23 Received 10 February 2014
24 Received in revised form 17 April 2014
25 Accepted 13 May 2014
26 Available online xxxx

27 KeywordsQ4 :
28 Staged equilibrium modeling
29 FactSage
30 PCDD/F
31 Cu speciation
32 Sulfur addition
33 Aerosol
34

3 5
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36A staged equilibrium process model was developed for a bubbling fluidized bed boiler firing SRF, bark and
37sludge. The model was used to study the influence of sulfur addition strategies (S-pellet additive and peat
38co-firing) on the behavior of copper, bromine, and alkalis. Aerosol samples collected from the backpass of
39the boiler were used to validate the chemistry predicted by the model. The model revealed that Cu
40existed as Cu2S(s3) in the reducing zone, and CuCl(g) (for all test cases) and CuO(s) (during peat co-firing)
41in the oxidation zones. CuBr3(g) was also present after the introduction of tertiary air. However the model
42failed to predict the formation of CuSO4, an important passive species of Cu necessary for PCDD/F abate-
43ment. The modes of occurrence of Cu were classified as either active or passive with respect to de novo
44synthesis and an active/passive species molar ratio (APR) was introduced. APR showed high correlation
45with the PCDD/F production levels. Sensitivity analysis revealed that excessive Cu in the fuel mixture
46decreased the volatility of the element due to the formation of CuO(s). Simulation for peat co-firing with
47low Cu content showed that PCDD/F concentration is decreased and is comparable to that of S-pellet
48addition. Sensitivity analysis revealed that increasing the energy share of sludge can likewise lower
49PCDD/F production.
50� 2014 Published by Elsevier Ltd.
51

52

53

54 1. Introduction

55 In the first part of this study series, sulfur addition strategies
56 influenced the production of dioxin and furan in a bubbling fluid-
57 ized bed boiler firing SRF–bark–sludge (Case 1) [1]. Adding S-pellet
58 to the fuel mixture (Case 2) decreased the PCDD/F production,
59 while firing SRF–peat–sludge (Case 3) led to an increase. The
60 homologue distribution pointed to a de novo mechanism as the for-
61 mation pathway of these compounds. Cu is the main catalyst for
62 this mechanism. Aerosol data showed that the volatility and speci-

63ation of Cu are different for the two cases. When S-pellet was
64added, Cu may have been sulfated to form copper sulfate and been
65less likely to participate in the de novo formation. During peat co-
66firing, Cu has limited volatility and may have remained in its active
67form in the fly ash. These observation help explained the differ-
68ences in PCDD/F production for the sulfur addition strategies
69tested.
70For this part of the study series, a thermodynamic equilibrium
71calculation and details of the de novo mechanism are used to
72explain the results obtained earlier. An empirical model is devel-
73oped to determine if the elevated concentration of Cu had signifi-
74cant effect on PCDD/F formation when firing SRF–peat–sludge. In
75addition, a sensitivity analysis on the variation in energy share of
76sludge for Case 2 is tested.
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77 1.1. Chemical equilibrium modeling

78 Chemical equilibrium calculations have been used to analyze
79 systems such as combustion [2–4], gasification [5], cement kiln
80 chemistry [6] and several others [7]. The flexibility of the compu-
81 tation approach and the rapid growth in computing power
82 enabled systematic calculation of multi-phase multi-component
83 equilibrium systems. Equilibrium calculations give accurate
84 results in high temperature applications because the assumptions
85 of the calculation are met. On the other hand, the applicability of
86 thermodynamic equilibrium modeling can be limited by local
87 temperature gradients, physical processes such as adsorption
88 and capillary condensation, non-ideal mixing behavior between
89 different ash forming elements and the mode of occurrence of
90 components in the fuel which dictates its release or retention rate
91 [20,38]. However, clever and carefully designed methodologies
92 can produce valuable information about overall stabilities and
93 speciation trends [10].
94 In the field of combustion, applications include the study of the
95 behavior of fuel components during combustion [8], multi-fuel
96 combustion strategies [9,10], alkali chemistry related to combus-
97 tion [11,12], bed agglomeration [13–15] and the fate of trace ele-
98 ments [16–19]. However in practice, the role of reaction kinetics
99 is equally important. This makes simulations of large-scale systems

100 challenging when using straightforward global equilibrium calcu-
101 lation alone.
102 Dividing large processes into simpler subsystems or stages may
103 add value to the calculation. Sandelin and Backman used this
104 approach to analyze the behavior of trace elements in a coal-fired
105 power plant [20]. They concluded that their modeling results agree
106 with full scale measurements and the overall chemistry was pre-
107 dicted with satisfaction. Similarly Erikson and Hack used this
108 approach to study production of metallurgical-grade silicon in an
109 electric arc furnace. They reasoned that because the flows of two
110 reacting substances are countercurrent, the local mass balances
111 need not be identical to the overall mass balances. Also, the tem-
112 peratures at different levels in the furnace are not controlled from
113 the outside, but mainly determined by the heat exchange and the
114 reactions taking place inside [21].
115 Staged equilibrium calculation can be done on several plat-
116 forms. For example, ChemSheet combines MS Excel with the
117 multi-phase multi-component calculation capability of FactSage
118 [22]. Aspen Plus is also available and has been widely used in the
119 field of chemical engineering [23,24].
120 This work uses the macro processing module of FactSage. Since
121 the macros are already available in the FactSage distribution,

122additional software is no longer required. Macro commands enable
123the user to run the subprogram Equilib in the background and exe-
124cute commands stored in a macro [25]. Although macros are
125advanced features of FactSage, little programming background is
126required.
127The main motivation for the use of this platform is to take
128advantage of the integrated database and computing facility in
129FactSage, and to develop an Excel-based user interface as a process
130model for the boiler used in this study.
131In a bubbling fluidized bed boiler (BFB) several key zones can be
132identified, each with unique local prevailing conditions (Fig. 1). The
133first is the zone above the bed (the splash zone). The atmosphere is
134reducing because the air to fuel ratio (k) is less than unity. The fuel
135is gasified and volatile fractions are released. Non-volatile frag-
136ments can be retained in the bed and leave the boiler as bottom
137ash.
138Then, secondary air is injected several meters above the splash
139zone. The reason for the staging of air is to minimize excessively
140hot zones where NOx formation may occur. At this zone, the atmo-
141sphere is oxidizing with k around the range 1.1–1.3. The tempera-
142ture is highest and majority of the fuels are combusted.
143Next, tertiary air is introduced below the bullnose for complete
144oxidation. Further downstream, the flue gas transfers heat in the
145superheaters resulting in a decrease in flue gas temperature. The
146flue gas becomes supersaturated with aerosol-forming elements,
147such as Na, K, Cl, leading to condensation and deposition. Then
148the flue gas travels to the colder post combustion zones, where
149other heat exchange devices cool it to around 200 �C.
150This illustrates that the mass, prevailing conditions and flue gas
151composition are changing at the zones mentioned. These features
152can be incorporated to the thermodynamic model using staged
153equilibrium calculation.

1541.2. Copper – the de novo catalyst

155Copper is the most important catalyst responsible for the syn-
156thesis of PCDD/F in incineration systems [26–29]. In the BFB, Cu
157undergoes several chemical transformations such as sulfidation
158in the splash zone, oxidation in the O2-rich stages, and chlorination
159in the cold zones of the boiler. The non-volatile fraction of Cu in the
160fuel leaves the boiler as part of the bottom ash, mostly as Cu0, CuI

161or CuII [30]. The rest of the Cu is volatilized or entrained in flue gas
162and, depending on speciation, Cu can be a catalyst for the de novo
163reaction.
164Using in situ X-ray absorption techniques, Takaoka and co-
165worker observed the transformation of Cu from 200 �C to 400 �C

Location Description T gas, [°C] λλ Code

1
Just above the bed, 
splash zone 846 ± 4 0.600 846Rd

2
Downstream from the 
secondary air to just 
before the tertiary air.

906 ± 14 1.300 906Ox

3
Downstream from the 
tertiary to just below 
the bullnose

852 ± 4 1.379 852Ox

4 Back Pass 510 ± 9 1.379 510BP

Fig. 1. Key locations in the boiler used for the modeling and the local conditions at these locations. Aerosol sampling was made in the backpass or 4.
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