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1 INTRODUCTION 

1.1 Background 
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1.2 Aim and scope 
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1.3 Methodology 

Professional
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2 CO-FIRING BIOMASS WITH COAL 
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2.1 Current Co-firing activities in power generation 
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Table 1: Selection of large-scale European coal power plants with current biomass co-firing 
activities 

Power plant Biomass Co-firing rate References 

Amager (DK) 

Avedøre (DK)

Studstrup (DK) 

Amer (NL) 

Gelderland (NL)    

Maasvlakte (NL) 

Borselle (NL) 

 

Rodenhuize (B) 

Drax (UK) 

Ferrybridge (UK) 
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2.2 Biomass fuel characteristics and resulting effects in 
the combustion system 

Table 2: Composition of various biomass fuels and coals [2] 

 C H O N S Cl Ash 
Fuel type 

Hard coal 

Lignite 

Poplar 

Willow 

Spruce 

Straw 

HHV

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



HHV
LHV

LHV

Table 3: Lower heating values of biomass fuels 

 Poplar Willow Spruce Straw 

 

LHV
LHV

LHV LHV
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Figure 1: Lower heating values of biomass fuels for varying fuel moisture content 

et al.
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Table 4: Composition of coal and biomass ashes

Coal ash  
[28] 

Biomass ash 
[28] 

Poplar ash
[30] 

Eucalyptus 
ash  
[31] 

Coal ash 
[31] 

SiO2 

CaO 

K2O 

P2O5 

Al2O3 

MgO 

Fe2O3 

SO3 

Na2O 

TiO2 

BaO 

Mn3O4 
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UK Best Practice Brochure 
for Co-firing of Biomass
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2.3 Fuel supply and environmental aspects of biomass 
co-firing 

et al.

Industrial Wood Pellets Report

et al.
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Figure 2: Global wood pellet production [40] 

Figure 3: Global wood pellet consumption [40] 
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3  DRYING TECHNOLOGIES 
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3.1 Requirements of the drying material and dryer 
selection 
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3.2 Indirect steam-tube dryer 

Figure 4: Diagram of an indirect steam tube dryer [44] 
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Figure 5: Steam tubes of an indirect dryer [56] 
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3.3 Direct rotary dryer 

Figure 6: Diagram of a direct rotary dryer [44] 
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Figure 7: Flights and distribution of solids in the dryer [60] 

Figure 8: Flights in a direct rotary dryer [60] 
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4 INTRODUCTION OF CONSIDERED DRYING SCENARIOS 

 

 

 

 

 

 

 

Figure 9: Scenarios of stand-alone drying and integrated on-site drying 
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4.1 Definition of energy utilisation efficiency 
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Figure 10: Energy balance for Scenario 1a 
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Figure 11: Energy balance for Scenario 1b 

Figure 12: Energy balance for Scenario 2a 
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Figure 13: Energy balance for Scenario 2b 

Figure 14: Energy balance for Scenario 3 
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5 MODEL DEVELOPMENT 
Professional,

5.1 Steam power plant for biomass co-firing 

5.1.1 Power plant overall process modelling 
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Figure 15: Simplified flowsheet of the modelled steam power plant 
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Table 5: Key parameters of the power plant process (coal-only at full load) 

Fuel heat input 

Net power output 

Gross power output 

Net efficiency 

Gross efficiency 

Live steam mass flow 

Live steam pressure 

Live steam temperature 

Reheat steam pressure 

Reheat steam temperature 

Boiler feedwater temperature 

Condenser pressure LP1 

Condenser pressure LP2 

IP/LP crossover pressure 

Feedwater tank pressure 

Cooling water temperature LP1 

Cooling water temperature LP2 

Flue gas temperature downstream of the ECO 

Flue gas temperature downstream of the air 
preheater 

LHV coal (10.7 wt.-% H2O) 

LHV biomass (10 wt.-% H2O) 
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5.1.2 Boiler modelling 

Figure 16: Simplified flowsheet of the boiler model 
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5.2 Indirect steam-tube dryer 

5.2.1 Dryer modelling 
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Figure 17: Considered feed and product mass flows of an indirect steam-tube dryer for drying 
biomass [49] 
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Table 6: Modelling parameters for the indirect steam-tube dryer 

Ventilation ratio 

Temperature of solids leaving the dryer 

Temperature of gases leaving the dryer 

Electrical demand per kilogram evaporated water  

Thermal loss relative to total heat demand 

Ambient air temperature 

Temperature difference condensate to dew point 

Condensate pressure loss in dryer 

Ventilation air pressure loss 

5.2.2 Integration into the power plant process 
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Drying steam extracted from IP/LP crossover pipe 

Figure 18: Indirect steam-tube dryer integrated into the power plant process – drying steam is 
extracted from the IP/LP crossover pipe
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Drying steam extracted from both IP/LP crossover pipe and LP turbine 
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Figure 19: Indirect steam-tube dryer integrated in the power plant process – drying steam is 
extracted from the IP/LP crossover pipe and the LP turbine 
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Figure 20: Heat integration of ventilation air and exhaust vapours – theoretical evaluation of 
potential for low-pressure feedwater preheating 
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Figure 21: Heat integration of ventilation air and exhaust vapours – Variation A 
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Figure 22: Heat integration of ventilation air and exhaust vapours – Variation B 

5.3 Direct rotary dryer 

5.3.1 Dryer modelling 
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Figure 23: Feed and product mass flows of a direct rotary dryer 
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5.3.2 Stand-alone dryer 

Figure 24: Process flow sheet of the stand-alone direct rotary dryer 
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Table 7: Modelling parameters and boundary conditions of a stand-alone direct rotary dryer 

Excess air ratio in combustion chamber 

Ambient air temperature 

Electrical demand for dryer turning 

Pressure loss in dryer 

Pressure loss in cyclones 

Minimum exhaust gas temperature downstream 
of the dryer 

Temperature of dried biomass 

Terminal temperature difference in air preheater

5.3.3 Integration of a direct rotary dryer into the power plant  

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Figure 25: Process flow sheet of the integrated direct rotary dryer 
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6 EFFECTS OF BIOMASS CO-FIRING ON THE POWER 

GENERATION PROCESS 

6.1 Effects on the boiler 
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Figure 26: Changes in adiabatic flame temperature and flue gas mass flow when co-firing 
poplar wood chips (10 % H2O) with hard coal, in relation to the co-firing rate 

Figure 27: Heat flow changes in all boiler heating surfaces when co-firing poplar wood chips 
with 10 % fuel moisture content, in relation to the co-firing rate  
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Figure 28: Changes in live and reheat steam heat output in relation to the co-firing rate 
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Figure 29: Relative changes of boiler parameters for co-firing wood chips with a moisture 
content of 10 %, in relation to the co-firing rate 
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Figure 30: Heat flow changes in all boiler heating surfaces when co-firing poplar wood chips 
with 20 % fuel moisture content, in relation to the co-firing rate 
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6.2 Effects on the overall process 

Figure 31: Net and gross efficiency and power output for direct co-firing of wood chips with 
moisture content of 10 % in relation to the co-firing rate 
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Figure 32: Distribution of main shares in auxiliary power demand for direct co-firing of wood 
chips in relation to the co-firing rate 
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Figure 33:  Air and flue gas temperatures and mass flows in the air preheater for direct 
co-firing of wood chips in relation to the co-firing rate 
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Figure 34:  Net and gross efficiency and power output for direct co-firing of poplar wood chips 
with a moisture content of 20 % in relation to the co-firing rate 
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Figure 35: Distribution of main shares in auxiliary power demand for direct co-firing of poplar 
wood chips with a moisture content of 20 % in relation to the co-firing rate 
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7  ANALYSIS OF DRYING SCENARIOS 

7.1 Scenario 1 – integrated on-site drying by an indirect 
steam-tube dryer  

7.1.1 Scenario 1a – drying steam extracted from IP/LP crossover 
pipe  
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Base case integration 

Figure 36: Net and gross efficiency and power output for co-firing of wood chips (10 % H2O) 
dried with a steam-tube dryer in relation to the co-firing rate, integrated 
Scenario 1a  
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Figure 37: Steam pressure and mass flow decline upstream of the LP turbine due to drying 
steam extraction from IP/LP crossover pipe in relation to the co-firing rate 

440

450

460

470

480

490

500

510

520

530

540

4.5

4.6

4.7

4.8

4.9

5.0

5.1

5.2

5.3

5.4

5.5

0% 10% 20% 30% 40% 50%

St
ea

m
 m

as
s 

flo
w

 (k
g/

s)

St
ea

m
 p

re
ss

ur
e 

(b
ar

)

Co-firing rate 

Steam pressure upstr. LP turbine

Steam mass flow upstr. LP turbine

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Figure 38: Development of drying steam pressure and resulting drying steam condensation 
temperature in Scenario 1a in relation to the co-firing rate 
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Table 8: Energy demand of a steam-tube dryer for 10 % CFR 

 
 

 
 

 
 

 
 

 
 

 
 

 

 

Ventilation air heat integration – theoretical potential 
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Figure 39: Ventilation air heat integration potential in relation to the co-firing rate 
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7.1 Scenario 1 – integrated on-site drying by an indirect steam-tube dryer 

67  

only depend on the amount of heat transferred but also on the temperature level of the heat source. Furthermore, the potential for heat integration is limited by the LPFW mass flow. As more steam needs to be extracted for drying, the LPFW mass flow declines with rising co-firing rates, and less heat can be integrated. This results in a maximum for the integrable heat. The development of heat transfer in air heat exchanger 1 (AHE1) is shown in Figure 40, the heat transfer in air heat exchanger 2 (AHE2) is shown in Figure 41. Water vapour is condensed and extracted in both heat exchangers. This enables very effective heat transfer with high heat transfer coefficients and thus small heat exchanger surfaces. 

 
Figure 40: Heat transfer for heat integration – air heat exchanger 1 As had been expected, both variations show a maximum level of heat integration at 26 % CFR. For higher co-firing rates, the heat transfer slightly declines. As more steam is extracted for drying with higher CFR, less steam is condensed in the condenser downstream of the LP turbines. Due to the declining condensate mass flow, less heat can be integrated into a turbine’s preheating section. In a comparison, using AHE 1 seems more favourable than using AHE 2, as around twice as much heat can be gained for low-pressure feedwater preheating.  
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Figure 41: Heat transfer for heat integration – air heat exchanger 2 

Figure 42: Heat transfer for heat integration – air heat exchangers 1 and 2 
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Figure 43: Ventilation air heat integration - resulting ventilation air and dew point 
temperatures 
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Figure 44: Net efficiency improvement due to heat integration in relation to the co-firing rate 

Ventilation air heat integration – Variation A  
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Figure 45: Ventilation air heat integration – Variation A: heat flow in additional LPFW 
preheater 

Ventilation air heat integration – Variation B  
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Figure 46: Ventilation air heat integration – Variation B: heat flow in ventilation air preheater 
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Table 9: Net efficiency improvement by ventilation air heat integration in Scenario 1a 

 Ventilation air heat integration 

Base case  Max. potential Var A Var B 

 (50 % CFR) 

7.1.2 Scenario 1b – drying steam extracted from IP/LP crossover 
pipe and LP turbine 
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Figure 47:  Net and gross efficiency and power output for co-firing of wood chips dried with a 
steam tube dryer in relation to the co-firing rate, integrated Scenario 1b 
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Figure 48: Development of drying steam pressure and drying steam condensation 
temperature in the first dryer half in relation to the co-firing rate, heated by steam 
extracted from the LP turbine 
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Figure 49: Development of drying steam pressure and drying steam condensation 
temperature in the second dryer half in relation to the co-firing rate, heated by 
steam extracted from the IP/LP crossover pipe, compared to the results of 
Scenario 1a 
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Figure 50: Drying temperature over transferred drying heat flow for Scenario 1a and the two 
drying stages of Scenario 1b 

Table 10: Energy demand of a steam-tube dryer for 10 % CFR in Scenario 1b 
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Figure 51:  Comparison of net efficiency for Scenario 1a and Scenario 1b in relation to the 
co-firing rate, including ventilation air preheating in both scenarios 
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7.2 Scenario 2 – stand-alone drying by a direct rotary 
dryer 
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Figure 52:  Necessary fuel heat input for a stand-alone direct rotary dryer for drying wood chip 
mass flow corresponding to 10 % CFR 
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Figure 53: Electrical demand of a standalone direct rotary dryer 
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Figure 54: Sensitivity analysis of the air preheater’s terminal temperature difference 
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Figure 55:  Stand-alone direct rotary dryer - resulting air and flue gas temperatures for 
combustion air preheating 

Table 11: Drying gas results for a rotary dryer heated by an oil burner or a wet wood chips 
fired furnace (  ) 
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7.3 Scenario 3 – integrated on-site drying by a direct 
rotary dryer 
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7.3 Scenario 3 – integrated on-site drying by a direct rotary dryer 

85  

As less flue gas will be available in the air preheater, the steam air heater is required to ensure sufficient air preheating. A decline in efficiency is expected as a result of this steam extraction. However, the required air preheating can only be realised up to 30 % CFR, as even with additional air preheating by the steam air heater, the required mean temperature of 90 °C at the cold end of the air preheater could no longer be reached. Co-firing of poplar wood chips that are dried in an integrated rotary dryer is thus limited to a maximum 30 % CFR. Figure 56 shows the resulting shares of flue gas mass flow available for air preheating and used for drying, in the case of a dryer outlet temperature of 160 °C. To dry the poplar wood chips from a moisture content of 50 % to a moisture content of 10 %, up to 48.5 % (for 30 % CFR) of the total flue gas mass flow is required. 

 
Figure 56: Flue gas mass flow shares for air preheater and dryer for a dryer outlet 

temperature of 160 °C, in relation to the co-firing rate As the flue gas temperatures decline in several process steps along the flue gas track due to flue gas extraction for drying, the risks of sulphuric acid corrosion could increase. To determine these risks, the sulphuric acid dew point temperatures are calculated with Eq. 7.1 according to VERHOFF [70]: 
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Figure 57: Flue gas and sulphuric acid dew point temperatures of an integrated rotary dryer 

for a dryer outlet temperature of 140 °C, in relation to the co-firing rate 
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Figure 58: Flue gas and sulphuric acid dew point temperatures of an integrated rotary dryer 
for a dryer outlet temperature of 150 °C, in relation to the co-firing rate 

Figure 59: Flue gas and sulphuric acid dew point temperatures of an integrated rotary dryer 
for a dryer outlet temperature of 160 °C, in relation to the co-firing rate 
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Figure 60:  Flue gas heat flow downstream of the air preheater, downstream of the dryer and 
upstream of the ESP for a dryer outlet temperature of 160 °C, in relation to the 
co-firing rate 
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Table 12: Net and gross efficiency and power output for Scenario 3 (dryer outlet temperature 
150 °C) 

   

0 % CFR 

5 % CFR 

7.4 Comparison of scenarios 
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7.4.1 Transport related CO2 emissions 
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Table 13: Specific CO2 emissions for wood chip transport 

 Wood chip moisture content 
 10 % 50 % 

 

 

7.4.2 Total resulting CO2 emissions 
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Figure 61: Total resulting CO2 emissions for all drying scenarios at 5 % CFR compared to 
coal-only  
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Figure 62:  Total resulting CO2 emissions for Scenarios 1 and 2 at 50 % CFR compared to 
coal-only power generation 
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Figure 63:  Total resulting CO2 emissions for co-firing rates up to 50 % for all drying scenarios 
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7.4.3 Overall energy utilisation efficiency 

Table 14: Electrical net power output, electrical demand for drying and thermal heat input for 
all drying scenarios for 5 % and 50 % CFR 

CFR Scenario 

5 % 

1a 

1b 

2a 

2b 

3 

50 % 

1a 

1b 

2a 

2b 
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Figure 64: Overall energy utilisation efficiency for co-firing rates up to 50 % for all drying 
scenarios, in relation to the co-firing rate 
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7.4.4 Alternative approach of comparison 

Table 15: Total resulting CO2 emissions and energy utilisation efficiency for Scenario 2a and 
Scenario 1b for 54 % CFR* 

 Scenario 2a Scenario 1b 

Total resulting CO2 emissions 

Energy utilisation efficiency 
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7.4.5 Concluding evaluation of drying scenarios 
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8 SUMMARY AND CONCLUSIONS 
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