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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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gasification and combustion. Besides the main solid product, a number of by-products including water, carbon 
dioxide (CO2), carbon monoxide (CO), and various organic compounds can be obtained after torrefaction. They can 
be classified into two groups: non-condensable and condensable volatiles, although they are all volatiles when 
formed at the torrefaction temperature. The former are permanent gases, while the latter becomes liquid after cooled 
to room temperature.  

Recently, research and development activities on biomass torrefaction have been very active to look at the 
torrefaction characteristic of a wide range of biomass species and to investigate the effects of torrefaction parameters 
(e.g., temperature and residence time) on the fuel properties of the torrefied products [5-10]. However, most of them 
are experimental studies, from which information for up-scaling the process is limited. In order to fulfill the research 
gap between academia and industry, process modeling studies are required.  

This work aims to build a complete torrefaction model for Norwegian birch branches using a commercial 
simulator. The model can provide a detailed distribution of main torrefied products and by-products at various 
torrefaction conditions. The heating value of the main solid product after torrefaction can be predicted and are 
compared with available experimental data. More importantly, the overall energy consumption and the process 
energy efficiency are estimated and presented. 

Table 1. Description of all units and streams in the torrefaction model. 

Unit or stream Classification Description Operating 
temperature (°C) 

DRY-AIR Cold stream Air at ambient temperature 25 

HX-AIRDR Heater Drying air heater – 

HOT-AIR Hot stream Hot inlet drying air 180 

DRIER Block Drying unit – 

EXHAUST Hot stream Hot outlet drying air  110 

HX-EXH Cooler Outlet drying air cooler – 

COLD-AIR Cold stream Cooled drying air 50 

DRY-BIOM Hot stream Hot dried biomass 110 

N2-COLD Cold stream Nitrogen at ambient temperature 25 

TOREFIER Block Torrefaction unit 240–300 

TOR-BIOM Hot stream Torrefied biomass stream 240–300 

BYPROD Hot stream By-products stream 240–300 

HX-COOL Cooler Product cooler – 

PROD Cold stream Final torrefied biomass product 50 

COMB-AIR Cold stream Air fed to combustor 25 

COMBSTOR Block Combustion unit – 

HOT-FG Hot stream Hot flue gas – 

HX-FG Cooler Flue gas cooler – 

COLD-FG Cold stream Cold flue gas 50 

2. Methodology 

2.1. Torrefaction process flow diagram 

The flow diagram of the torrefaction model in Aspen Plus v8.8 is illustrated in Figure 1. Description of all units 
and streams are presented in Table 1. 
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Fig. 1. Flow diagram of the torrefaction model. 

2.2. Feedstock and torrefaction reactions 

Norway birch branches, i.e. a forest residue, were chosen as the feedstock in this study. Available data for the 
fuel properties of the feedstock are adopted from another work [11] and presented in Table 2. The initial feedstock 
was assumed to have a moisture content of 50%, which is close to its measured value (56.31 ± 1.93 wt%) directly 
after harvesting, and the moisture content has been set to reduce to 10% prior to entering the torrefaction reactor. 

Table 2. Fuel properties of feedstock. 

 Moisture contenta Proximate analysisb  Ultimate analysisb

Ash VM FC C H N O 

Norway birch branches 50 0.64 89.73 9.63  48.24 6.15 0.16 44.81 
awt%, wet basis; bwt%, dry basis 

If it is assumed that biomass contains only carbon, hydrogen, oxygen, nitrogen, sulfur and ash, a general 
chemical formula for biomass is ������������, where �, �, �, �, and � represent the elements and � represents 
ash in biomass, and subscript letters are calculated from the ultimate analysis of the fuel. A torrefaction reaction, 
based on a previous study by Bates and Ghoniem [12], can be given as in Eq. (1): 
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where ������������  and ������������  represent the raw and torrefied biomass; �  is the mass yield of the 
torrefied biomass; the Greek characters denote the mass yields of the corresponding by-products. 

2.3. Assumptions 

Some assumptions are made for the process simulations: 
• The stream class used in the model is MIXCISLD, in which raw and torrefied biomass are considered as 

non-conventional solids. 
• The properties method is Redlich-Kwong-Soave (RKS). 
• All calculations are in steady-state. 

DRIER

COMBSTOR

HX-COOL
HX-AIRDR

HX-FG

HX-EXH

H

TOREFIER

TOR-BIOM

TOR-GASFEED

EXHAUST

HOT-AIR

HOT-FG

COMB-AIR

DRY-AIR
PROD

DRY-BIOM

N2-COLD

COLD-FG

COLD-AIR



 Quang-Vu Bach  et al. / Energy Procedia 142 (2017) 395–400 397
2 Bach et al./ Energy Procedia 00 (2017) 000–000

gasification and combustion. Besides the main solid product, a number of by-products including water, carbon 
dioxide (CO2), carbon monoxide (CO), and various organic compounds can be obtained after torrefaction. They can 
be classified into two groups: non-condensable and condensable volatiles, although they are all volatiles when 
formed at the torrefaction temperature. The former are permanent gases, while the latter becomes liquid after cooled 
to room temperature.  

Recently, research and development activities on biomass torrefaction have been very active to look at the 
torrefaction characteristic of a wide range of biomass species and to investigate the effects of torrefaction parameters 
(e.g., temperature and residence time) on the fuel properties of the torrefied products [5-10]. However, most of them 
are experimental studies, from which information for up-scaling the process is limited. In order to fulfill the research 
gap between academia and industry, process modeling studies are required.  

This work aims to build a complete torrefaction model for Norwegian birch branches using a commercial 
simulator. The model can provide a detailed distribution of main torrefied products and by-products at various 
torrefaction conditions. The heating value of the main solid product after torrefaction can be predicted and are 
compared with available experimental data. More importantly, the overall energy consumption and the process 
energy efficiency are estimated and presented. 

Table 1. Description of all units and streams in the torrefaction model. 

Unit or stream Classification Description Operating 
temperature (°C) 

DRY-AIR Cold stream Air at ambient temperature 25 

HX-AIRDR Heater Drying air heater – 

HOT-AIR Hot stream Hot inlet drying air 180 

DRIER Block Drying unit – 

EXHAUST Hot stream Hot outlet drying air  110 

HX-EXH Cooler Outlet drying air cooler – 

COLD-AIR Cold stream Cooled drying air 50 

DRY-BIOM Hot stream Hot dried biomass 110 

N2-COLD Cold stream Nitrogen at ambient temperature 25 

TOREFIER Block Torrefaction unit 240–300 

TOR-BIOM Hot stream Torrefied biomass stream 240–300 

BYPROD Hot stream By-products stream 240–300 

HX-COOL Cooler Product cooler – 

PROD Cold stream Final torrefied biomass product 50 

COMB-AIR Cold stream Air fed to combustor 25 

COMBSTOR Block Combustion unit – 

HOT-FG Hot stream Hot flue gas – 

HX-FG Cooler Flue gas cooler – 

COLD-FG Cold stream Cold flue gas 50 

2. Methodology 

2.1. Torrefaction process flow diagram 

The flow diagram of the torrefaction model in Aspen Plus v8.8 is illustrated in Figure 1. Description of all units 
and streams are presented in Table 1. 

 B/ Energy Procedia 00 (2017) 000–000   3

Fig. 1. Flow diagram of the torrefaction model. 

2.2. Feedstock and torrefaction reactions 

Norway birch branches, i.e. a forest residue, were chosen as the feedstock in this study. Available data for the 
fuel properties of the feedstock are adopted from another work [11] and presented in Table 2. The initial feedstock 
was assumed to have a moisture content of 50%, which is close to its measured value (56.31 ± 1.93 wt%) directly 
after harvesting, and the moisture content has been set to reduce to 10% prior to entering the torrefaction reactor. 

Table 2. Fuel properties of feedstock. 

 Moisture contenta Proximate analysisb  Ultimate analysisb

Ash VM FC C H N O 

Norway birch branches 50 0.64 89.73 9.63  48.24 6.15 0.16 44.81 
awt%, wet basis; bwt%, dry basis 

If it is assumed that biomass contains only carbon, hydrogen, oxygen, nitrogen, sulfur and ash, a general 
chemical formula for biomass is ������������, where �, �, �, �, and � represent the elements and � represents 
ash in biomass, and subscript letters are calculated from the ultimate analysis of the fuel. A torrefaction reaction, 
based on a previous study by Bates and Ghoniem [12], can be given as in Eq. (1): 

������������ 				������������			����				����������������������������������	 �

�
��
�
�
��
�
����� ��� 				
���� ��� 				
����	��									
����	����				
����	�����			
����	������	
����	������
����	������
���� ������

	 (1)	

where ������������  and ������������  represent the raw and torrefied biomass; �  is the mass yield of the 
torrefied biomass; the Greek characters denote the mass yields of the corresponding by-products. 

2.3. Assumptions 

Some assumptions are made for the process simulations: 
• The stream class used in the model is MIXCISLD, in which raw and torrefied biomass are considered as 

non-conventional solids. 
• The properties method is Redlich-Kwong-Soave (RKS). 
• All calculations are in steady-state. 

DRIER

COMBSTOR

HX-COOL
HX-AIRDR

HX-FG

HX-EXH

H

TOREFIER

TOR-BIOM

TOR-GASFEED

EXHAUST

HOT-AIR

HOT-FG

COMB-AIR

DRY-AIR
PROD

DRY-BIOM

N2-COLD

COLD-FG

COLD-AIR



398 Quang-Vu Bach  et al. / Energy Procedia 142 (2017) 395–400
4 Bach et al./ Energy Procedia 00 (2017) 000–000

• The system operates at atmospheric pressure and all pressure drops are neglected. 
• Air consists of 79% nitrogen and 21% oxygen on molar basis.  
• The ambient temperature is 25 °C, i.e. supplied air and nitrogen enter corresponding blocks at 25 °C. 
• The hot streams (EXHAUST, HOT-FG, and TOR-BIOM) are cooled to 50 °C. 
• Heat losses are assumed to be 10% of the heat produced from or supplied to blocks. 

3. Preliminary results and discussion 

3.1. Products distribution and characterizations 

The simulation was carried out at different torrefaction temperatures, from 240 to 300 °C. A torrefaction time of 
30 min was selected and kept constant because the effect of time is less pronounced than that of temperature. In 
addition, a flow rate of 200 kg wet feedstock per hour was chosen for this simulation. 

Fig. 2. Plots of mass yield, energy yield and heating values of torrefied biomass at different temperatures. 

Simulation results for the mass and energy yields as well as the heating values of the torrefied biomass at 
different temperatures are presented in Fig. 2. It can be seen from the figure that both the mass and energy yields of 
the torrefied biomass decrease while its heating value increases with increasing torrefaction temperature. When the 
temperature increases from 240 to 300 °C, the mass and energy yields reduce respectively from 92.2 to 63.2% and 
from 98.7 to 80.6%; on the other hand, the heating value is raised from 20.6 to 24.8 MJ/kg. Increased heating value 
of torrefied biomass is attributed to changes in their elemental composition. 

Fig. 3 presents the mass yield distribution of the by-products after torrefaction at different temperatures. It can be 
seen from the figure that more by-products are produced when increasing the torrefaction temperature, which is 
consistent with the decreasing mass yield trend of the torrefied biomass. Among the by-products, water is the most 
dominant (4.1-13.2%), followed by carbon dioxide (2.4-4.8%). Methanol is a minor component at low temperatures 
but its contribution increases greatly and is even higher than carbon dioxide at high temperatures. Other by-products 
play minor parts because most of them account for less than 4.4% at the highest temperature (i.e., 300 °C).  
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Fig. 3. Distribution of torrefaction by-products at different temperatures. 

3.2. Heat required/produced and thermal energy efficiency  

The heat required and produced as well as thermal energy efficiency of the torrefaction process at different 
temperatures are extracted from the simulations and presented in Table 3.  

Table 3. Heat required/produced and thermal energy efficiency of torrefaction process. 

Torrefaction
temperature 
(°C) 

Heat required/produced (kW) Energy 
efficiency 
(%) 

Drying Torrefaction Utilities 

240 -100.9 -23.1 32.4 92.9 

245 -100.9 -23.6 35.2 92.7 

250 -100.9 -24.1 38.6 92.5 

255 -100.9 -24.7 42.5 92.2 

260 -100.9 -25.3 47.0 91.9 

265 -100.9 -25.9 52.1 91.6 

270 -100.9 -26.6 57.7 91.3 

275 -100.9 -27.3 63.9 90.9 

280 -100.9 -28.0 70.6 90.5 

285 -100.9 -28.8 77.9 90.1 

290 -100.9 -29.6 85.7 89.6 

295 -100.9 -30.5 94.1 89.1 

300 -100.9 -31.3 103.0 88.5 

It can be seen from the table that it requires about 100.9 kW to dry 200 kg feedstock per hour from 50% to 10% 
moisture. In other words, drying accounts for 76-81% of the total heat required for the whole process. This 
observation is in good agreement with other literature showing that drying is an energy intensive step [13-15]. 
Because the feedstock flow rate is kept constant, the drying energy is thus unchanged with the torrefaction 
temperature. The table also reveals that sustaining the torrefaction process needs only 19-24% of the total heat 
required for the whole process, i.e., 23.1-31.3 kW, depending on the torrefaction temperature: the higher the 
torrefaction temperature is the more energy it requires. Compared to the drying energy, heat demanded for 
torrefaction is 3.2-4.3 times less. Another important information is the utilized energy, which is from 32.4 kW at a 
torrefaction temperature of 240 °C to 103.0 kW at a torrefaction temperature of 300 °C. More energy is collected 
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from the utilities at higher torrefaction temperature because more by-products are produced and thus more heat is 
extracted at HX-COOL. Furthermore, Table 3 also exposes a decreasing trend in the thermal energy efficiency of 
the process when increasing the torrefaction temperature, which is due to increased heat loss with increasing 
torrefaction temperatures. 

4. Conclusion 

A complete torrefaction model has been built in the Aspen Plus v8.8 software. Norwegian forest residue (birch branches) was 
chosen as the feedstock. The model is capable to provide the distribution of both the torrefied biomass and by-products. 
Simulation results show good agreement with available data in the literature. Increasing the torrefaction temperature leads to 
reduction in both the mass and energy yields of the torrefied biomass but increase in the heating value. The model also reveals
that drying accounts for 76-81% of the total heat demand. More importantly, the process energy efficiency reduces with 
increasing temperature, thus torrefaction at high temperatures is not recommended. The information obtained from this work 
would be important for industrialization and commercialization of the torrefaction process. 

Acknowledgements 

This research was supported by the Chung-Ang University Research Grants. 

References 

[1] M. J. C. van der Stelt, H. Gerhauser, J. H. A. Kiel, and K. J. Ptasinski, "Biomass upgrading by torrefaction for the production of biofuels: A 
review," Biomass and Bioenergy, vol. 35, pp. 3748-3762, 2011. 

[2] D. Ciolkosz and R. Wallace, "A review of torrefaction for bioenergy feedstock production," Biofuels, Bioproducts and Biorefining, vol. 5, 
pp. 317-329, 2011. 

[3] J. J. Chew and V. Doshi, "Recent advances in biomass pretreatment – Torrefaction fundamentals and technology," Renewable and 
Sustainable Energy Reviews, vol. 15, pp. 4212-4222, 2011. 

[4] W.-H. Chen, J. Peng, and X. T. Bi, "A state-of-the-art review of biomass torrefaction, densification and applications," Renewable and 
Sustainable Energy Reviews, vol. 44, pp. 847-866, 2015. 

[5] W.-H. Chen, H.-C. Hsu, K.-M. Lu, W.-J. Lee, and T.-C. Lin, "Thermal pretreatment of wood (Lauan) block by torrefaction and its influence 
on the properties of the biomass," Energy, vol. 36, pp. 3012-3021, 2011. 

[6] W.-H. Chen, W.-Y. Cheng, K.-M. Lu, and Y.-P. Huang, "An evaluation on improvement of pulverized biomass property for solid fuel 
through torrefaction," Applied Energy, vol. 88, pp. 3636-3644, 2011. 

[7] M. J. Prins, K. J. Ptasinski, and F. J. J. G. Janssen, "Torrefaction of wood: Part 1. Weight loss kinetics," Journal of Analytical and Applied 
Pyrolysis, vol. 77, pp. 28-34, 2006. 

[8] M. J. Prins, K. J. Ptasinski, and F. J. J. G. Janssen, "Torrefaction of wood: Part 2. Analysis of products," Journal of Analytical and Applied 
Pyrolysis, vol. 77, pp. 35-40, 2006. 

[9] D. Medic, M. Darr, A. Shah, B. Potter, and J. Zimmerman, "Effects of torrefaction process parameters on biomass feedstock upgrading," 
Fuel, vol. 91, pp. 147-154, 2012. 

[10] B. Arias, C. Pevida, J. Fermoso, M. G. Plaza, F. Rubiera, and J. J. Pis, "Influence of torrefaction on the grindability and reactivity of woody 
biomass," Fuel Processing Technology, vol. 89, pp. 169-175, 2008. 

[11] Q.-V. Bach, K.-Q. Tran, and Ø. Skreiberg, "Hydrothermal pretreatment of fresh forest residues: Effects of feedstock pre-drying," Biomass 
and Bioenergy, vol. 85, pp. 76-83, 2016. 

[12] R. B. Bates and A. F. Ghoniem, "Biomass torrefaction: Modeling of volatile and solid product evolution kinetics," Bioresource Technology, 
vol. 124, pp. 460-469, 2012. 

[13] H. Li, Q. Chen, X. Zhang, K. N. Finney, V. N. Sharifi, and J. Swithenbank, "Evaluation of a biomass drying process using waste heat from 
process industries: A case study," Applied Thermal Engineering, vol. 35, pp. 71-80, 2012. 

[14] L. Fagernäs, J. Brammer, C. Wilén, M. Lauer, and F. Verhoeff, "Drying of biomass for second generation synfuel production," Biomass and 
Bioenergy, vol. 34, pp. 1267-1277, 2010. 

[15] H. Holmberg and P. Ahtila, "Comparison of drying costs in biofuel drying between multi- stage and single-stage drying," Biomass and 
Bioenergy, vol. 26, pp. 515-530, 2004. 


