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The aim of this paper is to investigate the benefits of fuel switching to biomass in energy intensive industries 

such as quicklime plants. Biomass gasification and torrefaction are biomass processing technologies utilized in 

offering an alternative thermal source, partially replacing fossil fuels. Such transition facilitates the drastic 

reduction of emitted CO2 and other hazardous substances but is accompanied by significant additional process 

infrastructure requirements. Process simulation based analysis enables the evaluation and assessment of the 

heat integration solutions for the renewable fuel transformation technology with the existing production unit. 

Definitely, a higher overall efficiency can be achieved with biomass gasification based on a carbon emissions 

analysis. However, torrefaction improves plant flexibility, especially under intermittent or highly variable biomass 

supply due to the ability of the plant to store effectively the processed solid fuel. 

1. Introduction 

Quicklime production is an intensive energy process with high CO2 emitting loads. Crashed limestone is heated 

in a kiln reactor, where is calcinated to CaO with the release of CO2. Typically, the heat required for the 

calcination reaction is generated through combustion of fuel, such as petroleum coke. The high CO2 emissions 

are due to both combustion and the calcination reaction with an estimate of 973 kg CO2 released per ton of 

quicklime produced (Sagastume et al., 2012). In order to reduce CO2 emissions, part of the required thermal 

heat can be replaced by biomass gasification or torrefaction derivatives, which are attractive alternatives for 

fossil fuels substitution. The investigation of the integration of gasification and torrefaction processes in energy 

intensive industries is the main focus of this work. Utilization of biomass has an almost zero balance of carbon 

dioxide and therefore its contribution to the greenhouse effect is minimal (Ulsu et al., 2008). A comprehensive 

overview of the possibilities leading to the reduction of the emitted carbon pollutants from quicklime industry is 

provided by incorporating fuel switching to either syngas or torrefied biomass. The evaluation of the thermal 

efficiency of lime kilns has been the subject of several studies (Gutierrez et al., 2013). Biomass gasification 

simulation was studied by Sun et al. (2014), who used sensitivity analysis to investigate the process operating 

conditions using validated experimental data. Joshi et al. (2015) simulated a steady state torrefaction model 

under different process temperatures. Martinez et al. (2016) studied biomass torrefaction by means of kinetics 

with thermogravimetric analysis taking under consideration the process residence time. A kinetic scheme was 

developed by Anca-Couce et al. (2014) for the prediction of the solid product composition. In this particular 

study, both residence time and process temperature effects on the final product were explored. Rentizelas and 

Li (2016) focused on carbon emissions and investigated various co-firing ratios (i.e. ratio of pet coke replaced 

with biomass based fuel) by partially replacing pet coke by biomass derived fuels. Despite the rich literature on 

the gasification and torrefaction processes, their integration in energy intensive plants for the replacement of 

fossil fuels has not been explored adequately, especially in quicklime plants. This work aims to unveil the 

interactions between the biomass processing steps and the production line in quicklime plants and further 

investigate the feasibility and the potential benefits from fuel switching to biomass based fuels. 
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2. Process modelling description 

Simulation models for the calcination process using combustion of a predefined mixture of pet coke and biomass 

derived fuel, biomass gasification and biomass torrefaction process have been developed and validated using 

literature experimental data. 

2.1 Quicklime production model 
The quicklime kiln has been modelled as a reactor, where the calcination reaction (CaCO3 → CaO + CO2) takes 

place at around 900 oC along with the combustion of the selected fuel, considered as a mixture of pet coke and 

biomass derived fuel. Most quicklime industrial units use pet coke, a refinery by-product, with high sulphur and 

heavy metals concentration, such as aluminium, calcium and iron. The typical composition of pet coke is shown 

in Table 1. The main steps of the quicklime productions process are shown in Figure 1. 

Table 1: Ultimate and proximate analysis of pet coke 

Ultimate Analysis (% w/w db) 

       C            N             H                 O             S 

Proximate Analysis (% w/w db) 

       FC                      VM              Ash 

HHV 

 [kJ/kg dry] 

84,41 2,35 2,12 0,82 6,74 91,5 4,94 1,32 31.308 

 

 

Figure 1: Quicklime production process steps. 

The emissions from quicklime production are emanating from both fuel combustion and the release of CO2 from 

the decomposition of CaCO3. In addition, CO2 emission quotas on industrial units make the replacement of fossil 

fuels by renewable energy sources a necessity. The choice of fuel is an important factor that strongly affects 

production cost by as much as 40 - 50 %. The system is assumed to operate at steady state with a continuous 

flow process. The input and output gases are assumed as ideal gases, the variation of the potential and kinetic 

energy is neglected and pet coke composition is presumed constant during the process.  

2.2 Biomass gasification model 
Biomass gasification is an alternative process to convert biomass to high energy content fuels. Biomass is 

catalytically converted into a gas mixture, rich in H2 and CO, known as syngas, suitable for the production of 

both power and heat. A biomass gasification process model has been developed under steady state conditions, 

where both endothermic and exothermic reactions occur as described by Sun et al. (2014). Char, which is about 

2 % of the total carbon, is considered to have the properties of graphite C(s) that facilitates the simulation model 

without compromising the accuracy of the model predictions. The case of biomass based on straw is considered 

with its typical composition given in Table 2. The integrated system of biomass drying and gasification in a 

quicklime kiln is shown in Figure 2. Drying in the gasification process occurs at relatively lower temperatures in 

the range of 100 - 150 °C. Heat Integration is accomplished through the utilization of the heat content of the flue 

gas in the kiln that is available at a temperature of approximately 350 °C. The heat demand of the dryer is 

calculated at 1 MW and almost 70 % of it is covered by the quicklime kiln heat in the flue gas.  

 

Figure 2: Integrated system of lime kiln integrated with biomass gasification. 
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Table 2: Composition of straw based biomass 

Ultimate Analysis (% w/w db) 

       C            N             H                 O             S 

Proximate Analysis (% w/w db) 

       FC                      VM              Ash 

HHV 

 [kJ/kg dry] 

47.53 0.63 6.41 45.56 0.1 19.26 80.88 4.01 18 

 

The biomass gasification simulation model has been validated using experimental data (Sun et al., 2014) using 

process temperature and equivalence ratio (i.e. biomass to oxygen ratio, ER) as the independent variables. 

Figure 3 shows the effect of process temperature and ER on syngas product composition. As observed, 

gasification temperature does not affect gas composition, however further reduction in gasification temperature 

may result in incomplete process of the biomass giving rise to the emission of tars. The increase of ER causes 

an increase in CO2 and H2O with a subsequent decrease in the high heating value (HHV).  

 

 
 (a)      (b) 

Figure 3: Model validation of biomass gasification on (a) process temperature and (b) equivalence ratio. 

2.3 Biomass torrefaction model 

Torrefaction is a thermal process carried out at a temperature range of 200-300 °C, with residence time ranging 

from few minutes to several hours and under the absence of oxygen. The advantages of torrefaction include the 

increase of the product calorific value, improvement of the grindability of the solid product, increase of energy 

density and the production of fuels with uniform properties. The torrefied biomass has hydrophobic 

characteristics that make storage more attractive than raw biomass and further increases the C/O ratio in the 

fuel resulting in improved efficiency. The simulation process system is modelled taking under consideration 

process temperature and residence time as the main operating factors and is able to predict accurately the flow 

and composition of the final products. According to Bergman et al. (2005), the recommended torrefaction 

temperature level should not exceed 300 °C as biomass may release too much volatiles and carbonization of 

polymers may be enhanced, two undesirable effects. Reaction time has a smaller influence on the mass and 

energy yields than torrefaction temperature. The simulated results have been validated using published data 

(Clausen, 2014) regarding the composition of the torrefied product as shown in Table 3 for straw based biomass. 

The simulated model is able to capture the heating value of the product quite accurately. The integrated system 

of biomass drying and torrefaction with a quicklime kiln is shown in Figure 4. Heat integration can be 

accomplished using kiln flue gas waste heat in the biomass dryer and the torrefaction reactor heating. An energy 

recovery heat exchanger is used to recover heat from hot flue gases of lime kiln, that are at about 350 °C, to 

preheat the incoming biomass to the torrefactor, at 270 °C. The heat demand of the torrefactor is calculated at 

2 MW and almost 40% is covered by the lime kiln heat recovery. 

Table 3: Ultimate and proximate analysis of straw under different conditions (temperature [°C] / time [min]) 

 Ultimate Analysis (% w/w db) 

       C                N                  H              O  

Proximate Analysis (% w/w db) 

Fixed Carbon    Volatile           Ash 

 

HHV 

Raw 47.53±0.28 0.63±0.05 6.41±0.01 45.56±0.53 19.26±0.02 80.88±0.01 4.01±0.02 17.81±0.13 

240/ 60 47.39±0.01 0.69±0.01 6.43±0.37 45.28±0.34 20.72±0.4 79.28±0.41 4.75±0.01 17.92±0.01 

240/120 47.92±0.12 0.65±0.01 6.31±0.05 44.01±0.07 21.38±0.06 78.62±0.03 4.81±0.02 17.98±0.06 

270/60 52.87±0.01 0.82±0.01 6.18±0.14 40.31±0.16 29.85±0.22 71.03±0.16 5.63±0.06 20.41±0.07 

270/120 53.82±0.16 0.75±0.01 6.02±0.02 39.32±0.23 29.56±0.01 70.12±0.15 5.81±0.02 20.53±0.06 
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Figure 4: Integrated system of lime kiln with biomass torrefaction. 

2.4 Biomass supply and utilization 
Agricultural biomass is characterized by seasonal availability as harvesting occurs at specific time periods during 

a year. A lot of research work has been conducted regarding the biomass supply chain investigating in particular 

biomass periodicity and its implications in the total operating cost. Rentizelas and Li (2016) concluded that a 

multi-source biomass strategy is more advantageous because it leads to significant cost savings compared to 

a single-source biomass approach. To this end, a model is developed for the integrated biomass processing – 

quicklime production plant that accounts for biomass procurement, storage, and utilization under variable 

biomass availability conditions. Torrefaction allows the production of larger amounts of torrefied product than 

those required for the calcination reaction. The surplus torrefied fuel can be then stored for subsequent use 

during periods, where biomass availability is low and supply procurement costs are high. On the contrary, the 

biomass gasification product is gaseous and storage is more difficult and costly. In such a case, crude biomass 

is stored for subsequent use in the gasification process. The difference between storing torrefied and crude 

biomass is the energy density per mass that results in higher required storage volume. On the specific case 

study, it is assumed that biomass supply and price can vary considerably between time periods reflecting on a 

realistic situation. Simulation time period is defined as a reasonable time span, suitable to represent the state 

of the production system. Specifically, during the time periods of low biomass availability, procurement cost is 

significantly higher than during periods of high biomass availability. A linear programming (LP) problem is 

therefore developed for the calculation of the optimal schedule of biomass procurement and utilization based 

on the minimization of the overall operating cost. The model provides a global optimal solution over a six period 

planning horizon by minimizing the objective function consisted of procurement and storage cost for biomass 

as expressed in Eq(1). The duration of a single time period for the simulation is selected as one month.  

min fCost = ∑ [pci[𝑡]∙Cpc [
€

𝑡
] + biomi[𝑡]∙Cbiom [

€

𝑡
] + biomtotal,i[𝑡]∙

𝐶𝑏𝑠𝑡𝑜𝑟[
€

𝑚3]

𝐷𝑏𝑖𝑜𝑚[
𝑡

𝑚3]

NP

i=1

+ torreftotal,i[𝑡]∙
𝐶𝑡𝑠𝑡𝑜𝑟[

€
𝑚3]

𝐷𝑡𝑜𝑟𝑟𝑒𝑓[
𝑡

𝑚3]
] 

(1) 

Symbols Cpc, Cbiom, are the fuel procurement costs per ton, whereas Cbstor and Ctstor are the cost coefficients for 

biomass and torrefied product storage as provided in Table 4. Symbols pci and biomi are the mass of procured 

fuels and biomtotal,i and torreftotal,i are the stored crude biomass and torrefied fuel stored in tons for the i-th period. 

In addition, equality constraints related to energy and material balance of raw and torrefied biomass are 

imposed. Inequality constraints are also applied concerning storage capacity of the plant.  

biomtotal,i = biomtotal,i-1 + biomi − biomused,i (2) 

torreftotal,i = torreftotal,i-1 + torrefi − torrefused,i   ,    torrefi=biomused,i ∙ 𝑐𝑜𝑒𝑓𝑏𝑖𝑜𝑚2𝑡𝑜𝑟𝑟  (3) 

where biomused,i and torrefused,i represent the utilized biomass and torrefied biomass in the calcination kiln for the 

i-th period, respectively. Symbol coefbiom2torref is the coefficient of conversion for the production of torrefied 

biomass calculated from the simulation model equal to 0.78 in tons of torrified per ton of crude biomass. 

Eq(4) is an environmental constraint imposed that limits CO2 emissions produced per time period defined by 

environmental regulations and other community policies. Sole pet coke combustion violates the permitted CO2 

emissions and therefore the incorporation of thermochemical biomass processing is absolutely necessary. 

𝐸𝑝𝑒𝑟𝑚𝑖𝑡,𝑖 ≥ 𝑏𝑖𝑜𝑚𝑢𝑠𝑒𝑑,𝑖 ∙ 𝐸𝑏𝑖𝑜𝑚2𝑡𝑜𝑟𝑟 + 𝑡𝑜𝑟𝑟𝑢𝑠𝑒𝑑,𝑖 ∙ 𝐸𝑡𝑜𝑟𝑟 + 𝑝𝑐𝑖 ∙ 𝐸𝑝𝑐 (4) 
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Symbols Ebiom2torr, Etorr, and Epc are the CO2 emissions for torrefaction, combustion of torrefied biomass and pet 

coke combustion in tons of CO2 released per ton of used fuel and provided in Table 4.  

Table 4: Fuels characteristics (Rentizelas and Li, 2016) 

 Pet coke Raw biomass Torrefied biomass 

Density [t / m3 ] 

Energy density [GJ / m3] 

Heating Value [GJ / t] 

Biomass Availability  

Purchasing cost [€ / t]  

Storage cost [€ / m3 ] 

CO2 emissions [t / t] 

 

 

31.3 

Year-round 

25 

- 

0.86 

0.3  

7.6 

17.8 

3 months periodicity 

20-45 

4.2 

0.09 (torrefaction) 

0.07 (gasification) 

0.6 

15.4 

20.7 

Year-round 

- 

4.2 

0.06 

In the case of biomass gasification, it is important to note that syngas is a gaseous fuel and the storage capacity 

concerns only raw biomass. Therefore, sufficient storage capacity for raw biomass is necessary to 

accommodate seasonality in the biomass supply for the gasification utilization plant. Pet coke is a fuel that has 

high availability and regular supplies do not affect the operating costs. CO2 emissions from biomass are almost 

zero as seen in Table 4 that constitutes an advantage comparing to pet coke combustion.  

3. Results and discussion 

In this study, carbon emission analysis has been used in order to investigate the benefits from the integration of 

biomass thermochemical process technologies, namely biomass gasification and biomass torrefaction, in in 

energy intensive industries. AspenPlusTM is used to simulate these integrated processes and the input flows of 

the investigated scenarios of pet coke replacement are shown in Table 5. 

Table 5: Input fuel flows of the studied scenarios [kg/s] 

Biomass co-firing ratio (%) 0 % 20 % 40 % 60 % 80 % 100 % 

Pet coke 

Biomass (Gasification) 

Biomass (Torrefaction) 

25.3 

0 

0 

20.24 

6.48 

4.42 

15.18 

12.96 

8.84 

10.12 

19.44 

13.26 

5.06 

25.92 

17.68 

0 

32.4 

22.1 

 

Figure 5 indicates the annual reduction of CO2 emissions for several co-firing scenarios covering a range from 

20 % replacement to sole biomass based fuel utilization. The results clearly indicate that gasification process 

has lower carbon emissions compared to biomass torrefaction due to the higher process efficiency as shown in 

Table 6. Energy efficiency of each technology is defined as the ratio of the useful generated heat to the input 

energy content including all auxiliary fuel consumption as also indicated by Park et al. (2015).  

Table 6: Process efficiency 

Process Pet coke combustion Biomass Gasification Biomass Torrefaction 

 0.75 0.83 0.8 

 

 

Figure 5: Annual CO2 emissions reduction and efficiency for biomass (a) gasification and (b) torrefaction. 

Regarding the employed scenario with variable biomass availability, Figure 6 shows that sufficient biomass is 

purchased during the first three months in order to cover the energy needs for the entire six months horizon. 
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The main advantage of the torrefaction process is that the significant increase in energy density achieved 

through the process, enables the cost effective storage of torrefied biomass. The optimal solution of the linear 

program of Eq(1) - Eq(4) concluded in lower overall operating cost in the case of biomass torrefaction compared 

to that of biomass gasification. More specifically, the operating cost of biomass gasification is estimated at 

12,693 € for the entire time horizon, whereas the total cost for biomass torrefaction is 10,235 €.  

 

Figure 6: Fuels utilization and material storage for (a) biomass gasification and (b) biomass torrefaction. 

4. Conclusion 

It has been demonstrated that the integration of biomass gasification or torrefaction systems in energy intensive 

plants is beneficial for the drastic reduction of CO2 emissions. Despite the slightly higher efficiency of the 

gasification process, biomass torrefaction exhibits higher flexibility in accommodating biomass supply variability 

effectively. This is mainly attributed to the ability to store the torrefied biomass with minimal cost due to the high 

energy density of the torrefied product. Reducing the process and storage cost of biomass feedstocks are both 

critical in developing a sustainable infrastructure capable of supplying an uninterrupted biomass flow to highly 

demanding production plants.  
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