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ABSTRACT
The Fischer-Tropsch process has been used to produce liquid traffic fuels from fossil-based sources for several decades. Biomasses (e.g. bark) are regarded as potential sources for traffic fuel production, because they are CO2 neutral and can thus be used to prevent climate change. The first part of this research consists of modeling the production of Fischer-Tropsch liquids from bark. The modeling results show how much of the energy content of the used bark can be converted to liquid traffic fuels and off-gas. According to the results the yield of Fischer-Tropsch liquids from bark is 18…56% based on the energy content of wet bark. In the second part, the modeling results are used to analyze what kind of influences the Fischer-Tropsch plant have on energy balances, CO2 emissions and energy supply costs or revenues from selling energy at a pulp mill and an integrated pulp and paper mill. Results show that influences of FT liquids production at the mill site are partly based on different criteria depending on whether the FT plant is built at a pulp mill or an integrated pulp and paper mill.
Keywords: biomass, gasification, modeling of Fischer-Tropsch, pulp and paper mill
1. INTRODUCTION
Mainly fossil-based fuels are used in the transport sector, which in the European Union countries accounts for over 30% of final energy consumption. Because of declining oil resources and growing concern over climate change, the EU has set a target for the use of biofuels in the transport sector. The portion of biofuels should be 5.75% by the year 2010. [1] These biofuels can be produced by gasifying biomass to syngas and then converting this gas in a Fischer-Tropsch reactor into liquid traffic fuels. Alternative ways to produce these biofuels also exist, but not all conversion technologies are so effective from the viewpoint of energy and/or CO2 efficiency (e.g. the production of ethanol from corn) [2].
The Fischer-Tropsch (FT) process was developed in the 1920s and during World War II it was used mainly in Germany to produce diesel from coal [3]. So far, coal and natural gas have been used as raw materials for syngas production, but biomasses such as wood chips and bark are considered to be potential sources because of their CO2 neutrality at present. Building the FT plant close to the pulp mill or integrated pulp and paper mill (wood processing mill) offer the following benefits: a lot of wood-based side streams from the manufacturing processes are available, energy flows between mill and FT plant can be effectively integrated, and existing infrastructure (roads, electrical power network, etc.) can be exploited.   
The first objective of this work is to evaluate the feasibility of FT liquids production by means of energy and mass balance calculation. The second objective is to evaluate how the introduction of the FT process would affect the energy balances, CO2 emissions and energy supply costs or revenues from selling energy at a pulp mill and an integrated pulp and paper mill. In both mill cases, solid wood-based side streams (i.e. bark) from own processes are used as a raw material for the FT process.    
2. PROCESS DESCRIPTION
Figure 1 shows a flowsheet of a typical combined heat and power plant (CHP plant) of a pulp mill/integrated pulp and paper mill. The lime kiln is also included in Fig. 1 because it consumes fossil fuel and is a CO2 emission source. The temperatures and pressures in Fig. 1 represent typical process values of an industrial CHP plant. The main function of the CHP plant is to produce steam for the mill processes. The condensing turbine is an option for CHP plants at pulp mills. At integrated mills, condensing turbines are usually not used.      
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Figure 1. Industrial CHP plant
In the Fischer Tropsch process (Fig. 2) bark is first dried to a moisture content of 15% w.b. and then gasified with oxygen in a pressurized gasifier. After gasification, tars are catalytic cracked and light hydrocarbons are reformed to produce H2 and CO. Then the gas is cooled in stages before entering a scrubber, where all contaminants are removed. After cleaning, the syngas is compressed and fed into a shift reactor, where the H2/CO ratio is adjusted to be suitable for the FT reactor. When diesel is the desired end-product, the syngas needs to be cooled to approximately 200°C before the FT reactor.  In the FT reactor H2 reacts with CO to form hydrocarbons of variable length. In addition to liquid end-products some gaseous hydrocarbons are produced and these can be used in energy production. [4]
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Figure 2. Flowsheet of the FT-process

The process includes many heat exchangers, where the syngas is either heated or cooled. Steams at different pressures and/or hot water are needed in the dryer, gasifier, reformer and shift reactor. Steam or hot water can be produced by cooling the syngas. Steam is also produced in the FT reactor because the reactions are exothermic and the reactor temperature needs to be controlled. 
3. MODELING PRINCIPLES
In this chapter the main modeling principles are presented.  The syngas composition after the gasifier, reformer and shift reactor is calculated using the HSC-Chemistry program. This program calculates the thermodynamic equilibrium composition of the syngas at different temperatures and pressures by minimizing the Gibbs’ free energy. 
The Gibbs’ free energy of a system consisting of different chemical compounds can be calculated as follows [5]: 
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where T is temperature, p pressure, n1 and nm the amount of substance, H the enthalpy of the system and S the entropy of the system.
For mixtures the Gibbs’ free energy can be expressed as [5]:

[image: image3.wmf]å

=

ú

ú

û

ù

ê

ê

ë

é

÷

÷

ø

ö

ç

ç

è

æ

+

=

m

i

i

o

i

i

m

p

p

x

RT

T

n

n

n

p

T

G

1

0

1

ln

)

(

)

,...,

,

,

(

m

,



(2)
where 
[image: image4.wmf]÷

÷

ø

ö

ç

ç

è

æ

¶

¶

=

i

o

i

n

G

(T)

μ

 is the chemical potential of species i at the temperature T and pressure 1 bar, R the universal gas constant (8.134 J/molK) and x1 mole fraction of species i.
Equation (2) is used when Gibbs’ free energy is minimized. In equation (2) term RTln(xip/p0) takes into account that the species i is not alone but it is part of a mixture of species. Otherwise the Gibbs’ free energy is equal to the chemical potential.  
The gasifier and the reformer are modeled as a single device. The right temperature of the syngas after the reformer is calculated from the following energy balance:
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where energy contents are calculated as follows:
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where 
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is the molar flow of species i, Qi(T0) the heating value of species i (QH2O(T0) = QO2(T0) = 0) at reference temperature (298.15 K) and cp,i the specific heat capacity of species i. Heating values of carbon monoxide CO and hydrogen H2 can be found from the reference [5]. 
Heat losses in the gasifier + reformer, shift reactor and FT reactor are ignored. After the reformer the syngas is cooled in stages to 200°C, and both high- and low-pressure steam is produced. In the gas cleaning system tar-free syngas is washed with cold water (+ chemicals) to remove all contaminants. This is just a simplification because the real process also includes bag filters, cyclone etc. to ensure the purity of the syngas. After the scrubber the syngas is pressurized to 40 bar and heated to 300°C. Then the syngas is fed to the shift reactor, where the H2/CO ratio is adjusted to 2.2 by using steam. Next the syngas is cooled to 200°C and fed into the FT reactor, where syngas is converted to liquid traffic fuels. In this study diesel is the desired end-product and therefore the reactor temperature is limited to 240°C [4]. The reactor temperature is controlled by generating steam in an indirect cooling coil. The main reaction occurring in the FT reactor is:

CO + 2H2 → -CH2- + H2O

ΔH°FT = -165 kJ/mol

The portion of produced liquid hydrocarbons is defined by using a chain growth probability factor α. Chain growth probability is determined by the chance a hydrocarbon chain either grows with another CH2 group or terminates. 
The probability Pn of hydrocarbon of length n to exist is calculated from the following equation [6]: 
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where n is the number of carbon atoms in the product  and α is the chain growth probability factor. This is the so-called Anderson-Schulz-Flory distribution mechanism. The weight fraction wn of a product containing n carbon atoms is calculated as [6]: 
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In FT-diesel production the purpose is to produce long-chain hydrocarbons and therefore the bigger α is, the longer are the produced hydrocarbons. For example, if α = 0.8 it means that 73.7% of the produced hydrocarbons in the FT reactor will be liquid hydrocarbons (= C5+). If α = 0.9 the amount of C5+ will be 91.8%. Another thing affecting the amount of produced hydrocarbons is the conversion efficiency (η), which tells how much of the H2 and CO of the syngas is used to form liquid and gaseous hydrocarbons. The FT reactor is calculated using different chain growth probabilities and conversion efficiencies. The energy content of FT off-gas is calculated from the equation (4), whereas the energy content of FT liquids is calculated using a heating value of 43 MJ/kg for the liquids [7,8].  
Conversion efficiencies 0.4, 0.6 and 0.8 are used to demonstrate once-through FT processes. Instead of focusing on FT liquids, more gaseous hydrocarbons (for GT) are produced in these processes. Full conversion (η = 1) is also considered and in that case part of the FT off-gas is assumed to be recycled back either to the reformer or to the FT reactor. This process is more focused on FT liquids and less on gaseous products. Recycling will increase both the amount of inert gases and the electricity consumption of the process.
The Fischer-Tropsch process is a little bit different depending on the catalyst used. In this study cobalt catalyst (assumption) is used and therefore an external shift reactor is needed and CO2 is inert in the FT-reactor. In the case of iron catalyst, shift reactions occur inside the FT reactor (no separate reactor needed) and CO2 is not an inert gas. [4] 
4. RESULTS AND DISCUSSION
In chapter 4.1, we first present some key results of the Fischer-Tropsch modeling. These results are then used in chapters 4.2 and 4.3 to analyze how the introduction of the FT process at the mill site affects the amount of purchased/sold electricity, marginal fuel consumption, CO2 emissions and energy supply costs or revenues from the sale of energy (a modern pulp mill produces more energy than it consumes). 
4.1 Results of the Fischer-Tropsch modeling
Table 1 presents the values used in the modeling. The syngas composition values in Table 1 have been calculated by HSC. 
Table 1. Operation values of Fischer Tropsch modeling 
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The effect of the conversion efficiency and chain growth probability factor on the operation of the FT reactor is shown in tables 2 and 3. In Table 2 the first number is the amount of liquid hydrocarbons and the second one the amount of gaseous hydrocarbons. In Table 3 the efficiency is calculated by dividing the energy content of the produced liquid hydrocarbons by the energy content of the bark input. All values are based on lower heating value (LHV).   
Table 2. The amount of produced liquid/gaseous hydrocarbons [MW]
	                   η

α
	0.4
	0.6
	0.8
	1.0

	0.8
	35/113
	53/88
	70/62
	88/37

	0.85
	40/108
	60/80
	80/52
	100/24

	0.9
	44/103
	66/73
	88/43
	110/13


Table 3. Bark to FT-liquids efficiency [%]
	                   η

α
	0.4
	0.6
	0.8
	1.0

	0.8
	18
	27
	36
	45

	0.85
	20
	31
	41
	51

	0.9
	22
	34
	45
	56


When the same η and α values as in tables 2 and 3 were used, the amount of produced liquid hydrocarbons varied between 0.82 and 2.53 kg/s and the electricity consumption of the process was 11 MW.  In this study the total efficiency of the FT process is not calculated, because FT off-gas is not necessarily used for electricity production. Off-gas can also be used in the lime kiln to replace light/heavy fuel oil or it can replace marginal fuel in the steam boiler. Thus, it is not evident how much we can utilize off-gas in the next step. 
Discussion
It can be seen from tables 2 and 3 that operation of the FT reactor is very dependent on the η and α values. Thus, the control of the FT reactor is important for optimal operation of the total process. It is difficult to estimate what the real values for η and α are. Assuming that reasonable values for η and α are 0.4…0.6 and 0.7…0.85, respectively then the actual efficiency of bark to FT liquids is 15…30%. Because of the relatively low η and α values there is a great potential for the use FT off-gas. More research is needed to optimize the share pf FT liquid production in proportion to off-gas.  
Steam production in the FT reactor is dependent on the conversion efficiency. High conversion gives more steam and vice versa. Conversion efficiency can be improved if part of the off-gas is recycled back to the process. In most cases the process does not need any external heating or cooling and the electricity demand can be covered if the off-gas is burned to produce electricity. In this study the question of whether or not the heating value of the off-gas is reasonable for combustion is not considered. When energy losses are taken into account, it will reduce steam production in the heat exchangers and the amount of produced hydrocarbons.
The process efficiency can be improved by burning residual carbon from the gasifier in a combustor or boiler and produce high-pressure steam for a steam turbine. A CO2 removal unit can be added before the FT-reactor to reduce the amount of inert gases. This will improve the heating value of the FT off-gas, but it has only a small effect on the total efficiency of the process [4]. The removal of CO2 increases the partial pressure of H2 and CO and this will improve the selectivity (better α) towards longer hydrocarbons. In addition, low temperature and high-pressure makes the selectivity better. As mentioned earlier, the type of catalyst has an effect on the operation, but its activity is also important. Furthermore, the reactor type (slurry bed, fixed bed,…) affects the product distribution in the FT reactor. In this research it is not possible to optimize the operation of the FT reactor taking the above-mentioned variables into account. 

4.2 Influences of the FT process at the mill site

To analyze influences of the introduction of an FT plant at the mill site two example mills have been used in calculations. The pulp mill produces 470.000 Adt chemical pulp from soft wood. The integrated pulp and paper mill produces 470.000 Adt chemical pulp and 940.000 Adt fine paper. The rest of the pulp is purchased from the market. Figures 3a and 3b show energy balances and CO2 emissions without the FT process for the pulp mill and the integrated pulp and paper mill, respectively. The specific energy consumptions for the pulp and paper making processes in Fig.3 have been taken from [9]. The energy consumptions shown in Fig. 3 are relatively low and represent values of modern mills. In older mills, energy consumptions can be higher than those in Fig. 3. 
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Figure 3 Energy balance of  a) pulp mill and b) integrated pulp and paper mill
Pulp mill  
We can see from Fig. 3a that the black liquor covers the whole energy need of the mill. This means that the whole bark flow from the debarking plant can be used as a raw material for the FT process. However, this is not the only energy conversion process in which the excess bark can be utilized. In addition, the off-gas from the FT process is a suitable fuel for different purposes. In this paper, we have studied four alternative energy conversion processes/paths to utilize the excess bark and/or off-gas at the pulp mill. The processes are the following:

Process 1. All bark is combusted in a fluidized bed (FB) boiler and the high-pressure steam generated is converted into electricity in a condensing turbine. 

Process 2. All bark is sold outside the mill

Process 3. All bark is used as a raw material for the FT process and the off-gas from the FT plant is combusted in a boiler which generates high-pressure steam for the turbine. The generated steam is converted into electricity in a condensing turbine. 

Process 4.  All bark is used as a raw material for the FT process and the off-gas from the FT plant is primarily combusted in the lime kiln to replace oil. If there is still off-gas left, the rest is combusted in a gas boiler to generate high-pressure steam for a condensing turbine, where it is converted into electricity. 

In all of the processes, black liquor is combusted in a recovery boiler which generates high-pressure steam for a turbine (see Fig. 1). In processes 1 and 2, the moisture content of bark is 40% w.b. and secondary heat from the mill is used to dry the bark from the original moisture content (typically 55-60% w.b.). In processes 3 and 4, the moisture content of bark is 15% w.b., and steam generated at the FT plant is used as a heat source in the dryer. The process values of the CHP plant are the same as in Figure 1. Other initial values/conversion factors needed in the calculations are shown in Appendix 1.          

The presented process alternatives are compared with each other using different criteria, which are the amount of sold electricity, CO2 emissions from the use of fuels, fuel consumption in the lime kiln and revenues from the sale of energy. Revenues from the sale of energy are calculated for all cases as follows:


Revenue = EBqB + Eeqe – ECO2qCO2- Efqf



(7)
where EB is the amount of sold bark, qB the price of sold bark, Ee the amount of sold electricity, qe the price of electricity, ECO2 the amount of CO2 emissions, qCO2 the price of CO2 ton, Ef the consumption of fuel in the lime kiln and qf the price of lime kiln fuel. Revenue from the sale of FT liquids is not included in Eq. (7), because they are assumed to represent the same kind of final product as a pulp. 

Comparison results for energy conversion processes 1-4 are shown in Figure 4. All necessary energy prices are also shown in Figure 4. Electricity and CO2 ton prices are based on expectations of the future price levels (see. ref. [10]). The bark price is assumed to be the same as the peat price and is taken from [11]. The lime kiln fuel is assumed to be heavy fuel oil and the oil price has been taken from [10]. To show all the results in the same figure, a characteristic scale has been used. For all criteria, the calculated value (e.g. CO2 emissions, the amount of sold electricity) of process 1 are 100 units and other results are proportional to this value. Absolute calculation results of process 1 are also shown in Fig. 4.

Figure 4 shows that the highest revenues are obtained in the case of process 1, where the electricity production is maximized. Figure 5 shows as a function of electricity price what the selling price of FT liquids or bark should be for processes 2-4 so that they would give the same revenues as in the case of process 1. 
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Figure 4. Comparison results for energy conversion processes 1-4 (see processes on page 6)
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Figure 5. Dependence of the selling price of FT liquids and bark on the electricity price to give 
the same revenues as in the case of process 1 (see various conversion processes on page 7).

Integrated pulp and paper mill     

Figure 3b shows the energy balance of an integrated pulp and paper mill without an FT plant. The energy conversion process consists of a black liquor boiler, FB boiler and back pressure turbine (back pressure 5 bar), and represents our basic process (process 5).  The energy balance shows that the mill needs both purchased fuels and electricity to cover the energy need of the mill. The introduction of an FT plant will further increase the fuel and electricity consumption of the mill and revenues from the sale of FT liquids must cover increased energy supply costs. As in the case of the pulp mill, the off-gas from the FT plant is a suitable fuel for different purposes. In this paper, we have studied three various ways/ energy conversion processes to accomplish the introduction of the FT plant at an integrated pulp and paper mill. 
The processes are the following:
Process 6: All bark is used as a raw material for the FT process and the off-gas from the FT plant is combusted in a FB boiler which generates high-pressure steam for the back pressure turbine. 

Process 7. All bark is used as a raw material for the FT process and the off-gas from the FT plant is combusted in a separate steam boiler, which generates steam (5/11 bar) directly for mill processes. To cover the total heat demand of the mill, marginal fuel is also combusted in the same steam boiler.   

Process 8. All bark is used as a raw material for the FT process and the off-gas from the FT plant is primarily combusted in the lime kiln to replace oil. If there is still off-gas left, the rest is combusted in a FB boiler, which generates high-pressure steam for the back pressure turbine.  

In all of the processes, black liquor is combusted in a recovery boiler which generates high-pressure steam for the back pressure turbine (see Fig. 1). The moisture content of the bark is 15% w.b., and the steam generated at the FT plant is used as a heat source in the dryer. The marginal fuel is assumed to be peat in all processes. Heavy fuel oil is used as a lime kiln fuel in processes 6 and 8. The process values of the CHP plant are the same as in Fig. 1. Other initial values/conversion factors needed in the calculations are shown in Appendix 1.           

The energy conversion processes have been compared with each other using the following criteria: need for purchased electricity, need for marginal fuel, CO2 emissions from the use of fuels, fuel consumption in the lime kiln and energy supply costs. Energy supply costs include purchased electricity, marginal fuel and heavy fuel oil as well as costs from CO2 emissions. Comparison results for energy conversion processes 5-8 are shown in Figure 6. The energy prices in Fig. 6 are based on the same assumptions as in the case of pulp mill (see point pulp mill). As in the case of the pulp mill, a characteristic scale has been used. For all criteria, the calculated values of process 5 (basic process) is 100 units and other results are proportional to this value.  

Figure 7 shows (as a function of electricity and marginal fuel prices) for processes 6-8 what the price of FT liquids should be to cover the increased energy supply costs compared with the basic process 5. Actually, Figure 7 gives rough information on the most profitable way to produce FT liquids at an integrated pulp and paper mill. It is, however, important to notice that the results in Figure 7 are dependent on the proportion of own pulp production to the amount of purchased pulp. Therefore it is impossible to draw any general conclusions on the various processes as in the case of pulp mill.  
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Figure 6. Comparison results for energy conversion process 5-8 (see processes on page 8)
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Figure 7. The selling price of FT liquids for processes 6-8 to cover the increased 
energy supply costs compared with the basic process 5 (see processes on page8).

Discussion

Influences of the FT plant at the mill site are different depending on whether the plant is built at a pulp mill or at an integrated pulp and paper mill. The pulp mill is a more favorable place to build an FT plant, because the chemical pulping process produces “free” raw material for the FT process. An interesting point is that the off-gas from the FT plant should be used in the lime kiln rather than in the steam-generating boiler (process 4 vs. process 3). In general, gasification of bark for combustion in a lime kiln might be very reasonable even if the FT plant was not built at a mill. 

At the pulp mill, competing energy conversion processes for the FT plant are processes in which the excess bark is converted into electricity in a condensing turbine (process 1) or is sold outside the mill (process 2). If the electricity price is assumed to remain above 40€/MWh in the future, it is more reasonable to compare the economy of the FT plant to process 1 than process 2, even though investment costs are lower for process 2. For example, if the economic lifetime is 20 years, the interest 5% and the electricity price 45€/MWh, investment costs may be 45M€ higher for process 1 than for process 2 and it is still more economic to increase electricity production than to sell the bark. Figure 5 shows that the selling price of FT liquids is not unrealistic to be competitive compared with electricity production.   Investment costs and reliability of the conversion technology are naturally factors affecting the competitiveness between different conversion technologies.  

If FT liquids are produced at an integrated pulp and paper mill, the main question is where the off-gas from the FT plant is used. When the energy and CO2 ton prices correspond to those in Fig. 6 the most economic way to produce FT liquids is process 8, where part of the off-gas is combusted in the lime kiln and the rest in a FB boiler, which produces high-pressure steam for the back pressure turbine. On the other hand, peat consumption and CO2 emissions increase in process 8 more than in the other process alternatives. Increasing CO2 emissions are caused by the fact that the CO2 emission factor is higher for peat than for oil. Figure 7 shows that the most economic process alternative depends on electricity and marginal fuel prices. If the electricity price is low, the competitiveness of process 7 becomes better. It is, however, presumable that the electricity price will remain above 30€/MWh, and processes 6 or 8 are the most economic ways to use the off-gas from the FT plant.  According to Figure 7, selling prices of FT liquids do not have to be unrealistically high to cover increased energy supply costs.  

Calculation results (e.g. Fig. 7) also reveal that it might be useful to create an optimization model to optimize the best way to carry out the FT liquids production. In this paper, we have only simulated various process paths. If investment costs could also be included in an optimization model, then we would have an effective tool to analyze the use of biomass at the mill.  

5. CONCLUSIONS

· In most cases the FT process does not need external heating or cooling and high pressure steam can be produced for a steam turbine. 
· The production of the FT reactor depends on conversion efficiency η and chain growth probability factor α. In the modeling realistic range for η and α was used to take into account future research development work of the FT reactor.  
· FT off-gas can be utilized in a gas turbine, lime kiln or in a boiler. The optimal goal for the use of the off-gas depends on the mill type. 
· Bark to FT liquids efficiency varied between 18% and 56% depending on the η and α.
· Influences of FT liquids production at the mill site are partly based on different criteria depending on whether the FT plant is build at a pulp mill or an integrated pulp and paper mill.
· Regardless of the mill type, the off-gas from the FT plant should be combusted in the lime kiln rather than in the FB boiler. In general, gasification of bark for combustion in a lime kiln might be very reasonable even if the FT plant was not built at a mill. 
· At a pulp mill, an alternative process for the FT liquids production may be a process in which all the excess bark is converted into electricity in a condensing turbine.   
· When the investment costs of the FT plant are excluded, the calculated prices which should be obtained from the sale of FT liquids are not unrealistic.  
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APPENDIX 1

Summary of initial values and conversion factors used in mill site calculation 

	Effective heating value of dry bark 19.7 MJ/kgdm
Effective heating value of dry black liquor 12.9 MJ/kgdm

Moisture content of bark before combustion 40% w.b.

Moisture content of bark before combustion 15% w.b.

Dry solids content of black liquor before combustion 0.8

Share of bark from input wood blow to the debarking plant 0.12

Yield from the input wood flow after cooking 0.46

Yield from pulp in bleaching 0.96

Yield from pulp in delignification 0.97

Sorting loss from the input flow 0.01

Black liquor dry content per pulp ton 1.6tdry/tpulp
Boiler efficiency in FB boiler 0.87

Boiler efficiency in recovery boiler 0.8

Boiler efficiency in heat boiler 0.9 

Fuel consumption in limekiln 150 kg/tCaO

CaO consumption 0.25 t/tdry pulp
Return of condensate from the pulp mill 0.8

Return of condensate from the paper mill 0.95

Return of the condensate from the pulp drying 0.95

Electricity consumption in FT process per dry input flow 1.1 MJ/kgdry biomass

Steam production in FT process (90bar) per dry input flow  0.3 kg/kgdry, biomass

Off-gas production from the FT process per dry input flow 1.62kg/kgdry, biomass
Heating value of off-gas from the FT process 5.4MJ/kggas
Conversion efficiency 0.6

Chain growth probability factor 0.8 
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