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ABSTRACT 

The main objective of this thesis was to investigate the possibility to increase the steam 

temperature in the superheater in biomass (hard wood) fired CHP plants by the integration 

of a hemicellulose hot-water extraction process. This was motivated due to the cleaner fuel 

(extracted wood chips) obtained after the extraction process. 

One important result from the chemical analysis of the extracted wood-chips was the 

removal of a large share of the inorganic constituents, except Chlorine and Sulphur, from 

the lignocellulosic biomass. Some of those inorganic constituents (alkalis) are believed to be 

responsible for the fireside heat exchanger and boiler walls corrosion problems during 

combustion. A large portion of the current work aimed to investigate the possibility to 

increase the superheated steam temperature in biomass fired boilers. Thermodynamic 

equilibrium calculations were performed for the extracted as well as for the original birch 

wood chips combustion using FactSage 6.0. The results showed significant differences in 

equilibrium concentrations between the fuels, which could be relevant initial step towards 

increased temperature operation in biomass fired boilers. Converting those results into 

possible operational steam temperature increment is something that needs further 

research. 

A techno-economic analysis was performed for a new integrated process that produces 

ethanol and acetic acid from hardwood (Birch) in addition to electricity and heat. The 

process involves the extraction of hemicellulose content of hardwood using water at a 

temperature of 160 - 180℃  and a pressure of 7 bars. The extraction process is integrated 

into a biomass fired CHP plant. The unit operations considered in this work include a boiler/ 

turbo-generator which operate on Rankine cycle, extraction and hydrolysis pressurized 

vessel, liquid-liquid separation process (for separation of acetic acid and fermentable 

sugars), and fermentation and ethanol up-grading processes. The hot-water extraction 

process at this stage is assumed to operate batch wise and heat was supplied from boiler 

exhaust gases. 

Results show low ethanol yield rate from hardwood through the hot-water extraction 

pathway, 0.0356 kg/ kg drywood, as compared to the current SHF (Separate Hydrolysis and 

Fermentation) technologies from hardwood conversion rate. This is due to the fact that hot-

water extraction process dissolves the hemicellulose portion of the lignocellulosic biomass 

and the cellulose remains intact in the extracted chips. In addition to ethanol the process 

yields 0.0276 kg/kg drywood of acetic acid. 

Under the assumed economic conditions, ethanol can be produced to a cost in the range of 

SEK 3.4 to SEK 11 per litre depending on the plant size and annual operational hours. 

Electricity can be generated to a cost in the range of SEK 450, for the case with 100MW 

plant size and 8400 annual operational hours, to SEK 1120 per MWhel, for the case with 

10MW plant size and 2000 operational hours per year. 
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1. BACKGROUND 

1.1 Introduction 

The interest in renewable resources as source of energy have increased because of the 

growing environmental concerns, which resulted in more strict national and international 

regulations against carbon dioxide emissions, and the shortages and instability of oil 

supplies. The ever increasing worldwide energy demand in general and in rapidly growing 

economies, developing countries, in particular have necessitated the need for additional 

and more reliable energy resource to meet the anticipated consumption. This is especially 

bold when it comes to liquid fuels such as gasoline used in transportation.  

Biomass is one form of green energy (Carbon-dioxide neutral) sources, in such a way that 

the carbondioxide emitted will be taken-up by the forest thereby producing no or little net 

effect to the atmosphere. Besides, the use of various biomasses, such as wood, straw, 

willow, black liquor, etc., as a source of energy would reduce carbon dioxide discharges as 

compared to fossil fuels. The worldwide energy demand can partly be satisfied by using 

biomass energy (figure 1.1 shows the potential for bioenergy in 2050). The annual global 

production of biomass is equivalent to the 4500 EJ solar energy captured each year. 

(Ladanai and Vinterbäck, 2009) This concept can partially be embodied in the idea of a bio-

refinery. A bio-refinery is similar to a traditional petroleum refinery except for the fact that 

biomass would be the feedstock rather than crude oil. Contrary to the conventional oil 

refinery which mainly uses thermal processing, a bio-refinery could implement both thermal 

and biological processes to convert hemicellulose, cellulose and lignin into energy and 

different chemicals. The concept of bio-refinery has been advanced by a number of 

researchers [Lundgren, 2009; Thomas et al., 2008, 2009; Gable et al., 2008]. 

 

The world primary energy demand accounts coal, oil, gas, hydro, biomass and waste (includes traditional and 

modern use) and other renewables. Total bioenergy production potentials include surplus forest growth, 

agricultural and forest residues, dedicated woody bioenergy crops on surplus agricultural land. 
a
 Based on 

highest consumption scenario. 
b
 Based on an upper limit of the amount of biomass that can come available as 

(primary) energy supply without affecting the supply for food crops. 
c
 Based on scenario where a type of 
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agricultural management applied is similar to the best available technology in the industrialized regions 

(1EJ=10
18

 Joules) 

Figure 1.1: World primary energy demand in 1980, 2000 & 2006 and forecast for 2015, 2030 

& 2050, and Total bioenergy production potential estimates in 2050 (Ladanai and 

Vinterbäck, 2009) 

Chief amongst the available biomass alternatives, for ethanol production, to corn and 

sugarcane is lignocellulosic biomass. Lignocellulosic biomass derived ethanol has no 

difference in functionality and composition compared to alcohols derived from other 

sources and is a reasonable liquid fuel with about two thirds the heating value per litre as 

gasoline. (Thomas et al., 2008) Yet, ethanol is used as an additive to increase the octane 

number of gasoline thereby increasing the engine efficiency and reducing pollution. 

Sweden, certainly has a great deal of potential feedstocks of lignocellulosic biomass as well 

as potential to grow much more so it would seem reasonable to turn to this as a contributor 

to domestic fuel. One way to achieve such goals is to transform existing CHP plants in to 

biorefineries to produce high value- added green chemicals along with the ordinary energy 

products such as heat and electricity. 

1.1.1 Hot Water Extraction (HWE) process 

Lignocellulosic biomass is composed of four main components: cellulose, hemicellulose, 

lignin and extractives. Extractives are extractable compounds that can be readily dissolved 

with water or organic solvents at room temperature and atmospheric conditions. (Thomas 

et al., 2008) Cellulose and hemicellulose are the structural carbohydrates in wood that form 

the supporting structure of the plant cell wall. (Helmerius, 2010) Cellulose provides 

structure and strength, while hemicellulose and lignin provide bonding to the structure. 

Table 1.1 Average composition of birch (hardwood) and softwoods (Helmerius, 2010) 

Species Cellulose (%) Hemicellulose (%) Lignin (%) Extractives (%) 

Softwoods 42 27 28 3 

Hardwood (Birch) 45 30 20 5 

 

In addition, there are inorganic compounds present in lignocellulosic biomass. There are 

over 70 metals, earth elements and inorganic compounds found in lignocellulosic biomass, 

with Potassium (K) and Calcium (Ca) being the major followed by Magnesium (Mg) and 

Phosphorous (P). (Thomas et al., 2008) 

Extraction of the readily hydrolysable carbohydrates using hot-water in the absence of 

added mineral acids or bases is desirable for facilitating the utilization and the recovery of 

the hydrolyzate products. Extracted woodchips have not shown reduction in heating value, 

rather it has increased probably due to the removal of most of ash forming minerals during 

the extraction process. This could be an advantage from corrosion point of view during 

combustion of the extracted chips (this topic is in-fact one of the main issues discussed in 
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this project). Furthermore, the environmental and recovery side effects are avoided since no 

sodium or caustic is added to the process streams, at least at this stage. (Helmerius, 2010) 

Hot-water extraction process is a self catalytic process due to the acetic acid liberated from 

the hemicellulose. The extracted liquid contains high concentration of oligomer and 

monomer xylose (5-carbon sugar) which can be utilized as a substrate by organisms in 

fermentation processes. (Lundgren, 2009) The process steps are mainly hot-water 

extraction, secondary hydrolysis (enzymatic or acid) to depolymerise xylan to xylose, acetic 

acid separation and fermentation. Via acetic acid separation, the acid can be a final product 

or used in other processes, such as hydrolysis or to extract hemicellulose from softwoods.  

 

 

Figure 1.2: From wood to value added chemicals through extraction of woody biomass 

1.1.2 Biomass Based Ethanol 

There are a number of drivers which have increased the interests in bio-ethanol production. 

These parameters can broadly be grouped as environmental, political and economical 

drivers. 

Environmental drivers 

The use of bio-ethanol to supplement gasoline and diesel reduces the carbon-dioxide 

emissions substantially, by reducing the net CO� accumulation in the atmosphere.  

Political drivers 

The use of bio-ethanol will reduce the dependence on fossil fuels, which are located in the 

world’s politically most unstable regions. Yet, bio-based fuels can have a negative impact on 

the world’s food supply chain when produced from sugarcane and corn. This puts 

lignocellulosic biomass as a good alternative source for bio-fuel production. 
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Economic drivers 

With the continuously increasing price of oil, bio-ethanol and other bio-fuels can potentially 

be produced at lower cost than gasoline and diesel. Additionally, bio-ethanol stimulates 

economic development of rural agricultural areas.  

The chemical processing involved in producing ethanol from sugar based feedstock is much 

simpler than that required for the conversion of lignocellulosic materials, such as hardwood. 

The reason is that sugar based feedstock is present in simple form for conversion whereas in 

lignocellulosic biomass feedstock, the hemicellulose and cellulose has to be first converted 

to simple sugars prior to conversion into ethanol. 

1.1.3 Forest products industry 

Sweden is one of the world’s leading countries in forest products particularly in pulp and 

paper industry. (Wikipedia, 2010) In order to compete in the global economy, Swedish 

forest industry has to increase revenues by producing bio-energy and bio-materials in 

addition to building and paper products. A lot has been done, yet a lot can be done to 

improve productivity and efficiency. One way of achieving such goals is considering the 

production of highly desired liquid fuel (ethanol) in an integrated manner.  Consequently, a 

number of bio-ethanol processes are being developed which use wood chips as feedstock; 

for example, processes proposed by Wingren et al. (2003, 2004, and 2008) and Sassner 

(2008). 

1.1.4 High temperature corrosion 

There are a few fundamental issues limiting the use of biomass in CHP’s. One of these 

limitations is associated with ash-related problems, grate slagging and heat exchanger 

surface fouling, because of higher temperatures. Traditional biomass fired boilers have not 

experienced great problems with high temperature corrosion, for the fact that metal 

temperature of the heat-exchanger tubes has been kept low (in the range 450-480℃, with 

few exceptions). A desire to increase the steam temperature will, however, raise concerns 

with high temperature corrosion. It is prior known that the power generation efficiency of a 

power plant generator is higher the higher the steam pressure and temperature is before 

the steam turbine. Hence, it is preferred that steam be superheated to become as hot as 

possible, yet without risking the endurance of a power plant. All-coal fired generator plants 

reach a steam temperature of more than 550℃ without notable corrosion hazards in the 

superheater region. In the process of burning biomass, major corrosion has been discovered 

at superheating temperatures less than 500℃.  

Corrosion in biomass fired boilers is generally believed to be caused by the complicated 

chemical reactions between gaseous species such as HCl, Cl�(g), and SO�in the flue gases 

and the super- heater tube material. This occurs particularly in the presence of low melting 

salts of heavy metal and alkali metal (sodium, potassium) chlorides and sulphates on the 

heat-exchanger surface deposits for temperatures above 300℃. (Gotthjaelp et al., 1996) 
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Although, the relative extent of destruction from individual constituents has not yet being 

assessed, experiments have shown that active oxidation, a term used to express a severely 

corrosive combustion condition, is mainly due to the presence of alkali metals and chlorine. 

The alkali metal of major concern in biomass is potassium. (Nielsen et al., 2000) (Li et al., 

2004, 2007) It has been contemplated that alkali metal sulphates, and especially alkali metal 

chlorides, constitute a cause for the accelerated contamination and corrosion rate of heat 

transfer surfaces. 

Most previous researches with regards to high temperature corrosion problems in biomass 

fired boilers concentrate in discovering new corrosion resistant materials or additives to 

transform corrosive compounds into more stable and less harmful compounds. Hot-water 

extraction of hardwood has revealed that most of the inorganic constituents including those 

believed to be responsible for fireside corrosion problems have been removed during the 

process. This result could lead to a new approach to the problem. The current work deals, to 

a large extent, with investigation of the possibility of increased steam temperature 

operation in biomass based CHP for increased electricity output and green chemicals 

production due to the cleaner fuel obtained after the extraction process. 

1.2 Concept of biorefinery processes 

The major constituents of lignocellulosic biomass (Table 1.1) cannot be simultaneously 

isolated as polymers and several processes must be employed involving the degradation of 

at least one of the polymers at a time.  

Cellulose is hard and does not easily break apart by mechanical means or with enzymes, and 

the need for an economic process from cellulose to ethanol remains an important research 

objective. Still cellulose fibres with glucose in the polymeric form are more valuable than 

their derived bio-fuels as paper and particle board products can be made from it and both 

have higher market value than the derived bio-fuels. (Thomas et al., 2008) (Helmerius, 2010) 

Hemicellulose is softer than cellulose and can be partially extracted from hardwood chips 

through solution in water at high temperatures and the resulting liquor (mainly xylose) can 

be fermented into ethanol by microorganisms. Xylose may also be used for other products 

and chemicals that are currently produced from petroleum. The residual chips can be 

processed in to pulp to make paper, converted into other wood products or burned for 

steam and power generation. (Helmerius, 2010)(Thomas et al., 2008) This process would 

add additional products starting an evolution towards lignocellulosic wood based bio-

refineries. 

In the biomass fired CHP’s the primary focus is on electricity and heat, or in paper industries 

the primary focus is on cellulose fibres, the philosophy of bio-refinery is to provide an 

alternative approach for utilization of lignocellulosic biomass by allowing a higher value 

recovery. Lignocellulosic biomass can be fractionated into the main components by 

sequential treatments to give separate streams that may be used for different product 
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applications, allowing maximum benefits of the renewable and complex resource that will 

become increasingly important as fossil fuels become more and more expensive.  

1.3 Objective and Scope 

The objective of the current work is to evaluate an integrated hot-water extraction process, 

in to a biomass fired combined heat and power plant (CHP), from a techno- economic point 

of view. This work compliments the work by Lundgren and Helmerius (2009), in which the 

hot-water extraction process was evaluated and the properties and compositions of the 

extracted woodchips were determined. In their work, an externally fired gas turbine was 

considered for electricity and heat production whereas in the current work the energy plant 

operates on Rankine cycle.  

The current work mainly includes: 

• Estimation of the total energy efficiency of an integrated process with hot-water 

extraction, ethanol production and CHP with the steam process temperature 

adapted to the washed fuel.  

• Literature review on fireside corrosion problems and evaluation of the extracted 

wood chips corrosion behaviour based on available literature and thermodynamic 

equilibrium calculations of combustion products. 

• Estimation of the total production of heat, electricity and ethanol for three different 

plant sizes (10, 50 and 100MW). 

• Estimation of the production costs of ethanol with reasonable assumptions 

regarding prices for feedstock, electricity and heat. 

The scope of the project was to develop a model for performing mass and energy balances 

for both the energy plant and the hemicellulose extraction process. Via hot-water extraction 

many different chemicals can be produced, in this project ethanol and acetic acid were 

considered.  
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2. METHODOLOGY AND THE INTEGRATED PROCESS DESCRIPTION 

2.1 Methods 

This chapter summarizes the methods used in predicting the corrosion behavior of extracted 

and birch wood chips and economic evaluations. 

2.1.1 Corrosion Prediction 

The corrosion behavior of extracted and birch wood chips was initially predicted using 

indices available in literature. Later, thermodynamic equilibrium calculations were 

performed using FactSage 6.0 package to investigate the equilibrium distribution of the 

different inorganic elements believed to be responsible for high temperature corrosion in 

biomass fired boilers. The input parameters implemented in equilibrium calculations and 

the biomass fuels elemental analysis can be found in appendix A (Table A.1 and A.2).   

2.1.2 Economic Evaluation 

This section summarizes the methods of the economic analysis performed for the integrated 

hemicellulose hot-water extraction process. There is no easy way to perform an economic 

evaluation of the process, as it is difficult to obtain all the necessary data from reliable 

sources, such as vender quotations. Besides, since economic evaluation must cover a long 

period of time at least 15 years and often up to 25 years, the economic estimates are 

associated with lots of uncertainties. Such uncertainties may include future inflation rate, 

taxes, stricter local and international laws against emission, and fuel prices. The economic 

prediction was performed based on the mass and energy balance results and closely follows 

the cost estimation database developed by National Renewable Energy Laboratory (NREL). 

2.1.2.1 Capital investment estimates 

In thermal and chemical process design, equipment cost is often estimated by using the 

exponential scaling equation. This law is sometimes referred as the six-tenths rule because 

the exponent is often approximately 0.6. 

�� ���� ���� = �������� ���� � �� ������������ ���� !"# = �$ � %%$ !"#                          �2.1� 

Where �$ - the original cost of the equipment at size %$ and �� - the new capital cost at 

size%. The scaling exponent is commonly obtained from either standard reference books, 

vender quotations or by assuming the six-tenths scaling rule applies, i.e. putting the 

exponent to be 0.6. The expression can further be simplified by combining the original 

equipment cost and original size into a single constant k. 

�� = (%!"#         ℎ���   ( = �$%$!"#                                                                                       �2.2� 
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Since hot water extraction process is implemented in place of the pre-treatment and 

hydrolysis section of the ordinary SHF pathway, estimation of the share of each sub-system 

components of the ordinary SHF pathway is relevant.  

Wooley et al. (1999), later updated by Mitchell (2006) and then by Mao (2007), divided the 

hardwood to ethanol plant in to nine process units (areas) for economic evaluation purpose. 

Several of the process units employed in hardwood to ethanol remain similar to those found 

in hemicellulose extraction process. This similarity can be useful in scaling the capital cost to 

the current project. Process common to both hemicellulose extraction and hardwood to 

ethanol processes are feed handling (A100), fermentation of C5 and C6 sugars (A300), 

distillation (A500), WWT (A600), storage (A700), Boiler/ turbo-generator (A800) and utilities 

(A900). However, there are new areas in the hemicellulose hot water extraction, (1) wood 

extraction and hydrolysis vessel and affiliated processes and (2) liquid-liquid separation 

process to separate fermentable sugars and to recover acetic acid and furfural. Some of the 

process units in hardwood to ethanol which are not applicable to the hemicellulose 

extraction process were excluded from the analysis. 

 

Table 2.1 Process areas for ethanol production 

Process unit Code 

Feed handling A100 

Acid pre-treatment and detoxification A200 

Fermentation  A300 

Cellulase production A400 

Distillation/ dehydration/ evaporation A500 

Waste water treatment (WWT) A600 

Product storage A700 

Boiler/ turbo-generation equipment A800 

Utilities A900 

 

Mitchell (2006) has set equations for equipments cost estimation based on the detailed cost 

estimation of the different process units made by Wooley et al. (1999). Mitchell cost 

estimation was based on hard wood feed as a size parameter. In hot water extraction 

process, 77% wt of the wood chips exit the process at the extraction stage which makes the 

need for selecting a more convenient size parameter crucial. Ethanol production rate was 

chosen as a more convenient size parameter in capital cost estimation except for A800 and 

A100 where steam flow and wood feed rate were used, respectively. 
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Table 2.2 Equations for estimating installed equipment cost  

For a 26 MG/year (98.4 MLt/year) hardwood to ethanol plant for the different process units identified by 

Wooley et.al (1999), re-calculated by Mitchell (2006) 

Process Unit $2005 Installed equipment cost equations 

Feed handling (A100) �*+,, = 62709 012 345,.67�7
 

Pre-treatment/ Detoxification (A200) �*�,, = 154923 012 345,.;7�7
 

Fermentation (A300) �*<,, = 10559 012 345,.76;=
 

Cellulase production (A400) �*�,, = 31641 012 345,.=�;�
 

Distillation (A500) �*6,, = 86294 012 345,.?,;=
 

WWT (A600) �*;,, = 128499 012 345,.67;<
 

Storage (A700) �*?,, = 136251 012 345,.;;+,
 

Boiler/ Turbo-generator (A800) �*=,, = 217961 012 345,.?+;6
 

Utilities (A900) �*7,, = 20234 012 345,.?6;=
 

 

The digression exponents were adapted from Mitchell (2006), originally obtained from 

vender quote, NREL database and Peters and Timmerhaus (2003) 

The factored estimates made by Wooley et al. (1999) have a probable accuracy of +25%/-

10%. 

Table 2.3 Equations for estimating equipment cost 

For a 52.2 MG/year (198 Million Lt/year) hardwood to ethanol plant using ethanol yield as a size parameter    

re-calculated from Wooley (1999) and Mitchell (2006) 

Process Unit $1997 equipment cost equations 

Cost of extraction and hydrolysis vessel 

plus hydrolyzate storage 
a,b,c 

�!",A = 2745 012 345,.;6;
 

Feed handling (A100)
c �*+,, = 42278 012 345,.67�7

 

Liquid- liquid separation (A200)
d
 �*�,, = 22645 012 !B35,.;7�7

 

Fermentation (A300) �*<,, = 236046 012 !B35,.76;=
 

Cellulase production (A400) �*�,, = 458566 012 !B35,.=�;�
 

Distillation (A500) �*6,, = 452902 012 !B35,.?,;=
 

WWT (A600) �*;,, = 791733012 !B35,.67;<
 

Storage (A700) �*?,, = 85457 012 !B35,.;;+,
 

Boiler/ Turbo-generator (A800)
e �*=,, = 372882 012 CB!DE5,.?+;6

 

Utilities (A900) �*7,, = 186910 012 !B35,.?6;=
 

a 
Cost extraction and hydrolysis vessel $1998. Ethanol yield [Million-litre/year].  b 

re-calculated from Helmerius 

(2010) 
c
 the size parameter for A100 hardwood feed (ton/day). 

d 
it is assumed that liquid-liquid separation can 

be estimated using A200 of Wooley [1999].  
e 

size parameter for boiler (A800) steam flow (ton/hr) 

 

It was further assumed that the liquid-liquid separation unit can be scaled using the pre-

treatment/ detoxification (A200) section of Wooley et al. (1999).  And the cost of the 

separation equipment was estimated from Peters and Timmerhaus (2003), tray and packed 

columns purchased cost curve. 



10 

 

2.1.2.2 Operating cost estimation 

Operating cost is composed of both variable and fixed operating costs. Variable operating 

costs includes the costs of raw materials (RM), Energy (electricity and steam) and waste 

disposal charges (WD). Variable operating costs are incurred only when the plant is 

operating, so it varies depending on production rate. In this case, the cost of steam and 

electricity will not be considered as it is provided from the plant processes. 

Fixed operating cost 

Fixed operating costs include overhead maintenance (OM), employee salary, tax and 

insurance (TI). Often it is expressed as percentage of the total project investment, usually 2-

5%. (Kjellström, 2003) 

Variable operating cost 

A detailed evaluation of the process streams and their input demands (chemicals, steam, 

water or electricity) is required to accurately estimate the variable operating cost. However, 

in this work variable operating cost of the ethanol plant was estimated base on previous 

work by Wingren (2005), ethanol from softwood, where it was expressed in MSEK/ year 

(cost level June 2004). A fairly close result was reported by Gnansounou et al. (2010) but the 

latter includes energy plant variable operating cost. In fact this was one of the subjects 

considered in sensitivity analysis against cost of ethanol production. 

The variable operating cost of the energy plant was taken from (Kjellström, 2003), where it 

was expressed in SEK/ MWh of fuel energy used. 

2.1.2.3 Cost sharing and assumed economy 

The cost sharing of the different processes was performed by calculating the specific 

investment of the heat producing part �€/GH!I� based on the equation 2.3. (Kjellström, 

2007) Then this was subtracted from the total investment for the boiler/turbo-generator 

(A800) and fuel handling (A100) to give the investment on electricity producing part. The 

rest of the investment goes to the ethanol processing section. Furthermore, the cost of 

feedstock was accounted on the electricity and heat producing parts. 

J3!DB = 3384 K3!DB�,.�;6�                                                          �2.3� 
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Table 2.4 shows the assumed economic parameters. 

Table 2.4 Parameters assumed in the economic evaluation 

Interest rate  5%  

Economic life time 25   

Operation hours variable  

Item Cost Unit 

   

Birch wood feedstock 120 SEK/MWh 

Cost of other inputs (Ethanol plant) 0.027 SEK/litre ethanol yield 

Variable operating cost (Energy plant) 18 SEK/MWh fuel energy 

Annual fixed operating cost  2 % of total investment 

Acetic acid sales price (Pitt, 2002)
 

7.6 SEK/litre 

2.1.2.3 Profitability Analysis 

There are several methods used as economic indicators for determining the profitability of 

an engineering project. The most common ones are the Net Present Value (NPV), Payback 

Period and Discount cash flow Rate of Return (Internal Return Rate). All these methods take 

into account the time value of money. In the current work, payback time combined with the 

IRR on the investment was used as an economic indicator in evaluating the profitability of 

the hemicellulose hot-water extraction process under the assumed economic parameters. 

This was done by using the estimates for the Total Capital Investment (TCI), Total operation 

costs and the anticipated Revenue (R) for the process and calculating the net profit over the 

lifetime of the plant. It was further assumed that the sales price of the different products to 

be 10% more than their respective production cost. No green electricity certificates have 

been accounted for. 

2.2 Description of the integrated hot-water extraction process  

Description of the integrated extraction process  

The extraction process is at this stage assumed to be performed batch wise in a pressurized 

vessel with a slowly rotating mixer. The hot-water extraction process takes place in the first 

90 minutes at temperature range of 160-180℃, then the free liquor is separated from the 

wood chips and the temperature of the vessel is decreased to 121℃, the cooling takes 

about 30min. Secondary hydrolysis takes place during the next 60 minutes at 121℃, with 

diluted sulphuric acid. It is also further assumed that the secondary hydrolysis can be carried 

out in the same pressurized vessel. To process on batch takes around 3 hours excluding 

water filling. The wood chips after extraction contains water about 70%wt. This water 

contains a high sugar concentration; hence the extracted chips will be mechanically pressed 

to squeeze out the remaining liquor. Finally, the extracted chips are stored and self-dried 

until fed into the boiler combustion chamber. (Lundgren and Helmerius, 2009) 

In hot water extraction process, the extracted wood chips exit the process before hydrolysis 

and fermentation steps of the HFP. Based on the experiments conducted by Helmerius 
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(2010), the products of the extraction and hydrolysis process were as outlined in figure 2.1 

and table 2.5.  

The hot-water experiments were conducted for a range of liquid to wood dry matter ratio, L/M1, but in this work the optimum one with reasonable xylose output and low inhibitors 

(such as hydroxymethylfurfural (HMF), acetic acid) was considered. And this was found to be 

at N OP = 2.4. It should be noted that not only the L/DM affect the yield of extraction process 

but also temperature, residence time, and pressure. 

 

Figure 2.1: HWE process output for 100 g (DS) of hardwood (Helmerius, 2010) 

Table 2.5 Hot water extraction and hydrolysis output (Helmerius, 2010) 

Extraction:     

Chip load 100.00 g (DS) 

Water input 240.00 g 

      

Chips out  77.00 g (DS) 

Chips and liquor out 197.00 g 

Free Liquor out  120.00 litre 

Xylan 4.80 g (DS) 

Xylose 2.40 g (DS) 

Acetic acid 1.20 g (DS) 

Others  14.60 g (DS) 

      

Hydrolysis of free liquor     

Xylose out 7.73 g (DS)   

Acetic acid out 2.76 g (DS)   

Water + others out 109.51 g 
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Figure 2.2 shows the configuration of the CHP plant with the integrated HWE process. 

 

Figure 2.2: CHP plant and the integrated process configuration 

The conditions at the different state points of the CHP plant can be found in the Appendix 

A.3. 
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3. LITERATURE REVIEW 

3.1 High Temperature Corrosion during Biomass Combustion 

3.1.1 Mechanisms of Corrosion  

In this survey the current knowledge of high temperature corrosion phenomenon was 

summarized. There are several elements recognized that contribute to deposits in biomass 

fired boilers. The major contributors being Oxygen (O�), Aluminium (Al), Iron (Fe), Calcium 

(Ca), Sodium (Na), Potassium (K), Chlorine (Cl), Sulphur (S) and Silicon (Si); along with several 

minor contributors such as Mangan (Mn), Magnesium (Mg), Titanium (Ti), Phosphorus (P) 

and Carbon (C).(Liu et al. 2001) These elements exist in many forms with oxides, chlorides, 

silicates and sulphates being the common ones. To have a better understanding of 

corrosion, a brief knowledge of the thermodynamic stability of the most common metal 

oxides and chlorides related to combustion process and the possible mechanisms that 

trigger corrosion is relevant.  

The primary interest of this survey is to review the different possible mechanisms of high 

temperature corrosion in relation to the corrosive minerals in the fuel, proposed by 

different authors, regardless of the super-heater or any other heat exchanger materials. For 

simplicity and discussion, those mechanisms are explained in relation to Iron (Fe) and 

Chromium (Cr). In fact the mechanisms hold true with any other metal or alloy used in heat 

exchanger construction with expected differences in the degree of severity of corrosion.  

3.1.1.1 Thermodynamic stability of common metal oxides and chlorides 

The stability of metal oxides and chlorides is dependent on the partial pressures of Cl� (g) 

and O�in the bulk gas, and temperature. At low Cl� (g) partial pressure and high O�partial 

pressure, metal oxides are stable; and at high Cl� (g) and low O� partial pressures, metal 

chlorides become stable. Metal chlorides are characterized by high vapour pressures, which 

lead to vaporization and rapid loss of metal form the surface of the super-heater tubes even 

at low temperatures. Volatilization of metal chlorides can be a dominant corrosion 

mechanism for metal chlorides vapour pressure above 10-4 bar. (Nielsen et al., 2000) (Zahs 

et al., 1999) (Ihara et al., 1981)Table 2.1 shows the melting temperature and the 

temperature at which vapour pressures reach 10��bar for the common metal chlorides. 
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Table 3.1 Temperature at which metal chlorides vapour pressure is equal to QR�S bar, 

(Nielsen et al., 2000)  

Metal Chloride Tmelting ℃ T ℃ 

FeCl< 676 536 

FeCl� 303 167 

NiCl� 1030 607 

CrCl� 820 741 

CrCl< 1150 611 

3.1.1.2 Mechanism 1: Corrosion related to Cl and HCl (Gas phase corrosion) 

Chlorine can cause super-heater corrosion either by gaseous hydrogen chloride (HCl) or by 

alkali chlorides in the deposits. Cl� and /or HCl in the bulk combustion gases facilitate the 

corrosion rate of super-heater tubes. Specially, in oxidizing environment the presence of 

chlorine or HCl leads to a severe corrosion condition referred to as active oxidation. 

When metals are exposed to oxidizing environment, metal oxides layer is formed at the 

surface. This layer is dense enough to protect further diffusion of oxygen and most other 

gaseous species to the metal. But, Cl� has the ability to penetrate this oxide layer and reacts 

with the metal to form metal chlorides. For metal chlorides have high vapour pressure, 

continuous evaporation takes place. This process can be explained with the following 

governing chemical reactions: (Nielsen et al., 2000) (Salmenoja et al., 1999) (Grabke et al., 

1995) 

�T��C� + V2 �� �W� → T���E �C�                                                      �2.1� 

T��C� + ��� �W� → T���� �C�                                                              �2.2� 

T��C� + Y���W� → T���� �W� + Y� �W�                                             �2.3� 

T���� �C� → T���� �W�                                                                        �2.4� 

The evaporated metal chloride may then diffuse through the oxide scale towards the bulk 

gases, as the metal chloride descends through the scale, gets oxidized to metal oxides since 

the concentration of oxygen increases with increasing distance from the metal surface. This 

process is governed by the following chemical reaction: 

2T���� �W� + 32 O� �Z� →  T���< �C� +  2��� �W�                           �2.5� 

By this reaction Cl� (g) is released and can diffuse back to the bulk gas or to the metal 

surface, thereby forming a cycle for continuous transportation of metals away from the 

super-heater tube surface. Most super-heater materials are in forms of alloys with Iron as 
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major component; similar reactions apply to metals which exist in the alloy. (Nielsen et al., 

2000) (Zahs et al., 1999) 

When metals are exposed to a reducing atmosphere, where oxide layer is absent or porous, 

metal chlorides are formed at the metal surface according to the following reaction: 

T� �C� +  Cl� �Z� →  T�����C�                                                             �2.6� 

In this case the corrosion rate will be dependent on the temperature, because volatilization 

of chlorides is the driving mechanism. (Nielsen et al., 2000) The transportation of metals 

from the super-heater surfaces in the form of metal chlorides across the oxide and deposit 

layer depends mainly on the flue gas velocity, composition and temperature. (Prescott et al., 

1989) The higher the temperature, the higher will be the vapour pressure of metal 

chlorides, the more severe corrosion due to continuous evaporation of metals from the 

metal surface of the boiler tubes. 

3.1.1.3 Mechanism 2: Corrosion from the vapours of NaCl and KCl 

Biomass has high content of alkali metals and chlorine. Most of the alkali metals (specifically 

potassium) is released into the gas phase during combustion and is present in the gas phase 

as potassium chloride or hydroxide. When it comes in contact with the heat-exchanger 

surface it will condense and deposit there in the form of chloride or sulphate. The presence 

of NaCl or KCl vapour in the flue gases has the ability to breakdown the protective metal 

oxide layer on the tube surface resulting in a markedly increased oxidation rate. (Skrifvars et 

al., 2008) The following reactions are proposed for this corrosion mechanism: (Hossain and 

Saunders, 1978) 

����< �C� + 4�����W� + 6� O� �Z� →  2������� �C,   I� +  2��� �W�                           �2.7�                          

��� �C� + 2�����W� +  2O� �Z� →  ������� �C,   I� + ��� �W�                                     �2.8� 

Similarly, the presence of KCl vapour has the same effect and is believed to proceed 

according to the following reactions: (Li et al., 2007) 

����< �C� + 4G���W� + 52 O� �Z� →  2G����� �C,   I� +  2��� �W�                                �2.9� 

T���< �C� + 2G���W� + 12 O� �Z� →  2GT��� �C,   I� + ��� �W�                                  �2.10� 

Reactions 7-10, result in high partial pressures of Chlorine and the corrosion mechanism 

proceed as described in gas phase chlorine attack (mechanism 1). (Li et al., 2007) (Nielsen et 

al., 2000) 
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3.1.1.4 Mechanism 3: Solid phase corrosion in deposits 

Many experimental results agree on the potential of corrosion by chlorides in deposits. 

Sodium and lead chlorides are the main concerns in coal fired boilers, whereas potassium 

chloride is dominant in biomass combustion. Initially, in the presence of KCl(s) deposit, the 

reactions are believed to proceed as follows: (Pettersson et al., 2005) 

����<�C� + 4G���C� + 32 ���W� + 2Y���W� → 2G����� �C� + 4Y���W�                         �2.11� 

The liberation of HCl from the above reaction will result in corrosion, as explained in 

mechanism 1. Besides, the presence of alkali chlorides causes very high corrosion rates at 

temperatures much lower than the melting temperature of the pure salts. (Li et al., 2007) 

This is due to the fact that a liquid deposit is formed in direct contact with the tube metal 

surface and dissolves the metal resulting in rapid corrosion.  

Table 3.2 Melting temperature of pure species and mixtures, (Nielsen et al., 2000) 

Constituent Melting point Temp. ℃ Composition (%vol. Alkali) 

NaCl 801  

KCl 772  

FeCl� 677  

FeCl< 300  

NaCl- FeCl� 370 56 

NaCl- FeCl< 151 45.3 

KCl- FeCl� 340-393 45.8-91.8 

KCl- FeCl< 202 24-47 

CrCl� 845  

CrCl< 947  

NaCl-CrCl� 437 53.7 

NaCl-CrCl< 544-593 68-95 

KCl-CrCl� 462-475 36-70 

KCl-CrCl< 700-795 54-89 

The possible explanations for the corrosion from chlorides in deposits include:  

• The development of high partial pressures of chlorine compounds in the deposits 

near the super-heater surface causes a similar mechanism of corrosion as the gas 

phase corrosion.  

• The chlorides in the deposits may form low melting salts, which in turn attacks 

(fluxes) the oxide layer. (Nielsen et al., 2000) (Karlsson et al., 1990) 
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3.1.1.5 Mechanism 4: Sulfation of alkali chlorides in deposits 

Sulfation of deposited alkali chlorides is regarded as responsible for enhanced corrosion. 

(Nielsen et al., 2000) (Li et al., 2007) Deposited KCl reacts with SOx, according to the 

following reaction, to form potassium sulphate which is thermodynamically stable. 

2G�� �C� + [�� �W� +  12 O� �Z� +  H�O�Z� →  G�[�� �C� +  2Y�� �W�                          �2.12� 

In the absence of water vapour in the flue gas: 

2G�� �C� + [�� �W� +  O� �Z� →  G�[�� �C� +  ��� �W�                                                    �2.13� 

The released HCl and Cl� diffuse towards the super-heater metal surface to form volatile 

metal chlorides. The metal chlorides then diffuse outwards to the gas phase where the 

partial pressures of oxygen is high enough to form metal oxides, thereby releasing the 

chlorine species which will then partly diffuse back to the metal surfaces and partly exhaust 

to the atmosphere. The net effect is that there will be continuous transport of metals from 

the metal surfaces, similar to the gas phase corrosion. (Nielsen et al., 2000) (Li et al., 2007) 

3.1.1.6 Mechanism 5: Corrosion due to molten chlorides 

Pure potassium and sodium chlorides have melting temperatures, 772 and 801℃ 

respectively (data taken from table 2). But, both can form low melting temperature salts 

which facilitate corrosion. The reason for this is that: 

• Chemical reactions are generally faster in liquid phase than in solid-solid phase. 

• A liquid phase provides a path way for electrochemical attack. 

These reactions are believed to proceed as follows: (Nielsen et al., 2000) 

T���< �C� + 6�����C,I� → 2T���< �W� + 3�����C,I�                                                �2.14� 

T���< �C� + 6G���C,I� + 3[�� �W� + 32 �� �W� → 2T���< �C,I,W� + 3G�[�� �C�       �2.15� 

2T���< �C,I,W� + 3[�� �W� + 3�� �W� → T���[�� �< �C� + 3��� �W�                          �2.16� 

The absence of iron chloride in the corrosion products is explained by equation (16), besides 

the low melting temperature and high vapour pressure of iron chloride would substantiate 

this result. If reactions (15) and (16) are put together, gives (17) which agree well with the 

corrosion products detected. (Nielsen et al., 2000) 

2T���< �C� + 12G���C,I� + 12[�� �W� + 9�� �W� → 4G<T���[�� �< �C,I� + 6��� �W�            �2.17� 
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The release of chlorine gas, near the metal surface, from reaction (2.17) would then 

continue its corrosion process as described in mechanism 1. The molten tri-alkali-metal-tri-

sulphate induces a corrosion mechanism as explained in mechanism 6, below. 

3.1.1.7 Mechanism 6: Corrosion due to molten sulphates 

Another common mechanism of corrosion is caused by the presence of molten alkali-metal-

tri-sulphates. The inner fouling deposits on the super-heater tubes are found to be rich in 

alkali sulphates (sodium and potassium sulphates). When these deposits are subjected to 

SOx and metal oxides, liquid alkali-metal-tri-sulphates are formed according the following 

reactions: (Nielsen et al., 2000) (Hendrya and Leesb, 1980) 

3���[�� �C� + T���< �C� + 3[�� �W� → 2��<T��[���< �C,I�                                  �2.18�  

3G�[�� �C� + T���< �C� + 3[�� �W� → 2G<T��[���< �C,I�                                        �2.19�  

This type of corrosion mechanism is often referred as basic fluxing model, a corrosive attack 

by forming a basic solute of the otherwise protective metal oxide scale. Molten sulphate 

corrosion is also enhanced by the presence of chlorides in a way: (Nielsen et al., 2000) 

(Grabke et al., 1995) (Skrifvars et al., 1999) 

• Chlorides have the ability to break the protective scale, where, otherwise, SOx would 

not have penetrated. 

• Presence of chlorides in alkali sulphate decreases the melting temperature of the 

salt mixture, thereby increasing the severity of the corrosion mechanism even at low 

temperatures (less than 500℃). 

Corrosion from alkali sulphates is serious in liquid state. According to Karlsson et al. (1990) 

these mechanisms exist in temperatures above 624℃ for tri-sodium iron tri-sulphates and 

618℃ for tri-potassium iron tri-sulphates. 

 

Figure 3.1: The effect of chlorine on the melting behaviour of alkalis sulphates, (Skrifvars et al., 

1999) 
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As shown in figure 2.1, the melting temperature of alkali sulphates reduces dramatically 

from over 900℃ in the absence of Chlorine, to about 500℃ in the presence of traces of 

chlorine. 

3.1.2 Some relevant results of previous experimental investigations 

Strafford et al. (1989), made experiments in atmospheres of varying Cl (partial pressures 

from 10-3 to 10-7Pa) and O� (10-11 to 10-15Pa) at temperatures of 800 -1000℃, found that no 

corrosion was detected in atmosphere with chlorine partial pressure 10-7Pa. For Cl partial 

pressure 10-3, corrosion proceeds according to mechanism 1.  

Zahs et al. (1999) conducted experiment in an atmosphere with N2-5% vol., O2and 500-

1500vppm HCl at temperatures 400-700℃, and found that the corrosion proceeds according 

to mechanism 1. For temperatures above 500℃, active oxidation was exhibited. Similar 

results were reported by Ihara et al. (1981) in an investigation made in atmosphere 

containing O2 and HCl at temperatures 300-800℃. 

Zhang et al. (2004) reported active oxidation (mechanism 1) is responsible for corrosion and 

no or very little chlorine was detected at the scale metal interface which agree well with 

mechanism 1 (reducing condition). The experiment was made in a reducing atmosphere 

with 0.5% vol. H2, 0.5% vol. HCl, and balance CO2 at temperatures of 500 and 600℃. 

Skrifvars et al. (2008) in a corrosion test performed in a temperature range of 450-600℃ in 

the presence of synthetic alkali salt deposits (containing K, Na sulphates and traces of 

chlorides), found that:   

• The presence of melt in the salt deposit increased the corrosion intensity 

significantly 

•  Corrosion took place at temperatures lower than any salt deposits melting 

temperature and the presence of chlorine worsens the severity.  

• In the absence of chlorine, very low content of corrosion was detected. 

And concluded purging chlorine and potassium from the fuel would open the possibility to 

increase steam temperatures. 

Pettersson et al. (2009) performed experiment in an atmosphere containing KCl deposit, O2 

(g) and mixture of O2 (g) and 40%H2O in a temperature range 400-600℃, found that KCl 

induced corrosion has a strong temperature dependence. According to the results, at 400℃ 

no significant attack was detected, but for temperatures 500-600℃ a severe corrosion was 

detected; besides a significant loss of KCl was detected at 600℃, which agree with the 

corrosion mechanisms 1 and 2. 
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Järdnäs et al. (2008) conducted experiment in an atmosphere containing 100ppm SO� and 

mixture of O� (g) and 40%H2O at a temperature of 600℃, found that the presence of SO� 

forms metal sulphate on the metal oxide surface, which initially slows the volatilization of 

metals, but once the metal oxide is broken SO� interrupts the growth of the oxide scale 

resulting in slow growth of protective oxide scale. 

Karlsson et al. (1990) performed experiment in an atmosphere containing 50-500ppm SO�, 

1-2 g/m3 of alkali chloride dust (KCl, NaCl) and 8-15% O� at temperatures 300-500℃, found 

that a liquid phase exists in the system containing iron oxide, alkali chlorides, SO� and O� 

and the melting temperature is as low as 310℃. They proposed the reaction proceed 

according reaction (16) mentioned in mechanism 5, above. 

Nielsen et al. (1999) conducted experiment in an atmosphere containing a synthetic flue gas 

(6% vol. O�, 12% CO�, 400ppmv HCl, 60ppmv SO� and balance N2) and the boiler tubes 

covered with synthetic deposits of KCl and K�SO� at temperature 550℃, found that the 

chlorine attack proceeds according to mechanism 1 coupled with fast sulfation of KCl to K�SO� (mechanism 4) in a melt of KCl, K�SO�, and iron compounds. (Mechanisms 5 and 6) 

Hendrya et al. (1980) concluded that the corrosion due to molten sulphates has bell-shaped 

temperature dependence, as shown in figure 2 below. The experiment was carried out in a 

simulated atmosphere (N2, 15%vol CO�, 1%vol O� and 0.3%vol SO�) in the presence of Na�SO� – K�SO� mixture. The addition of Fe�(SO�)3 drops the melting temperature of the 

mixture formed (alkali tri-sulphates) from 820℃ to below 550℃. At temperatures in the 

range 550-750℃ the melting behaviour showed bell-shaped temperature dependence. For 

temperatures above 720℃ the melt re-solidifies, reducing the rate of corrosion. 

(Mechanism 6) 

 

Dotted line indicates theoretical prediction. Adapted from (Nielsen et al., 2000) 

Figure 3.2: Bell shaped curve for the temperature dependence of corrosion rate from 

molten sulphides.  
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3.1.3 Indices for predicting corrosion behaviour of biomass fuels 

There are quite a few indices used in predicting the corrosion behaviour of biomass fuels, 

some of them has been used for coal previously. Here only those related to corrosion are 

listed. 

Alkali free index, %b 

Based on experiences, alkali metal hydroxides are formed by free alkali in the process of 

burning biomasses. The free alkali indexes of biomasses are so high that sulphur and 

chlorine of the fuel are not capable of bonding all alkali into sulphates and chlorides. A 

negative %b value indicates that all the K and Na will bond to sulphates and chlorides 

(desirable from corrosion point of view). A positive %b indicates excess alkalis, the surplus 

alkalis forms hydroxides, which condensate and thus develop a tacky and corrosive molten 

phase on super-heater surfaces. In particular, KOH present in a gas phase seems to be a 

significant factor in terms of promoting increased contamination and corrosion rate on 

super-heater surfaces. Upon condensation on cold heat transfer surfaces, it may form a 

melt at much lower temperatures than KCl or K�SO�. (Blomberg, 2004) Table 3.3 shows 

alkali free index of some biomass derived fuels and coal. 

Ad = �Na + K� − �2S + Cl�LHV     [mol GJ⁄ ]   
AI (fouling/ slagging index) 

A value of AI less than 0.17 kg/GJ of fuel energy indicates slugging is not severe (probable). 

0.17-0.34 kg/GJ slugging is probable, above 0.34 kg/GJ slugging is certain. (Vamvuka et al., 

2008) 

AI = �%wt ash in fuel��%wt.  Na�O in ash + %wt.  K�O in ash�LHV   [(� ��(��� z{⁄ ] 

Sulphur to chlorine molar ratio (S/Cl index) 

The S/Cl ratio in biomass fuels is used to predict the amount of free chlorine and severity of 

corrosion. For S/Cl< 2 severe corrosion, between 2-4 moderate corrosion and >4 corrosion 

unlikely. (Hulkkonen, 2006) 

Potassium to silicon molar ratio (K/Si index) 

The K/Si ratio is used for predicting the release trend of K during biomass combustion. At 

high values of K/Si, the release of K will be high and vice versa. (Simone, 2005) 
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Table 3.3 Alkali free index of some biomass-derived fuels and coal (Blomberg, 2004) 

Fuels LHV K Na  Cl S Ad 
 MJ/kg  mol/kg  mol/kg  mol/kg  mol/kg  mol/MJ  

Straw (wheat)  17.2  0.279  0.010  0.082  0.025  0.0092  

Whole tree chips  19.7  0.054  0.005  0.007  0.012  0.0014  

Eucalyptus  18.5  0.023  0.029  0.027  0.006  0.0007  

Cortex (pine)  20.1  0.029  0.002  0.003  0.009  0.0004  

Sawdust (pine)  19.0  0.013  0.002  0.000  0.003  0.0004  

Chips (pine)  18.9  0.027  0.001  0.002  0.009  0.0004  

Peat, surface  18.5  0.018  0.017  0.005  0.031  −0.0018  

Peat, Carex  21.0  0.011  0.014  0.008  0.062  −0.0051  

Rhine lignite  24.1  0.004  0.013  0.007  0.094  −0.0074  

Iowan Rawhide  26.0  0.015  0.050  0.001  0.156  −0.0096  

Bituminous coal       

Polish  29.2  0.036  0.020  0.021  0.218  −0.0138  

Colombian  28.4  0.066  0.019  0.004  0.312  −0.0191  

Illinois No. 6.  25.2  0.092  0.062  0.034  0.905  −0.0670  
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4. RESULTS 

4.1 Equilibrium calculation results 

The combustion process was simulated for both birch and extracted wood chips at three 

different temperatures 900, 1000 and 1100℃. For the simulation of the condensing gases, 

the input gases considered were those with a molar concentration equal and above to 10�,7  over temperature range of 400 – 900℃ in all the cases. 

4.1.1 Equilibrium distribution of K, Na and S (400-900℃) (combustion temperature 900℃) 

Note the different scale in the figures with both side vertical axes. All dotted curves were 

plotted against the vertical right axis scale, and continuous curves against the vertical left 

(ordinary) axis scale. 

 

 

Figure 4.1: K- equilibrium distribution at combustion temperature 900℃ 

It can be inferred from figure 4.1, during the simulation regarding combustion of extracted 

wood, K was predicted to be present in form of KCl (s) deposit at lower temperatures and 

KCl (g) at temperatures above 650℃. The presence of KCl (s) in deposits is believed to be the 

triggering mechanism for the cyclic chloride attack. Furthermore, at higher temperatures no 

liquid solution (of K and Ca sulphates and carbonates) was detected. This is probably due to 

the low concentration of K in the extracted woods. All of the K will bond to chlorine, leaving 
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no or little chance for KOH formation which is believed to be one of the most contaminant 

gases by forming melt at much lower temperatures than KCl and K�SO�.  

During combustion of pure birch wood, presence of KCl (s) (at lower temperatures) 

and K�SO�(s) (over the entire temperature range evaluated) in the deposits has been 

predicted. This is probably due to the abundant concentration of K in the birch wood, which 

may lead to the formation KOH (g) at higher temperatures, a liquid solution (of K and Ca 

sulphates and carbonates) has been predicted over the temperature range of 750℃-850℃.  

 

 

Figure 4.2: Na- equilibrium distribution at combustion temperature 900℃ 

Figure 4.2 shows the equilibrium distribution of Na. The presence of Na in the biomasses 

evaluated was insignificant compared to K. The Na distribution during extracted wood case 

was predicted to be in NaCl (s) at lower temperatures and in NaCl (g) at higher 

temperatures. The presence of Na in sulphate and hydroxide form was very little during the 

extracted wood combustion. 

During birch wood case, Na was predicted to be in sulphate form up to 750℃, with traces of 

it in NaCl (s) at lower temperatures.  The NaCl (s) deposit at lower temperatures has 



26 

 

decreased compared to the extracted wood case. The reason could be that all the chlorine 

will bond to K leaving little chance for the formation of NaCl (s). At temperatures above 

750℃, Na was predicted to be in NaOH (g) and NaCl (g). 

 

 

 

Figure 4.3 S-equilibrium distributions at combustion temperature 900 ℃  

Figure 4.3 shows the equilibrium distribution of sulphur. It has the same trend as K since it 

was predicted to bond to K, explained in figure 4.1. During the simulation of extracted wood SO��g� presence was predicted at temperatures above 700℃. 

During birch wood simulation SO��g� and traces of SO<�g� has been predicted to exist at 

temperatures above 800℃. This is probably due to the presence of abundant K that resulted 

in stable sulphate deposits even at higher temperatures.  
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4.1.2 Equilibrium distribution of K, Na, Ca, Cl and S (400-900℃) (combustion temperature 1000℃) 

 

 

Figure 4.4: K- equilibrium distribution at combustion temperature 1000℃ 

Figure 4.4 shows the K- equilibrium distribution. The trend of K- distribution remains almost 

the same as in the previous case (combustion at 900℃). During the extracted wood 

simulation a small, but from the corrosion point of view important, difference has been 

predicted that is the KCl (s) deposit at lower temperatures has reduced. The  K�SO�(s) on 

the other hand has increased. This could be because sulphur becomes more active at higher 

combustion temperature and computes with chlorine in boding with K. 

During birch wood simulation the amount and temperature range of the melt formation has 

increased, 700-850℃, as compared to the previous case. Otherwise, the trend remains 

more or less the same as in the previous case (combustion at 900℃). 
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Figure 4.5: Na- equilibrium distribution at combustion temperature 1000℃ 

Figure 4.5 shows equilibrium distribution of Na. During the extracted wood simulation NaCl 

(s) deposits at lower temperature have decreased and Na�SO��s� deposits have increased 

(which is good from corrosion point of view).  

On the other hand for the birch wood case the trends remain similar as the previous case 

(combustion at 900℃). Besides, Na�SO��s� becomes more stable at higher temperatures 

compared to the previous case. 
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Figure 4.6: S- equilibrium distribution at combustion temperature 1000℃ 

Figure 4.6 shows the equilibrium distribution of S. The trend remains similar to the previous 

case except traces of CaSO��s� deposits has been predicted during the extracted wood 

condensing gases simulation.  

For the birch wood case, the K�SO��s� has been predicted to be more stable at higher 

temperature than the previous case.  SO��g� and SO<�g�  exist at temperatures above 

850℃. 

 

 

Figure 4.7: Ca- equilibrium distribution at combustion temperature of 1000℃ 
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Figure 4.7 shows Ca- equilibrium distribution. For the extracted wood case Ca was predicted 

to be present in a solid phase boding with sulphur.  

For the birch wood, calcium was predicted to exist both in solid phase (mainly as lime and 

calcium sulphate) and in the liquid solution (as calcium sulphate and carbonate).  

 

 

Figure 4.8: Cl-equilibrium distributions at combustion temperature 1000 ℃  

Figure 4.8 shows the equilibrium distribution of Cl. For the extracted wood case, all the K 

and Na were predicted to bond with Cl forming KCl (s) and NaCl (s) deposits at lower 

temperatures (400-650℃). The excess Cl was predicted to react with the steam in the flue 

gases to form HCl over the entire temperature range evaluated. At higher temperatures Cl 

was predicted to be in HCl (g) and KCl (g). 

During the birch wood condensing gases simulation, due to higher concentration of K and 

Na in the fuel at lower temperatures Cl was predicted to exist as KCl(s) and NaCl(s) and at 

higher temperatures above 650℃ it was predicted to exist mainly as KCl (g) and traces of 

HCl (g) and NaCl (g). 
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4.1.3 Equilibrium distribution of K, Na and S (400-900℃) (combustion temperature 1100℃) 

 

 

Figure 4.9: K- equilibrium distribution at combustion temperature 1100℃ 

Figure 4.9 shows K- equilibrium distribution. The trend remains the same as the case with 

1000℃ combustion temperature, except that KCl (s) deposit was not predicted at lower 

temperatures. This is probably due to the increase of sulphur molar concentration in the gas 

phase at higher combustion temperature which resulted in the consumption of all the K 

present in the fuel.  

During the birch wood combustion the trend remains the same as the previous cases, 

except that the amount of melt has increased at higher temperatures. 
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Figure 4.10: Na- equilibrium distribution at combustion temperature 1100℃ 

Figure 4.10 shows the Na distribution for the extracted and birch wood condensing gases 

simulation.  For the extracted wood case Na was predicted to be in Na�SO��s� up to 700℃. 

At higher temperatures it was predicted to be in NaCl (g) and traces of NaOH (g). 

On the other hand, for the birch wood Na was predicted to be in NaCl (s) deposit at lower 

temperatures and in Na�SO��s� and NaCl (g) at intermediate temperatures and in NaOH, Na�SO��s�, and NaCl (g) at higher temperatures (above 750℃). 
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Figure 4.11: S-equilibrium distribution at combustion temperature 1100 ℃  

Figure 4.11 shows the equilibrium distribution of S for extracted and birch wood. For the 

extracted wood case, S distribution remains similar as the previous cases except that the 

concentration of SO��g� and SO<�g� has increased in amount and in temperature range of 

presence. Besides the sulphur boding to Ca has also increased. 

For the birch wood case, S was predicted to be in potassium sulphate (solid- alpha) at lower 

temperatures and in potassium sulphate (solid-CSOB) at intermediate and higher 

temperatures. The presence of SO��g� was predicted at temperatures above 850℃. 

4.2 Extraction process mass and energy balance results 

The extraction process heat demand was assumed to be supplied from boiler exhaust gases. 

To supply the required heat demand, energy balance calculations indicate that the exhaust 

gases must exit the boiler at 300-320℃. Since the boiler will be operated continuously, at 

least two extraction vessels are required. The extraction vessels were assumed to operate 

simultaneously in such a way that when one vessel is on heating the other will be at steady 

state. In this manner the other processes can be operated continuously, while the extraction 

process will be batch wise. It should be noted that this is just an assumed suggestion for the 
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configuration of the hot-water extraction process. In this work, estimation the energy 

demand of the extraction process was the main concern. The calculations further indicate 

that the exhaust gases from the boiler can only supply 15 batches per day. 

 

Figure 4.12: Energy demand of the integrated extraction process per Kg ethanol yield 

As indicated in figure 4.12, the process requires 44MJ-per kg of ethanol yield of electricity 

which is mainly used for feedstock size reduction and handling, as well as system operation. 

The pre-treatment process of the SHF was replaced by a hot water extraction process and 

heat, about 39MJ-per kg Ethanol yield, is supplied from boiler exhaust gases instead of 

steam. But, steam is still required for distillation, estimated to about 7 MJ-per kg of ethanol 

yield.  

Table 4.1 summarizes the results for ethanol yield estimation and the mass and energy 

balances per kg of ethanol yield. 

 

 

 

 

 

 



35 

 

Table 4.1 Mass and Energy balance results, per Kg- ethanol yield 

Current plant  

Birchwood (LHV) MJ/kg dry 17.19 

Extracted wood (LHV) MJ/kg dry 18.69 

Theoretical conversion xylose to ethanol kg/kg 1.957 

Conversion efficiency % (assumed) 90 

Mass balance per Kg ethanol yield (kg) Energy balance per Kg ethanol yield (MJ) 

Mass input  Energy input  

Hot water extraction  Hot water extraction  

Wood chips (Birch wood) 28.12 Wood chips (Birch wood) (LHV) 483.35 

Water 67.48 Electricity (size reduction, system operation) 43.35 

Ethanol plant  Boiler exhaust gases (extraction process) 39.32 

Extraction liquor 33.74 Ethanol plant  

Other chemical inputs  0.05 Heat (steam for up-grading) 
 

7.0 

Total 95.65 Total 573.02 

Mass output  Energy output   

Ethanol 1.00 Ethanol (LHV) 26.70 

Solid extracts + liquor out 38.52 Energy recovery (LHV) (after extraction 

process) 

404.65 

By-product (water + others) 56.13 Energy used + Heat loss 141.67 

Conversion efficiency (per kg dry-wood)  % 3.56 Conversion efficiency (per MW dry wood) % 5.52 

 

The ethanol yield rate through the HWE pathway was estimated to be about 0.036 kg 

ethanol/kg dry birch-wood (Details can be found in appendix A.5). In other words, about 28 

kg dry birch wood is required to produce 1 kg of ethanol with hot water extraction pathway. 

Results indicate low conversion efficiency for the hardwood input as compared to current 

SHF technologies. This is due to the fact that the cellulose in the birch wood remains in the 

extracted woodchips. The hot water extraction process dissolves mostly the hemi-cellulose 

content. The conversion efficiency as compared to the extraction liquor input to the SHF 

agrees well to the ethanol yield rate from lignocellulosic biomass reported by different 

literatures. 

4.3 Boiler/turbo-generator energy and mass balance results 

Ethanol, possible excess electricity, district heat and acetic acid were the products for the 

plant configuration considered. The analysis was performed for three plant sizes (10, 50 and 

100MW).  
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Table 4.2 Annual production and feedstock demand results (8400 hrs/year) 

Boiler capacity (MW) 10 50 100 

Annual operating hours 8400 8400 8400 

Annual district heat production GWh 53 262 525 

Annual birch-wood demand GWh 127 643 1286 

Annual extracted wood demand GWh 115 572 1145 

Annual ethanol yield (Million litre) 1.3 6.6 13 

Annual net electricity to grid GWh 11 54 108 

Annual Acetic acid yield (Million litre) 0.76 3.8 7.7 

 

Table 4.3 Total energy efficiency of the system 

Energy plant efficiency 
a 

80% 

Overall efficiency 55% 
a
 the energy plant efficiency stands for the CHP plant efficiency excluding the integrated HWE process.   

Figure 4.13 shows annual production levels of electricity, heat, ethanol and acetic acid as a 

function of plant size. The annual production rates were calculated base on annual 

operational time of 8400 hrs. 

 

Figure 4.13: Annual production levels of electricity, heat (left-vertical axis) and ethanol, 

acetic acid (right-vertical axis) 

Figure 4.14 shows annual production of electricity, heat, ethanol and acetic acid as function 

of plant size, based on annual operational time of 6000 hrs 
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Figure 4.14: Annual production levels of electricity, heat (left-vertical axis) and Ethanol, 

acetic acid (right-vertical axis) 

4.4 Economic evaluation results  

Figure 4.15 shows the resulting ethanol production cost as a function of plant size over a 

range of annual operational time. 

 

Figure 4.15: Cost of ethanol production at different annual operational hours against plant 

size 

Results indicate that the cost of ethanol production can be in the range of SEK 3.4 to SEK 11 

per litre depending on the plant size and annual operational hours. Production of ethanol to 

an acceptable cost will demand high system reliability, which in-turn increases the total 

capital investment.  

Figure 4.16 shows the electricity production cost as a function of plant size over a range of 

annual operational hours. 
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Figure 4.16: Cost of el. production at different annual operational hours against plant size 

The cost of electricity production varies from SEK 450, for the case with 100MW plant size 

and 8400 operational hours, to SEK 1120, for the case with 10MW plant size and 2000 

operational hours.  As it can be inferred from figure 4.16, annual operation hours and plant 

size significantly influences the cost of electricity production. 

 

Figure 4.17: Cost of heat production at different annual operational hours against plant size 

Figure 4.17 shows the resulting production cost of heat at different annual operational 

hours and different plant sizes. Results indicate a cost in the range of SEK/MWh 230-730 

depending on the plant size and annual operational hours. 

4.4.1 Sensitivity analysis  

Figure 4.18, below, shows the effect of cost of other chemicals input on ethanol production 

cost. The considered range for the cost of other inputs covers cost data’s reported by 

various previous works for different process arrangements.  
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Figure 4.18: Ethanol production cost against cost of other inputs for different plant sizes 

Figure 4.19 and Figure 4.20 show the susceptibility of heat and electricity production costs 

to the feedstock cost. A careful attention should be given when dealing with feedstock 

future cost prediction. As it can be inferred from the figures, heat and electricity production 

costs are highly vulnerable to the feedstock cost, and the degree of susceptibility increases 

with increasing plant size. 

 

Figure 4.19 heat production cost against cost of feedstock for different plant sizes 

 

Figure 4.20: Electricity production cost against cost of feedstock for different plant sizes 



40 

 

Figure 4.21 shows the effect of acetic acid sales on the internal rate of return (IRR). It can be 

shown from the curves how important is the market price of acetic acid for the plant 

economy. 

 

Figure 4.21: IRR (%) against selling price of acetic acid for the different plant sizes 

4.4.2 Profitability analysis results 

Table 4.4 Results of economic indicators 

Plant size (MW) 10 50 100 

Operational hours 8400 8400 8400 

    

Ethanol sales price SEK/litre  7.14 4.47 3.70 

Acetic acid sales price SEK/litre 7.60 7.60 7.60 

Electricity sales price SEK/MWh 602.89 518.55 494.49 

Heat sales price SEK/MWh 332.45 276.10 258.99 

i (IRR) % 6.27 7.31 7.89 

Investment (TCI) 216.50 664.05 1083.55 

R (Annual Revenues) 38.96 158.11 294.73 

C (Annual Operating Costs) 21.58 99.54 194.19 

Z (Techno/economic life time) 25 25 25 

Check equation 0.00 0.00 0.00 

 

Payback time in years 12.5 11.4 10.8 

 

In capital internal rate of return a project is judged to be good, neutral or bad by comparing 

the calculated IRR to the cost of capital ‘i’ which in the current work was assumed to be 5%. 

(Peters et al., 2003) 

����1. J}} >> � = 5% ���� ���� ������� ������V��� 

����2. J}} = � = 5% ������� ������� ������V��� 

����3. J}} << � = 5% K��� ������� ������V��� 
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5. CONCLUDING DISCUSSION 

 

High Temperature Corrosion: All the corrosion mechanisms described in the literature 

review may take place during combustion process. However, the severity of each 

mechanism will be dependent on the combustion environment and temperature, steam 

temperature and the presence of other corrosive minerals in the fuel. Depending on the 

type of fuel available, the need for an experiment is crucial as it is difficult to extrapolate 

corrosion phenomenon from previous results. Computer simulations might be helpful in 

predicting the equilibrium concentrations of the combustion products, but seldom can be 

used for decision making unless substantiated by experiments. From the literature survey 

on high temperature corrosion it can be perceived that chlorine (Cl) or hydrogen chloride 

(HCl) has the ability to form a self-sustained corrosion mechanism.  Careful attention should 

be given (if possible to avoid or to reduce) chlorine content in solid fuels, for increased 

steam temperature operations in biomass fired CHP’s. Most authors agree, with regards to 

biomass fired boilers, that either steam temperature must be kept low to avoid severe 

corrosion, new alloys with high corrosion resistance must be found or a way to prevent 

potassium (K), sodium (Na) and chlorine from the deposits must be found. Hot-water 

extraction process opens the door towards increased temperature operation, by reducing 

significantly the K and Na content of lignocellulosic biomass.  

It can be inferred from the equilibrium distribution of K, Na, and S that no liquid solution (of 

K and Ca sulphates and carbonates) was predicted for all the cases with extracted wood 

chips. For the birch wood case a liquid solution was predicted over the temperature range 

750℃-850℃, in all the cases, with considerable increase with increasing combustion 

temperature. Chemical reactions are more active in liquid phase. This could be a good initial 

step towards increased steam temperature operation in biomass fired boilers. Furthermore, 

chlorine presence in the extracted wood chips might trigger a cyclic chloride attack, 

especially at higher temperatures where the metal chloride vapour pressure reach 10-4 bar 

(Table 2.1). According to the literature, the gas phase Cl or HCl attack (corrosion mechanism 

1) will play significant role in aggravating corrosion problems when vapour pressure of metal 

chlorides reach the limit. From figure 2.4, Cl equilibrium distribution, chlorine was predicted 

to be present in the gas phase mainly in the form HCl during extracted wood combustion 

and KCl during birch wood combustion. Both of which have been reported to be corrosive 

by many previous investigations, though some researchers (Lundberg, 2010) suggest that Cl� (g) or HCl (g) in gas phase has little to do with corrosion rather significant amount of 

those gases discharge with the exhaust flow. According to the literature the index S/Cl < 2, 

stands for a sever gas phase chloride/ chlorine corrosion. But it is not clearly indicated that 

whether this index prediction holds true for biomass with low K and Na content, such as 

extracted wood. The different indices evaluated for extracted and birch wood can be found 

in appendix A (Table A.2). 
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A balance in alkali and sulphur content of the fuel could be important in such a way that the 

alkali chloride deposits at lower temperatures (400 – 600℃) can be reduced resulting in an 

increase of alkali sulphate, which are more stable and believed to be not corrosive. 

(Lundberg, 2010) An increase in combustion temperature has resulted in reduced KCl 

deposit at lower temperatures (prediction from FactSage results); this could be probably 

because sulphur becomes more active at higher temperatures and reacts with K to form 

stable sulphates. This is desirable from corrosion point of view. Reducing the water vapour 

in the flue gas, during extracted wood combustion, could result in free Cl� (g) or less HCl (g) 

which could be important for downstream flue gas cleaning.  

Furthermore, low presence of Si, precisely high K/Si ratio, (appendix A, Table A.2), in the 

birch wood and consequently in the extracted wood has resulted in a total release of the K 

and Na, predicted by FactSage, during the combustion process. The presence of Si in the fuel 

at high temperature influences the release trend of K. (Simone, 2005)The alkali free index 

prediction in the behaviour of the birch and extracted wood chips agrees well with the 

results obtained from the equilibrium calculation, which is no or very little presence of KOH 

was predicted during the combustion of extracted wood chips. This could be one of the 

reasons that avoided the formation of liquid solution during combustion of extracted wood. 

KOH is believed to be one of the contaminant gases by forming deposits and eventually 

melts at much lower temperatures than KCl and K�SO�.  

Extraction process: In this project the extraction process heat demand was supplied from 

the boiler exhaust gases. Energy balance calculations have indicated that the exhaust gases 

should exit the boiler at temperature of 300-320℃. This temperature is too high, and 

compromises the boiler efficiency. As an alternative scenario the extraction process was 

evaluated by considering steam extracted from the steam turbine at 25 bars. The overall 

and energy plant efficiency remains, more or less, unaltered. However, using steam could 

have advantages from operational point of view such as cleaning and low temperature 

corrosion problems can be avoided.  

Acetic acid: Acetic acid is one of the valuable by-products of the hot-water extraction 

process. In this work it was assumed that the acetic acid will be sold. It can be used in the 

secondary hydrolysis process as a substitute for sulphuric acid, which could be 

advantageous from environmental and the liquid-liquid separation process considerations. 

From economic point of view this may not hold true, as acetic acid could have more market 

value than sulphuric acid.  

Economy: Under the assumed economic parameters, the production cost of ethanol was 

estimated to the range in 3.4 – 11 SEK/litre depending on the plant size and annual 

operational hours. The annual operational hours has more effect on the production cost of 

ethanol than the plant size. This will demand high plant reliability in order to operate in an 

economic range, which in-turn will greatly affect the capital investment. Moreover, the 
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100MW plant size has resulted in a promising electricity production cost in relation to the 

current cost levels in Sweden. This indicates the importance of the plant size in the plant 

economy. 

Compared to other process pathways for ethanol production, such as SHF (separate 

hydrolysis and fermentation) and SSF (simultaneous saccharification and fermentation), 

reported by (Sassner et al., 2008; Wingren et al., 2003, 2004, 2008) the HWE pathway, 

taking in to account the heat and net electricity products, has resulted in reasonable cost of 

production.  

Practical issues: There are practical issues needed to be addressed for improving the 

productivity of the assumed plant configuration. It would be advantageous if the hot-water 

extraction and hydrolysis could be operated continuously instead of batch wise. In addition 

it requires large amount of water which might necessitate the need for effective water 

recycling process. 

The cellulose portion of the birch wood remains intact in the extracted wood chips which 

might raise a question whether it is economical to use it as fuel in CHP plants directly. This 

issue was not part of the current work, but hot-water extraction of hardwood could prove 

to be more economical when integrated into a kraft pulp mill, for instance. Furthermore, 

the extraction process could be more attractive if integrated in CHP’s using softwoods as 

fuel. But it should first be investigated whether it will result in the same effect (in removal of 

inorganic constituents and xylose yield) when operated with softwoods.  
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Future work 

This work was initiated mainly with the intent to investigate the possibility of increased 

steam temperature operation in biomass fired boilers from the literature available. It was 

based on the results of the work by Lundgren and Helmerius (2009) which indicated very 

low levels of the inorganic substances in the extracted woodchips as compared to the 

original birch woodchips. The inorganic constituents (mainly alkali metals (K, Na) and Cl), 

present in lignocellulosic biomass, are believed to be responsible for fireside corrosion 

problems limiting the operational steam temperature. Alkali metals along with other 

inorganic substances, except Cl and S, have been washed-out during the hot-water 

extraction process.  

This could open the door for a new approach to the problem. Almost all previous works 

towards the fireside problems, available in the literature, concentrate on discovering 

corrosion resistant heat exchanger materials and/or possible additives to reduce the 

severity of corrosion during the combustion process.   

In the current work, the equilibrium concentrations of the different compounds believed to 

be responsible for fireside problems were calculated using FactSage 6.0 package. Results for 

the extracted woodchips indicate some improvements in relation to the literature reviewed 

and results for the original birch woodchips. Yet, to convert such improvements into 

possible increased steam temperature operation is something that needs further research. 

Besides, chlorine is known to be the triggering constituent for gas phase corrosion 

mechanism and is still present at high level, relative to alkali metals, in the extracted 

woodchips. This is again something which needs to be avoided, if possible, or controlled 

somehow. 

Furthermore, the process evaluated for the ethanol production is based on previous works 

by different authors. No one of them is exactly similar to the current work. A more accurate 

process and economic evaluation of the hot-water extraction pathway can be achieved by 

evaluating the different process in Aspen Plus or other process models. This could again be a 

possible future work. 
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APPENDIX A 

A.1 Elemental analysis of Birch and Extracted wood 

The properties and compositions of birch wood and extracted wood chips were adapted 

from the work by Lundgren and Helmerius (2009) 

Table A.1 Birchwood and Extracted wood chips elemental analysis 

Fuel Analysis     

  Birchwood Ext. wood Basis 

Hi (MJ/kg)  17.19096 18.6913 dry 

Ash  0.4 0.1 %wt dry 

C  49.4016 50.949 %wt dry 

H  6.2748 6.4935 %wt dry 

N  0.0996 0.24975 %wt dry 

S  0.00498 0.00599 %wt dry O�   43.4256 42.1578 %wt dry 

Cl 0.01992 0.02997 %wt dry 

Ash elements   

CaO 0.125 0.037 %wt dry K�O 0.068 0.01 %wt dry 

MgO 0.043 0.008 %wt dry 

MnO 0.014 0.004 %wt dry 

P2O6 0.024 0.004 %wt dry 

SiO� 0.0015 0.0011 %wt dry 

Al2O< 0.0005 0.0004 %wt dry Fe�O< 0.0008 0.0009 %wt dry Na�O 0.0002 0.0001 %wt dry 

TiO� 0.0001 0 %wt dry 

Total 0.2771 0.0655   

Undetermined 0.1229 0.0345 %wt dry 

 

Table A.2 Indices for predicting corrosion behaviour of biomass fuels 

 Birchwood Extracted Unit 

Af (alkali free index) 0.3366777 -0.3485009 mol/GJ 

AI (alkali index) 0.039672 0.00540359 kg alkali/GJ 

S/Cl 0.2764798 0.2211838 mol/mol 

Cl/(k+Na) 0.3869337 3.91679145 mol/mol 

K/Si 57.845718 11.6000772 mol/mol 
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A.2 Thermodynamic equilibrium calculations 

FactSage 6.0 package was used to determine the equilibrium concentrations during 

combustion of extracted and birch wood.  The input parameters used were listed below. 

i. Fuel composition 

        Table A.3 FactSage input data 

Se 

No. 

Constituent Birchwood 

(mol/kg) 

Extracted wood 

(mol/kg) 

1 C  26.8 27.6 

2 H2O 19.44 19.44 

3 O2 8.82 8.56 

4 N2  0.0231 0.058 

5 H2 20.4 21.1 

6 S 0.001 0.00121 

7 Cl 0.0037 0.0056 

 Ash elements (dry basis) 

8 CaO 0.0223 0.0066 

9 K�O 0.00722 0.0011 

10 MgO 0.011 0.002 

11 MnO 0.002 0.0006 

12 P2O6  0.002 0.0003 

13 SiO2 0.0003 0.0002 

14 Al2O6  0.00005 0.00004 

15 Fe�O<  0.00005 0.00006 

16 Na�O 0.00003 0.00002 

17 TiO2 0.000013 0.0 

 Combustion air (λ=1.3)   

18 O2 36.56 38.47 

19 N2 137.54 144.63 

 

ii. Combustion temperature 900-1100 ℃, temperature step 100℃, pressure 1 atm 

iii. Condensing gases temperature range 400-900℃, temperature step 50℃, pre.1 

atm 

Besides the FactSage 6.0 compound data base, the following solution databases (including 

all the species) were used for the calculations. 

Solution Phase FACT-SLAG 

The components in FACT-SLAGA for the current calculation were: MgO,  FeO,  Na�O,  CaO,  K�O,  MgS,  CaS,  FeS,  Na�S,  K�S,  NaCl,  KCl,  CaCl�,  MgCl�,,  FeCl�, 

Solution Phase FACT-SALT 
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The components in FACT-SALTA for the current calculation were: NaCl,  KCl,  NaOH,  KOH,  Na�SO�,  K�SO�,  Na�CO<,  K�CO<,  NaNO<,  KNO<   

Solution Phase FACT-AClA 

AAlkCl-ss NaCl-rock salt structure 

 The components in FACT-AClA for the current calculation were:  NaCl, KCl, CaCl�, and 

MgCl�     

Solution Phase FACT-CSOB 

CO<,SO�/Li,Na,K  low lithium content solid solution 

 The components in FACT-CSOB for the current calculation were: Na�CO<, K�CO<, Na�SO�, K�SO�    

Solution Phase FACT-LCSO 

 liq-K,Ca/CO<,SO� - liquid solution of K,Ca/CO<,SO� 

 The components in FACT-LCSO for the current calculation were: K�SO�, CaSO�, K�CO<, and 

CaCO<    

Solution Phase FACT-SCSO 

 s-K,Ca,/CO<,SO� - solid solution of K,Ca/CO<,SO� (Valid only if K-rich)  

 The components in FACT-SCSO for the current calculation were: K�SO�, CaSO�, K�CO<, and 

CaCO<    

Solution Phase FACT-SCMO 

 s-Ca(SO�),Mg(SO�) - solid solution of Ca(SO�) and Mg(SO�) 

 The components in FACT-SCMO for the current calculation were: CaSO�, MgSO�    

Solution Phase FACT-LSUL 

 liq-Ca,Mg,Na/SO� - liquid solution of CaSO�, MgSO� and Na�SO� 

 The components in FACT-LSUL for the current calculation were: CaSO�, MgSO�, and Na�SO�    

Solution Phase FACT-LSUL 

 liq-Ca,Mg,Na/SO� - liquid solution of CaSO�, MgSO� and Na�SO� 

 The components in FACT-LSUL for the current calculation were: CaSO�, MgSO�, and Na�SO�    

Solution Phase FACT-SSUL 
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 s-Ca,Mg,Na/SO� - solid solution of CaSO�, MgSO� and Na�SO� 

 Valid only in Na�SO�-rich regions 

 The components in FACT-SSUL for the current calculation were: CaSO�, MgSO�, and Na�SO�    

A.3 Boiler/Turbo- generator energy and mass balance 

Table A.4 Data assumed in steam/ electricity and district heat production process 

State 

Point 

Description 

1 Feed water @120 bar  

2 Superheated steam @540℃, and 5% pressure drop 

3 Exhaust gases from boiler, @ 300℃ 

4 Steam extraction for ethanol process @ 25bar 

5 Steam extraction for ethanol process @ 4bar 

6 Steam extraction for feed water heating @ 4bar 

7 Steam to district heat @ 2bar 

8 Saturated liquid from air pre-heater @ 2bar 

9 Condensate from ethanol process, assumed 85% of the steam flow to ethanol process 

10 Make-up water, pre-heated to 60℃ by waste water stream from ethanol plant @ 1bar 

11 State to be determined by iterative solution, @ 1bar 

12 Condensate flow to feed water and de-aerator tank @4 bar, after condensate pump 

13 Saturated liquid @ feed water tank pressure (4bar) 

14 Air flow to boiler, pre-heated to 100℃  

15 Fuel flow to boiler 

16 Hardwood feed to extraction process 

17 Water feed to extraction process 

18 Extracted wood flow from extraction process 

19 Condensing steam from district heat condenser to air pre- heater @2 bar 

 

Airflow and Resulting gas flow 

Based on the elementary composition of extracted wood chips and an assumed moisture 

content of 35% (as received) and a excess air factor of (λ =1.5) the airflow (le) to the 

combustion chamber and the resulting gas flow (ge) were calculated from stoichiometric 

combustion of the extracted woodchips. 

� = 4.8 �V< (� �����                � = 5.67 �V< (� �����  

Fuel flow  

The required fuel flow is estimated from energy balance for the gas path of the boiler as 

follows. 

K�C!b�I = V2 b�ℎb + ���Y� + � ∙ ℎD − � ∙ ℎW�� − KI$CC − V2 �ℎ�                           �%. 1� 
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The mass flow of residue was estimated using FactSage 6.0 package. It can be expressed as a 

function of fuel flow. 

V2 � = � ∙ V2 b                                                                                                                  �%. 2� 

Re-arranging equation (1), the fuel flow was calculated using the following expression. 

V2 b = K�C!b�I�ℎb + ��0Y� + � ∙ �ℎD − ℎD,�!b5 − � ∙ �ℎW − ℎW,�!b�� ∙ �1 − %KI$CC� − � ∙ �ℎ� − ℎ�,�!b�                     %. 3� 

Enthalpies of Air, Exhaust gases and Residues 

The enthalpies of air and exhaust gases at the different temperatures and reference 

temperature (25℃) were calculated using enthalpy polynomials. And the residue specific 

heat was estimated from FactSage results at combustion temperature 1000℃. 

Enthalpies of steam and water at different state points 

The enthalpies of steam and water at the different state points were determined based on 

the data given by Table A.4. The evaluation of the enthalpies at most of the state points was 

straight forward from steam tables, based on the two property rule of thermodynamics and 

assumed turbine and pumps isentropic efficiencies. However, some of the states need an 

iterative solution. The procedure for those states which need an iterative solution goes as 

follows: 

 

Figure A.1: h-s diagram for the steam properties evaluation 

Mass balance in the steam turbine: 

V2 � = V2 � + V2 6 + V2 ; + V2 ?                                 �%. 4� 
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The steam extraction rate to the feed water heater, V2 ;, at 4 bar from the steam turbine is 

obtained by energy and mass balance in the de-aerator and feed water heater.  

Mass balance: (de-aerator and feed water heater) 

V2 +< = V2 ; + V2 +� = V2 +                                         �%. 5� 

And mass balance at the mixing point of the make-up water, V2 +,, condensate from the 

ethanol plant, V2 7, and condensate from the district heating, V2 = gives: 

V2 ++ = V2 = + V2 7 + V2 +, = V2 +�                           �%. 6� 

Energy balance: (de-aerator and feed water heater tank) 

V2 +<ℎ+< = V2 ;ℎ; + V2 +�ℎ+�                                     �%. 7� 

And energy balance at the mixing point: 

V2 ++ℎ++ = V2 =ℎ= + V2 7ℎ7 + V2 +,ℎ+,                   �%. 8� 

Where, 

ℎ=- is assumed to be saturated liquid enthalpy at district heat condenser pressure (2bar). 

Procedure for the iterative solution: 

1. Assume a reasonable value for  ℎ++  

2. Assume a reasonable value for  V2 = 

3. Then calculate ℎ+� from 

ℎ+� = ℎ++ + ∆K�#�#��                                             �%. 9�   
4. Calculate V2 ++ from equation (A.6)  

5. Calculate V2 ; from equation (A.7) 

6. Calculate V2 = = V2 ? from equation (A.4) until the assumed V2 = is equal to the 

resulting V2 = 

7. Calculate ℎ++ from equation (A.8) and compare it with the assumed value, the 

procedure is repeated until the assumed and the one obtained from equation (A.8) 

are equal.  

Feed-water and Condensate Pumps Power demand 

Once the enthalpies at the different state points are known, the power consumption (P) of 

the pumps is determined using the following expression: 

K =  V2  ∆Y�!I                                                                                    �%. 10� 

Where, 

∆Y- The actual enthalpy difference across the pump (kJ/kg) 
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V2 - Mass flow rate of water (kg/s) 

�!I- Pump motor electrical efficiency 

Air and Exhaust-gases Fans Power Demand 

The power consumption of the furnace air supply and exhaust fans is estimated based on 

the following data’s. (Wagner, 2007) 

Table A.5 Air and exhaust gases fans data 

Fan % of total air Head (mm WC) Fan efficiency (%) Motor effi. (%) 

Primary air 70
a 

230
c 

75 90 

Secondary air 30
b 

650
 

75 90 

Exhaust gases  300
d 

75 90 
a
 air that passes through the air pre-heater for combustion purpose, 

b
 air delivered at higher pressure to 

disperse the fuel and assist combustion, 
c
 accounts for pressure losses across pre-heaters, ducts and others, 

d
 

draft loss (accounts for head losses in boiler, ducts and dust collectors) 

The power consumption (P) is estimated with the following equation: 

K = ℎ ∙ �2�b�E                                                                                          �%. 11�  
Where: 

ℎ- Head in Pa 

�2 - Air or exhaust gas flow in m3/s 

�b , �E- Fan and motor efficiency respectively 

The energy and mass balance of boiler/ turbo-generator was performed on a spreadsheet in 

Excel. Results are shown in Table A.6. 

The energy plant efficiency and overall efficiency were evaluated by the following 

expressions: 

�!# =  ����� ��. ������ + M������� ℎ��� + ��������� ����V ������ + ��ℎ. ����� ������ ��������� ��� ������              � %. 12� 

�B$BDI =  ��� �� ������ �� ���� +  M������� ℎ��� +  ��ℎ���� ����������ℎ ��� ������                                                         �%. 13� 
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Table A.6 Boiler/ turbo-generator mass and energy balance results 

Gas side 

      Lower heating value of birch wood (MJ/kg) 10.30 

     Lower heating value of extracted wood (MJ/kg)  11.27 
     Reference temperature deg C 25.00 
     Enthalpy of exhaust gases at 25 deg C (kJ/Nm3) 34.00 

     Enthalpy of air at 25 degC (kJ/Nm3) 32.50 
     Combustion efficiency 0.90 

     Air temperature after pre-heater degC 100.00 
     Exh. Temp after last HEX degC 250.00 
     Exh. Temp after autoclaves degC 150.00 
     Power Loss % 2.00 
     Ambient air temp T1 degC  2.00 

     Combustion temperature (degC) 1000.00 
     Cp residues (J/kg K) (fact-sage) 8661.59 

     mass of residues mr (g/kg fuel) (fact-sage) 0.62 
     Enthalpy of residues (kJ/kg) 8445.05 
     Extracted wood moisture content (%wt) 35.00 

     Cp of air (kJ/kg k) 1.01 
     

       From stoichiometric analysis  

     Required air flow (Nm3/kg fuel) 4.80 
     Resulting gas flow (Nm3/kg fuel) 5.67 
     Density of exhaust gases (kg/Nm3) 1.25 
     Density of Air (kg/Nm3) 1.28 

     

       Steam side 

      Feed water pressure (bar) 120.00 
     Steam temp after superheater degC 540.00 
     Steam dome pressure (bar) 2% loss 117.60 

     Steam pres. after S-heater (bar) 5%loss 114.00 
     Feedwater tank pressure (bar) 4.00 

     

       Enthalpies at different state points   

    h-air at 100 degC (kJ/Nm3) 129.40 
     h-exhaust at 320 degC (KJ/Nm3) 448.66 
     h-exhaust at 160 degC (kJ/Nm3) 219.63 

     hs'' (kJ/kg) 3455.80 
     

State point 1 

      density @ 120bar, and saturation temperature @ 4bar 927.00 
     h-fw (kJ/kg)  619.45 
     

       Boiler capacity (MW) 10.00   50.00   100.00   

Fuel flow (kg/s) 1.21   6.05   12.11   

Air flow (kg/s) 6.67   33.33   66.67   

Exhaust flow (kg/s) 7.88   39.39   78.77   

Steam flowrate (kg/s) 3.53   17.63   35.26   

Fuel flow (kg dry wood/day) to autoclaves (23% more) 83620.46   418102.28   836204.56   

 

            

Steam Turbine and Pumps             

Isentropic efficiency turbine 0.86           
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Isentropic efficiency of pumps 0.85           

h2'' (kJ/kg) 3455.80           

S2'' (kJ/kg k) 6.62           

m2 (kg/s) 3.53   17.63   35.26   

State point 4             

P4 (first extraction) bar 25.00           

h4s'' (kJ/kg) 2997.00           

h4'' (kJ/kg) 3061.23           

S4'' (kJ/kg k) 6.73           

m4 (kg/s) 0.00   0.00   0.00   

State points 5 and 6             

P5 (second extraction) bar 4.00           

h5s'' (kJ/kg) 2669.10           

h5'' (kJ/kg) 2724.00           

S5'' (kJ/kg k) 6.86           

m5 (kg/s) 0.11   0.56   1.13   

m6 (kg/s) 0.17   0.84   1.68   

State point 7             

P7 (district heat condenser) bar 2.00           

h7s (kJ/kg) 2601.30           

h7 (kJ/kg) 2618.48           

Vapour fraction 0.96           

m7(kg/s) 3.24   16.22   32.45   

 
            

Mixing point             

Return water flow from process @ 1bar, 70 degC (%) 85.00           

Make-up water flow pre-heated by waste water to 60 degC @ 
1bar(%) 15.00           

 
            

State point 8             

m8 (kg/s) assumed 3.25   16.24   32.50   

m8 (kg/s) resulting 3.24   16.22   32.45   

h8 (kJ/kg), hsaturated liquid  at condenser pressure 504.70           

 
            

Air Pre-heater             

h19 (kJ/kg) steam enthalpy before air pre-heater 707.26   707.28   707.26   

 

            

State point 9             

m9 (kg/s) return flow 0.10   0.48   0.96   

h9 (kJ/kg) 293.10           

State point 10             

m10 (kg/s) make-up flow 0.02   0.08   0.17   

h10 (kJ/kg) 251.20           

State point 11             

m11 (kg/s) 3.36   16.80   33.63   

h11 (kJ/kg) assumed 497.38           

h11 (kJ/kg) resulting 496.62   496.86   496.62   

density @ 1bar, saturated liquid (kg/m3) 977.00           

State point 12             

m12 (kg/s) 3.36   16.80   33.63   

h12 (kJ/kg) 497.75   497.75   497.75   

density @ 4bar, saturated liquid (kg/m3) 923.00           

State point 13             
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m13 (kg/s) 3.53   17.63   35.26   

h13 (kJ/kg), hsaturated liquid at feedwater tank pressure 4bar 604.70           

Steam extraction  state 4 
state 
5 state 4 

state 
5 state 4 state 5 

Process Steam Extractions (MJ/kg dry wood) 0.00 0.32         

Extraction Steam energy (MW) 0.00 0.31 0.00 1.53 0.00 3.07 

Total Extraction steam flow to ethanol process (kg/s) 
(m4+m5) 0.11   0.56   1.13   

 
            

Ethanol yield and electricity demand             

Ethanol yield rate  (kg/kg drywood) 0.04           

Ethanol yield rate (kg/s) 0.03   0.17   0.34   

Heating value of ethanol (MJ/kg) 26.70           

Ethanol energy (MW) 0.92   4.60   9.19   

Electricity demand (MJ/kg ethanol) 43.35           

Electricity demand (MW) 1.49   7.46   14.93   

 
            

Steam turbine output             

Generator efficiency 0.99           

Turbine Elect output (MW) 2.89   14.47   28.93   

 
            

Pumps electricity demand             

Pumps electrical efficiency 0.95           

Ppower demand (MW el)  0.06   0.29   0.59   

 

            

Air and exhaust fan power demand             

Fan efficiency 0.75           

Fan motor efficiency 0.90           

Primary air fan (70% of total air, 230mm WC head) Mwel 0.01   0.06   0.12   

Secondary air fan (30% of total air, 600mm WC head) Mwel 0.01   0.07   0.14   

Exhaust gases fan (300mm WC head) Mwel 0.04   0.21   0.43   

Total fans power demand MWel 0.07   0.34   0.68   

 
            

District heat (MW) 6.20   31.00   62.02   

Exhaust gases to extraction process (MW) 1.57   7.86   15.73   

       Energy plant efficiency 0.80 

     Overall efficiency 0.55 
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A.4 Hot-water extraction energy demand 

The energy calculations were performed on a spreadsheet. Results for the 10MW plant size 

are shown in Table A.7 

Table A.7 Heat demand of extraction process (results for 10MW plant size) 

Wood chips load per day 83620.45563 Kg (DS) 

Available Exhaust gases  7.877439545 kg/s 

Gas flow needed for extraction process 7.78 kg/s 

Check net (If +ve OK!) 0.10   

Number of batches 15   

Number of autoclaves 2   

      

Extraction:     

Chip load 5574.70 kg (DS) 

Water input 13379.27 kg 

      

Reaction vessel: heating to target temperature (90 min at ~1.6 C/min) 

Load 13379.27 kg 

Cp 4.22 kJ/kg K 

T0 295.00 K 

T 433.00 K 

deltaT 138.00 K 

Q, heating from 295-433 K 7791553.37 kJ 

Cp  flue gases 1.16 kJ/kg K 

Tin flue gases 593.00 K 

Tout flue gases 433.00 K 

Time 90.00 min 

Mass flow rate of flue gases 7.75 kg/s 

Mass of flue gases for heating 41872.06237 kg 

 

  

Reaction vessel: steady-state (90 min. at T(av)~413 K) 

 T0  295.00 K 

 T1 (Insulated) 373.00 K 

RaD 1.16E+11   

NuD 524.7045   

k 0.02882 W/m k 

Convection coefficient 5.04 W/m2 K 

Cs 5.67   

epsilon (stainless steel) 0.17   

Beta 1.51   

Radiation coefficient 1.46 W/m2 K 

Height 2.84 m 

Diameter  3.00 m 

Surface area 8.52 m2 

Heat losses 4316.27 W 

Time 90.00 min 

At steady state 6.47 kWh 

Mass flow rate of flue gases 0.023196 kg/s 

Mass of flue gases 125.2573 kg 

 



59 

 

The equations used were as follows: 

During heating to target temperature 160℃, the ambient temperature was assumed to be 

22℃ 

�3!DB��W = �#,4DB!�∆�4DB!� =  V!"�#,!"∆�!"                                                                        %. 14 

Once the target temperature is reached to maintain it at that temperature energy 

equivalent to the energy that would have been lost from the cylinder surfaces to the 

surrounding should be supplied from exhaust gases. The energy that would have been lost 

from the system through radiation and convection is estimated by: 

�2 I$CB =  �2�$�A + �2�D� = %C��b�ℎ�$�A + ℎ�D��0�C��b − �C��5 = V2 !"�#,!"∆�!"             %. 15 

Where the heat transfer coefficient were calculated by the following expressions: 

ℎ�$�A = (M ��O 

ℎ�D� = �� ��C��b� − �C��� ���C��b − �C��� 

Where the Nusselt and Rayleigh number were calculated using to the following correlations 

(Incropera et al., 2007)  

��O =  
���
�
���0.6 + 0.387}�O

+;

 1 + ¡0.559K� ¢ 7+;£
=�?

¤��
¥
��¦

�

 , }�O =  �§��C − �̈ �M<
©ª  

ε- Emissivity (stainless steel),   ©- kinematic viscosity (m2/s),     ª- thermal diffusivity (m2/s) 

σ- Stefan Boltzmann constant (W/m2 k4) 

k- Thermal conductivity of air (W/m k) 

Pr- Prandtl number for air 

�- Gravity constant (m/s2) 

Expansion coefficient,  § = ��«¬«®�   �K�+� 

The required exhaust gas flow rate was estimated from equations A.14 and A.15, and then 

the sum was compared with the available exhaust gases flow rate from boiler.  

The same procedure applies for the 50 and 100MW plant sizes evaluated. 
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A.5 Estimation of Ethanol yield from Xylose 

A.5.1 Mass and Energy balance of the Hydrolysis-Fermentation processes  

The mass and energy balance of the ethanol process can be simplified by modelling the 

entire process as a black box. This was achieved by performing mass and energy balance per 

kilogram ethanol yield.  

Mass balance 

Technically, all the carbon in ethanol comes from the input hardwood. By tracking the 

carbon balance in the processing the theoretical maximum yield can be estimated. For 

hydrolysis fermentation pathway (HFP), all the sugars come from hydrolysis of the 

hardwood chips (in this case from the extraction liquor). Based on sugar (glucose and 

xylose) fermentation chemical equations (A.16 and A.17), producing 1 kg of ethanol requires 

1.96 kg of sugar, producing 0.96 kg of carbon-dioxide. In other words, about 66.67% of 

carbon in sugar can be converted to the carbon in ethanol while the rest is converted to 

carbon-dioxide. Or more precisely 1 kg carbon of ethanol requires 1.5 kg carbon of sugar. 

�;Y+��; → 2�Y<�Y��Y + 2���                               �%. 16� 

3�6Y+,�6 → 5�Y<�Y��Y + 5���                            �%. 17� 

According to Lin (2009), for carbon content in hardwood chips 50-51%wt, only about 64 % of 

this carbon content is fermentable, provided that all the feedstock goes to the hydrolysis 

and fermentation stages. Producing 1kg ethanol would require about 4.60 kg of hardwood 

chips assuming 100% conversion rate of fermentable sugars and 100% ethanol recovery 

efficiency. However, the actual consumption of feedstock is generally much higher 

depending on the conversion technologies and efficiencies. 

Fermentation process 

The stoichiometric, chemical equation (A.17), conversion rate from xylose to ethanol is 0.51 

kg ethanol/kg xylose. Experiments have shown that fermentation of the dissolved 

hemicelluloses can reach 90 % of the theoretical yield. (Thomas et al., 2008) 

Energy balance
 

Similarly, a simplified black box model energy balance of the process was performed per MJ 

of ethanol energy. The energy balance includes wood feedstock energy, electricity (mainly 

for size reduction and feeding), steam (for purification), and exhaust gas energy (hot water 

extraction) as input energy. On the other hand energy output includes ethanol energy, 

energy recovered after extraction of hardwood, and energy consumed in processing plus 

losses.  
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All the necessary energy data were obtained from experiments made by Lundgren and 

Helmerius (2009) and the literature reviewed. The electricity, chemical inputs and LHV of 

ethanol were obtained from literatures reviewed (Lin, 2009) while steam demand for 

purification was obtained from (Hamelinck, 2005). The current plant was evaluated in 

reference to the data tabulated below. 

Table A.8 Reference SHF process, (Lin, 2009) 

Reference (SHF)   

Wood input (kg/kg-ethanol yield) 6 

Electricity (MJ/ kg-ethanol yield) 17.67 

Other chemical inputs 0.24 

Steam demand for up-grading (kg/litre-ethanol yield)
a
 2.57 

Conversion efficiency (%) 16.7 
a Steam for up-grading was estimated based on a similar process evaluated by Hamelinck et al (2005) (2.57 Kg 

steam at 4 bar/ litre ethanol yield. Since the state temperature is not indicated in their report, in this work it is 

assumed to be at the extraction pressure 4 bar and was estimated based on turbine isentropic efficiency)
 

It was further assumed that the 50% of the electricity goes to the size reduction and 50% for 

system operation of the ethanol plant. Scaling electricity demand for the current process 

was performed accordingly, that is, 50% was scaled based on the wood input ratio and the 

rest 50% based on the ethanol yield ratio of the HWE- pathway to the reference SHF 

process. 

Ethanol is produced from sugar (xylose) according to the fermentation chemical reaction 

(A.17):  

Assumed fermentation conversion efficiency 0.9                                     

 3�6Y+,�6 → 5�Y<�Y��Y + 5��� 

Theoretical Mass balance (kg) 1.957  1  0.957 

Extraction process xylose yield 

per Kg dry wood, and 

fermentation to ethanol 

assuming conversion efficiency 

0.9 

0.0773  0.0356  0.0417 

 

Accordingly, about 28 kg dry wood input is required to produce 1 kg of ethanol through the 

hot-water extraction pathway.  
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APPENDIX B: Economic Evaluation  

B.1 Equipment cost estimates 

Figures B.1, B.2 and B.3 show the equipment costs for the different process areas identified 

against their respective scaling parameter, over a range of values of the scaling parameter. 

The curves were plotted based on the equations in Table 2.3 re-calculated from Mitchell 

(2006) and Wooley et al. (1999).  

 
Figure B.1: Equipment cost of A800 against steam flow rate 

 
Figure B.2: Equipment cost of the different process area against ethanol yield rate  
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Figure B.3: Equipment cost of A100 and extraction vessel against feedstock rate 

B.2 Ancillary cost estimation 

There are a variety of additional costs, which can be separated into direct and indirect costs. 

Their description and % estimates used in the economic evaluation are described below. 

(Kjellström, 2003) 

Table B.1: Direct and indirect cost estimation 

 Item Estimate 

 Direct costs   

1 Purchased equipment cost (PEC) 1 X PEC 

2 Installation 33% of PEC 

3 Instrumentation and control 12% of PEC 

4 Process piping 35% of PEC 

5 Electrical equipment and materials 13% of PEC 

6 Civil, structural and architectural work 21% of PEC 

   

 Total plant direct cost (TPDC) Sum of  (1 - 6) 

   

 Indirect costs  

 Specified Indirect Costs (SIC)  

7 Engineering and supervision 8% of TPDC 

8 Construction expenses 15% of TPDC 

 SIC Sum of (1 – 10) 

 Unspecified Indirect costs (UIC)  

10 Project contingency  15% of (TPDC + SIC) 

   

 Total plant indirect costs (TPIC) Sum of (7-10) 
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 Total plant cost (TPC) (Fixed capital investment) TPDC + TPIC 

    

11 Other costs (OC) Start-up and commissioning costs. 

Land, rights-of-way, permits, surveys, and 

fees. 

Piling, soil compaction/dewatering, unusual 

foundations. Sales, use, and other taxes. 

Freight, insurance in transit and import duties 

on equipment, piping, steel, instrumentation, 

etc. 

Overtime pay during construction. Field 

insurance. Project team. Transportation 

equipment, bulk shipping containers, plant 

vehicles, etc. Escalation or inflation of costs 

over time. Interest on construction loan. 

12% of TPC 

 Total Capital Investment TPC+ OC 

 

B.3 Economic indicators calculation 

Pay-Back Time 

The payback time for the investment can be estimated by dividing the total investment as a 

constant annual capital cost over a reasonable techno/economic life time (in this case 25 

years). 

The total investment is divided over the techno/economic life time according to the 

following expression. (Kjellström, 2003) 

%����� ������� ����� = � ∙ JB$BDI  
Where, 

�- The annuity calculated from  

� = � ∙ �1 + ��¯
�1 + ��¯ − 1 

Where, 

°- The techno/economic life time (25 years) 

�- The real interest rate (5%) 

The total annual operating cost, C, is the sum of the annual fixed operating costs and 

variable operating costs. 

The annual revenue from the CHP plant, R, was estimated by assuming a 10% profit from 

the different products ethanol, heat and Electricity. Furthermore acetic acid was considered 

as a final product. 
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The difference between the total annual operating cost and the annual revenues from the 

sales of the energy products is the net annual income. For constant revenues and 

manufacturing costs over the life time of the plant, (Kjellström, 2003) 

K�����( ��V�������� = JB$BDI} − �                 
Internal Return Rate (IRR) calculation 

IRR is the interest rate which gives an amount equal to the investment at the net present 

value of the incomes over the techno/economic life of the plant. This interest rate was 

calculated from the following relation: (Kjellström, 2003) 

J = �} − �� ∙ �1 + ��¯ − 1� ∙ �1 + ��¯  

Where,  

� = J}} 

Iteration is required to calculate IRR. 
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Table B.2 Spreadsheet for economic evaluation (case 100MW, 8400 hr) 

Economic Evaluations  

   Current plant capacity 

   Data from system design analysis 

   Ethanol yield (Million Lt/year) 
 

13.19234269 
 Wood feed (MT/day) (metric tonne/day) 

 

1286.468548 

 Annual operation hours (hr) 
 

8400 
 Annual Birch wood feedstock  MWh 

 

1288145.746 

 Total annual Extracted wood flow to the boiler MWh 
 

1146438.27 
 Total Steam flow (ton/hr) 

 
126.9238472 

 Annual electricity demand MWh 
 

125352.568 
 Total  annual electricity production MWh 

 
232349.2679 

 Total annual district heat production MWh 

 

520929.8499 

 Total annual net electricity to grid MWh 
 

106996.6998 
 Annual Acetic acid production (million Lt/year) 

 

7.693081918 

 

    Estimated data 

   Life time for economic calculation (years) 

 

25 

 Real interest rate % 
 

5 
 Wood feed-stock price for ethanol production SEK/MWh 

 

120 

 Costs of other inputs for ethanol plant SEK/litre ethanol yield  0.027 
 Annual fixed operating cost % of total investment 

 
2 

 Variable Operating cost for energy Plant SEK/MWh fuel used 
 

18 
 Digression exponent 

 
0.7 

 KIP index, level for Mar 2010 

 

302.36 

 Annuity 
 

0.070952457 
 

    Chemical engineering plant cost index (CEPCI) 
   $1997 
 

386.5 
 $1998 

 

390 

 $2006 
 

499.6 
 $2010  

 

632.6 

 

 

$year Equipment cost 
 Equipment Cost 
($2010) 

Extraction vessel and acid Hydrolysis Plus hydrolyzate storage  1998 300821.0385 975894.3024 

A100 Fuel handling  1997 2949016.511 4783456.012 

A200 Liquid-liquid separation unit 1997 135283.0501 219436.0449 

A300 Fermentation 1997 2785612.243 4518405.91 

A500 Distillation 1997 2804450.472 4548962.484 

A600 WWT 1997 3686605.872 5979863.781 

A700 Storage 1997 470197.6288 762684.6666 

A800 Boiler/ turbo-generator 1997 11988370.1 19445751.09 

A900 Utilities 1997 1316716.173 2135781.156 

    Total installed equipment cost( Million USD) 
  

43.37023545 

Total installed equipment cost (MSEK) (May 2010) Rate 7.25 314.434207 

Rate € to USD (May 2010) 
 

1.22 
 

    Specific investments of Heat producing part (USD /KWheat) 

  

221.2173555 

Investment on heat producing part (MUSD) 
  

13.71889569 

Investment on electricity producing part (MUSD) 

  

5.726855404 

Investment on ethanol plant (MUSD) 
  

19.14102834 



67 

 

    Cost factors for infrastructure and others (%) 

   Direct costs  (% PEC) 
  Installation  33 

  Process piping 35 
  Instrumentation and control 12 

  Electrical facilities 13 
  Buildings 15 
  Foundations 4 

  Site preparation 7 
  

    TPDC MSEK 
 

688.611 
 TPDC 

   Heat producing part MSEK 

  

255.7964277 

Electricity producing part MSEK 
  

128.9028081 

Ethanol plant MSEK 

  

303.9116775 

    Indirect costs  (% TPDC) 

  Engineering and supervision 8 
  Construction expenses 15 
  Specified indirect costs (SIC) 

 

158.381 

 SIC  
   Heat producing part MSEK 

  

58.83317837 

Electricity producing part MSEK 
  

29.64764586 

Ethanol plant MSEK 
  

69.89968584 

 

%( TPDC+SIC) 

 Project contingencies 15 
  

  

127.049 

 TPIC MSEK 
 

285.429 
 TPIC 

   Heat producing part MSEK 
  

106.0276193 

Electricity producing part MSEK 
  

53.43021396 

Ethanol plant MSEK 

  

125.9713903 

    Total plant cost (TPC)   TPDC + TPIC (Fixed Capital Investment) 960.306 974.040 

TPC 
   Heat producing part MSEK 
  

361.824047 

Electricity producing part MSEK 

  

182.3330221 

Ethanol plant MSEK 
  

429.8830679 

 

% TPC 

  Other costs (start-up costs) 12 
  

    Total Capital Investment (TPC +OC) 

 
1090.925 

 TCI 
   Heat producing part MSEK 

  

405.2429326 

Electricity producing part MSEK 
  

204.2129847 

Ethanol plant MSEK 

  

481.469036 

    Fixed operating cost (FOC) 

   Annual fixed operating cost (entire system) MSEK 

 

21.818 

 FOC 
   Heat producing part MSEK 

  

8.104858653 
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Electricity producing part MSEK 
  

4.084259694 

Ethanol plant MSEK 

  

9.629380721 

    Variable operating cost for energy plant 

   Variable operating cost for energy plant MSEK 
 

20.636 
 Wood feedstock cost MSEK 

 

154.577 

 

    Variable operating cost for ethanol plant  

   Other inputs cost MSEK 

 

0.356 

 

    Total variable operating cost (entire system) 

 

175.570 

 

    Capital costs MSEK 

 

77.404 

 Capital costs 

   Heat producing part MSEK 
  

28.75298187 

Electricity producing part MSEK 

  

14.48941308 

Ethanol plant MSEK 
  

34.16141122 

    Total annual operating cost for the entire system MSEK 

 

197.388 

 Total annual operating costs 
   Heat producing part MSEK 

  

95.71154782 

Electricity producing part MSEK 
  

91.69094887 

Ethanol plant MSEK 

  

9.986 

    Total annual cost MSEK 

 

274.792 

 Total annual costs 

   Heat producing part MSEK 
  

124.4645297 

Electricity producing part MSEK 

  

106.1803619 

Ethanol plant MSEK 
  

44.14698519 

    Production costs 

   Ethanol (SEK/litre) 
  

3.346409824 

Electricity (SEK/MWh) 

  

456.9859975 

Heat (SEK/MWh) 
  

238.9276209 

 

The same applies for the other plant sizes evaluated. 

 


