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Sustainably produced and efficiently used biomass has many advantages as an energy 

source. It provides an opportunity for reducing greenhouse gas emissions by replacing 

fossil fuels, and is typically also a local energy source. When used for combined heat and 

power (CHP) production, biomass can provide a dependable source of renewable energy 

at high efficiency. There are also drawbacks for CHP production and the use of biomass 

as a fuel, however. Untreated wood is an unstable fuel of uneven quality and low energy 

density, which limits its potential for fossil fuel replacement. In the current economic 

environment of relatively low and volatile electricity prices, CHP plants are also a risky 

investment at best.  

This work investigates the possibilities of improving the profitability and effectiveness of 

small-scale Nordic wood-fired CHP plants through two different approaches. Integration 

with mild thermochemical conversion processes is studied to find the best integration 

concepts, and to learn whether such an integrated plant would be superior in its economic 

and technical performance to stand-alone CHP and biomass conversion plants. Process 

simulation software was used to investigate the operation and technical performance of 

the different plants. It was found that while there is little potential to improve energy 

efficiency, integration can still improve the profitability of the plant. This is achieved 

mainly through reductions in investment costs, and by increasing the annual operating 

time of the CHP plant through the introduction of an additional heat consumer that 

enables the plant to run when the district heat load alone would be less than the plant 

minimum load. 

The second focus of the study is improving the profitability by component design 

optimization, namely the condenser of a pure CHP plant. Condenser heat transfer and 

mechanical sizing models were developed in MATLAB environment, and optimization 

was carried out at different electricity prices. Metaheuristic optimization algorithms were 

used for the optimization. It was found that while the profitability of the plant depends 

heavily on the price of electricity, the optimal performance required of the condenser, as 

well as its design, are affected only slightly by the electricity price at moderate to high 

price levels. The optimization did not consider the possibility of varying the plant 

operating strategies, which limits the practical applicability of the results at low electricity 

price scenarios.  



In an effort to reduce the computation time required for the condenser optimization, a 

novel way of combining two existing metaheuristic optimization methods was shown to 

perform better than the other tested algorithms, including either of the two on which the 

new hybrid method was based on. Further testing with other problems is needed to 

determine if this hybridization is a generally well-performing algorithm, or is merely 

particularly well suited for the condenser optimization on which it was implemented in 

this thesis. 

Some topics for future research are identified. The economic and operational analysis of 

the process integration studies was performed only on a small CHP plant, integrated with 

a comparatively large-scale biomass conversion plant. A larger CHP plant would offer 

more options for both heat sinks and heat sources as well as operational flexibility, and 

could yield different results. The optimization of the condenser could be more flexible, 

allowing varying the plant operation. This could produce more valuable and realistic 

results on optimal condenser sizing for low electricity price scenarios.  

 

Keywords: CHP, torrefaction, hydrothermal carbonization, integration, condenser, 

shell-and-tube heat exchanger, optimization, differential evolution, cuckoo search 
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Nomenclature 

Latin alphabet 

a annuity factor – 

a,b,c,d constants in experimental correlations – 

A area m2 

c specific price of energy product €/MWh 

cp  specific heat, constant pressure process kJ/(kgK) 

cv coefficient of variance – 

C cost € 

Cf coefficient of friction – 

CBM module cost € 

CF crossover fraction  – 

CR crossover rate  – 

do heat exchanger tube outside diameter m  

D  1. diameter m  

 2. number of decision variables in optimization problem – 

E 1. energy yield – 

 2. energy J 

f friction factor – 

F 1. correction factor for HEI standards heat transfer correlation  – 

 2. weight factor in differential evolution – 

g acceleration due to gravity m/s2 

G 1. conductance W/K 

 2. mass velocity kg/(m s2) 

 3. generation in population-based optimization – 

h 1. height m 

 2. specific enthalpy kJ/kg 

 3. heat transfer coefficient W/(m2K)  

hfg latent heat of evaporation kJ/kg 

hfs latent heat of melting kJ/kg 

i interest rate –  

i,j,k indexes – 

k thermal conductivity W/(mK) 

K 1. turbine constant m2 

 2. absolute surface roughness m 

 3. loss coefficient – 

 4. recombination factor 

L length m 

LHV lower heating value MJ/kg 

m mass kg 

M mass yield – 

MC fuel moisture, fractional wet basis: mH2O/mtotal  –  
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MS mutation scale parameter – 

n plant economic operating time a  

n vector of normal-distributed random numbers 

N number – 

NP population size (number of parents/particles) – 

NPV net present value € 

NTU number of transfer units – 

p 1. pressure Pa 

 2. probability – 

p vector of normal-distributed random numbers – 

P 1. power W 

 2. operating period – 

 3. tube pitch – 

PBP payback period a 

PEC purchased equipment cost € 

q  vector of normal-distributed random variables 

Q energy (heat or fuel) J 

r random variable – 

R 1. ratio – 

 2. thermal resistance K/W 

R” thermal resistance  m2K/W 

s step size vector –  

t time h 

T temperature  K, °C 

TCI total capital investment € 

TTD terminal temperature difference °C 

U overall heat transfer coefficient W/(m2K)  

u trial vector in differential evolution or cuckoo search   

v specific volume m3/kg 

v noise vector in differential evolution  

V volume m3 

w velocity m/s 

x steam quality – 

x solution vector  

Greek alphabet 

α scaling factor - 

β Lévy exponent - 

 uniform-distributed random number - 

Γ Gamma function 

Δ change, difference 

 1. heat exchanger effectiveness - 

 2. uniform-distributed random number - 

η efficiency -
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  specific heat consumption W/(kg s)

  thermal power W 

  air ratio -
μ 1. turbine intake ratio - 

 2. dynamic viscosity Pa s 

 3. mean value 

ρ density kg/m3 

 standard deviation - 

Dimensionless numbers 

Nu Nusselt number 

Pr Prandtl number 

Re Reynolds number 
~

Re  two-phase Reynolds number in condensing flow 

Subscripts 

90 ° perpendicular turn at the shell-side nozzle of a heat exchanger 

a air 

amb ambient 

ann annulus 

aux auxiliary 

b boiler 

bc biochar 

bd blowdown 

bed BFB boiler bubbling bed 

bf baffle plate 

c cold 

ch channel 

cl clean 

C carbon 

d 1. dry matter 

 2. decision variable in a candidate solution vector 

db dry basis 

D design point 

DHC  district heat condenser 

E elite 

eff effective 

el electricity 

evap evaporation 

f 1. fuel 

 2. flange 

feed feedstock (torrefaction or HTC) 



Nomenclature 18 

FOB free, on board 

FT flash tank 

furn furnace 

FW feedwater 

g gas 

gen generator 

gr gravity 

h hot 

hc hydrochar 

i 1. inside 

 2. index 

in inlet, flow into 

ini initial 

ip impingement plate 

j index 

L liquid 

lm logarithmic mean 

loss loss 

LS live steam 

man manufacturing 

mat material 

max maximum 

MCR maximum continuous rating 

min minimum 

nzl nozzle 

o outside 

OD off-design 

opt optimum 

OTL outer tube limit 

out outlet, out from 

p 1. constant pressure 

 2. purchased 

pr  processing 

pump pump or pumps 

r0, r1, r2 candidate solution vectors chosen randomly from a population 

rad radiation 

react reaction 

ret  district heating water returning to the CHP or heat plant 

s 1. isentropic 

 2. sold 

sat saturated state 

SG steam generator 

sh 1. shear 

 2. shell 
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SH superheater 

SP slurry pump 

spec specific 

stack stack 

tb tube 

tf thermal, fouling 

torr torrefaction 

tot total 

ts tubesheet  

T transverse 

ub unburnt 

U U-turn, in tubes of U-tube heat exchanger 

V vapour 

w tube wall 

W water 

WB water-to-biomass 

Abbreviations 

0-D zero dimensional (one-point mean) 

2-D two dimensional 

BA bat algorithm  

BFB bubbling fluidized bed 

CBM cost, basic module 

CFD computational fluid dynamics 

CHP combined heat and power 

CS cuckoo search 

COA cuckoo optimization algorithm 

CPU central processing unit 

DE differential evolution 

DH district heat 

DHC district heat condenser 

EA evolutionary algorithm 

ES evolution strategy 

FA firefly algorithm 

FOB free on board 

GA genetic algorithm 

GHG greenhouse gas 

HEI heat exchanger institute 

HHV  higher heating value 

HP high pressure 

HRX heat recovery heat exchanger 

HS harmony search 

HTC hydrothermal carbonization 

IPPC Intergovernmental Panel on Climate Change 
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IRR internal rate of return 

LHV lower heating value 

LP low pressure 

LPPH low pressure feedwater preheater 

MCR maximum continuous rating  

NFE number of function evaluations 

NP number of parents 

NPV net present value 

NTU number of transfer units 

O&M operation and maintenance 

OTL outer tube limit 

PBP payback period 

PEC purchased equipment cost 

PSO particle swarm optimization 

SA simulated annealing 

SCAH steam coil air heater 

SG steam generator 

SH superheater 

TCI total capital investment 

TEMA Tubular Exchanger Manufacturers Association 

TTD terminal temperature difference 
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1 Introduction 

This thesis investigates the possibilities of improving the profitability of small-scale bio-

fired combined heat and power (CHP) plants considering the uncertainties of today’s 

economic environment in the energy sector. The problem is approached from two 

directions: process integration of the CHP plant and a thermochemical biomass treatment 

process, and component-level design optimization.  

1.1 Why bio-CHP and biofuels as the focus? 

During the last decades, climate change as a result of anthropogenic greenhouse gas 

(GHG) emissions has received increasing attention. Most GHG emissions originate from 

various thermal energy conversion processes. The International Panel on Climate Change 

(IPCC) has identified bioenergy to have significant potential to mitigate GHG emissions, 

provided that the resources are used sustainably, and the energy systems for using the 

resources are efficient. (IPCC, 2011) 

In addition to climate change concerns, there are also other demands on energy systems. 

Security of supply, affordable price, creating jobs and stimulating local economy are 

characteristics often considered desirable for the energy systems providing heat and 

electricity. Depending on the implementation, bioenergy can help address also some of 

these issues.  

The process of converting biomass from a primary energy source into a final energy 

service such as electricity supply, heating or mechanical work, involves typically multiple 

steps. The main processes applicable for bioenergy are summarized in Figure 1.1 (IPCC, 

2011). In Finland and other Nordic countries, most of the biomass used originates from 

forests. The large-diameter stemwood from final harvests is mainly used by the forest 

industry for pulp, paper and mechanical wood products, but much of the logging residues, 

stumps, and small-diameter stemwood from forest thinning, as well as various solid and 

liquid industrial waste streams end up as being used for bioenergy. Together with 

significant small-scale domestic use of firewood, these combine to a total of 26 % of the 

national energy use, making wood-based fuels the single largest fraction of total energy 

consumption in Finland. (Official Statistics of Finland, 2016) Wood-based biomass is 

mainly combusted for supplying the heat and power needs of industry in combined heat 

and power (CHP) plants, and for district heating both in heat-only plants and in CHP 

production. 

CHP production using local wood biomass sources is a strategy that combines a 

renewable energy source with high energy efficiency, supply security, and local origin. 

Compared to separate production of heat and power from a similar primary energy source, 

co-generation in a CHP plant improves energy efficiency by as much as 25 to 30 percent. 

In Nordic countries CHP production is used for the purposes of district heating (DH). As 

DH consumption varies significantly with seasonal temperature variation, so does the 
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electricity production of the CHP producing district heat. From the point of view of 

national electricity supply, this can be seen as another advantage of bio-CHP compared 

to other carbon-neutral energy sources; while wind and solar production are by nature 

intermittent and volatile, and nuclear depends on long periods of stable base-load 

operation to cover the investment, power produced by CHP naturally peaks in winter 

when the heat load is high as well.  

 
Figure 1.1:  Bioenergy conversion paths from primary energy to energy service. (IPCC, 2011) 

 

In Finland, a clear majority of district heat production takes place in CHP plants, which 

are typically back pressure steam cycles utilizing low-cost solid biomass or fossil fuel. In 

Figure 1.1, this corresponds to some of the simplest and shortest processes possible: 

pretreatment usually consists only of chipping the wood before combustion as solid fuel, 

to produce energy services in the form of heat and, through thermo-mechanical and 

electro-mechanical conversions, electrical power. 

Although biomass-fired CHP production has several clear advantages, there are also 

drawbacks. While having the period of maximum power production during high demand 

is a clear advantage from the point of view of the power system, for an investor CHP 

production is advantageous in comparison to heat-only boilers only if the price of 

electricity is sufficient to justify the additional investment. Currently the electricity 

markets in Northern Europe are at a period of change, where uncertainty over renewable 
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power subsidies, emission trading, and the future of nuclear power create serious doubts 

about the future price of electricity. As a result, investment in CHP production has 

become increasingly uncertain, and optimal plant design more difficult.  

Some of the characteristics of untreated wood biomass also pose limits to its use. In 

storage, wood tends to collect moisture and degrade. It has low energy density per volume 

and mass, which means that the distance between harvesting and combustion cannot be 

long, or the logistics will become uneconomical, and the GHG emissions will increase as 

well. Finally, untreated wood poses limitations on combustion technology: for example, 

the existing pulverized coal boilers cannot typically fire large amounts of untreated wood.  

Torrefaction and hydrothermal carbonization are technologies for improving the quality 

of solid biomass. In Figure 1.1, they fall under the category of thermochemical conversion 

and therein, carbonization. Compared to untreated wood, the resulting biochars have 

higher energy density, hydrophobic behaviour in the presence of moisture, and in both 

chip and pellet form they are brittle enough for co-firing with fossil coal in pulverized 

coal boilers. From GHG emission mitigation point of view, such conversion technologies 

can assist in replacing fossil fuel use with bioenergy.  

1.2 Objectives 

The goal of this thesis was to investigate Nordic CHP plant design and optimization from 

different aspects for the purpose of identifying ways to improve profitability and energy 

effectiveness in today’s uncertain environment. There are two separate focus areas; 

process integration of thermochemical biomass conversion and Scandinavian CHP plant, 

and condenser design and optimization. The following research questions were posed:  

Q1 How are CHP plant operation and economics affected by integration with a biomass 

conversion process other than combustion?  

Q2 What are the best ways of integrating biomass conversion processes with co-

generation plants? 

Q3 Can integration with a biomass conversion process serve as a buffer against uncertain 

electricity prices in Nordic co-generation plants? 

Q4 What biochar price levels are required for mild pyrolysis of wood biomass to be 

profitable? 

Q5 How is the optimal district heat condenser design affected by varying equipment and 

electricity costs? 

Q6 What lessons can be learned from the practical solving process of these problems? 
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1.3 Methods 

In broad terms, the goal of the study was to find the best integrated CHP and 

thermochemical conversion plant configurations and condenser designs, and find the 

significant conclusions from the results. Optimization is defined as the search of the best 

possible solution to a problem. In mathematical terms this often means searching for an 

extreme value (maximum or minimum) of an objective function. Within an energy 

system, different levels of design and optimization can be defined. Frangopoulos (2002) 

identifies three levels of energy system optimization for a given scope: 

A) Synthesis optimization: selecting the set of components and their connections 

B) Design optimization: selecting the component specifications and process fluids 

C) Operation optimization: finding the best way to operate a defined system at 

specified conditions. 

Among the levels of optimization, synthesis optimization is particularly challenging. 

Traditionally it is a step where optimization methods in the mathematical meaning of the 

word have been little used for a number of reasons. First, combining a robust model to an 

efficient search algorithm to allow for thorough and efficient search of optimal 

configuration is extremely challenging, and second, it is often difficult to define “best” in 

a clear, unambiguous way that would yield itself to an automated mathematical 

optimization process. As a result, synthesis optimization still largely depends on 

engineers’ knowledge, experience and creativity to design a system that is suitable and 

reasonably well performing for the intended purposes, and which can then be improved 

and optimized in the design optimization process.  

The usefulness of an automated process that could find an optimal system configuration 

is clear, and indeed such techniques have been developed and used successfully for 

certain specific energy system synthesis optimization problems. In practice, such methods 

are still difficult to implement, are often restrictive, and lack robustness. 

Within this thesis, research questions Q1 to Q4 can be considered to be part of the 

synthesis optimization of an integrated CHP – thermochemical conversion plant and 

analysing the results of the process, while question Q5 concerns the design optimization 

of a single component, the district heat condenser. The CHP plant considered in both the 

integration and condenser optimization studies was a small backpressure plant with 

nominal rating of 8 MW power and 20 MW district heat at full load. Seven scientific 

publications analysing different technical and economic aspects of the topics were drafted 

during the research. Figure 1.2 summarizes the contents of these publications, how they 

relate to different aspects of the research, and the main contributions of the earlier 

publications to the following ones. 



Introduction 25 

Figure 1.2: An overview of the appended papers. 
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The first step of the process of analysing the systems and components and finding the best 

plant configurations or components designs was modelling the systems. Publication I 

presented the heat transfer model of a large seawater-cooled vacuum condenser and the 

validation of the model against measured plant data. Publication II and Publication VI 

adapted the model for district heat condenser optimization, as well as implemented the 

heat exchanger mechanical sizing algorithm and cost model. All heat exchanger 

modelling was performed in MATLAB environment.  

The CHP plant model was developed with a commercial process simulation software 

IPSEpro. The initial model, together with the torrefaction process model, was published 

in Publication III, where an initial technical analysis of promising integration concepts 

and evaluation of suitable process values was performed. The torrefaction model was 

based on published data on the torrefaction of various Nordic forest biomasses at different 

process conditions. A simple mathematical model was developed and used to create the 

necessary component modules for use in the process simulation software. 

In Publication IV, the CHP plant model and particularly the part-load modelling were 

developed further, and the HTC process model and the required component modules were 

implemented. The modelling of the thermochemical process of hydrothermal 

carbonization was based on experimental results published earlier in Sermyagina et al. 

(2015). 

After the initial steps for finding the best plant synthesis for process integration were 

taken in Publication III and Publication IV, the final economic plant synthesis 

optimization was performed in Publication V (HTC) and Publication VII (torrefaction) 

in order to answer research questions Q1 to Q4. In the scope of this work, an automated 

plant synthesis optimization system for integrated CHP – biomass treatment processes 

was considered infeasible, and not attempted. A discretized multi-period model was 

developed to account for annual variations of load and operating conditions, and the 

results were analysed to find the economically most profitable configurations. Sensitivity 

analysis was performed for answering research question Q3.  

Publication VI aimed at answering the research question Q5. The results from a multi-

period model first used in Publication V were combined, with minor adaptations, with 

the heat transfer model developed earlier to obtain a mathematical representation of the 

economic profitability of the plant as a function of condenser configuration. This model 

was then used in combination with a metaheuristic optimization algorithm. 

1.4 Outline of the thesis 

Chapter 2 presents a description of the backpressure CHP plant considered in this thesis. 

The design-point and part-load modelling of the main boiler and steam cycle components 

is described, as well as the constraints likely to limit the plant operation at minimum and 

maximum load, or when another process is integrated to the plant. The annual district heat 
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load profile, and the multi-period approximation of the plant annual operation is also 

presented in this chapter. 

Chapter 3 presents the thermochemical biomass conversion modelling. The mathematical 

models of the drying, heating, conversion and cooling processes, as well as the mass and 

energy yields as functions of operating parameters are described. Configurations of the 

stand-alone carbonization plants and the relevant component models are also covered in 

this chapter.  

The technical studies of integration of both thermochemical conversion processes to the 

CHP plant are described in Chapter 4. For both processes, the results of the initial 

technical analysis at one or a small number of operating points are presented. The impact 

of carbonization temperature is also evaluated. On the basis of the initial technical studies, 

the most promising cases are selected for more detailed study. These cases are analysed 

in more detail by using the multi-period model described in Chapter 2. The results are 

used to obtain data on how each of the integrated plant configurations affect the CHP 

plant operation, and to find the total annual fuel and feedstock consumptions, and the 

amounts of heat, power and biochar produced. Chapter 5 presents the economic analysis 

of those cases that were chosen for detailed operational and annual net production and 

consumption analysis in Chapter 4. 

Chapter 6 presents the condenser heat transfer modelling. After starting with the initial 

heat transfer model of the large condensing power plant sea water condenser, the 

validation and analysis of the necessary level of modelling detail, the chapter continues 

to describe how this model was adapted for a district heat condenser model to be used in 

optimization, which is then described in Chapter 7. The mechanical sizing and cost model 

of the condenser is described, followed by the optimization algorithms used, and the 

implementation of the objective function and the optimization. 

Finally, chapter 8 summarizes the main findings of the thesis. The answers found to the 

research questions are presented here. In some cases also some significant limitations 

imposed by the assumptions applied in the work were found, and these are also explained. 

The thesis concludes with a description of some of the main issues still requiring further 

work. 
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2 CHP plant and multi-period model 

A small modular biomass-fired backpressure plant with a 29 MW thermal output bubbling 

fluidized bed (BFB) boiler based on the one described by Komulainen (2012) is 

considered in this study. At design point conditions the plant has a net output of 20 MW 

district heat and 8 MW electricity. The turbine has a partial admission regulating stage 

and separate high-pressure (HP) and low-pressure (LP) parts with an extraction at the HP 

exhaust, controlled by the LP turbine inlet valve. The design point extraction pressure is 

8.5 bar. There is a single backpressure DH condenser.   

The schematic diagram of the CHP plant is shown in Figure 2.1; the design point 

operating parameters and ambient conditions are summarized in Table 2.1. IPSEpro 

process simulation software has been used to model the CHP process. The model was 

developed initially for Publication III and later improved for Publication IV. This chapter 

describes the final model of Publication IV, which was also used in publications V, VI 

and VII to obtain the main results of the thesis.  

To consider the annual variation of the DH load, ambient conditions and fuel properties, 

a multi-period model was implemented. Off-design models of the main components were 

developed to evaluate the performance of the plant at varying loads and ambient 

conditions. The multi-period model is presented in chapter 2.1, followed by a description 

of the design-point and off-design modelling of the boiler in chapter 2.2, and the steam 

cycle in chapter 2.3.  

 
Figure 2.1:  Schematic diagram of the CHP plant model.  

2.1 Multi-period model 

A district heat load duration curve was approximated by a peak load of 35 MW, 20 MW 

heat load at 1800 hours, linear reduction to 2.6 MW at 7890 hours, and finally steady 2.6 

MW load for the remaining summer hours. This was represented by two full-load periods, 

P1 and P2, followed by a steadily reducing DH load at 4 MW intervals (P3 to P6) until 

the summer period, which was split to a low-load P7 and minimum-load P8.  

The moisture of the wood chips was assumed to increase towards winter. The temperature 

of the boiler fuel and HTC feedstock was set at the average ambient temperature of each 
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period.  The combustion air temperature, taken from the boiler room, was assumed to be 

20 °C higher than the ambient temperature. The ambient temperatures were based on 30-

year monthly average temperatures gathered by the Finnish Meteorological Institute 

(Finnish Meteorological Institute, 2015) for Jyväskylä, a city in central Finland. The DH 

water output and return temperatures were based on ambient temperature according to 

Koskelainen et al. (2006). The data for fuel properties and temperature levels for each 

period are listed in Table 2.2; load curve approximation and multiperiod approximation 

of heat and power production are plotted on Figure 2.2. 

Table 2.1: Main characteristics of the CHP plant at the design point. 

Category Parameter Quantity 

Fuel and ambient 

conditions 

Wet-basis fuel moisture MC 

Fuel LHV, moist fuel / dry matter 

Ambient temperature  

50% 

8.53 / 19.5 MJ/kg 

0 °C 

Boiler 

Fuel input (LHV) 

Net thermal power 

Live steam parameters 

Boiler efficiencyb 

32.6 MW 

28.9 MW 

92 bar / 505 °C 

87.7 % 

Turbine 

Inlet steam parameters 

Regulating stage isentropic efficiencys,R 

HP turbine isentropic efficiencys,HP 

LP turbine isentropic efficiencys,LP 

Extraction pressure 

90 bar / 500 °C 

0.70 * 

0.887 

0.833 

8.6 bar 

Condenser 
Back pressure 

DH water output/return temperature 

0.80 bar 

90/50 °C 

Deaerator Pressure 5.6 bar 

Generator Gross electric power 8.66 MW 

CHP plant parameters 

Net electric power 

District heat (DH) power  

Electrical efficiency el 

Total CHP efficiency tot 

8.00 MW 

20.00 MW 

24.0 % 

86.0 % 

* Valves wide open 

   
Figure 2.2:  Annual district heat load variation (black) and production of district heat (red) and 

electricity (blue) in the CHP plant. 
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Table 2.2: Summary of the load points and their durations during a year in multi-period 

approximation of annual plant operation. 

Parameter P0 P1 P2 P3 P4 P5 P6 P7 P8 

Time 
   period duration [h]  

   cumulative at end [h] 

 

0 

0 

 

240 

240 

 

1560 

1800 

 

1400 

3200 

 

1400 

4600 

 

1400 

6000 

 

1400 

7400 

 

490 

7890 

 

870 

8760 

Load and production 
   mean heat load [MW] 

   CHP heat output [MW] 

 

35 

20 

 

30 

20 

 

22.5 

20 

 

18 

18 

 

14 

14 

 

10 

10 

 

6 

6 

 

4 

0 

 

2.6 

0 

Temperatures 
   ambient [°C] 

   makeup water [°C] 

   DH water out [°C]  

   DH water return [°C] 

 

-20 

5 

105 

60 

 

-10 

5 

90 

50 

 

-5 

5 

85 

50 

 

0 

5 

80 

50 

 

5 

10 

75 

45 

 

10 

10 

75 

45 

 

12 

10 

75 

45 

 

15 

10 

75 

45 

 

15 

10 

75 

45 

Fuel  
   moisture [mH2O/mdry+H2O] 

   temperature [°C] 

   LHV [MJ/kg] 

 

0.55 

-20 

7.43 

 

0.55 

-10 

7.43 

 

0.55 

-5 

7.43 

 

0.50 

0 

8.53 

 

0.50 

5 

8.53 

 

0.45 

10 

9.62 

 

0.45 

12 

9.62 

 

0.40 

15 

10.72 

 

0.40 

15 

10.72 

2.2 Boiler 

The boiler model consists of furnace, superheater and economizer components, and an 

IPSEpro standard library heat exchanger representing the air preheater (luvo). A steam 

coil air heater (SCAH) is available as well.  

The furnace module determines all boiler losses except the stack loss. The losses at the 

design point are stack loss stack = 2.5 MW (Tstack = 150 °C); radiation loss rad = 0.1 

MW; blowdown loss at 1% of feedwater flow bd = 0.1 MW; ash heat loss ash = 0.02 

MW; unburnt loss ub = 0.2 MW; and other losses 1% of fuel power, other = 0.3 MW. 

These yield a design-point boiler efficiency of b = 0.88, defined as 

 

  aafff

FWFWLSLS

b
hmLHVhm

hmhm








  (2.1) 

where subscripts LS, FW, f and a refer to live steam, feedwater, fuel and air. 

The radiation and conduction losses loss,rad [kW] were assumed constant, and estimated 

from net output at maximum continuous rating b,MCR (European Committee for 

Standardisation, 2003), 

  rad = 0.0315  b,MCR
 0.7. (2.2) 

Ash losses ash consist of the sensible heat lost with ash removal as bottom ash at bed 

temperature Tbed, and fly ash from the filters at stack temperature Tstack : 
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       ,C01C0 stackbash,bedbash,ashp,totash,ash  TRTRcmΦ   (2.3) 

where totash,m  is the total ash flow rate including unburnt carbon, Rash,b is the fraction of 

ash removal that is taken as bottom ash, estimated at Rash,b = 0.75, and cp,ash is the ash 

specific heat, cp,ash = 1.1 kJ/kgK. The unburnt carbon fraction in ash increases with 

reducing boiler load and bed temperature. The unburnt loss ub is obtained from 

 
Ctotash,ash,Cub   LHVmRΦ  , (2.4) 

where Rash,C is the mass fraction of carbon in removed ash and LHVC the lower heating 

value of carbon, LHVC = 32 MJ/kg. Rash,C is assumed to increase linearly as a function of 

bed temperature from 0.25 at design point to 0.50 at minimum load, Tbed = 700 °C. 

Blowdown loss bd is obtained by assuming that 1% of feedwater flow is removed at 

saturated liquid state at drum pressure at all loads. Finally, other unaccounted losses are 

assumed to amount to one percent of fuel LHV input.  

Combustion in the furnace at the design point takes place with an excess air ratio of D= 

1.2, increasing to min= 1.35 at minimum load. The bed temperature is assumed to be Tbed 

= 900 °C at the design point, and 700 °C at minimum load.  

The design-point performance of heat transfer surfaces is summarized in Table 2.3 below. 

At part load, the heat transfer surface operating parameters change. The furnace is 

modelled as isothermal, with steam generator thermal power SG varying relative to 

fourth power of the furnace temperature Tfurn [K],    

 

4
Dfurn,

4
ODfurn,

DSG,ODSG,
T

T
ΦΦ  , (2.5) 

where subscripts D and OD refer to design and off-design values. 

Table 2.3: BFB boiler heat transfer surfaces. 

Surface 
Steam 

generator 
Superheater Economizer Luvo SCAH 

Conductance G n/a 28.5 kW/K 30 kW/K 32 kW/K 1.9 kW/K 

Flue gas Tin/Tout -/905 °C 905/560 °C 560/290 °C 290/150 °C n/a 

Cold fluid Tin/Tout 310/310 °C 310/590 °C 157/285 °C 35/235 °C n/a 

The convection-dominated surfaces (superheater, economizer and luvo) are modelled as 

counterflow heat exchangers. Radiation effects are assumed to be minor and not 

considered. The heat transfer rates  [kW] are obtained from 
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  = G Tlm , (2.6) 

where G [kW/K] is the product of the heat transfer area A [m2] and overall heat transfer 

coefficient U [kW/m2K].  

Off-design conductances are found by assuming small fouling and wall resistances, and 

small transport property changes. The convection heat transfer coefficient is proportional 

to 0.8:th power of mass flux in the tube and, approximately, also outside of it in high 

Reynolds number cross flow across tube banks according to correlations by Dittus and 

Bölter (1930) as referred by Winterton (1998) and Zukauskas (1987) as referred by 

Incropera and DeWitt (2002). As the water, steam and air flow rates also change roughly 

in proportion to the flue gas flow rate change, the off-design conductance GOD is 

approximated by 

 8.0

DFG,

ODFG,

DOD 
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 . (2.7) 

2.3 Steam cycle 

2.3.1 Turbine  

Isentropic efficiency s = 0.88 is assumed for the turbine modules at the optimum flow 

rate. The efficiency change due to flow rate change is modelled as a function of mass 

flow relative to the optimum flow with polynomial fits based on Tveit et al. (2005) for 

the regulating stage, Equation (2.8), and Jüdes et al. (2009) for the working stages, 

Equation (2.9) (see Figure 2.3). Optimum efficiency is assumed at 10 kg/s in the HP 

turbine and regulating stage, and 9 kg/s for the LP turbine. The swallowing capacity of 

the turbine is typically slightly higher than the design point flow. 
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  (2.9) 

Moisture droplets in the steam reduces turbine efficiency; a reduction of 0.8 % to 1.2 % 

of efficiency per every 1 % average stage moisture content has been reported (Sanders, 

2004). In the presence of moisture the final isentropic efficiency of a multi-stage turbine 

component is estimated from the dry efficiency s obtained from Equation (2.9) by  

 

2

1 o

scorr-xs,

x
 . (2.10) 
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Figure 2.3:  Isentropic efficiency of turbines as a function of mass flow rate. 

The changing mass flow rate changes also pressures; these are bound by the ellipse law 

(Traupel, 1966), simplified here by assuming a constant intake ratio  and n≈1 for steam, 

and combining the design-point values to a turbine constant K [m2]: 
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(2.11) 

2.3.2 Condenser  

District heat is produced in a single-stage shell-and-tube condenser. In thermal conversion 

integration studies, where the condenser design was fixed and not subject to optimization, 

a condenser with 400 m2 effective heat transfer area was assumed. Design-point 

parameters were set at a district heat output of DH = 20 MW, and DH water output/return 

temperatures of 90/50 °C. The overall heat transfer coefficient was assumed UDHC,D = 

3400 W/m2K and steam-side ph = 0.02 bar. These yield a terminal temperature 

difference TTD = 3.5 °C and steam pressure ph = 0.80 bar.  

The condenser module in the CHP plant model was designed to estimate off-design 

performance by using the -NTU method. The heat transfer coefficient UDHC,OD was 

approximated from steam pressure ph, district heating water mass flow rate cm  [kg/s], and 

mean temperature and Tc [°C].  

At the design point, the thermal resistances are assumed to split at a ratio of 35 % tube 

inside convection, 25 % tube outside condensation and 40 % conduction, where 

conduction includes both the tube wall resistance and the fouling resistances. At part load, 

the convection and condensation resistances will change. The resistance changes are 

estimated by using a correlation presented by Eagle and Ferguson (1930) as referred by 
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Sinnott (2005) for convection, and on an adaptation from a graph in Holmström (1982) 

for condensation. Combined, this results in Equation (2.12) for the off-design heat 

transfer coefficient UDHC,OD: 

 1
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The steam-side pressure drop is assumed to change proportionally to the dynamic 

pressure ½w2: 
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3 Low-temperature biomass thermochemical conversion  

This chapter describes the two biomass thermochemical conversion processes, 

torrefaction and hydrothermal carbonization (HTC).  The focus is on the description of 

the thermochemical processes themselves and their modelling for the purpose of plant 

and integration modelling. The necessary component models and also the modelling of 

the stand-alone torrefaction and HTC plants are described. Integration modelling is 

described in chapter 4.   

3.1 Background 

Torrefaction and hydrothermal carbonization (HTC) are both mild thermochemical 

processes taking place at relatively low temperatures. The biochar products, torrefied 

biochar and hydrochar, have higher carbon content and heating value than the feedstock. 

The oxygen content is reduced. Compared to untreated biomass, both biochars are 

hydrophobic, brittle, and easier to store due to their higher energy densities and reduced 

tendency to decay. The significant difference between the processes is that in torrefaction 

the reactions take place at approximately atmospheric pressure in an inert gas, while in 

HTC the feedstock is in a pressurized water slurry, typically at saturated state.  

Both processes consist of a number of simultaneous and consecutive chemical reactions 

(Bergman et al., 2005; Kruse et al., 2013). Detailed modelling of these was considered to 

be beyond the scope of this work; rather the goal was to develop a relatively simple model 

that could be implemented as part of a component model in a process simulation software 

to provide a reasonable estimate of mass and energy yields for the purpose of plant-level 

modelling and economic analysis.   

The main components of wood are three polymeric structures: hemicellulose, cellulose 

and lignin, of which hemicellulose is affected most by both torrefaction and HTC. The 

reactions taking place in the two processes have similarities, but the presence of water in 

HTC results in some important differences in the decomposition, and the behaviour of the 

products as well (Funke & Ziegler, 2010; Libra et al., 2011; Bach & Skreiberg, 2016). 

Most importantly, the wood components, particularly hemicellulose and cellulose, 

become significantly less stable in the presence of hot liquid water. This makes it possible 

to use clearly lower temperature ranges in HTC.  

In dry torrefaction the temperature levels are typically in the range of 200…300 ºC. 

Bergman et al. (2005) report that under 250 °C only hemicellulose undergoes limited 

devolatilization, while cellulose and lignin are practically unaffected; at higher 

temperatures, the decomposition of hemicellulose becomes extensive, and to a lesser 

extent also lignin and cellulose are affected. This is supported by the thermogravimetric 

analysis by Chen & Kuo (2010). In HTC the presence of water means that the 

decomposition of hemicellulose begins already at 180 °C (Yan et al., 2009). According 

to Bobleter (1994) as referred by Bach and Skreiberg (2016), also the decomposition of 
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cellulose begins already at 200 °C, and becomes extensive at 250 °C. Only lignin remains 

relatively stable up to 250 °C (Li et al., 2007). As a result, in HTC, temperatures of 

180…260 °C are sufficient to achieve significant carbonization.  

As the reactions of the two processes are somewhat similar, so are the reaction products, 

but their behaviours differ due to the presence of water in HTC. Dry torrefaction produces 

a gas-phase mixture consisting of significant fractions of water vapour and carbon 

dioxide, some carbon monoxide, and various organic compounds of mostly low to 

moderate heating value. Hydrogen and methane are present only in trace amounts. The 

organic compounds include organic acids, furfurals and phenols (Prins et al., 2006b). 

Similar products are reported for hydrothermal carbonization by Hoekman et al. (2011) 

and (2013), but as the process takes place in liquid water, the organic compounds remain 

dissolved in the water phase rather than being removed with the reactor off-gas.  

The water in hydrothermal carbonization dissolves not only the water-soluble light 

organic products: it has been reported that also much of the inorganic elements are 

dissolved and removed from the solid product, reducing the amount of alkalis and 

chlorine, as well as other inorganic compounds in biomass (Reza et al., 2013). In dry 

torrefaction these remain mostly in the solid biochar, where their mass fractions increase 

due to the decomposition and removal of some of the organic polymeric components.  

Alkalis and chlorine cause erosion, corrosion and slagging in boilers, which limits the 

fraction of fossil coal that torrefied biochar can replace in pulverized coal boilers 

(Koppejan et al., 2012; Kludze et al., 2013). The mechanical properties of hydrochar 

pellets have also been found to be superior to dry-torrefied pellets in being more 

hydrophobic and resistant to breaking up when immersed in water, mechanically more 

durable, and having a higher energy density. (Kambo & Dutta, 2014)  

In addition to the treatment of wood chips, which is the topic of this thesis, both processes 

lend themselves to the conversion of non-woody biomasses as well. Dry torrefaction of 

herbaceous plants and various agricultural residues has been proposed in several studies 

(Bridgeman et al., 2008; Deng et al., 2009; Patel et al., 2011). Similarly the hydrothermal 

carbonization of various biomass residues such as weed plants (Gao et al., 2013), corn 

husk (Minaret & Dutta, 2016), and bark (Gao et al., 2016) have been investigated. An 

advantage of hydrothermal carbonization in terms of possible feedstocks is the ability to 

use biological waste streams having very high moisture contents, such as municipal or 

industrial sludges (Ramke et al., 2009; Alatalo et al., 2013): the moisture content is no 

disadvantage in a process where the feed is mixed with water to form a slurry in any case. 

Within the scope of this work, only the carbonization of Nordic forest wood is considered. 

3.2 Torrefaction model 

A model to predict the product yields and energy inputs and outputs was first developed 

on the basis of existing, published experimental data. This was then implemented in 

IPSEpro simulation software. IPSEpro includes a Module Development Kit (MDK) for 
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creating new component models, and was thus considered particularly suitable for 

modelling a process requiring a number of special modules not available in typical 

process simulation software packages.  

3.2.1 Plant configuration 

The torrefaction equipment considered consists of three parts: a dryer, a torrefaction 

reactor, and a cooler for the solid product. When torrefaction is operated as a stand-alone 

process, an additional boiler is used for heat supply, where also the gas-phase torrefaction 

product is combusted. In Publication III, which focused on the pure thermodynamic 

performance of different plant and integration configurations, the boiler type and its fuel 

were not considered, and the torrefaction temperature varied from 200 °C to 300 °C. In 

Publication VII, focusing on the economics and operation of integrated torrefaction and 

CHP plants, a 250 °C torrefaction temperature was considered. For the stand-alone plant 

it was assumed that a small grate-fired boiler supplying superheated steam for indirect 

torrefaction reactor heating would be utilized. Steam was selected over flue gas for being 

a safer option and less of a fire hazard in operation than the considerably hotter flue gases.  

Figure 3.1 shows a schematic diagram of the IPSEpro model of the stand-alone process 

model with the chip-fired stoker boiler. The separate combustor for the torrefaction gas 

is used for modelling convenience, not reflecting the actual plant configuration where the 

gas could be simply fed to the boiler furnace for combustion. 

  
Figure 3.1:  Torrefaction process with a wood-fired stoker boiler for heat supply. Components: D 

dryer, T torrefaction reactor, C solid product cooler, F furnace, SG steam generator, SH 

superheater, Luvo air preheater, Eco economizer. 

Before torrefaction, the feedstock is typically dried to a moisture content of approximately 

10% (Bergman, et al., 2005; Kohl et al., 2013). The dryer consumes most of the heat 

required by the torrefaction process. The dryer type is not specified in the model, but a 

belt dryer would permit flexibility in selecting the heat source and allow the use of fairly 

low-temperature sources (Arpiainen & Wilen, 2013). A specific heat consumption of 1.2 
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kWh/kgH2Oevap, considered to represent a typical or conservative estimate for belt dryer 

heat consumption (Arpiainen & Wilen, 2013; Fagernäs et al., 2010), is assumed. Heat can 

be supplied for the dryer by flue gas, hot water, or low-pressure steam. 

From the dried biomass storage, the biomass feed is assumed to enter the torrefaction 

reactor at a temperature of 60 °C and moisture of 10%. Indirect heating of the reactor is 

assumed. The gas-phase products are sent to incineration in the boiler, while the solid 

product is cooled. The cooler is assumed to be an indirect cooler. The heat is recovered 

to the furnace combustion air, with 80 °C solid product outlet temperature assumed.  

3.2.2 Torrefaction products 

Of the three main components of wood, mainly hemicellulose is affected by torrefaction. 

Above 250 °C, the decomposition of hemicellulose becomes extensive, and also lignin 

and cellulose start to be affected (Bergman & Kiel, 2005). Mass loss increases with time, 

but based on experiments with willow, beech and spruce, the rate of mass loss slows down 

considerably after the first 20 to 30 minutes (Prins et al., 2006a; Repellin et al., 2010).  

The torrefaction model used in this study is based on the assumption that the sum of the 

available energy of feedstock dry matter and the heat of reaction is divided between the 

available heats of the gaseous and solid products:  

   bcbcggreactdd LHVmLHVmhLHVm   , (3.1) 

where hreact  [kJ/kg] is the heat of reaction; dm , gm  and bcm  [kg/s] are the mass flow rates 

of the feedstock dry matter, torrefaction gas and torrefied biochar, and LHVd, LHVg   and 

LHVbc [MJ/kg] are the respective lower heating values. 

The solid product mass yield, torrefaction gas heating value, and heat of reaction have 

been estimated on the basis of published experimental results. The heating value of the 

solid product is then solved using Equation (3.1). This approach is used because the 

heating value of the gas, being roughly an order of magnitude less than that of the solid 

product, would otherwise be subject to potentially very large relative errors from 

comparatively uncertain solid product LHV estimates. 

The available data on the parameters of interest – mass yield, gaseous product heating 

value, and solid product heating value – suffers from being somewhat limited, as well as 

dispersed among references using different assumptions, measurement approaches, and 

experimental parameters. All publicly available data is also from laboratory-scale 

equipment.  

Although varying feedstock quality would affect the reaction kinetics in case of 

industrial-scale operation, the effect of particle size and shape and impurities is less than 

the effects of temperature and residence time (Medic et al., 2012). While larger particles 

react slower, with sufficient reaction time these differences in behaviour become less 
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pronounced (Basu et al., 2014; Medic et al., 2012). For this reason, and in the absence of 

public data from industrial-scale equipment, the model used in this work for solid-product 

mass and energy yields is based on two references, Pach et al. (2002) and Phanphanich 

& Mani (2011), both reporting laboratory-scale results for typical Nordic forest 

biomasses.  

The mass yield M [-], or the ratio of dry solid product to feedstock dry fraction, was 

determined from  

 
  ,1

b

initorr

d

bc TTa
m

m
M 




 (3.2) 

where constants a = 4.47·10-4, b = 1.46 and temperature Tini = 190 °C are obtained by 

minimizing the residual sums of squares. The resulting curve and the initial data on which 

it was based are shown in Figure 3.2. 

  
Figure 3.2:  Mass loss as a function of torrefaction temperature. The correlation curve represents 

(1-M), where M is the mass loss obtained from Equation (3.2). 

 

A difference in the torrefaction time – 30 minutes in Phanphanich and Mani (2011) and 

1 to 3 hours in (Pach et al., 2002) – appears to have little effect. This can be explained by 

the significant slowing of the mass loss rate after the first 20–30 minutes. Logging 

residues appear slightly more reactive than wood, possibly due to the higher ash content 

and thus an increased presence of catalytic components. Overall, the correlation appears 

to approximate the mass yield of Scandinavian forest biomasses adequately at residence 

times of over 30 minutes and varying temperatures. 

Experimental results for the gas-phase torrefaction products are even more sparse. The 

model developed here is based on the results for gaseous products from willow and larch 

torrefaction (Prins et al., 2006b; Prins, 2005). In the absence of better data, these results 
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are used despite two significant problems. Firstly, the mass balances were not closed in 

either reference; the unknown fate of the missing mass leaves a significant uncertainty 

for the comparatively small mass fraction in the gas phase. Secondly, the results consider 

only true gas-phase components, but in industrial equipment also some solids and tar are 

likely to be transported out of the reactor as dust and droplets with the gas stream. In the 

absence of more accurate information, these results had to be used nonetheless, yielding 

the following correlation for the gaseous product lower heating value LHVg: 

 LHVg = 2.00 + 5.28·10-5 ·(Ttorr – 190 °C) 2.49 (3.3) 

The correlation curve is plotted together with the data from Prins (2005) and Prins et al. 

(2006b) in Figure 3.3. Due to the limitations in the material library of the IPSEpro 

software, this gas flow was simulated as such a mixture of carbon dioxide and methane 

that yields the correct lower heating value. 

 

Figure 3.3:  Lower heating value of torrefaction gas as a function of torrefaction temperature. 

Experimental data from Prins et al. (2006b) and Prins (2005); the correlation curve represents 

Equation (3.3). 

The reaction enthalpy hreact of the torrefaction process is subject to significant uncertainty 

as well, and published experimental and model-based results are somewhat scattered. 

Ohliger et al. (2013) measured the heat of reaction in 10 % moisture beech torrefaction, 

with the results varying from 0…+150 kJ/kg endothermic to -150…0 kJ/kg exothermic, 

while van der Stelt (2011) reports a range from 1.5 MJ/kg endothermic to -1.2 MJ/kg 

exothermic. According to both of the above, the more exothermic reactions coincided 

mostly with the highest mass losses. Experimental co-torrefaction of hemicellulose, 

cellulose and lignin for 60 minutes by Chen & Kuo (2011) indicated an opposite 

behaviour: increasingly endothermic reactions at increasing torrefaction severity. Other 

published figures include -170 kJ/kg exothermic for unspecified wood biomass at a 

temperature of 250 °C (Peduzzi et al., 2014), and -360 kJ/kg for poplar wood at 

unspecified temperature (Basu et al., 2014). 

Although there appears a tendency for torrefaction to exhibit a slightly exothermic heat 

of reaction more often than not, the data were considered too dispersed and contradictory 
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to serve as a basis for a model that could predict the change of hreact as a function of 

temperature. A constant exothermic value of -500 kJ/kgfeed,dry, considered a conservative 

estimate for determining the solid product energy yield, was thus used. 

With the equations and assumptions presented above for the mass yield, the heat of 

reaction and the gas-phase heating value, the solid product heating value can then be 

solved from Equation (3.1). The relative change of solid matter dry fraction 

LHVbc/LHVfeed and energy yield E [-], defined as  

 

dfeed,feed

dbc,bc

mLHV

mLHV
E   (3.4) 

are plotted as a function of torrefaction temperature together with experimental data from 

Pach et al. (2002) and Phanphanich and Mani (2011) in Figure 3.4. Despite the 

weaknesses of the data on which some elements of the model is based, the results indicate 

a reasonably good performance approximately matching the relatively scattered data. The 

minor overprediction of the mass yield and the underprediction of the increase of the dry 

solid matter heating value at high temperatures balance each other out for a relatively 

close match of energy yield. In the area of interest later for the economic analysis, 250 

°C, the performance of the model appears to be good, notwithstanding the possible errors 

in the data due to the reasons described above.  

 

   

Figure 3.4:  Model-based change of solid matter dry fraction LHVbc/LHVfeed and energy yield E 

compared to experimental results in Pach et al. (2002) and Phanphanich and Mani (2011). 

3.2.3 Heat consumption of the torrefaction reactor 

The dried feedstock is torrefied by heating it to a specified reaction temperature and 

maintaining the temperature for a sufficiently long period, typically 30…60 minutes. 

Indirect heating of the biomass is assumed in this study, allowing the use of any flow at 

a sufficient temperature for heat supply. Although torrefaction requires a higher 
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temperature than drying, the heat consumption of the torrefaction reactor is clearly less 

than that of the dryer. 

As industrial torrefaction reactors are not yet common equipment with known typical heat 

consumption rates, a model-based approximation had to be used. Accurate modelling of 

the heat consumption in torrefaction is challenging for several reasons, in particular 

because of variations in the specific heat of the wood, and uncertainties related to the heat 

of reaction during torrefaction, as well as the magnitude of heat losses from the reactor. 

The heat losses, impossible to estimate in detail without considering the design of the 

reactor, are assumed to be 10% of the reactor net heat consumption. 

The model used in this study assumes that the moisture content remains constant up to 

100 °C, at which point all moisture is evaporated. The net heat consumption torr  [kW] 

in the torrefaction reactor can be considered to consist of five separate parts: 1) the 

sensible heat of moist wood temperature change,<100°C [kW]; 2) the latent heat of 

remaining water evaporation, evap [kW]; 3) the sensible heat of dry wood and water 

vapour,100°C-Torr [kW];  4) the heat of reaction in torrefaction, react [kW], and 5) heat 

losses, loss [kW].  The sensible heats are obtained from equations (3.5) to (3.8): 

  infeed,C100p,feedC100 C100 TcmΦ  
 , (3.5) 

     apourp,feedp,feedtorrfeedTorrC100 1C100 vd cMCcMCTmΦ 
  (3.6) 

where MCfeed is the fractional wet-basis moisture content of the feedstock. 

The specific heat of wood has a strong dependence on temperature (Thunman et al., 

2001), but shows little (Dupont et al., 2014) or no dependence (Goss & Miller, 1992) on 

the wood species. Moisture also affects the specific heat. As a result of some of the 

moisture being not free liquid in the cells but bound to the fibres, the net specific heat of 

moist wood is greater than the weighted sum of dry and water components (Goss & 

Miller, 1992). Decomposition of wood begins at approximately 150 °C, affecting the 

specific heat (Ohliger et al., 2013).  

The specific heat of moist wood C100p, c [kJ/kgK] was estimated from a correlation by 

TenWolde et al. (1988) as cited in Ragland et al. (1991) 
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where MCdb [-] is the fractional dry basis moisture content and T [K] is the average 

temperature. The dry wood specific heat C100d,p, c  [kJ/kgK] is obtained from  
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 Tc 003867.01031.0C100d,p,  . (3.8) 

The correlation in Equation (3.8) is valid for dry wood up to 147 °C, from which point 

onwards wood decomposition begins (Ohliger et al., 2013). A number of other 

correlations for wood cp also exist, such as those presented by Skaar (1988), Koch (1969), 

Gupta et al. (2003), and Harada et al. (1998). Some studies extend to higher temperatures, 

the one by Harada et al. (1998) to as high as 260 °C. The Harada correlation, however, 

differs significantly from the others. At the temperature of 147 °C all correlations are 

within 0.25 kJ/kgK, but when extrapolated to torrefaction temperatures, the range 

expands to almost 0.57 kJ/kgK at 300 °C. Also using the much lower cp of char or an 

average of char and wood cp’s has been suggested (Ohliger et al., 2013). Given the 

relatively short duration of the heating phase, in this study the properties are assumed to 

be much closer to those of wood than char. In the absence of a reliable and accurate model, 

Equation (3.8), yielding the lowest cp of the compared correlations, with the exception of 

that of (Harada et al., 1998),  is used also in the range of 147°C < T < 300°C, with the 

knowledge that considerable errors may thus be introduced. 

The heat required for the evaporation of the last moisture from the wood is calculated 

from 

 
fgfeedfeedevap hMCmΦ   (3.9) 

where a value of of hfg = 2260 kJ/kg, corresponding to the latent heat of evaporation of 

free water at 100 °C, is assumed, ignoring the effect of bound moisture. The error thus 

introduced is assumed to be small and most likely of opposite direction compared to the 

error caused by the extrapolation of dry wood cp. The specific heat of water vapour is 

assumed to be 1.95 kJ/kgK.  

Although the bulk of published data indicates somewhat exothermic heat of reaction, 

which is also assumed for determining the solid product heating value, the data is still 

varied and sometimes contradictory. To avoid an overly optimistic estimate of the heating 

benefit from the exothermicity of the reactions, hreact is thus assumed to be zero when 

determining the heating requirement. 

Figure 3.5 shows the total heat consumption of the torrefaction reactor at three different 

temperatures and 10% moisture feedstock at a temperature of 60 °C. The heat 

consumption of drying the chips from 50% to 10% in the dryer is also indicated for 

comparison. It is evident from the figure that water evaporation accounts for the vast 

majority of the energy demand in torrefaction, most of it in the dryer. 
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Figure 3.5:  Heat consumption of dryer and torrefier at three torrefaction temperatures [°C]. 

 

The heat consumption and energy recovery available from the torrefaction process (not 

including the heating value of the solid product) are shown in Figure 3.6. While at low 

temperatures the process is a clear net consumer of energy, as torrefaction severity 

increases, the gas stream volume and heating value increase rapidly, reaching the process 

heat need at 300 °C. The sensible heat recovered from the process remains negligible in 

comparison. 

 
Figure 3.6:  Energy consumption in dryer and torrefaction reactor (red) and energy recovery from 

the process (blue, yellow and green) in the torrefaction of 1 kg/s feedstock flow rate (50% wet 

basis moisture). 

 

The power consumption of the torrefaction equipment is relatively small in comparison 

to the heat demand. In this work the power consumption of the torrefaction process is 
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assumed to be 200 kJ/kgH2O,evap in the dryer, 50 kJ/kgsolid,in in the torrefier, and 200 

kJ/kgfeed for the total sum of power consumption of the other components. The 

torrefaction power consumption is defined in relation to the dried, 10% moisture feed 

entering the reactor, and the consumption of other components in relation to wet feedstock 

entering the dryer. 

3.2.4 Stoker boiler 

In a stand-alone torrefaction plant the heat required by the process is provided by a small 

separate boiler. In Publication III, which focused on the pure thermodynamic 

performance of different plant and integration configurations, the boiler type and its fuel 

were not considered. In Publication VII it was assumed that a small stoker boiler 

supplying 450 °C superheated steam would be used for indirect heating of a torrefaction 

reactor operating at 250 °C. Stoker boilers have the advantage of cheaper investment costs 

particularly in small units, as well as lower power consumption. Heating the reactor cools 

the steam to approximately 200 °C. The still superheated steam is sent to the feedstock 

dryer, where it de-superheats and condenses. The condensate is then pumped back to the 

boiler economizer.  

The main boiler fuel is the same wood chips as used for torrefaction. The torrefaction gas 

is also combusted in the boiler furnace. From the results presented in Figure 3.6 it can be 

seen that at the torrefaction temperature of 250 °C considered in the economic and 

operational analysis, the gas still remains a minor part of the required boiler fuel input. 

The IPSEpro boiler model, as shown in Figure 3.1, includes a separate gas combustor. 

This exists only for modelling convenience; a separate physical combustor would not be 

needed in actual equipment, and the gas could be simply combusted in the boiler furnace.  

For the production of 5 tons per hour of torrefied biochar at 250 °C temperature, the 

required design-point thermal output at 0 °C ambient temperature and feedstock moisture 

content of MC = 50 %  is 7.6 MW. As the feedstock temperature and moisture varies, the 

heat demand of the torrefaction process, and particularly that of the dryer, varies 

significantly. The maximum torrefaction heat demand of 9.9 MW occurs at the load point 

P0 (Table 2.2; feedstock MC = 55 %, ambient temperature Tamb = -20 °C). At the summer 

load points of P7 and P8, this is reduced to just little over half as much at 5.1 MW 

(feedstock MC = 40 %, Tamb = +15 °C). 

A grate-fired furnace model was created with the IPSEpro Module Development Kit 

(MDK) software; other parts of the system were modelled with standard IPSEpro library 

components. Similarly to the BFB furnace module, all boiler losses but the stack loss are 

determined by the stoker furnace module. Losses at the design point are stack loss stack 

= 936 kW; radiation loss rad = 101 kW; ash heat loss ash = 7 kW; unburnt loss ub = 

308 kW; and other losses other = 68 kW. 

The losses listed above yield a design-point boiler efficiency of b = 0.82 as defined in 

Equation (2.1), somewhat lower than in the BFB boiler. The efficiency is reduced 
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primarily due to higher stack loss. At design point conditions the flue gas stack 

temperature at full load is 160 °C. To ensure reasonably complete combustion, also a 

somewhat greater amount of excess air is usually required in a stoker boiler, lowering the 

adiabatic flame temperature and thus increasing the stack loss for any given flue gas stack 

temperature.  

The radiation and conduction loss rad is obtained similarly to the BFB boiler with 

Equation (2.2), assuming a maximum continuous rating of MCR = 10.0 MW. Otherwise, 

the modelling of losses and their variation at different loads is slightly simplified from 

the BFB model described in chapter 2.1. Ash loss is estimated by assuming an average 

temperature of 500 °C for removed ash. The unburnt loss is estimated by assuming the 

fraction of fuel LHV input lost as unburnt increasing linearly with moisture, 

   ffub 005.01.0 LHVmMCΦ  , (3.10) 

yielding losses in line with those of modern stoker boilers. (U.S. Environmental 

Protection Agency, 2007).  

Unlike in the BFB boiler, there is no SCAH to maintain the stack temperature. Load can 

be reduced down to slightly below 50 per cent thermal power before the flue gas stack 

temperature reduces to 135 °C. This was considered the lowest temperature at which there 

is not yet risk of condensation and corrosion at the economizer surfaces. This constraint 

is approached, but not breached, during full rate production in summer conditions. 

The boiler heat transfer surfaces are arranged so that in the flue gas flow direction the 

economizer is the last surface. There is no steam air preheater, so sufficient air 

temperature to allow efficient combustion of sometimes relatively high-moisture biomass 

in a grate furnace is ensured by placing the air preheater immediately after the 

superheater. 

Heat transfer at the boiler is calculated by using Equation (2.6), with conductances 

determined by Equation (2.7) and the design-point conductances. The design-point 

conductances and fluid temperatures of the heat transfer surfaces are listed in Table 3.1 

below. 

The power consumption of the boiler equipment is estimated at 36 kW at the design point, 

varying from 17 kW summer conditions (P7 and P8) to 59 kW at winter (P0). 

Table 3.1: BFB boiler heat transfer surfaces. 

Surface Steam generator Superheater Luvo Economizer  

Conductance G 6.0 kW/K 7.8 kW/K 3.7 kW/K 32 kW/K 

Flue gas Tin/Tout 1350/690 °C 690/440 °C 440/340 °C 330/160 °C 

Cold fluid Tin/Tout 155/185 °C   185/450 °C * 105/305 °C 45/155 °C 

* without feedwater injection 515 °C 
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3.3 Hydrothermal carbonization model 

Compared to torrefaction, a more severe carbonization can be achieved at slightly lower 

temperatures by hydrothermal carbonization. Since the process takes place in saturated 

liquid water, the feedstock does not need to be dried; the solid product separated from the 

slurry does need drying, however.  

Estimating the HTC product yields as a function of process parameters is based on an 

earlier experimental study with Nordic forest chips (Sermyagina et al., 2015). In 

Publication IV, the effects of different HTC temperatures were studied; Publication V 

assumed a temperature of 220 °C. A residence time of 3 hours, and 1:6 ratio of dry matter 

to water were assumed in both. 

3.3.1 Plant configuration  

As a drawback in comparison to dry torrefaction, the HTC process is more complex, as 

heating and pressurizing the feedstock, and depressurizing of and heat recovery from the 

product slurry are typically performed in several stages. Because a significant amount of 

water is heated to a high temperature, an efficient heat recovery scheme is vital for an 

economically feasible HTC process. In the stand-alone HTC plant the heat recovery is 

largely performed by a recuperative scheme where steam from gradually depressurized 

saturated product slurry is used for heating the feed slurry steam. Some of the hot water 

is typically recirculated to the feed after the solid product has been separated from it, and 

either hot water or steam can be used as the dryer heat source. Heat integration with a 

CHP plant allows also other options to recover heat from the product slurry; these 

concepts are described in chapter 4 below. 

The final heating of the HTC reactor requires external heat input; in this study, direct 

heating by steam injection is considered. Approximately 30 bar, 350 °C steam is supplied 

either by a separate chip-fired stoker boiler, or in the integrated schemes the CHP plant 

BFB boiler live steam is throttled and feedwater-injected to a suitable state. The dryer 

may operate entirely on heat recovered from the product slurry, or may need additional 

heat. 

Two types of stand-alone HTC process are considered.  The process in Figure 3.7a is 

broadly similar to that presented by Erlach et al. (2011), utilizing multi-stage 

depressurization and feed slurry heating for maximum energy efficiency. A simplified 

variant has also been created with two-stage depressurization and a simple waste heat 

recovery scheme (Figure 3.7b), where the dryer heat is supplied entirely from low-

pressure (LP) flash vapour. In both processes, a small wood-fired boiler supplies 30 bar 

steam for the reactor. 

The simpler scheme requires more steam for the final heating of the reactor, but the 

overall heat requirements are within 0.3 percent of each other. As the investment cost of 
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the simpler process is obviously clearly less, only this stand-alone case has been used in 

further calculations.  

Due to the limitations of the IPSEpro software, the slurry is treated as separate water and 

dry streams in the model, requiring new models also for pumps and heat exchangers. The 

component models are described in the following. 

  
              (a)             (b) 

Figure 3.7:  Stand-alone HTC plants with stoker boilers supplying heat. a) A plant similar to that 

presented in (Erlach et al., 2011), and b) a simplified plant used in this study. Components: 1 

feeder, 2 slurry heater, 3 vapour injection, 4 slurry pump, 5 reactor, 6 flash tank, 7 dewatering, F 

furnace, SG steam generator, SH superheater, Luvo air preheater, Eco economizer. 

 

3.3.2 Slurry pressurization and feed heating 

The chips are assumed to be fed to the water in a so-called Kamyr feeder where a 

cruciform rotor alternates every 90° rotation cycle between chip insertion and high-

pressure water injection and flush (Rautalin & Wilén, 1992). The water and dry matter 

exit the module as separate streams at the same temperature, found from the energy 

balance. Equation (3.11a) is used if Tfeed ≥ 0°C, Equation (3.11b) with the heat of melting 

hfs otherwise.   
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Subscript d refers to the dry matter and W refers to water, feedm  is the total mass flow rate 

of wet feedstock, and Equation (3.8) is used to determine the dry biomass specific heat 

cp,d.  

Most process concepts require further pressurizing of the slurry in slurry pumps. A piston 

pump was considered more reliable than a centrifugal one; vendors claim that pumping 

slurries of up to a 30-60 % dry matter content is feasible (Erlach, 2014). A slurry pump 

efficiency of SP = 0.3 is assumed based on Erlach (2014), and the slurry enthalpy rise in 

a pump is found from 

 

SPWd

SP

1



pV

mm
h









. (3.12) 

The volumetric flow rate assumes wood having the same density as water. Unless very 

wet, wood is slightly less dense, but as the densities are close and the slurry consists 

mostly of water, this is considered sufficiently accurate. The outlet temperature is found 

by setting the enthalpy rise hSP of Equation (3.12) to equal the mass-weighted average 

of the dry matter and water fractions, both having the same outlet and inlet temperatures 

Tout and Tin : 
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Before the reactor, the slurry is pre-heated in most process concepts with flash vapour 

either by direct injection or in an indirect heat exchanger. The heat exchanger model uses 

the effectiveness-NTU method. The indirect heater hot-side outlet enthalpy is defined by 

saturated temperature at outlet pressure. The slurry outlet temperatures are found from 

the energy balances, Equation (3.14) for injection and Equation (3.15) for the indirect 

heater: 
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3.3.3 HTC reactor  

As data from industrial-scale HTC reactors is not yet available, modelling the 

performance of one is subject to significant uncertainties. The uncertainties arise 

particularly from the dry matter specific heat, reaction enthalpy, and heat losses both with 

the off-gas and by conduction and radiation from the reactor vessel. The reactor is directly 
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heated by steam or hot water to bring the slurry to saturated state at the desired 

temperature. The mass and energy yields M and E are obtained from correlations based 

on laboratory-scale experiments (Sermyagina et al., 2015): 
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where T is the temperature [°C], t the residence time [h], rWB the mass ratio of water to 

biomass dry fraction [-], and HHV the higher (gross) heating value [MJ/kg]. Subscript hc 

refers to the product hydrochar, and feed to the feedstock. For conversion between LHV 

and HHV, feedstock is assumed to have a hydrogen content of 6 mass percent (Alakangas, 

2000; Erlach, 2014), reducing slightly in hydrochar (Bach, et al., 2015; Hoekman, et al., 

2013) to an estimated 5.5 percent. 

The correlations of equations (3.16) and (3.17) are based on experiments made with 

relatively low ratios of 6 to 8 parts (mass) of water to biomass dry matter (Sermyagina et 

al. 2015). While some results of HTC experiments with different feedstocks using several 

times higher ratios of water to dry matter, it was estimated that for an economically 

feasible process the relative amount of water should be kept fairly low to avoid 

excessively large and expensive equipment. This was conclusion was later supported by 

the study by Vallejos et al. (2017). 

Some information on HTC heat of reaction is available in the literature. It is often 

estimated to be slightly exothermic, depending on the feedstock and reaction severity 

(Erlach & Tsatsaronis, 2010; Funke & Ziegler, 2011; Libra et al., 2011; Ramke et al., 

2009; Yan, Hastings et al., 2010). Yan et al. (2010) concluded that the heat of reaction is 

“very close to zero”. Due to the high uncertainty yet small magnitude compared to water 

heating, the heat of reaction is neglected here. 

By neglecting the formation enthalpies of the solid, liquid and gaseous HTC products as 

small and uncertain terms, the energy balance can be simplified and written in terms of 

bringing all of the incoming flows to the selected reactor temperature, and in the case of 

incoming vapour, condensing to the saturated liquid state. This can come from either a 

small boiler in a stand-alone plant, or when integrated to the CHP plant, live steam 

throttled and sprayed to the desired pressure and temperature; in either case, 

approximately 30 bar and 350 °C steam values were used in this work. Solving the energy 

balance for the heating mass flow rate hm  yields  
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where THTC is the reactor temperature, subscripts c and h refer to the incoming cold 

(feedstock slurry) and heating (steam) flows, respectively. loss is the radiation and 

convection loss from the reactor, and vent loss the off-gas heat loss. Some steam is lost 

with the off-gas. The vent loss is estimated by approximating the water in the off-gas as 

saturated vapour at reactor temperature, and the water mass fraction in the off-gas is 

rW,vent = 1/3.  

The water-to-biomass ratio is the ratio of water from heating flow and the slurry to dry 

matter, deducting the water lost with the off-gas: 
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The liquid output contains both water input to the reactor and the liquid reaction products. 

As the liquid and gas outputs are small compared to the slurry flow, and their use or 

treatment is beyond the scope of this study, a simple approximation of 2:1 liquid-to-gas 

ratio is assumed based on Hoekman et al. (2011). The liquid is treated as water in the 

thermal model. Some of the ash possibly dissolving to the liquid is not considered, as the 

impact on the heat and mass balances would be negligible.  

3.3.4 Product slurry treatment and heat recovery 

The slurry exits the HTC reactor at a saturated state, and is depressurized in a series of 

flash tanks where part of the slurry water vaporizes. The vapour mass flow rate is obtained 

from the energy balance,  
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where pFT is tank pressure, subscript W1 refers to the water in the hydrochar slurry, W2 

to the possible additional water input, hc to the hydrochar dry matter, and V to the flash 

vapour. In the absence of a reliable correlation for hydrochar dry matter, the specific heat 

cp,hc is obtained from the correlation for wood, Equation (3.8).  

Dewatering power consumption is difficult to estimate, as results of industrial-scale 

dewatering of wood-based hydrochar are not available. A belt filter or a screw press could 

dewater anaerobic pulp and paper mill sludge to a 20-30 % dry content with a power 

consumption of 10-30 kWh/t (Bajpai, 2015). The cell structure of the biomass is largely 

broken during hydrothermal carbonization, which makes dewatering and drying the 

hydrochar much easier than doing the same to fresh biomass. In laboratory experiments 
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dewatering to a moisture content of MC = 30-50 % has been achieved (Ramke et al., 

2010). Based on this, it is estimated that MC = 40 % is likely achievable with 30 kWh/td 

power consumption. 

Some mass losses are inevitable in dewatering and drying; a total of 1% dry matter mass 

loss is assumed here. The mass loss of water in dewatering (i.e. water removed from 

hydrochar, but lost through leaks and evaporation before heat recovery or recirculation) 

is estimated at 5 % of total water flow entering the dewatering unit.  

The heat losses depend on the equipment design, storage, and ambient temperature. The 

heat loss is likely less for dewatering waste water than for hydrochar, which would have 

a storage before the dryer. The water and hydrochar temperature drops Tw and Thc are 

estimated from ambient temperature Tamb as Tw = 0.1∙(100 °C – Tamb) and Thc = 

0.5∙(100 °C – Tamb). 

A belt dryer with a specific heat consumption of spec = 1.1 kWh/kgH2O-evap at design point 

(Tamb = 0 °C) and power consumption of 200 kWel / (kg/s)output, considered typical for a 

belt dryer (Arpiainen & Wilen, 2013; Fagernäs et al., 2010), is assumed. The heat of 

evaporation, 0.678 kWh/kgH2O-evap is approximately constant, but the energy needed to 

heat the feedstock and air increases at colder ambient temperatures, as do radiation losses. 

This part of heat consumption is assumed to vary in direct proportion to temperature 

difference between the operating temperature, assumed as 70°C, and Tamb: 
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3.3.5 Stoker boiler 

In stand-alone operation, a stoker boiler similar to that of the torrefaction plant was used 

to supply the necessary heat demand. Two types of stand-alone plant were initially 

considered, as shown in Figure 3.7. In both cases the HTC reactor would be heated 

directly by injection of approximately 30 bar, 300…350 °C steam.  

In the more complex plant of Figure 3.7a, steam is required also for the thermal dryer. 

This steam would be produced by throttling the superheated steam to 1 bar and de-

superheating it to saturated state by feedwater injection. This case was rejected from 

further analysis for being a significantly more complex design while offering only a 

negligible efficiency advantage. The following description thus concerns only the simpler 

design of Figure 3.7b. In this design the low-pressure flash steam from product slurry 

depressurization is sufficient for the heat requirement of the thermal dryer, and the boiler 

thus supplies only the steam needed in the HTC reactor itself. 
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The boiler design and the modelling of it are largely similar to the stoker boiler of the 

stand-alone torrefaction plant, described in chapter 3.2.3. Two major differences are clear 

from comparison of figures 3.1 and 3.7b, however. Firstly, in the indirectly heated 

torrefaction process, the steam is returned to the boiler cycle as cooled condensate. The 

HTC process using direct heating does not have a returning condensate flow, 

necessitating a makeup water flow matching the steam flow rate. Secondly, the off-gas 

from the HTC reactor has a very low heating value, and the boiler is thus fired entirely 

with the same wood chips as used for HTC process feedstock. 

For the production of 5 tons per hour of hydrochar, the required thermal output at the 

design point (0 °C ambient temperature and 50 % feedstock wet-basis moisture content) 

is approximately 5 MW. The heat load varies seasonally, increasing during winter 

conditions to approximately 6.7 MW at most, and reducing somewhat for the summer. 

The furnace model, which also determines all boiler losses except for stack loss, is the 

same as that described in chapter 3.2.3. Losses at the design point are stack loss  

stack = 652 kW; radiation loss rad = 119 kW; ash heat loss ash = 6 kW; unburnt loss 

ub = 274 kW; and other losses 1% of fuel power, other = 61 kW.  

At design point conditions, the flue gas stack temperature at full load is 160 °C, as in the 

boiler of the torrefaction plant, resulting in similar design-point boiler efficiency of b = 

0.82 as defined in Equation (2.1). The radiation and conduction loss rad is obtained from 

Equation (2.2), assuming a maximum continuous rating of MCR = 7.0 MW. Ash loss is 

estimated by assuming an average temperature of 500 °C for removed ash. The unburnt 

loss is estimated with Equation (3.10).  

Similarly to the boiler of the torrefaction plant, the constraint of flue gas stack temperature 

reducing to 135 °C is approached, but not breached, during full rate production of 

hydrochar in summer conditions.  

The heat transfer calculation is based on equations (2.6) and (2.7), and the design-point 

heat transfer surface parameters listed in Table 3.2 below. 

Table 3.2: Boiler heat transfer surfaces of the stoker boiler in the stand-alone HTC plant.  

Surface Steam generator Superheater Luvo Economizer 

Conductance G 5.7 kW/K 2.8 kW/K 3.7 kW/K 2.2 kW/K 

Flue gas Tin/Tout 1360/515 °C 515/410 °C 410/250 °C 250/160 °C 

Cold fluid Tin/Tout 63/237 °C 237/340 °C 20/255 °C 10/63 °C 

 

The power consumption of the boiler equipment is estimated at 37 kW at the design point, 

varying from 29 kW in summer conditions (P7 and P8) to 56 kW in winter (P0). 
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4 Integration of biomass conversion with a CHP plant 

The integration of dry torrefaction and hydrothermal carbonization was studied by first 

investigating the technical performance of different integration concepts. In Publication 

III the integration of torrefaction to two different CHP plants was studied, investigating 

the impact of torrefaction temperature and the integration scheme on plant performance. 

Publication IV presented the results of technical evaluation of different integration 

schemes of HTC process to a small back pressure CHP plant.  

The schemes considered most promising on the basis of the results from Publication III 

and Publication IV were selected for a more detailed operational analysis in Publication 

V (HTC) and Publication VII (torrefaction). This analysis aimed at finding possible 

operational bottlenecks at varying loads, and determining the annual fuel and feedstock 

consumption and heat, power, and biochar production figures.  

4.1 Background 

Both torrefaction and hydrothermal carbonization processes require significant heat input 

for drying the feedstock (torrefaction) or hydrochar product (HTC), as well as heating the 

feedstock to the reaction temperature. Both processes also produce waste heat from 

cooling the product. This is particularly significant in the HTC process. The torrefaction 

reactor produces also a fuel gas stream as a side product, which, especially at higher 

torrefaction temperatures, has a significant heating value. 

A biomass-fired combined heat and power (CHP) plant is in many ways an excellent 

candidate for integration with either carbonization process, as the feedstock logistics and 

storage and handling facilities already exist, and potential heat sources and sinks for 

heating and cooling needs are available. 

A number of studies of integrated plants combining various biomass conversion processes 

to CHP or condensing steam power plants have been published. Ethanol production has 

been studied extensively as a candidate for integration. Starfelt et al. (2010) show that 

integrating ethanol production with a heat and power plant yields a clear improvement of 

efficiency, with less biomass used for a given amount of district heat, power and ethanol 

in comparison to stand-alone plants. In a later study, the economic benefits of integration, 

attributed mainly to increased power production and extended operating time, are shown 

(Starfelt et al., 2012). Eriksson and Kjellström (2010) found that using combustible 

residues to maximize electricity production is the best strategy for maximizing both 

profitability and GHG emission reductions, although this was based on the assumption of 

relatively high electricity prices.  

Ilic et al. (2012) found that the integration of ethanol and biogas production with a CHP 

plant would be competitive compared to producing only heat, although again the 

conclusion was based on electricity prices of at least 53…65 €/MWh. Later the integration 

of biofuel production (biogas and ethanol) with CHP plants producing district heat for a 
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large city (Stockholm) was found to reduce the cost of biofuel production, although the 

profitability would depend heavily on energy market conditions (Ilic et al., 2014).  

Co-generation of sugar, ethanol and electricity has been shown to improve 

thermodynamic performance over stand-alone plants through decreasing the exergy 

destruction (Pellegrini & de Oliveira Junior, 2011). By heat integration of the processes, 

water and process steam consumption can be reduced (Pina et al., 2015). Fahlen and 

Ahlgren (2009) found integration of gasification with natural gas combined cycle CHP 

production economical under some scenarios. Integration of pelletization process 

(Wahlund et al., 2006) with CHP production has also been shown to yield energy 

efficiency benefits. Efficiency benefits were shown also in the integration of torrefaction 

with a large coal-fired CHP plant for the purpose of partial or complete fossil coal 

replacement in the boiler (Starfelt et al., 2015). 

In the context of northern European backpressure CHP plants, the seasonal variation of 

DH load over the year restricts the annual operating time and power production. 

Integration with a biomass conversion process has been shown to yield benefits in terms 

of increased operating time and higher power production during this period. Extending 

the annual operating time increases the capacity factors and incoming cash flow, thus 

increasing the value of the investment. This has been found to be the case with ethanol 

production (Starfelt et al., 2010), pelletization and torrefaction (Kohl et al., 2013), and 

biomass fast pyrolysis (Kohl et al., 2014). 

Only a few studies have investigated the integration of torrefaction or hydrothermal 

carbonization with a backpressure CHP plant. Kohl et al. (2013) and (2015) studied one 

concept of torrefaction-CHP integration. For hydrothermal carbonization, an integration 

concept aiming at simplifying the HTC process has been published by Erlach et al. 

(2011). This was later compared to two additional ones (Erlach, 2014): a minimum-

change integration where the only change to the stand-alone HTC process was using 

extraction steam from the CHP plant as a heat source, and one where the simplified 

process was further improved with a superheated steam dryer for improved efficiency. 

While these integration studies did not reveal possibilities for significant efficiency 

improvements, they did show potential for significant reduction in complexity, translating 

to reduced investment costs and likely improved operability as well. 

The purpose of this work is first to investigate the different possible ways that low-

temperature thermochemical conversion processes (dry torrefaction and HTC) could be 

integrated to a backpressure CHP plant. The effect of the different integration schemes 

and the carbonization temperature on the technical performance plant is investigated. The 

results of this investigation are presented in this chapter, concluding in the determination 

of annual biochar, heat and power production and feedstock and boiler fuel consumption 

figures for the different schemes of integrating torrefaction (chapter 4.2) and HTC 

(chapter 4.3) with a backpressure CHP plant. The production figures are evaluated by 

using the multiperiod approximation presented in chapter 2.1.   
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With all cases at all load points the priorities of the operating strategy are primarily to 

match the district heat production to the heat load, secondarily to achieve nominal biochar 

output, and thirdly to maximize the power output. Although maximum power production 

sometimes results in slightly different operation than maximizing the overall CHP 

efficiency, the differences are small, and fuel saving from efficiency maximization would 

be insufficient to compensate for the income loss from reduced net power output within 

the considered economic scenarios. 

4.2 Integration of torrefaction with the CHP plant 

4.2.1 Technical performance comparison of different integration options 

The heat required for the torrefaction process can be provided by various streams, such 

as hot water, flue gases from the boiler, or steam. For the dryer, low-pressure extraction 

or back pressure steam is sufficient, but the torrefaction reactor itself requires a higher 

temperature heat source, in practice necessitating live steam use.  

The torrefaction process generates also energy sources: the torrefaction gas from the 

reactor can be combusted for heat, and heat can be recovered from biochar cooling as 

well. In all integrated cases, the torrefaction gas is combusted in the CHP plant boiler; in 

the stand-alone plant it is combusted in the stoker boiler of the plant. In all cases, the 

biochar cooler heat is recovered by preheating the boiler combustion air. Six different 

integration concepts, listed in Table 4.1, were considered in the initial technical 

investigation. 

Case T0 represents the separate operation of the CHP plant and torrefaction unit without 

integration, and is used as the reference point for comparison. In Case T0, the heat 

demand of the torrefier and dryer is supplied by flue gases from the combustion of 

torrefaction gas and additional fuel.  

Table 4.1: Heat sources in the torrefaction process. Case T0 is the reference case of stand-alone 

torrefaction process. In all other cases boiler heat sources refer to the boiler of the CHP plant. 

Case Torrefaction reactor Feedstock dryer 

Case T0 Separate stand-alone boiler Separate stand-alone boiler 

Case T1 Saturated water from the boiler drum Drum water after torrefaction reactor 

Case T2 Saturated water from the boiler drum CHP boiler flue gases after luvo 

Case T3 CHP boiler flue gas after superheater Boiler flue gas after torrefaction reactor 

Case T4 CHP boiler flue gas after superheater Backpressure steam 

Case T5 Boiler live steam Backpressure steam 

Case T6 Boiler live steam Steam/condensate after the torrefier 
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The following assumptions were used for all integrated cases in the initial technical 

investigation: 

 heat from the torrefied biomass cooling is used for preheating the combustion air 

 torrefaction gas is co-fired in the boiler of the CHP plant together with biomass 

 torrefaction heat losses are independent of the heating media used 

 CHP plant live steam pressure is fixed at the design level 

 constant feedstock mass flow rate of 1 kg/s to the torrefaction process is assumed  

The load point considered in the initial performance comparison of the cases of Table 4.1 

was that of 60% district heat load, DH = 12 MW. In this initial technical analysis, an 

earlier, somewhat simpler version of the CHP plant model was used. The turbine off-

design model was not implemented, i.e. the isentropic efficiency and the extraction 

pressure were assumed constant. The boiler heat transfer model was largely similar to the 

one described in chapter 2.2, but differed in minor details of heat transfer surface 

conductances and the off-design variation thereof. The description of the model can be 

found in the appended Paper II.  

The operating conditions in the initial analysis also differed slightly from the other papers; 

the chips used as boiler fuel and torrefaction feedstock were assumed to have a  

18.8 MJ/kgdry heating value, and MC = 50% moisture content (wet basis). 15 °C ambient 

temperature and 90/45 °C district heating water output/return temperatures were assumed. 

The performances of the integrated plants were considered at different torrefaction 

temperatures ranging from 200 °C to 300 °C. As the plants were operated so as to produce 

a constant 12 MW DH output, the parameters considered in the comparison were the 

boiler solid fuel input fm , net electricity output Pel, and LHV-basis trigeneration 

efficiency LHV, defined as 
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  (4.1) 

where fm , and feedm  are the mass flow rates of the wood chips used as fuel and 

torrefaction feedstock, bcm the production rate of torrefied biochar, LHVf and LHVbc the 

lower heating values of untreated wood chips and torrefied biochar, respectively, Pgen is 

the net generator output, Ppump the power consumption of the steam cycle pumps, and Paux 

the auxiliary power consumption, including transformer losses.  

Figure 4.1 shows the variation of trigeneration efficiency and boiler solid fuel 

consumption as a function of the torrefaction temperature. It can be seen that in all 

integrated cases, the boiler solid fuel input and the trigeneration efficiency of the plant 

reduce as the torrefaction temperature increases. This is a result of a reducing torrefaction 

energy yield and increasing gaseous product mass flow rate and heating value. As more 

and more of the torrefaction feedstock ends up being fed into the boiler furnace of the 
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CHP plant, where the gas is combusted and its energy converted to heat and power at the 

efficiency of the CHP plant instead of remaining as solid product LHV, the total 

trigeneration efficiency of the integrated plant is reduced. At the same time, the solid fuel 

input to the boiler is reduced, as the torrefaction gas replaces an increasing fraction of the 

solid fuel. 

 

          (a)       (b) 

Figure 4.1: Integrated torrefaction and backpressure CHP plants at 60 % (12 MW) DH load and 

varying torrefaction temperatures: a) trigeneration efficiency and b) solid fuel consumption of the 

CHP plant boiler.  

Another clear conclusion from the results is the clearly inferior efficiency and higher solid 

fuel input of Case T2 and Case T3. These are the cases where boiler flue gases are used 

as heat source for the dryer. As the drying is the main heat consumer of the torrefaction 

process, the operation of the boiler is significantly affected.  

In Case T2, flue gas for the dryer heat supply is taken after the luvo. In order to maintain 

both the boiler combustion air temperature and the flue gas temperature in the dryer 

sufficiently high, some of the air must be bypassed past the luvo and heated in the steam 

coil air heater (SCAH) instead. Still, even with a very large SCAH, the boiler output needs 

to be increased over what the DH load would otherwise require, which in turn requires 

measures to be taken to prevent boiling in the economizer. Here the problem was solved 

by means of an auxiliary cooler for the district heating water to allow a larger water and 

steam flow through the CHP process. The net result is slightly increased power 

production, but increased complexity and cost, and reduced efficiency due to the auxiliary 

cooler. Future electricity prices were considered unlikely to be sufficiently high to justify 

such a concept, and Case T2 was thus rejected from further study. 

Case T3 uses flue gas taken from the boiler between the superheater and the economizer, 

and also suffers from similar issues caused by the torrefaction plant heat demand 

exceeding what is readily available from the boiler back pass at 12 MW DH load. Again, 
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a very large SCAH must be used, and still also the boiler load increased to maintain 

sufficient combustion air heating. This again leads to the need of an auxiliary cooler for 

DH water, and complexity, cost and efficiency penalties that are unlikely to be offset by 

the somewhat increased power production. The Case T3 was thus rejected from further 

study on the same grounds as T2.  

The remaining cases were relatively close to each other in performance. Case T1 and Case 

T2 utilize high-pressure saturated water taken from the boiler drum as the heat source for 

the torrefaction reactor. While in thermodynamic terms particularly Case T1 appears 

competitive during part load operation, this advantage is lost at full load. This is because 

operating the torrefaction plant during full heat load is only possible with reduced 

feedwater flow rate, and maintaining DH production through turbine bypass. With 

reduced feedwater flow, but the boiler operating at maximum continuous rating, the only 

way to prevent boiling in the economizer is to bypass much of the flue gas past the 

economizer, which inevitably results in poor boiler efficiency. 

Using an approximately 300 °C heating medium at a very high pressure for indirect 

heating of the torrefaction reactor would also likely prove to be impractical and expensive 

at best. Without a clear performance benefit to justify the cost and difficulty, Case T1 was 

also rejected from further study despite the fact that it offered the best part-load efficiency. 

Cases T4 and T5 had practically identical performances in terms of efficiency, power 

generation and boiler fuel use. Between these two, Case T5 was considered preferable on 

grounds of the potential fire hazard of using over 500 °C flue gases for heating very dry 

biomass, as well as the likely costly arrangement of Case T4 where most or all of the 

boiler flue gas flow is diverter after the superheaters to the torrefaction reactor and then 

back to the economizer.  

Cases T5 and T6 were left as the most promising cases. These use boiler live steam for 

torrefaction, and either the cooled but still superheated steam returning from the torrefier 

(T5) or the steam cycle back pressure steam (T6) for dryer heating. These two cases, 

together with the baseline stand-alone plants of Case T0, were thus selected for closer 

operational and economic analysis.  

4.2.2 Operational analysis 

For the operational and economic analysis of the integrated plants, torrefaction 

parameters of 30 minutes residence time and 250 °C temperature are used. At higher 

temperatures, the trigeneration efficiency of the integrated plant begins to decrease at an 

increased rate (see Figure 4.1). The selected parameters result in LHV-basis mass and 

energy yields of M = 0.83 and E = 0.93, and a solid product dry matter heating value 

LHVd = 21.8 MJ/Kg. 

Figure 4.2 depicts the changes of significant CHP plant operating parameters of the 

selected cases as functions of cumulative time in the heat load duration curve. Sub-figure 

(a) shows the variation of the BFB boiler fuel power (LHV input) and DH output. The 
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boiler fuel power is shown both as total fuel including the torrefaction gas, and the solid 

fuel only. The boiler fuel input is similar at full load for all cases; there is a slight reduction 

in terms of solid fuel, and increase in terms of total fuel load for the integrated cases, but 

the difference is small. At part loads the boiler fuel input of the integrated cases is 

significantly increased. Since the minimum load of the plant is limited by the boiler, the 

increase of boiler load leads to an increase of annual operating time by more than 1000 

hours. 

At full district heating load the CHP plant has little capacity to increase the boiler load. 

The limiting parameter is the maximum flue gas flow rate; the integrated cases operate at 

or near the maximum flue gas flow rate down to 18 MW DH load, with furnace 

temperature also approaching but not exceeding the maximum value of 950 °C (Figure 

4.2b). At this load point the fuel moisture is assumed to reduce to 50% from the winter-

time maximum of 55%, which yields the highest boiler fuel load, thermal output, and 

furnace temperature. The minimum load is restricted by the 700 °C minimum furnace 

temperature.  

Sub-figure 4.2c shows the condenser pressure together with the district heat load and 

output temperature. Condenser pressure is not affected significantly by the integration 

concept, as the variation of steam enthalpy at the turbine exhaust is small enough to yield 

only a negligible effect.  

At 20 MW district heat load, the HTC heat demand is enough that at boiler maximum 

continuous load, the steam flow to the turbine is significantly reduced. To maintain the 

20 MW DH output, a large fraction of steam is directed past the turbine through a 

reduction valve, desuperheated to saturated state with feedwater spraying, and routed to 

the DH condenser. The steam flow to the turbine is reduced to approximately 2 kg/s as a 

result (Figure 4.2d). At the peak load point P0, the turbine is bypassed entirely due to the 

very small steam flow rate. As the flow rate to the turbine is reduced at full load, the HP 

turbine exhaust pressure and deaerator pressure also reduce in all cases (Figure 4.2e).  

The drum and feedwater pressures are shown in Figure 4.2f. In the integrated cases the 

drum pressure peaks at a higher value than in the stand-alone CHP plant, but remains 

below the maximum limit. 

As load and thus flue gas flow rate are reduced, the boiler heat transfer coefficients are 

also reduced, but relatively less than the gas flow rate. This results in decreasing flue gas 

temperatures in the boiler. Full steam superheat can be maintained to load point P4 (14 

MW DH load) in the stand-alone Case T0, or to P5 (10 MW DH) in the integrated cases, 

by reducing spraying in the superheater. A plot of turbine inlet steam temperatures is 

shown in Figure 4.2d.  

 



Integration of biomass conversion with a CHP plant 64 

 
A 

 
b 

 
c 

 
d 

 
e 

 
f 

 
g 

 
h 

Figure 4.2: Plant operating parameters as functions of cumulative time in the heat load duration 

curve. 
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At the low loads the steam temperature at the turbine inlet is inevitably reduced in all 

cases. Full live steam superheat can be maintained to the lowest part load in Case T5, 

where the turbine inlet steam temperature is still almost at the design-point value at 6 MW 

DH load. This is a result of the increased boiler load at any given DH load with Case T5. 

As the dryer heat source is back pressure steam, this steam is expanded through the 

turbine for power production, requiring higher boiler output as well; this load increase is 

also the reason for Case T5 having the longest annual operating time.  

At full and nearly full DH load, the flue gas stack temperatures are somewhat elevated 

from the design point value, reducing the plant efficiency slightly. With the integrated 

cases the SCAH is not needed to prevent the stack temperature from reducing below the 

minimum value of 135 °C even at minimum-load conditions. The stack temperatures and 

the SCAH steam valve p are plotted in Figure 4.2g. 

Figure 4.2h shows the HP turbine outlet pressure, and the LP turbine valve pressure drop. 

The reduced turbine flow rate at maximum DH output requires throttling of the steam 

flow with of the LPT valve to maintain deaerator pressure.  

With the stand-alone Case T0 and the integrated Case T6, some throttling of the flow to 

the LPT becomes necessary also as the minimum load conditions are approached. In case 

of the stand-alone Case T0, this is due to the need to maintain a sufficiently high pressure 

of the steam at the SCAH to keep the stack temperature above the minimum value. With 

Case T6, the reason is the need to maintain the HPT exhaust pressure above the deaerator 

pressure. With Case T5 the LPT valve is not needed: providing enough backpressure 

steam for the torrefaction plant feedstock dryer maintains also high enough steam flow 

through the turbine to keep the HPT exhaust pressure sufficient for both the deaerator and 

the SCAH. 

4.2.3 Annual production and consumption  

The annual output and consumption rates of the energy products was obtained with the 

multi-period approximation of annual production figures. The discretized variation of 

boiler fuel consumption (including the stoker boiler in Case T0) and DH and the net power 

output are plotted in Figure 4.3, together with the DH heat demand curve. The torrefied 

biochar output remains constant at 32.0 MWLHV throughout the torrefaction plant 

operating period: 8000 hours in Case T0, and the same as the operating time of the CHP 

plant in the integrated cases. The torrefaction feedstock use rate increases from 27.8 to  

30.0 MWLHV as the wood moisture reduces from winter 55 % to summer 40 %. 

The integrated torrefaction plants require heat and power from the CHP plant. At the same 

time, by increasing the annual operating time it is possible to obtain additional revenues 

from increased CHP production. With Case T5, the power production during most of the 

part-load operation is increased as well. The biochar production of the torrefaction unit is 

30.3 MWLHV throughout whole the operating period: 8000 hours in Case T0, and equal 

to the CHP operating hours in the integrated cases.  



Integration of biomass conversion with a CHP plant 66 

              

Figure 4.3: Annual production of CHP products (power and heat) together with boiler fuel 

consumption using the multi-period model, and the DH demand curve. Case T0 includes the boiler 

fuel used in the separate stoker boiler of the torrefaction plant. 

Case T0 with separate stand-alone plants shows clearly higher boiler fuel input during 

full load, where the stoker boiler power comes in addition to the full load operation of the 

CHP plant. At part load, the stand-alone Case T0 and integrated Case T6 show similar 

boiler fuel consumptions until the 6000-hour point, when the CHP plant is shut down in 

Case T0. The net power production of Case T6 is reduced due to the power consumption 

of the torrefaction plant equipment. Case T5 shows a different pattern: using back 

pressure steam from the turbine exhaust to supply heat to the torrefaction feedstock dryer 

yields a clear increase of power generation from approximately 3000 hours onwards, and 

thus also requires more boiler fuel input.  

At the full-load periods, the integration with torrefaction reduces the net power output of 

both integrated scenarios to approximately zero; the figures are in fact slightly negative. 

This is due to the need to bypass most of the boiler steam through the reduction valve to 

the torrefaction plant dryer and the district heat condenser to maintain both torrefaction 

and the necessary DH output. While the turbine is not completely bypassed for most of 

the 20 MW DH load period, the very small remaining power output is exceeded by the 

combined power consumption of the torrefaction plant and the auxiliary power 

consumption of the CHP plant.  

Table 4.2 summarizes the overall figures of annual net production and consumption of 

various energy streams. The sold and purchased electricity is separated for the purposes 

of further economic analysis, since they have different prices.  

The trigeneration efficiencies of the plants are evaluated with equations (4.2) and (4.3). 

The values are calculated in terms of both lower heating value (LHV) and higher heating 

value (HHV) from the net annual energy production of electricity Eel,net, district heating 

QDH and biochar Qbc, and the input of wood chips as boiler fuel Qf and torrefaction 

feedstock Qfeed: 
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Table 4.2: Annual energy inputs and outputs of separate CHP and torrefaction plants, co-located 

plants (Case T0), and the three integration options. 

Case: CHP Torrefaction Case T0 Case T5 Case T6 

Fuel input      
CHP boiler fuel Qf,BFB [GWhLHV] 157.3 - 157.3 208.3 191.9 

Torre stoker boiler Qf,S [GWhLHV] - 51.4 51.4 - - 

Torre feed Qfeed,LHV [GWhLHV] - 230.6 230.6 212.6 203.3 

Total Qchips,HHV [GWhHHV] 193.6 342.7 536.3 513.5 482.8 

Total Qchips,LHV [GWhLHV] 157.3 282.0 439.2 420.9 395.1 

Energy products       

Net electricity Eel,net [GWh]  39.0 -6.6 32.4 30.3 18.9 

Sold electricity Eel,s [GWh]  39.0 0 34.0 31.6 20.2 

Purchased electricity Eel,p [GWh]  0 6.6 1.6 1.3 1.4 

District heat output QDH [GWh] 94.8 0 94.8 103.2 101.8 

Biochar output Qbc,HHV[GWhHHV] 0 255.8 255.8 236.6 226.5 

Biochar output Qbc,LHV [GWhLHV] 0 242.4 242.4 224.2 214.6 

Trigeneration efficiency      

LHV [%]  85.1 83.6 84.1 85.0 84.9 

HHV [%]   69.1 72.7 71.4 72.1 71.9 

 

As can be expected, the total annual fuel consumptions of the integrated cases are clearly 

higher than in the case of the stand-alone of CHP plant. The biochar output along with 

electricity and DH generation are higher for Case T5 than T6 due to longer plant operating 

time. The stand-alone CHP plant has a higher efficiency in LHV terms than the stand-

alone torrefaction case, or any of the considered integrates. Since the torrefaction 

feedstock is not burned, except for the off-gas from the reactor, the loss with latent heat 

of biomass moisture decreases and the cases including torrefaction have better 

efficiencies in terms of HHV than the pure CHP plant.  

Figure 4.4 shows the distribution of the relative fractions of the annual outgoing energy 

streams from the studied processes. The blue-green tones represent products; losses are 

shown in yellow-red tones. The results are again broadly similar for all the studied cases.  

Approximately half of all outgoing energy flows is biochar. Due to the extended operating 

times of the CHP plants in the integrated cases, the share of district heat is slightly 

increased. The share of electricity is the smallest in Case T6, where the loss of power 
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output due to integration is not compensated for by the increased steam flow through the 

turbine at part loads. 

 

Figure 4.4: Outgoing energy flows as fractions of the annual consumption and production figures 

of the plant. 

Among losses, the dryer and boiler losses are the largest. The fraction of boiler loss is 

slightly reduced in the integrated cases due to the use of the somewhat more efficient 

BFB boiler of the CHP plant. The heat consumption of the torrefaction unit itself and the 

electromechanical losses of the plant are relatively small fractions of the balance. The 

main variations of the balance among the integrated options are connected to the operation 

time of the plant during the year. Between the T5 and T6, the effect of increased steam 

flow through the turbine shows due to the use of backpressure steam for drying show as 

higher fraction of electricity in the balance.  

The variation of the trigeneration efficiencies in terms of LHV and HHV within the 

operating time is shown in Figure 4.5. It is evident that the efficiencies of the considered 

integrated schemes are virtually the same, and differ only slightly from the co-located 

stand-alone plants of Case T0.  

 

Figure 4.5: Variation of LHV- and HHV-based efficiencies as a function of cumulative operating 

time for the different cases. 
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Compared to the pure CHP, the efficiencies of all cases including torrefaction tend to 

improve towards increasing cumulative operating hours. The reduction of torrefaction 

process losses is mainly a result of a reducing fuel moisture as well as an increasing 

ambient temperature combining to reduce the dryer losses, which are the main loss source 

of the torrefaction process. 

4.3 Integration of hydrothermal carbonization with the CHP plant 

4.3.1 Considered integration cases 

Six different integration concepts are considered, in addition to a separate stand-alone 

plant (Case H0, Figure 3.7b). Case H1 is close to the stand-alone process but uses steam 

from the boiler of the CHP plant for heating the HTC reactor. The steam is taken as boiler 

live steam, throttled to 30 bar pressure and desuperheated by feedwater spraying to a 

temperature of 350 °C.  

Case H2 is based on the scheme in Figure 3.7a. Similarly to Case H1, CHP boiler live 

steam replaces the stoker boiler as the reactor heat supply. The reduced flow of 1.05 bar 

LP flash vapour for the dryer is also augmented by backpressure steam from the CHP 

plant. While the total heat demand of this arrangement is similar to the HTC process of 

Case H1 and offers little benefit in stand-alone HTC operation, in an integrated plant the 

CHP plant steam cycle benefits thermodynamically from heat being taken at a lower 

temperature level in backpressure steam instead of live steam.  

In cases H3 to H6 the HTC process differs significantly from the stand-alone one; these 

integration schemes are shown in Figure 4.6. Case H3 is based on the integration proposed 

by Erlach et al. (2011). Otherwise similar to Case H1, the HP flash vapour is used in the 

CHP plant LP preheater (LPPH).  

In cases H4 to H6 the HTC process is simplified by using feedwater alone or with drum 

water (H5 and H6) to make the slurry pumps unnecessary: the chips are fed to the already 

pressurized hot water stream. The drum water is also hot enough for reactor heating. The 

HP flash tank pressure is set so as to match the LP flash vapour output to dryer heating 

requirement, and the warm waste water stream is used to heat the combined CHP and 

HTC makeup water flow, which is significantly increased in these cases due to limited 

recirculation.  

In cases other than H4 to H6, where most of the HTC process water is fresh from the CHP 

steam cycle, the ratio of recirculated to fresh water in the HTC feed is maintained at 3:1. 

In Case H4 and Case H5 only the condensate return from CHP plant LPPH is recirculated. 

In Case H6 some of the depressurized slurry water is recirculated and heated indirectly 

with the drum water and directly by HP flash vapour injection, but the ratio of 

recirculation to fresh water remains much less than 3:1. 
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Case H6 

Figure 4.6: Process flow diagrams of integration cases H3 to H6 

An effective heating and heat recovery scheme is vital to achieve a reasonable efficiency 

in the HTC process. The design-point heat rates of heating and heat recovery are listed in 

Table 4.3. Depending on the case, heat input to the feed to reach the required reactor 

conditions takes place in different stages: to the water before the chip feeder, to the slurry 

feed, or directly to the reactor; all but reactor heating are potential sinks for recovering 

the relatively low-grade heat from the hydrochar slurry. 
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Table 4.3: Main parameters of feed slurry heating and heat recovery for the integrated cases at 

the design point. 

Case H1 H2 H3 H4 H5 H6 

Water input and heating [MW]: 

Fresh water input 

Waste water recirculation 

Waste water heat recovery 

Indirect water heating 

 

0.05  

2.57 

0.26 

- 

 

0.10 

2.43 

- 

- 

 

0.03 

3.27 

0.17 

- 

 

5.37 * 

1.09 ** 

1.87 

- 

 

9.84 * 

1.06 ** 

2.06 

- 

 

0.70 * 

2.47 

1.61 

1.52 

Slurry heating [MW]: 

Flash vapour (indirect) 

Flash vapour (direct) 

Reactor direct heating 

 

- 

5.83  

5.11 

 

1.63  

6.58  

3.17 

  

- 

1.43 

8.83  

  

- 

- 

7.86  

 

- 

- 

3.39 

 

- 

- 

8.51 

Dryer heat supply [MW]:  

Waste water 

flash vapour  

Backpressure steam  

 

0.41 

2.79 

- 

 

0.78 

0.40 

2.03 

 

0.48 

2.73 

- 

 

- 

3.21 

- 

 

- 

3.21 

- 

 

- 

3.21 

- 

Heat recovery to CHP [MW]: 

Makeup water preheater 

LP feed heater 

 

- 

- 

 

- 

- 

 

- 

3.44 

 

1.87 

4.02 

 

2.06 

4.05 

 

1.61 

3.49 

Heat transfer area [m2]:  

Makeup water HRX 

HTC water indirect heater 

Slurry preheater 

LPPH  

 

20 

- 

- 

- 

 

- 

- 

40 

- 

 

20 

- 

- 

58 

 

60 

- 

- 

58 

 

60 

- 

- 

58 

 

60 

60 

- 

69 
* From CHP drum and/or feedwater stream 

** Condensate from LPPH 

 

In Case H1 and Case H2, where the HTC process is broadly similar to the stand-alone 

one, heat recovery from the hydrochar product slurry flash vapour to the feed slurry 

stream is dominant. Case H3 requires more reactor heating, as the CHP process takes a 

significant fraction of the available flash vapour. In cases H4 to H6 the chips are fed into 

already fully pressurized and significantly heated water, while the much-increased waste 

water stream is cooled in a heat exchanger to heat the similarly increased combined CHP 

and HTC makeup water stream. In Case H4 and Case H6 the slurry is heated mostly in 

the reactor itself. Case H5, using mostly hot drum water, requires little additional slurry 

heating after chip insertion. 

The heat transfer areas are estimated by assuming the following values of overall heat 

transfer coefficient: water-to-water 1.0 kW/m2K, indirect slurry feed heater 2.0 kW/m2K 

and CHP plant LPPH 3.0 kW/m2K. In cases H4 to H6, the fresh water to the HTC process 

is obtained as fully pressurized and significantly heated from the CHP steam cycle. As 

this water stream carries significant heat with it, more of the product slurry heat must be 

recovered to the water streams of both processes by using indirect heat exchangers. While 

these are additional components that add cost and complexity to the system, the heat 

transfer areas required remain relatively small, and these additions to the process must be 



Integration of biomass conversion with a CHP plant 72 

weighed against the benefit of simplifying the feed slurry heating and pressurization by 

removing the need for slurry pumps and slurry stream heating. 

4.3.2 Performance comparison at design point and minimum load 

In the initial analysis residence time, the temperature and ratio of water to dry matter are 

assumed as 3 h, 220 °C and 6:1 in all cases, resulting in mass and energy yields of  

M = 0.626 and E = 0.779. With these parameters, the corresponding hydrochar dry matter 

heating values are HHVhc,d = 25.8 MJ/kg and LHVhc,d = 24.7 MJ/kg dry, or at the final 

MC = 5 % moisture content, HHVhc = 24.5 MJ/kg and LHVhc = 23.3 MJ/kg. Hydrochar 

production is constant at 5 t/h in every case. 

The design point (fuel MC = 50%, maximum DH production and 0 °C ambient 

temperature) and low load (MCf = 45%, 40 % DH load and Tamb = 10 °C) energy 

consumption and power, heat and hydrochar production figures are listed in Tables 4.4 

and 4.5. Polygeneration efficiencies are shown both in terms of LHV and HHV, defined 

as 

 

ff

hchcDHnetel,

LHV
LHVm

LHVmΦP




  (4.4) 

 

ff

hchcDHnetel,

HHV
HHVm

HHVmΦP




  (4.5) 

where Pel,net is the net electrical output remaining after CHP and HTC auxiliary 

consumptions, and subscript f refers to the wood chip input, both as boiler fuel and HTC 

feedstock. There are only small efficiency differences between the separate plants, and 

the six integrates.  

At maximum district heat production, the separate plants give slightly better overall 

efficiency (see Table 4.4). This is because in the integrates the CHP plant must reduce its 

production, and the overall efficiency of the HTC plant is somewhat less than that of the 

CHP plant. This is the case despite the slightly better efficiency of the CHP plant BFB 

boiler compared to the HTC plant’s smaller stoker boiler. 

The poorest efficiencies are found in Case H4 and Case H5, where little or no HTC 

process fluid is recirculated. This increases the waste water flow to 10-11 kg/s from the 

3-5 kg/s of the other cases. Despite heat recovery cooling of the waste water to 40±5 °C, 

this inevitably increases heat losses. Case H4, where this is combined with a low CHP 

cycle output, has the poorest efficiency, but at 79.1 % in LHV terms still only 0.7 

percentage points below the 79.8 % net figure of the separate HTC and CHP plants. Case 

H1 yields a slightly higher power output than the other integrates at 6.0 MW, but still 

below the 7.4 MW of the separate plants. Also here Case H4 at 5.3 MW comes out as the 

worst one. 
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Table 4.4: Energy consumption and heat, power and hydrochar production figures at 100 % DH 

load and Tamb = 0 °C ambient temperature. 

Case H0 H1 H2 H3 H4 H5 H6 

Fuel input        

CHP boiler [MWLHV] 32.5 36.7 36.7 36.7 36.7 36.7 36.7 

HTC feed [MWLHV] 36.3 36.3 36.3 36.3 36.3 36.3 36.3 

HTC stoker boiler [MWLHV] 6.1 - - - - - - 

Total [MWLHV] 74.9 73.0 73.0 73.0 73.0 73.0 73.0 

Total [MWHHV] 91.0 88.7 88.7 88.7 88.7 88.7 88.7 

Electricity         

CHP plant Pgen [MW]  8.66 7.27 7.17 7.01 6.53 6.86 6.96 

CHP self-use Paux+Ppumps [MW] 0.66 0.73 0.73 0.73 0.83 0.83 0.82 

HTC self-use [MW] 0.61 0.56 0.56 0.54 0.42 0.42 0.45 

Net power output [MW] 7.39 5.98 5.87 5.74 5.28 5.61 5.68 

District heat output [MW]    20.0 20.0 20.0 20.0 20.0 20.0 20.0 

Polygeneration efficiency        

LHV [%]  0.798 0.800 0.799 0.797 0.791 0.795 0.796 

HHV [%]   0.675 0.677 0.676 0.674 0.669 0.673 0.673 

 

Figures for the minimum-load situation are presented in Table 4.5. Here a different result 

is seen: in all integrates except Case H5, the CHP plant steam flow rate is increased. The 

integration thus has the opposite effect on polygeneration efficiency than at full load. The 

effect is further increased by the increasing load improving also the component 

efficiencies in the CHP plant. Case H2 yields both the highest electricity production and 

the best overall efficiency.  

The efficiency of Case H3 is reduced slightly because at reduced CHP but full HTC load, 

the main condensate flow becomes insufficient to act as a heat sink for the heat available 

from the product slurry steam; a small fraction of the flash vapour has to be vented to the 

atmosphere. The differences in the efficiencies are still very small, ranging from 75.2 % 

to 76.5 %. The efficiency of Case H3 could be expected to decrease rapidly at any lower 

loads, as the vented flash vapour would no longer be small.  

Cases H1 and H2 are the two most efficient cases both at 100% and 40% DH load at 

almost the same efficiency. The separate plants of Case H0 ranks third at both load points, 

at nearly the same figures as H1 and H2 at full load, but somewhat further behind at 40%. 

The remaining four configurations rank differently at full and 40% load; Case H3 

achieves almost the same efficiency as cases H0, H1 and H2 at full load, but becomes the 

worst at 40% load. Among the cases using feedwater and drum water, Case H4 performs 

poorest at both load points. Case H5 and Case H6 are almost identical in terms of 

efficiency at both loads.  
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Table 4.5: Energy consumption and heat, power and hydrochar production figures at 40 % DH 

load and Tamb = +10 °C ambient temperature. 

Case H0 H1 H2 H3 H4 H5 H6 

Fuel input       
 

CHP boiler [MWLHV] 12.0 18.2 19.3 18.1 18.2 17.8 18.0 

HTC feed [MWLHV] 37.2 37.2 37.2 37.2 37.2 37.2 37.2 

HTC stoker boiler [MWLHV] 5.8 - - - - - - 

Total [MWLHV] 55.0 55.5 56.5 55.3 55.4 55.0 55.2 

Total [MWHHV] 65.2 65.7 66.9 65.5 65.6 65.2 65.4 

Electricity           

CHP plant Pgen [MW]  2.37 3.04 4.06 2.01 2.37 2.30 2.41 

CHP self-use Paux+Ppumps [MW] 0.41 0.47 0.49 0.48 0.57 0.57 0.56 

HTC self-use [MW] 0.59 0.56 0.56 0.54 0.42 0.42 0.44 

Net power output [MW] 1.37 2.01 3.01 0.99 1.37 1.31 1.41 

District heat output [MW]    8.0 8.0 8.0 8.0 8.0 8.0 8.0 

Polygeneration efficiency        

LHV [%]  0.759 0.765 0.768 0.748 0.754 0.758 0.757 

HHV [%]   0.666 0.670 0.673 0.656 0.661 0.665 0.664 

 

Case H2 appears to be arguably the most energy efficient of the considered options. The 

difference is small, however, and this is also the most complex integration scheme. In 

addition to higher investment cost, the operation and control of the plant is likely to prove 

to be complex. There is a risk that the indirect slurry heater may prove to be prone to 

clogging and severe fouling. The flows and pressure levels must also be carefully 

managed, as the pressure gradients from the product slurry to the feed are often small, 

and the feed slurry comes very close to saturated state and boiling before each 

pressurization stage.  

Figure 4.7 shows selected operating parameters that limit the maximum and minimum 

loads of the CHP plant for the studied cases. It can be seen that in the maximum-load case 

(Table 4.7), the power output is limited by the flue gas flow rate in all cases. Case H3 is 

practically at the limit of turbine capacity as well.  

At minimum load, the separate plants are limited to the 8 MW DH load by the furnace 

temperature, and the SCAH inlet valve is also almost fully open. If the load was reduced 

even just slightly, the minimum stack temperature could no longer be maintained. In 

contrast, all of the integrated cases operate at 770-790 °C furnace temperature, and the 

SCAH steam valves are barely if at all open. All cases are also still some way off from 

the point where bypassing the turbine entirely should be considered. It is thus clear that 

integration would allow the CHP plant to be run at DH loads noticeably lower than 

without integration. 
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Figure 4.7: CHP process parameters at maximum (blue bars; 0 °C ambient temperature and 50% 

fuel moisture) and 40% (red; Tamb = +10 °C and MC = 45 %) DH loads. The dotted black lines 

represent minimum and/or maximum values for the parameter. 

It is evident from the results that the heat integration will not bring significant efficiency 

benefits compared to having separate HTC and CHP plants. There are two other 

advantages from the integration, however. Firstly, by integrating the HTC to the CHP 

plant, the total investment cost will be reduced. Removing the need to have separate boiler 

plant to supply the heat for the HTC process is the clearest and most obvious advantage, 

but there are also saving opportunities with biomass storage and handling. Particularly 

cases H4, H5 and H6 present also clearly simplified processes without slurry heaters or 

slurry pumps, although the more than doubled waste water flow rate and the resulting 

increase in waste water handling costs will at least partially offset these savings.  

A second advantage is the ability to run the plant at lower part loads; the minimum load 

of the separate CHP plant is at 8 MW DH load. At the same DH load all integrates still 

show potential to operate at a clearly lower DH load. This will allow the chip-fired CHP 

plant to operate into warmer periods of low heat load, thus reducing the period of time 

when heat must be produced with auxiliary heat-only boilers typically firing clearly more 

expensive fuels such as light oil, pellets, or natural gas if available.  
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The disadvantage of integration in all cases is that in the period of full DH load, either the 

HTC operation must be suspended or reduced, or the CHP plant must reduce either heat 

or power production. 

4.3.3 Evaluation of initial technical comparison 

The energy efficiency of HTC and CHP processes cannot be noticeably improved by 

integrating them. Only two of the studied cases, Case H1 and Case H2, rate better than 

the separate processes of Case H0, but the difference is small. There are other clear 

advantages with the integration, however. Integration allows the CHP plant to be run over 

longer period annually. It reduces the fuel costs by allowing cheaper wood fuel to be used, 

and the investment costs of an integrate are likely to be smaller than the cost of two 

separate plants.  

Cases H2 and H3 appear somewhat problematic; Case H2 will be the most expensive to 

invest in without the benefit of a clear efficiency advantage with which to justify the 

additional cost. The increased electricity production at part load is unlikely to be enough 

to offset the expense, and there appears to be a higher risk of operational problems. Case 

H3 is reasonably efficient compared to the other plants at high DH loads, but its efficiency 

will suffer severely at periods of very low DH load.  

Cases H4 and H5 are clearly the simplest, but require waste water treatment plants of 

more than twice the capacity of the other cases. Between these two cases, Case H5 is both 

simpler and slightly more efficient than Case H4 which has the poorest overall efficiency 

of all cases at both 100% and 40% DH load. Case H6 represents effectively an improved 

Case H5 with reduced water consumption and waste water flow rate, as well as a 

marginally better efficiency, to offset a slightly more complex process.  

On the grounds presented above, cases H2, H3 and H4 are rejected from further study. 

The following chapters 4.2.4 and 4.2.5 described the effect of HTC temperature on the 

performance of the remaining cases, and the operational characteristics of these cases.  

4.3.4 Effect of carbonization temperature on plant performance 

A temperature range of 180…240 °C is considered, the same as the range of the 

measurements used as the basis for mass and energy yield correlations in Sermyagina et 

al. (2015). Each case has been calculated at 20 °C intervals within this range. The 

residence time has been maintained at 3 h, and the ratio of water to dry matter at 6:1.  

Figure 4.8 shows the variation of net electric power output (sub-figure a) and the fuel 

consumption of the CHP boiler (sub-figure b) at full and 40% DH load. At full load, a 

clearly reducing full-load power production can be observed in all of the integrates, which 

is a natural result of an additional heat consumer requiring steam as the plant is operated 

at the maximum continuous rating of the boiler while maintaining the DH output. The 

fuel consumption of the boiler is thus also constant at this maximum limit for all 
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integrated cases. Additionally, some of the power output is lost for HTC electricity 

consumption. This is the sole reason for the lower power production of Case H0 compared 

to the pure CHP plant at both load cases. 

         
      (a)         (b) 

Figure 4.8: Effect of the HTC temperature on a) net power production and b) boiler fuel 

consumption. 

At 40% load, the pure CHP plant and Case H1 integrate have almost identical power 

outputs. This is a coincidence of opposing effects compensating for each other. The CHP 

plant requires some constriction of the LPT control valve to maintain sufficient pressure 

at the SCAH for the stack temperature to remain above its minimum limit, and the reduced 

boiler load results also in a significant reduction of the turbine inlet temperature. With 

Case H1, the boiler load is enough for very little SCAH heat input to suffice, and the live 

steam temperature also remains almost at the nominal value. The additional power output 

thus gained is almost exactly matched by the HTC power consumption. Case H0 equals 

the CHP output minus HTC consumption. 

Cases H5 and H6 exhibit different behaviour: as the HTC temperature is reduced, less 

and less flash vapour is available for the LPPH, and thus an increasing amount of 

extraction steam is needed for the CHP deaerator. The expansion of this additional steam 

flow in the HP turbine shows as increased power production. The effect is clearly stronger 

in Case H5 with a simpler and less efficient heat recovery scheme, in fact enough so that 

not only the power output but also boiler fuel consumption increases as the HTC 

temperature is reduced from 220 °C to 180 °C, despite the HTC heat consumption slightly 

reducing.  

When the HTC temperature is increased from 220 °C to 240 °C, the increase in process 

heat consumption is clearer. The full-load power production goes down at an increasing 

rate, while the 40% load boiler fuel consumption goes up. This is particularly pronounced 

with Case 5, where an increasing amount of hot HTC waste water must be bypassed past 

the heat recovery heat exchanger. This is due to the fact that as the main condensate flow 

remains relatively small in the CHP water-steam cycle but the heat available as flash 
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vapour from HTC increases, the main condensate temperature must be kept low enough 

to maintain the condensate below the saturation temperature. 

In Case H1, the relatively simple 2-stage heat recovery scheme reaches its limit of 

efficient operation at approximately 220 °C. At 240 °C, preventing the feed slurry from 

approaching within 5 °C of boiling point requires venting some of the HP flash vapour at 

40% DH load, and bypassing the waste water HRX at 100% DH load case, which shows 

as reduced 100% load power output and increased 40% load boiler fuel consumption.  

Figure 4.9 shows the impact of HTC temperature on the plant trigeneration efficiencies 

in terms of LHV and HHV. Here the differences between the cases are relatively small, 

and all cases – integrated or not – are mostly within one percentage point of each other. 

The differences between the cases increase somewhat at 40% DH load and 240 °C HTC 

temperature, where the losses of HTC process in Case 5 increase noticeably more than in 

the other cases due to the need to bypass the HRX to maintain a low enough water 

temperature at the LPPH. Case 1 suffers the least due to the fraction of energy products 

from the CHP process, which has higher efficiency than the HTC, being the greatest. This 

compensates partially for the increased losses in the HTC process at this temperature.  

  
      (a)         (b) 

Figure 4.9: The effect of HTC temperature on trigeneration efficiency based on a) LHV and b) 

HHV of fuel and hydrochar. 

4.3.5 Operational analysis 

Based on the results of the temperature analysis, 220 °C carbonization temperature 

appears to be a limit beyond which the efficiencies of the integrated plants start to become 

increasingly poor. Based on this, a 3-hour residence time, 220 °C carbonization 

temperature and 6:1 ratio of water to biomass dry matter is assumed for the operational 

analysis of the different plant configurations.  

As with the integration of torrefaction and HTC plants, the operating strategies are aimed 

at maximizing the net power output Pel and extending the operating period of the CHP 

plant, but prioritizing heat and hydrochar production when operating at maximum load. 
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Although particularly with the integrated cases maximizing power production sometimes 

results in slightly different operation than maximizing the overall CHP efficiency, even 

at the low electricity price scenarios the fuel cost saving from efficiency maximization is 

insufficient to compensate for the income loss from reduced net power output.  

Figure 4.10 depicts the changes of selected significant plant operating parameters as 

functions of cumulative time in the heat load duration curve. Sub-figures (a) and (b) show 

the variation of boiler power fuel power (LHV input) and condenser pressure together 

with the district heat load and output temperature. The condenser pressure is not affected 

significantly by the integration concept as the variation of steam enthalpy at the turbine 

exhaust is small enough to yield only a negligible effect. The boiler fuel input is increased 

in the integrated cases, however; the increase is slight at full load, but more significant at 

part loads, and leads to an increase of 1000 to 2000 hours of annual operating time.  

At full DH load the stand-alone CHP plant has little capacity to increase the boiler load. 

The small increase potential is used in the integrated cases at full and nearly full load. 

The boiler is then limited by the flue gas flow rate (Figure 4.10c). The maximum furnace 

temperature of 950 °C is approached, but not exceeded, in the integrated cases at 18 MW 

DH load. At this load point, the fuel moisture is assumed to reduce to 50% from the winter 

maximum of 55%, which yields the highest boiler fuel load and furnace temperature. 

Drum pressure does not approach its maximum limit (Figure 4.10g). 

At 20 MW DH load, the heat demand from the hydrothermal carbonization plant is high 

enough that at the boiler maximum continuous load the steam flow to the turbine is 

significantly reduced; to maintain 20 MW heat output, a large fraction of steam is directed 

past the turbine through a reduction valve, de-superheated to saturated state with 

feedwater spraying, and routed to the DH condenser. The steam flow to the turbine is 

approximately halved as a result (Figure 4.10d). As the flow rate to the turbine is reduced 

at full load, the HP turbine exhaust pressure and deaerator pressure reduce also in all cases 

(sub-figures f and h). The flue gas stack temperatures are somewhat elevated from their 

design point value of 150 °C to 160 °C at maximum boiler load, which reduces the total 

efficiency of the plant slightly. 

As the boiler load and thus flue gas mass flow rate are reduced, the heat transfer 

coefficients in the convective heat transfer surfaces of the boiler are reduced as well, but 

relatively less than the gas flow rate reduces. This results in decreasing flue gas 

temperatures in the boiler. Full steam superheat can be maintained down to load point P4, 

corresponding to a 14 MW DH load, in the stand-alone Case H0, or to P5 (10 MW district 

heat load) in Case H1, by reducing the feedwater spraying in the superheater, but at lower 

loads the turbine inlet temperature will be inevitably reduced in both cases.  
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Figure 4.10: Plant operating parameters as functions of cumulative time in the heat load duration 

curve. 
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Full live steam superheat can, however, be maintained down to minimum boiler load in 

both Case H5 and Case H6. In these cases, the HTC heating is taken from the drum as 

liquid, necessitating a high feedwater flow rate (Figure 4.10f). As the DH load is reduced, 

but the HTC heat load remains relatively unchanged, the fraction of thermal load 

extracted from the flue gas in the superheater is reduced relatively more than the total 

boiler load reduces. As a result, maintaining 500 °C live steam temperature becomes 

possible in these cases. 

At a low enough load, the flue gas temperatures approach the minimum limits of 135 °C 

stack temperature and 700 °C furnace temperature. The stack temperature is maintained 

at first by using the SCAH for preheating the air before the luvo from approximately 10 

MW DH load downwards. Due to the combination of increasing heating need in the 

SCAH and reducing pressure levels in the turbine, at load point P6 (8 MW DH) the LPT 

valve is used to maintain sufficient steam pressure at HPT exhaust to keep the stack 

temperature at 135 °C. At a slightly lower DH load the same has to be done also with the 

integrated cases. The minimum operating point of 8 MW heat output (40% DH load) is 

reached when the furnace temperature reaches 700 °C at 6000 hours of cumulative 

operating time. 

With the integrated cases H5 and H6, an additional restriction at low loads is the reducing 

main condensate flow as the flow from the DH condenser reduces. The waste heat from 

HTC flash vapour is recovered to the condensate stream in a low-pressure feed preheater 

(LPPH), but unlike the condensate flow, the flash vapour flow rate varies little between 

the different load points. The significant HTC feedwater flow is also part of the main 

condensate in these cases, increasing the flow, but as the DH power is reduced towards 

the minimum, boiling would still occur before the deaerator unless measures are taken to 

prevent this.  

Boiling is prevented by a combination of two means. Firstly, increasing deaerator 

pressure allows a higher condensate temperature. Secondly, by bypassing some of the 

HTC waste water past the heat recovery heat exchanger (HRX), the condensate entering 

the LPPH can be made colder, enabling more heat to be absorbed before reaching 

saturated state.  

Increasing the deaerator pressure reduces the power generation slightly, but has little 

effect on losses or efficiency. The method is limited by the maximum deaerator pressure, 

and the ability to heat the main condensate stream only to the saturation temperature of 

the flash vapour, however. Bypassing part of the HTC wastewater past the HRX allows 

decreasing the DH output further in the CHP process, but at the cost of increased losses 

and reduced efficiency. As the heat recovery bypass allows a longer period of HTC 

operation and DH production to smaller loads, it is still economical to do so. 
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4.3.6 Annual production and consumption 

The annual output and consumption rates of energy products are obtained with the multi-

period approximation of annual production similarly as with torrefaction. The discretized 

variation of boiler fuel consumption (including the stoker boiler in Case T0) and DH and 

net power output are plotted in Figure 4.11, together with the DH heat demand curve. The 

hydrochar output remains constant at 32.4 MWLHV throughout the HTC operating period: 

8000 hours in Case H0, and the same as CHP operating time in the integrated cases. The 

HTC feedstock rate increases from 35.2 to 38.0 MWLHV as the wood moisture reduces 

from a winter value of 55 % to a 40 % summer value.   

 

Figure 4.11: Annual production of CHP products (power and heat) together with boiler fuel 

consumption using the multi-period model, and the DH demand curve. Case H0 includes the 

boiler fuel used in the separate HTC stoker boiler. 

Table 4.6 shows the total annual net production and consumption figures. Electricity is 

separated to sold and purchased for the purposes of economic analysis, because these 

have different prices. The total efficiency of the polygeneration plant is also calculated 

and listed in Table 4.6. These are obtained in terms of both LHV and HHV from the net 

annual energy production of electricity Eel,net, district heat QDH and hydrochar Qhc, and 

the wood chip input in boiler fuel Qf and HTC feedstock Qfeed: 

 

LHVf,LHVfeed,

LHVhc,DHnetel,

LHV
QQ

QQE




  (4.6) 

 

HHVf,HHVfeed,

HHVhc,DHnetel,

HHV
QQ

QQE




  (4.7) 

The stand-alone CHP process has a higher efficiency than the stand-alone HTC process 

in terms of LHV, but as the HTC feedstock is not burnt, the water latent heat loss 

decreases, resulting in nearly the same HHV efficiencies for both. The differences in 

efficiencies between the integrated processes are relatively small, with figures mostly 

between those of the CHP and HTC stand-alone processes, as could be expected.  
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Case H1 with the more complex HTC heat recovery scheme of the stand-alone process is 

the most efficient one, in HHV terms more so than either stand-alone process. The good 

HHV efficiency is explained by extending the operation of the CHP process towards the 

summer periods, where wood moisture and thus latent heat losses are reduced. The same 

reason explains why Case H5, the process with the lowest LHV efficiency but also the 

longest annual operating time, is less behind the other processes in HHV efficiency than 

in LHV efficiency.  

 

Table 4.6: Annual energy inputs and outputs of separate CHP and HTC plants, co-located 

separate plants (Case 0), and the three integrated cases. 

Case CHP HTC H0 H1 H5 H6 

Fuel input       
CHP boiler fuel Qf,BFB,LHV [GWhLHV] 157.3 - 157.3 201.8 212.2 208.4 

HTC stoker boiler Qf,S,LHV [GWLHV] - 49.8 49.8 - - - 

HTC feed QHTC,LHV [GWhLHV] - 292.1 292.1 261.5 292.1 280.0 

Total Qchips,HHV [GWhHHV] 193.6 415.7 609.2 565.8 613.8 595.2 

Total Qchips,LHV [GWhLHV] 157.3 342.0 499.3 463.3 504.3 488.4 

Other energy products        
Net electricity Eel,net [GWh]  39.0 -4.85 34.1 28.79 24.53 25.64 

Sold electricity Eel,s [GWh]  39.0 0 35.3 28.79 24.77 25.69 

Purchased electricity Eel,p [GWh]  0 4.85 1.22 0 0.23 0.05 

District heat output QDH [GWh] 94.8 0 94.8 102.3 105.1 104.2 

Hydrochar output Qhc,HHV [GWhHHV] 0 292.1 292.1 262.4 292.1 280.0 

Hydrochar output Qhc,LHV [GWhLHV] 0 259.2 259.2 233.0 259.2 248.8 

Trigeneration efficiency       

LHV [%]  85.1 74.4 77.7 78.6 77.1 77.5 

HHV [%]   69.1 69.1 69.1 69.4 68.7 68.9 

 

The relative fractions of annual outgoing energy flows from the process are shown in 

Figure 4.12. The blue-green tones represent products, and losses are shown in yellow-red 

tones. Here, too, the results are broadly similar between the different cases. Among the 

losses, the largest is the loss of HTC feedstock heating value into liquid and gas fractions, 

followed by dewatering and drying loss, and boiler loss. The dewatering and drying loss 

consists only of losses in dewatering and storage, and the difference between the heat 

consumption of the thermal dryer and the latent heat of the evaporated water. The heat of 

evaporation in thermal dryer is not considered a loss, as this heat is fully recovered as an 

increase of the solid product LHV.  

While a fairly small fraction of the total, the heat loss with waste water is noticeably larger 

in Case H5, resulting in this scheme having the poorest overall efficiency. Case H6, which 

is similar to Case H5, but benefits from a more complex recirculation and heating 

arrangement to achieve reduced waste water flow rate and losses, has only slightly better 
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overall efficiency than Case H5 as the waste water loss still remains significantly greater 

than in Case H1. 

 

Figure 4.12: Outgoing energy flows from the process in terms of LHV. 

The variation of the LHV and HHV efficiencies as a function of cumulative operating 

time is plotted in Figure 4.13a. The minimum-change integration scheme of Case H1 has 

the best efficiencies throughout the year, but only by a narrow margin until approximately 

6000 hours, or 8 MW DH load. At very low loads the efficiencies of Case H5 and Case 

H6 reduce faster, and eventually become significantly worse than even the stand-alone 

HTC plant at 8000 hours.  

 

A 

 

b 

Figure 4.13: Variation of (a) efficiency and (b) main losses (boiler and waste water) as a function 

of cumulative operating time for the different cases 

Although the loss of feedstock LHV to liquid and gas fractions is the single greatest loss 

component, it remains constant and fixed by the choice of HTC parameters. The second 

largest component, drying and dewatering losses, varies only relatively little and cannot 

be significantly affected either by integration method or by plant operation. It is thus the 

boiler and waste water losses which actually vary the most between the cases and load 

points; the variation of these losses are shown in Figure 4.13b. 
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The waste water loss can be seen to increase significantly towards the low-load end of 

the curve in both Case H5 and Case H6. At high loads the water loss in Case H6 is 

significantly less than that of Case H5 due to the improved HTC feed heating scheme, but 

towards the lowest DH loads the Case H6 water loss increases to become even higher 

than that of Case H5. This is due to the need to bypass the warm waste water stream past 

the heat recovery heat exchanger in order to maintain the ability of the LPPH to absorb 

the heat of condensing vapour from the flash tank. The Case H6, with its reduced water 

flow, needs bypassing already at a higher CHP load, negating part of the efficiency 

advantage of this arrangement.  

In terms of boiler losses, all integrates are broadly similar. The lower efficiency of the 

stoker boiler shows as a slightly increased boiler losses at CHP part load. The greater 

combined load of the two boilers makes the stand-alone boiler loss much greater at full 

CHP load. 
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5 Economic analysis 

One concern for the profitability of any energy sector investment in the current situation 

is the significant uncertainty over future energy prices, emission trading, subsidies and 

taxes. Currently without subsidies or significantly increased CO2 emission cost through 

taxation or emission trading, biochar produced by either torrefaction or the HTC process 

is not a competitive alternative to coal. The electricity markets in Northern Europe are 

also at a period of change, and uncertainty over renewable power subsidies and the future 

of nuclear power create serious doubts about the price of electricity. This makes the 

economic evaluation of a pure CHP plant also subject to significant uncertainty. A range 

of different scenarios are thus considered regarding both biochar and electricity prices. 

The multi-period model described in chapter 2.1 is used to obtain the annual production 

and consumption of energy products as a weighted sum in evaluating the different 

integrated plant concepts, and in slightly simplified form also in district heat condenser 

optimization.  

In both integration studies with biomass conversion technologies and condenser 

optimization, the cost of the basic CHP plant and the boiler have been estimated on the 

basis of data in Kuitunen (2007). 

5.1 Cost assumptions and scenarios 

Three different electricity price scenarios are considered for the market price of sold 

electricity. Constant electricity prices throughout the plant operating time are assumed. 

The electricity prices have been estimated from the scenarios for electricity market price 

development presented in a report ordered by the Finnish Ministry of Employment and 

Economy (Pöyry Management Consulting, 2015). 

The operating and maintenance (O&M) costs rO&M represent the ratios of expenses spent 

annually on operating and maintenance to the total capital investment (TCI) of the same 

unit. For a small-scale bio-fired CHP plant a value of rO&M,CHP = 4 % is assumed, based 

on data from Kuitunen (2007). This is assumed to be unchanged for the CHP plant 

whether the plant is co-located with an independent biomass conversion process or not, 

in integration studies, and regardless of the size and cost of the district heat condenser in 

condenser optimization. 

As torrefaction and HTC are new technologies, there is no experience-based data for the 

operating costs of industrial-scale equipment for these processes. To obtain a conservative 

estimate and account for possible difficulties of starting industrial-scale operation of a 

new technology, the O&M cost of the torrefaction unit is estimated slightly higher, at 

rO&M,torre = 6 % . In addition to the novelty of the technology, the HTC plant has also the 

additional challenge of operating with a two-phase slurry. Several components may prove 

to be prone to fouling, clogging and corrosion, and an even higher O&M fraction of  

rO&M,HTC = 8 % is thus assumed to obtain a conservative estimate.  
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The combined CO&M for each integrated plant configuration is then obtained by using the 

mean rO&M weighted with the fractions of CHP and either the torrefaction or HTC plant 

cost, 
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The assumed values of cost data when not treated as variables are listed at Table 5.1. 

Table 5.1: Energy and O&M cost assumptions used in economic analysis. 

Cost item value 

Wood chip price cf 20 €/MWhLHV 

Price of purchased electricity price cel,p  100 €/MWh 

Price of sold electricity (high) cel,s  77 €/MWh 

Price of electricity (medium) cel,s 44 €/MWh 

Price of electricity (low) cel,s 21 €/MWh 

District heat price cDH  60 €/MWh 

Price of biochar (torrefied pellets or hydrochar) cbc 40 €/MWhLHV 

Annual O&M cost ratio, CHP plant only rO&M,CHP 4 % of TCI 

Annual O&M cost ratio, torrefaction plant rO&M,torre 6 % of TCI 

Annual O&M cost ratio, HTC plant rO&M,HTC 8 % of TCI 

 

5.2 Profitability evaluation of integration concepts 

The different plant concepts integrating a basic CHP plant with torrefaction or the HTC 

process are evaluated by using three different evaluation metrics: net present value 

(NPV), internal rate of return (IRR) and payback period (PBP). While NPV is usually 

recommended as the best evaluation metric if only one is used (Megginson & Smart, 

2008; Sinnott, 2005), and typically all methods give the same accept/reject decision, in 

case of mutually exclusive projects of different scope, they may sometimes suggest a 

different ranking of the options; three different metrics are thus used here (Megginson & 

Smart, 2008).  

The NPV of a project is the sum of the total present worth of future cash flows during the 

economic project life time of n years discounted at an interest rate of i, minus the value 

of total capital investments TCI:  
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where Eel,s and Eel,p are the electricity sold and purchased annually [MWh] and cel,s and 

cel,p the prices thereof [€/MWh], QDH is the annual district heat production [MWh] and 

cDH the district heat price [€/MWh], Qbc the annual biochar (torrefied biochar or 

hydrochar) production [MWh] and cbc the biochar price [€/MWh], Qf,LHV and Qfeed,LHV the 

annual wood chip consumptions for boiler fuel and biochar production feedstock and cf 

the price of wood chips [€/MWh], and CO&M is the annual operating and maintenance cost 

[€]. An economic life time of n = 25 years and an interest rate of i = 0.10 are assumed.  

The IRR is found by using Equation (5.3) and solving iteratively such interest i that the 

NPV becomes zero. The PBP is found similarly by setting the NPV to zero in Equation 

(5.3), and solving for the number of years n. 

The total capital investment (TCI) is the total amount of money needed to purchase and 

install all the equipment necessary for the plant. The cost data for standard equipment, 

such as pumps, heat exchangers and tanks has been taken from the literature (Peters et 

al., 2003; Sinnott, 2005). The cost of specialized HTC process equipment, such as slurry 

pumps, pellet and filter presses, wood chip dryers and conveyors, is based on vendor 

information from Erlach (2014). Torrefaction reactor cost has been estimated at near the 

upper end of the relatively wide range of equipment cost presented in Batidzirai et al. 

(2013). In addition to the cost of purchased equipment (PEC), the TCI includes other 

direct costs related to the installation of equipment, various indirect costs such as 

engineering, supervision and start-up related expenses, as well as contractor fees, 

contingencies and working capital costs. The methodology of determining these costs has 

been explained in detail in Publication V and Publication VII.  

The annual net cash flow rates of the different integrated scenarios are also compared at 

different interest rates. While an interest rate of i = 0.10 used in Equation (5.3) is 

considered to represent a level of profit that an investor would probably require for an 

investment to be considered attractive, funding for the project would likely be available 

at a clearly cheaper rate. The annual net cash flow rate is thus evaluated also at an interest 

rate of i = 0.05 to obtain an estimation for whether the plant would reach break-even at 

expected values of costs. The annual net cash flow rate is obtained from 
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where the multiplier term for TCI represents the fraction of the investment that is annually 

amortized.  
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5.3 Comparison of the studied cases 

5.3.1 Investment costs 

The investment costs of the studied cases are summarized in Table 5.2 below. The CBM 

figure represents the total cost of the bare module (i.e. including costs related to the 

erection of equipment such as instrumentation, piping, electrical installation, etc.). A 

more detailed breakdown of the TCI figure can be found in Publication V and Publication 

VII. Boiler in the PEC breakdown refers to the stoker boiler of the torrefaction and HTC 

plants when not integrated to the CHP plant, and “Torre” is used as an abbreviation for 

the torrefaction plant. 

Table 5.2: Investment costs of the studied cases. “Torre” refers to the torrefaction plant, and 

boiler to the separate stoker boiler supplying heat to the non-integrated torrefaction or HTC 

plants. All costs figures are listed as millions of euros. 

 CHP Torre HTC T0 T5 T6 H0 H1 H5 H6 

PEC 
Torre 

HTC 

Boiler 

CHP 

- 

- 

- 

5.8 

3.0 

- 

1.8 

- 

- 

3.7 

1.6 

- 

3.0 

- 

1.8 

5.8 

2.7 

- 

- 

5.8 

2.7 

- 

- 

5.8 

- 

3.7 

1.6 

5.8 

- 

3.7 

- 

5.8 

- 

3.2 

- 

5.8 

- 

3.2 

- 

5.9 

CBM 16.6 12.5 15.3 29.1 23.2 23.2 31.9 27.3 26.0 26.2 

TCI 27.1 20.7 25.0 47.7 38.1 38.1 52.0 44.5 42.5 42.7 

 

It can be seen that between the torrefaction and the HTC processes, the simpler, 

atmospheric-pressure torrefaction results in a slightly cheaper plant than the HTC where 

much of the process takes place under significant pressure. Integration allows clear cost 

savings in comparison with the co-located but separate plant. By far the most significant 

saving is the omission of the separate boiler when heat is provided by the CHP plant. Cost 

savings are possible also particularly in the HTC process, where cases H5 and H6 are 

much simpler in comparison to the stand-alone HTC plant and its minimum-change 

integrated equivalent H1.  

The cost of the CHP plant is not affected significantly by the integration. Cases H5 and 

H6 are both approximately 0.1 M€ more expensive due to the much increased capacity of 

the feedwater system to provide sufficient pressurized process water to the HTC plant, 

although due to rounding, only H6 shows a higher PEC figure in the table.  

5.3.2 Profitability comparison 

The results of the profitability evaluation by the IRR, NPV and PBP methods at varying 

biochar prices are shown in Figure 5.1 (torrefaction) and Figure 5.2 (HTC). When not 

used as variables, the costs of Table 5.1 are used, with an interest rate of 10 % and a 25-
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year plant economic lifetime. Three scenarios are assumed for the plant TCI and the sold 

electricity prices. The investment cost scenarios considered are the base scenario of Table 

5.2 (thick black lines in the figure), and optimistic (green lines) and pessimistic (red lines) 

adjusted 25% down and up, respectively, from the baseline scenario. The electricity price 

scenarios refer to the costs presented in Table 5.1, and are represented by line type: solid 

(high), dashed (medium) and dotted (low). The black crosses represent the cost of char at 

which the considered economic parameter reaches the value of a simple CHP plant 

without an integrated biomass conversion process. 

   

  

      
Figure 5.1: Studied cases combining CHP with torrefaction compared in terms of IRR, NPV and 

PBP. The crosses connected by black lines represent the hydrochar prices required to improve the 

economic parameter shown in the figure over a stand-alone CHP. The green lines represent 

optimistic (-25%), red lines pessimistic (+25%) investment cost. Solid lines represent high, dashed 

lines medium, and dotted lines low electricity price. 
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Figure 5.2: Studied cases combining CHP with hydrothermal carbonization compared in terms of 

IRR, NPV and PBP. The crosses connected by black lines represent the hydrochar prices required 

to improve the economic parameter shown in the figure over stand-alone CHP. The green lines 

represent optimistic (-25%), red lines pessimistic (+25%) investment cost. Solid lines represent 

high, dashed lines medium, and dotted lines low electricity price. 
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Some general trends are evident from the results shown in Figures 5.1 and 5.2. Firstly, it 

can be seen that both with torrefaction and HTC, all economic figures of merit are 

improved by moving from the separate, co-located plants (T0 and H0) to the integrated 

plants. Another clear conclusion is that due to the lower cost of torrefaction equipment in 

comparison with HTC, a lower price of char is sufficient to achieve profitability, or an 

improvement over a stand-alone CHP plant. Among the torrefaction integrates, all three 

figures of merit show Case T5 to be the economically best scenario. Among the HTC 

integrates, Case H5 appears to be the best, although Case H6 is only marginally inferior.  

Between T5 and H5, is appears that depending on the investment cost and electricity price 

scenario considered, approximately 5…10 € higher prices are required for hydrochar than 

for torrefied biochar to raise the economic parameters above the figures of a pure CHP 

plant. With the baseline investment cost and a medium electricity price scenario, the 

required price for torrefied biochar is approximately 32 €/MWh, while price of hydrochar 

should reach 39 €/MWh before the economic performance will show improvement over 

a pure CHP plant. 

The cash flow rates for the considered cases, as well as the three stand-alone processes 

are shown in Tables 5.3 (torrefaction and CHP) and 5.4 (HTC). The economic parameters 

of Table 5.1 and unadjusted investment costs of Table 5.2 are used in the evaluation. A 

medium electricity price scenario is assumed. It can be seen that if an interest rate of 10% 

is expected for the investment, the CHP plant returns only a marginally profitable net cash 

flow, while both torrefaction and HTC processes fail to reach break-even. At 5% interest 

profitability improves, and of the biomass conversion processes the stand-alone 

torrefaction plant yields a slightly positive net cash flow rate.  

Table 5.3: Annual net cash flow rates of stand-alone torrefaction and CHP plants, combined on 

the same site but not integrated (Case T0) and the integrated cases (T5 and T6). 

  Torrefaction CHP T0 T5 T6 

Investment amortization (i = 10 %) [M€] -2.28 -2.98 -5.26 -4.20 -4.20 

Investment amortization (i = 5 %) [M€] -1.47 -1.84 -3.39 -2.71 -2.71 

Operation and maintenance [M€] -1.65 -1.08 -2.32 -1.75 -1.75 

Boiler fuel [M€] -1.03 -3.15 -4.17 -4.17 -3.84 

Torrefaction feedstock [M€] -4.61 0 -4.61 -4.25 -4.07 

Purchased electricity [M€] -0.66 0 -0.16 -0.13 -0.14 

Sold electricity [M€] 0 1.71 1.49 1.39 0.89 

Sold district heat [M€] 0 5.69 5.69 6.19 6.11 

Sold biochar [M€] 9.69 0 9.69 8.97 8.59 

Annual net cash flow (i = 10 %) [M€] -0.54 0.19 0.35 2.05 1.59 

Annual net cash flow  (i = 5 %) [M€] 0.27 1.34 2.22 3.54 3.09 
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Table 5.4: Annual net cash flows of a stand-alone HTC plant, on the same site with CHP (H0), 

and integrated cases (H1, H5 and H6). 

  HTC H0 H1 H5 H6 

Investment amortization (i = 10 %) [M€] -2.75 -5.73 -4.91 -4.68 -4.70 

Investment amortization (i = 5 %) [M€] -2.19 -4.03 -3.36 -3.17 -3.19 

Operation and maintenance [M€] -2.00 -3.08 -2.48 -2.31 -2.33 

Boiler fuel [M€] -1.00 -4.14 -4.04 -4.24 -4.24 

HTC feedstock [M€] -5.84 -5.84 -5.23 -5.84 -5.60 

Purchased electricity [M€] -0.48 -0.12 0 -0.02 -0.005 

Sold electricity [M€] 0 1.55 1.27 1.09 1.13 

Sold district heat [M€] 0 5.69 6.14 6.31 6.25 

Sold hydrochar [M€] 10.37 10.37 9.32 10.37 9.96 

Annual net cash flow (i = 10 %) [M€] -1.70 -1.30 0.07 0.66 0.46 

Annual net cash flow  (i = 5 %) [M€] -1.14 0.40 1.62 2.17 1.97 

 

Combining the torrefaction or HTC with the CHP plants (Cases T0 and H0) on the same 

site naturally increases the magnitude of the figures in all cases compared to a single 

stand-alone plant. With both of the thermal conversion processes, integration by any of 

the studied schemes improves the figures clearly over the co-located plants. All integrated 

schemes share the advantage of reduced investment and O&M costs compared to co-

located separate plants, as well as increased district heat output. These advantages 

outweigh the one drawback shared by most of the integrated schemes, which is the 

inability to operate the biomass conversion processes for the full 8000 hours assumed for 

the stand-alone plants.  

For torrefaction, the best results are obtained with Case T5. Compared to the other 

integrate, Case T6, this case has the advantage of higher electricity sales profit. While 

full-load electricity production is much reduced even in this case (see Figure 4.3), the 

part-load power output is significantly increased as a result of using backpressure steam 

for the torrefaction dryer. Together with the increased operating time, this is enough to 

reach almost the same annual net electricity production as the stand-alone CHP plant. 

Among the HTC plants, integration also appears to improve the figures over the stand-

alone HTC and/or CHP plants. Unlike the stand-alone HTC plant, all integrates are 

profitable with the 10% interest rate profit requirement, although Case H1 only 

marginally so. The cash flow rates obtained with Case H1 compare unfavourably also to 

the CHP plant, but the other two integrates, Case H5 and the similar but slightly more 

energy-efficient Case H6 both show an increasing cash flow rate also compared to the 

CHP plant at 10% interest rate.  

Assuming an interest rate of 5 %, all of the integrated HTC cases become more clearly 

profitable, with a greater net cash flow rate than a pure CHP plant. The cash flow rate of 

the combined but non-integrated stand-alone plant of Case H0 also rises to a positive 

figure, although still inferior to the integrates. With either interest rate, the HTC stand-

alone process is unprofitable, therefore making Case H0 also inferior to a pure CHP plant. 
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All integrated cases improve the annual net cash flow in comparison to having two 

separate processes, and except for Case H1 at the higher interest rate of 10%, also improve 

the cash flow of the pure CHP plant, with Case H5 providing the highest increase. 

5.3.3 Sensitivity analysis 

A simple sensitivity analysis was carried out to evaluate the sensitivities of different plant 

configuration options to variations of different costs and prices. This was performed by 

varying each chosen parameter up and down by 20%, and plotting the resulting change 

of investment IRR as a tornado graph. A baseline investment cost and medium sold 

electricity price scenario are assumed in this graph. The results of the analysis are shown 

for torrefaction in Figure 5.3, and for HTC in Figure 5.4. 

The profitability of the torrefaction and HTC stand-alone plants is clearly very sensitive 

especially to the price of the wood feedstock, as well as to the investment and O&M costs. 

The profitability of the CHP plant is much less affected by the price of wood chips, as 

both conversion efficiency and the prices assumed for the products are better than in the 

stand-alone HTC plant. 

  

Figure 5.3: Sensitivity analysis of IRR with ±20 % change of parameters for the torrefaction plant, 

CHP plant, and different co-located and integrated torrefaction-CHP cases. IRR variation is 

shown in percentage points. 

-12 -8 -4 0 4 8 12

Wood chips price

Investment cost

O&M cost

District heat price

Sold electricity price

Purchased el. price

IRR CHANGE  [%]:

Torrefaction

-20 %
+20 %

-12 -8 -4 0 4 8 12

CHP

-12 -8 -4 0 4 8 12

Case T0

-12 -8 -4 0 4 8 12

Wood chips price

Investment cost

O&M cost

District heat price

Sold electricity price

Purchased el. price

IRR CHANGE [%]:

Case T5

-20 %
+20 %

-12 -8 -4 0 4 8 12
Case T6



Economic analysis 96 

 

         

Figure 5.4: Sensitivity analysis of IRR with ±20 % change of parameters for HTC plant 

configurations. IRR variation is shown in percentage points. 

The CHP plant is most sensitive to the price of district heat, which is the main product. 

Sensitivity to electricity price appears superficially low. Electricity price is likely by far 

the most volatile of the prices, however; while the 20% variation of parameters can be 

considered moderately large for most of the parameters, electricity price is subject to 

several times greater uncertainty.  

The sensitivities of the different combined cases are broadly similar to each other. 

Changes in raw wood or investment cost will yield the biggest changes in profitability, 

but compared to a stand-alone torrefaction or HTC process, sensitivity to these prices is 

much reduced. Compared to the CHP, the sensitivity to varying district heat or electricity 

price is also much reduced in the four cases combining both processes.  

 

 

-12 -8 -4 0 4 8 12

Wood chip price

Investment

O&M cost

District heat price

Sold electricity price

Purchase el. price

IRR [%]:

HTC

-20 %
+20 %

-12 -8 -4 0 4 8 12

Case H0

-12 -8 -4 0 4 8 12

Wood chip price

Investment

O&M cost

District heat price

Sold electricity price

Purchase el. price

IRR [%]:

Case H1

-20 %
+20 %

-12 -8 -4 0 4 8 12

Case H5
-12 -8 -4 0 4 8 12

Case H6



97 

6 Condenser model 

This section describes the condenser model developed for the purpose of optimization. 

After a brief review of literature on steam condenser modelling for power plants in 

chapter 6.1, chapter 6.2 describes the heat transfer model, originally developed for large 

condensing power plant seawater condensers and presented in Publication I. Model 

validation is included. Following this, the adaptation of the developed model for a CHP 

plant back pressure district heat condenser (DHC) is presented in chapter 6.3. The chapter 

is based on the final model developed and presented in Publication VI, which in turn 

includes some model improvements and mechanical sizing methodology from 

Publication II. 

6.1 Background 

Most shell-and-tube heat exchanger optimization studies are based on rating the heat 

exchangers by using an average overall heat transfer coefficient U to determine the heat 

transfer area. This is usually reasonable with single-phase heat exchangers, such as in the 

studies by Mizutani et al. (2003), Muralikrishna & Shenoy (2000); Ponce-Ortega et al. 

(2009); Sanaye & Hajabdollahi (2010); Babu & Munawar (2007); and Costa & Queiroz 

(2008).  

With condensers, local variations are often considered. Accounting for the velocity 

reduction due to condensation has been done by calculating U at steam inlet and outlet 

conditions and using their average in Hajabdollahi et al. (2011). A finned-tube condenser 

is modelled by using multiple elements in Sanaye & Dehghandokht (2011). Other heat 

transfer evaluation methods have also been used in optimization, such as commercial 

software (Chaudhuri et al., 1997), and computational fluid dynamics (CFD) (Stevanović 

et al., 2001), both of which consider only single-phase heat exchangers. 

While a single-phase liquid-liquid heat exchanger can be modelled adequately with a 

single average overall heat transfer coefficient, power plant steam condensers are more 

problematic due to spatial variations in steam pressure, saturation temperature, and 

condensate inundation.  In an attempt to account for these, published power plant steam 

condenser models have already for several decades involved mostly detailed 2-D and 3-

D numerical models. Al-Sanea et al. (1983) used first a single-phase 2-D model, and later 

implemented a two-phase 2-D model (Al-Sanea et al., 1985). A quasi-3-D method used 

to model power station condensers is reported by Zhang et al. (1993). Malin (1997) used 

a 3-D model to model a marine condenser. Ramon and Gonzalez (2001) developed a 3-

D model of a church window -type condenser, and Prieto et al. (2003) compared the 

results of a similar model to HEI correlations and a 2-D simplification of the 3-D model. 

More recently, Zeng et al. (2012) have developed 3-D models of three power plant 

condenser configurations, and compared the results to HEI correlations. While the 3-D 

models are likely the most accurate option in the absence of extensive proprietary data 

available to condenser manufacturers, the difficulties of modelling two-phase flow, phase 
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change and interaction of the two phases will still produce significant uncertainties in the 

results.  

In Publication I, which considered the development of a condenser component model to 

be run as part of a plant model in an on-line condition monitoring software, such a 

condenser model would clearly be impractically complex and time-consuming. A similar 

problem arises within the topic of this thesis: when the condenser model must be run 

hundreds or thousands of times by the optimization algorithm, a 3-D CFD model would 

clearly be impractical.  

To find the best compromise solution to the conflicting requirements of a short calculation 

time and good modelling accuracy, three different types of heat transfer models were 

implemented, validated and compared: one based on correlations by the Heat Exchanger 

Institute (HEI), a simple 0-D model with a single average overall heat transfer coefficient 

U, and a two-dimensional (2-D) simplification of the actual tube bundle geometry.  

The 2-D method used in this work differs from that of Prieto et al. (2003) mainly in the 

treatment of condensation heat transfer. In Prieto et al. (2003) the vapour phase heat 

transfer coefficient was determined by using the single-phase equations from Taborek 

(1983) as the basis, with the phase change and heat and mass transfer modelled according 

to the film theory by Colburn and Hougen (1934), corrected by Ackermann’s factor 

according to Ackermann (1937). In Publication I, the condensate film heat transfer 

coefficient was obtained from Nusselt’s correlation for single horizontal tube without 

vapour shear, originally presented in Nusselt (1916), and modified by a shear correction 

according to Shekriladze & Gomelauri (1966) and Butterworth (1977). 

For validation, measured plant data was available only for a large seawater-cooled 

vacuum condenser plant. Due to the more complex geometry and much higher flow 

velocities, this was considered to be the more challenging case to model. Thus, while the 

CHP plant backpressure condenser model had to be implemented and used without 

validation, it was assumed that a modelling methodology providing adequate accuracy 

with the vacuum condenser model would be adequate also for the backpressure 

condenser.  

6.2 Large vacuum condenser  

The heat transfer model was initially developed for large, approximately 200…250 MW 

seawater-cooled vacuum condensers. Three different types of condenser tube bundle 

configurations were studied. Labelled A, B, and C, these are shown in Fig. 6.1, with the 

simplified 2-D geometries to illustrate the treatment of steam flow in the models. The 

simplification is based on the assumption of steam entering the tube bank perpendicularly, 

and estimating the average number of rows jmax that the steam would flow across in the 

bundle. Each tube bundle has two water-side passes, splitting the shown tube bundles to 

top and bottom passes in case of configuration A, and left- and right-side passes in 

configurations B and C.  
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In the 2-D model the steam flow is assumed to be in perfect cross flow across the tubes. 

The vapour and liquid phases of the wet steam are assumed to have always the same flow 

direction. In geometries A and C, the number of tubes NT transverse to the steam flow is 

estimated to remain relatively constant. Each row thus has NTOT / jmax tubes in transverse 

direction to the steam flow. Geometry B represents a so-called church window type 

condenser, in which the cross-sectional area for steam flow reduces more clearly towards 

the centre of each “church window”. The tube bank is estimated to narrow steadily until 

finally NT,jmax = 0.30NT,1. The tube arrangement in each condenser is equilateral 

triangular. 

 

Figure 6.1: Studied tube bundle configurations. The green area in the top figures represents the 

actual tube bundle configuration viewed in tube axis direction, the lower figures present the 2-D 

model simplifications. 

The main physical characteristics as well as typical operating conditions are described in 

Table 6.1. The plants operate at base load, with the water flow switched between a lower 

(winter) and higher (summer) value. Seawater temperature varies from 0 to 20 °C. 

Table 6.1: Main specifications and typical base-load operating conditions of the studied 

condenser types. 

Tube bundle geometry  A B C 

Tube material SMO steel Titanium Titanium 

Number tubes per pass [-] 5225 6500 8800 

Tube thermal conductivity [W/mK] 14 21 21 

Tube outer diameter [mm] 28 24.0 22.0 

Tube wall thickness [mm] 0.8 0.5 0.5 

Tube pitch [mm] 35.0 32.5 27.5 

Tube length [m] 8.89 8.97 9.27 

Shell width [m] 6.7 6.7 6.7 

Cooling water mass flow rate [kg/s] 4800 or 6200 4500 or 5900 4400 or 5800 

Steam mass flow rate [kg/s] 105 105 105 

Steam pressure at inlet [ 25-60 20-55 20-55 
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6.2.1 Calculation procedure 

The algorithm divides each water-side pass in imax segments in the tube axis direction, 

and jmax rows in the steam flow direction (see Figure 6.2). With data for the incoming 

water and steam flow rates and states to element (i,j) obtained from the outlet conditions 

of elements (i-1,j) and (i,j-1), the calculation is performed iteratively for both passes, one 

segment i at a time, starting with an initial guess of steam mass flow rate into element 

(i,1), and adjusting this until the vapour-phase flow after (i,jmax) becomes zero. The water 

is assumed to be mixed between the passes. Steam pressure drop before entry to tube bank 

ph,in is calculated separately for each segment i, 

 ph,in,i = ½ h,V,i wh,V,i
2·2 (6.1) 

where velocity wh,V,i is based on the free flow area in the shell to segment i, with flow 

area of LtbBsh / (2imax).  

 

Figure 6.2: Division of one condensing pass into imax × jmax calculation elements. 

The calculation of each element is based on assumptions of constant condensation 

temperature and U. The water outlet temperature to element (i+1, j) and vapour-phase 

mass flow rate to element (i, j+1) are calculated from the heat transfer rate i,j in the 

element applying the -NTU method according to equations (6.2) to (6.7). Steam pressure 

drop is calculated after the heat transfer calculations.  
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6.2.2 Local heat transfer and pressure drop calculation 

The tube inside heat transfer coefficient hc for cold water is determined from the Nusselt 

number Nu, obtained from the correlation originally published by Petukhov and Popov 

(1963) as cited in (Shah & Sekulic, 2003),  
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The correlation is valid for 0.5 < Pr < 2000 and 104 < Re < 5·106. The friction factor f is 

obtained from a formulation by for hydraulically smooth tubes originally published by 

Bhatti and Shah (1987) as cited in (Shah & Sekulic, 2003), 

 f = 0.00512 + 0.4572 Re-0.311 (6.9) 

Condensation is affected by gravity, vapour shear, and condensate inundation. The 

combined effect of these is approximated by an averaging formula for gravity and shear-

dominated heat transfer coefficients hh,gr and hh,sh originally published by Butterworth 

(1977) as cited in (Kakac, 1991),  
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An inundation correction by Kern originally published by Kern (1958) as cited in 

(Blangetti & Krebs, 1988) was applied to this to obtain the heat transfer coefficient of the 

j:th row hh,j: 

   6/56/5

hjh, 1 jjhh  (6.11) 

The gravity-dominated condensation heat transfer coefficient is determined from the 

Nusselt correlation (Nusselt, 1916), with the constant corrected from the original 0.725 

to the more accurate solution of 0.728 by Butterworth (1983), 
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where the temperature difference between steam and tube outside wall T = Th - To is 

obtained from the stationary-state energy balance, setting heat fluxes from steam to tube 

wall and steam to cooling water as equal,  
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The shear-dominated heat transfer coefficient is determined from the Shekriladze-

Gomelauri correlation (Shekriladze & Gomelauri, 1966) 
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where 
~

Re  is a two-phase Reynolds number with steam velocity wv defined as the average 

across the row of the tubes considered.  

Steam pressure drop ph in the tube bank is calculated from  
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where Gmax is the vapour mass velocity at the smallest cross-sectional area Amin between 

the tubes,  
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In element (i,j) the minimum steam flow area Ai,j,min is  obtained from  
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The friction factor Cf is based on the correlation originally published by Jacob (1938) as 

cited in (Holman, 1989), 
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where velocity wV,max is the maximum steam velocity at the smallest area between the 

tubes. 

The fluid properties in equations (6.12), (6.14), (6.15) and (6.18) are evaluated at 

saturated state corresponding to local pressure.  

6.2.3 Average-U models: 0-D and HEI standards 

The 0-D model is based on the same equations (6.2) - (6.18) as the 2-D model. The values 

of pressure drop, shear-dominated heat transfer coefficient, mean hot flow temperature, 

and the hot-side properties are based on half of the incoming vapour remaining and half 

of the hot side pressure drop, with fluid properties evaluated at saturated state at this 

pressure.  

Determining U according to the HEI Standards of Steam Surface Condensers is based on 

equations (6.19) - (6.24) below (Woodward et al., 1999) 
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fghhmΦ   (6.20) 

  inc,outc,cp,c TTcmΦ    (6.21) 

 U = U1F1F2F3, (6.22) 

where F1 to F3 are the correction factor for tube material and gauge, cooling water inlet 

temperature, and cleanliness. In this work, the overall heat transfer coefficient of clean 

condenser Ucl is determined from a curve fit based on the cooling water flow velocity wc 

and inlet temperature Tc,in recommended in Woodward et al. (1999) to approximate the 

HEI standards, and adjusted to account for the tube material and gauge with a correction 

factor Fm from Drbal et al. (1996): 

 Ucl = 2.7 wc
0.5 (0.5707 + 0.0274 Tc,in – 0.00036 Tc,in

2) Fm ,   (6.23) 
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where [Tc,in] = °C, [wc,in] = m/s and [Ucl] = W/(m2K). The material correction factor is Fm 

= 0.87 for type A condenser and Fm = 0.91 for types B and C (Woodward et al., 1999). 

The overall heat transfer coefficient for the condenser with the tube inside fouling 

resistance R”tf is obtained from  
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(6.24) 

6.2.4 Validation at base load conditions 

The change of the overall heat transfer coefficient U and condenser pressure ph,in is 

predicted with all models as a function of seawater temperature Tc and flow velocity wc. 

As the U and steam saturation temperature both vary within the condenser, but this is not 

taken into account in the HEI standards curve, the simplified definition of U from 

Equation (6.19) is used for plotting the results of all models. 

The effect of Tc at base load conditions is investigated with cm , wc and  taken from the 

measurements and R”tf assumed 0.5·10-5 m2K/W during low- cm  and 1.0·10-5 m2K/W 

during high- cm  periods. The results are shown in Figure 6.3.  

Type A Type B Type C 

   
Figure 6.3: Condenser pressures and overall heat transfer coefficients as a function of seawater 

temperature. 
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Since the condenser pressure is largely a function of the cooling water inlet temperature 

(defining the starting point of the cooling water temperature curve) and mass flow rate 

(defining the rate of temperature increase), while the overall heat transfer coefficient only 

affects the temperature difference between the cold and hot flows, all models are able to 

predict ph at any given coolant temperature within a few millibars even when differences 

in U are considerable. 

The 2-D model tends to overestimate the performance of the condenser somewhat, but 

overall predicts it reasonably well for all tube bundle configurations at all conditions. The 

results of the 0-D model are broadly similar to the 2-D model with types A and B, but the 

0-D model tends to overestimate the performance more, especially at the coldest water 

temperatures. With type C, this difference becomes quite large. This appears to be a result 

of several factors combining in the type C to magnify the importance of effects 

detrimental to performance that are difficult to account for in a single-point model. 

Firstly, steam pressure drop ph in the condenser is greatest at the cold end of tubes due 

to a higher local steam flow rate. With ph greatest where most steam is condensed and 

roughly proportional to the square of velocity, the real effect is therefore greater than that 

resulting from a one-point average model based on flat steam flow distribution. Single-

point averaging in steam flow direction also distorts the results towards higher-than-

actual performance: most of the pressure drop takes place in the first few rows where the 

velocity is greatest, and the actual average effect is therefore greater than half of the total 

ph calculated at half of the flow rate remaining.  

Finally, heat transfer is highest in the first few tube rows due to the highest shear force 

improving the heat transfer coefficient, and the detrimental effects of both pressure drop 

and condensate inundation still low. The water in these tubes therefore warms faster than 

deeper in the tube bank. Particularly in the case of close temperature approach, this will 

limit the heat transfer potential left at the warm end of these tubes. Steam is then forced 

to flow through the first rows with comparatively little reduction in volumetric flow rate, 

resulting in significant pressure drop, and thus limiting the heat transfer rate available 

also deeper in the tube bank. 

The type C condenser with the largest surface area, lowest pressure and closest 

temperature approach of all types is affected most by the above-mentioned effects. The 

net result can be seen in the values of U  listed in Table 6.2 below for typical conditions 

of 1.8 m/s and +5 °C coolant velocity and temperature, and 105 kg/s steam mass flow rate 

(x = 0.91).  

The effective overall heat transfer coefficient Ueff, based on Equation (6.19) and 

saturation temperature determined at ph,in, is clearly lower than the Umean based on the 

actual U determined from the heat transfer resistances according to Equation (6.2) (the 

arithmetic mean of local Ui,j in case of 2-D model) in all cases, and the difference tends 

to be greater in the 2-D than in the 0-D model. Neglecting the issues of spatial variations 

in pressure and temperature produces the most optimistic results for the type C; as a result, 
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the 2-D and 0-D results diverge the most from each other with this type of condenser. The 

cold- and hot-side heat transfer coefficients are otherwise broadly similar between the 

models and condenser types. 

Table 6.2: Condenser pressure and heat transfer coefficients with 0-D and 2-D models with +5 

°C cooling water inlet temperature and 1.8 m/s tube-side velocity. Ueff is the effective overall 

heat transfer coefficient solved from Equation (6.19) with Tsat based on ph,in, while Umean is the 

arithmetic mean of local heat transfer coefficients calculated from Equation (6.2). 

 Type A Type B Type C 
 0-D 2-D 0-D 2-D 0-D 2-D 

ph,in [mbar] 27.8 28.4 25.2 25.7 21.4 22.9 

qm,c [kg/s] 5147 5147 4860 4860 5329 5329 

Ueff [W/m2K] 2468 2400 2882 2788 3170 2691 

Umean [W/m2K] 2855 2875 3246 3213 3331 3399 

hc,mean [W/m2K] 6347 6390 6502 6597 6533 6588 

hh,mean [W/m2K] 8403 8814 8470 8342 9071 9705 

 

The plots confirm that the HEI standards curves predict a clearly stronger improvement 

of performance with increased coolant flow in all cases. There is also a noticeable 

difference between the results of the 2-D and 0-D models:  although the tube inside heat 

transfer coefficient increases with increasing velocity, increasing U and decreasing ph 

with all models, the aforementioned pressure drop related effects limit the 2-D model to 

a much lesser performance increase than the 0-D model. The effect is again particularly 

pronounced with type C.  

For the purposes of on-line condition monitoring, an experimental correction factor as a 

function of cooling water temperature Tc was implemented to improve the accuracy. This 

was set on the basis of measurements taken soon after pressurized-water cleaning of the 

condenser tubes during periods of relatively fast seawater temperature change. The 

methodology of setting the correction factor is described in further detail in Publication 

I.  

With the correction factor applied, the model can be used to determine the fouling thermal 

resistance R”tf in the condenser tubes by adjusting the R”tf value until the calculated 

condenser heat transfer performance matches the measured performance. This was the 

original purpose of the heat transfer model.  

The calculated fouling thermal resistance R”tf can also be used to validate the model at 

times of changing cooling water flow rate or steam flow rate by observing the change of 

R”tf on a data series that includes an abrupt change of cooling water velocity wc due to the 

switching of the sea water mass flow rate. As only the R”tf is used to match the calculated 

to measured heat transfer, errors in predicting the change of convection resistance will 

result in an equal and opposite change of R”tf, according to Equation (6.2). An abrupt 

jump of R”tf when the water velocity changes can be a sign of this.  
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To compare the magnitude of the changes to random variations over time, R”tf values for 

a 100-day period starting from Tc = 13 °C and cooling to 0 °C are plotted for types A and 

B in Figure 6.4. Measurement data needed to include condenser type C was not available. 

Type A

 

Type B

 

Figure 6.4: Condenser thermal fouling resistances and relative steam and coolant flow rates over 

a 100-day period. The measurements used are a continuous series of one-hour averages, of which 

every 24th value is represented in the figure. 

When the coolant flow rate is reduced, the 2-D model produces a slight increase of R”tf 

with type A and a decrease with type B, but the magnitudes of both are very small. The 

0-D model yields an equally slight decrease of R”tf with type A, but a clearer decrease 

with type B. The HEI curves produce a large reduction of R”tf with both types to offset 

an overestimated impact of seawater flow rate reduction, however.  

In addition to the fouling resistance change, other observations can be made from the 

results presented in Figure 6.4. Both the magnitude and rate of R”tf variation of the type 

B condenser at days 80-90 appear too great to result from actual fouling changes. The 
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available data was insufficient to determine the actual cause, which may have been for 

example a measurement error or a problem in the gas venting system. It can also be seen 

that the values of R”tf become negative with type B between days 45-85. This may be at 

least partly correct, however: a very small foulant growth at the surface of a smooth tube 

can reduce the convection resistance by more than the conduction resistance of the 

foulant. Given the small magnitude of R”tf, the uncertainties of setting the baseline of  

R”tf = 0, and the small coolant temperature change from which the heat transfer rate is 

calculated, the negative values may also in part or wholly result from inaccuracies of 

either the model or the measurements. 

The behaviour of the models when the steam flow rate varies was studied using plant 

start-up data, and observing the R”tf given by the three models. In the available data the 

steam flow rate increases from approximately 75% to full base load value. A pattern of 

R”tf change that would either follow or mirror the steam flow change would indicate that 

the algorithm is likely correcting model errors with R”tf to achieve the correct heat transfer 

rate. The results for types A and B at a seawater temperature of 15 °C are presented in 

Figure 6.5 below. Again, a complete set of necessary data was not available for type C.  

Type A Type B 

  

Figure 6.5: Condenser thermal fouling resistances and relative steam and coolant flow rates during 

start-up. The data points represent calculations on the basis of consecutive one-hour measurement 

averages over 60 hours. 

In the case of type A, the HEI curve for R”tf appears to mirror the steam flow rate to some 

extent, descending as the steam flow rate ascends. The 0-D model shows a lesser 

dependence on the steam flow rate, R”tf increasing with the increasing steam flow and 

approaching the 2-D curve as the steam flow rate reaches 100 %. The R”tf values 

calculated with the 2-D model show the least variation, and little signs of this variation 

following or mirroring either steam or coolant flow rates. In the case of type B both the 

HEI and 2-D R”tf curves remain flat and nearly identical during the period of steam flow 

rate increase. The 0-D model again shows a reduction of R”tf at 75-90 % steam flow rates. 

For the purposes of a backpressure shell-and-tube condenser optimization, an 

experimental correction factor such as developed and used in Publication I, and utilized 
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in the R”tf estimation in Figures 6.4 and 6.5, is obviously not available. Without a 

correction factor, Figure 6.3 indicates that the 2-D model is most accurate of the models, 

and particularly with Type C, the failure of the simpler models to account for the 

variations of pressure, temperature and heat transfer within the tube bundle lead to poor 

performance.  

By implementing the correction factor – a simple linear function of cooling water 

temperature – and using the corrected model to estimate the fouling resistance, it also 

appears that the 2-D model yields the smallest systematic errors as functions of seawater 

or steam flow rates. On these grounds, and considering that a backpressure DH condenser 

would typically have a relatively close temperature approach, increasing the susceptibility 

of the model to the errors introduced by average-U simplification, the 2-D model was 

selected to be used as a basis of the CHP plant backpressure condenser heat transfer 

model. 

6.3 Back pressure condenser  

Two different types of district heat condensers (DHC) were considered. Initially, in 

Publication II, a DHC using extraction steam and designed for significant condensate 

subcooling was optimized from the manufacturer’s point of view, i.e. finding the 

minimum-cost design to satisfy a fixed performance requirement. The final economic 

optimization of the backpressure condenser was modelled and optimized in Publication 

VI for the purpose of answering research question Q5. As the extraction steam DHC mass 

minimization is not directly related for this purpose, only the backpressure condenser 

model is described in the following.  

For the backpressure condenser, a shell-and-tube U-tube condenser (Figure 6.6) with a 

round tube bundle and steam in pure cross flow was selected as the basic construction. 

Maximizing power production at any given DH load was assumed the goal, and thus there 

was no condensate subcooling section present. The heat transfer modelling of the tubular 

condenser follows in the main principles the 2-D modelling of the vacuum condenser 

described in chapter 6.2 above.  

 
Figure 6.6: District heat condenser construction. 
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6.3.1 Fixed parameters and assumptions 

250 °C design temperature and pressures of -1/+5 bar(g) for the shell and -1/+16 bar(g) 

for the tubes were assumed in sizing. P235GH carbon steel was used for the tubes, 

P355GH for the other parts. The yield strength of P355GH at 250 °C, l = 210 N/mm2, 

was used as the design stress in the mechanical sizing. An equilateral triangular tube pitch 

was chosen for the tightest possible packing of tubes at a given tube sheet ligament 

strength, since the need for mechanical cleaning requiring a square pitch was considered 

unlikely.  

The loss coefficients for pressure drop were set according to (Sinnott, 2005). Lower 

fouling resistances than those of TEMA standards (Standards of the Tubular Exchanger 

Manufacturers Association, 2007), which were considered to represent pessimistic worst-

case figures rather than typical ones, were used. The assumptions for fixed parameters in 

mechanical and thermal calculations are summarized in Table 6.3 below. 

Table 6.3: Main sizing assumptions. 

Mechanical  Thermo-hydraulic  
Corrosion allowance* [mm] 3.0 Tube wall thermal conductivity [W/mK] 56 

Manufacturing tolerance* [mm] 2.0 Tube-side fouling resistance [m2K/W] 8.0·10-5 

Material design stress, P355GH [MPa] 210 Shell-side fouling resistance [m2K/W] 1.0·10-5 

Support plate thickness [mm] 10.0 Tube inside absolute roughness [mm] 0.04 

Support plate spacing [mm] 1500 Tube arrangement ∆ 60° 

Channel division rib thickness [mm] 15.0 Loss coefficient, inlet/outlet nozzle  [-] 1.0/0.5 

Tube-to-shell clearance [mm] 40 Loss coefficient, tube entry/exit [-] 0.5/1.0 

  Loss coefficient, U-bend [-] 0.5 
* not applied on heat transfer tubes 

6.3.2 Heat transfer model 

The heat transfer model is based on the 2-D model of the large vacuum condenser, with 

minor modifications and adaptations necessary for the shell-and-tube U-tube condenser. 

The model was designed to determine iteratively the performance of the condenser at 

different district heat load points. The load point data given as an input consists of the 

district heat power DH, and water output and return temperatures TDH,out and TDH,ret.   

The model solves the heat transfer coefficients and pressure drop. From this data the 

effective overall heat transfer coefficient Ueff can be obtained, and with it the effective 

conductance Geff = Ueff A, defined similarly to Equation (6.19) in chapter 6.2.3 as 
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where ph,nzl is the steam pressure at the nozzle, before the nozzle pressure drop. The Geff 

is different from the actual mean conductance of the heat transfer surface: the local heat 

transfer rate is also affected by the pressure drop, since reducing pressure reduces also 

the saturation temperature. It is thus the Geff and not the mean G that defines the terminal 

temperature difference (TTD) and turbine exhaust pressure, and thereby the impact of the 

condenser on the power production and boiler fuel consumption of the CHP plant. 

The pressure at the nozzle ph,nzl is also the iteration variable: by adjusting it, the heat 

transfer model algorithm matches the calculated DH,calc to the required target DH,tgt from 

the input. The calculation procedure is outlined in the flow chart of Figure 6.7.  

The straight part of the tubes in both passes of a U-tube of 2 passes is split in imax slices 

in tube direction, and jmax circular segments in the steam flow direction. The outermost 

ring of tubes is denoted as j = 1, innermost j = jmax. A 180° U-turn element, iU =  

½(imax-1)+1, joins the two passes. The flows entering element (i,j) are set by the outlet 

conditions of (i-1,j) and (i,j-1). Constant steam pressure, saturation temperature and heat 

transfer coefficients are assumed in each element.  

The heat transfer in each element is calculated according to equations (6.2) to (6.6), but 

the vapour-phase flow entering element (i, j+1) has been improved from Equation (6.7) 

by solving the remaining vapour from the energy balance considering the change of 

saturated vapour and condensate enthalpies due to pressure drop,  
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 ,   (6.26) 

where hh,V and hh,L are the hot (steam) side saturated vapour and saturated liquid 

enthalpies at the inlet to the indicated element. This yields slightly improved accuracy 

over assuming a constant latent heat of evaporation hfg at the mean pressure of the 

element, and ensures closing the energy balance precisely for each element.  

The local heat transfer coefficients are obtained by using otherwise the equations (6.8) to 

(6.18), but obtaining the friction factor f from the iterative Colebrook-White equation for 

rough tubes, 
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 (6.27) 

instead of the Bhatti and Shah correlation of Equation (6.9) for hydraulically smooth 

tubes. 

Steam pressure drop takes place at the nozzle and in the shell before the steam enters the 

tube bundle, and in the tube bundle itself. The tube bundle pressure drop is calculated 

according to equations (6.15) to (6.18) in each calculation element (i,j).  
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Figure 6.7: Flow chart of the back pressure district heat condenser heat transfer model. 
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The pressure drop before the tube bundle is denoted as pnzl, and calculated assuming 

half a velocity head lost at the velocities at the nozzle, at the 90° turn from the nozzle into 

the shell, and in the free area between the bundle and shell: 
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where Pnzl is the perimeter of an ellipse with a major axis of anzl and a minor axis of Dnzl 

obtained by using Ramanujan’s approximation formula (Råde & Westergren, 1990). Dbfl 

is the diameter of the circular part of a baffle plate, hip is the height of the impingement 

plate from the tube bundle, and Abfl is the area covered by the support plates in tube axis 

direction, shown with light grey in Figure 6.8.  

 

          (a) 

 

       (b) 

Figure 6.8: Geometry at steam entry to the DHC shell. 

The tube-side pressure drop pc is obtained from the Darcy-Weisbach of Equation (6.29),  
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Where the friction factor f is obtained from Equation (6.29), and the loss coefficients K 

are those listed in Table 6.3.  
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7 Condenser optimization 

In the optimization of the CHP plant district heat condenser, only a pure CHP plant 

without integrated biomass conversion units was considered. The goal was to find which 

condenser performance parameters would maximize the profitability of the CHP plant at 

varying electricity prices, as well as to investigate suitable optimization methods for the 

problem.  

This chapter focuses mainly on backpressure DHC optimization for the CHP plant 

profitability maximization presented in Publication VI. Material and conclusions from 

Publication II, where the total heat exchanged mass of an extraction steam DHC was 

minimized, is included to the extent that it supports investigating the main research 

questions of the thesis. 

In the following, chapter 7.1 presents the background and existing literature on heat 

exchanger optimization related to the cost modelling and the optimization algorithms 

used. Chapter 7.2 describes the objective function, including the implementation of the 

cost function for the condenser, and determining the heat and power production and fuel 

consumption as a function of condenser operating parameters. Chapter 7.3 describes the 

optimization algorithms used, including the differential evolution (DE) and cuckoo search 

(CS) that were used in the initial studies, as well as genetic algorithm (GA) included later 

to serve as a benchmark for algorithm performance comparison. Chapter 7.4 presents the 

main results found in this part of the study; the focus is on the results obtained in 

Publication VI to answer the research question Q5, but the main findings of Publication 

II are also briefly summarized. Finally, chapter 7.5 presents the measures taken to reduce 

the calculation time of the optimization, including the performance comparison and 

control parameter tuning guidelines of the different optimization algorithms tested for the 

problem.  

7.1 Background 

The district heat condensers of combined heat and power (CHP) steam plants are typically 

U-tube heat exchangers with water on the tube side and steam condensing on the shell 

side. Particularly in condensers using bypass or bleed steam, sub-cooling the condensate 

is often desirable to minimize steam consumption: this was the case assumed in 

Publication II. In Publication VI, a backpressure condenser, more typical for a small-scale 

district heat -producing Nordic CHP plant, was considered. In a pure backpressure plant 

without two-stage heating of district heating water, subcooling the condensate will reduce 

electricity production for any given district heat load, which is usually not desirable. 

Intentional subcooling by submerging some of the tubes in condensate was therefore 

assumed not to take place. The configuration considered in publication VI was described 

in chapter 6.3 above.  
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Shell-and-tube heat exchanger optimization has been studied and published extensively, 

with several methods applied on cost estimation and the optimization itself. The following 

chapters outline commonly used methods in previous works by other authors. 

7.1.1 Heat exchanger cost 

In most published studies on heat exchanger optimization, including those of 

Hajabdollahi et al. (2011); Jegede & Polley (1992); Mizutani et al. (2003); Muralikrishna 

and Shenoy (2000); Ponce-Ortega et al. (2009); and Sanaye and Hajabdollahi (2010), the 

total cost of the heat exchanger is estimated as a function of the heat transfer area. When 

operating costs are not considered, this reduces cost optimization to area minimization, 

which has been done by Babu & Munawar (2007); Chaudhuri et al. (1997); Costa & 

Queiroz (2008); and Sanaye & Dehghandokht (2011). Usually this can be considered an 

adequate approximation if the shell has a high length-to-diameter ratio and is fully tubed, 

which is usually true if the shell-side fluid is a liquid. In a condenser with low-pressure 

steam on the shell side, a large fraction of the shell needs to be void of tubes to prevent 

high pressure drop and flow maldistribution, however. As a result, the shell, tube sheet 

and channel form a significant part of the total mass. These parts of the heat exchanger 

would be ignored in area minimization, which would then allow the optimizer to 

minimize the steam pressure drop and maintain saturation temperature by placing the 

tubes sparsely in a very large shell.  

A more elaborate cost function proposed by Purohit (1983) was used in one of the cases 

considered by Ponce-Ortega et al. (2009). However, despite its complexity the Purohit 

method was found to be relatively inaccurate by Taal et al. (2003). In Publication II, 

minimizing the mass was assumed to be a better approximation than area minimization 

for finding the minimum-cost design. For this purpose, a simplified mechanical sizing 

algorithm to estimate the approximate dimensions of main components was created.  

The drawback of the mass minimization approach is that it, too, ignores some 

manufacturing costs such as tube sheet and baffle drilling, which can be affected by 

design choices. It also implicitly assumes identical material costs for all sub-components, 

which is also a significant simplification. As a result, in Publication VI, a cost model 

based on a simplified version of Caputo et al. (2016) was implemented.  

7.1.2 Optimization methods and algorithms 

Many optimization methods have been used in shell-and-tube heat exchanger 

optimization. The optimization problem is made difficult by such characteristics as 

several constraints, non-differentiability, possible multimodality, and combination of 

discrete and continuous variables. These issues have been solved by various means, each 

with some drawbacks.  

A deterministic, non-iterative solution combining pumping and area costs for segmentally 

baffled single-phase heat exchangers was presented by Jegede & Polley (1992) and 
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improved further by Serna & Jiménez (2005). Other methods include general disjunctive 

programming (Mizutani et al., 2003), graphical analysis (Muralikrishna & Shenoy, 2000), 

and systematic screening of tube count tables with heuristic pruning of infeasible parts 

(Costa & Queiroz, 2008). Most of these methods involve significantly simplified shell-

side calculation, and yield themselves poorly to multi-element calculation of condensing 

flows. There is also no guarantee of an optimum found being the global, not a local one. 

During the last decade, several applications of various global optimization methods to the 

heat exchanger design optimization problem have been published. As stochastic methods 

they all suffer from much greater computational time, but as CPU speeds increase, this 

becomes less of a limit in contrast to the robustness and ease of implementation when 

confronted by difficult optimization problems combining discrete and continuous 

decision variables. Examples of stochastic methods applied to shell-and-tube heat 

exchanger optimization include simulated annealing (SA) (Chaudhuri et al., 1997), 

particle swarm optimization (PSO) (Hajabdollahi et al., 2011; Patel & Rao, 2010), and 

various evolutionary algorithms, such as differential evolution (DE) (Babu & Munawar, 

2007), genetic algorithms (GA) (Hajabdollahi et al., 2011; Ponce-Ortega et al., 2009; 

Sanaye & Hajabdollahi, 2010; Sanaye & Dehghandokht, 2011), and harmony search (HS) 

(Fesanghary et al., 2009). Of these, DE tends to outperform PSO and HS, particularly 

with multimodal functions (Xu & Li, 2007; Gao et al., 2009), while between GA and DE, 

the former is considered more suitable for combinatorial problems while DE is said to be 

often faster and more robust in real-parameter optimization, particularly with non-

separable problems (Price et al., 2006). 

As new stochastic metaheuristics are developed continuously, studies of their applications 

on shell-and-tube heat exchanger optimization are published frequently. These include 

the imperialist competitive algorithm (Hadidi et al., 2013), gravitational search (Mohanty, 

2016), and recently the so-called Jaya algorithm (Rao and Saroj, 2017). Many of the 

recent new metaheuristics algorithms are based on nature, often on the behaviours of 

some animal species. Such algorithms include the bat algorithm (BA) (Yang, 2010b), the 

firefly algorithm (FA) (Yang, 2010a), and two different algorithms inspired by cuckoo 

birds: the cuckoo search (CS) introduced by Yang and Deb (2009), and the cuckoo 

optimization algorithm (COA) by Rajabioun (2011). Despite the similar names, the last 

two are entirely different algorithms sharing nothing but the common source of 

inspiration in cuckoo birds.  

Shell-and-tube heat exchanger optimization has been successfully performed using the 

FA (Mohanty, 2016) and COA (Asadi et al., 2014), although in the latter the algorithm 

was erroneously referred to as cuckoo search. Recently Khosravi et al. (2015) compared 

the performance of FA and CS algorithms to a traditional GA in shell-and-tube heat 

exchanger optimization. Their finding was that both FA and CS were superior to GA in 

terms of reliability of finding the optimum, and between the two, CS clearly outperformed 

the FA at speed of convergence, requiring fewer objective function evaluation to reach 

the optimum. 
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In this thesis, DE was used first in Publication II for the design optimization of the DH 

condenser, where the objective function was simple mass minimization. The CS 

algorithm was implemented in Publication VI. The performance of some of the variants 

of both algorithms and the impact of control parameter settings on their performance is 

presented, with the standard MATLAB toolbox GA used as a benchmark to which the 

results are compared. 

7.2 Objective function 

In the initial optimization study presented in Publication II the objective function was 

simply the mass of the condenser, which was minimized. For the purposes comparison, 

also heat transfer area minimization was performed. The results confirmed that area 

minimization is not a useful approximation for condenser cost minimization. Mass 

minimization resulted in a condenser of 6.9 ton total mass with 331 m2 heat transfer area. 

Area minimization reduced the heat transfer area to 284 m2, but resulted in a very large 

shell almost void of tubes, and a total heat exchanger mass of 76.6 tons, which is clearly 

an uneconomical result. 

For the main goal of the research, finding the optimal configuration and performance 

parameters for maximizing the profitability of a CHP plant, the objective function was 

set as the annual net cash flow rate of the plant. To determine this, a multi-period model 

similar to that described in chapter 2.1 was used. To minimize the calculation time of 

each objective function evaluation, only four periods were used to model the annual 

operating time. The parameters of each period P1 to P4 are listed in Table 7.1 below; the 

corresponding DH demand curve, and the multiperiod approximation of fuel consumption 

and power and heat production are shown in Figure 7.1. 

Table 7.1: Average load points for the CHP plant. 

Parameters  P1 P2 P3 P4 

Period duration t [h] 1800 1400 1400 1400 

Average ambient temperature [°C] -8 0 +5 +10 

DH water output/return T [°C] 90/55 80/50 75/45 75/45 

DH power DH,CHP [MW] 20.0 18.0 14.0 10.0 

Fuel moisture MC [%] 55 50 50 45 

Fuel moisture [%] / LHV [MJ/kg] 7.4 8.5 8.5 9.6 

 

The CHP plant model was used to obtain plant performance as function of condenser 

performance variables. An improved cost function was also developed for the condenser. 

These are described in chapters 7.2.1 and 7.2.2, and the evaluation of the objective 

function on the basis of this data in chapter 7.2.3. 
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Figure 7.1:  Annual CHP production and boiler consumption in the discretized multi-period 

model, and the DH demand curve. 

7.2.1 Effect of condenser on plant performance 

For the purposes of condenser optimization, the impact of condenser performance 

parameters on the plant performance was evaluated by using the plant model. The CHP 

plant IPSEpro model was not run directly during the optimization, which was carried out 

in MATLAB environment. For the optimization algorithm to be able to evaluate plant 

performance without access to the plant model, polynomial curve fits for obtaining the 

fuel consumption f and heat and power productionDH and Pel at each load points as a 

function of condenser performance were created. 

Two parameters define the condenser performance: effective conductance Geff = Ueff A, 

and condensate sub-cooling TSC. Effective conductance is defined from the steam 

temperature Th,in and DH water outgoing and return temperatures TDH,out and TDH,ret as 

 

 outDH,retDH,

retDH,inh,

outDH,inh,

DHeff

ln

TT

TT

TT

ΦG




















 . 
(7.1) 

The steam temperature Th,in is the saturation temperature at turbine exhaust pressure. 

The curve fits were created so that first the plant power and heat production and fuel 

consumption figures would be obtained as a function of conductance Geff while assuming 

zero subcooling, and the subcooling correction would then be applied to these figures. 

The curve fits were created separately for each load point P1 to P4.  

Load point P1 represents the boiler-limited maximum load. The boiler fuel consumption 

f was thus fixed at that corresponding to the maximum continuous rating, and curve fits 

were created for Pel and DH as a function of Geff. For the other load points, the district 

heat power was fixed at that defined by the DH load, and curve fits were created for Pel 

and f.  
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A very good agreement of R2 = 1.00 was obtained for Pel and f as functions of Geff within 

a range of 1000 kW/K < Geff 1600 kW/K, corresponding to a terminal temperature 

difference TTD of approximately 2 °C to 8 °C at 20 MW district heat production. This 

was considered to be the range at which the optimum would very like be found. The plots 

of these correlations are presented in Figure 7.2. The curves appear to be relatively 

smooth, and extrapolation errors are likely to remain reasonable within 100…200 kW/K 

outside the range of the data points used.  

   
Figure 7.2:  Variation of CHP plant net power output Pel and boiler fuel consumption f at load 

points P1 to P4, and district heat power at load point P1, as functions of condenser effective 

conductance Geff. 

The operation of the plant is assumed to be based on maximizing power output, and thus 

a good design should minimize subcooling; in a small condenser, such as the one 

considered here, more than one or two degrees of subcooling should be unlikely. The 

subcooling proved to have only limited impact on both power production Pel and boiler 

fuel consumption f , as well as the district heat production DH at load point P1. The 

changes of all aforementioned parameters were in all cases less than a 0.2 % change per 

each 1 °C of sub-cooling.  

As the impact of subcooling at the likely range was found to be very small, a simpler 

single approximation accounting for the range of varying Geff, load points, and TSC was 

considered adequate. The variation across the load points was accounted for by plotting 

the reduction of fuel power to boiler f and net electricity production Pel as a function of 

what the Pel would be with TSC = 0 °C (see Figure 7.3). Three different values of Geff 

were used: 1000, 1300 and 1600 kW/K. The change of fuel consumption and power 

production was then calculated for each load point with each value of Geff. The results 

and the polynomial approximations are shown in Figure 7.3.   

An acceptable figure of R2 > 0.9 was obtained for the effect of subcooling at the range of 

0 < TSC < 3 °C. While the accuracy left room for improvement, it was considered 

sufficient given the relatively small impact of the subcooling on the fuel consumption and 
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the power and heat production of the plant. In absolute terms, the variation of both net 

electricity production and boiler fuel consumption over the 0 < TSC < 3 °C range of 

variation considered was only 10…20 kW, as opposed to 100…200 kW variation of the 

same for the range of 1000 < Geff < 1600 kW/K. 

          

Figure 7.3:  Relative loss of net power output Pel and absolute reduction boiler fuel consumption 

f at different values of Geff, plotted as a function of Pel without subcooling (TSC = 0°C). 

7.2.2 Condenser cost model 

Mechanical sizing is necessary to obtain the dimensions, particularly the mass, of the 

main sub-components of a condenser. Exact mechanical design according to the latest 

standards was ruled outside the scope of the study. The main parts considered for 

estimating the mass and cost of the condenser were the tube bundle, shell, tubesheet, 

baffles, and the channel including the cover, rib and flanges. Nozzle size was assumed 

unaffected by the other dimensions and was thus not considered.  

The size and mass were obtained by calculating the shell, channel and cover plate 

thicknesses against internal pressure and buckling at -1 bar vacuum according to the 

current pressure vessel code (Suomen standardoimisliitto, 2002). Instead of the stress and 

moment analysis of Suomen standardoimisliitto (2002), tubesheet thickness was 

estimated from the much simpler formula of the old 1996 standard (Suomen 

standardoimisliitto, 1996). The dimensions of the flanges were estimated as a function of 

shell diameter from curve fits made on flange dimensions for heat exchangers rated for 

650 °F temperature and 300 psi(g) pressure. The sizing equations used are described in 

Appendix A of Publication II. 

The investment cost TCIDHC of the district heat condenser was obtained by setting the cost 

of installed equipment as 3.3 times the FOB cost (CFOB) according to (Sinnott, 2005). The 

CFOB was obtained from the manufacturing cost Cman by using a mark-up estimate 

consisting of 30 % overhead cost, 5 % contingency and 10 % manufacturer’s profit.  
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The manufacturing cost Cman consists of material cost Cmat and processing cost Cpr, where 

Cmat is clearly the dominant factor. The following material costs were estimated in 

Publication VI: tubesheet cost cm,ts = 3.5 €/kg; shell, channel and flanges cm,sh = cm,ch = 

cm,f = 2.5 €/kg; and baffles cm,bf = 2.0 €/kg. The cost of the heat transfer tubes was set as 

a function of diameter based on a curve fit made on data available from commercial 

suppliers at the time of writing Publication VI, 

 

kg

€m108.1
40.2

2
o

24

tbm, 











 




d
c

, (7.2) 

where do [m] is the tube outside diameter. The tube length was unlimited, but a 10 % cost 

penalty was applied on tubes longer than 20 m before bending to U-tubes. The nozzle 

sizes were assumed unaffected by other dimensions, and were not considered in the cost 

model.  

Of the processing cost, baffle-related costs are the largest one (Caputo et al., 2016) and 

any attempt to minimize the baffle costs will also significantly impact the heat transfer 

surface geometry. Baffle processing costs were thus modelled in detail according to the 

methodology presented by Caputo et al. (2016), while the other processing costs were 

estimated at 10 % of Cmat based on the results presented by Caputo et al. (2016).  

7.2.3 Objective function evaluation 

The annual cash flow rate of the plant is obtained from equation  

 

  totM&Otot
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ffDHDHelelPtot TCIraTCIcΦcΦcPtC

P

 


, (7.3) 

where a is the amortization factor for the total capital investment (TCI) at interest rate i 

and economic lifetime n. Table 7.2 lists these and other economic parameter values. The 

total capital investment of the plant TCItot is the sum of the DH condenser investment 

TCIDHC and the plant investment excluding the district heat condenser, estimated at 

TCICHP = 26 million € based on data for a similar, but slightly smaller CHP plant found 

in Kuitunen (2007).  

Table 7.2: Values of economic parameters. 

Parameter value 

Maximum annual operating time t [h] 6000 

Interest rate i [-] 0.10 

Plant economic lifetime n [a] 20 

Annual O&M cost ratio rO&M, [%] 0.04 

Wood chip price cf [€/MWhLHV] 20 

District heat price cDH [€/MWh] 60 
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The objective function value Ctot from Equation (7.3) is found by evaluating the 

condenser performance at conditions corresponding to periods P1 to P4 by using the heat 

transfer model presented in chapter 6.3.2, the curve fits described in chapter 7.2.1 to 

obtain plant heat and power production and fuel consumption, and the cost model of 

chapter 7.2.2 to find the DH condenser cost. The algorithm for this process is shown as a 

flow chart in Figure 7.4 below. 

 

Figure 7.4:  Objective function evaluation flow chart. 

The decision variables of the optimization are listed in Table 7.3. The straight length x3 

considers only the effective heat transfer area; the tube length covered by the support 

* For P1, the DH,tgt is adjusted during the iterative heat transfer calculation to a value that with the 

latest value of Geff and TSC will yield a boiler fuel rate matching the boiler maximum continuous rating, 
thus making the variable f a de facto constant. For periods P2 to P4, DH,tgt is the DH listed in Table 7.1 

heat transfer model is repeated until convergence. 

Begin evaluation of 
candidate vector x  

For all periods P1 to P4: 

Using the curve fits generated 
with plant model, determine  

from Geff and TSC : 

Pel and DH (if P1)* or  

Pel and f (P2 to P4) 

Flow parameters 
within constraints? 

violated? 

Geometry within 
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No 

Apply 
penalty 
function 

No 
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Determine cash flow, eq. (7.3) 

Perform mechanical sizing  
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Finish 
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DH water Tout/Tret and DH,tgt 

Using heat transfer model, 
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plates or the tube sheet is not part of this variable, but is factored in the condenser mass 

and cost calculation. 

 

Table 7.3: Decision variables x and their initialization ranges. 

x Definition Initialization range 

x1 Ratio of shell to bundle Dsh,in/DOTL 0.5 < x1 < 0.95 

x2 Number of tube passes x2{2,4} 

x3 Straight tube length per pass Lstr [m] 3.0 < x3 < 12.0 

x4 Tube outside diameter do [mm] x4{10, 12, 14, 16, 18, 20, 22, 25, 28, 30} 

x5 Tube pitch/ diameter ratio P/do 1.25 < x5 < 1.50 

x6 Water free-flow area Afr.c [m
2] 0.2 < x6 < 1.0 

 

 

Constraints are listed in Table 7.4. Maximum tube-side velocity was set at the maximum 

water velocity in carbon steel tubes according to Taborek (1983). Maximum shell-side 

velocity, defined as the maximum velocity at the tightest spacing between the tubes, was 

set at the upper end of the recommended range for vapours at approximately atmospheric 

pressure according to Sinnott (2005).  

Tube pitch P must provide a strong enough tubesheet ligament between the holes. A limit 

of P > 1.25do is recommended by Suomen standardoimisliitto (1996) and Sinnott (2005). 

TEMA (2007) permits even tighter spacing, but often with small tubes a minimum 

ligament of at least 3.2 to 6.4 mm is recommended for drilling tolerance and to allow tight 

rolling of the tubes to the tubesheet (Rohsenow et al., 1998). Here tube pitch was limited 

at 1.25do with an additional 5 mm ligament limit.  

Table 7.4: Constraints. 

Variable         Constraint         Variable       Constraint 

Tube-side velocity wc ≤  3.0 m/s         Shell-side velocity wh ≤ 30 m/s 

Tube pitch P  ≥ 1.25do         Tubesheet ligament (P- do) ≥ 5 mm 

Condenser length LHX ≤ 15.0 m         Condenser diameter DHX ≤ 3.5 m 
 

 

At any point of the calculation when any constraint of the optimization is violated, either 

mechanical or flow-related, the objective function evaluation is stopped. This is done to 

prevent unnecessary time-consuming evaluations of the multi-element, iterative heat 

transfer model.  

Penalty functions are applied to solutions that violate constraints so as to ensure that any 

legal solution, no matter how poor, is guaranteed to be superior to any solution that 

violates one or more constraint. Selection pressure towards legal solutions is reinforced 

by ensuring that between solutions that violate multiple constraints, the one violating the 

fewest has always the better objective function value, and if only one constraint is 

violated, the one violating it less has the better objective function value.  
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7.3 Optimization algorithms 

Two metaheuristic algorithms, differential evolution (DE) and cuckoo search (CS), were 

initially used in this work. At first in Publication II, DE was selected for its record of good 

performance with multimodal and non-separable real-valued functions (Price et al., 2006; 

Xu & Li, 2007). In an attempt to find an even better-performing algorithm for the 

relatively time-consuming optimization task, cuckoo search was used in Publication VII. 

While both CS and DE were considered successful, the optimization time was significant 

with both: initially in the order of hours with a desktop computer even after efforts were 

made to reduce the computation time of the objective function. Consequently, as a final 

stage a number of optimizers were tested and their control parameter settings evaluated 

to find which type of algorithm would perform best at condenser optimization, and also 

establish guidelines on how to set the control parameters for best performance.  

7.3.1 Differential evolution 

Differential evolution (DE), a type of evolutionary algorithm, was used in the extraction 

steam district heat condenser optimization (Publication II). Evolutionary algorithms 

(EAs) are stochastic global optimization algorithms often able to find a global optimum 

even if the objective function is multimodal, multiconstrained, non-differentiable, non-

continuous, or noisy. The cost of robustness is a far greater computational time than what 

is needed by derivative-based algorithms, or even deterministic direct methods not based 

on derivatives. 

EAs work by mimicking evolution in the nature, dealing not with single points in the 

optimization space, but populations of trial solutions competing for survival and chance 

of producing offspring (new trial solutions) to the next generation. Random mutations are 

used to preserve diversity and ensure a thorough search of the objective function scope. 

The better the objective function value of a trial solution, the better its chance of surviving 

to the next generation. Genetic algorithms emphasize crossover over mutation and apply 

selection pressure also on selecting parents for the crossover, whereas evolution strategies 

rely mainly on mutation and offspring selection. 

DE resembles evolution strategies in being a real-valued optimizer with mutation 

emphasized over crossover, and only offspring but no parent selection. Discrete variables 

are dealt with by dividing the allowable range to slots, any real number from one slot 

translating to a single value in objective function evaluation. An important characteristic 

of DE is that the magnitude of the mutations is adjusted by basing the mutation on a 

difference vector between two randomly chosen vectors xr1 and xr2. This ensures that as 

the population converges and the search proceeds from global exploration to fine-tuning 

the solution (so-called local exploitation stage), the mutations become gradually smaller. 

The process of creating a new generation G+1 of candidate solutions from generation G 

is shown in Figure 7.5. Each vector serves once as a target vector xi
G, surviving to G+1 if 

it yields a better objective function value than a trial vector ui
G. Generating the trial vector 
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begins by creating a mutant vector vi
G by randomly choosing a base vector xr0

G and 

perturbing it by differential mutation,   

  GGGG F r2r1r0i xxxv  , (7.4) 

where F ϵ (0,1) is a weight factor and xr0
G ≠ xr1

G ≠ xr2
G. The trial vector is then built by 

crossover between the target vector and mutant vector. This is typically a binomial 

(uniform) crossover, where the value of each decision variable d is chosen from either the 

mutant or target vector:  
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 , (7.5) 

where d is a uniform-distributed random number, d ϵ [0,1], and CR is an adjustable 

crossover parameter, CR ϵ [0,1].  

 
Figure 7.5:  Creating new generation in DE/rand/1/bin: each population member (candidate 

solution or candidate) serves once as a target vector, surviving to the next generation if its 

fitness (objective function value) is better than that of the trial vector. Here NP=6 and F=0.8. 

 

 

 

 candidate 1 candidate 2 candidate 4 candidate 5 candidate 6 

Fitness 812250 816124 809234 813451 814007 

x1 0.74 0.85 0.81 0.80 0.85 

x2 0.4 1.5 1.1 0.5 1.2 

x3 5.4 7.5 5.9 10.0 8.0 

x4 2.7 5.3 5.0 3.3 3.0 

x5 1.29 1.33 1.47 1.33 1.35 

x6 0.69 0.72 0.77 1.22 1.00 
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If the objective function is not separable, i.e. the ‘goodness’ of one variable value cannot 

be determined in isolation but depends on other variables, differential mutation provides 

a rotationally invariant search that can easily move in multiple variable axes 

simultaneously. High values of CR, emphasizing mutation over crossover are thus 

necessary for non-separable problems, while low CR promoting search along variable 

axes may yield better results for separable problems (Price et al., 2006). 

The form of DE described above is known as DE/rand/1/bin for random selection of base 

vector perturbed in differential mutation by 1 vector difference followed by binomial 

crossover with the target vector. Different strategies have been proposed for both base 

vector selection and performing the crossover, each having some advantages and 

disadvantages over each other and the original DE. Initially in Publication II, the 

DE/rand/1/bin was used for the extraction steam DH condenser mass minimization. Later, 

the DE/local-to-best/1/bin and DE/rand/1/either-or were also tested in search for a way to 

reduce the computational time without sacrificing reliability.  

DE/local-to-best/1/bin is otherwise similar to DE/rand/1/bin, but as the name suggests, 

the basis of differential mutation is set not at the base vector xr0
G itself, but on the line 

between xr0
G and the best solution found so far, xbest

G. The mutant is thus obtained from 

    GGGGGG FF r2r1r0bestr0i xxxxxv  . (7.6) 

In case of DE/rand/1/either-or, an attempt is made to replace the uniform crossover, which 

is effective only at separable problems, with a rotationally invariant three-vector 

recombination. The trial vector is either the mutant from Equation (7.4) as is, or the 

recombinant, based on an adjustable probability pF: 
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where is a uniform-distributed random number,  ϵ [0,1].  

Population size (number of parents, NP) of 10 times the number of decision variables D 

is often recommended. Reducing F improves convergence rate at the cost of reliability. 

As real-world problems tend to be non-separable, 0.8 < F < 1.0 and CR ≈ 0.9 are often 

recommended for an initial, conservative guess emphasizing reliability over speed (Price 

et al., 2006).  

7.3.2 Cuckoo search 

First introduced in 2009 (Yang & Deb, 2009a), the Cuckoo Search (CS) is one of the most 

recent metaheuristic optimization algorithms. Like many metaheuristics, it is inspired by 

processes observed in nature: in this case, the well-known brood parasitic behaviour of 
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many cuckoo species (Yang, 2014), as well as a search pattern known as Lévy flights 

which maximises the efficiency of resource search (Focardi et al., 2009) and has been 

observed in several mobile foraging species in nature (Focardi et al., 2009; Yang, 2014).  

Similarly to evolutionary, particle swarm and many other nature-inspired algorithms, the 

CS also operates not with a single point that it tries to improve, but a population of 

candidate solutions, which in CS represent cuckoo eggs. Each cuckoo lays one egg to one 

nest per generation. As this number is fixed, there is no practical distinction to be made 

between a cuckoo, an egg, and a nest.  

Unfortunately, there is some discrepancy in the literature as to what, precisely, constitutes 

a cuckoo search. Specifically, while the ways the algorithm is described in (Yang & Deb, 

2009a, 2009b) and (Yang, 2010a) are for the most part similar, the description in the text 

of (Yang, 2014) differs somewhat from these, and the actual MATLAB code provided in 

(Yang, 2014) provides a yet another, significantly different implementation. In the 

following, the algorithm as it was understood to work in its originally published form is 

referred to as CS-1. The slightly modified, but still broadly similar version described in 

the text of (Yang 2014) is referred to as CS-1mod.  The implementation as MATLAB 

code in the attachment of (Yang, 2014) is referred to as CS-2, and a version based on the 

latter but modified by the candidate during the thesis work is referred to as CS-3. 

In the original form as first introduced, the CS-1 algorithm was based heavily on so-called 

Lévy flights, i.e. random walks where the step length is drawn from a Lévy distribution. 

The Lévy distribution is a relatively heavy-tailed one compared to for example Gaussian 

distribution, which enables the algorithm to sufficiently often take the longer leaps 

necessary to effectively explore the search space, and not become stuck in a local 

optimum. The random walk that results from a series of Lévy-distributed steps is typically 

characterized by clusters of short steps connected by less common longer leaps.  

All versions of CS are based on a two-stage iteration, where the first stage is typically one 

of Lévy flights based on the best candidate solution (egg) of the population, and the 

second is one of abandoning the worst solutions.  

According to Yang (2009a), some of the new candidates should be generated by Lévy 

flights around the best solution, but a significant fraction should be created by far-field 

randomization. Many interpretations of the original CS, such as those described in 

(Walton et al., 2011) and (Walton, 2013), state that the Lévy flights should be taken from 

randomly chosen eggs, but both the description in (Yang & Deb, 2009a) and (Yang, 

2010a) as well as the MATLAB code in (Yang, 2010a) clearly indicate that the Lévy 

flights in the original version, denoted by CS-1 here, were to be based on the best egg of 

the population. 

A Lévy flight around the best candidate can then be created by basing it on a difference 

vector xbest between the best egg xbest
G of the current generation G and a randomly 

chosen egg xr0
G. A new trial egg for generation G+1, which replaces a randomly chosen 
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egg xr1
G if it yields a better objective function value, can then be created by using the best 

vector as the starting point, and adding to it a random walk step generated according to 

the implementation used in the MATLAB code included in (Yang, 2014): 

 nsxxu best

G

best

G  α , (7.8) 

where  is a scaling factor, s is a Lévy-distributed step size vector and n is a vector of 

random numbers with a standard normal distribution. Operator   refers to the Hadamard 

product (entrywise multiplication) of vectors. All vectors have a size of D. The step size 

vector s is found with Mantegna’s algorithm originally published in (Mantegna, 1994) as 

cited in (Yang, 2014) using two normal-distributed random variable vectors p and q of 

size D and a Lévy exponent :  

 /1 qps , (7.9) 

where all elements of p and q have a mean of zero, and variances of 1 and 2, respectively. 

2 is calculated from 
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where  is the gamma function, (n) = (n-1)!. 

At the second stage the worst egg is abandoned at probability pa. While the description in 

(Yang & Deb, 2009a) implies random re-initialization of the abandoned solutions both in 

the text and in the pseudo-code, the presentation (Yang & Deb, 2009b) unambiguously 

states Lévy flight as a method, and the simplified MATLAB code presented in (Yang, 

2010a) specifies the abandoned solution as the starting point for the random step. If the 

worst egg of the population is abandoned, it is replaced by a new egg whether the new 

egg improves the objective function value or not. While the precise updating function is 

not given in any of the references, the simplified code of (Yang, 2010a) strongly implies 

this should be the same as used in the first step, Equation (7.8), but based on the worst 

member. The Lévy flight implementation of (Yang, 2014) was thus adapted to this 

concept as  

 nsxxx worst

G

worst

1G  α . (7.11) 

As good solutions are less likely to be found near the worst solutions, choosing a much 

larger value of  for Equation (7.11) than for Equation (7.8) would likely be a good 

choice.  

The process is summarized in Algorithm 7.1. It should be noted that unlike most 

population-based metaheuristics where each iteration through the algorithm typically 
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involves a similar number of function evaluations as there are population members, in 

case of CS-1 each iteration involves only one or two function evaluations, and only the 

best and worst member of the population serve as starting points for the Lévy flights.  

Later, in reference (Yang, 2014), a broadly similar description of the algorithm is given 

in the text, differing mainly in the second stage of abandoning some of the eggs. The 

updating function could be interpreted as  

 )()( G

r2

G

r1a

G

worst

1G
xxsxx    pH , (7.12) 

where  and s are the scaling factor and step size vector as used in Equation (7.8), pa is 

the switching probability, and  is a uniformly distributed random variable. H refers to 

the Heaviside step function, which yields an output of 1 for positive inputs, otherwise 0.  

Yang (2014) describes the second stage of the iteration using Equation (7.12) as a local 

search as opposed to the global random walk, although basing an exploitative local search 

on the worst population member would appear unlikely to be effective. This would also 

contradict the earlier references which stress the importance of far-field randomization in 

addition to the random walk around the best candidate (Yang & Deb, 2009a), or use the 

same updating function as for the first step (Yang, 2010a). The use of Equation (7.12) is 

thus considered a slightly modified implementation of the cuckoo search, and labelled 

here CS-1mod. 

Algorithm 7.1. Original Cuckoo Search (CS-1) to maximize function f(x), x = (x1, …, xD)T.  

begin 

     Create a random population of NP parent cuckoos xi, i = 1, 2, …, NP 

     for all xi do 

          Find objective function value Fi = f(xi) 

     end for 

     Rank the solutions to find xbest
1 and xworst

1 

     while NFE < NFEmax do 

          Select a random egg xr0
G, xr0

G
 ≠ xbest

G 

          Create a new trial egg uG by taking a Lévy flight from xbest
G, Equation (7.8) 

          Find objective function value Fu
G = f(uG) 

          Select a random egg xr1
G 

          if (Fu
G > Fr1

G) 

               xr1
G+1 ← uG 

               Fr1
G+1 ← Fu

G 

          end if 

          The worst egg of the population xworst
G is abandoned at probability pa 

          If abandoned, a replacement is generated by Lévy flight from xworst, Equation (7.11) 

          Rank the solutions to find new xbest
G+1 and xworst

G+1. 

     end while 

end 
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As noted by the algorithm’s author in (Yang, 2014), the updating equation (7.12) 

resembles differential mutation with the weight factor randomized by Lévy distribution; 

this is evident by comparing Equation (7.4) to Equation (7.12). 

While the earlier descriptions and the broad outline of the simplified code in (Yang, 

2010a) are mostly consistent with Algorithm 7.1, the MATLAB code of (Yang, 2014) 

differs significantly from it. This version, referred to as the CS-2 here, also consists of 

two steps where the first is one is based on Lévy flights according to Equation (7.8), only 

in this case performed for all eggs of the population rather than only the best member. 

The new egg replaces the original if it improves the objective function value. The main 

difference is in the second stage. Instead of replacing the worst or some of the worst eggs 

at probability pa, a new trial solution is generated from each egg. Another change is that 

the candidate replaces the original only if it yields an improved objective function value. 

The updating function for each decision variable d of the trial solution ui
G is  
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 , (7.13) 

where d andd are uniform-distributed random numbers, d,d ϵ (0,1). This process, as 

noted by Walton et al. (2013a), is even more similar to differential evolution than 

Equation (7.12). Equation (7.13) is essentially a DE/rand/1/bin with the target and base 

vectors being the same, crossover parameter CR = 1 – pa, and a uniform-distributed 

random F ϵ (0,1). The role of pa has changed from a probability of abandoning the worst 

solution of the population, to the probability of a variable value remaining unchanged in 

a trial solution. The process is summarized as pseudo-code in Algorithm 7.2. 

The CS-2 algorithm was used in Publication VI. The CS is said to be relatively insensitive 

to the values of  and , with values of  = 0.01 and  = 1.5 being usable for most 

problems (Yang, 2014). While there is some doubt as to whether this applies to all variants 

of CS that appear to exist, these parameters were used in Publication VI, and proved 

effective. Switching probability pa = 0.25, population size of NP = 60 parent cuckoos, 

and a stopping condition of 300 generations were also used in Publication VI. Later, the 

optimal tuning of pa and NP were determined; this is described in chapter 7.5.   

It is clear that an intrinsic capability of DE and differential mutation is to focus the search 

from global exploration to local exploitation as the search goes on and population 

converges. At this stage, based on findings made during the progress of this work as well 

as those reported in (Walton et al., 2013), it was concluded that the good performance of 

CS-2 may owe as much or more to the DE-like second step according to Equation (7.13) 

than to the Lévy flights on which the algorithm was originally based on.  
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Algorithm 7.2. Cuckoo Search (CS-2) to maximize function f(x), x = (x1, …, xD)T, as 

implemented in the MATLAB code of reference (Yang, 2014). 

begin 

     Create a random population of NP parent cuckoos xi, i = 1, 2, …, NP 

     for all xi do 

          Find objective function value Fi = f(xi) 

     end for 

     while NFE < NFEmax do 

          for all xi do 

               Create a trial egg ui
G by taking a Lévy flight from xi

G, Equation (7.8) 

               Find objective function value Fu(i)
G = f(ui

G) 

               if (Fu(i)
G > Fi

G) 

                    xi
G+1 ← ui

G 

                    Fi
G+1 ← Fu(i)

G 

               end if 

          end for 

          for all xi do 

               Create a trial egg ui
G by random-weight differential mutation, Eq. (7.13) 

               Find objective function value Fu(i)
G = f(ui

G) 

               if (Fu(i)
G > Fi

G) 

                    xi
 G+1 ← ui

G 

                    Fi
 G+1 ← Fu(i)

G 

               end if 

          end for 

          Rank the solutions  

     end while 

end 

DE and differential mutation are not without weaknesses, however; as the population 

converges, the ability to perform global exploration is lost. This creates a risk of 

stagnation to a local optimum, particularly if a too small mutation weight or population 

size is used for optimizing a multimodal function. The Lévy flights on the other hand do 

maintain their ability to explore the entire objective function space. Based on this 

conclusion, a new hybrid Lévy flight / differential mutation algorithm, henceforth 

referred to as CS-3, was developed.  

The new algorithm relies even more on differential mutation than Lévy flights. The role 

of Lévy flights is to add robustness by maintaining some amount of global exploration 

throughout the search by applying it on a minority fraction of the worst eggs. The 

differential mutation step, which was presumed to be overall more efficient at searching 

and thus the main search method, was applied on the whole population in each generation. 

The DE/rand/1/bin with xi = xro was implemented as the first stage of the CS-3 iteration. 

In the second stage, the number of worst eggs abandoned was set as pa∙NP, maintaining 

the original idea of CS-1 where the pa is the fraction of abandoned eggs. There is no 

inherent connection between this definition of pa and the crossover with the base/target 
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vector in Equation (7.13); thus using the nomenclature of Equation (7.4) and (7.5), the 

trial vector ui
G is created at the second stage by generating each of its D members by 
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where the scalar F of Equation (7.4) is replaced by a vector F of size D, Fd ϵ (0.5,1), and 

base vector xr0 is set as the target vector xi. The magnitude of the mutation scale was 

increased from Equation (7.13) as implemented in the MATLAB code in (Yang, 2014) 

as it was evident that DE becomes prone to converge on local optimums if F is too small. 

The new algorithm is shown as pseudo-code in Algorithm 7.3. 

Algorithm 7.3. Cuckoo Search (CS-3) to maximize function f(x), x = (x1, …, xD)T  

begin 

     Create a random population of NP parent cuckoos xi, i = 1, 2, …, NP 

     for all xi do 

          Find objective function value Fi = f(xi) 

     end for 

     while NFE < NFEmax do 

          for all xi do 

               Create a trial egg ui
G by Eq. (7.4) and (7.5); FD ϵ (0.5,1), and xr0 = xi. 

               Find objective function value Fu(i)
G = f(ui

G) 

               if (Fu(i)
G > Fi

G) 

                    xi
G ← ui

G 

                    Fi
G ← Fu(i)

G 

               end if 

          end for 

          Rank the solutions  

          for worst (pa ∙ NP) solutions do 

               Create a trial egg ui
G by taking a Lévy flight from xi

G, Equation (7.8) 

               Find objective function value Fu(i)
G = f(ui

G)  

               if (Fu(i)
G > Fi

G) 

                    xi
G+1 ← ui

G 

                    Fi
G+1 ← Fu(i)

G 

               end if 

          end for 

     end while 

end 

Different ways of setting the pa and CR were evaluated experimentally. Constant values 

of pa ranging from 0.15 to 0.5, as well as a varying pa increasing from 0.1 to 0.5 linearly 

or decreasing from 0.5 to 0.1 as a function of NFE approaching the termination criterion 

NFEmax. The impact of pa appeared relatively small, but becoming slightly worse 

particularly towards the higher values of pa = 0.5.  
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Finally, also replacing the DE/rand/1/bin with the greedier DE/local-to-best/1/bin strategy 

was tested as the first step of the CS-3 iteration. The performance test results and analysis 

are presented in chapter 7.5. 

7.3.3 Genetic Algorithm 

The genetic algorithm is one of the first and best-known metaheuristic optimization 

algorithms, and as such, is often used as a benchmark against which new methods are 

compared. In this work, an implementation supplied with the MATLAB Global 

Optimization toolbox is used. As an evolutionary algorithm, the GA uses populations of 

trial solutions, mimicking natural evolution to optimize a given objective function. In 

each iteration of the algorithm a generation of new trial solutions is produced by crossover 

and mutation. Solutions of current generation G are known as parents, those of G+1 as 

offspring. Elitism ensures the survival of the best solutions: a number of best solutions, 

defined by the elite count parameter NE, survive without changes to the new generation. 

The main search method of the GA is typically crossover, where an offspring is created 

by taking two solutions of the current generation, and creating the offspring for generation 

G+1 as a recombination of both. In this work, the so-called scattered crossover, where 

variable values of the offspring are chosen randomly from one or the other parent, was 

used. Parents are selected by stochastic universal sampling: the population is laid out as 

a line where each individual’s length is proportional to its fitness value to be maximized, 

and selection traverses this line with equal step length set to cover the entire length, 

selecting each individual the pointer lands on with each step. The fraction of offspring 

generated by crossover is defined by the crossover fraction CF ϵ [0,1]. 

Mutation is used to generate the remainder of new offspring needed for G+1. A mutant is 

created from a parent, chosen by stochastic universal sampling as with crossover, by 

adding to it a vector of Gaussian-distributed random variables with a mean of zero. The 

standard deviation of the distribution reduces as the search continues. At generation G = 

1, the standard deviation of each decision variable d is set with a mutation scale parameter 

MS and the upper and lower bounds of the variable, 

  min,max,d1, dd xxMS  . (7.15) 

The standard deviation of each generation is then obtained from the standard deviation of 

the previous generation G-1, a shrink parameter S and maximum number of generations 

Gmax: 
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7.4 Results 

7.4.1 Extraction steam DHC mass minimization 

The results from the extraction steam condenser optimization, while somewhat tangential 

to the main research questions of this thesis, nevertheless showed that the heat transfer 

area A, which is often used for minimizing single-phase shell-and-tube heat exchanger 

costs in existing literature, cannot be used as the basis of a cost function for low-pressure 

steam condenser optimization. The details of the heat transfer and sizing models can be 

found in Publication II; the resulting dimensions from using mass or area minimization 

as objective functions can be seen in Table 7.3 below. 

Table 7.5: Extraction steam DHC cost minimization results with two objective functions. 

Variable  Minimum m Minimum A 

mHX Heat exchanger mass [kg] 6 913 76 578 

A Heat transfer area [m2] 331 284 

LHX Heat exchanger total length [m] 6.900 6.088 

DHX Heat exchanger total diameter over flanges [m] 1.050 3.491 

ss Shell thickness [mm] 13 35 

sts Tube sheet thickness [mm] 99 304 

scc Channel cover thickness [mm] 47 166 

While Min(A) does give a smaller heat transfer area than Min(m), it is clear that being 

over 10 times heavier than the Min(m) result, this cannot approximate a minimum-cost 

design. Min(A) as an objective function allows steam pressure drop minimization by 

minimizing vapour velocity with a large, mostly empty shell. By maintaining high steam 

Tsat and thereby temperature difference, a smaller heat transfer area is sufficient. 

7.4.2 Back pressure DHC optimization 

Optimization of the back pressure condenser was performed at varying electricity prices, 

ranging from 40 to 80 €/MWh. While the low-end scenarios for future electricity prices 

in Nordic countries include even lower prices, unsubsidized biomass-fired CHP 

production is unlikely to be profitable in these scenarios, and condenser optimization for 

such scenarios was thus considered meaningless. Three cases of heat exchanger cost were 

considered: base, -20% optimistic and +20% pessimistic. The main parameters 

corresponding to 40, 60 and 80 €/MWh electricity price and base case of condenser price 

are listed in Table 7.4.  

The condenser optimized for 40 €/MWh electricity price is far smaller than the other two, 

which are relatively similar to each other. While the smaller exchanger is much cheaper, 

the shorter design increases the relative share of shell, channel and tube sheet, which 

results in an almost 50 % greater specific cost of heat transfer area.  
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When the parameters used for plant performance estimation, Geff and TSC, are plotted 

over the range of electricity price cel for all condenser cost cases (Figure 7.6), a clear step 

change at approximately 50 €/MWhel becomes evident. At cel values above the step 

change, Geff varies from 1350 to 1550 kW/K and sub-cooling remains stable at TSC = 

0.6±0.5 °C; below, the ranges vary from 400 to 600 kW/K and 0.2 to 0.4 °C. Above the 

step change, condenser manufacturing cost case has less than 5% impact on optimal 

conductance and heat transfer area at any given cel. 

It is evident that although a large step change takes place in condenser size and cost, the 

design optimized for an electricity price immediately below the step change price level 

does not yet represent the minimum condenser size within the constraints; conductances 

continue to reduce towards the lower electricity prices. The CHP plant also remains 

profitable with a positive net cash flow rate even assuming an expected return rate of  

10 % for the investment, and in fact no similar step change in net cash flow rate takes 

place (Figure 7.7). It appears that the step change represents the point at which increasing 

the DH production during period P1 at the expense of power generation starts to outweigh 

the benefit that could be achieved by increased power output at part load.  

Table 7.6: Condensers optimized for different electricity prices. Baseline case for the 

manufacturing cost is assumed. 

 Pel [€/MWhel] 40 60 80 

D
ec

is
io

n
 

v
ar

ia
b
le

s 

x1=DOTL/Ds 0.737 0.750 0.740 

x2=Ntbp 2 2 2 

x3=Lstr 4.000 8.054 8.066 

x4=do [mm] 18.0 16.0 16.0 

x5=P/do [-] 1.278 1.313 1.313 

x6=Afr,c [m2] 0.045 0.079 0.086 

O
p
ti

m
iz

ed
 D

H
C

 d
im

en
si

o
n
s 

Ltot [m] 4.982 9.345 9.386 

Dtot [m] 0.821 1.096 1.148 

Dch [m] 0.677 0.898 0.926 

Ds [m] 0.821 1.064 1.134 

Ls [m] 4.376 8.543 8.557 

sts [mm] 92 116 121 

schc [mm] 34 43 45 

mtot [kg] 3 633 10 760 11 515 

Ntb/pass [-] 255 599 645 

Atot [m2] 120 497 536 

C
o
st

s Ctot [106 €], Equation (7.3) 0.08 0.82 1.58 

CFOB [103 €] 37 107 114 

cFOB [€/m2] 307 216 213 
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Figure 7.6:  Conductance (thick line) and subcooling (thin) in optimized condensers at varying 

electricity price and optimistic (-20%), baseline and pessimistic (+20%) cost assumption. 

  

Figure 7.7:  Condenser FOB cost and plant annual net cash flow as function of electricity price. 

Figure 7.8 presents the optimal values of maximum-load (period P1) TTD and water 

pressure drop pc as a function of electricity price above the step change. The optimum 

values fall within a relatively narrow range at all electricity prices and condenser cost 

scenarios; mostly 2-3 °C TTD and 0.4-0.5 bar pc.  

TTD becomes smaller at a reducing rate towards increasing electricity prices as could be 

expected, while the pc curves tip downwards at the high end of electricity prices in all 

cases. The tip downwards in pc could be an indication of the role of the pumping power 
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becoming relatively more important as the cost of obtaining more power output from the 

turbine increases with what is already a relatively large, low-TTD condenser design. 

 

Figure 7.8:  Terminal temperature difference and DH water pressure drop in optimized 

condensers as function of electricity price. 

The possibility of altering the conductance by varying condensate level in the condenser 

shell was not considered here. A design where condensate level could be allowed to raise 

in the tube bundle to submerge some of the heat transfer tubes would allow a given 

condenser design both deliver high conductance and thus maximum electricity output at 

part load, and reduce the power output for increased DH production during the full-load 

period. This would likely be the best strategy in a situation when electricity price is less 

than district heat price, but still sufficiently high that the CHP plant is profitable. 

7.5 Improving the optimization speed 

Particularly the extraction steam DHC mass minimization proved to be a computationally 

heavy process taking a considerable amount of time to find a solution, and efforts were 

taken to reduce this. Firstly, significant calculation time reduction was achieved by 

adjusting the model to use the first or second-order numerical derivatives from the 

previous calculation elements both in steam and water flow direction to obtain good initial 

guesses for the each element (i,j) being calculated whenever applicable. The number of 

iterations through the calculation elements could be approximately halved by this method, 

and objective function evaluation time by almost as much. 

The initial trials with the optimization showed that the choice of decision variables is 

important. Although a rotationally invariant search such as DE or CS can succeed well 

with completely non-separable problems, usually they, too, can perform somewhat better 

if such a choice of decision variables is made that the scale of the possible values is 

narrow, and the probability of constraint violations resulting from crossover is low. For 
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this reason for example the tube-side free flow area or flow velocity is a better choice of 

decision variable than the number of tubes, whose appropriate value will vary greatly 

depending on the chosen diameter.  

The results of Table 7.5 were found with DE/rand/1/bin strategy using a population of 

NP=60 and parameters F = 0.8 and CR = 0.9. The algorithm was set to stop when reaching 

600 generations, or after complete convergence. Convergence was considered complete 

when all population member had identical values of discrete variables, and the coefficient 

of variation of objective function values was cv < 0.001. The coefficient of variation is 

calculated from  

 cv =  / , (7.15) 

where  is the standard deviation of objective function values and  the mean value.  

To ensure that the solution was the actual optimum at a high probability, four consecutive 

optimization runs were performed; each found the same minimum mass within 10 kg, all 

but one reaching the 600 generations. Based on repeatable results with parameters tending 

towards robustness over speed, this was considered likely to be the global optimum. In a 

PC with a 2.4 GHz CPU, the average run time was approximately 15 hours.  

The 15-hour run time for 600 generations was achieved after the aforementioned 

measures had already been taken to reduce the calculation time. Some further time 

reduction was achieved by using a cheaper surrogate function in the initial run period of 

the algorithm, where the population had not yet converged. The surrogate function was 

implemented by simplifying the heat transfer model by using only two calulation 

elements in the water flow (tube) direction, and allowing less strict termination criteria 

for the iteration of both an individual calculation element, and through the tube rows. The 

computationally much heavier full-precision model would be used to evaluate a trial 

vector only if the objective function value obtained using the surrogate was close enough 

to that of the target vector to warrant the CPU usage. This had a noticeable impact on the 

computation time, since the surrogate could be evaluated in only a fraction of the time it 

would take to evaluate the full-precision model, which particularly in the earlier stages of 

population convergence would then be only rarely be used. 

During the work the performance of DE and its sensitivity to the tuning parameters was 

also investigated to find ways of improving the performance. It was found that 

considerable performance improvement was possible also by this method: good results 

could still be found with reduced mutation weight factors of F ≈ 0.5 in approximately 

200…300 generations.   

For the back pressure condenser optimization, cuckoo search (CS) was used. Khosravi et 

al. (2015) had compared the CS to other algorithms in shell-and-tube heat exchanger 

optimization and found it the fastest of the tested methods, although the comparison did 

not include DE. Together with the candidate’s own experience with both algorithms in 
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different problem areas, improved performance from using the CS appeared to be 

possible, and significantly worse behaviour unlikely. As the back pressure condenser 

optimization was necessary to be run over a range of combinations of condenser cost and 

electricity price assumptions, good performance of the algorithm was an important 

consideration. For this purpose the decision to switch to the CS was initially made. 

It became quickly evident in the process of the work that the objective function evaluation 

time in back pressure DHC optimization was much shorter than with the extraction steam 

DHC mass minimization: in the order of approximately just 10 %. This was the case even 

though the heat transfer model was run at four load points during each objective function 

evaluation, and the extraction steam condenser at only one.  

The much shorter objective function evaluation time of the back pressure DHC 

optimization was a result of several reasons. The heat transfer model iteration converged 

clearly faster due to the simpler geometry of the tube bundle: without the need to 

iteratively solve the state and magnitude of steam flow through the second pass into the 

first, much fewer iterations were required. By using a fixed number of elements in steam 

flow direction rather than treating each tube row as a calculation element, also the number 

of calculation elements was clearly reduced. Finally, it appeared that using the incoming 

steam pressure as the iteration variable in the outermost loop required much fewer 

iterations to converge, than using the condenser dimensioning to match the heat transfer 

rate requirement did. 

While the calculation time was reduced by an order of magnitude, the time was still 

significant, particularly considering that the optimization would in practice be useful to 

be run at a number of different price scenarios. For this reason, a process of algorithm 

tuning and comparison was carried out to find the best algorithm to use for the problem, 

and suitable control parameter settings for it. This process is described in the following 

chapter. 

7.5.1 Evaluation of algorithm performance and control parameter settings 

Algorithm performance comparison and control parameter tuning was performed only for 

the main subject of investigation, the backpressure condenser optimization. An electricity 

price of cel = 60 €/MWh, and baseline investment cost were assumed; other economic 

variables were those of Table 7.2.  

First, the DE/rand/1/bin algorithm was run multiple times with parameters set at F = 0.9 

and CR = 0.9, and NP = 60, yielding consistent results of 816487 € ± 2 €. Although it 

cannot be easily proven that this is the global optimum, based on the consistency of the 

results with settings tending towards reliability over performance, it was considered likely 

to be the case. 

Next, the algorithms were tested over a range of control parameter settings to find how to 

tune them correctly, and their tuned performances. Initially, the testing focused on 
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different variants of CS and DE, while using GA as a benchmark. The attempts to use 

CS-1 were largely unsuccessful, despite attempts to vary the step length  at a range of 

0.001 to 0.1 separately for the Lévy flights based on the best solution and for replacing 

the abandoned solutions, different population sizes, and trying different ways of 

implementing the re-building of the abandoned nests (by Equation (7.11) or (7.12), or by 

random re-initialization of the worst solution).  

Also particle swarm optimization (PSO) by Eberhart and Kennedy (1995) was tested; 

based on the results, it, too, could be considered successful, although slightly slower and 

less reliable than GA. The results obtained with CS-1 variants and PSO are omitted for 

brevity from the following.  

For each algorithm two most important parameters were identified. Parameters which 

were either considered to have a relatively small impact on performance, or for which a 

good recommended values were found from literature, were kept fixed. The range of 

values for the varied parameters and the values used for the fixed parameters are listed in 

Table 7.7 below. 

Table 7.7: Optimization algorithm control parameter settings. 

Algorithm Varied control parameters Fixed control parameters 

GA* 
Mutation scale MS ϵ [0,1] 

Crossover fraction CF ϵ [0,1] 

Number of parents NP = 10D 

Elite count NE = 0.05NP 

Shrink parameter S = 1 

DE/rand/1/bin 
Mutation weight F ϵ (0,1) 

Crossover rate CR ϵ [0,1] 
Number of parents NP = 10D 

DE/local-to-best 
Mutation weight F ϵ (0,1) 

Crossover rate CR ϵ [0,1] 
Number of parents NP = 10D 

DE/either-or 
Mutation weight F ϵ [0,1] 

Mutation probability PF ϵ [0,1] 

Number of parents NP = 10D 

Recombination scale K = ½(F+1) 

CS-2 
Switching probability pa ϵ [0,0.5] 

Number of parents NP ϵ [5,10D] 

Step length parameter  = 0.01 

Lévy exponent  = 1.5 

CS-3 
Crossover parameter (1-CR) ϵ [0,0.5] 

Number of parents NP ϵ [5,10D] 

Step length parameter  = 0.01 

Lévy exponent  = 1.5 

Fraction of abandoned eggs pa = 0.2 

* stochastic universal sampling parent selection, scattered crossover, and Gaussian mutation 

For assessing the impact of the varied control parameters, the range of each varied 

parameter was divided in 10 parts, resulting in a 10-by-10 grid. In each square of the grid, 

10 random pairs of control parameter values were generated, and the algorithm was run 

with these settings. If the run was successful, the pair of parameter values was plotted as 

a circle; if all 10 runs were successful, the circles were filled. Figure 7.9 shows the success 

rates obtained with the GA, three DE variants, and two CS variants. The criterion for a 

successful run was finding an objective function value within 0.025 %, or 200 €, of the 

best value found with the very long runs initially performed by DE/rand/1/bin at F = CR 
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= 0.9. The other termination criterion was reaching the maximum number of objective 

function evaluations NFEmax = 1.5∙104, i.e. the equivalent of 250 generations with GA or 

DE. Figure 7.10 presents the average NFE required to reach the objective function value 

required for a run to be successful.  

     GA  DE/rand/1/bin   DE/local-to-best/1/bin  

  

   DE/either-or     CS-2  CS-3   

 

Figure 7.9:  Successful optimization runs with different control parameter values. 

It is evident that while there are differences in speed and reliability, all algorithms could 

be considered successful. The impact of control parameter settings on performance is also 

clear. For example the DE/rand/1/bin, while reliable at high values of F, could perform 

clearly faster with lower mutation weights without losing reliability.  

Another interesting observation can be made on the CS-2 and CS-3: although these CS 

variants are based on a search very similar to the DE/rand/1/bin, they succeed with far 

smaller population sizes of only approximately 2…3D. Any DE variant would tend to 

converge prematurely with such a small population.  

It was concluded that it is the Lévy flights which enable these DE-like methods to remain 

reliable with such a small population. The DE/local-to-best/1/bin was unsurprisingly the 

fastest as it was the greediest of the attempted strategies. As a drawback, it appeared to 

suffer from occasional misconvergence with high values of CR where its performance 

would otherwise be the fastest.  

As a final stage, the convergence behaviour of all considered algorithms was tested with 

what was considered the best settings for each based on Figure 7.9 and 7.10. Termination 

1-CR 
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criterion was set as NFEmax = 5000, as it was evident that the earlier maximum of 1.5∙104 

was excessive for a well-tuned algorithm.  

     GA  DE/rand/1/bin   DE/local-to-best/1/bin  

 

   DE/either-or     CS-2  CS-3   

 

Figure 7.10:  Average NFE required to converge to within 0.025% (i.e. within 200 € of best 

found annual net cash flow rate) of best found objective function value. 

Also a one last modification of the CS-3 was tested at this stage; as it was evident that the 

Lévy flights were able to preserve diversity with quite small populations, it was also tested 

if they could do so with the classic differential mutation used in CS-2 and CS-3 replaced 

by the greedier local-to-best mutation strategy of Equation (7.6). This final modification 

is referred to as the CS-3mod. The control parameter settings used are listed in Table 7.8, 

and resulting convergence histories of 10 test runs per algorithm are plotted in Figure 

7.11. Both the mean and worst objective function values are plotted. 

Table 7.8: Control parameter values used for different algorithms for plotting the convergence 

graphs of Figure 7.11. 

Algorithm Control parameter settings 

GA* NP = 60; NE = 3; S = 1; MS = 0.4; CF = 0.5 

DE/rand/1/bin NP = 60; F = 0.4; CR = 0.95 

DE/local-to-best NP = 60; F = 0.5; CR = 0.7 

DE/either-or NP = 60; F = 0.5; PF = 0.7; K = ½(F+1); 

CS-2 NP = 15; pa =0.1;  = 0.01;  = 1.5 

CS-3 NP = 15; (1-CR) = 0.1; pa =0.2;  = 0.01;  = 1.5 

CS-3mod NP = 18; (1-CR) = 0.25; pa =0.2;  = 0.01;  = 1.5 
* stochastic universal sampling parent selection, scattered crossover, and Gaussian mutation 

1-CR 

PF 
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Figure 7.11:  Convergence plots of the tested algorithms using the control parameter settings of 

Table 7.6. Each algorithms was ran 10 times; the mean progress and the worst of the runs are 

plotted. 

While the graph confirms that all algorithms are capable of solving the task at hand, the 

differences in performance are also clear. Particularly, both GA and DE with local-to-

best mutation strategy have their worst-case results at clearly lower levels than the other 

tested algorithms at the end of the 5000 function evaluation run. Another clear conclusion 

is the very good performance of the CS-3mod, where the original CS-2 as published in 

the appendix of (Yang, 2014) was modified by reducing the fraction of Lévy flights to 

the worst 25% of the population, and changing the mutation strategy. Even its worst 

performance is mostly superior to the mean performance of any other algorithm, and 

average time to stabilize to the final value appears to be in the order of 20-30 % of the 

other optimizers.  

The good performance of the CS-3mod algorithm is clearly of value for the task of 

optimizing a CHP plant condenser, where in practice many runs with varying economic 

scenarios would likely be performed. On a desktop computer with a 3.50 GHz, 6-core 

CPU used in this last stage of optimization, the time of one run was reduced from the 

initial of over 1 hour, to approximately 20-30 minutes with a well-tuned DE or CS variant, 

and finally to less than 10 minutes with the CS-3mod.  

The finding can be of interest also in the wider scope of metaheuristic optimizers; this 

would require much deeper investigation of its performance with a variety of test 
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functions, however. The promising results with this algorithm also raise the question 

whether mating the Lévy flights with an even greedier mutation strategy such as 

DE/best/1/bin could work well. These issues were ruled beyond the scope of this thesis 

work, and not investigated in detail.   
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8 Conclusions 

The possibilities of improving the efficiency and profitability of biomass thermal 

conversion processes were studied in the thesis. The focus was on a small-scale district 

heat producing CHP plant using Nordic forest biomass as fuel. The topic was studied 

from two different aspects by using different approaches. Integrating the CHP process 

with low-temperature thermochemical conversion processes was investigated to learn 

about the possibilities of improving the technical and economic performance of the plant. 

Secondly, a component design optimization approach was taken to study the optimal 

condenser performance parameters at varying electricity prices. The main findings of the 

study, as well as notable areas identified for further study, are summarized in the 

following. 

8.1 Main findings of the study 

Q1 How are CHP plant operation and economics affected by integration with a biomass 

conversion process other than combustion? 

The integration studies showed that integration with a thermochemical biomass 

conversion process has a significant impact on plant operation and economics. The 

studied case assumed a plant that is sized to operate 6000 hours annually, a typical figure 

for Nordic district heat producing CHP plants. Integrating a biomass conversion process 

to the CHP plant could increase this by almost 1500 (torrefaction) or 2000 hours 

(hydrothermal carbonization, or HTC). 

Significantly improving the energy efficiency by means of process integration proved to 

be impossible. Economically, however, integration showed clear benefits through 

reduced investment costs and increased operating time of the CHP process. The extension 

of the annual operating time proved to be crucial for integrated plant economics. The best 

economic performances were found in the configurations offering the longest operating 

times, as this translates directly for maximum production of heat and biochar, and in 

practice often also electricity. In the case of HTC, the economically best-performing case 

was in fact the one which had the poorest overall energy efficiency, but also the longest 

operating time and smallest investment cost.  

The economic benefit of the integration was clear: although the integrated plant concepts 

were smaller investments producing generally less energy products annually than co-

located plants of same nominal output as the integrates, the best integration scenarios 

proved to yield not only a higher rate of return and shorter payback period, but also clearly 

greater annual net cash flow rates and higher net present values. 
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Q2 What are the best ways of integrating biomass conversion processes with co-generation 

plants? 

The main benefits of integration result from investment cost saving, and operating time 

extension, while loss of power production reduced the profitability of the integrated 

plants. Operating time extension and loss of power output from the CHP plant both 

depend much on the integration concept on the power production.  

In the case of torrefaction, the longest operating time as well as highest power production 

of the integration options was found by utilizing backpressure steam for the feedstock 

dryer and live steam for the reactor. Although maintaining heat production at winter 

conditions required largely bypassing the turbine, this loss was almost entirely 

compensated for by the combination of increased operating time and part-load power 

generation.  

In the case of HTC, which is the more complex and expensive of the two thermochemical 

conversion processes, the simplest integration scenario proved to be the most economical. 

By replacing the complex heat recovery scheme of the stand-alone HTC process with 

pressurized hot water from the CHP plant steam cycle, the HTC plant cost was 

significantly reduced while simultaneously obtaining the greatest operating time 

extension for the CHP process.  

Q3 Can integration with a biomass conversion process serve as a buffer against uncertain 

electricity prices in Nordic co-generation plants? 

A biomass-fired CHP plant requires a sufficiently high electricity price to be profitable 

and preferable to a heat-only boiler. The future price of electricity is currently uncertain 

due to a number issues such as policy decisions regarding nuclear power and renewable 

energy subsidies, future costs of CO2 emissions, and also the future cost developments of 

such technologies as wind and solar power, energy storage technology, and 4th generation 

nuclear power plants. The results obtained in this thesis show that the introduction of a 

third energy product in the form of hydrochar or torrefied biochar can clearly reduce the 

vulnerability of CHP generation to electricity price fluctuations, if a sufficiently high 

price can be obtained for these products.  

On the other hand, it is also clear that as both of the biochars are new energy products 

without developed markets, the price risk related to these is significant as well. An attempt 

to predict the market development was not made in this thesis, and thus only a tentative 

answer could be found for the research question Q3. Any attempt to predict the market 

development would also inevitably require predictions about future policy decisions, 

which together with the inherent difficulty of predicting market developments would have 

made any predictions highly uncertain, even if attempted.  

 



8.1 Main findings of the study 149 

Q4 What biochar price levels are required for mild pyrolysis of wood biomass to be 

profitable? 

Using the baseline economic assumptions for investment costs and price of electricity, 

the stand-alone torrefaction plant proved reaches break-even profitability at a biochar 

price of 39 €/MWhLHV; for hydrochar, a higher price of approximately 46 €/MWhLHV is 

needed for the stand-alone HTC plant to reach break-even. With the economically best-

performing integration concepts, the prices are reduced to 30 and 37 €/MWhLHV, 

respectively. 

Compared to a simple CHP plant, the best-performing integrated plant with torrefaction 

would probably be economically preferable if a price of approximately 30…35 

€/MWhLHV could be obtained for the torrefied biochar. A higher price was again required 

for hydrochar: nearly 40 €/MWhLHV.  

Although hydrochar proved to be more expensive to produce, this does not necessarily 

make HTC an inferior technology, since hydrochar has some advantages over torrefied 

biochar as a fuel. The price at which either biochar plant would become economically 

beneficial was somewhat sensitive to the assumed scenarios for the various prices and 

costs. 

Q5 How is the optimal district heat condenser design affected by varying equipment and 

electricity costs? 

While the plant profitability is highly sensitive to the price of electricity, the optimal 

design of the condenser proved to be much less so, provided electricity price is higher 

than approximately 45…50 €/MWh.  

Below the 45…50 €/MWh price range, there was a clear change in the optimal design 

and performance of the condenser. This was likely affected by the assumptions applied 

to the problem. The operating strategy was not considered as a variable in the 

optimization. Allowing for varying strategies at maximum load depending on the prices 

of electricity and heat – for example raising the level of the condensate in the heat 

exchanger, or partially bypassing the turbine through a reduction valve – different results 

could have been obtained for prices slightly lower than where the step change in optimal 

configuration now took place. At much lower electricity prices, it is unlikely that the CHP 

plant would be economically preferable to a heat-only boiler. 

Q6 What lessons can be learned from the practical solving process of these problems? 

Additional findings somewhat tangential to the topic of the thesis were made particularly 

in the condenser optimization stage. In this work, the heat exchanger being a low-pressure 

steam condenser required an iterative multi-element heat transfer model to be 

implemented. The drawback of such a model is a long calculation time for each time it 
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was run; minimizing the number of objective function evaluations thus became a 

particularly serious concern. It became evident that when dealing with a computationally 

heavy optimization problem, several means can be used that each can reduce the 

computational time noticeably. These include cheap surrogates to pre-evaluate new 

solutions and applying the full model only on promising candidates, careful choice of 

decision variables and problem formulation, selection of a suitable algorithm, and 

correctly tuning the control parameters.  

Particularly if the optimization is a task that is expected to be repeated several times, 

careful effort to correctly tune the control parameters can yield significant benefits. All 

of the methods considered in this thesis, with the exception of the CS-1 variants, could 

be considered effective in the sense that with one or at most a small number of runs, they 

were able to find a high-quality solution. By experimentation, a modified hybrid 

algorithm created by combining the cuckoo search and local-to-best mutation strategy of 

differential evolution proved to be clearly more powerful than the existing algorithms. 

Another important aspect is the formulation of the problem. A heat exchanger is defined 

by a certain number of variables, so that the remaining variables are then unambiguously 

defined and can be calculated. Depending on which variable is made a decision variable 

and which a function thereof, the decision variable may be strongly dependent or 

relatively independent of other variables, and may have a relatively narrow range of good 

values, or a wide one. While several algorithms, such as both DE and CS, are capable of 

robust rotationally invariant search, they, too, still clearly benefit from a problem 

formulation that makes the decision variables as independent of each other as possible.  

8.2 Future research needs 

A number of additional questions became evident during the research. In the study of 

integrating the CHP and HTC processes, the residence times considered were relatively 

long. In future research the possibility of using shorter residence times should be 

investigated. Particularly at the high end of the HTC temperature range, the residence 

times could probably be significantly reduced while still allowing a sufficient level of 

carbonization to be reached. This would allow much smaller and thus cheaper equipment, 

and could improve the economic performance of the HTC plants, even if some of the 

advantage would be lost due to the more complex heat recovery schemes that would 

probably be required.  

On the other hand, in a larger CHP plant with more and higher-pressure turbine 

extractions, an even lower carbonization temperature in the range of 180 to 200 °C could 

be beneficial, if it would permit using intermediate pressure turbine extraction steam for 

HTC reactor heating. This would show as increased power generation.  

In terms of condenser optimization, the problem formulation which did not allow for 

varying operating strategies of the plant was limiting: different results at low electricity 

price range could be obtained from a more flexible scenario.  
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Finally, it was found that the combination of local-to-best differential mutation strategy 

with Lévy-distributed random walks was highly efficient at the backpressure district heat 

condenser optimization. This initial finding is only applicable for the single problem on 

which it was tested here, but based on the very good results obtained, further study of the 

capabilities of such hybridization of the two algorithms would appear worthwhile. More 

generally, using the potential of the greedier differential mutation strategies for fast 

convergence, balanced with the ability of Lévy flights to maintain global exploration as 

the population converges, appears promising. 
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�Models are based on effectiveness-NTU calculation as single heat exchanger, or in many elements.
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� The HEI standards could not be adjusted by a simple correction to accurately predict heat transfer coefficient.
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a b s t r a c t

In this paper heat transfer models for large power plant condenser were examined. The goal was to
develop a model capable of predicting not only the condenser pressure but the overall heat transfer
coefficient. Such a model can be used for condenser condition monitoring. The results of a two-
dimensional (2-D) condenser heat transfer model and single-point, zero-dimensional (0-D) model are
presented together with the results from Heat Exchanger Institute (HEI) standards curves. Both 0-D and
2-D models can account for the effects of steam-side pressure drop and in a simplified manner also some
effects of tube bundle geometry. For all models an experimental correction as a function of cooling water
temperature was implemented to improve their accuracy. The results are presented in comparison with
the measured plant data for three different tube bundle geometries, with and without the experimental
correction factor. The 2-D model proved to be the most consistently accurate of the models both without
the correction, and at varying steam and coolant flow with the correction applied. The results indicate
significant local variation of pressure drop related effects, which the 0-D model failed to accurately
predict particularly in cases of close temperature approach. In predicting the heat transfer coefficient the
HEI model was the least accurate, significantly overestimating the impact of coolant flow rate change,
and failing to match the measurements even with a correction applied.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

This paper concerns the development of a heat transfer model
for seawater condensers of a large steam power plant, providing a
reasonable compromise between computational time and accuracy
of the results. The model should provide results fast enough to be
used as a part of an on-line conditionmonitoring system, while also
accurate enough for determining foulant layer development inside
the seawater tubes, as well as showing likely changes in condenser
performance if the plant operating parameters are slightly varied.

Predicting the heat transfer in a large condenser is challenging.
Depending on the required accuracy and maximum acceptable
computation time, different approaches are possible. The fastest
but least accurate option are correlations provided by Heat
Exchanger Institute (HEI) or British Electrotechnical and Allied
Manufacturers Association (BEAMA), giving the overall heat
transfer coefficient U as a function of cooling water flow and inlet
temperature, and various tabulated correction factors [1]. While
simple, this method fails to account for several phenomena
affecting heat transfer and is unlikely to yield accurate results for
heat transfer coefficients, though condenser pressure prediction is
satisfactory. A calculation based on an average U determined from
heat transfer coefficients at average flow conditions was also
considered questionable given the vast local variations in flow
conditions in a large condenser.
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At the other extreme, detailed 2-D and 3-D numerical models
have been developed to model the behaviour of both large power
plant condensers and laboratory-scale test equipment. Al-Sanea
et al. used a single-phase 2-D model [2]. Later Al-Sanea et al. [3]
and Bush et al. [4] implemented two-phase 2-D models. A quasi-
3-Dmethod was used tomodel power station condensers by Zhang
et al. [5], and laboratory-scale test condenser by Zhang and Bokil
[6]. Malin used a 3-D model [7] to model a marine condenser.
Ramon and Gonzalez developed a 3-D model of a church window
type condenser [8], and Prieto et al. compared the results of similar
model to both HEI correlations and a 2-D simplification of the 3-D
model [9]. Hu and Zhang developed improvements to turbulence
[10] and inundation [11] modelling for numerical condenser sim-
ulations. Zeng et al. [12] developed 3-D models of three power
plant condenser configurations, and compared the results to HEI
correlations. While the 3-D models are likely the most accurate
option in the absence of extensive proprietary data available to
condenser manufacturers, the difficulties of modelling two-phase
flow, phase change and interaction of the two phases will still
produce significant uncertainties in the results. For on-line condi-
tion monitoring purposes or a use as a component module of a
larger power plant model, the computational complexity of such
numerical models would also be excessive.

The approaches studied in this paper are a 2-Dmodel based on a
geometrical simplification broadly similar to that presented by
Prieto et al. in Ref. [9] calculating the condenser as a heat exchanger
network of smaller condensers, and a 0-D model based on an
average U calculated at average flow conditions. The possibility of
an even simpler implementation was investigated by comparing

these results to calculationwith an average U obtained from the HEI
standards for steam surface condensers. All three methods were
implemented for three separate condenser types, one of which is
similar to the church window type analysed by Prieto et al. All
condensers considered are of two-pass configurationwith seawater
in horizontal tubes.

The 2-D method described in this paper differs from that of
Prieto et al. mainly in the treatment of condensation heat transfer,
and in the inclusion of an experimental parameter to fit the model
to measured performance. In Ref. [9] the vapour phase heat transfer
coefficient was determined according toTaborek [13] and the phase
change and heat andmass transfer weremodelled according to film
theory by Colburn and Hougen [14], corrected by Ackermann’s
factor according to [15]. The condensate film heat transfer coeffi-
cient was obtained from Nusselt’s correlation for single horizontal
tube without vapour shear, originally presented in Ref. [16], and
modified by a shear correction from Ref. [17].

In this work it was assumed that given the simplification of
actual flow patterns into 2-D or 0-D models and the difficulties of
modelling condensate behaviour and the possible formation and
effects of inert gas pockets in the tube bundle, a purely theoretical
model could not achieve sufficient accuracy. An experimental
correction factor C was introduced to fit the model results to
measurements by adjusting the condensation heat transfer coeffi-
cient obtained from heat transfer correlations (i.e. C ¼ hadjusted/
hcorrelation). The unadjusted hcorrelation is based on correlations of
Nusselt number Nu for gravity- and shear-dominated cases. With
an experimental correction applied to account for the uncertainties
in condensation modelling, it appeared unlikely that the more

Nomenclature

A area [m2]
B width [m]
C experimental correction factor for condensation heat

transfer coefficient: C ¼ hadjusted/hcorrelation [e]
Cf friction factor [e]
cp specific heat in isobaric process [J kg�1 K�1]
d diameter [m]
f friction factor (Darcy) [e]
Fx correction term for U in HEI standards [e]
G mass velocity [kg s�1 m�2]
g gravitational acceleration [m s�2]
h 1. heat transfer coefficient [W m�2 K�1]2. specific

enthalpy [kJ kg�1]
hfg latent heat of condensation [kJ kg�1]
imax number of calculation segments in tube axis

direction [e]
jmax number of tube rows in steam flow direction [e]
k thermal conductivity [W m�1 K�1]
L length [m]
_m fluid mass flow rate [kg s�1]
N number of tubes [e]
n index of calculation elements [e]
NTU number of transfer units (dimensionless

conductance) [e]
Nu Nusselt number [e]
P tube pitch [m]
p pressure [Pa]
Pr Prandtl number [e]
R thermal resistance [K W�1]
Re Reynolds number [e]
R00 thermal resistance per surface area [m2 K W�1]

s tube wall thickness [m]
T temperature [�C]
w velocity [m s�1]
x steam quality [e]
U overall heat transfer coefficient [W m�2 K�1]

Greek symbols
Dp pressure drop [Pa]
3 heat exchanger effectiveness [e]
F heat transfer rate [W]
m dynamic viscosity [Pa s]
r density [kg m�3]

Subscripts
C cumulative
c cold (sea water) side
cl clean
gr gravity
h hot (steam) side
i 1. tube inside2. calculation element index in tube axis

direction
in inlet
j calculation element index in tube row direction
L liquid phase
o tube outside
out outlet
s tube surface
sh 1. shell2. shear
T transverse to steam flow direction
tb tube
TOT total
TRU true value (according to measurements)
V vapour phase
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elaborate approach of Ref. [9] would be advantageous over the
simpler method presented here.

The sensitivity of the developed 2-D and 0-D models and HEI
standards curves to changes in steam and coolant flow rates is
investigated and compared tomeasurement data for three different
condenser types to the extent that available data allowed. Results
are studied both with and without the experimental correction
factor in order to also obtain information on the relative usefulness
of the models for predicting condenser performance if data for
fitting the correction factor is not available.

2. The studied condensers and their 2-D simplifications

Three tube bundle configurations were studied. Labelled A, B,
and C, these are shown in Fig. 1, with the simplified geometries to
illustrate the treatment of steam flow in the models. The simplifi-
cation resulted from assuming steam to enter the tube bank
perpendicularly, and estimating the average number of rows jmax
that the steam would flow across in the bundle. Each tube bundle
has two water-side passes, splitting the shown tube bundles to top
and bottom passes in A and left and right-side passes in B and C.

In the 2-D model the steam flow is assumed to be in perfect
cross flow across the tubes, with parallel directions for vapour and
liquid phase flows. In geometries A and C the number of tubes NT
transverse to the steam flow was estimated to remain relatively
constant so that there would be NTOT/jmax tubes in each row. The
geometry B represents the church window type inwhich the cross-
sectional area for steam flow reduces more clearly after each row.
The tube bank is estimated to narrow steadily until finally
NT,jmax ¼ 0.30NT,1.

The tube arrangement in each condenser is equilateral trian-
gular. The main physical characteristics as well as typical operating
conditions are described in Table 1. All condensers are used in large
condensing power plants with seawater cooling. The plants operate
at base load, with the seawater flow rate switched between a lower
value during winter and higher in summer. The condensers are
equipped with an on-line cleaning system continuously rotating
cleaning balls through the tubes.

3. Model description

In the model the heat transfer in a condenser is determined by
four separate thermal resistances. Presented for a unit area, these
are the tube outside condensation resistance Ro00, tube wall con-
duction resistance Rw00, tube inside convection resistance Ri00, and
tube inside fouling thermal resistance Rtf00. The last term represents
the net effect caused by the foulant layer, including changes in
convective heat transfer due to surface changes. The effects of tube-
side flow maldistribution, heat conduction in tube axis direction,
tube outside fouling, inert gases in steam, leakages, and heat losses
to the environment were considered negligible and not considered
in the model.

If the model is used to find condenser pressure ph,in at a given
coolingwatermassflow rate _mc and inlet temperature Tc,in and steam
mass flow rate _mh, a value for Rtf00must be assumed. If the condenser
pressure isknown,Rtf00 canbedeterminedusing themodel.Rtf00 orph,in
is found in all models by adjusting the unknownparameter to such a
value that the calculated heat transfer rate F matches the actual, as
described in Algorithm 1 in Appendix A. The pressure ph,in is steam
pressure immediately above the tube bundle; it is assumed that two
velocity heads, based on velocity determined at unobstructed free
flowareaof theshell above the tubebundle,Ash¼ LtbBsh, are lostas the
steam flow accelerates, decelerates and turns into the tube bank. The
actual heat transfer rate can be determined from the cold-side mea-
surements or estimated from the hot-side.

To determine the fouling resistance the algorithm accounts for
all discrepancies between calculated and measured results by
adjusting the Rtf00. A sufficiently accurate modelling of biofouling
was considered impossible and the available data is insufficient to
identify measurement problems, leaks or other possible causes of
poor indicated condenser performance. This is an inherent limita-
tion of the model, resulting in the indication of a possibly increased
Rtf00 as a result of any operating problem, even if fouling is not the
actual physical cause.

3.1. Calculation procedure

The algorithm divides each water-side pass in imax segments in
tube axis direction, and jmax rows in steam flow direction (Fig. 2).
With data for the incomingwater and steam flow rates and states to
element (i,j) obtained from the outlet conditions of elements
(i� 1,j) and (i,j� 1), the calculation is performed iteratively for both

Fig. 1. Studied tube bundle configurations. The green area in the top figures represents the actual tube bundle configuration viewed in tube axis direction, the lower figures the 2-D
model simplification. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Main specifications and typical base load operating conditions of the studied
condenser types.

A B C

Number of tubes
per pass [e]

5225 6500 8800

Tube material SMO steel Titanium Titanium
Tube thermal

conductivity [W/mK]
14 21 21

Tube outer
diameter [mm]

28.0 24.0 22.0

Tube pitch [mm] 35.0 32.5 27.5
Tube wall thickness [mm] 0.8 0.5 0.5
Tube length [m] 8.89 8.97 9.27
Shell width [m] 6.7 6.7 6.7
Cooling water mass

flow rate [kg/s]
4800 or 6200 4500 or 5900 4400 or 5800

Cooling water
temperature [�C]

0e20 0e20 0e20

Steam mass flow
rate [kg/s]

105 105 105

Steam pressure at
inlet [mbar]

25e60 20e55 20e55
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passes, one segment i at a time starting with an initial guess of
steam mass flow rate into element (i,1), and adjusting this until the
vapour-phase flow after (i,jmax) becomes zero. Water is assumed to
be mixed between the passes. Steam pressure drop before entry to
tube bank Dph,in is calculated separately for each segment i,

Dph;in;i ¼ 1 =

2 rh;V;iw
2
h;V;i$2; (1)

where velocitywh,V,i is based on free flow area in shell to segment i,
LtbBsh/(2imax).

Calculation of each element is based on assumptions of constant
condensation temperature and U. The water outlet temperature to
element (i þ 1,j) and vapour-phase mass flow rate to element
(i,jþ 1) are calculated from the heat transfer rateFi,j in the element
applying the 3-NTU method according to Eqs. (2)e(7). Steam
pressure drop is calculated after the heat transfer calculations.

Ui;j ¼
"
do
di

 
R00tf þ

1
hc;i;j

!
þ R00w þ

1
hh;i;j

#�1
(2)

NTUi;j ¼
Ui;jAi;j
_mc;jcp;c;i;j

(3)

3i;j ¼ 1� e�NTUi;j (4)

Fi;j ¼ 3i;j _mc;jcp;c;i;j
�
Th;i;j � Tc;i;j

�
(5)

_mh;V;i;jþ1 ¼ _mh;V;i;j �
Fi;j

hfg;i;j
(6)

Tc;iþ1;j ¼ Tc;i;j �
Fi;j

_mc;jcp;c;i;j
(7)

3.2. Local heat transfer and pressure drop calculation

Tube inside heat transfer coefficient hc for cold water was
determined from the Nusselt number Nu, obtained using the cor-
relation by Petukhov and Popov originally published in Ref. [18] as
cited in Ref. [19],

Nuc ¼ hcdi
kc
¼

f
8Re Pr

aþ 12:7
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f
2Pr

2=3 � 1
q �

m

mc

�0:14

; a

¼ 1:07þ 900
Re
� 0:62
1þ 10Pr

(8)

The correlation is valid for valid for 0.5 < Pr < 2000 and
104 < Re < 5$106. The friction factor f was obtained from a
formulation by Bhatti and Shah for hydraulically smooth tubes
originally published in Ref. [20] as cited in Ref. [19],

f ¼ 0:00512þ 0:4572 Re�0:311 (9)

Condensation is affected by gravity, vapour shear, and condensate
inundation. The combined effect of these was approximated by an
averaging formula for gravity and shear-dominated heat transfer
coefficients hh,gr and hh,sh originally published in Ref. [21] as cited in
Ref. [22],

hh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
h2h;sh þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4
h4h;sh þ h4h;gr

rs
: (10)

An inundation correction by Kern originally published in Ref.
[23] as cited in Ref. [24] was applied to this to obtain the heat
transfer coefficient of the j:th row hh(j):

hhðjÞ ¼ hh
h
j5=6 � ðj� 1Þ5=6

i
(11)

The gravity-dominated condensation heat transfer coefficient
was determined from the Nusselt correlation [16], with the con-
stant corrected from the original 0.725 to the more accurate solu-
tion of 0.728 by Butterworth [25],

Nuh;gr ¼
hh;grdo

kl
¼ 0:728

"
rLðrL � rVÞghfgd3o

mLkLDT

#1
4

; (12)

where the temperature difference between steam and tube outside
wall DT ¼ Th � To is obtained from stationary-state energy balance,
setting heat fluxes from steam to tube wall and steam to cooling
water as equal,

DT ¼ Th � To ¼ U
hh
ðTh � TcÞ: (13)

The shear-dominated heat transfer coefficient was determined
from the ShekriladzeeGomelauri correlation [26]

Nuh;sh ¼
hh;shdo

kl
¼ 0:59

ffiffiffiffiffiffiffiffi
R
w

e

q
; R

w
e ¼ wVdorL

mL
(14)

where R
w

e is a two-phase Reynolds number with the steam velocity
wv defined as the average across the row of the tubes considered.

Steam pressure drop Dph in the tube bank was calculated from

Dph ¼ 2Cf
G2
max
rV

; (15)

where Gmax is the vapour mass velocity at the smallest cross-
sectional area Amin between the tubes,

Gmax ¼
_mh;V;i;j

Amin
; (16)

At element (i,j) the minimum steam flow area Ai,j,min is obtained
from

Ai;j;min ¼
Ltb
imax

NT;jðP � doÞ: (17)

The friction factor Cf is based on the correlation originally
published by Jakob in Ref. [27] as cited in Ref. [28],

Cf ¼

2
6640:25þ 0:1175�

P
do
� 1
�1:08

3
775
�
dowv;maxrV

mV

��0:16
; (18)

where velocity wV,max is the maximum steam velocity at the
smallest area between the tubes.

Fig. 2. Division of one condensing pass into imax � jmax calculation elements.
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Fluid properties in Eqs. (12), (14), (15) and (18) were evaluated at
saturated state corresponding to local pressure.

3.3. Average-U models: 0-D and HEI standards

The 0-D model is based on the same Eqs. (2)e(18) as the 2-D
model. The values of pressure drop, shear-dominated heat trans-
fer coefficient, mean hot flow temperature, and the hot-side
properties are based on half of the incoming vapour remaining
and half of the hot-side pressure drop, with fluid properties eval-
uated at saturated state at this pressure.

Determining U according to the HEI Standards of Steam Surface
Condensers is based on Eqs. (19)e(24) below [1]

F ¼ UA
Tc;out � Tc;in

ln
Tsatðph;inÞ�Tc;in
Tsatðph;inÞ�Tc;out

(19)

F ¼ _mhhfg (20)

F ¼ _mccp;c
�
Tc;out � Tc;iin

�
(21)

U ¼ U1F1F2F3; (22)

where F1 to F3 are the correction factor for tube material and gauge,
cooling water inlet temperature, and cleanliness. In this work the
overall heat transfer coefficient of clean condenser Ucl was deter-
mined from a curve fit based on the cooling water flow velocity wc
and inlet temperature Tc,in recommended in Ref. [1] to approximate
the HEI standards, and adjusted to account for the tube material
and gauge with a correction factor Fm from Ref. [29]:

Ucl ¼ 2:7w0:5
c

�
0:5707þ 0:0274Tc;in � 0:00036T2c;in

�
Fm; (23)

where [Tc,in] ¼ �C, [wc,in] ¼ m/s and [Ucl] ¼W/(m2K). Fm ¼ 0.87 for
type A condenser and Fm ¼ 0.91 for types B and C [1]. The overall
heat transfer coefficient for the condenser with the tube inside
fouling resistance Rtf00 was obtained from

U ¼
�
d0
di
R00tf þ

1
Ucl

��1
: (24)

4. Condensation correction factor

Condensation heat transfer calculation is subject to several po-
tential sources of errors mostly related to the simplified flow pat-
terns, condensate behaviour, and inert gases. The 2-D model not
only simplifies the steam flow pattern, but also neglects the
different directions of vapour and condensate flows. In the 0-D
model also the highly non-linear changes of condensation heat
transfer coefficient and steam saturation temperature due to
pressure drop are lost. With the knowledge that experimental data
on inundation effects is very scattered [22] and the inundation
correction of Eq. (11) is purely experimental, the treatment of
inundation must also be considered very imprecise. The effect of
inert gases is significant in gravity-dominated condensation and
becomes pronounced at low pressures, but forced flow is much less
affected [30]. Overall, the effect of inert gases should be small in
well-designed condensers with appropriate equipment for
removing the gases [1].

Many of the greatest sources of uncertainties are clearly influ-
enced by coolant temperature Tc. Condensate behaviour is affected
by viscosity which changes significantly with temperature for

liquid water, and pressure, which itself depends on Tc, also has an
indirect effect through steam velocity on the shear effects on
condensate. The changes in viscosity and shear effects are likely to
affect the flow and distribution of the condensate film within the
tube bundle, which is notmodelled in either 2-D or 0-Dmodels, but
simply approximated to be in parallel to the steam flow. Steam
pressure drop both before and within the tube bank is another
significant source of uncertainty due to the difficulty of estimating
the actual loss coefficients, varying flow velocities before steam
entry to the tube bank, and the inherent uncertainty of pressure
drop correlations. Pressure drop is significantly affected by velocity,
and therefore by steam pressure and thus indirectly by Tc. Although
inert gases should not have a significant effect in a well-designed
condenser, the possible presence of air pockets in the condensers
cannot be completely ruled out, and satisfactory removal of non-
condensables may also be affected by pressure. Since many of the
main uncertainties appear likely to depend on coolant temperature,
the correction factor C was set as a function of Tc.

Determining the correction factor was complicated by the un-
known fouling thermal resistance Rtf00. The best approximation was
assumed to be Rtf00 ¼ 0 with data collected immediately after the
yearly maintenance stop, which includes washing the tubes. This is
not necessarily true, as some of the foulant may remain, and fouling
may also permanently change the surface for example through
oxidization or mechanical deformation. Without better informa-
tion or possibility of investigating the surface, these effects were
assumed negligible.

Plant start-ups after the maintenance occurred in autumnwhen
Tc sometimes changes rapidly. The best data series provided a range
of Tc ¼ 6.13 �C in 6 weeks for the condenser type A: a change of
6 �Ce13 �C in 4.5 weeks followed by a decrease to 10 �C. Foulant
growth was assumed low on the basis of biofouling rates presented
in Ref. [31], further confirmed by nearly identical values of U at
Tc ¼ 10 �C with 4 weeks of time in between the data points. The
correction factor was determined with data for the washed A-type
condenser collected from 30-day period, each data point repre-
senting a 1-h average fromvarying times of day. The datawas based
on the higher coolant flow rate. Calculation of Cwas done by setting
Rtf00 ¼ 0 and modifying C instead of Rtf00 or ph,in. The results together
with linear curve fits are presented in Fig. 3, confirming the pre-
sumption that C ¼ f(Tc). Correction factors were determined simi-
larly for 0-D, 2-D and HEI standards models.

Because a period of fast temperature change immediately after
washing was not found for the B and C-type condensers, the model
was run initially only on type A, using data from three years to
estimate typical Rtf00 variation. Two periods of rapid temperature
change were found for types B and C, one at each water flow rate.
These periods were used for determining the correction factors of
B- and C-type condensers but using the Rtf00 values obtained from
the model for type A at those times: 0.5 � 10�5 m2K/W at the low
_mc data and 1.0 � 10�5 m2K/W at the high _mc data. The low- _mc

series includes also some high- _mc data points.
A weakness of this approach is that biofouling rate is known to

be a function of the tube material and flow conditions [31] which
differ between the types A, B and C. This approach was still
considered better than using post-washing data from a long time
period and thus with varying fouling levels, or using only a small Tc
range causing uncertainty in finding the slope for the correction.
Data from as short time andwide Tc range as possible should ensure
that while errors in absolute Rtf00 value may appear, systematic er-
rors as a function of Tc resulting in erroneous information on fouling
trends areminimized. The resulting correction factors are plotted in
Fig. 3.

The data collected from two separate times with different
temperatures and water flow rates results in C0D and C2D
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distributions each fitting well within the same line for both type B
and C. The trend with all geometries is for the 0-D and 2-D models
to overestimate the heat transfer coefficient particularly at low Tc.
This is in agreement with the presumption that the main de-
ficiencies in the model are related to the condensate behaviour,
hot-side pressure drop and inert gases, as all could be expected to
decrease the performance especially at cold temperatures, i.e. low
pressure and high condensate viscosity. Only increased vapour
shear effects on the condensate would produce the opposite effect.

Compared to the correction factors C0D and C2D, CHEI exhibits the
opposite behaviour. Without exact knowledge of the data onwhich
the HEI curves are based on, the reasons for the difference are
impossible to pinpoint reliably. One possible explanation is that this
could indicate a higher relative importance of tube inside convec-
tion resistance in HEI data than what is the case with the

condensers considered here: the tube inside convection resistance
depends more strongly on temperature than the condensation
resistance. With condensation the increased vapour shear at low
pressures compensates for the decrease in gravity-dominated
coefficient.

It is also noteworthy that with the high- _mc data points of the
geometries B and C, the correction factors points of HEI and 2-D
models remain essentially constant, unlike C0D points which
continue approximately on the path established by the low-Tc,
mainly low- _mc points. This may indicate that the effect of coolant
temperature reduces at 10e20 �C range, but given the limited
amount of data may also be simply a result of random fluctuations
in measurements and/or actual performance. In the absence of a
larger set of reliable data to base a more detailed correction factor
on, and given the proximity of data points to the simple linear fit,

Fig. 4. Condenser pressures and overall heat transfer coefficients without correction factor as a function of seawater temperature.

Fig. 3. Correction factors as a function of the seawater temperature, one data point per day. In Type B and Type C the circle represents the low- _mc data (Rtf00 ¼ 0.5 � 10�5 m2K/W),
the remainder high- _mc data (Rtf00 ¼ 1.0 � 10�5 m2K/W).

J. Saari et al. / Applied Thermal Engineering 62 (2014) 37e4742



the linear approximation was considered adequate for the purpose
and implemented.

5. Results and validation

The change of the overall heat transfer coefficient U and
condenser pressure ph,in was predicted with all models as a func-
tion of seawater temperature Tc and flow velocity wc. Two cases
were studied: without any applied correction, and using a linear
approximation for the correction factor as presented in Fig. 3. As U
and steam saturation temperature both vary within the condenser
but this is not taken into account in the HEI standards curve, the
simplified definition of U from Eq. (19) was used for plotting the
results of all models.

5.1. Base load conditions without correction factor

The effect of Tc at base load conditions was investigated with _mc,
wc and F taken from the measurements and Rtf00 assumed
0.5�10�5 m2K/W during the low- _mc and 1.0� 10�5 m2K/W during
high- _mc periods. The results are shown in Fig. 4.

Since condenser pressure is largely a function of Tc (defining the
starting point of the cooling water temperature curve) and _mc

(defining the rate of temperature increase), while U only affects the
temperature difference between the cold and hot flows, all models
are able to predict ph at any given coolant temperature within a few
millibars even when differences in U are considerable.

The 2-D model tends to overestimate performance, but overall
predicts the condenser performance reasonably well for all types
and at all conditions. The results from the 0-D model are broadly
similar to the 2-D model with types A and B, but the 0-D model
tends to overestimate the performance more especially at the
coldest water temperatures. With type C this difference becomes
quite large. This appears to be a result of several factors combining
in type C to magnify the importance of effects detrimental to per-
formance that are difficult to account for in a single-point model.

Firstly, steam pressure drop Dph in the condenser is greatest at
the cold end of tubes due to higher local steam flow rate. With Dph
greatest where most steam is condensed and the roughly propor-
tional to square of velocity, the real effect is therefore greater than
that resulting from a one-point average model based on flat steam
flow distribution. A single-point averaging in steam flow direction
also distorts the results towards higher-than-actual performance:
most of the pressure drop takes place in first few rows where the
velocity is greatest, and the actual average effect is therefore greater
than half of total Dph calculated at half of the flow rate remaining.

Finally, heat transfer is highest in the first few tube rows due to
highest shear force improving the heat transfer coefficient, and the
detrimental effects of both pressure drop and condensate inunda-
tion still low. The water in these tubes therefore warms faster than
deeper in the tube bank. Particularly in case of close temperature
approach, this will limit the heat transfer potential left at the warm
end of these tubes. Steam is then forced to flow through the first
rows with comparatively little reduction in volumetric flow rate,
resulting in significant pressure drop, and thus limiting the heat
transfer rate available also deeper in the tube.

The type C condenser with the largest surface area, lowest
pressure and closest temperature approach of all types is most
affected by the above-mentioned effects. The net result can be seen
in the values of U listed in Table 2 below for typical conditions of
1.8 m/s and þ5 �C coolant velocity and temperature, and 105 kg/s
steam flow rate (x ¼ 0.91). The overall heat transfer coefficient U
based on Eq (19) and saturation temperature determined at ph,in is
clearly lower than the Umean based on the actual U based on the
heat transfer resistances according to Eq. (2) (the arithmetic mean

of local Ui,j in case of 2-D model) in all cases, and the difference
tends to be greater in 2-D than 0-D model. Neglecting the issues of
spatial variations in pressure and temperature produces the most
optimistic results for the type C; as a result, the 2-D and 0-D results
diverge the most from each other with this type of condenser. The
cold- and hot-side heat transfer coefficients are otherwise broadly
similar between models and condenser types.

From Fig. 4 it could be seen that the HEI curves overestimate the
effect of coolant flow rate has on U. The predicted effect of changing
wc could not be plotted over a range of data points from the mea-
surements as only two values were ever used. In order to examine
the effects according to the three models typical conditions
_mh ¼ 105 kg/s, x ¼ 0.91, Tc,in ¼ þ5.0 �C and Rtf00 ¼ 1 � 10�5 m2K/W
were used instead, with wc and _mc as the only varying parameters.
The results are presented in Fig. 5.

The plots confirm that the HEI standards curves predict a clearly
stronger improvement of performance with increased coolant flow
in all cases. There is also a noticeable difference between the results
of the 2-D and 0-D models: although the tube inside heat transfer
coefficient increases with increasing velocity, increasing U and
decreasing ph with all models, the aforementioned pressure drop
related effects limit the 2-D model to a much lesser performance
increase than the 0-D model. The effect is again particularly pro-
nounced with the type C.

5.2. Base load conditions with correction factor

Fig. 6 shows the behaviour of the models at different seawater
temperatures when the correction factors (Fig. 3) are applied. The
actual correction factors of types B and C remaining almost con-
stant at higher temperatures in Fig. 3 indicates that at that range of
Tc, unlike at lower temperatures, particularly the HEI curves and the
2-D model approximated the slope of U ¼ U(Tc) fairly well. Figs. 4
and 5 showed that the HEI curves overestimate the effect of
coolant flow rate change. As a result, the correction curve appeared
to aim along the low- _mc data points and at the middle of the cluster
of high- _mc points. In case of type A condenser the HEI curve did fit
well the high- _mc part of the curve, but the impact of the switch to
low _mc was clearly too large. To fit the HEI curves to the mea-
surements a more complex function of Tc as well as factoring in the
effect of water flow rate would be required.

Both 0-D and 2-D models predicted the U and ph changes
accurately and amost identically with the correction applied. With
2-D model the high- _mc correction factors for types B and C also
remained relatively constant in Fig. 3, but in contrast to the HEI
curves, the 2-D predictions of Fig. 6 appear accurate. In addition to
better accuracy with changing coolant flow rates, this may also be
an indication that the relatively constant correction factor values at
high Tc in Fig. 3 for 2-D model results with types B and C may be
partly the result of measurement noise and/or actual temporary

Table 2
Condenser pressure and heat transfer coefficients with 0D and 2Dmodels withþ5 �C
cooling water inlet temperature and 1.8 m/s tube-side velocity. U is the overall heat
transfer coefficient solved from Eq. (19) with Tsat based on ph,in, while Umean is the
arithmetic mean of local heat transfer coefficients calculated from Eq. (2).

Type A Type B Type C

0-D 2-D 0-D 2-D 0-D 2-D

ph,in [mbar] 27.8 28.4 25.2 25.7 21.4 22.9
qm,c [kg/s] 5147 5147 4860 4860 5329 5329
U [W/m2K] 2468 2400 2882 2788 3170 2691
Umean [W/m2K] 2855 2875 3246 3213 3331 3399
hc,mean [W/m2K] 6347 6390 6502 6597 6533 6588
hh,mean [W/m2K] 8403 8814 8470 8342 9071 9705
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performance anomalies. The experimental data from type C is
considerably more scattered than the other two types in Fig. 6; an
explanationwas not found, but the variation appears to be too large
to be due to fouling and may indicate problems with the measured
data.

The accuracy of the models in predicting the change of
condenser performance as a result of changingwc can be seenmore
clearly by observing the change of Rtf00 on a data series that includes
an abrupt change of wc due to the switching of the sea water mass
flow rate. As the algorithm uses only Rtf00 to match the calculated to

Fig. 5. Condenser pressures and overall heat transfer coefficients without correction factor as a function of sea water flow velocity.

Fig. 6. Condenser pressures and overall heat transfer coefficients with correction factor as a function of the sea water temperature.
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the measured heat transfer, errors in predicting the change of
convection resistance will result in an equal and opposite change of
Rtf00, as can be seen in Eq. (2). An abrupt jump of Rtf00 when wc
changes can be a sign of this. The Rtf00may also actually change if the
foulant surface changes enough to affect convection; this effect will
change as velocity changes, resulting in Rtf00 changing even if the
foulant itself does not. In this study inspecting the tube inside
surface during operation or immediately after washing was not
possible.

To compare the magnitude of the changes to random variations
over time, Rtf00 values for a 100-day period starting from Tc ¼ 13 �C
and cooling to 0 �C are plotted for types A and B in Fig. 7.

Measurement data needed to include condenser type C was not
available.

When coolant flow rate is reduced, the 2-D model produces a
slight increase of Rtf00 with type A and a decrease with type B, but
the magnitudes of both are very small. The 0-D model yields an
equally slight decrease of Rtf00 with type A, but amore clear decrease
with type B. The HEI curves produce a large reduction of Rtf00 with
both types to offset the overestimated impact of seawater flow rate
reduction, however.

In addition to the Rtf00 change, other observations can be made
from the results of Fig. 7. Both the magnitude and rate of Rtf00

variation of the type B condenser at days 80e90 appear too great

Fig. 7. Condenser thermal fouling resistances and relative steam and coolant flow rates over a 100-day period. Measurements used were a continuous series of 1-h averages, of
which every 24th value is represented above.

Fig. 8. Condenser thermal fouling resistances and relative steam and coolant flow rates during start-up. Data points represent calculations on the basis of consecutive 1-h
measurement averages over 60 h.
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to result from actual fouling changes. Available data was insuffi-
cient to determine the actual cause, which may have been for
example a measurement error or a problem in the gas venting
system.

Another interesting result is the values of Rtf00 < 0 with type B
between days 45e85. This may be at least partly correct, however:
a very small foulant growth at the surface of a smooth tube can
reduce the convection resistance by more than the foulant’s con-
duction resistance [31]. Given the small magnitude of Rtf00, the
uncertainties of setting the baseline of Rtf00 ¼ 0, and the small
coolant temperature change from which the heat transfer rate is
calculated, the negative values may also in part or whole result
from inaccuracies of the model or the measurements.

5.3. Model behaviour at lower steam flow rate

Behaviour of the models when steam flow rate varies was
studied using start-up data where the steam flow rate increases
from approximately 75% to full base load value, and observing the
Rtf00 given by the three models. A pattern of Rtf00 change that would
either follow or mirror the steam flow change would indicate that
the algorithm is likely correcting model errors with Rtf00 to achieve
the correct heat transfer rate. Results for types A and B at a seawater
temperature of 15 �C are presented in Fig. 8 below. Again, a com-
plete set of necessary data was not available for type C.

In case of type A, the HEI curve for Rtf00 appears to mirror the
steam flow rate to some extent, descending as the steam flow rate
ascends. The 0-D model shows a lesser dependence on steam flow
rate, Rtf00 increasing with increasing steam flow and approaching
the 2-D curve as steam flow rate reaches 100%. The Rtf00 values
calculated with the 2-D model show the least variation, and little
signs of this variation following or mirroring either steam or
coolant flow rates. In case of type B both the HEI and 2-D Rtf00 curves
remain flat and nearly identical during the period of steam flow
rate increase. The 0-D model again shows a reduction of Rtf00 at 75e
90% steam flow rates.

6. Conclusions

Two condenser heat transfer models applying significant sim-
plifications were developed, a 0-D model based on an average
overall heat transfer coefficient U, and a 2-D model dividing the
condenser into elements in both steam and coolant flow directions.
In addition to the two models, the HEI standards curves were used
for predicting the condenser performance. Plant measurement data
was used to determine a linear correction factor as a function of
seawater temperature to match the calculated to measured per-
formance. The correction was applied entirely on the condensation
heat transfer coefficient, as this was considered to be the main
source of calculation uncertainties.

Without the correction the 2-D model was the most consistently
accurate model in predicting condenser performance. With two of
the condensers the 0-D and HEI models were only slightly less ac-
curate, but with the type C the 0-D model deviated significantly
more from the measurements. This was estimated to be mostly a
result of greater importance of local variations in temperature,
pressure and heat transfer coefficient with the lower pressures,
higher steam velocities and closer temperature approaches of the
type C condenser. The HEI curves clearly overestimated the effect of
coolant flow rate change compared to measurements and the other
models.

When the experimental correction factor was applied, the 2-D
model appeared again to be the most accurate one, showing little
signs of significant errors when either steam or coolant flow rate
were changed. With the 0-D model there were indications of

unlikely reduction of Rtf00 at reduced steam flow rate, and an
overestimation of the impact of cooling water flow rate change
with type B. The HEI curve performed poorly with changing coolant
flow rate, and appeared to show some inaccuracy with reduced
steam flow rate as well.

The HEI standards curves proved to be too inaccurate for more
than a rough heat transfer coefficient prediction, and unsuitable for
on-line condition monitoring. If great simplicity and minimal
computational time is desired for a model for base load operation, a
more complex correction factor would be required that would
essentially amount to an entirely new experimental function
U¼ f( _mc,Tc), thus also rendering the usefulness of the HEI curve as a
basis for correction questionable compared to simply creating an
experimental function for the condenser at hand.

The 2-D model was overall the most accurate when predicting
the performance with or without a correction factor, also when
somewhat outside of the scope of flow conditions used for
determining the correction factor. This benefit must be weighed
against the clear increase in calculation and model development
time. The computational time of the 2-D model is still quite
short, but if it is used as a component module of a larger power
plant model, it may prove to be excessive. Depending on the
condenser in question, required accuracy, expected operating
conditions and variation thereof, the 0-D model may be suffi-
cient, but it may be a poor choice particularly at low pressures,
small temperature differences and in the presence of significant
pressure drop.

The 2-D model provided sufficient accuracy and consistency
that it could be considered useful for rough initial sizing and
evaluation of condensing heat exchanger designs, but due to the
typically complex tube bundle configurations of large vacuum
condenser and the steam flow patterns that cannot be fully
modelled with the applied simplifications, it’s utility for such pur-
poses must be considered limited. The authors are currently
working on extending the use of a model similar to the 2-D model
of this study to an optimization of a backpressure shell-and-tube
condenser for a combined heat and power plant.
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Appendix A

Algorithm 1. Determining the fouling resistance or condenser
pressure.

1. Calculate actual heat transfer rate FTRU ¼ _mccpðTc;out � Tc;inÞ or
FTRU ¼ _mhxhfg

2. Guess tube inside fouling thermal resistance Rtf or condenser
pressure ph,in

3. Calculate steam pressure drop before tube bundle
4. Calculate F in the condenser. Using as incoming flows the exit

flows from previous elements, calculate for each element n,
n ¼ 1,.,N, N ¼ 2$imax$jmax in 2-D model and N ¼ 1 in 0-D and
HEI models:
� Un and Fn

� cumulative FC,n ¼ FC,n�1 þ Fn.
5. After last element N:
� If FC,N < (FTRU e maximum allowable error) reduce Rtf00 or
increase ph,in, move to step 3.
� If FC,N > (FTRU þ maximum allowable error) increase Rtf00 or
reduce ph,in, move to step 3.
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Abstract: 

This paper presents a heat transfer model and optimization of a shell-and-tube U-tube district heat 
condenser of a CHP plant. A multi-element model, found important for accuracy in an earlier study 
by the authors, is used to account for spatial variation of heat transfer and steam pressure drop. The 
case considered is a condenser with specified requirements on thermal load, terminal temperature 
difference and drain cooler approach, constrained by maximum allowed pressure drops, as well as 
typical constraints dictated by manufacturing, operating and maintenance concerns. 

To minimize steam pressure drop, a significant volume of the shell side must be void of tubes. It is 
shown that heat transfer area minimization cannot approximate a minimum-cost design, and would 
yield an excessively large shell diameter. An alternative method of minimizing the total mass of the 
condenser, based on approximate dimensioning of the main components, is presented. Differential 
evolution, a type of evolutionary algorithm, is used in the optimization.  

Keywords: 
Condensers, heat exchangers, optimization, differential evolution 

1. Introduction 
District heat condensers of combined heat and power (CHP) steam plants are typically U-tube heat 
exchangers with water on the tube side and steam condensing on the shell side. In condensers using 
bypass or bleed steam, sub-cooling the condensate is often desirable to minimize the steam 
consumption. This study concerns the modelling and optimization of such a condenser.  

Shell-and-tube heat exchanger optimization has been studied and published extensively, with 
several methods applied on cost estimation, heat transfer modelling, and the optimization itself. In 
most published studies on heat exchanger optimization, including references [1-10], the total cost of 
the heat exchanger is estimated as a function of the heat transfer area. When operating costs are not 
considered, this reduces cost optimization to area minimization, which was done in papers [11-14]. 
This can usually be considered an adequate approximation if the shell has a high length-to-diameter 
ratio and is fully tubed, which is often true if the shell-side fluid is a liquid. In a condenser with 
low-pressure steam on the shell side a large fraction of the shell needs to be void of tubes to prevent 
high pressure drop and flow maldistribution, however. The shell, tube sheet and channel form a 
significant part of the total mass, and since these are ignored in area minimization, the optimizer can 
minimize pressure drop and maintain saturation temperature by using a very large shell.  

A more elaborate cost function proposed by Purohit [15] was used in one of the cases considered by 
Ponce-Ortega et al. [6]. However, despite its complexity the Purohit method was found to be 
relatively inaccurate by Taal et al. [16]. In this study minimizing the mass was assumed to be a 
better approximation than area minimization for finding the minimum-cost design. For this the 
approximate dimensions of main components are estimated. Mass minimization, too, ignores some 
manufacturing costs such as tube sheet and baffle drilling that can be affected by design choices. 
Due to the lack of public data on manufacturing costs, mass minimization was still considered the 
best available option. For comparison purposes also results of area minimization are presented. 



Most shell-and-tube heat exchanger optimization studies are based on rating the heat exchangers 
using an average overall heat transfer coefficient U to determine the heat transfer area. This is 
usually reasonable with single-phase heat exchangers, such as in studies [1-9] and [11-13]. With 
condensers, local variations are often taken into account. Hajabdollahi et al. accounted for the 
velocity reduction due to condensation by calculating U at steam inlet and outlet conditions and 
using their average in [10], while Sanaye et al. modelled a finned-tube condenser using multiple 
elements [14]. Other heat transfer evaluation methods have also been used in optimization, such as 
commercial software by Chaudhuri et al. [11], and computational fluid dynamics (CFD) by 
Stevanović et al.[17], both of which considered only single-phase heat exchangers. 

In this paper the heat transfer model is based on the 2-D heat transfer model developed by the 
authors for large seawater vacuum condensers [18]. Calculating the condenser in elements was 
shown to yield significantly better accuracy over using a single averaged value of U particularly 
with a close temperature approach, which is typically the case with district heat condensers.  

Many optimization methods have been used in shell-and-tube heat exchanger optimization. The 
optimization problem is made difficult by such characteristics as several constraints, non-
differentiability, possible multimodality, and combination of discrete and continuous variables. 
These issues have been solved by various means, each with some drawbacks. A deterministic, non-
iterative solution combining pumping and area costs for segmentally baffled single-phase heat 
exchangers was presented by Jegede and Polley [1] and further improved by Serna and Jiménez [5]. 
Other methods include general disjunctive programming by Mizutani et al.[2], graphical analysis by 
Muralikrishna and Shenoy [3], and systematic screening of tube count tables with heuristic pruning 
of infeasible parts by Costa and Queiroz [13]. Most of these methods involve significantly 
simplified shell-side calculation, and yield themselves poorly to multi-element calculation of 
condensing flows. There is also no guarantee of an optimum found being the global, not a local one. 

During the last 15 years several applications of various global optimization methods to the heat 
exchanger design optimization problem have been published. As stochastic methods these all suffer 
from much greater computational time, but as CPU speeds increase, this becomes less of a limit in 
contrast to the robustness and ease of implementation when confronted by difficult optimization 
problems combining discrete and continuous decision variables. Examples of stochastic methods 
applied to shell-and-tube heat exchanger optimization include simulated annealing (SA) [11], 
particle swarm optimization (PSO) [8,10], and various evolutionary algorithms such as differential 
evolution (DE) [12], genetic algorithms (GA) [4,6,9,10,14], and harmony search (HS) [7]. Of these, 
DE tends to outperform PSO and HS particularly with multimodal functions [19,20] while between 
GA and DE, the former is considered more suitable for combinatorial problems while DE is usually 
faster and more robust in real-parameter optimization, particularly with non-separable problems 
[21]. In this study DE was used. 

2. Problem definition and objective function 
The case chosen for study was a district heat condenser operating with turbine bleed steam in a 
commercial small modular CHP plant with nominal boiler fuel power of 35 MW, producing 20.5 
MW district heat at 50/90 °C input/output temperature levels, and 8 MW electricity [22,23]. The 
objective was set at finding the optimum configuration for a condenser for the 20.5 MW district 
heat load. A terminal temperature difference requirement of TTD = 5 °C and drain cooler approach 
of DCA = 10 °C were chosen with the design point flows shown in Table 1 below. Maximum cold 
(tube) and hot (shell) side pressure drops were set at pc = 0.5 bar and ph = 0.2 bar. 

A two-pass shell-and-tube U-tube condenser with first tube pass below the second (Fig. 1) was 
chosen for the task. U-tube construction was selected for being the cheapest, as well as avoiding any 
problems from the different thermal expansions of tubes in condensing and subcooling sections. 
Tube flow was set bottom to top to enable significant subcooling of the condensate. The condenser 
is calculated in 4 separate sections: first pass with condensing section B and subcooling section A, 
second condensing pass C, and section U where sections A and B combine and turn 180 °. 



Table 1.  Condenser fluid stream data 

Variable Steam  DH water 
Flow rate [kg/s] 8.60  119  
Temperature, in / out [°C] 95 / 60 50 / 90 
Pressure, inlet nozzle [bar] 0.85 16.0 
Steam quality [-] 0.96 n/a 

 

Fig. 1. District heat condenser construction 

The problem was formulated with six decision variables xn, listed in Table 2 below along with the 
range where the search is initiated. The initialization ranges are not constraints unless separately 
defined as such. A vector x of six values defines a candidate solution, and from this vector, flow 
data and fixed parameters the heat exchanger model can determine the remaining dimensions. 

Table 2.  Decision variables 

Variable Definition Initialization range 
x1 Tube-side (water) flow velocity wc [m/s] 1.0 < x1 < 2.5 

x2 Tube outside diameter do [mm] x2{10, 12, 14, 16, 18, 20, 22, 25, 28, 30} 

x3 Tube pitch to diameter ratio P/do 1.25 < x3 < 1.50 

x4 Condensing tube rows in first pass NL,B 5 < x4 < 25 

x5 
Fraction of first water-side pass tubes in the 
condensate sub-cooling section rSC [-] 0.05 < x5 < 0.20 

x6 Baffle spacing in section A SB,A/kA [-] 0.2 < x6 < 1.0 
 

Two objective functions are compared, minimizing the heat exchanger mass m, and heat transfer 
area A, both determined by the condenser model. The model, described in detail in chapter 3, finds 
the tube length required to condense all incoming steam. When minimizing the area, the objective 
function value is obtained directly from the model, when mass is minimized, a simplified 
mechanical dimensioning is used to estimate the total mass. 

Exact mechanical design was ruled outside the scope of the study. The mass is estimated as a sum 
of the main parts: tube bundle, shell, tubesheet, baffles, and the channel including cover, rib and 
flanges. Nozzle size was assumed unaffected by other dimensions and not considered. Shell, 
channel and cover plate thicknesses are calculated against internal pressure and buckling at -1 bar 
vacuum according to [24]. Instead of the stress and moment analysis of [24], tubesheet thickness 
was estimated from the simpler formula of the old [25] standard. Flange dimensions were estimated 
as a function of shell diameter from curve fits for flange dimensions for heat exchangers rated for 
650 °F temperature and 300 psi(g) pressure. The sizing equations are described in Appendix A.  

2.1. Fixed parameters and assumptions  
250 °C design temperature and pressures of -1/+5 bar(g) for the shell and -1/+16 bar(g) for the tubes 
were assumed in sizing. P235GH carbon steel was used for the tubes, P355GH for other parts. Yield 
strength of P355GH at 250 °C, l = 210 N/mm2, was used as design stress in sizing calculations. An 
equilateral triangular tube pitch was chosen for tighter packing of tubes at a given tube sheet 
ligament strength, since need for mechanical cleaning requiring a square pitch was considered 
unlikely. Loss coefficients for pressure drop were set according to [26]. Lower fouling resistances 



than those of TEMA standards [27], which were considered to represent pessimistic worst-case 
figures rather than typical ones, were used. The assumptions for fixed parameters in mechanical and 
thermal calculations are summarized in Table 2 below. 

Table 2.  Main sizing assumptions 

Mechanical Thermo-hydraulic 
Corrosion allowance* [mm] 3.0 Tube wall thermal conductivity [W/mK] 56
Manufacturing tolerance* [mm] 2.0 Tube inside fouling resistance [m2K/W] 8.0∙10-5

Material design stress, P355GH [MPa] 210 Tube outside fouling resistance [m2K/W] 1.0∙10-5

Baffle plate thickness, section A [mm] 10.0 Tube inside absolute roughness [mm] 0.04
Support plate thickness, sec. B/C [mm] 10.0 Baffle cut, section A [%] 25
Support plate spacing, sec. B/C [mm] 1500 Tube arrangement ∆ 60°
Channel division rib thickness [mm] 15.0 Loss coefficient, inlet/outlet nozzle  [-] 1.0/0.5
Tube wall thickness [mm] 1.2 Loss coefficient, tube entry/exit [-] 0.5/1.0
Tube-to-shell clearance [mm] 40 Loss coefficient, U-bend [-] 0.5
* not applied on heat transfer tubes 

2.2. Constraints  
Heat exchanger designs are subject to several geometric and performance constraints, handled by 
penalty functions in this study. Among performance variables, the temperature approach and heat 
load requirements are handled by constraining DCA and fixing inlet states and flow rates: if DCA is 
acceptable, then energy balance dictates that so must be the water outlet temperature and TTD. 

Flow velocities in heat exchangers are constrained by pressure drop, but must also be low enough to 
prevent vibration, yet high enough to prevent fouling. In this case with relatively clean fluids, wmin 
constraints were omitted, and the upper bounds set according to recommendations in [26] for liquid 
in tubes, liquid at shell side (section A) and vapour at shell side (sections B, C and U). 

Tube pitch P must provide a strong enough tubesheet ligament between the holes. A limit of P > 
1.25do is recommended in [25,26]. TEMA [27] permits even tighter spacing, but often with small 
tubes a minimum ligament of at least 3.2 to 6.4 mm is recommended for drilling tolerance and to 
allow tight rolling of the tubes to the tubesheet [28]. Here tube pitch was limited at 1.25do with an 
additional 5 mm ligament limit. Baffle spacing SB,A in section A was limited to 0.2 < SB,A/kA < 1.0,  
where kA is the width of the condensate trough. All constraints are summarized in Table 4 below. 

Table 4.  Constraints  

Performance variable Constraint Geometric variable Constraint 
Tube-side velocity wc ≤  2.5 m/s Tube pitch P  ≥ 1.25do

Drain cooler approach DCA ≤ 10 °C Tubesheet ligament (P- do) ≥ 5 mm
Tube-side pressure drop pc ≤  0.5 bar Condenser length LHX ≤ 15.0 m
Shell-side pressure drop ph ≤  0.2 bar Condenser diameter DHX ≤ 3.5 m
Shell-side velocity, condensing wh,B/C/U ≤ 30 m/s Baffle spacing, subcooling 0.2 < SB,A/kA < 1
Shell-side velocity, subcooling wh,A ≤ 1.0 m/s  

3. Heat exchanger sizing and objective function evaluation 
The heat exchanger model and sizing algorithm takes as input the incoming flows, and a candidate 
solution vector x from the optimizer. From these the algorithm finds the heat transfer surface 
required to condense all incoming steam. The mechanical sizing module then finds the remaining 
dimensions and mass. Finally, the objective function evaluator compares the performance and size 
against the constraints, and applies penalties based on the number and severity of violations.  

From the inputs to the heat transfer model, the number of tubes and their distribution between 
sections A and B in the first pass (see Fig.1) are defined. The number of tubes in each of the NL 



rows is then determined, and from this the bundle diameter DOTL between outer surfaces of the 
outermost tubes. Heat transfer then determines tube length.  

 

Fig. 2. Simplified data flow diagram and general topography of the optimization code 

Condenser model is similar to that of [18]. The condensing parts B and C are split in imax slices in 
tube direction, and jmax rows in steam flow direction (Fig. 3). Flows entering element (i,j) are set by 
outlet conditions of (i-1,j) and (i,j-1). Each element is calculated assuming of constant Tsat and U.  

 

Fig. 3. Division of one condensing pass into imax×jmax calculation elements.  

Energy balance and -NTU method are used as in [18] to determine the heat transfer rate and water 
exit temperature from an element:  
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The vapour-phase mass flow rate from an element is solved from energy balance considering the 
change of saturated vapour and condensate enthalpies due to pressure drop, 
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The performance of a given condenser is calculated iteratively in water flow direction one slice i at 
a time, starting with an estimated steam flow to (i,1), and continuing until the stopping conditions 
are met. For B and U this is no vapour exiting from (i,jmax), for C the steam exit from (i, jmax) 
matching the pressure and flow rate of (imax-i+1,1) in B. The algorithm is shown in Fig. 4 below. 

Optimizer Heat transfer model 
x 

Main dimensions: 

Ntb, Ltb, DOTL, Ds, Ao 

Fluid data  

DH water: , ,  

Steam: , ,  

Performance data: 

Tc,out, Th,out, DCA, 

pc, ph, 

wh,N, wh,B/C/U, wh,A 

Mechanical sizing 

Objective function 
evaluation 

Objective function value, 
penalty functions applied 

Final sizing results 

LHX, DHX, mHX 



The tubes from section A are combined to those from B in section U, forming there an additional 
element first in steam flow direction. In C the tubes of j=1 and j=2 in U are combined to a single 
j=1 approximated as a simple tube bank of same width as row jmax of section B, with the tubes from 
A evenly spread over the full width. State of water entering element (1,1) in C is set as an mass-
weighted average of j=1 and j=2 in U. Section A is calculated as a single element with an average 
heat transfer coefficient UA. After each iteration, the condensed steam is compared to the 
requirement, and tube length adjusted. Calculation finishes when all incoming is condensed, and the 
step change of pressure from C to B is sufficiently small for all i. 

 

 

Fig. 4. Flow chart of the heat transfer model.  
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Yes



Tube inside heat transfer coefficient hc was based on the Petukhov-Popov correlation [29], with the 
Darcy friction factor f obtained from a formulation of the iterative Colebrook-White equation [30]: 
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Tube-side pc was obtained from the Darcy-Weisbach equation with loss coefficients of Table 2.  

   nozzleexit exit-tbturn-Uentry-tbnozzleentry itb
2
ccc ½Δ KKKKKdLfwp   .  (9)  

The hot-side flow in the sub-cooling section is arranged in a covered trough with baffle plates. The 
Kern correlation [31] was used for estimating the heat transfer coefficient and pressure drop: 
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Reh,A is based on velocity at minimum free-flow area Aff, using dimensions shown in Fig. 5 below.  
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Fig. 5. Dimensions of shell-side flow in section A.  

Condensation heat transfer at the tube outside is affected by gravity, vapour shear, and condensate 
inundation. The net effect of these is approximated from gravity- and shear-dominated heat transfer 
coefficients hh,gr and hh,sh with an averaging formula (12) and inundation correction (13) as in [18]:  
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Steam pressure drop was obtained from Jakob correlation based on vapour mass velocity at the 
smallest cross-sectional area between the tubes Gmax: 
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4. Optimization 
Differential evolution (DE), a type of evolutionary algorithm, was used in the optimization. 
Evolutionary algorithms (EAs) are stochastic global optimization algorithms often able find a global 
optimum even if the objective function is multimodal, multiconstrained, non-differentiable, non-
continuous or noisy. The cost of robustness is a far greater computational time than what is needed 
by derivative-based algorithms, or even deterministic direct methods not based on derivatives.  

EAs work by mimicking evolution in nature, dealing not with single points in the optimization 
space, but populations of trial solutions competing for survival and chance of producing offspring 
(new trial solutions) to the next generation. Random mutations are used to preserve diversity and 
ensure thorough search of the objective function scope. The better the objective function value of a 
trial solution, the better its chance of surviving to the next generation. Genetic algorithms 
emphasize crossover over mutation and apply selection pressure also on selecting parents for the 
crossover, whereas evolution strategies rely mainly on mutation and offspring selection. 

DE resembles evolution strategies in being a real-valued optimizer with mutation emphasized over 
crossover and only offspring but no parent selection. Discrete variables are dealt by dividing the 
allowable range to slots, any real number from one slot translating to a single value in objective 
function evaluation. An important characteristic of DE is that the magnitude of mutations is 
adjusted by basing the mutation on a difference vector between two randomly chosen vectors x1 and 
x2. This ensures that as the population converges and the search proceeds from finding the right area 
to fine-tuning the solution, the mutations become gradually smaller. 

A new generation G+1 of candidate solutions is created from generation G by having each vector 
serve once as a target vector, surviving to G+1 if it wins the comparison with a trial vector u 
generated by crossover between a noise vector v and the target vector itself. In crossover decision 
variables of u are taken from v at a probability defined by the crossover parameter CR, otherwise 
from the target vector. The noise vector v is created by differential mutation from a base vector x0 
chosen from generation G by adding to it the difference vector x1-x2 scaled with weight factor F. 

If the objective function is not separable, i.e. the ‘goodness’ of one variable value cannot be 
determined in isolation but depends on other variables, differential mutation provides a rotationally 
invariant search that can easily move in multiple variable axes simultaneously. High values of CR 
emphasizing mutation are thus required for non-separable problems, while low CR promoting 
search along variable axes may yield better results for separable problems [21]. 

A population size of 10 times the number of decision variables is often recommended. Small values 
of F tend to improve speed at the cost of reliability. As real-world problems tend to be non-
separable, 0.8<F<1.0 and CR≈0.9 are often recommended for an initial, conservative guess 
emphasizing reliability of convergence over speed [21]. 

5. Results 
Optimization results are shown in Table 5 below. While Min(A) yields a smaller heat transfer area 
than Min(m), it is clear that this cannot approximate a minimum-cost design: the Min(A) design is 
over 10 times heavier than the Min(m) result. The difference results from Min(A) allowing vapour 
pressure drop p to be minimized by minimizing vapour velocity with a large, mostly empty shell. 
By maintaining higher steam Tsat and thereby higher temperature difference, a smaller heat transfer 
area is sufficient. The resulting heavy shell, tube sheet and channel prevent such a solution with 
mass minimization.   

The results were found with a population of NP=60 and parameters F=0.8 and CR=0.9. The 
algorithm was set to stop when reaching G=600, or after complete convergence. Convergence was 
considered complete when the whole population had identical values of do and NL, and the 
coefficient of variation of objective function values was cv<0.001. The coefficient of variation is 
calculated from  

 cv =  / ,          (18) 



where  is the standard deviation of objective function values and  the mean value.  

To ensure that the solution was the actual optimum, four consecutive optimization runs were 
performed; each of these found the same minimum mass within 10 kg, all but one reaching the 600 
generations. On the basis of repeatable results obtained with a set of parameters tending towards 
robust convergence over speed, this was considered to be the global optimum. In a PC with a 2.4 
GHz CPU, the average run time was approximately 15 hours. 

Table 5.  Optimization results. 

 Variable  Minimum m Minimum A 

D
ec

is
io

n 
va

ri
ab

le
s x1 Tube-side (water) flow velocity wc [m/s] 1.79 1.84 

x2 Tube outside diameter do [mm] 14.0 10.0 

x3 Tube pitch to diameter ratio P/do [-] 1.357 1.550 

x4 Condensing tube rows in first tube pass NL,B [-] 12 5 

x5 Fraction of first pass tubes in section A [-] 0.119 0.143 

x6 Baffle spacing in section A SB,A/kA [-] 0.742 0.200 

S
ol

ut
io

n 
di

m
en

si
on

s mHX Heat exchanger mass [kg] 6 913 76 578 

A Heat transfer area [m2] 331 284 

LHX Heat exchanger total length [m] 6.900 6.088 

DHX Heat exchanger total diameter over flanges [m] 1.050 3.491 

ss Shell thickness [mm] 13 35 

sts Tube sheet thickness [mm] 99 304 

scc Channel cover thickness [mm] 47 166 
 

Sensitivity to tuning parameters F and CR was investigated by dividing the F and CR space in 
0.1×0.1 squares, and running the mass minimization with three random pairs of F and CR in each 
square. The results are shown in Fig. 6 below; if optimization found a solution with mHX < 6930 kg, 
the run was considered to be close enough to the optimum to be considered successful and was 
plotted, otherwise not. 

  

Fig. 6. Successful mass minimization trials with different combinations of F and CR (NP=60).  

The results show that in addition to high F and CR, some success was also found with low values of 
both, although less reliably, indicating a partly separable problem [21]. Successful solutions were 
concentrated at high values of CR and moderate to high F. Since low F values can often result in 
faster convergence, speed and reliability was compared between F=0.8 and F=0.55 with CR=0.9 
and NP=60. The results of four runs with each set of tuning parameters (Fig. 7) demonstrate reliable 
behaviour with both, but F=0.55 converging clearly faster. From the figure it is also evident that the 
algorithm converges fairly quickly to area of the optimum, and spends most of the time fine-tuning 
the solution. 
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Fig. 7. Convergence histories with a) F=0.8 and CR=0.9, and b) F=0.55 and CF=0.9.  

6. Conclusions 
The results show that heat transfer area is not a practical objective function to minimize for finding 
a minimum-cost design for a low-pressure steam condenser. Without considering other parts of the 
condenser than the heat transfer area, the optimization will find a solution where steam pressure 
drop is kept very low by using a very large shell. This maximizes the temperature difference 
between steam Tsat and water to minimize the heat transfer area, but results in an impractically 
heavy condenser. 
The more balanced design found by mass minimization is clearly a better approximation for a 
minimum-cost design. It, too, neglects some aspects of true cost, such as labour costs and the 
different prices of metal in different components. Accurate economic optimum could well have 
fewer, larger tubes to reduce the cost of drilling the tube sheet and baffle plate holes, for example. 
Publically available cost data did not permit accounting for such factors here, but to a heat 
exchanger manufacturer such data could be readily available, and could be easily implemented in 
the objective function. 
Differential evolution proved to be successful in finding the optimal solution. Optimization was 
relatively slow, but a run time of 10-15 hours can still be considered acceptable for a practical 
method. Since DE converges to the general area of the global optimum fairly fast, but spends a long 
time finding the exact solution, transferring the problem to a deterministic algorithm after finding 
the approximate solution and fixing the discrete parameters could also reduce the solution time 
considerably.  

Appendix A. Determining heat exchanger mass 
The condenser mass is calculated from m = 7850 kg/m3∙VHX, where VHX is the sum of component 
metal volumes. Metal volume in tubes is calculated from 

 Vtb = NtbNpassesLpass· ¼(do
2-di

2) .       (A.1) 

The shell is assumed to have a circular end cover at same distance from tube bundle as the cylinder: 

 Vs = ¼ {(Lpass+½ Ds,i) · [(Ds,i+2ss)
2 - Ds,i

2] + ss(Ds,i+2ss)
2} .    (A.2) 

The shell thickness is the sum of required thickness ss,0, corrosion allowance c1 and manufacturing 
tolerance c2, 

 ss = ss,0 + c1 + c2,          (A.3) 

where ss,0 is the maximum of required thicknesses from sizing against elastic buckling ss,eb, non-
elastic buckling ss,neb, and against internal pressure ss,ip: 
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ss,eb = Min |pcalc - pexternal(a)|,         (A.6) 

where pcalc for a thickness s is obtained from 
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The number of elastic buckling waves k is an integer, and pcalc=min{pcalc[k(2,10)]}. The pressure 
difference |pcalc - pext(a)| is found by golden section search described in [35]. Values of ssh,eb,min and 
ssh,eb,max are initialized so that ssh,eb is trusted to be found between these. The minimization of |pcalc-
pext(a)| continues until the difference ssh,eb,max-ssh,eb,min rounds to 0.00 mm. 

The channel volume is the sum of cylinder, cover plate and rib, with volumes Vc, Vcc, and Vcr. Vc is 
found similarly as Vs. Thickness scc is the maximum of ss, and thickness from (A.4) with pc as 
internal p. Channel length is assumed 2×Dnozzle, assuming wnozzle = 1.5wc. Vcc is obtained from 

 Vcc = scc ∙ ¼ Dcc
2,         (A.8) 

where Dcc is the same as flange diameter Df = Ds,i + 2hf. The cover plate thickness scc is  

   21cis,cc 2 cc
v

pn
sDCs 


,         (A.9) 

where the C = 0.35, and factor v for holes v = 1.The tubesheet thickness sts is determined from 

21os,ts cc
v

pn
CDs 


,          (A.10) 

where p = Max(pc,ph), C = 0.40 for a tubesheet held between two flanges, and v determined from 

 v = vH ∙ vW,           (A.11) 

where vW the correction for welding, assumed here at vW = 1, and vH the correction for holes, 

 vH = (P - do) / P.         (A.12) 

To find flange dimensions, the following curve fits (all dimensions in millimetres) were created 
from a manufacturer’s catalogue for shell-and-tube heat exchangers rated for 650 °F and 300 psi(g):  

 hf  = ½ (0.103Ds,i + 76.4 – 2ss)       (A.13) 

 hfs = ½ (0.0442Ds,i + 21.2 – 2ss)       (A.14) 

 sf = 56.6 ln Dsh,i – 304         (A.15) 

 lfs = 19.8 ln Ds,i + 95         (A.16)  

Nomenclature 
A area, m2 

c1 corrosion allowance, m 

c2 manufacturing tolerance, m 

Cf coefficient of friction, - 

CR crossover parameter in differential evolution, -  

d tube diameter, m 

D diameter, m 

Et Young’s modulus, Pa 

f Darcy friction factor, - 



F scaling factor in differential mutation, - 

G 1. mass velocity, kg / (m2 s) 

2. generation in differential evolution, - 

H height, m 

h heat transfer coefficient, W / (m2K) 

hfg latent heat, kJ/kg 

k 1. thermal conductivity, W / (mK) 

2. width of circular segment (trough, tube bundle), m 

 3. number of elastic buckling waves, - 

K 1. surface roughness, m 

 2. loss coefficient, - 

L length, m 

m mass, kg 

m  fluid mass flow rate , kg/s 

n safety factor, - 

N number of tubes, - 

NP number of parents (population size in a generation), - 

NTU Number of Transfer Units, - 

Nu Nusselt number, - 

P tube pitch, m 

Pr Prandtl number, - 

Re Reynolds number, - 

s thickness, m 

u trial vector in differential evolution 

v noise vector in differential evolution 

w velocity, m / s 

x decision variable 

x vector of decision variable values  

Greek symbols 

 heat exchanger effectiveness, - 

  dynamic viscosity, Pa s 

  Poisson’s ratio, - 

  density, kg / m3 

l design stress, Pa 

Subscripts and superscripts 

c 1. cold (district heating water) side  

 2. channel 

cc channel cover 

cr channel rib 

f flange 

fs flange shoulder 

gr gravity-dominated 



h hot (steam) side 

i 1. inside 

 2. calculation element index in tube axis direction 

j calculation element index in steam flow direction  

L 1. longitudinal direction 

2. liquid phase of hot side fluid 

o outside 

OTL outer tube limit, tube bundle furthest edge 

s 1. tube wall surface 

 2. shell  

sh shear-dominated 

T transverse direction 

tb tube 

ts tubesheet  

V vapor phase of hot side fluid 
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h i g h l i g h t s

� Torrefaction process is modelled on the basis of mass and energy balances.
� Models for two biomass fired CHP plants were developed.
� Six scenarios of torrefaction integration into CHP plant were applied.
� Fuel consumption, power output and trigeneration efficiency were evaluated.
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a b s t r a c t

An important factor for industrial-scale implementation of torrefaction – a thermal pre-treatment tech-
nology that enhances the fuel characteristics of biomass – is the requirement for a low-cost source of heat
energy. Significant benefits can be achieved if torrefaction is integrated with a large heat producer. To
study this possibility, a new model for the energy and mass balances of the torrefaction process was
developed on the basis of available experimental data. The torrefaction model was then integrated into
steam power plant simulations, and the performance of different integration schemes was evaluated. To
investigate the effect of plant size and operating mode, the same configurations were studied for both
large and small combined heat and power (CHP) plants. Large plant operates at full boiler load, and cap-
turing a portion of heat from the plant reduces the power output for all integration cases. At the same
time, higher trigeneration efficiencies in comparison with non-integrated case together with fuel con-
sumption decrease due to torrefaction gas co-firing indicate that integration of torrefaction and CHP plant
at full load could be beneficial. In case of small plant, free boiler capacity at reduced-load conditions
allows to cover the torrefaction heat demand and simultaneously increase the electricity generation
for almost all integration cases. Trigeneration efficiency is changing within a relatively narrow range
for most of the cases, while the solid fuel consumption is higher than in design case. This work shows
that integration method together with process temperature and plant operation mode are the important
factors that could have an effect on CHP plant integration with torrefaction process.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Many different types of biomass are available, for example, agri-
cultural residues, herbaceous crops and the material most com-
monly used in industry, woody biomass. Wood has a number of
properties that make it suitable for energy production; the com-
paratively high energy content, the low demand for fertilizers
and herbicides, and the high yield per land area [1]. On the other
hand, wood as such has several shortcomings, for example, low

density, high moisture content, a hydrophilic nature, poor grind-
ability and inconsistent quality. These characteristics increase
transport, storage and handling costs, limiting possible applica-
tions [2]. Torrefaction, also known as roasting or mild pyrolysis,
is a form of thermochemical treatment that improves some of
the unfavourable properties of biomass as a fuel. In the torrefaction
process, biomass is heated in an inert atmosphere at 200–300 �C,
losing mass and energy with the gas produced. The remaining solid
product is more brittle and hydrophobic than the original material
[1–3], and subsequent pelletizing of the torrefied wood yields a
product with high energy density. Several studies have reported
positive results on the technical and economic feasibility of

http://dx.doi.org/10.1016/j.apenergy.2015.03.102
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torrefied pellet production [4–6]. Small-scale pellet combustion for
heating, entrained-flow gasification, replacement of coal or co-fir-
ing in coal-fired power plants have all been proposed as potential
uses for torrefied pellets [1,5–7].

Woody biomass is a quite important commodity, and its role
increases in many spheres worldwide. The global solid biofuel
trade, consisting mainly of forest wood biomass, experienced a
nearly sixfold growth from 56 to 300 PJ annually in the decade
2000–2010 [8]. According to the International Energy Agency
‘BLUE Map’ scenario, to attain a clean yet competitive energy sup-
ply, biomass use for energy would have to increase threefold by
2050 compared with levels in 2005 [9]. The European Union is pro-
moting the use of renewable energy, including biomass, and is
encouraging a decrease in primary energy consumption through
improved efficiency in energy generation, transmission and end-
use. Directive 2012/27/EU offers comprehensive measures for
reaching the EU’s 20% energy efficiency target by 2020 [10]. Solid
biofuel with improved properties can substitute a higher share of
coal in coal-fired plants: while a co-firing rate of less than 20% of
energy content is currently assumed feasible for untreated biomass
in coal-fired plants, torrefied biomass can replace more than 50% of
the coal fuel [11,12]. Optimal heat integration of biomass conver-
sion into power production thus offers a potentially valuable
approach that can contribute considerably to meeting goals for
the energy supply of the future.

The torrefaction process requires heat for both drying of the
biomass and the torrefaction itself. In addition to the torrefied bio-
mass, the process produces a fuel gas stream as a side product and
waste heat from cooling of the torrefied solid product. A biomass-
fired combined heat and power (CHP) plant is in many ways an
excellent candidate for integration with the torrefaction process
as the feedstock logistics, storage and handling facilities already
exist, and potential heat sources and sinks for heating and cooling
needs are available.

A number of studies of polygeneration systems that integrate
CHP plants with various biomass conversion technologies have
been published. Studies have found benefits in integrating ethanol
production [13–17], gasification [18–20] or pelletization [21] with
existing CHP plants. Kohl et al. [22] compared pelletization, tor-
refaction and pelletization, and fast pyrolysis integrated with a
CHP plant, concluding that energy efficiency improved as a result
of the increased yearly boiler workload in comparison with
stand-alone operation.

Reported data on combining torrefaction with CHP plants is,
however, limited. An investigation of an integration case with a
120 MWth CHP has been presented by Håkansson et al. [23]. In
another study, Li et al. [24] investigated the potential and effects
of co-firing torrefied biomass in a coal-fired boiler. The impacts of
various integration concepts of the CHP plant and torrefaction pro-
cess have, however, not been studied in detail. In addition, the ques-
tion of CHP plant size has not received proper attention. Research on
the most favourable economic and technical integration concept is
of considerable interest since the results are applicable also to cur-
rently operating plants. In view of the significant consumption of
woody biomass by the pulp and paper industry, e.g. in the Nordic
area, the development and integration of torrefaction into the CHP
cycle is deemed to have an essential potential.

The aim of this study is to investigate different integration con-
cepts and the effect of plant size on the thermodynamic perfor-
mance of a CHP-torrefaction polygeneration system. A mass and
energy balance model is created to predict solid- and gas-phase
mass yields and heating values on the basis of published experi-
mental data on the torrefaction of typical Scandinavian wood bio-
masses (pine, spruce, birch, and mixed-species logging residues).
Development of the models is described and results of simulation
of the integration scenarios are presented.

2. Modelling of torrefaction

2.1. Model development

IPSEpro process simulation software [25] was used to investi-
gate integration of the torrefaction process into CHP plants. The
software does not offer a ready-made torrefaction process model,
but does provide standard CHP plant components and includes a
model development kit to design new process components to com-
plement the standard component library.

The industrial-type torrefaction equipment considered consists
of three parts: a dryer, torrefaction reactor, and cooler for the solid
product. Indirect heating and cooling are assumed, but detailed
component operation is not considered. The gas-phase product is
directed to combustion, e.g., in a boiler or furnace. Fig. 1 shows a
schematic diagram of the developed model.

2.2. Torrefaction products

The main components of wood are three polymeric structures:
hemicellulose, cellulose and lignin, of which mainly hemicellulose
is affected by torrefaction. Torrefaction occurs at a temperature
range of 200. . .300 �C. At temperatures below 250 �C, hemi-
cellulose devolatilization and carbonization are limited, but at
higher temperatures, decomposition of all the main components
becomes extensive as lignin and cellulose also begin limited
devolatilization below 300 �C [26]. Mass loss increases with time,
but based on experiments with willow, beech and spruce, the rate
of mass loss slows down considerably after the first 20 to 30 min
[27,28].

Solid product mass and energy yields of 70% and 90%, respec-
tively, for a 30% increase in LHV are often quoted, citing the report
by Bergman et al. [6], but somewhat lower energy retention
appears more common in most experiments with European woods.
The results are quite diverse, ranging from 95.1% and 96.5% (wil-
low, [31]) to 52% and 71% (pine, [30]) for mass and energy yields,
respectively. Fig. 2 summarizes a selection of published yields from
torrefaction experiments with pine [30,32], birch [32], spruce [29],
willow [31], wood briquettes [33], and logging residues [30].

The torrefaction model used in this study is based on an
assumption that the sum of the available energy of feedstock dry
matter and heat of reaction is divided between available heats of
the gaseous and solid products:

_md LHVd þ hreactð Þ ¼ _mgLHVg þ _mtorrLHV torr ð1Þ

where hreact [kJ/kg] is the heat of reaction; _md, _mg and _mtorr [kg/s]
are the mass flows of feedstock dry matter, torrefaction gas and

Fig. 1. Torrefaction process model in IPSEpro software.
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torrefied biomass; LHVd, LHVg and LHVtorr [MJ/kg] are their lower
heating values correspondingly.

Available data on the parameters of interest – mass yield, gas-
eous product heating value, and solid product heating value – suf-
fer from being somewhat limited and from being dispersed among
references using different assumptions, measurement approaches,
and experimental parameters.

To close the energy balance, solid product mass yield, gas heat-
ing value, and heat of reaction were estimated on the basis of pub-
lished experimental results. Solid product heating value was then
solved using Eq. (1). This approach was considered necessary,
because being roughly an order of magnitude less than the solid
product heating value, the gas-phase heating value would other-
wise be subject to potentially very large relative errors from com-
paratively uncertain solid product LHV estimates.

The mass yield M [�], or ratio of solid product to feedstock dry
fraction, was determined from the correlation expressed in Eq. (2).

M ¼ mtorr

md
¼ 1� a Ttorr � T inið Þb ð2Þ

The constants a = 4.47�10�4, b = 1.46 and temperature Tini = 190 �C
were obtained with data from [31,30] by minimizing the residual

sums of squares. The resulting curve and the initial data on which
it was based are shown in Fig. 3.

Although softwood is known to be less reactive than hardwood,
due to differences in the hemicellulose structure [27,34], the data
in Fig. 3 is too limited to clearly demonstrate this. Difference in
the torrefaction time, 30 min by Phanphanich and Mani [30] and
1–3 h by Pach et al. [31], appears to have little effect. This can be
explained by the low heat conductivity of wood, meaning the tem-
perature inside a chip changes slowly, and the fact that the mass
loss rate slows after the first 20–30 min. Logging residues appear
slightly more reactive than wood, possibly due to the higher ash
content and thus greater presence of catalytic components.
Overall, the correlation appears to be an adequate approximation
for the mass yield of typical Scandinavian forest biomasses at
>30 min residence time and varying temperatures.

Prins et al. [3] and Prins [35] published experimental results for
the gas-phase product for willow and larch, as well as some non-
woody biomasses. These results were used in the thermochemical
model by Bates and Ghoniem [36]. For use in this study, the data
given in [3] and [35] pose some difficulties. Firstly, mass balances
were not closed; the unknown rate of the missing mass leaves a
significant uncertainty for the comparatively small mass fraction
in the gas phase. Secondly, only the true gas-phase components
are considered, but in industrial equipment solids and tar are likely
to be transported out of the reactor as dust and droplets with the
gas stream. These components may have heating values an order
of magnitude greater than the gas, and may have a notable effect
on the total heating value transported with the gas flow.

In the absence of more accurate information, the data for woody
biomasses (larch and willow, approximately 10% moisture) from
[3] and [35] were used to obtain a simple curve fit for the heating
value of the torrefaction gas, shown in Eq. (3) and Fig. 4. Due to the
limitations in material library of the IPSEpro software, this gas flow
was simulated as a mixture of carbon dioxide, methane and water
vapour, providing the lower heating value.

LHVTG ¼ 2:00þ 5:28 � 10�5 � ðTtorr � 190�CÞ2:49 ð3Þ

Data on the heat of reaction of wood decomposition during tor-
refaction also suffer from a high degree of uncertainty and are
partly contradictory. Bergman [4] suggests that reaction enthalpy
will be within ±1% of feedstock heating value, while Prins et al.
[3] measured endothermic reaction enthalpies of 87 ± 400 kJ/kg
for willow when torrefied for 30 min at 260 �C, and 124 ± 449 kJ/
kg for 10 min of torrefaction at 300 �C [34]. The stated uncertainty
range, however, ignores the uncertainty resulting from failure to
close the mass balances.

Recent research suggests that torrefaction reactions can be con-
sidered a two-stage process. The first stage consumes oxygen from
the hemicellulose (and at higher temperatures from the cellulose)

Fig. 2. Mass and energy yields for torrefaction of different wood biomasses
[31,30,32,29,33]. The lines represent the increase in torrefied product heating value
LHVtorr relative to untreated feed LHVut (both dry, ash-free).

Fig. 3. Mass loss as a function of torrefaction temperature. Correlation curve
represents Eq. (2).

Fig. 4. Lower heating value of torrefaction gas as a function of torrefaction
temperature. Experimental data from [3,33], correlation curve represents Eq. (3).
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with clearly exothermic reactions. In the following stage, both
endo- and exothermic reactions are present [37,38].

Bates and Ghoniem [36] used a two-step model with three
correlations to estimate the higher heating value (HHV).
Regardless of the HHV correlation and torrefaction temperature,
the first step reaction enthalpy always remained exothermic. The
second step reaction enthalpy varied from 300 kJ/kg endothermic
to �200 kJ/kg exothermic at 200 �C, depending on HHV correlation,
and from �50 kJ/kg exothermic to �550 kJ/kg exothermic at
300 �C.

Ohliger et al. [39] measured heat of reaction in beech torrefac-
tion. Results with 10% moisture beech ranged from 0. . . + 150 kJ/kg
endothermic to �150. . .0 kJ/kg exothermic, with the more exother-
mic reactions coinciding mostly with the highest mass losses, i.e.
long time and/or high temperature. High moisture content caused
more endothermic reactions, probably due to vapour flow flushing
the volatiles needed in the exothermic second-stage reactions from
the reactor [38]. Results of van der Stelt [37] also indicate a trend
towards increasingly exothermic behaviour at increasing tempera-
tures, although the results of 1.5 MJ/kg endothermic to �1.2 MJ/kg
exothermic had significant uncertainty from the mass balance not
being closed. Experimental co-torrefaction of hemicellulose, cellu-
lose and lignin for 60 min by Chen and Kuo [38] indicated the
opposite behaviour, with net exothermic reactions at 230 �C, less
exothermic reactions at 260 �C, and even slightly endothermic
reactions at 290 �C. Recently, Peduzzi et al. [40] estimated the heat
of reaction for unspecified wood biomass at 250 �C as �170 kJ/kg
exothermic, and Basu et al. [41] found a heat of reaction of
�360 kJ/kg for poplar wood at unspecified temperature.

Although there appears a tendency for torrefaction to exhibit
slightly exothermic heat of reaction more often than not, the data
were considered too dispersed and contradictory to serve as a basis
for a model that could predict accurately the change of heat of
reaction as a function of temperature. A constant �500 kJ/kgfeed,dry

heat of reaction, considered a conservative estimate for determin-
ing the solid product energy yield, was used in the model. The
resulting energy yield and solid matter heating value behaviour
appear reasonably close to published results. The relative change
of solid product dry fraction LHV (energy ratio ER [�]) and energy
yield E [�], defined as in Eqs. (4) and (5)

ER ¼ LHV torr

LHVd
ð4Þ

E ¼ ER �mtorr

md
ð5Þ

are plotted as a function of torrefaction temperature together with
experimental data from Refs. [31,30] in Fig. 5.

The experimental results used for torrefaction modelling in cur-
rent study are derived from laboratory-scale units. The various
sizes and shapes of feedstock material together with inevitable
impurities would affect the reaction kinetics in case of industrial-
scale operation, Medik et al. [42] found that this effect is weaker
than influence of temperature and residence time. The results of
several studies indicate that larger particles would react slower
[43], however, with sufficient reaction time these differences in
behaviour become less pronounced [41,42]. Consequently, it was
suggested that within the framework of existing limitations, the
torrefaction model developed in current work could be applied to
industrial-scale units.

2.3. Torrefaction heat requirement

Before torrefaction, the feedstock is typically dried to a mois-
ture content of approximately 10% [4,22]. Drying consumes most
of the heat required for the whole torrefaction process. The dryer
type is not specified in the model, but a belt dryer would enable
flexibility in selecting the heat source and would allow use of fairly
low-temperature sources [44]. A specific heat consumption of
1.2 kW h/kgH2O_evaporated, considered to represent a typical or con-
servative estimate for belt dryer heat consumption [44,45], was
assumed. Dryer heat can be supplied by flue gas, hot water, or
low pressure steam.

From dried biomass storage the biomass feed is assumed to
enter the torrefaction reactor at a temperature of 60 �C and mois-
ture of 10%. The feed is then torrefied by heating it to the specified
reaction temperature and maintaining the temperature for a suffi-
ciently long period, typically 30–60 min. Indirect heating of the
biomass was assumed in this study, allowing the use of any flow
at a sufficient temperature for heat supply. Although torrefaction
requires a higher temperature than drying, the total heat demand
of torrefaction is much lower.

As industrial torrefaction reactors are not yet common equip-
ment with known typical heat consumption rates, a model-based
approximation had to be used. Accurate modelling of the heat con-
sumption in torrefaction is challenging for several reasons, in par-
ticular because of variations in the specific heat of the wood, the
heat of the reaction during torrefaction, and the magnitude of heat
losses.

The model used in this study assumes that moisture content
remains constant up to 100 �C, at which point all moisture is
evaporated. The net heat consumption UTORR [kW] in the torrefac-
tion reactor can be considered to consist of five separate parts: (1)
sensible heat of moist wood temperature change, U<100�C [kW]; (2)
latent heat of remaining evaporation, Uevap [kW]; (3) sensible heat

Fig. 5. Model-based solid product energy ratio (Eq. (4)) and energy yield (Eq. (5)) compared to experimental results from [31,30].
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of dry wood and water vapour, U100�C-Torr [kW]; (4) heat of reaction
in torrefaction, Ureact [kW], and (5) heat losses, Uloss [kW]. The sen-
sible heats are obtained from Eqs. (6) and (7):

U<100 �C ¼ _mfeed�cp;<100�C 100 �C� T feed;in
� � ð6Þ

U100�Torr ¼ _mfeed Ttorr � 100ð Þ 1�MCfeedð Þ�cp;dry þMCfeed�cp;vapour
� � ð7Þ

where MCfeed is the moisture content of the feedstock.
The specific heat of wood has a strong dependence on tempera-

ture [46], but shows little [47] or no dependence [48] on the wood
species. Moisture also affects the specific heat. Part of the moisture
is not free liquid in the cells but bound to the fibres. As a result, the
net specific heat of moist wood is greater than the weighted sum of
dry and water components [48]. Decomposition of wood begins at
approximately 150 �C, affecting the cp [39]. The specific heat of
moist wood �cp;<100 �C [kJ/kg K] was estimated from a correlation
by TenWolde [49] as cited in [50]

�cp;<100 �C ¼
�cp;dry;<100 �C þ 4:19MCdb

1þMCdb

þMCdb 0:02355T � 1:32MCdb � 6:191
� � ð8Þ

where MCdb [�] is the fractional dry basis moisture content and T
[K] is the average temperature. The dry wood specific heat
�cp;dry;<100 �C [kJ/kg K] is obtained from

�cp;dry;<100 ¼ 0:1031þ 0:003867 � T ð9Þ
The specific heat of water vapour is assumed to be 1.95 kJ/kg K. The
correlation in Eq. (9) is valid for dry wood up to 147 �C, from which
point onwards wood decomposition begins [39]. Other correlations
for dry wood cp also exist, up to a maximum of 177 �C, for example
those by Skaar [51], Koch [52], and Gupta et al. [53]. All suggest lin-
ear dependence to absolute temperature. Harada et al. [54] presents
a linear correlation up to 260 �C. This correlation, however, differs
significantly from the others. At 147 �C all correlations are within
0.25 kJ/kg K, but when extrapolated to torrefaction temperatures
the range increases to almost 0.57 kJ/kg K at 300 �C.

Ohliger et al. [39] considered taking the cp above 147 �C to be
either that of char or an average of that of char and extrapolated
wood cp. However, char has a much lower cp than wood, and given
the relatively short duration of the heating phase, in this paper the
properties were assumed to be much closer to those of wood than
char. In the absence of a more accurate model, Eq. (9), yielding low-
est cp of the compared correlations, with the exception of that of
Harada [54], was used also in the range of 147 �C < T < 300 �C, with
the knowledge that considerable errors may thus be introduced.

The heat required for the evaporation of the last moisture from
the wood was calculated from

Uevap ¼ _mfeedMCfeedhfg ð10Þ
where a value of of hfg = 2260 kJ/kg, corresponding to the latent
heat of evaporation of free water at 100 �C, was assumed, ignoring
the effect of bound moisture. The error thus introduced was
assumed to be small and most likely of opposite direction compared
to the error caused by the extrapolation of dry wood cp.

Although the bulk of published data indicates somewhat
exothermic heat of reaction, which was also assumed for determin-
ing the solid product heating value, the data can still be considered
varied and sometimes contradictory. To avoid an overly optimistic
estimate of the heating benefit from the exothermicity of the reac-
tions, hreact was thus assumed to be zero when determining the
heating requirement.

Some heat losses from the reactor are inevitable during the pro-
cess. However, without considering the design of the reactor, it is
hard to evaluate them properly. In current model this loss was
assumed to be 10% of the total heat requirement.

Fig. 6 shows the total heat consumption of torrefaction reactor
at three different temperatures and 10% moisture feedstock at a
temperature of 60 �C. The heat consumption of drying the chips
from 50% to 10% is also indicated for comparison. It is evident from
the figure that water evaporation accounts for the vast majority of
the energy demand in torrefaction, most of it in the dryer.

The heat requirement and energy recovery available from the
torrefaction process are illustrated in Fig. 7. While at low tempera-
tures the process is a clear net consumer of energy, as torrefaction
severity increases, the gas stream volume and heating value
increase rapidly, reaching the process heat need at 300 �C. The sen-
sible heat recovered from the process is negligible in comparison.

3. Integration of torrefaction and cogeneration plants

3.1. CHP plant models

Two different CHP plants were considered for the integration
analysis: a large-scale biomass fired plant with a 385 MW circulat-
ing fluidized bed (CFB) boiler and a condensing turbine [55],
henceforth referred to as Plant A, and a smaller biomass fired back-
pressure plant with a 29 MW bubbling fluidized bed (BFB) boiler
[56] (Plant B). Both plants are based on actual operating industrial
plants and their performance has been modelled using IPSEpro
software. They are assumed to run on the basis of required heat
demand; integration of torrefaction will thus affect only electricity
production and fuel consumption.

Plant A produces 103 MW electricity and 110 MW district heat
at 90/50 �C supply/return temperature levels during the three
month winter peak. In addition, 120 MW of process steam is sup-
plied continuously for industrial purposes at 16.5 bar(a), 10 bar(a)
and 4.5 bar(a) pressures. This type of plant is usually built to pro-
duce electricity. So, the assumption used for choosing the opera-
tion type for Plant A tries to run at maximum steam load while
operating. As the plant tries to run at full boiler load, the condens-
ing tail takes whatever steam remains after the steam extractions
for thermal load fulfilment.

Plant B is an example of a small CHP plant that is typically uti-
lized, e.g. in central Europe, to increase small-scale heat and power
production from biomass. At full load it produces 7.9 MW electric-
ity and 20.0 MW district heat. A different scenario is considered
with this plant because this kind of plant is typically built to fulfil
district heating demand. When the heat load of a backpressure
plant is decreased (spring/autumn season), the steam flow through

Fig. 6. Heat consumption of dryer and torrefier at three torrefaction temperatures
[�C].
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the turbine and therefore electricity output are inevitably reduced.
Under these circumstances, an additional heat consumer in the
form of a torrefaction plant can increase the electricity output by
using the available free boiler capacity. In this study, a case of
60% district heat load (12 MW) at 90/50 �C temperature level was
chosen to represent typical reduced-load conditions.

The main plant parameters at full load design point operation
are summarized in Table 1; schematic diagrams of the design cases
are shown in Figs. 8 and 9. For the wood chips used both as boiler
fuel and torrefaction feedstock, a moisture content of MC = 50%
and lower heating value of 18.8 MJ/kg on a dry basis were assumed
based on data from Alakangas [57]. For both cases, the torrefied
solid fuel could be either used internally, processed further in the
plant, for example, by pelletizing, or sold on the market as torrefied
chips; the scope of this study was limited to the integration of the
torrefaction and CHP processes.

The boiler for both cases is modelled using four components:
the furnace, including the steam drum, followed by a series of
three heat exchangers in the flue gas flow direction, representing
the superheater, economizer and air preheater. Heat transfer rate
U [kW] in the three heat exchangers is determined from

U ¼ GDT lm ð11Þ
where the conductance G [kW/K] is the product of the overall heat
transfer coefficient U [kW/m2 K] and heat transfer area A [m2], and
DTlm [K] is the logarithmic temperature difference. Table 2 lists the
values for design point conductance G of the main heat transfer sur-
faces for both plants.

Component performance changes in off-design conditions. In
this study, variations in turbine and pump isentropic efficiencies
were assumed to remain small and not considered. In the boiler,
the conductances G of the superheater, economizer and air pre-
heater are assumed to change in proportion to relative gas flow
change [58]:

G ¼ G0
_mFG

_mFG;0

� �0:6

ð12Þ

where _mFG is the flue gas mass flow rate, with subscript 0 referring
to the design point.

A steam coil air preheater is used to prevent flue gases from
cooling below 150 �C. In some cases, the stack temperature may
increase slightly above 150 �C. Full superheat can be maintained
by reducing the water injection to superheater in most cases, but
in some situations, especially with the smaller plant at part load,
the live steam temperature will inevitably be slightly reduced.

With reduced loads, the auxiliary power consumption Paux also
drops. Part-load Paux is estimated from:

Paux ¼ 0:5þ 0:25
_mFG

_mFG;0
þ 0:25

_mFW

_mFW;0

� �
Paux;0 ð13Þ

where _mFW is the feed water flow rate, with subscript 0 referring to
the design point.

3.2. Integration options

The heat required for the torrefaction process can be provided
by various streams, such as hot water, flue gases from the boiler,
or steam from the turbine. The thermodynamic performances of
six different integration schemes (Table 3) were investigated.
Case 0 represents a non-integrated operation of the CHP plant
and torrefaction unit and was used as a reference point for com-
parison. In Case 0, the heat demand of the torrefier and dryer
was supplied by flue gases from the combustion of torrefaction
gas and additional fuel. In all cases studied, power consumption
of the torrefaction process was assumed to be 200 kW= _mH2O;evap

in the dryer, 50 kW � _min in the torrefier, and 200 kW � _mfeed for
the total sum of power consumption of other components.

In Cases 1 and 2, the water from the boiler drum is returned
back to the steam-water system after supplying heat for the tor-
refaction process units. The temperature of the exhaust gases after
the dryer for Cases 2 and 3 was set at 150 �C. In Case 4, flue gases
are returned back to the boiler after the torrefier. Condensate from
the dryer in Cases 4, 5 and 6 is mixed to the main condensate flow
before the deaerator.

Fig. 7. Energy required and recovery of torrefaction process (1 kg/s feedstock with wet basis moisture content of 50%).

Table 1
Main characteristics of CHP plants at full load design point.

Category Parameter Plant A Plant B

Net production Electricity 103 MW 7.9 MW
District heat 110 MW 20.0 MW
Process heat 120 MW –

Boiler Type CFB BFB
Thermal output 385 MW 29 MW
Stack temperature 150 �C 150 �C

Turbine Inlet steam 110 bar/550 �C 90 bar/500 �C
Back pressure (DH) 0.4 bar 0.8 bar
Condenser pressure 50 mbar n/a
Extractions 50a/16.5/10/4.5 bar(a) 59a/8.5 bar(a)

Main losses Boiler 55 MW 4.3 MW
Condenser 37 MW n/a
Auxiliary power 8.1 MW 0.60 MW

a To obtain high-pressure steam for torrefaction, it is assumed that an extraction
can be created in the settling chamber after the partial admission control stage at
the turbine inlet.
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Fig. 8. Design case model for Plant A.

Fig. 9. Design case model for Plant B.
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The following assumptions were applied to all cases:

� Heat from the torrefied biomass cooling is used for combustion
air preheating.
� For all integration cases the torrefaction gas is co-fired in the

boiler together with biomass.
� Torrefaction heat losses are independent of the heating media

used.
� Live steam pressure is fixed at the design level.
� Constant mass flow of solid biomass to torrefaction is assumed

(10 kg/s for Plant A and 1 kg/s for Plant B integration cases).

To compare the performance of the considered schemes, the tri-
generation efficiency [%] was calculated:

gtrig ¼
ðPgen �

P
Ppump �

P
PauxÞ þ ðQ DH þ Q processÞ þ _mtorr � LHV torr

_mtot fuel � LHV fuel

� 100%

ð14Þ
where Pgen is the power at the generator terminals [MW]; RPpump is
the electric power consumed by the pumps in the steam cycle (feed
water pump and condensate pump) [MW]; RPaux is the power used
by other plant equipment (fans, fuel and ash handling, etc.); QDH is
the district heating load [MW]; Qprocess is the process heat [MW];
_mtorr [kg/s] is the mass flow rate of torrefied fuel; _mtot fuel [kg/s] is

the combined mass flow rate of boiler solid fuel and torrefaction
feedstock; and LHVfuel and LHVtorr are the lower heating values of
untreated and torrefied solids respectively [MJ/kg].

3.3. Simulation results and discussion

Fig. 10 illustrates solid fuel consumption as a function of tor-
refaction temperature for the studied integration cases. The solid
fuel consumption reduces with increasing torrefaction tempera-
ture for both the large and the small CHP plant. This result is as
expected since the higher the torrefaction temperature the greater
is the mass loss at torrefaction. Thus, both the heating value and
the mass flow rate of the torrefaction gases to the boilers increase
with increased torrefaction temperature. As a result, a larger share
of solid fuel can be substituted in the boiler. The increase in tor-
refaction reactor heat consumption (about 40% more for the high-
est temperature level than for the lowest one) is negligible in
comparison.

When the boiler of Plant A is operated at full load, increasing
the share of torrefaction gas that is co-fired leads to growing econ-
omy of the main solid fuel use (Fig. 10(a)). In Cases 2 and 3, the
relatively high heat demand of the dryer is covered by the heat
of flue gases. Under these circumstances, the heat of flue gasses
is not sufficient to maintain the necessary level of combustion air
preheating in air-preheater. The steam coil with increased heat
transfer area is used to fulfil the required air preheating. As a result
of decreased heat transfer rate of air-preheater, the fuel mass flow
rate to the boiler decreases. Case 2 demonstrates the highest
decrease in fuel consumption among the integration cases: a
7.5% increase in fuel economy for the 300 �C torrefaction tempera-
ture in comparison with the non-integrated case. Case 3 achieves a
6.1% increase in fuel economy at the same conditions. Cases 1, 4, 5
and 6 exhibit virtually identical numbers within the studied tem-
perature range (from 0.2% at the lowest temperature level to
5.4% increase in fuel economy at the highest temperature).

With regard to Plant B, the solid fuel consumption for all
integration cases is higher in comparison with the design case
(Fig. 10(b)). Similarly to integration options for Plant A, Cases 2
and 3, where heat from flue gasses is captured to torrefaction,
behave noticeably differently from the other cases. Maintaining
the combustion air temperature at the required level in these
two cases leads to increased steam mass flow through the steam
coil. As a result, mass flow of live steam and boiler fuel to produce
it also increase. At the lowest temperature level, Cases 1, 4, 5 and 6
have fuel consumption that is 12% – 17% higher than the design
values, and the fuel consumption gets relatively close to the design
case consumption at 300 �C. Whereas cases 2 and 3 have an aver-
age increase of 38.1% and 46.1% respectively.

Power generation for both plants varies slightly with torrefac-
tion temperature. The way of integration, however, has a rather
strong effect. Averaged over the temperature range, the net power
output at different integration cases for both plants is presented in
Fig. 11. The power production of the larger Plant A is reduced when
torrefaction is introduced, since the torrefaction heat demand
either decreases steam production, or some of the generated steam
needs to be extracted before expansion to condenser pressure.
Heat that is taken from the boiler for torrefaction reduces the live
steam mass flow to the turbine in Cases 1, 2 and 3, and as a conse-
quence, electricity output is decreased: respectively 9.4%, 11% and
10%, compared to electricity production in the non-integrated
plant. Another factor is the necessary level of air preheating that
needs to be maintained by the steam coil in Cases 2 and 3.
Higher consumption of steam results in a bigger loss of net power
output for these two cases. In Cases 4 and 5, the boiler steam pro-
duction is relatively close to the design value, and steam energy
from the final expansion to condenser pressure is only lost due
to torrefaction. Therefore, the reduction in power output is lowest
in these two cases: correspondingly, 3.2% and 1.1% lower in com-
parison with the base Case 0.

A quite different situation is observed with the smaller Plant B
integration options. The available free capacity of the boiler allows
increase in power output for almost all integration cases. In order
to fulfil the higher demand for steam mass flow to air preheating,
steam mass flow through the turbine and, as a result, net electricity
output increase significantly in Cases 2 and 3 (43.4% and 50.7%
more than in the design case). In Case 6, meeting the heat demand
of the dryer and torrefier with high pressure steam results in a loss
of generation power. For this reason, the net power output for this
case is 5.1% lower than the design value.

The impact of the chosen integration scheme and torrefaction
temperature on trigeneration efficiency (Eq. (13)) is presented in
Fig. 12. The amount of low-value heat that is produced and basi-
cally lost in the condenser decreases in Plant A quite significantly
in all integration cases in comparison with the design case. As a

Table 2
Heat transfer surface conductance [kW/K] of boilers at design point.

Heat transfer surface Plant A Plant B

Steam generator 260 n/a
Superheater 420 26
Economizer 500 32
Air preheater 640 34
Steam coil air preheater 20 5

Table 3
Heat sources for torrefaction process units.

Case Heat source for section

Torrefaction Drying

Case 1 Saturated water from the drum Water after the torrefier
Case 2 Saturated water from the drum Flue gases after air preheater
Case 3 Flue gases after the superheater Flue gases after the torrefier
Case 4 Flue gases after the superheater Backpressure steam
Case 5 Steam extraction from the HP turbine Backpressure steam
Case 6 Steam extraction from the HP turbine Steam after the torrefier
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consequence of the reduction of this loss in the overall plant bal-
ance, the trigeneration efficiency for all integration options is nota-
bly higher than in Case 0 (Fig. 12(a)). However, with the
considerable decrease of torrefied fuel mass flow at high tempera-
tures, trigeneration efficiency curves for all cases slope down-
wards. Of the integration options studied, Case 5 has the highest
efficiency: on average 5.2% higher than the design case.

In Plant B, the impact of the increased fuel mass flow exceeds
the effect of greater power generation; as a consequence, the tri-
generation efficiency for most of the cases is lower than for the
reference Case 0 (Fig. 12 (b)). The efficiency changes within a rela-
tively narrow range close to the design level for most of the cases
studied (from 0.4% loss on average for Cases 4, 5 and 6 to 0.9%
increase for Case 1). For Cases 2 and 3, the increased amount of

Fig. 10. Solid fuel consumption for Plant A (a) and Plant B (b) integration cases.

Fig. 11. Net power output averaged over torrefaction temperature range (200–300 �C) for Plant A (a) and Plant B (b) integration cases.

Fig. 12. Trigeneration efficiency for Plant A (a) and Plant B (b) integration cases calculated with Eq. (14).
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steam for air preheating leads to higher steam mass flow through
the turbine. Since this would increase the district heat production
above the specified 12 MW, an auxiliary cooler to dump the excess
heat from the DH network needed to be utilized in these cases. As a
consequence of this additional heat loss in the energy balance of
the plant, the lowest values for trigeneration efficiency are found
in Cases 2 and 3: 9.7% and 12.2% lower than in the design case.

4. Conclusions

In order to investigate the effect of torrefaction process on
power plant cycle, a torrefaction model was developed and then
integrated with models of two different-sized CHP plants. The first
plant represented a typical large-scale plant operated at full boiler
load, while the second model was a smaller backpressure plant
operated mostly at a reduced district heating load. Six integration
concepts were implemented for both plants and the performance
of the integrated plants was evaluated within the typical range of
torrefaction temperatures.

The operation assumptions used in this work led to quite differ-
ent results for the studied integration options. With the larger
plant, maintaining maximum boiler output and simultaneous co-
firing of torrefaction gas decreases fuel consumption and power
output with torrefaction temperature increase. As for the smaller
boiler at partial load operation, the fuel consumption was some-
what higher than in the design case, while increased steam flow
led to additional electricity output. The efficiency of the feedstock
conversion into useful energy streams (trigeneration efficiency) is
determined mostly by the type of integration and differs only
slightly with torrefaction temperature. The trigeneration efficiency
for all integration options with the first plant is higher than for the
non-integrated case. As for the second plant, the effect of the
integration is relatively low for most of the studied cases. For both
plants, the integration cases that used the heat of flue gases for tor-
refaction performed quite differently than the other studied sce-
narios: capture of a certain amount of heat from flue gases
resulted in additional consumption of steam for the combustion
air preheating.

The results of the simulations indicate the diverse effect of the
various integration scenarios on the performance of CHP plants
operated under different regimes. As expected, torrefaction
parameters have an effect on integration performance: at higher
torrefaction temperatures, a larger share of fuel can be substituted
with torrefaction gas. Based on the analysis presented in this study,
it can be concluded that the potential of integration of torrefaction
with a cogeneration plant is highly dependent on the operation
characteristics of both the CHP plant and the torrefaction process
and each particular case requires individual evaluation from the
point of view of both reduction in fuel consumption and additional
cost analysis.
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a b s t r a c t

Wood-fired combined heat and power (CHP) plants are a proven technology for producing domestic,
carbon-neutral heat and power in Nordic countries. One drawback of CHP plants is the low capacity
factors due to varying heat loads. In the current economic environment, uncertainty over energy prices
creates also uncertainty over investment profitability. Hydrothermal carbonization (HTC) is a promising
thermochemical conversion technology for producing an improved, more versatile wood-based fuel.
Integrating HTC with a CHP plant allows simplifying the HTC process and extending the CHP plant
operating time. An integrated polygeneration plant producing three energy products is also less sensitive
to price changes in any one product. This study compares three integration cases chosen from the
previous paper, and the case of separate stand-alone plants. The best economic performance is obtained
using pressurized hot water from the CHP plant boiler drum as HTC process water. This has the poorest
efficiency, but allows the greatest cost reduction in the HTC process and longest CHP plant operating
time. The result demonstrates the suitability of CHP plants for integration with a HTC process, and the
importance of economic and operational analysis considering annual load variations in sufficient detail.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Biomass-fired combined heat and power (CHP) production us-
ing local wood sources is a strategy that combines carbon-neutral
energy source with supply security and dispatchability. The main
weaknesses with wood-based heat and power production are
related to the limitations of untreated wood as fuel - low energy
density, degradation in storage, and infeasibility for replacing fossil
fuels in many existing plants. Often the low capacity factor of a CHP
plant due to the significant annual variation of heat demand also
has a detrimental effect on profitability.

Several technologies exist for converting raw biomass to better-
quality fuels that can be more easily transported and stored. These
high value bioproducts are more versatile fuels for various com-
bustion technologies, including liquid fuels for traffic use.
Depending on the biofuel and the scenario, the economic profit-
ability of many of the biomass conversion technologies may
currently depend on public subsidies. As the conversion processes
typically require additional heat input and produce waste heat

streams, process integration can sometimes yield benefits either by
improving the overall energy efficiency or reducing the investment
cost.

Numerous studies have investigated the integration of biomass
conversion with power generation, CHP and other processes. Star-
felt et al. showed that integrating ethanol production with a heat
and power plant yields a clear improvement of efficiency, with less
biomass used for a given amount of district heat (DH), power and
ethanol in comparison to stand-alone plants [1]. In a later study the
economic benefits of integration, attributed mainly to increased
power production and extended operating time, were shown [2].

Co-generation of sugar, ethanol and electricity was shown to
improve thermodynamic performance over stand-alone plants
through decreasing the exergy destruction [3], and by heat inte-
gration of the processes, water and process steam consumption can
be reduced [4]. Fahlen and Ahlgren [5] found integration of gasifi-
cationwith natural gas combined cycle CHP production economical
under some scenarios. Integration of pelletization [6] and torre-
faction [7] with CHP production have also been shown to yield
energy efficiency benefits. Efficiency benefits were shown also in
the integration of torrefaction with a large coal-fired CHP plant for
the purpose of partial or complete fossil coal replacement in the* Corresponding author.
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boiler [8].
In northern European context, CHP plants are often back-

pressure steam plants. As heat load varies seasonally over the year,
the annual operating time and power production of such plants is
limited. Integration with a biomass conversion process has been
shown to yield benefits in terms of increased operating time and
higher power production during this period. Extending the annual
operating time increases the capacity factors and incoming cash
flow, thus increasing the value of the investment. This was found to
be the case with ethanol production [1], pelletization and torre-
faction [9], and biomass fast pyrolysis [10].

In this study the integration of hydrothermal carbonization
(HTC) and a small-scale biomass-fired backpressure CHP plant is
studied. HTC is a mild pyrolysis process similar to torrefaction. The
biomass is typically mixed with liquid water to form a slurry, and
heated to a temperature of 180e250 �C at saturated-state pressure.
Compared to torrefaction, HTC achieves similar pyrolysis severity at
a lower temperature. Using vapour instead of liquid water has also
been studied, resulting in less severe carbonization thanwith liquid
water when using otherwise similar parameters and the feedstock
[11]. Possible feedstocks include various waste streams such as
municipal and paper industry sludges [12], bark [13], corn husks
[11] or weed plants [14] as well as woody biomass [15].

The published studies of HTC and CHP integration have so far
been limited. An integration concept aiming at simplifying the HTC
process was published by Erlach et al. first in [16]. This was later
compared with two additional ones in [17]: a minimum-change
integration where the only change to the stand-alone HTC pro-
cess was using extraction steam from the CHP plant as a heat
source, and onewhere the simplified process was further improved
with a superheated steam drier for improved efficiency. While
these integration studies did not reveal possibilities for significant
efficiency improvements, they did show a potential for significant
reduction in complexity, translating to reduced investment costs
and likely improved operability as well. A wider variety of inte-
gration schemes were studied and compared on technical merits at
full and low load in Part 1 of this study [18], yielding similar con-
clusions: while simplification of the HTC process is possible by
integrating it with a CHP plant, a significant efficiency improve-
ment is not.

None of the aforementioned studies investigated the plant
operation throughout the annual variation of load and operating
conditions in detail. As load variation is significant for CHP plants
producing district heat (DH) in Nordic countries, this is an impor-
tant topic for proper economic evaluation of plant configurations.
In this study a discretized multi-period model of the annual vari-
ation of the DH load, fuel quality and ambient conditions is used.
Multiperiod DH load approximation has been used in a number of
earlier studies investigating CHP plants [19] or their integration
with pelletization and torrefaction [9] or fast pyrolysis [10]. Of the
seven concepts introduced in Part 1 of this study [18] e six inte-
grated concepts and the case of separate stand-alone plantse three
were ruled out as problematic or clearly inferior. The remaining
four are evaluated here in terms of operability and economic
performance.

A particular concern for the profitability of any energy sector
investment in the current situation is the significant uncertainty
over future energy prices, emission trading, as well as subsidies and
taxes. As such, without subsidies or significantly increased CO2
emission cost through taxation or emission trading, biochar is
currently not a competitive alternative to coal. Electricity markets
in the Northern Europe are at a period of change where uncertainty
over renewable power subsidies and the future of nuclear power
create serious doubts about the price of electricity. Using different
scenarios for investment cost and electricity prices, the four

different plant concepts are compared in terms of net present value
(NPV), internal rate of return (IRR), and payback period (PBP). A
sensitivity analysis is performed.

Preliminary studies often evaluate plant concepts at few loads.
Then they are compared and using some criteria the promising
ones are chosen for further study. In this paper this kind of ranking
is compared to full economic ranking where operational charac-
teristics at a large enough number of load points for good coverage
are taken into account.

2. Studied cases

The economics of integrating a small-scale CHP plant and HTC
process, and operation under different loads and conditions are
considered. The CHP plant, as described in Part 1 of the study [18]
and summarized in Table 1, is a wood chip fired back pressure plant
with minimum and maximum district heat (DH) loads of
8 MWe20 MW, and a net electrical output of 8 MWel at full load.
The main characteristics of the plant are listed in Table 1.

Four different HTC and CHP plant concepts were considered, all
of which are designed for hydrochar production of 5 tons per hour,
or 1.39 kg/s. Case 0 is the reference case where both plants operate
separately in stand-alone mode. The feed slurry is pressurized and
pre-heated in stages before the HTC reactor with flash vapour from
product slurry depressurization. For final heating to reactor tem-
perature the stand-alone HTC plant has a grate-fired boiler of 5 MW
design-point output, producing 30 bar steam at approximately
350 �C temperature. The LHV-based boiler efficiency at design point
is 82%.

Before thermal dryer the product slurry is mechanically dewa-
tered. The liquid from dewatering is mostly recirculated back to the
process feed. The dryer is operated with low-pressure flash vapour
from the product slurry cooling and depressurization, and hot
waste water from the mechanical dewatering.

Three integration concepts were considered; Case 1, Case 5 and
Case 6 of Part 1 of the study. Case 1 is the minimum-change variant
from the basic stand-alone HTC process. The only difference be-
tween this and Case 0 is the replacement of the stoker boiler with
the use of live steam from the BFB boiler of the CHP plant, throttled
to 30 bar and cooled to 350 �C with feedwater injection.

Cases 5 and 6 are similar processes, representing more signifi-
cant simplifications of the HTC process. Case 5 utilizes a mixture of
feedwater and drum water to supply the water and heat necessary
to reach the desired HTC reactor state. This eliminates the need for
feed slurry heating, but also the sink wheremost heat from product
slurry cooling is recovered in Case 0 and Case 1. In Case 5 the
available heat is recovered by using the flash vapour in an addi-
tional low-pressure feedwater heater in the CHP plant, and cooling
the hot water from dewatering by heating the process makeup
water in a heat recovery heat exchanger. Case 5 is an entirely once-
through process without water recirculation, which increases the
waste water and makeup water flows significantly. The energy ef-
ficiency is also somewhat inferior to Case 0 and Case 1. Case 6 is
similar to Case 5, but with limited HTC process water recirculation,
allowing both more efficient heat recovery and reduced waste

Table 1
CHP plant main characteristics at full and minimum load.

Parameter Full load Minimum load

Net power output 8.0 MW 2.0 MW
District heat output 20.0 MW 8.0 MW
Total (CHP) Efficiency 85% 83%
Live steam parameters 90 bar/500 �C 90 bar/450 �C
Furnace temperature 900 �C 700 �C
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water flow.
It is evident that co-locating CHP and HTC processes at the same

site will have benefits particularly for wood chip logistics, storage
and handling even if the processes themselves would not be inte-
grated. The aim of this study is thus only to investigate the possible
benefits obtained from the heat integration of the two processes.

CHP plants in DH production are base load plants, in Finland
typically sized for producing approximately 40e60% of peak DH
load and able to operate down to approximately 40e50% part load
[20]. Typical district heat load duration curves vary significantly
from country to country depending on climate. Also the types of
heat consumers in the DH network also affect the load curve shape.
In Northern Europe there is a fairly short period of peakwinter load,
minimum summer load being usually 10% or less of the peak winter
load [20]. Year-to-year variation can be significant due to varying
weather, and in the future the uncertainties related to climate
change effects may increase this even more.

Typically the base load CHP plant heat production should
amount to at least 4000… 5000 annual full load hours, usually the
equivalent of approximately 80% of the total annual heat con-
sumption [20]. When the district heat load exceeds the maximum
capacity of the CHP plant, or is less than the minimum load,
auxiliary hot water boilers are used to provide heat. These are
typically cheaper boilers burningmore easily combusted fuels, such
as pellets, light oil, or natural gas.

In this study a simple linear approximation of DH load curvewas
used to represent what was considered a typical Finnish DH load
curve of a small municipality, with 35 MW peak winter load and
2.6 MW summer minimum load. This corresponds to total annual
operating time of 6000 h, 1800 h of which are at full load, for the
considered CHP plant. The annual DH production amounts to 4740
full-load hours.

2.1. Multi-period model

To consider the annual variation of DH load, ambient conditions
and fuel properties, a multi-period model was implemented. A DH
load duration curve was approximated by a peak load of 35 MW,
20 MW heat load at 1800 h, linear reduction to 2.6 MW at 7890 h,
and finally steady 2.6 MW load for the remaining summer hours.
This was represented by two full-load periods, P1 and P2, followed
by steadily reducing DH load at 4 MW intervals (P3 to P6) until the
summer period, which was split to a low-load P7 and minimum-
load P8 (see Fig. 1).

Wood chip moisture was assumed to increase towards the
winter. Temperature of boiler fuel and HTC feedstock was set at the
average ambient temperature of each period. The combustion air
temperature, taken from the boiler room, was assumed to be 20 �C
higher than ambient temperature. The ambient temperatures are
based on 30-year monthly average temperatures gathered by the
Finnish Meteorological Institute [21] for Jyv€askyl€a, a city in central
Finland. District heating water output and return temperatures
were based on ambient temperature according to [20]. Data for fuel
properties and temperature levels for each period is listed in
Table 2; the load curve approximation, and the multiperiod
approximation of heat and power production are plotted on Fig. 2.

3. Plant operation and control

3.1. HTC plant

Part-load control must ensure maintaining the plant operating
parameters within allowable limits. The HTC plant is simpler than
the CHP plant and has fewer limitations. As the cases differ
significantly, so do the operational limits. An important factor in the

stand-alone process of Case 0 and it's minimum-change integrated
equivalent Case 1 is ensuring that the slurry is kept from boiling at
the vapour injections, and saturated conditions are avoided at
pumps. A 5 �C margin to boiling point is maintained at the slurry
heating line before the HTC reactor.

The amount of waste water produced as well as the slurry water
that would need to be separated past the HTC reactor can also be
problematic; this is a factor particularly in cases 5 and 6. To ensure
that the piping, pumps and waste water handling equipment
remain reasonable, a maximum capacity of 40 tons per hour of
waste water flow rate was assumed for all cases.

3.2. CHP plant

The main parameters which can become boundaries to the CHP
plant operation are listed in Table 3. The operating strategies are
aimed at maximizing electricity production at any given load and,
together with the HTC plant operation, for maximizing the oper-
ating period of the CHP plant. Hydrochar and heat production take
priority over power production when full-rate output of all three is
not possible. Although particularly with the integrated cases
maximizing power production sometimes results in slightly
different operation than maximizing the overall CHP efficiency,
even at the low electricity price scenarios the fuel cost saving from
efficiency maximization is insufficient to compensate for the in-
come loss from reduced net power output.

Fig. 3 depicts the changes of selected significant plant operating
parameters as functions of cumulative time in the heat load dura-
tion curve. Sub-figures (a) and (b) show the variation of boiler
power fuel power (LHV input) and condenser pressure together
with the district heat load and output temperature. Condenser
pressure is not significantly affected by the integration concept as
the variation of steam enthalpy at turbine exhaust is small enough
to yield only a negligible effect. Boiler fuel input is increased in the
integrated cases, however; the increase is slight at full load, but
more significant at part loads, and leads to an increase of
1000e2000 h of annual operating time.

At full district heat load the stand-alone CHP plant has little
capacity to increase boiler load. This small increase potential is used
in the integrated cases at full and nearly full load. The boiler is then
limited by flue gas flow rate (Fig. 3c). The maximum furnace tem-
perature of 950 �C is approached, but not exceeded, in the inte-
grated cases at 18 MW district heat production. At this load point
the fuel moisture is assumed to reduce to 50% from thewinter-time
maximum of 55%, which yields the highest boiler fuel load and
furnace temperature. Drum pressure does not approach it's
maximum limit (Fig. 3f).

At 20 MW district heat load, HTC heat demand is enough that at
boiler maximum continuous load steam flow to the turbine is
significantly reduced; to maintain 20 MW heat output, a large
fraction of steam is directed past the turbine through a reduction
valve, desuperheated to saturated state with feedwater spraying,
and routed to the DH condenser. Steam flow to the turbine is
approximately halved as a result (Fig. 3d). As flow rate to the tur-
bine is reduced at full load, HP turbine exhaust pressure and
deaerator pressure reduce also in all cases (Fig. 3e and g). Flue gas
stack temperatures are somewhat elevated from their design point
value of 150 �C to approximately 160 �C at maximum boiler load,
which slightly reduces the plant total efficiency.

As load and thus flue gas flow rate are reduced, the boiler heat
transfer coefficients are reduced as well but relatively less than the
gas flow rate, resulting in decreasing flue gas temperatures in the
boiler. Full steam superheat can be maintained to load point P4
(14 MWDH load) in the stand-alone Case 0, or to P5 (10 MWDH) in
Case 1 by reducing spraying in the superheater, but at low loads
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Table 2
Summary of the load points and their duration during the year in the multi-period model.

Parameter P0 P1 P2 P3 P4 P5 P6 P7 P8

Time
period duration [h] 0 240 1560 1400 1400 1400 1400 490 870
cumulative at end [h 0 240 1800 3200 4600 6000 7400 7890 8760

Load and production
mean heat load [MW] 35 30 22.5 18 14 10 6 4 2.6
CHP heat output [MW] 20 20 20 18 14 10 6 0 0

Temperatures
ambient [�C] �20 �10 �5 0 5 10 12 15 15
makeup water [�C] 5 5 5 5 10 10 10 10 10
DH water out [�C] 105 90 85 80 75 75 75 75 75
DH water return [�C] 60 50 50 50 45 45 45 45 45

Fuel
moisture [mH2O/mdryþH2O] 0.55 0.55 0.55 0.50 0.50 0.45 0.45 0.40 0.40
temperature [�C] �20 �10 �5 0 5 10 12 15 15
LHV [MJ/kg] 7.43 7.43 7.43 8.53 8.53 9.62 9.62 10.72 10.72

Fig. 1. Process flow diagrams of the stand-alone (Case 0) and the three integrates (Cases 1, 5 and 6).
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steam temperature at turbine inlet is inevitably reduced in both
cases. Full live steam superheat can, however, be maintained down
tominimumboiler load in both Case 5 and Case 6. In these cases the
HTC heating is taken from the drum as liquid, necessitating a high
feedwater flow rate (Fig 3e). Since the fraction thermal load
extracted from flue gas in the superheater is reduced relatively
more than the total boiler load reduces as DH load is reduced but
the HTC heat load remains relatively unchanged, maintaining
500 �C live steam temperature becomes possible in these cases.

At low enough load flue gas temperatures begin to approach the
minimum limits of 135 �C stack temperature and 700 �C furnace
temperature. Stack temperature is maintained at first by using the
SCAH for preheating the air before the luvo from approximately
10 MW DH load downwards. Due to the combination of increasing
heating need in SCAH and reducing pressure levels in the turbine,
at load point P6 (8 MW DH) the LPT valve is used to maintain
sufficient steam pressure at HPT exhaust to keeping the stack
temperature at 135 �C. At a slightly lower DH load the same has to
be done alsowith the integrated cases. Minimum operating point of
8 MW district heat output (40% DH load) is reached when furnace
temperature reaches 700 �C at 6000 h of cumulative operating
time.

With the integrated cases 5 and 6 an additional restriction at
low loads is the reducing main condensate flow as the flow from
the DH condenser reduces. Waste heat from HTC flash vapour is
recovered to the condensate stream in a low pressure feed pre-
heater (LPPH), but unlike the condensate flow, the flash vapour
flow rate varies little between different load points. The significant
HTC feedwater flow is also part of the main condensate in these
cases, increasing the flow, but as DH power is reduced towards the
minimum, boiling would still occur before the deaerator unless
measures are taken to prevent this. Boiling is prevented by a
combination of two means. Firstly, increasing deaerator pressure
allows a higher condensate temperature. Secondly, by bypassing
some of the HTCwastewater past the heat recovery heat exchanger
(HRX), the condensate entering the LPPH can be made colder,
enabling more heat to be absorbed before reaching saturated state.

Increasing the deaerator pressure reduces power production
slightly, but has little effect on plant losses or efficiency. The

method is limited by the maximum deaerator pressure, and the
ability to heat the main condensate stream only to the saturation
temperature of the flash vapour, however. Bypassing part of the
HTC wastewater past the HRX allows decreasing the DH output
further in the CHP process, but at the cost of increased losses and
reduced efficiency. As the heat recovery bypass allows a longer
period of HTC operation and DH production to smaller loads, it is
still economical to do so.

4. Annual production and consumption

The annual output and consumption rates of energy products
was obtained with the multi-period approximation of annual pro-
duction. The discretized variation of boiler fuel consumption
(including the stoker boiler in Case 0) and DH and net power output
are plotted in Fig. 4, together with the DH heat demand curve. The
hydrochar output remains constant at 32.4 MWLHV throughout the
HTC operating period: 8000 h in Case 0, and the same as CHP
operating time in the integrated cases. The HTC feedstock rate in-
creases from 35.2 to 38.0 MWLHV as the wood moisture reduces
from winter 55% to summer 40%.

Table 4 shows the total annual net production and consumption
figures. Electricity is separated to sold and purchased for the pur-
poses of economic analysis, because these have a different price.
The total efficiency of the polygeneration plant is also calculated
and listed on Table 4. These are obtained in both LHV and HHV
terms from net annual energy production of electricity Eel,net, dis-
trict heat QDH and hydrochar Qhc, and the wood chip input in boiler
fuel Qf and HTC feedstock Qfeed:

hLHV ¼
Eel;net þ QDH þ Qhc;LHV

Qfeed;LHV þ Qf ;LHV
; (1)

hHHV ¼
Eel;net þ QDH þ Qhc;HHV

Qfeed;HHV þ Qf ;HHV
: (2)

The stand-alone CHP process has a higher efficiency than the
stand-alone HTC process in LHV terms, but as the HTC feedstock is
not burnt, the water latent heat loss decreases, resulting in nearly
the same HHV efficiencies for both. The differences in efficiencies
between the integrated processes are relatively small, with figures
mostly between those of CHP and HTC stand-alone processes as
could be expected. Case 1 with the more complex HTC heat re-
covery scheme of the stand-alone process is the most efficient, in
HHV termsmore so than either stand-alone process. The good HHV
efficiency is explained by extending the operation of the CHP pro-
cess towards the low-moisture periods, where latent heat losses are
reduced. The same reason explains why Case 5, the process with
lowest LHV efficiency but longest operating time, is less behind the
other processes in HHV efficiency than in LHV efficiency.

The relative fractions of annual outgoing energy flows from the
process are shown in Fig. 5. The blue-green tones represent prod-
ucts, losses are shown in yellow-red tones. Here, too, the results are
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Table 3
Off-design operating limits for the CHP plant.

Parameter Design min max Limitations

Flue gas flow rate _mFG[kg/s] 17.50 19.5 Fan capacity, tube bank vibration and erosion
Furnace temperature Tfurn [�C] 904 700 950 Combustion; ash melting and agglomeration
Flue gas stack temperature Tstack [�C] 150 135 Flue gas condensation
Turbine inlet steam flow rate _mt;in[kg/s] 10.60 2.0 12.0 Output at minimal flow; swallowing capacity
Drum pressure pD [bar] 100 110 Pressure vessel strength
Deaerator pressure pDA [bar] 5.6 3.0 8.0 Steam velocity; pressure vessel strength
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broadly similar between the different cases. Among losses, the
largest is the loss of HTC feedstock heating value into liquid and gas
fractions, followed by dewatering and drying loss and boiler loss.
Dewatering and drying loss consists only of losses in dewatering
and storage, and the difference of thermal drier heat consumption
and the latent heat of evaporated water: the heat of evaporation in
thermal dryer is not considered a loss, as this heat is fully recovered
in the increase of solid product LHV.

While a fairly small fraction of the total, the heat loss with the
waste water is noticeably larger in Case 5, resulting in this scheme
having the poorest overall efficiency. Case 6, which is similar to
Case 5 but benefiting from a more complex recirculation and
heating arrangement for reduced waste water flow rate and losses,
has only slightly better overall efficiency than Case 5 as the waste
water loss remains significantly greater than in Case 1.

The variation of LHV and HHV efficiencies as a function of
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cumulative operating time is plotted in Fig. 6a. The minimum-
change integration scheme of Case 1 has the best efficiencies
throughout the year, but only by a narrow margin until approxi-
mately 6000 h, or 8 MW DH load. At very low loads the efficiencies
of Case 5 and Case 6 reduce faster, to become significantly worse
than even stand-alone HTC plant at 8000 h.

Although the loss of feedstock LHV to liquid and gas fractions is
the single greatest loss component, it remains constant and fixed by
the choice of HTC parameters. The second largest component,
drying and dewatering losses, varies only relatively little and
cannot be significantly affected either by integration method or by
plant operation. It is thus the boiler and waste water losses which
actually vary the most between cases and load points; the variation
of these losses are shown in Fig. 6b.

The waste water loss can be seen to increase significantly

towards the low-load end of the curve in both Case 5 and Case 6.
At high loads the Case 6 water loss is significantly less than that
of Case 5 due to the improved HTC feed heating scheme, but
towards low CHP load the Case 6 water loss increases to become
even higher than that of Case 5. This is due to the need to bypass
warmwaste water past the heat recovery heat exchanger in order
to maintain the ability of the LPPH to absorb the heat of
condensing vapour from the flash tank. Case 6 with its reduced
water flow needs bypassing already at a higher CHP load,
negating part of the efficiency advantage of this arrangement. In
terms of boiler losses the integrates are broadly similar. The
lower efficiency of the stoker boiler shows as a slightly increased
boiler losses at CHP part load. The greater combined load of the
two boilers makes the stand-alone boiler loss much greater at
full CHP load.
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Fig. 4. Annual production of CHP products (power and heat) together with boiler fuel consumption using the multi-period model, and the DH demand curve. Case 0 includes the
boiler fuel used in the separate HTC stoker boiler.

Table 4
Annual energy inputs and outputs of separate CHP and HTC plants, co-located separate plants (Case 0), and the three integrated cases.

Case CHP HTC Case 0 Case 1 Case 5 Case 6

Fuel input
CHP boiler fuel Qf,BFB,LHV [GWhLHV] 157.3 e 157.3 201.8 212.2 208.4
HTC stoker boiler Qf,S,LHV [GWLHV] e 49.8 49.8 e e e

HTC feed QHTC,LHV [GWhLHV] e 292.1 292.1 261.5 292.1 280.0
Total Qchips,HHV [GWhHHV] 193.6 415.7 609.2 565.8 613.8 595.2
Total Qchips,LHV [GWhLHV] 157.3 342.0 499.3 463.3 504.3 488.4
Other energy products
Net electricity Eel,net [GWh] 39.0 �4.85 34.1 28.79 24.53 25.64
Sold electricity Eel,s [GWh] 39.0 0 35.3 28.79 24.77 25.69
Purchased electricity Eel,p [GWh] 0 4.85 1.22 0 0.23 0.05
District heat output QDH [GWh] 94.8 0 94.8 102.3 105.1 104.2
Hydrochar output Qhc,HHV [GWhHHV] 0 292.1 292.1 262.4 292.1 280.0
Hydrochar output Qhc,LHV [GWhLHV] 0 259.2 259.2 233.0 259.2 248.8
Trigeneration efficiency
hLHV [%] 85.1 74.4 77.7 78.6 77.1 77.5
hHHV [%] 69.1 69.1 69.1 69.4 68.7 68.9
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1.3 % 1.3 %

Case 0

District heat
Electricity
Hydrochar
Boiler loss
Waste water
Dewatering + dryer
Liquid + gas LHV
Other thermal
Electromechanical

20 %
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Case 1
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Case 5

20 %
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Fig. 5. Outgoing energy flows from the process in LHV terms.
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Fig. 7. Studied cases compared in terms of IRR, NPV and PBP. Crosses connected by black lines represent the hydrochar prices required to improve the economic parameter shown in
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electricity price. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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5. Economic analysis

5.1. Capital investment

Capital investment is the total amount of money needed to
purchase and install the equipment for constructing aplant. Plant
equipment was sized on the basis of the maximum capacity level
obtained from the simulation results and increased by typical in-
dustry overdesign factors. Recommended magnitudes of over-
design factors (1.1e1.2) are considered sufficient to mitigate
potential changes in the operating performance and design un-
certainties [22]. Table 5 summarizes cost data for different plant
configurations.

Cost data for standard equipment, such as pumps, heat ex-
changers, reactors and tanks is taken from Refs. [22] and [23]. The
cost of specialized processing equipment, such as HTC slurry
pumps, pellet and filter presses, wood chips driers and conveyors, is
based on vendor information presented by Erlach in Ref. [17]. CHP
plant cost was estimated using data from [24] for the boiler costs
[25], for the turbogenerator, and [22] and [23] for other equipment.

The cost of purchased equipment (PEC) was estimated using
scaling factors and converted to base year 2014 using cost indexes
[23]. Scaling factor allow estimating the cost of an item on the basis
of available data for similar equipment of different size or capacity
[17]:

Costa ¼ Costb

�
Xa

Xb

�a

(3)

where a is the scaling factor, and X is the capacity of the equipment.
Cost indexes are applied to forecast the costs of materials and

equipment based on historical cost data. Chemical Engineering
plant cost indexes (CEPCI) are recommended for process equip-
ment investment estimates [22]. Cost data given in US dollars (USD)
from year y is converted to year 2014 Euro (average annual ex-
change rate in 2014 is 0.695 V/USD):

CV;2014 ¼ CUSD;y
CPE2014
CPEy

V2014

USD2014
(4)

Sum of PEC and cost of other factors directly related to the
erection of the equipment (i.e. instrumentation and controls,
piping, electrical installations, equipment erection and construc-
tion expenses) comprises the total module cost (CBM). CBM/PEC
was assumed 2.88 when other cost data was not available [23]. The
offsite costs (45% PEC) include cost for land, ancillary buildings, site
development and utilities.

Engineering and supervision (12% PEC) covers cost for con-
struction design together with purchasing, procurement and
construction supervision. Start-up expenses (10% PEC) amount
to the cost of possible start-up changes in materials and equip-
ment and loss of income while plant is operating at partial
capacity.

Contractor's fee (5% of indirect and direct costs) considers profit
of contractor if employed. Contingencies (10% of indirect and direct
costs) cover the expenses on unforeseen circumstances (e.g. strikes,
price changes, storms, floods, design errors).

Working capital (15% FCI) estimates the total amount of money
needed above the fixed capital to start the plant up and operate to
the moment of the income received. Total capital investments
consists of working and fixed capital. Assumptions for total capital
investment components calculation are taken from Refs. [22] and
[23].

Integrated plants offer clearly reduced total capital investment
compared to the stand-alone plants of Case 0: 16.5% less for Case 1,
increasing to 21.2% (Case 5) and 20.8% (Case 6). The major cost
components in standalone case are the reactor (14% TCI) and boiler
(15% TCI) total module costs together with working capital (13%
TCI) and offsite costs (10% TCI); removing the need for a separate
boiler is clearly a significant economic advantage. Hydrothermal
treatment composes a significant investment in case of standalone
operation e 69% of CBM e with HTC reactor, slurry pump, filter
press, hydrochar dryer and pellet press as the main cost factors. As
for integrated cases, the CHP plant represents over half of the
capital investment. Configurations without slurry pumps (Case 5
and Case 6) clearly reduce the cost of HTCmodule even considering
higher pressure requirements and consequently the cost of slurry
mixing equipment.

5.2. Profitability evaluation

The profitabilities of the considered cases at different energy
price assumptions are evaluated on the basis of net present value
(NPV) and internal rate of return (IRR) and payback period (PBP).
NPV is usually recommended as the best evaluation metric if only
one is used [26]. All methods generally give the same accept/reject
decision, but in case of mutually exclusive projects of different
scope, theymay suggest different ranking of the options; more than
one metric is thus often used [26].

The NPV of a project is the sum of the total present worth of
future cash flows during the economic project life time of n years
discounted at an interest rate of i, minus the value of total capital
investments TCI:

Table 5
Total capital investment calculation for studied cases. All numbers in millions of euros.

HTC CHP Case 0 Case 1 Case 5 Case 6

direct costs HTC purchased equipment cost (PEC) 3.7 e 3.7 3.7 3.2 3.2
Stoker boiler PEC 1.6 e 1.6 e e e

CHP plant PEC e 5.8 5.8 5.8 5.8 5.9
Total module cost 15.3 16.6 31.9 27.3 26.0 26.2
Offsite cost 2.4 2.6 5.0 4.3 4.1 4.1
S 17.7 19.2 36.9 31.6 30.1 30.3

indirect costs Engineering 0.6 0.7 1.3 1.1 1.1 1.1
Start-up 0.5 0.6 1.1 0.9 0.9 0.9
S 1.2 1.3 2.4 2.1 2.0 2.0
Contractor's fee 0.9 1.0 2.0 1.7 1.6 1.6
Contingencies 1.9 2.0 3.9 3.4 3.2 3.2

Fixed-capital investment (FCI) 21.7 23.5 45.2 38.7 36.9 37.1
Working capital 3.3 3.5 6.8 5.8 5.5 5.6

Total capital investment (TCI) 25.0 27.1 52.0 44.5 42.5 42.7
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NPV ¼ ð1þ iÞn � 1
i$ð1þ iÞn

h
Eel;scel;s þ QDH cDH þ Qhcchc

�
�
Qf ;LHV þ QHTC;LHV

�
cf � Eel;pcel;p � CO&M

i
� TCI;

(5)

where the annual energy outputs and inputs E and Q are those
shown in Table 4. The IRR is found using eq. (5) and solving itera-
tively such interest i that the NPV becomes zero. The PBP is found
similarly by setting the NPV to zero in eq. (5), and solving for the
number of years n. Results are shown in Fig. 7.

The assumed values of economic parameters in eq. (5) when not
treated as variables are listed at Table 6. Three different electricity
price scenarios were considered for market price of sold electricity.
Constant electricity price throughout the plant operating time was
assumed in each case. The electricity prices were estimated from
the scenarios for electricity market price development presented in
a report ordered by the Finnish Ministry of Employment and
Economy [27].

The annual operating and maintenance cost CO&M is determined
as a fraction rO&M of the TCI. For a small-scale bio-fired CHP plant an
rO&M,CHP ¼ 4% was assumed based on [28]. For the HTC plant there
are no available references to estimate the operating and mainte-
nance costs; since the plant operates on two-phase slurry and
several components may be prone to fouling, clogging and corro-
sion, a higher O&M fraction of rO&M ¼ 8% was assumed to obtain a
conservative estimate. The combined CO&M for each case was thus
obtained using the mean rO&M weighted with the fractions of CHP
and HTC purchased equipment cost,

CO&M ¼
�
rO&M;CHP

PECCHP
PECCHPþHTC

þ rO&M;HTC
PECHTC

PECCHPþHTC

�
$TCI:

(6)

Table 7 shows the cash flows for the considered cases, as well as
the two stand-alone processes, when the investment is amortized
in equal annual payments during the project economic lifetime.
Two different scenarios are shown; if an interest rate of 10% is
expected, the CHP plant returns only a marginally profitable net
cash flow. Integration of a HTC process to the CHP plant according
to Case 1 concept reduces this even further, while integration ac-
cording to the concepts of Case 5 or Case 6 yields a small
improvement. The stand-alone HTC plant is unprofitable, as is the
combination of separate stand-alone CHP and HTC plants of Case 0.

Funding is likely available at a lower interest rate, however;
assuming an interest rate of 5%, all of the integrated cases become
more clearly profitable, with greater net cash flow rate than a pure
CHP plant. The cash flow rate of the combined but non-integrated
stand-alone plants of Case 0 also rises to a positive figure,
although still inferior to the integrates.With either interest rate, the
HTC stand-alone process is unprofitable, therefore making Case
0 inferior to pure CHP plant. All integration cases improve the

annual net cash flow in comparison to having two separate pro-
cesses, and except for Case 1 at the higher interest rate of 10%, also
improve the cash flow of the pure CHP plant, with Case 5 providing
the highest increase.

Sensitivity to parameters other than the hydrochar price is
shown in Fig. 8; also the stand-alone HTC and stand-alone CHP
plant are included in this comparison. Change of project IRR in
percentage points is plotted in the charts as each of the considered
parameters is varied by 20% up or down. Baseline investment cost
and medium electricity cost scenario are assumed in this graph.

The profitability of the HTC stand-alone plant is clearly very
sensitive especially to the wood feedstock price, and also to the
investment and O&M costs. Stand-alone CHP plant profitability is
much less affected by the price of wood chip, as both conversion
efficiency and the price of the products are better than in the stand-
alone HTC plant. The CHP plant is most sensitive to the price of
district heat, which is the main product. Sensitivity to electricity
price appears superficially low. Electricity price is likely by far the
most volatile of the prices, however; while the 20% variation of
parameters can be considered fairly large for most of the parame-
ters, electricity price is subject to several times greater uncertainty.

The sensitivities of the different combined cases are broadly
similar to each other. Changes in raw wood or investment cost will
yield the biggest changes in profitability, but compared to a stand-
alone HTC process, the sensitivity to these prices is much reduced.
Compared to the CHP, the sensitivity to varying district heat or
electricity price are also much reduced in the four cases combining
both processes.

6. Results and conclusions

The process integration of CHP and HTC processes appear to be
economically clearly advantageous over operating these as separate
stand-alone plants. While integration does not offer significant
energy efficiency advantages in this case, the increased CHP plant
annual operating time and reduced overall investment cost make
the integration clearly beneficial.

The actual profitability and choice of one integrated concept
over another concept is less certain, although it does appear that
the integration of small-scale CHP plant and HTC process according
to the concepts of Case 5 (drum water use), and the similar Case 6,
are likely to be profitable. Of the studied concepts of HTC and CHP
co-production, these two were found to be superior to the alter-
natives under all considered scenarios and measured by all
considered metrics, followed by Case 1 integrate, the separate
plants of Case 0 being the consistently and clearly worst option.

Case 5 and Case 6 proved to yield the best economic perfor-
mance although they had the lowest efficiencies and lowest net
electricity production among the considered options at both full
and part load. These weaknesses were more than compensated for
by the reduced investment cost and increased production of district
heat and, compared to Case 1, also increased production of
hydrochar. These conclusions would have been difficult to see

Table 6
Values of economic parameters when not treated as variables in the analysis.

Parameter Value Energy product Price

Maximum annual operating time t [h] 8000 Wood chip price cf [V/MWhLHV] 20
Interest rate i [%] 0.10 Sold electricity price (high) cel,s [V/MWh] 77
Plant economic lifetime [a] 25 Sold electricity price (medium) cel,s [V/MWh] 44
Annual CHP O&M cost ratio rO&M,CHP [%] 0.04 Sold electricity price (low) cel,s [V/MWh] 21
Annual HTC O&M cost ratio rO&M,HTC [%] 0.08 Purchased electricity price cDH [V/MWh] 100

District heat price cel,p [V/MWh] 60
Hydrochar price chc [V/MWhLHV] 40
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based on the pure thermodynamic analysis of Part 1 of this study;
this emphasizes the necessity of careful operational and economic
analysis when considering different plant configuration options.

At approximately 40 V/MWh price for hydrochar the profit-
ability of an integrated Case 5 or Case 6 polygeneration plant starts
to become increasingly likely. The uncertainty over the final in-
vestment cost of such a plant, and more importantly the uncer-
tainty of the future prices of energy products (rawwood, electricity,
district heat and the hydrochar), makes definitive conclusions
difficult to draw, however. Particularly the prices of hydrochar, for
which there is currently not yet an existing market, as well as
electricity, are difficult to predict reliably.

A polygeneration plant can be considered also advantageous
due the uncertainty of the economic environment: the profitability
of an integrated CHP-HTC plant will be less vulnerable to fluctua-
tions in electricity and district heat price. Although the vulnera-
bility to wood chip price variation does increase in such a plant in
comparison to a pure CHP plant, the price of raw wood is less likely
to vary drastically than particularly the price of electricity.

The stand-alone HTC plant appears to be unprofitable under
probable current economic input values. A different type of stand-
alone HTC process could yield different results, however. An
increased HTC pressure and thus temperature would allow shorter
residence times and thus smaller volume flash tanks and reactors,
while increasing the costs of most other components. The net effect
of such process changes would require further study. Also the

integrationwith a larger CHP plant, or a CHP plant supplying heat to
process industry at a relatively constant rate rather than the
significantly varying district heat load profile could yield different
results, and should be investigated further.

Nomenclature

Roman letters
A area [m2]
c energy price [V/MWh]
cp specific heat [kJ/kgK]
CBM Cost, Bare Module [V]
E energy (electric or mechanical) [MJ]
FCI Fixed Capital Investment [V]
HHV Higher Heating Value [MJ/kg]
i interest rate [%]
IRR Internal rate of return [�]
LHV Lower Heating Value [MJ/kg]
N plant economic lifetime [a]
NPV net present value [V]
MC biomass moisture content, water to total mass [�]
p pressure [bar]
PBP Payback Period [a]
PEC Purchased Equipment Cost [V]
Q heat [MJ]

Table 7
Annual cash flows of different cases.

HTC CHP Case 0 Case 1 Case 5 Case 6

Investment amortization (i ¼ 10%) [MV] �2.75 �2.98 �5.73 �4.91 �4.68 �4.70
Investment amortization (i ¼ 5%) [MV] �2.19 �1.84 �4.03 �3.36 �3.17 �3.19
Operation and maintenance [MV] �2.00 �1.08 �3.08 �2.48 �2.31 �2.33
Boiler fuel [MV] �1.00 �3.15 �4.14 �4.04 �4.24 �4.24
HTC feedstock [MV] �5.84 0 �5.84 �5.23 �5.84 �5.60
Purchased electricity [MV] �0.48 0 �0.12 0 �0.02 �0.005
Sold electricity [MV] 0 1.71 1.55 1.27 1.09 1.13
Sold district heat [MV] 0 5.69 5.69 6.14 6.31 6.25
Sold hydrochar [MV] 10.37 0 10.37 9.32 10.37 9.96

Annual net cash flow (i ¼ 10%) [MV] �1.70 0.19 �1.30 0.07 0.66 0.46
Annual net cash flow (i ¼ 5%) [MV] �1.14 1.34 0.40 1.62 2.17 1.97
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Fig. 8. Sensitivity analysis of IRR with ±20% change of parameters. IRR variation is shown in percentage points.
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rO&M ratio of annual operation and maintenance cost to total
capital investment [�]

t time [h]
T temperature [�C, K]
TCI Total Capital Investment [V]

Greek letters
a scaling factor [�]
h efficiency [�]

Abbreviations
CEPCI Chemical Engineering Plant Cost Index
CHP Combined Heat and Power
DA Deaerator
DH District Heat
FG Flue Gas
HPT High Pressure Turbine
HTC Hydrothermal Carbonization
LPPH Low Pressure Preheater
LPT Low Pressure Turbine
SCAH Steam Coil Air Heater

Subscripts
D drum
DA deaerator
DH district heat
el electricity
FG flue gas
furn furnace
hc hydrochar
in inlet
O&M operation and maintenance
out outlet
p purchased
s sold
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ABSTRACT 

Wood-fired combined heat and power (CHP) plants are a 

proven technology for producing domestic, carbon-neutral heat 

and power in Nordic countries. Such plants are often of back-

pressure configuration, the district heat condenser replacing the 

vacuum condenser of a condensing power plant. The condenser 

is usually a shell-and-tube heat exchanger with district heating 

water on the tube side. In this paper, a new approach is presented 

to optimize the condenser design considering not only the 

design-point performance, but also variations in the operating 

conditions. A power plant model is used to determine the plant 

performance (net power output and boiler fuel consumption) as 

a function of the main performance parameters of the condenser 

at each point. Cuckoo search algorithm is used for the 

optimization. The results show that although electricity price 

variation has a significant impact on plant net cash flow rate, the 

effects of electricity price and heat exchanger specific cost on 

condenser design are low.   

 

INTRODUCTION 
Bio-fired combined heat and power (CHP) plants have 

several advantages; they convert a carbon-neutral local energy 

source to heat and power at high efficiency. One challenge in the 

design and optimization of such plants is the variation of load: 

peak winter heat demand is typically an order of magnitude 

greater than minimum summer load. Currently the changes in the 

electricity markets in the Northern Europe also complicate CHP 

investment decisions: questions over renewable power subsidies 

and the future of nuclear power have created unusually high 

uncertainty over the future prices of electricity. This creates also 

challenges for plant and component design and optimization. 

The focus of this paper is the optimization of a district heat 

(DH) condenser considering the annual net cash flow of the CHP 

plant as the objective function. DH condensers of CHP plants are 

typically U-tube shell-and-tube heat exchangers (STHX) with 

water on the tube side and steam condensing on the shell side.   

The variation of heat load and operating conditions and their 

effect on both plant and condenser performance is considered 

using a multi-period model where the annual operating profile is 

approximated using four load points. A power plant model 

developed with the process simulation software IPSEpro is used 

to determine the plant performance (net power output and boiler 

fuel consumption) as a function of the condenser’s conductance 

and condensate subcooling at each point. The performance 

results together with the heat exchanger cost model output are 

used to determine the objective function value. A range of 

electricity prices is considered to investigate the effect of the 

price on optimal condenser design.  

Shell-and-tube heat exchanger optimization has been studied 

extensively, with several methods applied to cost and heat 

transfer modelling, and the optimization itself. Most studies 

model the heat exchanger cost as a function of the heat transfer 

area [1-10]. This approach has been shown to have drawbacks in 

general [11], and in condenser optimization in particular [12]. In 

this paper, the condenser manufacturing costs are divided into 

material cost and processing cost [11]. These were estimated by 

a combination of mechanical sizing methods presented in [11] to 

find the mass of each component, and a simplified version of 

processing cost model from [12] where only the most important 

processing costs are determined in detail.  
The heat transfer modelling of a condenser presents certain 

challenges. An average overall heat transfer coefficient U is 

often adequate to determine the performance of a liquid-liquid 

STHX, but this approach would yield optimistic results for a 

low-pressure steam condenser with close temperature approach 

[13]. As a result, a multi-element 2D model treating the tube 

bundle as a network of heat exchangers, is used here [12, 13].  

 STHX design optimization is also made difficult by 

characteristics, such as several constraints, non-differentiability, 

possible multimodality, and a combination of discrete and 

continuous variables. Many optimization methods have been 

used in STHX optimization. Deterministic, non-iterative 

solutions for segmentally baffled single-phase STHX have been 

presented by several authors [1-3,5,14]. Most of these methods 

involve significantly simplified shell-side calculation, and are 

not suitable for multi-element calculation of condensing flows. 

Deterministic methods may also present converging issues, 

especially as the number of decision variables increases. 

During the last 15 years, several stochastic optimization 

methods have been applied to heat exchanger optimization. 

These algorithms tend to be computationally heavy, but as CPU 

speeds increase, this becomes less of a limit in contrast to the 

robustness and ease of implementation in difficult optimization 

problems. Stochastic algorithms applied to STHX optimization 

include simulated annealing (SA) [15], particle swarm 

optimization (PSO) [8,10], and various evolutionary algorithms 

such as differential evolution (DE) [16], genetic algorithms (GA) 

[4,6,9,10,17], and harmony search (HS) [7]. In this study cuckoo 

search (CS), a relatively new and promising stochastic 

metaheuristic optimizer inspired by and loosely based on the 

brood-parasitic behaviour of cuckoo birds, was used. It’s 

performance on a number of common benchmark functions has 

been shown to compare favourably to PSO and GA [18, 19]. 
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NOMENCLATURE 
a [-] Annuity factor for capital investment amortization 
anzl [m] Major axis of the elliptic nozzle-to-shell joint 

A [m2] Area 
c [€/MWh] 

[€/m2] 
Specific cost of energy or heat exchanger 

cp [J/kgK] Specific heat  

C [€/a] Cost; Annual cash flow rate 
d [m] Tube diameter 

D [m] 1. Diameter 

f [-] Friction factor (Darcy) 
g [m/s2] Standard gravity 

G [W/K] 
[(kg/s)/m2] 

[-] 

1. Conductivity 
2. Mass velocity 

3. Generation of cuckoos 

h [W/m2K] Heat transfer coefficient (condensation or convection) 
i [-] Interest rate 

k [W/mK] Thermal conductivity 

K [m] 
[-] 

1. absolute surface roughness 
2. loss coefficient 

k [W/mK] Thermal conductivity 

L [m] Length 
LHV [MJ/kg] Lower Heating value 
m  [kg/s] Mass flow rate 

n [a] Plant economic lifetime 
NP [-] Number of parents in a cuckoo generation 

NTU [-] Number of transfer units; NTU = UA/( m cp )min 

Nu [-] Nusselt number 

p [Pa] Pressure 
P [W], 

[m] 

1. Power 

2. Tube pitch 

Pr [-] Prandtl number 
rO&M [-] Ratio of operating and maintenance cost tot TCI 

Re [-] Reynolds number  

Rtf” [m2K/W] Thermal fouling resistance 
s [mm], 

[-] 

1. Material thickness 

2. Step size vector 

t [h] Time (in plant operation) 
T [°C] Temperature 
Tfurn [K] Absolute temperature in boiler furnace 

Tlm [°C] Logarithmic mean temperature difference 

TCI [€] Total Capital Investment 

u [-] Uniform-distributed random variable 
U [W/m2K] Overall heat transfer coefficient 

v [-] Uniform-distributed random variable 

w [m/s] Velocity 
x [-] Decision variable 

 

Special characters 

 [-] Scaling factor in optimization local search 

 [m] Lévy exponent 

[-] 
[-] 

1. Heat exchanger effectiveness 
2. Uniformly distributed random variable 

[W] Thermal power 

[-] Gamma function,  

 [Pa s] Dynamic viscosity 

 [kg/m3] Density 

 [N/mm2] Stress 

[N/mm2] Variance 

 

Subscripts 
bfl  Baffle (support) plate 

c  Cold (water) side 

CHP  Combined Heat and Power plant 
D  Design point 

DA  Deaerator 

DH  District heat 
eff  Effective 

el  Electricity 

f  Fuel 
FG  Flue gas 

FOB  Free on board 
gr  Gravity 

h  Hot (steam) side 

HX  Heat exchanger 
i  Element index in water flow direction 

in   Inside; inlet  

j  Element index in steam flow direction 
L  Saturated liquid state 

man  Manufacturing 

mat  Material 
max  Maximum 

nzl  Nozzle 

OD  Off-Design 
OTL  Outer Tube Limit 

out  Outside; outlet 

pr  Processing 
SC  Sub-cooling 
SG  Steam generator 

s  shell 
sh  shear 

tb  tube 

V  Saturated vapour state 

PROBLEM DEFINITION  
A commercial small modular backpressure CHP plant with a 

29 MW thermal output bubbling fluidized bed (BFB) boiler is 

considered [20]. At design point, the plant has a 20 MW DH 

output with 90/50 °C outlet/return temperatures. The turbine has 

a partial admission regulating stage and separate high-pressure 

(HP) and low-pressure (LP) parts with an extraction at the HP 

exhaust, controlled by the LP turbine inlet valve. The single 

backpressure DH condenser is not directly connected to turbine 

exhaust arrangement, but receives steam through a pipe. The 

design-point parameters are summarized in Table 1; schematic 

diagram is shown in Figure 1. The fuel is forest chips with 19.5 

MJ/kg dry matter lower heating value (LHV), wet-basis moisture 

content varying from 55% (winter) to 40% (summer).  

Table 1 Design-point parameters of the CHP plant model. 

Parameter Value 
Power output; generator/net 8.66 / 8.00 MW 
District heat (DH) 20.00 MW 

Boiler thermal power 28.9 MW 

Total (CHP) Efficiency 85 % 
Steam parameters 90 bar / 500 °C 

 

 
Figure 1 Schematic diagram of the CHP plant model. 

The part-load modelling considers varying boiler and turbine 

performance. At off-design conditions (subscript OD), heat 

transfer rates  of those boiler surfaces where convection is the 

dominant heat transfer mode are calculated from design-point 

values (subscript D) assuming heat transfer to vary relative to 

0.8:th power of flue gas mass flow rate FGm , 
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Dlm,

ODlm,
8.0

DFG,

ODFG,
DOD

T

T

m

m ,    (1) 

where Tlm is the logarithmic mean temperature difference, 

inc,outh,

outc,inh,

inc,outh,outc,inh,
lm

ln

)()(

TT

TT

TTTT
T .     (2) 

The steam generator heat transfer rate SG is estimated 

assuming an isothermal furnace where the heat transfer rate 

varies proportionally to the fourth power of absolute furnace 

temperature Tfurn,  

4
Dfurn,

4
ODfurn,

DSG,ODSG,
T

T .     (3) 

Turbine pressure levels were determined using the ellipse law 

[21], and part-load efficiencies from polynomial curve fits based 

on [22] and [23]. The boundaries assumed for plant part-load 

operation are listed in Table 2. 

Table 2 Off-design operating limits for the CHP plant. 

Parameter Design min max 
Flue gas flow rate [kg/s] 

Furnace temperature [°C] 
Flue gas stack temperature [°C] 

Turbine inlet steam flow rate [kg/s] 

Deaerator pressure [bar] 

17.27 

904 
150 

10.60 

5.6 

- 

700 
135 

2.0 

3.0 

19.5 

950 
- 

11.0 

8.0 

  

Multi-period production model 

A CHP plant is often sized for slightly over 50% of peak DH 

demand, resulting in 5000-7000 h annual operating time. Heat-

only auxiliary boilers cover the peak consumption and demands 

below the CHP plant minimum load. The annual variation is 

approximated using a discretized model where each period is 

averaged to a single load point. The temperature levels of district 

heating water were set according to reference [24] based on the 

average ambient temperatures of each period. The ambient 

temperatures were estimated from Finnish Meteorological 

Institute monthly average temperature data in the central Finnish 

city of Jyväskylä. [25] The main parameters and the durations of 

the periods are listed in Table 3; Figure 2 shows the variation of 

heat and power production and fuel consumption. 

Table 3 Average load points for the CHP plant. 

Parameters  P1 P2 P3 P4 
Period duration t [h] 1800 1400 1400 1400 
Average ambient temperature [°C] -8 0 +5 +10 

DH water output/return T [°C] 90/55 80/50 75/45 75/45 

DH power DH,CHP [MW] 20.0 18.0 14.0 10.0 

Fuel: moisture [%] / LHV [MJ/kg] 55/7.4 50/8.5 50/8.5 45/9.6 

   
Figure 2 Annual CHP production and boiler consumption in 

the discretized multi-period model, and DH demand curve. 

Condenser 

A shell-and-tube U-tube condenser (Figure 3) in a round tube 

bundle and steam in pure cross flow was selected. Mechanical 

sizing was based on 250 °C design temperature and pressures of 

-1/+5 bar (shell) and -1/+16 bar (tubes). P235GH carbon steel 

was used for the tubes, P355GH for other parts. Yield strength 

of P355GH at 250 °C, l = 210 N/mm2, was used as the design 

stress in calculations. 60° tube pitch was used. Loss coefficients 

for pressure drop were set according to [26]. Inside and outside 

fouling resistances of R”tf,in = 8·10-5 and R”tf,out = 1·10-5 m2K/W 

were assumed. The values were set lower than figures in TEMA 

standards [27], which were considered to represent pessimistic 

rather than typical figures.  

 
Figure 3 District heat condenser construction. 

 

Objective function  

The objective function to maximize is the annual net cash 

flow of the CHP plant, obtained from  

totM&Otot

4

1

ffDHDHelelPtot TCIraTCIcccPtC

P

,      (4) 

where a is the amortization factor for the total capital 

investment (TCI) at interest rate i and economic lifetime n. Table 

4 lists these and other economic parameter values. The cost the 

CHP plant excluding the condenser was estimated TCICHP = 

26 106 € [28]. The DH condenser cost TCIDHC was obtained by 

setting the cost of installed equipment as 3.3 times the FOB cost 

(CFOB) [29]. The CFOB was obtained from manufacturing cost 

Cman using a mark-up estimate consisting of 30% overhead cost, 

5% contingency and 10% manufacturer’s profit.  

Table 4 Values of economic parameters. 

Parameter value 
Maximum annual operating time t [h] 6000 

Interest rate i [-] 0.10 
Plant economic lifetime n [a] 20 

Annual O&M cost ratio rO&M, [%] 0.04 

Wood chip price cf [€/MWhLHV] 20 
District heat price cDH [€/MWh] 60 

  

The manufacturing cost Cman consists of material cost Cmat 

and processing cost Cpr, where Cmat is clearly the dominant 

factor. Following material costs were assumed: tubesheet 3.5 

€/kg; shell, channel and flanges 2.5 €/kg; and baffles 2.0 €/kg. 

Tube cost was set as a function of diameter based on a curve fit 

made on data available from commercial suppliers. Tube length 

was unlimited, but a 10% cost penalty was applied on tubes 

longer than 20 m before bending to U-tubes. Nozzle sizes were 

assumed unaffected by other dimensions and not considered.  

Shell and channel are sized against internal pressure and 

buckling at -1 bar vacuum according to [31], and the tubesheet 

based on the simpler method of the older standard [26]. Flange 

dimensions were estimated from curve fits for standard flange 

sizes for heat exchangers as function of shell diameter. 
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Of the processing cost, baffle-related costs are the largest one 

[11] and any attempt to minimize the baffle costs will also 

significantly impact the heat transfer surface geometry. Baffle 

processing costs were thus modelled in detail according to the 

methodology of [11], while other processing costs were 

estimated at 10% of Cmat based on the results presented in [11].  

The CHP plant fuel consumption f and heat and power 

production DH and Pel at each load points are functions of 

condenser performance: effective conductance Geff = Ueff A, and 

condensate sub-cooling TSC. The effective conductance is 

defined as  

outDH,returnDH,
returnDH,inh,

outDH,inh,
DHeff /ln TT

TT

TT
G , (5) 

where Th,in is the saturation temperature at the shell nozzle, 

Tsat(pnzl). This is different from G = UA based on an average of 

local U values, since local heat transfer rate in the bundle is also 

affected by varying vapour pressure, and hence Tsat(p). It is the 

Geff that determines the terminal temperature difference TTD, 

turbine exhaust pressure and thereby the effect on the CHP plant 

power production and boiler fuel consumption.  

Sub-cooling may result from thick liquid inundation layer on 

the tubes, ineffective gas venting, or steam pressure drop. In a 

compact low-cost condenser design steam velocity may become 

high, the resulting pressure drop reducing Tsat(p). This will 

manifest itself as sub-cooling as well as reduced Geff. Subcooling 

due to thick inundation layers is unlikely in a small condenser 

considered here, and effective gas venting does not pose 

significant cost variations or restrictions to the design; these 

effects are thus not considered. 

In the objective function evaluation the effects of Geff and 

TSC on plant performance were determined using polynomial 

curve fits based on data generated with the plant model. A very 

good agreement of R2=1.00 was obtained for Pel = f(Geff) and f 

= f(Geff), and acceptable (R2 > 0.9) also for TSC effect. The TSC 

proved to have relatively small impact on both Pel and f : <0.2 

% per each 1 °C of sub-cooling.  

The point P1 represents the boiler-limited maximum load. As 

the boiler load is at maximum during P1, increasing condenser 

Geff increases power production at the expense of DH output. 

Since the DH production thus varies from the nominal value of 

20 MW (Table 1), the period lengths of P1 and P2 are adjusted 

to prevent mean DH from exceeding the DH load curve.  
The decision variables of the optimization are listed in Table 

5. The straight length x3 considers only effective heat transfer 

area; tube length covered by baffles or tube sheet is not part of 

this variable, but is factored in the condenser mass and cost 

calculation.  

Table 5 Decision variables x and their initialization ranges. 
x Definition Initialization range 

x1 Ratio of shell to bundle Dsh,in/DOTL 0.5 < x1 < 0.95 

x2 Number of tube passes x2 {2,4} 

x3 Straight tube length per pass Lstr [m] 3.0 < x3 < 12.0 

x4 Tube outside diameter do [mm] 
x4 {10, 12, 14, 16, 18, 20, 

22, 25, 28, 30} 

x5 Tube pitch/ diameter ratio P/do 1.25 < x5 < 1.50 

x6 Water free-flow area Afr.c [m
2] 0.2 < x6 < 1.0 

 

Constraints are listed in Table 6. Maximum tube-side 

velocity was set at the maximum water velocity in carbon steel 

tubes according to reference [30]. Maximum shell-side velocity, 

defined as the maximum velocity at the tightest spacing between 

the tubes, was set at the upper end of the recommended range for 

vapours at approximately atmospheric pressure in reference [29].  

Table 6 Constraints. 
Variable Constraint Variable Constraint 

Tube-side velocity wc   3.0 m/s Shell-side velocity wh  30 m/s 
Tube pitch P   1.25do Tubesheet ligament (P- do)  5 mm 

Condenser length LHX  15.0 m Condenser diameter DHX  3.5 m 

 

The optimization algorithm produces candidate solutions 

represented as vectors x of six design variable values. The 

outline of the algorithm to evaluate the objective function value 

for such a candidate vector is shown in Figure 4. The step of 

finding the district heat rate DH and adjusting the steam pressure 

until convergence is described in detail in the following chapter. 

HEAT TRANSFER MODEL 
The model determines iteratively the performance of the 

condenser at different load points by assuming a steam pressure 

ph, solving the heat transfer rate given the water flow rate and 

return temperature, and correcting the pressure until DH 

production and water outlet temperature match the DH load. 

The heat transfer calculation is based on reference [13]. Each 

U-tube of 2 passes pass is split in imax slices in tube direction, and 

jmax circular segments in steam flow direction. A 180° U-element, 

iU = ½(imax-1)+1, joins the two passes. Flows entering element 

(i,j) are set by outlet conditions of (i-1,j) and (i,j-1). Constant Tsat 

and heat transfer coefficients are assumed in each element.  

The flows are calculated iteratively in water flow direction 

from i=1 to imax using equations (6) to (11). Each slice i is also 

calculated iteratively, starting with an estimated steam flow to 

(i,1), and continuing until no vapour flow exits from (i,jmax). 
1

intf,
1

ji,h,w
1

ji,c,intf,ioji, """ RhRhRddU    (6) 

ji,c,p,jc,

ji,ji,
ji,

cm

AU
NTU       (7) 

ji,1ji,
NTU

e       (8) 

ji,c,ji,h,ji,c,p,jc,ji,ji, TTcm     (9) 

ji,c,p,jc,

ji,
ji,c,j1,ic,

cm
TT      (10)    

1ji,L,h,1ji,V,h,

ji,1ji,L,h,i,1V,h,ji,L,h,ji,L,h,ji,V,h,ji,V,h,
1ji,V,h,

hh

hmhmhm
m  (11) 

The tube inside heat transfer coefficient hc is based on the 

Petukhov-Popov correlation [32], the friction factor f obtained 

from the iterative Colebrook-White equation: 

,

1
2

7.12
101

62.0900
07.1

125.0
14.0

c3/2
c

cc

cc

c

iji,c,
c

fPr

PrRe

PrRef

k

dh
Nu  (12) 

.
71.3

51.2
log2´

1 i

c

10

dK

fRef

    (13) 
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* In period P1 DH,target is adjusted during the iterative heat transfer calculation 

to a value that with the latest value of Geff and TSC will yield a boiler fuel rate 

matching the boiler maximum continuous rating, thus making the variable f a 

de facto constant. For periods P2 to P4, DH,target is the DH listed in Table 3. 
 

Figure 4 Flow chart for objective function evaluation. 

 

Water pressure drop pc was obtained from  

,
2´2

nzl,c,outtb,outUintb,
tbp

innzl,c,
i

tb
2
cc

c KKKK
N

K
d

L
f

w
p

 (14) 

The condensation heat transfer coefficient at j:th segment 

hh(j) is obtained approximating the net effect of gravity- and 

shear-dominated coefficients hh,gr and hh,sh with an averaging 

formula (16) and an inundation correction (17):   
4/1

LL

3
ofgVLL

l

ogrh,
grh, 728.0´

Tk

dgh

k

dh
Nu [33],  (15) 

L

LoV

l

oshh,
shh, 59.0´

dw

k

dh
Nu  [34],   (16) 

4
grh,

4
shh,

2
shh,h 25.05.0 hhhh  [35],     (17) 

6/5
Lj

6/5
Ljhh 1NjNjhjh [35],       (18) 

where NLj is the average number of tube rows in steam flow 

direction per each segment j. 

 Steam pressure drop takes place at the nozzle ( pnzl) and 

tube bundle. pnzl was calculated assuming half a velocity head 

lost at velocities at nozzle, 90° turn from the nozzle, and the free 

area between the bundle and shell in shell axis direction, 

;
2

5.0
2

5.0
2

5.0
2

axs,

2
axs,V,annV,

2
90

2
V,90V,90

2
nzl

2
nzlV,nzlV,

nzl
A

V

A

V

A

V
p  (19) 

;
4

2
nzl

nzl
D

A  

;½ ipOTLs,innzl90 hDDPA  

bfl

2
ins,

axs,
4

2 A
D

A   

where Pnzl is the perimeter of an ellipse with major axis of anzl 

and minor axis of Dnzl obtained using Ramanujan’s 

approximation formula [36], Dbfl is the diameter of the circular 

part of a baffle plate, hip is the height of the impingement plate 

from the tube bundle, and Abfl is the area covered by the support 

plates in tube axis direction, shown as gray in Figure 5 below. 

          (a) 

 
 

 

 

(b) 

Figure 5 Geometry at steam entry to the shell. 

The pressure drop in the tube bundle was determined using 

Jakob correlation based on vapour mass velocity at the smallest 

area between the tubes Gmax: 

.
/1175.025.02

V

2
max

16.0
VVomaxV,

08.1
o

h

GdwdP
p [37] (20) 

OPTIMIZATION ALGORITHM: CUCKOO SEARCH  
First introduced in 2009, the Cuckoo Search (CS) is one of 

the most recent metaheuristic optimization algorithms. Like 

many metaheuristics, such as evolutionary algorithms, wasp, ant, 

and bee colony algorithms, and bat algorithm, it is inspired by 

processes observed in nature: in this case, the well-known brood 

parasitic behaviour of many cuckoo species [38], as well as a 

search pattern known as Lévy flights [38] which maximises the 

efficiency of resource search [39] and has been observed in many 

mobile foraging species [38, 39].  

Like many nature-inspired metaheuristics, the CS also 

operates not with a single point that it tries to improve, but a 

population of candidate solutions, which in CS represent cuckoo 

Begin evaluation of 

candidate vector x  

  

For all periods P1 to P4: 

Estimate steam pressure ph,nzl 

Find district heat power DH,calc 

| DH,calc - DH,target*| 

< Errmax ?

Adjust ph,nzl 

No 

Using the curve fits generated with 
plant model, determine  

from Geff and TSC : 

Pel and DH (if P1) or  

Pel and f (P2 to P4) 

Flow parameters 
within constraints? 

violated? 

Geometry within 

constraints? 

Yes 

Yes 

No 

Apply 

penalty 

function 

No 

Yes 

Determine annual cash flow, eq. (4) 

Perform mechanical sizing  

Determine manufacturing cost 

Finish 
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eggs. Each cuckoo lays one egg to one nest per generation. As 

this number is fixed, there is no practical distinction to be made 

between a cuckoo, an egg, and a nest. 

Each iteration begins with an attempt at global search by a 

so-called Lévy flight, a random walk where step length is drawn 

from Lévy probability distribution resulting in clusters of short 

steps connected by rare longer leaps. From each cuckoo i of 

generation G a new candidate solution is generated for 

generation G+1. The new candidate, which replaces the old one 

if it yields an objective function value better than the original, is 

obtained from 

nsxxx best

G

i

G

i

1 ,      (21) 

where  is a scaling factor, vector xbest is the difference 

between current vector xi
G and the so far best solution xbest, xbest 

= xbest
G - xi

G, s is a Lévy-distributed step size vector and n is a 

vector of random variables with a standard normal distribution. 

All vectors have a size of D. The step size vector s is obtained 

with Mantegna’s algorithm originally published in [40] as cited 

in [18] using two normal-distributed random variable vectors u 

and v of size D and a Lévy exponent : 

/1vus ,      (22) 

where all elements of u and v have a mean of zero, and 

variances of 1 (v) and 2 (u), respectively. 2 is calculated from 

 
/1

1½

2

2

½sin

½½

1 ,    (23) 

where  is the gamma function, (n)  = (n-1)!. The second 

step is exploitative local search by replacing each element d of 

every egg (candidate vector) i at probability pa, representing the 

detection of cuckoo eggs by the host bird. Each new decision 

variable d in a new candidate vector   is obtained from  

)()( ,,,

1

,

G

dk

G

dja

G

di

G

di xxpHrxx ,    (24) 

where H means the Heaviside function,  is the scaling factor 

as used in eq. (17), and r and  are uniformly distributed random 

variables. Vectors xj and are xk are chosen randomly from the 

population. Again, the new candidate vector produced with eq. 

(20) replaces the previous solution – either the original xi
G, or if 

the Lévy flight succeeded, the result of eq. (17) – if the new 

candidate vector yields a better objective function value. 

The CS algorithm has proven to be relatively insensitive to 

the values of  and ; the values of 0.01 and 1.5, which can be 

used with most problems [18], were used in this study. A 

switching probability pa = 0.25, population size of NP = 60 

cuckoos, and stopping condition of 300 generations were used.  

RESULTS 
Optimization was performed with electricity price range of 

40-80 €/MWh. While the low-end scenarios for future electricity 

prices in Nordic countries include even lower prices, 

unsubsidized bio-CHP production is unlikely to be profitable in 

these scenarios. Three cases of heat exchanger cost were 

considered: base, -20% optimistic and +20% pessimistic. The 

main parameters corresponding to 40, 60 and 80 €/MWh 

electricity price and base case of condenser price are listed in 

Table 7.  

The condenser optimized for 40 €/MWh electricity price is 

far smaller than the other two, which are similar. While the 

smaller exchanger is much cheaper, the shorter design increases 

the relative share of shell, channel and tube sheet, which results 

in almost 50% greater specific cost of heat transfer area. 

Table 7 Condensers optimized for different electricity prices, 

base case manufacturing cost assumed. 
Pel [€/MWhel] 40 60 80 
x1=DOTL/Ds 0.737 0.750 0.740 
x2=Ntbp 2 2 2 
x3=Lstr 4.000 8.054 8.066 

x4=do [mm] 18.0 16.0 16.0 

x5=P/do [-] 1.278 1.313 1.313 
x6=Afr,c [m

2] 0.045 0.079 0.086 

Ltot [m] 4.982 9.345 9.386 

Dtot [m] 0.821 1.096 1.148 
Dch [m] 0.677 0.898 0.926 

Ds [m] 0.821 1.064 1.134 

Ls [m] 4.376 8.543 8.557 
sts [mm] 92 116 121 

schc [mm] 34 43 45 

mtot [kg] 3 633 10 760 11 515 
Ntb/pass [-] 255 599 645 

Atot [m
2] 120 497 536 

Ctot [106 €], eq.(1) 0.08 0.82 1.58 

CFOB [103 €] 37 107 114 
cFOB [€/m2] 307 216 213 

 

  

When the parameters used for plant performance estimation, 

Geff and TSC, are plotted over the range of electricity price cel 

for all condenser cost cases (Figure 6), a clear step change at 

approximately 50 €/MWhel becomes evident. At cel values above 

the step change, Geff varies from 1350 to 1550 kW/K and sub-

cooling remains stable at TSC = 0.6±0.5 °C; below, the ranges 

vary from 400 to 600 kW/K and 0.2 to 0.4 °C. Above the step 

change, condenser manufacturing cost case has < 5% impact on 

optimal conductance and heat transfer area at any given cel.   

 

 
Figure 6 Conductance (thick line) and subcooling (thin) in 

optimized condensers at varying electricity price and optimistic 

(-20%), baseline and pessimistic (+20%) cost assumption. 

It is evident that although a large step change takes place in 

condenser size and cost, the design optimized for an electricity 

price immediately below the step change price level does not yet 

represent the minimum condenser size within the constraints; 

conductances continue to reduce towards the lower electricity 

prices. The CHP plant also remains profitable with a positive net 

cash flow even assuming an expected return rate of 10% for the 

investment, and in fact no similar step change in net cash flow 

rate takes place (Figure 7). It appears that the step change 
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represents the point at which increasing the DH production 

during period P1 at the expense of power generation starts to 

outweigh the benefit that could be achieved by increased power 

output at part load.  

 

 
Figure 7 Condenser FOB cost and plant annual net cash flow 

as function of electricity price. 

Figure 8 presents the optimal values of maximum-load 

(period P1) TTD and water pressure drop pc as  a  function of  

electricity price above the step change. The optimum values fall 

within a relatively narrow range at all electricity prices and 

condenser cost scenarios; mostly 2-3 °C TTD and 0.4-0.5 bar 

pc. TTD becomes smaller at a reducing rate towards increasing 

electricity prices as could be expected, while the pc curves tip 

downwards at the high end of electricity prices in all cases. The 

tip downwards in pc could be an indication of the role of the 

pumping power becoming relatively more important as the cost 

of obtaining more power output from the turbine increases with 

what is already a relatively large, low-TTD condenser design. 

 

 
Figure 8 Condenser terminal temperature difference and water-

side pressure drop at maximum load (load point P1). 

CONCLUSIONS  
Shell-and-tube district heat back pressure condenser 

optimization for a small modular power plant was studied using 

a multi-period model to account for annual variation of load and 

operating conditions. Cuckoo search algorithm was used in the 

optimization. A cost model incorporating elements from both 

Caputo et al. [11] and Saari et al. [12] was implemented to 

evaluate equipment cost. 

The methods used were successful for the problem, and the 

resulting condenser configurations appear mostly typical for 

such equipment. While convergence proof for a stochastic 

metaheuristic is not possible, the curve shapes resulting from 

running the algorithm at gradually changing parameter values 

are relatively smooth with some notable but systematic 

exceptions, indicating reliable performance.  

A steep step change occurs at approximately electricity price 

of 50 €/MWhel. Above the step change price, the main finding 

was that while net cash flow rate for the investment is 

significantly affected by varying electricity price, variations in 

either electricity price or condenser cost have only little impact 

on what is the optimal design for the condenser. 

For lower electricity price ranges the optimized designs were 

much smaller in size and cheaper in cost. Although the CHP 

plant remained profitable with a positive net cash flow rate down 

to the lowest electricity price considered, 40 €/MWh, the 

optimization result that appeared to maximize DH production at 

the expense of power output casts some doubt over the 

preferability of a CHP plant over a heat-only boiler at such 

conditions. 

The possibility of altering the conductance by varying 

condensate level in the condenser shell was not considered here. 

A design where condensate level could be allowed to raise in the 

tube bundle to submerge some of the heat transfer tubes would 

allow a given condenser design both deliver high conductance 

and thus maximum electricity output at part load, and reduce the 

power output for increased DH production during the full-load 

period. This would likely be the best strategy in a situation when 

electricity price is less than district heat price, but still 

sufficiently high that the CHP plant is remains profitable.  
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� Three scenarios of torrefaction integration into CHP plant are evaluated.
� Annual operation of integrated plants with part-load periods are considered.
� Economic performance is evaluated with NPV, IRR and PBP metrics.
� Sensitivity analysis of IRR is performed with several economic factors.
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a b s t r a c t

Biomass torrefaction is a pre-treatment technology with high potential to convert biomass into a valuable
commodity. The heat integration of torrefaction and combined heat and power (CHP) plant was investi-
gated in previous work (Sermyagina et al., 2015). The aim of the present study is to assess possible eco-
nomic benefits from integration. Three most promising integration concepts from the previous work
were studied in terms of seasonal operational changes of district heating demand and varying ambient
conditions. The performance of two integration concepts were evaluated together with stand-alone
and co-located plants. The integration leads to a higher utilization of the CHP boiler capacity during
part-load operation, possible increase of the operation time and growth of electricity generation as a
result. The total efficiencies of the integrated cases (around 72% in higher heating value terms) are
slightly higher than the stand-alone CHP plant (69%) or the co-located option (71%). The integration
requires 40% more capital investments than the stand-alone CHP. On the other hand, the total capital
investments of the integration cases are 20% lower than in co-located plants, and a profitability evalua-
tion shows that lower investment costs may make integration schemes advantageous over the non-
integrated plants. Feedstock price and investment costs are the main economic drivers affecting the prof-
itability of the integrated options. An integration case which uses back pressure steam to account for the
torrefaction heat demand showed the highest profitability due to a longer annual operating time, result-
ing in a growth of electricity and DH production over the stand-alone CHP plant.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Modern society depends on materials and products that have
been historically produced from fossil fuels. At the same time,
the concept of sustainability in various industrial spheres is
attracting increasing attention, especially considering the growing
environmental concerns associated with fossil fuel combustion.
Under these circumstances, the demand for efficient utilization of
renewable sources is increasing. Biomass can be efficiently used

for the production of various commodities, such as vehicle fuels
(e.g. bioethanol and biodiesel), chemicals and plastics, fertilizers
and pharmaceuticals as well as for energy generation [1,2]. The
complete recovery of different by-products and wastes from agri-
culture and industry along with the utilization of other biomass
sources has a significant potential for substituting traditional fossil
fuels.

Biomass-based combined heat and power (CHP) production or
co-generation is a proven technology that can be effectively
applied for local biomass feedstocks. Simultaneously, despite the
positive environmental and potential economic benefits, the
untreated woody biomass as a fuel is associated with certain prob-
lems: heterogeneous nature, poor grindability, relatively high

http://dx.doi.org/10.1016/j.apenergy.2016.08.151
0306-2619/� 2016 Elsevier Ltd. All rights reserved.
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moisture content and low bulk density [3,4]. Torrefaction is a ther-
mal pre-treatment process to convert raw biomass into more
homogeneous and with subsequent pelletizing energy-dense prod-
uct. In torrefaction, the feedstock is heated slowly (<50 �C/min) to
the reaction temperature, typically 200–300 �C, under atmospheric
pressure in the absence of oxygen [4–6].

The torrefied biomass (biocoal) with improved properties can
be then co-fired with pulverized coal. Torrefaction thus makes it
possible to increase the use of biomass in coal-fired boilers, reduc-
ing greenhouse gas (GHG) emissions and making the energy pro-
duction more sustainable [7–9]. Even though there is still limited
amount of available related data from industrial applications, the
research in this area shows that co-firing of torrefied biomass with
coal allows a significant reduction of CO2 emissions without a
major penalty in boiler efficiency [7,10]. Torrefied pellets also have
certain advantages in comparison with traditional wood pellets
considering not only their physical properties and energy content
but also the gas emissions from combustion. McNamee et al. [11]
evaluated the life-cycle GHG emissions of several supply chains
for torrefied pine and reported that torrefaction could allow to pro-
duce lower GHG emissions per output energy content, compared to
conventional wood pellets. In another study [12], the gas emissions
from the combustion of a range of fuels (torrefied spruce, peat,
biomass/coal blend and two coals) were investigated. The results
indicated the lowest levels of NOx and CO emissions for the tor-
refied wood briquettes among all the studied fuel samples and a
significant reduction (approx. 40%) of particulate emissions from
combustion of torrefied wood compared to the source material.

The integration of biomass pre-treatment processes with indus-
trial systems can lead to benefits through more efficient utilization
of the available mass and energy streams. Various integration pos-
sibilities of biomass conversion processes with CHP plants or other
industrial processes have been evaluated recently. Technical, eco-
nomic and environmental benefits of integration of the biomass
gasification into CHP based district heating (DH) system have been

reported in [13,14]. The combination of cellulosic bioethanol pro-
duction and a CHP plant may help to increase the operating hours,
resulting in an increased power generation and improved overall
system efficiency [15]. Opportunities for integrating pellet produc-
tion and a CHP plant have been also intensively studied in [16–18]
with the main outcomes of annual power production growth, sig-
nificant reduction of CO2 emissions and additional economic ben-
efits from pellets trade obtained. The integration of torrefaction
within a CHP plant can potentially cover the energy requirements
of the torrefaction process and simultaneously increase the power
generation and annual operating hours of plant as well as generate
the valuable product for sale. Starfelt et al. [19] investigated the
advantages of a combined system of torrefaction and CHP that cov-
ers the energy demand of the torrefaction reactor and keeps the
heat and power generation at required levels. Possibilities of co-
location of torrefaction facilities with coal-fired power plants and
corn ethanol plants were evaluated in [20]. Kohl et al. [21] com-
pared the energetic and environmental performance of the
retrofit-integration schemes of a CHP plant and three biomass
pre-treatment processes (fast pyrolysis, torrefied pellets and wood
pellets production).

Typically, the annual operation of a CHP plant follows the pat-
tern of seasonally varying district heat demand [21]. In addition
to quantitative changes in the DH demand, the required DH supply
temperature, temperature of combustion air, and the moisture and
temperature of the boiler fuel vary during the year. Despite the
aforementioned issues, the CHP plant operating parameters are
often calculated only at design point to evaluate the possibilities
of integration [14,17,20,22]. Some researchers investigated the
effect of part-load operation on the performance of integration
schemes [16,21,23,24]. At the same time, the comprehensive eval-
uation of the integration scheme is only possible when all the sea-
sonal changes of operational conditions along with the
characteristic features of the CHP plant at part load are taken into
account.

Nomenclature

c energy price [€/MW h]
E energy [MJ]
HHV higher heating value [MJ/kg]
i interest rate [%]
LHV lower heating value [MJ/kg]
MC biomass moisture content [%]
n plant economic lifetime [y]
Q heat [MJ]
r ratio of annual operation and maintenance cost to total

capital investment [–]
t time [h]

Greek letters
a scaling factor [–]
g efficiency [%]
R sum

Abbreviations
CBM bare module cost
CEPCI Chemical Engineering Plant Cost Index
CHP combined heat and power
DH district heat
EU European Union
EY energy yield

FCI fixed capital investment
GHG greenhouse gas
IRR internal rate of return
MY mass yield
NPV net present value
PBP payback period
PEC purchased equipment cost
TCI total capital investment
USD United States dollar

Subscripts
b boiler
bc biocoal
chips total fuel input
dry dry basis
el electricity
f boiler fuel
feed torrefaction feedstock
net net
O&M operation and maintenance
p purchased
s sold
wet wet basis
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In a previous study [25], six integration concepts of torrefaction
and a CHP plant were assessed within the typical range of torrefac-
tion temperatures. The effect of the plant configuration and avail-
able boiler capacity on the thermodynamic performance of the
integrated plants were evaluated by simulating the integration of
torrefaction with two different CHP plants. The performance of
both plants was evaluated only in one specific operation mode.
In order to expand the evaluation to cover the seasonal operational
changes, a multiperiod model was implemented to approximate
the DH demand duration curve and to consider the annual varia-
tions of the fuel quality and ambient conditions in the present
paper.

In Northern Europe co-generation plants are often backpressure
steam plants for producing mainly district heat. Consequently, the
plant annual operation time and corresponding power generation
are limited by the DH network demand. The integration of this type
of plant with torrefaction process allows utilizing the available
plant capacity for a longer period to lower DH loads, thus increas-
ing the annual production and thereby investment profitability. At
the same time, fulfilling the heat demand of torrefaction without
compromising the required thermal output can become problem-
atic during the cold period of the year. Therefore, the changes of
the plant operational parameters have to be taken into account
for a proper and detailed evaluation of different integration
schemes. On the basis of the results from the previous work, the
current study evaluates the operability of the three most promising
integration schemes in terms of varying the DH loads and ambient
conditions.

In addition to the operational analysis, the present work evalu-
ates the overall economic performance of the chosen alternatives
of torrefaction integration into CHP plant. Considering a relatively
high uncertainty of future energy prices, emission trading schemes
and government support and taxes, the accurate prediction of prof-
itability for new energy technologies can be challenging. At the
same time, even preliminary assessment of these factors brings
valuable information for determining technology potential. In the
work, the integration cases together with stand-alone options are
compared in terms of payback period (PBP), net present value
(NPV) and internal rate of return (IRR) using three scenarios for
electricity market prices and investment costs for the plants. The
annual net cash flow for the considered cases is calculated at vary-
ing interest rate values. A sensitivity analysis for the internal rate
of return is performed to determine the main economic factors
influencing the profitability of each scenario.

2. Studied cases

CHP plants in district heating systems are typically base load
plants; in Finland, as an example of a northern EU country, they
are typically sized to cover approximately 40–60% of the peak
DH load. The CHP plant can usually operate down to 40–50% part
load [26]. The annual heat consumption and heat load duration
curve of a DH demand strongly depends on the climate and can
vary significantly from region to region. In addition, the types of
heat consumers determine the DH load curve. The district heating
systems in Northern Europe must be able to cover both winter
peak load (usually a relatively short period), and minimum load
(ca. 10% or less of the peak load) during the non-heating season
[26]. Generally, the heat production of base load CHP plants
accounts for at least 4000. . .5000 annual full-load operating hours
and covers approximately 80% of the total heat demand. Auxiliary
hot water boilers are usually operated to provide the heat to the
DH network outside the limits of the CHP plant operation, i.e. at
peak load and when the demand is less than the minimum load
of the CHP plant.

Table 1 summarizes the main characteristics of the wood-fired
CHP plant considered for the integration options. The small-scale
co-generation backpressure plant has maximum and minimum
district heating loads of 20 MW and 8 MW correspondingly, and
a power generation of 8 MWel at full load. In the following, the
evaluated models are described briefly; more detailed description
of the part-load modeling can be found from Ref. [27].

The torrefaction unit operational parameters are set to a tem-
perature of 250 �C and 30 min of residence time. The resulting
mass and energy yields are MY = 82.7% and EY = 92.5%, and the bio-
coal heating values of LHVdry = 21.8 MJ/kg and HHVdry = 23.0 MJ/
kg. Modeling assumptions and further details on torrefaction unit
simulation can be found in a previous study [25]. The electricity
consumption of the biocoal pelletizing process (the pellet press is
not presented in the process diagrams) is assumed to be 180 kJ/
kg [28].

Three different integration concepts from the previous work
[25] are considered: Case 1, Case 5 and Case 6. All cases are
designed for torrefied pellet production at a rate of 5 t/h
(1.39 kg/s). The process flow diagrams are presented in Fig. 1.
The integrated cases are compared to the separate CHP plant and
torrefaction unit co-located at the same site (Case 0). In this case,
the heat demand of torrefaction is covered with a stoker boiler
having an efficiency of gb = 82%. Co-location of the considered pro-
cesses will result in benefits for feedstock logistics, storage and
handling even if the units themselves are not integrated.

For the integrated cases, the operating strategy is to fulfil com-
pletely the DH demand at any given load while maintaining also
full-rate torrefaction, leaving electricity generation as a free vari-
able. During part-load operation of the CHP plant certain operation
parameters of the CHP cycle become limiting factors for the plant
operation. The minimum boiler furnace temperature is set as
700 �C to maintain efficient combustion. Another boundary param-
eter is the stack temperature of flue gases, which is maintained
higher or equal to 135 �C in order to avoid low temperature corro-
sion caused by flue gas condensation.

2.1. Multiperiod model

A multiperiod DH load model has been used in some earlier
studies, such as Savola [29] and Kohl et al. [21,24]. In the current
work, a typical Finnish DH demand curve of a small municipality
is represented by 35 MW peak winter load with a linear approxi-
mation between a 20 MW heat load at 1800 h and 2.6 MW mini-
mum load during the non-heating season. The annual district
heating production amounts to 4740 full-load hours. The consid-
ered CHP plant operates 1800 h at full load with total annual oper-
ating time of 6000 h.

In order to consider the annual variation in heat load in the DH
network and ambient conditions, a multiperiod approach is devel-
oped. The CHP plant DH load is modeled with two full-load periods
(P1 and P2) which differ only in their DH temperatures and ambi-
ent conditions. These periods are then followed by a steady reduc-
tion of load by 4 MW intervals (from P3 to P6) until the summer
low-load period P7 and minimum-load period P8.

Table 1
CHP plant main characteristics.

Parameter Full load Minimum load

Net power output 8.0 MW 2.0 MW
District heating output 20.0 MW 8.0 MW
Total (CHP) efficiency 85% 83%
Live steam parameters 90 bar/500 �C 90 bar/450 �C
Furnace temperature 900 �C 700 �C
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The ambient temperature data is based on 30-year monthly
average temperatures gathered by the Finnish Meteorological
Institute [30] for city Jyväskylä (central Finland). The temperature
of the boiler fuel and torrefaction feedstock is set equal to the aver-
age ambient temperature of each period. The combustion air tem-
perature, taken from the boiler room, is assumed to be 20 �C higher
than ambient temperature. The district heating water output and
return temperatures are based on the temperature levels from
[26]. The seasonal changes of wood chips quality is affected by
their moisture levels that typically increase towards the winter.
The main characteristics for each load point level within the mul-
tiperiod model are summarized in Table 2. The annual variation of
district heat demand as well as the heat and electricity production
is illustrated in Fig. 2.

3. Annual production and consumption

The integration schemes require heat and electricity from the
CHP plant. At the same time, by increasing the operating hours it
is possible to obtain revenues from higher power production by
means of supplementary heat consumer – the torrefaction unit.
The biocoal production capacity of the torrefaction unit is set at
30.3 MWLHV throughout whole the operating period: 8000 h in
Case 0, and equal to the CHP operating hours in the integrated
cases. The torrefaction feedstock rate increases from 27.8 to
30.0 MWLHV as the feedstock moisture reduces from 55% (in win-
ter) to 40% (in summer).

Under the assumptions considered in the present work, Case 1
cannot be operated during winter months with the required tor-
refaction output. In this integration scenario, the heat of drum
water for the torrefaction needs is taken straight from the boiler
cycle, hampering remarkably the boiler performance, especially
during high district heating demand. Because of this, the following
analysis is concentrated on two other integration cases.

Fig. 3 presents the multiperiod model approximation of the
obtained electricity and DH output levels produced within a year.
The variation of boiler fuel input (including the stoker boiler in
Case 0) together with the DH heat demand curve is also shown.

For the integrated cases, the heat demand of the dryer (ranging
from 9.6 MW in winter to 3.7 MW in summer) presents a signifi-
cant share in the overall balance of the considered CHP plant. At
low loads, the flue gas temperatures decrease and start to approach
the lower limit. The minimum operating point of 6.4 MW district
heat output for Case 6 corresponding to the furnace temperature
limit (700 �C) is reached at 7085 h operational time. When the heat
requirement of the dryer is covered with low pressure steam
before the DH condenser (Case 5), the steam flow through the tur-
bine and consequently the boiler output are increased. Due to this
further increase of the boiler load, the operating time of Case 5
integrated plant is prolonged to 7470 h corresponding to 4 MW
district heat output.

The boiler fuel input for Case 6 differs clearly from Case 0 during
full load and reduced-load periods (after 6000 h). At the same time,
during a significant part of the year, the difference is very small

Fig. 1. Process flow diagrams of the co-located CHP and torrefaction units (Case 0) and three integrates (Case 1: saturated water from the drum for torrefier and drier; Case 5:
live steam for torrefier and low pressure steam for drier; Case 6: live steam for torrefier and steam after torrefier to the drier).
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(compare to the dashed lines Fig. 3). Case 5 shows a different pat-
tern: covering the heat demand of the dryer with low pressure
steam yields a clear increase of power generation from approxi-
mately 3000 h onwards, and thus also requires more boiler fuel

input. At the full-load periods, however, the integration with tor-
refaction reduces the net power output of both integrated scenar-
ios to approximately zero (in fact, slightly negative). This is due to
the need to bypass most of the boiler steam production through
the reduction valve to the torrefaction plant dryer and the district
heat condenser to maintain both torrefaction and necessary DH
output. The very small remaining power output is exceeded by
the combined power consumption of the torrefaction plant and
the auxiliary systems of the CHP plant.

Table 3 summarizes the overall figures of annual net production
and consumption of various energy streams. The sold and pur-
chased electricity is separated for the purposes of further economic
analysis, since these have different prices. The trigeneration effi-
ciencies of the plants are evaluated with Eqs. (1) and (2). The
results are presented in Table 3. The values are calculated in both
lower heating value (LHV) and higher heating value (HHV) terms
from the net annual energy production of electricity Eel,net, district
heating QDH and biocoal Qbc, and the wood chips input as boiler
fuel Qf and torrefaction feedstock Qfeed:

gLHV ¼
Eel;net þ QDH þ Qbc;LHV

Q feed;LHV þ Q f;LHV
ð1Þ

Table 2
Summary of the load points and their duration during the year in the multiperiod model.

Parameter P0 P1 P2 P3 P4 P5 P6 P7 P8

Time
Period duration [h] 0 240 1560 1400 1400 1400 1400 490 870
Cumulative at end [h] 0 240 1800 3200 4600 6000 7400 7890 8760

Load and production
Mean heat load [MW] 35 30 22.5 18 14 10 6 4 2.6
CHP heat output [MW] 20 20 20 18 14 10 8 0 0

Temperatures
Ambient [�C] �20 �10 �5 0 5 10 12 15 15
Makeup water [�C] 5 5 5 5 10 10 10 10 10
DH water supply [�C] 105 90 85 80 75 75 75 75 75
DH water return [�C] 60 50 50 50 45 45 45 45 45

Fuel
MCwet [%] 55 55 55 50 50 45 45 40 40
Temperature [�C] �20 �10 �5 0 5 10 12 15 15
LHVwet [MJ/kg] 7.43 7.43 7.43 8.53 8.53 9.62 9.62 10.72 10.72

MCwet: moisture content on wet basis; LHVwet: lower heating value on wet basis

Fig. 2. DH load duration curve, DH production and electricity generation of the CHP
plant with corresponding multiperiod approximations DH CHP_mod and Pel_mod.

Fig. 3. DH load duration curve, annual district heat and power production of the CHP plant together with boiler fuel consumption (CHP and stoker boiler in Case 0) using the
multiperiod model. Dashed lines in Cases 5 and 6 refer to Case 0 values.
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gHHV ¼
Eel;net þ QDH þ Qbc;HHV

Q feed;HHV þ Q f ;HHV
ð2Þ

As can be expected, the total fuel input for the integrated cases
is much higher than in the case of CHP plant. At the same time, the
generation of an additional revenue stream through biocoal and
the possible growth in power and heat production can make the
integration schemes beneficial. The biocoal output along with the
electricity and DH generation are the largest in Case 5 due to the
longest plant operating time among all the other integrated cases.
The stand-alone co-generation plant has higher efficiency in LHV
terms than the stand-alone torrefaction case and any of the consid-
ered integrates. Nevertheless, since the feedstock for torrefaction is
not burned except for the gaseous product from the torrefaction
reactor, the loss with latent heat of biomass moisture decreases
and the differences in trigeneration efficiencies in HHV terms of
the integrated cases are relatively small. Even though the co-
location of CHP and torrefaction plants (Case 0) is more advanta-
geous in LHV terms than the stand-alone operation of torrefaction,
the integration scenarios show better efficiencies in both LHV and
HHV terms.

Fig. 4 illustrates the distribution of the relative fractions of the
annual outgoing energy streams from the studied processes. The
generated products are presented in blue-green tones, while the
energy losses are coloured in orange-brown. The overall rating of
the considered factors are quite similar for all the studied cases
with the main differences in the products’ share distribution
between integrated and co-located cases. Biocoal takes the highest
share among the outgoing streams, followed by district heating
load and electricity production. DH production and power genera-
tion are gaining a slightly higher share in the case of integration.
Among the losses, the heat demand of the dryer and the boiler
losses are the largest. The heat consumption of torrefaction unit

itself and electromechanical losses of the plant are relatively small
within the balance. The main variations of the balance among the
integrated options are connected to the plant operation time dur-
ing the year, and the absolute amount of energy produced or lost
will be determined by the annual performance. At the same time,
the relative fractions of energy streams give an overall distribution
between energy products and process losses for the integrated
cases.

The variation of the trigeneration efficiencies in LHV and HHV
terms within the operating time is shown in Fig. 5a. As it can be
seen, the efficiencies of the considered integrated schemes are vir-
tually the same. Certain alterations between stand-alone CHP, co-
located plants and integration cases can be explained by varying
levels of energy inputs and outputs which were mentioned earlier.
The part-load operation with the higher electricity generation and
the longer operating time make the differences between the inte-
grated cases and CHP plant more pronounced. Closer to the mini-
mum DH loads, efficiency of the CHP plant starts to reduce, while
integration cases are still able to use more of the available boiler
capacity, and maintain better efficiency. The operation of the co-
located plants (Case 0) at the minimum load periods is determined
only by the performance of the torrefaction unit with the stoker
boiler. As a result, the HHV efficiency increases stepwise at
6000 h. This change proceeds more smoothly in the case of the
LHV efficiency, since the difference between its value for the CHP
plant at low loads and the torrefaction unit is quite small.

Fig. 5b represents the annual variations of boiler losses as one of
the major loss components changing within a year. The lower effi-
ciency of the stoker boiler results in slightly increased boiler loss in
Case 0 compared to the integrated cases. The operating period
between 6000 h and 8000 h for the co-located plants is associated
solely with the loss from the stoker boiler as the CHP boiler is not

Table 3
Annual energy inputs and outputs of separate CHP and torrefaction plants, co-located plants (Case 0), and two integration options.

Case CHP Torrefaction Case 0 Case 5 Case 6

Fuel input
CHP boiler fuel Qf,BFB [GW hLHV] 157.27 – 157.27 209.01 191.85
Stoker boiler Qf,S [GW hLHV] – 51.39 51.39 – –
Torre feedstock Qfeed,LHV [GW hLHV] – 230.57 230.57 214.66 203.29
Total Qchips,HHV [GW hHHV] 193.59 342.69 536.28 516.79 482.80
Total Qchips,LHV [GW hLHV] 157.27 281.96 439.24 423.67 395.14

Energy products
Net electricity Eel,net [GW h] 38.96 �6.58 32.38 30.35 18.85
Sold electricity Eel,s [GW h] 38.96 0 33.96 31.68 20.22
Purchased electricity Eel,p [GW h] 0 6.58 1.59 1.33 1.37
District heat output QDH [GW h] 94.80 0 94.80 103.47 101.80
Biocoal output Qbc,HHV[GW hHHV] 0 255.79 255.79 238.71 226.53
Biocoal output Qbc,LHV [GW hLHV] 0 242.35 242.35 226.30 214.63

Trigeneration efficiency
gLHV [%] 85.05 83.62 84.13 85.00 84.85
gHHV [%] 69.09 72.72 71.41 72.09 71.91

Fig. 4. Outgoing energy flows as fractions of plant annual operation.
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used. The shutdown of the CHP boiler results in a step decrease of
the boiler loss curve at 6000 h. Both graphs at Fig. 5 illustrate and
underline the importance of considering the operational conditions
throughout the year, since these result in significant seasonal vari-
ation of plant performance.

4. Economic analysis

4.1. Total capital investment

The equipment of the integration plants was sized on the basis
of the maximum capacity obtained from the simulation results and
increased by overdesign factors. Typical values of overdesign fac-
tors (1.1–1.2) allow to mitigate design uncertainties and possible
alterations of the operating performance [31].

The cost of purchased equipment (PEC) was calculated by
means of cost indexes and scaling factors. Cost indexes are used
to predict the costs of materials and equipment based on historical
cost data. The Chemical Engineering Plant Cost Index (CEPCI) was
applied to make a general estimate of the processing equipment
investment [31]. All prices were converted from year y to the base
year 2014 Euro; the cost data given in US dollars (USD) was con-
verted to Euro with the average annual exchange rate in the year
of interest [32]:

Cost€;2014 ¼ CostUSD;y
CEPCI2014
CEPCIy

€y
USDy

ð3Þ

If the cost for the particular operational capacity or size of the
equipment is not available, it can be approximated on the basis
of available cost data for the similar equipment of another capac-
ity. The scaling factors allow to estimate the cost of an item a
(Costa) of capacity Xa on the basis of the available data (Costb) for
the equipment of the same type but different size or capacity
(Xb) [28,33]:

Costa ¼ Costb
Xa

Xb

� �a

ð4Þ

where a is the equipment-specific scaling factor, and X is the capac-
ity of the item.

Since torrefaction is a developing technology, the estimation of
the equipment investment costs has some uncertainties due to the
limited available information. In the present work, the equipment
cost data for biomass processing (torrefaction reactor, pellet press,
wood chips dryer and conveyor) was taken from a specific vendor

information presented in [28]. The cost for standard equipment
(e.g., heat exchangers) was taken from available literature
[28,34]. The purchased cost of the CHP plant was evaluated from
available data: [35] for the boiler; [36] for the turbine and genera-
tor; [31,33] for other equipment. The torrefaction stand-alone
plant equipment assets along with the total module costs (CBM)
are listed in Table 4.

The total module cost of equipment consists of the sum of the
PEC and other cost factors directly related to the erection of the
purchased equipment (i.e. instrumentation and controls, equip-
ment erection and construction expenses, piping and electrical
equipment and materials). If no item specific data is available,
the ratio CBM/PEC was assumed to be 2.88 for the CHP plant com-
ponents and 2.46 for the torrefaction plant as suggested in [37].

In order to calculate the total capital investments (TCI) of the
studied integrated and stand-alone cases, the fixed capital invest-
ment (FCI) costs and working capital should be evaluated. The off-
site costs (45% of PEC) summarize the cost for land, ancillary
buildings, site development and utilities. The total module cost
together with offsite costs are the direct costs. Start-up expenses
(10% of PEC) cover the cost of possible start-up changes in materials
and equipment and the loss of income before reaching the maxi-
mum design capacity. The expenses on engineering and construc-
tion design together with purchasing, procurement and
construction supervision are addressed as the engineering and
supervision cost component (12% of PEC). Start-up and engineering
cost factors contribute to the indirect costs category. Contractor’s
fee is implemented as 5% of the indirect and direct costs. The con-
tingencies (10% of indirect and direct costs) take into account the
expenses on unpredictable circumstances (e.g. strikes, price
changes, storms, floods, errors in estimations). The sum of the
aforementioned cost factors represents the fixed capital investment
category which covers all the capital required for the installed
equipment together with all auxiliaries. The working capital for
the industrial plant (15% of FCI) estimates the total amount of
money needed above the fixed capital to start the plant up and to
operate until the moment of receiving the first income. The final
value of the total capital investments consists of the working and
fixed capital. The aforementioned assumptions for the total capital
investment component calculations were taken from the literature
[31,33]. Table 5 summarizes the cost data for the considered plants.

The investment cost for torrefaction reactors published in the
literature varies widely depending on the reactor type and other
auxiliary equipment. Several selected facilities presented in [38]
give a range of costs from 1.4 M€/(t/h) to 4.5 M€/(t/h) with annual

Fig. 5. Variation of efficiency and boiler losses as a function of cumulative operating time for the different cases.
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capacities of 10–70 kt/a of torrefied biomass. The specific TCI cost
for the reactor considered in the current work is at the level of
4 M€/(t/h) within the mentioned limits. The differences between
the equipment of the integrated cases are assumed to be negligible
and their investment costs are thus identical. The integration of
torrefaction and CHP requires 20% less capital investment than
co-located plants. The torrefaction unit represents 32% of the total
purchased equipment cost of the integrated plant and results in
approximately 40% higher capital investments of the integrates
over the stand-alone CHP plant.

4.2. Profitability evaluation

The most commonly used methods for profitability evaluation -
net present value (NPV), internal rate of return (IRR) and payback
period (PBP) - are used for the economical assessment of the con-
sidered integration schemes at three different price assumption
scenarios. Among the methods, NPV and IRR are usually applied
for project evaluation.

Different electricity price scenarios (high, medium and low)
were set for the market price of sold electricity on the basis of a
report ordered by the Finnish Ministry of Employment and Econ-
omy [39]. Table 6 summarizes the values of the parameters when
they were not treated as variables for economical evaluation
applied in current study.

Considered co-located and integrated scenarios have the
incoming cash flows from the sold products: electricity, district
heat and biochar. The outgoing cash flows are represented by
the expenses on the boiler fuel and torrefaction feedstock,
purchased electricity and the operation and maintenance cost.
Assuming no residual value for the investment, the NPV of a pro-
ject is determined as the total sum of the present worth of future
cash flows during the project economic life time of n years
discounted at an interest rate of i, subtracting the value of total
capital investment TCI:

NPV ¼ ð1þ iÞn � 1
i � ð1þ iÞn Eel;scel;s þ QDHcDH þ Qbc;LHVcbc � Q chips;LHVcf

�
� Eel;pcel;p � CO&M

�� TCI ð5Þ

where the annual energy streams E and Q are shown in Table 3 and
the corresponding prices c.

The internal rate of return is calculated with Eq. (5) by solving it
iteratively for such interest i that the NPV becomes zero. The PBP is
found similarly by setting the NPV to zero in Eq. (5), and solving for
the number of years n.

The annual operation and maintenance cost CO&M is determined
as a fraction rO&M of the total capital investments. For a small-scale
biomass-fired CHP plant the value for rO&M,CHP = 4% was assumed
based on another investigation [40]. Since the torrefaction is a
developing technology, slightly higher O&M fraction of rO&M,

Torre = 6% was set in the current study. The overall cost for the
operation and maintenance in all scenarios should include the

Table 6
Values of parameters (when not treated as variables in the economic analysis).

Parameter Value Energy product Price

Maximum annual operating
time t [h]

8000 Wood chips price cf [€/
MW hLHV]

20

Interest rate i [%] 10 Sold electricity price
(high) cel,s [€/MW h]

77

Plant economic life time n [y] 25 Sold electricity price
(medium) cel,s [€/MW h]

44

Annual O&M cost ratio for CHP
plant rO&M,CHP [%]

4 Sold electricity price
(low) cel,s [€/MW h]

21

Purchased electricity
price cel,p [€/MW h]

100

Annual O&M cost ratio for
torrefaction unit rO&M,Torre [%]

6 District heat price cDH [€/
MW h]

60

Biocoal pellets price cbc
[€/MW hLHV]

40

Table 5
Total capital investment calculation for studied cases. All numbers in millions of euros.

CHP Torrefaction Case 0 Case 5 Case 6

Purchased equipment cost Torrefaction unit – 3.0 3.0 2.7 2.7
Stoker boiler – 1.8 1.8 – –
CHP 5.8 – 5.8 5.8 5.8

Fixed-capital investment

Direct costs Total module cost 16.6 12.5 29.1 23.2 23.2
Offsite cost 2.6 2.1 4.7 3.8 3.8
R 19.2 14.6 33.8 27.0 27.0

Indirect costs Engineering 0.7 0.6 1.3 1.0 1.0
Start-up 0.6 0.5 1.1 0.8 0.8
R 1.27 1.05 2.3 1.9 1.9

Contractor’s fee 1.0 0.8 1.8 1.4 1.4
Contingencies 2.0 1.6 3.6 2.9 2.9
R 23.5 18.0 41.5 33.2 33.2

Working capital 3.5 2.7 6.2 5.0 5.0
Total capital investment 27.1 20.7 47.7 38.1 38.1

Table 4
Total module cost for torrefaction unit equipment.

Equipment Specification Capacity CBM [M€] Source

Torrefaction reactor Moving bed reactor 6.4 t/h 2.2 [6,28]
Biomass dryer Belt dryer 7075 kgH2Oev/h 2.7 [28]
Biomass feeding and storage Wood conveyor and storage 18.4 t/h 0.7 [28]
Stoker boiler Biomass fired boiler 10 MWth 5.2 [40]
Biocoal cooler Air-cooled heat exchanger 18 m2 0.2 [28,31]
Pellet press and handling Pellet press including conditioning 4.9 t/h 1.1 [28]
Biocoal storage/handling Pellet storage 4.9 t/h 0.5 [28]
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corresponding expenses of the CHP plant and torrefaction, thus the
combined value of the cost for operation and maintenance CO&M
was applied. The value was calculated with the mean rO&M
weighted with the fractions of the purchased equipment cost of
the CHP plant and torrefaction unit:

CO&M ¼ rO&M;CHP
PECCHP

PECCHPþTorre
þ rO&M;Torre

PECTorre

PECCHPþTorre

� �
� TCI ð6Þ

Table 7 summarizes the annual cash flows for the considered
cases in conditions of the investment amortization in equal annual
payments within the project economic life time. Sold electricity is
calculated with medium price of 44€/MW h. The relation between
interest rate value (15%, 10% and 5%) and annual net cash flow was
investigated. With the interest rates of 15% and 10%, the stand-
alone torrefaction reactor is unprofitable. On the other hand, inter-
est rate of 5% improves the performance of all studied cases, and
even the stand-alone torrefaction unit becomes profitable. Among
the integrated cases, the highest cash flow is observed in Case 5
yielding 62% increase of the net cash flow over the co-located
plants. The integration Case 6 results in more moderate changes:
cash flow is 39% higher than that of Case 0 (i = 5%). At the baseline
interest rate of 10%, the integration options increase the annual
cash flow by 8–11 times compared to the stand-alone CHP plant.
With the higher level of interest rate (15%), only Case 5 results in
positive annual cash flow value, thus making this integration
option more beneficial than the stand-alone CHP plant or simple
co-location.

Three different scenarios for the total capital investment of the
studied cases are investigated: base level (TCI value from Table 5),
optimistic (�25% from the base scenario) and pessimistic (+25%
from the base scenario). The main results of IRR, NPV and PBP cal-
culation in terms of concerned economic scenarios are illustrated
in Fig. 6. In addition to the variation of the TCI (characterized by
lines’ colours), the effect of three different price levels of sold elec-
tricity is considered (indicated by the different line patterns).

As could be expected, the integration Case 5 shows the best
results within all three investigated metrics for profitability evalu-
ation due to its longer operating time and increased electricity and
DH production. Compared to Case 0, both studied integration
options improve the profitability in all considered schemes.

The main economic drivers which have an impact on the project
performance can be identified from their effect on the internal rate
of return. A sensitivity analysis of the project IRR to the range of
parameters (with ±20% change) is presented in Fig. 7 with baseline
investment costs and medium electricity cost assumptions.

The IRR of the stand-alone torrefaction unit is particularly sen-
sitive to the price of wood chips. The investment cost is the second
important factor which defines the profitability. The changes in
other two parameters - purchased electricity price and O&M costs

- result in variations of the IRR in a quite narrow range (2%). The
profitability of CHP plant is mainly defined by the district heat
price and the capital investment cost. While district heat consti-
tutes the main product, the effect of sold electricity price appears
to be limited. The electricity price is likely to be far more volatile
than any of the other prices. The variation of 20% is a relatively
large for most of the parameters, but the electricity price can in fact
be subjected to uncertainties of even several times greater magni-
tude. The effect of the wood chips price is considerably smaller in
comparison with the torrefaction plant due to the higher conver-
sion efficiency of the generated products.

The integrated cases show practically identical results. The
effect of the investment cost followed by the feedstock and district
heat prices cause the highest impact on the project profitability.
This dependence is relatively similar to the case of co-located
plants (Case 0). The small effect of the purchased electricity price
is a result of the need to augment the CHP plant’s own production
with purchased electricity to cover the total plant power demand
during full-load periods. The IRR in Case 5 with the highest power
generation among all the integration cases is slightly more sensible
to the sold electricity price than in Cases 0 and 6 due to the
increased power generation.

5. Summary and conclusions

This study has shown that the heat integration of a torrefaction
process into a CHP cycle could be economically profitable over the
co-located plants under certain circumstances. While the previous
investigation revealed important benefits of the integration with
CHP at reduced district heating load, the analysis of the integrated
cases considering seasonal operational changes brings a more com-
plete understanding of the annual operation for each scenario. The
typical backpressure CHP plant that was analysed in the present
work fulfils the district heating demand and, as a result, follows
all the annual variations of the DH network (both qualitative and
quantitative). The operational analysis of the current study takes
into account all major changes that affect the plants performance
in order to evaluate the potential of possible integration.

Three scenarios to cover the heat requirements of a torrefaction
unit (30.3 MWLHV production capacity) were initially evaluated:
drum water (Case 1), live steam and low pressure steam (Case 5)
and only live steam (Case 6). The analysis showed that integration
options using live steam to cover the torrefaction demand have sig-
nificant benefits. Within the frames of the considered capacity
levels and the limitations for the plant operation, the integrated
scenario of Case 1 cannot be operated during full-load periods.
Reducing the capacity of the torrefaction unit may result into cer-
tain improvements, but for purpose of keeping the cases compara-
ble, only Cases 5 and 6 were considered in the current work.

Table 7
Annual cash flows of different cases.

CHP Torrefaction Case 0 Case 5 Case 6

Investment amortization (i = 15%) [M€] �4.19 �3.20 �7.39 �5.90 �5.90
Investment amortization (i = 10%) [M€] �2.98 �2.28 �5.26 �4.20 �4.20
Investment amortization (i = 5%) [M€] �1.92 �1.47 �3.39 �2.71 �2.71
Operation and maintenance [M€] �1.08 �1.65 �2.32 �1.75 �1.75
Boiler fuel [M€] �3.15 �1.03 �4.17 �4.18 �3.84
Torrefaction feedstock [M€] 0 �4.61 �4.61 �4.29 �4.07
Purchased electricity [M€] 0 �0.66 �0.16 �0.13 �0.14
Sold electricity [M€] 1.71 0 1.49 1.39 0.89
Sold district heat [M€] 5.69 0 5.69 6.21 6.11
Sold biocoal [M€] 0 9.69 9.69 9.05 8.59

Annual net cash flow (i = 15%) [M€] �1.01 �1.46 �1.78 0.40 �0.11
Annual net cash flow (i = 10%) [M€] 0.19 �0.54 0.35 2.10 1.59
Annual net cash flow (i = 5%) [M€] 1.25 0.27 2.22 3.59 3.09
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The energy efficiencies of the integrated cases are comparable
with those of a stand-alone co-generation plant: in this respect,
integration offers no clear benefits. The possibility to increase the
annual operation of the CHP plant, on the other hand, makes inte-
gration advantageous over the stand-alone operation or the simple
co-location of the plants. For both integrated cases studied in this
work, the torrefaction unit acts as an additional and relatively con-
stant heat consumer, thus enabling the CHP plant to operate at a
lower DH load than would be possible otherwise. This allows the
annual operation time and district heat output be increased. Fulfill-
ing the significant heat demand of the dryer by low pressure steam

provides the important benefits to the plant overall performance:
with increased live steam mass flow through the turbine, the elec-
trical power output is higher than in case of the stand-alone CHP
plant at all load points except full load, when the turbine has to
be mostly bypassed.

The economic assessment indicated that the share of the tor-
refaction equipment in the total purchased equipment cost of inte-
grated plant accounts for approximately 30%. On the whole, the
integration options require about a 40% more capital investment
than a stand-alone CHP plant. The torrefaction products should
thus bring a significant additional revenue from the sale to justify

Fig. 6. Studied cases compared in terms of IRR, NPV and PBP. Line colour indicates the investment cost scenario (green – optimistic, black – base and red – pessimistic). Line
pattern corresponds to the price level of sold electricity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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this investment. On the other hand, the integration options need
ca. 20% less investments than co-located torrefaction and CHP
plants. The relation between interest rate value and annual net
cash flow for all studied cases was investigated. The integration
options result into an annual cash flow increase by 8–11 times over
the stand-alone CHP plant with the baseline interest rate of 10%
and biocoal price of 40€/MW h. With a more realistic value of 5%
interest rate, all integrated cases together with stand-alone tor-
refaction unit become profitable.

The profitability was evaluated with three commonly applied
methods: net present value, internal rate of return and payback
period. Different scenarios for sold electricity price and total
investment cost helped to obtain a comprehensive assessment of
the integrated options within different economic situations. The
integration case with the longest operation time (Case 5) resulted
into higher values of profitability in contrast to the other options:
both integration and co-located. The investment cost and the wood
chips price are the main economic factors influencing the prof-
itability of the integrated options, while the IRR value of the
stand-alone torrefaction unit is particularly sensitive to the price
of wood chips.

The results confirm the importance of a detailed operational
and economic analysis in order to evaluate the future potential
of the torrefaction integration and to choose the most suitable con-
figuration. Sustainable and economically efficient combination of
the torrefaction process and co-generation plant has a lot of poten-
tial. Modeling and comprehensive analysis of available data from
the pilot plants and other torrefaction facilities are necessary and
important steps towards the development of torrefaction, and
implementing it into real applications. The analysis of the present
paper provides a basis for further more detailed evaluation that can
be done for any existing co-generation plant of similar type. At the
same time, the relatively high uncertainties over the future energy
prices for electricity, district heat and biocoal make accurate eval-
uation of the economic perspectives difficult. The market price for
electricity is subject to fluctuations due to a number of factors,
such as renewable energy subsidies, and changes in the level of
supply and demand. The investment costs for the torrefaction unit
equipment are expected to decrease in the near future as this tech-
nology becomes more commercial. It was found from the opera-
tional analysis that the integration of torrefaction with a
combined heat and power plant can be advantageous, particularly
when using live steam for the high-temperature demand of

torrefaction, and the lower-grade heat in the form of backpressure
steam to fulfil the significant demand of the drier. The effect of tor-
refaction on a CHP plant is clearly determined by the torrefaction
unit capacity, and more detailed investigation is necessary for
the determination of the optimum size.
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