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Abstract  
The paper presents the energy and economic impact of combined heat and power generation technology 

integration in a sunflower oil mill by exploiting the own biomass resource, the sunflower husk. The energy 

performance of integrated biomass gasification combined heat and power (CHP) plant consisting in a fixed-bed 

downdraft gasifier, a gas turbine and a heat recovery steam generator was analised and optimised by using the 

Cycle-Tempo software. The results of simulation show that the CHP plant has electrical power output of 

5177.47kWe, thermal energy output of 8607.58 kWt and electric efficiency of 38.24% with biomass consumption 

rate of 3276 kg.h-1. The total investment cost of 16500000 EUR is recoverd in 11 years. 

 

Practical applications  

Combined Heat and Power (CHP) technology is widely adopted for meeting heat and electricity needs due to its 

economic and environmental benefits. CHP systems compared to conventional systems are more cost effective 

as they reduce the amount of fuel needed to generate electricity and heat and are more environmetally friendly 

(reduced greenhouse gas emissions and pollutants). The EU (28 countries) generates over 11% of electricity 

needs by using cogeneration technologies (Eurostat 2015). 
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Introduction 
 

The vegetable oil industry is one of the largest energy 

consumers in the food industries. Increasing the price 

of energy and fuels in addition to the stricter 

environmental protection rules is leading more and 

more industries to take energy conservation measures 

(Wang, 2008). In an edible oil refining plant the 

electricity is mainly used in electro-motors to drive 

pumps, compressors, separators, mixers, conveyors 

and fans, and thermal energy, which is generated by 

fuel combustion, is used in boiler to produce steam 

and to heat the thermal fluid (Azhdari et al., 2009). In 

edible oil production large quantities of biomass 

residues (husks, shells, fibre, press cake, empty fruit 

bunches, palm fronts, etc.) are produced. In many 

cases the biomass by-product from oil production are 

used as fuel in steam boiler to provide the steam 

required by plant operation (Elbersen et al., 2005).  

Replacement of conventional steam boilers with 

combined heat and power (CHP) systems provide the 

potential to reduce fuel consumption, reduce 

production costs and improve the sustainability of 

food manufacturing, by generating electricity on-site 

and recovering waste heat from the electrical 

generation for the production process. Using a CHP 

system to produce electric energy on-site instead of 

buying electricity from the local utility and generating 

thermal energy through fuel combustion can increase 

the efficiency of energy conversion process from 33% 

to 80% (Thumann, 2002). 

Combined heat and power technology is an old 

technology used in large thermal power plants and is 

increasingly adopted in the industrial sector and for 

smaller-scale applications in residential and 

commercial facilities. It is appropriate for situations 

where a facility has a continuous demand for heating/ 

cooling as well as demand for electrical/mechanical 

power. Most CHP systems are designed to meet the 

heat demand of the energy consumer since this leads 

to the most efficient systems (Center for Climate and 

Energy Solutions). 

The main problem associated with energy utilization 

of biomass is its related to low energy density and 

content of inorganic constituents. In order to increase 

the biomass usage, it is necessary to improve its 

properties. One way is to convert solid biomass into 

liquid or gaseous fuels through biochemical and 

thermochemical conversion. Within the thermo-

chemical route, biomass gasification is a major 

technology that is being extensively used due to its 

capability of handling wide range of biomass 

feedstock (Baruah & Baruah, 2014). 

Gasification is a thermochemical process that 

converts carbonaceous materials (including biomass) 

by the partial combustion of the materials in the 

presence of a gasifying medium into a combustible 

gas, usually called producer gas or syngas. Air-based 

gasification is relatively cheap and generates a 

“producer gas” with high nitrogen content and low 

energy content and gasification with oxygen or steam 

generates a „syngas” with relatively high concentra-

tions of CO and H2 and higher energy content, but at 

a greater cost than air-blown gasifier (IRENA, 2012).  

Biomass gasification has some advantages compared 

to combustion process such as: the syngas can be 

cleaned relatively easily and therefore combustion of 

producer gas/syngas is cleaner and more efficient 

than direct combustion of biomass; combustion in the 

homogeneous phase allows greater continuity of the 

process and easier control; the clean syngas can be 

combusted in turbines or internal combustion engines 

using higher temperature (more efficient) cycles than 

the conventional steam cycles associated with 

biomass combustion (Molino et al., 2016). 

Biomass gasification is a complex process involving 

chemical reactions, heat and mass processes and 

hydrodynamic processes. It occurs in four stages: 

drying (<100°C), pyrolisis (150-700°C), oxidation 

(700-1500°C) and reduction (char gasification) (800-

1100°C). During the drying process the moisture 

containd in fuel is released and as the temperature 

increases during the pyrolysis, volatile matter 

(hydrogen, carbon monoxide, methane, hydrocarbon 

gases, carbon dioxide, tar) and char are generated. 

The small amount of oxygen supplied to the reactor 

reacts with combustible substances resulting CO2 and 

H2O. The oxygen also reacts with char generating the 

heat necessary to the reduction reactions between 

CO2, H2O and char (Baruah & Baruah, 2014).  

The major chemical reactions of gasification process 

are the oxidation (combustion) reactions and 

reduction reactions (water-gas reaction, Boudouard 

reaction, methanation reaction, water-gas-shift 

reaction, steam-methane-reforming reaction) 

The reactors for gasification (gasifiers) are divided 

into: fixed bed (updraft, downdraft, throatless 

downdraft, cross draft, two-stage gasifiers), fluidised 

bed, entrained flow reactor, rotary kiln reactor and 

plasma reactor. The differences between them consist 

in: mode of contact between the feedstock and the 

gasifying agent; form and rate of heat transfer; 
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residence time of the feedstock. The reactor design 

determins in a great extend the syngas quality and 

heating value. The fixed-bed gasifier is suitable for 

producing low heating value gas for small and 

medium applications. The downdraft gasifier is 

characterised by a simple design, high carbon 

conversion, long residence time, low cost, low 

pressure, relatively clean gas, and low gas velocity. It 

is suitable for producing low heating value syngas or 

for generating electricity of small-scale systems. The 

main parameters affecting the gasification are the 

following: equivalence ratio (ER) (typical values 

ranges between 0.2 and 0.4); biomass characteristics 

(absolute and bulk density, particulate size, volatile 

matter, moisture content, fixed carbon, ash content, 

gross calorific value, ultimate analysis); operating 

temperature (practical temperature does not exceed 

750°C, increased temperature increases gas yield, 

hydrogen, heating value, and ash agglomeration); 

gasifying agent (air, steam, steam/oxygen mixture, 

CO; the heating value is higher for steam agent); 

pressure (higher pressure is used for higher process 

yield and reduced tar content) (Hamad et al., 2017). 
The objective of this study is to improve the energy 

balance in a sunflower oil mill by integration of a 

combined heat and power generation plant based on 

gasification of sunflower husks. The study takes into 

consideration the primary energy saving, capital costs 

and payback period. The integrated biomass 

gasification CHP plant has modelled, simulated and 

evaluated by using the Cycle-Tempo software 

(Asimptote, Cycle-Tempo).  

 

Biomass gasification modelling 
 

There are many studies on gasification process 

modelling with the aim of describing the chemical 

and physiscal phenomena inside the reactor and to 

evaluate the influence of operating parameters on the 

producer-gas composition (and heating value) and on 

the reactor efficiency (Arnavat et al., 2010), (Baruah 

& Baruah, 2014).  

As the operation of biomass gasifiers depend on many 

factors which have an interrelated behaviour, finding 

the optimum conditions for a given feedstock is time 

consuming and expensive and therefore the 

mathematical modelling represents an important tool 

to optimize gasifier design and operation. The 

mathematical models of gasification process are 

grouped into the following categories: 

thermodynamic equilibrium models; kinetic models, 

artificial neural network (ANN) and computational 

fluid dynamic (CFD) models (Arnavat et al., 2010), 

(Baruah & Baruah, 2014). Kinetic models are used to 

predict acurately the yeld and composition of 

producer gas and the gasifier performance but with 

high computational effort. They are based on the 

reaction kinetics (bed hydrodynamics, mass and 

energy balances) and reactor hydrodynamics 

(physical mixing process). CFD models are highly 

accurate in predicting temperature distribution, gas 

concentration and yield taking into acount the 

phenomena of turbulent flow, heat transfer and 

chemical kinetics. The ANN models can predict with 

high precision the gas yield and composition when 

sufficient data are available to evaluate the model 

constants. 

Thermodynamic equilibrium models, devided into 

stoichiometric models and non-stoichiometric 

models, predict with good approximation the gas 

composition and yield based on the assumption that 

the reacting system is at chemical equilibrium. The 

thermodynamic equilibrium is achieved when the 

system entropy is maximised namely when its Gibbs 

free energy is minimised. This condition may not be 

achieved in a gasificator, mainly due to relatively low 

operation temperatures. The stoichiometric models 

are based on the equilibrium constants of specific 

chemical reactions. The non-equilibrium models are 

based on the minimizations of Gibbs free energy. The 

thermodynamic equilibrium models are more suitable 

to downdraft gasifiers which usually operate close to 

the equilibrium conditions. As the thermodynamic 

equilibrium calculations are independent of gasifier 

design, these models can be used to determine the 

influence of fuel properties and process parameters. 

The composition of producer gas can be estimated 

considering the chemical equilibrium between the 

different species and the following global reaction: 
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Mb – biomass molecular weight (kg.kmol-1); enthalpy 

of formation (kj.kmol-1); z - molar quantity of air used 

during the gasifying process; ν - stoichiometric 

coefficient; hf – enthalpy of formation (kJ.kmol-1); 

LHVb – lower heating value of biomass (kJ.kg-1). 

The atomic balances for C, H, O, N and S are the 

following: 
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To solve the system of 5 equations with 7 variables, 

two other reactions in equilibrium are added: 

                422 CHHC      (4) 

                222 HCOOHCO      (5) 

The equilibrium constant for these equations (4 and 

5) can be written as follows: 
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where ntot is the total mole of producer gas. 

The equilibrium constants K1, K2 are calculated by 

using the Gibbs free energy (Melgar et al., 2007).  

The cold gas efficiency of biomass gasifier is: 

                
g g

b b

m LHV

m LHV
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                                     (8) 

where: gm&  - producer gas flow rate (kg.s-1); bm&  - 

biomass flow rate (kg.s-1); LHVg – lower heating 

value of producer gas (kJ.kg-1). 

 

Dscription of sunflower oil plant 
 

The plant under consideration produces crude 

vegetable oil and refined oil from sunfflower seeds. 

On the average, the plant operates 330 days per year 

and 24 hours per day which means 7920 hours a year. 

The plant is processing 264000 tons of sun flower 

seed per year and the outcome are 104700 tons of 

crude oil, 7340 tones of rafined oil, 103000 tones 

sunflower groats and 44870 tones of sunflower husk 

pellets. 

The results of energy audit of the sunflower oil mill 

are summarized in Table 1. The saturated steam at 15 

bar is generated in two boilers with 7.5t.h-1 and one 

boiler with 4t.h-1, all three boilers running on 

sunflower husks. The properties of sunflower husks 

are given in Table 2. 

The actual heat capacity of plant is 8600 kWt and the 

total installed electric power is 1500 kWe.  

Replacing the steam boiler with a CHP plant, running 

also with sunflower husks, to generate own 

electricity, substantial cost saving can be achieved. 

The CHP plant operates following the heat demand. 

It was chosed a gas turbine CHP plant because it is 

the only one that can produce steam at 15 bar 

(198.3°C). The cogeneration plant consists in a fixed-

bed downdraft gasifier with air, a producer gas 

cleaning unit, a gas turbine and a heat recovery steam 

generator (Fig. 1). The gasifier is fed with snflower 

husk pelletes and compressed air at 30 bar. The 

producer gas, after it is cleaned, it is burnt in 

combustion chamber. The required combustion air is 

delivered by the air compressor in an amount set by 

the air/fuel ratio. The high temperature gas generated 

by the combustor drives the gas turbine to generate 

electricity. The flue gas leaving the gas turbine is 

cooled in the evaporator and heat exchanger (blocks 

14 and 15) by heating the water and transforming it 

into saturated steam at 15 bar to be delivered to the 

sunflower seed processing. 

 

Energy modelling of CHP plant 
 

The mass and energy balance equations for each 

system component considered to determine the flow 

rates and energy transfer rates are the following:  

Air compressor:  
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Heat exchanger: 
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    16 17 20 19hex fg wm h h m h h    & &   (18) 

Heat delivered to consumer: 

            24 18c sm h h  &   (19) 

Net electric efficiency of integrated biomass 

gasification CHP plant is: 

            
24g AC p

e

b b

W W W W
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  (20) 

Thermal efficiency is: 

             c
th

b bm LHV


 

&
                                     (21) 

The steady-state process simulation of the integrated 

biomass gasification CHP plant was performed by 

using the Cycle-Tempo Release 5.1.5 software in 

combination with the FluidProp software package. 

After the system was designed and the input data has 

been set (biomass composition and LHV, isentropic 

efficiency, mean temperature difference, pressure 

loss, compositions of working fluids, environment 

definition) the program was run for different oxidant 

fuel ratios (xOF), gas turbine pressure ratio and gas 

turbine exit temperature in order to obtain the 

maximum gasifier efficiency and maximum heat 

output.  

 

Economic analysis 
 

The total annual cost of an energy system operation 

can be calculated as follows:  

              CI OM
T f elC C C Z Z       (22) 

where: Cf –annual fuel cost: 

               fff mcC   (23) 

fm  - flow rate of fuel, kg.h-1; 

cf – unitary fuel cost, €.kg-1; 

τ – system operating hours per year; 

Cel –annual electricity cost: 

              
el el iC c W      (24) 

iW  - installed electric power, kW; 

 cel – unitary electricity cost, €/kWh; 
CIZ  - annual cost associated with investment capital: 
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 (25) 

CIC - capital cost; 

i - annual effective rate of return (i =10%); 

n - equipment life period (n =25 years); 

j - salvage rate (j =12%); 

The payback period of an investment project is given 

by the following equation: 

 

PP=(Initial investment cost)/(Annual inflow cash)(26) 

 

To find the cost of an equipment in period B knowing 

the cost in period A, is necessary to apply the 

following equation: 

                  A
B A

B

CEPCI
Cost Cost

CEPCI
  (27) 

where CEPCI is the Chemical Equipment Plant Cost 

Index (www.chemengonline.com). 

In Table 5 are given some costs related to biomass 

power generation technologies (IRENA 2012). 

 

Results 
 

The simulation results of sunflower husk gasifier are 

given in Table 3. The optimum values obtained for 

operation parameters (oxidant-fuel ratio, temperature, 

pressure) are the following: 1.1, 2000°C and 30 bar, 

respectively. The gasifier generates 1.866 kg/s 

producer gas with LHV of 5432 kJ.kg-1. The cold gas 

efficiency is 74.42%. The optimum values of gas 

turbine parameters for maximum heat output of CHP 

plant are given in Table 4. The integrated biomass 

gasification CHP plant has the heat output of 

8607.58kWt and the net electric output of 

5177.42kWe. The total investment cost of plant is 

16500000€ which is recovered in about 11 years by 

selling the electric extrapower (0.114 €.kW-1.h-1). 

The achieved cost saving per year is 1525566 €. 

 

Conclusions 
 

If in a sunflower oil factory with processing capacity 

of 264000 tons of seed, the steam boilers (fuelled with 

sunflower husk) are replaced with a gas turbine CHP 

plant (fuelled with gas fuel obtained by gasification 

of sunflower husk) that generates the same amount of 

heat, a cost saving of 1525566 € per year will be 

achieved. The necessary investment cost is estimated 

at 16500000 €. The amount of sunflower husk pellets 

for producing 5 MWh electricity and 68 MWh heat is 

about 26000 t. The reference prices of sunflower husk 

pellets and electricity are 0.13€.kg-1 and 0.13 €.              

kW-1.h-1, respectively. The payback period is 10.8 

years for an economic lifetime of 25 years. 
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Table 1. Energy consumption in an 800 tones per day sunflower oil mill 

 

Operation 

 

Electricity, 

kWh.t-1 of product 
Heat, 

kWh.t-1 of product 

Extraction 42.3 227.13 

Distilation 7 166 

 

Table 2. Sunflower husk characteristics 

 

 
Elemental composition 

% mass 
Lower heating value, 

kJ.kg-1 
C H O N S W A 

Sunflower husk 

pellets 
43.5 5.9 37.1 0.7 0.2 9.7 2.9 14880 

 

          Table 3. Gasification performance         Table 4. Gas turbine CHP plant performance 

 

 

Table 5. Costs of some biomass power generation technologies (2010 USD/kW) (IRENA, 2012) 

 

 

 

 

 

 

Biomass flow rate, kg.s-1 0.91   Combustion chamber temperature, °C 1391.17 

Oxidant – fuel ratio, kg 

air/kg/biomass 
1.1   

Combustion chamber air fuel ratio, 

kg.kg-1 
4.152 

Reaction temperature, °C 2000   Gas turbine pressure ratio 10:1 

Gasification pressure, bar 30   Gas turbine outlet temperature, °C 800 

Producer gas flow rate, kg.s-1 1.866   Electric output, kWe 5492.41 

LHV of gas producer, kJ.kg-1 5439   Auxiliary power consumption, kWe 314.94 

Cold gas efficiency, % 74.42   Heat output, kWt 8607.58 

Producer gas composition, mole 

fraction: 

H2 

H2O 

N2 

CO2 

CH4 

CO 

 

0.1535 

0.0974 

0.3379 

0.0850 

0.0772 

0.2490 

  

Steam flow rate, kg.s-1 

Stack temperature, °C 

Electric efficiency, % 

Thermal efficiency, % 

3.629 

110 

38.24 

43.57 

  

Technology Equipment cost, 

2010 USD.kW-1 
Installed capital 

cost, 

2010 USD.kW-1 

Fixed O&M cost, 

% of installed cost 
Variable O&M 

cost % of 

installed cost 

     

Fixed bed gasifier GT 3000-3500 5700-6700 - - 

Stoker boiler 2600-3000 1800-4200 3-6 3.8-4.7 

Gasifier - 2200-5800 3-6 3.7 
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Figure 1. Cycle Tempo simulation of integrated biomass gasification CHP plant 
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