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Abstract 

The purpose of this work is to investigate the feasibility of an integrated system consisting of biomass-based 

power generation built-in with carbon capture technology combined with a water electrolysis unit operated 

by solar cells and wind turbines to produce fuel through the methanol synthesis process. The configurations 

are examined both technically and economically to determine their feasibility, and subjected to sensitivity 

analysis to determine their economic viability and optimum performance. Each integrated system has the 

same subsystems configuration including electrical power generation, electrolysis unit and solar/wind 

renewable electricity input.  

Three main system configuration variations for carbon extraction from biomass feedstock have been 

evaluated, based on pre-CCS in the form of integrated biomass gasification combined cycle (IGCC), in-situ 

CCS represented by Oxy-fuel combustion concept, and post-CCS via exhaust gas treatment, assuming the 

same access to woodchip feedstock.  

Two important substances for methanol production are carbon dioxide coming from biomass and hydrogen 

supplied by water electrolysis based on intermittent renewable energy sources. Coil evaporation system to 

provide CO2 separation would perform differently in each system; oxy-fuel, pre-CCS and post-CCS 

alternatives. Meanwhile, H2 supply is provided by the electrolysis process using water supply and electricity 

produced from solar and wind power. In addition, the effect of location and uncertainty factors is discussed 

among the sensitivity studies.  

The technical analysis shows that with 5 ton/hour of biomass feed, each system configuration could produce 

up to 5.8 t/h of methanol. On the other hand, the economic analysis shows LCOE of Oxy-fuel and the 

IGCC approaches the lowest possible to 0.086 €/kWh and 0.1060 respectively; while for the gasification 

process 689 €/ton methanol is produced. The interest rate risk can deviate from the energy cost up to 16% 

higher when the interest rate is increased from 8% to 9%.
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SAMMANFATTNING 

 

Syftet med detta arbete är att undersöka genomförbarheten av ett integrerat system bestående av den 

biomassbaserade kraftproduktionen inbyggd med kolfångteknik och vattenelektrolyssystemet drivs av 

solceller och vindkraftverk för att producera bränsle genom metanolsyntesprocess. Systemen undersöks 

både tekniskt och ekonomiskt för att bestämma genomförbarheten av denna studie. Varje system kommer 

att ha samma delsystemskonfigurationer som består av solenergi-metanol-vatten-elektrolysystem.  

Tre olika system, baserade på integrerad förgasningskombinerade cykel (IGCC), Syreförbränning och 

avgasrening utvärderades med samma tillgång till träflis inmatning. Två viktiga ämnen för 

metanolproduktion är koldioxid (CO2) som kommer från biomassa kraftverk och väte (H2) levereras av 

vattenelektrolysystem. Kolfångningssystem som ge CO2 till systemet verka olika i varje system; oxy-fuel-

CCS, för-CCS och post-CCS koncept. Under tiden tillföras H2-krävande genom vattenselektrolysprocessen 

med användning av el som producerad från sol- och vindkraft.  

Dessutom diskuteras effekten av plats- och osäkerhetsfaktorer som känslighetsstudier. Den tekniska 

analysen visar att med 5 ton / timma utbud av biomassa kan varje system producera upp till 5,8 ton / timma 

metanol. Å andra sidan visar den ekonomiska analysen LCOE av Oxy-fuel och IGCC kan närma sig lägst 

möjligt till 0,086 €/kWh respektive 0,1060 €/kWh, medan syngasförgasningen levererar 689 €/ton tillverkat 

metanol. Osäkerhetsfaktorn av räntesatsen kan deviera energikostnaden upp till 16% högre när räntan ökas 

från 8% till 9%. 
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1 INTRODUCTION 

 

This work is intended to study the feasibility of producing power and synthetic fuel from biomass 

power plant with the help of Carbon Capture technology and renewable energy system integration. 

This can be achieved by combining the CO2 with hydrogen from water electrolysis product to 

produce methanol fuel. The water electrolysis process is using electricity network from renewable 

power sources, such as solar PV and wind power to ensure the sustainability of the system and to 

minimize the carbon footprint for the system. The integrated system is analyzed both technically 

and economically to evaluate the feasibility of this proposed system. The results of this thesis 

includes the performance of the system in term of mass and energy balance, the electricity price in 

€/kWh and €/ton methanol, and the effect of the uncertainty variables and locations for the 

integrated system. 

 

1.1 Background  

Integrated system is one way to achieve high efficiency from a whole system compared to separated 

system. For the upcoming year the renewable energy will take role in supplying world energy 

demand in order to tackle some of environmental issues such as climate change and pollution. 

However, this technologies still require high cost to develop.  

CO2 emission from power plants is aggravating the global warming. In order to meet the 2 oC target 

set by the Paris climate accord, some critical mitigation technologies have to be deployed (Tan, et 

al. 2016). Biomass resources can be utilized in power plants as alternative feedstock for fossil fuel. 

Biomass for power generation is a carbon neutral process because the CO2 is captured by the plant 

during its growth. Capturing CO2 from biomass power plants produces negative CO2 emissions by 

combining bioenergy use with carbon capture and storage. Carbon capture technology has been 

deployed and the utilization of CO2 has been studied (Editorial 2015). CO2 can be utilized for 

producing methane (Collet, et al. 2017), methanol (Clausen, et al. 2010), and other substances.  

Methanol (CH3OH) is excellent fuel for its octane number above 100 and has advantages in fuel 

as it can replace gasoline. It is used in some basic chemical substance such as acetic acid, 

formaldehyde, polymer, paint. It can be used as fuel in electricity generation plant such as gas 

turbine engine. It is also easily transported when compared to methane gas fuel and it serves as 

energy storage media conveniently. 

Hydrogen can be considered as another type of fuel. This fuel can be acquired from natural gas or 

by water electrolysis. However, the price for producing hydrogen from water electrolysis is about 

1.5 times costly than from natural gas. The transportation of this fuel is also challenging due to its 

properties are small and light which cause some problems such as leakage in storage and delivery 

process. One of several solutions to improve this technology is by combining hydrogen with CO2 

to produce another type of fuel e.g. methane gas or methanol. 

Carbon capture technology surely can give CO2 for water electrolysis system while get benefit of 

O2 to be utilized as oxy-fuel in thermal power plant and gasification reactor. This combination can 

deliver better output and reduce emission from the power plant. 
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1.2 Knowledge Gaps and Challenge 

Combining biomass resources with Carbon Capture Utilization (CCU) to produce methanol has 

been studied through syngas gasification process, oxy-fuel combustion, and Integrated Gasification 

Combined Cycle (IGCC). Each system is evaluated by different feedstock input and configuration. 

However, there is knowledge gap where the comparison between those three systems has not been 

done yet.  

There are several study about the CCU with specific configuration. In order to look 

comprehensively at feasibility of the integrated system, those configurations are investigated with 

the same feedstock and specific location. The challenge of combining and comparing between 

different configurations of integrated systems is investigated in this study.   

 

1.3 Objectives 

The aim of the study in this report is to answer the question “How biomass energy system can be 

integrated with solar and wind energy to achieve high efficiency and negative emission?” The 

system can provide energy and power in the same time with supply of biomass. Therefore, the  

objectives of this thesis are: 

 Investigating the feasibility of Integrated system technically and economically 

 Estimating the cost of energy from the system production 

 Review the effect of location to the system 

 Review the effect of uncertainties factor on the cost of energy 

 

 

1.4 Methodology 

The methodology for this study is focused on the calculation of technical and economic model 

which determined by the proposed design of the integrated system. Another further method is to 

evaluate the effect of uncertainty of some inputs. 

  

1.4.1 Technical model 

The technical model is defined by configurations of the proposed system. Each system component 

performance is analyzed and reviewed. Therefore the input and output of the component is 

interconnected to other component and affected the whole integrated system. Since its dependency 

on one another, one fixed input variable is defined to make the comparison of the systems are clear 

and just. The technical model includes the calculation and simulation for each systems and sub-

system. 

 

1.4.2 Economic model 

The economic model is determined based on annual cost of the system and levelized cost of energy. 

Annual cost is consisted of annualized capital cost, maintenance and operation cost, and fuel cost. 

In addition, selling cost of energy is influenced by the energy produced by the system, annual cost, 
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and the surplus from selling commodity or incentives received. By looking at those result values 

and comparing with other conventional system, the feasibility of this proposed integrated system 

can be determined.  

1.4.3 Sensitivity studies 

In order to increase the understanding of the relationship between input and output variables for 

the system, it is beneficial to do sensitivity studies. Some uncertainty factors are evaluated in this 

study such as effect of location for building the system, fuel price, interest rate, and capital cost 

variations. The result demonstrates the impact of the input for the performance of the integrated 

system and it can help in deciding which one benefits the most for the system.   

 

1.5 Thesis Outline 

This thesis has 6 parts which are divided into introduction, literature review, methodology, system 

configuration, result and discussion, and conclusion and future work. Introduction part describes 

the background and the purpose of this thesis. Study of previous work in similar concept is analyzed 

on second part. The proposed of integrated system configuration is presented on third part. Part 4 

is mentioning about the mathematical model of sub-systems and variables on each system. The 

fifth part demonstrates the result of analysis along with the sensitivity studies. The last part shows 

the conclusion of this study and possible future work in this research.  
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2 LITERATURE REVIEW 

The literature review process looks into previous study regarding the biomass power plant with 

built-in CCU, methanol synthesis using CO2 and hydrogen, water electrolysis system and 

combination with renewable solar PV and wind power system. The study with similar system 

models are reviewed and checked how the results of the studies.   

 

2.1 Biomass carbon capture utilization power plant 

Several studies demonstrate that it is feasible to combine biomass power plant with carbon capture 

system. Three different ways to implement this method are using oxy-fuel combustion, Integrated 

Gasification Combined Cycle (IGCC), and Utilization of syngas from gasification.  

Currently there are limited number of operational oxy-fuel power plant in Europe. As seen on 

figure 1, Vattenfall built a large scale 30 MWth oxy-fuel pilot plant in Schwarze Pumpe in 2008 

with coal feedstock (Strömberg, et al. 2009). This pilot plant shows the possibility of the oxy-fuel 

implementation in thermal power plant. Therefore oxy-fuel biomass-based is possible since the 

biomass feedstock is compatible with coal.  

 

 

Figure 1: Schwarze pumpe power plant with oxy-fuel carbon capture 

 

Oxy-fuel power plant system model by (Cormos 2016) is evaluated using three different feedstock; 

coal, lignite, and biomass. For each different feedstock, the carbon capture rate is set on 93%. 

Figure 2 shows the layout configuration of the system proposed by Cormos. 
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Figure 2: Oxy-fuel system configuration by Cormos 

 

Another study refers to model by (Park, et al. 2012) which is focused on Aspen simulation model 

of IGCC power plant with Carbon Capture and Sequestration (CCS) developed by United States 

Department of Energy (DOE) and National Energy Technology Laboratory (NETL). Analysis of 

cost of energy (COE) with respect to CO2 capture rate with variation of fuel price consideration. 

Figure 3 shows the model developed by Park. There is other study by (Klein, et al. 2011) regarding 

Bio-IGCC with CCS system which also consider the land used for the system but this model is 

slightly different since it included the mitigation option for other type of biomass power plant.  

 

Figure 3: IGCC system configuration by Park et al. 

 

The third type considered is syngas gasification system model with methanol production as the 

ultimate output by system. This kind of biomass to liquid fuel i.e. methanol process which is easier 

to handle compared to gas fuel. This kind has been studied by (Mignard and Pritchard 2008) with 

combination between electrolysis, syngas gasification, and methanol synthesis process. This system 

proposed the addition of hydrogen from electrolysis as feedstock beside syngas for methanol 
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production. CO2 in syngas is utilized entirely by this model. Figure 4 describes the model for this 

reference. 

 

  

 

Figure 4: Syngas gasification model by Mignard and Pritchard 

 

2.2 Hydrogen production from water electrolysis 

Industrial scale of hydrogen production from water electrolysis has been demonstrated very well 

by several companies. There are several type of electrolysis currently in the market; alkaline water 

electrolysis, Proton Exchange Membrane (PEM) electrolysis, and Solid Oxide Electrolyzers (SOE). 

The alkaline type is the most mature technology.  

A study provided the information regarding actual implementation of such technology into the 

industrial scale (Millet and Grigoriev 2013). The industry has developed electrolyzers that can 

deliver up to approximately 60 kg/h or 670Nm3/h. Figure 5 shows one example of alkaline water 

electrolysis type. From an economic viewpoint, the lifetime of these systems (several tens of 

thousands of hours of operation) can be considered as satisfactory for continuous operation and 

is profitable. 
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Figure 5: Alkaline water electrolysis modules developed by NEL Hydrogen (Norway) 

  

2.3 Methanol synthesis using carbon dioxide 

A research showed the methanol production system using captured CO2 and hydrogen as supplying 

substances (Van-Dal and Bouallou 2013) as described on figure 6. The CO2 is captured by chemical 

absorption from the flue gases of a thermal power plant while hydrogen is produced from water 

electrolysis using carbon-free electricity. The result showed 0.67 ton of methanol produced per ton 

of CO2 supplied. Also with operation of 8000 hour/year, the annual methanol production of the 

plant is equal to 470,500 ton. Meanwhile, the oxygen produced from the water electrolysis process 

can be sold to the market as another means of commodity beside methanol.  



-8- 
 

 

 

Figure 6: Bloc diagram of the process from Van-Dal and Bouallou 

 

Another study demonstrated several method to produce methanol from CO2 (Clausen et al. 2010). 

Figure 7 shows the developed model proposed with the result showed that biogas reforming 

combined with water electrolysis gave the best methanol exergy efficiency up to 72% with specific 

methanol cost in range of 11.8-25.3 €/GJexergy. 

 

Figure 7: Methanol plant model by Clausen 
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2.4 Solar PV and wind power system 

Solar PV and wind power system are well-developed technology in renewable energy business. In 

2016, solar power installed 71 GW new capacity while wind installed 51 GW globally according to 

Renewable Energy World (Editors 2017). This means such technology is mature enough and ready 

to integrate with another power system. 

Combining solar and wind power with water electrolysis is attracting new researches. According to 

(Ursúa, Sanchis and Marroyo 2013), two demonstration projects has shown the possibility of this 

concept. The first one is in the Sotavento’s wind farm in Spain where alkaline water electrolysis 

supplied by wind farm of 17.56 MW and producing hydrogen 60 Nm3/h. Then hydrogen produced 

is combusted in a 55 kW generator to generate electricity. Figure 8 and 9 show the two developed 

system.  

 

Figure 8: Solar PV-powered water electrolyzer 

 

The second project is named Wind2H2 developed by the U.S. National Renewable Energy 

Laboratory (NREL) and Xcel Energy. It consisted of hydrogen, photovoltaic, and wind systems. 

The project includes a 10 kW photovoltaic solar array, two wind turbines of 10 and 100 kW, two 

PEM electrolyzers of 1.05 Nm3/h, an alkaline electrolyzer of 5.6 Nm3/h, and a 50-kW hydrogen-

fueled internal combustion generator. 

 

Figure 9: Wind2H2 system schematic  
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3 SYSTEM CONFIGURATION 

 

The integrated system composes of biomass-powered power plant, water electrolysis system, 

methanol synthesis. Biomass power plants as the main source of carbon and combining with 

hydrogen from water electrolysis to produce methanol. Three types of biomass power plant used 

as the model are oxy-fuel combustion, IGCC, and syngas gasification plant. Those three type 

required oxygen as for their operational which provided by the electrolysis process.  

Methanol can be produced by combining CO2 and hydrogen through methanol synthesis process. 

Hydrogen is obtained from alkaline water electrolysis, which also be powered by solar and wind 

energy. Meanwhile, CO2 is captured from biomass power plant. In addition, syngas from 

gasification process can be processed directly into methanol synthesis. The illustration of the 

system configuration is presented in Fig. 4.  

 

 

 

Figure 10: Integrated system layout 

 

All three system is using the same biomass feedstock supply. Three systems have different 

configuration only on the biomass-powered system meanwhile other components such as water 

electrolysis, solar-wind power, and methanol synthesis are placed on the same configuration for 

those three systems. The input and output for the systems are described by figure 5. 
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Figure 11: Input and output for three system configurations 

 

3.1 System 1: Oxy-fuel combustion biomass power plant 

combined with solar and wind energy for power and 

methanol production   

System 1 consists of oxy-fuel combustion power plant with carbon capture, water electrolysis 

system, solar and wind system and methanol synthesis (Cormos 2016). The power plant is defined 

as super-critical double reheat boiler oxy-combustion with flue gas treatment. Steam turbine system 

generates electricity by utilizing thermal heat energy from combustion. Carbon capture rate from 

the oxy-fuel power plant is assumed to be 93%. In addition, 75% of captured CO2 is circulated 

back to the boiler to maintain required mass flow rate and oxygen concentration. Captured CO2 is 

pumped and sent to the methanol synthesis reactor. Oxygen required for oxy-fuel combustion is 

provided by the water electrolysis product which also produces hydrogen for methanol synthesis. 

In addition, the electricity needed for alkaline water electrolysis is supplied solely by solar and wind 

power system. It is assumed that there is excess energy production from wind and solar power to 

be sold as electricity separately. All electricity is supplied to electrolysis process. Figure 6 shows the 

detailed configuration for system 1. 
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Figure 12: System 1 detailed configuration 

 

3.2 System 2: IGCC combined with solar and wind energy for 

power and methanol production  

System 2 consists of IGCC, water electrolysis system, solar and wind system and methanol 

synthesis process. This system provides CO2 by pre-combustion carbon capture which takes place 

after gas conditioning of syngas from gasification process. The capture rate is set to 90% according 

to (Park, et al. 2012). The IGCC consists of oxygen-supplied gasifier which converts biomass into 

syngas, Water Gas Shift (WGS) reactor which converts CO into CO2 and H2, and cleaning section 

where H2S and CO2 is separated from the syngas as part of pre-CCS process. Syngas after cleaning 

is combusted in the gas turbine system to generate electricity. CO2 captured is supplied to methanol 

synthesis process with hydrogen from water electrolysis. Detailed configuration for system 2 is 

displayed on figure 7. 
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Figure 13: System 2 detailed configuration 

 

3.3 System 3: Biomass gasification combined with solar and 

wind energy for methanol production  

Syngas (mixtures of CO2, CO, H2, CH4, and N2) is produced sent directly to methanol synthesis 

reactor in system 3 (Mignard and Pritchard 2008). There will be gas cleaning (washing) and drying 

accompanied the gasification process to deliver syngas without tars. The gasifier is oxygen-blown 

down-draught pressurized type with the gas cooler, tars scrubber, and gas dryer. There are another 

type of gasifier can be implemented here e.g. Entrained (updraft) Gasifier and Fluidized Bed 

Gasifier but downdraft gasifier is chosen due to its simplicity of design and operation. It has high 

turn-down ratio from 100% to 25% design load which brings advantage in flexible operation. 

Oxygen supply from water electrolysis can be inconsistent due to fluctuated energy supply from 

renewable source. This type can also reduce the char formation per carbon content percentage of 

biomass. Oxygen and wood chips are fed from top side of the bed and the gasifier operates at the 

temperature above 800°C with heat provided by pyrolysis gases. All syngas after dryer is sent to 

methanol synthesis with hydrogen from water electrolysis powered by solar and wind power 

systems. The configuration for system 3 is shown on figure 8. 
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Figure 14: System 3 detailed configuration 
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4 MATHEMATICAL MODEL 

Detailed explanation of the calculation and simulation of the integrated system is described in this 

part. In order to calculate the performance both technologically and economically, each system 

parameters are taken from reference models where the value has been validated. The differences 

between system 1, 2, and 3 are on the biomass power plant parameters. Methanol synthesis, solar-

wind power, and water electrolysis have same parameter and variable for those three system. 

Output from biomass power plant of each systems determine the downstream parameter which 

influence the whole system. Therefore, same input value of biomass feedstock makes the 

comparison clear and just. 

  

4.1 Biomass Power Plant 

In this study the feedstock is fixed on 5 ton/hour wood supply for all three systems. The feedstock 

is dry wood chip shown in (Pozzo et al. 2015), which has LHV of 18.3 MJ/kg and composition of 

C 49.54%, H 5.88%, O 43.34%, N 0.26%, S 0.04%, and ash 0.91%. The efficiencies of oxy-fuel 

power plant, IGCC and gasification are 47%, 32% and 52%, respectively. Oxygen required are 

determined by wood feedstock flow rate where 1.38 kg O2/kg wood for oxy-fuel and 0.42 kg O2/kg 

wood for IGCC and gasifier. All three systems are assumed to have 6570 operating hour yearly 

which is 75% of availability operational time. 

Oxy-fuel system has specific emission of 84.21 kg CO2/MWh with 93% capture rate. During the 

operation, around 75% of captured carbon is recycled back into the boiler so only 279.70 kg 

CO2/MWh can be utilized for methanol synthesis. IGCC system has 109.44 kg CO2/MWh specific 

emission with 90% capability capture rate which means 984.96 kg captured CO2/MWh. 

 

4.2 Methanol Synthesis 

Production of methanol requires CO2 and hydrogen as feedstocks. The methanol synthesis process 

can be described by the following reaction 

CO2 + 3H2→ CH3OH +H2O  (1) 

It can be simplified by 1.375 kg of CO2 and 0.1875 kg of H2 can produce 1 kg of methanol for all 

three systems (Van-Dal and Bouallou 2013). In addition, for the system 3 can be simplied further 

since the syngas production is one closed system with the methanol synthesis. Therefore, for 1 kg 

of wood chip supply into the gasifier requires 0.127 kg of hydrogen to produce 1.14 kg output of 

methanol fuel (Mignard and Pritchard 2008).  

 

4.3 Solar and Wind Power System 

Wind and solar energy resources are considered in this integrated system since both technology are 

mature enough and growing especially in Europe. For the purpose of simplicity in determining 

how big the power plant should be built to accommodate the electricity needed, the capacity factor 

is used. Capacity factor (CF) is defined by the average power output for specific technology/device 

and geographical location and divided by its rated maximum output. Solar and wind energy 

resources will vary differently based on the location, for example solar energy availability in Africa 
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and Scandinavia will be different as well as wind energy source. Some locations are selected based 

on previous study with the same comparison for wind and solar PV power system ( Li et al. 2012). 

Three locations were considered here, namely Gotland (Sweden), Denver (US) and Beijing (China). 

The solar CF for those 3 cities are 16.0%, 25.4%, and 20.0%, while wind CF are 30.0%, 21.4%, 

and 25.7% respectively according to (IRENA, Global Atlas for Renewable Energy 2017) and 

(Group 2017).  

Both wind and solar PV power plant are investigated based on electricity requirement of water 

electrolysis system to produce adequate hydrogen and oxygen for the integrated system. With this 

consideration, the selection of suitable renewable power plant will decided by the economic 

parameter of each system. 

 

4.4 Water Electrolysis 

Water electrolysis system supplies oxygen for oxy-fuel combustion and hydrogen for methanol 

synthesis. The water electrolysis system can be described as the reaction 

H2O + electricity → H2 + O2   (2) 

1 kg of water electrolyzed provides 0.111 kg of hydrogen and 0.888 kg of oxygen, and water 

electrolysis product from NEL Hydrogen Norway is chosen (Millet and Grigoriev 2013). The 

alkaline-based electrolysis technology is already mature and has been used in many industrial scale 

and it operates in atmospheric condition. The power demand for the electrolysis is set on 4.3 

kWh/Nm3 hydrogen produced. 

Water electrolysis will supply oxygen and hydrogen to the system in order to produce methanol 

fuel. It will provide specific quantity of hydrogen to accommodate CO2:H2 proportion to produce 

methanol according to stoichiometric condition. Meanwhile oxygen produced is delivered into 

biomass power plant as needed and the rest is released to the atmosphere or can be sold as another 

commodity. In case when the oxygen supply is not enough for biomass power plant, the deficit of 

oxygen is bought from outside the system. 

 

4.5 Economic Model 

LCOE and annual cost are parameters selected for the economic model. The plant is designed to 

have 25 years lifetime and 8% interest rate for base case. LCOE calculation is using the following 

equations.  

𝐿𝐶𝑂𝐸 =
[(𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 ∗ 𝐶𝑅𝐹) + 𝐹𝑖𝑥𝑒𝑑 𝑂&𝑀 𝑐𝑜𝑠𝑡 + 𝐹𝑢𝑒𝑙 𝑐𝑜𝑠𝑡]

𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
                      (3) 

𝐶𝑎𝑝𝑖𝑡𝑎𝑟 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 (𝐶𝑅𝐹) =  
𝑖(1 + 𝑖)𝑛

[(1 + 𝑖)𝑛] − 1
                                              (4) 

 

i = interest rate (%) 

n = lifetime of system (years) 
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Some important commodity prices are set as market value such as wood chip is 73.95 €/ton, water 

cost is 3.3 €/ton, oxygen cost is 55 €/ton, and CO2 cost of 7.5 €/ton. There is also green certificate 

incentive of 16.4 €/MWh as applied in Sweden. Energy produced is sold at cost of 658 €/ton for 

methanol and 0.0468 €/kWh for electricity as the market (Stefánsson 2017). Some of the reference 

values for the capital cost and maintenance cost of the systems are displayed on the following table. 

 

Table 1: Capital and maintenance cost of several system 

Plant area 
CAPEX 

(€) 
OPEX 
(€/year) 

Unit References 

Gasification Plant 2200000 72600 MW (Börjesson and Ahlgren) 

Oxy-fuel Combustion 2800000 56000 MW (Cormos) 

Solar PV 1578000 47000 MW (IRENA) 

Wind Power 1643000 40000 MW (IRENA)  

Alkaline Water Electrolysis 200000 4000 MW (Millet and Grigoriev) 

Methanol Synthesis 451.16 24.57 /ton MeOH (Pérez-Fortes, et al.) 

IGCC 2071800 52400 MW (Simoes, et al.) 

 

LCOE for system 1 and 2 is defined in €/kWh while for system 3 is in €/ton. Furthermore, system 

1 and 2 produce methanol which is sold to the market and green incentive is also applied to these 

systems since its electricity is produced from biomass. Therefore, the LCOE for these systems is 

reduced by income from selling methanol and obtaining green incentive. On the other hand, LCOE 

of system 3 is not affected by any incentive. 
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5 RESULT AND DISCUSSION 

The result from simulation and calculation is demonstrated in this part. For the base case which is 

determined to be in Gotland Sweden, the technical performance is explained in term of mass and 

energy balance for those three systems. Economic analysis is done based on the capital cost and 

LCOE to investigate the feasibility of each proposed system configuration. The sensitivity study 

and effect of location are performed to gain better understanding of the system. 

 

5.1 Technical performance analysis 

Technical performance is represented in figure 9, 10, and 11 which show the mass and energy 

balance of three systems for base case in Sweden. All input variables are influenced by the biomass 

power plant type from each system. 

 

 

 

Figure 15: Energy and mass balance of system 1 
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There is insufficient supply of oxygen from water electrolysis production for oxy-fuel combustion 

of the system 1. Therefore, an amount of 3.24 ton/h oxygen is bought from outside of the system 

to fulfill the requirement. Since 75% of the captured CO2 is recycled back into the oxy-fuel system, 

the quantity of CO2 utilized is smaller than utilized CO2 from system 2. 

 

 

 

Figure 16: Energy and mass balance of system 2 

 

IGCC in system 2 has lower efficiency than oxy-fuel power plant in system 1. Consequently the 

electricity generation is lower in system 2. However, this system captures more CO2 which 

contributes more for methanol production. In addition, the oxygen production from electrolysis is 

plentiful for the gasification demand. 
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Figure 17: Energy and mass balance of system 3 

 

As discussed before, the syngas production in system 3 is utilized completely for the methanol 

production. The only output from this system is only methanol. With the same biomass feedstock, 

system 3 can produce methanol as much as system 2 but without electricity generation. Oxygen 

surplus from the water electrolysis production can be sold as another commodity to the market.  

Table 2 shows the summary of three system technical performances in order to compare 

quantitatively.  
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Table 2: Technical performance of three different system configurations 

Main Parameter Unit System 1 System 2 System 3 

Biomass Power Plant     

Fuel flow rate ton/h 5.00 5.00 5.00 

Efficiency % 47% 32% 52% 

Fuel LHV MJ/kg 0.00 18.30 0.00 

O2 demand ton/h 6.88 2.10 2.10 

Electricity production MWh 78484 53436 - 

CO2 captured ton/h 3.34 8.01 in syngas form 

     

Electrolysis Part         

H2O required ton/h 4.10 9.83 5.72 

Power demand MW 21.74 52.12 30.30 

H2 Production ton/h 0.46 1.09 0.64 

O2 Production ton/h 3.64 8.74 5.08 

     

Wind Power MW 72 174 101 

Solar Power MW 136 174 189 

     

Methanol Synthesis         

H2 feedstock ton/h 0.46 1.09 0.64 

CO2 feedstock ton/h 3.34 8.01 in syngas form 

Methanol Production ton/year 15965 38278 37449 

 

 

5.2 Economic performance analysis 

For the base case, the location is set in Gotland with solar energy only, wind energy only, and 50%-

50% wind and solar energy. Table 3 shows the results of three systems. By comparing with energy 

market cost of electricity and methanol, the three systems are not competitive. When green 

incentive is considered, the electricity cost is only reduced by 0.02 €/kWh.  

The studied systems cannot compete with conventional power plants. According to (EIA 2016), 

typical coal-fired power plant costs 1200 €/kW while natural gas and nuclear cost 700 €/kW and 

1600 €/kW. The cost of proposed systems are on range of 2000-8000 €/kW. However, the LCOE 

of system 1 is much lower than that of system 2.  

The capital cost depends on solar and wind systems. The more CO2 used for methanol synthesis, 

the bigger solar or wind power capacity is needed for water electrolysis. Therefore reducing the 

cost of solar and wind systems can dramatically decrease the capital cost of the whole system.  
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Table 3: Base case model analysis 

Parameter Unit System 1 System 2 System 3 

Capacity MW 11.95 8.13 13.22 

Electricity production MWh 78484 53436 - 

CO2 captured ton/h 3.34 8.01 - 

H2 electrolysis ton/h 0.46 1.09 0.64 

Electrolysis demand MW 22 52 30 

Wind/Solar power MW 72 / 136 174 / 326 101 / 189 

Methanol Production ton/year 15965 38278 37449 

Annual Cost (annualized) 

Wind only / Solar only / 50-50 M€ 23.10 / 35.52 / 29.31 42.08 / 71.86 / 56.97 29.01 / 46.32 / 35.16 

Energy Cost  

Wind only / Solar only / 50-50 

€/kWh 

Electricity 

€/ton 

methanol 

0.144 / 0.302 / 0.223 0.300 / 0.857 / 0.578  

 

775 / 904 / 815 

 

 

 

5.3 Sensitivity Analysis 

The effects of capital cost, fuel cost, interest rate, and electricity price on the economic performance 

of systems were analyzed. Capital cost and fuel cost were set ±10% variation from the base case 

while interest rate is varied from 6% to 10%. Deviation of the energy cost in percentage is observed 

as the output indicator for the sensitivity analysis. The result is described as shown in three 

following figures.  

The variation of interest rate has the biggest impact on the system 1. The energy cost could rise up 

to 24% if the interest rate is added 2%. Meanwhile, fuel cost variation is giving slightly different 

cost.  
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Figure 18: Sensitivity analysis of system 1 

 

 

 

Figure 19: Sensitivity analysis of system 2 

 

System 2 has the highest effect among other systems on the sensitivity study aspect. Still, interest 

rate is the biggest factor to influence the energy cost.  This demonstrates that the selection of 

location for building the system is required the consideration of interest rate and capital cost.  
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Figure 20: Sensitivity analysis of system 3 

 

System 3 is affected the lowest by uncertainty factors in sensitivity study which means the system 

could be built in different location without extreme contrast of energy cost. It can provide the 

flexibility of establishing the system with fairly constant technical and economic performance.   

In summary for the three figures, the variation of fuel cost results in 2% deviation of energy cost. 

The impacts of interest rate is greater, for example, the energy cost is 16% higher when interest 

rate is increased from 8% to 9%. Another interesting case is system 3 less effected than others by 

the variation in this sensitivity study. The energy cost of system 3 is slightly differ by around 10%. 

 

5.4 Effect of Location 

The factors taking into account in this part are capacity factor and capital cost of solar and wind 

power system. Based on the data of Global Solar Atlas, three cities have different global irradiance 

level. Denver (US) has the highest among others while Gotland (Sweden) is lowest in solar 

irradiance. Following figure shows the level of irradiance for each city. 
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Figure 21: Global Horizontal Irradiation for Gotland (Sweden) 

 

 

Figure 22: Global Horizontal Irradiation Beijing (China) 

 

 

Figure 23: Global Horizontal Irradiation Denver (US) 



-26- 
 

Wind atlas supplies the data for the wind speed average for the location on three cities (IRENA 

2017). When comparing the wind energy potential among the cities can be at different level with 

solar comparison above. The rank from highest to lowest is Gotland, Beijing, and Denver 

respectively, so the combination between solar and wind power plant can provide different 

advantages and benefit. The differences of wind resource between these cities can be displayed in 

the following three figures.  

 

 

Figure 24: Average wind speed Gotland (Sweden)  

 

 

 

Figure 25: Average wind speed Beijing (China) 
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Figure 26: Average wind speed Denver (US)  

 

Capital cost is also different for each country and location which depends on several factors. For 

the better comparison of various renewable source and the capital cost for each cities, the following 

table gives summarize of the capacity factor and capital cost. 

 

Table 4: Capacity factor and capital cost variation between three locations 

Location 
Capacity Factor Capital Cost (€) 

Solar PV Wind Solar Wind 

Sweden (Gotland) 16.0 30.0 1578000 1643000 

China (Beijing) 20.0 25.7 415000 1055000 

US (Denver) 25.4 21.4 1376000 1246000 

 

Beijing has better economic performance due to the low cost in China. This is because of solar and 

wind power capital cost in China are only 27% and 64% of the installed cost in Sweden. Market 

prices of electricity are 0.047, 0.050, and 0.085 €/kWh respectively for biomass power plants in 

Sweden, China, and US (IRENA, Renewable Power Generation Costs in 2014 2015). Table 5 

shows the economic performance of different systems at different locations. 
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Table 5: LCOE (€/kWh) of system 1 & 2 and methanol cost (€/ton) of system 3 at different locations 

Location 
System 1 System 2 System 3 

Wind Solar 50-50 Wind Solar 50-50 Wind Solar 50-50 

Sweden (Gotland) 0.1441 0.3023 0.2232 0.2998 0.8570 0.5784 775 904 815 

China (Beijing) 0.1162 0.0859 0.1011 0.2126 0.1060 0.1593 689 754 697 

US (Denver) 0.1691 0.1581 0.1636 0.3990 0.3601 0.3796 843 842 818 

 

The result obtained in this study suggest that the integrated system proposed in this study is not 

profitable when competing directly with conventional power plant in all three investigated location. 

The power capacity needed from solar PV and wind system brings high cost for the integrated 

system. However, there is an advantage in avoided CO2 per energy produced by the system which 

can be achieved without producing emission and by using electricity from renewable source.  
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6 CONCLUSION AND FUTURE WORK 

This study analyzed and compared three systems for power and methanol production from 

biomass combined with solar and wind energy. The three systems are based on oxy-fuel 

combustion (system 1), IGCC (system 2), and biomass gasification (system 3).  

Some conclusions can be drawn as below: 

 The proposed systems cannot compete with conventional power plants from the 

economic perspective due to the high cost of solar and wind energy systems. However, 

the advantage from avoided CO2 should be considered as a benefit obtained from this 

system. 

 Interest rate has great impacts on the economic performance of systems, compared to 

other factors such as capital cost, fuel cost and electricity price. 

 The technical and economic performance of the systems varied a lot from different 

locations, due to many factors such as solar radiation/wind resource, interest rate, initial 

investment etc. In this study, Beijing (China) has better economic performance than 

Gotland (Sweden) and Denver (US). 

 The future work that can be interested to investigate is how the hourly fluctuating effect 

from of solar and wind energy operational influence the performance of entire system. 
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