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ABSTRACT 

This study aims to evaluate the technoeconomic feasibility of replacing natural gas (NG) by synthetic 

natural gas (SNG) produced from biomass gasification in the Climaespaço trigeneration plant. This plant 

supplies heating and cooling to the buildings in Parque das Nações, Lisbon, producing also power for 

own consumption and selling the excess to the grid. To carry out the technical analysis, EnergyPLAN is 

used to model the system. Several scenarios, according to the SNG share, are proposed and analysed 

in two different system’s configurations, one where the SNG replaces the gas turbine and auxiliary boiler 

NG demand and, a second, where the SNG only substitutes the NG in the gas turbine, being the NG 

auxiliary boiler substituted by a direct combustion biomass boiler. A cost analysis is carried out to show 

the weight of each cost associated with each scenario. A comparative net present value (NPV) analysis 

is performed for each proposed scenario in relation with the baseline scenario for assessing the financial 

viability of the project. A NPV sensitivity analysis for all the scenarios is studied by varying the 

parameters with more influence. Results show that with the increase of the gasification capacity, the 

electricity exportation decreases and the importation increases. The NPV is negative for all the scenarios 

and the biomass costs are the most impactful. Decreasing the biomass price and/or increasing the NG 

price turns some of the scenarios financially viable. In conclusion, the feasibility of this project is highly 

dependent on biomass and NG prices.  
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1. INTRODUCTION 

Planet Earth is getting hotter and one of the obvious causes is the increase of emissions of greenhouse 

gases (GHG) that intensifies the greenhouse effect. These GHG emissions come mostly from the energy 

sector representing roughly two-thirds of Human-related emissions [1]. From 2012 to 2040, the total 

world consumption of marketed energy is forecasted to increase from 549 quadrillion Btu to 815 

quadrillion Btu, which represents about 48% of increase. The global energy market is dominated by the 

combustion of fossil fuels and by the year of 2040 it is foreseen that it will still account for 78% of the 

energy production [2]. The combustion of fossil fuels emits carbon dioxide (CO2), methane and some 

traces of nitrous oxides. CO2 is the main GHG representing 65% of total gas emissions [3]. Therefore, 

renewable energy (RE) systems are extremely important in providing energy services in a sustainable 

manner, decarbonizing the energy sector, and in reducing climate change to keep the temperature rise 
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bellow 2ºC [4]. One of the problems with the majority of renewable energy sources (RES) is the difficulty 

to synchronize the energy demand with the energy supply because they have an intermittent nature [5]. 

Biomass conversion processes are considered carbon neutral, in a process called carbon cycle [6]. 

There are several biomass conversion technologies but biomass gasification is one of the most 

promising in fulfil the goal of sustainable RE systems because it can increase the needed flexibility in 

the system that is driven by intermittent RES [7]. Also, a combined cooling, heat and power (CCHP) 

system exploits the synergies between cooling, heat and power producing significant energy and CO2 

savings compared with isolated generation of cooling, heat and power [8]. Mathiesen et al. [9] concluded 

that by analysing all sectors of the energy system, in an integrated way, innovative solutions can be 

identified. The authors state that by applying a smart energy system (SES) approach to the identification 

of suitable 100% RE systems design, it is possible to see how the system integration is a fuel efficient 

and cost effective option. Lund and Mathiesen [10] studied the integration of fluctuating RES with the 

sustainable use of biomass in CHP plants using EnergyPLAN. The authors concluded that combined 

cycle gas turbine CHP fired with gas from wood chips gasification is the most feasible technology in 

terms of total socioeconomic costs and biomass consumption [10]. Since biomass conversion 

technologies and the synergies between heat, cooling and power can play a role towards a 100% RE 

system, it is important to explore the links between them. Hence, the present study is focused in the 

replacement of NG by synthetic natural gas (SNG) provided by the gasification of biomass (bio-SNG).  

 

1.1. BIOMASS GASIFICATION AND UPGRADE 

There are two types of gasification processes, the direct and the indirect gasification. In the direct 

gasification process, combustion takes place in the gasification reactor and air-blown is mostly used. 

This means that nitrogen will be present in the producer gas, which is not desirable for bio-SNG. In the 

indirect gasification, the combustion takes place outside the gasification reactor, the heat is then carried 

by heat carriers, commonly sand. The biggest advantage of indirect gasification is that nitrogen will not 

be present in the producer gas, which is desirable for bio-SNG. The Güssing plant, developed by 

Repotec in Austria and in Sweden and the MILENA-OLGA technology developed by the Energy 

research Centre of Netherlands are the most promising [11]. Production of bio-SNG from gasification of 

biomass is only possible with a methanation unit placed after the unit that produced syngas. Before 

methanation, gas cleaning is necessary to not damage the catalysts and other components [12]. There 

are different technologies for syngas cleaning: dust cleaning, tar conversion/separation, sulphur and 

chlorine removal, reforming and shift processes [12]. In the methanation unit, hydrogen, carbon 

monoxide and CO2 in the syngas are converted to methane and water [12]. 

2. CASE STUDY AND METHODOLOGY 

The CCHP studied in the present study was built by Climaespaço to provide heat and cooling to a 

relatively new district in Lisbon with an area of 330 ha. There are different types of clients, namely, 

residential sector, tertiary sector and equipment buildings [13]. The plant is composed by a TUMA 

Turbomach gas turbine and an ABB alternator with 4,7 MWe of nominal power. The heat recovery boiler 

is installed downstream of the turbine and is provided with an afterburning that uses the exhaust gases, 
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beyond NG, to increase the thermal energy. The vapor produced is used in two absorption chillers 

working with lithium bromide to produce cooling and in two shells & tubes heat exchangers and one 

plate heat exchanger to produce hot water. There are four compression chillers that produce cooling 

from electricity and an auxiliary NG boiler with 15 MW of heat power to cover the peaks and the periods 

when the gas turbine is in maintenance (backup). 

 

2.1. ENERGY PRODUCTION AND DEMAND 

The daily energy consumption and production of the trigeneration plant for 2012 were provided by 

Climaespaço. In 2012, the trigeneration plant produced 61.03 GWh of heat, 75.99 GWh of cooling and 

38.44 GWh of electricity using 143.71 GWh of NG. Climaespaço provided also actual hourly data 

regarding the heat and cooling production for a typical day in summer and winter. Both curves were 

merged hour by hour by multiplying their relative distributions in order to obtain a relative hourly 

distribution along the year. Figure 2.1 shows the result of the estimation of heat and cooling production 

throughout the year with the relative distributions multiplied by the average annual values of 2012. 

 

Figure 2.1 – Hourly heating and cooling production. 

2.2. SCENARIOS PROPOSED 

To evaluate the potential of replacing the NG by gasified biomass, two cases were assessed. In the first 

case, it is considered the substitution of the NG consumed in an operation year by bio-SNG. Several 

scenarios are analysed, namely a biomass weight of 25%, 50%, 75% and 100% in the total fuel demand. 

For the case 2, the same principle is applied, apart from the biomass boiler addition that is set to replace 

the production of the NG auxiliary boiler. The percentage of fuel used in the new boiler is equal to the 

existing one, which is 4% of the total fuel consumption. The biomass considered in is wood chips from 

pine with a LHV of 17.5 kJ/kg [14], a density of 253 kg/m3 [15] and a moisture content of 30% [14,15]. 

 

Economic Data 

Table 2.3 shows the investment costs, operation and maintenance (O&M) costs and lifetime of the 

equipment acquired. O&M costs are presented as a percentage of the investment cost. 

Table 2.1 – Costs and lifetime of the equipment [16]. 

Equipment 
Investment cost 

(M€/MW) 
O&M (% of 
investment) 

Lifetime 
(years) 

Gasifier 0.4 5.3 25 

Upgrading System 0.3 15.79 15 

Auxiliary biomass Boiler 0.075 1.47 20 
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In this study, a period of 25 years is considered for the project life time, being necessary to acquire a 

new upgrading system and a new auxiliary biomass boiler. The gasification machines’ residual value is 

considered in the revenues at the end of lifetime. This value correspond to 10% of the investment cost 

[17]. Since no data was found for the biomass boiler residual value, 10% of investment cost is considered 

also. The NG price in 2016 for the CCHP considered was provided by Climaespaço and it varies 

between 7.1 €/GJ and 8.3 €/GJ (LHV based). The average value of 7.7 €/GJ was chosen. The biomass 

price was provided by several producers in Portugal with an average price of 15 €/m3. Considering the 

density of the biomass, its LHV and its unit price, the price per unit of energy is 3,388 €/GJ. Revenues 

from exportation of electricity to the grid are considered since with the use of at least 50% of renewable 

fuel as primary energy, the CCHP is considered to be renewable as can be seen in point number 3 of 

the 5th article from chapter 2 of the decree law 23/2010 of 25th of March [18]. The reference selling price 

both for cogeneration and renewable cogeneration are taken from ERSE – Entidade Reguladora dos 

Serviços Energéticos [19]. These values are 87,3 €/MWh and 94,67 €/MWh, respectively. Both prices 

are averages for the year 2016. The costs for the importation of electricity, i.e. for buying electricity from 

the national grid, are not considered. 

 

2.3. TECHNICAL ANALYSIS 

The system is modelled using EnergyPLAN, which is a deterministic input/output tool and the main 

inputs are the energy demand, RES, power capacities, costs, some technical regulation strategies for 

the importation/exportation of electricity, among others. The outputs are energy balances and annual 

productions, fuel consumption, CO2 emissions and imported/exported electricity [20]. 

 

2.3.1   BASELINE SCENARIO  

Firstly, the baseline scenario is modelled based on the data provided. To calibrate the system, the 

thermal capacity of the CHP was iteratively chosen until the total yearly heat production in CHP (with 

afterburning) and boiler matched the data from 2012. Since EnergyPLAN does not consider the 

afterburning, there was the need to overestimate the thermal power capacity of the CHP equipment. It 

was decided to calibrate the model based on the heat demand, which resulted in an error in the 

estimation of the electricity production. The model is simulated based on strategy 1 from EnergyPLAN 

where the heat demand is the priority. In this strategy, the CHP has priority over the boiler when 

providing heat. Therefore, the boiler starts to work in the heat peak loads, when the CHP system does 

not have sufficient capacity to match the demand [21]. 

 

2.3.2   CASE 1 

After modelling the reference scenario, the total fuel demand (NG) is obtained. The bio-SNG demand is 

calculated multiplying the total fuel demand by the biomass share, for each scenario. The total biomass 

needed is calculated dividing the bio-SNG demand by the efficiency of the total gasification process. 

This value is an input of EnergyPLAN. An efficiency of 70% is chosen for the gasification process based 

on the optimum operation of Milena-Olga gasification process. The value refers to the conversion 

process from biomass to bio-SNG in terms of chemical energy content [22]. The first efficiency is the 
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coldgas efficiency with an efficiency of 80% [22], which is the producer gas efficiency. For the upgrading 

system, the efficiency is 87.5% [22] and the total efficiency is then 70% from biomass to bio-SNG. 

 

2.3.3   CASE 2 

The biomass boiler replaces the auxiliary NG boiler in the model. The capacity of the new boiler, is 

chosen based on the capacity of the existing NG boiler, which is, 15 MWth. An efficiency of 82.7% is 

chosen from the boiler’s catalogue [23]. In this case, the bio-SNG needed is estimated by subtracting 

the NG demand (according to the scenario’s weight) and the boiler fuel demand to the total fuel demand.  

 

2.4. FINANCIAL ANALYSIS 

In order to evaluate the financial feasibility of the project, a discounted cash flow analysis is made 

considering the difference of costs and revenues from the new plant concept and the reference scenario. 

The discount rate is assumed 6% for all the calculations [24]. The discounted cash flow (DCF) is a 

method for evaluating the feasibility of an investment opportunity; it uses the future cash flows (CF) 

projections and discounts them to the present value estimate. The sum of all future cash flows is the net 

present value (NPV). In the present study, since all the calculations are done in comparison with the 

reference scenario, when NPV reaches zero, the project starts to be attractive in relation with the 

reference scenario. To compare the investment and the yearly costs from biomass purchase and O&M, 

an annualization of the investment was made based on capital recovery factor (CRF). Also, a sensitivity 

analysis on the NPV is carried out based on the values that influence more the results and the ones that 

vary more, namely, prices of biomass, NG and CO2 emissions and the efficiency of the gasification 

process. 

 

2.4.1   CO2 EMISSIONS 

The CO2 emission factor of the NG is presented in [25] and has the value of 56.1 kgCO2/GJ. CO2 

emission allowances in EU Emissions Trade System (EU ETS) market are also assessed. The 

emissions avoided by using biomass are considered to be traded in the EU ETS market being reverted 

in revenues. The price used is taken from [26] and it is the mean value for the year of 2016, which is 

5.35 €/ton.  

 

3. RESULTS AND DISCUSSION 

 

3.1. TECHNICAL ANALYSIS  

CO2 emissions analysis 

Table 3.1 shows the CO2 emissions along the scenarios. The emissions are the same in the two cases. 

Scenario Baseline 25%Bio 50%Bio 75%Bio 100%Bio 

CO2 emissions 

(kton) 
29.02 21.77 14.51 7.26 0 

Table 3.1 – CO2 emissions for each scenario. 
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3.1.1   BASELINE SCENARIO 

The modelled values of heat production and of fuel consumption are similar to the provided data values, 

since the system was calibrated based on the values of heat production, until reaching percentage 

differences smaller than 1%. The bigger difference is in the electricity production, where the modelled 

value and the actual data value have a difference of 17%. Since the plant operation is very different in 

the summer and in the winter, a summer and a winter weekday are analysed. Figure 3.1 shows the 

consumption and the exportation of electricity for both days. Also, in the summer day, the yellow line 

represents the electricity production, being possible to see the needed importation on this day. The 

cooling consumption is higher than in the winter day resulting in more electricity demand. For the winter 

day, since there is no importation in this day, all electricity consumed is produced from the CHP system. 

The electricity consumption for cooling production follows the cooling demand that is higher during the 

night. Also, there is a large amount of electricity exportation due to the low electricity need and higher 

heat demand, which results on excess of electricity production from the CHP.  

  Figure 3.1 – Electricity consumption and exportation in the plant for a day in summer (left) and a day in 
winter (right). 

Figure 3.2 shows the evolution of the total heating demand and the demand for cooling production in 

the absorption chillers for both days. As can be seen, in the winter the necessity of cooling is less than 

in the summer. It can be seen that the total demand is higher in the winter. The shape of the fuel demand 

curve for both days is similar to the shape of the heating demand curve. 

  Figure 3.2 – Total heating demand and heating demand for cooling for a day in summer (left) and a 
day in winter (right). 
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3.1.2   CASE 1 

Figure 3.3 shows the consumption and exportation of electricity for the 100%Bio1 (1 referring to the 

case) scenario. It is possible to see the increase of internal consumption in relation with the baseline 

scenario. This is due to the consumption of electricity by the gasification process. 

 

Figure 3.3 – Electricity consumption and exportation in the plant for 100%Bio1 in the winter day. 

Figure 3.4 and Figure 3.5 shows the evolution of the production of bio-SNG for the 25%Bio1 and 

75%Bio1 for the summer day and winter day, respectively. The gasification process is provided with 

flexibility to avoid exportation to NG grid and to prevent NG importation. Such flexibility can be seen in 

the load diagram of bio-SNG production. When the demand is high, the gasifier uses the maximum 

capacity, but it can reduce the production when the demand is lower in order to not overproduce bio-

SNG and consequently export gas. This flexibility allows the system to adequate the total production 

according to the demand. Contrary to the day in summer, in the winter, bio-SNG production is constant 

along the day and the gasification process is working at maximum load capacity. This shows the 

flexibility of the process because there is more fuel demand in the winter and, in this sense, the 

gasification system can work at is maximum capacity. 

 

25%Bio1 75%Bio1 

Figure 3.4 – Fuel demand for 25%Bio1 and 75%Bio1 in the summer day. 
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25%Bio2 75%Bio2 

Figure 3.5 – Fuel demand for 25%Bio1 and 75%Bio1 in the winter day. 

3.1.2   CASE 2 

Some results for case 2 are very similar of those from case 1, namely regarding the importation and 

exportation of electricity and, in this sense are not presented here. Figure 3.6 represents the fuel 

demand for the winter day for the 25%Bio2 and 50%Bio2 scenarios. It is possible to see the constant 

value of biomass for the boiler along the scenarios. Also, it is possible to see that like in the case 1, the 

production of bio-SNG is constant along the day. The production of bio-SNG is not linear across the 

scenarios, which can be seen in the Figure 3.5. 

25%Bio2 50%Bio2 

Figure 3.6 – Fuel demand for 25%Bio2 and 50%Bio2 in the winter day. 

3.2. FINANCIAL ANALYSIS 

Figure 3.7 shows the weight of each cost for the different scenarios in the two cases. It is possible to 

observe that the biomass costs have the higher weight. The 100%Bio has the higher gasification 

systems costs in the case 1. 

  Figure 3.7 – Cost weight for the different scenarios for case 1 (left) and case 2 (right). 
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Figure 3.8 illustrates the NPV comparison for both cases. It is possible to see that both cases have 

similar NPV except for the last scenario where there is a difference of about 58%. This difference is due 

to the gasification system capacity and related O&M costs. Also, for both cases the NPV is always 

negative and it is possible to see the non-linearity of the costs, due to the increase of gasification 

capacity. As can be seen, the last scenario needs high capacity, which results in a greatly negative NPV. 

 

Figure 3.8 – Comparison of the NPV along the scenarios for case 1 and 2. 

Results reveal that the NPV sensitivity analysis is similar for both cases, except for the last scenario. 

Since the final aim is to have a 100% RE system, only the NPV comparison results for each value 

variation for the last scenario are presented in Figure 3.9. The black line is placed in the NPV=0 for 

better demonstration of the turning point. As can be seen, a 30% increase in NG price and a 40% 

decrease in biomass price turn the NPV positive for the last scenario of case 2. This shows that for this 

case study, a 100% renewable system with biomass is possible, depending on the NG and biomass 

prices. For the 30% increase in NG price, the PB is 3,9 years and for the 40% reduction in biomass 

price, the PB is 1.3 years. 

100%Bio1 100%Bio2 

 

Figure 3.9 – NPV sensitivity analysis comparison for the last scenario of both cases. 

 

4.  CONCLUSIONS 

For the technical analysis, results show that in order to avoid excessive NG importation (due to fuel 

demand peak loads) and surplus production of bio-SNG, the gasifier requires flexibility. For the financial 

analysis, it was concluded that the NPV is negative for all the scenarios. Although decreasing the 
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biomass price and/or increasing the NG price turns some of the scenarios financially viable. Further 

work should focus in the inclusion of solar photovoltaic and urban wind turbines, for balancing the 

electricity grid and, if feasible, in the inclusion of heat pumps to produce heat. 
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