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Abstract  

The use of fossil fuels and the growing energy demand lead to a rise of pollutants in the atmosphere, 

causing the rise of greenhouse effect and other environmental problems. There is a need to increase 

the renewable sources of energy, including biomass (wood and organic residues), however there are 

several ways to use the energy of biomass. This work has the goal to endow the decision makers with 

a tool for evaluating the different ways to produce electricity from biomass, in order to choose the most 

sustainable options. 

A model was developed in spreadsheets based on life cycle approach and sensitivity analysis, 

supported by a posterior decision analysis, having the criteria of used energy and emissions of carbon 

dioxide, methane, nitrous oxide and solid particles, per 1 MJ of electricity produced. The considered 

technologies include wood gasification, Rankine’s cycle, cofiring, black liquor gasification, biogas engine 

and combined cycle gas turbine, using as feedstock farmed wood, forest residues, black liquor, manure 

and municipal waste, in a total of eleven ways studied. The final results show that none solutions have 

better results than all the other in all criteria, proving the need of decision analysis models. The decision 

methods proposed, suggested that the best “global” biomass pathways were the ones using manure 

(combined cycle and gas engine), combine cycle using municipal waste as feedstock and forest residues 

gasification. 
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1 Introduction  

Earth’s climate has changed through history in cycles due to small variations in its orbit, but in the last 

years the trend of temperature’s rising is related to human activity. Carbon dioxide (CO2) and other 

greenhouse gases (GHG) have proved to have the effect of capture the Sun’s heat in the atmosphere 

with negative consequences, such as: sea level rising; global warming, ocean’s acidification, extreme 

events and others [1]. Other pollutants, such as particle matter, create problems like smog, acid rains 

and public health problems [2]. The emissions of GHG and other pollutants are related to the global 

energy consumption, in the last 40 years, the primary energy demand more than doubled, leading to 

same increase on CO2 emissions [3]. In the last few years, Portugal and European Union’s energy 

consumption and emission had reductions [4], but this may be circumstantial due to the economy, and 

reduction has to be greater to reverse the increase of the previous decades and also extend to other 

world regions. One way to reduce emissions and give response to energy demand is to invest on 
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renewable energies, such as biomass. The electricity production from biomass can be made using 

several technologies. The goal of this work is the develop a computational tool to help de decision 

makers to assess the several pathways to produce electrical energy from biomass with respect to 

efficiency and environmental impacts. To evaluate the impacts of energy production, the intermediate 

processes are considered in a life cycle perspective. There are several tools and databases available 

such as GREET [5], SIMAPRO [6] and CONCAWE [7], however the development of flexible tools with 

easy adaptation is useful due to the rapid changes in the energy sector. The systematic and quantitative 

analysis of each resource, process and final output is considered in the tool, developed in spreadsheets, 

such as the capability to help the decision between the several pathways. 

 

2 Methodology 

2.1 Biomass pathways and life cycle approach 

The feedstocks considered were famed wood (FW), forest residues (FR), black liquor (BL), manure, and 

municipal waste (MW). The conversion technologies considered were integrated gasification combined 

cycle (IGCC), Rankine cycle, cofiring, black liquor gasification combined cycle, gas engine and combine 

cycle gas turbine (CCGT). The eleven pathways and its steps are shown in Table 1. 

 

Table 1. Energy pathways 

Pathway Feedstock Processes 

FW - IGCC Farmed wood Plantation Chipping Transport IGCC 

FW - Rankine Farmed wood Plantation Chipping Transport Rankine cycle 

FW – Cofiring Farmed wood Plantation Chipping Transport Cofiring 

FR - IGCC Forest residues Chipping Transport IGCC  

FR - Rankine Forest residues Chipping Transport Rankine cycle  

FR – Cofiring Forest residues Chipping Transport Cofiring  

FR - BLGCC 
Forest residues / 

black liquor 
Chipping Transport BLGCC  

Manure – Gas engine Manure Transport Fermenter Gas engine  

Manure - CCGT Manure Transport Fermenter Biogas upgrading CCGT 

MW– Gas engine Municipal waste Fermenter Gas engine   

MW - CCGT Municipal waste Fermenter Biogas upgrading CCGT  

 

All the pathways have a final process, which is the distribution of electrical energy. Each of the processes 

in Table 1 have associated efficiencies, energy consumptions, emissions and other inputs and outputs 

(coproducts), Figure 1 shows an example of a generic pathway.  

 

 

Figure 1. Example of an energy pathway. 

 

The processes were analysed using a life cycle methodology (LCA), according to the standard ISO 

14040 [8]. Equations 1 to 11 show how LCA is applied to the generic pathway of Figure 1. 
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Econversion→distriuition[MJ/MJfinal]=1/η
distribution

 (Equation 1) 

Etransport→conversion[MJ/MJfinal]=Econversion→distribution[MJ/MJfinal]/ηconversion
 (Equation 2) 

Eproduction→transport[MJ/MJfinal]=Etransport→conversion[MJ/MJfinal]/ηtransport
 (Equation 3) 

econversion,total[g/MJfinal]=econversion
 [g/MJoutput]×Econversion→distribution[MJ/MJfinal] (Equation 4) 

etransport,total[g/MJfinal]=etransport
 [g/MJoutpu]×Etransport→conversion[MJ/MJfinal] (Equation 5) 

eproduction,total[g/MJfinal]=eproduction
 [g/MJoutput]×Eproduction→trasport[MJ/MJfinal] (Equation 6) 

𝐸conversion,total[MJ/MJfinal]=𝐸conversion
 [MJ/MJoutput]×Econversion→distribution[MJ/MJfinal] (Equation 7) 

𝐸transport,total[MJ/MJfinal]=𝐸transport
 [MJ/MJoutput]×Etransport→conversion[MJ/MJfinal] (Equation 8) 

Eproduction,total[MJ/MJfinal]=Eproduction
 

[MJ/MJoutput]]×Eproduction→trasport[MJ/MJfinal] (Equation 9) 

etotal[g/MJfinal]=econversion,total[g/MJfinal]+etransport,total[g/MJfinal]+eproduction,total[g/MJfinal] (Equation 10) 

𝐸total[MJ/MJfinal]=𝐸conversion,total[MJ/MJfinal]+𝐸transport,total[MJ/MJfinal]+𝐸production,total[MJ/MJfinal]

+ Eproduction→trasport[MJ/MJfinal] 
(Equation 11) 

 

Where ηx indicates the efficiency of process x, Ex→y is the intermediate energy flow between processes 

x and y (MJ/MJfinal), ex is the emissions (g/MJoutput) of a certain compound, in the process x per MJ of 

intermediate energy flow leaving process x to process y, Ex→y, Ex (MJ/MJoutput) stands for the energy 

consumed in process x per MJ of energy flow leaving the process. ex,total (g/MJfinal) is the total emissions 

in the process per unit of final electrical energy, Ex,total (MJ/MJfinal) stands for total energy consumed in 

the process per unit of final electrical energy. etotal stands for the total emissions of a certain compound 

in the pathway, and Etotal indicates for the total energy consumed in the pathway. 

 

The emissions studied in this work are of carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), 

particle matter with less than 10 µm diameter (PM10) and particle matter with less than 2,5 µm diameter 

(PM2,5). The first 3 compounds were chosen due to their greenhouse effect, the particle matter is 

included because it causes severe health problems to humans (affecting the lungs, blood circulation 

and heart) and environmental problems such as lake acidification, forest damages and soil nutrient 

depletion [2]. 

It were also accounted credits for methane emissions to the use of manure (manure emits methane 

naturally if unused) and for coproducts (such as nitrogen fertilizer produced in the fermenter). 

 

2.2 Sensibility scenarios and decision analysis 

The input data (efficiencies, inputs and outputs of each process, energy consumption and emission 

factors) were taken from several bibliographical sources, for most of input values, there are different 

values from different sources for the same input. To perform sensibility analysis, 3 scenarios were 

calculated: i) medium – with the most representative and/or actual data; ii) optimist – with data that leads 

to fewer emissions and energy consumption; iii) pessimist – with data that leads to higher emissions 

and energy consumption. 

The decision analysis is performed with 3 methods: weak dominance, strong dominance, and metric 

distance. A solution dominates other weakly if has a better result in at least in one criterion. A solution 

dominates other in a strong way if it has a better or equal result in all criteria. The metric distance (dn) 

of a solution n  is given by equation 12, and translates the Euclidean distance between the solution n 

and a reference point in the solutions space - the better solutions have smaller distances [9]. 
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dn= [∑|fm(xn)- zm|
p

M

m=1

]

1/p

 (Equation 12) 

 

where M is the number of all solutions, fm(xn) is the value of solution n in the criterion m, zm stands for 

the result of the reference solution in criterion m and p is the number of criteria. The reference solution 

is a fictitious one with the minimum value in each criterion of all the eleven pathways presented in Table 

1, plus the pathway of wind power (zero emissions and energy consumed). The number of criteria used 

is 6: i) energy consumed; ii) CO2 emissions; iii) CH4 emissions; iv) N2O emissions; v) PM10 emissions; 

vi) PM2.5 emissions.  

 

3 Results and discussion 

Table 2 shows the results obtained for energy consumption in the 3 scenarios. The best result in the 

medium scenario is the cofiring with forest residues, but all wood pathways (except BLGGC) have close 

results. The less efficient pathway is gas engine with manure feedstock (has 182% more energy 

consumed than the most efficient). In average, organic residues pathways consume 44% more energy 

than wood pathways. The BLGCC pathway has the bigger difference between the pessimist and optimist 

results (3.01 MJ/MJfinal). 

 

Table 2. Results of energy consumed (green and red indicate smaller and larger values) 

Pathway Medium [MJ/MJfinal] Optimist [MJ/MJfinal] Pessimist [MJ/MJfinal] 
Farmed wood 

IGCC 2.99 2.02 4.39 

Rankine cycle 3.30 3.00 5.97 

Cofiring 2.43 1.51 3.93 

Forest residues     

IGCC 2.95 2.02 3.18 

Rankine cycle 3.26 2.99 4.33 

Cofiring 2.40 1.51 2.85 

BLGCC 5.17 4.39 7.40 

Manure    

Gas engine 6.76 5.94 7.75 

CCGT 5.09 4.38 5.87 

Municipal waste   

Gas engine 4.53 3.41 5.86 

CCGT 3.24 2.61 3.95 

 

Table 3 has the results of carbon dioxide emissions, showing that wood pathways emit 5 times more 

CO2 than wood pathways in the medium scenario, this can be explained by the emissions credits for 

nitrogen fertilizer production and less transport need. The pathway that emits less CO2 is CCGT with 

manure feedstock, the second-best result (manure – gas engine) emits 25% more. The pathways of 

cofiring, Rankine cycle and BLGCC have considerable differences between optimist and pessimist 

results (1 237 g/MJfinal for the FR – Rankine pathway). 
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Table 3. Results of CO2 (green and red indicate smaller and larger values) 

Pathway Medium[g/MJfinal] Optimist [g/MJfinal] Pessimist [g/MJfinal] 
Farmed wood 

IGCC 286.60 197.36 350.63 

Rankine cycle 982.95 865.23 1714.21 

Cofiring 445.14 186.54 824.59 

Forest residues    

IGCC 262.35 184.99 275.64 

Rankine cycle 902.51 787.45 2024.24 

Cofiring 444.01 186.48 784.23 

BLGCC 618.30 240.83 1132.87 

Manure    

Gas engine 157.78 128.39 169.11 

CCGT 49.68 27.17 57.49 

Municipal waste    

Gas engine 175.02 134.99 188.92 

CCGT 61.92 32.09 71.17 

 

The results obtained for CH4 emissions are presented in Table 4, the manure pathways have negative 

results due to the methane emissions credits, this means that by producing electrical energy by these 

pathways, the CH4 values in the atmosphere reduce. The big difference between the optimist and 

pessimist results in manure pathways is caused by the option of having an open fermenter in the 

pessimist scenario. The pathway using municipal waste as feedstock have 3.6 times more emission 

than wood pathways. 

 

Table 4. Results of CH4 (green and red indicate smaller and larger values) 

Pathway Medium[g/MJfinal] Optimist [g/MJfinal] Pessimist [g/MJfinal] 
Farmed wood 

IGCC 0.0180 0.0013 0.2255 

Rankine cycle 0.1008 0.0049 0.6874 

Cofiring 0.0216 0.0017 0.1883 

Forest residues    

IGCC 0.0115 0.0011 0.0407 

Rankine cycle 0.0936 0.0045 0.4361 

Cofiring 0.0163 0.0015 0.0692 

BLGCC 0.0350 0.0116 0.1478 

Manure    

Gas engine -7.1243 -8.0007 -2.7772 

CCGT -5.0352 -5.5108 -2.7949 

Municipal waste    

Gas engine 0.1658 0.0516 1.0824 

CCGT 0.1392 0.0536 0.1508 

 

Table 5 has the results obtained for N2O emissions, like the CH4 results, there’s also negative results, 

this is caused by the credits given by the coproduction of fertilizer with nitrogen has main ingredient (its 

utilization is propitious to N2O emissions). In all pathways, the difference between pessimist and optimist 

results is large, in the case of cofiring with forest residues, this difference is 6 974% of the medium value. 
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Table 5. Results of N2O (green and red indicate smaller and larger values) 

Pathway Medium[g/MJfinal] Optimist [g/MJfinal] Pessimist [g/MJfinal] 
Farmed wood 

IGCC 0.0380 0.0026 0.2457 

Rankine cycle 0.0662 0.0181 0.3860 

Cofiring 0.0093 -0.0010 0.2267 

Forest residues    

IGCC 0.0842 0.0048 0.0920 

Rankine cycle 0.0572 0.0178 0.0945 

Cofiring 0.0027 -0.0012 0.1851 

BLGCC 0.0622 0.0048 0.1153 

Manure    

Gas engine -0.0020 -0.0118 -0.0017 

CCGT -0.0011 -0.0081 0.0038 

Municipal waste    

Gas engine 0.0014 -0.0001 0.0015 

CCGT 0.0013 0.0000 0.0061 

 

The particle matter emissions results are in Table 6 (PM10) and 7 (PM2.5). The Rankine cycle pathways 

have the best results in the medium scenario for PM10 emissions, but in pessimist scenario these 

pathways emissions are only smaller than the cofiring ones. The cofiring emission are 31.7 times larger 

than the average of the other pathways. The wood pathways have large differences between pessimist 

and optimist results, in the case of Rankine cycle with forest residues, this difference is 4 324% of the 

medium result. 

The emission of PM2.5 have similar results to the PM10 emissions, being, in average 35% lower. The 

pathway that emits less PM2.5 is IGCC with use of forest residues, the cofiring are the ones that emit the 

more (like in PM10 emissions). 

 

Table 6. Results of PM10 (green and red indicate smaller and larger values) 

Pathway Medium[g/MJfinal] Optimist [g/MJfinal] Pessimist [g/MJfinal] 
Farmed wood 

IGCC 0.0168 0.0115 0.0358 

Rankine cycle 0.0141 0.0121 0.5917 

Cofiring 0.5726 0.2140 0.7722 

Forest residues    

IGCC 0.0458 0.0228 0.0500 

Rankine cycle 0.0130 0.0034 0.5662 

Cofiring 0.5721 0.2140 0.7555 

BLGCC 0.0306 0.0133 0.1551 

Manure    

Gas engine 0.0158 0.0142 0.0162 

CCGT 0.0170 0.0158 0.0175 

Municipal waste    

Gas engine 0.0195 0.0179 0.0205 

CCGT 0.0196 0.0185 0.0205 
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Table 7. Results of PM2.5 (green and red indicate smaller and larger values) 

Pathway Medium[g/MJfinal] Optimist [g/MJfinal] Pessimist [g/MJfinal] 
Farmed wood 

IGCC 0.0086 0.0057 0.0236 

Rankine cycle 0.0124 0.0107 0.5282 

Cofiring 0.3495 0.1467 0.8324 

Forest residues    

IGCC 0.0081 0.0057 0.0086 

Rankine cycle 0.0115 0.0067 0.5077 

Cofiring 0.3491 0.1466 0.8190 

BLGCC 0.0162 0.0068 0.1179 

Manure    

Gas engine 0.0156 0.0136 0.0165 

CCGT 0.0163 0.0149 0.0169 

Municipal waste    

Gas engine 0.0177 0.0162 0.0186 

CCGT 0.0178 0.0169 0.0184 

 

One way to measure the greenhouse effect caused by the emissions of several compounds is the 

equivalent carbon dioxide, calculated according to Equation 13. The equivalent CO2 emissions of the 

several pathways in the 3 scenarios are shown in Table 8. The pathway of CCGT with manure has 

negative results, because of its negatives results in CH4 emissions. The wood pathways emit more 

equivalent CO2 than the organic residues pathways. In average, CO2 emits 83% of equivalent carbon 

dioxide, CH4 emits 16% and N2O emits 1%. 

Wood pathways have a large variation in the equivalent carbon dioxide emission in the optimist and 

pessimist scenarios, this is causes by the differences in CO2 emissions, which is the GHG that most 

contributes to equivalent CO2. 

 

CO2equivalent
=CO2+25CH4+298N2O (Equation 13) 

 

Table 8. Results of equivalent CO2 (green and red indicate smaller and larger values) 

Pathway Medium[g/MJfinal] Optimist [g/MJfinal] Pessimist [g/MJfinal] 
Farmed wood 

IGCC 298.37 198.16 429.48 

Rankine cycle 1005.22 870.74 1846.43 

Cofiring 448.46 186.27 896.86 

Forest residues    

IGCC 766.35 371.33 839.57 

Rankine cycle 921.89 792.86 2063.31 

Cofiring 445.22 186.16 841.11 

BLGCC 637.72 242.54 1170.94 

Manure    

Gas engine 160.38 129.11 257.45 

CCGT -76.53 -110.19 -14.02 

Municipal waste    

Gas engine 179.58 136.26 216.41 

CCGT 65.77 33.43 76.77 

 

In each pathway, the process with most importance is the conversion to electrical power, being in most 

pathways the process with most emissions in the pathway and the one that limits the efficiency the more. 

Figures 2 to 4 show the results values of efficiencies and emissions of only the conversion processes 

(the emission values are in grams per MJ electrical energy leaving the process). It is possible to establish 

a connection between the efficiencies of these processes and the energy consumed in their pathways 
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(mostly for wood pathways). Relatively to CO2, PM10 and PM2.5 emissions, it is also possible to relate 

the process’s emissions to its pathways. In the case of CH4 and N2O emissions, the relation it’s not so 

obvious, because are other important aspects (emission credits and use of nitrogen fertilizer). 

 

 

Figure 2. Efficiency and CO2 emissions of the conversion processes 

 

 

Figure 3. Emissions of CH4 and N2O of the conversion processes 

 

 

Figure 4. Emissions of solid particles of the conversion processes 

 

Table 9 shows the results of the decision analysis the success indicates how close is a solution of an 

ideal solution in each decision method, being the last column the average of the success rates of the 3 

methods. Wind power is only used for reference. The best result in weak dominance is achieved by 

manure pathways. According to the strong dominance criterion, the best solution is the pathway of IGCC 

using forest residues, that dominates 2 other solutions (meaning that none of the solutions dominates 

totally all the others). Using the method of metric distance, the best solutions are the CCGT pathways. 

According to the decision method used, the chosen solution is different, however by looking at the 

average of the success rates, it’s possible to identify some pathways the that have better results: 1) 

manure – CCGT, 2) MW – CCGT; 3) manure – gas engine; 4) FR – IGCC. 

Figures 5 and 6 compare the results of equivalent CO2 with the energy consumed in each pathway, 

since the two indicators are the most commonly used in this area. These graphics can be useful if the 

these are the only two criteria of decision. 
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Figure 5. Equivalent CO2 and energy results for wood pathways 

 

 

Figure 6. Equivalent CO2 and energy results for organic residues pathways 

 

Table 9. Results of decision analysis (*maximum is 11, **relative to the reference solution) 

 
Pathway 

Weak 
dominance* 

Strong 
dominance* 

Metric 
(dn)** 

Success rate 

Weak 
dominance 

Strong 
dominance 

 (dn) Average 

Farmed 
wood 

IGCC 9 1 286.6 82% 9% 71% 54% 

Rankine cycle 9 0 983.0 82% 0% 0% 27% 

Cofiring 9 0 445.1 82% 0% 55% 46% 

Forest 
residues 

IGCC 10 2 262.3 91% 18% 73% 61% 

Rankine cycle 10 1 902.5 91% 9% 8% 36% 

Cofiring 10 1 444.0 91% 9% 55% 52% 

BLGCC 8 0 618.3 73% 0% 37% 37% 

Manure 
Gas engine 11 0 157.8 100% 0% 84% 61% 

CCGT 11 0 49.7 100% 0% 95% 65% 

Municipal 
waste 

Gas engine 10 0 175.0 91% 0% 82% 58% 

CCGT 10 0 61.9 91% 0% 94% 62% 

Wind 11 9 7,1 100% 82% 99% 94% 

 

 

4 Conclusions and future developments 

This work has the goal to develop a tool for the assessment of electricity production pathways from 

biomass, based on a life cycle analysis (LCA), supported on sensibility analysis and decision analysis. 

The final results show that none of the solutions dominates all the others in all the criteria, with solutions 

with good results in some criteria and worse in others. The pathway that uses gas engine with manure 

as feedstock has the best results in the emissions of CO2, CH4 and N2O. The pathway that consumes 

less energy to produce 1 MJ of electrical energy is the cofiring using forest residues. The emissions of 

PM10 are minimized in the pathway of Rankine cycle with forest residue as feedstock. The best result in 

PM2.5 emissions is achieved by the pathway of IGCC using forest residues.  
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It’s possible to see that pathways with organic residues as feedstock show better results than wood 

pathways (mostly in emissions). These results can be explained by the emissions credits given by the 

nitrogen fertilizer produced in the fermenter and the methane emissions avoided by the manure use. 

According to the results obtained, the greater contribution to greenhouse effect caused by the electricity 

produced from biomass are from CO2 emissions, although CH4 and N2O have greater coefficients in the 

equivalent carbon dioxide formula.  

The sensibility analysis indicates that input values chosen (between the all the data available in the 

literature) can affect considerably the final results, like the farming process that depends greatly on the 

values of energy and emissions in the nitrogen fertilizer production. The use of different technological 

equipment’s in transport and other processes is very significant. 

The global results show that there’s not a great difference between famed wood pathways and forest 

residues pathways in the studied criteria. However, the land change use effects were not accounted, 

the possible account of this effect in future works can change difference between farmed wood pathways 

and forest residues pathways. 

As none of the pathways totally dominates all the others in all criteria, the need of using a decision 

method is more evident to evaluate all the solutions. Different decision methods lead to different 

pathways chosen, however the simultaneous use of the 3 decision methods allows to identify a few 

pathways for a more detailed study. The pathways identified with best results are the one that use 

manure as feedstock, the pathway of CCGT using municipal waste and the pathway of IGCC with forest 

residues. 
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