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Abstract. This paper presents the characteristics of  utilization 

of forest residues in solid oxide fuel cell hybrid systems. A method is 
proposed to evaluate the profitability of these systems taking into 
account the point of view of the investor. On the other hand, and 
from the point of view of the electric distribution company, an 
algorithm is suggested to reduce power losses in distribution 
networks and purchased energy costs. 
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1. Introduction 

 
The Kyoto Protocol, approved in 1997, obliges countries to 
reduce greenhouse gas emissions. For the European Union the 
commitment is to reduce to 8% by the year 2010. The goal is 
to increase the contribution of renewable energy sources to 12 
% of the total energy supplied by 2010. The Directive 
2001/77/CE, forces member countries to adopt measures for 
production growth of electric power with renewable sources. 
Also, it noted that the main contribution for this execution 
could come from the biomass [1], [2]. 

Electricity production with renewable energies is 
completely linked with the distributed power generation that 
carries numerous benefits for the distribution network. 

The main advantage of biomass based power generation is 
that the cycle of growth and combustion of the biomass has a 
net zero level of CO2 production. Also, the use of biomass 
generates employment and rural economic development, 
where it takes place, contributing to sustainability. 
Nevertheless, and due to their particularities, it becomes 
necessary to prove that power generation from biomass is both 
technically and economically viable.  

For the optimal determination of sizing and location of the 
generation system in distribution network, it is necessary to 
minimize a function of costs. This function is composed for 
the sum of costs more important: the costs of energy losses 

                                                           
 
 

and the costs of purchased energy. 
This paper proposes a method for determining the optimal 
sizing and placement of solid oxide fuel cell (SOFC) system 
taking into account: 
- Profitability analysis of SOFC plant with forest residues 

as fuel (investor’s standpoint). 
- Minimizing power losses in distribution network and 

costs purchased energy (electric distribution company 
standpoint). 

 
2. Distributed Generation 

 
The history of electric power generation systems has been 
derived from large central station plants due to the economics 
of scale. Fossil fuel plants have represented the majority of 
this power generation. According to tradition, there was strong 
yearly demand growth, which was stable at around 6-7%. 
Environmental issues and the oil crisis began to introduce new 
problems for the power industry in the 1970s. By the 1980s, 
these factors and changes in the economy had led to much 
smaller demand growth of around 1.6-3%. Simultaneously, 
transmission and distribution (T&D) costs have grown from a 
historical level of 25% to around 150% of generation costs. 
T&D costs now represent almost two thirds of the capital 
expenditure budget for the utility industry. Thus, as a result of 
the reduced demand growth, increased T&D costs, intensified 
environmental concerns and various regulatory and 
technological changes, large central station plants are often 
impractical. The utility industry’s generation paradigm is 
shifting from economies of scale to something that has been 
coined economies of mass production [3]. 

The distributed generation (DG) is the generation of 
electricity by facilities sufficiently smaller than central 
generating plants as to allow interconnection at nearly any 
point in a power system. DG is not centrally planned, not 
centrally dispatched, usually connected to the distribution 
network and smaller than 50 – 100 MW [4]. 

DG options can be renewable sources such as photovoltaic 
systems, high temperature thermal solar system, wind 
turbines, mini-hydraulics and biomass. This definition also 
comprises the conventional small generators, internal 
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combustion engines, fuel cells and micro-turbines. 
The major technical advantages of DG are the following: 
- Reduced losses in the distribution network. 
- Improved voltage levels. 
- Reduced atmospheric contamination. 
- High efficiency. 
- Increased system reliability and security. 
- Improved power quality. 
- Increased distribution network capacity. 
The economic benefits basically are: 
- Reduced investments. 
- Reduced operation and maintenance costs. 
- Increased productivity. 
- Reduced fuel costs due to increased overall efficiency. 
- Increased security for critical loads [5]-[7]. 
 
3. Forest Residues 

 
Biomass is the organic matter of biological origin usable 

for other goals different to the alimentary (energetic, 
industrial, etc). It constitutes a renewable resource; their main 
components are carbon, oxygen, hydrogen and nitrogen. 

The forest residues constitute a form of biomass. They are 
not habitually convertible in by-products. However, they can 
be used as organic fuel. They are obtained of the following 
operations previously planned: 

- Forestry operations for enhancement of the forest mass 
(timber harvesting operations). 

- Cull trees from thinnings and final fellings. 
- Fire prevention tasks (surface mount cleaning, 

firebreaks, bushes cleaning, etc). 
The governments regulate the types of works to develop 

every year in determined areas according to the vegetation 
density, type of species, age, diameter, etc. After treatments 
the dispersed residues are generated.  Later, residues are piling 
and burning (what is applied currently). The near residues to 
forest tracks or roads can be piled by cavalry or skidders.  

The residues are not incinerated, they are collected and 
transported to the generation plant for their energetic 
utilization; the works for biomass exploitation begin here, they 
would be integrated in the dimensioning and optimization of 
the electric generation. The previous doesn’t suppose an 
increase of the cost, since the residues are not eliminated. 

The forest residues are concentrated and transported beside 
the forest road. The main harvesting methods are: 

- Extraction and chipping. 
- Bundling at the roadside, transport and chipping at the 

power plant. 
Bundling technology compresses the residues making high-

density bundles, it reduces the transport costs and minimizes 
its environmental impact. The bundling machine works at the 
roadside [8]. 

At the power plant, the residues are stored outdoors and 
before their use as fuel they are subjected to drying processes, 
chipping and milling. Later on, gasification and reforming 

process for the appropriate supply to generation system takes 
place.  

The added advantages of the use would involve the 
reduction of plagues, smaller environmental impact and 
decrease in the possibilities of fires, etc. 

Biomass exploitation depends on the following factors: 
- Vegetation density. 
- Type of species. 
- Age of vegetation. 
- Size of tops, needles, branches, etc. 
- Forest surface treated annually according to Forest Plans. 
- Accesses and average slope of the terrain. 
The forest residues can be collected when the average slope 

is less than 50%. Nevertheless, the major determinant is the 
terrain accessibility. The forest road density is directly related 
to the availability of forest residues. Considering that the 
biomass collection is economically feasible for a determined 
lateral distance to the forest roadside, the usable surface can 
be calculated by multiplying the forest road length by the 
lateral distance. Since these data are specific for each forest 
zone, they require a previous study. 

 
4. Gasification 
 

The options for conversion of biomass into electricity are 
combustion, gasification, integrated gasification combined 
cycle and pyrolysis. The biomass can be converted into 
producer gas by gasification (partial combustion) [9]. Biomass 
undergoes thermal decomposition at high temperatures (600-
1000ºC) to form gaseous components like carbon monoxide 
and hydrogen as well as impurities such as particulates and 
tars. The biomass is generally treated prior to its introduction 
into the gasifier. This involves drying and proper sizing of the 
feedstock before feeding to the gasifier. The characteristic of 
the gas produced varies with the type of fuel material, gasifier 
and conditions. The product gas from the gasification process 
can be used (after cleaning and conditioning) in turbines, 
boilers and engines for the generation of heat and electricity 
and for the production of synthesis gases for the manufacture 
of fuels and chemicals, or hydrogen for fuel cells [10].  

Gasifiers are classified as updraft or downdraft depending 
on the direction of flow of the biomass and the producer gas. 
In a downdraft gasifier the biomass and the gases flow are in 
the same direction (downwards). In a typical downdraft 
gasifier the biomass is fed from the top. It passes through the 
gasifier and undergoes the following sequence of processes-
drying, pyrolysis, oxidation and reduction. The gas formed is 
passed through a cooling and cleaning subsystem that usually 
consists of a cyclone for particulate removal and a scrubber 
for cooling and cleaning the gas (removing the tar). Some ash 
is formed from the oxidation reactions. The ash moves 
through the reduction zone and gets removed from the ash 
disposal system (grate and ash collection system). The typical 
composition of producer gas is 20-22% CO, 15-18% H2, 2-4% 
CH4, 9-11% CO2 and 50-53% N2 (by volume).This is a low 
calorific value fuel with a calorific value of 1000-1200 
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kcal/Nm3 [9]. 
 

5. Fuel Cell System 
 
A fuel cell is an electrochemical device that converts 

chemical energy directly into electrical energy. It is based on 
the inverse reaction of the electrolysis (H2 + ½ O2 → H2O + 
electrical energy). Different types of fuel cells exist with 
different performances and components. The classification is 
based on the electrolyte: proton exchange membrane fuel cell 
(PEMFC), phosphoric acid fuel cell (PAFC), molten carbonate 
fuel cell (MCFC), solid oxide fuel cell (SOFC), etc, [11]. 

The SOFC is composed of an electrolyte metallic oxide, no 
porous and good conductor. It can be manufactured in 
geometric different setups: planar, tubular, monolithic, etc. 
The SOFC is characterized fundamentally by their operating 
temperatures between 800 ºC and 1000 ºC. These high 
temperatures simplify system configuration by permitting 
internal reforming, accepting their components determined 
gases that are very polluting for another type of fuel cells. 

The operating high temperatures facilitate the development 
of cogeneration systems as well as hybrid power systems 
formed by the own fuel cell and gas turbine (GT). The thermal 
energy generated by electrochemical reactions in the fuel cell 
is utilized to produce more power output by a GT cycle. As a 
result, higher overall efficiency is expected (approximately 
60%) in comparison to that obtained from individual systems 
[11]-[13]. 

 
6. Profitability Analysis  
A. Technical dimensioning 

This study treats the feasibility of biomass energy systems, 
it is based on specific investment Is (€/MW) and the 
correlation between the plant power Pe (MW) and the net 
density of dry biomass yield, db (ton / km2 yr d.m. dry mass), 
in a surface of production, S (km2), considering S a circle with 
the centre situated in the power plant location and a radius R 
(km), S = π R2   [14]. 

Therefore, given the lower heat value of the biomass, H 
(MWh/ton), and the total mean efficiency of electric 
generation system, eff, the electricity produced, Eg, is equal to: 

)1(effHdbcpSEg ⋅⋅⋅⋅=  

Where: cp is a coefficient that is applied to take into 
account only the usable surface (areas near to the forest 
roads). 

Presuming a plant running time of T (h/yr), the electric 
power would be: 

)2(
T

effHdbcpSPe
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=  

B. Initial investment 
The initial investment (INV) for the design, construction of 

the generation plant and equipment necessary is expressed as: 
INV = Is · Pe                 (3) 

The governments of developed countries offer some 

support to the initial investment: incentives and low or 
interest-free loans. Only considering external financing and 
annual payments and not monthly, total payments for each 
year are:  
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N is the loan term in years. It is considered equal to the 
useful lifetime of the installation, N=Vu.  

i is the annual interest of the loan. 
inc is the ratio between the granted incentives and the 

initial investment. 
The present value of the initial investment from the user 

standpoint, INVU, is: 
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Where: 
Ki = 1 / (1 + d), being d the nominal discount rate. 
If the loan is not subscribed and the incentives are not 

received, that is to say, the investment is financed with own 
resources: 

)6(INVINVU =  
If the incentives are granted but the loan is not subscribed: 

)7()1( incINVINVU −⋅=  
With incentives and interest-free loans (i = 0): 
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C. Cash inflows 
The present value of the cash inflows (PVIN) is the sum of 

the present value from incomes obtained during the useful 
lifetime, Vu, from the sold electric energy, it can be written as: 
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Being: 
pg is the selling price of the injected electric energy to the 

network (€/MWh). 
Eg sold and produced electric energy (MWh/yr). 
Kg = (1 + rg) / (1 + d) 
rg the annual increase rate of the price of the sold energy. 
d the nominal discount rate. 

D. Cash outflows 
The present value of the cash outflows (PVOUT) is the sum 

of costs on present value during the useful lifetime of the 
plant, Vu. They are considered, the annual collection costs, Cc, 
annual transport costs, Ct, annual maintenance costs, Cm, and 
annual operation costs, Co. 

The annual collection costs of biomass are: 
Cc = Ccu ·cp · S · db                    (10) 

Where Ccu is the biomass collection unit cost (€/ton). 
The annual transport costs of biomass are: 
Ct = Ctu ·cp ·S · db · da             (11) 
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Where: da is the average distance (km) of the plant to the 
load point. Accepting S like a circle with the centre constituted 
by the power plant location, the average distance would be da 
= 2/3·R·cd, being cd≥1 the ratio between the distance through 
forest roads and the radial distance from the load point and the 
plant. 

Ctu is the transport unit cost (€ / ton km). 
The annual maintenance costs are: 
Cm = m · INV                 (12) 

INV is the total investment and m is a coefficient. 
The annual operation costs are written as: 
Co = Cou · (Ne + 2 · Pe)             (13) 

Cou is the average unit cost for employment (€ / emp yr) 
and Ne is the minimum number of necessary employments. 

Finally, the present value of the cash outflows (PVOUT) is: 
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Being: 
Kc = (1 + rc) / (1 + d) 
Kt = (1 + rt) / (1 + d) 
Km = (1 + rm) / (1 + d) 
Ko = (1 + ro) / (1 + d) 
Where: 
rc = Annual increase rate of the biomass collection cost. 
rt = Annual increase rate of the transport cost. 
rm = Annual increase rate of the maintenance cost. 
ro = Annual increase rate of the operation cost. 

E. Parameters related to the profitability analysis 
The present value (PV) of an investment is the present 

value of the cash inflows minus the present value of the cash 
outflows during the useful lifetime of the plant, therefore: 

PV = PVIN - PVOUT               (15) 
The net present value (NPV) is the present value minus the 

present value of its investment:  
NPV = PV - INVU               (16) 

The profitability index (PI) can be defined as the ratio 
between the net present value (NPV) of the project and the 
present value of the initial investment from the user 
standpoint, INVU: 

PI = NPV / INVU               (17) 
PI = (PV / INVU) – 1              (18) 

An investment is profitable when: 
NPV > 0  PI > 0 
 

7. Evaluation of the Placement and Sizing  
 
The proposed method is based, on the one hand, A) 

technical and economic analysis of plant to determine the 
minimum power system that provides profitability (investor’s 
standpoint), on the other hand, B) find out the best placement 
and size to minimize energy losses and purchased energy cost 

in a given distribution network (point of view of electric 
distribution company). 

For B), the algorithm proceeds as follows: 
- Select a possible location of the plant. 
- Calculate power flow and power loss. 
- Calculate the energy losses and purchased energy 

costs. 
- Rank location according to system costs. 
- Return to the step 2 increasing proportionally the 

power of the plant on the same location until a 
penetration level determined. 

- Repeat the process for others locations returning 
to the step 1. 

The results for each location and size of plant considered 
are valid if the range of the all buses voltage is acceptable. 

 
8. Calculation of Costs 

The energy losses and purchased energy costs are 
considered simultaneously.  The Total Costs, CTOT, is the sum 
of both. 

A. Cost of energy losses 
Electric power systems may suffer significant losses. The 

losses depend on the line resistance and currents and are 
usually referred to as thermal losses. While the line resistances 
are fixed, the currents are a complex function of the system 
topology and the location of the generation and load. 

Consider the well known power flow equations with 
complex power Si = Pi + jQi, injected at bus i as: 

∑
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Where Yij is the magnitude of the i-jth element of the bus 
admittance matrix, Vi is the voltage magnitude at the ith bus, 
γij is the angle of the i-jth element of the bus admittance matrix 
and δi is the phase angle of the voltage Vi. 

In this paper, only the real power injections as they relate 
to electric losses are of concern. The system losses can be 
expressed as: 

∑ ∑
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             (21) 

Where PL is the real power loss, PGi is the real power 
generated at the ith bus and PDi is the real power required at 
the ith bus [15]. 

Consider CLU the unitary cost of the energy loss (€/MWh), 
the total energy losses cost CL is: 

LLUL PCC ⋅=    (€/h)            (22) 

B.Cost of purchased energy 
In order to allow assessing the more convenient penetration 

level of DG in a given distribution network, the costs of 
purchasing energy from the grid CTr and from SOFC hybrid 
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system, CS, have been considered. 
The global cost of purchased energy CPE is: 

STrPE CCC +=    (€/h)            (23) 
 

9. Results and Discussion 
 

TABLE I.- Standard values 
 

Parameters Standard Values 
db (ton / km2 yr d.m.) 100 
H (MWh / ton) 4 
cp 0.25 
cd 1.50 
Ccu (€ / ton) 40 
Ctu (€ / ton km) 0.30 
Cou (€ / emp yr) 27000 
m 0.03 
Ne (employments) 8 
eff 0.60 
T (h/yr) 7500 
Is (€/MW) 3500000 
Vu (yr) 15 
pg (€/MWh) 69 
i 0.05 
d 0.10 
rg 0.04 
rc 0.06 
rt 0.08 
rm 0.04 
ro 0.04 
inc 0.50 

 
 Notes: 
- The value of pg is currently unitary selling price of the electric 

energy injected to the network for these generation systems in 
Spain [16], [17]. 

- Interest bonus of the loan is not considered. 
- The value of inc is currently applied for these systems in 

Andalusia, Spain [18]. 
 

A. Investor’s standpoint 
Fig. 1 and Fig. 2 show profitability index (PI) as a function 

of the electric power (Pe) of SOFC hybrid system and the 
radius (R), respectively. The objective of investor is to 
maximize the profitability. The optimum electric power is 
15.50 MW, to a radius of 22.70 km. 

PI is more than 0 with Pe>3 MW, R>10 km. Nevertheless, 
profitability is satisfactory to 4 < Pe < 60 MW. 

Thus, for R = 15 km the installed electric power is of 6.80 
MW. PI would be 0.2682 and NPV 2334000 €. The surface to 
treat with a radius of 15 km is 706.86 km2 (70686 hectares). 
Annual works should be assured in the selected surface to get 
a successful project. This supposes an approximate production 
of 100 ton /km2, therefore, the forest residues collected and 
exploited would be equal to 70686 ton/yr. 

 

 
Fig. 1. Profitability index represented as a function of the plant 
electric power. 

 
Fig. 2. Profitability index represented as a function of the radius. 

B. Electric distribution company standpoint 
A radial feeder with 11-bus, as shown in Appendix Fig A1, 

is applied to verify the method proposed. The simulated 
system is composed of uniformly distributed loads. The price 
of energy purchased from the wholesale electricity market is 
considered equal to 60 €/MWh, whereas the price of energy 
supplied by the SOFC system is equal to 69 €/MWh. 

The total costs, given in Fig. 3, are calculated according to 
the algorithm presented in Section 7, considering different 
placement along the feeder and different size of the SOFC 
system. 

Fig. 3 shows that the total cost is minimized (530 €/h) at 
the bus 9 with an installed plant power of 4 MW (penetration 
level of 50 %). Nevertheless, the global cost is reduced with 
electric powers between 1 MW and 6 MW, at the buses 6 to 
the 11.The range of the all buses voltage is considered 
acceptable for Pe ≥ 2 MW. 

Figs. 4 to 10, display the total costs with different sizes 
(between 1 MW and 8 MW) at the buses 5, 6, 7, 8, 9, 10 and 
11, respectively. 

Therefore, taking into account both standpoints, in this 
case, the electric power of the SOFC hybrid system would be 
between 4 MW and 6 MW, and located around the bus 9 
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(between the 6 and the 11 bus).  
 

 
Fig. 3. Total costs in respect of SOFC system each size and location. 

 

 
Fig. 4. Total costs. Generation system located at the BUS 5. 

 

 
Fig. 5. Total costs. Generation system located at the BUS 6. 

 

 
Fig. 6. Total costs. Generation system located at the BUS 7. 

 
 

 
Fig. 7. Total Costs. Generation system located at the BUS 8. 

 
 
 
 

 
Fig. 8. Total costs. Generation system located at the BUS 9. 
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Fig. 9. Total costs. Generation system located at the BUS 10. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 10. Total costs. Generation system located at the BUS 11. 
 

 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix 
 

 
 

Fig. A1. Radial feeder considered. 
 
 

TABLE A1. Parameters. 
 
 

Line Parameters R=0.538 Ω/km   X=0.4626 Ω/km 
Line length between two buses: 2.5 km 

R=0.2152 pu   X=0.1850 pu 
Bus Voltage = 25 kV 

Nº bus 1 2 3 4 5 6 7 8 9 10 11 

Total 
Load 
(MW) 

Load at each bus (MW) 0.0 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 8.0 
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10. Conclusion 
 
This paper has presented a method to determine the optimal 

size and location of SOFC hybrid systems. These systems 
using forest residues as fuel in distribution systems. The aim is 
to minimize the energy losses and purchased energy cost from 
the point of the view of the electric distribution company and 
maximize the profitability from the investor’s standpoint. The 
method is useful for any generation system that uses forest 
residues. 
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