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ABSTRACT 

Development of sustainable power plants has gained focus in the recent 
years and utilization of biomass resources are seen as a pathway towards a 
sustainable combined heat and power (CHP) production. Biomass resources 
are distributed, thus decentralized biomass conversion would avoid exten-
sive cost for biomass transportation. Traditional decentralized CHP plants 
suffer from low net electrical efficiencies compared to central power sta-
tions, though. Especially small-scale and dedicated biomass CHP plants 
have poor electrical power yield. Improving the electrical power yield from 
small-scale CHP plants based on biomass will improve the competitiveness 
of decentralized CHP production from biomass as well as move the devel-
opment towards a more sustainable CHP production. 
 
The aim of this research is to contribute to enhanced electrical efficiencies 
and sustainability in future decentralized CHP plants. The work deals with 
the coupling of thermal biomass gasification and solid oxide fuel cells 
(SOFCs), and specific focus is kept on exploring the potential performance 
of hybrid CHP systems based on the novel two-stage gasification concept 
and SOFCs. The two-stage gasification concept is developed and demon-
strated at the Technical University of Denmark and performs with a high 
cold gas efficiency, 93% (LHV), and a clean product gas suitable for elec-
trochemical conversion in SOFCs. 
 
A zero-dimensional component model of an SOFC, including an electro-
chemical model, is developed and calibrated against published data from 
Topsoe Fuel Cells A/S. The SOFC component model predicts the SOFC 
performance at various operating conditions and is suited for implementa-
tion in system-level models using the simulation software DNA. Further-
more, it is used for issuing guidelines for optimal SOFC operation. 
 
A system-level modelling study of three conceptual plant designs based on 
two-stage gasification of wood chips with a thermal biomass input of ~0.5 
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RESUMÉ (DANISH SUMMARY) 

Opmærksomhed på udvikling af bæredygtige kraftværker er forøget de se-
nere år, og udnyttelse af biomasseressourcer ses som en vej mod bæredygtig 
kraftvarmeproduktion. Biomasseressourcer dyrkes spredt, hvorved omsæt-
ning af disse biomasseressourcer i decentrale anlæg vil kunne reducere om-
kostninger forbundet med transport af biomassen. Dog lider traditionelle 
decentrale kraftvarmeværker under lav el-virkningsgrad sammenlignet med 
centrale værker. Specielt små og dedikerede biomassekraftvarmeværker har 
lavt el-udbytte. Forøget el-udbytte i decentrale biomassekraftvarmeværker 
vil forbedre konkurrenceevnen for små biomassekraftvarmeværker og skub-
be udviklingen mod en mere bæredygtig kraftvarmeproduktion. 
 
Formålet med denne forskning er at bidrage til forhøjede el-virkningsgrader 
og bæredygtighed i fremtidige decentrale kraftvarmeværker. Studiet om-
handler sammenkoblingen af termisk biomasseforgasning og fastoxid-
brændselsceller (Solid Oxide Fuel Cells, SOFCs) med fokus på vurdering af 
potentialet i kraftvarmeanlæg baseret på den udviklede totrinsfor-
gasningsproces og SOFC-brændselsceller. Totrinsforgasningsprocessen er 
udviklet og demonstreret på Danmarks Tekniske Universitet, og processen 
opnår en høj koldgasvirkningsgrad, 93 % baseret på nedre brændværdi 
(LHV), og producerer en ren forgasningsgas, som er anvendelig til elektro-
kemisk omsætning i SOFC-brændselsceller. 
 
En nuldimensionel komponentmodel af en SOFC, inklusiv en elektrokemisk 
model, er udviklet og kalibreret mod publicerede data fra Topsoe Fuel Cells 
A/S. SOFC-komponentmodellen beregner el-virkningsgraden af brændsels-
cellerne afhængig af operationsbetingelser, og modellen er velegnet til brug 
i systemmodellering ved brug af simuleringsværktøjet DNA. Ydermere an-
vendes SOFC-komponentmodellen til at stikke retningslinjer for optimal 
drift af brændselscellerne. 
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Chapter 1 INTRODUCTION 

1.1 MOTIVATION 

Development of sustainable and efficient combined heat and power (CHP) 
plants have gained more attention as climate change, security of the supply, 
and depletion of fossil fuels have become increasingly well-known issues. 
Biomass represents a sustainable alternative to fossil fuels because conver-
sion of biomass is carbon-neutral as long as re-planting takes place. Bio-
mass releases the same amount of CO2 during combustion as previously 
captured during growth. 
 
Distributed production of biomass feedstocks results in increased cost for 
fuel transportation, thus local conversion of biomass to electricity and heat 
can minimize this cost. Still, the most cost-effective biomass use for power 
generation at present is co-firing in large modern coal power plants [1]. This 
is due to the high electrical efficiency in modern central power stations 
compared to decentralized and smaller plants. Modern central coal power 
plants can obtain net electrical efficiencies of around 50%, while the per-
formances of decentralized and smaller power plants (<30 MWe) typically 
suffer from significantly lower electrical efficiencies. Especially decentral-
ized and dedicated biomass CHP plants suffer from low electrical efficien-
cies, reaching only 30-34% on dry biomass in the typical size of 5-25MWe 
[1]. Thus, the main barriers for widespread use of biomass in CHP produc-
tions are low conversion efficiency and distributed biomass feedstocks. 
Therefore, focus should be kept on developing more efficient decentralized 
CHP plants for use of local biomass feedstocks. Furthermore, decentralized 
power generation is located closer to the end-user, thus reducing grid losses 
and expanding the potential for district heating. 
 
Efficient power producing technologies for small-scale production typically 
include gas engines, gas turbines, and fuel cells – all of which require gase-

1 
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ous fuel. An efficient way of reforming biomass into a usable gaseous fuel 
is by thermochemical processing in a gasifier. Therefore, combining thermal 
biomass gasification and efficient product gas conversion may enable the 
design of a sustainable and efficient small-scale CHP plant. The Biomass 
Gasification Group at The Technical University of Denmark (DTU) has de-
veloped a novel and efficient two-stage gasification process (Viking [2]), 
which produces a very clean product gas from wood chips. The cleanliness 
of the product gas is very important for many downstream conversion proc-
esses, e.g., fuel cells. 
 
Fuel cells present an opportunity to achieve significant efficiency improve-
ments of electricity producing plants. Especially the fuel cell type SOFC 
(Solid Oxide Fuel Cell) has the advantage of efficient power production. 
Furthermore, SOFCs operate with high exhaust gas temperature, which can 
be utilized for additional power generation in heat engines or used for other 
heating purposes, whether internal in or external to the system. The Danish 
SOFC developer Topsoe Fuel Cell A/S claims that the electrical efficiency 
of distributed power generation can be increased from average 40% in tradi-
tional power plants to 55% when using SOFC technology [3]. SOFCs can 
electrochemically convert H2 and CO to electricity and heat as well as inter-
nally reform CH4 into more H2 and CO due to their high operating tempera-
ture and the presence of a nickel catalyst. Compared to other fuel cell types, 
these conversion pathways make SOFCs very fuel flexible and ideal for 
conversion of product gas from thermal gasification. 
 
The usability of a fuel cell is limited without auxiliary components to supply 
reactants, perform heat management, and do power conditioning. To exploit 
the great potential of fuel cells, the system of auxiliary components sur-
rounding the fuel cell (BoP – Balance of Plant) needs to be properly de-
signed and optimized. Traditionally, the area of fuel cell research mainly 
focus on materials, electrochemistry, and stack development, but research 
within the function and design of the complete system is just as important 
and will in time gain more focus as the commercial usage of fuel cells ap-
proaches. 
 
The combination of thermal gasification and SOFCs is very interesting in 
the context of utilizing local biomass for decentralized CHP production, as 
long as the SOFCs can tolerate the alternative gas composition fed to the 
fuel cells. EU projects (e.g., BioCellus [4] and Green-Fuel-Cell [5]) have 
investigated the impact on SOFCs when using product gas from thermal 
biomass gasification. In the BioCellus project, single SOFCs fuelled with 
product gas from the DTU two-stage gasifier (Viking) were tested, and ini-
tial tests showed no significant degradation from impurities even at low 
steam-to-carbon (S/C) ratios. 
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A research project dealing with plant layout and optimization of the combi-
nation of gasification and SOFC technology can investigate different possi-
bilities of process integration aiming at high net electrical efficiency. 

1.2 OBJECTIVES 

The overall aim of this research is to contribute to enhanced electrical effi-
ciencies and sustainability in future decentralized CHP plants. For reasons 
described in the motivation above, the work is focused on studying the po-
tential of combining thermal biomass gasification and SOFCs. 
 
More specifically, the research aims to: 
 

I. Investigate potential performances of small-scale CHP plant designs 
based on the two-stage gasification concept (Viking) and downstream 
power and heat generation from SOFCs. 

 
II. Develop an SOFC component model with the sufficient level of details 

to perform plant simulations at various operating conditions. 
 
III. Locate any optimum of crucial operating parameters with regard to the 

system performances, and determine the systems’ sensitivity to these 
operating conditions, especially operating conditions related to the 
SOFCs. 

 
IV. Identify the best-performing plant concept and complete an optimiza-

tion of the system layout and operating parameters to reveal the poten-
tial performance of two-stage gasification and SOFC hybrid systems. 

1.3 METHODOLOGY 

The applied methodology for the present research study can be divided into 
seven steps as listed below. In practice, several steps were conducted in par-
allel rather than sequentially. 
 

1. Development of three conceptual plant designs based on literature re-
view. 

 
2. Development of a zero-dimensional SOFC model able to handle prod-

uct gas from thermal biomass gasification as fuel and prepared for in-
tegration in a network of component models to enable plant simula-
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tions. Calibration of the predicted SOFC performance and completion 
and assessment of a model test by a parametric study. 

 
3. Development and calibration of a steady-state system-level model of 

the two-stage gasification plant. 
 

4. Development of complete steady-state system-level models of the 
three conceptual plant designs. 

 
5. Parametric study of the plant performances by plant simulations. 

 
6. Conduction and assessment of 1st and 2nd law analyses to identify inef-

ficiencies within the best-performing plant of the three studied plant 
concepts and suggest suitable system optimization efforts. 

 
7. Simulations and assessment of an optimized version of the best-

performing plant of the three studied plant concepts. 
 
As mentioned, the aim is to address an enhanced performance of decentral-
ized CHP plants, but the scale of the modelled plant configurations in this 
study is limited to the largest demonstrated size of the two-stage gasification 
concept, ~0.5 MWth (LHV). The optimized plant design from this work can 
then directly be used for a future demonstration plant or form the basis for 
the design of full-scale decentralized CHP plants in the MWe class based on 
thermal biomass gasification and SOFCs. 

1.4 THESIS OUTLINE 

The thesis is divided into eight chapters. Following this first chapter and 
based on literature review, Chapter 2 includes a description of thermal bio-
mass gasification (including the two-stage gasification concept), SOFCs, 
and relevant issues concerning coupling of thermal biomass gasification and 
SOFCs. Furthermore, Chapter 2 describes the history and current develop-
ment status of gasifier and SOFC hybrid systems. In Chapter 3, three plant 
concepts are chosen for further investigation and the system layouts are de-
scribed. Chapter 4 provides a detailed description of the developed SOFC 
component model, including an electrochemical model predicting the SOFC 
performance depending on operating conditions. Additionally, a calibration 
and parametric study of the SOFC model is described in Chapter 4. The de-
veloped system-level models of the three plant scenarios are presented in 
Chapter 5 including modelling and calibration of the two-stage gasification 
process. In Chapter 6, the simulation results of a parametric system study 
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are presented and an assessment of the key plant performance data is per-
formed. Chapter 7 includes an optimization of the best-performing plant of 
the three studied based on 1st and 2nd law analyses. Furthermore, the per-
formances of the original and optimized plants are compared. Finally, 
Chapter 8 summarizes the findings of this research and gives recommenda-
tions for further work. 
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Chapter 2 BASIS FOR THE STUDY OF COU-
PLING GASIFICATION AND SOFCS 

To be able to understand the issues of combining thermal gasification of 
biomass with SOFCs, it is necessary to understand the processes inside a 
biomass gasifier as well as inside an SOFC. The fundamentals of these 
technologies are briefly described in this Chapter along with an overview of 
gas cleaning technologies and a description of the history and state-of-the-
art of integrated biomass gasification and SOFC systems. 

2.1 THERMAL BIOMASS GASIFICATION 

Main processes to convert biomass into power or fuels are biochemical con-
version and thermochemical conversion. Biochemical conversion uses the 
path of fermentation or anaerobic digestion, while thermochemical conver-
sion paths consist of pyrolysis, gasification, and combustion [6]. Combus-
tion produces heat whereas pyrolysis and gasification produce combustible 
gaseous compounds for easier use in subsequent fuel and/or power produc-
tion. In the following, the processes inside a gasifier will be described 
briefly followed by a short overview of gasifier designs and a description of 
the two-stage gasification concept. 

2.1.1 THE PROCESSES INSIDE A GASIFIER 
Pyrolysis (devolatilization) decomposes carbonaceous materials by heat in 
the absence of oxygen. Gases, small quantities of vaporized liquid (tars1), 
and a solid residue (char), containing fixed carbon and ash, are produced as 

                                                 
1 Defined by Milne [7] as: ”The organics, produced under thermal or partial-oxidation re-
gimes (gasification) of any organic material, are called “tars” and are generally assumed to 
be largely aromatic.” 





Chapter 2: Basis for the Study of Coupling Gasification and SOFCs 

9 

as vaporized liquids. At lower temperatures many tar compounds condense, 
entailing risk of plugging or fouling equipment. Sulphur compounds in the 
produced gas originate from the sulphur content in gasifier feedstock. Bio-
mass feedstocks have low sulphur content compared to coal. Minerals in the 
ash of the feedstock vaporize at temperatures about 700°C, and alkali com-
pounds can be formed. These alkali compounds condensate into/on solids in 
the gas flow at around 650°C and can deposit and/or be corrosive to metal 
surfaces. Proper removal of particulates at lower temperatures will signifi-
cantly reduce alkali loading. Ammonia is the primary nitrogen-containing 
compound formed, and it originates from the nitrogen content in the feed-
stock. Usually, ammonia in the product gas is undesired because it leads to 

Ox formation when burned. [10] 

], and comments on gas cleaning techniques are given 
later in this Chapter. 

g the downdraft gasifier is higher than 
that of the updraft design. [10] 

N
 
Both particulate and tar loading are very depended on the gasifier design, 
whereas sulphur, alkali, and nitrogen-containing compounds depend on the 
feedstock. The heating value of tars is not negligible, so it is desired that 
they are converted in the gasifier or utilized in some way. More details on 
contaminants from biomass gasification can be found in the DOE/NREL 
report by Stevens [10

2.1.2 GASIFIER DESIGNS 
Generally gasifiers can be divided into two design types; fixed bed and 
moving bed. Fixed bed gasifiers are characterized by a reactor design where 
a solid fuel feed is added in the top and stationary placed in a bed as shown 
in Figure 2.1. Fixed bed gasifiers can be updraft or downdraft gasifiers, and 
the difference is the direction of the gasifying agent flow compared to the 
solid fuel (co-current vs. counter-current), also shown in Figure 2.1. In the 
updraft gasifier, the partial oxidation takes place in the bottom heating the 
gasification of char, the pyrolysis process, and the drying zone on top. The 
produced gas is cooled through the drying zone, and tars and different hy-
drocarbons from the pyrolysis process escape easier because they do not 
pass through the hot char bed or the oxidation zone. In the downdraft gasi-
fier, the partial oxidation takes place between the pyrolysis and char gasifi-
cation zones. Here, the pyrolysis products pass through the oxidation zone 
and the hot char bed reducing the tars and hydrocarbons. Therefore, the 
temperature of the product gas leavin
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Figure 2.1: Sketches of an updraft (left) and a downdraft (right) autothermal fixed bed 

gasifier [figures of unknown origin]. 
 
The lower temperature of the exiting product gas in the updraft gasifier en-
sures a more efficient gasification than in the downdraft gasifier because the 
heat losses are lower. On the other hand, the downdraft gasifier produces a 
cleaner gas than the updraft gasifier (see Table 2.1). Fixed bed gasifiers can 
be built in small to medium scale (up to a few MWth) [10]. 
 

Table 2.1: Particulate and tar levels from different biomass gasifier designs [10]. 
Gasifier type Particulate loading 

[g Nm-3] 
Tar loading 
[g Nm-3] 

Fixed bed   
 Downdraft 0.1-0.2 0.1-1.2 
 Updraft 0.1-1.0 20-100 
Moving bed   
 Bubbling fluidized bed 2-20 1-15 
 Circulating fluidized bed 10-35 1-15 

 
Moving bed gasifiers are defined as gasifiers where the bed material is ei-
ther fluidized by the gasifying agent or entrained in a gas flow and co-fed 
with an oxidant to a reactor working as a burner operating at fuel rich condi-
tions. Fluidized bed gasifiers can be bubbling fluidized bed gasifiers or cir-
culating fluidized bed gasifiers. In the bubbling fluidized bed gasifier, the 
bed material is agitated by the gasifying agent flowing through it. In the cir-
culating fluidized bed gasifier, the bed material is circulated between the 

Solid fuel feed Solid fuel feed 

Product 
gas 

Drying 
Gasifying 
agent 

Drying 

Pyrolysis 

Partial oxidation 
Pyrolysis 

Char gasification Char gasification 
Partial oxidation Product 

gas Gasifying 
agent 

Ash Ash 



Chapter 2: Basis for the Study of Coupling Gasification and SOFCs 

11 

gasifier and typically a cyclone separating gas from bed material. The bed 
material is recirculated to the gasifier, and heating of the gasifier can either 
be by partial oxidation in the gasifier or by indirect heating through heating 
of the circulating bed material. Turbulence in the moving bed gasifiers en-
sures effective mixing and heat transfer, but also higher levels of particu-
lates in the product gas (see Table 2.1). The tar loading is higher than the 
downdraft fixed bed gasifier but lower than the updraft gasifier, and the 
product gas leaves the moving bed gasifiers at relatively high temperatures. 
Moving bed gasifiers can be sized for medium-scale to large-scale facilities 
(MWth scale). [10]   

2.1.3 TWO-STAGE GASIFICATION 
In the so-called Viking gasifier (75 kWth [2]) demonstrated by the Biomass 
Gasification Group at the Technical University of Denmark, the pyrolysis 
and gasification processes are divided into two separate reactors as depicted 
in Figure 2.2. Wet biomass (wood chips) is fuelled to the first reactor where 
drying and pyrolysis takes place, before the pyrolysis products (600°C) are 
fed to the second reactor, which is a downdraft fixed bed char gasifier. The 
drying and pyrolysis reactor is externally heated, in this case by the exhaust 
gas from a gas engine fuelled with the producer gas. In between pyrolysis 
and char gasification, partial oxidation of the pyrolysis products provides 
the heat for the endothermic char gasification reactions by addition of pre-
heated air, and a temperature of 1100-1300°C is reached in this zone. Char 
is gasified in the fixed bed, where H2O and CO2 act as gasifying agents in 
the char gasification reactions at temperatures of 1100-800°C [11]. The Vi-
king gasifier operates near atmospheric pressure. 
 

 
Figure 2.2: Flow sheet of the Viking gasifier [2]. 
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a b s t r a c t

A system level modelling study of three combined heat and power systems based on biomass gasi“cation
is presented. Product gas is converted in a micro gas turbine (MGT) in the “rst system, in a solid oxide fuel
cell (SOFC) in the second system and in a combined SOFC…MGT arrangement in the third system. An elec-
trochemical model of the SOFC has been developed and calibrated against published data from Topsoe
Fuel Cells A/S and the Risø National Laboratory. The modelled gasi“er is based on an up scaled version
(� 500 kW th) of the demonstrated low tar gasi“er, Viking, situated at the Technical University of Den-
mark. The SOFC converts the syngas more ef“ciently than the MGT, which is re”ected by the energetic
electrical ef“ciency of the gasi“er and MGT system in opposition to the gasi“er and SOFC con“guration
…gel = 28.1% versusgel = 36.4%. By combining the SOFC and MGT, the unconverted syngas from the SOFC
is utilised in the MGT to produce more power and the SOFC is pressurised, which improves the ef“ciency
to as much as gel = 50.3%. Variation of the different operating conditions reveals an optimum for the cho-
sen pressure ratio with respect to the resulting electrical ef“ciency. Furthermore, the SOFC operating
temperature should be kept high and the cathode temperature gradient maximised.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Development of sustainable and ef“cient production plants
with combined heat and power (CHP) have gained more attention
as climate change and the security of the supply and depletion of
fossil fuels have become increasingly well-known issues. The share
of biomass in CHP production is expected to increase in the future
and decentralised CHP plants are of interest to avoid the cost asso-
ciated with biomass transportation. Ef“cient power producing
technologies for small scale production typically include gas en-
gines, micro gas turbines (MGT) and fuel cells … all of which require
gaseous fuel. Gasi“cation can deliver biomass-based gaseous fuel.
Therefore, combining biomass gasi“cation and ef“cient syngas
conversion may enable the design of a sustainable and ef“cient
CHP plant.

Solid oxide fuel cells (SOFCs) can electrochemically convert H 2

and CO as well as internally reform CH 4 into more H 2 and CO
due to their high operating temperature and the presence of a nick-
el catalyst. These conversions make SOFCs very fuel ”exible and
ideal for syngas conversion compared to other fuel cell types.

The performance and system design of integrated biomass gas-
i“er and SOFC systems have been investigated by several research-
ers … “rst by Alderucci et al. in 1994 [1] and later by others [2…4].

An alternative design including heat pipes to thermally integrate
an SOFC stack and an allothermal gasi“er have also been published
[5…8]. A major issue of combining gasi“cation and SOFCs has
proved to be gas cleaning, as SOFCs have strict requirements for
fuel cleanliness [9,10] .

Usage of gas turbine technology in combination with biomass
gasi“cation and SOFCs to improve system performance has also
been shown. Ef“ciencies near 60% (LHV) should be achievable for
large scale plants in the 5 MW e class [11] . A few researchers have
looked at small scale plants using MGTs [7,12,13] , but Fryda et al.
[13] was the only group to compare the performance of a hybrid
CHP system consisting of an autothermal gasi“er feeding either
an MGT, an SOFC or both combined. The best performing coupling
used both the SOFC and MGT and obtained an electrical ef“ciency
of approximately 40% (LHV).

This study focus on the potential of using the concept of a dem-
onstrated two stage autothermal (air blown) “xed bed biomass
gasi“er in a small scale CHP plant ( � 500 kW th) together with an
SOFC and/or MGT. This gasi“er plant, named Viking, produces a
very clean gas, avoiding the need for advanced gas cleaning, and
performs with a high cold gas ef“ciency of 93%. Viking was devel-
oped at the Technical University of Denmark and is demonstrated
in a size of 75 kW th integrated with a gas engine performing with a
biomass to electricity ef“ciency of approximately 25% (LHV). De-
tails of this plant can be found in [14,15] . Hofmann et al. [16] oper-
ated an SOFC on cleaned syngas from the Viking gasi“er for 150 h
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without degradation. Furthermore, the impacts of varying the
operating conditions of the SOFC and MGT are studied and dis-
cussed and the sensitivity of the total electrical system ef“ciency
to these operating conditions are examined. From an electrical ef“-
ciency point of view, the optimal operating conditions are clari“ed.
Economic aspects will in”uence the feasibility of the studied plant
concepts, but economics are without the scope of this work and, as
SOFCs are not fully commercialised, the future cost of SOFCs is
uncertain.

The present study is based on steady-state process modelling
combining zero-dimensional component models using the simula-
tion tool Dynamic Network Analysis (DNA) [17] . DNA, which was
developed at The Technical University of Denmark, is a compo-
nent-based tool that incorporates thermodynamic property data.

A component model of the SOFC has been developed for the
purpose of this study. The SOFC model includes an electrochemical
model and takes the operating conditions of the SOFC, e.g., the
operating temperature and pressure as well as the gas composi-
tion, fuel utilisation and load (current density), into account when
predicting the SOFC performance.

2. System description

Three combined heat and power system con“gurations are
investigated in this study. They are based on syngas production
from an up scaled Viking gasi“er. A ”ow sheet of the three systems
is depicted in Fig. 1. The modelled gasi“er system is slightly simpli-
“ed, but it aims at the same resulting gas composition and cold gas
ef“ciency as the Viking gasi“er. In the modelled gasi“er, the dryer
is heated by hot syngas. The steam production from the dryer is

added to the preheated air, and dry wood together with mixed
air and steam are fed to the gasi“er. The raw product gas is cooled
to 90 � C in three steps, including air preheating, wood drying and
syngas cooling, which produce hot water for district heating. The
cooled syngas is then cleaned to remove impurities, such as parti-
cles, before some of the water in the gas is condensed through
cooling to 50 � C. The cleaned and partly dried syngas is then con-
verted into electricity and heat in a bottoming cycle consisting of
an SOFC, an MGT or a combination of both the SOFC and the
MGT. These three system con“gurations will be referred as the
Gasi“er…MGT, Gasi“er…SOFC and Gasi“er…SOFC…MGT con“gura-
tion, respectively. In the Gasi“er…SOFC…MGT con“guration, all of
the components in the ”ow sheet are in use, see Fig. 1. With
respect to Fig. 1, the recuperator and gas turbine expander are by-
passed in the Gasi“er…SOFC case, whereas the SOFC and preheaters
are bypassed in the Gasi“er…MGT arrangement. Thus, the syngas
and air compressors work as blowers in the Gasi“er…SOFC case
due to the lack of pressurisation. In addition, the syngas compres-
sor works as a suction blower for the gasi“er system. A generator
(not illustrated) is situated on the axis of the gas turbine and it pro-
duces the net electric MGT power. In the Gasi“er…SOFC con“gura-
tion, the syngas and air blowers are driven by an electric motor.

3. Plant model

3.1. Gasi“er model

The gasi“er component calculates the produced syngas compo-
sition and produced ashes based on the inlet media composition
and the operating conditions. The input parameters de“ning the

Nomenclature

aohm coef“cient (k X cm)
bohm coef“cient (K)
CC carbon conversion factor (…)
Eact activation energy (J mol � 1)
E reversible open circuit voltage (V)
ex exergy (W)
F Faradays constant (C mol � 1)
gf Gibbs free energy (J mol � 1)
hf enthalpy of formation (J mol � 1)
i current density (mA cm � 2)
in internal current density (mA cm � 2)
i0 exchange current density (mA cm � 2)
LHV lower heating value (kJ kg � 1)
_m mass ”ow (kg s � 1)

METH fraction of non-equilibrium methane (…)
_n molar ”ow (mol s � 1)
ne number of transferred electrons for each molecule of

fuel (…)
p pressure (bar)
P power production (W)
PR pressure ratio (…)
QDH district heating production (J s � 1)
r area speci“c resistance of one or all layers (k X cm2)
R universal gas constant (J K � 1 mol � 1)
T temperature (K)
UF fuel utilisation factor for fuel cell (%)
V potential/overpotential (V)
x mass fraction (…)
y molar fraction (…)

Greek letters
d fuel cell layer thickness (cm)
D change/difference
gCHP energy based combined heat and power ef“ciency (%)
gcg cold gas ef“ciency of gasi“er (%)
gel energy based electrical ef“ciency (%)
gex,CHP exergy based combined heat and power ef“ciency (%)
gex,el exergy based electrical ef“ciency (%)
grev reversible fuel cell ef“ciency (%)
gv voltage ef“ciency of fuel cell (%)
c exchange current density constant (mA cm � 2)
q resistivity (k X cm)

Superscript
0 standard conditions

Subscripts
a anode
act activation
c cathode
C carbon
cell single fuel cell
con consumption
e electrolyte
elec electrode
i interconnect
in inlet stream
ohm ohmic
out outlet stream
th thermal
tot total
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operating conditions for the gasi“er submodel are given in Table 1.
The gasi“er pressure loss is de“ned as the difference between the
inlet air and steam mixture and the outlet syngas.

In the gasi“er, the incoming ”ows are converted into syngas
and ashes. The ashes are represented by SiO2 and unconverted car-
bon. SiO2 originates from a de“ned content in the inlet biomass,
while the unconverted carbon is controlled by a de“ned carbon
conversion factor ( CC). The amount and composition of ash are cal-
culated by the following equations:

_mash;out ¼ _mwood ;in ½xSiO2;in þ xC;in ð1 � CCÞ� ð1Þ

xSiO2;out
¼

_mwood ;in xSiO2;in

_mash;out
ð2Þ

xC;out ¼ 1 � xSiO2;out ð3Þ

The syngas can consist of the following species: H 2, N2, CO, CO2,
H2O, CH4, H2S and Ar. It is assumed that chemical equilibrium is
reached at the operating temperature and pressure, where the total
Gibbs free energy is minimised. With this assumption, the syngas
outlet composition can be found by the Gibbs free energy minimi-
sation method [18] . An option for bypassing methane in the
equilibrium calculations is included in order to reach syngas com-
positions, which contain more methane than in the corresponding
composition at equilibrium. Thus, the syngas composition can be
adjusted to match realistic syngas compositions, e.g., from the Vik-
ing gasi“er. The input parameter METH is used for this bypass op-
tion and is de“ned as the fraction of methane that is not included
in the equilibrium calculations and instead appears in the outlet
syngas.

3.1.1. Gasi“er model validation
Model validation for the gasi“er is done for the entire gasi“ca-

tion plant, from the biomass input to the cleaned and dried syngas.
Thus, data from the Viking gasi“er plant can be used for validation.

Wood chips from beech with small amounts of oak are used in
the model, which is in line with the wood chips used in the Viking
gasi“er reported in Ahrenfeldt et al. [15] . As seen in Table 2, the

Fig. 1. Flow sheet of the gasi“er system with SOFC and/or MGT.

Table 1
Inputs to the gasi“er submodel.

Operating pressure pgasi“er
a 0.998 bar

Operating temperature Tgasi“er
a 800 � C

Pressure loss Dpgasi“er 5 mbar
Carbon conversion factor CC 1
Non-equilibrium methane METH 0.01

a Equals the gasi“er outlet.
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produced syngas composition and the lower heating value (LHV)
from the gasi“er model are close to the Viking data. The CO 2 con-
tent shows the greatest variance, whereas the resulting LHVs are
similar. The overall performance of the modelled gasi“er is also
similar to that of the Viking gasi“er, as indicated by the cold gas
ef“ciencies. The cold gas ef“ciency is de“ned in Eq. (4). The value
of the cold gas ef“ciency is higher than traditional downdraft gas-
i“ers, but it is ensured by the two stage design [15] .

gcold gas ¼
_mcold product gas LHVcold product gas

_mbiomassLHVbiomass
ð4Þ

3.2. Solid oxide fuel cell model

The SOFC stack component calculates the air and fuel outlet
compositions and the power production. The calculations are
based on the inlet air and fuel compositions and ”ow rates as well
as the other operating conditions of the SOFC. The SOFC submodel
includes an electrochemical model for predicting the performance
of the SOFC. The operating conditions are partly described by input
parameters given to the SOFC submodel. These parameters are pre-
sented in Table 3.

In the submodel only H 2 is electrochemically converted in the
SOFC anode, but the model takes into account that CO produces
an extra H 2 molecule through the water…gas…shift (WGS) reaction,
while four additional H 2 molecules are produced from CH 4 through
internal steam reforming and WGS of produced CO (full conversion
is assumed). The total molar ”ow of H 2 on the anode after internal
steam reforming and WGS is expressed in the following equation:

_nH2;tot ¼ _nH2;in þ _nCO;in þ 4 _nCH4;in ð5Þ

H2 þ O2� ! H2O þ 2e� ð6Þ

1
2

O2 þ 2e� ! O2� ð7Þ

H2 þ
1
2

O2 ! H2O ð8Þ

The amount of H 2 that is electrochemically converted depends
on the fuel utilisation factor ( UF). The electrode reactions and the
overall fuel cell reaction are as shown in Eqs. (6)…(8).

The overall fuel cell reaction reveals that the amount of con-
sumed O2 is half the amount of consumed H 2. The cathode outlet
composition is calculated by the following equations; the only spe-
cies taken into account are O 2, N2, CO2, H2O and Ar.

_nO2;con ¼
UF _nH2;in

2
ð9Þ

_nc;out ¼ _nc;in � _nO2;con ð10Þ

yO2;out ¼
_nc;in yO2;in � _nO2;con

_nc;out
ð11Þ

yj;out ¼
_nc;in yj;in

_nc;out
; j ¼ f N2; CO2; H2Og ð12Þ

yAr;out ¼ 1 � yO2;out � yN2;out � yCO2;out � yH2O;out ð13Þ

The fuel composition leaving the anode is calculated by the
Gibbs free energy minimisation method [18] as described for the
gasi“er submodel. Chemical equilibrium at the anode outlet tem-
perature and pressure is assumed for the following species: H 2,
CO, CO2, H2O, CH4 and N2. The equilibrium assumption is fair be-
cause the methane content in this study is low.

Power production from the SOFC depends on the amount of
chemical energy fed to the anode, the reversible ef“ciency ( grev),
the voltage ef“ciency ( gv) and the fuel utilisation factor ( UF). It is
de“ned in mathematical form in the following equation:

PSOFC¼ ½ðD�hf ÞH2
_nH2;in þ ðD�hf ÞCO

_nCO;in þ ðD�hf ÞCH4
_nCH4;in �grevgvUF

ð14Þ

The reversible ef“ciency is the maximum possible ef“ciency de-
“ned as the relationship between the maximum available electrical
energy (change in Gibbs free energy) and the change in enthalpy of
formation, both of which are associated with full oxidation of the
fuel. This relationship is shown in the following equation:

grev ¼
ðD�gf Þfuel

ðD�hf Þfuel

ð15Þ

In this model, the change in enthalpy of formation is the LHV.
The voltage ef“ciency expresses the electrochemical performance
of the SOFC. The calculation of voltage ef“ciency is described in
the following section.

3.2.1. Electrochemical model
The electrochemical model is used to calculate the cell potential

and voltage ef“ciency of the SOFC. Both of these values depend on
the operating conditions, including the temperature, pressure, gas
compositions, fuel utilisation and load (current density). The cell
potential and voltage ef“ciency are de“ned in Eqs. (16) and (17) ,
respectively.

Vcell ¼ E� Vact � Vohm ð16Þ

gv ¼
Vcell

E
ð17Þ

In the following part of the section, the reversible open circuit
voltage ( E), activation overpotential ( Vact) and ohmic overpotential
(Vohm) are calculated. The concentration overpotential due to the
limitation of gas diffusion between the gas channel and the active
cell area is neglected in this study because operation at high cur-
rent densities is not examined. The concentration overpotential
does not normally contribute to excessive voltage loss unless the
current density approaches the limiting current density [19] .

E can be calculated from the Nernst equation:

E ¼
� D�g0

f

neF
þ

RT
neF

ln
�pH2;tot

�������
�pO2

p

�pH2O

 !

ð18Þ

Because it is assumed that all CO and CH4 are converted to H 2

before the electrochemical reactions take place, the change in
standard Gibbs free energy ( D�g0

f ) and the number of electrons
transferred for each molecule of fuel ( ne) are determined for
the reaction of H 2 only. Thus, ne = 2 and D�g0

f ¼ ð�g0
f ÞH2O�

ð�g0
f ÞH2

� 1=2ð�g0
f ÞO2

. The partial pressure of species j is an average

Table 2
Dry syngas composition, LHV and cold gas ef“ciency for the Viking gasi“er and the
modelled gasi“er.

Viking gasi“er [15] Gasi“er model

H2 (vol.%) 30.5 29.9
CO (vol.%) 19.6 20.8
CO2 (vol.%) 15.4 13.5
CH4 (vol.%) 1.16 1.19
N2 (vol.%) 33.3 34.2
LHV (MJ kg� 1) 6.2 6.3
Cold gas ef“ciency (%) 93 94

Table 3
Inputs to the SOFC submodel.

Fuel utilisation factor UF 0.85
Operating temperature TSOFC

a 800 � C
Anode pressure loss Dpa 5 mbar
Cathode pressure loss Dpc 10 mbar
Current density i 300 mA cm � 2

a Equals the SOFC anode and cathode outlets.
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across the respective electrode and is de“ned as an arithmetic
mean between the inlet and outlet shown in Eqs. (19) and (20) .
The average partial pressure of the available hydrogen after inter-
nal steam reforming and water gas shift of CH 4 and CO is de“ned in
Eq. (21) .

�pj ¼
yj;out � yj;in

2

� �
�pa; j ¼ f H2; CO;CH4; CO2; H2O; N2g ð19Þ

�pO2
¼

yO2;out � yO2;in

2

� �
�pc ð20Þ

�pH2;tot ¼ �pH2
þ �pCO þ 4�pCH4

ð21Þ

The activation overpotential is due to an energy barrier (activa-
tion energy) that the reactants must overcome in order to drive the
electrochemical reactions. The activation overpotential is non-lin-
ear and is dominant at low current densities ( i). The activation
overpotential is de“ned as (cf. [20] ):

Vact ¼ Vact;a þ Vact;c ¼
2RT
neF

sinh � 1 i þ in
2i0;a

� �
þ sinh � 1 i þ in

2i0;c

� �� �
ð22Þ

The internal current density ( in) is added to the actual fuel cell
current density in order to account for the mixed potential caused
by fuel crossover. The importance of the internal current density in
the case of SOFCs is much less than that for low temperature fuel
cells. Moreover, the value of in is usually very small for SOFCs
[21] . In this study, the value of in is 2 mA cm � 2 [22] . The exchange
current density ( i0) is a measure of the level of activity on the elec-
trode at i = 0 mA cm � 2 and is de“ned for the anode and cathode,
respectively, as (cf. [23…25]):

i0;a ¼ ca

�pH2;tot

�pa

� �
�pH2O

�pa

� �
exp

� Eact;a

RT

� �
ð23Þ

i0;c ¼ cc

�pO2

�pc

� � 0:25

exp
� Eact;c

RT

� �
ð24Þ

The values of c and Eact can be found in Table 4.
The ohmic overpotential is caused by the electrical resistance

towards the ions passing through the electrolyte and the electrons
passing through the electrodes and interconnects. The ohmic over-
potential is de“ned below.

Vohm ¼ i r tot ð25Þ

rtot ¼ ra þ rc þ re þ r i ð26Þ

r j ¼ djqj ; j ¼ f a; c; e; ig ð27Þ

qj ¼ aohm ;j exp
bohm ;j

T

� �
; j ¼ f a; c; e; ig ð28Þ

The thicknesses of the different layers ( d) and the constants
aohm and bohm used for calculating the temperature-dependent
resistivity ( q) are listed in Table 4.

3.2.2. Electrochemical model calibration
The electrochemical performance predicted by the model has

been calibrated against experimental data. Because the model aims
to represent the performance of 2nd generation SOFCs from Topsoe
Fuel Cell A/S (TOFC) and Risø National Laboratory, published data
for this SOFC have been used. The model has been calibrated
against a polarisation curve (75-cell stack, 12 � 12 cm2, 800 � C
and fuelled with H 2 and N2) published by Linderoth et al. in [28] .
An active cell area of 81 cm 2 has been assumed. Both modelled
and experimental data as well as the error relative to the experi-
mental data are presented in Fig. 2. The calibration was done at
atmospheric pressure.

The model shows excellent agreement with the experimental
data above a current density of 100 mA cm � 2. A current density
of 300 mA cm � 2 was chosen to represent the SOFC load in the fol-
lowing results.

3.3. Micro gas turbine

Modelling of gas turbines is well described in the literature. The
reader is referred to Saravanamuttoo et al. [29] for details. Charac-
teristics of the turbomachinery and other components connected
to the MGT are listed in Table 5.

The turbine inlet temperature (TIT) is limited to 900 � C in the
Gasi“er…MGT case, while it varied in the Gasi“er…SOFC…MGT
arrangement. The performance of the compressors and the MGT
expander corresponds to common performance data for an
MGT of this scale, e.g., see [13] . The outlet pressure from the
MGT depends on the total pressure loss downstream of the MGT
because of the exhaust pressure, which is “xed at 1.013 bar. The
outlet pressure from the MGT is slightly higher (1.033 bar) than
the exhaust pressure due to the pressure drop in the recuperator
and exhaust cooler.

3.4. Peripheral equipment

Modelling of peripheral components like heat exchangers is
standard and therefore not described in detail.

Table 4
Inputs for the electrochemical model.

R 8.314 J K� 1 mol � 1

F 96 485 C mol � 1

ne 2
in 2 mA cm � 2 [22]
ca 2.13 � 107 mA cm � 2 [22]
cc 1.49 � 107 mA cm � 2 [22]
Eact,a 110,000 J mol� 1 [22]
Eact,c 110,000 J mol� 1 [22]
da 750 � 10� 4 cm [19]
dc 50 � 10� 4 cm [19]
de 40 � 10� 4 cm [19]
di 100 � 10� 4 cm [26]
aohm,a 0.00298 � 10� 3 kX cm [27]
bohm,a � 1392 K [27]
aohm,c 0.00811 � 10� 3 kX cm [27]
bohm,c 600 K [27]
aohm,e 0.00294 � 10� 3 kX cm [27]
bohm,e 10,350 K [27]
aohm,i 0.1256 � 10� 3 kX cm [27]
bohm,i 4690 K [27]
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The throughput of wet biomass is 154.8 kg h � 1 (corresponds to
499.2 kW th (LHV)). Thus, it is assumed that the Viking gasi“er can
be scaled up from its nominal thermal input, which is � 75 kW th

[15] . The hot product gas preheats the ambient air for the gasi“er
from 15 � C to 780 � C before the syngas is used to dry the wet bio-
mass. The biomass dryer reduces the water content in the biomass
from 32.2 wt.% to 5 wt.% by heating it to 150 � C. During the drying
process, the biomass and hot syngas streams are separated. Be-
cause no drying component with separated streams exists in
DNA, the modelling of this drying process is done by introducing
a steam loop to transfer the heat from the syngas to the biomass
as illustrated in Fig. 3 The superheated steam dries the biomass
and the moisture from the biomass leaves the dryer together with
the hot steam. The excess steam is separated from the steam loop
and is exactly equal to the amount that evaporates from the bio-
mass. No pressure losses are introduced in the steam loop and
the steam blower is assumed to be ideal.

The gas cleaner is a bag “lter that removes particulates and con-
densed impurities. It is assumed that the cleaned syngas can be di-
rectly used in an SOFC. The condenser removes some of the water
from the syngas, resulting in a water content of 12.7 vol.% in the
cleaned and dried syngas. The resulting steam to carbon ratio (S/
C) is 0.41, which is somewhat low, but it is justi“ed by the very
low tar content in the Viking syngas.

The inlet temperatures to the SOFC anode and cathode are
maintained at 150 � C and 200 � C below the outlet temperature,
respectively. Thus, it is assumed that a cathode inlet temperature
of 200 � C lower than the SOFC operating temperature is possible.

The pressure loss in every component in the SOFC air supply
stream and burner exhaust stream is assumed to be 10 mbar,
whereas the pressure loss in each of the remaining components
is assumed to be 5 mbar; the exception is the burner, which has
a pressure loss of 0.6‰ (equals 1.5 mbar if 2.5 bar is present at
the inlet). In [14] , a pressure loss of 4.9 mbar is reported for the
gas cleaner in the Viking gasi“er, which “ts well with the 5 mbar
assumption used here.

The pressure ratio (de“ned over the air compressor) is different
in the three scenarios; being close to 1 in the Gasi“er…SOFC con“g-
uration, 3.7 in the Gasi“er…MGT con“guration and 2.5 in the Gas-

i“er…SOFC…MGT case. The pressure ratio is varied for the two
pressurised systems as shown below.

No heat losses are taken into account. Introducing heat losses
from the gas cleaner will only affect the heat production from
the condenser because the temperature after the condenser is “xed
at 50 � C.

The district heating water is assumed to be 30 � C at the inlet
and 80 � C at the outlet.

4. Results and discussion

In this section, the inputs presented in the previous sections are
used unless otherwise stated. The different system con“gurations
are described in detail in Section 2.

The performance of the different system con“gurations vary
greatly with the operating conditions and the chosen pressure ratio

Table 5
Inputs related to the MGT.

Isentropic ef“ciency of expander 84%
Isentropic ef“ciency of compressor 75%
Mechanical ef“ciency of compressor 98%
Maximum turbine inlet temperature a 900 � C
Recuperator effectiveness 85%
Generator ef“ciency 99%

a Only an input in the Gasi“er…MGT case.

Fig. 3. Layout of the modelled dryer.
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is of great importance to the resulting system performance. The
different system con“gurations have different optima with regard
to this operating pressure ratio. This relationship can be seen in
Fig. 4a. In Fig. 4b, the corresponding turbine inlet temperatures
(TIT), turbine outlet temperatures (TOT) and air compressor outlet
temperatures (COT) are shown. When operating at a constant TIT
of 900 � C, the Gasi“er…MGT con“guration shows an optimum at
a pressure ratio of 3.7, performing with an electric ef“ciency of
28.1% (energetic and based on LHV). The recuperator ensures an
optimum at a relatively low pressure ratio. Obviously, the pressure
in the Gasi“er…SOFC case is constantly near atmospheric pressure.
This system performs at an electrical ef“ciency of 36.4%. The Gas-
i“er…SOFC con“guration has a higher ef“ciency because conver-
sion in the SOFC is more ef“cient than that in the MGT, but the
SOFC cannot utilise all of the fuel. With a fuel utilisation rate of
85%, a substantial portion of the fuel passes through the anode
and is converted to heat in the burner. By combining the SOFC
and MGT in the Gasi“er…SOFC…MGT con“guration, this heat can
be used for further electricity production. At the optimum operat-
ing pressure ratio of 2.5, the combined system con“guration
reaches an electrical ef“ciency of 50.3%, thereby outperforming
the two simpler con“gurations. The substantial increase in ef“-
ciency is mainly the result of better utilisation of unconverted fuel
from the SOFC, but it is also due to the pressurised operation of the
SOFC.

In the Gasi“er…SOFC…MGT arrangement, the TIT decreases with
an increasing pressure ratio. This relationship is due to the fact that
an increasing PR increases the COT and reduces the TOT, which
means that less heat is transferred in the recuperator. Therefore,
more heat must be transferred in the SOFC air preheater to reach
the same cathode inlet temperature. More heat transfer in the
SOFC air preheater results in a lower temperature of the cathode
off gas fed to the burner, thus decreasing the TIT. Furthermore,
the TIT is lower in the Gasi“er…SOFC…MGT case compared to the
Gasi“er…MGT scenario because less fuel is used to produce heat.
A TIT of 697 � C is reached at a PR= 2.5. The optimal PR is lower
in the Gasi“er…SOFC…MGT scenario relative to the Gasi“er…MGT
arrangement due to the lower TIT. Characteristically, lowering
the TIT of a recuperated gas turbine will lower the optimal PR.
The slight increase in the SOFC ef“ciency observed with increasing
pressure is not suf“cient to change the resulting electrical
ef“ciency trend of the hybrid system. Note that above a PR of

approximately 6.7 in the Gasi“er…SOFC…MGT case, the TOT
becomes lower than the COT, making it impossible to use a recu-
perator. Below a PR= 1.8, the heat transfer in the recuperator is
suf“ciently high to heat the air above the desired cathode inlet
temperature.

The Gasi“er…MGT system performance is also dependent on the
allowed TIT as depicted in Fig. 5. Decreasing the TIT by 100 � C to
800 � C lowers the electrical ef“ciency to 25.4% … a drop of 2.7 per-
centage points. Considering the Gasi“er…SOFC case, the sensitivity
to the SOFC operating temperature is even greater. Lowering the
SOFC operating temperature by 100 � C to 700 � C decreases the
electrical ef“ciency to 28.8% … a drop of 7.6 percentage points. This
differential effect indicates that the SOFC operating temperature
has a greater in”uence on SOFC performance than the TIT has on
MGT performance. In the Gasi“er…SOFC…MGT con“guration, a drop
in the SOFC operating temperature by 100…700 � C decreases the
electrical ef“ciency to 44.4% … a drop of 5.9 percentage points.
The resulting TIT in the Gasi“er…SOFC…MGT scenario shows damp-
ened sensitivity to the chosen SOFC operating temperature because
the SOFC air and fuel preheaters transfer more heat at higher SOFC
operating temperatures to ensure maintenance of the temperature
gradients across the anode and cathode. Therefore, temperatures of
the SOFC off gases fed to the burner are not signi“cantly affected
by variation of the SOFC operating temperature.

The progress in research and development aimed at lowering
the SOFC operating temperature may facilitate the use of cheaper
materials, but will also in”uence system performance. If this is
the case, other bottoming cycles could be bene“cial, e.g., a Rankine
cycle. An MGT development that allows for a higher TIT and an
SOFC development that enables lowering of the SOFC temperature
could lessen the gap between the electrical ef“ciencies of the Gas-
i“er…MGT and the Gasi“er…SOFC con“gurations.

An important aspect of SOFC systems is SOFC cooling. Given
that the SOFC inlet and outlet temperatures are “xed, air ”ow
through the cathode is determined by the cooling requirement of
the SOFC in order to maintain a certain operating temperature. In
Fig. 6, the cathode inlet temperature is varied. It is equivalent to
changing the temperature gradient across the cathode ( DTc). A
higher inlet temperature (a lower DTc) decreases the electrical
ef“ciency of the system. This effect is more pronounced in the Gas-
i“er…SOFC…MGT con“guration than in the Gasi“er…SOFC con“gu-
ration. An increase in the cathode inlet temperature from 600 to
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680 � C results in a decrease in the electrical ef“ciency of the Gas-
i“er…SOFC…MGT arrangement from 50.3% to 44.1%, while it only

drops from 36.4% to 35.9% in the Gasi“er…SOFC con“guration. In
the Gasi“er…SOFC scenario, the air compressor (working as a
blower) consumes more power when the DTc is decreased because
a higher mass ”ow of air must be fed to the cathode to ensure a
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Table 6
Key data for the studied system con“gurations.

Gasi“er…
MGT

Gasi“er…
SOFC

Gasi“er…
SOFC…MGT

Biomass throughput/kg h � 1 154.8 154.8 154.8
Energetic biomass input/kW th (LHV) 499.2 499.2 499.2
Exergetic biomass input ( exbiomass)/kW 572.4 572.4 572.4
Exergetic air input ( exair)/kW 6.6 6.6 6.6
PR/… 3.7 1.04 2.5
MGT net power production/kW el 140.1 … 59.2
SOFC net power production/kW el … 181.5 191.8
Total net power production/kW el 140.1 181.5 251.0
District heating production/kJ s � 1 239.7 216.6 146.7
gel/% (LHV) 28.1 36.4 50.3
gCHP/% (LHV) 76.1 79.7 79.7
gex,el/%

a 24.2 31.3 43.4
gex,CHP/%

b 65.6 68.8 68.7

a De“ned as gex,el = Pnet,tot /(exbiomass + exair).
b De“ned as gex,CHP= (Pnet,tot + QDH)/( exbiomass + exair).

Fig. 8. Sankey diagram of the energy ”ows (rounded values in [kJ s � 1]) in the Gasi“er…SOFC…MGT arrangement.
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constant SOFC operating temperature. Thus, the parasitic losses in-
crease, which in turn, slightly lower the electrical ef“ciency of the
system. In the Gasi“er…SOFC…MGT arrangement, the higher mass
”ow of air also passes through the MGT expander, thereby
compensating for the greater air compressor work. The higher sen-
sitivity to the chosen cathode inlet temperature in the Gasi“er…
SOFC…MGT scenario is explained by the following two facts: one,
a lower DTc results in a lower temperature of the cathode off gas
fed to the burner (more heat transfer in the SOFC air preheater)
and thus results in a lower TIT; and two, a lower DTc necessitates
a higher mass ”ow of air to maintain the same SOFC operating
temperature, which ensures a more lean mixture in the burner
and thereby decreases the TIT. Therefore, lowering the DTc lowers
the TIT, which decreases the MGT output and hence the electrical
ef“ciency of the Gasi“er…SOFC…MGT system.

The sensitivity of the model results to the chosen SOFC current
density is shown in Fig. 7. At the reference current density value of
300 mA cm � 2, the total SOFC ef“ciency ( ¼ grevgvUF) is 39.6% in the
Gasi“er…SOFC arrangement and 40.8% in the Gasi“er…SOFC…MGT
case. The difference in SOFC ef“ciencies is due to the higher SOFC
operating pressure in the Gasi“er…SOFC…MGT case. Raising the
SOFC load to 500 mA cm� 2 reduces the SOFC ef“ciencies to 34.6%
and 35.7% in the Gasi“er…SOFC and Gasi“er…SOFC…MGT cases,
respectively. These decreases result in reductions in the total elec-
trical ef“ciencies to 31.5% and 46.7%, respectively … equivalent to
respective losses of 4.9% and 3.6 percentage points. These losses
cause relative changes in electrical ef“ciency of 13.5% and 7.2%,
respectively, for a 66.7% increase in current density. Therefore,
the model is only moderately sensitive to the chosen current den-
sity. Furthermore, it is evident that a downstream MGT can raise
the electrical ef“ciency of the total system above the performance
of the SOFC alone. As mentioned earlier, this bene“t is due to the
utilisation of excess fuel from the SOFC.

Key data for the three studied system con“gurations are pre-
sented in Table 6. The respective optimal pressure ratio is used
in each con“guration as well as the reference input values pre-
sented in the previous sections. The Gasi“er…SOFC…MGT con“gura-
tion clearly has the best energetic- and exergetic-based electrical
ef“ciency, while the CHP ef“ciencies do not signi“cantly differ. In
the Gasi“er…SOFC…MGT case, power production is mainly derived
from the SOFC, which produces 76.4% of the power. The exact ef“-
ciencies will be slightly lower when incorporating heat losses. De-
spite the neglected of heat losses, the comparisons of the systems•
performances are still valid.

A Sankey diagram of the energy ”ows in the Gasi“er…SOFC…
MGT con“guration is presented in Fig. 8. The Sankey diagram
clearly shows the ”ow of energy, e.g. it clearly shows that heat is
transferred from the anode to the cathode and that the ”ue gas loss
from the exhaust of the hybrid system is approximately 100 kJ s � 1.
In addition, it is evident that approximately 50% of the fuel is con-
verted into electric power, while about 29% of it is used for district
heating.

5. Conclusion

A study on the system performance of an up scaled Viking gas-
i“er ( � 500 kW th) with either a downstream MGT, SOFC or both has
been conducted by process modelling combining zero-dimensional
component models. An SOFC submodel has been developed,
including an electrochemical model, which predicts the SOFC per-
formance at different operating conditions. This submodel has
been calibrated against published stack performance data from
Topsoe Fuel Cell A/S.

For the two pressurised system con“gurations, the optimal
operating pressure ratio was found to be 3.7 when using a recuper-

ated MGT and 2.5 when using an SOFC…MGT combination. Inclu-
sion of an SOFC lowers the TIT (less fuel is converted to heat),
thereby lowering the optimal pressure ratio. Operation of the syn-
gas fuelled SOFC alone was performed at atmospheric pressure.
The SOFC converted the syngas more ef“ciently than the MGT,
which is re”ected in the ef“ciency of the gasi“er and MGT system
con“guration in opposition to the ef“ciency of the gasi“er and
SOFC con“guration … gel = 28.1% (gex,el = 24.2%) versus gel = 36.4%
(gex,el = 31.3%). Combining the two technologies achieved the high-
est ef“ciency of gel = 50.3% (gex,el = 43.4%) due to the ef“cient SOFC,
utilisation of unconverted syngas from the SOFC in the MGT and
pressurisation of the SOFC.

The calculated ef“ciencies were very sensitive to the chosen
pressure ratio and SOFC operating temperature (or TIT in the Gas-
i“er…MGT arrangement), whereas only moderate sensitivity to the
temperature difference across the SOFC cathode and the SOFC cur-
rent density was observed. From a system ef“ciency point of view,
it is concluded that inclusion of an SOFC necessitates maintaining a
high SOFC operating temperature and maximising the cathode
temperature gradient and that inclusion of a recuperated MGT per-
mits determination of the optimal pressure ratio.
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Appendix J IMPROVED PREDICTION OF THE 
SOFC PERFORMANCE 

In reality, the electrochemical performance of an SOFC is distributed over 
the cell area due to varying species concentrations, temperature, and pres-
sure. Thus, making a lumped model reliable can be challenging. Neverthe-
less, that is a goal of this study, and in this Appendix an improved approach 
is presented. The improved model is developed after generating the results 
presented in this thesis. 
 
Eq. (4.23) in the presented SOFC component model assumes that the aver-
age partial pressure of hydrogen used to predict the electrochemical per-
formance of the SOFC is the sum of average partial pressure of H2, CO, and 
four times CH4 in the anode compartment due to the steam reforming and 
water-gas-shift reactions. By using this equivalent hydrogen partial pressure 
in the presented Nernst equation (eq. (4.24)), the influence of species like 
CO2 is neglected. This might be valid in water-rich environments without 
CO2, but with substantial amounts of CO2 present, the balance between re-
actants and products in the Nernst equation will be off target. Thus, a better 
way of predicting the average species concentrations and the corresponding 
electrochemical performance of the SOFC is presented in this Appendix to-
gether with estimates on the influence of using the original SOFC model 
instead of the approach presented here. 
 
 
Improved Approach 
In the improved approach, the partial pressures of all anode species are de-
termined by averaging between the chemical equilibrium composition at the 
inlet conditions and the chemical equilibrium composition at the outlet con-
ditions, eq. (J.1). Chemical equilibrium at both inlet and outlet are based on 
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