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bstract

Biomass gasification derived gas is a renewable fuel, which can be used for SOFC applications. This work investigates the integration of a near
tmospheric solid oxide fuel cell (SOFC) with a novel allothermal biomass steam gasification process into a combined heat and power (CHP)
ystem of less than MWe range. Heat for steam gasification is supplied from SOFC depleted fuel in a fluidised bed (FB) combustor via high
emperature sodium heat pipes. In the first paper, the integrated system was modelled in Aspen PlusTM and critical aspects for its feasibility were
dentified.

The aim of this second part is the evaluation of the integrated system in exergy terms. Satisfying allothermal gasification heat demand is illustrated
y examining each sub-process involved separately as well as combined. For a relatively low STBR = 0.6, the SOFC fuel utilisation for which

he system operates under optimum conditions is Uf = 0.7. Above that value additional biomass has to be used in the FB combustor to provide
asification heat with considerable exergy losses. For SOFC operation at current density 2500 A m−2, the system uses 90 kg h−1 biomass, operates
ith electrical exergetic efficiency 32% producing 140 kWe, while the combined electrical and thermal exergetic efficiency is 35%.
2005 Elsevier B.V. All rights reserved.

o
s
a
l
m
l
P
f
a
D

eywords: Modelling; SOFC; Biomass; Gasification; Aspen PlusTM; Exergy

. Introduction

Available options for biomass CHP systems in the output
ange of 1 MWe include internal combustion engines, micro
as turbines and high temperature fuel cells (molten carbonate
uel cells, MCFCs or solid oxide fuel cells, SOFCs). The first
ommercial SOFC systems will be around 1 MWe nominal out-
ut, and their integration with biomass gasification in advanced
mall-scale configurations has gained attention recently [1,2].

When new power cycles are proposed, exergy analysis helps

o identify the location, source, and magnitude of true losses in
nergy conversion operations, and finally, establish more effec-
ive systems. Prins and Ptasinski [3] compared the exergy losses

∗ Corresponding author. Tel.: +30 210 7723662; fax: +30 210 7723663.
E-mail address: ekak@central.ntua.gr (E. Kakaras).
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f biomass gasification and combustion, and investigated the
ource of exergy losses in both processes. Bedringås et al. [4]
nalysed exergetically two methane fuelled SOFC systems, with
imiting fuel utilisation factor of 0.75 due to pre-heating and

ethane reforming requirements. Monanteras and Frangopou-
os [5] studied the performance of a SOFC system using the
inch method with exergy analysis. Oostenkamp [6] performed a
uel cell system energy and exergy analysis using Aspen PlusTM,
nd presented their results in Sankey and Grassmann diagrams.
e Groot [7] presented in his thesis an exergy analysis of SOFC.
han et al. [8] examined pressurised SOFC systems focusing on

hermodynamic modelling and exergetic evaluation.
This Part II presents the exergetics of an advanced bioen-
rgy SOFC–CHP system within 1 MWe range, using a novel
llothermal steam gasification reactor called Biomass Heat Pipe
eformer (BioHPR) [9]. The energy and exergy evaluation is
ased on Part I’s steady state model built in Aspen PlusTM

https://www.researchgate.net/publication/222471702_Towards_synthesis_optimization_of_a_fuel-cell_based_plant?el=1_x_8&enrichId=rgreq-92494dd525cd4ce45a5dbd4e738bcf31-XXX&enrichSource=Y292ZXJQYWdlOzIyMzYzMDA2MDtBUzoxNTIxNDUxMjI4MjgyODlAMTQxMzI4NTYzMjQwNQ==
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https://www.researchgate.net/publication/239352339_Review_of_an_energy_and_exergy_analysis_of_a_fuel_cell_system?el=1_x_8&enrichId=rgreq-92494dd525cd4ce45a5dbd4e738bcf31-XXX&enrichSource=Y292ZXJQYWdlOzIyMzYzMDA2MDtBUzoxNTIxNDUxMjI4MjgyODlAMTQxMzI4NTYzMjQwNQ==
https://www.researchgate.net/publication/223825755_Exergy_analysis_of_solid-oxide_fuel-cell_SOFC_systems?el=1_x_8&enrichId=rgreq-92494dd525cd4ce45a5dbd4e738bcf31-XXX&enrichSource=Y292ZXJQYWdlOzIyMzYzMDA2MDtBUzoxNTIxNDUxMjI4MjgyODlAMTQxMzI4NTYzMjQwNQ==
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Nomenclature

E total exergy of a material stream (product gas,
char, biomass, additional biomass, air, steam) (W)

E
Q
T thermal exergy of a heat steam available at tem-

perature T (W)
EW work or power output (W)
FB fluidised bed
h enthalpy of a stream (J mol−1)
hfg = 2442 kJ kg−1; latent heat of water vaporisation
h0 standard enthalpy at environmental conditions

(T0, p0) (J mol−1)
I irreversibility (W)
LHV low heating value (kJ kg−1 for solids/MJ mn

−1 for
gases)

LHVfuel,dry = 17,567 kJ kg−1; low heating value of dry
fuel

N mole flow rate (mole s−1)
p pressure (bar)
PSOFC direct current electric power produced from the

SOFC (W)
Q heat stream (W)
Qreq required heat for allothermal gasification (W)
R = 8314 J mol−1 K; ideal gas constant
s entropy of a stream (J mole−1 K)
s0 standard entropy at environmental conditions (T0,

p0) (J mol−1)
STBR steam to biomass ratio (refers to gasification)
STCR steam to carbon ratio (refers to SOFC operation)
T temperature (K)
Uf SOFC fuel utilisation factor
w moisture mass fraction in fuel (w/w)
xi mole fraction of component i
zC, zH2 , zO2 , zN2 mass fraction of carbon, hydrogen,

oxygen and nitrogen in dry fuel

Greek symbols
η efficiency
ηc Carnot efficiency
ηex,gas exergetic efficiency of gasification
ηex,HP exergetic efficiency of heat pipe operation
εch specific (molar) chemical exergy of a material

stream (J mole−1)
εch,fuel fuel chemical exergy (kJ kg−1) Eq. (4)

comb combustion
depleted gas/air not spent product gas/air in the SOFC

stack, output material stream from the SOFC
stack

el electrical
ex exergetic
gas gasification
HP heat pipes
heat used in Eq. (15) to denote combustion efficiency

for available thermal exergy towards gasification
j, k subscripts denoting ingoing and outgoing mate-

rial stream components respectively in a control

p
a
i
a
l
s
a

2

I
m
a
t
g
g
1
e
p
g
e
c
t
d
2
g
ε0,i standard chemical exergy of a component i in a

mixture
εph specific (molar) physical exergy of a material

stream (J mole−1)

Subscripts
biomass, add. biomass additional biomass in the FB com-

bustor
cg cold gas
char char produced during gasification, modelled as

graphite C(s)
CHP combined heat and power overall system

s
a
p
g
r
t
i
s
S
e
c
p

volume
SOFC solid oxide fuel cell stack

rocess simulation software in which four major subsections
re incorporated: gasification, heat pipes, SOFC, and gas clean-
ng. The first three together with recuperative heat exchangers
re parts of the overall thermal integration attempted. Second
aw efficiencies are defined for the major process steps and pre-
ented parametrically while the overall CHP exergy efficiency is
nalysed and a base case is presented in a Grassmann diagram.

. System configuration

The proposed CHP system flowchart, also described in Part
, consists of two fluidised bed reactors thermally coupled by
eans of heat pipes, a product gas cleaning train, a SOFC stack

nd its power conditioning, an air blower compressor, two gas-
o-gas heat exchangers (HX1 and 2), a heat recovery steam
enerator (HX3), and (HX4) producing hot water (Fig. 1). The
asifier and combustion FBs operate at 1073 K, ∼1.5 bar and
173 K, ∼1.1 bar respectively. This allows a temperature differ-
nce of 100 K for heat transfer with the integrated sodium heat
ipes to provide thermal energy requirements for the allothermal
asification. The hot product gas stream enters a gas-to-gas heat
xchanger (HX1) where it cools down to 670 K by preheating the
lean product gas, while further spontaneous heat dissipation to
he environment drops product gas temperature further. Pressure
rops and thermal losses for each unit operation were assumed
%. Particulates are removed by a barrier-type filter and halo-
en and sulphide removal is accomplished in high temperature
orbent trap beds. The gas cleaning takes place at temperatures
bove tar dew point. The desired gas temperature is achieved by
roper piping insulation and temperature control. The cleaned
as is reheated in HX1 and then into a compact tar-cracking
eactor placed inside the combustion FB, where product gas
emperature rises to 1123 K. Additional steam is then added,
ncreasing the gaseous fuel water content to avoid carbon depo-
ition on the SOFC anode. Air is blown to the near atmospheric

OFC operating pressure and heated up to 900 K in HX2 before
ntering the stack. Depleted fuel and air from the SOFC are
ombusted in the secondary FB together with gasification by-
roduct char. Additional biomass can be combusted if the above
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Fig. 1. Flowchart of the combined SO

re not enough to sustain gasification. The flue gas thermal con-
ent is recuperated in HX2, followed by a heat recovery steam
enerator (HRSG) HX3, providing steam for the gasification and
roduct gas moistening. Finally, HX4 offers useful heat in the
orm of hot water around 360 K. An inverter provides alternating
urrent electrical power. The capacity of the system studied is
ased on a SOFC with 100 m2 active surface resulting in electri-
al outputs range of 100–200 kWe. Nevertheless, the presented
ystem is envisaged for up to 1 MWe size and an attempt to
resent size independent data has been made. Details relative to
he assumptions for the modelling can be found in Part I of this
ork.

. Exergy analysis

.1. Methodology

Exergy is the maximum work that can be produced when a
eat or material stream is brought to equilibrium relatively to a
eference environment, which consists of reference components
nd is characterised by absence of pressure and temperature gra-
ients. Exergy analysis of a process is a supplement to energy

nalysis, used to assess work potentials of input and output mate-
ial and heat streams, and pinpoint irreversibility losses.

Exergy associated with a material stream is expressed as
he sum of its physical and chemical exergy, corrected in case

ε

w
i

llothermal biomass gasification CHP.

f deviation between actual environmental and reference con-
itions. In this study, no deviation was considered. Potential,
inetic and other types of exergy are neglected. The total exergy
f a material stream is given by equation:

= N(εph + εch) (W) (1)

here N is the flow rate in mol s−1. The molar physical exergy
f a material stream is expressed in relation to the reference
nvironmental conditions as:

ph = (h − h0) − T0(s − s0) (J mol−1) (2)

ole flows, mole fractions, enthalpy and entropy of each mate-
ial stream were taken from the Aspen PlusTM flow sheet
esults. For every material stream, duplication was created and
rought to standard environmental conditions for the evaluation
f its molar reference enthalpy and entropy (h0, s0). The stan-
ard environmental conditions of Aspen PlusTM (T0 = 298.15 K,
0 = 1.013 bar) were adopted as reference conditions in the study.

The molar chemical exergy of a gaseous material mixture is
iven by:

∑ ∑ −1

ch,gas =

i

xiε0,i + RT0

i

xi ln xi (J mol ) (3)

here xi is the mole fraction and ε0,i is the standard molar chem-
cal exergy of each component i, in J mol−1. The latter are given
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n tables [10,11] based on slightly different assumptions for the
eference atmospheric composition. In the present study, values
iven by Kotas [10] were used. The chemical exergy of solid
uel was calculated with the help of the statistical correlation β,
roposed by Szargut et al. [11]:

ch, solid = (LHVfuel, dry + whfg)β (kJ kg−1) (4)

he biomass fuel considered was olive kernel residues, the prox-
mate and ultimate analysis of which was presented in Part I.
he fuel oxide to carbon mass fraction falls within 0.667 ≤
zO2/zC) ≤ 2.67, and the formula of β for wood is applied [11]:

= 1.0412 + 0.216(zH2/zC) − 0.2499(zO2/zC)[1 + 0.7884(zH

1 − 0.3035(zO2/zC)

here zi are the mass fraction ratios of elemental fuel compo-
ents.

Using Eqs. (1)–(5), exergy is calculated for all material
treams in the flow sheet. The exergy of a heat stream Q is given
ith the help of the Carnot factor: E

Q
T = Q(1 − T0/T ), where

is the temperature at which Q is available. Exergy of power
utput equals power itself. The exergy balance of a steady state
rocess takes the following form:

IN

Ej +
∑

IN

E
Q
TIN

=
∑

OUT

Ek +
∑

OUT

E
Q
TOUT

+
∑

OUT

EW + I (6)

here
∑

INEjand
∑

OUTEk are the exergy flows of the in and

ut going material streams,
∑

INE
Q
TIN

,
∑

OUTE
Q
TOUT

the exergy
ows of the in and useful out going heat streams at TIN and TOUT,
espectively,

∑
OUTEW the power produced in the process and I

he irreversibility that represents the loss of quality of materials
nd energy due to dissipation.

The main issue of the exergetic analysis is to investigate how
fficient is the exergy transfer from the SOFC off gases and char
ombustion via heat pipes to allothermal gasification. The criti-
al processes for this are: the gasification, heat transfer through
eat pipes, SOFC operation and combustion, for which exergetic
fficiencies are defined and examined parametrically in Sections
.2–3.5, respectively.

.2. Allothermal gasification exergy analysis

Allothermal biomass gasification transforms the solid pri-
ary fuel into a gaseous fuel with the addition of externally

rovided heat. Gasification temperatures range between 973 and
173 K, which means that the heat source must be kept at a
igher temperature so as to maintain the necessary heat trans-
er rate. For this purpose, in practice allothermal gasification is
erformed in double gasification/combustion FBs taking advan-
age of their increased heat transfer capabilities. In the present
ork, this is accomplished by means of high temperature heat
ipes. The control volume for the isolated gasification process

nalysis is presented in Fig. 2. In order to estimate the outlet
omposition and thermal requirements of the process, a simple
asification model was built based on the following assump-
ions:

fi

η

)] + 0.045(zN2/zC)
(5)

Fig. 2. Gasification control volume.

Char and hydrocarbons are not predicted thermodynamically.
Product char was modelled as graphite C(s) and was assumed
10% of the biomass carbon input.

Methane in the product gas outlet was allowed to range from
5 to 10% deriving from 10% of the initial carbon input.
Tar was included to up 5 g mn

−3 in dry basis product gas.
The remaining elemental composition of biomass and steam
were assumed at thermodynamic equilibrium of C(s), H2, CO,
CO2, CH4 and H2O.

Apart from biomass analyses, parameters affecting the prod-
ct gas composition are temperature, pressure and steam to
iomass ratio (STBR):

TBR = Steam + fuel moisture (kg s−1)

Dry biomass (kg s−1)
(7)

asification temperature and pressure were decided
gas = 1073 K, and pgas = 1.5 bar and were not used as
arameters. Slightly altered temperatures have little influence
n the product gas composition. Significant gasification tem-
erature increase would inhibit effective heat transfer from an
xternal source. Without any additional compressing, the pres-
ure level was chosen so as to overcome subsequent pressure
rops during gas cleaning, SOFC, secondary FB combustor
nd heat recovery exchangers, up to flue gas disposal. The
ain parameter investigated for its influence on the gasification

ffectiveness was the STBR.
Amongst several useful output-to-input ratios that can be

efined for the expression of solid fuel gasification process
fficiency, the most common is the cold gas efficiency, ηcg,
eglecting the sensible heat of the produced gas [12]:

cg = LHV in product gas

LHV in feedstock
(8)

he term “LHV in product gas”, does not include char (modelled
s graphite, C(s)), which is a by-product not directly useful for
ubsequent power production. Based on this definition, allother-
al gasification cold gas efficiency could reach values beyond

nity because externally supplied thermal energy is not taken
nto account. Alternatively, allothermal gasification efficiency
an take into account the required heat for the endothermic gasi-

cation process Qreq:

′
cg = LHV in product gas

LHV in feedstock + Qreq
(9)

https://www.researchgate.net/publication/236467757_The_Exergy_Method_of_Thermal_Plant_Analysis?el=1_x_8&enrichId=rgreq-92494dd525cd4ce45a5dbd4e738bcf31-XXX&enrichSource=Y292ZXJQYWdlOzIyMzYzMDA2MDtBUzoxNTIxNDUxMjI4MjgyODlAMTQxMzI4NTYzMjQwNQ==
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required Tcomb would result in higher exergetic efficiencies at
the expense of additional costs for heat pipes purchase. It is
noted that in energetic terms, the efficiency of heat transferred
is 100%.
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sually Qreq is delivered by combusting a secondary fuel and
t is commonly replaced in Eq. (9) by the corresponding LHV
nput. In the present study, symbol Qreq was kept for consistency
ith the gasification control volume of Fig. 2.
In Eqs. (8) and (9), the product gas sensible heat was not

onsidered. Most important drawback in these two definitions
s that the entropy increase due to conversion of a solid fuel to a
aseous one is not considered [13]. Exergetic efficiency avoids
hese drawbacks. Based on the general definition of the degree
f perfection for a process by Szargut et al. [11], the exergetic
fficiency of allothermal gasification is:

ex, gas = Egas + Echar

Ebiomas + E
Q
Tgas

+ Esteam
(10)

here Egas + Echar the outgoing (product) exergy streams,
biomass and Esteam the incoming fuel and steam exergies, and
Q
Tgas

is the exergy of the heat input available at Tgas. E
Q
Tgas

is
he product of Qreq multiplied with the Carnot efficiency at Tgas,
c = 1 − T0/Tgas. Steam is introduced to the gasification process
t 573 K and 2 bar. Only the chemical exergy of solid char is
ncluded in Echar because its physical exergy is minor in com-
arison.

With increasing STBR, the cold gas efficiency (using Eq.
9)) is maximised when carbon conversion is maximised up to
he point where the gasification model allows and decreases
lowly thereafter (Fig. 3). From that point onward, additional
req is mostly consumed to bring larger steam flows at the
asification temperature rather than enhance fuel species pro-
uction. The exergetic efficiency decrease is continuous with
TBR and steeper due to the combination of: (a) product gas
xergy decrease caused by water vapour dilution and (b) larger
hermal exergy requirements. Therefore, from a thermodynamic
oint of view, biomass allothermal gasification processes should
e realised with the minimum steam necessary for maximising

arbon conversion. Similar conclusions are found in literature
ased on experiments [14].

Nevertheless, kinetic reasons such as pushing towards com-
letion of tar reforming reactions, or fluidisation limitations

ig. 3. Cold gas efficiency and exergetic efficiency of allothermal gasification
s. STBR at Tgas = 1073 K, and pgas = 1.5 bar.
er Sources 159 (2006) 586–594

ight pose higher STBR in practice. On the other hand, as it
as shown in Part I of the work, gas cleaning of H2S at high

emperatures is inhibited by high water vapour concentrations.
TBR = 0.6 was adopted in the overall system study. Additional
team must, therefore, be supplied to the product gas after gas
leaning, to achieve a carbon deposition free SOFC operation
ssumed at steam to carbon ratio STCR = 2.

.3. Heat transfer through heat pipes exergy analysis

The heat transfer across heat pipes is examined versus the
ontrol volume defined in Fig. 4. Heat pipes receive heat
t Tcomb = 1173 K combustor temperature and deliver it at
gas = 1073 K gasification temperature. The heat transfer exer-
etic efficiency for the heat pipes is evaluated as:

ex, HP =
E

Q
Tgas

E
Q
Tcomb

(11)

hich results in:

ex, HP = (Tgas − T0)Tcomb

(Tcomb − T0)Tgas
(12)

ith E
Q
Tgas

= Qreq(1 − T0/Tgas) and E
Q
Tcomb

= Qreq(1 −
0/Tcomb), the exergy of the heat streams at gasification and
ombustion temperatures respectively and T0 the reference
nvironmental temperature set at 298.15 K. For the defined
perating temperatures, ηex,HP = 96.8%. Larger number of
eat pipes, i.e. larger heat transfer area, and thus, reduced
Fig. 4. Heat pipe control volume.
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The combustion efficiency largely depends on the depleted fuel
gas. When Uf is small, combustor available heat at 1173 K is
large and ηex,heat,comb is high (Fig. 8). The SOFC operates with
higher air throughput when larger amounts of fuel gas are used.
Fig. 5. SOFC control volume.

.4. SOFC exergy analysis

Fuel cells convert fuel chemical energy to power more effi-
iently than heat engines. The electron movement in fuel cell
hemical reactions is more controlled and part of electron bond-
ng energy is extracted electrically, whereas in combustion the
nergy released is totally converted towards thermal energy
15,16].

The control volume for the exergetic analysis of the SOFC
s shown in Fig. 5. The operating SOFC temperature is set at
SOFC = 1173 K, moistened product gas enters at approximately
073 K and air at 900 K. Both anode and cathode outgoing
treams are introduced directly to the secondary FB combustor.
he main feature of this SOFC operation is the absence of an

ntegrated post combustor chamber that usually transfers heat
o incoming air. The present configuration results to slightly
educed airflows and incoming air has to be internally heated
p closer to cathode temperature by available dissipated SOFC
eat. The SOFC model, described in Part I of this work, was
uilt in Aspen PlusTM using available unit operation blocks and
ORTRAN calculators to estimate its electrochemical parame-

ers.
The exergetic electrical efficiency of the SOFC is defined

s the ratio of net electric power output of the SOFC, to input
aterial streams exergy:

ex, el, SOFC = PSOFC

Egas + Eair
(13)

ne more ratio is defined, expressing the total output material
tream exergy to input material streams exergy:

ex, material, SOFC = Edepleted gas + Edepleted air

Egas + Eair
(14)

he total SOFC exergetic efficiency is the sum of Eqs. (13)
nd (14). Eq. (13) illustrates the efficiency of the SOFC for its

rimary purpose to deliver power. Eq. (14) shows the effective-
ess of the SOFC in delivering exergy to be used for covering
asification thermal requirements. Fig. 6 shows these efficien-
ies against current density for several fuel utilisation values.
ncreasing primary biomass feed rate increases fuel gas flow
ig. 6. SOFC electrical, material and overall exergetic efficiency vs. fuel utili-
ation for various primary biomass inputs.

ate and consequently, SOFC current densities, voltage drops,
nd thus electrical exergetic efficiency decreases. Electrical
xergy efficiencies reach an optimum and then decrease with
uel utilisation. The optimum point is shifted towards larger

f values, as the SOFC gas fuel input decreases. For small
uel gas inputs, electrical exergetic efficiencies do not drop
ractically at all within the specified range of fuel utilisation.
his tendency is expected because overpotentials remain low

or small Uf and fuel gas inputs. The total SOFC exergetic
fficiency decreases with fuel utilisation factor because of the
ncreased conversion of input fuel chemical exergy towards other
orms.

.5. Fluidised bed combustor exergy analysis

The control volume for the combustion of SOFC off gases
nd char is shown in Fig. 7. The combustion temperature is set at
comb = 1173 K and heat is transferred to the gasifier via sodium
eat pipes. This heat stream is the useful outcome of the com-
ustor for covering gasification heat demand, so the efficiency
s defined as:

ex, heat, comb = E
Q
Tcomb

Echar + Edepleted air + Edepleted gas+Eadd.biomass

(15)
Fig. 7. Combustion control volume.
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ig. 8. Combustion exergetic efficiency for heat production at Tcomb = 1173 K.

arge amounts of depleted air deteriorate the efficiency of the
ombustor.

. Exergetic evaluation of the integrated gasification
OFC system

.1. Providing allothermal gasification thermal exergy
equirement

Exergetic results for individual processes described in Sec-
ions 3.2–3.5 can be combined into Fig. 9 illustrating how
llothermal gasification heat exergy demand is satisfied by trans-
erring exergy from SOFC off gases and char combustion via
eat pipes. Up to fuel utilisation ∼0.7 the outlet anode streams
depleted fuel and air) and char separated from the product
as, are sufficient to provide the requirements of gasification.
herefore, no additional biomass feeding to the combustor is
ecessary. Beyond Uf > 0.7, additional biomass fuel has to be

upplied but its exergetic efficiency is restricted by large irre-
ersibility.

If flue gas exergy is enough to sustain gasification, then the
ombustor FB could operate with an ash free fuel and subse-

ig. 9. Gasification thermal exergy supply and demand reduced to primary
xergy input.

w
b
s
s

ig. 10. CHP electrical and total exergetic efficiencies vs. current density for
arious primary biomass inputs.

uent gas cleaning and fouling of heat exchangers would be
inimised. Char and ash could then be alternatively recirculated

o the gasifier with a slip stream rejecting mostly ash.

.2. Exergy analysis of the integrated system

The exergetic efficiency of the overall proposed CHP system
or electricity production is:

ex, el, CHP = PSOFC

Ebiomass + Eadd. biomass
(16)

he combined electrical and thermal exergetic efficiency of the
roposed system is:

ex, total, CHP = PSOFC + E
Q
TSTACK

Ebiomass + Eadd. biomass
(17)
here E
Q
TSTACK

the exergy of the heat produced in HX4 (Fig. 1)
y the combustor flue gas stream prior to stack outlet. Fig. 10
hows total and electric exergy efficiencies against current den-
ities. The efficiencies are maximum for Uf = 0.7, as beyond this

Fig. 11. Heat exchanger cold and hot side temperature differences.
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Fig. 12. Grassman diagram of the CHP–

peration point additional biomass input into the combustor is
ecessary, which lowers efficiency.

For a large range of feeding rates and power outputs the sys-
em’s efficiency is optimised for Uf = 0.7, which can be selected
rrespectively of the design point nominal power output of the
ystem, when this is optimised according to relative electricity
nd thermal conversion in respect with capital costs of equip-
ent.
As far as recuperative heat exchangers are concerned,

n attempt was made to present the analysis using relaxed
Tmin. For Uf = 0.7 and for the minimum and maximum pri-
ary biomass feed rates used the �Ts for HX2–HX4 are

llustrated in Fig. 11 and are never less than 150 K. The
HP thermal output could be increased if smaller �Ts were
dopted with higher exchanger surfaces and, therefore, capital
osts.
For an average current density J = 2500 A m−2, at Uf = 0.7,
he gasifier consumes 90 kg h−1 biomass, the electrical exer-
etic efficiency is ηex,el,CHP = 32% producing PSOFC = 140 kWe,
hile the combined electrical and thermal exergetic efficiency

S
u
b
c

biomass gasification integrated system.

s ηex,total,CHP = 35%. The complete analysis results are shown
or this case in a Grassman diagram in Fig. 12.

. Conclusions

The combination of allothermal biomass gasification and
OFC for small scale CHP was analysed exergetically using
esults from Part I of this work. The system operates near atmo-
pheric pressure and is based on the novel BioHPR reactor,
lready proven for its capability to transfer required gasifica-
ion heat between combustion and gasification fluidised beds by
sing high temperature heat pipes [9].

The effectiveness of providing allothermal gasification heat
emand by transferring heat from SOFC off gases and char com-
ustion via sodium heat pipes was illustrated by examining each
ub-process separately as well as combined. For a relatively low

TBR = 0.6, fuel utilisation Uf for which the system operates
nder optimum conditions is 0.7. Above that value additional
iomass has to be used in the combustion FB to provide gasifi-
ation heat with great exergy losses.
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For SOFC current density 2500 A m−2, at Uf = 0.7, the sys-
em uses 90 kg h−1 biomass, operates with electrical exergetic
fficiency ηex,el,CHP = 32% producing PSOFC = 140 kWe, while
he combined electrical and thermal exergetic efficiency is
ex,total,CHP = 35%.
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