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Abstract
Nowadays, for a new gy to be fully introduced, it should pete not only in terms of economy, but also in terms of

£

ecology. Th end-of-pipe

are no lonaer sufficient, but precautionary environmental protection is also necessary. The aimn of

the present work is an environmental analysis of the solid oxide fuel cell (SOFC) technology using the ‘Environmental Precaution Study’.
Constituent materials, energy and emission flows are determmed and evalualed lhroughoul the entire life cycle. Cradle to grave considerations

hnical

embrace the production of raw materials and

planar cell type, based on the current fuel cell programme oflhe Rescarch Ccmre Juhch has been
in the form of a 10 MW gas turbine. The latter has been chosen as the

ly, op and di ling. A SOFC cell of the

d witha i hi

P

p ional 2y,

M

the power output is

similar to the expected SOFC power output and the use of the same fuel, natural gas, facilitates the comparison.
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1. Introduction

In many countries environmental issues on both a global
and a national scale have created an increasing awa-zness of
the need for an active environmental protection policy. Indus-
trialized countries have a particular responsibility for envi-
ronmentai protection, because they have created the potential
of full exploitation of the earth’s resources. Advaatages in
science and technology have increased prosperity luvels but
at the same time allow a more intensive use of natural
resources.

The di ion on envi ! protection is no longer
limited to modifi of the p hnology, but has
beendi dtop ionary Yet, aninternational

d

d unit for envirc | relcvance does not exist.
Therefore, comparison of resuits from different precautionary
studies is therefore not possible in most cases. To use the
benefit of one technique against an other, it is necessary to
consider them from the same point of view and under the
same conditicns. The entire life cycle including production,
operation and dismantling has to be determined and evalu-
ated. The ‘Environmental Precaution Study’, developed in
Germany, reconsiders these points by collection of relevant
input and output data (material, energy and emission), data
of persistence and accumulation, and levels of toxicity over
the entire life cycle. A compiehensive compilation of these
data allows a comparison of different technologies. Further-
more, the ‘Environmental Precaution Study’ enables
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researchers to prevent faults in early stages of development
of new technologies. In this way, modification during initial
research can also yield an economical advantage.

In this paper, the SOFC technology, still in a developing
stage, is compared with a conventional technology. The gas
turbine is chosen to represent power producing systems. The
main reasons are the similar size of typical power output ( 1-
10 MW) and the use of the same fuel, natural gas, which
reduces the adaptation expense during comparison.

2. Production and operation of SOFCs

The application of SOFC units in the future power produc-
tion will involve more processes than the simple operation of
the unit. Fig. 1 gives a survey of production and operation
processes involved in an SOFC application. The process
chain of the first level includes only processes during opera-
tion of the unit. At the second level upstream processes are
represented. For SOFC power production these are the pro-
duction of the fuel cell unit itself and the production of H, or
CH, converters. This work includes only the fuel cell pro-
duction p b as my d above, the gas tur-
bine uses the same fuel.

3. Production processes of SOFCs

At the beginning of the collection of data, a reference
SOFC cell has been defined, based on the current fuel cell
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peration steps of an SOFC.

Fig. 2. Cathode production line.

progranime of the Research Centre Jiilich (KFA). The SOFC
developed at that time was a planar fuel cell, where the com-
ponents were processed in different production lines.

The carrier sheet is the electrolyte, produced from yttrium
stabilised zirconium oxide by tape casting {1]. The elec-
trodes, the LaSrMn—perovskite cathode and the NiO cermet
anode, are applied onto the electrolyte by a wet powder spray-
ing production process (WPS) [2]; two types of intercon-
nectors, the metallic (Cr, Fe, Y,0;) and the ceramic
(LaSrCrO) were also examined [3]. The metallic intercon-
nector is formed using hot isostatic pressure (HIP); the

one ob its shape through calcinati ofthypow-
der, followed by ap process and mechani

For all cell components, the production line, from the pro-
duction of raw material through the production of the powders
to the prod of the comp itself, has been set up.
Fig. 2 shows the production line for the cathode.

Parent materials are bastneasite, strontianite, SrCo,, and
pyralusite, MnO,. After mining, the ore is dissolved in nitric

acid to separate the materials and to obtain the nitrates of the
substances [4]. The parent powder for the production of the
cathode sheet is preparcd by WPS. Along this producuon
line, the amounts of the materials 'y for the pre

of one cathode laver are evaluated smichlomemcally Know-
ing the power output of a single cell it is possible to calculate
the material input per kW, see Table 1. Considering a typical
50% scrap rate for ceramic prod the

must be doubled. Similar calculanons exist also for the other
materials used.

Table 1

Nitrates required for the cathode production of a 1 kW plant
Substance Amount (kg/kW)
La(NOy), 86x10°*

Sr(NO;), 0.8x10™*

Mn(NO;), 59x107¢
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4. Operation

Data for operation cannot been given at the present early
stage of develop Nevertheless, the d high effi-
ciency of the SOFCs allows the prediction that the emission
per electricity output unit will be less high than those of
conventional technologies.

The operation of PAFCs have already shown a consider-
able decrease in emission compared with technologies used
today [5]. Yet, the results obtained from PAFC measure-
ments can only serve as a pointer. At high operation temper-
atures, such as 1000 °C for SOFCs, the formation of NO,
from N, and atomic oxygen increases. However, today the
production of NO, is neglected in most of the models that try
to simulate SOFC operation.

Serious validation of the result from simulation models can
only be given by results obtained in field tests done in the
future.

5. Dismantling

Even after successful operation, dismantling of the unit
remains an important part of the entire cycle life. Prevention
and reduction and re-use of waste products are key elements
in the material management, that has to be planned before
introducing a new technology. For SOFC technology, little
is known about handling waste products; some problems,
however, are already known.

1. Fuel cells are connected in series. In the present concept,

a malfunction of a single cell leads to the replacement of

the whole stack.

2. Ceramic materials possess a high sensitivity to stress. Dur-
ing disconnection of a stack, this susceptibility can lead
to individual cells developing cracks. The process of sep-
arating cells is therefore complicated.

Disconnection of a cell into its components is impossible

due to production method.

4. Substances can be only be regained during powder pro-
duction. The ceramic powders of the cathode and inter-
connector can be integrated into the parent materials.

5. No process to dissolve yttrium from YSZ are known. In
order to decrease the amount of YSZ waste, the use of the
latter as an ineri material has been suggested in other
sectors of industry.

The increasing interest in waste management will yield a
higher demand for research in the field of dismantling SOFC.

w

6. The competing conventional technology

In future fuel cells will still developing technol
ogies being already on the market, such as gas or steam
turbines, or alternative energy generation technologies such
as solar and wind energy. However, market forces will decide
wiere fuel cells will be most applicable and with which tech-
nology they will compete in different market segments. In
the smaller size range (1 kW—1 MW) the presently used
technology are recip g and gas Gas
turbines are used for power generation in the 1 MW-10 MW
range. For the production of several hundreds of MW com-
bined steam and gas turbine cycles with already high effi-
ciency of 58% [6] are in severe competition.

To evaluate the benefits or disadvantages of SOFC tech-
nology the collected data must be compared with those of
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Fig. 3. Produciion line for the inlet casing.
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Table 2
Material balance for the production of 1 tonne pig iron {7]

a) Addition

Ore and additives (kg) 1650

Coke (kg) 450-500

Wind (kg) 1500-2500
(m*) 1200

b) Removal

Pigiron (kg) 1000

Slag (kg) 310

Blast furnace and dust (kg) 3000-3500

conventional technologies. In this paper, a gas turbine has
been chosen as the competing technology, because a market
penetration for SOFC in small units of the range 1-10 MW
is most likely. A second reason is the use of the same fuel,
natural gas, which facilitates the comparison of both
technologies.

The gas turbine chosen has an electrical power output of
9435 kW and has been put onto the market recently. This
means that this technology is of a modern standard. The
heavy-duty machine has 23 different components consisting
of 16 different materials. Fig. 3 shows the production linc for
an air inlet casing produced from spherical graphite castiron.

The entire material balance for the gas turbine has not yet
been completed. However, Table 2 [7] shows the material
balance for the production of 1 tonne of pig iron. This Table
shows the data for the basic production step of most steel
types; different data for alloying, casting and shaping of the
specific products should be added in order to give a complete
data balance.

7. Conclusion

The ecological evaluation of a developing technology is
obtained by comparison with already common technologies.
The SOFC technology is stil! in an early stage of develop-
ment. The prospected power output range for high tempera-
ture fuel cells is 1 MW—10 MW, with market segments where
gas turbines produce the electrical power today. Therefore,
the entire life cycles of both technologies have to be evaluated
and compared. At the current stage, data for operation and
dismantling of SOFCs are not yet available. Results from
field tests and data from other fuel cell types can serve as
reference. The collection of the gas turbine data has to be
completed in order to determine and evaluate the entire life
cycle. Benefits and disadvantages of one or other technology
can be pointed out be a direct comparison of both technolo-
gies. Conclusions from this study enables changes in the
development during the initial stage.
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