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Nomenclature table

R&D: Research and Development
RES: Renewable Energy Sources
SOFC: Solid Oxide Fuel Cell

WWTP: Waste Water Treatment Plant
HRU: Heat Recovery Unit

ODP: Ozone depletion Potential
GWP: Global Warming Potential

j: current density (4/cm?)

V: voltage(V)

A: area (m?)

T: temperature (°C)

Us: utilization factor

D: diffusivity (cm?/s)

M: molar mass (g/mol)

C-: Calcultator

DS-: Design Spec

m: mass flow rate (kg/s)

V: volume flow rate (m3/s)
(UA)¢,:: total heat transfer capacity
(kW /K)

AT,,: logarithmic mean temperature
difference (K)

SP: Size Parameter (m)

AH,: isentropic enthalpy difference
in the expander (kJ /kg)

Apices and Subscripts
ohm: ohmic

act: activation

conc: concentration
oa: anode exchange
as: anode-limiting
oc: cathode exchange
cs: cathode-limiting
FC: fuel cell

int: interconnector

e: electrolyte

a: anode, active

c: cathode

aeff: anode effective
an-ex: anode exit
cat-ex: cathode exit
cr: critical

f: factor

el: electric

wt: weight

rel: relative

is: isentropic

mec: mechanical

M: Motor

rec: recirculation
an.exh: anode exhaust
cnd: condenser

evp: evaporator

wf: working fluid

S4s: isentropic status at ORC expander
outlet



Abstract

This work aims to develop a 0-D simulation model of a hybrid SOFC-ORC system
and to estimate the benefits in terms of power production respect to the fuel
cell alone. Reference case is an industrial Fuel Cell system with three modules. It
is a Solid Oxide high temperature Fuel Cell working at atmospheric pressure,
manufactured by the Finnish company Convion Ltd. It converts the chemical
energy of a biogas flow from a Waste Water Treatment Plant into thermal and
electric power up to 58 kW per module and releases gas exhausts at about 220°C.

Here it is supposed to use the latter for further power production by means of
compatible power cycle. The low temperature gases as a source for the
secondary cycle limit the choice within organic fluid cycle systems, absorption
system, Stirling engines and the less known Kalina based systems.

Chapter 1 introduces in general terms the current R&D state of the art about
hybrid systems based on SOFC technology. Some proposal and results from
scientific papers are reported, so that the reader can have a comparison
overview on the main features and the makings of hybrid plants.

In Chapter 2 the reference project is described and opportunities for waste heat
recovery are discussed, starting from Fuel Cell datasheet. Also, the feeding flow
composition is obtained from fuel sample data taken on the spot.

Reasoning about thermodynamic state of the exhausts available as heat source
and the goal of this work ended in the choice of an ORC for further power
production. So the assumptions behind the analysis development, as well as the
equations for SOFC and ORC models, are reported in Chapter 3. There, also the
most relevant features of the Aspen Plus® V8.0 software are described, together
with the main steps of the entire simulation process.

The validation of the developed models and discussion of the results take place
in Chapter 4, while conclusions are deduced in Chapter 5.



Introduction

Energy production relied on fossil sources for over a century, and the growing
rate of economies in the latest decades made the climate change and health
hazards two topics of strong interest.

This led to invest more in technology research for the exploitation of renewable
energy sources, such as wind, sun, and more recently biomass, wastes, tidal
energies, but also to improve the efficiency of consolidated conversion systems.
The latter can guarantee lower rates of fossil sources consumption versus rapidly
increasing amount of energy needing from emerging countries, during the
period of transition to cleaner processes.

Fast facts

80%
of global energy

consumption is based
on fossil fuels

32.3 Gt

of global energy-
related CO, emissions
in 2014, unchanged
from the preceding
year. This marks the
first time in 40 years
in which there was a
halt or reduction in
emissions of the
greenhouse gas that
was not tied to an
economic downturn

Fig. 1: From International Energy Agency
(IEA) website.

The representatives of developed countries met
for the first time in Sweden in 1972 to talk about
the  protection, preservation, and the
rationalization of human resources for the benefit
of future generations...the concept of sustainable
development was born!

However, the first step was actually taken in
Kyoto in 1997, when 160 countries signed the
obligation to reduce greenhouse gas emissions of
8.65% at least - respect to the values of 1985 -
within 2012.

The agreement provided for:
- Modernization of industrial plants.
- Reduction of pollution from motor vehicles.
- Abolition of certain hazardous substances.

- Modification of chemical components used for
refrigerants.

- Innovation in industries, especially in the
energetic sector.

The Kyoto protocol entered in force in 2005,
after Russia’s signature (responsible for 17% of
world emissions); Australia joined in 2007, and



China and India too agreed, even if they are exempt from requirements on
emissions. The USA never ratified the protocol, but they are now engaged in the
program born from the 21°* UNFCCC (United Nations Framework Convention on
Climate Change), held in Paris at the end of 2015. There, 196 countries promised
to accept binding commitments to prevent the temperature increase on the
planet above 2°C within the period 2030-2050.

We could say this was a big step forward, nevertheless some choices strongly
limit its effectiveness: 55 nations at least - source of 55% of global emissions as
a whole - have to include it in their own legal system to get it started.
Furthermore, the members themselves will decide their own goals, and no
sanctions will be imposed if anyone will miss them.

However, without questioning the efforts of each one, these targets will
undoubtedly slow down current trends of pollution increase, thus it is the good
way.

The European Union has

--= World always been at the forefront in

supporting  political  efforts

towards clean energy. |Its

30% EU leadership in renewable share

us of power generation (China will

surpass everyone else in terms

20% of volume growth by 2035)

P proves this. Renewables are

/ expected to account for more

10% /’ than a third of EU power
3 generation by 2035.

40%

—China

= The EU itself covers less than
0% e half of its gross inland energy
1995 20156 2035 consumption (~¥46% in 2010)

[1].

Fig. 2: Renewables share of power generation, from BP Energy
Outlook (2016). To increase its energy

independence, combat climate
change and strengthen its competitiveness, a set of goals by 2020 has been set:
the 20-20-20 targets.

e Cut down greenhouse gas (GHG) emissions of at least 20% below 1990
levels.



e Reach 20% of EU’s energy demand covered with renewable energy
sources (RES).

e Improve energy efficiency in order to reduce primary energy use by 20%
with respect to 1990 levels [2].

To date RES cannot guarantee a continuous and reliable supply; furthermore,
many related issues limit their spread, and probably the available area power
density is one of the most influential. Thus, it is consistent to exploit existing
plants by converting them to cogeneration and trigeneration, while carrying
Research and Development (R&D) forward.

The EU has defined the " Photovoltaics 10%

. . w CSP 4%

financial  tools  (called u Bioenergy 13%
“Framework Programmes”) o i ® Wind energy 5% — a1%

® Ocean energy 4%
for research and

technological development
since 1983. During FP7 12%
(2007 - 2013) about |,
4.65 bn€ were allocated to -

Non-Nuclear Energy (NNE) 3%/
R&D, and they are ¥
increasing up to 5.4 bn€

Geothermal energy 1%
® Hydro energy 0% (0.3%)
RHC 4% _J
® Coal (CCS-CO2 Capture) 2%
m Coal (CCS-CO2 Storage) 2%
¥ Coal (Other) 5%
Energy networks 15%
® Energy efficiency (Building) 3%
Energy efficiency (CONCERTO) 3%
Energy efficiency (Other) 3%
W Socio economics 1%
FCH/JTI FCH (Fuel Cells) 12%

15%

2% 2%
within the Horizon 2020 5% FCH/ JTI FCH (Hydrogen) 12%
Energy materials/FET 0% (0.5%)
programme [3] Basic research 0% (0.1%)

All other activities 1%

Fig. 3: FP7 funding for
different NNE  sectors.
shows EU’s interest in Fuel Cell technologies, as they joined a high amount of
finance with more than 20% in FP7, and similar trends are for Horizon 2020 (2014
— 2020). This is of the utmost importance for such a promising low carbon
technology, as the funding tools can help to lower its biggest drawback - i.e. costs
—and accelerate its deployment.

Fig. 3: FP7 funding for different NNE sectors.



1. Low power hybrid plants based on SOFC technology

Solid oxide fuel cells (SOFCs) have been considered as one of the most
promising technologies for very high-efficiency electric energy generation from
both natural and biogenous gas, and synthetic vectors too (H2, synthetic NG,
etc.). The high temperature exhaust gas from SOFC can be utilized in other cycles
for additional power generation or for heating and cooling purpose
(cogeneration/trigeneration). MCFC also can be used in hybrid cycle, but due to
the cell reactions, the molten nature of the electrolyte and lower efficiency [4]
vast majority of research in this field deals with SOFC combined cycles. There are
some steady state [5, 6, 7, 8] and dynamic [9] modelling on the hybrid MCFC-GT
cycles. However, the number of papers and diversity of such are not comparable
with papers on SOFC hybrid cycle modelling.

The available papers show that the resulting maximum efficiency of SOFC-
combined systems can be up to 90% [10] depending upon the operating
condition and configuration used.

A significant research effort was spent on the design and optimization of
SOFC/GT hybrid cycles, producing a large number of papers [11, 12, 13, 14, 15,
16, 17]. Conversely, experimental activities on SOFC/GT hybrid power systems
are scarce, mainly due to the high capital cost required to build prototypes, even
at a laboratory scale [18]. Probably, the most popular prototype is the 220 kW
SOFC/uGT power system manufactured by Siemens Westinghouse and installed
at the University of California [19]; a similar system, with an output of 300 kW,
was also tested in Pittsburgh [20].

A certain number of researchers focused on the possibility to integrate SOFC,
GT and Steam Turbine (ST) in a single combined cycle showing ultra-high
efficiency [21].

Such opportunity was thoroughly investigated by Arsalis et al. [22], who
analysed four configurations, in which the following differences regarding the
steam turbine (ST) bottoming cycle were assumed: single pressure level, dual
pressure level, triple pressure level with and without reheat. The purpose of
using multiple pressure levels is to achieve a higher power output from the
steam turbine. The SOFC stack is based on the internally reformed Siemens
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Fig. 4: SOFC-GT-ST combined cycle, studied from Alexandros Arsalis [22].

tubular configuration, equipped with a pre-reformer and an anode recirculation
arrangement. Fig. 4 shows the layout of the hybrid SOFC-GT-ST power plant. The
authors of this study considered three different hybrid plant sizes: 1.5MWe,
5MWe, and 10MWe. In addition, two different SOFC sizes are considered based
on current density (from 100 mA/cm? to 650 mA/cm?). The systems were
optimized varying the main synthesis/design parameters. Authors concluded
that the hybrid SOFC-GT-ST configuration could be an excellent candidate for
ultra-efficient power production. For instance, the 10MWe system with triple
pressure and reheat exhibits a maximum efficiency of 73.7% and an average one
of 65.3%. Furthermore, this hybrid power plant shows high efficiencies at off-
design conditions as well. For a realistic system, a size of 1.5MWe is not as



attractive and efficient as a 5MWe or a 10 MWe system because the gas turbine
and especially the steam turbine are very inefficient at small sizes, resulting in
lower overall system efficiencies.

As anticipated, here we consider a sub-MW base case configuration with a
commercial SOFC model whose exhausts have a temperature as low as 220°C.
Thus, some of the thermodynamic cycles are not suitable as bottoming cycle for
additional power generation. Rankine cycles usually work with thermal sources
hotter than water critical point (374°C), and Bryton cycles are far above that
value. Even micro gas turbine (LGT) systems sensitively loose efficiency with the
decrease of the turbine inlet temperature (TIT). Many manufacturers, such as
Capstone and Elliot Energy System, produce models with TIT next to 850°C, while
few others (e.g.: Power Works™) managed to make turbines that can operate at
700°C.

When the temperature of the heat source is as low as in this case, organic fluids
are typically utilized for their well-known thermodynamic properties (dry fluid,
critical temperature, etc.). Thus, Organic Rankine Cycles (ORC) will be
considered; Stirling cycle also will be illustrated, together with absorption cycles
as a reference for trigeneration plants.

1.1. SOFC-ORC hybrid systems

Air Wood
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32, Electrical
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Blower 1 turbine
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Water 36
pump pump

Organic cycle

Fig. 5: Generic layout of a system involving a SOFC integrated with an ORC cycle.



Fig. 5 shows a generic layout for a SOFC-ORC combined system. The fuel cell
here is fed with natural gas, so water must be integrated to let the steam
reforming reaction happen. However, if the fuel were for example biogas from
wastewater, the water line would have not been necessary.

The boiler before the exchangers for preheating is not always present, as it
depends on design choices about the interfacing between the two cycles: the
upper temperature of the ORC cycle could be so low that the heat from SOFC
exhausts would be sufficient for both fuel-air-water preheat and bottom cycle
supply. In fact the critical temperature range of usual working fluids goes from
100 to 400 Celsius degrees; to have a clear evidence of this, the temperature-
entropy chart of a pair of “dry” fluids is shown in Fig. 6.

According to the same reasoning, the presence of the heat exchanger before
the condenser is dependent on the lower temperature of the bottom cycle: if
high enough, a further thermal process could exploit the remaining enthalpy, so
that exchanger would make sense.

450 120

li]
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r°c)
T("C)

- 75 ) 2 .'. 25 75 -y o e -
"ep o= ! = ’ 0,2 0,7 1 17 2,2 2,7

s (kI/kgK) s (kI/kgK)
Fig. 6: T-s chart of n-Dodecane and Propane. Note the critical temperatures: next to 400°C and 100°C respectively.

Akkaya and Sahin [23] studied the energetic performance of a system that
combined a SOFC with an ORC without any heating or cooling load. They found
that the efficiency of the hybrid system increased by 14-25% compared to that
consisting of SOFC only. They separately analysed the effects of ORC and SOFC
parameters on the whole system, and chose the best compromise for each
section. Turbine inlet pressure and condenser temperature were varied as ORC
parameters (taking into account stability issues of the fluid and cost VS heat
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transfer area for the condenser); current density, working pressure (so the
compressor ratio), fuel utilization factor and cell temperature as SOFC variables.

Pierobon et al. [24] analysed a 100 kW hybrid SOFC-ORC power plant coupled
with a gasification system. The plant is designed for a 0.5 km? cultivation area
and it is fuelled by syngas obtained by woodchip gasification in a fixed bed
gasifier. The combination of the gasification process with SOFC and ORC results
in the plant configuration presented in Fig. 7. Wet woodchips with 33.2%
moisture content (molar base) are supplied to the two-stage gasification plant
for wood gas production. The cleaned wood gas is then preheated in a heat
exchanger (AP; anode preheater) to 650°C before entering to the anode side of
the SOFC stack, which is assumed to operate at 780°C. Unreacted SOFC fuel is
burnt in an afterburner. Then, the off-gases from the burner are sent into an
intermediate heat exchanger (IHE) where a diathermic oil supplies heat to the
ORC subsystem. The ORC cycle is also equipped with an internal regenerator.

Gasifier h

Off gases Inverter

Gas Cleaner

Wet
Wood

:

Burner ¢&——m—
I

A
1
]
]
1
1
1
1

1

1

1

Steam

[}
1

Intermediate heat exchanger

Air » Dryer and
Dowtherm Q Pyrolyser
HRSG pump
Turbine
Condenser @
:@ ORC pump Internal
recuperator
T Generator

-
-

Fig. 7: Layout of a SOFC-ORC system powered by syngas [24].

Results of this study show that Gasification and ORC can potentially increase
the system performance of 26.4%-points with respect to a conventional system.
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In fact, simple and double stage ORCs fired by woodchips present a poor thermal
efficiency (25.3% and 34.8%) compared to the IGSORC (56.4%). A maximum
efficiency of 62.9% can be obtained by increasing the utilization factor of SOFC
to 0.9 and decreasing its current density to 100 A/mm?. Decreasing the operation
temperature of the fuel cells to 650°C lowers the plant efficiency to 55.3%.
Authors also performed a sensitivity analysis regarding the selection of the best
working fluid for the ORC, showing that fluids with high critical temperature are
required to achieve a high thermal efficiency. The results suggest that optimal
fluid in terms of system performance is propyl-cyclohexane at 15.9 bar. When a
limit at the outlet condenser pressure of 0.05 bar is imposed cyclohexane at 20.0
bar is the preferable working fluid.

Similar investigations are available in the literature, but they consider more
complex systems, such as SOFC-ORC-adsorber for trigeneration or SOFC-uGT-
ORC to maximize electricity production. Thus, they will be mentioned below.

1.2. SOFC-Stirling hybrid systems

Stirling engines are volumetric machines in which a hot gaseous fluid performs
a regenerative closed cycle. They are noted for being valve-less piston engines
and quiet during operation. They are referred to as external combustion engines
and often known as “hot air engines”, since air has been the designed working
fluid for most of their history. By time, the deployment of new and resistant
materials at lower costs led to the development of high-pressure engines. New
fluids were required since performances would not appreciably increase with air.
Moreover, higher pressures and temperatures carried the risk of fire of
lubricants (air is an oxidiser), so helium, hydrogen and nitrogen began to be used.

Only a few studies have been carried out with a Stirling engine as a bottoming
cycle when a fuel cell cycle is used as the topping cycle.

Masoud Rokni presents a small-scale SOFC-Stirling plant (10 kW) in Ref. [25].
Different configurations and fuels (Natural Gas, NG, ammonia, di-methyl ether
(DME), methanol and ethanol) were analysed. The configuration with ammonia
(Fig. 8) is the simplest one because the fuel can be directly fed to the SOFC cells,
instead the one with NG is the most complex, requiring a desulfurizer and a pre-

12



—

reformer reactor. The
o ) | sorc - off-gases produced in
the SOFC cycle feed a
] L, bottoming Stirling
' — ‘ engine generate
additional power. The

off-gases and the

cooling water of the

Stirling engine are

Sifing ﬁ used to produce
Domestic Hot Water

(DHW) and space

heating. For the
combined SOFC and
Room heater Stirling configuration,
the overall power
production was
increased by approximately 10% compared to that of a stand-alone SOFC plant.
System efficiencies of approximately 60% are achieved, which is remarkable for
such small plant sizes. There the results obtained let the author observe that
with slight decrease in fuel utilization factor of the SOFC, fuel supply to the
burner increases and the plant efficiency enhances regardless of fuel used since
power produced from the bottom cycle of Stirling engine was found increasing

(Fig. 9).

Air

Water heater

Fig. 8: A scheme of the combined SOFC-Stirling system fuelled by ammonia.

641 mos 64 m780°C
63 - 075 93] 650°C
62 62

61 | 61

60 | 60 -

59 | 59 1

58 58

57 57

56 56

55 | 55 1

54 | 54 4

NG DME Ethanol  Methanol NH3 NG DME Ethanol ~ Methanol NH3

Fig. 9: The effect of the SOFC fuel utilization factor (left) and operating temperature (right) on plant efficiency
[25].
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Instead, by lowering SOFC operating temperature, the plant efficiency
decreases for all fuels except for ammonia. The increase in plant efficiency was
more pronounced with natural gas as a fuel.

The author also proposes the introduction of a methanator after the gas
cleaning section to improve the CHs4 content in the fuel flowing to the anode. In
that way a further, even slight, increase in efficiency is attained.

The latter improvement is theoretically confirmed again in Reff. [26, 27], where
a small integrated gasification SOFC-Stirling plant is analysed: wood chips
gasification in the first paper, Municipal Solid Waste (MSW) gasification in the
second one. In both studies the net capacity is of 120 kWe, which is suitable for
use in decentralized CHP plants. Syngas is produced from wood chips gasification
feedstock [26] and is utilized to feed directly the anode side of the SOFC stacks.
Analysis shows that a thermal efficiency of 42.4% based on the lower heating
value (LHV) can be achieved if all input parameters are selected conservatively.
This value is relatively high if compared with existing large scale integrated
gasification plants. The plant produces 127 kW of heat in terms of space heating
and DHW. The electrical efficiency with the methanator increases, from about
40% to 42%, and of about 29% adding a Stirling engine at the SOFC plant. There
is an optimal SOFC utilization factor, 65% (which is a rather small for SOFC), for
which the plant efficiency is maximized (Fig. 10). This affects the amount of off-
fuel available for the Stirling cycle. For lower values, more fuel will be for the
Stirling engine, more power will be produced.

43 T T T T TT 1 128 43 128
42 124 42 124
g a1 120 = E 41 120 =
3 2 3z 3
E 40 116 = E 40 116 =
=] = 9 =
E 39 112 & F 39 112 &
t kT E @
& 38 108 2 & 38 108 Z
o o
37 | —_— EL“E‘;”CY — 104 37 —_— Eﬁiciencv 104
- — -— - ower
36 | | | | | | | | | 100 36 | | | | | | | | | 100
0.6 0.64 0.68 0.72 0.76 0.8 0.6 0.64 0.68 0.72 076 0.8
SOFC Utilization factor SOFC Utilization factor
a) b)

Fig. 10: Plant thermal efficiency and net power production as a function of woodchip mass: a) constant woodchip
mass flow and b) constant SOFC electrical power [26].
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Thus, the introduction of biomass gasification to the combined SOFC-Stirling
hybrid systems decreases plant efficiency by more than 16%-points. This is
aligned with other combined cycles when a gasifier is integrated to the plant.
Such drop in electrical efficiency is not only the effect of integrated gasification
but also depends on the nature (read quality) of the obtained syngas together
with the type of gasifier.

Another “member” of the hot air engines family is the Ericsson engine, which
actually is a special gas turbine engine where a reciprocating compressor
replaces the turbocompressor and the turbine is replaced by a reciprocating
piston/cylinder expander (Joule cycle reciprocating engine with external heat
supply). The Ericsson configuration, with valves, shows several advantages
compared to the Stirling configuration [28]. Amongst them, it is worth to note
that the Ericsson engine heat exchangers are not dead volumes, whereas the
Stirling engine heat exchangers designer has to face a difficult compromise
between as large heat transfer areas as possible, but as small heat exchanger
volumes as possible.

These features make the Ericsson engines deserve an interest equal to that to
the Stirling engines. Even so, no studies on SOFC-Ericsson hybrid systems have
been carried out.

1.3. Trigeneration hybrid systems

Trigeneration or combined heat, cooling and power production (CHCP) means
the simultaneous production of mechanical power (electricity), heat and cooling
from a single fuel. While CHP systems profit from more than 50 years of
experience and are technologically well established, trigeneration is a quite
recent technology and is becoming economically feasible thanks to the
commercial spread of absorption chillers. Small-scale CHCP systems are an
example of a novel concept in energy supply: DER, distributed/decentralized
energy resources (for small-scale generation, likely below 1MW.). The main
potential in the service industry is in hospitals, hotels, sport centres, office
buildings, shopping centres and district heating systems.

15



The thermodynamic and environmental advantages of fuel cells on the
conventional technologies led them to be the next optima candidates as prime
movers for CHCP systems. In fact, several papers can be consulted on the matter,
especially considering Solid Oxide fuel cells rather than Molten Carbonate cells.
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Ozcan and Dincer [29] presented a novel hybrid layout of a trigeneration system
based on SOFC, ORC, solar collectors and an absorption chiller. The tri-
generation system consists of: an internal reforming tubular type solid oxide fuel
cell (IR-SOFC), which works at ambient pressure and fuelled with syngas; a
combustor and an air heat exchanger; a heat recovery and steam generation unit
(HRSG); a two-stage Organic Rankine Cycle (ORC) driven by exhaust gases of
SOFC; parabolic trough solar collectors (PTSC); a lithium-bromide absorption
chiller (AC) cycle driven by exhaust gases from SOFC unit. A scheme of the layout
is shown in Fig. 11. The system is supplied by a syngas obtained by biomass
gasification, consisting of 21% CHa, 18% CO; and 40% H,. The internal reforming
SOFC stack is equipped with the anode recirculation arrangement in order to
promote the steam reforming reactions. In addition, SOFC stack, consisting of
tubular cells, is assumed to operate at ambient pressure. SOFC exhaust heat can
be used to drive the absorption chiller and the ORC subsystem. The ORC operates
using R245fa as fluid. ORC cycle is divided in two expansion stages in order to
use solar heat for the low pressure turbine. In addition, solar heat is also used to
preheat the organic fluid entering the HRSG. Finally, the heat rejected by the
condenser is recuperated for residential water heating. Thermodynamic models,
including mass, energy and exergy balances are implemented in order to
calculate both energetic and exergetic analyses of the novel system. Results
showed that the overall energy efficiency of the system is 85.1% and exergy
efficiency is 32.62%. Highest irreversibilities occur in the SOFC unit and solar
panels when considering sun as the heat source for panels. Tri-generation
system energy efficiency and exergy efficiency are 52.5% and 13.4%, higher than
that of SOFC stack energy and exergy efficiency. Solar collectors increase the
overall system efficiency by 12-16% by providing an additional 89 kW of
electricity production. Simultaneously, water heating and cooling energy are also
provided. Finally, authors also performed a sensitivity analysis showing that
system performance is dramatically affected by the appropriate selection of
SOFC design parameters. An optimization may a lead to a 5-8% system efficiency
improvement [29].

A further analysis is presented by Al-Sulaiman et al. [30] investigating different
arrangements of SOFC, ORC, solar collectors, biomass combustors and thermally
driven chillers. Among the different layouts, authors also proposed the one
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shown in Fig. 12. The system is based on a pressurized internally reformed SOFC
stack where the steam required for the reforming process is supplied by an
external heat exchanger. Biomass energy is used to preheat air and fuel entering
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o, 20 21 26 27 |3
4
T
DC 28| 12 Heating g e
e a o e -
AC
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pump pump 5
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Evaporator INV\i MA Absorber
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Fig. 12: SOFC—ORC-AC hybrid layout [30].

the stack and to produce the above mentioned steam. SOFC exhaust heat feed
an ORC cycle. ORCrejected heat is partially used for heating process and partially
to drive an absorption chiller, producing cooling energy. Authors performed
several optimizations of the selected system, using a thermodynamic model of
the components. They concluded that the electrical-exergy efficiency of the
selected SOFC—ORC cycle is the highest among the considered systems.
Conversely, the highest cost rate is achieved by the SOFC—trigeneration, due to
the high capital cost of the SOFC subsystem, as well as the cost of the fuel for
this system. Moreover, the cost per exergy unit of the SOFC—trigeneration
system is the highest [30].
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2. Reference SOFC system

In this chapter the analysed system will be descripted. The main subsystems
are the fuel cell modules and the bottom cycle, which enhances the electric
power output by converting the available heat from the SOFC exhausts.

2.1. Base case: a 174 kW, SOFC system fed with biogas
from wastewater

This paragraph introduces the reference system from which this work has been
developed. It consists of three SOFC modules, which are fed with biogas and
rated 58kW. each one. The considered fuel is digester gas from anaerobic
digestion of municipal wastewater.

The original project foresees the complete recover of exhaust gases from the
cells to feed the digestion process, while this study considers the available heat
as a source for a bottom cycle with further power production.

2.1.1. The DEMOSOFC project

The system is part of the DEMOSOFC project (DEMOnstration of large SOFC
systems fed with biogas from WWTP), which aims to demonstrate how much
helpful and reliable an innovative solution for distributed CHP generation based
on SOFC technology could be to fulfil the European targets in the energy
transition.

Its main objectives are:

- achievement of high performances of the integrated biogas SOFC system
in terms of electrical efficiency, thermal recovery, low emissions, plant
integration, economic interest for a better use of renewable fuels in a
context of decreasing incentives to green technologies;
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- management on the long run, maintenance experience, degradation
issues: all in a real industrial context;

- exploitation and business analysis scenarios for the implementation of
several integrated biogas SOFC plants across Europe;

- spreading of the higher energy and environmental performance of such
systems and analysis of available market opportunities and for public
awareness.

The proposed project is being installed in the SMAT wastewater treatment
plant of Torino Collegno-Pianezza (IT) producing the biogas fuel.

The WWTP currently serves 270,000 equivalent inhabitants — a portion of the
overall municipality of Torino — thus collecting an overall of 59,000 m3 of
wastewater on a daily basis that corresponds to c.ca 220 litre/day/capita.
Digester gas is available from the anaerobic fermentation of pre-thickened
sludge at this facility. The suspended solid volatile (SSV) fraction in the sludge
results in 1.34 wt. % leading to a biogas yield of 0.39 Nm?3 of biogas per kg of SSV.

Given these site-specific productivity facts, and by taking the biogas-to-
electricity efficiency of 53% (LHV basis) for the SOFC generator, the resulting
electricity yield is about 1 We/capita.

WASTE

8) WATER ANAEROBIC
& &# TREATMENT # DIGESTION | [HESSEgp SOFC PLANT | I

PLANT

Collegno and
Pianezza
inhabitants

CLEAN WATER
THERMAL POWER
THERMAL POWER

Advantages with the

Service for the ic di i .
rvi r Anaerobic digestion SOSC chhobon:

municipality: s
- CFeanz of :rhe S A EE e ! " . = High efficiency electrical power = Reduction
e . N Convgrsnor! a orgamc_ matt.er of electrical energy bought from the grid
from Collegno and Pianezza contained in sludges into biogas
inhabitants - Biogas is a by-product of » Thermal power 100% recovered for AD heating
the process —> Elimination of NG consumption from the

grid
e Zero emission system --> No NOx, SOx, PM and
vOoC

Reliability of the system
Distributed generation = Lower grid impact

Sustainability = Biogenous fuel

Energy security = Local fuel

Fig. 13: Schematic flow diagram of Collegno WWTP after DEMOSOFC realization.

20



A distinctive feature of the integration of the SOFC within a WWTP is that both
the electricity and heat produced are used onsite. Electricity consumption in the
plant is generally higher than the electricity output from biogas as several
pumps, compressors and other mechanical devices are in operation within the
WWTP to process the wastewater. Looking instead at the thermal balance, the
waste heat available from the SOFC can be almost fully recovered by pre-heating
the sludge feeding the digester: this is a necessary step of the process, and the
heat recovery from the SOFC allows the total substitution of external natural gas
(fossil fuel consumption). Any surplus heat from the SOFC (generally available
during the summer) could be exploited for other uses (e.g., domestic hot water
in urban district heating loops).

According to some biogas samples taken in July, August and September 2015,
the mixture composition was calculated. This was necessary since data were
recorded for dry basis, while | was looking for wet composition to fill in the
simulated fuel input.

Relative humidity is defined as the fraction of vapour mass with respect to the
maximum possible value at which no condensation occurs. For ideal mixtures
this is also the ratio of vapour pressure over saturation pressure at the same
temperature:

_ my _ Py V/(Ry,T) €Y)
Mgat (T) psV/(Ry - T)

Relative humidity was reasonably supposed being 100% (digestion of urban
wastewater), resulting that the vapour pressure was equal to that of saturated
vapour; the mean temperature of the samples was of 33°C, while the flow
pressure was just above the atmospheric one (c.ca 1.05 bar). Thus, according to
the relationship for ideal gases:

UR

M,0 _ PH,0 _ Ps (33°C) — 4,749 moly,o (2)

Nmix Pmix Pmix mo lmix

To recap, wet basis composition of biogenous fuel was computed from dry basis
data, which were extrapolated from the analysis of samples taken at Collegno
SMAT plant.
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Dry basis Wet basis

CHg4 64,10% 61,06%
CO; 31,53% 30,03%
0; 0,18% 0,17%
H,O - 4,74%
\P3 4,19% 4,00%

Tab. 1: Biogas molar composition after digestion at Collegno SMAT plant.

The DEMOSOFC project includes a cleaning section for the removal of
pollutants from the biogas. This is necessary to guarantee an acceptable lifetime
of the cell, since mercaptans, siloxanes and aromatic hydrocarbons are present

in the biogenous fuel. First design of the section is shown hereunder.

Exsisting section . .
Designed section

-
BIOGAS IN!
1440 Nm3/day

BIOGAS OUT
(to Fuel Cell)

Fig. 14:Pre-treatment section for biogas cleaning.
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2.1.2. CONVION C50 solid oxide fuel cell modules

Convion C50 is a modular
solid oxide fuel cell power
generator with a nominal
power output of 58kWe (AC
Net). The product can be
configured for operating with
different fuel gas compositions
and has a readiness for
exhaust heat recovery. By its
modular architecture, multiple
C50 units can be installed in
parallel to achieve higher power outputs. Nevertheless, each module is a
separate generator, able to operate autonomously. C50 is designed to be
installed parallel to power grid but is capable of island mode, thus securing
critical power loads within a micro grid. C50 is intended for continuous operation
in a base load type generating mode. The units can be installed indoors or
outdoors.

Fig. 15: CONVION C50 Solid Oxide Fuel Cell module.

A standard C50 fuel cell unit consists of a nominally 58kW net stack module as
well as process, automation and power conversion equipment for facilitating
power generation from the unit. At the C50 module interface, pre-cleaned and
pressurized fuel and clean, non-condensing pressurized air is required. Process
air is taken in by C50 at ambient pressure. Inside of C50 system enclosure there
is aninterface for a recovery heat exchanger but the arrangement is not included
in standard scope of delivery.

Heat recovery

water loop
Cleaned fuel,
dbar-
ar-g >
Pressurized air, Cooled
4 bar-g exhaust
> C50 [HRU I—
Ambient
air | DC/ O~ DC/
DC AC

Fig. 16: Schematic of C50 interfaces.
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Output of a single C50 module is summarized below in Tab. 2.

58
53
3x400-440 V AC 50/60 Hz
222

Exhaust flow rate @ rated power [kg/h] 650

Specific heat capacity of exhaust flow [J/(kg*K)] 1072

Tab. 2: Summary of typical C50 module outputs.

Unfortunately, further data and description of operation modes cannot be
shared, since a Non-Disclosure Agreement (NDA) protects them.

2.2. Opportunities for exhaust heat recovery

It has been illustrated that working temperatures of Solid Oxide Fuel Cells are
enough high to let them couple with any thermodynamic cycle. However, the
development trends aim to lower the operating temperature in order to
decrease the material costs while keeping performances. This, together with the
sub-MW power standard in the overview of distributed energy districts, will
make gas turbines and Rankine systems less attractive and beneficial over time
as bottoming cycle. Micro gas turbines also are excluded, since they require an
inlet temperature above 700°C to ensure acceptable efficiencies (see page 9).

The case here proposed comprehends a process plant that requires a
considerable amount of heat. Moreover, the CONVION fuel cells produce off-
gases at 220°C, so the most reasonable choice is that to recover the heat for the
digester load. In fact, this is what the current DEMOSOFC project contemplates.
In that case, a portion of the unconsumed biogas flow by the SOFC modules is
necessarily sent to a boiler to compensate for the remaining heat demand.

Being the thermal source at 220°C even Stirling engines cannot work properly:
they usually work with sources above 450-500°C for acceptable efficiencies.
There’s only one case in which a 25kW Stirling prototype engine has been
operated at 329°C. Cool Energy Inc. is the manufacturer and they claim it can
operate in a low-temperature range (150-400°C) [Errore. L'origine riferimento
non é stata trovata.]. Also with ORC systems high efficiencies are observed with

N
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fluids that operate with higher temperatures, nevertheless there is a wide
availability of organic fluids having a critical temperature not far from 220°C.

This work does not aim to design a complex and dynamic system such as a
Stirling engine, nor it wants to investigate relatively new technologies, such as
Kalina systems (absorption systems where power is produced by expanding
ammonia vapours in a turbine), thus the interest has been focused on ORC
systems.
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3. Assumptions and model development
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Fig. 17: Schematic diagram of studied SOFC-ORC system.

The studied system consists of three SOFC modules and an ORC cycle, as shown
in Fig. 17 (for clearness purposes only one module is depicted). The waste heat
from the SOFC is used to heat the organic fluid in the secondary system. Several

assumptions were made to carry out the analysis. The ones for the SOFC are:

1. Air at the inlet of the SOFC consists of 79% N2 and 21% O,.

. Fuel cell operates at steady state and nearly atmospheric pressure.

2
3. Gas mixture at the exit of the fuel channel reaches chemical equilibrium.
4

. Flow temperature at the inlet of the air and fuel channels of the SOFC is
considered constant but not equivalent (cathode inlet is set almost 100°C less

than anode inlet).

5. The temperature inside the fuel cell is uniformly distributed (due to the

implemented 0D model, as descripted below).

6. Flow temperature at the outlet of the anode and cathode channels of the

SOFC is considered constant and equivalent.

7. Radiation heat transfer between gas channels and solid structure is neglected.
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8. Contact resistances are neglected, as well as pressure drops along the
pipework.

Material composition and properties of CONVION C50 were unknown, and

were assumed as Colpan et al. did [31].

850°C
120°C
0.65 A/cm’
0.25 A/cm’
0.2 cm?/s
0.05 cm?/s
0.5 mm
0.05 mm
0.01 mm
3 mm

Tab. 3: SOFC input values that are fixed throughout the study.

The overall active surface area was not known a priori. In the end, the value of
20 m? was chosen, since it guarantees that the current density remains below
0.5 A/cm?, as for the most of commercial cells.

A bottom cycle is a secondary system that exploits a (low-temperature) heat
source available from the main system, so it is extra equipment whose addition
is thermodynamically and economically justified by the improvements that it
brings. Furthermore, here the exhaust gases from CONVION modules are at
220°C. For these reasons, this study considered an ORC system as simple as
possible:

- Six working fluids have been taken into account in order to compare more
than one result. Isentropic and lightly dry fluids have been chosen so that
recovering of low de-superheating energy would not be worth the effort.

- Saturated steam is the Heat Recovery Unit (HRU from here on) output.

- Super-critical cycle is excluded to avoid strongly limiting properties
concerning the choice of fluids.

- The condenser will be a gas/gas exchanger given that involved powers are
low enough to require a relatively small surface. In this case, four values
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of condensing temperature will be set in the simulation as mean values
for all seasons.

The whole system has been simulated through Aspen Plus®. This software is
being introduced in Par. 3.3.

3.1. SOFC model

The analysis of the SOFC model and efficiency equations are presented in this
section.

The chemical and electrochemical reactions that occur within the anode and
cathode of the solid oxide fuel cell are:

CH, + H,0 - CO + 3H, (3)

CO + H,0 & H, +CO, (4)
1

H2 + 502 - H20 (5)

The cell voltage produced by the cell is the difference between the reversible
cell voltage and the sum of the voltage loss. It is defined as:

Vet =V — Vipsses (6)

where Ve, Vn and Viesses are cell operating voltage, reversible cell voltage and
voltage loss, respectively. The equation of the reversible cell voltage is derived
using Nernst equation and is defined as:

AG°(T,p°) R-T mroplt Ag(T,
P gz(-Fp)+Z-F'l”<nﬁfplw>:‘ gz(-pp):
IT;Z, p; (7)
_Xingi(Tp) — Ximgi(T, p)
n-z-F 1
where:

o Ag(T,p) is the Gibbs free energy variation between reactants and
products;

e 7 isthe number of available electrons in the oxidation reaction;

e [ isthe Faraday constant (96,485 C/mol);
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e R isthe universal gas constant (8.314J/(mol - K));
e T isthe fuel cell temperature (that at which the reaction happens);

e p; and p; stand for partial pressure of reactants and products,
respectively;

® y; and y; are the stoichiometric coefficients of the electrochemical
reaction for the reactants and the products, respectively.

Given that Eq. (7) defines the highest possible voltage - open circuit condition -
losses must be taken into account. These include the energies that the ionic and
molecular transport mechanisms request, as well as the activation of reactions
themselves:

Viosses = Vonm + Vact + Veonce (8)
1 Theoretical Standard (ldeal) Potential assuming H.O
1.18
B i [}
ocv _[* Voltage loss caused by mixed
1.0 potential and crossover
o B Region of activation Total voltage loss
a polarization
[y (Activation loss)
g Region of concentration
- v polarization
© Mass transfer loss
> 054 Region of Ohmic ( )
— polarization (Ohmic loss)
Q
(&)

0 I 2IIJO I 460 ' GIIJO ' 860 ‘10|00 l 12|002I 14|00 l 16|00I
Current Density (A/m’)

Fig. 18: Polarization curve of a fuel cell.

Vonm is defined by Bossel [32]; V. is defined by Kim et al. [33]; V., is defined
by Chan et al. [34] as follows:

Vohm = (Rcontact + Pg " La + P Lc + Pe Le + Dint Lint) "j 9
Vet = Vact,a + Vact,c (10)
R - Trc exit J 11
V — ’ 1 h ( ) ( )
act’a F asin 2 -joa
R - Trc exit J 12
V — ’ 1 h ( ) ( )
acte =" |\ @Ml
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Veont = Vcont,a + Vcont,c

R-T - i )
Vcont,a = M ) <—ln (1 — L) + In <1 + sz.an ex

z F Jas PH,0,an—ex 'jas
R-T ; ]
Vcont,c = - ZI.:(;'exlt g (1 - ]L>
cs

where

.z F- PH,.an—ex Daeff/(R ’ TFC,exit “Lg)
Jas 10¢[cm3/m3]

Patm — Po,,cat-
z F- Po,,cat—ex * Dceff/(( o 2.2 ex) ‘R - TFC,exit . Lc>

Patm

Jse = 10¢[cm3/m3]

(13)

(14)

(15)

(16)

(17)

where p and L are the electrical resistivity and the thickness of a cell component,
respectively; R ontact 1S the contact resistivity (hardly assessable, here will be
neglected); j is the current density, j,, and j,. are the exchange current density
of anode and cathode, respectively; Dy.rr and D..rs are the effective gaseous
diffusivity through the anode and the cathode, respectively. For the meaning of

the subscripts refer to the nomenclature table.

The electrical resistivity is defined according to Bossel equations_[32] for

common SOFC materials:

pe = (Cle-exp(C2e/Trcex))

pa = (C1y/Trcexis - eXp(Cza/TFC,exit))_l

pe = (C1e/Trc oxit eXp(Czc/TFC,exit))_l

Pint = (Cline/ Trc exit * €xp(C2ime/ TFC,exit))_l

Constants C1, - C2;,,; are defined in Tab. 4 below.

C1 C2

Electrolyte 334 -10,300
9.510° 1,150
Cathode 4.2:10° -1,200
9.310° 1,100

Tab. 4: Bossel constant parameters for common SOFC materials.
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The current, the current density and the power of the fuel cell are defined
respectively as:

I=j-Aq (22)

j — z-F- nHz»in ) Uf (23)
Aq

Wre =1 Veen (24)

The net power produced is affected by the inverter system and by the auxiliary
devices (mainly an air compressor), which are connected on the AC-grid side for
safety reasons. Thus, recalling Fig. 16, we could define the net power and
electrical efficiency as:

Wnet,SOFC = Wgc-0,98-0,96 — Wyyx (25)

: Wnet,SOFC l (2 6)
Ngyelin LHanng

Nei,sorc =

SOFC — 7 GRID where standard values

T for inverters efficiency
have been considered.

98% 96%

AUX

Fig. 19: SOFC unit-Grid interface.

3.2. ORC model

The type and physical properties of working organic fluids affect considerably
the performance and cost of ORC. Therefore, it is important that the selected
working fluid should meet some criteria. For example, it should provide efficient
usage of the available heat source, low toxicity, good material compatibility, low
cost, and low environmental impact.
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A few organic fluids have been chosen among those with a critical temperature
around the one of SOFC exhausts, i.e. 218°C. This was the base criterion for the
selection. Secondly, other properties such as specific heat capacity, slope of
saturation vapour curve, critical pressure, molecular weight, latent heat, toxicity,
flammability and environmental impact have been considered.

e R141b (1-1-dichloro-1-fluoroethane, isentropic)
T, = 204.35°C; ¢, = 84837 /kg K @1bar,15°C; P, = 42.1 bar
M =116.95g/mol ODP = 0.11;, GWP = 725

e R245fa(1,1,1,3,3-pentafluoropropane, isentropic), NON toxic
T, = 154.05°C; ¢, =980.90J/kg K @1bar,15°C; P, = 36.4 bar
M = 134.05 g/mol ODP = 0; GWP = 1030

e R123(2,2-dichloro-1,1,1-trifluoroethane, isentropic)
T, = 183.68°C; ¢, =738.51]/kg K @1bar,15°C; P, = 36.6 bar
M = 15293 g/mol ODP = 0.02; GWP = 93

e R600a (Isobutane, dry)
T, = 134.66°C; ¢, = 1981.42 ] /kg K @1bar,15°C; P, = 36.3 bar
M =5812g/mol ODP = 0; GWP = 20

e Toluene (Isentropic), flammable
T, = 318.6°C; ¢, = 122390 J/kg K @1bar,15°C; P, = 41.3 bar
M =92.14 g/mol ODP = 0; GWP = 3

e R113(1,1,2-Trichlorotrifluoroethane, isentropic)
T, = 214.2°C; ¢, = 886.5]/kg K @1bar,15°C; P.. = 34.1 bar
M = 187.38 g/mol ODP = 0.9; GWP = 6000
Mass and energy balances at steady-state conditions are performed by the

simulation software internal engine, so the only equations to be specified remain
the ORC power output and the Combined System (CS) efficiency.

Worc = Wrurp N7 — WPump/nP) ‘Ne (27)

Wes = Whet,sorc + Wore (28)
|14

Netcs = = (29)

hfuel,in ) LHVfrﬁ(e)ll
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In order to insight and improve the performance of the proposed combined
system, the effects of variation of main design parameters are investigated
under wide range.

3.3. Aspen Plus® implementation

Aspen Plus® belongs to a well-known software suite developed by aspentech,
aiding in simulating and analysing processes of chemical and manufacturing
industry. The aforementioned code is oriented mainly on the chemical process
optimization; in this work the 8™ major release is used.

A system simulation in Aspen Plus® is structured into four main phases:

- Simulation setup. Chemical species and mathematical method for
resolution are defined. Often non-mandatory entries are added, such as
“property sets”, i.e. specific intensive or extensive physical magnitudes
which are useful for subsequent analysis (some examples could be: dew
point, specific heat capacity, chemical oxygen demand for a mixture, etc..).

- Flowsheet definition. The plant flowsheet is reproduced with all the
needed components for its operation, even if some of the actual
equipment may be “virtualized” with more than one among available ones
in the code library. These are then linked together with mass and,
eventually, heat/work flows.

- Parameters’ setup. Designed thermodynamic data are inserted into the
model as input/output values for each component. Also, in this phase
“Flowsheeting Options” are compiled. They allow to get to the designed
process since the inputs alone are not sufficient to configure the whole
system, being some or many variables interdependent. The “Design
Specs” option allows to aim to a specific task without knowing a priori the
right conditions: the designer chooses one or more parameters to be
varied in a reasonable range in order to reach the target; “Calculator
blocks” instead, are customable Fortran/Excel sheets useful to calculate
originated magnitudes, transfer parameters through the flowsheet,
automating parameter refresher.
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- Computing and post-processing. The code looks for any missing input and
checks that no compatibility issue exists among given specifications (e.g.:
pressure downstream of the turbine higher than upstream). Then it starts
the simulation. This process is iterated until convergence is reached inside
a tolerance window. It may end with warnings and errors too. The
analysed results could eventually lead to a change in the configuration or
in the setup. In addition, it is possible to define more than one sensitivity
analysis, as well as optimization routines. This can be done through the
“Model Analysis Tools”.

3.3.1. Base setup

Properties < Components - Specifications +
All ltems = @ Selection | Petroleurn | Nenconventional | @ Enterprise Database | Information
L Setup Select components
“ ._;(,Compor.ujznts. Component 1D Type Component name Alias
G] Specifications CHa Conventional METHANE CHa
L@ Molecular Structure A
i i » CO2 Conventional CARBON-DIOXIDE coz2
3 Assay/Blend
ELight End Properties 02 Conventional OXYGEN 02
|1 Petro Characterization |= co Conventional CARBON-MONOXIDE co
[C]Pseudocomponents H20 Conventional WATER H20
] Component Attributes H2 Conventional HYDROGEN H2
3 Henry Comps o
E UNIFAC Groups H25 Conventional HYDROGEM-SULFIDE H25
& Polymers N2 Conventional NITROGEN N2
L& Methods C Solid CARBON-GRAFHITE (&
[ Chemistry N20 Conventional NITROUS-OXIDE N20
L& Property Sets NO Conventional NITRIC-OXIDE NO =
1 Data v
m ) NO2 Conventional NITROGEN-DIOXIDE NO2
~ C2H6 Conventional ETHANE C2H6
e CH20 Conventional FORMALDEHYDE CH20
. . R245FA Conventional 1.1,1.3.3-PENTAFLUOROFROPANE C3H3F5-D1
\_)-[:j Simulation
R141B Conventional 1.1-DICHLORO-1-FLUOROETHANE C2H3CL2F
@J Safety Analysis R123 Conventional 1.1-DICHLORO-2.2,2-TRIFLUOROE C2HCL2F3-D1
R600A Conventional ISOBUTANE CAH10-2
6V Energy Analysis TOLUENE Conventional TOLUENE CTH8 N
| R113 Conventional 1.2,2-TRICHLORO-1,1,2-TRIFLUOR C2CL3F3

Fig. 20: Component table defined in the Aspen code.

Defining involved chemical species was the first step. Biogas components, air
and reaction by-products have been considered, plus the organic working
fluid(s). Pollutants in the fuel have been neglected, since their total amount was
less than 0,013%w:. Moreover, the analysis is shaped around the energetic
performances rather than the effects that pollutants could have on the materials
of the cell. That said Fig. 20 shows the defined component table.
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The chosen method for simulation solving was the one based on Peng-Robinson
equation of state:

p_ RT B aa(T) (30)
V—b V2+2bV —b?
where:
RZ 2
a=045724— (31)
PCT
RT,
b =0.07780 P" (32)
cr
2
a(T) = (1 +(0.37464 + 1.54226w — 0.26992w?)(1 — ﬁ)) (33)
T, =T/T (34)

with w being the acentric factor.

This equation was developed in 1976 to satisfy the following requirements [35]:

The parameters should have been expressed in terms of the critical
properties and acentric factor;

The model should have been reasonably accurate near critical point
conditions, especially for compressibility factor and liquid density
determination;

Mixing rules should have used a single binary interaction parameter, the
same being independent from temperature, pressure and composition;

The equation should have been proper for all calculation of properties for
fluids used in processes with natural gas.

Also, in order to have all the terms to fill the mathematical equations or just to
monitor the reliability of results, some specific properties were added to those
visible by default. They were:

volumetric molar concentration of a component in a mixture;
specific heat capacity of a mixture;
dew point for a mixture;

Gibbs free energy for a mixture;
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- low heating value for a mixture;
- partial pressure of a component in a mixture;

- molecular weight for a mixture.

Properties < Property Sets +
All ltems - | @ Properties | & Qualifiers | Information
B
& Components
o
& Methods Erc-h|
1 Chemistry Prapins
4 % Property Sets Physical properties Units Units
E’_l PS-CONCH MOLECONC kmol/cum
(@] PS-CPMX CPMX ki/kg-K
(@] Ps-DP TDEW C
(B]ps-GMxX GMX /kmol
BIPS-LHY ) /kmo
E PS-PH2 T LHVML-15 kJ/kmol
@] P5-PH20 PPMX Pa
G]Ps-PM PPMX Pa
(@] Ps-pO2 MWMX
[d Data PPMIX P
|_& Estimation 2

Fig. 21: Custom properties to be added in the streams results.

3.3.2. Flowsheet definition and components configuration

The interior layout of the CONVION cell cannot be shown here as it is covered
by an NDA. The precise arrangement of the devices was not available anyway, so
the simulation was conducted with assumptions of common sense. Fig. 22 in the
next page shows the defined flowsheet which tries to reproduce the actual
functional diagram.

As you can see symbolic items, connected together by lines, form the process
scheme. The former are the stylized appearance of machinery and equipment,
and they are called “blocks”; the latter, as it could be imagined, are mass streams
of the working fluid. Dashed lines are for heat or work exchanges.

It is worth understanding how the electrodes have been reproduced here. Fuel
cells basically are electrochemical reactors where electronic, ionic and mass
transports are involved. The Aspen code contemplates the latest ones only, so a
workaround was necessary to model the electrodes and compute the produced
electric power.
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Fig. 22: Aspen Flowsheet for Convion C50 module.
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On top left (F3-IN) the biogas comes from the cleaning section (Fig. 14). This
has been simulated too, in order to compute the actual fuel composition
entering the fuel cell. As stated in Par. 3.3.1 the goal of this work does not
comprise the analysis of the effects of pollutants on the cell, so the sulphur
removal columns and the scavengers were simply seen as pressure drops. The
two dew-chillers determined the values of the chemical composition, as they
drain out condensed water. Recalling Tab. 1:

Pre-Cleaning  Post-Cleaning

CHq4 61.06% 67.30%
CO» 30.03% 28.60%
02 0.17% 0.17%
H.0 4.74% 0.14%

2 4.00% 3.80%

Tab. 5: Comparison of the fuel composition downstream of the digester and upstream of the fuel cell.

The fuel enters the C50 module at about 4 bar. This allows the use of an
ejector as a recirculation “pump”. With no moving parts and less maintenance
by using high-pressure fuel gas as the primary fluid to suck the anodic exhausts,
anodic recirculation using ejectors increases the SOFC system reliability
compared with other schemes. In fact, the high temperatures of the exhausts
would require an expensive ATEX certified pump that is avoided with an ejector.
The drawbacks are the cost for fuel compression, which can account for as high
as 7% of the total cost of electricity. That is why an extreme cure is usually taken
in ejector design and operation for optimal system performance. In Aspen Plus
there is not any block that works as an ejector, but it could be simply emulated
with a “Mixer” block, whose outlet pressure is specified.

‘ @ Flash Options | Information

-Mixer specifications

g

Pressure: 1.18 r o

Valid phases: Vapor-Liguid v

-Temperature estirnate -Convergence parameters

C W

£

Maximum iterations: Fiy

Error tolerance: 000071

Fig. 23: A mixer block and its settings.
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Next block is the “EXT(ernal)-REF(ormer)”, where steam reforming is realized.
This reaction brings the advantage of removing heat from the core while
guaranteeing a stable mixture in terms of carbon deposit at solid phase. That is
also, why usually a pre-reforming is performed externally, so that the
endothermic effect is not totally concentrated into the core and dangerous cold
spots are avoided. On the opposite, the introduction of water in the anode
lessens the partial pressure of active molecules, implying a negative Nernstian
effect. The Aspen catalogue provides several reactor blocks, depending on the
equilibrium approach the user prefers. For example, you would like to achieve
chemical equilibrium based on stoichiometric approach, or you know the kinetics
and you would use a plug flow reactor with rate-controlled reactions. Here a
Gibbs reactor was chosen: it reaches a rigorous reaction and/or multiphase
equilibrium based on the Gibbs free energy minimization. For this component it
is mandatory to set the pressure: positive values refer to the outlet pressure
while zero or negative values refer to the pressure drop (this is a general rule for
this code). The second required input can be the heat duty — if known of course
—or the outlet temperature.

I & Specifications | Products | Assign Streams | Inerts | Restricted Equilibrium | Utility I Information |

Calculation option:
Calculate phase equilibrium and chemical equilibrium ~

Operating conditions

Pressure: -20 mbar -
@ Temperature: 650 C o
Heat Duty:

Phases

Maximum number of fluid phases:

L=
> >

Maximum number of solid solution phases:
| Include vapor phase

Merge all CISOLID species into the first CISOLID substream

Fig. 24: Settings of the Gibbs reactor as the external reformer.

The steam reforming is observed from 612°C upwards, so a higher value must
be set. As you can see in Eq. (3) this reaction requires water, so you would expect
a water flow entering the reactor. However, here it is not necessary since a
fraction of the cell exhausts is recirculated in order to provide water, and also to
pre-heat the fuel. Since this reaction is endothermic, and a high temperature
must be kept, it requires a high amount of heat. Usually a burner is set
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downstream of the cell to exploit the remaining chemical energy of the exhausts,
thus increasing the final temperature. The “Q” dashed stream is the heat
recovered in the after-burner to support the steam reforming endothermic
process.

Note that the “REC(uperator)” block is superfluous from a functional point of
view. Nevertheless, the simulation software does not allow specifying how much
of the total available heat has to be “re-routed” for a rector. Thus, an external
heat exchanger was the workaround to the matter.

Continuing with stream “F11”, the fuel is preheated and then enters the cell
core. The “INT(ernal)-REF(ormer)” reactor represents the internal indirect
reforming, whose heat is supplied by the core itself, while the “ANODE” block
has an extra oxygen flow. The parameters to be specified are the same of those
for “EXT-REF” block. Here the exothermal oxidation of the hydrogen into water
occurs thanks to the oxygen coming from the cathode. So the electrochemical
semi-reaction is virtually substituted by standard oxidation, given the reasons
stated before.

On the other side an air blower sucks in the air and pushes it through a pre-
heater in order to avoid thermal shocks to the electrode (having the same task

of the fuel pre-heater). In Fig. 25 you can see what you can define for compressor
blocks.

‘ @ Specifications ‘Calculation Options | Power Loss | Convergence | Integration Parameters | Utility | Information |

Model and type

Model: Q iCDmPressori Turbine

Type: Isentropic bt

Dutlet specification

@ Discharge pressure: 1,12 bar x
Pressure increase: bar
Pressure ratio:
Power required:

Use performance curves to determine discharge conditions

Efficiencies

Isentropic: 0,9 Polytropic: Mechanical: 0,95
Fig. 25: Settings for the air blower (single stadium compressor).

The air is preheated to about 120°C below the fuel cell temperature by the
exhaust gases.
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@ Specifications |Streamz | LMTD | & Pressure Drop | & U Methods | Film Coefficients | Utilities | Information

- Calculation - Flow arrangernent
@ Shortcut Hot fluid:
1 Detailed Flow direction: Countercurrent
") Rigorous Me. shells in series: | Countercurrent
[ Size Shell&Tube v Calculate numb Co-current
Multiple passes |
[T] Use Design Template File [e4]
-Rigorous Model - Desi
e esign v
Shell&Tube P E
AirCooled Exchanger type:  Heat exchanger e e
Plate Hot stream outlet temperature decrease
Hot outlet-cold inlet temperature difference
Hot stream outlet degrees subcooling
-Exchanger specification T Hot stream outlet vapor fraction
Specification:  Hot stream outlet temperature w| [ Hot inlet-cold outlet temperature difference
Value: 218 C Cold stream outlet temperature
Exch Cold stream outlet temperature increase
e sqm Cold stream outlet degrees superheat
Constant UA: MsecK Cold stream outlet vapor fraction
Minimurmn temperature approach: 20 C v | Exchanger duty
Hot / cold outlet temperature approach

Fig. 26: Available settings for a two-stream heat exchanger block.

In this regard, a shell and tube counter flow exchanger was chosen, with the
known hot stream temperature as output. Also, a reasonable (maybe even
conservative) pinch point approach of 20°C was set.

The core of the whole model implementation - i.e. the “place” where the Aspen
code sees the energy production — is the anode reactor. From this point of view,
a cathode reactor would have no meaning, since the hydrogen oxidation to

| @ Specifications | @Feed Flash | Outlet Flash | Utility | Information |

- Qutlet strearm conditions

Clutlet strearm: A5

el

Substream: A5

Outlet stream [D. l

o1

Component ID
CH4
coz
» 02
o
H20
H2
H2§
N2

Specification Basis
Split fraction
Split fraction
Flow Mole 1 kmol/sec
Split fraction Mass
Flow Mole Flow rate of component in the outlet stream.
Split fraction Stdvel
Split fraction
Flow Mole 0 kmol/sec

Fig. 27: Setting of the separator emulating the cathode. Oxygen only proceeds into stream O1 (O% lons).
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water is considered as a direct reaction in the anode. Thus, a separator block
emulates the reduction semi-reaction in the cathode, and sends a pure oxygen
flow to the anode. You can set the desired conditions for either one or every
outlet stream of this block, based on split fraction as well as on molar flow (see
Fig. 27). Actually, the electrolyte is ignored with this approach, even if this
configuration implies the simulation of an anionic electrolyte.

However, we must consider that the air flow is also necessary to cool the core,
other than supplying oxidant to the reaction. The separator does not allow heat
duty computation, so an additional heat exchanger is needed immediately
before it (its usefulness is being clarified in the next paragraph). You can specify
the outlet temperature or the heat duty for this type of block. In the first case
the code will show how much heat you must supply or you could recover (with
higher or lower temperature, respectively) as soon as simulation will run; in the
second one the outlet temperature will be computed: higher with a positive duty
or lower with a negative one.

By selecting “Degrees of superheating/subcooling”, the second field is limited
to pressure properties for obvious reasons.

[ & Specifications | Flash Options | Utility | Information | Temperature

Temperature change

Flash specifications Duty

Flash Type: Temperature ¥ Vapor fraction

Pressure o Degrees of superheating

Degrees of subcooling

Temperature: 750 C hd
Pressure

Temperature change: C Duty

Degrees of superheating: C Vapor fraction

Degrees of subcooling: Pressure-drop correlation parameter

]

Pressure: 0 bar -
Duty:
Vapor fraction:

Pressure drop correlation parameter:

Valid phases

Vapor-Liguid v

Fig. 28: Simple heat exchanger block. It helps in accounting for the right amount of cooling air.

A condition on the “Steam to Carbon ratio” (SC) was set as a rule to control the
recirculation branch.
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The rest of the exhaust gases is burnt with depleted air (the cooling air from
cathode) in an afterburner in order to feed heat in the external reformer. Here
the assumption of adiabatic combustion was made, so a null heat duty was set
for the last Gibbs reactor.

Thanks to their high temperature, the exhausts can also preheat the air flow
and escape the cell module at about 220°C. Then they are collected from the
three modules and exploited as a heat source for a bottom cycle.

The ORC system consists only of basic components: the organic fluid is
compressed by a pump and sent into the HRU, where it partially recovers
thermal power from the CONVION modules’ waste heat. At saturated vapour
condition it enters the turbine and expands till condensing pressure (plus
pressure drops of course). The simulation foresees different temperature values
of condensation, likely the four main reference values along the yearly variation.
Thus, by considering a minimum temperature difference of 10°C at the
evaporator, the analysis has been performed for 15, 25, 35 and 45°C
condensation temperature.

The ORC flowsheet is presented in Fig. 29:

EVAP
P

€ WASTEOUT(OUT) | WaSTEOUT |t A A ey 57EN | wASTENI) |
-

PUMP VG TURB

COND
: &
i

Fig. 29: Flowsheet of the Organic Rankine Cycle section of the system.

Pump and Turbine components allow the same settings of compressor (Fig. 25):
other than the template picture, they are under the same category in the model
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palette.

EVAP component is a multi-stream heat exchanger that can perform zone
analysis if needed. Unlike the two-stream heat exchanger Fig. 26, it allows to
specify heat leakage by fraction, and not through the global thermal coefficient.

Specifications

Inlet stream 52 WASTEIN
Temperature
P Exchanger side COLD HOT Vapor fraction
Outlet stream 53 WASTEOUT Temperature change
Deg Super
Decant stream Deg Sub
Valid phases Vapor-Liguid Vapor-Liguid Heat duty
Molar heat duty
Specification Vapor fraction Mass heat duty
Value 1 \. Fraction of heat duty
Units
Pressure -0,02 -0.,02 . i
1 L
Units bar bar I 1
L
] =t '
Duty estimate . i
I _/\v/\_ 1
Units kW kW : > . :
Max. iterations 50 O
Tolerance 00007 00007

Fig. 30: Available settings for a multi-stream heat exchanger.

As a matter of facts, the two kind of exchangers have been setup to perform
evenly and their choice depended only on aesthetic aspects.

3.3.3. Parameters’ setup

Here, set values for the main thermodynamic parameters are listed. Also, the
paragraph shows the user-defined scripts both in Calculator Blocks and Design
Specs (their role has been introduced in Par. 3.2).

The cleaning section consists of a blower, 2 chillers (to dehumidificate up to
dew point), 4 metal reactors in lead-and-lag configuration for the Sulphur-
siloxanes removal, 2 scavengers in lead-and-lag configuration for ultra-filtration,
1 oil-free compressor.

This section is designed to accomplish the requirements on biogas quality:
the fuel cell manufacturer requested as many pollutants as

- Sulphur <30 ppb
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- Siloxanes < 10 ppb

As previously stated, the aim of this work is focused on the energetic analysis of
the system. Thus, only the power consumption of biogas blowing/compression
was taken into account while the filtration was simply considered as a pressure
drop and no pollutant were specified in the molar composition since the final
values are within requirements.

Power consumption for this task has been calculated equal to 3.5 kW c.ca, while
a total pressure drop of 200 mbar has been considered. Molar composition of
the downstream biogas is showed in Tab. 5, Par. 3.3.2.

The operating principle of the system and the fuel path have been already
described. Here below a summary table with the main parameters setup for each
component (remember that positive pressure counts as the output state while
negative ones as pressure drop).

Pressure [mbar] 2" Parameter

150 (increase) Nis=0,9 Nmec=0,95
50 25°C (Tou)

:

-

4.1x103 (discharge) Ns=0,9 Nmec=0,95
50 5°C (Tou)
1.14 x103 (discharge) -

20 650°C

-10 20°C (Pinch point)
20 850°C

20 850°C

1.12 x10° (discharge) N5=0,9 Nmec=0,95
-10 218°C (Hot Stream out)
-20 100% Oz on 1 output
-30 Adiabatic Combustion
Variable pressure Nmec=0,7 Nm=0,98
-20 (both sides) x=1 (output vapour frac.) @
Condens. Pres. (discharge) Nis=0,85 Nmec=0,98 A
-50 x=0 (output vapour frac.)

Tab. 6: Main parameters summary for simulation components.
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| remind here that most of design values were unknown so they have been
hypothesized - based on literature and commercial standards — as starting
values. The usefulness of Calculator blocks in Aspen Plus® is also that defined
parameter can be exported and overwritten on previously initialized input data.

CONVION declared that 60 Nm3/h of biogas were the fuel needing for the 3
cells system. By supposing (at rated power):

- operating voltage of 0.7 V
- current density of 0.4 A/cm?
- fuel utilisation factor of 80 %

from equations (22) and (23) we have an Area of about 20.5 m? /module, a total
fuel flow of 55 Nm3/h and a stoichiometric oxygen flow of 0.22 moly, /s per
module.

Variable name Info. flow Definition
IMODULE Export Parameter Parameter no.=1
CDENS Export Parameter Parameter no.=2
ASR Export Parameter Parameter no.=3
NFUEL Export Muole-Flow Stream=F-IM Substream=MIXED Component=CH4 Units=kmol/sec
NO2 Export Stream-Var Stream=50FC-3.02 Substrearm=MIXED Variable=MOLE-FLOW Units=kmol/sec
FUELPARA Export Parameter Parameter no.=10

|@Deﬁne @ Calculate | @ Sequence |Tears |Stream Flash |Ir1fu:urmati|:un

Calculation method

@) Fortran Excel [ Fortran Declarations |

Enter executable Fortran statements
FARAD=96485333
FU=0.2
Atot=20.7ed

COENS=NFUEL*8*FARAD*FU/ {3*Rtot)
IMODULE=CLEN3*Atot

[}

NFUEL=3*IMODULE/ (&*FARAD*FU)
HO2=IMODULE/ (4*FRRAD)
FUELFARA=NFUEL

Fig. 31: C-MAIN block definition.

Starting from Oxygen stoichiometric value, it is possible to assess the required
airflow. Actually, the air does not provide oxygen for the chemical reduction
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only, but also removes the excess heat from the core in order to keep constant
the reactor temperature. This means that as much air as it can bear the excess
thermal power in limited temperature difference has to be blown into the
system. In other words:

Qwaste = maircp,airATair = Qair (35)

Here ¢, 4ir is @ physical property, while AT, is supposed to be 120°C (see Tab.
3). Still, to find the fitting air mass flow we need to know how much is the
produced thermal power. And this depends on the gases flow that enter the
reactor.

At the same time, the mixture feeding the fuel cell must be stable in terms of
carbon deposition at solid phase and prevent pore blocking. Usually a steam to
carbon ratio (SC) around 2 is adopted, by means of a designed recirculation
branch of steam-rich exhausts.

These two conditions are interdependent and iteratively solved by the code
through ad hoc “Design Specs”. The target conditions can be summarized - with
relevant terms to the code - by the following equations:

Qwaste = |QSOFC| - |WSOFC| - |QINT—REF| = Qair (36)
S

SC = ,leo =2 (37)
NcHy,

where Qgor is the total enthalpy in the SOFC, W,k is the fraction converted
into electrical energy, Q;nr—rer is the heat required by internal reforming, F10
is the flow entering the external reformer (see also Fig. 22) .
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[@Deﬁne |@Spec |l@l‘ufarv_~,r |F0rtran |Dec|aratiu:uns EQ Options | Information

Flowsheet variable Definition

» QAIR3 {Black-Var Block=50FC-3.CAT-HX Variable=MET-DUTY Sentence= RESULTS Units=k\W
02AN Stream-Var Stream=50FC-3.02 Substream=MIXED Variable=MOLE-FLOW Units=kmol/sec
QWASTE? Pararneter Parameter no.=3

|@Defir1e & Spec |@‘u'ar},r |Fortrar| |Dec|aratiu:|ns EQ Options | Information

Design specification expressions

Spec: WASTE3+QAIR3
Target: 0
Tolerance: 0.01

|@Defir1e |@Spec |@‘u’ar}f |Fortrar| |Dec|aratiu:|ns EQ Options | Information

Manipulated variable Manipulated variable limits
Type: Stream-Var v Lower: 02AN/0,21
Stream: SOFC-3.AIR-IN v| | | Upper ~ O2AN/0.21720
Substream: MIXED v Step size:

Variable:  [#4] MOLE-FLOW v| | | Maximum step size:

Units: kmaol/sec
Fig. 32: Design Spec to research air mass flow value.

Nowadays most applications have an air utilization factor AU around 20% (5
times stoichiometric value). As you can see in Fig. 32 above the calculation was
performed in a range up to 20 times to get to the result for sure.

The computation ended as follows:

T-l(s)toich —4
pStoich — 215 10" kmol/s (38)
AU — air — yOZ ~ 021 = 141%
pfeed = preed T 725.10~*kmol/s
air ar

Fraction of recirculated exhausts: 56% c. ca.
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& Define |{§Spec |{§1u'arv_~,r |@Fortrar1 |Dec|aratiu:|ns EQ Options | Information

Flowsheet variable  Definition

» 5C Pararmeter Pararneter no.=4
NH20 Mele-Flow Stream=50FC-3.F10 Substrearn=MIXED Component=H20 Units=kmaol/sec
NCH4 Mole-Flow Streamn=50FC-3.F10 Substream=MIXED Component=CH4 Units=kmuol/sec

|@Define & Spec |{§1u'arv_~,r |@Fortrar1 |Dec|aratiu:|ns EQ Options | Information

Design specification expressions

Spec 5C
Target: 2
Tolerance: 0.01

|@Deﬁne |@Spec |@‘Jar}‘ |@Fu:urtrar| |Dec|aratiu:uns EQ Options | Information

Manipulated variable Manipulated variable limits
Type: Block-Var v Lower: 0,001

Block: SOFC-3.5PL-RIC |+ Upper: 0,999

Variable: 43 FLOW/FRAC v| | | Step size

Sentence: FLOW/FRAC Maximum step size:

ID1: R1 v

Fig. 33: Design Spec to assess recirculation fraction.

Power production and efficiency of the fuel cell were calculated in the
calculator block “C-POWER”. It gathers the application of equation set from (6)
to (26), properly translated into Fortran programming language, so it would not
be of further interest to report the whole script. Nevertheless, it could be curious
to know that the Fortran solver in Aspen Plus® (V8.0) shows some limit. For
example, it doesn’t support nested arguments above a certain level or
complexity. Nor it supports the “asinh” function, even if it exists as a Fortran
function. Because of these reasons, some arguments have been splitted into
simpler ones, while “asinh” function that appears in Eqq. (11) and (12) has been
substituted with its approximation:

asinh(x) = log (x ++/x?% + 1) (39)

Referring to the ORC flowsheet (Fig. 29), temperature and liquid status have
been specified for stream S1. In this way pressure value is automatically
computed through Aspen Plus® internal catalogue, being the pressure unique
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with temperature on the saturation curve. Indicated mass flow is a first attempt

value.

[@Mixed |CIS|:Ii|:I NC Solid | Flash Options | EO Options | Costing | Information |

# | Specifications

Flash Type Temperature - - Composition
State variables Mole-Froc
Temperature 35 C - Component Value
Pressure bar CH4
Vapor fraction @ 7112
Total flow basis Mass hd TOLUENE
Total flow rate 0,37 kg/sec - N _ _
Solvent N : .
Reference Temperature R141B
Volume flow reference temperature TR 1

Fig. 34: 51 stream parameters for ORC subsystem.

Initially, the cycle was configured with a peak pressure just below the critical
one for each working fluid (e.g. 36.3 bar for R245fa).
The EVAP only relevant parameter to be set was the status of the organic liquid
at its output, i.e. saturated vapour, as shown in Fig. 30.
Finally, the expansion exploits all available enthalpy since no recovering of de-
superheating energy was designed. This was done trough a calculator block —
called “ORC-LOOP” - which adapts the lowest pressure to that of the
condensation (plus pressure drops within the condenser).

I & Define | & Calculate | & Sequence |Tears | Stream Flash I Information |

| Active
# | Sampled variables (drag and drop variables from form to the grid below)

Variable Information flow Definition
STPRES Import variable Strearn-Var Stream=0RC.51 Substrearm=MIXED Variable=PRES Units=bar
COMNDPRES Export variable Block-Var Block=0RC. TURE Variable=PRES Sentence=PARAM Units=bar
CONDDROP Import variable Block-Var Block=0RC.COND Variable=PRES Sentence=PARAM Units=bar

| @ Define | @ Calculate | & Sequence |Tears | Stream Flash | Information

Calculation method

@ Fortran Excel [ Fortran Declarations |

Enter executable Fortran statements
CCONDPRES = S1PRES + (-CONDDEOE)

Fig. 35: ORC-LOOP Calculator Block for parameters continuity.
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4. Results

In this chapter the results of the simulation and their argumentation is
presented.

First step consisted of the validation of the SOFC model and the chosen
parameters: it must satisfy theoretical model and place near CONVION nominal
outputs at the same time. The latter thanks to the fact that as much complex or
unknown the internal configuration could be, the working principle still follow
the same laws.

Thus, with a feeding flow of 55 m3/h of biogas, an active area of 20.7 m?, 80%
of fuel utilisation and a steam to carbon ratio set equal to two (2) | obtained:

OUTPUTS
Vfuel =55 m3/h ] = 0.4 A/sz Vop = 7869 mlV
Aq =20.7m? |::> Tgir = 778.4 kg/h |:> Whet,sorc = 58.8 kW
FU =08 Myec Nevsorc = 54.7 %
; = 56.3%
SC =2 Man.exh ggn = 796 kg /h

Fig. 36: SOFC model validation for nominal working point

These results are quite similar to those declared by CONVION, except for the
needed air flow, thus the exhaust flow.
In particular:

e 58.7 kW VS 58 kW of produced power.

o 54.6%VS53%for net electrical efficiency (DC-ACinverter and air compressor
included).

e 778 kg/h VS 601 kg/h for air mass flow. This is strictly related to the heat
produced within the cell and the physical configuration of the internal heat
exchangers. In fact, despite of the number of components from a functional
point of view, commercial fuel cells are relatively compact systems. The
internal geometry and the path of the gases can be such that a relevant
fraction of the heat is recovered to feed the endothermic steam reforming
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and to preheat both incoming fuel and air (e.g. in Fig. 37). That said, it would
be really difficult to emulate internal heat distribution without design
information.

: Fuel
Exhausts I R "h

I P o,

1 Reformer

Fig. 37: Simplified sketch of a tubular SOFC module with anodic recirculation by an ejector.

The simulation investigated also different values of FU and temperature.
In the first case, with lower fuel utilization and equal fuel feeding (this is a known
starting point!) the cell works at lower current density. Therefore, the operating
voltage is a bit higher, but the overall produced power and oxidation heat are
lower. Nevertheless, methane and hydrogen content in the exhausts is higher,
and much more heat is generated in the after burner. As you can see in picture
above (even if referring to tubular configuration, the concept is valid for planar
cells too) combustor is usually adjacent to the core so the produced heat has
been taken into account for the energy core balance. As a result, the overall heat
to be removed is higher compared to the case with higher FU and so the air flow.
On the contrary, it would not be realistic to explore FU values higher than 80%.
When exploring different values of temperature instead, power outputs are the
ones moving away from nominal outputs.

A further investigation to get to results as closest as possible to CONVION system
would have got too long and useless to the purpose, which remains the analysis
of a SOFC-ORC hybrid system and the assessment of its overall benefits in terms
of electrical power production compared to the base case.

This study is independent from the DEMOSOFC case since it provides results that
fall within a range conceivable for any real case. That is why staying perfectly
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close to the actual performances of the installed system is not relevant beyond
a certain point, while some real input parameters can be still a good reference
to start with.

With these premises, | chose to keep input parameters summarized in Fig. 36
and proceed with a sensitivity analysis based on current density variation in
order to validate the electro-chemical model.

1000 90
Vact W SOFC
900 Vohm 80
= Eff SOFC
800 Vconc x
70
700 Vop §
0 [ Lsm]
< (]
S o 5 4Eym)
= & 50
Q Ll
oo °00 o3 54.6 %
8 — 40
S 400 =
= =30
300 S
2 20
200 o
100 10
0 0
0,2 0,304 0,5 0,6 0,7 0,809 1,0 1,1 1,2 1,3 0203040506070809 10111213
Current density [A/cm?] Current density [A/cm?]

Fig. 38: SOFC model sensitivity analysis based on Current Density variation (constants: FU=0.7, T=850°C).

Left graph of Fig. 38 shows the operative voltage curve with current density and
the single loss contributions: ohmic loss is linearly proportional, and
preponderant in the “central” range; activation losses have more influence on
low values, as you can expect because of the ‘asinh’ function into its definition
(11) and (12); on the other hand concentration losses are heavier for high current
densities because of the logarithmic term (16) and (17). Usually they are
neglected since fuel cells do not operate with currents too high. In addition,
concentration effect is likely included in the Nernst equation (7) since at higher
currents partial pressure of products tends to overcome on reactants one.

Right graph features power and SOFC efficiency: at constant FU and pressure
fuel flow arises with current density (23) and more charges are reduced at the
cathode. This implies a gain of current while voltage decreases with growing
losses and power trend is explained. Efficiency monotonically decreases as well
as losses monotonically increase.

When delivered current reaches a certain value ions migration through the
electrolyte cannot withstand the kinetic of semi-reactions, so no more power is
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produced. That is why it is called limiting current, and it physically provokes the
device to switch off. Anode limiting current is proportional with hydrogen partial
pressure at the bulk and diffusivity —and inversely with temperature, but here it
is constant - so slightly increasing with fuel flow. In this case it stops around
1.39 A/cm?, consequently the simulation was stopped at 1.35 A/cm?.

Consistently with what it has been done above, validation of ORC model is
shown hereunder. For compactness purposes, demonstration graphs are
presented for one fluid only (R245fa).
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Fig. 39: ORC model validation: Mechanical efficiency and power VS Turbine inlet pressure.

Enthalpy availability for expansion work rises along with turbine inlet pressure
and lower condensing temperature, so the produced power and efficiency.
When the peak pressure approaches critical value, gained heat does not grow
enough to compensate higher pump needing, so the efficiency reverses its trend.
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Fig. 40: ORC model validation: SOFC final waste temperature and Condenser heat rate VS Turbine inlet pressure.
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Condenser heat is more substantial with lower temperature due to wider base
of the saturation curve (latent heat). On the opposite, recoverable heat grows
with colder fluid at the pump, thus exhaust gases are as colder as lower is the
ORC condensing temperature.

SOFC modules exhausts feed ORC sub-system without any further energy
request, thus the bottom cycle can influence whole system efficiency only by
means of power production. Based on this criterion, performances have been
investigated by varying evaporator pressure and fluid mass flow. Also, influence
of the latter on exchanging area size — see also costs - has been taken into
account by introducing a constraint on minimal temperature approach at the
evaporator greater or equal to 10°C. Minimal temperature approach on
condenser side was intrinsically considered through the setup of the lowest
temperature, given the considerations about ambient seasonal variation (see
page 43).

Hereunder common optimization process and the results for each selected
organic fluid is illustrated (you will read mean values, significant for all four
seasons).
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Fig. 41: Aspen Plus® optimization process to maximize power production.
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R141b (1-1-dichloro-1-fluoroethane, isentropic)

Pump discharge pressure: 28.5 bar

Fluid mass flow:0.35 kg/s

ORC MAX supplemented power:21.0 kW @ Toyp = 15°C
Minimal condensing pressure: 0.54 bar @ Tgyp = 15°C

R245fa (1,1,1,3,3-pentafluoropropane, isentropic)

Pump discharge pressure: 31.6 bar

Fluid mass flow:0.42 kg/s

ORC MAX supplemented power:16.6 kW @ Tonp = 15°C
Minimal condensing pressure: 1.01 bar @ T¢yp = 15°C

R123 (2,2-dichloro-1,1,1-trifluoroethane, isentropic)

Pump discharge pressure: 30.2 bar

Fluid mass flow:0.46 kg /s

ORC MAX supplemented power:19.3 kW @ T¢yp = 15°C
Minimal condensing pressure: 0.62 bar @ Tgyp = 15°C

R600a (Isobutane, dry)

Pump discharge pressure: 31.3 bar

Fluid mass flow:0.25 kg/s

ORC MAX supplemented power: 144 kW @ T.np = 15°C
Minimal condensing pressure: 2.57 bar @ T¢yp = 15°C

Toluene (Isentropic), flammable

Pump discharge pressure: 34.2 bar

Fluid mass flow:0.15 kg/s

ORC MAX supplemented power: 244 kW @ Tonp = 15°C
Minimal condensing pressure: 0.02 bar @ Tgyp = 15°C

R113 (1,1,2-Trichlorotrifluoroethane, Isentropic), flammable
Pump discharge pressure: 30.3 bar

Fluid mass flow:0.45 kg/s

ORC MAX supplemented power: 20.5 kW @ T.np = 15°C
Minimal condensing pressure: 0.31 bar @ Toyp = 15°C
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Fig. 42: Minimum (Tcno = 45°C) and maximum (Teno = 15°C) electrical power output comparison.

Provided that the objective function to maximize here is the rated power, the
maximum working pressure, the total heat transfer area and the expander size
are three important technical and economic factors in ORC system and they were
considered in the analysis.
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Fig. 43: Turbine inlet (evaporation) pressure range at the maximal power output.

The reader could deduct from Fig. 42 and Fig. 43 that the most suitable fluid is
Toluene, given the highest power rating and the lowest evaporation pressure.
Nevertheless, it is necessary to check also condensation pressure since many
organic fluids have very low saturation pressures at ordinary environment
temperature.

In fact, in this case not only Toluene, but also R113 condensates far below
atmospheric pressure in any season. As regards R141b and R123 depression is
verified for Toyp = 15°C and Tgyp = 25°C , while it is not above 30°C (Fig. 44).
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This is a relevant aspect to take account of, given that a perfect sealed system
leads to higher cost as much as lower is the operating pressure.

W 45°C
m 15°C

6,00

Condensation pressure [bar]

ﬁ 0,10 0,94
0,02 Q

R245fa  R141b R123 R600a Toluene R113

Fig. 44: Condensation pressure range at extremity imposed conditions.

The total heat transfer capacity (UA);,¢, which has been used to evaluate the
cost of heat exchangers, can approximately reflect the total heat transfer area
of heat exchangers in the ORC system [36], [37]. The (UA),; could be evaluated
by the following equations:

. . (40)
(UA)tot — Qevp + and
AT,,. AT,
Qevp = mwf|Ahevp| (41)
and = mwflAhcndl (42)
AT = ATyax — ATmin
" (ATMAX) (43)
ATmin

where Qevp and Q.4 are the heat rate injected and rejected, respectively, AT,
is the logarithmic mean temperature difference, ATyax and AT, are the
maximal and minimal temperature differences at the ends of the heat
exchangers, respectively. Macchi [38] used the expander SP to evaluate the
expander size.

V I7545

*[AH,

SP =

(44)
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where Vg, is the volume flow rate of the working fluid at the end of the
corresponding isentropic expansion (see stream ‘S4’ in Fig. 29) and AH; is the
specific isentropic enthalpy drop in the expander.

The Size Parameter is relevant in turbine design together with the volume ratio
of the stages. In particular, at a fixed value of volume ratio, the isentropic
efficiency of a turbine grows with the SP. On the other hand, mean radius grows
as well, so the dimensions, so the cost. That is why a good compromise must be

chosen.
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Fig. 45: Correlation between Size Parameter and turbine efficiency/dimension [39].
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Fig. 46: Simulated Total Heat Transfer Capacity with selected working fluids.
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Fig. 47: Simulated expander Size Parameter with selected working fluids.

Fig. 46 and Fig. 47 illustrate the total heat transfer capacity and the expander SP
of the optimization routine —i.e. at maximum power.

Toluene reaches the highest value, up to 13.6 kW /K for lowest ambient
temperature, because of its lowest mean logarithmic temperature difference at
the evaporator, where the biggest heat rate is exchanged. R113 shows similar
results, even if the heat capacity is slightly below 12 kW /K. These two fluids have
the highest critical temperatures among the selected ones. Toluene’s T, is far
above the temperature of the waste heat source, while that of R113 is few
degrees below it. Thus their saturation temperature at the turbine inlet is really
close to the one of the SOFC exhausts, keeping the mean temperature difference
at the minimum (40). For R141b the range stands around 10 kW /K while R123
and Isobutane are just above 8 kW /K. R245fa has the lowest value, with benefits
from an economic point of view.

As shown in Fig. 47, for Isobutane the expander SP is not greater than 0.01 m.
For working fluids R245fa, R141b and R123, the range of the expander SP is from
0.01 m to 0.02 m. The Size Parameter is greater than 0.025 m for toluene and
R113. In fact, because of the really low condensation pressure, the specific
volume is much higher for the two latter fluids compared to the other ones, and
so the volume flow which is the numerator in the SP definition (44).

To recap, ORC based Toluene and R113 has a minimal pressure much lower of
the atmospheric one with any of the imposed condensation temperatures (Fig.
44). This would require a perfect sealing to avoid leakage, so a higher cost for
the plant. In R600a case, the lowest power gain is registered, as well as the
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lowest expander SP (Fig. 47), which probably means a lower isentropic efficiency
(to state that, a double check on the volume ratio should be done too).

Among the remaining three, R245fa is the only one that presents not
depression cases and requires less expensive exchangers (Fig. 46), while R141b
provides the highest power (Fig. 42). Nevertheless, even imposing a
condensation pressure as high as the atmospheric one, the simulation with
R141b still gives back a computed power equal to 16.3 kW, that is only 0.3 kW
below the best result (T, = 15°C) of R245fa case.

Based on the above discussion, it could be concluded the R141b is the best
candidate under given conditions, even if limiting the operating range by
imposing a minimal condensation pressure of 1 atm. The ORC system in fact
could still produce from 13.5 kW to 16.3 kW, which is the best result once
Toluene and R113 are excluded. Since the reference case has a computed power
output of 172.8 kW, this would mean a relative efficiency increment of 7.82% to
9.45%.
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5. Conclusions

A process model of a hybrid system via Aspen Plus® code is proposed to
evaluate performance improvements of a Solid Oxide Fuel Cell reactor. The
reference conditions are based on a real project — DEMOSOFC - installed in a
WWTP in Turin, northern Italy. A biogas flow is available downstream of a bio-
digesting and cleaning process, and feeds three SOFC modules, which consume
around 60Nm3/h of fuel as a whole.

Computed results give a rated power of 58.8 kW per module and about 3.6 kW
consumed by the auxiliaries of the cleaning section, which make 172.8 kW for
the DEMOSOFC system. About 3,300 Nm3/h of flue gases flow out, mainly
consisting of hot air and some water plus unreacted fuel. Their temperature is
220°C, thus a sub-critic ORC is identified for waste heat recovery and net power
maximization.

Performances of six working fluids are investigated, as well as the optimization
is implemented in the code and the Complex algorithm is used. The maximum
net power output, suitable working pressure, total heat transfer capacity and
expander SP are considered as the criteria to screen the working fluids.

The main conclusions are made as follows:

e The maximum net power output varies at the given conditions, from 7.5 kW
in the hot season to 21.4 kW in winter, when R600a and Toluene are used,
respectively. R141b, R113 and R123 give high rates too, while R245fa
performs a bit better than Isobutane. It is generally observed what theory
suggests: fluids whose critical temperature approaches that of the waste
heat source provide greater power. Toluene is an exception, since it has a
critical temperatures that far surpasses 220°C, but it has a drawback that is
explained hereunder.

e ORC presents a range of evaporation pressure going from 29.5 bar to 34 bar
for R113, R123, R600a and R245fa. Among these, Isobutane cycle records the
highest F,,, /P, ratio, up to 97.5%, being the one with the lowest T,,. The
peak is observed at 38.1 bar and is reached with R141b, which has the
greatest critical pressure. On the contrary, inlet turbine pressure stops at
8.8 bar when Toluene is used, because of its saturation curve: the isobars are

62



gathered towards the top of the bell, so the saturation temperature is high
enough at pressure as low as 8 bar.

Cycles of R245fa and R600a are the only ones with condensation pressures
equal or above the atmospheric one in any case. R141b and R123 operate
down to 0.54 bar when condensation temperature is set up to 15°C and
25°C. Toluene and R113 instead, show always the minimal pressure much
lower than that of the external environment, especially Toluene to an order
of 1072 atm. In order to inspect an alternative way to pipework sealing — read
costs - a further simulation with a lower bound on the pressure has been run
for these two fluids, but the new computed net power wiped out their
attractiveness, hence they were excluded.

Total heat transfer capacity is higher for Toluene and R113 (13.6 kW /K and
12 kW /K, respectively), because of their high critical temperature, which
keeps the mean logarithmic difference at the minimum at the evaporator
side. As expected from a sub-critical ORC, the opposite it true as well, in fact
R245fa presents the lowest value (7.8 kW /K). R141b is coherent with its
critical temperature, which makes it attest below R113. Even if R600a has the
lowest critical temperature, condensation latent heat is much higher and so
the rejected heat rate. This brings its capacity as high as the one of R123,
around 8.7 kW /K.

All computed values for expander SP fall in a range below 45 - 1073 m, where
the isentropic efficiency and the mean radius of the turbine can vary a lot.
According to this parameter, R123 and R141b are better to be used, once
Toluene and R113 are excluded.

Based on the screening criteria above, R141b is the most suited working fluid
in sub-critical ORC under the given conditions if a lower bound at
atmospheric pressure is imposed. With such design, esteemed ORC net
power and relative efficiency gain of the hybrid system on the base project
range from 13.5 kW to 16.3 kW and from 7.82% to 9.45%, respectively.
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