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In this paper we describe and analyze the results of experiments on a Solid Oxide Elec-
trolyzer Cell with and without the supply of a fuel to the seygen producing electrode. In the
experiments a 5 x § cm” Solid Oxide Fuel Cell is used operating in electrolyzer mode. We
have tested the influence of varying reactant utilization {ie. steam utilization) and fuel
utilization in fuel assisted electralysis. In particular the effect of insufficient fuel supply
was studied experimentally as well as theoretically. In doing so we defined a turning point
at which all the fuel is utilized. It was shown that by supplying not enough fuel all the fuel
is oxidized and as in conventional electrolysis, oxygen production will start and oxygen iz
leaving the cell. Moreaver the cell performance approaches conventional slectrolysis and
the effect of adding fuel on reducing the necessary amount of electric power almost van-
ishes. As in conventonal high temperature steam electrolysis conversion efficiencies of
more than hundred percent can be achieved also with fuel assisted electrolysis, under the
condition that sufficient fusl is supplied ie. fuel utilization must be lower than hundred
percent.

We have put the concept of fuel assisted electrolysis in the framework of multisource
multiproduct energy systems {MSMPs) and emphasized for example the benefits of using
bio{syn)gas as the fuel in fuel assisted electrolysis. When using bio{syn)gas, the gas is de
facto upgraded to pure hydrogen. This is an additional benefit next to the lowering of the
electric power consumption for producing the same amount of hydrogen in the fuel
assisted electrolysis process. Furthermore the suitability of these flexible MSMP systems in
a market with volatile electricity prices due to increasing penetration of intermittent
renewable energy sources is highlighted.

© 2016 Hydrogen Energy Publications LLC, Published by Elsevier Ltd. All rights reserved.

Introduction

more and more problems with the integration of these fluc-
tuating electricity sources into our electric grid, in which al-
ways an exact balance between supply and demand must be

With a growing contribution of renewsble energy for elec-  jinviined. Often the standard solution of storage is
tricity production mainly from solar and wind we are facing
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proposed for this problem. However, there are more solution
directions such a5 demand side management and flexible
production from more conventional sources, A recent devel-
opment is the so-called multisource multiproduct energy
system that can also contribute to the solution of the above
problem, often in a much more efficient way (economic effi-
ciency as well as technical efficiency) than the standard so-
lution of storage. In one sclution direction we can coproduce
multiple products next to electricity and when we need less
electricity because of low demand or high production from
renewable energy we can decrease the production of elec-
tricity from our device, while increasing the production of one
of the co-products, for example hydrogen. An example of such
a multisource multiproduct energy system (MSMF) is what has
been named the ‘superwind’ concept [1.1]. Contrary to just
reducing electricity production from a conventional source or
stopping the power plant completely, in the superwind
concept always valuable goods {be it electricity or hydrogen)
are produced using a high temperature internal reforming fuel
cell, keeping the econemic efficiency at a high level. As an
additional bonus also the total technical efficiency is
inereased instead of reduced [in the coproduction of hydrogen
and electricity less waste heat is produced]. This concept is
very suitabls as long as penetration of wind and selar is
relatively modest. Itis found thatin those situations, from the
wind turbine owners economic perspective, it is more
important to *fill in the gaps,’ than to apply pesk shaving
Wind wurbine owners operating on the electricity market have
to offer in advance a certain amount of electricity to the
market for certain price. Whenever the wind falls short of
predictions wind turbine owners can be faced with heavy
financial penalties downgrading overall economic perfor-
mance significantly. Therefore having the ability to produce
additional power by alternative means {adjusting the settings
of the superwind multisource multiproduct energy system w©
maore electricity production and less hydrogen production) is
much more beneficial to them than peak shaving. We call this
‘filling in the gaps.' However if the penetration of wind energy
and solar keeps increasing. situations might occur that there
really is & surplus of electricity for which no other purpose is
available (assuming the limits for demand side management
are also reached). Under these conditions, -~ which today are
5till very rare even in areas with large wind penetration such
as Denmark and the North of Germany-, conversion of elec-
tricity into for example hydrogen might be meaningful (the
Power (o Gas or P2G concept). In the strict definition of storage
we would later on convert this hydrogen back into electricity.
Of course there is also the possibility to use this hydrogen
produced by power to gas as hydrogen in industrial applica-
tions such as in the glags industry, or for example in fuel ceil
vehicles, Although the power to gas concept in principle refers
to any process in which electricity can be converted into a
gaeeous fuel, almost always one refers to the electrolysis of
water (or stearn) into hydrogen and oxygen. However also
electrolysis of CO; into CO or even into carbon is possible as
shown by Shi et al. {3, Also in these processes oxygen is
formed. Since oxygen is freely available in the air, often it is
not economic to store the produced cxygen for later use and it
is just vented into the air. From a thermodynamic point of
view it does however cost energy {electricity). It would save a

lot of electricity if we could prevent the formation of exygen
by supplying & fuel to the oxygen producing elecrode, This is
an old idea that has been applied already for many years in
aluminum preduction, where carbon electrodes are used to
prevent oxygen formation. The aluminum production process
is in fact the electrolysis of aluminum oxide in which in
principle pure aluminum and pure cxygen would be formed
{4}. However, by the use of carbon electrodes the formation of
oxygen is prevented and instead OO, is released. The use of a
sacrificing carbon electrode can be seen as the integradon of a
Direct Carbon Fuel Cell [5] in series with the electrolysis pro-
cess and thereby the amount of electric power needed exter-
nally to produce a fixed amount of aluminum is reduced
significantly, compared to the casein which we would have an
inert electrode with oxygen formation. Applying the same
principle to electrolysis of water we can also use a carbon
electrode as is done by Ewan et al. [5] and Gopalan et al. [7].
Alternatively a gaseous fuel can be supplied to the oxygen
producing electrode [2.3). The latter is more convenient,
because we can simply choose a standard design of & fusl cell,
which is now operated in reverse with the medification that in
addition to the energy in the form of electric power also fuel
gas is supplisd to one electrode. Note that thereby the concept
has become a Muit-Source Multi-Product energy system [1].
This electrolyzer concept, while propesing natural gas as the
fuel, has been patented by Pham et al, in 2000 [10]. If we take
the solid oxide fuel cell (SOFC) as an example, putting it in
reverse creates a high temperature electrolyzer called Solid
Oxide Electrolyzer Cell or SOEC. When supplying fuel to the
electrode that normally would produce oxygen, we get what
has been called 'fuel assisted electrolysis’ in a Solid Oxide
Fuel-assisted Electrolyzer cell or SOFEC [8,9,11--13),

So fuel cells in principle can also be operated in reverse and
we can apply electrolysis with which real peak shaving can be
cbtzined when needed. An innovative step forwards relative
to electrolysis in which steam is converted into hydrogen and
oxygen is so called ‘fuel assisted electrolysis’, in which as
explained above, we can prevent the formation of oxygen by
supplying a fuel gas to the oxygen electrode. Thereby we
create a so-called Multi-Source Multi-Product energy system
(MSMP} in which electricity and the added fuel are converted
inte hydrogen (and heat). Moreover we can choose the addi-
ticnal fuel to be bio{syn)gas, by which we mean any fuel gas
mixture derived from biomass in whatever way. Thereby in
effect we have created a bio{syn)gas purification/conversion
device, through which the value of the bio{syn)gas is signifi-
cantly increased. This latter option would be a significant
improvement in the conversion of bio(syn)gas which pres-
ently suffers from low conversion efficiencies to electricity
even when using fuel cells, or a cumbersome conversion into
pure hydrogen or the conversion inte methane for injection
into the natural gae grid. Fuel assisted electrolysis using
bio{syn)gas has not been discussed in literature as far as we
know, but it is an illuminating example that shows that
multisource multiproduct energy systems are often also
multipurpose energy systems, In effect it gives us a system
that, if operated as a fuel cell (SOFC) on natural gas, offers the
possibility for flexible coproduction of hydrogen and eleciric
power in almost any desired ratio; secondly the switch to
hydrogen production under the consumption of a surplus of
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electricity in SOEC mode and thirdly the highly efficient pro-
duction of pure hydrogen from bio{syn)gas and a surplus of
electricity in bio{syn)gas assisted electrolysis in SOFEC mode.
This multifunctional system can adapt to the fluctuating
conditions caused by an increasing amount of renewable
electricity supply from wind and solar sources fed into the
electricity grid. To a large extent the system also overcomes
the chicken and egg problem encountered in the development
of a hydrogen infrastructure for fuel cell vehicles. In practice
we have to determine what operation conditions are most
optimal given our optimization criteria; be it cost minimiza-
tion, profit optimization, overall technical efficiency or lowest
0y emissions or other criteria or 2 combination thereof. This
however falls outside the scope of this paper. Here we will
focus on the SOFEC and present experimental data on its
performance under various conditions. Contrary to previous
work we include the parameter of fuel utilization in the ex-
periments, since we use SOFC bench cells of 5 » 5cm operated
in SOFEC mode. To our knowledge this has not been done
before. Only Martinez-Frias et al [i2] spplied different
methane utilization in their tubular SOFEC, however they
used just one -V curve for the electrolyzer, independent of
utilization. Therefore they have not taken Nemst loss due to
fuel utilization inte account.

We did not address material issues but merely used the
standard solid oxide fuel cell/solid oxide electrolyzer cell
compenents. Notably: It is not trivial that the traditional ma-
terials can withstand the new oxidizing/reducing environ-
ments. For practical applicatons, endurance of the existing
and newly designed materiale must be tested under practical
operating conditions, This however falls putside the scope of
this paper. In order to be able to understand the experimental
results it is necessary to give some theoretical background
behind fuel assisted electrolysis, including Nernst loss caused
by the fuel utilizaton. We will do 5o in the next sectlon.

Theory of fuel assisted electrolysis

In conventional electrolysis the overall electrolysis reaction is
the well-known splitting of water:

Hi0 =30 + Ha &

In this pracess pure hydrogen is obtained from electricity
as the energy source and water as the reactant.

An application of the SOFEC concept is considering as a
fuel at the anode, a mixture of hydrogen and other gasses, for
example biolsyn)gas = Hy + CO + CH, (+C0;y + Hy0) as the
product of anaerobic digestion, pyrolysis or any form of gasi-
fication. We note however that any other fuel or compound
that can be oxidized can be envisaged, including no hydrogen
-containing gases such as CO or NH,. Therefore many other
applications of the SOFEC concept can be developed. In our
experiments for simplicity we will use a mixture of nitrogen
and hydrogen to mimic the bio{syn)gas, while avoiding its
complexity.

In Fig. 1 the schematic’s are given of the concept of fuel
assisted electrolysis using hydrogen with or without other

The electrochemical reactions at the anode and cathode
are following:

Hy + O — H,0 + 2 ¢* anode reaction (2)

H30 + 2" -+ Hy + 0" cathode reaction {3

The overall reaction that results is a perfect equilibrium
with the only effect that hydrogen and steam flows are
inverted in the anode and cathode off gasses. It also shows
that it would be quite meaningless to use pure hydrogen in
fuel assisted electrolysis in practice. This situation changes if
the hydrogen is not pure but mixed with other gasses:

Hz + MIX + 0% = H,@ + MIX + 2 ¢” anodic reaction (4)

H.0 +2 ¢ — H; + OF cathodic reaction {5)

In these reactions it appears that the hydrogen is extracted
from the fuel gas mixture (bio(syn)gas) and finds its way to the
cathode outlet side. We say it appears because it is not the
same hydrogen atoms that we suppliad on the anode side that
we find back in the cathode outlet. The hydrogen atoms in the
hydrogen molecules that we produce at the cathode originate
from the steam that we supplied to the inlet of the cathode
side of course. 50 in that strict sense we do not separate
hydrogen from the bio(syn)gas mixture but from a practical
point of view, just looking at inputs and outputs it does appear
that way and we can stll use thateffect beneficially in practice
to upgrade the biogas to pure hydrogen (after condensing out
the water).

Some scholars suggest that at the anode still axygen is
formed, which in a chemical reaction will be reduced by the
fuel supplied. Of course this is a possibility and this parallel
reaction, with oxygen formation as in conventional electrol-
ysis, could still occur. Depending on the kinetics of the sub-
sequent pathways nature will divide the electrochemical
current between the possible pathways, In terms of thermo-
dynarmnics it does not matter which anodic reaction to consider
for determining the Mernst potential of the electrode since at
OCV we assume equilibrium, That means equilibrium of all
possible reactions, so also all possible chemical reactions be-
tween the species available -in this case at the anode-will all
be in equilibdum vielding equilibrium concentrations of all
the species in those reactions. 5o considering first oxygen
formation and then the subsequent chemical reaction with
the fuel {combustion) the Nernst potential is determined by
the elecirochemical reaction of oxygen formation from oxide

10ns:
Hz + MIX H;0 + MIX
Anode e
SOFEC
H;0 (+ H,) H; (+ H,0)
Cathode _ s

Fig. 1 — Experimental conditions for fuel assisted




o ""%0:- + 2e~ conventional anodic electrolyzer reaction
(€)

The prasence of the fuel will eliminate the oxygen up toa
very small equilibrium partial pressure, Filling in this small
oxygen partlal pressure in the Nernst equation belonging 1o
reaction (6} will yield the same potential a5 reaction (2) (or (4)
in case of a fuel gas mixture). If this would not be the case,
then one of the two reactions would not be in equilibrium
since the electrode can only assume one potential. This then
would contzadict our assumpton of equilibrium. Alse see
Coleman and White [16] and Peelen and Hemmes |17} for a
further explanation and determination of chemical and elec-
trochemical equilibriurn reactions in a system with many
species and possibile {slectra-) chemical reactions.

To obtain pure hydrogen from the cathode off gas, only
water still must and can simply be condensed out of the gas
blend with hydrogen. We can also consider the cell as a con-
centration cell in which the concentration of hydrogen at the
anode and cathode may differ, yielding a small potential dif-
ference. When a higher partial pressure of hydrogen is avail-
able at the fuel-azssisted side than at the hydrogen production
electrode, the reaction in principle will proceed spontaneously
when the electrodes are short circuited (negative Gibbs free
energy change). However, in practical applications we want
significant hydrogen preduction and will therefore apply an
electric potential next to the chemical energy in the form of 2
fuel. In electrolysis of water also an amount of heat equal to
TAS has to be supplied to the process. This is completely
analogous to a hydrogen fuel cell in which always a minimum
amount of heat equal to TAS must be produced. Next to this
negative thermodynamic heat term TAS (uptake of heat) both
processes suffer from losses that will generate heat. In fuel
cell operation this heat adds on to the thermeodynamically
produced amount of heat TAS, whereas in electrolysis heat
losses in general are sufficient to provide the heat Tas needed
for the slectrolysis reaction. Obvicusly the higher the tem-
perature the higher the amount of heat taken up by the elec-
trolysis process and the lower the overall heat losses. The
latter is a great advantage of high temperature electrolysis, as
is well known. This process of heat uptake by an electro-
chemical process is also encountered in a Direct Carbon Fusl
Cell producing CO from carbon. Readers are further referred to
a chapter on fuel cells written by ene of the authors for further
information on the thermodynarmics of fuel cells and elec-
trolysis cells [18].

Process losses are due to electrochemical- and ahmic po-
larization losses occurring in the electrolyzer cell. Such losses
in the form of heat can be recovered directly in the chemicals
with an appropriate selection of opersting point called ther-
moneutral operation by adjusting the operating temperature
such that the endothermic term TAS equals the amount of
hest produced due to the reversible process losses [15].

We will explain more about local driving forces as a func-
tion of local conditions such as gas composition when dis-
cussing Nernst loss in the next section. Here it is emphasized
that by using bic{syn)gas as the fuel in fuel assisted electrol-
ysis, the bio{syn)gas mixture is upgraded to pure hydrogen as

a beneficial coproduct of the electrolysis process next to the
benefit of reduced electric power needed for the electrolysis of
steam (See Fig. 1 and Equations (4) and (5)).

Nernst loss-gain

Mernst loss appears in slectrolyzer units just as in fuel cells.
The losses are caused by changes in local gas composition due
to reactant utilizaton and production of reaction products
that lead to a lower, respectively higher partal pressure of
reactants and products, while going from inlet to cutlet side of
the cell [13,20].

In fuel cells the utilization of the fuel (U is defined as
follows:

@

where H,, and Hy, are the amount of reacting hydrogen
and the amount of hydrogen supplied to the inlet respectively
(both in mole/sec), F is Faraday's constant and j and hg, are
current density and specific inlet hydrogen flow (in mole/
sec cm’) respectively, Notably; the area {unit = cm?) refers to
the reactive cell area. Similarly in electrolyzers the reactant
utilization (RU) is defined as:

R. i j

e @
where R, and Ry, are the amount of H;O that has reacted and
the amount of H;O supplied to the inlet respectively (both in
melefsec), while 1, is specific H;0O inlet flow (in molefsec em?).

Therefore the local driving force for the desired reaction
[either fuel cell or electrolyzer overall reaction| decreases
when going from inlet to outlet. The local driving force is the
difference between the local Nemst potential gven by the
local gas composition and the actual electrode potential. For
convenience we can measure both versus the opposite elec-
trode, while assuming constant conditions at that electrode.

Eor fuel cells F. Standaert {20,21) has derived the following
formula for the Nernst loss:

Vit s = | Vi {0} - ,_,—} vqcu:ntu! ()
a
With:
P &
Vey(l)  Eo + F-n:fm( H*:‘;j ,D?’“;“’ ) (10)

In which the symbols have their usual meaning and the
partial pressures are a function of lecal fuel utilization.

In these equations u is the local utilization of fuel for fuel
cells or reactant (steam) utilization in electrolyzer mode,
Vqf0) is the open cell voltage and Veq{u) is the local NMemst
potential difference between anode and cathode determined
by the local gas compositions st the anode and cathode. Var-
iable u varies from zero at the inlet to Uf at the outlet of the
fuel cell anode. The Nernst loss can then simply be calculzted
as the difference between OCV and the aversged Nernst po-
tential of the anode. This is illustrated in Fig. 2. We note that




the Nernst loss is equal to the surface area between the line
Vg (0 and the function Vg (u) up to u= Uf both for SOFC and
SOEC operation.

Ag for fuel cells, in electrolysic we define the local reactant
utilization (ru} as the fraction of steam that has been utilized
up to a certain point in the cell. The overall total reactant
utilization (RU) is the uvtlization at the outlet side of the
electrolyzer. In fuel cell operation one has to subtract this
surface area from OCV whereas in electrolyzer mode the
surface area representing Nemnst loss, in this case called
Nernst gain, has to be subtracted from the Nemst local po-
tential at RU caleulated as the Nemnst potential difference
between anode and cathode at the outlet of the cell Veg(RLR),
where the total reactant utilization (RU) has been achisved.

1 L
Vig(RI) of ! Vﬂ{“\d"-l (11)

In Fig. 2 potentials were calculated assuming inlet anode
composition Ha:H,0 50:50, and 100% oxygen at the cathode.

When the axygen concentration at the cathode is not fixed
at hundred percent alse the change in gas composition at the
cathode as a function of gas utilization going from inlet 1o
outlet has to be taken into account in determining the Nernst
loss. This can be done using Equation (10) and calculating the
local oxypen partial pressure as a functon of utilization, or
cne can rewrite the Equation {10} and use the local partial
pressure of hydropen in the added fuel in “fuel assisted
elecorolysis’,

MNernst gain in fuel assisted electrolysis

In fuel assisted electrolysis the average potential difference
between the local Nermmst potential at the anode versus the
local Mernst potential at the cathode at the same position in
the cell measured from inlet to cutlet is much lower than in
conventional electrolysis without the fuel, In fact, throughout
the cell it is a concentration cell if the fuel supplied is
hydrogen, Nevertheless, similar to fuel cell and electrolyzer
operation it does vary going from inlet to outlet and it can even

Viiernst gain ==

change sign along the way. However, the driving force being
the difference between the applied potential and the differ-
ence in local Nernst potentials at the anode versus cathode
will always be positive. It cannot be that one side (say the inlet
side) of the cell is functioning as a fuel cell whereas the other
(outlet} side is acting as an electrolyzer of course. For those
who need a proof we can use & proof by contradiction. If the
cell would switch from fuel cell to electrolyzer mode the sign
of the current density would reverse somewhere in the cell. At
that point the local current density would be zero. However if
the local current density is zero, no net reactions would take
place anymore and the composition of the gases would
remain the same. Therefore the local condiions would
remain the same including the current density which is zero,
This would hold up to the end of the cell. This contradicts the
assumption that the last part of the cell has a current density
with opposite sign to the beginning of the cell Q.E.D. Note
however that the local Nernst potential difference can switch
signs depending on the gas composition. This local Nernst
potential difference is compensated or overriled by the
applied external voltage.

A peculiar situation appears when we do not supply suffi-
cient fuel in the fuel assisted electrolyzer mode to keep Fuel
utilization below hundred percent In other words; there is
(virtually) no fuel leaving the electrolyzer from the anode side.
Somewhere between inlet and outlet the electrolyzer changes
from fuel assisted electrolysis to conventional electrolysis in
which oxygen is produced This point is defined as SOFEC
turning point and comresponds to a specific operating condi-
tion of the cell in which a stoichiometric reaction occurs be-
tween the amount of fuel supplied in the process and the
amount of oxygen that would have been produced without the
fuel. We can thus ldentify for the cell a tuming point current
density (i), and reactant utilization (RU,,). Note that reaction
stoichiomelry is the same at both sides of the cells, this means
that at the turning point we are producing at the cathode the
same amount of hydrogen that we are consuming at the
ancde and it appears as if the cell operates as a membrane
that separates H; moving it from one side to the other of the
membrane, But again we emphasized that it just appears that
way, but there is no physical separation,

In fuel cell operation we always want to avoid situations in
which (in some cells) hundred percent fuel wtilization occurs
because in that case the cell potential collapses and can even
become negative. In fuel assisted electrolysis one can have
hundred percent fuel utilization because, as stated, the elec-
trolyzer just switches to conventional mode for the last part of
the electrolyzer cell near the outlet side. We can wonder what
this does to the overall performance of the electrolyzer cell.
One would expect an average performance of the 2 parts of the
cell, however we have to acknowledge, as stated above that it
cannot switch from electrolyzer to fuel cell mode in the same
cell. Therefore the overall cell potental is always higher than
the highest local equilibfium potentdal difference between
anode and cathode. In other words also the last part of the cell
should still function as an electrolyrer, meaning overall cell
potential will approach the cell potential as for conventional
operation of the electrolyzer. This is indeed what we found in
the experiments. Therefore the addidon of fuel is not very
helpful if we do not supply sufficient fuel to prevent cxygen
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formation. What will happen, just as in a fuel cell with a
shortage of fuel supply, is that in the beginning of the cell a
large overpotential will develop causing a large driving force
and hence & large current density. Therefore all the fuel wiil
reactat the beginning of the cell. The large current density and
large overpotential cause large losses in the form of heat
production and hence overall efficiency loss.

So if we do not supply sufficient fuel to reduce all the ox-
yzen that would have been preduced in conventional elec-
trolysis, there will be a point in the cell between inlet and
outlet, where the fuel has fully reacted and oxygen production
starts. How sharp this transition will be depends among
others on diffusion in the gas phase and reaction rates of
hydrogen and oxygen combustion, In the transition region the
partial pressure of the fuel will decrease and the partial
pressure of the oxygen will increase when going from inlet to
cutlet side. Due to these concentration differences net fior-
ward diffusion of hydrogen and net backward diffusion of
oxygen will accur, next to the overall flow from inlet to outlet.
This might explain part of the missing hydrogen we found in
our experiments. We will come back to this further on in the
paper.

In gur experiments three cases were studied The first one
{case A} has an sncdic flow of pure air, second one [Case B) has
pure nitrogen, while in the last one {Case C) a mix of nitrogen
and hydrogen is supplied to the anode (oxygen producing
electrode) with an amount of hydrogen calculated so as to just
have complete reduction of a1l the cxygen (hypothetically)
produced at an overall reactant utilization of RU,, = 33% (ratio
between anodic hydrogen and cathodic stearmn concentration:
15/45 = 0.33). At the cathode side steam is mixed with nitrogen
and hydrogen. Nitrogen, in same concentration to steam, was
uged having in mind the experimental conditdons where ni-
trogen is used as sweep gas, while hydrogen is added at a
concentration of 10% of the inlet flow to puarantee a reducing
atmosphere and avoid oxdation of the electrode. Such a
requirement is necessary considering the utilization of a
commercial cell like the one used in our experiments.

Similarly, to what happens for water in an SOFC and for
hydrogen in an SOEC in a SOFEC Nernst calculation a mimi-
mum amount of steam (in this case we used 10~ is assumed
for the calculations at the anode side for case B and the same
concentration is also assumed for the anode steam concen-
tration for case C in order to prevent the logarithm in the
Nernst equation to become infinite.

Fig 3reports the results of the theoretical study of the local
Nemst potentials as a function of local reactant utilization ru,
calculated using Equation (10). For case C the Nemst gain was
calculated as for a concentration cell undl RU = 0,33 was ob-
tained. After that walue only conventional electrolyzer
contribution was considered. This approach produced a small

= 1 — Inlet gas compositions for cases A, BEand C.
Case | Cathode (%) Anode (%)
HiO N Hy 02 N; H; HO
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Fig. 3 — Local Nernst potential difference between anode
and cathode corresponding to the three gas compositions
A.B and C depicted in Table 1.

discontinuity in the graph. To correctly evaluate the advan-
tages obtained with the selected compogitians it is possible to
calculate the Nernst differential gain (NDG) between the
curves a5 defined below. Such a value permits w evaluate the
advantage, in terms of potential, of compositions B and C
compared to composition A. The Nernst differential gain
(WNDG) parameters are a function of BU and defined as follows:

L
NDGy = g [ [Vagtridy ~ Veg(ru, (12a)
1 L
NDGe = g5 [ Velrule — Vas(rulyJdru (12t)
-]

Results are plotted in Fig. 4.

Fig. 4 shows how there is a reduction of voltage and
consequently a reduction of electrical power input moving
from case A to B to C as expected.

Experimental

The experimental study was performed on a commercial
electrolyte supported Solid Oxide Fuel Cell supplied by the
company MNexTech Materials. The cell is based on a 150 ym
(+20 um) zirconia-based electrolyte with a 50 pm Ni-GDC/Ni-
YSZ muld-layer anode (SOFEC cathode) and a 50 pm LSM/
LSM-GDC roulti-layer cathode (SOFEC anode). The cell was
tested inside = furnace operating ar 850 *C. Two manifolds
made of Crofer material, one for each electrode, were used as
current collectors and gas distributors while a silver mesh was
used at the anode side and a nickel mesh at the cathode to
conduct current from the electrodes, Gas flow meters
permitted pure gas flow control while a liquid flow meter was
used to measure water evaporated in the cathode inlet tube. A
power supply was usad to $et the desired cument, while
temperatures and voltage were sampled at 1 Hz frequency
with a data acquisition unit, A 5 cmn side aquare cell was used
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Fig. 4 — Nemst differential gain (NDG) as a function of RU
calculated using Equation (12a,8).

with an active area of 12.87 cm® calculated from measure-
ments of the mesh active area. Regarding the effect of heat
absorption for example due to the term TAS, we do not
comment upan this in this experimental part of the study. Itis
impossible to perform any heat evaluation when making tests
on our single cell, because system effects such as heat losses,
impact of the furnace and heat transport by gas flows usually
cover up heat Hows related to the cefl's internal reactions and
heat produced by electrochemical reactions,

The experimental campaign was realized to evaluate real
cell performance under the studied conditions. The normal-
ized condition was extrapolated from European harmonized
procedure FCTesQA indication. In such protocol, developed
for SOFC cell testing, a specific flow of 10.7 ml/min cm? is
considered. This value was also used as a reference to caleu-
late reactant flow, in this case resulting in 6.43 g'h of steam,
Gas mixtures were calculated based on Table 2, In addition to
composition C, two addidonal compositions were tested: C2
and C3. Table  details the approach used to define the three C
compaositions. The current density turning point is defined as
the current density in fuel assisted electrolysis mode at which
just enough oxygen would have been produced to fully oxidize
the amount of supplied fuel. In other words all the fuel sup-
plied in fuel assisted electrolysis is fully oxidized at this cur-
rent density. Test C was designed so to have a current density
turning point ) at 500 mA/em?, In tests C2 and C3 the J, was
get at 750 and 125 mA/cm® respectively by decreasing the
input fuel fiow as indicated in Tabte 3. Correspending reactant

Test campaign for the experiments.

Cathode Anode
H0 N H; Ar N H
{g/h] [NUh] [NVh} [NVh] [NVR] [NVAR]
Ar 643  BD1 178 17.8 [} a
NZ 643 801 178 00 VB 0

{stearn) utilization is reported in Table 3, using the fact that we
kept the steam flow constant at 6.43 g'h.

In Fig. 5 we report a typical example of the experimental
voltage and current variation over time during test C. In the
experiments the current is changed stepwise and the voltage
response including experimental noise is also recorded. The
small negative voltage value at zero current density means in
this case fuel cell operation |.e. when short-circuiting the cella
spontanseous fuel cell reaction would take place. The figure
shows how the cell moves from fuel cell to electrolysis oper-
ation with an OCV close to zero. Fig & summarizes the results
of 21l experimental tests. Polarization curves are plotted in
Fig. Ga, while, to get a better understanding of the graphs, the
differences between each case and the reference case (case A)
was calculated and plotted in [ig. 6-b. As expected composi-
tion B performs better than A (smaller values) while for cases
€ the presence of hydrogen causes the cell voltsge values tobe
very low, even negative, for small current density as previ-
ously commented. Also for case G2 we first see a small dip in
Fig. &a, 1e a relative improvernent compared to case A as
shown as a peak at small current density in Fig. 6b. The ab-
solute value of the voltage however stays almost constant in
the first current step from zero as shown in fig 6a case CL
When the electrochemical reaction is enhanced by hydrogen
oxidation electrolyzer cell voltage reaches acceptable values
below cases A and B with hence an increase of performance as
expected.

When moving from case C3 to case C, i.e increasing the
amount of fuel, the cell voltage becomes even lower thus
further reducing the electric power needed. Note that the
alienation of the curves with case A and B pocurs, as expected,
for higher current densities when moving from C3 to C, yet far
before the expected current density and RU (see Table 3), Itis
as if less fuel (H,) is supplied than we actually did supply.
There seems io be hydrogen missing. This could be explained
by @ possible leakage of hydrogen aleng the cell so that the
amount of H; in the electrode was actually smaller than
planned, consequently reducing RUy,. A second explanation
might be that, analogous to fuel cells, supplying insufficient
fuel will lead to & complete utilization of the fuel and in the
case of a fuel cell to the collapse of the cell voltage. In fuel
assisted electrolysis it will lead to an increase in the cell
voltage needed to maintain the current. In a transition region
the pertial pressure of the fuel will decrease and the partial
pressure of oxygen will increase, when going from inlet to
outlet side. How sharp this transition will be depends among
others on diffusion in the gas phase and reaction rate of
hydrogen and oxygen combustion. This could also be part of
the explanation for the shift of the curves in Fig. © to the left,
compated o whart is expected and depicted in Table 3, Gas
diffusion is normally very fast, as well as the reaction between

Table 3

C, C2 and C3.

Turning point current density and U, forc
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hydrogen and oxygen, so part of the fuel (hydrogen) that we 0,00 a0 020 030 040
n

supply in fuel assisted electrolysis could chemically react with
the oxygen that we produce at the same electrode at the end of
the cell, in case we supply insufficient fuel, thershy sxplaining
the ‘missing hydrogen'.

Fig 6-b shows how the trend of the curves collapses to zero
at high reactant utlization RU. Specifically for cages C is
important to notice that before the wwrning point, the celi
operates as a fuel upgrader, with the overall result of obtain-
ing a hydrogen production st the cathode equivalent to the
amount consumed at the anode. In that operation condition
no more hydrogen is produced on the cathode side as
consumed on the anode. After the turning point real elec-
trolysis occurs with the production of a larger quantity of
hydrogen compared to the amount of hydrogen consumed.
The figure shows how in these operating conditions there stll
is a difference, in terms of voltage going from case A to €, yet
there is only a minor change in the voltage and hence also a
minor change in the required electric power at higher current
density and thus higher reactant utilization RU.

Efficiency

It is well known that in high temperature steam electrolysis
efficiencies larger than hundred percent can be achieved
because of the entropy term in the relation between the Gibbs
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Fig. 7 — Input and output power streams for cases A, B and
C zs a function of reactant {steam} utilization RU.

free energy change and the enthalpy change of the reaction,
We may wonder if this still holds for fuel assisted electrolysis.
Therefore we calculated the power {energy per unit time) in
every input and output energy flow excluding heat flows,
Energy flows in terms of chemical energy were calculated
based on Low Heating Value (LHV). In Fig. 7 we have depictad
the electric power input as a function of reactant utilization
(RU) for the 3 cases A, B and C as well as the amount of
hydrogen produced at the cathode and the amount of
hydrogen consumed at the anode in the fuel assisted slec-
trolysis mode of cage C.

The amount of hydropen produced at the cathode is offset
by the amount of hydrogen that we added to the inlet flow of
the cathode of the electrolyzer cell in our experiments (5.29
Watt). The linear decrease in the amount of hydrogen leaving
the anode in fuel assisted electrolysis [case C) reflects the
linear relations between current density, reactant utilization,
hydrogen production and fuel uvtilization. It shows the
experimentally set condition that the amount of hydrogen
supplied in fuel assisted mode is fully oxidized at the reactant
utilization of 0.33. That is, we adjusted the amount of supplied
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Fig. 6 - Experimental results of tested compositions: polarization curves (a) and voltage differences with case A (b).
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hydrogen to the amount of steam that we supplied to the csll.
For all 3 cases the amount of hydrogen preduced at the
cathode is the same because of the mentioned linear relation
between reactant utilization and current density and that we
have kept the supply of steam constant. The amount of elec-
tric power needed in case A reflects the polarization curve of
conventional electrolysis which deviates a little bit from a
linear relation because of increasing losses at higher current
density (and thus higher reactant utilization). At low reactant
utilization (and low current density) the electric power needed
in fuel assisted electrolysis is very low up to a reactant utili-
zation of about 0.08. As discussed above we would expect this
‘turning point’ to happen much cioser to a reactant utilization
of 0.3 because there the fuel is nearly fully utilized/oxidized.

In Fig. & we have plotted the input and output power flows
and the efficiency being defined as their ratio for the cases A
{a), B (b} and C (c). Note that we have excluded heat flows from
the input and output streams as is usually done in defining the
efficiency. In Fig 8-a we see that total output is a little bit
higher than total input over a wide range of reactant utiliza-
tion leading to an efficiency higher than hundred percent.
This is common in high temperature electrolysis in which
heat is converted into chemical energy due to the sign of the
entropy term TAS as explained in the theory section. Addi-
tional heat evaluation related to furnace were not performed
because systemn effects such as heat losses or gas flows cover
up heat flows relatad to cell internal reaction and hest pro-
duced by electrochemical reactions. For case A experimentally
we found an optimum in the efficiency of 109% at a reactant
utilization (RU) between 0.15 and 0.20.

By flushing with nitrogen instead of air {case B) we can
increase the efficiency to 112% &t a reactant uiilization of 0.18
as shown In Fig 2-b. The flow of nitrogen keeps the oxygen
partial pressure (especially in the beginning of the cell) quite
low, therefore at low reactant utilization lirtle external electnic
power is needed to drive the process.

When we supply fuel in fuel assisted electrolysis we keep
the oxygen partial pressure very low and thereby obtain sig-
nificant Nernst gain. As long as the fuel is not fully oxidized,
i.e. fuel utilization is kept below hundred percent, we main-
tain this low oxygen partial pressure at the anode at all times
and places inside the cell and therefore can maintain this
Mernst gain, leading ta low electric power demand. Since we
do add energy in another form, namely the fuel, total effi-
ciency is somewhat reduced to around one hundred percent
decreasing after the turning paint which appears at a reactant
utilization of about 0,08 (See Fig, 5-c). Contrary to cases A and
B we note that in case C the total power output remains more
or less constant. This is because as reactant utilization in-
creases move fuel is utilized (hence less fuel is leaving the cell
at the anode, as clearly shown in Fig. 7). This decrease in fuel
output compensates the increase in hydrogen output at the
cathode side.

Conclusions

In this paper we report on experimental studies on the per-
formance of fuel assisted electrolysis in a 5 » 5 cm? solid oxide
electralyzer cell (SOEC). As is known from literature by addinga

fuel to the oxygen producing electrode the amount of elec-
tricity nesded for producing a certain amount of hydrogen by
electrolysis is reduced, The effect of reactant (steam) utilization
and fuel utilization in fuel assisted electrolysis, was taken into
account in this study. In particular the effect of too litthe fuel
was studied experimentally as well as theoretically. In doing so
we defined a turning point at which all the fuel is utilized. It
was shown that by supplying too little fuel ie. all the fuel is
cxidized and as in conventiona! electrolysis oxygen production
is started and oxygen is leaving the cell; the cell performance
approaches conventional electrolysis and the effect of adding
fuel on reducing the necessary amount of electric power
almaost vanishes. Therefore when applying fuel assisted elec-
trolysis one should take care to always supply sufficient fuel
and keep fuel utitization below hundred percent

In our experimental study in the laberatory, we use pure
hydrogen as & fuel for the SOFEC. Any other fuel including
methane or compound that can be oxidized at the anode can
however be considered in SOFEC applications, opening up this
concept to many additional fields other than energy, including
the chemical industry.

We have put the concept of fuel assisted electrolysis in the
framework of multisource multproduct energy systems
{MSMFs) and emphasized for example the benefits of using
bio(syn)gas as the fuel in fuel assisted electrolysis. In that case
bio(syn)gas is, as it were, upgraded to pure hydrogen. The
described multisource multiproduct energy systems offers
flexdbility in input and output, which is very suitable in
(future) energy systern with a growing amount of {fluctuating)
renewable energy from solar, wind and biomass.
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ARTICLE INFO ABSTRACT

The aim of this work is 1o assess the feasibility of a Biomass Integrated Gasifier Fuel Cell { B-IGFC) planc.
High temperature Solid Oxide Fuel Cells (SOFC) are the most efficient energy systems currently being
developed and they show good fuel flexibility thanks to their high operational remperature. For the apphi-
cation here discussed, the fuel major active species are Hx, C0 and CHa; vet, in wood-derived syngas small
amounts of higher hydrocarbons are produced too, Amaong them, tars are claimed to be biomass Achille's
- heel, causing severe lssues in internal combustion engines and turbines. Conversely, SOFCs might be able
gc“m to decompose tars with a gain on cell performance. However, in order to avoid fast degradation, tars con-
Wood gasification cenkraticns have to be bejow a critical threshold. In this work, SOFC eperation with real wood syngas from
Renewables a pilot bateh gasifier is firstly demonstrated. Then, longer tests are repeated under controlled conditions,

artificially reproducing wood syngas with and without tars, Tests demonstrated that commercial NiY5SZ-

Syn
'rnw anode cells are able to work on syngas with a model tar (eoluene) concentration up 1o 10 /N m’”, exhibic-
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Toluene ing a voitage gain with regard to performances on syngas without model tar. No material degradation was
observed after the experiments. As a final result, this paper aims at providing a proal of concept of 2
simplified B-IGFC system design, in order to reach its cost-effectiveness on small-scale installations.

© 2016 Elsevier Ltd. All righes reserved.
1. Introduction Solid Oxide Fuel Cells (SOFCs) are one of the most efficient

Climate change and resources exploitation have become one of
the handest challenges humanity is facing. COP21 recently stressed
the importance of energy saving, clean and efficient energy gener-
ation and fuel supply diversification. In this scenario, renewable
energy resources (RES) are a promising alternative to traditional
fuels and, among them, a key-role is played by biomass [1], which
are spread all over the world. In addition to that, blomass allows an
easier energy slorage, so that power production can be scheduled
according to power demand thus overcoming the issue of availabil-
ity which is the main drawback of other RES, such as solar and
wind,

Abbreviations: B-IGFC, Biomass Integrated Gasifier Fuel Cell; BC, bumon cell;
DA, Digital Acquisition System; FMMC, Bow meter controflers; GO gas
chramatograph; GT, Gas Turbine; ICE, internal combuisthon engine; NIYSZ Nickel
Yitria-Stabilized Zircomia: NIGDC, Nickel Gadolinka-doped-Ceria; PAHs, Polyoyclic
Aromatic Hydrocarbons: PS, Power Supply; R, electronic load; RES. Renswable
Energy Sources; SOFC, Solid Oxide Fuel Cells; TR, thermocouple.

Subseripes: db, dry basis: wh, wet basis,
& Corresponding author at: Via Durantl, 93, 06125 Perugla (PG fraly.

E-mail address: ghowannl clnti@unipg it (G Onti)

hiep: fdocdoi.orgl 10. 1016/ encorman.201 6,095,043
0I196-B904/0 2016 Elsevier Ltd. Al rights reserved.

energy systems and they are able to work with a wide variety of
fuels. As reported in [2-4], SOFCs are good candidates for the real-
lzation of efficient integrated systems. In particular, SOFCs can run
on wood-derived synthetic gas, a mixture containing hydrogen,
carbon monoxide, carbon dioxide, methane, nitrogen and other
minor species [5,6], Feedstock heterogeneity and gasification pro-
cess parameters (eg gasification agents [7]) variability might
influence SOFCs performances. However, modelling studies on
the utilization of bio-detived fuels in SOFC devices predicted an
efficiency up to 50% based on biomass lower heating vatue [8-
11]. Such interesting figures call for an experimental validation.
System modelling studies usually do not take into account syn-
gas minor components influence on SOFC performance. In a real
systemn operation, despite very low concentration, they can have
a heavy impact. in particular, regarding biomass gasification syn-
gas minor components, tars are of primary concemn. They include
many organic compounds [phenols, 1-ring aromatics, PAHS) with
a high boiling temperature, In conventional systems, they are
claimed to be responsible of equipment failure: in [12,13] it is
reported that ICEs and GTs tolerance limits are 50-100 mg/N m’
and Smg/Nm’ respectively. Conversely, SOFC tolerance is
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Nomenclature

SOFC active area, [em’)

Faraday constant, 26485 Cfmol

Current density, [mAfcm?

Current, [A]

Low heating value, [kj/NI],[kj/mol]
Equivalent fuel flow rate, mol/s][ml/min]

fygm

0y Partial flow rate of spectes i in stream j
Por Saturation pressure of species i, [kPa]
Povar Total pressure, {kPa]

T Temperature, ["CLIK]

v Voltage. [V]

Ky

Molar fraction of species i, in strearn j |2}

expected to be higher., thanks to high operational temperature and
catalysts {e.g. Nickel) enabling tar decomposition. Therefore, it is
challenging to investigate whether SOFC tolerance to tars is within
typical wood syngas tar loads. in order to achieve SOFCs bio-syngas
feeding without meeting with quick degradation issues [14-16]. As
a consequence, wood syngas featuring a small tar concentration
might not require a dedicated cleaning unit interposed between
the gasifier and the end-user device (SOFC). This is a key-point,
especially in the outlook of small-scale distributed applications
that call for complexity and capital expenditure reduction to
achieve techno-economic feasibility [17).

In the literature, just few experimental works deal with the cou-
pling of gasification and SOFCs. In particular, |18-20] evaluated
SOFC operation with commercial gasifiers equipped with robaost
cleaning units. In those works, the most used gasification technol-
ogy Is the Muidized bed, which is typically suitable for application
in the power range of 100 kW. Conversely. Biomass Integrated
Gasifier Fuel Cell (B-IGFC) low-capacity applications are far more
affordable in the outlook of distributed power generation systems.,
In this frame, fixed bed gasifiers seem to be the most promising
choice.

According to the specific fixed bed inmer design and process
conditions, syngas components percentages and tars content are
variable. Among fixed bed configurations, downdraft fixed bed
gasifiers syngas output features good properties for the utilization
in a SOFC [21], such as a low tar content; literature reports that the
expected @r concentradon for downdraft syngas is less than
1g/N m? [22,23]. More recent experimental works confirmed that,
after condensing low boiling-point components, tar residue was
measured to be in the neighbourhood of 1 g/N m®. Other authors
|16] measured a larger tar concentration en wood syngas, albeit
smaller than 10 g/N m”. Low tar load is due to the temperature
profile inside the reactor: temperature higher than 800 °C enables
primary and secondary pyrolysis products decomposition nto ter-
tiary tars (alkyl-aromatics, PAHs) [22], Because of that, downdraft
tars are mainly aromatic hydrocarbons, such as those shown in
Table 1. Table 2 displays typical wood syngas bulk compositions
achieved when air is used as oxidizing medium.

SOFC tolerance to tars was investigated in a few studies, usually
reproducing fuel mixtures with technical gases. Most scientific
works assess SOFC behaviour with a simulated syngas enriched
with a single tar compound (or at most a blend of few compounds},

Table 1
Average composition af the tar fraction In wood syngas produced by downdralt
gasifiers, as reported into other researches [24].

Tar compound

Toluene
Maphihalens
Sryrene
Indens
Phwenol
Others

Percentage (%)

geeesy

referred as model tar. The authors of [29] investigated tar impact
on NiYSZ-anode SOFC performances using both 1-ring aromatics
(toluene and benzene) and a mixture of several compounds. They
found out that 1-ring aromatic model tar caused a higher polariza-
tion resistance, because of their propensity towards catalytic
breakdown into carbon. With similar results, in [30} a3 comparison
between real tar and 1-ring model tar (toluene) impact on different
SOFC anode materials was accomplished. Furthermore, in [31,33],
other tests with benzene model tar were carried out, exposing a
NiGDC-anode cell to hydrogen plus 15 g/N m® benzene, Although
they did not observe overpotential changes, post-experimental
SEM showed large carbon deposits on the anode surface. For these
reasons, they claim that a longer exposure to such benzene concen-
trations, in a hydrogen matrix, could lower cell perforrmance. Then,
using a simulated syngas as fuel with 5 g/N m® benzene concen-
tration, they measured higher overpotential but no carbon deposi-
tion. Despite coking issues, model tar addition results in increasing
cell open circuit voltage as a consequence of model tar decomposi-
tion, as demonstrared by (33 34| (model tar naphthalene) and by
|35.36] (model tar roluene, NIGDC-anode cells). SOFC stable oper-
ation under toluene-laden syngas was demonstrated in [37], up
o 20 g/N m’ wluepe concentration in a syngas matrix made of
16% H;, 16% CO; and 7.6% CH,. On the contrary. when tar content
exceeds SOFC tolerance threshald, it causes cell performances loss
and material degradation, mainly because of carbon deposition and
catalyst deterioration [38-40].

Hence, with regard to the state of the art, this paper aims at pro-
ducing advances in the inregration of SOFCs with a gasification
facility. In particular, the application of small-scale downdraft gasi-
fiers equipped with a simplified cleaning unit is discussed and
experimentally tested. In this outlook, it is important to define a
good management of the gasification process so that wood syngas
bulk composition is compatible with a long-lasting SOFC opecation.
In this framework, current literature reports experiments per-
formed on simulated fuel mixture which are not consistent with
a real gasification process. Thus, the main target is to provide an
experimental prool of concept that makes modelling projections
easily available in the scientific literature more interesting. For
whal concerns SOFC technology, to provide results that are rele-
vant for a pllot or demonstration installation, commercial NiYSZ-
anode SOFCs are employed. NiYSZ is the material which is more
mature from a manufacturing point of view, although it is not opti-
mized for the operation under tar-laden fuels.

2. Experimental activity

Experimental results presented in this work are meant to
demonstrate the feasibilicy of the B-IGFC concept, with a specific
focus on SOFC tar tolerance. To accomplish this, at first SOFC is
fedt directly with ciean reaf wood syngas; then, wood syngas is arti-
ficially reproduced with technical gases, both neglecting and con-
sidering tars, so that a longer test is performed with SOFC. Tests
with simulated wood syngas are useful to verify SOFC material
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Tabbe 2

Alr-downdrall gasiher wood-syngas compositions.
Reference Sauirce Hy (%] Co (%] oy %) CHy [3] My 1]
Ref. [25] Average literature data 150 35 120 25 470
Ref. [25) Experimental 155 194 115 1.0 530
Hel. [27] Experimental 140 170 120 20 550
Rel, 18] Experimental 150 145 150 3.0 515
Rel. [28) Experimental 170 201 125 15 470

compatibility with wood syngas bulk composition. Then, tar effect
is evaluated, by adding a model tar to simulated syngas. Since,
according to the scientific literature, toluene is the most abundant
compound in such kind of fuel [41,42). it is chosen as model com-
pound. This aims at simulating SOFC feeding after a simplified
cleaning unit, which offers a lean and cheaper solution In the out-
look of small-scale systems [43],

Hence, this section describes the experimental setup and e
test plan. Moreover, a paragraph is devoted to explain how funda-
mental parameters of the test plan are calculated.

2.1. Set-up: materials and hardware

In order to evaluate the feasibility of a B-IGFC system, an exper-
imental set-up was developed. connecting two sections: a pilot air
downdraft gasifier fed with biomass and a SOFC, There Is a syngas
cleaning unit between gasifier and the SOFC to achieve a better fuel
quality. In particular, the cleaning unit is made of three compo-
nents: a cyclone, an oll scrubber and an impinger bottle-train (bot-
tles are kept at 0-C and filled with isopropansl) Fig. 1 shows the
pictures of these components. A detailed description of both gasi-
fier and SOFC is given hereinafter.

S

i
]
!
|
i

Fig. 1. Pilot air-downdralt gasifler equipped with a cyclone and & scrubber.

2.1.1, Gosifier section

The gasifier used for this work is a 30 kW, pilot facility that
was built in the University of Perugia. It i5 a batch downdraft reac-
tor using atmospheric air as oxidizing medium

According to the downdraft configuration, biomass and syngas
streams are co-current: this means that fresh feedstock is Intro-
duced from the rop of the reactor and then it moves down through
drying, pyrolysis and gasification zones. Syngas i5 finally spilled
out from the reactor bortom. Air is forced in the reactor core by
means of a blower and its flow rate Is controlled in order to achieve
an equivalence ratio of 3.3 in the reaction zone. Biomass feedstock
used for this work is chesmut chips, whose features are reported in
Table 3. In particular, wood chips were characterized through
proximate analysis (Thermogravimetric method), ultimate analysis
(providing the elemental composition of the sample} and calori-
metric analysis (for the heating value).

2.1.2. Syngas cleaning

Wood syngas is firstly cleaned by a cyclone, then by a vegetal oil
scrubber, A fraction of the gasifier outflow 15 sent to either an inter-
na! combustion engine or a flare by a blower (Fig. 2). After the oil
scrubber, wood syngas is sent to a six impinger bottles train for
TARs removal. Impinger bottles are filled with isopropanol, which
acts as solvent for the mentioned compounds. Then, according to
the Tar Frotocol [44], bottles are kept at 0 °C, in order to trap into
the solvent also lighter tar fractions that exhibits higher volatility.
Hence, clean syngas is splitted into two streams: the first going toa
Thermoscientific C2V fast micro gas-chromatograph for contine-
ous sampling, the second feeding the SOFC rig.

2.1.3. SOFC section

SOFC rig configuration is depicted in the right part of Fig. 2,
according to the experimental setup that allows direct feeding
from the gasifier. In this case, syngas flow rate is controlled by
means of a rotameter equipped with a needle valve, Conversely,
for tests with simulated syngas mixtures, SOFC anode inlet is con-
nected to a rail fed by several digital Bow meter controllers (RACs)
Cathode is fed with air by means of a dedicated flow meter
controller.

For all tests, anode feeding [s enriched with moisture with a
temperature-controlled water evaporator; then, pipe heating
avoids water condensation and guarantees foel preheating. Cell
under test is housed into a thermoregulated furnace: anode and
cathode compartments are separated using a cerarnic sealing for

Tabile 3

Wood chips composition: ultimate analysis of a dry biomass sample; wet biomass
sample projimate characterization via thermogravimetric analysls; dry bomass low
hearing value.

Uitimate anabysls %) Proximate analysis ¥l

C 4.5 Char 128
H 529 Ashes 172
N [FE)] Volatiles 7637
o 48,3 Maoisture 811

Heating value 15.65 gL,
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WOOoD GAS
CLEANING UNIT

GASIFICATION
MODULE

Fg. 2. Experimental setup for part | experiment {reproducing the B-IGFC concept]. System consists of three unies: a gasifler, a SOFC and 3 syngas cleaning saction in beoween,

high temperature operation. Anode and cathode gases are con-
veyed to the active electrode sites via alumina pipes equipped with
a porous flat end performing gas distribution, Furthermore, the
contact between the porous ends and the electrodes is achieved
by means of metal meshes (Mickel for the anode, Cold for the cath-
ode) that are connected to a voltage sensor and to a DC electrical
circuit, Fumace and cell temperatures are measured by two K-
type thermocouples.

For the tests with model tar toluene, anode feeding line is
equipped with an additional temperature-controlled evaporator.
Liquid toluene is stored at atmospheric pressure inside an impinger
bottle which Is kept into a water bath. Nitrogen is chosen as carrier
gas to collect toluene vapours, since its solubiliry into liquid toluene
is negligible. Hence, toluene-rich nitrogen is collected at the gas end
of the impinger botties and it is mixed with the rest of the anode
feeding. Toluene vapours concentration in carrier nitrogen only
depends on temperature and pressure, as it is explained by
Antoine’s Law [see Eq. (3)). However, toluene concentration in SOFC
anode feeding is determined by the ratio between carrier nitrogen
flow rate and overall anode feeding flow rate. Accordingly, in order
to set the proper toluene concentration, it is necessary to control
accurately carrier nitrogen flow rate with a dedicated FMC. When
model tar toluene is added to anode feeding stream, also the tem-
perature of the water evaporator is changed in order to get the same
maolsture percentage in the final mixture.

Regarding cell materials, tests are run on SolidPower commer-
dal planar Anode Supported Cell with Ni-YSZ anode, Y5Z elec-
trolyte and GDC/LSCF cathode. All the details about electrodes
and electrolyte thickness and composition are disclosed in Table 4.
SOFC operation is monitored continuously, acquiring temperature,
voltage, current and gas flow rates signals with a digital system
with a sampling frequency of 1 Hz.

Table 4

SOFC button cell dara sheet
Technology SOFC
Manuwfacturer SolidPower
Design Anode Supported Planar Ceil
Cell rype L
Active area 2 em?
Cell layers Composichon Thickness
Anode NIfEYSZ 2400 4 20 pm
Electrobyte 8Y5E 842 pm
Cathode GDC + LSCF 50 & 10 pm

2.2. Parameters definition

Before introducing the test campaign, it is worth to define some
parameters to characterize the fuel.

« Equivalent fuel flow rate:

In order to compare SOFC performances while changing anode
feeding composition, single gas components flow rates are cal-
culated to get a given equivalent fuel Now rate. Thus, equivalent
fuel flow rate is determined according to the following expres-
sion (Eq. (1))

Mg = My, + Aen + “m. i

This definition derives from the fact that H; and CO yield the
same electrons amount {2 electrons moles per mole of H; or
€0) and CHy potentially yields 4 times the electrons amount
given by Hs. The equivalent fugl flow rate will be used in our test
in order to calculate, for each feeding condition, the total gas
flow that potentially achieves the same electrons current
Mode] tar concentration:
Under the assumption that nitrogen {carrier gas) is not soluble
into toluene liguid phase, toluene vapours partial pressure in
the gas phase is approximated with toluene saturation pressure.
From this identity, toluene vapours concentration is calculated
using Eq. (2). Toluene saturation pressure is defined by
Antoine’s Law, at Eq. (3): Py is toluene saturation pressure,
expressed in kPa, T is temperature expressed in °C and numeric
constants are referred to phase balance in the temperature
range of 13-136"C [45].

Koty e == oot/ Pros g {2)

3056.96
763+ T (3)

Finally, to calculate carrier nitrogen flow rate, mass balance Is
performed considering toluene concentration in carrier nitrogen
and toluene concentration in SOFC feed, which is a design spec-
ification for the experiment (Eq. (4)) Overall nitrogen flow rate
must satisfy superimposed syngas composition (X -in
detail, reference SOFC feed compoesition are disclosed in next
paragraph). Hence, also nitrogen flow rate in the main syngas
stream Is determined (Eq. (5)).

lntpmﬂl =1393 -

Kool prier * Tiz.cormter = Reslor , ® (Tnz + Mliyngas) (4}
Pt v S ipoie * PNy (s)

M3 coerier + Mgypos
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2.3, Test compaign: planning and methods

Experimental campalgn consists of two parts: firstly, direct
SOFC operation on clean real wood syngas coming from the pilot
gasifier and, secondly, SOFC operation on simulated wood syngas.
Simulated wood syngas recalls the average composition obtained
by analysing a slipstream of clean real syngas with the gas chro-
matograph. Thus, four experiments are presented: test 1 for the
first part, the others concerning the second part. In particular, SOFC
is run on simulated syngas without model tar in test 2.1 and on
toluene-laden simulated syngas in tests 2.2a and 2.2 (the differ-
ence stands in toluene concentration: 5 and 10g/N m" respec-
tvely) Toluene is a proper model tar for the application here
debated for the following reasons [41.42]: (1) it is the most abun-
dant tar species in downdraft gasifier syngas (Table 1), (2) since it
is a 1-ring aromatic, it {5 more volatile than PAHs; thus it could
bypass cleaning devices even if gas cleaning is provided, (3)
according to the literature, 1-ring aromatics kinetdcs in coking is
much quicker with regard to PAMs, resulting in an accelerated
degradation test. Toluene addition is gradual {(0-5-10g/N m?),
up to a maximum concentration that overestimates typical down-
draft wood syngas tar loads. Beside tar concentration, part 2 simu-
lated syngas bulk composition (2.1, 2.2a, 2.2b) is retrieved from
real wood-gas characterization performed within part 1. Details
are discussed in next section.

Tests were carried out keeping constant the equivalent fuel fow
rate, anode feeding steam content { 2.8%), cell temperature (800 *C),
and current density (250 mA/cm?). Cathode feeding is alr (300 ml/
min) in each case. All the parameters concerning anode feeding
and tests duration are reported in Table 5.

3. Results

In this section, experimentzal results are presented, while dis-
cussion follows later on, Two cells were used for the campaign,
Both cells were started up with a conventional procedure, until
operational temperature was reached. A preliminary performance
characterization under hydrogen feeding assessed that both cells
passed acceptance test. Here below in Fig, 3, the characteristic
curves of the SOFC button cells used in this experimental

campaign.

3.1. SOFC operation on real wood syngas: direct feeding from the
downdraft gasifier

After being loaded with wood chips, the pilot gasifier worked
successfully for more than one hour. Temperature was measured
in several spots of the reactor, giving the following results: pyrol-
ysis zone was in the range 660-700°C, gasification zone in the
range 720-770°C and oxidation zone in the range 800-840"C.

Once produced syngas had reached flow stabilization, SOFC test
rig anode feeding was switched from hydrogen to wood syngas,
connecting SOFC anode inlet to the impinger bottles train outflow,
as it is shown in Fig. 2. After completing the fuel transition, SOFC
was run successfully on real wood syngas. SOFC performances
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Fig. 3. SOFC button cells characteristic cunves: vwoltage and Ffuel weilizatlon ve
current densiny. Curves are refermed to puse hydrogen feeding ar the anode,

are reported in Fig. 5, in terms of voltage measured for a current
density of 250 mA/cm?. In the same figure, also wood syngas low
heating value (LHV) is depicted. Online gas chromatographic anal-
ysis allowed {0 estimate instantaneous syngas LHY, Wood syngas
composition Auctuations registered during the test with the gasi-
fier are reported in Fig. 4, where major syngas components molar
fractions are plotted against time. With regard to Fig. 5. Fig. 4
reports a wider time range. Fig. 4 horizontal axis begins at
=30 min, cutting out SOFC information relative to hydrogen-to-
syngas transient,

Then, real syngas supply was stopped, coping with the need to
stop the gasifier operation. Consequently, the SOPC was supplied
with pure hydrogen.

From Fig. 5 it is clear that during SOFC operation syngas compo-
sition had slight variations: this fact influenced cell voltage, which
fluctuated between 0,804 V and 0.848 V throughout the test dura-
tion. The comrelation between gas composition and cell voltage is
evident, because voltage and LHV curves in Fig. 5 have almost
the same shape. Imperfect overlapping is due to gas chro-
matograph sample injection lag, with regard to cell voltage mea-
surement. Thus, during this short test on wood syngas, in view of
an average LHV of 3.23 kj/NI, the average cell voltage measured
was 0826 V.

Then, from the analysis of wood syngas produced during test 1
{Fig. 4), a reference gas mixture is defined to carry out part 2 tests.
Hence, basing on gas chromatographic analysis, the average wood
syngas compaosition is determined and it is set as reference for sim-
ulated syngas. Specifically, it is Hy 8%. CO 11.5%, CH, 2.5% C0, 19%
and N, 59%

Temperature distribution in the gasifier volume was sampled
with three thermocouples, placed at different levels (pyrolysis
zone, gasification zone and oxidation zone ). Measured values are in
their expected ranges; in particular, core temperature was about
800 *C, According to the tar maturation model put forth by [22],

Table 5
Test plan: fuel compositons and eest parameters. Fuel compasitions ape referred o dry g2 prior toluene additdon,
Test Anode total Mow raie Hy ] CHy My oy Haeg Wlodel far Duration
num. | milfmin| 1% L] %) 1% L |milfimin] lam m') Inl
1 300 ‘Wood syngas from pilet gasifier %1
1 300 - s 5 59 19 a0 o 48
2.0a 300 ] na i35 59 19 ah 5 i
2.2b L] ] ns 15 58 19 80 10 i
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Fig. 5. S0FC aperation on woad syngas (test 1) SOFC voltage for a current density of 250 mAjom® and wood-syngas LHV over the those of the trial.

this implies the conversion of primary and secondary tars into
tertiary compounds {tertiary tars are mainly aromatic compounds),
thus supporting the choice of model tar toluene for tests 2.2a]2.2b.

3.2, SOFC operation on simulated clean wood syngas and simulated
tar-lpden wood syngas

The second part of the experimental activity was performed
under simulated gas feeding; before starting the trials, anode feed-
ing compositions {Table 5) were examined in order to predict car-
bon deposition occurrence at eguilibrivm. Thus, im Fig 6 ali
compositions used alongside part 2 are plotted in a CHO diagram:
all of them fall in the central part of the diagram, meaning that nei-
ther carbon deposition nor Nickel re-oxidation is expected to
occur. Indeed. dots corresponding to fuel mixtures are between
two boundary lines, limiting gas composition domain for SOFC safe
operation at 800°C (that is the temperature superimposed for the
mests ).

Before fuelling the cell with stmulated syngas, anode feeding
was 100 hydrogen (90 mljmin); afterwards, the other gas
components were gradually added. Firstly, H; was diluted with
Mgy, which is an inert species in the electrochemical conversion:

Fig. 6 CHO diagram for tests 2.1 and 2.2a/2.7b simulated syngas compositions.
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Fig. 7. Voltage measurements on different cedl Feeding. showing the effect of
progressive gas dilution and substitution of hydrogen with carbon monomde and
methane. For all compasitions, cell voltage |5 measured ot 250 mA fem?,

then, C0; was added, reaching a total flow of 300 ml/min at the
anode inlet, While adding inert gases, Hy flow rate was kept
constant. Conversely, when CO was added to the mixture, H; flow
rate was reduced accordingly, to keep constant the eguivalent fuel
flow rate Finally, CH, was added to the mixture rezching the syn-
gas composition displayed on the top of Fig. 4 (again, H; flow rate
is reduced 5o as to introduce an equivalent amount of CH, ). Voltage
measurements for every step are shown in Fig. 7: in particular,
voltage reported in this plot is calculated as the average value mea-
sured after 30 min stabilization on any given fuel mixture, As clear
from Fig. 7, experimental findings are in good agreement with the-
oretical calculations. After reaching the final compeosition for sim-
ulated syngas-fed SOFC experiments, test 2.1 began: SOFC
performances resulted almost stable for 48 h and measured volt-
age kept around the value shown in Fig. 7.

In the final experimental tests (2.2a and 2.2b), model tar
toluene was added to the simulated syngas, keeping the same syn-
gas bulk composition used for test 2.1. At first.toluene concentra-
tion was 5g/N m’ (2.2a), then it was set at 10 g/N m” {22b) by
changing the ratio between camier nitrogen flow rate and nitrogen
flow rate in the main SOFC feeding, Cell electric load was constant

Table 6
LHV and voltage duning par 2 testa: 2.1, 2.22 and 2.2h
Test no. Syngas heating value Cell wolmge
Ly ALKV ALHVE Vil AVeell  AVelli
(ffnn) (KL (3] v} [m¥) v
2.1 319 - - 0828 - i
232 139 020 +6.26% 0834 56 6L
21b 159 040 11548 0842 140 +3B1%
Tabie 7
Resulls summary,
Spetimen mo Average wobtage messsred @ Post-analysis comments
250 mAjem? (V)
1 (LEZG Mo degracation obacrved
2 0842 P degradation observed

and resulting voltage is depicted in Flg. 8: after stabilization of
feeding line. cell voltage was 0834V and 0842V for tests 2.2a
and 2.2b respectively. Cell temperature history is illustrated on
the same picture,

To get a concise overview of part 2 tests outcomes, cell perfor-
mance measures and anode feeding parameters are sumimarized in
Table 6.

Before starting the 48-h test on simulated syngas test 2.1), sim-
ulated syngas components were added gradually, With reference
to Fig. 7 data, electric measurements on the cell running at
250 mA/cm?® on the complete simulated syngas mixture gave 3
lower voltage with regard to the intermediate run wichout
methane, albeit equivalent fuel flow rate had not changed. Since
CH, must undergo complete reforming o supply the comespond-
ing equivalent H; and CO moles, partial referming is sapposed to
occur because of voltage loss registered during the last step of
hydrogen-to-syngas transition. Nevertheless, voltage loss is limited
if comparing the performances obtained with the complete simu-
fated syngas mixture to the performances achieved on the simu-
lated syngas mixture without methane (-4%) Conversely, the
overall loss from hydrogen to syngas is higher (-12%) (see Table 7).

However, the simulated syngas mixture (Table S-test 2.1) is
clzimed to be good for the SOFC, since performance is rather stable
over the time and no quick decrease is observed. This is in agree-
ment with thermodynamic forecast of carbon deposition (Fig. 6).
After observing single component impact on cell performance, test
2.1 was successfully carried owt for 48 h. The average voltage
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Fig. 8. Voltage and temperature experimen(il data throughout constant load {j = 250 mA/cm® ) run on syngas (test 2.1) and toluene-ensiched syngas (test 2,2a-2.2b). Clrrent
dencity, cefl housing temperature, anode feding overall flow rate and molsture content were kept constant for all the test durarion.
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Fig 5. 5EM image of cell annde surface before and after the exposure o simulited syngas with model tar. On the left, pictures A and C are related to the specimen exposed to
toluene-laden simurlated syngas, while on the right, pictures B and D refer 10 2 reference reduced NIYSZ anode.

measured for a constant current density of 250 mA/cm?®) was
0.828 V, which does not differ substantially from test 1 outcome.
It is recalled that during the operation on real wood syngas from
the pilot gasifier, average voltage was 0.826 V., Model tar is added
by means of a carrier gas, Test 2.2a and 2.2b voltage and rempera-
ture measurements are reported in Fig. 8. When the carrier gas
flow rate is controlled to achieve the desired model tar concentra-
tion, cell voltage had a transient behaviour because of anode feed-
ing line pressure variations, As soon as the pressure transient ends,
cell voltage reaches stability. With regard to test 2.1 performance,
cell voltage measured during test 2.2a (toluene fraction is
5g/N m?) exhibits 2 slight increase (from 0828V w 0.834 V).
Then, voltage increase (up to.842 V) is more evident in test 2.2b,
when toluene concentration is risen to 10g/N m’. By adding
toluene to simulated syngas. anode feeding lower heating value
srows. Even though toluene concentration is quite fow, LHV gain
is not negligible, All results are shown in Table 6, where anode
feeding LHV and voltage variations are displayed for every test of
part 2. The explanation of cell voltage increase could be found in
equilibrium reactions on the anode surface. Hence, toluene decom-
pasition is likely to take place according to the reforming path (Eg.
(6)). Initial anode feeding steam-to-carbon ratio is very low, but
constant load operation at 250 mA/cm® provides water which
drives the reaction eguilibrium towards the formation of the
products.

CiHg + 7THz0 — 11Hy + 700 (6)

Moreover, the reforming of toluene explains temperature reduction
observed during the test. Since reforming is an endothermic pro-
cess, toluene decomposition to hydrogen and carbon monoxide

(Eqg. (6)) acts as a heat sink, lowering temperature measured close
to the cell active surface. However, temperature varlations are in
the range of 0.5°C and because of that they should be considered
qualitatively. Finally, while restoring simulated syngas without
model tar as anode leeding voltage decreases and temperature
increases again up to their initlal values.

3.2.1. Post-analysis
Short operation test 2.1 did not reveal any fast performance loss

while supplying simulated syngas to the SOFC. This is true in the
case of toluene-laden simulated syngas as well (tests 2.22/2.2b)
Besides simple observations based on performances measure-
ments, in order to investigate material degradation on the micro-
scale, SEM images of rested specimen were compared with a
reference specimen. To provide a reference, a reduced NiY5Z-
anode cell was analysed using the same procedure. Fig. 9 reports
toluene-exposed cell SEM images on the left, while on the right
there are SEM pictures of reference cell (A and C are taken at 5k
magnitude, B and D are taken at 20 k magnitude).

From SEM analysis, it resulted that no solid deposits which can
be related to carbon nanotubes or graphitic carbon were observed
on the anode surface (A and C, Fig. 9), especially on the central part
of the specimen that was exposed directly to the fuel flow. Then,
comparing images A and C with SEM image of the reference cell
(B and D in Fig. 9), it appears that no change in material morphol-
0gy happened.

4. Conclusions

This work investigared the coupling of a pilot downdraft gasifier
with a commercial SOFC. During the first part of the experimental
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activity, real wood syngas was used as fuel in the SOFC, achieving
successful operation. Wood chips were the primary feedstock and
gasification was performed using air as oxidizing medium. In the
second part of the work, wood syngas was simulated with techni-
cal gases, reproducing the average composition observed at the
gasifier outlet. The occurrence of tars on the simulated gas was
considered, assuming toluene to be a good model compound and
setting a toluene concentration overestimating the typical tar load
of similarly produced wood syngas. Measured voltage was stable
during the test, however lower than the voltage produced when
the cell was fed with pure hydrogen or carbon monoxide, owing
to poor heating value of the mixture, which contains a great
amount of inert gases (nitrogen and carbon dioxide). Model tar
increased hydrogen partial pressure at the cell anode, because of
inner tar decomposition. Consequently cell performances were
higher with regard to the same fuel mixture without toluene. After
the exposure to simulated syngas and toluene-laden simulated
syngas, no carbon deposition was observed on the commercial
MIYSZ-anode cell. Hence, it can be concluded that wood syngas is
suitable for SOFCs. Toluene loads slightly overestimating down-
draft bio-syngas typical tar concentrations (within 10g/N m’}
cause a small increase in voltage (about +3.8% with regard to the
same fuel mixture without tar), acting as a fuel: furthermore, they
do not lead to typical deterioration mechanisms driven by high
carbon content.

Thus, considering a synigas matrix similar to wood syngas from
an air downdraft gasifier, tar are neither causing fast degradation,
nor producing carbon deposition, It can be concluded that, after
short-time exposure and within the concentration levels assumed
for the current investigation, SOFC materials tolerate tars. This
guarantees SOFC correct operation even in the event of tar removal
fallure. However, to fully understand whether tar removal could be
completely avoided, longer duration fests are required.
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HIGHLIGHTS

» Glycerol pyrolysis can produce about 44-48%v hydrogen at 750-800 =C.

« A simplified 452 reactions kinetic model of glycerol pyrolysis has been developed
« The model has good agreement with experimental data.

= Non condensable gas yields can reach 70%.

ARTICLE INFO ABSTRACT

Article hiseory: Pyrolysis of glycerol, 2 by-product of the biodizsel industry, is an impartant potential source of ydrogen.
Beceived 9 june 2018 The phtained high calorific value gas can be usad either as a fuel for combined heat and power (CHP) gen-
Recelved In revised farm 20 Sepramber eration or as a transportation fuel (for example hydrogen to be used in fuel cells) Optimal process con-
ﬁuﬁ i 2 Ocesbas 1018 ditions can improve glycerol pyrolysis by increasing gas yield and hydrogen concentration. A detailed
At kinetic mechanism of glycerol pyrolysis, which involves 137 species and more than 4500 reactions,
was drastically simplified and reduced to a new skeleral kinetic scheme of 44 species. involved in 452

reactons. An experimental campaign with a batch pyrolysis reactor was properly designed to further val-

m idate the original and the skeletal mechanisms. The comparisons between model predictions and exper-
Pyrebysis imental data strongly suggest the presence of a catalytle process promoting steam reforming of methane.
Skeletal model High pyrodytis temperatures (750-800°C) improve process performances and non-copdensable gas
Syngas yields of 70%w can be achieved. Hydrogen maole fraction in pyrolysis gas is about 44-48%v. The skeletal
Hydrogen mechanism developed can be easily used in Computational Fluid Dynamic software, reducing the simu-
Biofuels lation time.

@ 2016 Elsevier Lrd. All rights reserved.
1. Introduction achieved by all Member States, This percentage was slightly mod-

ified by a proposal of Indirect Land Use Change (ILUC). Given this

EU goals for biofuels, as set out (n the RED 2009/28/EC (see framework, the current biofuels scenario will bring to a stable pro-

mandatory goals) [1]. have promoted the use and production of
biodiesel. The EU Energy and Climate Change Package (CCF)
became operative on April 6, 2009, The Renewable Energy Direc-
tive (RED), which is part of this package, came into effect on june
25, 2009. The CCP includes the *20/20{207 goals for 2020: a reduc-
tion of 20% in greenhouse gas (GHG) emissions compared to 1990;
an improvement of 20% in energy efficlency (compared to forecasts
far 2020} and a 20% share of renewable energy in the total Eure-
pean energy mix. Part of this last 20% share is represented by 2
10% minimum target for biofuels in the transport sector to be
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E=sreil address: bartocch®orbnetic (P. Bartocci)

hitp:{jdxdoiong 10,101 6f.aperergy 2016 10.01 8
O306-2619/© 2016 Elsewier Lrd. All rights reserved,

duction of first generation biofuels, that will hardly increase, and a
slight increase in second generation biofuels (second generation
bioethanol mainly). New European targets should be still fixed,
The 2014 USDA Foreign Agriculture Service statistics [2], show
that a production of biodiese] equal to 10,850 Ml was reached in
Europe in 2014, this means a production of 916,000 t per year of
glycerol, This product has an interesting energy content and can
be used to provide heat and electricity to the same transesterifica-
tion plant, as it is reported in D'Alessandro et al. {3]. The analyses
proposed by Fantozzi et al. [4]. Manos et al, [5] and Manos et al. [6]
describe how integrating CHP technologies inside a biofuel plant is
part of the “agroenergy district” promotion strategy. Authayanun
et al. [7] have performed experiments feeding directly glycerol in
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2 high-tempetature polymer electrolyte membrane fuel cell (HT-
PEMFC). Beatrice et al. [8] have tested in a compression engine a
bio-derivable glycerol-based ethers mixture (GEM). Besides Bea-
trice et al. [9] have also synthesized an oxygenated fuel additive
{glycerol alkyl-ether) suitable for blending with diesel and bicdie-
sel. Martin and Grossmann [10] have performed fermentation tests
on glycerol. Manda et al [11] have designed and tested a
continuous-fow reactor for the conversion of glycerol to solketal,
through ketalization with acetone. Pedersen et al. [12] have per-
formed hydrothermal co-liguefaction of aspen wood and glycerol
with water phase recirculation.

Pyrolysis of giycerol and reforming are interesting techniques
that can be used to produce hydrogen for transportation, see Wulf
and Kaltschmict [13].

Several works in literature take into account pyrolysis or gasifi-
cation of glycerol. Experimental works can be classified based on
reactor typology and process parameters.

Encinar et al. [14] used a cylindrical tube of stainless steel 316,
set in vertical position. In the upper part of the reactor a thermo-
couple was used to control the temperature. A second reactor
was placed under the first one, alming at increasing the residence
time of the material at a fixed reaction temperature. A solution of
water and glycerol is inserted inside the reactor with the help of a
pump.

In the work of Fernandez et al. [15] pyrolysis of glycerol was
performed in an electrically heated fumace and in a microwave
reactor. Glycerol was supplied to the upper part of the reactor
through an injector, and activated charcoal was used as a catalyst
for the reaction.

Peres et al. [16] have performed continuous pyrolysis tests in a
steel reactor that was filled with alumina oxide. A pump used for
liquid gas chromatography was employed to supply glycerol in
the reactor. The reactor was heated using an electrical furnace.
The produced gas was sampled in tedlar bags. Vallyiappan [17]
and Vallyiappan et al. [18] used a packed fixed bed reactor full of
quartz and silicon carbide, to simulate a plug flow reactor, Packing
material was contained inside a plug of quartz wool, which was
inserted on a supparting mesh at the center of reactor. Vallyiappan
obtained interesting ylelds of hydrogen (about 50% in volume],
performing pyrolysis at 800 *C. Baker-Hemings et al used rhese
sets of experimental data [19] to develop and validate a detailed
kinetic model of giycerol pyrolysis.

A detailed CFD model of the above hinted reactors has never
been reported in literature, for this reason this work has two main
godls. One is to provide new experimental data, aimed at further
validating a detailed kinetic mechanism for glycerol pyrolysis,
The second goal is to develop a simplified skeletal kinetic mecha-
nism, suitable for CFD simulations, This new and simplified shele-
tal mechanism, which represents a novelty in the state of the art of
glycerol pyrolysis simulation, is the added value of this work and it
is availzble in the supplementary material. The new tool can be
used for reactor design and optimization.

The paper presents the analysis and optimization of an energy
process (pyrolysis of glycerol), to compare its performance with
other aitemnative processes (such as steam reforming or steam
gasification), this indicates that the results presented are interest-
ing for the scientific and technical community involved in the
development of processes to produce hydrogen from glycerol and
to use it in different cogeneration devices (among them fuel cells),

The eriginality of the work is based on a new skeletal model,
This has the advantages to be enough simplified to be used in
CFD modeling for reactor optimization. it is the first step in the
development of 2 new process in which a unigue reactor can
reform glycerol using blochar as a catalyst and achieve an increase
of biochar porosity (so partially activating it).

2. Materials and methods

All the analyses of the samples were performed at the Biomass
Research Centre of the University of Perugia, see the analysis pro-
tocols described in Bidind et al. [2€]. The proximate anzlysis of the
raw materials and of the char and tar were determined using the
thermogravimetric analyzer Leco TGA-701 according to the CEN/
TS 14774-14775 [21,22]. The amounts of chemical elements like
nitrogen, hydrogen and carbon were characterized by the Leco
TruSpec CHN analyzer, according to the UNI EN 15104:2011 [23].
The calorific value of the sample and products was determined
with an LECO AC-350 analyzer, according to the UNI EN
14918:2009 [24].

Pyrolysis gas composition was determined by Mico-GC 450,
Varian, using a Thermal Conductivity Detector (TCD). The Micro
GC includes a heated injector, backflush and Genie membrane filter
to remove particles and liquids from analyzed gas samples. The
Micro-GC contains two analytical modules: Molecular Sieve capil-
lary column with Argon as carrier gas used for the analysis of CH,,
€O, Hz, Oz, N3 and Pora Plot  capillary column with Helium for the
analysis of 005, C;-Cs gaseous species,

A batch reactor used in the lzboratory of CRE was employed to
perform pyrolysis (see Fig. 1). This was already described in Bar-
tocei et al. [25), Paethanom et al. [26] and Bidini et al. [20). It is a
plant in which it was possible to perform pyrolysis of solid/liquid
samples and to characterize the products from different experi-
ments. The experlmental setup used in the laboratory during this
study is shown in previous works, see Bidini et al. [20]. Pyrolysis
tests were carried out in a reactor with a2 height of 30 cm and the
inner diameter of 15 cm. At the top of the reactor there is a nitro-
gen inlet pipe (N;), a valve to feed the glycerol, one thermocouple
connected to the P.LD device to maintain the programmed temper-
ature inside the reactor (T1). one thermocouple to measure the
temperature inside the reactor (T2), a pressure sensor (p). The
heating system is made of two semi-spherical electric heaters, each
with a power of 4.8 kW.

Before the experimental test, nitrogen was fed into the reactor
to remove air and create inert atmosphere conditions for the pyrol-
ysis process. The reactor was heated from ambient temperature to
600 °C at a heating rate of about 20 °C/min. When the reactor
reached the desired temperature, the sample (of a total mass of
100 g) was gradually inserted into the reactor, with an average
mass flow of 3 gfmin. Volatiles exited from a pipe and passed
through che tar sampling line. The gas s&m_‘glins line cooled the
volatiles, which reached ambient temperature values. The portion

Fig. 1. Baech reactor description and tar sampling methodolegy.
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of the non-condensable gas was sampled in Tedlar bags and ana-
lyzed in a Micro-GC 490, After 30 min the pyrolysis process was
completed.

Fig. 2 reports the layout of the batch pyrolysis plant, where it is
shown the DAQ (Data Acquisition} system and the position of the
thermocouple used. On the left, two different sampling lines are
shown: one {sampling line number 1) with a condenser, which is
not filled with a solvent and separates condensable gases based
on temperature decrease, another (sampling line pumber 2} w
condense the gases in isopropanel, through adsorption and cooling.
The first one was used to sample pyrogas in tedlar bags and then to
measure its composition (without having traces of tars in the bags,
which could harm the micro-GC)L The second one was used to mea-
sure mass balance, because when the condensable gases are
absorbed in isopropanol it is difficult to separate them (in fact
some condensed compounds have the same temperature of evap-
oration of isopropanol) This means that two kinds of tests were
performed: one to measure the gas composition and one to mea-
sure condensable gases and non-condensable gases masses.

In both the sampling lines presented in Fig. 2. there is no extrac-
tion pump for pyrogas, but it Bows through the sampling line, due
to the internal pressure of the reactor. The average charge in the
reactor was about 36 mg each 22 5,

Concluding, it should be stressed that the experimental condi-
tions of the reactor were quite close to ideal conditions, for the fol-
lowing reasons: the mass of the reactor is greater respect to the
mass of the raw material which is fed into it; the reactor has been
already heated up and has reached a steady temperature; time of
reaction is very short Another aspect which has to be taken into
account is the fact that in this case a liguid biomass is wsed, which
vaporizes in a very short period and so undergoes to pyrolysis
reaction also very quickly, All these facts make an assumption of
a Perfectly Stimed Reactor (PSR) reasonable. This is also a great
advantage of glycerol, respect to solid biofuels.

The fact that the working conditions were quite close to ideal
conditions implies that kinetics is predominant on heat transfer
effect. This was an advantage in the experimental campaign. It
was noticed also that the fast heating rates and the high tempera-
tures avoid polymerization and char formation. Small quantities of
char, were formed at low temperatures, but they couldn't be
weighed, so it was assumed that these were not significant,

F. Fantozzl ot ol./ Applied Energy 184 (2016) 68-76

The internal heating rate can be calculated based on the average
retention time of about 22 5. This implies heating rates of about
17 *CJs, 22 °C/s. 26 °C/s, 28 °C/s and 31 °C/s, respectively for tem-
peratures of 400 °C, 500 °C, 600 "C, 650 °C and 700 °C (considering
an ambient temperature of 20 °CL A fully batch test was made at
the beginning of the experimental campaign. With an average
heating rate, typical of the batch reactor (i.e. 20 °C/min), the result
was to have glycerol evaporation, instead of its pyrolysis. For this
reason, it was chosen to heat up the reactor and then to insert glyc-
erof in an already heated environment. In this case, the reactor can
be used in a continuous way and can be directly coupled to an
internal combustion engine or a fuel cell. This Is another advantage
of glycero| pyrolysis if compared with biomass pymolysis.

Char yield {CY) is expressed as the weight rativ between the
solid residue (SR) and the raw material (RML Cas yield (CY),
always referred to the raw material, was measured by the flowme-
ter and converted in mass knowing the gas composition and its exit
temperature, Finally, Tar Yield (TY} is simply obtained by differ-
ence, Control tests were performed to check data obtained, using
4 condenser to control the results on tar.

in literature there are different methods for tar sampling, some
have been presented by Pasthanom et al. [26], Phuphuakrat et al.
[27] and Michailos and Zabaniotou [28). I this study, the sampling
line was designed on the basis of CEN/TS 15439:2006 [29]. Vola-
tiles produced by pyrolysis passed through a series of six impinger
bottles where tar is collected by condensation 2nd absorption. The
last bottle is empty. The total volume of isopropyl alcohol used as
sampling solvent in the first five bottles {s 500 mi (100 ml on the
each bottle). The series of impinger bottles was placed in two sep-
arate baths. Bottles 1, 2 and 3 are placed in an electrically heated
water bath at +35°C, while bottles 4, 5 and & are coaled with
NaClfice eutectic mixture in a proportion of 3:1 to obtain
~20%1°C, It took about 15 min to reach final temperature. The
sampling train was connected with 2 gas flow meter. After the test
all the content of impinger bottles was gathered in a unigue fask
and evaporated with a rotary evaporator, to separate the solvent
from tar in accordance with CEN/TS 15439:2006 [29). The residue
in the flask was weighed to determine the guantity of gravimetric
tar. Tar or biooil produced from glycerol pyrolysis was measured
borh using the above mentioned tar line and a condenser. The
advantage of using the condenser was to avoid tar mixing with iso-

SAMPLING LINE - 1

REACTOR

GLYCEROL |
E |

(Ui

LEGENDA;

1- GLYCEROL MLET 2- ELECTRICAL HEATERS 3- THERMOCOUPLES 4- REACTOR 5 INERT GAS (Ny)
8- DATAACQUISITION SYSTEM 7. PRESSURE SENSOR B IMPINGERS - HOT BATH

o IMPINGERS - COLD BATH 10- FLOW METER 11 GAS SAMPLING BAG

12- THERMOGOUPLE {@AS OUTLET) 13- GONDENSER

Fig. 2. Gas sampling procedures (keft) and bateh pyrolysis plant lavout {right)
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ANALYSIS PROCEDURE

PYROGAS TAR or BIOOIL

IGNITION TESTS SAMPUNG WITH TAR LIVE OR COMDENSER

ULTBMATE
ANALYSIS

PROKIMATE
AMALYSIS

CALORBMETRY

: BN 1£918:2010  EN 14TTA22010 B 151042011
EN 15148:2010
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Pig. 3. Pyrolysis products characterization methodology.

propanol. Fig. 3 shows pyrolysis products characterization
methodology.

As already mentioned, pyrogas is collected in tedlar bags and
analyzed with a micro-GC 420, Varian. Tar is sampled both using
a tar line and a condenser. In a first test, the ar line is used to
absorb all the tar and avoid it going in the tedlar bags. in this
way the microGC is protected. In a second test, it was used a con-
denser to collect all the tar in purity, without mixing it with the
isopropancl contained in the tar line. Then tar was characterized
using a thermogravimetric balance to perform proximate analysis
an LECO Truespec CHM analyser and a bomb calorimeter. No
important quantities of char were found inside the reactor afrer
the tests. All tests were performed in triplicate.

3. Experiments: glycerol pyrolysis in a batch reactor
3.1. Giycerol characterization and pyrolysis experimental tests

The results of pure glycerol characterization analysis (see
Table 1) show that it has a slightly higher LHV, compared o bio-
mass and a similar concentration of carbon, hydrogen, and oxygen.
Hydrogen content is also a littie higher.

The results of pyrolysis tests are shown in Table 2. it can be seen
that increasing temperature non-condensable gas yield increases,
especially for temperatures higher than 500 °C. Table 2 also shows
the compaosition of non-condensable gases, always as a function of
the pyrolysis temperature. Hydrogen concentration increases with
the increase of temperature, carbon monoxide, and carbon dioxide
concentrations decrease, while methane has a nearly constant
behavior, Ethylene concentration decreases also with the increase
of temperature.

Tabke 1
Clycerod characterizachon.
Pure ghyceral Standard deviation

Moisture (Sw) o [HE]
Ach [Bw) i] 02
Volatiles (Bw) 100 05
Fixed carbon (Xw) o 0l
HHY (ki) 16,000 515
Carban (Ew) 3513 0a
Hydrogen (3w) B.70 R ]
Nitmgen (2w} - 0.05
Omygpen (%w) 52,17 03

In Fig. 4 a bar chart reporting mass yielkds of non-condensable
and condensable gases is shown, being the production of a solid
fraction negligible, the mass balance is closed by the two gaseous
COMPONEnts

The standard deviation of gas composition and gas yields values
is due to the difficulty of the experimental apparatus to regulate
precisely the mass flow of glycerol inside pyrolysis reactor; this
implies a slight variation in residence time.

4. Kinetic scheme and numerical methods
4.1. Numerical methods

The software DSMOKE, developed by the CRECK modeling
group of the Politecnico di Milano, was used for the simulation
reported in this worke It is an easy platform to launch a simulation
using detailed kinetic schemes developed and available online in
[30). An isothermal PSR reactor was assumed and simulations were
performed at different temperatures between 823 K and 1073 K.
Once reaction temperature was fixed, the effective residence time
of reactants inside the reactor volume (5 1) was evaluated account-
ing for the mass flow of glycerol inserted into the reacter {3 g/min}
and an effective and average density of reacting mixture.

4.2, Glycerol pyrolysis modeling

The major radical reaction steps in the pyrolysis of glycerol are
the initiation and the H-abstraction reactions, which refer to the dif-
ferent types of hydrogen atoms available in the glycerol molecule. As
already discussed by Barker-Hemings et al. [ 19], melecular dehydra-
tions are interesting reaction pathways as well Fig. 5 summarizes
both these radical and molecular reaction paths. The primary
propagation reactlons of glycerol, coupled with a general kinetic
scheme of hydrocarbon pyrolysis and oxidation (Ranzi et al. [30]),
were also rested against several sets of experimental data, offering
good agreement between predicted and measured values.

Fig. 6 shows the concentration profiles of the major species
involved in the reaction system. Acetol and 3-hydroxypropanal
are very reactive intermediates rapidly decomposing to form the
most stable specles, such as acetaldehyde and acrolein. Successive
pyrolysis of these species further contributes to syngas formation.
0 and H; profiles clearly indicate that they are only successive
decomposition products.

The overall kinetic scheme POLIMI_BIO1407, already validated
by Barker-Hemings et al. [19), used in these simulations is consti-
tuted by 137 species and 4500 reactions and it is not adequate for
CFD simulations, For this reasom, it i5 necessary to develop a
reduced mechanism that can be used for this purpose,

4.3, Development of a skeletal scheme of glycerod pyrolysis

The skeletal kinetic scheme of glycerol pyrolysis has been
obtained with the RFA (Reacting Flux Analysis), successively com-
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Table 2
Yields of condensable and non-condensable gases and molar gas composithons.
400 °C 500 C 600 “C G50 “C 700°C
Yields Standard Yiclds Stamdard Tields Standard Yields Standacd Yields Standard
deviathon deviation deviation deviation deviarion
Mon condensable gas yields (Sw) 18 11 51 1.5 50 13 L3 1.4 &7 2
Condensable gas yislds (%w) 1] 1.8 a0 1.5 40 1 n 12 n 1.1
Molor gos composition (2v)
Hy 15 21 18 23 25 | ] 17 E -] 15
o 45 i) 45 5 a2 3 0 13 ] 3
oy 10 1.1 7 as 3 [ L 3 02 2 o
Chly 12 3z 14 SN ] 16 8 15 FL ] 15 HA
CrHy 18 15 18 13 14 21 12 L5 ] Lz
TOT T - oo - oo = 0 1]

Bold numbers indicare pyrolysis product yiebds,

/I Mon condensable gases yield [% w] |
e Condensable pases yiekd [% w|
[

a0 - —
— AT

Fig. 4. Bar chart reporting pyrolysis products yislds.

plemented with a sensitivity analysis by Stagni et al. [31). The RFA
reduction techntque analyses the behavior of the original mecha-
nism in ideal reactors. The importance of each species is evaluated
according to the production and consumption rates throughout the
whole reactor. The total fluxes of each reactor are then normalized
with respect to the local maximum value, and according to the
reguired size and precision of the reduced mechanism, only the
first n species are kept in the skeletal model. The reduced kinetic
scheme of glycerol pyrolysis. derived from the whole POLIMI_-
BI01407 mechanism. is constituted by only 44 species reported
in Tahle 3 and is thus suitable for CFD simulations. This skeletal
kinetic scheme, involving 452 elementary and lumped reactions,
is reported in the Supplemental Materfal of this paper, where 4
files are proposed with the following extensions: Ci1, NAM, CKT,
TRC; indicating respectively the kinetic scheme, the nomenclature,
the thermodynamic data and the species transport data,

5. Validation of the model: comparison with experimental data

As already mentioned, Stein et al. [32] studied the pyrolysis of
glycerol in stearn using a tubular, laminar flow quartz reactor.
Table 4 reports a comparison between these experimental results
and the predicted values obtained with both POLIMI_BIO1407
and the new skeletal mechanism proposed in this work. It is possi-
ble to observe that the predictions of the two mechanisms are very

sirmilar and in gond agreement with experimental data. The kinetic
mechanisms are able to characterize the effect of the temperature
on the conversion of glycerol and also to predict the yields of the
different products. As already discussed by Barker-Hemings et al.
[18]. and shown in Fig. 6. the major species obtained in glycerol
pyrolysis are acrolein and acetaldehyde. Moreover, the deviation
observed between experimental measurements and model predic-
tions for CO and H; could be explained assuming the complete
decomposition of formaldehyde, which was not experimentally
detected,

Valliyappan |17] studied the pyrolysis of glycerol at various
temperatures {650-800°C) and varying flow rates (30-70 mlf
min) in a tubular reactor using different packing materials. The
major observed product was syngas with traces of €05 CHs, and
C3H,. Table 5 shows a comparison between the predictions of the
kinetic mechanisms and the measured values. In this case, too,
the skeletal scheme prowvides predictions very close to the ones
of the detailed model and in good agreement with the experimen-
tal results, especially at low temperatures,

The major deviation for CH, and C;H, at 800 *C suggests that
their decomposition is not accounted for in the kinetic scheme,
Moreover, the increase in the syngas yield also suggests that the
steam reforming of methane and ethylene may occur within the
reactor. A possible explanation for this discrepancy is supported
by a thermodynamic equilibrium calculation, which indicates that
at 800 °C the stable products in the system are CO and H;, whereas
methane and other hydrocarbons should decompose, This reactiv-
ity cannot be explained by a gas phase reaction at these rempera-
tures. As already discussed by Barker-Hemings et al. [19],
expenmental evidence of analogous concerted heterogeneous-ho
mogenepus processes are reported in literature Donazzi et al.
[33). Similar effects were also observed in the study of other oxy-
genated fuels (ethanol and methyl formate) by Lefkowitz et al.
{34]. A caralytic effect inside the reactor could promote these
steam reforming reactions of methane and justify the lack of
reactivity:

CHy + H; 0 — CO + 3H; (1)

In 2 similar way, it is possible to expect some catalytic interac-
tions between ethylene and steam to form oxygenated species,
here simply assumed as ethanol,

GHy + HaO — GHs0H (2}

Table 5 also presents the final product distribution obtained by
simply including in the skeletal kinetic scheme the two apparent
catalytic reactions. Results show a more satisfactory agreement
with the experimental data also at high temperatures.

Fig. 7 shows a satisfactory comparison of experimental mea-
surements of Vallivappan et al. [17] and model simulations in
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Fig, 6. Primary and successive reaction products of glycerol pyoolysls ar 700 *C and
1 atm {model predictions].

terms of total gas and liquid yields. The carbonaceous residue
found experimentally is probably due to the successive polymer-
ization of tar products that stick to the packing materials within
the reactor. Acrotein, for instance, is well known for irs polymeriza-
tion propensity. These phenomena are not included in the gas
phase kinetic scheme. These reactions have a negligible effect on
the total gas and liquid mass yields but increase significantly the
syngas production at high temperature, as already shown in
Table 5.

Kawasaki and Yamane |35] stedied the effect of reaction tem-
perature of the pyrolysis of reagent glycerol in N, inside a quartz
flow reactor at atmospheric pressure, Fig. 8 shows a comparison
berween these experimental measurements and model predic-
tions. Since glycerol is injected as a liquid, the residence time in
the plug flow reactor simulation is assumed to be a fraction
{50%) of the nominal residence time reactor to take into account
the non ideal behavior of the system, It is passible to observe that
the model is able to predict the effect of temperature on the gas
conversion efficlency and on the relative yields of the major gas

Tahle 3
List of species contained in the skelessd mechandsm for glycerod pyrolysis studied in this work,
fiy 0y H 0OH
HECO CH,0 CH, CHyOH
CH,CO CaHa My CHLL0
CHOH CaHi CaHOH CaHyCHO
CyHy GLYCERGOL CeH, CHa

CsHy CaHg Gy GHy

Hy Hy0 o oy
CHy0 CH, CHyOH CyMy
CaHa CHyCHO CaHaO: CiHy
C3Hs Gy CHO ACETOL CH0;
3aHz CHCsHy C¥sy CYCHg
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Table 4
Pyrolysis of ghycerol in steam at 550, 700 *C and atmespheric pressune. Comparison between the complete kinetic mechanism of Barker-Hemings et al. [15] the skeletal model of
giveerol pyredysis and the experimental data of Stein et al, [32],

Tempeérature G50 °C To0 T
Exp. Predicted Predicted Skeletal Exp. Stein Exp, Pradicted Detaibed Predicied Skeletal
This work Detailed bio1407 mechanksm et al [32] This wark hint4a? mechanism
Glyeerol (molt) 1.69 1.6 1.68 1.04 104 1.04 1.04
Conversion (X} 17.6 18 182 25 4 238 4
Resldence time (1) 013 013 (R k] 0048 ans 0os 0.0%
Products yield (%)
co 0 18 b1 58 35 40 £
Coy 3 4 4 1 2 q 4
Hydrogen 40 pio) 9 44 39 . b
Methane 15 q 9 1 15 10 10
Ethylene 12 19 19 17 ] 17 7
Table 5
Effect of temperature an gas product composition during pyrolyeis of giycerol at caerier gas flow raee 50 mifmin and atmosphenic pressure. Experimental data of Valliyappan §17].
Temperature 650 °C BOD T
Species (dry mol%) Valliyapgan [17] Skeletal scheme Valliyappan [17] Skeletal seheme Sheletal {including catalytic effect)
Hy 17 190 455 239 377
Lus] Sad 65 449 458 45.5
0y 02 6 1 15 .7
CHy, 14.2 161 i3 161 8z
CaHa 11 114 2 a4 43
C;Hg 22 24 ol 07 ns
CyHg 2.4 (1] 0. 02 o
Hy »CO 71 655 85 637 B30
oo - phase species. The gas conversion efficiency is defined by the
90 | : l‘“ ““P i .I'I:::id authors [35] using the measured molar flow rates:
¥ *:: Rob charing .o e ; Myss = (fico + fico, + fien, + 2Mczp, + iy )/ Icayeont (3)
E & | The increasing formation of acetylene, C4 species and aromatics
o explains the reductlon of the efficiency moving towards higher
.; 50 | temperatures. The formation of gases and syngas, in particular,
t 40 ! tends to be overestimated by the model. This deviation is the oppo-
3 30 site of the one already discussed in Table 5.
2w
10 6. Discussion
4 A A & _ ¥
&S0 700 750 200 It is important in this section to present the comparison
Te ture [*C] between the performances of glycerol pyrolysis and glycerol steam

gasification. In fact, both the processes can be used to produce
Fig. 7. Effect of temperature on product yields during pyrolysis of ghycerol acan Dydrogen {36-38]. As it can be seen from Tables 2.4 and 5 in this
effective residence time of 1.25 and 1 atm. Symbals are experimental data uken  paper, hydrogen production through pyrolysis (in a non-catalyzed
from Valliyappan | 17]. model predicrions of the skeletal kinaric model are the lines.  enyironment) has acceptable yields only at temperatures above
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Fig 8. Effect of temperature on gaseous product welds during pyrolysls of glycerol at 1 atm and an effective rime equal to hall of the nominal residence thme in the flow
reactorn, Symbals are experimental daca taken from [35]. Lines represent madel predictions of the skebetal kingetic scheme.
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Table §

Comparison between the energy performance of pyrolysis and steam gasification of glycerol

Parameter Pyrolysis at BOOC [17] Steam gasification a0 B00-C [17)
Gas conversion 673w 3050w
Average gas composition Ha 45.65% 58.90%v
o 44 Ey 30340%w
Oy 1.0y 440Ky
CH, 33T 4.80%y
Gas higher heating value 18,500 k/kg 21,500 klfkg
Energy required Seeam 1 3,943 kjikg
Glyceral 5950 k)fkg 2,625 kifkg
Tatal 5,950 kjfkg 6568 kjfmol
Ner energy galn (kg glycerol) 6,568 kjikg 12,871 kifkg
Ratho between energy in put and enérgy in 050 076
ouiput (referred to 1 kg of raw material]
700-800*C. To compare pyrolysis performances with those of 7. Conclusions

steam gasification of glycerol, two energetic indexes were chosen:
the net energy gain and the process efficiency.
The net energy gain is defined in Eq. (4):

NEG = HHVgas = GY — ER (4)

where NEG represents the Net Energy Cain [expressed in k)/kg glyc-
erol), HHVgas represents the Higher Heating Value of pyrolysis Gas
(expressed in klfkg), GY represents pyrogas yield (expressed in
mass fraction) and ER is the Energy Required to promote pyrolysis
or gasification processes (expressed in kjfkg of glycerol) The pro-
cess efficiency is defined in Eq. (5)

PE = HHVgas « GY/(HHVgl + ER) (5)

where PE represents Process Efficiency (a dimensionless quantity),
HHVgas, ER and GY have been already explained, HHVgl is the
Higher Heating Value of glycerol (expressed in kjfkg). The results
of the calculation of the two indexes are proposed in Table 6.

It can be seen from Table & that: the net ensrgy gain of the
steam gasification process is almost twice that of pyrolysis. Besides
the efficiency of the steam gasification process (given by the ratio
of the emergy in output and the energy in input) is about 0.76 while
pyrolysis has an effidency of 0.50. If the gas will be used in fuel
cells this efficlency should be multiplied by the efficiency of the
fuel cell itself. These results imply that more efficient pyrolysis
processes are needed, which can compete with reforming and
steam gasification.

An optimized pyrolysis process shoold:

- introduce a packed bed of biochar to improve volatile yields and
their cracking reactions and so hydrogen production;

- in this way, on the one hand, the biochar produced from pyrol-
ysis of biomasses will work as a catalyst;

- on the other hand, it is very probable that using mixtures of
glycerol and water as feed material, these will increase biochar
bed porosity by flowing through it.

The possibility to use char as a catalyst to promote volatiles
cracking is shown by several works and among them those of
Prof. Kunio Yoshikawa and coworkers, see [39-42]. New pyrolysis
processes are in development, as shown in |43]. Water-glycerol
mixtures can be a promising material to be used in thermal pro-
cesses, see |44, In this way, pyrolysis can become competitive, also
comparad to the reforming process. Eventually, pyrolysis can be
also coupled with steam reforming to improve its performance,
see |45]. This is also confirmed by the latest progress on pyrore-
forming or Thermo-Catalytic Reforming, see [46].

Glycerol pyrolysis can be a relevant process 1o produce hydro-
gen to be used either as a hiofuel for transport purposes or in
CHP. Several plants have been proposed to pyrolyze glycerol (fixed
beds, pyro-reforming plants, etc.) and a zero dimensional moedel for
giycerol pyrolysis has been already developed. In this study, a
skeletal kinetic mode!l of glycerol pyrolysis is developed and it
allows possible CFD applications for plant optimization and scale
up. This is an added value, with respect to the state of the art of
pyrolysis modeling, as recently shown by Anca-Couce [47). Starting
from a detailed kinetic mechanism of more than 4500 reactions
involving 137 species, a significant reduction was obtained
through the RFA (Reaction Flux Analysis) and the skeletal model
simply involves 44 species. The predictions of the skeletal and
detailed mechanisms are very similar and in a reasonable agree-
ment with experimental data. The agreement of model predictions
improves with the increase of pyrolysls temperature. The new
experimental data confirm the increase of non-condensable gases
yields, particularly of hydrogen, with the increasing temperatures.
Model predictions also confirm that gas yields of 70%w can be
achieved at 750-800°C, with hydrogen concentrations up to 44—
48%v, These results don't show still an advantage of the pyrolysis
process on reforming or steam gasification, because they can
achieve yields of gasses above 90%w; so further research will be
done on catalytic pyrolysis processes.
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A sustainable pathway for ammonia synthesis by means of the Haber-Bosch process should reduce or
zero out the use of fossil fuels, taking advantage of renewable sources. Using renewable energy systems,
hydrogen can be obtained from biomass gasification, blogas reforming or electrolysis of water with
electricity generated by solar or wind energy. The scale-up of the concept is not an easy issoe. From a
theoretical point of view there is no limit to multlply single units but on a practical way, chemical
companies are hardly reaching the size of 100 kW, due 1o energy, economic and sustainability problemas.
Hwdrogen., from high-temperature water slectrolysis, from blomass gasification and from blogas

m reforming, has been considered as the most promising solutions for ammonia productdon plants, based
Green hydrogen on the Haber-Bosch process, In this study the impacr of three dilferent straregies, for renewables inte-
Model gration and scale-up sustainability in the ammonia synthesis process. was investigated using thermo-
Sustafnable chemical simulations. The study is finalized to compare the energy efficiency and sustainability of those
Reneswable three strategies, For a complete evaluation of the benefits of the overall system, the balance of plant, the
use of additional units and the equivalent greenhouse gas emissions have been considered.

0 2016 Publizhed by Elsevier Lud.

1. Introdoction a critical process in ammonia synthesis and a sustainable produc-

Ammaonia is the most produced chemical worldwide and it is
directly synthesized using gaseous hydrogen and nitrogen as re-
actants, without precursors or by-products. In its gaseous state,
nitrogen is largely available in nature, as Ny, and it is normally
preduced by separating it fromair | 2], Prodoction of hydrogen, Haz,
is still challenging and, for industrial synthesis of ammonia, it is
usuatly obtained from Steam Methane Reforming (SMR) of natural
gas. Moreover, when air is used for reforming processes, Nj is also
introduced, thus avoiding the need for air separation unit, but a
clean-up process is necessary (o remove oxygen-containing species
such as Og, €O, COy, H;0, in order to prevent the catalysts from
being poisoned in the ammonia reactor tank |4 . Carbon dioxide isa
product of SMR and can be separated and recovered inside the
plant, in Carbon Capture and Storage (CCS) systems or, more
commonly, flashed into air |4.5]. Hydrogen production is therefore
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tion of ammenia is desirable to reduce the consemption of a pri-
mary source, such as natural gas, and to avoid C0; emissions from
the process [6.7],

World ammonia production is estimated to be 140 Mo (2012) (31,
€0y from ammeonia production plant is normally 2.07 tCO; eqft NH;
[9]. A total of 289.8 Mt of CO; can be estimated as global emission
from ammonia production plants. In order to achijeve a greener
solution, a sustainable contribution to the process comes from a
reliable replacement of hydrogen in the synthesis. The production
of hydrogen by a renewable source allows to replace fossil fuels in
all the steam reforming units and relative ancillaries. In the last
decade, several studies in the literature focused on efficient
hydrogen production from electrolysis of water | 0], altemnative
pathways to combine electrolysis with solar or wind energy [11.12],
ar Hy-rich syngas production using different types of biomass in
gasification and co-gasification processes | 13.14].

High temperature electrolysers are an efficient way to produce
hydrogen from water. In addition, the use of electrolyzers may also
contribute to soive the problem of energy storage of intermittent
sources such as solar and wind energy. The direct electro-synthesis
of ammonia in high temperature electrolyzers is possible, but it is
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still at a very early stage of development, with unacceptable levels
of reactants conversion into the products | 5]

The blomass gasification path is a more versatile way to convert
different types of biomass, derived from agricultural wastes | 15],
forestry residues [ 17] or plastic and selid wastes | 13] into syngas,
using air, stearmn or a combination of both, as gasifying agent [19],
This technology is very promising in terms of flexible use of alter-
native sources, pollutant emissions reduction and energy efficiency
120,21 | However, the quality of hydrogen from a biomass gasifi-
cation plant is a critical issue in this kind of approach. In fact,
hydrogen produced from blomass or biogas is usually rich of
contaminant species with carbon and oxygen atoms, which have to
be removed. Hydrogen from electrolyzers just needs a dehumidi-
fication step in order to achieve 3 high level of purity [ 22.23]. Thus,
any evaluation and optimization to produce hydrogen using
renewable energy sources requires a preliminary study in order to
adjust process parameters and to assess a feasible and sustainable
approach.

Currently, the scale-up of the concept is the major issue to be
addressed for industrial applications in large plants. The most
limiting aspects in this field are the negligible interest of large
companies for the implementation of alternative solutions, tech-
nology transfer of scientific results, relfiability and profitability of
the integration of renewables, so that there are few examples of
applications | 24--26G]. A scale-down of ammonia production plants
can reduce current uncertainties related to the above mentioned
pathways and their economic feasibility [27]. Within this frame-
worl, it is possible to propose a distributed production of ammaonia
that might produce the following benefits: 1) to reduce the envi-
ronmental and economic cost of distribution, 2) to enhance direct
use of renewable sources which are distributed on the territory
|28], 3) 1o give to final customers the direct control of production, 4)
to reduce environmental and economic cost of transpottation |29,
In addition to the fertilizers’ industry, ammaonia can also be used
directly as a fuel to feed power electrical system or for automotive
application and agriculture machinery [30-33]. Rural area can then
benefit from an ammonia based system in a complex, sustainable
and efficient way, with a lower envircnmental impact than fossil
frels {3435,

Within this framework, this study investigates potential path-
ways for green ammonia production. Starting from renewable en-
ergy sources such as biomass or electricity from solar or wind
energy, three systems were designed and modeled in Aspen Plus.
The concept was implemented considering all processes for gas
supply and ammaonia synthesis. Considering the most comman and
consclidated technologies the systems were designed and the
chemical equilibrium analysis allowed to evaluate the amount of
renewable energy necessary to supply one unit of NHi, demon-
strating the feasibility of a green and sustainable path for green
ammonia that can contribute to a reduction of the environmental
impact of this chemical opening new scenarios for a diffused pro-
duction of ammonia and novel applications such as the utilization
of ammaonia as a fuel.

2. Technological background
2.1, Ammonic production process

Ammonia is mainly produced in thermo-chemical plants where
a gas mixture of hydrogen and nitrogen is synthesized |35} An
ammonia plant can be divided in two main subsystems: the gas
supply and the ammonia synthesis systern. The gas supply system is
necessary to provide the synthesis plant with the correct Ha:Na
mixture. Ammonia synthesis is based on following exothermal
reaction:

N2 +3Hy—NHy Ao = 4564 kj/mol (1)

The reaction takes place at high temperatures (S00-600 "C) and
is enhanced by the presence of an iron catalyst. In the majority of
cases a complex plant is designed around the reactor, with a
recycling loop and the following units

= A gas clean-up unit, o purify the raw syngas coming from up-
stream processes for Hz/N; production. This block is of funda-
mental importance to remove from the syngas unwanted gases
or oxygen containing specles that have poisoning effects on
ammonia catalyst (S0, €0, CO5, etc.).

= A compression unit. including one or more high efficiency
compressors, to compress reacting gasses to the synthesis loop
pressure.

= A conversion unit, including one or more catalytic synthesis
reactors, eguipped with temperature control and the recovery of
reaction heat.

« A heat removal unit. for product gas separation, further heat
recovery and condensation of ammonia.

= One or more units for purging inert gases out of the loop and
recirculating unconverted hydrogen and nitrogen o the con-
version block.

The most important process parameters are [3):

« Operating pressure in the ammonia reactor,

« Gas separator ternperature in flash drums;

s The recycle ratio (the ratio between the recycled stream and
loop feeding stream};

« The conversion per pass (reactants converted into ammonia for
single pass in the reactor)

Depending on the values of such parameters it is possible to
identify the most commonly used processes for NHy production
(Table 1),

Within this worle the Haber-Bosch (HB) process has been
considered due to the fact that is the most diffused and studied.
Several plant modifications, described in the next paragraph, have
been introduced [n the basic plant layout to optimize the above
mentioned parameters.

2.2. The biogas path

Biogas is the product of blomass digestion plants and of water
waste treatment processes were biological matter is decomposed at
anaerobic condition. The efficiency off the process s strongly
related to the system design, the inlet blomass and the decompo-
sition temperature. Also gas composition depends on the same
parameters but it is usually a mixture of methane and carbon di-
oxide with a CH4:CO; concentration ratlo of 60:40% by volume | 7).
Biogas contains traces of contaminants such as sulphur oxicdes,
chlorine compounds and others substances depending on the
starting substrate. For the purpose of this study, biogas is consid-
ered as a mixture of methane and carbon dioxide only. The clean-up
system that removes contarminant is considered part of the biogas
plants, due to the fact that the gas is normally treated in the plant
Common biogas purification systems are not encugh t reach the
purity and the composition required by the Haber-Bosch process.
The biogas production plant therefore need a reforming reactor, a
water gas shift reactor, an Acid Gas Removal unit {AGR), 3 meth-
anator and, finally, a condenser to upgrade the biogas to feed a
Haber-Bosch process. Such design is the typical NH; plants with the
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Table 1
Mot cx iy used 1k synchesis processes |35,
Process Op. Pressure [bar) Temperature [*C) Conversion [X| Recycle [Y/HN]
Haber-Bosch 50 550 15-20 ¥
Kellogg 00 500 20-30 Y
Unde 300 SO0 18-22 Y
Clauche 1000 600 4055 N
Casale 00 600 10-22 ¥
Fauser 300 530 18-20 ¥
Mant Cenis oo 400 1020 ¥

significant differenice that the inlet stream also contains carbon
dioxide that may affect the equilibrium conditions. In an ammonia
production plants reforming usually takes place In an autothermal
reactor and both air and steam are mixed with the fuel in order to
enhance steam methane reforming (SMR) and partial oxidation
reactions:

CHy + H;0—C0 + 3H; AHgp = 205.58 kj/mol (2)

CHy +%qz —~C0+2H; AHg = —35.98 ki/mol (3)

Both reactions occur at high temperatures (650 *C) allowing an
energetic optimization because steam reforming is an endothermal
reaction while partial oxidation is exothermal. It is therefore
possible o balance the heat and use an adiabatic reactor with no
need of an external heat source. In addition, the nitrogen, which is
necessary for the NHy synthesis, is introduced into the process by
air, Carbon monoxide is removed from the gas mix in a water gas
shift (WGS) reacior. The reaction is the following:

CO+ Hy0—C0;y + Hy AHp = —41,33 kj/mol (4)

The reaction is exothermal and takes place at lower tempera-
tures (~350 °C) than in the SMR. Temperature of the reactor and
concentration of steam, that can be added in this section, can
enhance the reaction to achieve a complete transformation of CO.
The Aced Gas Removal unit and the methanator are designed
together o remove C0; and adjust the Hz/Nz ratio reducing H;
concentration. Methanation reaction is the following:

CO; + 3Hy —CHy + 2H;0  AHg = --164.40 k]/mol (5)

This reaction allows o adjust the hydrogen concentration by
increasing the methane concentration, that is inert in the HB loop,
and the stearn concentration that can be easily separated by
condensation. The removal of C0y is reguired by the HB loop and is
achieved in the AGR where maore than 90% C0; is separated |33
The remaining part of CO; is chemically transformed in the meth-
anator reactor. The last component of the gas processing is the
condenser. Water is removed to eliminate the risk of condensation
in the compressor unit, o reduce the energy consumption of the
compressor and to mirtigate its negative effect on the HB reactor.

2.3, The gasification path

Gasification of blomass is a thermochemical process that de-
composes the blological matter and produces 3 mixture of pure
gases, called syngas, that can be used to feed the Haber Bosch loop.
An oxidizing agent, usually air or steam, is used to partially oxidize
the solid biomass and pressurize the system so that the produced
gas can be flashed out two its final use. The gasification process
usually includes a dean-up unit that removes particulate matter
and tars from the gas stream. The product is, thus, a dean mixmure
of Hy, €O, COz, CHa Nz and steam that can be processed and used in

the ammonia production plant. The composition of the mix de-
pends on the biclogical substrate used as inlet feed and on the
gasification design. Gasification typology is usually related to the
flow directions of inlet biomass, gasification agent and off gases.
Four types of gasifier are the most diffused: updralt, downdraft,
fluidized bed (FB) and entrained bed (Fig. 1L

Each technology is chavacterized by an operational temperature
and pressure. The combination of bicmass source, gasifier typology.
oxidizing agent and gasification thermodynamic parameters
(temperature and pressure) affect syngas composition. Examples of
syngas compaosition are reported in Table 2 from the literature
[14.18,19,39].

Syngas obtained from gasification is a gaseous mixture which
needs a compiete clean up and treatment to produce the NafHa
mixture required by the ammonia synthesis plants. In details, WGS,
a AGR, a methanator and a condenser are usad to transform the
syngas into a suitable mixture for the ammonia synthesis.

The main difference lies in the gas compositions. The eight
compositions reported in Table 7 where initially tested in the gas
processing with the result that not all of them where suitable. This
is mainly caused by the wrony Ha/N; ratio, that, even after WCS,
does not reach the minimum value of 3. The methanator reactor can
help to adjust composition only reducing amount of H; but not
increasing it and the WGS is limited to the total amount of CO. The
optimal syngas composition is not the one with a correct HaN;
ratio but the one with a suitable (CO + Hy)/N; ratio. Such values are
reported in Tabie 2 showing that only compositions 2, 4 and 28
achieved the required conditions. Composition 8 was selected
because it is the closer to the required target of 3.

24 The synthesis path from Hz and N>

Both hydrogen and nitrogen can be obtained by non-
carbonaceous source, in particutar hydrogen can be obtained by
water electrolysis and nitrogen can be produced from air and then
mixed with reforming products | 1.2]. The main source of nitrogen
as chemical product is air due to its high concentration, ~79% by
volume, and availability. There are three industrial ways to separate
nicrogen from air: crycgenic, adsorption and permeation genera-
tion. Cryogenic distillation is the first to be historically developed
but. due {t5 high capital cost and power requirement, it is usually
developed in large and centralized plants from where it is distrib-
uted via pipelines or trucks. Pressure swing adsorption is used with
carbon molecular sleves that selectively adsorb oxygen, allowing
nitrogen to pass through at the desired purity level PSA operates at
ambient temperature and adsorption pressure ig in the range of
10 bar. The net cost of nitrogen produced wvia PSA is lower that
cryogenic one. Selective gas permeation {5 realized in membrane
systems to separate nitrogen from air. The technological principle is
based on the difference of velocity of the gas mixture at the two
side of the membrane so that the different partial pressure causes
gas separation. Compared to PSA this technology cannot reach high
purity levels, in particular with high flowrates. the main drawback
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Table 2

Typical symgas compositions from biogas gasifiers (FB = (uidized bed, BFE = bubbling Auidized bed).
Biomass type N Ouidizing agent Reactor type Hy o 0y CHy Ny H:0 (00 5 Hyl/ N2

(% wv] [Ewpv] 1% wiv] [% wiv] = uiv) 1% v -1

Dy wood 1 Adr FB Downdraft 139 172 .7 i1} 384 180 078
Dry wood 2 0y FB Downdralt 28,7 430 134 1.B 7 104 2853
Dy wood 3 Al BFB 735 iEAl HUE 3135 418 15 i 51]
Ory wood 4 Steam BF8 0.7 104 Bl 32 15 S50 11,86
Dy wood 3 Adr[Steam BFB 143 14 2 1.2 45 410 [iL}]
Olive busk 6 AlrfSteam BFB 1.7 s 69 17 136 5 004
Dy wood) plastic 7 AdrfSeeanm BFB 185 84 a5 24 0.1 400 138
Olive huskfplastic & AirfSteam BFE 210 1.5 8z 3is 18 480 416

of this technology is the purity level when flowrate increases over
10 lfmin. Ry 2 reports the best nitrogen production technology

depending on the two main factors: nitrogen purity and production

requirements. For this study the PSA process, with commercial

carbon molecular sieves as adsorbent [40], was selected.

Purity

2

Hy0— Hy + 30, AHg = 241.57 kj/mol

100% —
99%
98%
97T % —
I )
10 100 1,000 10,000 Nm¥h
350 3,500 25,000 350,000 scih
Flowrate
B8 Cryogenic Liquid Delivered B8 Adsorpbon Onsite Generation

5] Permeation Onsile Genaration B Cryogenic Onsite Genaration

Fig- 2. Begt nlrogen production technology depending on pariny and Flowrate (41|,

Hydrogen can be obtained from water and electricity via
electrolysis:

(6)
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When electricity is generated by remewable energy sources
hydrogen can be considered as a green fuel. Electrolysis is a well
knows process and is industrially realized in electrochemical de-
vices where electricity supplied to the two electrades (anode and
cathode), lows through the electrolyser and decomposes the water.
Hydrogen is produced at the cathode and oxygen at the anode.
There are two main commercial technolegies distinguished by the
type of electrolyte |41]: alkaline {liquid electrolyte) and Proton
Exchange Membrane (PEM) electrolyzers. In addition, anion ex-
change membranes (AEM) were recently infroduced into the
market and high temperature solid oxide electrolyzers (SOE) are
promising but still at an early stage of development. The main
parameters for the selection of this technology are the system size
and hydrogen purity. Alkaline electrolyzers are the ones that can be
built in larger sizes, up to 5000 kW—760 Sm kp/h and are also less
expensive than those based on the PEM technology. On the other
hand, PEM electrolyzers can achieve higher purity of hydrogen [42].
As far as the efficiency is concerned, such systems are strongly
dependent on the design and operational strategies. Both tech-
nologles may reach 50%—80% efficiencies. An additional important
parameter is the Hz output pressure, If Hz is already produced at
high pressure, less energy is required by the compressor. Common
electrolyzer's pressure ranges from atmospheric up o 30 bar,
Table 1 summarizes the main characteristics with the addition of
system cost where alkaline system are still more convenient mainly
due to a more mature and diffused technology and o the scale
benefits.

2.5. Steam methane reforming

The main traditional benchmarking process for production of H;
and Nj is the steam methane reforming. This process applied to
natural gas is the basic process with which all others proposed
above are compared.

3. Model development

In this section, the mode] development and operating parame-
ters used for simulations, in the Aspen Plus environment, are
described. Following the approach described in the previous par-
agraphs, three system concepts have been designed, all based on
the Haber Bosch (HB) process. In the first system (case A), the HBE
process has been coupled with a syngas clean-up unit. The syngas
itself comes from a biomass gasifier, as explained before. In the
second one {case B), the feeding gas for HB loop has been obrained
from an electrolyzer and an air separator unit. In the third case
{case C), a biogas is fed to a steam reforming unit and then treated
in a clean-up section, before entering the HB loop. A reference
benchmark system (case 0), based on steam reforming of natural
gas has also been developed as a comparison. To perform an
equivalent comparison between the technologies, the system units
were operated at the best performing condition, according to the
technological background exposed above. Thermodynamic pa-
rameters such as temperatures and pressures were not varied In the
simulations.

3.1. Haber Bosch synthesis loap; layour and mode! parameters

The HE loop layout was implemented in Aspen Plus and then
integrated in the three complete models. Fig. 2 shows the HB loop
flowsheet developed in Aspen Plus. The purified feed gas is com-
pressed to the operating pressure by means of a multistage inter-
cooled compressor (COMPO1), and then introduced into the
synthesis loop. The “MCompr" block type was used with the
rigorous ASME method for efficiency, heat and power consumption
calculation. Intercooling remperature after each stage. nametly 40,
70 and 150 “C, and the final discharge pressure, namely 250 bar,
were specified for this block. The compressed feed gas was adla-
batically mixed { MIXERO1 ) with the recycled gas strearmn, containing
unreacted Hz and N3, a large amount of inerts and ammonia to a
smaller extent. To remove the residual ammonia, after MIXERDT,
the feed stream was first sent to a counter current shell-and-tube
heat exchanger {(EVAO1) and pre-cooled by the cold product gas
stream coming from the ammonia removal section (MIXERDZ,
EXPANDER). EVAD is modelled with a “HeatX™ block type and the
cold stream outlet temperature is fixed at 20 °C as block specifi-
cation. Afterwards, the feeding stream is directed to the first flash
separator (SEPO1) at 0 *C: in this equipment, part of the residual
ammonia liquefies and is separated from gases, which pass through
the purge valve (SPLIT01) and then fed to the ammonia conversion
section.

At this point, the reactant gas stream is pre-heated vsing the
hot product gas coming from the synthesis reactor (REACTOR) in
a counter current heat exchanger (HEATERC4), and then a recir-
culation compressor (COMP0O2) adjusts the inlet gas pressure to
the nominal value, The “RGibbs" reactor block i used to model
ammonia synthesis and the built-in PENG-ROB method, based on
Peng-Robinson cubic equation of state, is applied throughout the
HB loop for thermodynamic properties, physical and chemical
equilibrivm calculations |25, The reactor is considered
isothermal and at thermodynamic eguilibrium, with a tempera-
ture of 550 °C and a pressure of 250 bar, so that the exothermal
reaction released a heat flux. Cooled products are then fed to the
second flash separator. downstream to the reactor (SEPDZ),
operated at 20 °C and at high pressure, so that the ammonia heat
of condensation is lower and the largest part of produced
ammonia is here separated from the other gases. The resulting
gas from SEPO2Z represents the recycle stream of the HB loop. The
liquid stream from SEPO2 is mixed (MIXERO2) with the liguid
stream from SEPOT and sent to an adiabatic throttling flash drum
(EXPANDER)} which operates at atmospheric pressure and
therefore at a temperature lower than -30 *C. Pure liquid
ammeonia is thos obtained as the main product of the plant. The
small fraction of vapors obtained in EXPANDER, consisting of
ammonia and the non-condensable gases, 1.e. CHy, N3 and Ha, are
collected and mixed again with a small amount of liguid
ammonia [MIXERD3}, resufting in the cold gas inler stream for
EVAD1, thus subtracting heat to the feed stream. The outlet gas
stream from EVAO1 Is mainly composed of NHy with a little
presence of other gases and is the secondary product available
from the plant The rigorous wapour-liguid equilibriom
flash drum model *Flash2” is the block used for SEPO1, SEPD2
and EXPANDER. The following Table 4 summarizes the specifi-
cations used for these blocks:

Table 3
Summary af main alkaline and PEM electrolyzer parameters.
System size Hydrogen purity Efficiency Cost
Alkatine 025760 Smyaih 1.B-5300 kW 9500 4008% 50-78 1000— 1200 kW
FEM 0.01=240 Sm’ypfh 0.2-1150 kw 5.5-59.9999% 50-83 0= 2300 & /KW
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Fig 2. HE loop developed in Aspen Plus.

= [F-svmaas |
Talshe 4
Specifications of the HB loop blocks.
Specification REACTOR SEPDT SEPOZ EXPANDER
Temperature ("C) 550 o 20 -
Pressure {bar) 250 250 230 1
Heat Dty { kW) - - - 0

For each block, only two specifications are required because the
third one is the result of lowsheet simulation. The HB loop thus
described prodices ammeonia both in liquid and gaseous forms.

3.2, Reforming and clean-up unit: layour and model paraineter

In this subsection, the reference case, namely case 0, and the
relative layour is explained. The HB loop previously described is
coupled with a CHy steam reforming and clean-up unit to obtain
the purified syngas for ammania synthesis, Natural gas and air, at
room temperature, are fed to an adiabatic combustor (BURNER),
after pre-heating. and are bumt by the oxygen introduced with
nitrogen. The amount of oxygen s not sufficient to oxidize all the
fuel and a partial gasification occurs with Hy and CO formed
together with COs. In the next reformer block (REFORMER), a steam
stream is fed with the burnt gas, with a Steam-to-Carbon ratio {5/C)
of 2, and the endothermal SMR reaction takes place at 650 *C. Af-
terwards, three reactors are used [WGSR1, WCSRZ, WGSR3) to
complete the Water Gas Shift reaction (WGS). In those blocks, CO
reacts with steam to produce Hz thus increasing hydrogen content
it the syngas for ammonia production. Fig. 4 accounts for the
complete fowsheet layout

After each reactor, a counter current heat exchanger (HEATEROY,
HEATERD2, HEATERD3, and HEATERD4) is used o cool down the
syngas for the next WGS stage and to produce the steam required
for reforming. WGS reactors are operated at decreasing tempera-
ture since the shift reaction is a slightly exothermal equilibrium
reaction, favored at low temperature but kinetically limited [32],
thus proper catalysts are required in real plants to achieve chemical

equilibrium at the set ternperature. The reactor Mock used to model
those units is “RGibbs” and the bullt-in NRTL property method is set
as the thermodyriamic model for this section. For a clearer under-
standing, Table 5 shows the operating conditions for those reactors.

The Acid Gas Removal unit (AGR) is devored to €0y, €O and
partial H;0 separation and remowval, after the WCS section. Ac-
cording to the technological background described in the previous
paragraph. in order to simplify the model, a “Sep” block is used with
standard specifications, concerning temperature { = 50—80 °C) and
separation efficiency (>90%), in agreement with the literature.
Finally, in order to complete COy and Hy0 removal, a methanator
(METH) and a condenser {COND) block are placed in series. The
methanator has the double function of chemically converting re-
sidual COy into CHy and adjusting the final Hz/N; ratio for the HE
loop by means of reaction {5). An "RStoic” reactor block is used to
model METH ar adiabatic conditions. COND is a “Flash2™ block type.
operared at 15 *C to allow the complete liquefaction of Hz0 and gasf
liquid separation. Table & summarizes the specifications of those
last three blocks. The purified syngas obtained is thus fed to the HB
loop described above.

The first system proposed, case A, is an alternative layout to the
CH, reforming one explained above, A real syngas composition was
implemented and the layout was modified as shown in Fig. 5.

The most relevant difference is that a raw syngas from biomass
gasification is directly used as primary source, The BURNER.
REFORMER and refative ancillaries’ streams have been removed.
The specifications of remaining block are the same as stated above,
while for case C, where 2 standard biogas composition was used, no
madifications on the flowsheet layout are necessary. Table 7 shows
in details the gas stream composition, used incase 0, Aand C, as a

primary source.
313 Hy and N3 generation unit: layout and model paramerer
The last system proposed, case B, is completely different from

the previous ones. The feeding streams to the plant are air and
water, at room condition, as primary source for Hz and Nz The
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FAg 4. Complete SMR and HE loop Mowshesr

Tahle 5 Table 7
Operating conditions for the case 0 reactors. [nlet gas stream composition used in Case 0, A and C parameter.
Specification BURNER REFORMER WGSR1 WGSRZ  WIGSKE3 Component Case O (NG)  Case A (R-5YMGAS)  Case C (R-BIOGAS)
Temperature ("C} = 650 500 150 250 Ny (X malfmal) - 780 -
Pressure (bar) 1 i 1 1 i Hz (X molfmol) - 21.00 -
Hear Doty (kW) O - - - - CHy (X modfmal) 10000 350 6200
HizxD (% molfmod) - 48.00 =
€0y (X mol/mal) - 820 3100
0 (X molfimal) - 1150 500
Table 6
Bincks specificazions of case A,
Specificarion ACR METH COMD 30 bar. The built-in "Pump™ block has been used to model FUMPD1,
Temperature (C) a0 o 15 HEATERO1 is a "HeatX™ block type and ELECTR is an “RGibbs"
Pressure (bar) 1 1 i reactor block. In agreement with the actual water electrolyzers
Heat Duty (EW) = 0 = performance, a hydrogen purity of 99.9% and an electrical effdency

relative Mowsheet is shown in Fig. G

Feedwater is compressed in a hydraulic pump (PUMPOT) and
heated in a counter curreént heat exchanger (HEATEROT) to the
electrolyzer (ELECTR) operating conditions, namely 80 “C and

of B4.4% have been specified for this block. The air separation unit is
based on a PSA standard process, which can be modelled in Aspen
Plus as a compressor (COMPO3) and a separator (PSA) in series.
They are operated at 30 bar and rocom temperature. The heat
available from compression is partially used to heat up feedwater
coming out frem PLUMPOL The nitrogen purity, as reported in the

Fig. 5. Sysoem scheme of cass A,
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SPLUITOA

Fig & Case B systam Layout,

technical literature, is set at 99.9%. After these blocks, produced
gases are adiabatically mixed (MIXERD3) in a controlled way in
order to achieve the desired Hy/N; ratio for ammonia production. A
“Flash2" block type (COND), at 30 bar and 20 *C, was used again to
remove the eventoal traces of water from feeding streams, after
mixing. The purified mixture of gases is thus fed to the HB loop. The
property method used in this section was the NETL built-in Aspen
model.

4, Resulis

Model results are mainly in terms of gas and enetgy flows. Each
of the three new concepts allows to produce ammonia in a novel
way and simultaneously reducing the impact on the environment.
Inlet energy source are deeply different: case 0 is based on a fossil
fuel, case B on sustainable electricity {wind or sun)and case A and C
are base of biomass. In details case A is based on syngas coming
from a gasification process of solid matter while case C is biogas
from anaerobic digestion of degradation of liquid biomass. Table 5
reports the main results relative to HB loop for different cases. The
first parameter (HyfMzlpen 15 the stoichiometric ratio between
hydrogen and nitrogen entering into the HB unit. In all cases, as
expected, values were close to stoichiometric ones. The (Ha/Nay
parameter |5 the gas ratic at reactor inlet. Also in this case all values
are close to three.

With reference to the recirculation ratio, in Case A it is slightly
bigger than in the other ones. This is caused by the big amount of
CHy, which is inert in the process. A larger recirculation ratio has an
effect on the total inlet reacior flow and, consequently, on the
compressor energy consumption, The purge ratio, namely the

molar ratio betwesn purge stream and feed stream, in all cases with
the exception of electrolysis, is in the 0.4-0.5 range. This is mainly
related to the absence of inert in case B, However, a little part has to
be purged out of the system for calculation convergence re-
quirements, due to the architecture of HE loop. Finally, Fiz. 7 reports
the reaction efficiency in terms of percentage of completed reaction
and also the percentage of iNerts (Viness) in the reactor inlet stream.

In details, efficiency is calculated as the amount of nitrogen
reacting with respect to the inlet one. Such valve can be calculated
at reactor level (vye;ce) and global level ( ngios). The results show that

Case B

Casel Case A Casa

Fig. 7. HB loops «lfickency and Iners concentration,

Table 8
Main results relabive m HB Joops for different cases.
Loop { Mg pa (ol frmval ) {Hz /Wy de {mod | mol) Rec. Ratio (molfmaol) Purge rathe (mol/mel)
Case 0 307 117 133 044
Caze A 306 EN ER L a7
Case B am 302 3.4 L]
Case C N 319 340 045
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case B is still the most interesting one achieving up to 81% of global
reaction efficiency. Case C, differently, has a very low reactor effi-
ciency due to the inerts concentration. The efficiency achieves
acceprable values at global level only because of the high recircu-
lation and high purge ratio in all cases,

Fig 3 reports the specific energy consumption of the four de-
signs. Energy fMows are normalized for each kg of NH3.

COverall consumption of primary energy is very similar in all
cases: electrolyzer has the lower consumpticn while biogas has the
higher one due to high methane inlet content and relative chemical
energy. As expected, the reference case, together with biogas and
syngas, is the case with a higher energy consumption, while the
electrolysis case only demands 14.36 kW/kga of electricity.
Table 9 shows other energy indicators and the C0; equivalent
emissions for the four layouts proposed.

Specific hear consumption is negative for all cases because the
overall process is exothermal in all configurations. An additional
energy flow of the system is the purge gas. The table reports the
LHV of the purge gas. Case A and case C have the higher values due
to the methane still present in the off gases. Finally, the table re-
ports the specific emissions in terms of C0z/NHa mass ratio. With
the exclusion of case B, where no emissions are produced, the lower
amount of emissions are in the reference case. This value |5 tricky
because such emissions come from a fossil fuel while biogas and
syngas come from a biomass and are, for the well-known reason,
not a source of GHG emissions. It is worth noting that GHG emis-
sion of case 0 is in perfect agreement with reference value of 2.07
[6.9], Such result can be also considered as an overall validation of
the system design and of model numeric results. As stated in the
introduction section, ammonia is one of the most produced
chemical worldwide but its production is associated to a net C0z
emission of 290 Mt This emission is exclusively ascribed to the
carbon present in the feedstock and is not directly related to the
ammonia itself, which is composed only by nitrogen and hydrogen.
In fact for the case B, with electrolyzer and PSA, the GHG emission is
virtually zero because carbon-free feedstock were used. On the
other hand, when a syngas or a blogas are used as feedstock, the
total CO- emissions are 534.8 Mt and 5026 Mt, tespectively, higher
than the 290 Mt from natural gas, but the process can be considered
carbon neutral due to the renewable feature of the feedstock.
However, the main environmental result is that, from the qualita-
tive point of view, the alternative layouts proposed can effectively
reduce the impact of ammonia production plants and that are a
feasible way to increase the sustainability of this industry in order

20
Power

16 4 Chamical
Totad

Specific Consumption (KiWikg, )
=

Cose A Casa G

Case B

Case 0

Fig. 8. Specific energy consumption for the different cases.

to achieve a green chemistry.

Finally, Fiz. @ shows the detailed energy balance of plant for all
cases, using Sankey diagrams, in order to evaluate the relative
distribution of energy fluxes, i.e. chemical, heat and power. around
each system unit and so their influence on the overall balance. In
order to specify the quality of the thermal energy availabte from the
HB loop, the temperature of each heat flux outgoing the system is
also indicated. This energy can be considered as a positive contri-
bution to balance ance a useful application is found (cogeneration,
residential heating, domestic hot water, thermal storage, etc.), ac-
cording to the temperature, Relative to this latter issue a distributed
production of NHjy could permits an easier valorization of heat, e.g.
residential use. For all the layout in Fig. 9, the largest energy flow is
represented by the chemical energy inside the purge gas. This flow
can be used as a secondary fuel for reacting in a combustor and
obtain additional heat or power for other Industrial processes, In
fact its LHV, as reported in the previous Table 2, together with the
high energy percentage confirmed in Sankey diagrams, is of inter-
est in all cases. From this point of view, a particular discussion is
needed for case B, when the electrolysis/air separation path is
chosen: from the diagram it is possible to observe that the energy
input of this layout is represented only by electricity and that the
ourput is essentially the chemical energy associated to purge gas
and ammaonia, with a small amount of waste heat from single units,
except from reactor, which is the largest exothermal source of
waste heat at high temperature (622% at 550 °C). This result
confirm the profitability and the advantages associated to this
layout because, globally, it is possible to conclude that the electric
energy is quite completely converted, Le. stored. into two type of
usefil chemicals, such as ammonia and the purge gas. In addition,
due to the absence of high temperature treatments, as methana-
tion, water gas shilt and bumingfreforming. the cooling re-
quirements are low and also the heat losses related to low
temperature operations, Le. without the possibility to recover high
temperature heat (AGR, water separation, ammonia condensation ),
are limited. In conclusion, the case B is the most convenient, not
only from the chemical point of view, due to the high conversion
efficiencies, and from the environmental one, due to the potential
absence of GHG emissions, but also from the energy point of view
because, among the renewable energy sources integration sce-
narios proposed in this work, it is the only layout that could allow
the complete use and storage of electricity from renewables into
energy vectors like hydrogen (in form of the purge gas) and
ammonia.

As far as the waste heat from the other HB Loop layouts is
concerned, two sources of waste heat are eligible for recovery. Such
heat comes mainly from the ammonia reactor and from multistage
compressor cooling. In fact, from the diagrams, these two fluxes can
represent more than 105 of the available energy. Even I the waste
heat from the WGSR is available at higher tempetatures, 500-
250 *C depending on the shift stage. this flux is <2% of the total
energy output so that it is unworthy to recover it. On the contrary,
in the reference case and in the case C with biogas, the waste heat
from reactor is around the 5% of the total, and is available at a
temperature of 550 *C, which 15 suitable for cogeneration, while the
waste heat from compressors is only 8% but is avallable ar a lower
temperature, namely 150 *C, which Is in agreement to heating and
domestic hot water requirements.

5. Conclusions

A renewable path for ammonia synthesis was studied and
modelled for the first time in this paper. This study demonstrates
that ammonia can be prodoced in an efficient way from renewable
energy sources, Three different plants were designed and studied
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Table 3
Enerzy and emissions indicabors.
Spec Heat consumption (kWu/Kgwa) LHV of purge gas (Mj/kg) GHG emissions (kgeaa/kimn)
Case 0 —147 26.76 205
Case A 126 2715 382
Case B 159 2135 0
Case © =119 2725 359

Case 0

NG 4B
REFORMER 14 80% HB Loop
coMP 10

TOT A7 113 kirg

Case A

SYNGAS T483% T
COMP: 10.37% 48

TOT 15.358 kKvwieg

Case B

ELECTROLYZER: b5 375
PEa; 1)

WGER AGR
16Th 1.51%
500380°C S0'C

COND COMP  SEP  REACTOR PURGE —
&15% geEn 235% 51¥% 6 35%
1T 150 G ST Mt

kil
Pl
i1 ka)

Fig. 0. Sankey diagrams for encrgy Moces,

using a thermochemical model developed in Aspen Plus, The re-
sults of the study reveals the option of a distributed, efficient and
sustainable ammonia production, Energy flows show thar all the
systern have the same primary enetgy consumption in the order of
14—15 kW kgya with no impact of the new designs on the amount
of primary energy used to produce NH;. This means that the
introduction of renewable energy do not limit the efficiency of the
plan even if the large amount of inerts limits the total ammaonia
production. The design can be integrated in the overall plant
considering also peculiarity of the three energy sources considered:
solar/wind electricity, biogas from anaerobic digestion and syngas
from hiomass gasification. Such results open to a novel concept for
distributed ammonia production that permits reducing of C0;
emissions and costs and increase the security of supply. In addition

considering a future application of NHj as a fuel, such concepts
permits to store renewable energy into an energy vector with high
energy density and low emission. Distributed storage reduces grid
lasses of electricity and permits to use produced energy in trans-
partation field with the development and diffusion of vehicles
powered by NHy.
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ABSTRACT

Ammonia has been studied as a potential energy vector and suitable fuel for Solid Oxide
Fuel Cells (SOFCs). The use of ammonia could gearantee high electrical efficiency, with a
carbon free and high energy density fuel This study analyzes the potential of a power
generation system based on a SOFC fueled by NHy. Experimental tests on a SOFC short
atack were developed using both pure and diluted ammoenia. The tests demonstrated the
operation of the concept and highlighted possible advantages in terms of thermal equi-
librium. Decomposition of smmonia introduces an endothermic reaction that permits heat
absorbance in the anode and a better control of stack temperature, Based on tests results, a
thermodynamic model of 2 complete systern was designed and studied. The results
demonstrate that the ammonia fueled SOFC is more efficient than an equivalent hydrogen
fueled one, due w the cooling effect of internal reactions that reduces ancillaries energy
consumptions related to cathode air fow.

© 2016 Hydrogen Energy Publications LLC. Publiched by Elsevier Ltd All rights reserved.

Introduction

efficiently transported {1,2]. During its combustion, ammonia
reacts with oxygen producing only nitrogen and water,
without COy emissions.

Ammonia is the most produced chemical worldwide and its
production is based on a well-known and efficient technology.
Moreover, ammonia is widely distributed, due to its utilization
as fertilizer in agriculture and a logistic network is already
present. Those aspects, along with a high energy densityand a
carbon free status, make ammonia a potential green and
sustainable energy vector, especially if renewable energy is
used to produce the basic chemicals (hydrogen and nitrogen)
necessary for its synthesis (1], Ammonia has a higher density
than other energy vectors, since it can be stored as a liquid
phase at low pressure (20 bar) and it can be easily and

Additional advantages can be obtained if hydrogen and
nitrogen are produced using carbon free energy sources
following the so called path to Green Ammonia |3}, Currently,
almost the entire worldwide ammonia stock is made using
hydrogen produced by natural gas reforming, which does not
make ammonia a carbon free fuel 4], even though, in this
plants, carbon dicxide is usually recovered and commercial-
ized ag a pure technical gas for other purposes (gaseous soft
drinks and produoction of other chemircals), and it i= not
directly emitted in the atmosphere.

.ﬁ.llh'nl:fatmu: SOFC, Solid Oxide Fuel Cell; X, Molar Concentration; OCV, Open Circuit Voltage; ASC, Anode Supported Cell; AB, After

Bumner; HE, Heat Exchanger.
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Tzbiz i reports physical and energy properties of a varisty
of fuels, including hydrogen, pure ammeonia and ammonia
diluted into water. Diluted ammonia, compared to pure one, is
not wade and, consequently, is widely diffused in different
industrial market= (cleaning, chemicals, etc). Two levels of
dilution for ammenia were considered: 0.4 and 0.3 M con-
centration (¥), both available in commerce and with an
acceptable energy density. Table | shows how ammonia has
very interesting gravimetric and volumetric densities
compared to other fuels. With respect to pure ammonia,
diluted mixtures are strongly penalized, especially for their
low pravimetric density, but they are significantly less
dangerous in terms of toxicity and flammability.

Ammonia can be utilized as fuel in different energy sys-
tems. The oxidaton reaction is exothermic and produces
heat, thus all internal and external combustion technologies
could be fueled by ammeonia {510}, However, in such appli-
cations, characterized by high combustion temperature, the
emissions of NO, cannot be avoided and they even increase,
due to the presence of nitrogen in the fuel. Another potential
path for the use of ammonia in energy systems is the
decompaosition of ammonia into hydrogen and nitrogen and,
consequently, the use of hydrogen as a well-known fuel in
combustion systems or in low termnperature fuel cells [11].

An innovative and very promising application is the direct
uge of NH; in high termperature fuel cells, such as SOFCs [12].
In commercial SOFCs the anode is based on nickel, that is an
excellent catzlyst of ammonia cracking reaction, Conse-
quently, ammonia is directly cracked in the cell into hydrogen
and nitrogen, resulting in a suitable mixture for the operation
of the cell. In addition, such reaction is endothermal and
keeps the cell at a lower temperature than with pure
hydrogen. This is very interesting at system level, because all
endothermal reactions take part of the heat generated by the
cell that should, otherwise, be collected by the cathode air
stream. Such stream has ™ be heated and pressurized to get
into the cell with relevant losses In terms of exergy efficiency
and any reduction of the temperature in the fuel cell is
beneficial. The use of ammonia permits a smaller air flow rate
with reduced consumption of electricity in the blower,

The operation of SOFC with ammonia was first cbserved in
1980, studying an innovative technology to produce NO;
where electricity was 2 byproduct. Since then, the experi-
mentation was focused particularly on the risk of NO, pro-
duction; this aspect is not interesting anymore and
represents, on the contrary, a limiting factor for the use of this
technology for energy applications. The research activity in

that field was mainly focused on the optimization of anodic
composition to reduce operational temperature and increase
power density. MafTei at al. focused their efforts on studying
intermediate temperature SOFCs |13 10| operating with NH,
and on the electrolyte typology, either ionic or electronic,
achieving acceptable operational temperatures as low as
450 *C [15|. Similarly, Ma et al, developed and tested innova-
tive electrodes and electrolytes to obtain maximum power
density from a SOFC fed by ammonia operating in the tem-
perature range 550-700 °C [17-20]. Literature reports also
experimental tests performed with SOFCs made of standard
commercial materials [21--27|. All results show that ammonia
completely cracks in the cell anode and the electrochemical
reaction cccurs in a two stage process. No NO, production is
reported, demonstrating that there is no risk of emitting this
undesired gas during fuel cell operation.

At system leve], very little is reported in Hterature, mainly
related to theoretical system studies (272.78) and system
components [29). There is no paper in the literature showing a
complete study on the advantages of heat balancing when
ammonia is used as fuel. This study aims to cover this aspect,
developing a system model based on experimental study on a
SOFC short stack fueled by ammonia. In addition, the study
aleo analyzes the use of diluted ammonia that can offer
interesting prospective due to its easy handling, fewer risks of
toxic compounds release, improved fire safety and even wider
distribution.

Methodology

The study is based on the experimental results on a short
stack directly fed by pure and diluted ammonis. Such results
were used in a thermodynamic model simulating a system
designed to operate with NHa. The following paragraphs
describe the experimental and moedeling methodologies.

Experimental tests

The experimental tests were developed on a shon stack sup-
plied by Forschungszentrum Jillich based on 4 single Anode
Supported Cells (ASC) planar cells. Stack details are reported
in Table 2. The stack and the test rig used were already
described in previous studies (30 33]. The stack was equipped
with voltage sensors for each cell and two thermocouples
were placed close to the anode (T1) and cathode inlet (T2).

Table 1 - Physical and energy properties of different fuels [5].
Fuel Storage Molar mass ﬁem.h;ly Gravimetric energy Volumetric
T—"'""""“[.q P bar] [g/mol] [leg/mov density [M)/kg] energy density
[GH/m]

Liquid ammonia (NH,) | 20 10 17.03 51033 1265 11.38
Gaseous hydrogen (Hy) X 250 2015 17,86 120.21 215
Mathanol (CH,OH) 0 1 22.04 79095 19.7 15.58
Natural Gag {CHy) 0 250 16.04 195.36 50 9.77
Gasoline (CaHas) 2 1 11473 70231 436 30.62
Diluted emmonia X = 0.4 (NHy) 20 1 870,55 7.22 5,25
Diluted ammonia X = 0.3 (NH) 0 1 B34.41 537 4.80
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The experimental activity focused on measuring polari-
Zation curves. Such tests were performed varying the cur-
rent at constant steps of 25 mA/em®. Each current condition
was kept for two minutes and the lowest voltage was set at
0.6 V. Voltage and temperatures were calculated as mean
values during each step. Inlet gas compositon and furnace
temperature were kept constant during the polarization
curve.

The test campaign was developed in three phases. The first
phase focused on the comparison between the stack operating
with three compositions: pure hydrogen, simulated craked
ammaonia (H/Ns), and pure NH;. Hydrogen flow rate was set at
60 St'h for pure H,, simulated craked mixture was obrained
with 60 5tl/h of H; and 20 Stl'h of N;, and, finally, ammonia
flow rate was calculated considering the complete cracking of
ammonia via the reaction:

NH] = -;Hg + %Nz {1}

Table 3 reports gas flow rates used in the first phase of the
experimental tests, The results are three gas flows that have
the same amount of hydrogen, considering also ammonia
complete decomposition.

Each compositon was tested at three different fumace
temperature: 700, 750 and 800 "C. For all tests air flow was kept
constant at 400 Stl/'h.

A second phace aimed at quantifying the therma) effect of
ammeonia intreduction. With such objective, air veariation
study was performed. To evaluate the contribution of the
ammonia cracking reaction to the temperature equilibrium,
the test was performed with pure H varying the air flow rate,
In detail, the air flow rate was varied at Open Circuit Voltage
(0CV) conditions and reduced down to 50% of its nominal
value (400 5tl/h). OCV condition was chosen to isolate the ef-
fect of the chemical reacdon from the thermal contribution
coming from the polarization losses. Furnace temperature
was kept constant at 800 *C.

In the third phase, the experimental tests were designed to
evaluate the performance of diluted ammonia. A mix of water
and ammonia was used to feed the stack with two concen-
trations, namely 0.3 and 0.4 M ratio of NHy/H;0. Used flows are
reported in Table 4. Air flow was kept constant at nominal
400 5tl/h. The tests were performed st 750 °C.

k characteristics,

Anode substrate NVEYSZ cormet 1500 um
Anode functional layer NVBYSZ cermet 7-10 im
Electrolyte BYSZ B-10 gm

Cathode functiona! layer LSM/EYSZ 10-15 pm
Cathode current collector L5M 60—70 um

Stack design F-design
Interconnect/cell frame Crofer22aP1

Anode contact layer :

Cathode contact layer

Sealing

Number of calls

Size of cells

Active area per cell
Total active area

Table 3 - Gas compositions tested in Rrst|

Hp [5t1/h] Na [Stl/h)
Hy &0 0 0
HaNy &0 ey &
NHy (1] 0 40

Model

To perform a study at system level, a O-dimensional thermo-
dynamic model was developed. The model uses the FluidProp
Library for thermodynamic parameters. The model was
developed with the main scope of evaluating energy equilib-
rium and, at system level, the effect of ammonia on cathode
inlet flow. The system schematic is shown in Fig. 1, The SOFC
stack model is based on experimantal results. Equilibrium is
calculated by varying air inlet flow rate in order to have a stack
exhaust gas ternperature 100 "C higher than the inlet one. Inlet
gas temperature is set at 700 °C for both anode and cathode, in
order to have a stack average operating temperature of 750 °C
and outlet temperature of 800 *C. Electrochemical character-
istic were derived from experimental values as described in
the following paragraph. The model calculates the current
density from fuel inlet flow rate and fuel utiization (U3 using
Equation (2):

Uy *F*n*

J=d e @
where F is the Faraday constant, Ny is the molar fuel gas
flow, A the cell area, ny the number of cells and n the mole of
elactron availsble for each mole of inlet fuel {for hydrogen
nw= 2}

Both cathode air and anode fuel are heated up to the stack
temperature recovering the heat available in SOFC exhaust,
Inlet flows underge a two stage heating. High termnperature
heat exchangers, HE-2 (anode) and HE-3 (cathode) in Fig 1, are
heated up by recovering the exhaust heat from the cell. This is
always possible because SOFC outlet tempersture is higher
than the inlet one and the total mass flow compesition {from
cathode to anode) does not compensate the temperature in-
crease. Design conditions of high temperature heat exchanger
are gat by an outlet exhaust temperature of 330°C. Products of
combustion are used in a low temperature heat exchanger to
heat up cathode air (HE-4) and fuel (HE-1) from ambient con-
ditions. Whenever diluted ammonia wag added to the fuel, the
first heat exchanper (HE-1) also acts as evaporator. The
afterburner (AB) was designed with the assumption of a
complete combustion of inlet fuel. According to literature (34,
the afterburners operate with an inlet temperature of 330 °C
and a maximum outlet temperature of 900 °C. Stack's thermal
losses were modeled as 10% of the electrical power. The model
calculates the energy balance of the stack, of the afver burner

Gas compositions used during the third phase
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maximum voltage differences between the same tem perature
curves in the order of 0.1-2%. Such results shows how
ammonia can perfectly feed a SOFC stack as expected from
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Fig. 2 — Polarization curves {a} and OCV (b} relative to the first phase.

and of the heat exchangers. A total pressure loss of 100 mbar
was assumed in the cathode gas line and 90% heatexchangers
efficlency was considered for all devices. In order to evaluate
the overall system efficiency, alr blower was assumed to
operate with an isentropic efficiency of 0.8,

Results and discussion

Polarization curves and OCV wvalues of the fArst phase are
shown in Fig, 2. In such phase, nine curves were measurad (3
compositions for 3 temperatures). The polarizaton curves
show that stack performance is almost unchenged with the
three tested compositions, even when the reduction of tem-
perature causes an expected fall of performance. A more
detailed investigatdon {reported in Tahble 5) shows the

gingle cells studies. In addition a study of OCV values was
performed (Fig. 2 — b). All compositions featured an increase
of OCV values at lower temperatures. This phenomenon was
already discussed at celfl level and is here confirmed in the
stack. Considering the OCV values at 750 and 700°C the Ny'H;
mixture shows higher values than pure hydrogen and at the
same level of ammonia. The dilution effect of nitrogen, that
seems In contrast with Nernst law, was already discussed in
many studies and has to be related to a positive effect due to
gas distribution and inlet gas speed. The equivalence of
ammonia and Ny/H,; mix is an additional indication of
ammonia decomposition in the stack.

Fig. 3 shows the average termnperature (between T1 and T2)
during the tests. As expected, the temperature of the
ammaonia mixture is always lower due to the effect of endo-
thermal cracking reaction. Such temperature difference is
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Fig. 3 — Avernge temperature variation during polarization curves at 700 “C (a), 750 *C (b} and 800 “C (c).
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Fig. 5 — OCV test with different air flow rate at 800 "C.

relatively constant at different temperatures and at all current
values and is in the range of 3 °C.

Fig. 4 shews the values of T1 and T2 for the 750 °C polari-
zations. The cathode temperature (T2} does not change be-
tween tests due to the constant value of air inlet. T1, close to
mnode inlet, is the one that in NH, case brings the cooling
contribution to the stack obtaining two effects: the average
temperature of the stack iz lower compared to the other
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Fig. 6 — Test results with diluted ammonia at 750 *C.
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Fig. 7 — Temperature variation in the stack during diluted
tests.

compositions and also the difference between T1 and T2 is
reduced, Both those effects have to be considered as positive
for the thermal stability of the stack and the reduction of
thermal stresses. Similar curves were obtained at 700 and
850 °C.

The results of the first phase confirms main results slready
obtained at single cell level [21]; the use of ammonia does not
reduce SOFC performances and a two stage reaction can be
predicted with & preliminery ammonia cacking and a
consequent elecorochemical reaction of hydrogen. In additon,
the analysis of the temperature shows a cooling effect in the
stack related to decomposition reaction.

In order to better evaluate the effect of cracking reaction on
the equilibrium, the second phase of experimental activity
investigates the equilibrium tempernture when varying the
air flow, The alm of these tests is to quantify, with experi-
mental measurements, the reduction of air flow rate that can
be obtained when using ammonia. Fig. 5 shows the stack
average temperature at OCV with Hy, when varying the inlet
air flow rate. Air flow is plotted as the fraction of the nominal
value of 400 Sti/h. An almost linear behavior relates air flow
rate with the stack average temperature at OCV. The graph
reports also the temperature at OCV with NH, pure gas flow
rate and air flow rate of 0.50 of the nominal valus, That tem-
perature is the equivalent of Hy test with the air low rate of
0.73 of the nominal value. Thus, such remperature can be
obtained by Increasing the air fow rate or by changing
hydrogen with ammoniz. This test demonstrates that
ammonia operation requires a smaller air flow rate (0.5) than
the one necessary using hydrogen {0.72), Such reduction in the
air flow rate allows to increase the system efficiency due to a
reduced air compressor energy consumption.

M, —0.00503 4793
X=04. -(,00508 3833
X=03 =~{,00452 1746
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Finally the tests with diluted stnmonia (third phase) were
performed. As expected, the steam content strongly affects
OCV values and, consequently, the palarization curve, Steam
acts as an inert gas in the ancde, lowering hydrogen concen-
tration in the total flow. A reduction of 19% and 17%, with
respect 1o pure ammonia, was measured at OCV for ammonia/
water fractions of 0.3 and 0.4 respectively (Fiz. §). Those re-
ductions become 12% and 10% at 50 mAfcrm? (after activation
losses) and remain constant at higher currents. The steam
dilution also affects the temperature. Fig 7 shows T1 and T2
variations. In general, steam, being inert at the anode and
increasing total heat capacity, reduces temperature changes
caused by the increase of current density. In the ammonia-
water mixtures, both T1 and T2 are more stable with the in-
creace of current density. In addition, the anodic temperature
{T1) is smaller because of a larper mass flow rate and heat
capacity, compared to pure ammonia.

Experimental results were used to develop the theoretical
model The model was operated at 750 °C. Consequently, the
temperature boundary conditions for the model were 700 and
800 *C for gas inlet and outlet, respectively. The electro-
chemical model is based on the polarization results, and,
taking advantage of the reduced actvation losses of the
measured curves, typical of SOFCs, a linear regression was
performed for each polarization curve in the form V =m] + q.
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The fitted values of m and q are listed in Table 6. This
approach does not bring to the walidation of an electro-
chemical model but @ medel itself is derived from the
regression of experimentzl results.

To evaluate system performance the model was studied
varying two main paramezers; utilization of fuel and inlet fuel
fiow. For all simulations air inlet flow is calculated so to obtain
average stack temperature at design value (750 °C). Fuel ut-
lization was varied in the range Uy = 0.6, 0.7 and 0.8, while inlet
gas flow was vared considering inlet NHy quantity (pure
hydrogen or considering ammonia decomposition) in the
range 10-50 Stl'h with steps of 10 Stl/h. Main parameter
outputs of the study are electrical power, stack and system
effidency, inlet air flow and utilization of oxygen. Here below

Stack efficiency s = e a
Sjmeﬁthn:y e = ol ]
Utilization of axypen Uu‘:r.lm“;; {5

where Py is stack power, Py, is ancillaries power adsorp-
tion, LHVp is foel lower heating value and mg,q is fuel molar
flow. Additional threshelds introduced for the correct opera-
tion of the system are: minimum voltage value of 0.5 V (each

b

——System - uin 0.8
~=-Seack - uf=0.8

e

Fig. 9 ~ Model results of system efficlency of NH; and H.N. based model.
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cell} and maximum afterburner temperature of S00 *C.
Whenever such conditions were not respected, results were
not considered for the study.

Inlet fuels studied were Ha/N; mixture, pure NH; and diluted
WHs. The relation between hydrogen and ammonia flows isthe
same already presented in the experimental phase,

Mode! results operating with pure NH; and Hy/N; mixture
as a fuel are reported in Fig. fand Fig. 9. Fig, S reports results of
air study analysis while in Fig, % the efficiencies are reported.
Fig. & (a) depicts U,, values variation as function of inlet fuel
for the three Uy studied. Ammonia requires higher U, (less
air) compared to equivalent Hy/N; mixture, The increase of Uy
produces an increase of U, for both foels. The latter effect is
mainly related to the increase of efficiency (see Fig. 9) and
consequently a reduction of heat produced in form of
irreversibility.

The same results are differently reported in Fig. 8 (b}, where
afr flow is plotted as functon of stack power. Similar curves
are obtained for Hy/N; flows while, in the case of NH,, differ-
ences are evident varying Uy This peculiarity is related to the
fact that fuel flow and system power are not directly related.

Fig 9 (a) reports stack efficiencies as function of power,
Such curves show the typical behavior of SOFC, with an in-
crease of efficiency when power is rated. All curves related to
simulation using NHj as a fuel are higher than the equivalent
Ny/Hj. Such increase is close to 0.1 points for each Uy and does
not have significant variations with power. The increase of
performance was deeply commented in the experimental
part, used as input in the model, and a similar trend is re-
ported. In addition, the model permits to study additional ef-
fect at system level due to air flow reduction. In particular,
Fig. 9 (b} reports the increase of efficiency, in terms of per-
centage, obtained with NH; compared to the equivalent mix,
The two curves reported are both for the case Uy = 0.8 and
differ for using in calculations system or stack efficiency. The
graph shows how the main contribution (15%) comes from the
increase of stack efficiency while an additional contribution
{3-5%) comes from system level.

0.7

03
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0 20 40 60 BO
Power [W]

The model was also operated with diluted ammonia with
concentration of 0.3 and 0.4. Results of stack efficiency cal-
culations with the ammonis/water mixture areé depicted in
Fig- 10

The operational range of power output is smalier due to the
reduced performance and to the large amount of steam
entering the after burner, with consequent increase of exhaust
temperature. The difference between the two diluted compo-
sitions is minimal. As expected, higher concenrations allow
to achieve higher values. Despite reduced performance, sys-
tem reaches values higher than 50% at utilization of fuel 0.8,

Conclusion

The study succeeded on evaluating, both experimentally and
thearetically, the advantage of operating a SOFC system with
ammonia. Because of cathode air flow rate reduction, caused
by the different heat balance due to internal ammonia
cracking, the efficiency increases up to 22% when the system
is fed with ammonia compared with a gaseous mixture with
the same amount of hydrogen and nitrogen. In addition, the
operation of SOFC with diluted ammonia was assessed and
the efficiency was found to be as high as 50%. Such result is
extremely interesting considering that diluted ammeonia is not
toxic, not flammable and can be easily handled. The authors
imagine that a potential application of this latter situation
could be in the field of suxilisry power units (APU), which
could be easily fueled producing electricity with high effi-
ciency and zero emissions.
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1999, Dottore di Ricerca in Ingegneria Geotecnica
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2004, Vincitrice di concorso ad un posto di Ricercatore Universitario (Settore ICARO7,
Geotecnica), Universita di Perugia.

2005. Presa di servizio come Ricercatore Universitario in Ingegneria Geotecnica, Universita di
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2014. Conseguimento in data 07/02/2014 dell'abilitazione nazionale alla seconda fascia di
docenza (Professore Associato) nel settore 08/B1 [Geotecnica, ICAR/07).

Autrice di n. 91 pubblicazioni scientifiche (v. Elenco pubblicazioni pili significative)
comprendenti articoli su Rivista nazionale e internazionale, articoli pubblicati su Atti di
Convegni, Workshop, Conferenze, in ambito nazionale ed internazionale, monografie, cosi
suddivisi:

Riviste; 22

Abstract in Rivista: 1

Contributo in volume (Capitolo o Saggio): 6

Contributi in Atti di Convegno: 57

Monografie: 3

Traduzioni: 1

Curatele: 1

icatori bibliometrici (da ba
numero documenti indicizzati: 28
numero citazioni: 141

h-index: 6

Attivita di Ricerca

Diversi sono i temi di ricerca affrontati dalla scrivente e documentati da pubblicazioni
scientifiche. In particolare, risultano di particolare rilievo i seguenti temi:

a) Comportamento meccanico delle pozzolane del sottosuolo di Roma: prove meccaniche di
laboratorio, caratteristiche di compressibilita, rigidezza, resistenza a taglio.

b) Processi di destrutturazione di terreni “cementati” nei problemi di stabilitd dei versanti e
del fronti di scavo, in relazione alle caratteristiche micro-e macro strutturali dei depositi
piroclastici.

c¢) Fenomeni di rottura dei grani e valutazione quantitativa degli effetti di "crushing” sulla
resistenza al taglio. Formulazione di un modello costitutivo per terreni granulari con grani
frantumabili.

d) Caratteristiche di rigidezza a deformazioni molto piccole di terreni piroclastici.

e) Comportamento meccanico e proprieta idrauliche di terreni granulari in condizioni di
parziale saturazione.

f) Comportamento delle strutture di sostegno in condizioni statiche e sismiche. Sviluppo di
metodi di calcolo agli spostamenti nella progettazione e nella valutazione dells




vulnerabilitd sismica di opere geotecniche in condizioni sismiche. Definizione degli
spostamenti accettabili in funzione delle prestazioni richieste e dei livelli di deformazione
critici, individuazione dei meccanismi di collasso, valutazione delle capacita dissipative dei
sistemi terreno/struttura per diverse tipologie di strutture di sostegno;

g) Indagine sperimentale finalizzata alla valutazione del comportamento meccanico e
idraulico di terreni e rocce tenere piroclastiche dell'ltalia Centrale e Meridionale, Prove
meccaniche di laboratorio (convenzionali e non) e analisi microstrutturali.

h) Stabilizzazione a calce di terreni piroclastici dell’ltalia Centrale, Sperimentazione in
laboratorio secondo un approccio multi-scala; idoneita dei terreni, proprieta di ritenzione,
parametri di trattamento. Evoluzione chimico-fisica dei processi indotti dall'addizione della
calce. Effetti della stabilizzazione sulle caratteristiche di compressibiliti, resistenza al
taglio. (Attivita sperimentale condotta presso il Laboratorio di Geotecnica del Polo di
Ingegneria ed il Laboratorio di Scienze della Terra di UNIPG, il Laboratorio di Geotecnica
dell'Universita di Cassino ed i Laboratori dell'Institut des Materiaux IMN di Nantes. Tale
attivitd di ricerca ha costituito I'oggetto di un progetto di ricerca di base, per cui la
sottoscritta ha conseguito un premio, Ricerca di base 2014);

i} Analisi degli effetti meccanici ed idraulici, indotti dall'inerbimento con radici profonde,
sulle condizioni di equilibrio e di sicurezza di versanti, limitatamente a fenomeni di
instabilita superficiale.

i) Fondazioni superficiali in condizioni statiche e sismiche.

k) Analisi non dimensionale nella valutazione delle condizioni di stabilita di versanti in roccia
in condizioni sismiche.

-Vincitrice di uno dei tre premi di ricerca previsti dal Bando "Procedura Comparativa D.D. n.
20/2015" per |'Assegnazione quota dipartimentale fonde ricerca di base di Ateneo 2014,
Universita di Perugia. Titolo del progetto: “L'impiego di terreni piroclastici nella
stabilizzazione a calce”, Responsabile del progetto: Manuela Cecconi.

-Partecipazione, in qualitd di Partecipante al Programma di Ricerca, al Progetto PRIN 2008
(finanziato) “Tecniche di miglioramento dei terreni basate sull'impiego di calce e cemento”.
-Progetto Giovani Ricercatori 2000.

Partecipazione a Progetti di Ricerca

2014, 2015: Progetto ReLUIS 3 (ReLUIS 3- DPC 2014), "Strutture in muratura, wpl - qualita
muraria, proprieta meccaniche delle murature, indagini diagnostiche”

2011-2013, Studio e attivita di consulenza sugli “Effetti delle tecniche di inerbimento con
impianto di radici Prati Armati nella protezione da fenomeni di erosione”.

2010-2013: Progetto ReLUIS 2 (ReLUIS 2- DPC 2009-2012). “Sviluppo di approcci agli
spostamenti per la valutazione della vulnerabilita”, Linea 2, Task 8.

2008-2011: Convenzione di ricerca con EUCENTRE 2008-2011 sul "Rischio sismico di dighe in
terra”.

2005-2008: Progetto ReLUIS 1 (RELUIS-DPC 2005-2008). Linea di ricerca n. 4 "Sviluppo di
approccl agli spostamenti per il progetto e la valutazione della vulnerabilita®, Unita di Ricerca
n. 12, Strutture di Sostegno.

1999-2001, 2008. Partecipazione ai Progetti PRIN, in qualita di Partecipante al Programma di
Ricerca,




- Lezione ad invito “Prove in situ, Programmazione, Esecuzione, Interpretazione e Scopi”
(2016) nell'ambito del Corso di Formazione organizzato dall’Alta Scuola - Le indagini
geognostiche programmazione, esecuzione, interpretazione e scopi - Fermo, 27 - 28 ottobre
2016.

-Organizzatrice (membro del Comitato Organizzatore] e Curatore degli Atti del Convegno
Internazionale Workshop on Volcanic Rocks and Soils, Ischia (2015).

-Corso di Formazione professionale “"La Progettazione Geotecnica secondo le attuali
normative”. Fondazione Ordine degli Ingegneri di Perugia (2015).

-Docente del Corso "Resistenza al taglio dei terreni granulari®, Universita degli Studi di
Messina, Progetto CERISI, Centro di Eccellenza Ricerca e Innovazione Strutture e
Infrastrutture di grandi dimensioni” (2014).

-Relazione ad invito "Proprieta geotecniche di terreni stabilizzati®, nell’ambito del Convegno
ALIG-AG] sulla Stabilizzazione a calce del terreni, Napoli (2012).

-Docente nell’ambito del programma di formazione permanente 2010/2011, Politecnico di
Milano, "Progetto di opere di sostegno in condizioni statiche e sismiche alla luce della
normativa”, Milano (2011).

-Relazione ad invito: “L'inerbimento superficiale di pendii: un semplice modello di calcolo per
la valutazione della sicurezza”, Giornata di Studio: “Erosione e la messa in sicurezza delle
discariche a pendio”, Politecnico di Torino (2010).

-Docente del Corso sulle Nuove Norme Tecniche per le Costruzioni organizzato dall'Ordine
degli Ingegneri della Provincia di Perugia. “Progettc di strutture di sostegno in condizioni
statiche e sismiche” (2009).

-Organizzatrice della || Giornata di studio sulla Meccanica dei terreni non saturi, Universita
degli Studi di Perugia (2007).

Revisore per le seguenti Riviste Internazionali

Acta Geotechnica

Bulletin of Engineering Geology and the Environment
Bulletin of Earthquake Engineering

Ecological Engineering

Engineering Structures

Environmental Geotechnics

Environmental Science and Pollution Research
Géotechnique Letters

Geotechnical and Geological Engineering

Rock Mechanics and Rock Engineering
Geotechnical Testing Journal (ASTM)

Soil & Foundations.

Soil Dynamics and Earthquake Engineering.

Attivita didattica istituzionale

Dal 2003 al 2014, docenza in affidamento dei seguenti insegnamenti:
-Geotecnica per la Gestione del Territorio e

-Scavi e Strutture di Sostegno %



-Rischio Sismico

-Opere geotecniche in zona sismica,

erogati nel Corso di Laurea in Ingegneria Gestionale (A.A. 2003-2004, Polo Scientifico e
Didattico di Terni dell'Universita di Perugia) e nei Corsi di Laurea Specialistica in Ingegneria
Civile e Ingegneria per ['Ambiente e il Territorio, Facolta di Ingegneria, Universita di Perugia
(a partire dall'anno accademico 2005-2006).

A A 2014-2015. Docenza in affidamento dei seguenti insegnamenti:

-Opere geotecniche in zona sismica (5cfu)

-Geotecnica Applicata alle Opere di Ingegneria (6 cfu),

erogati nel Corso di Laurea Specialistica in Ingegneria per I'Ambiente e il Territorio
(Dipartimento di Ingegneria Clvile ed Ambientale, Universita di Perugia) e nel Corso di Laurea
Specialistica in Scienze e Tecnologle Geologiche (Dipartimento di Fisica e Geologia, Universita

di Perugia).

A.A. 2015-2016. Docenza in affidamento del seguente insegnamento:

-Opere geotecniche in zona sismica (5cfu)

erogato nel Corso di Laurea Specialistica in Ingegneria per I'Ambiente e il Territorio
(Dipartimento di Ingegneria Civile ed Ambientale, Universita di Perugia)

A.A.2016-2017, Docenza in affidamento dei seguenti insegnamenti:

-Opere geotecniche in zona sismica (5cfu)

-Geotecnica Applicata alle Opere di Ingegneria (6 cfu),

erogati nel Corso di Laurea Specialistica in Ingegneria per I'Ambiente e il Territorio
(Dipartimento di Ingegneria Civile ed Ambientale, Universita di Perugia) e nel Corso di Laurea
Specialistica in Scienze e Tecnologie Geologiche (Dipartimento di Fisica e Geologia, Universita
di Perugia).

Master di Specializzazione (Il livello)

A.A.2000-2001, 2001-2002:;

Docente di Master di specializzazione Stabilizzazione e Conservazione dei Centri storici in
territori instabili (Alta Scuola), Centro Studi di Orvieto. Insegnamento: Complementi di
Meccanica delle Terre.

A.A. 2003-2004, 2005-2006, 2007-2008, 2009-2010, 2011-2012:

Docente di Master di 11 livello: Miglioramento sismico, restauro e consolidamento del costruito
storico e monumentale, Universita di Perugia. Insegnamento Fondazioni (40 ore).

AA 2011-2012,2013-2014:

Docente di Master di Il livello: Miglioramento sismico, restauro e consolidamento del costruito
storico monumentale”, Edizione Inter-Ateneo Universitd di Perugia, L'Aquila, Insegnamento
Fondazioni (20 ore)"

AA 2014-2015:

Docente di Master di Il livello Miglioramento sismico, restauro e consolidamento del costruito
storico e monumentale”, Universita di Perugia, L'Aquila e Ferrara: Insegnamento Fondazioni
(20 ore).

AA. 2015-2016;

Docente di Master di 1l livello "Miglioramento sismico, restauro e consolidamento del
costruito storico e monumentale”, Universita di Ferrara. Insegnamento del modulo di “"Opere
Geotecniche” (12 ore).




Docente di Master di | livello in: Ingegneria della Sicurezza ed analisi dei rischi in ambito
industriale, Universita di Perugia. Insegnamento del modulo di “Sicurezza dei fronti di scavo e
delle Cave"” (Bore).

Relatrice e Correlatrice di una sessantina di Tesi di Laurea (Corsi di Laurea: Ing. Civile e Ing.
per I'Ambiente ed il Territorio). Correlatrice di n.4 Tesi di Dottorato.

Ad oggi, la sottoscritta & stata Relatrice e Correlatrice di una sessantina di Tesi di Laurea
(Corsi di Laurea: Ing. Civile, Ing. per I'Ambiente ed il Territorio, Scienze e Tecnologie
Geologiche) e Correlatrice di n.4 Tesi di Dottorato. Negli ultimi dieci anni accademici, la
sottoscritta ha fornito con continuiti assistenza agli esami e spiegazioni agli Studenti, secondo
I'orario di ricevimento previsto all'inizio di ogni A.A., nell’'ambito dei Corsi di:

» Geotecnica (Corso di Laurea: Ingegneria Civile - Laurea triennale).

» Opere Geotecniche in zona sismica (Corso di Laurea Magistrale: Ingegneria per I'Ambiente
e il Territorio).

» Geotecnica Applicata alle Opere di Ingegneria Corso di Laurea Magistrale in Scienze e
Tecnologie Geologiche”

Perugia, giugno 2017
In fede,

Manuela Cecconi

Masuselol e rnous
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Allegato XX - punto n.19
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dellordine de) Gioras N, .
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Elenco titoli attestanti i requisiti del candidato Doft. Luca Landi, la numerazione &
rispondente a quella della delibera

1]‘

Attivita didattica

a)Didattica ufficiale presso atenel ltaliani e stranieri

Primo A.A. incui | Numero | Titolarita Fraz. Nome del corso CFU
ha tenuto il corso | A.A. 1=si corso totali
COrso
0 = did.
integrativa
Principl e Metodologie della Progettazione
Meccanica, Diploma Universitario in Tecnico
Ortopedico dell’Universita degli Studi di Firenze
A.A, 1998/19499 1 0 0,5 |tenuto dalprof. Andrea Corvi. 2
AA, 1999/2000 2 i i 2
studi di Perugia, corso in laurea di Ingegneris
AA. 200172002 1 0 0,2 | Meccanica tenuto dal prof. C. Braccesi 10
Qualith nella progettazione e costruzione di
macchine (N.O., 3° anno triennale) del corso in
laurea di Ingegneria Meccanica dell"Universita di
AA. 2002/2003 6 1 3 |Penvel 3
Costruzione di macchine | (V.0.), mutuato anche
3l corsl del N.O., Universita degli studi di Perugia,
corso in laurea di Ingegneria Meccanica tenuto
A.A, 20022003 i 0 0,48 | dal prof. Claudio Braccesi 12
Elementi di progettazione meccanica (trlennale
N.0.), Costruzione di macchine (triennale N.O.),
Progettazione e costruzione di macchine |
(specialistica N.D.), Universitd degll studi di
ALA. 2003/2004 1 1] 0,25 | Perugia, corsi tenuti dal prof. Claudio Braccesi 24
Metodi numerici per la progettazione meccanica,
del corso di laurea specialistica In Ingegneria
Meccanica dell’Universita degll Studi di Perugia
AA. 200472005 1 1 1 (1® anno laurea specialistica). 2
Progetto e costruzione di macchine 1| (N.O., 1°
anno specialistica), del corso di |aurea
specialistica in Ingegneria Meccanica
A.A. 2004/2005 4 1 1 | def'Universita degli Studi di Perugia ; 5
Element! di progettazione meccanica (triennale
N.0.), Universita degli studl di Perugla, corso
AA. 2004/2005 4 1] 0,45 | tenuto dal prof. C. Braccesi 6
Costnzione di  macchine [triennale N.D.J,
Universith degll studi di Perugla, corso tenuto dal
AA. 2004/2005 4 1] 0,45 6
2005/2006 | 1 1 1 |(agentinal 3




Primo A.A.incui | Numero Titolaritd | Fraz. Nome del corso CFU

ha tenuta il AA. 1=sl corso totali
corso corso
0 =did.
integrativa

Abilitd informatiche per la progettazions
meccarica, del corso di laurea di Ingegneria
Meccanica dell'Universith deghl Studl di Perugia
A.A. 2005/2006 3 1 1 | (3" anno laurea di base) 2

Progetto e costruzione di macchine, modulo B
(1* anno specialistica), del corso di laurea
specialistica  In Ingegneria Meccanica
ALA. 20082009 Fino ad o&l 1 1 dell'Unhversita degli Studi di Perugla ; 5
Qualitd® aspetti  misuristici progettuali
costruttivi, Modulo A, oqualitdh nella
progettazione e costruzione di macchine (3"
anno triennale) laurea di Ingegneria Meccanica 7
AA, 2008/200% 4 1 0,57 | delf'Universita degli Studi di Perugia (4)
Costruzione di macchine (triennale corso
annuale), Universitd degli studi di Perugla, corso
ALA. 2008/2008 5 0 0,45 | tenuto dal prof. C. Bracces! 12

A.A. 2012/2013 | Fino ad oggi 1 1 Attivith progettual| (mod.B)

Progettazione dei Sistemi Industriali (mod.B
complement! di costruzioni di macchine) -
Laurea Specialistica in Ingegneria Industriale-
Universitd degll studl dl Perugla, sede
AA. 20013/2014 | Fino ad oggi 1 1 distaccata di Terni g

b)Partecipazione agli esami di profitto ed alla preparazione delle prove progettuali finali per Ia laurea in
ingegneria triennale del Dipartimento di Ingegneria. Svolgimento a cicli di esercitazioni e di attivita di
supporto alla didattica nello stesso 55D.

Sin dall'anno accademico 2001/2002 il candidato ha partecipato costantemente alla redazione
degli scritti dell'esame di Costruzione di Macchine della |aurea triennale di ing. Meccanica sede
di Perugla ed ha fatto parte delle commissioni esaminatrici agli esami di profitto in tutti gli
insegnamenti ricompresi nel settore scientifico-disciplinare ING/IND 14. Ha prima coadiuvato e
poi avuto come titolarita il corso si attivitd progettuall come da allegato al punto a) durante il
quale viene prevista anche la stesura e revisione delle prove finall propedeutiche alla laurea
triennale di ingegneria meccanica sede di Perugia. Le ore di didattica integrativa ufficiali sono
comprese nel precedente punto a).

c) attivita di guida nella preparazione di tesi di laurea {come relatore o correlatore negli ultimi 10 anni);

Negll ultimi 10 annl lo scrivente & stato co-relatore o relatore di 21 tes| di laurea presso | corsi
di laurea magistrale in ingegneria meccanica sede di Perugia o laurea magistrale in ingegneria
industriale presso il polo di Terni.




d) attivita di docenza in Master accademici in corsi $SD ING-IND/14 e eventuale attivita didattica presso
altri atenei (italiani o stranieri) rappresentera un titolo di preferenza.

Nell' A.A 2015/2016 Il candidato & stato docente incaricato del Modulo sicurezza delle
Macchine, Master I livello Ingegneria della Sicurezza in ambito Industriale (5 CFU), erogato In
quell’anno per la prima volta dal Dipartimento di Ingegneria dell’ Universita di Perugia.

I corsi tenuti In passato presso I'Universita degli studl di Firenze e Mar Del Plata (Argentina)
sono ricompresi al punto a).

2.  Attivita scientifica

a) una significativa produzione scientifica, continuativa negli ultimi 10 anni, attestata dalla presenza su
database riconoscluti dalla ASN e da congressi nazionall rilevanti per il 55D e dalla pubblicazione di
almeno un lavoro su rivista di eccellente collocazione secondo I'ultima rilevazione VQR.

Negli ultimi 10 anni (dal 2007) il candidato ha prodotto 34 lavori su riviste internazionali, nazionali efo
presentate personalmente quando relative a congressi internazionali o nazionali {di rilevanza per il 55D
ING-IND 14).

11 di esse sono rintracciabili su database riconosciuti ed ulteriori 2 relative al 2016 sono in via di
pubblicazione su detti database.

Nella ultima valutazione della qualita della didattica una delle due pubblicazioni presentate era su rivista di
eccellente collocazione editoriale.

b)partecipazione a comitati tecnici e gruppi di ricerca nazionali ed internazionali relativi alla normazione
tecnica ed allo sviluppo normativo,

* nominato membro della Commissione Tecnica Macchine Utensili UNI CT024, dal 12-2015,

= membro esperto [taliano per il comitato tecnico 1SO/TC39/SC10/WG12 — "Environmental
evaluation of machine tools" ed inoltre nominato Membro Gruppo di Lavoro 2 "Valutazione
ambientale delle macchine utensili” della Commissione Macchine Utensili UNI CT24, dal 3 2015,

* gletto membro del consiglio di presidenza della STANIMUC, S5TANdard per
Findustria Manifatturiera Utilizzatori e Costruttori, & una Associazione a carattere tecnico, senza
fine di lucro, che opera nellambito delle attivitd pre-normative e normative nel settore
dell'utilizzazione e costruzione delle macchine utensili, dei sistemi di produzione e dei relativi
componenti destinati a fabbricare, assemblare, manipolare e misurare prodotti e manufatti, dal 7 -
2013,

* membro esperto Italiano per il comitato tecnico ISO/TC39/5C10/WG3 ~ “Turning Machines”, ed
nello stesso tempoe nominato quale Membro Gruppo di Lavoro 3 “Sicurezza delle macchine utensili
per asportazione” della Commissione Macchine Utensili UNI CTO24,dall’ 11-2011,

* membro esperto Italiano per il comitato tecnico ISO/TC39/5C10/WG4 ~ “Machining centres”,
dall'i1-2011.




c) partecipazione scientifica a progetti di ricerca, ammessi al finanziamento sulla base di bandi
competitivi che prevedano la revisione tra pari negli ultimi 5 anni,

Il candidato negli ultimi 5 anni & stato coordinatore scientifico delle seguenti ricerche ammesse al
finanziamento sulla base di bandi competitivi:

* "Progettazione prototipale di sistemi innovativi di carico e scarico” bando UNICO POR CREO 2008
regione toscana linea di finanziamento 1.3.b - dal 30/4/2012.

= “Implementazione del processo di programmazione della produzione e delle soluzioni gestionali
per mezzo dei sistemi NTS BUSINESS" bando UNICO POR CREO Regione Toscana linea di
finanziamente 2.3.b - dal 30/5/2013

» “Attivitd di progettazione di sistemi di automazione per lavorazioni non presidiate” finanziato
tramite POR FESR 2014-2020 regione Toscana, con conclusione il 30-9-2017.

d) conseguimento di premi e riconoscimenti nazionali e internazionali per attivita di ricerca.

« Premi UCIMU per gli anni2010, 2012, 2013, 2014 e 2016 (associazione Italiana dei Costruttori di
Macchine Utensili) per il suo supporto dato alla formazione della conoscenza delle tecnologie
connesse a machine utensili, robot ed automatione.

e) partecipazione in qualita di relatore a congressi e convegnl nazionali e internazionali, |a partecipazione
come relatore invitato anche a convegni organizzati durante attivita fieristiche nazionali ed internazionali
rappresentera titolo di preferenza.

* Ha presentato personalmente i propri lavori pubblicati a congressi nazionali ed internazionali,

e Ha partecipato come relatore invitato a convegni, giornate di studio di rilevanza nazionale guali
Lamiera - fiera di Bologna e Milano (2 voite, di cui 1 voita in rappresentanza del SSD ING/IND 14),
Bi.Mu. Fiera di Milano (ripetutamente dal 2011 anche per il suo ruolo nel CTO24 dell'UNI),
presentazione del 8° rapporto nazionale sugli infortuni del lavoro, invito da parte del DIT di INAIL,
dicembre 2015.
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