Process Design for Supercritical Water Gasification

Daniele Castello, Michele Valbusa, Luca Fiori*
Department of Civil and Environmental Engineeribgjversity of Trento, via Mesiano, 77,
38123 Trento (Italy)

* luca.fiori@ing.unitn.it; Tel: +39 0461 282692;a+39 0461 282672

In this paper the layout of pilot plant (100 kgfAoy the supercritical water gasification
(SCWG) of biomass is proposed. The proposed layaatlves a reactor, units to separate
water and hydrogen, a burner and several heat egea This scheme was also simulated by
means of the commercial software Aspen Plgaspen Tech, Inc.) in order to state the
influence of different parameters such as biomasxentration in the feed and biomass
typology (glycerol and grape marc). Results shoat BCWG process can be energetically
self-sustained if minimum feeding concentrationsl5f20% are adopted. The possibility to
separate hydrogen and feed it to a fuel cell wadyaad and the electric power production
was calculated. The problem of heat recovery arad tissipation was also analyzed and an
evaporative cooling tower was proposed as the smstomical solution.

1. INTRODUCTION

In recent years, energy exploitation of biomas&tes is gaining an increasing attention
for both environmental and economic reasons. Bisn@gonsidered as a renewable energy
source which can be beneficial for the global waigrissues. Unlike fossil fuels, the usage of
biomass is C@neutral, meaning that the amount of carbon dioxédeased by its processing
is the same amount the plant stored in its tisduesg its life, thus giving no net contribution
to the atmosphere. From the economic point of vieese types of residues normally have a
disposal cost. Their reuse as fuels can thus repres advantageous profit since they can
provide valuable products, such as hydrogen, witlexdremely low raw-material cost. In the
literature other articles can be found concernhrgyénergy valorization of these residues by
means of air or steam gasification [1].

In the present paper, a novel technology is examisepercritical water gasification
(SCWG). This process foresees the usage of supeativater as the gasifying agent, that is
water above its critical point (temperature andspoee above 375°C and 221 bar
respectively). Thanks to the unique properties afewat supercritical state, a rapid and tar-
free gasification can be achieved, yielding a pobdjas rich in hydrogen, methane, carbon
monoxide and carbon dioxide [2].

Supercritical water gasification seems to be ondhef most promising technology to
dispose of wet biomass. Other technologies for ggnaecovery from biomass (like
combustion and air gasification) normally need w féxedstock in order to be energetically
sustainable. Since SCWG is a hydrothermal proeekgh water content in the biomass does
not constitute a problem. It can be thus partidylardicated for the treatment of residual
biomass, such as agro-industrial wastes, sewadgesletc. [2].

Whilst some experimental work concerning superaitivater gasification has been done,
mathematical modeling of SCWG is a relatively les@stigated area. Most of the studies in
this field have focused on thermodynamic aspebtsugh the use of models to predict the



equilibrium products of the process [3-4]. Someeotworks have been devoted to the

derivation of a kinetic model [5]. However, all #& approaches are concentrated on the
description of the reaction itself, thus neglectalgthe aspects related to the engineering of
the whole SCWG process.

The only attempt to propose a possible processnsehe that of Fengt al. [6]. In their
article, the authors proposed a process schemdvingca SCWG reactor inside a furnace
powered with the gasification gases. Hydrogen wazaated by means of a membrane
separator and a single heat exchanger betweeroreadt and entrance was foreseen. This
scheme is very interesting as a concept, but itnwhsbeen fully developed for a possible
technical application.

In this work a comprehensive process layout for SEWf residual biomass is proposed.
The scheme was implemented by means of the comamheswitware Aspen Pl8s(Aspen
Tech, Inc.), which was used to perform the simafai Information about energy
sustainability and electric power production wadaoted. Two different feedstocks were
used for the analysis: glycerol and grape marc.

2. BIOMASS CHARACTERIZATION

The two materials which were chosen for this stay glycerol and grape marc. Glycerol
is a well-known compound. A few studies concernBQWG have been devoted to this
material, because it can be a useful model comptumaore complex biomass. On the other
hand, in the last few years glycerol is gainingirgreasing importance, since it is the most
abundant by-product of the biodiesel industry.

Grape marc is a residue of the enological industgt includes all the parts of the grape
which remains after wine-making. It consists of & mof grape stalks, skins and seeds in
different amounts.

Table 1 summarizes the most important propertigbaxfe two materials, based on the data
available in the database Phyllis, powered by EGN Comparing the marc molecular
formula (referring to a ‘pseudo-molecule’ of graparc) with that of glycerol, it is clear that
the two compounds are quite different. Their higlating values are different as well: marc is
more “energetic” than glycerol, with a HHV of 2IMJ/kg in comparison with the HHV of
18 MJ/kg for glycerol.

Another interesting issue is represented by the &€ O/C molar ratios in each molecule.
As it can be seen in Table 1, both ratios are Idaemarc with respect to glycerol, meaning
that the former has a higher relative carbon cdritean the latter. This suggests that a higher
hydrogen production can be expected for glycerol.

Table 1. Comparison between glycerol and grape marc. Raentfrom [7].

Glycerol Grape marc
Formula CsHgOs Cy.5H5.7602.0430.01N0 .15
HHV [MJ/kg] 18 21.8
H/C 2.67 1.26

o/C 1.0 0.44




3. MODEL AND SIMULATION

A first objective of this study was to design a gibke plant layout for the SCWG of
biomass. The goal is to correctly dimension a smidt plant with a throughput of 100 kg/h,
whose practical construction could be of interesfdirther research. Due to its “pilot” nature,
the process scheme should be as easy as possiblinether hand, the process must be
energetically worthy and its self-sustainabilityais important point.

Even though a single layout was conceived, in 8esti3.1 and 3.2 two “different”
schemes are presented, which only differ for thg wee reactor (area inside the dashed
rectangle) is modeled. This is only a fictitiouffelience, which is related to the different way
Aspen PIu8 treats real biomass (nonconventional stream). @bfect will be discussed in
Section 3.2.

3.1 Glycerol

In Figure 1 the process layout for the SCWG of gipt is presented. Analyses were
conducted with different biomass concentrationgh@ feed (5%, 10%, 15%, 20%, 25% -
%wt). Anyway, in the following description, the s with a 10% glycerol feed are
presented.
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Figure 1. Schematic flow sheet for glycerol SCWG plant.

The input of the plant is made up of two flows,aglyol (10 kg/h) and water (90 kg/h): the
total amount of them is 100 kg/h. Both fluxes arstandard conditions, i.e. 25°C and 1 bar.
After being mixed and pumped up to 300 bar, the flmdergoes a first heating up by a heat
exchanger. This block, HEATX-1, uses as hot stréaenexiting stream from the reactor
(SYNGAS).

The region delimited by the dashed rectangle isSSG&/G reactor. It was modeled as a
system made of a heat exchanger (HEATX-2) and atoedREACTOR) based on the
minimization of Gibbs free energy. This approachsvi@lowed because the real-life reactor
is thought as a single vessel or as a counterduitcem pipe-in-pipe where reaction and heat
exchange take place simultaneously. The stream BERHEH is heated up by means of an air
burner, which combusts the portion of the prodas which does not contain hydrogen (thus
a mixture of CH, CO and CQ). The burner can be also fed with auxiliary methan case



the gas produced by the SCWG process was not @patdupply the amount of energy
necessary to keep constant the reaction tempeir@itted at the value of 700°C).

The process is thus isobaric (300 bar) and isothei(®00°C). The thermal flux Q-
REACTOR, if negative, represents the value of epdhg reactor needs to be sustained.
Otherwise, if Q-REACTOR s positive, the reactigrself-sustainable, since it produces a net
guantity of thermal energy. The block REACTOR calftuglate, from an user defined list, the
chemical species which minimize the Gibbs free gyeior the given thermodynamic
conditions.

The resulting stream, exiting the dashed blocliSY&NGAS. It is first cooled in the heat
exchanger HEATX-1, where it serves as heating striga the incoming feed to the reactor.
This heat exchanger is designed in such a waytlleavapor fraction of the resulting stream
SYNGAS?2 is equal to 1. This choice was made in otdevoid possible complications and
damages to the equipments due to a two-phase flow.

Then, stream SYNGAS2 undergoes a cooling down &€ 60 order to separate water
(block SEPAR). In this unit it is possible to reeo\87.75 kg/h of water, meaning that the
water consumption due to the reaction amounts2at Rg/h. The most interesting concern of
this unit is represented by the thermal load (stré@SEPAR) which must be dissipated.
Since it is heat at a relative low temperature,r@gse in the process is quite difficult.
Moreover, the dissipation of this waste heat rezgiegnergy, as it is explained in Section 4.

After water separation, hydrogen is separated ftbm other product gases. This is
achieved by means of the palladium filter Hy3epodule type 108 (ECN [8]), which is
modeled by the block SEPAR2. This device is opdraea temperature of 300°C and a
pressure of 60 bar: thus, the stream must be hegiegheat exchanger HEAT-AIR) and
depressurized (lamination valve LAMINAL). The hagtup followed by the depressurization
step allows to avoid problems due to the Joule-Tgson effect, which causes (in this
specific case) the temperature to reduce with sipamsion of the gas, eventually causing the
freezing of the mixture.

After hydrogen separation, the resulting strearuiither expanded by a lamination valve
to 1 bar, in order to be fed to the air burner mesly described.
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Figure 2. Schematic flow sheet for grape marc.



3.2 Grape marc

The process scheme for the marc, shown in Figuie 2ery similar to that for glycerol
(Figure 1). The only relevant difference is repreed by the different way the reactor is
modeled. As it can be seen inside the dashed fweareactors are present instead of one.
This is due to the particular way Aspen Bliieats real biomass. When a pseudo-compound
is used, it is not allowed to feed it directly t6Gibbs reactor”. It is thus necessary to process
first the pseudo-compound in a devolatilizer, tisad reactor that breaks up the molecule in
its elementary components (Cp, (2, Np, S). These products can then be fed to the Gibbs
reactor which calculates the equilibrium compositibhe two reactors must be connected by
a heat stream (Q-IN).

In this case the range of possible gases is wideause of the presence in the biomass of
other components, as sulfur and nitrogen. The tiagujaseous species are thesOHCO,
CO,, N2, N2O, NO, NQ, SO, SG;, Hy and CH.

Unlike the case of glycerol, here the water habealeaned. During the devolatilization
process, in fact, the ash initially present in bi@mass is released. This ash fraction can be
separated from the rest of the gases, but pret@pita the water. In this paper water cleaning
Is not modeled: the water, exiting from the sepamnaprocess, is then reintegrated with the
fresh incoming water stream.

Table 2.Flow, temperature and pressure for each streangafd-2 (10% wt.).

Stream Flow Temperature  Pressure
[ka/h] [°C] [bar]

H20 90 25 1
MARC 10 25 1
MIXED 100 25 1
PUMPED 100 28.11 300
PREHEAT-1 100 275.91 300
PREHEAT-2 100 402.58 300
IN-REACT 100 700 300
SYNGAS 100 700 300
SYNGAS2 100 360 300
WATER 83.36 60 300
GAS-1 16.64 60 300
GAS-2 16.64 312.35 300
GAS-3 16.64 308.19 60
COMB+ 15.83 298.35 1
COMB-1 15.83 308.19 60
COMB-2 15.83 298.35 1
CH4 0 - -
H2STREAM  0.80 308.19 3
AIR (ER=1.2) 49.54 25 1
FLUE 65.38 1554.93 1
FLUEZ2 65.38 315 1
FLUE3 65.38 190 1




In Table 2 the values of flow, temperature and gues of each stream of the plant are
reported for the simulation with grape marc coneins in the feed equal to 10%. There
are some differences between the values of tharstrén the case of the glycerol and those of
the marc, depending on the different charactessifd¢he two chosen fuels.

4. ENERGY ANALYSIS

An interesting issue arising from process modelsgepresented by the analysis of the
energy requirements.

The two thermal streams, Q-SEPAR and Q-REACTORsgmetwo different kinds of
energy demand. The former results in a coolingestjisince the heat arising from separation
must be properly dissipated. The latter is therttaérflux arising from the energy balance in
the reactor. Two scenarios are then possible, digpgon whether Q-REACTOR represents
an energy demand or an energy production: seed-Byur

In the first scenario Q-REACTOR has a negative ealhat means the reactor needs to be
sustained by an external source of thermal enefFbis gap of energy can be covered by
supplying the stream “CH4” to the burner, whose njia is evaluated knowing “Q-
REACTOR” (LHV of methane is equal to 35.83 MJ/Rm

In the second scenario Q-REACTOR” is positive. Eheiill be thus a production of
thermal energy, meaning that the process is setiswable. According to our calculations,
process begins to be self-sustainable at abow2¥eof concentration of glycerol in the feed
stream and, for the case of marc, at around tH24d 7 see Figure 3.

In Tables 3 and 4 is also reported the electricggowhich can be produced by feeding
hydrogen to a molten carbonate fuel cell (MCFC}hvan average electric efficiengyof
0.45 [9]. The production of hydrogen as a functodhe biomass concentration in the feed is
shown in Figure 4.

Table 3Waste heat, methane consumption and electric ppreced for the case of

glycerol.

Cgly Q'SEPAR QCH4 I:)prod
[% wt.] [KW] INm®/h] [KW]
5 60.54 6.45 9.05
10 60.25 4.93 11.73
15 57.81 2.84 12.67
20 55.93 0.69 13.04
25 53.87 0.00 13.12

Table 4. Waste heat, methane consumption and electric ppweiuced for the case of marc.
Cmarc Q'SEPAR QCH4 I:)prod

[% wt.] [kW] [Nm¥h]  [kW]

5 59.64 6.20 10.10
10 57.30 3.98 12.03
15 54.71 1.42 12.45
175 52091 0.05 12.45

20 51.07 0.00 12.37
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Figure 3. Thermal flux “Q-REACTOR” as a function of biomassncentration in the feed
(from simulations where no GHs supplied to the burner).

In Tables 3 and 4 it should be noticed that theabse of Q-SEPAR is proportional to the
increase of the fuel concentration. This can bdélyeagplained. When the quantity of fuel
increases, the amount of water decreases; thissefesgy is needed to perform the cooling
down. Moreover, the stream SYNGAS2 was imposedetmbvapor phase (see Section 3.1).
As the fuel concentration increases, the minimumpirature to obtain a one-phase stream
decreases: this is caused by the minor water cbriflis allows to use a lower temperature
for the stream SYNGASZ2, thus achieving a larget bgahange in the block HEATX-1.

In Figure 4 the production of hydrogen is showns possible to observe the presence of a
point of maximum for each fuel, where that of glyleoccurs approximately for a 25% wit.
feeding stream. Grape marc seems to have a maxifouwalues around 15-17.5%. The
presence of such a maximum point can be interpraedhe combined effect of two
contrasting phenomena. Thermodynamic equilibrium fact, tends to disfavor hydrogen
production as the feeding concentration is incréaSmn the other hand, if the fuel fraction
increases, the absolute production of gas incretseseven though its Hpercentage is
lower. As a result, a maximum point is obtained.
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Figure 4. Production of hydrogen as a function of biomasseatration in the feed.

It is also worth of notice the fact the maximum production occurs more or less in
correspondence with the auto-thermal point. Thaugltheoretical explanation can be found,
this fact indicates that working with concentraioaround 15-20% is beneficial for both
hydrogen production and energy sustainability efgihocess.

Finally a consideration about the electric powsuheng from MCFC. The pumping of the
feeding stream needs a power of about 1.5 kW, whaitls almost constant as the feeding
concentration is varied. The fuel cell can thusdpae almost ten times the required pumping
power (Tables 3 and 4). On the other hand, thapdissn of the heat deriving from the
separation operation results in an energy costtdube utilization of a cooling cycle. This
further energy demand can be evaluated by dividR§EPAR (Tables 3 and 4) by a
coefficient of performance (COP ~ 2.5) typical foechanical refrigeration systems. It is thus
noticeable that, though the MCFC produces a rerbégkamount of electric power, it would
not be sufficient to cover the energy demand ofetventual mechanical refrigeration system.
The process would be then unsustainable, unless stfutions are found.

4.1 Evaporative cooling tower

A possible solution to the problem of cooling ipnesented by the use of a evaporative
cooling tower system. Such device is likely to gueee a minor energy consumption by
exploiting the volatilization of water in air. Sim¢he technology is well known, in this paper
only a gross sizing is reported (only for the cafsthe grape marc).

Referring to [10], water can be supplied to thedpat 40°C and recovered at 30°C: the
tower works thus with AT of 10°C. Knowing the isobaric heat capacity oftevgcp=4540
J/kg K), it is possible to calculate the flow ofteanecessary to cool down the hot stream in
the block SEPAR. The power to dissipate (Q-SEPAREported in Table 5, along with the
necessary water mass flow.
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Figure 5. The evaporative cooling tower cycle. The block “®EP is modeled as a heat-
exchanger.

The electric consumption (Table 5) of the evapweattooling tower is given by two
machineries: the circulation pump and the fan, witeates the air flow from the bottom to
the top of the tower. To evaluate the contributddthe pump, a head loss of 25 m was taken
into account and an efficiengyof 0.5 was considered. The power demand of therfators
is equal to 0.25 kW, which is suitable for coolitiyvers that present a dissipative power
lower than 75 kW [10].

Table 5. Data for the evaporative cooling tower cycle: heatd (Q-SEPAR), total flow of
water in the circuit (M20), power request for the pumpe(Rip) and the fan (Rn), total
power request (®7), total consumption of water (Bcons).

Cmarc  Q-SEPAR M 20 Prump  Pran  Pror  H20cons

[%0] [kW] [kgth]  [kW] [kW] [kW]  [kg/h]
5 59.64 4729.42 0.64 025 0.89 88.95
10 57.30 454365 0.62 025 0.87 85.45
15 54.71 4337.97 059 025 0.84 81.58
175 5291 4195.12 057 025 0.82 78.90
20 51.07 4049.73 055 025 0.80 76.16

As concerns the production of steam, the valuesamilated by dividing “Q-SEPAR” by
the latent heat of vaporization (2414 kJ/kg, accaydo [11]). The water to reintegrate in the
cycle is the same amount of the evaporative loddewever, a discharge must be foreseen,
otherwise evaporation would cause a rise in thmisalbf the water in the cooling circuit.
Given that, the overall water consumption can E@pmately estimated in 200 kg/h.

Comparing the data of the power production in Tablgith those of power consumption
of Table 5, it can be affirmed that the whole pesces self-sustainable. For example, for a
concentration of marc in the feed stream of ab@@b 2vt., the plant can produce a net power
of about 10 kW, accounting also for the power comstion of the first pump (~1.5 kW).



5. CONCLUSIONS

In this paper, a process layout for a SCWG plard eeveloped. This approach allowed to
state which are the conditions to ensure procestaisability, i.e. to guarantee that the energy
produced by the plant is at least equal to thatired by it. Such analysis is crucial in order to
face a possible commercial exploitation of the pssc

The study showed that SCWG can be a very effegtigeess to produce hydrogen to feed
a fuel cell. This technology would allow an efficterecovery of the energy potential of wet
biomass, which could not be treated otherwise witlaoprior drying process.

Process sustainability can be achieved if biomassentration in the feed is around 15-
20% on a weight basis. Below this threshold, thsifigation process is not able to produce
enough combustible gas to fulfill the energy neefdfie reactor.

A crucial issue that was explored by this work hattof energy recovery. Though the
energy needs of the SCWG reaction are inherentbllddl, in practice it is not possible to
recover the whole amount of process heat, sinte sbmetimes produced at relatively low
temperature. Moreover, this “waste heat” must lssidated, with a further cost. Here, a
evaporative cooling tower was proposed to miningaeh expense. Anyway, if a heat-user
could be provided (e.g. to warm up pools, greendsus), costs would further decrease.

A possible improvement to this scheme could beasgrted by the adoption of turbines
instead of lamination valves, which is more likédy larger plants. These devices could allow
to recover part of the mechanical work to power plenps, thus increasing the electrical
yields. Furthermore, all the units need to be prigpgzed and designed, in order to perform
also a cost analysis and to state the effectivevartience and profitability of the SCWG
technology.
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